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Huan He, Shumin Zhu, Zheng Liu

Chapter1
Classification and Characteristics of Organic
Matter in Surface Water

Organic matter has a great influence on water treatment processes, especially the
membrane process. There are many kinds of organic substances in natural water
with different properties. They are usually categorized based on their properties, i.e.
the molecular weight, hydrophobicity/hydrophilicity and fluorescence spectrum of
organic matter. Organic matters with large size can be intercepted by membranes.
The molecular weight of the organic matter can be used to determine the size of the
organic matter and their distribution range, thereby providing a basis for the selec-
tion of the membrane and the corresponding process. Therefore, understanding the
molecular weight of organic matter is an indispensable task in the membrane study.
Membrane entrapment of organic matter not only depends on the size of the pores,
but also its interaction with organic matter. The intensity of this interaction is closely
related to the hydrophilicity and fluorescence characteristics of organic matter.

1.1 Principles and methods for determination
of molecular weight of organic matter

1.1.1 Ultrafiltration membrane filtration method
and gel chromatography

1.1.1.1 Principle and method of measurement

There are two main methods for determining the molecular weight distribution of
organic matter, which are Gel Permeation Chromatography (GPC) and Ultrafiltration
(UF) membrane filtration. In GPC method, a column is filled with a porous gel with
a certain pore size distribution as a solid phase. When water flows through the gel,
the organic matter with larger molecular weight in the water enters the effluent fast
through the gel column because it cannot enter the gel, and the organic matter with
smaller molecular weight enters the porous gel. The longer the molecular weight of

Huan He, College of Environmental Science and Engineering, Tongji University, Shanghai, P. R. China
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the organic substance moves in the gel, the longer it takes to pass through the column.
In this way, organic substances of different molecular weights pass through the gel at
different time, appear in the effluent with different retention time, and achieve the
purpose of separating organic substances of different molecular weights.

In the ultrafiltration membrane filtration method, an ultrafiltration membrane
with known molecular weight cut-off is placed in a stirred cell with agitation and
provided with the driving force from pure nitrogen for separation. The organic matter
with molecular weight smaller than the molecular weight cut-off by the membrane
in the water can pass through the membrane and appear in the effluent, and the
organic matter with molecular weight larger than the molecular weight cut-off can be
trapped by the membrane. The molecular weight distribution of organic matter can
be obtained by separating the water sample with a series of different ultrafiltration
membranes with known molecular weight cut-off (Figure 1.1).

Raw water,

.

0.45um

3 lv{#

| 30000 | | 10000 | 3000

TOC,UV,s,

Figure 1.1: Determination of molecular weight distribution by ultrafiltration membrane filtration
method.

@

In the GPC method, some organic matter in the water can repel the ions with the gel,
and pass through the gel column faster, resulting in a higher molecular weight meas-
ured; and some organic substances can adsorb the gel or induce the electrostatic inter-
action with the gel to hinder the movement, resulting in a smaller molecular weight
measured. Moreover, pretreatment of the water sample by evaporation or freezing is
required before the GPC measurement, which may change the size of the dissolved
organic matter in the water, thereby affecting the analysis results. One of the advan-
tages of GPC method is that the molecular weight distribution obtained is continuous
(Figure 1.2). The UF membrane filtration method results are affected by the pore size
distribution of the selected membranes, applied pressure, temperature of the water
sample, pH, ionic strength, size and shape of the dissolved organic matter, and the
properties of the membranes. The advantage of the UF membrane filtration method is
that the analytical equipment and method adopted are simple, and a large amount of
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separated water samples can be obtained for further analysis. The molecular weight
distribution obtained by the UF membrane filtration method is discontinuous.

Amy compared the GPC method with the UF membrane filtration method. The
results showed that for the same water sample, different molecular weight distri-
butions were exhibited in the two methods [1]. The molecular weight distribution
measured with the GPC method was higher than that with the UF membrane filtra-
tion method. Since both methods are carried out using substances of given molecular
weight, the molecular weight obtained is only Apparent Molecular Weight.

In recent years, in order to obtain the accurate relative molecular weight distribution
of organic matter with the gel chromatography method, a variety of detectors are used to
connect online. For example, Kawasaki et al. adopted a new high-performance gel chro-
matograph coupled with a UV detector and an NDIR total organic carbon analyzer to
obtain a linear correlation between UV absorbance and NDIR total organic carbon con-
centration for relative molecular weight (R?>0.99) [2]. In addition, to better detect the
ultraviolet response of humus in water and prevent the interference such as nitrate, the
UV wavelength is set at 260 nm. The improved HPLC-UV-TOC system can well determine
the molecular weight distribution of organic matter in natural raw water such as natural
lake water, river water, groundwater, etc. And it can be also used to quantitatively study
the UV and DOC results obtained by UV detector and NDIR total organic carbon ana-
lyzer and to learn more about the physicochemical properties of DOM.

o

UV gl et}

UV detector

Figure 1.2: Determination of molecular weight distribution by gel chromatography.

1.1.1.2 Molecular weight distribution of organic matter in natural raw water
1 Molecular weight distribution of organic matter

Humic acid (HA), tannic acid (TA) and sodium alginate (SA) were selected and their
molecular weight distributions were determined with the ultrafiltration membrane
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filtration method, as shown in Figure 1.3. The molecular weights of HA and SA are
mainly concentrated above 30,000, while the molecular weight of TA is mainly at less
than 1,000. This indicates that HA and SA are typical macromolecular organics, while
TA is a typical small molecule organic substance.

100
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Figure 1.3: Molecular weight distribution of organic matter.

2 Molecular weight distribution of natural raw water

The molecular weight distributions of some typical domestic surface water sources have
been reported, as shown in Figure 1.4. Different raw water have different molecular
weight distributions of organic matter. However, most organic matters are small mol-
ecules with molecular weight less than 1,000. Organic matter having molecular weight
of less than 1,000 accounts for 45%, molecular weight of 1,000-10,000 accounts for
34%, and molecular weight greater than 10,000 only 17%. Some of the organic matters
in the natural water are contaminants from various sources, and some from the decay of
plants or animals. The main representative of natural organic substance is humic acid.
However, as can be seen from Figure 1.3, the molecular weight of humic acid is mostly
greater than 30,000. Therefore, the proportion of humic acid in natural water is very
low, and most of the organic matters come from domestic or industrial wastewater.

The molecular weight distributions of some other water bodies were also meas-
ured, as shown in Figures 1.5 and 1.6. The results are similar as those in Figure 1.3 that
small molecules of organic matters are dominated.

Moreover, the molecular weights of organics from Huangpu River, Sanhaowu and
Kunshan Water are also measured and the result is shown in Figure 1.7. They all have
three distinct molecular weight ranges located at 6,000-2,000 Da, 2,000-1,000 Da
and 100-20 Da, respectively. At 100-6,000 Da, Kunshan water has the strongest
response, followed by Sanhaowu, while the Huangpu River has the least response. In
addition, Sanhaowu water and Kunshan water have response at the molecular weight
of 10,000-100,000, while the Huangpu River water doesn’t.
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Figure 1.4: Comparison of molecular weight distributions of different water sources.
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Figure 1.5: Molecular weight distribution of Huaihe River water.

3 Comparison of ultrafiltration membrane filtration method and gel chromatography
in determining molecular weight distribution

A comparison study between the ultrafiltration membrane filtration method and the

gel chromatography method was conducted to characterize the molecular weight

distribution of Sanhaowu water, Yellow River water, Huangpu River water, Kunshan

Miaojing River water and Gaoyou reservoir water, and to further analyze their similar-

ities and differences in the characteristics of dissolved organic matter.
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Figure 1.6: Molecular Weight Distribution of Yanlingjiaotang water in Zhenjiang China.
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Figure 1.7: Molecular weight distribution of organic matter from different water sources
(Gel Chromatography).
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Table 1.1 shows the basic conditions of water qualities of five types of water
sources. According to the provisions of environmental quality standard for surface
water in China (GB3838-2002), the pHs of the above five water sources are within a rea-
sonable range. Among the collected source water, the organic matter concentration
index of the Yellow River water belongs to Class I, while the other four source water
are in the standard range of Class II and III, which are typical micro-polluted water
sources. Among them, the organic matter pollution of Kunshan and Huangpu River
water sources is the most serious. Of all the five water sources, the UV absorption
intensity (SUVA) value of the Huangpu River is the highest, followed by the Yellow
River, Gaoyou, Kunshan and Sanhaowu water.

Table 1.1: Basic water quality of five water sources.

Water source Sanhaowu Yellow Huangpu River Kunshan Gaoyou
River Water  Water Water Water
Sampling location  Tongji Gansu Shanghai Kunshan Water Jiangsu
University  Lanzhou Yangshupu Water  Treatment Gaoyou
Treatment Plant Plant
Water source type  lake water  river water  river water lake water lake water
Turbidity (NTU) 23.9 5.83 24.3 15.2 50.3
pH 8.4 8.63 8.22 8.3 8.2
DOC (mg/L) 4.75 1.48 5.42 5.86 4.24
UV, (cm™) 0.076 0.034 0.177 0.114 0.087
SUVA 1.61 2.27 3.27 1.95 2.06
(L/(mg - m))

Figure 1.8 shows the molecular weight distribution of four raw water by the
ultrafiltration membrane filtration method. There are the most organic matters with
the molecular weight less than 1 kDa, followed by the organics with the molecu-
lar weight in the range of 1 k-3 kDa, 10 k-30 kDa, and 3 k-10 kDa, while there are
the least organic substances with the molecular weight greater than 30 kDa. There
are 60%-70% small molecule organic matters (molecular weight <3 kDa), 5%-10%
medium molecular organic matters (molecular weight between 3 k-10 kDa) and
20%-35% macromolecular organic matters (molecular weight >10 kDa). It can be
observed that the organic matters in the raw water are mainly composed of small
molecules, which represents typical surface water qualities. Kunshan water and San-
haowu water have the highest proportion of macromolecular organic matters, i.e.
12.5% and 8.8%, respectively. The other two kinds of raw water have rare macromo-
lecular organic matters with molecular weight greater than 30 kDa. This phenomenon
can be due to that more macromolecular organic matter are in closed water than in
flowing water bodies since Sanhaowu and Kunshan are closed water bodies, while
the Huangpu River and the Yellow River are flowing water bodies.
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Figure 1.8: Molecular weight distribution of four kinds of raw water (Ultrafiltration membrane
filtration method).

While in the molecular weight distribution of UV,;, measurement, the proportion
of macromolecules with molecular weight larger than 30 kDa significantly reduced,
below 3% for all the four raw water (Figure 1.9). It can be regarded that this part of
organic matter is mainly colloid, polysaccharide or protein organic matters. The pro-
portion of the organics with the molecular weight in the range of 10-30 kDa in San-
haowu and Kunshan decreased obviously, while that in Huangpu River and Gaoyou
increased. This indicates that the UV absorption of polysaccharides and proteins is
still low in the 10 k—30 kDa macromolecules in Sanhaowu and Kunshan, and the
Huangpu River and Gaoyou water may contain humic macromolecular polymers that
greatly absorb UV.
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Figure 1.9: SUVA molecular weight distribution of different raw water.

From the SUVA distribution of the molecular weight interval for each raw water, it
can be clearly seen that the SUVA value of organics with molecular weight over 30 kDa
is significantly low, except for the Huangpu River water, which is below 1.0. The SUVA
value of the macromolecules with molecular weight over 30 kDa for Huangpu River
water is 1.24, indicating that the macromolecular organic matter in this interval may
contain benzene ring structure, such as aromatic protein or humic acid. For the molec-
ular weight range of 10-30 kDa, the SUVA value of Sanhaowu and Kunshan raw water
is between 1.0-2.0, while that of Huangpu River and Gaoyou Water is over 2.0. This
shows that Huangpu River water and Gaoyou water contain more humic macromo-
lecular organic matter with the molecular weight of 10 k-30 kDa. The macromolecules
in Sanhaowu and Kunshan water are still mainly macromolecular polysaccharides
and proteins with low UV response.

Of all the raw water, the medium molecular organics with the molecular weight in
the range of 3 k-10 kDa have the largest SUVA values, all above 4.0. Especially Gaoyou
water has a SUVA value as high as 6.0.

The macromolecular organic matter is characterized by hydrophilicity, low UV
response and small SUVA value. While the medium molecular organic substances
mainly have high UV-responsive organic substances, such as humic acids, and have
large SUVA values. The small molecular organic substances can be both hydrophilic
and hydrophobic, and their SUVA value is between 2.0 and 4.0.

Figure 1.10 is a molecular weight distribution diagram of five raw water deter-
mined by gel chromatography. It can be seen that the water in SHW has the lowest
response peak, followed by Kunshan Water, while Huangpu River and Yellow River
have the highest response peak. Due to the use of UV detectors, the difference in peak
height on the gel chromatogram is derived from the effect of organic matter in the
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Figure 1.10: Molecular weight distribution of five raw water determined by gel chromatography.

raw water on the UV response. That is, the peak height of each raw water molecular
weight is related to the SUVA value in Table 1.1. Figure 1.10 shows that medium organic
compounds of 3 k-10 kDa have the highest UV response in organics larger than 3 kDa.

Itis noted that SHW Water and KS Water are closed water bodies, so their response
peaks are significantly smaller than other kinds of raw water, due to more hydrophilic
organic matter. The UV responses of the Huangpu River and the Yellow River are the
strongest, indicating that they have more hydrophobic organic matter.

1.1.2 OCD (organic carbon detectors) method

Although the ultrafiltration membrane filtration method and the GPC method have
their respective advantages in determining the molecular weight of organic matter,
there are still some defects in use. For example, although the ultrafiltration mem-
brane filtration method is simple, the obtained organic matter has a discontinuous
molecular mass distribution. Conventional gel chromatography uses a UV detector
that responds only to compounds containing conjugated double bonds and aro-
matic structures. Certain organic components, such as hydrophilic molecules and
benzene-free compounds containing carbon single bonds, cannot be detected, which
may cause deviations in molecular weight determination.

The advantage of the OCD method is that the TOC detector can detect all organic
compounds (Figure 1.11). The two different concentration characterization values
of UV and TOC can also provide some important information, such as SUVA, which
can reflect the structural characteristics and physical/chemical properties of organic
matter more accurately.
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Gel column i

Figure 1.11: Schematic diagram of the OCD method.

1.1.2.1 Organic matter

The OCD system tested four different physicochemical properties including tannic
acid (TA), humic acid (HA), sodium alginate (SA), and sucrose (SUC) to study
the difference in molecular weight between UV and TOC results. SA is a typical
macromolecular hydrophilic organic substance, SUC is a hydrophilic small molecule
organic substance, HA is a typical hydrophobic organic substance, and TA has hydro-
philic and hydrophobic properties. The concentration of the four organic substances
was 30 mg/L. Figure 1.12 is a plot of TOC and UV as a function of relative molecular
weight for four organics. It can be seen from the TOC chart that the main response peak
of SA exhibits a typical macromolecule at a relative molecular weight of 8.25x 10°—
3.57 x10*. The response peak of HA is at a molecular weight of 1,000-10,000, which is
a medium molecule. The response peak of TA is about 300-3,000, which is basically a
small molecule organic matter. The response peak of sucrose is concentrated at 1,000.

For the UV gel map, it can be seen that only TA and HA respond, while SA and
SUC are completely unresponsive, indicating that SA and SUC are hydrophilic organ-
ics that do not respond to UV.

Low molecular weight organics, such as acetic acid, oxalic acid, etc., are regarded
to be precursors of assimilable organic carbon (AOC) and are hydrophilic. Their OCD
gel diagrams are shown in Figure 1.13. The molecular weights of formaldehyde and
acetone are very low, the main response peaks are 400 and 300 respectively, the
molecular weight of oxalic acid is relatively large, the main response is 2,100, and the
molecular weights of acetic acid and formic acid are both 1,500.
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Figure 1.12: Molecular weight distribution of four organic compositions.

1.1.2.2 Natural raw water

The relative molecular weight distribution of organic matter in the raw water of Xiang-
jiang River and Taihu Lake was determined by HPSEC-UV-TOC combined technique,
as shown in Figure 1.14. Before the measurement, the concentration of the water
sample was adjusted to about 5 mg/L, the pH was adjusted to neutral, and the con-
ductivity was adjusted to be consistent with the concentration of Ca*.

In the molecular weight distribution of the two raw water of Taihu Lake and
Xiangjiang River, there are three response peaks, which can be divided to three distri-
bution intervals. The first interval is the macromolecular organic matter. Organics in
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Figure 1.13: Molecular weight distribution of small molecular organic matter.

different raw water have different molecular weight ranges. The distribution of mac-
romolecules in Taihu Lake is 1.0 x 10°-1.0 x 10° Da, while that in Xiangjiang River is
1.18 x 10°-6.04 x 10* Da. It can be seen that the molecular weight of macromolecule
in Taihu Lake is larger than that of the Xiangjiang River and the content is higher.
It can be seen from the UV map that this part of organic matter does not respond to
ultraviolet light, indicating that this part is polysaccharide, colloid, or high molecular
protein with very low UV absorption. The second interval is the medium molecular
organic matter interval. The molecular weight range of Taihu Lake is from 1.03 x 10*
to 1.78 x10? Da, and that of Xiangjiang River water is 3.95x 10°~9.78 x 10> Da. Com-
pared with the UV map, this part of organic matter responds strongly to UV,s,, which
is inferred to be humic organic matter that exhibits extremely strong UV absorp-
tion. The third interval is the small molecule organic matter. The molecular weight
of Taihu lake water is 1.78 x10°-3.29 x 10> Da, and the Xiangjiang River water is
9.78 x 10%-3.94 x 10? Da. Although the TOC response of small molecule organic matter
is the largest in contrast to the UV result, the response to UV is small, indicating that
this part of organic matter is mainly composed of single carbon bond and hydrophilic
organic substance with less aromatic structure.

The molecular weight distribution of Qingcaosha and Wuhu water is shown in
Figure 1.15. The molecular weight distribution of organic matter is similar to that of
Taihu Lake and Xiangjiang River, and is mainly distributed in three intervals. The
molecular weight of the first interval is mainly distributed between 5,000 kDa and
50 kDa. This part of the organic matter has a high molecular weight and is non-
responsive to ultraviolet light, and accounts for a small proportion of total organic
matter in the water, indicating that it is mainly composed of a hydrophilic organic sub-
stance such as polysaccharide or high molecular protein. The content of macromole-
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Figure 1.14: Molecular weight distribution of Taihu Lake and Xiangjiang River.

cules in Wuhu is higher than that in Qingcaosha. The molecular weight of the second
interval ranges from 10 kDa to 2 kDa. Similar to Taihu Lake and Xiangjiang River, this
part of organic matter has a strong response to ultraviolet light, which also indicates
that it is mainly composed of humic acid and other hydrophobic organic substances
with high UV response. The raw water in Wuhu contains more medium-molecular
hydrophobic organic matter. The third interval has a molecular weight distribution
ranging from 2 kDa to 200 Da and a peak at around 1 kDa. This part of organic matter
has the largest response to TOC, but the response to UV is lower, indicating that this
part of organic matter mainly includes some single carbon bonds and small hydro-
philic molecular organic compounds with lower aromatic structure. The content of
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Figure 1.15: Molecular weight distribution of Qingcaosha and Wuhu water.

small molecular organic matter in Qingcaosha water is obviously higher than that
of Wuhu.

Figure 1.16 shows the molecular weight distribution of Taihu Lake, Huangpu
River, Yellow River and Qingcaosha. It indicates that the molecular weight response
range is in three intervals, similar as the previous raw water. The distribution of mac-
romolecules in Taihu Lake and Huangpu River is larger than that in the Yellow River
and Qingcaosha, and the response intensity is also stronger. For medium molecules,
the Huangpu River has the highest response intensity, followed by the Yellow River,
Qingcaosha and Taihu Lake with the lowest response intensity. The small molecule
response of the Huangpu River is the lowest, and the rest are similar.
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Figure 1.16: Molecular weight distribution of different raw water.

1.1.2.3 Algal organic matter

Algal organic matter (AOM) is a metabolic product secreted by algae growth process.
Algae can easily grow in many closed water bodies, such as lakes and reservoirs, so
the organic matter in such water bodies is composed of large number of algal organic
matters. Therefore, analysis of the molecular weight distribution of algal organics
helps for the understanding of the water quality affected by algae and the selection of
proper water treatment processes.
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Figures 1.17 and 1.18 show the molecular weight distribution of six algal organics.
Similar to natural raw water, they are also apparently composed of three response
intervals. However, some algal organics have higher large-MW content than natural
raw water. Among them, ANF is the highest, followed by APF and MA, while Cy is
the lowest. In some lakes, such as Taihu Lake, there are high large-MW organics,
which is mainly affected by algae. In addition, it is also found there is macromolecu-
lar response range in Taihu Lake water and the basic overlap of some algae such as
patina, since the Microcystis is the dominant algae in Taihu Lake.
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Figure 1.17: Molecular weight distribution of algal organic matter.

By analyzing the molecular weight distribution of various raw water and algal organic
matter, the characteristics of molecular weight distribution can be summarized, as
shown in Figure 1.19. The molecular weight distribution can be divided into three
intervals, the large-MW interval, with the molecular weight distribution ranging
from tens of thousands to millions, mainly composed of polysaccharides and protein
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Figure 1.18: Molecular weight distribution of algal organic matter.
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Figure 1.19: Molecular weight distribution of natural organic matter in natural water.

organic substances, with the UV,;, response being weak or even non-responsive; the
medium molecular range, with the molecular weight range being several thousand to
10,000, mainly composed of hydrophobic organic matter such as humic acid, which
is strongly absorbed by UV.s,; small molecular interval, with molecular weight from
2,000 to several hundred, mostly hydrophilic organic matter.
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1.1.3 Comparison of OCD method and ultrafiltration membrane
filtration method

Ultrafiltration membranes with different molecular weight cut-offs were used for
the filtration of Taihu Lake water, and the filtrate was measured by OCD system. The
results are shown in Figure 1.20. With the membrane filtration with molecular weight
cut-off of 100 k, the response peak of the permeate decreased, but the peak of the
organic matter with 100 Kk still existed. However, with the membrane filtration with
the molecular weight cut-off of 30 k, the peak of the organic matter with 100 k com-
pletely disappeared. With the membrane filtration with the molecular weight cut-off
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Figure 1.20: Comparison between OCD method and ultrafiltration membrane filtration method.
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of 3 k, the organic matters with molecular weight of 3 k are still present in a large
amount. It can be observed that the molecular weight cut-off of the ultrafiltration
membrane is not the same as that of the OCD system, and they are not equivalent.

1.2 Organic components

Organic matter in natural water is a mixture of many organic substances. Although
with different properties, they have some common physicochemical properties. These
properties greatly affect the effect of water treatment and thus become a concern.
Hydrophilic and hydrophobic properties are important parameters for characterizing
organic matter. Current study indicates that pro-hydrophobicity is closely related to
the production of disinfection by-products. In addition, the effect of drinking water
to remove organic matter is also closely related to their hydrophobicity.

1.2.1 Separation method

The hydrophilicity and hydrophobicity of the organic substance can be obtained by
adsorption of resin [3]. The water sample is first filtered with 0.45 um to remove the
suspended solids. Then the water sample is adjusted to pH 2 with HCI and passes
through a column packed with DAX-8 resin. DAX-8 resin adsorbs strong hydropho-
bic organic substances such as humic acid. The aqueous organics then pass through
the adsorption column. The organic substance adsorbed on the DAX-8 resin can be
eluted with NaOH of pH 13, and the eluate is separated into a strong hydrophobic
and weakly hydrophobic organic substance by an adsorption column packed with
IRC-120 resin. The permeate of the DAX-8 resin adsorption column enters the XAD-4
adsorption column, and the XAD-4 resin adsorbs weakly hydrophobic organic matter,
and the organic matter in the permeate is recognized to be a hydrophilic organic sub-
stance. The permeate passes through an IRA-958 resin adsorption column to sepa-
rate the hydrophilic organics into neutral and non-neutral hydrophilic organics. The
separation processes are shown in Figure 1.21.

It has been found in a large number of studies that the organic components with
the same compositions have some similar compositions, and there are large differ-
ences in functional group types, element contents and chemical bond saturation
between different components. Table 1.2 summarizes the compositions of the mate-
rials in the hydrophilic and hydrophobic components of natural organic matter.
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Figure 1.21: Separation process of organic components.

Table 1.2: Composition of organic and hydrophilic components.

Organic component Main compound composition

Strong hydrophobic component  humic acid, phenolic compounds (such as lignin), aromatic
compounds

Weakly hydrophobic component  aliphatic, aromatic compounds, amino compounds,
unsaturated carbon, and increased C-O and C-H bond ratios

Charged hydrophilic component  esters, amides, carboxylic acid functional groups, proteins,
small amounts of unsaturated aromatic compounds

Neutral hydrophilic component polysaccharides, amino sugars, small molecular organics

1.2.2 Organic components of natural raw water
1.2.2.1 Components of organic matter
Humic acid, tannic acid and sodium alginate were selected and their components

were determined. The results are shown in Figure 1.22. The proportion of strong com-
ponents of humic acid exceeds 70%, while the hydrophilic component is only 10%,
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indicating that humic acid is a typical hydrophobic organic matter. The proportion
of the hydrophilic component of sodium alginate exceeds 80%, indicating that it is a
typical hydrophilic organic substance. The proportions of the hydrophilic and hydro-
phobic components of tannic acid are relatively the same.

1]

BHA BSA @TA

Percentage in TOC (%)

HPO

Figure 1.22: Components of organic matter.

1.2.2.2 Organic components of natural raw water

The organic compositions of Sanhaowu, Yellow River, Huangpu River, Kunshan Miaohe
River and Gaoyou Reservoir are shown in Figure 1.23. The distribution of organic com-
ponents in different raw water varies widely. From the total proportion of hydrophilic
and hydrophobic organic matter, more than 60% of the organic matters of the five raw
water are hydrophilic components (including the transphilic), and the proportion of the
hydrophilic components of Sanhaowu and Kunshan water is more than 70%. Among
the five kinds of raw water, the proportion of hydrophobic organic matter is 30%—-40%,
and the largest proportion of hydrophobic components is the raw water of Huangpu
River, followed by the Yellow River. For hydrophobic component, the content of the
strong component is higher than that of the weak one, and the order of the content of
each strong component is basically the same as the order of the SUVA value of the raw
water, indicating that the SUVA value has a good correlation with the hydrophobic com-
ponent. Figure 1.24 show the SUVA values of the components. It can be seen that the
response order of each component to the SUVA value is: strong hydrophobic > weakly
hydrophobic > charged hydrophilic > neutral hydrophilic, indicating that the UV absorp-
tion intensity by four components is reduced along with the reducing molecular struc-
ture of the benzene ring.

The proportion of pro-hydrophobicity of natural raw water varies with the source
of water, but what they have in common is the high proportion of hydrophilic com-
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Figure 1.23: Organic components of different raw water.
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Figure 1.24: SUVA of different raw water components.

ponents. For water sources that are not contaminated, the organic matter should be
dominated by humic acid and should be strong hydrophobic. The hydrophilicity of
natural raw water comes from contaminants in the water body.

Figure 1.25 shows the organic components of Taihu Lake and Xiangjiang River. It
can be seen that the proportion of the neutral hydrophilic component is the highest,
followed by the strong hydrophobic component, and the ratio of transphilic and neg-
atively charged hydrophilic component is the lowest. The composition of Shanghai
Qingcaosha and Changzhou Wuhu is shown in Figure 1.26. Unlike the component
distribution in other water sources, the proportion of strong hydrophobic compo-
nents is the highest, followed by the neutral hydrophilic, while the proportion of the
transphilic and negatively charged hydrophilic components is still the least.

By comparing the organic components of various raw water, it can be seen that
the neutral hydrophilic and strong hydrophobic compositions are the most impor-
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tant organic components in natural raw water. In most cases, the lakes and reservoirs
contain the highest transphilic components.
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Figure 1.25: Organic components of Taihu Lake and Xiangjiang River.
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Figure 1.26: Organic components of Qingcaosha and Wuhu.

1.2.3 Algal organic matter

The composition of algal organics is shown in Figure 1.27. Unlike natural raw water, the
proportion of the neutral hydrophilic components of algal organic matter is very high,
over 50% for all the six algae species. Thus, algal organics are typically hydrophilic.
And algae can easily grow in lakes and reservoirs due to the closed system. The organic
substances in these water bodies are mostly composed of algal organic matters, with
high degree of hydrophilicity. The water bodies mentioned above, such as Sanhaowu,
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Kunshan and Taihu Lake, are hydrophilic, so the proportion of neutral hydrophilic is

significantly higher than other flowing water bodies, such as the Yellow River.
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Figure 1.27: Components of algal organic matter.

1.3 Three-dimensional fluorescence spectra
of organic matter

Fluorescence spectroscopy has been used in water related studies for more than 50 years.
In the 1990s, researchers began to analyze the source and composition of water samples
using three-dimensional fluorescence spectroscopy. Since water treatment technology
and its effects are greatly affected by water quality sources and components, three-
dimensional fluorescence spectroscopy is widely used in the analysis of water treatment
technology. The intensity of fluorescence is directly related to the molecular structure
of the organic matter. Molecular structures, such as aromatic compound containing a
1 bond, unsaturated carbon bond (C=C), characteristic functional group including
hydroxyl group, amino group or alkoxy group, all cause fluorescence easily.

With the wide application of three-dimensional fluorescence spectroscopy in the
field of water treatment, such detection methods with high sensitivity, good selectivity,
high information volume, and no damage to water-like structures have received increas-
ing attention. Three-dimensional fluorescence spectroscopy allows spectral identifi-
cation and characterization of complex multi-component systems and is ideal for the
understanding of dissolved organic matter in natural water. Related studies have shown
that three-dimensional fluorescence spectrum provides a wealth of material information
for the study of dissolved organic matter. For different sources of dissolved organic
pollutants, the position, intensity and regional distribution of fluorescence peaks are
different, thus forming fluorescence spectral information representative of various water

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

26 =—— Huan He, Shumin Zhu, Zheng Liu

source characteristics. Table 1.3 provides the results obtained by some researchers in
recent years using three-dimensional fluorescence spectroscopy for the analysis of water
quality component information. It can be seen from the table that the three-dimensional
fluorescence spectrum can be used to determine the source and composition of organic
matter in the water sample. It can provide at least two kinds of spectral information of
fluorophores, i.e. humic acids and proteins, and two kinds of organic substances. Both
are important components of membrane fouling.

In addition, many researchers have conducted in-depth study on three-dimensional
fluorescence spectroscopy, and found that three-dimensional fluorescence spectroscopy
can not only characterize the composition and source information of organic matter, but
also have certain correlation with the molecular weight and hydrophobicity of DOM.
When studying the fluorescence properties of amino acid organics in natural water,
Wu and Tanoue found that the protein fluorescence peak is mainly composed of large
molecular weight tryptophan, while the humic acid fluorescence peak contains many
small molecules of neutral and aromatic amino acids [4]. Yue et al. analyzed DOM flu-
orescence peaks in natural water sources using HPSEC, and found humic fluorescence
peak is mainly in the organics with molecular weight range of 1-3 kDa, whereas proteins
fluorescence peak is mainly in the organics with molecular weight greater than 2 kDa [5].
According to a study by Marhaba et al., various hydrophilic and hydrophobic organic
components separated by a large pore size adsorption resin have different characteris-
tic regions in the three-dimensional fluorescence spectrum [6]. The more hydrophobic
component is in the longer wavelength region of the spectrum (the humic acid fluores-
cent region), while the more hydrophilic component is in the short wavelength region
(protein fluorescent region). In a test by Lee et al., in addition to the characteristic fluo-
rescence peak of hydrophobic organic matter located outside the humic-like fluorescing
region, algal organic matter also showed significant fluorescence peaks in this region [7].

Table 1.3: Water quality characteristics by three-dimensional fluorescence spectroscopy measurement.

Source Name Type Region Source

Coble 8] Peak A Ultraviolet humic  250-260/380-480 Fresh water, coastal and marine

acid environment such as purple river
water
Peak C Visible area 330-350/420-480 Terrestrial organic matter,
humic acids freshwater, deep seawater,
deeply degraded humic organic
matter
Peak M Marine humic 310-320/380-420 Marine sample
acid

Peak B Tyrosine, Protein ~ 270-280/300-320 Marine samples, biologically
active, biodegradable organic
matter
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Table 1.3 (continued)
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Source Name Type Region Source
Peak T Tryptophan, 270-280/320-350 Biologically active ingredient
Protein, or
phenols
Bakeretal.[9] PeakA Fulvic acid 220-250/400-460 Fulvic acid
Peak C Humic acid 300-340/400-460 Humic acid
Microbial and algal metabolites
Peak T Tryptophan 220-235/330-370 in rivers and lakes
Fuetal. [10] Peak A UlFraviolet fulvic 235-255/320-350 The L.lnpolluted rivers ?re .
acid dominated by terrestrial humic
Peak C Visible fulvicacid 310-330/410-450 acid fluorescence peaks. The
Protein lake-like water contaminated
Peak B Tryptophan 270-290/320-350 by industrial and domestic
sewage has strong fluorescence
Protein peaks. Peak C and DOC have
Peak D Tyrosine 220-250/300-320 g4 correlations in DOM from
different sources.
Chenetal.[11] Regionl Aromatic protein 200-250/280-330 Tyrosine
RegionIl  Aromatic protein  200-250/330-380 BODs
Region Il Fulvic acid 200-250/380-480 Hydrophobic acid
Region IV Soluble microbial 250-280/280-380 Tryptophan
byproduct
RegionV  Humic acid 280-340/380-480 Humic acid, Hydrophobic acid

1.3.1 Three-dimensional fluorescence spectrum

The three-dimensional fluorescence spectroscopy matrix (EEM) data was taken from the
Hitachi F-4500 fluorescence spectrometer. The excitation source was a xenon lamp. The
wavelength scanning range was Ex/Em =200-400 / 275-575 nm, and the excitation and
emission slit widths were both 5 nm. The speed is 12,000 nm - min™, and the multiplying
tube voltage (PMT) is 400 V. According to the test, the three-dimensional fluorescence
spectrum is greatly affected by the pH of the water sample, but is less affected by the
ionic strength of the water sample. Therefore, before the test, the water sample should
be adjusted to pH~ 70, and the temperature should be kept at 20-25 °C. The test was
carried out using a 1 cm fluorescent cuvette. Before each sample is scanned, a blank
measurement is performed with Milli-Q ultrapure water to exclude Rayleigh scattering
and Raman scattering peaks due to pure water, and thereby control the stability of the
fluorometer. The test data was processed using Matlab 7.0.

The three-dimensional fluorescence spectrum is exhibited in the form of contour
maps and three-dimensional projections, as shown in Figure 1.28. In comparison, the
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3D projection map can present more intuitive visual effects, while the contour map
can more accurately represent the fluorescence information and also exhibit the rela-
tionship with the traditional two-dimensional fluorescence spectrum.

For discontinuous fluorescence matrix data, the fluorescence region intensity
(¢; ) is calculated from:

Y= ZZI(/\ex/\em)A)‘exA)‘em (1 1)
ex em :

where A), and A\ are the excitation and emission wavelength spacing (5 nm),
which is the fluorescence intensity corresponding to each pair of excitation and emis-
sion wavelengths. The total fluorescence intensity is: ¢ = Z@i . The percentage of
fluorescence intensity in a region is:

P.=, [y x100% 1.2)

When the water quality components are hydrophilic, the three-dimensional fluores-
cence spectrum intensity has a certain linear correlation with them. However, when
characterizing the water quality from different water sources, it is not possible to
directly correlate the fluorescence intensity with the components. Then further nor-
malized treatment is required, and the fluorescence intensity of the DOC is adjusted to
eliminate the difference in fluorescence intensity by water concentration. The ultra-
violet absorption intensity at the referenced unit DOC concentration is expressed by
SUVA, and the fluorescence intensity at the unit DOC concentration after treatment is
indicated by the symbol FLU.

The spectrum is divided into five regions as shown in Figure 1.29. The boundary
division of the five regions and the main characteristics are shown in Table 1.4.

Zone 1 and Zone 2 can be also combined to form 4 response zones, i.e.
—  Fluorescence peak A: Ex/Em =230-250/400-460 nm;
—  Fluorescence peak C: Ex/Em = 280-350/400-470 nm;
—  Fluorescence peak B: Ex/Em = 220-250/300-350 nm;
—  Fluorescence peak T: Ex/Em =250-310/300-360 nm.

As shown in Figure 1.30, fluorescence peaks A and C refer to humic acid fluorescence,
and the region where the fluorescence peak A is located is called the fulvic acid flu-
orescence in the ultraviolet region, and the region where the fluorescence peak C is
located is called the visible region humic acid fluorescence. The fluorescence peaks B
and T belong to protein fluorescence, the fluorescence peak B can be called tyrosine
fluorescence, and the fluorescence peak T is called tryptophan fluorescence.
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Figure 1.28: Representation of three-dimensional fluorescence spectrum
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Figure 1.29: Three-dimensional fluorescence spectral response area.

Table 1.4: Divided regions in FEEM and characteristic organic substances.

Region Excitation Emission Characteristic organic
wavelength (Ex/nm) wavelength (Em/nm) matter

Region1 200-255 280-330 Aromatic Protein

Region2 200-255 335-380 Aromatic Protein

Region3 200-280 385-500 Fulvic acid

Region 4 260-320 280-380 Soluble Microbial Products
Region 5 285-350 385-500 Humic acid

Ex(nm)

300 350 400 450 550
Em(nm)

Figure 1.30: Fluorescence spectral response area division diagram.
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1.3.2 The EEM of natural raw water
1.3.2.1 Natural raw water

Figure 1.31 presents the excitation-emission matrix (EEM) of water from Sanhaowu,
Yellow River, Huangpu River, Kunshan Miaojing River and Gaoyou reservoir. All of
the five raw water samples appeared fluorescence peaks in four regions as specified
below.

As shown in the distribution of fluorescence peaks, water samples from San-
haowu, Yellow River, Huangpu River and Kunshan, presented strong protein fluores-
cence peaks. Protein fluorescence mainly originates from the organic matter produced
by metabolism of aquatic organisms such as algae and sewage coming from human
activity. It is reported that tryptophan fluorescence peak T consists of two parts: (1) mac-
romolecular protein organic matter (Ex/Em =280/325 nm) as generally believed, and
(2) phenolic substances (Ex/Em = 275/306 nm) with relatively small molecular weight,
mainly coming from the plant degradation, which is a precursor of humus. Therefore,
there may exist a certain amount of macromolecular protein organic matter in the water
of Sanhaowu, Yellow River, Huangpu River and Kunshan, considering the four kinds of
raw water with stronger T peak.

As seen from the fluorescence intensity, different sources of soluble organic
matter exhibited various responses in fluorescence intensity, indicating the different
source and composition of dissolving organic matter in different water. According to
Table 1.5, the total fluorescence intensity of the five water declines in the order of
Huangpu River > Kunshan > Sanhaowu > Yellow River > Gaoyou. For different types of
fluorescence peaks, the fluorescence intensity follows the order of FLU T > FLU B > FLU
A>FLU C, showing that the aromatic protein organic matter has higher response in
fluorescence intensity than humic organic matter. Humic fluorescence peaks are often
masked by high intensity protein fluorescence.

The fluorescent area integration method as described by Chen et al. was used to
further quantify the fluorescence intensity [11]. The EEM was divided into five regions,
and then the fluorescence intensity was integrated over the area to calculate the total
fluorescence intensity for each region and the proportion of the fluorescence intensity
in each region relative to the whole intensity of the five regions. The fluorescence area
integration method can help to avoid inaccurate location of the fluorescence peak
when multiple peaks are present in the same region (such as water from Yellow River,
Figure 1.31), and also to analyze organic matter compositions of water samples by
comparing the proportions of total fluorescence intensities integrated for different
regions.

According to the fluorescence area integration method, the proportions of total
fluorescence intensities for each fluorescence region is calculated and shown in
Figure 1.32. Sanhaowu water had the strongest response in region 2; Yellow River
responded most strongly in regions 1 and 2; both Huangpu River and Kunshan water
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Table 1.5: The corresponding fluorescence intensity of raw water.

Source of water Sanhaowu Yellow River Huangpu River Kunshan Gaoyou
A " Ex/Em 245/415 240/435 245/445 240/420 255/430
pea
FLU 4.45 5.55 18.06 7.29 3.9
c " Ex/Em 315/415 300/420 305/435 310/420 325/420
pea
FLU 3.85 3.75 7.87 4.6 3.09
‘ Ex/Em 285/320 280/310 280/320 280/320 285/320
Tpea
FLU 8.79 7.01 25.67 18.97 2.15
Ex/Em 235/350 225/310 235/350 230/340 -
B peak
FLU 6.63 6.60 34.26 14.64 -
The total 23.72 22.91 85.86 45.5 9.14
fluorescence
peak
Fisors00d 1.44 1.32 1.43 1.34 1.3
r(a, ¢) 1.16 1.48 2.29 1.58 1.26
#(t, b) 1.33 1.06 0.75 1.30 -

had strong response in region 2, followed by region 1; while Gaoyou water had the
strongest response in region 3, followed by region 5. Water samples from Sanhaowu,
Huangpu River and Kunshan had higher response fraction in region 2 than the other
two water samples, while Gaoyou had higher response proportions in regions 3 and
5 than the others. In summary, different raw water exhibited various fluorescence
responses, which is largely due to various sources of organic matters in these water
bodies. Further, observations in Figure 1.32 reveals that closed water bodies, such as
lakes and reservoirs, (e.g., Sanhaowu and Kunshan) had common characteristic of
fluorescence response that region 2 responds most strongly. Although Huangpu River
is a flowing water body, its characteristics of organic matter are largely similar to that
of its primary source, Taihu lake.

Water samples originated from different sources exhibited significantly different
fluorescence intensity proportions. The raw water of Gaoyou was obviously different
from other water sources, with high proportion (65%) of humus fluorescent regions
(regions 3 and 5), while small proportion of protein fluorescence (regions 1 and 2). The
fluorescence of other sources of water was mainly protein fluorescence, accounting
for 65%-75% of the total fluorescence intensity, indicating these water bodies are con-
taminated by protein-like organic matters with high fluorescence responses.

Two fluorescence parameters could be utilized to determine the source of organic
compounds in humus fluorescence region. The fluorescence index fso/500 represents
the corresponding fluorescence intensity ratio at the emission wavelength of 450 nm
and 500 nm when the excitation wavelength is 370 nm. The fluorescence index fso500
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Figure 1.32: Fluorescence area intensity.

is typically about 1.4 for water contaminated by biological sources, while generally
around 1.9 for water contaminated by terrestrial sources containing humus organisms.
The fluorescence indices of the five kinds of raw water turned out to be all around 1.4
(as summarized in Table 1.6), indicating that all of these water sources exist dissolved
organic substances from aquatic organisms, algae and phytoplankton sources.

The other fluorescence parameter is r(a, c), which is the ratio of fluorescence
peak A to C, and can be used to judge the degree of humification of water source. A
smaller r(a, ¢) indicates a higher degree of humification and a larger molecular weight
of organic matters in water. In addition, the change of r(a, c) reflects the difference
sources of humic organics imported to the water body. Coble’s results showed that
r(a, ¢) of groundwater was 0.77, r(a, c) of river water was 1.08, and r(a, ¢) of CuiCui
lake was 1.26 [8]. The r(a, c) of plateau lake measured by Fu et al. is influenced by the
pollution of urban production and living pollution, which is up to 2.09 [10]. Values
of r(a, c) were compared amongst the five kinds of raw water in Table 1.5, indicating
a wide variation in their sources of humic substances. Among them, the r(a, c) of
raw water in Huangpu River reached as high as 2.29, which is higher than that of the
contaminated plateau lakes measured by Fu et al. [10]. This shows that the raw water
from Huangpu River has been severely affected by domestic pollution and industrial
wastewater discharge. The r(a, c) values of other raw water were generally within the
range of normal surface water conditions, though their sources of humic substances
vary greatly.

There is a third fluorescence parameter r(t, b) that can be used to determine the
source of organic matter in the protein fluorescence region, which is calculated as
the intensity ratio of the fluorescence peak T to B. The water with larger r(t, b) (1.4)
had more macromolecules from algae and biodegradation, while the water with small
r(t, b) (0.6) contains a large number of protein fluorescence peaks, usually due to
wastewater discharged from human production. By comparing r(t, b) of five kinds
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of raw water, we found that r(¢, b) of raw water from Sanhaowu and Kunshan are
the largest with values close to 1.4 (1.3-1.33), indicating that there were more organic
matters in these two water bodies. Although the fluorescence intensity of the raw
water from Huangpu River was very high, the r(t, b) is only 0.75, indicating that the
molecular weight of protein-based organic matter in Huangpu River was relatively
small, typically due to serious pollution of human production and domestic sewage.
The protein fluorescence peak of raw water from Gaoyou was very low, and no r(t, b)
exists, indicating that the raw water from Gaoyou contained little organic protein.

In summary, through the analysis of two fluorescence parameters r(a, ¢) and
r(t, b), it is found that the fluorescence parameters of protein and humic acids are
basically consistent with the origin of organic matter. To simplify the analysis, the flu-
orescence intensities of the protein fluorescence peak T and the humic fluorescence
peak A were compared as r(t, a) (the ratio of fluorescence peaks T and A), which can
determine the results of these two fluorescence parameters. The significance of r(t,
a) includes: (1) firstly, it reflects the ratio of macromolecular organic compounds to
small ones; according to the above, the fluorescence peak T is related to the presence
of protein-like macro-molecule organic matter, while the fluorescence peak A reflects
the small-molecule humic organics, thus the value of r(t, a) is proportional to the
molecular weight; (2) secondly, it reflects the source of organic matter; fluorescence
peak T mainly comes from protein-based organisms, and these organisms mainly
exist in sewage discharge by human or other organisms, while fluorescence peak A
represents terrestrial small-molecule organic matters, thus the ratio between the two
is closely related to the source of organic matters.

The following table shows the r(t, a) of the five raw water and their hydrophilic
and hydrophobic components. It can be seen that the wide range of r(t, a) (from 2.0
(or above) to less than 1.0) reflects various degrees of pollution and sources of organic
pollutants. Raw water with higher r(t, a) (2.0 or above) is most seriously polluted, and
raw water with lower r(t, a) (less than 1.0) is less polluted, which mainly contains
terrestrial organic pollutants from land, especially humic substances. Raw water with
r(t, a) between 1.0 and 2.0, is greatly affected by the discharge of human production
and living sewage, containing pollutants with smaller molecular weight.

Table 1.6: The r(t, a) of raw water and its components.

r(t, a) Sanhaowu Yellow River HuangpuRiver Kunshan  Gaoyou
Raw water 1.98 1.26 1.42 2.60 0.55
Strong hydrophobic 0.00 0.41 0.72 0.63 0.00
Weakly hydrophobic 1.20 0.64 1.30 1.67 0.42
Charged hydrophilic 5.43 1.16 2.09 3.32 0.84
Neutral hydrophilic 0.66 0.00 0.47 0.43 0.56
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The fluorescence spectra of other four kinds of raw water are shown in Figure 1.33.
The fluorescence response areas of Xiangjiang River and Taihu Lake are similar, with
the strong response of region T and B. The difference is that Xiangjiang River water
has additional response in region A and C, with more intense response in region A.
The fluorescence response of Taihu Lake water is mainly concentrated in region T and
B. Qingcaosha water has all 4 response regions, with stronger response in regions B
and A. In contrast, the fluorescence response of Ge lake is mainly concentrated in the
C and A regions.
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Figure 1.33: The Three-dimensional Fluorescence Spectroscopy of different raw water.

1.3.2.2 Algal organic matter

The fluorescence spectra of the six algae organisms are shown in Figure 1.34.
Scenedesmus has a strong fluorescence response at Ex/Em =350/425 nm and Ex/
Em =270/450 nm, indicating that Scenedesmus has a lot of humic substances. Humic
acids (region A and region C) are mainly derived from the catabolism of dead algal
cells and macromolecules such as polysaccharides and proteins. Studies have shown
that in the metabolic process of green algae, the intensity of the humic acid fluores-
cence region increases with the weakening of the protein fluorescence region, indi-
cating that the humic acids may be mainly derived from macromolecular proteins
and other organic substances. For Anabaena, Microcystis aeruginosa, Chlorella,
Cyclotella, and Aphanizomenon, in addition to humic acid peak A and fulvic acid
peak C, the response intensity of protein fluorescence peak T is also strong, indicating
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that Anabaena, Microcystis aeruginosa, Chlorella, Cyclotella, and Aphanizomenon
have a large number of protein-based organic matters.
The ratio of fluorescence intensity for six algal organic matters are shown in Figure 1.35.

1.4 The hydrophilicity/hydrophobicity
and fluorescence spectra of organic matter

The position of fluorescence peak and the hydrophilicity/hydrophobicity of organic
matter has a certain correlation. Marhaba et al. [6] and Wang et al. [12] used positions
of three-dimensional fluorescence peak to rapidly characterize various hydrophilic
and hydrophobic components. Hydrophobic acid-base components are generally
found in the longer excitation-emission wavelength range, while hydrophilic acid-
base components appear in the shorter wavelength region. Previous studies also
found that in the humus-like fluorescence region, the fluorescence intensity in the
longer emission wavelength (Em) is often related to the hydrophobic organic species.

Figures 1.36 and 1.37 show the fluorescence spectra of different components of water
in Xiangjiang River and Taihu Lake. The predominant component of Xiangjiang River is
mainly composed of fulvic acid in region A and humus in region C, with a few protein-rich
organic matters. In contrast, there are more protein-rich organic matter in Taihu Lake
with a few humic acids. The weakly-hydrophobic organic matter in raw water from Xiang-
jlang River mainly consists of humic acids in region C and fulvic acids in region A, and its
response strength is less than that of strong-hydrophobic components. In Taihu Lake weak-
ly-hydrophobic fractions are dominated by some protein-based organic compounds, with
some small molecules of phenols, tryptophan and humus-like. Peaks exist in four regions
for strong-hydrophilic components of Xiangjiang River and Taihu Lake, indicating that the
strong-hydrophilic components contain many types of substances, such as protein-based
and humus-based organic matters. The response of neutral-hydrophilic components
mainly occurs in the fluorescence range of humic acid and fulvic acid, which is beyond our
expectations. The neutral-hydrophilic components are mainly composed of polysaccha-
rides and protein-based organic matters. Polysaccharides have very weak fluorescence
response or even do not have any, thus the neutral-hydrophilic substances with fluo-
rescence response usually represent protein-based organic matters.

Figures 1.38 and 1.39 show the fluorescence spectra of different components of
water in Qingcaosha and Ge Lake. The strong hydrophobic organic matter in raw water
from Qingcaosha consists of fulvic acids, humic acids and protein organic substances,
while the strong hydrophobic organic matter in raw water from Ge Lake includes
mainly fulvic acids and humic acids. Peaks exist in four regions for the weakly hydro-
phobic components of both Qingcaosha and Ge Lake, suggesting that the raw water of
both feeds contain many types of organics, such as protein-based and humus-based
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Figure 1.34: Three-dimensional Fluorescence Spectroscopy of organisms in algal organic matter.

organic substances. There are also four peaks for the charged hydrophilic components
of both Qingcaosha and Ge Lake, thus proteins exist in the hydrophilic fractions.
Fluorescence spectrum analysis of different water components of Sanhaowu, Yellow
River, Huangpu River, Kunshan River and Gaoyou reservoir (Figures 1.40-1.43) shows
that strong hydrophobic components have strong humus fluorescence peaks A and C,
while protein fluorescence peaks T and B are relatively weak. This indicated that the
fluorescent groups of strong hydrophobic organic compounds mainly appear in the
long wavelength region. The tryptophan fluorescence peak T was the weakest among
the strong hydrophobic components, indicating that the fluorescence peak T had the
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Figure 1.35: The ratio of fluorescence intensity for different algal organic matter.

least correlation with humic organics. Among the strong hydrophobic components of
the five kinds of raw water, the Em wavelength of humic fluorescence peaks appeared
in the range of 420 nm. Among them, the water with the longest Em wavelength of A
was from Gaoyou (440 nm), followed by the Yellow River (435 nm) and Huangpu River
(420 nm). The water of Kunshan (420 nm) and Sanhaowu (420 nm) have the short-
est Em wavelength of A. Therefore, it can be concluded that the strong hydrophobic
organic matter in Gaoyou water has the highest degree of aromatic structure and the
highest number of aromatic compounds, while the strong hydrophobic organic matter
in Kunshan water and Sanhaowu water have the highest degree of aromatic structure.
Among the weakly-hydrophobic components, the intensity of tryptophan fluorescence
peak was significantly higher than that of the strong hydrophobic components. The
peak of humic acid fluorescence in the weakly-hydrophobic components still appears
in Em>420 nm, while the weakly-hydrophobic components in some water sources
tend to shift to the short Em, indicating that the aromatic groups of organic compounds
in weakly-hydrophobic components decreased. Charged hydrophilic components
have protein fluorescence peaks, especially the fluorescence peak T which responses
strongly. Compared with other components, it can be found that the fluorescence peak
T in raw water mainly comes from charged hydrophilic components. The main fluo-
rescence peaks of neutral hydrophilic components are not in the protein fluorescent
region with short wavelength, but in the humic acid and fulvic acid regions.

Figures 1.44-1.46 show the fluorescence response of organic components of differ-
ent raw water. The components respond in all of the fluorescence regions. Differences
in the proportion of their response intensities indicated that the different components
have their fluorescence response characteristics. Further investigation of the fluores-
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Figure 1.36: The fluorescence spectra of organic components in Xiangjiang River.
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Figure 1.37: The fluorescence spectra of organic components in West Taihu Lake (strong
hydrophobic, weakly hydrophobic, charged hydrophilic, neutral hydrophilic).

cence response of different components of the region, for strong hydrophobic com-
ponents, Sanhaowu was in regions 2, 3, 5, Huangpu River was in regions 2, 3, Yellow
River was in regions 3, 2 and 5, Gaoyou was in regions 3 and 5, and Kunshan was in
regions 1 and 2. For weakly hydrophobic components, Sanhaowu was in regions 3,
2 and 5, Huangpu River was in regions 2 and 3, Gaoyou was in regions 3 and 5, and
Kunshan was in regions 1 and 2. For charged hydrophilic components, Sanhaowu was
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Figure 1.38: The fluorescence spectra of organic components in Qingcaosha (strong hydrophobic,
weakly hydrophobic, charged hydrophilic, neutral hydrophilic).
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Figure 1.39: The fluorescence spectra of organic components in Ge Lake (strong hydrophobic,
weakly hydrophobic, charged hydrophilic, neutral hydrophilic).

in regions 1 and 2, Huangpu River was in regions 1 and 2, Yellow River was in regions
3, 2 and 5, Gaoyou was in regions 3 and 5, and Kunshan was in regions 1 and 2. For
neutral hydrophobic components, Sanhaowu was in regions 2 and 3, Huangpu River
was in regions 2 and 3, Yellow River was in regions 3, 2 and 5, Gaoyou was in regions
2, 3 and 5, and Kunshan was in regions 1 and 2. Thus, the fluorescence response of
different components is closely related to organic matter. For example, Sanhaowu,
Huangpu River and Kunshan water responded strongly in regions 1 and 2, and thus
their different components basically also have strong response in these regions.
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While the response of organic matter in Gaoyou water is mainly in regions 3 and 5, the
fluorescence response of its components should be also in these regions.
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Figure 1.40: The three-dimensional fluorescence spectra of strong hydrophobic components from
different raw water (Gaoyou, Yellow River, Huangpu River, Kunshan, Sanhaowu).

Thus, there is no necessary relationship between organic components and the
regions of fluorescence response. However, organic components strongly reflect the
organic characteristics of different water sources.

The fluorescence response of different algal organic components is shown in
Figures 1.47-1.51. It can be seen that no component has a significant strength advan-
tage in a particular area. Therefore, there is no evidence that the components have
specific response areas. Some studies suggest that there is a correspondence between
the organic components and the response regions, while this can only be adapted to
a particular water source and cannot extend to other water sources.
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Figure 1.41: The three-dimensional fluorescence spectra of weekly-hydrophobic components from
different raw water (Gaoyou, Yellow River, Huangpu River, Kunshan, Sanhaowu).

1.5 The relationship between hydrophilicity/
hydrophobicity for organic matters and its
molecular weight

Figure 1.52 shows the relationship between the hydrophilicity/hydrophobicity and the
molecular weight distribution in Sanhaowu, Yellow River, Huangpu River, Kunshan and
Gaoyou reservoirs. Among the four components in Sanhaowu, the content of organic
matters with the molecular weight more than 30 kDa in the neutral hydrophilic compo-
nents were the highest, while the ones in the other components were lower, which indi-
cated that the macromolecules larger than 30 kDa in the raw water of Sanhaowu were
mainly neutral hydrophilic organic matter. As the main organic matter of the neutral
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Figure 1.42: The three-dimensional fluorescence spectra of polar components from different raw
water (Gaoyou, Yellow River, Huangpu River, Kunshan, Sanhaowu).

hydrophilic components is polysaccharide, it can be regarded that macromolecular
organic substances which are larger than 30 kDa in Kunshan water are mainly poly-
saccharides. However, since the strong hydrophobic, weakly hydrophobic and charged
hydrophilic components of Kushan water also contain small amounts of macromolecu-
lar organic compounds larger than 30 kDa, the molecular composition of Kunshan raw
water larger than 30 kDa is more complicated than that in Sanhaowu. The organic matter
larger than 30 kDa in the strong hydrophobic, weakly hydrophobic and charged hydro-
philic components of Huangpu River is significantly more than that in Sanhaowu. There-
fore, the macrophages larger than 30 kDa in Huangpu River mainly consist of humic
substances and protein-based organic compounds. The content of organics of more
than 30 kDa for each component of Gaoyou Water is very low (less than 2.0%), while the
content of neutral hydrophilic components is slightly more.
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Figure 1.43: The three-dimensional fluorescence spectra of neutral-hydrophilic components from
different raw water (Gaoyou, Yellow River, Huangpu River, Kunshan, Sanhaowu).

For organic matter of 1030 kDa, the hydrophobic components of Sanhaowu and
Kunshan water are lower than the neutral hydrophilic components, indicating that
there is less humic organism in the 10-30 kDa macromolecules of these two kinds of
raw water, while the majorities are polysaccharides or protein-based organic matter.
There is a strong proportion of hydrophobic components in the raw water of Huangpu
River and Gaoyou. So, 10-30 kDa macromolecules of the two raw water contain more
humus organisms.

For organic matter of 3-10 kDa, there are a lot of medium-molecular organic com-
pounds in Sanhaowu and Kunshan water, and they mainly appear in the neutral hydro-
philic components, rather than in other components. There is a relatively low content of
medium-molecular organic matter in the raw water of Huangpu River, and the proportion
of each component is consistent. Therefore, it can be considered that there are various

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use



46 —— Huan He, Shumin Zhu, Zheng Liu

100% 1
90%
80%
0% | v
60% 1 ay
50% A oIl
40% - bt
30% - .
20%
10%
0% 1 . :
HPO TPI

C-HPI N-HPI
Figure 1.44: The fluorescence proportion of organic components from Qingcaosha.
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Figure 1.45: The fluorescence proportion of organic components from Ge Lake.
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medium-molecular organic substances in Huangpu River water, including humus organ-
ics, protein organics and less amino sugar. The medium-molecular organic substances in
Gaoyou water mainly appear in the hydrophobic and charged hydrophilic components,
while there is almost no 3-10 kDa organic compounds in neutral hydrophilic compo-
nents. It may be concluded that the medium-molecular organic matters of Gaoyou water
are mainly humus and aromatic protein organic matter.

The different molecular weights and corresponding organic compounds of the
above five kinds of raw water were summarized in Table 1.7. Figure 1.53 shows the
relationship between molecular weights and composition of organic matters in Taihu
Lake. Small molecules accounted the most, followed by medium molecules, while
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Figure 1.46: The proportion of fluorescence intensity for organic components.

macromolecules the least. For the strong hydrophobic components, medium mol-
ecules accounted the largest proportion, followed by small molecules, and macro-
molecules also occupied a certain proportion. The proportion of small molecules in
weakly hydrophobic components further expanded, the proportion of medium mol-
ecules reduced, and macromolecules disappeared. Small molecules in hydrophilic
component accounted the largest proportion. While the medium molecules made up
the lowest proportion and the macromolecules accounted the largest, compared with
the remaining components.
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Figure 1.47: Three-dimensional fluorescence of HPO components of algae organisms.

Figure 1.54 shows the molecular weight distribution of different components
of the six algae organisms. Unlike natural raw water, certain components of some
algal organisms have many macromolecules such as Anabaena, Aphanizomenon
and Microcystis aeruginosa. Further observation shows that macromolecules are
mainly from the neutral hydrophilic components, followed by strong hydrophobic
components. This result is similar to that of the natural raw water described above
and similarly showed that macromolecules consist mainly of neutral hydrophilic and
strong hydrophobic components. Neutral hydrophilic components also have a strong
response to the medium molecules of certain algae such as Anabaena, Microcystis
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Figure 1.48: Three-dimensional fluorescence of TPl components of algae organisms.

aeruginosa and Scenedesmus, indicating that the medium molecules of these algae
are composed of neutral and hydrophilic components. For the medium molecules,
the strong hydrophobic components have a strong response to the six tested algal
organisms, indicating that strong hydrophobic components are the predominant
components of the medium molecules. As for small molecules, neutral hydrophilic
components have a strong response in addition to Anabaena. Weakly hydrophobic
and charged hydrophilic components are mainly distributed in small and medium
molecules, and vary with the algae species.
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Figure 1.49: Three-dimensional fluorescence of strong hydrophilic components of algae organisms
(Microcystis aeruginosa, Aphanizomenon, Anabaena, Chlorella, Scenedesmus and Cyclotella).

1.6 Fluorescence spectra and molecular weights

of organics

The intensity of fluorescence peak is also related to the molecular weight of organic
matter. Some studies also agreed with this. Most studies suggested that the peak T was
related to macromolecular organics or colloidal particles, while peak B represented
small molecules of organic matters. In the humic fluorescence region, the fulvic acid
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Figure 1.50: Three-dimensional fluorescence of neutral hydrophilic components of algae organisms
(Microcystis aeruginosa, Aphanizomenon, Anabaena, Chlorella, Scenedesmus and Cyclotella).

fluorescence peak A with a smaller molecular weight tended to have a higher inten-
sity than the humic fluorescence peak C.

The three-dimensional fluorescence spectroscopy of different molecular weights
of Gaoyou raw water separated by UF membrane were tested. By comparing the
organic fluorescence spectroscopy with different molecular weights, the relationship
between the fluorescence spectroscopy and organic molecular weights was investi-
gated. The results are shown in Figure 1.55.

With UF membrane the molecular weights of the organics in raw water could be
divided into five segments. In each segment it was the dissolved organic matter which
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Figure 1.51: The fluorescence ratio of different algal organic components.
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Figure 1.52: The relationship between organic components and molecular weights in raw water.
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Figure 1.53: The relationship between organic components and molecular weights of Taihu Lake water.

Table 1.7: The different molecular weights and the corresponding organic composition.

Source of water >30 kDa 10-30 kDa 3-10 kDa <3 kDa
Sanhaowu Colloid, Mainly Peptides, amino The decomposition
polysaccharide polysaccharide, sugars, etc. product of the above
a few humus substance.
species
Huangpu River  Polysaccharide,  Mainly Humus and The decomposition
Aromatic humus, a few aromatic proteins  product of the above
proteins, Humus  polysaccharide with benzenering  substance.
macromolecular  or protein structure

Kunshan

Gaoyou

polymer
Colloid,
polysaccharide,
protein

Extremely

low or no
macromolecular
organic matter

Polysaccharide,
mainly protein, a
few humus

Mainly humus
organic
matter, a few
polysaccharide
and protein

Humus and
aromatic proteins
with benzene ring
structure, Peptide
polysaccharides,
amino sugars
Humus and
aromatic proteins
with benzene ring
structure

The decomposition
product of the above
substance.

The decomposition
product of the above
substance.
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Figure 1.54: Molecular weights distribution of various algal organic groups (Anabaena,
Aphanizomenon, Microcystis aeruginosa, Chlorella, Cyclotella and Scenedesmus).

has been filtered by UF membrane. Using fluorescence regional integration method,
it was found that there was a certain correlation between the different fluorescence
regions and the molecular weights of organic matter. The most obvious phenomenon
was the fluorescence intensity of two water samples (<0.45 pm and <30 kDa). After
the removal of macromolecular organics larger than 30 kDa, the intensities of all the
fluorescence regions increased, which meant that organic compounds larger than 30
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Figure 1.55: Relationship between molecular weights and fluorescence response of organic matter
in Gaoyou water.

kDa could not induce any fluorescence, and their existence may even reduce the fluo-
rescence intensity of water samples.

When the organic matter with molecular weight less than 30 kDa continued to
be trapped by the membrane, the fluorescence intensity of the entire area gradually
decreased. Among them, the reduction of humic fluorescence region 3 and 5 were the
most obvious, while that of protein fluorescence regions was less, which indicated
that the humic organism in each molecular weight range contributed to the fluores-
cence intensity, while the fluorescence intensity of protein mainly came from small
molecule organics. At the same time, it was noteworthy that small molecule organic
compounds smaller than 1 kDa had high fluorescence intensity, and their intensity
value accounted for more than 60% of the total fluorescence intensity, indicating that
the small molecule organic matter mainly contributed to the fluorescence intensity.

The same test was also carried out for the Taihu Lake water (Figure 1.56). Accord-
ing to the subtraction method, the molecular weight range of fluorescence spectra was
obtained, and shown in Figure 1.57. Fluorescence spectra between different molecular
weights were quite different. The raw water responded in four regions of B, T, A and C,
and the most intense response was in regions B and T. The response of less than 3 kDa
in regions B and T were comparable to that of raw water, but the responses of regions
A and C were significantly lower than that of raw water. Most of the aromatic proteins
and soluble microbial products in regions B and T had a molecular weight of less than
3,000 Da, while some of the humic acids in regions A and C had a molecular weight
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Figure 1.56: Three-dimensional fluorescence of organics in Taihu Lake water.

greater than 3,000 Da. According to the subtractive fluorescence analysis of 3-10 kDa,
10-100 kDa and >100 kDa, the organic matter occupied less. The organic matter of
3-10 kDa was dominated by humic acid organic compounds in regions A and C. The
100 kDa organic matter was mainly dominated by protein organic compounds in
regions B and T. And both showed a greater response in region B than in region T.

As shown in Figure 1.56, fluorescence intensity of raw water was about the same
as that of components less than 3,000 Da. However, when the molecular weight was
more than 3,000 Da, the fluorescence intensity dropped sharply, only 40% of that of raw
water, indicating that the majority of fluorescence response was contributed by organic
matter less than 3,000 Da. It can be also seen that when the molecular weight was less
than 3,000 Da, the proportion of the fluorescence intensity in regions B and T slightly
increased compared to the raw water. In the range of molecular weight of 3-10 k, most
of the fluorescence intensity was contributed by regions A and C, indicating that most
of the organic matters with the molecular weights of 3-10 k were humic acid organic
compounds. When the molecular weights were more than 10 k, most of the fluorescence
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Figure 1.57: Relationship between molecular weight and fluorescence response of Taihu Lake.

intensity was contributed by region B, which indicated that the protein macromolecules
were mainly expressed by the fluorescence response of region B. Thus, the fluorescence
response of regions B and T mainly represented small molecules and macromolecular
organic matter, while regions A and C mainly medium organic matter.

1.7 Summary

The molecular weight distribution of natural organic matter can be divided into three
intervals. The molecular weight distribution of macromolecules ranges from tens of
thousands to one million, while the response to ultraviolet light is weak or there is
even no response. The macromolecules are mainly composed of hydrophilic organic
matters, and strong hydrophobic components also appear in macromolecules. The
molecular weight of the medium-molecular range is between one to ten thousand,
mainly made up of hydrophobic organic substances with the strong-UV absorption
such as humic acid. The molecular weights of the small molecules range from a few
hundred to two thousand, which are mostly hydrophilic organic matter. Weakly
hydrophobic components and charged hydrophilic components cannot appear in the
macromolecules, and they mainly appear in the distribution of small and medium
molecules, and vary when the raw water is changed. The number of small molecules
is the largest in the raw water, followed by that of medium molecules, and macromol-
ecules the least.

Strong hydrophobic components account the largest proportion in medium mol-
ecules, followed by small molecules, while macromolecules also occupy a certain
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percentage. Weakly hydrophobic components account a larger proportion of small
molecules, the proportion of medium molecules is less, and there is no macromole-
cule. Hydrophilic components of small molecules account the largest proportion. And
compared to the rest of the components, the proportion of medium molecules is less,
while that of macromolecules is the largest.

Organic components are not necessarily related to the region of fluorescence
response, but they can strongly reflect the organic characteristics of different sources.

The fluorescence response in regions B and T mainly represent small molecules
and macromolecular organic matters, while regions A and C mainly medium molec-
ular organic matters.
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Chapter 2
Vibration Membrane for Algae Separation

Membrane fouling is one of the key points during the membrane filtration utiliza-
tion, which can result in flux decline and operation cost increase. It was reported to
be a useful method to reduce membrane fouling by increasing the shear rate at the
membrane surface under the high vibration frequencies or amplitudes, and various
vibration membranes have been confirmed to increase the filtration flux [1-4].

Microalgae containing the high crude oil in its body is considered as the most
promising material to resolve the energy crisis [5-7]. But, the harvest of microalgae is a
crucial obstacle to limit its commercial use because of the small size of the microalgae
particles [8-10]. Among the various harvesting methods, the membrane filtration can
separate the microalgae cells effectively [11-14], which attracted more and more atten-
tion to improve the applicability of membrane technology in algae harvesting [15-17].

Among these, the vibration membrane could control membrane fouling at a
small amplitude or frequency [18-20], whose shear action near the membrane surface
can alleviate the shear damage on algae cells [21]. The irreversible membrane fouling
caused by EOM deposition on the membrane surface or in the pores cannot be avoided
by the LVM mode, but the reversible membrane fouling of algae cells deposition can
be alleviated [2, 17, 22, 23]. Reversible membrane fouling and irreversible membrane
fouling are caused by different substances, such as the loosely bound fouling layer
and gel layer, should be removed by physical methods [24, 25] and chemical methods
[26, 27], respectively. EOM of the algae broth containing high concentration of pro-
teins and polysaccharides could lead to severe irreversible membrane fouling [28, 29],
and the alleviation mechanism of membrane fouling under the vibration membrane
operation mode should be further investigated.

2.1 Materials and methods
2.1.1 Experimental materials
Chlorella pyrenoidosa (C.pyrenoidosa, FACHB-9) was cultured with a sterile Basal

medium in a 25 L glass box inside of an incubator under cultivation temperature of
30+0.5 °C, light intensity of 127 pumol/(m?s) and light/dark sequence of 12 h/12 h.
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An axial vibratory membrane (AVM) system was built to investigate the mem-
brane fouling mechanism of the microalgae harvesting under different various
variation frequencies, whose schematic diagram is shown in Figure 2.1. The setup
includes a 50-L filtration tank, a servo-motor (60FSM-04030, USA) for the membrane
vibration, a digital servo-drive (FDS15A-400X, USA) for the frequency adjustment and
a peristaltic pump (BT100-LJ, Kejian, China) for the effluent suction. A hydrophilic
PVDF membrane (Minglie, China) was adopted with nominal pore size of 0.1 pum and
total effective membrane area of 0.02 m? The experimental parameters were set at
the algae concentration of 0.4 g/L, the filtration flux of 30 L/(m?- h) and the vibration
frequencies of 0, 5 and 10 Hz with a same amplitude of 1 cm.

Servo motor.

Cassette.
Trestle table.

Figure 2.1: Schematic diagram of the AVM system.

2.1.2 Experimental methods

A sharp knife was used to cut the fouled membrane when the filtration process fin-
ished. The first fouled membrane was directly filtrated through a cup-type filtration
vessel driven by nitrogen gas at 0.05 MPa for the total membrane fouling evalua-
tion [30], then the scanning electron microscopy (SEM) analysis was conducted to
examine fouled membrane after the pressurized water cleaning. While algae on the
second fouled membrane was sloughed by water to a beaker for the algae and revers-
ible EOM analysis. And then, the filtration of irreversible membrane fouling test was
carried out under different frequencies. At the end, the irreversible membrane fouling
caused by the irreversible EOM was separated by soaking in a solution (0.5 g/L NaOH)
and shaking at 100 rpm for 2 h [31].
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Three kinds of membrane fouling, reversible, irreversible and total membrane
fouling are clarified. The water filtration flux of new membrane is defined as J,,, the fouled
membrane flux is J;, and the rinsed membrane flux is J,. The total fouling rate (TF), irre-
versible fouling rate (IF) and reversible fouling rate (RF) can be defined as follows [29, 32]:

TF=1-1,/Jo 1)
IF=1-1,/J, 22
RF=TF -IF (2.3)

where the total fouling rate refers to the flux decline rate of the fouled membrane
without rinsing; the irreversible fouling rate refers to the flux decline rate of the
fouled membrane after rinse; and the reversible fouling rate refers to the flux decline
rate induced by the reversible foulants.

2.2 Results and discussion
2.2.1 The performance of long-term filtration
2.2.1.1 Filtration characteristics

The filtration performance of the AVM was carried out under various frequencies, as
shown in Figure 2.2. Without the vibration (the vibration frequency of 0 Hz), the fil-
tration process could only last only 2 h because of the severe membrane fouling. The
AVM can last 12 h under the vibration frequency of 5 Hz. On the contrary, the TMP of
the AVM remained stable under the vibration frequency of 10 Hz after the long filtra-
tion period of 24 h.

The pictures of the fouled membrane and SEM of the rinsed membrane under
different frequencies are shown in Figure 2.3. It can be seen that the algae particles
deposited on the membrane surface reduced remarkably as the vibration frequency
increased. The membrane surface was covered completely by algae particles after
the 2 h filtration at 0 Hz. However, there were almost no algae particles deposited
at 10 Hz with the long filtration period of 24 h. Enhancing the frequency reduced
the deposition of algae on the membrane, thus the AVM can be operated for a long
filtration period under the higher vibration frequency coupled with less deposited
algae particles and lower TMP, which was consistent with the previous results [23].
The shear force on the membrane surface was improved under the increased vibra-
tion frequency, which can control the deposition of algae particles on the mem-
brane surface [23]. At the end of the filtration periods, the content of the deposited
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Figure 2.2: The TMP variations at the different frequencies.

algae particles on the membrane was 8.64 g/m?, 0.97 g/m? and 0.28 g/m? under the
vibration frequencies 0 Hz, 5 Hz and 10 Hz, respectively, which also agreed with the
aforementioned results.

2.2.1.2 Membrane fouling analysis

As shown in Figure 2.3, there are also abundant EOM covered on the membrane
surface even under the vibration frequency of 10 Hz, which can be identified as the
irreversible foulants. It was reported that the vibration membrane system could
control the deposition of large particles on the membrane surface, but small particles
or macromolecular substances could still be deposited [2, 17]. It was interesting that
the content of EOM also increased at the high vibration frequency, which was con-
trary on the algae particle’s deposition. Under a high vibration frequency, the filtra-
tion process was prolonged, which provided more opportunity for the EOM adhesion
to the membrane [33].

Under a certain pressure of 0.05 MPa, the fluxes of the new membrane and fouled
membrane before and after rinse with various vibration frequencies are present in
Figure 2.4. The filtration flux of fouled membranes without rinse improved from 24.2
to 221.3 L/(m?- h) when the vibration frequency increased from 0 to 10 Hz. However,
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Figure 2.3: The pictures of the fouled membrane and SEM of the rinsed membrane under different
frequencies.
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Figure 2.4: The fluxes, the reversible and irreversible fouling of the new membrane and fouled
membrane before and after rinse with various vibration frequencies.

the filtration flux declined with increased vibration frequency when the rinse process
was adopted. With the increased vibration frequency, the total membrane fouling
declined, together with the reversible fouling part decreasing and the irreversible
fouling part increasing. The increased vibration frequency can reduce the deposition
of algae cells. Therefore, the reversible membrane fouling reduced. While more EOM
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deposited on the membrane during the long filtration time under the high frequency,
resulting in severe irreversible fouling. Combined with the TMP variations in Figure
2.2, the membrane reversible fouling caused by algal deposition plays the major role
in the flux decline and TMP increase during algae filtration process.

2.2.2 The performance of short-term filtration
2.2.2.1 Filtration characteristics

The TMP changes under different vibration frequencies with short filtration time
are shown in Figure 2.5. The filtration process was set for 2 h. After reaching the
predetermined filtration time, the TMP exhibited slightly increase at 10 Hz, with
almost no algae covered on the membrane surface (Figure 2.6); while the TMP
increased to 8.9 kPa at 5 Hz, with the algae deposition of 0.39 g/m? (Figure 2.6),
which was much lower than that of 0.97 g/m? in long duration filtration in Figure
2.2. It can be seen from Figure 2.7 that the water flux of the fouled membrane
increased obviously as compared with that in the long duration filtration under
all the vibration frequencies. However, there was no obvious trend of the mem-
brane water flux after rinse at different vibration frequencies. But the flux of the
rinsed membrane at 5 and 10 Hz increased obviously compared with those in long-
time filtration with less EOM and reducing irreversible membrane fouling. It also
can be seen from Figure 2.7 that the proportion of irreversible membrane fouling
and reversible fouling sharply decreased and increased, respectively, compared
with those in the long-time filtration at 10 Hz. At a high frequency, the AVM can
effectively reduce algal deposition, but cannot effectively control EOM adherence
to the membranes, which caused more severe irreversible fouling in the long-term
filtration experiment.

2.2.2.2 Membrane fouling analysis

The judgment standard of reversible foulants and irreversible foulants is whether the
EOM and the algae layer can be washed away by water rinse, with the analysis results
shown in Table 2.1. It can be seen that the reversible foulants, such as TOC, PN and
PS, exhibited obvious decline trends with the increased vibration frequencies in the
short filtration periods. The AVM could effectively remove the reversible EOM at the
higher vibration frequency, except the irreversible EOM foulants. The increased fre-
quency could reduce the EOM concentration near the membrane, which might be the
reason that there was less EOM on the membranes at a higher frequency [34]. Mean-
while, the deposited algae particles could form a thick algal layer on the membrane
surface at a low vibration frequency, which could retain more EOM in the algae layer
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Figure 2.5: The TMP changes under different vibration frequencies with short filtration time.

Figure 2.6: The pictures of the fouled membrane and SEM of the rinsed membrane under different
vibration frequencies in short filtration time.
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and fouled membrane before and after rinse with various vibration frequencies in short filtration time.

[35, 36]. Based on the foulants quantities analysis, the reversible foulants, such as
TOC, protein and polysaccharide, had coverage rotios of 269.1, 181.8 and 90.9 mg/m?,
respectively, which were all much higher than those of the deposited algae particles of
30.0 mg/m? on the membrane at 10 Hz. Therefore, it could be inferred that the revers-
ible membrane fouling was mainly caused by EOM adhesion rather than the algae
particles deposition in the short filtration with the high vibration frequency of 10 Hz.
On the contrary, the situation of membrane fouling controlled by the low vibration

frequency was opposite.

Table 2.1: Analysis of TOC, protein (PN) and polysaccharide (PS) under different circumstances.

Sample TOC (mg/m?) PN (mg/m?) PS (mg/m?)
0 Hz Reversible 529.1+20.1 305.5+14.3 254.5+11.2
Irreversible 68.2+3.5 45.0+2.2 16.5+0.6
5 Hz Reversible 380.0+16.4 278.2+12.1 112.7+4.4
Irreversible 78.4%3.5 55.6+2.3 19.2+0.8
10 Hz Reversible 269.1+10.8 181.8+9.7 90.9+3.8
Irreversible 59.5+3.3 28.5+1.0 17.4+0.9

2.2.2.3 Molecular weight (MW) distribution of membrane foulants

Figure 2.8 presents the MW distributions of reversible and irreversible EOM at differ-
ent frequencies. There were many EOM peaks in the raw algae solution, with ranges
mainly above 10 kDa. It can be seen from Figure 2.9 that the reversible EOM fou-
lants were mainly in the range of low-MW (<1 kDa) and high-MW (>100 kDa) regions.
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From Figure 2.8, as the vibration frequencies increased from 0 Hz to 5 Hz and 10 Hz,
the obvious MW peak of the irreversible EOM was at approximately 3.5, 4 and 5 kDa,
respectively, which indicated that a right shift tendency of the MW peak of irrevers-
ible EOM when the frequency increased, as well as the peak intensities of the irre-
versible EOM decreased. There were considerable irreversible EOM on the membrane
identified in the MW distribution of 1 to 10 kDa during the filtration, which was very
low intensity in the raw EOM solution (Figure 2.9). From Figure 2.9, it also can be seen
that the low-MW parts in the irreversible EOM declined as the vibration frequency
increased from 0 Hz to 5 Hz and 10 Hz, whereas the high-MW parts increased slightly.
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Figure 2.8: MW distributions of EOM: (a) reversible EOM and (b) irreversible EOM.
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Figure 2.9: The percentage of MW distribution of reversible and irreversible EOM.

2.3 Summary

Combined with the AVM operation mode, the reversible membrane fouling can be
controlled effectively as the vibration frequency increased, while the irreversible
membrane fouling is not. The AVM could maintain a long filtration period of the
algae filtration process with a smaller TMP change under a constant flux with the
high vibration frequency of 10 Hz. With a low vibration frequency, the deposited algae
layer could retain more high-MW EOM without contacting the membrane surface; but
with a high vibration frequency, more high-MW EOM could adhere onto the mem-
brane surface without forming the algae layer obviously.
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Chapter 3
The Membrane Fouling

Low pressure membrane has been increasingly used in water and wastewater treat-
ment, but some drawbacks are still limitations to its widespread application, such
as membrane fouling and insufficient removal of relatively smaller organic foulants.
Extensive study has been conducted on the principle foulants and fouling mecha-
nisms involved in this problem and it is found that there were generally four kinds
of membrane foulants, including colloidal and suspended solids, inorganic matters,
natural organic matter (NOM), and microorganisms. Each kind of organic might
induce unique fouling mechanism [1-3]. NOM is a complex mixture of organic materi-
als, which generally includes humic substances, polysaccharides, proteins, peptides,
amino acids, fatty acids, lipids, phenols, alcohols and small hydrophilic acids [4].
Previous study indicated that many factors affecting the membrane fouling by NOM,
including the nature of the NOM (size, hydrophobicity, charge), the membrane (hydro-
phobicity, charge, surface roughness), the solution (pH, ionic strength, hardness ion
concentration), as well as the hydrodynamics of the membrane system (solution flux,
surface shear) [5]. The membrane foulants and their fouling mechanism can be found
in Table 3.1. In this chapter, better analysis of the membrane fouling mechanism was
discussed systematically.

Table 3.1: Different types of membrane foulants and their fouling mechanism.

Types Substances Fouling mechanisms

Colloid and Clay minerals, oxide of silica gel, iron, Pore blockage and cake layer formation

suspended aluminum or manganese, organic

solids colloids and suspensions

Inorganic Inorganic salts such as calcium, Accumulation on the membrane surface

matter magnesium, barium, iron, silicic acid or deposition into the membrane pores
and metal hydroxides

NOM Protein, polysaccharide, amino sugar, Cake layer formation or adsorption into
nucleic acid, humic acid, fulvic acid, membrane pore

biological cell components
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Table 3.1 (continued)

Types Substances Fouling mechanisms
Micro- Extracellular polymers (EPS) and Microorganisms attachment to the
organism soluble microbial products (SMP) membrane surface, multiplication and

production of extracellular polymers to
form a viscous hydrated gel

3.1 Influence of membrane characteristics
on membrane fouling

Membrane characteristics had significant effects on membrane fouling. It was widely
considered that the contamination of hydrophobic membrane was significantly higher
than that of hydrophilic membrane, while the hydrophilic membrane is not prone to
be polluted by NOM [6, 7]. The hydrogen bonding between hydrophilic membrane
surface and water molecules might make the water more adsorbed, while when the
hydrophobic material close to the membrane surface, the ordered structure of water
might be further destroyed and the energy consumed.

The surface charge of the membrane also played significant effects on membrane
fouling. When the surface of the membrane was positively charged, the colloidal impu-
rities tended to deposit on the membrane surface, causing the membrane fouling and
deteriorating the membrane performance. While when the surface of membrane was
negatively charged, the colloid could adhere to the membrane surface, weaken the
electrostatic repulsion, and inhibit the membrane fouling. The interaction between
the protein and membrane in the initial filtration phase can also be affected by the
membranes surface charge, which afterwards affect the filtration flux and protein
penetration.

Elimelech et al. found that membrane with higher roughness and porosity was
more susceptible to membrane fouling [8]. Ho et al. suggested that membrane with
interconnected membrane pores tend to be fouled slowly [9]. The above result thus
suggested that the possibility of adsorbing foulants on the membrane surface could
be affected by the increased membrane surface roughness, which might be due to that
water can bypass the clogged membrane pores and flow through the membrane with
interconnected pore structures. The disturbance of the membrane surface would also
be increased by the membrane surface roughness, which hindered the formation of
foulants on the membrane surface.
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3.2 Influence of organic hydrophobicity
on membrane fouling

Natural organic matter (NOM) is a very complex mixture. The extent of MF fouling is
highly variable when the characteristics of feed water are different. Therefore, char-
acterizing foulants are critical to understand the membrane fouling in natural water
filtration.

Generally, organic molecular size distribution and hydrophobicity are the most
useful characteristics in describing membrane foulants [10]. Some studies suggested
that dissolved organic matter (DOM) with molecular weight ranging from a few hun-
dreds to over 100 kDa caused significant fouling in the membrane filtration. The others
found that only a small proportion of organic matter in the colloidal contributed to
membrane fouling [3, 11]. The use of NOM fraction to test the types of compounds
that are responsible for MF membrane fouling revealed that for a polypropylene (PP)
hollow fibre system, the neutral hydrophilic fraction was the most strongly implicated
[12]. There was a 40% decrease in flux after a throughput that caused only a 20%
decrease for the other fractions of the strong and weakly hydrophobic acids (WHAs)
and charged hydrophilic material. Gray et al. investigated the fouling of microfiltra-
tion (MF) membrane by NOM and found that MF of the hydrophilic fractions lead to
rapid flux decline and the formation of cake or gel layer, while the hydrophobic frac-
tions show a steady flux decline with no obvious formation of gel or cake layer [13]. In
order to better understand the characteristics of which fraction lead to more serious
membrane fouling, further studies are still needed to be conducted.

In this work, organic hydrophobicity and molecular weight distribution were ana-
lyzed as the major characteristics for MF membrane fouling.

3.2.1 Organic fractions on membrane fouling
3.2.1.1 Materials and methods

Tap water, Yangcheng, Xiangjiang River, Taihu Lake, Qingcaosha and Ge Lake and
their associated organic components were used to investigate their contributions of
different organic fractions on membrane fouling.

XAD-4, DAX-8 and IRA-958 resins were employed to separate the organics into
the hydrophobic fraction (HPO), the transphilic fraction (TPI), the negatively charged
hydrophilic fraction (C-HPI) and the neutral hydrophilic fraction (N-HPI). AOM frac-
tionation was conducted by SUPELCO VISIPREPTM DL (USA).
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3.2.1.2 Membrane filtration

Membrane filtration was performed on a flat filtration unit of a dead-end filtration
mode. Two types of membranes including PVDF 150K membrane and a commercially
available flat sheet microfiltration membrane (MF-Millipore™) were used in this
study, which consisted of 80-100% nitrocellulose (Cas No. 9004-70-0) and 0-20%
cellulose acetate (Cas No. 9004-35-7). Prior to filtration, all virgin membranes were
presoaked and stored in ultrapure (Milli-Q) water for 24 h at 4 °C to remove impu-
rities. High purity N, gas at transmembrane pressure (TMP) of 0.1 MPa was used for
filtration. The permeate flux was recorded using an electronic balance (Shimadzu,
VW2200H, accuracy+ 0.1 g) connected with a computer at a fixed interval. Before
filtration, prefiltration was conducted using ultrapure water until a constant perme-
ate flux was achieved.

All experiments were conducted at room temperature (20-25 °C). For each test,
800 mL of permeate volumes were measured. The relative flux (J/],) was calculated
by the ratio of the permeate flux (J) to the initial flux (J,) for comparing the effect of
membrane fouling potential.

3.2.1.3 Results and Discussion

Figures 3.1 and 3.2 show the filtration flux by various NOM fractions. As can be seen,
the filtration flux decline caused by both N-HPI fractions in tap and Yangcheng water
were the most serious, with 69% and 89% decrease as compared to the initial flux,
whereas the HPO, TPI, and C-HPI in tap water had less effects on the filtration flux
decline, and the filtration flux caused by TPI, HPO and C-HPI were 33%, 59%, and
60% respectively, in the tap water. Whereas, the filtration flux caused by HPO and
C-HPI were only 17% and 21% of the initial flux in Yangcheng-Lake water filtration,
suggesting that neutral hydrophilic organics has great effects on membrane fouling.

Similar results can also be observed by Xiangjiang River and Taihu Lake (Figures 3.3
and 3.4) water filtration, which can be found that both N-HPI fractions in Xiangjiang
River and Taihu Lake water caused more serious membrane fouling than the other
fractions, and the filtration flux had the order of N-HPI > HPO > C-HPI > TPI for Xiang-
jilang River, and N-HPI>HPO > TPI> C-HPI for Taihu Lake. This result was consistent
with previous studies that N-HPI formed a dense gel layer on the membrane surface,
causing a rapid decrease in membrane flux.

However, in regard to the four fractions, it was found that there were some differ-
ences between the two water, for example, TPI in Xiangjiang River caused the least
filtration flux, while the membrane fouling caused by C-HPI of Taihu Lake was the
least. The filtration flux of both water at the end of filtration was in Table 3.2.
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Figure 3.1: Influence of organic fractions of tap water on filtration flux of PVDF 150K membrane.
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Figure 3.2: Influence of organic fractions of Yangcheng water on filtration flux of PVDF 150K membrane.

Similar phenomenon can also be observed in Qingcaosha and Ge lake that N-HPI
caused the most serious membrane fouling (Figures 3.5 and 3.6), followed by HPO.
However, it was very different between C-HPI and HPO fractions, which might be
due to their different organic characteristics. The hydrophobic components had little
effects on filtration flux, and the flux at the end of filtration was 90% of that in the
initial flux, indicating hydrophobic organics contributed little to hydrophilic microfil-
tration membrane fouling during this study.
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Figure 3.3: Influence of organic fractions of Xiangjiang River water on filtration flux of 0.1 pm CA
membrane.
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Figure 3.4: Influence of organic fractions of Taihu Lake water on filtration flux of 0.1 pm CA membrane.

3.2.2 Effect of various hydrophilic fractions on membrane fouling
3.2.2.1 Preparation of water samples

This study was conducted by using five natural water, which included the Sanhaowu
Lake (SHW) water in Tongji University in April, representing the surface water pol-
luted by allochthonous NOM; Yellow River, Huangpu River (HPJ) in Shanghai City, in
July, representing the heavy polluted river by waste of industry and human beings;
the Gaoyou (GY) in Jiangsu province, presenting the lower polluted reservoir water
and Kunshan water (KS).
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Figure 3.5: Influence of organic fractions of Qingcaosha water on filtration flux of 0.1 pm CA membrane.
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Figure 3.6: Influence of organic fractions of Gehu water on filtration flux of 0.1 pm CA membrane.

Table 3.2: Filtration flux (J/)o) of Xiangjiang River and Taihu Lake at the end of filtration.

Fraction Raw HPO TPI C-HPI N-HPI
Xiangjiang River 0.322 0.165 0.857 0.794 0.084
Taihu Lake 0.276 0.162 0.657 0.739 0.072

Reverse osmosis (RO) with a fiber pre-filter was utilized to concentrate the source
water into 20—25 mg/L (as dissolved organic carbon). Then, the water samples were
filtered through a 0.45 pm membrane (regenerated cellulose) and stored at 4 °C in a
refrigerator.

A commercially available flat sheet microfiltration membrane (MF-Millipore™)
was used in this study, which consisted of 80-100% nitrocellulose (Cas No. 9004-70-
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0) and 0-20% cellulose acetate (Cas No. 9004-35-7). Membrane filtration was consist-
ent with that described in Section 3.1.1.

3.2.2.2 Results and discussion

Figure 3.7 shows the hydrophilic and hydrophobic properties of different NOMs water.
The hydrophilic fraction accounted over 60% for all the examined NOM water, and
over 70% in SHW water. The N-HPI fraction was the largest portion of the DOC among
the four isolated fractions in all the NOMs. However, there were large fluctuations
among different NOMs, and the N-HPI fraction in SHW water accounted for 60% in
DOC, followed by KS, GY, and HP, Yellow River water.

60 -

OHPO @TPl OC-HPI @N-HPI
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=

s
=

tud
=]

=)
=

Percentage (%,as DOC)

=

SHW YR HPJ KS GY

Figure 3.7: Hydrophilic and hydrophobic properties of different NOMs water.

From the flux decline of different source water, it can be found that there were signifi-
cant differences in the filtration flux behaviors of various NOMs. SHW water declined
the most rapidly, followed by KS and HPJ water, while the Yellow River and GY dis-
played slow downward trend, and the filtration flux at the end of filtration was 30%
of that in the initial filtration flux. SHW water with low SUVA value and higher N-HPI
fraction proportion had the most serious membrane fouling, which implies that N-HPI
fraction is responsible for flux decline. Previous study suggested that macromolecular
organics in N-HPI could form a dense cake layer on the membrane surface, leading to
arapid decline of filtration flux. Carroll et al. suggested that small molecules in N-HPI
fractions lead to serious membrane fouling [12]. The results thus indicated that macro
MW organics in N-HPI had an important effect on membrane fouling, especially for
those organics with MW >30 KDa.
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Nevertheless, the N-HPI might not be the only factor that caused membrane fouling.
HPO might also have certain relations with the membrane fouling. N-HPI fraction was
consistent for HP and GY River, however, HPO in HP was higher than in GY, which
might be one of the reasons that HP had serious membrane fouling than GY water.
In addition, macro MW took a higher account of over 10% in HPO in HP than those in
other water, which might also be one of the reasons of fast filtration flux decline.

Figure 3.8 shows the flux decline of different DOM fractions. For all the water
sources, it was found that the filtration flux with N-HPI declined the most rapidly, fol-
lowed by HPO and TPI, while C-HPI showed the least. Note that, for the same fraction,
different water sources showed different filtration flux declines. For all the fractions,
SHW exhibited the greatest flux decline, followed by HPJ, and GY, which implies
that water source is also important to the membrane fouling than the DOM hydro-
phobicity. This can be due to that as a complex mixture of various organic matters,
the concentration, chemistry and composition of DOM are highly dependent on the
source water. Although DOM with similar functional groups or structures can be char-
acterized as the same hydrophobicity fraction, they are still different in many other
characteristics.

~8—SHW —&— YR —&— HP] ——KS —x—GY

0.8 A

0.6 1

AN

0.4 A

0.2 A

0.0 T T T

400
Filtration volume (mL)

Figure 3.8: Filtration flux of the raw water.

3.3 Effect of molecular weight on membrane fouling

The determination of the molecular weight of organic matter in water has impor-
tant significance for the understanding of water pollution and evaluation of various
treatment methods. Generally, the organic matter with larger MW is more likely to
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be trapped by the membrane, depositing on the membrane surface or into the mem-
brane pore, causing a rapid decrease in filtration flux. While the organics with small
MW could pass through the membrane pores, which had less effects on membrane
fouling. This part mainly investigated the NOM MW on the membrane fouling.

Algal organic matter is produced by algae in natural environment, which rep-
resents a considerable proportion of the organic carbon source in surface water
during algal blooms. Compared with the focused studies that have been performed
on the membrane fouling by inorganic particles and NOM, the knowledge of algal
fouling on MF membrane is inadequate. Qu et al. investigated ultrafiltration (UF)
membrane fouling by Microcystis aeruginosa EOM and found that pore clogging
and cake layer formation were the key factors in membrane fouling [14]. A macro
molecular biopolymer was demonstrated to be the major component in membrane
fouling. Moreover, the irreversible fouling by EOM was found to be mainly caused
by polysaccharides under ambient solution chemistry, and fouling by tryptophan-
like substances turned out to be more irreversible with the presence of calcium.

Despite these studies, membrane fouling caused by AOM was complicated due
to that the AOMs characteristics on the MF membrane fouling might be caused by
various algae species, cultivation time, as well as other environmental factors. This
study investigated the MF fouling by various algae. Five algae were selected in this
study because they represent three classical seasonal algal blooms, i.e., cyanobacte-
ria, green algae and diatoms.

3.3.1 Experimental procedures and methods

Freshwater algae of Microcystis aeruginosa, Aphanizomenon flos-aquae, Anabaena
flos-aquae, Scenedesmus obliquus and Cyclotella were purchased from the Institute
of Hydrobiology, Chinese Academy of Sciences, China. M. aeruginosa, Aphanizome-
non flos-aquae and Anabaena flos-aquae were cultivated at 20 °C using BG-11 medium
under the control ambient conditions of 12 h fluorescent light: 12 h dark and an irra-
diance of about 90 umol/(m?- s) provided by cool-white fluorescent light. S. obliquus
was cultivated using SE medium at 25 °C and a 12-12 h light-dark cycle with an irra-
diance of about 120 pmol/(m?- s). Cyclotella was cultivated using D1 medium at 20 °C
and a 12-12 h light-dark cycle with an irradiance of about 90 pmol/(m?- s).

AOM was extracted from algal solutions of stationary growth phase by centrifug-
ing at 10,000 g for 15 min and filtering through a Millipore 0.45 pm filter subsequently.
AOM extracted from M. aeruginosa, Aphanizomenon flos-aquae, Anabaena flos-aquae,
S. obliquus and Cyclotella were denoted as MA-AOM, APF-AOM, ANF-AOM, SO-AOM
and Cy-AOM, respectively.
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3.3.2 Membrane and filtration unit

The MF membrane used was a 0.1 pm Millipore hydrophilic mixed cellulose flat sheet
membrane (VCWP, 80%-100% of nitrate cellulose and 0%—-20% of acetate cellulose)
(Millipore Corporation, US). A dead-end filtration unit was used for the MF experi-
ment, which was consistent with the filtration vessel described in Section 3.2.2.2.

3.3.3 Analytical methods

Dissolved organic carbon (DOC) and ultraviolet absorbance at a wavelength of 254 nm
(UV,s,) were measured by a total organic carbon analyzer (TOC-VCPH, Shimadzu) and
a UV spectrophotometer (Hach-5000), respectively. Specific ultraviolet absorbance
(SUVA) was calculated using the ratio of UV, to DOC.

The molecular weight (MW) distribution of the dissolved organic matter (DOM)
was determined using an HPSEC (Waters €2695, USA) system with a TSKgelG3000P-
WXL column (0.78 cm x 30 cm).

3.3.4 Results of the MF experiments

Figure 3.9 shows the normalized flux as a function of specific volume for the five AOMs
using the MF membrane. The Cy-AOM solution caused slightly less flux decline during
the filtration process than the other four AOMs did; the final normalized flux (J/J,) for
Cy-AOM was approximately 31%; in comparison, the flux for APF-AOM, ANF-AOM and
MA-AOM dropped rapidly, and the flux at the end of the filtration were 9%, 10% and
12%, respectively, of the initial flux. To identify the diverse fouling behavior of various
AOMs, AOM characteristics, including AOM MW distribution, hydrophobicity, were
investigated.

Table 3.3 shows the hydrophilic and hydrophobic properties of different AOMs.
The hydrophilic fraction was over 60% for all the examined AOMs, and over 80%
in ANF- and Cy-AOMs. N-HPI fraction was the largest portion of the DOC among the
four isolated fractions in all the AOMs. However, among the different AOMs, C-HPI
had the largest fluctuations of 8.19-21.36%. APF-, ANF-, and MA-AOMs, which had
higher proportions of N-HPI, causing more substantial filtration flux decline at the
end of filtration, which was consistent with previous studies that membrane flux
decline is often associated with neutral hydrophilic fractions [12]. Although Cy-AOM
had an N-HPI fraction that was comparable to that of MA-AOM (Table 3.3), the fil-
tration flux change was small, indicating that N-HPI was not the sole reason for the
flux decline. In this case, MW distribution and chemical compositions should also
be considered.
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Figure 3.9: Normalized flux vs. specific volume for the MF of the AOMs solutions.

Table 3.3: Hydrophilic properties of AOMs.

N-HPI (%) C-HPI (%) HPO (%) TPI (%)
PF-AOM 70.56£0.025 8.19£0.0949 16.98+0.038 7.67+0.053
ANF-AOM 68.1+0.082 17.22+0.120 17.22+0.016 8.25+0.007
MA-AOM 65+0.00428 13+£0.04714 16+0.0816 5+£0.102
SO-AOM 48.07£0.098 21.36£0.071 11.29£0.29 6.08+0.049
Cy-AOM 64.85+0.085 18.52+0.196 17.12+0.046 12.07 £0.07

Values are given as mean value + standard deviation (n=3).

Figure 3.10 shows the MW distributions of the AOMs. The TOC chromatograms of
AOMs were almost identical in the total MW distribution, and there were two different
molecular size fractions identified for each AOM. However, they were distinctly differ-
ent in the TOC peak heights and/or areas. The apparent MW of fraction 1, which was
typically attributed to proteins, polysaccharides or macromolecules of humic acid
organics, was > 100,000 Da for all the AOM samples.

AOM at fraction 1 showed different characteristics. APF-, MA-, and ANF-AOMs had
higher TOC peak heights of 0.00371, 0.0037 and 0.0034 mg/L in macro MW, whereas
the TOC peak heights of SO- and Cy-AOMs were 0.00085 and 0.00038 mg/L, respec-
tively, indicating that APF-, MA-, and ANF-AOMs contained significantly more high
MW organic components. Differences of peak heights and areas at fraction 2 were
also detected among the AOMs at medium and small MW distributions. The TOC peak
height was highest for Cy-AOM in fraction 2, indicating that Cy-AOM contains more
medium and small organic components.
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Figure 3.10: MW distribution of AOM detected by HPSEC-UV-TOC.

After MF (Figure 3.11), it was found that the TOC peak intensity in the macro-
molecular fraction was greatly reduced, which means that macromolecular organics
were successfully intercepted by the MF that exerted the most effect on membrane
flux decline. The TOC peak intensities in the macro MW of ANF-, APF, and MA-AOMs
were significantly higher than those of SO- and Cy-AOMs; which was consistent with
their filtration fluxes. Huang et al. found that macromolecular organics is mainly
composed of polysaccharides, proteins and humic acid colloidal organic matters.
The above result thus indicated that polysaccharides, proteins and macromolecular
humic acids were the main organics that caused membrane fouling [15]. Gray et al.
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Figure 3.11: MW distribution of AOMs before and after MF.

found that macromolecular organics could form a gel layer on the membrane surface,
or enter membrane pores, make membrane pores clogged, causing serious filtration
flux decline [13]. It should be noted that although the TOC response of macromo-
lecular organics after MF was significantly reduced, as the TOC response of SO- and
Cy-AOMs was lower, the filtration flux caused by SO- and Cy-AOMs was less serious
than the other three AOMs.

To analysis the MW on membrane fouling, the relationships between MW organ-
ics and filtration flux was analyzed.
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Figure 3.12: The relationship between the macromolecules and the filtration flux.

From the relationship between the macromolecules and the filtration flux at the
end of the filtration, it can be found that macromolecular organics have a close rela-
tionship with the filtration (Figure 3.12) flux. The R?was 0.93 and 0.81 for J/J, of macro
and large MW organics. This result indicated that the more macromolecular organics
in natural water, the more it is easily intercepted by membrane, and the more serious
membrane fouling may be caused.

The MW changes of Xiangjiang River and Taihu lake organic fractions before and
after UF can also be found in Figures 3.13 and 3.14. For Xiangjiang River, it can be found
that macro MW organics was greatly reduced after UF, while there were little fluctua-
tions in the other areas. HPO also had high peaks at macromolecular areas, however, the
response is much lower than that in N-HPI. Besides, there were three peaks in medium
and small MW areas in HPO, which was consistent with that in N-HPI. Macro MW organ-
ics in HPO was also rejected by MF, as well as some medium and small MW organics.
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Figure 3.13: Changes in MW distribution of organic fractions of Xiangjiang River before and after MF.

For TPI and C-HPI, it can be found that there was little removal efficiency of
TPI and C-HPI. Combined with the filtration flux, it can be inferred that the organic
removal of MF was mainly by pore size screening, and due to the higher removal of
macro MW organics in N-HPI and HPO, the filtration flux drop was more serious,
while there were little declines in TPI and C-HPI.
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Figure 3.14: Changes of MW distribution of organic fraction of Taihu lake before and after MF.

Similar with Xiangjiang River, MF membrane could also mainly reject macro MW
organics in N-HPI of Taihu lake which was distributed at 6.60 x 10°~1.72 x 10° Da, while
there were little fluctuations of organic removals in TPI and C-HPI. Besides, it was
found that the TOC peak height was lower in HPO than that in N-HPI, MF also rejected
this part of organics, consistent with that in Xiangjiang River.
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Compared with MW distribution of both Xiangjiang River and Taihu lake, it was
found that for the same fraction, Taihu Lake had high TOC of MW than that in Xiang-
jlang River, which might be one of the explanations of the low filtration flux. The
discrepancies of these two water samples might be caused by the interaction of these
components. TPI and C-HPI had similar MW, however, their filtration flux was differ-
ent, which might be due to their difference in the structural properties.

3.4 Effect of fluorescence spectra on
membrane fouling

Recently, the fluorescence excitation-emission matrix (EEM) spectroscopy has been
widely used in analyzing the relationships of membrane foulants. Kimura et al. investi-
gated the irreversible fouling of UF membrane and revealed that different NOM fractions
could have different EEM locations [16]. Peiris et al. reported that the most problematic
foulants were in the lower range of excitation and emission wavelengths [17]. Despite
these studies, as there are still few universal conclusions drawn by analyzing membrane
foulants from fluorescence EEM spectra, the usage of fluorescence EEM spectroscopy to
identify foulants needs further discussion.

3.4.1 Materials and methods

The water samples were consistent with that in Section 3.3.2.1 including the San-
haowu Lake (SHW) water, Huangpu River (HPJ) and the Gaoyou (GY) in Jiangsu
province. The filtration vessel and membrane were consistent with that described in
Section 3.2.2.2.

3.4.2 Result and discussion

Table 3.4 shows the fluorescence spectral parameters of fluorescence area volumes
(expressed by FLU) and different peak intensity ratios, i.e. r(a, c), r(t, b), r(t, a) of
DOM fractions. NOM samples showed extremely different fluorescence area volumes,
which may imply the differences of compound structures and concentrations. FLU
followed the order of HP >KS >H >KS > GY. FLU mainly comes from the protein-like
fluorescent region, but it is weak to humic-like fluoresce response, which indicated
that the water polluted by domestic sewage might have high FLUz values, while the
water polluted by terrestrial organic matter might have a very low FLUz value.
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From the analysis of total fluorescence area volumes and filtration flux, it can be
found that raw water with high FLU showed serious membrane fouling, while NOM
with low FLU demonstrated less membrane fouling. It should be noted that as FLU
cannot exhibit the total trend of membrane filtration flux, for example, when the total
fluorescence area volumes of HP was higher, the filtration flux was the least, which
can be due to that NOM fluorescence area volumes did not only consist in protein-like
organics but also humic-like substances and their influences on filtration flux were
significantly different.

The peak intensity ratios could also be used to provide additional information
about the chemical nature of biological macromolecules and further implements of
the structural differences [18]. HP showed a higher r(a, c), while SHW exhibited an
opposite trend, revealing that the humification of SHW was lower. r(t, b) in NOM was
also calculated for the macromolecular protein-like organics of algal metabolites. r(t,
b) in SHW was the highest, followed by KS and HPJ, indicating that SHW contained
higher content of macromolecular organics.

Table 3.4: Fluorescence spectral parameters and filtration flux.

Parameter FLU f450/500° r(a, c) r(t, b) 1/)o
SHW 23.72 1.44 1.16 1.33 10%
Yellow 22.91 1.32 1.48 1.06 30%
HP) 85.86 1.43 2.29 0.75 20%
KS 45.5 1.34 1.58 1.30 9%
GY 9.14 1.3 1.26 - 31%

By viewing r(t, b) of NOMs (Table 3.5), it was found that SHW with higher r(t, b) caused
more serious flux decline, which might indicate that r(t, b) have good correlations
with membrane fouling. The fluorescence peak position of r(t, a) were meanwhile
investigated. It should be noted that NOM r(t, a) had a positive correlation with the fil-
tration flux, and the higher r(¢, a), the more serious filtration flux. This is not surpris-
ing, as r(t, a) in dissolved organic matter was not only related with organic resources,
but also the molecular weight of organic matters, and both of these factors have
important influence on membrane fouling.

Liu et al. reported that the fluorescence peak position of NOM (i.e., Em wave-
length of peaks A and C) also has certain relations with membrane fouling [19]. It
was obvious that SHW induced the serious filtration flux decline and its organics had
short emission wavelength of peak A than the other NOMs (Table 3.4). Besides, the
fulvic-like fluorophore (peak A) has shifted from Em>450 nm to Em <425 nm. The
blue shift of fluorophores is associated with a decomposition of condensed aromatic
moieties and the break-up of the large molecules into smaller fragments [18, 20]. This
result suggested that Em wavelength of fluorescence A was also an effective method
for filtration flux assessment.
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Table 3.6: Fluorescence spectral parameters of AOM and filtration flux.

MA-AOM  APF-AOM  ANF-AOM  CV-AOM SO-AOM  Cy-AOM
®r, (x1075) 3.2 3.25 3.55 3.76 2.63 3.7
(AU-nm?-(mg/L)™)

r(t, a) 1.01 1.18 1.02 0.97 0.82 0.816
r(t, b) 1.71 5.56 1.52 1.36 1.11 1.51
Em (peak A) (nm) <425 <430 <420 <425 <430 >450
1o 12% 8.9% 9.1% 19% 25.2% 31%

From the subtraction of EEM fluorescence spectra (Figure 3.15) of raw water.
It can be found that the retentions of all the raw water have fluorophores in the
special region. But there are still some differences, SHW subtraction is closer to the
tyrosine-like fluorophore, which implies that the foulants of SHW water come from
microbial origins while GY water is closer to the fulvic-like fluorophore, implying that
the source of GY water foulants tend to be terrestrial substances. Comparatively, the
HPJ foulants may come from the sources because of the intermediate fluorophore
range of retentions.

AOM fluorescence characteristics could also be correlated with the properties of
membrane foulants. Table 3.6 shows the total fluorescence area volumes. Combined
with the filtration flux in Figure 3.9, it can be found that the total fluorescence area
volumes cannot be well related with the membrane filtration flux, for example, the
total fluorescence area volumes of Cy-AOM was higher, while the filtration flux was
the least. This might be due to that AOM fluorescence area volumes did not only
consist in protein-like organics but also humic-like substances and their influences
on filtration flux were significantly different. By viewing AOMs r(t, b), it was found
that AOM (ANF-AOM 5.56, APF-AOM 1.52, MA-AOM 1.71) with higher r(¢, b) caused more
serious flux decline, which might suggest that r(t, b) in fluorescence had good corre-
lations with membrane fouling. However, the r(t, b) in Cy-AOM was higher, but with
the smallest filtration flux, indicating that AOM fluorescence parameters, r(t, b), can
only be considered as primary judgment for filtration flux, and other factors also need
to be considered. The fluorescence peak position, r(t, a), was meanwhile investigated.
It should be noted that the AOM r(t, a) was positively correlated with their filtration
flux, and the higher r(t, a), the more serious filtration flux. This is reasonable since
r(t, a) in dissolved organic matter was not only related with organic resources, but
also molecular weight of organic matters, and both of these factors have important
influence on membrane fouling.
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Figure 3.15: Subtraction EEM fluorescence spectra of raw water (DOC 5.0 mg/L, pH 7.0).

Table 3.5: Fluorescence spectral parameters and filtration flux.

index SHW Yellow HP KS GY

r(t, a) >2.0 1.0-1.5 1.0-1.5 >2.0 <1.0

Em (peak A) <420 nm >420 nm >420 nm 420 nm >420 nm
/10 10% 30% 20% 9% 31%

3.5 Effect of operating pressure, composition of the

solution and membrane material on membrane fouling

Solution compositions such as ionic strength, hardness, and hydraulic conditions
had significant effects on membrane fouling. This section investigated the effects of
operating pressure, solution concentration and membrane pore size on membrane
flux decline based on the analysis of dissolved organic matter on the filtration flux.
The feed water used in this study was collected from Taihu Lake, Wuxi, China.
Before UF, the raw water was pre-filtered by 0.45 um, and the DOC was adjusted to
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5 mg/L. Reservoir water was algae-rich, and the main algae categories were Microcys-
tis and Chlorella.

The membrane flux was tested using a flat microfiltration unit in the dead-end
filtration mode which was consistent with Section 3.3.1. Constant pressure was main-
tained at 0.1 MPa and 0.15 MPa. The flat Millipore hydrophilic, mixed cellulose, VCWP
membranes (with pore size of 0.1 pm, 80-100% nitrate cellulose; 0-20% acetate cel-
lulose) with MWCO of 100 KDa and 30 KDa were used in this experiment (Millipore
Corporation, US).

3.5.1 Effect of operating conditions on filtration flux of CA
microfiltration membrane

Figure 3.16 shows the normalized flux changes of NOM under various pressures. Nor-
malized flux with NOM declined dramatically in first stage before filtration volume
of 400 mL, and decreased slowly and stabilized at the end of filtration. The initial
filtration flux was 1.75 x 10* g/m?- min and 3.38 x 10* g/m? - min for pressure at 0.1 MPa
and 0.15 MPa, respectively, while decreased to 88.2% and 91.4% at the end of filtra-
tion. This result indicated that higher operating pressure would lead to more severe
membrane fouling, which might be due to that under higher operating pressure, the
initial filtration flux was high, thus more effluent was produced and more foulant
was brought on the membrane surface. In addition, high permeate flux would cause
severe concentration polarization and increase the adsorption of organic matters on
the membrane surface, which resulted in severe membrane fouling. It was noted that
although the initial flux under the two driving pressures were extremely different,
the steady fluxes were almost the same at the end of filtration, indicating that there
might exist a limit flux for the MF membrane, and the increased operating pressure
could no longer result in higher limiting flux. Previous studies suggested that there
existed extreme fluxes in reverse osmosis and nanofiltration membranes [16]. The
forces acting on organic matter mainly included the hydraulic drag force toward the
membrane surface and the resistance to the membrane surface. Hydraulic drag could
promote the deposition of membrane foulants on the membrane surface, whereas the
resistance could reduce the membrane fouling, while their interaction determined the
total membrane fouling. However, the membrane flux can no longer decrease until
the hydraulic drag and resistance were balanced. And the increased operating pres-
sure could have no effect on the membrane flux.

Table 3.7 shows the organic removals of MF under both pressures. The TOC and
UV removal were 4.02% and 6.38% for pressure at 0.15 MPa, respectively, while they
were 3.52 and 5.32% at 0.1 MPa, suggesting that the increased operating pressure had
little effects on organic removals.
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Figure 3.16: Normalized flux changes of NOM under various pressures.

Table 3.7: Organic removals of MF under both pressures.

Pressure TOC UV,s5,
(MPa) ) )
Feed (mg/L) Permeate (mg/L) Removal (%) Feed (cm™) Permeate (cm™') Removal (%)
0.10 4.147 4.001 3.52 0.094 0.089 5.32
0.15 4.147 3.98 4.02 0.094 0088 6.38

Figure 3.17 shows the MW distributions of organic matter by MF under both pres-
sures, as can be seen, MF mainly rejected macro MW organic matters, while there
were little discrepancies for the reductions of TOC peaks of macro MW organics, indi-
cating that the operating pressure has little effects on the distribution of MW of dis-
solved organic matter. Of course, it is also possible that the pressure gradient points
set in this experiment was little, which was not enough to show the trend of regular-
ity. And it is recommended that more pressure gradient points were recommended
for the further exploration of the effect of operating pressure on membrane fouling.

Figure 3.18 shows the subtraction of EEM fluorescence spectra of raw water. There
were mainly two fluorescence peaks intercepted in the raw water sample (EX = 235 nm,
EM =335 nm; EX = 280 nm and EM = 335 nm), which belong to soluble microbial product
fluorescent region (region 4) and the aromatic protein fluorescent region, respectively.
This result indicated that the substances that cause the rapid decline of membrane
flux of Taihu Lake are mainly composed of macromolecular protein-like organics.
Comparing the fluorescence under the two operating pressures, it was also found that
humic-like organic was also rejected under high operating pressure of 0.15 MPa, sug-
gesting that more organics can be intercepted by MF under high pressure.

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use


file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../03_Dong_0921_C_Ch03.docx
file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../03_Dong_0921_C_Ch03.docx#LinkManagerBM_FIG_CL5VHxla

96 —— Weiwei Huang, Lin Wang, Bingzhi Dong

0.045
R water: 0 iMPa = = 015k N
0.036 -
0.001
- 0.0008
= 0.027
2 0.0006
1 9) 0.0004
O 0.018 -
0.0002
0 ; ;
0.009 10000000 1000000 100000
0 -#‘ - . -

10000000 1000000 100000 10000 1000 100
Molecular weight (Da)

Figure 3.17: Changes of MW distributions of organic matter by MF under various pressures.

Figure 3.18: Subtraction EEM fluorescence spectra of raw water under various pressures.
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3.5.2 Effect of solution composition on filtration flux of CA
microfiltration membrane

Figure 3.19 shows the variation of the filtration flux under different solution compo-
sitions. As can be seen, in the initial filtration flux, both water showed rapid decline,
however, the membrane flux of raw water decreased faster than that of the concen-
trated water, which was extremely different from predication. It is generally believed
that the higher TOC of raw water, the higher organic matter reached on the mem-
brane surface, and the faster membrane flux decayed. Raw water had serious filtra-
tion flux than concentrated water, which might be due to that high organic matter
in concentrated water might form a thick cake layer, making the organic matter
further retained by the cake layer. It is noted that as the filtration flux at the end of
filtration was consistent for both water, the concentration of organic matter in the
influent might have little effects on the filtration flux. Tang et al. investigated the fil-
tration flux of humic acid, and found that the stable flux is related to the interactions
between foulants and also foulants and membranes, but not for the concentration of
raw water.

Q
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Figure 3.19: Filtration flux under different solution compositions.

Table 3.8 show the organic removals of TOC by MF. MF has little effects on the organic
removal of both water. The TOC and UV removal were 3.52 and 5.32% for raw water,
and 3.51 and 0.44% for concentrated water respectively. MF had little effects on UV
removal for the concentrated water, which can be due to that MF membrane mainly
removes hydrophilic organic substances of weak ultraviolet absorbance.

Figure 3.20 show the MW distribution of raw water and permeate after MF. It was
found that macro MW organics remain the mainly organics that were rejected by MF.
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Table 3.8: Organic removals of MF.

Parameters TOC UV,s,

Feed (mg/L) Permeate (mg/L) Removal (%) Feed(cm™) Permeate(cm™) Removal(%)

Raw 4.147 4.001 3.52 0.094 0.089 5.32
Concentrated 10.204 9.846 3.51 0.227 0.226 0.44
0.08 - w— Concentration water = - Pemeate n
0.07 4 0.001
0.06 1 0.0008
B 0.05 1 0.0006
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Figure 3.20: MW distribution of raw and concentrated water.

While there were little discrepancy among the removal efficiencies between raw water
and concentrated water. The TOC peaks decreased from 0.00097 mg/L to 0.00046 mg/L
for raw water while decreased from 0.00085 mg/L to 0.00052 mg/L for concentrated
water. And in the primary filtration time, a lot of macro MW organics were rejected,
thus, the filtration flux decreased faster for raw water than concentrated water.

Figure 3.21 shows the subtraction EEM fluorescence spectra of raw water. There
were two fluorescence perks intersected in the raw water sample, i.e. soluble micro-
bial product fluorescent region (region 4) and the aromatic protein fluorescent region.
The response was wider and stronger for the concentrated water, indicating that more
fluorescence organics were rejected in the concentrated water. It was noted that not
all the NOM in water show fluorescence. For instance, polysaccharides, which are
known to contribute greatly to membrane fouling, do not exhibit fluorescence. EEMs
might be invalid as an indicator of membrane fouling by polysaccharides or protein-
enriched water.
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Figure 3.21: Subtraction EEM fluorescence spectra of raw and concentrated water.

3.5.3 Effect of membrane materials on filtration flux
of microfiltration

The feed water used in this study was collected from Taihu Lake, Wuxi, China. Before
UF, the raw water was filtered by 0.45 pum, and the DOC was adjusted to 5 mg/L.

The membrane used included PVDF 150K, PES 100K, PES 30K and CA 0.1 um, the
characteristics of the membranes can be found in Table 3.9.

Figures 3.22-3.25 show the filtration flux of fractions of tap water under the same
conditions, as can be seen, N-HPI caused the most serious flux decline for the four
membranes, with the end of filtration fluxes 69%, 75%, 41% and 30% for PVDF 150K,
PES 100K, CA 0.1 pm, and PES 30K respectively. Raw water also caused serious rapid
filtration flux decline, and the flux at the end of filtration were 59%, 66%, 19%, 15%
for PVDF 150K, PES 100K, CA 0.1 um and PES 30K, respectively. While for HPO, TPI
and C-HPI, they had little effects on membrane fouling. The filtration flux caused
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Table 3.9: Characteristics of the membrane used.

Membrane MW (Da) Contact Filtration flux of pure  Production
angel(®)  water (kg/m?-h)

PVDF 15x10*  49.5 722.89 Membrane Technology Research
and Development Center, Shanghai
PES 10x10*  78.5 650.60 Chinese Academy of Sciences
3x10 54.5 72.29 Ecological Environment
1x10* 71.5 31.63
CA 0.1 pm 43 867.47 Millipore, US

by HPO were 59%, 78%, 93%, and 108% for PVDF 150K, PES 100K, CA 0.1 pm and
PES 30K, respectively, while they were 61%, 76%, 94% and 104% for TPI, and 60%,
72%, 94%, and 103% for C-HP]I, respectively. This result indicated that N-HPI were the
main components that caused the membrane fouling.

For the four membranes, it was also found that there were great discrepancies
for the four membranes on the filtration flux. Although the raw water and N-HPI
had great influence on membrane fouling, the filtration flux had the order that PES
100K > PVDF 150K > CA 0.1 pm > PES 30K. For HPO, TPI, and C-HPI, the filtration flux
had the order that PVDF 150K > PES 100K > CA 0.1 pm > PES 30K, indicating that mem-
brane materials was also one of the factors influencing membrane fouling.
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Figure 3.22: Filtration flux of tap water fractions by PVDF 15 membrane.

Previous studies suggested that hydrophobic membrane was more prone to be pol-
luted by NOM than hydrophilic membrane [6, 7]. The contact angels of the four
membranes were 78.5°, 49.5°, 43° and 54.5° for PES 100K, PVDF 150K, CA 0.1 um and
PES 30K, respectively. High contact angels indicated more hydrophobicity. PES 100K,
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Figure 3.23: Filtration flux of tap water fractions by PES 100K membrane.

0 120 240 360 480 600
Filtration volume (mL)

Figure 3.24: Filtration flux of tap water fractions by 0.1 pm CA membrane.

— 101

PVDF 150K caused more serious membrane fouling than CA 0.1 pm membrane, indi-
cating that hydrophobic membrane was more prone to be contaminated by NOM. Sun
et al. suggested that membrane with high MWCO was easily polluted by NOM [21]. The
contact angel result was consistent among PES 30K, PVDF 150K and CA 0.1 um, while
the MW was smaller for PES 30K, thus, the filtration flux caused for PES 30K might

be the least.

In addition, the water temperature, pH, as well Ca®* also had certain influence on

membrane fouling.
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Figure 3.25: Filtration flux of tap water fractions by PES 30K membrane.

3.6 ldentification of membrane foulants

Conventional NOM fouling characterization techniques include protein or polysac-
charide determination, molecular weight distribution, fluorescence excitation emis-
sion matrices. Recent studies have also proposed physical and chemical cleaning to
remove membrane fouling and to recover membrane flux as a relatively simple meth-
odology [22-24]. To identify membrane foulants, attenuated total reflection-Fourier
infrared spectroscopy (ATR-FTIR), and scanning electron microscopy (SEM) were uti-
lized to analyze the fouled membrane. In this section, the membrane foulants was
identified by various methods.

3.6.1 Identification of membrane foulants from tap water
and Yangcheng water

The water used was Tap water, Yangcheng water and their fractions. The membrane
used was PVDF 150K.

The surface properties of clean and fouled membranes were examined on the
basis of Omnic Fourier Transform Infrared Analyzer (USA). The spectra were ranged
from 400 to 4,000 cm™, with a resolution of 4 cm™, and a signal-to-noise ratio of
50,000:1.

From the FTIR spectra of fouled membranes of Tap water, and Yangcheng water
(Figures 3.26 and 3.27), it can be found that there were three absorption peaks of
1716.3 cm™, 1250.3 cm™, and 1100.3 cm™ in the fouled membranes for all the fractions.
The peak at 1716.3 cm™ is attributed to absorption of C=0 and C(=0)OH [25]. All the
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membranes have strong absorption peaks at 1716.3 cm™, while the intensity followed
the order of C-HPI > Tap water > TPI > HPO > N-HPI of Yangcheng water, for Tap water,
the intensity was N-HPI=TPI~C-HPI>HPO ~ Raw water. Moreover, the absorption
peak intensity of each component in Yangcheng is stronger than that in tap water,
indicating that the carboxylic acid organic matter containing C = O, C(=0)OH was the
major organic that caused membrane fouling, and the higher the content of this kind
of organic matter, the more serious it might cause membrane fouling.

1,100 cm™ is an absorption peak of C-O in diethyl ether, esters, and polysaccha-
rides, which is a component of hydrophilic group in organic matter. All the membranes
also have strong absorption peaks at 1,100 cm™, however, there were still discrepancy
for the fractions, such that the intensity had the order of Tap water > C-HPI>TPI>H
PO >N-HPI, and for Yangcheng water, the order was TPI > C-HPI> N-HPI>HPO > Raw
water. In addition, the absorption peak intensity of each component in Yangcheng
were stronger than that in tap water, which indicated that the membrane foulants was
also consistent at 1,100 cm™, however, there were some discrepancies in the mem-
brane fouling intensities. In all, organic compounds containing C= 0, C(=0)OH, C-H,
carboxylic acids of O-H, ethers with C-O, esters, and polysaccharides were the major
organics that caused the membrane fouling.
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<
0.003 4
0.000 A I] (IAEERTTT TN W] W IR LAWY
600 800 1000 1200 1400 1600 1800

Wave number (cm')

Figure 3.26: FTIR spectra of fouled membranes under various tap water solutions.
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Figure 3.27: FTIR spectra of fouled membranes under various Yangcheng solutions.

3.6.2 Identification of membrane foulants from SHW, Yellow,
HPJ, KS and GY water

The FTIR spectra of clean and fouled membranes under various solutions are com-
pared in Figure 3.28. There were four peaks detected at the clean membrane of
840 cm™, 1,080 cm™, 1,280 cm™ and 1,650 cm™, which has been demonstrated to be
C-H stretching vibration, C-O bonding vibration, -OH bonding vibration and C=0
stretching vibration [10]. These saturated structures might come from polysaccha-
rides, amino sugars-like organics, humic acid -like organics and amino acids.

Comparing the fractional groups of fouled membranes and clean ones, it was
observed that the peaks were consistent among new and fouled membranes, however,
there were some discrepancies about the peak intensities, suggesting that membrane
foulant was consistent with MF interception. The membrane foulant mainly come
from saturated bond areas, which indicated that polysaccharides, amino sugars-like
organics were the main organics that were rejected by MF, while humic-like organics
were the least rejected. Since the pore size of MF was large, the effect of humic organic
matter on membrane fouling may be due to pore shrinkage, while the effect of poly-
saccharides and protein-like organic matter on membrane fouling may contribute to
cake layer formation.

Figure 3.29 presents SEM surface images of clean and fouled membranes. A large
number of membrane pores are distributed on the membrane surface of new ones,
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Figure 3.28: The FTIR spectra of clean and fouled membranes under various solutions.

Figure 3.29: SEM of water after MF (a. new membrane; b. SHW; c. Yellow River; d. HPJ; e. KS; f. GY).
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while the membrane pores are differently covered when different influent was fil-
tered. Besides, it was found that a dense cake layer formed on the membrane surface
when filtering HPJ water, however, for the KS water, it was found that in addition to
the cake layer, the membrane pores were completely covered, while there were only
a few membrane pores covered for Yellow River and GY water, which was consistent
with their filtration fluxes.

3.7 Summary

(1) Factors affecting membrane fouling were mainly related to organics type, the phys-
ical and chemical properties of natural water, as well as the membrane properties.
Organic characteristics such as organic hydrophobicity, molecular weight distribu-
tion and fluorescence spectrum had great relations with membrane fouling.

(2) Most of N-HPI in natural water in this study caused rapid decrease of filtration
flux, followed by HPO, comparatively, the membrane fouling caused by TPI and
C-HPI was relatively lower.

(3) Molecular weight distribution indicated that macromolecular organics in N-HPI
and HPO were the main components that caused the membrane fouling.

(4) EEMs characteristics demonstrated that r(t, a) and the Em wavelength of peak A
have certain relations with membrane fouling. However, as some organics cannot
be determined by EEM, such as polysaccharides, the determination of membrane
fouling cannot be fully used by fluorescence spectrum index, and other factors
are still needed to be investigated.

(5) Operating pressure and solution conditions also have certain effects on mem-
brane fouling. Membrane fouling experiment with different membrane materials
suggested that the higher hydrophobicity of membrane, the more susceptible to
membrane fouling.
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Chapter 4
Fabrication and Anti-fouling Evaluation
of PVDF Membranes via Surface Modification

Among the technologies for reclamation and reuse of water, membrane technology
is a competitive candidate. Membrane could be used to capture water from the non-
traditional waste-water sources, such as pharmaceutical, food industries, hydro-
carbon processing, metallurgy and so on [1]. As one of the membrane materials
with outstanding properties, PVDF has been paid great attentions because of its
high hydrophobicity, good thermal stability, strong mechanical properties and good
chemical resistance. Up to now, many applications extensively rely on PVDF mem-
branes, such as membrane contactor, membrane distillation and membrane sepa-
ration process [2].

PVDF membranes are mainly prepared via NIPS process. It is realized via immers-
ing the casting solutions into a non-solvent coagulation bath to produce phase sep-
aration. Firstly, liquid-liquid demixing process is induced by the diffusive exchange
between solvent and non-solvent. Secondly, a porous structure is induced by the
successive liquid-solid phase separation [3, 4]. According to the formation mech-
anism of bimodal demixing membrane, the nucleation and growth of PVDF starts
from the lean phase. Subsequently, the crystallization of PVDF phases, or solidifi-
cation of PVDF rich phase fix the membrane morphology. Usually the precipitation
process is controlled by both kinetic and thermodynamic factors, and the casting
solution temperature could affect the precipitation process. The reason is that the
high temperature produces diffusion process of polymer and solvent, tending to
form a thinner skin layer [5].

However, due to the low surface energy of PVDF membranes, there is still a chal-
lenge for them to treat aqueous solution containing natural organic matters. To solve
the problem, great importance in terms of good permeability and improved fouling
detachment has been explored on PVDF membrane performance improvement. In
addition, in order to expand the membrane application field, significant effort has
been devoted to develop the suitable techniques for hydrophilic PVDF membrane
fabrication.
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Good mechanical property and high permeability of PVDF membranes are always
highly pursued. Those membranes with reduced fouling resistance, high PWF, and
improved rejection, narrow pore size distribution, as well as reasonable mechanical
strength have been successfully fabricated [6, 7]. Besides, membranes with intercon-
nected bi-continuous structure seem to be more prevailing than those with finger-like
structure [8], for their good mechanical property. The appreciation methods and tech-
nologies are thus created to improve the mechanical property without filtration prop-
erty loss.

To establish the antifouling modification and diverse hydrophilic properties,
two straightforward approaches are usually used. They are primarily classified into
surface modification and blending modification [2]. The former is usually achieved
by grafting or coating, i.e., a functional layer on the prepared membrane surface
is immobilized with most of the modified sites at the bottom and/or on top surface
of the membrane [9-14]. Usually, additional steps and increased costs are required
by surface grafting, due to the involvement of plasma or electron beam. Moreover,
the modification layer has limitations on its long-term stability. For example, the
layer could be removed during long-term operation or cleaning. The preparation
and modification process of the latter one can be accomplished in a single step.
Therefore, the blending modification is usually used to achieve the desired func-
tional properties via membrane preparation [15-19]. Compared with surface mod-
ification, the blending route is the better method for the fabrication of large-scale
hydrophilic porous membranes.

During the preparation process of PVDF membrane, additives play an impor-
tant role. There are several kinds of widely used additives, such as inorganic salt like
lithium chloride (LiCl) [20-22], Al,O; [23], ferrous chloride [24], TiO, [25] and poly-
meric additives, like poly(ethylene glycol) (PEG) [26], polyvinylpyrrolidone (PVP) [27],
as well as weak solvent like glycerol [28].

In recent years, blending with inorganic materials, like nanoparticles, has
attracted great attention. Reason for that is the convenient operation and mild con-
ditions of phase inversion method [29, 30]. The nanoparticles introduced to polymer
membranes might be polymeric nanoparticles, i.e. SiO,, ZnO, Fe;0,, TiO,, Zr0,, CdS,
and AlLO; [29]. TiO, has gained special interest, for its good characteristics like high
hydrophilicity, good chemical stability, avirulent and antibacterial property [31].
Besides, anatase TiO, could be utilized as a photocatalyst during water purification
process [32].

Besides, self-synthesized amphiphilic copolymers have been blended as
pore-forming additives, tunable membrane morphology and antifouling surface
modifiers. It has received significant attention in the PVDF membrane surface mod-
ification. Amphiphilic copolymers are special molecules including both hydrophilic
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chains (polar head groups) and hydrophobic hydrocarbon chains. In polar solutions,

they tend to form various micelle structures. The micelle structures contribute to the

formation of porous structures. It is believed that PVDF matrix has good compatibility
with the amphiphilic copolymer. This contributes to the engineered surface proper-
ties of the membranes.

The anatase TiO, nanowires and amphiphilic copolymers were used to modify the
surface of PVDF membranes via blending method. The influences of TiO, nanowires
and amphiphilic copolymers on membranes properties were studied via examining
mechanical properties, hydrophilicity, thermal stability and membrane microstruc-
tures. Besides, the anti-fouling evaluation of PVDF membrane surface modification
was investigated. Main results are as follows:

(1) A new PVDF-TiO, nanowire hybrid ultrafiltration membrane was prepared
via phase inversion using TiO, nanowire as additive. The characteristics of
the hybrid membranes, i.e., hydrophilicity, permeation performance, crystal
structure, morphology, mechanical properties, and thermal stability, were
studied.

(2) Tween 80 and H,0 work as mixture additive to improve the performances of PVDF
membranes. Those membranes were prepared by non-solvent induced phase
separation (NIPS) process from both 60 °C and room-temperature (RT) casting
solution, adding water into the PVDF-DMAc-Tween 80 system. And pure water
flux (PWF), mechanical properties, Bovine serum albumin (BSA) and Dextran
rejection were investigated. Besides, the effect of coagulants on interconnected
bi-continuous structures, mechanical properties and hydrophilicity improve-
ment were studied.

(3) Simplified blend method was utilized to fabricate Polyvinylidene fluoride
(PVDF)-P(PEGMA-r-MMA) blend membranes from water and ethanol coagu-
lants. The method was realized via directly blending amphiphilic copolymer
solution of P(PEGMA-r-MMA) (including the reaction mixture) to PVDF so as
to form casting solution. The influences of the variations in coagulant com-
positions and dopant contents on those blend membrane performances were
studied. To obtain small-size supramolecular aggregates, in-situ free radical
polymerization is proposed. Reason for that is the formation of large size nan-
oparticulate aggregates caused by amphiphilic copolymer, which limited the
function in term of modulation morphology and pore-forming of resultant
membranes. On one hand, in-situ polymerization increased the recovery water
flux after filtration experiments of bovine serum albumin (BSA). On the other
hand, it improved the PVDF membrane hydrophilicity of both top surface and
bottom surface.
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4.1 Effect of TiO, nanowire addition on PVDF
ultrafiltration membrane performance

4.1.1 Introduction

TiO, nanoparticles have been widely explored on the surface modification of PVDF
blending membranes in terms of improving the thermal stability, antibacterial hydro-
philicity, photocatalytic performance, antifouling, and mechanical strength [33-36].
However, the TiO, nanoparticles-organic hybrid membrane possesses significant
drawbacks and some inherence. High TiO, concentration could induce nanoparticles
to aggregate when TiO, was dispersed to casting solutions, which results in perme-
ability, hydrophilicity decline and defective pore structure [30]. Besides, TiO, could
be leached out easily from hybrid membranes, resulting in lower elongation ratio.
Mechanical tests indicated that the hybrid membranes had higher strength, but were
cheaper than the neat membrane [19]. In addition, TiO, nanoparticles leached out
from hybrid membrane could significantly decrease the membrane thermal stabil-
ity, antifouling, hydrophilicity, mechanical strength, but higher breaking strength.
Hence, as an inorganic addition material, to redesign TiO, structure is very important.
Recently, chemical or physical methods were used to synthesize one dimensional (1D)
nanostructured TiO, of various morphologies, including nanotubes nanowires, nano-
rods and nanofibers [37-42]. For the easy operation of hydrothermal method, the 1D
nanostructured TiO, is widely used. With TiO, nanoparticles, these 1D nanomaterials
had new properties.

Phase inversion method was utilized to prepare a new organic-inorganic PVDF-
TiO, nanowire hybrid UF membrane, using the anatase TiO, nanowires via hydro-
thermal method. Finely dispersed TiO, nanowires in the polymer matrix of PVDF-TiO,
nanowire hybrid membranes was discussed. The influences of organic framework
and TiO, nanowires existence on membrane properties were investigated by examin-
ing membrane hydrophilicity, mechanical properties, microstructures, and thermal
stability, as well as performances.

4.1.2 Performance of hybrid UF membrane by organic-inorganic
PVDF-TiO, nanowire

4.1.2.1 TiO, nanowire

The XRD pattern of the synthesized TiO, nanowires (shown in Figure 4.1(I)) agreed
well with the former reported results [39, 43]. The product had high purity. Anatase
TiO, has better photocatalytic activity than other phases of TiO,. The nanocomposite
membrane with anatase TiO, has been successfully used to remove Indigo Carmine
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dyes and photo-degradation Brilliant Green [44]. Two typical SEM (a) and FESEM (b)
images of the prepared TiO, nanowires are shown in Figure 4.1(II). Figure 4.1(1I) indi-
cated that the quantity of nanowires was very copious and no contaminants were
attached to their surface.
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Figure 4.1: XRD pattern of the as-prepared anatase nanowires.
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4.1.2.2 Morphologies of membranes

Figure 4.2(a—g) showed SEM pictures of the surface, cross-section and inner porous
structures of hybrid UF membranes. Those images revealed that TiO, nanowires

(a) (b)

Figure 4.2: Surface morphologies of hybrid UF membrane by organic-inorganic PVDF-TiO, nanowire.
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were well-distributed in micro-pores, which contributed to the enhancement of mem-
brane mechanical strength. It was believed that TiO, nanoparticles would aggregate
and be leached out partly from the modified membrane [29]. Moreover, TiO, nanow-
ires were firmly restricted into micro-pores, which were not easy to leach out in the
permeation process. TiO, nanoparticle is easy to aggregate for the nano-size effect
[45]. In contrast, the ultralong lengths of TiO, nanowires are up to a few millimeters.
This resulted in that (1) the TiO, nanowires had better dispersity in casting solution
compared to TiO, nano-particle; (2) they were finely dispersed in the polymer matrix;
and (3) the ultralong TiO, nanowires were firmly restricted into the micro-pores in
membrane.

Besides, the hybrid membrane porosity (&) was not significantly changed, whereas
the mean pore size (d) decreased with the increase of TiO, nanowires in the membrane.
Reason for that was the increased stress between TiO, nanowires of organic phase and
polymer shrinkage during the precipitation process.

Contact angle was used to characterize the membrane hydrophilicity. The hybrid
membrane hydrophilicity enhanced as the increase of TiO, nanowire amount in the
membrane bulk. It is believed that the existence of TiO, nanowires generated hydrol-
ysis with hydroxyl groups, resulting in hydrophilicity improvement.

TiO, nanowire also contributed to the mechanical strength enhancement of mem-
branes. The tensile strength increased from 1.67 MPa to 2.23 MPa as the concentration
of TiO, nanowires increased from 0 wt.% to 5 wt.%. However, the elongation ratio
enlarged from 36.91% to 59.01%. The introduction of TiO, nanowire contributed to
link the polymeric chains, increasing the rigidity and elasticity of polymeric chains.
Moreover, Figure 4.3(I) showed that PVDF-TiO, nanowire hybrid membrane pos-
sessed higher thermal decomposition temperature T, (defined as the temperature at
3% weight loss) when compared with the pure PVDF membrane. The TiO, nanowires
could strongly hinder the volatility of the decomposed products with limitation of the
continuous decomposition of PVDF content and pyrolysis [36]. For good dispersion
and good thermal transmission properties, TiO, nanowires could strongly hinder the
volatility of the decomposed products with limitation of the continuous decomposi-
tion of PVDF content and pyrolysis [36]. This enhanced thermal decomposition tem-
perature (Ty).

Figure 4.3(II) show the XRD diffraction patterns of TiO, nanowires, PVDF mem-
brane and PVDF-TiO, nanowire hybrid membrane. The pattern of TiO, crystal nanowire
has three crystalline characteristic peaks in the order of 26 = 25.38°, 37.88° and 48.12°
[39, 40, 43]. For PVDF-TiO, nanowire hybrid membrane, when a new peak at 26 = 25.34°
appeared, the characteristic peak of TiO, nanowires crystal could be observed. This
is different from the neat PVDF membrane. From Figure 4.3(IIl), confirmation of the
crystalline structures measured by XRD, and the increase in formed -OH groups with
the TiO, nanowire content were observed.
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Figure 4.3: TG curves (I), X-ray diffraction patterns (I), and FTIR spectra (Ill) of PVDF-TiO, nanowire
hybrid membranes.

UF experiments were utilized to investigate the effect of TiO, nanowire on per-
meability and rejection capacity of PVDF-TiO, nanowire hybrid membranes (shown
in Figure 4.4(I)). The flux of PVDF-TiO, nanowires hybrid membrane increased as the
increase of TiO, nanowire concentration. However, BSA rejection increased slightly as
the increase of TiO, nanowires content.

The ratio of BSA solution flux (Jgsa) and pure water flux (J,,) was used to evalu-
ate the antifouling properties of PVDF-TiO, nanowire hybrid UF membranes. Higher
antifouling UF membrane always showed less flux loss and the higher ratio (Jpsa/Jw)
with the addition of BSA in the feed solution [46]. As shown in Figure 4.4(I), the ratio
(Jpsa/Jw) increased slightly for PVDF-TiO, nanowire hybrid membrane. This could be
ascribed to its higher hydrophilicity, which is the main factor affecting the membrane
surface-adsorption properties [47].

Figure 4.4(II) shows the three-dimensional AFM surface images of PVDF-TiO,
nanowire hybrid membrane. Roughness parameters of these membranes could also be
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obtained through the AFM analysis software. Results indicated that roughness param-
eters for neat PVDF membranes were larger than that of hybrid membrane. It revealed
that the modified membrane possessed smoother surface, as well as denser skins. It
is believed that the membrane roughness was the most effective factor on membrane
antifouling capability if the operating conditions were not taken into account [29].
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Figure 4.4: Permeation properties of J,,, Jssa, rejection (R) and the ratio (Jgsa/)w) (1),
and three-dimensional AFM surface images (Il) of PVDF-TiO, nanowire hybrid membrane.
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4.2 Surface modification of polyvinylidene fluoride
(PVDF) membranes via NIPS process using
Tween 80-H,0 mixture as dope additive

4.2.1 Introduction

In several reports of the membrane preparation process, surfactants like Tween 20 and
Tween 80 have been chosen as additives [48-50]. Surfactants are special molecules with
both hydrophobic hydrocarbon chains and hydrophilic chains (polar head groups). In
polarity solution, which tends to form reverse micelle structure. And such structure could
contribute to the formation of porous structure. However, the reported membrane fabri-
cated with surfactant as single additive was not obvious, due to the micelles structure.

Tween 80 is a non-ionic surfactant with a strong affinity with water. When water
is added into the mixing medium of DMAc- Tween 80, H,0 molecules can be solu-
bilized by reverse micelle. Figure 4.5(I) indicates that the water pool of polar head
groups of Tween 80 reverse micelle is formed.

When casting solution was immersed into various coagulants, H,0 was diffused
out from Tween 80 reverse micelle. This broke the equilibrium of the interaction
between polar head of surfactant and water, and the interconnection between sur-
factant’s hydrophobic chains and PVDF. X-ray photoelectron spectroscopy (XPS)
analysis in papers indicated the surface segregation of the amphiphilic component
[51, 52]. It is speculated that in casting solution, the confined diffused path of H,0 by
reverse micelle favor surface segregation of surfactant’s polar head groups (hydro-
philic groups). This resulted in the hydrophilicity improvement of PVDF. Figure 4.5(1I)
showed the possible surface segregation process of Tween 80 polar head groups.

In this work, the effect of various contents non-solvent H,O on membrane mor-
phology and PVDF-Tween 80 solution were investigated. DLS results were utilized to
provide more direct information of solution property. The influence of two kinds of
casting solutions temperatures on membranes properties, i.e. mechanical property,
crystallization, filtration, hydrophilicity and morphology, etc. was also investigated.

4.2.2 Results and discussion

4.2.2.1 Basic physical-chemical property of casting solution

Surface tension, viscosity and light transmittance experiment were carried out to
obtain the basic physical-chemical property of casting solution. Figure 4.6(I) showed

that with increasing concentration of H,0, the surface tension slowly decreased. The
decreasing surfaces tension could be related to solubilization of high polarity water
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Figure 4.5: (I) H,0 solubilization process of Tween 80 reverse micelles in DMAc medium;
(I1) Schematic diagram of the surface segregation process of Tween 80’s polar head groups
during de-mixing process.

molecules of Tween 80 reverse micelle in DMAc medium, considering the relation-
ship between surface tension and surface arrangement of molecules on the interface
between liquid and air. This contributed to the micrograph structure adjustment of
the molecules in casting solution.

The viscosity variation with H,O concentration in Figure 4.6(II) revealed that the
viscosity increased as H,0 content increased in solution both at 60 °C and at RT. The
higher viscosity indicated a stronger interconnection between molecules [53]. Tween
80 micelles with solubilization water played an important role in the improvement of
interconnection between the molecules. The interconnection between polymer and
hydrocarbon chains of reverse micelle could enhance the chain entanglement degree
of PVDF, which was also the reason for the increase of viscosity.

Light transmission experiment was used to investigate precipitation kinetics of
the casting solutions as shown in Figure 4.6(III). The curves showed that the precipi-
tation rate speeded up when H,0 content increased.

To provide more information, the dynamic light scattering (DLS, Zatasizer Nano ZS,
Malvern Instruments Ltd., UK) measurement was carried out in the PVDF-DMAc-Tween
80-H,0 system for low PVDF solution. Figure 4.7(I) showed the intensity-weighted
micelle size distribution of DMAc-Tween 80 system at RT and 60 °C, respectively. With
the increase of H,0 content, the harmonic intensity weighted average hydrodynamic
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Figure 4.6: Surface tension (l) viscosity (Il) and light transmittance (I1) of PVDF-DMAc-Tween 80-H,0 system.

diameter (D,,) of the micelle first decreased and then increased [54] at room temperature.
As shown in Figure 4.7(I)(A), Tween 80 was tightly bound to H,0 molecules with addition
of small amount of H,0. This explained the decreasing of micelle hydrodynamic diame-
ter. As the increase of H,0 amount, the size of the inner core of the micelle composed by
water increased, so the Dy, of micelle increased [55]. At 60 °C as showed in Figure 4.7(I)
(B), the micelle hydrodynamic diameter increased with the addition of water, which was
due to that the bounding between surfactant and water became less tight [56].

The DLS data of 1.0 wt.% PVDF solution at RT (A) and 60 °C (B) were shown in
Figure 4.7(I1). PVDF chains were in a lowly coiled state and tended to extend, then to
be entangled with neighboring chains in pure DMAc solvent [53], and its correspond-
ing Dy, at RT was 248.5 nm.

However, because of the formation of large aggregates (incipient precipitation),
Figure 4.7(I1I) showed that when H,O was taken as single additive, the D, of micelles
significantly increased [57]. While when Tween 80 was chosen as single additive, the
Dy, of micelles decreased. This contributed to the better entanglement with neigh-
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boring chains of PVDF and further enhancement of lowly coiled state caused by the
interconnection between polymer and reverse micelle. Besides, the Dy, of micelles
increased when further addition of water as mixture additive with Tween 80. The
slow increased Dy, of micelles of 76:3:3:1 system at 60 °C revealed the improved ther-
modynamic stability when compared with other samples [58]. It was the interaction
between water and surfactant polar head that provided a balance resistance to the
interconnection between hydrophobic chains of surfactant and PVDF.

Comparing the micelles size to intensity signal in Figure 4.7(I), polymer-surfactant
solution possessed very complex micelle structures, with both micelle structure and
polymer aggregate. Mainly two peaks could be observed in Figure 4.7(II). The micelle
structure corresponded to narrower intensity signal of a few hundred nm scale. While
the other corresponded to the aggregated structure of PVDF themselves or mixed with
separated surfactant molecules.

Above data about the morphology solution of different composition revealed that
the micro-structure adjustment of the solution was attributed to the interaction between
surfactant and water as well as the interconnection between polymer and hydrocarbon
chains of reverse micelle. Such change surely would be embodied in the membrane
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Figure 4.7: Intensity-weighted micelle size distribution of solution systems (I: DMAc-Tween80-H,0;
Il: DMAc-Tween80-H,0-PVDF) at RT (A) and 60 °C (B).
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4.2.2.2 Membrane performance

Figure 4.8 indicated the top surface and cross-section of resultant PVDF membranes.
Differences of membrane morphology with existence of H,0O could be observed
when examined in detail. The macrovoids were irregular, less confined and larger
without addition of H,0. While the wall structure between macrovoids increased,
the finger-like structure became slim and confined in the case of H,0 addition. Mem-
branes prepared with RT casting temperature showed more random macrovoids as
compared with those prepared at higher.

M-0-60°C-a® °| M:-1.5-60°C-a

M-3-60°C-b

M-3-RT-a

Figure 4.8: SEM images of PVDF membrane prepared from DMAc-Tween80-H,0-PVDF at 60 °C and RT.

The filtration properties of resultant membranes showed that the PWF increased
with the increase of H,O content. Besides, the membranes prepared with RT casting
temperatures had higher PWF. And finger-like macrovoids of membranes always
resulted in higher porosity. The overall resulted membrane porosity was in the range
of 78-88%. PVDF membranes had stability and well rejection property of BSA and
Dextran.

Dynamic contact angles of membranes were shown in Figure 4.9(1). The results
revealed that the H,0 existence enhanced both the membrane initial contact angle (s)
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and equilibrium contact angle (0g). The larger of H,O concentration, the larger the 0s
was. However, the difference between 6s and 6; was small with various H,O contents.
Contact angle decreased with time and trended to 65 in finite time.

XRD spectra of PVDF membranes with various fabrication conditions were illus-
trated in Figure 4.9(II). The results indicated that the characteristic peak such as o
and f could not be identified clearly, and the range of a very strong intensity peak
was wide [8]. The crystal formation of PVDF was a mixture of o and B crystallites, or
an undeveloped o or B crystalline phase [59].
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Figure 4.9: Dynamic contact angles (I) and X-ray diffraction scans (Il) of PVDF membrane prepared
from DMAc-Tween80-H,0-PVDF at 60 °C and RT.

Figure 4.10 showed membrane mechanical properties. PVDF membrane possessed
higher break strength, enlarged elongation at break and improved Yong’s modulus
as the increase of H,0 concentration. Non-solvent in solution always led to mechan-
ical properties deterioration. However, the results in Figure 4.10 were contrary to the
normal hypothesis. The increased wall structure between macrovoids contributed
to the improvement of mechanical properties. High temperature improved polymer
chain mobility, leading to better arrangement.
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Figure 4.10: Mechanical properties in terms of break strength, elongation ratio at break and Yong’s
modulus of PVDF membrane prepared from DMAc-Tween80-H,0-PVDF at 60 °C and RT.

4.3 Surface modification of PVDF membranes via
in-situ free radical polymerization method

4.3.1 Introduction

The blending modification route is the most convenient method in terms of practical
and large-scale application when compared with graft surface modification on prepa-
ration of porous and hydrophilic polymer membranes.

In recent years, for surface modification of PVDF membranes, the blending of
self-synthesized amphiphilic copolymers as tune membrane morphology, antifouling
surface modifiers and pore-forming additives has received much attention. The reason
is that the amphiphilic copolymer has good compatibility with the PVDF matrix. This
provides PVDF membrane engineered surface properties. It was believed that con-
figuration of membranes was confined by the existence of amphiphilic copolymer
supramolecular aggregates with various morphologies [19, 60].

Recently, the easier and more economical method of simplified atom transfer
radical polymerization (ATRP) method was used for the synthesization of amphi-
philic copolymers blending with PVDF as a hydrophobic backbone [19, 61, 62]. In
principle, in order to improve the micellization of amphiphilic copolymer and to
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avoid the isolation of the synthesized copolymer, the simplified polymerization
steps are performed.

The simplified method has been utilized to form PVDF casting solution via
directly adding the P (PEGMA-r-MMA) copolymer solution (including the reaction
mixture) into DMAc and TEP (30:70, mass ratio) co-solvent (Figure 4.11) [63]. The
copolymer nanosphere with size of 100200 nm was formed in the co-solvent. After
addition of 1.0% PVDF (Figure 4.12), its morphology transferred to nanosphere (size:
100-200 nm) and reverse micelle (size: 10-100 nm) [63].

The function of amphiphilic copolymer on modulation morphology and pore-
forming of resultant membranes was limited by those large size nanoparticulate
aggregates. Generally, in selective solvents, the supramolecular aggregates morphol-
ogies are in the range from micelle of simple spherical star-like to self-associate of
polymerases micelles [61]. On one hand, the morphologies could be tailored by chang-
ing the composition, nature, architecture of the amphiphilic copolymers or lengths.
On the other hand, for tuning the aggregates behavior of the copolymers, external
parameters, i.e., addition of additives or change in solvent, such as co-solvents and
electrolytes provided extra degrees of freedom [64, 65]. In amphiphilic copolymer
self-assembly, it is an important issue to modulate the polymer aggregates distinctive
geometry at nanometer size [66]. So, membranes configuration could be utilized to
modulate the amphiphilic copolymer tune aggregates behavior by self-assembly so as
to meet special requirements.
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Figure 4.11: P(PEGMA-r-MMA) amphiphilic copolymer fabricated by simplified blend method [63].
(a: the synthesis route; b: "H NMP spectrum (solvent: d¢-DMSO); c: FT-IR spectra)
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Figure 4.12: Conformation of various solutions [63].

(A: Intensity-weighted micelle size distribution of P (PEGMA-r-MMA) in TEP-DMAc
co-solvent; B: Intensity-weighted particle size distribution of 1.0 wt.% PVDF in TEP-
DMACc co-solvent containing P (PEGMA-r-MMA); C: Influence of P (PEGMA-r-MMA) on
morphology tune of PVDF casting solutions (CS: casting solution))

In this study, small-size supramolecular aggregates were obtained via in-situ
free radical polymerization (IFRP). The specific amount of azobisisobutyronitrile
(AIBN) required is directly added into PVDF-TEP-DMAc-PEGMA-MMA system. Then
polymerization is initiated as shown in Figure 4.13. Considering the time required
for drying, purification and even sampling of the copolymer solution (including the
reaction mixture) with high viscosity, IFRP method appears to be more economical
and easier. Additionally, during IFRP process, some unreacted AIBN is expected
to be easily decomposed as nitrogen. Finally, the excess or unreacted PEGMA and
MMA could work as pore-forming agent during NIPS process. This is expected to be
washed out [67]. Thus, through tuning the micro-structure adjustment of polymer
solution, IFRP is expected to provide modulation morphology of PVDF membranes
in the selective co-solvent. Furthermore, during membranes fabrication process,
compared with ATRP, IFRP is environment-friendly, as it can avoid the pollution
from heavy metals.
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Figure 4.13: Preparation methods of PVDF casting solution: (a) simplified blend and (b) IFRP.

4.3.2 Results and discussion
4.3.2.1 Micro-structure modulation of the solution via IFRP

DLS is widely used to probe the size distribution and size of reverse micelles,
submicron-sized particles, and proteins [68]. DLS could struggle to show the correct
particle size distributions in various IFRP solutions, containing polydisperse particles
or droplets with sizes range over several orders of magnitude. Figure 4.14(a) indicates
that the structures are very complex with both monomers aggregate and monomers
existing in solution. Figure 4.14(b) illustrates that the dominating population is the
aggregate of the monomers themselves and polymer-monomers. Besides, Figure
4.14(b) shows that the population of polymer-monomers aggregates decreases as the
increase of the monomers content.

After IFRP, the intensity-weighted aggregates reveal novel results as shown in
Figure 4.14(c, d). The distribution of supramolecular aggregates of monomers system
is obviously narrow after IFRP. This evidence is that IFRP contributes to the copoly-
mer formation. While Figure 4.14(d) indicates that the size of dominating and narrow
distribution population aggregates enlarged as the existence of PVDF. The supramo-
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lecular aggregates between the copolymer and PVDF resulted in the enlarged size.
This suggests the conformation of PVDF and micro-structure adjustment of polymer
solution. It is reported that the hydrophobic group of the copolymer leads to the con-
sequence of the formation of mixed adsorption layers or polymer adsorption over
copolymer layer [69]. And the formation of narrow distribution supramolecular aggre-
gates between the copolymer and PVDF indicated the existence of the hydrophobic
group of the copolymer.

The DLS data exhibits that 1.0 wt.% pure PVDF chains tend to extend in a coiled
state, then to be entangled with neighboring chains in the selective co-solvent
[59]. Its corresponding Dy, was 609.7 nm. The further enhancement of lowly coiled
state and better entanglement with neighboring chains of PVDF contributes to the
sharply decreased D, of supramolecular aggregates of PVDF-monomers. IFRP is
attributed to the formation of supramolecular aggregates between PVDF and the
copolymer.
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Figure 4.14: Intensity-weighted aggregate size distribution of various IFRP solutions.
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Figure 4.15 further indicates the conformation of PVDF in the co-solvent after
IFRP. Pure PVDF shows the characteristic morphology of lobed-structure. And the
characteristic lobed-structure of polymer domains is replaced by irregular mesh-
like network of continuous domains. As addition of monomers, the change from
lobed-structure to mesh-like is consistent with the existence of the monomers
themselves and aggregating with polymer-monomers. Besides, it is consistent with
the decreasing D;. On one hand, IFRP results in a series of discontinuous circular
interstice in the total area occupied by the mesh-like domains. On the other hand,
IFRP results in the case of a decrease in separation of the highly continuous domains.
With the increase of the concentration of monomers, morphologies continue to
change. Dramatic morphological changes could be obtained, i.e. regularly discrete
globules agglomerates (with one of the globules bearing on the surface of another).
The formation of supramolecular aggregates between copolymer and polymer after
IFRP is confirmed when combined with the DLS results. Additionally, with increasing
concentration of monomers of IFRP, the distribution of the supramolecular aggre-
gates become narrow and regular.

CS-PEGMAN-0 ; .~ " JCS-PEGMAN-3m

Figure 4.15: Morphologies of various IFRP solutions.

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use


file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../04_Dong_0921_C_Ch04.docx#LinkManagerBM_FIG_J5b3yO1A

EBSCChost -

130 — Pingyun Zhang, Yong Wei, Tian Li

4.3.2.2 Determination of basic physical-chemical properties of casting solution

Figure 4.16(I) lists the precipitation kinetics of various casting solutions, it could
be obtained that the precipitation rate decreases as the addition of monomers.
While after IFRP, the precipitation rate accelerated. The miscibility between the
coagulant and casting solution increases for the formation of narrow distribution
supramolecular aggregates between the copolymer and PVDF. This facilitates the
demixing process [70].

Figure 4.16(II) gives the surface tension of various PVDF solutions. The curves
indicate that the surface tension increases as the monomers exist. The increas-
ing surface tension is attributed to impartation of hydrophilic functional group
of the monomers. This increases the miscibility between casting solution and
coagulant, and leads to the decreasing precipitation rate. However, the surface
tension decreases via IFRP. For the molecule micrograph structure adjustment
caused by hydrocarbon functional group of copolymer that covered the surface of
casting solution, as well as the formation of supramolecular aggregates between
the copolymer and PVDF, the larger concentration of monomers, the lower surface
tension is.

Figure 4.16(III) reveals the shear viscosity with a shear-thinning behavior. The
results exhibit that the shear viscosities increase as the increase of the monomers
concentration. After IFRP, the casting solution shows larger viscosity. The larger vis-
cosity illustrates a stronger interconnection of molecules (supramolecular aggregates
between PVDF and the copolymer) [59]. Larger viscosities are attributed to the chain
entanglement degree of PVDF enhanced by the aggregates strong interconnection
[69]. The novel result is that after IFRP, all polymer solution has trivial strain thinning
behavior. It is the strong molecular interconnection that dominates the sliding under
shear and chain stretching in these solution systems [59].

4.3.2.3 Performance of various PVDF membranes

Figures 4.17 and 4.18 show the PVDF membranes top surface and cross section
morphologies prepared without /via IFRP, respectively. Top-surface of pure PVDF
membranes in Figure 4.17 reveals cauliflower type morphology. After addition of
monomers, the cauliflower becomes wizened and dense. Under high magnification,
the pure membrane interior bulk is constructed by the cauliflower grainy nano-
grains. However, the size of the cauliflower become similar grainy nanograins and
thin with PEGMA and MMA monomers added. After AFRP, the morphologies of PVDF
membranes exhibit significant difference.

Firstly, as monomers content increasing, the wizened top-surface transfers to
dense-packing lotus-shape type configuration with enlarging size. Secondly, below
the sponge-like cross-structures are confined regular macrovoids of finger-like struc-
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Figure 4.16: Basic physical-chemical properties (I: precipitation rates; Il: surface tensions; Ill: shear
viscosities) of various PVDF casting solutions.

tures. The supramolecular aggregates of copolymer and PVDF confine the macrovoids
structures, whereas, casting solution high precipitation rate is favorable to the mac-
rovoids formation of finger-like structures. Detail information on the influence of the
in-situ polymerization on tune configuration of PVDF membrane is provided under
high magnification. It reveals that the nanograins morphology of PVDF from stripe-
shape grains to globules agglomerates (with one of the globules bearing on the surface
of another) is attributed to the modulation of supramolecular aggregates between the
copolymer and polymer [71].

XRD spectra is used to elucidate the crystal structure alternation of various PVDF
membranes fabricated via IFRP. Results are shown in Figure 4.19. Obviously, mem-
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Figure 4.17: FESEM results of various PVDF membranes fabricated without IFRP.

branes fabricated via IFRP have wider diffraction peaks of 18.4-26.6°, and less iden-
tifiable peaks could be obtained. The characteristic a phase for PVDF is at 20 =18.4°
and 26.6°. While the simultaneous presence of a and B (largely in B-phase form) is
corresponded to the peak at some overlap around 20 =20° [72, 73]. Especially, the
crystallinity of unresolved hybridized o and p phase is significant enhanced by IFRP.

Jw, Jp, FRR and porosity are utilized to characterize the filtration properties
of resultant PVDF membranes. The Jy, Jz and FRR decrease with addition of mon-
omers. Significant improvement of FRR suggests that these membranes have better
protein-resistance. The copolymer prepared via IFRP works as pore-forming additive.
This contributes to the flux increase which was due to the dense-packing lotus-shape
morphology.
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Figure 4.18: FESEM results of various PVDF membranes fabricated via IFRP.

Figure 4.20 shows the curves of cumulative pore size distribution and probabil-
ity density function of PVDF membranes in terms of 1, 0 and MWCO. Results indicate
that after IFRP, the MWCO and p increase, whereas, their corresponding distribution
of pore size is narrow. Apparently, after [FRP, p and MWCO decrease with the increase
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Figure 4.19: XRD analysis (I) and crystallinities (I1) of various PVDF membranes fabricated via IFRP.

of monomers content. The reason is that dense-packing lotus-shape type configura-
tion originally occupies those porous structure as the FESEM images shown.

The dynamic contact angle curves reveal that both the top-surface and bottom-
surface of PVDF membranes prepared without in-situ polymerization show excellent
hydrophobic property. Previous studies illustrated that the configuration of lotus-
shape type was beneficial to the hydrophobic improvement [74, 75]. However, lotus-
shape type configuration has its hydrophilicity improvement in our current study.
Besides, combining with the above filtration properties results, those membranes
contact angle doesn’t originate in porosity [76]. Nevertheless, it is speculated that the
decreasing 6s and 6 is attributed to that the polar head groups of the copolymer have
been self-segregated on both surfaces of the membranes [51, 77-79].
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Figure 4.20: Curves of cumulative pore size distribution and probability density function of various
PVDF membranes fabricated via IFRP.

4.4 Summary

(1) TiO, nanowires were firmly restricted into micro-pores, and difficult to leak out
during the permeation process. The existence of interactions between polymers
and TiO, nanowires was confirmed by thermal stability, mechanical property
and XRD analyses. At 5 wt.% TiO, nanowire, the hybrid membranes possessed
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extraordinary elongation ratio, excellent thermal properties and mechanical
strength. Because of the presence of hydroxyl groups, hydrophilicity, antifouling
performance and permeability of the hybrid membrane improved as the increase
of TiO, nanowires concentration.

PVDF membranes with good rejection of Dextran and BSA, enhanced mechanical
properties and improved PWF could be obtained from PVDF-DMAc-Tween 80-
H,0 system. The key parameters of physical-chemical and precipitation kinetics
of casting solution, as well as the resultant morphology and mechanical proper-
ties of PVDF membranes were influenced by polymer casting compositions (i.e.
surfactant, various H,O concentration) and casting temperatures (i.e. 60 °C and
RT). H,0 changed the PVDF-DMAc-Tween 80 system precipitation kinetics and
physical-chemical property. H,0 favored the molecules micro-structure adjust-
ment, resulting in the increase of viscosity and decrease of surface tension. The
interaction between H,0 and surfactant polar head supplied a balance resistance
to interconnection between hydrophobic chains of surfactant and PVDFE. This
improved the casting solution’s thermodynamics stability. Besides, the reverse
micelle structure favored the diffusion of H,O in the solution. This resulted in the
precipitation rate increase and insufficient crystallization process of PVDF, espe-
cially at 60 °C. All membranes showed finger-like structure with wall structure
between macrovoids. Besides, Tween 80 reverse micelles confined the macrovoid
structure.

Novel in-situ free radical polymerization (IFRP) method was utilized to fabri-
cate PVDF membranes with superior mechanical properties. DLS and SEM
results confirmed the narrow distribution supramolecular aggregates formation
between copolymer and PVDF, causing the change of casting solution basic phys-
ical-chemical properties in terms of increasing viscosity, accelerating precipi-
tation rate and decreasing surface tension. The micro-structure adjustment of
molecules resulted in the formation of dense-packing lotus-shape configuration
in top-surface with tune micro-morphology, i.e. PVDF membrane bulk transfers
from stripe-shape grains to globules agglomerates. Besides, those membranes
with modulate configuration possessed enhanced recovery water flux after fil-
tration experiments with hydrophilicity improvement, bovine serum albumin
(BSA) and fine tune filtration properties (MWCO, flux, pore size with narrow
distribution and porosity). In addition, the superior mechanical properties were
interpreted by the progressive enhanced crystallinity of a and  phase (largely
in B-phase form), combining with the globules agglomerates between copolymer
and PVDF.
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Chapter5
The Influence of Pretreatment on Low-pressure
Membrane Filtration Performance

The membrane separation technology with different pore sizes for contaminant
removal in water treatment started in the 1970s and developed rapidly in the 1990s.
Membrane fouling is the deposition of foulants on the membrane surface or in the
pores which can decrease the permeate flux or increase the trans-membrane pressure.
Thus membrane fouling is the “bottleneck” for its application expansion. The methods
to control membrane fouling have attracted great attention in the area of water treat-
ment [1, 2]. Generally, the membrane fouling mechanisms include pore clogging, con-
taminant adsorption, gel layer formation, concentration polarization and cake layer
deposition [3, 4]. The membrane fouling can also be categorized to organic fouling,
inorganic fouling and microbial contamination according to the fouling substances [5].
In surface water treatment, natural organic matter (NOM) is regarded as the main mem-
brane fouling, which is a complex of organic substance consisting of colloidal polysac-
charide, humic acid, fatty acids, proteins, etc. [6—8]. Membrane fouling induced by
NOM cannot be completely eliminated through only physical scrub such as air/water
cleaning, and normally chemical cleaning or pretreatment process is demanded to
maintain a long-term stable operation for the membranes.

Many researchers studied the different components of organics, and found that
the hydrophilicity/hydrophobicity of organic matters played a key role in membrane
filtration performance [9, 10]. Lim et al. summarized organic compounds assigned to a
particular fraction according to their chain length and functional groups [11] (adopted
from Buchanan et al. [12]). Carroll et al. found that the neutral hydrophilic organics from
surface water mainly induced the microfiltration fouling [13]. Fan et al. studied three
types of surface water in Australia, and found that the hydrophilicity/hydrophobicity
affected the membrane fouling significantly, with the order of neutral hydrophilic frac-
tion > strong hydrophobic fraction > weakly hydrophobic fraction > charged hydrophilic
fraction [14]. Differently, Gray et al. found that the neutral hydrophilic organics and
charged hydrophilic organics in a lake in Australia could form a gel layer on the surface
of microfiltration membrane and induced rapid flux decline, while the hydrophobic
component could only cause a slow flux decline [15]. Chen et al. found the hydrophilic
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organics from river water only caused a slow flux decrease of ultrafiltration membrane,
while the hydrophobic organics of macromolecules caused sharp flux decline [16]. The
membrane surface parameters, such as hydrophobicity, charge, morphology, rough-
ness, etc. can be critical to the membrane fouling mechanism, which, in turn, could
affect the permeate quality and performance [17, 18]. In addition, it was also indicated
that the membrane surface charge could be influenced significantly by the types of
cleaning agents and membranes. Studies of both zeta potential and flux behavior sug-
gested that for very rough membranes the impact of surface charge became negligible,
thereby not playing any effect in subsequent membrane filtration performance [19].

The molecular size of organics had a significant effect on membrane filtration
performance. In accordance with the mechanical sieving principle of membrane fil-
tration, organics with relative molecular weight larger than the membrane pore size
could block the membrane pores, leading to the membrane flux drop; while organ-
ics with relative molecular weight lower than the membrane pore size can enter the
membrane pores, which also affected the membrane filtration behavior. Therefore,
the molecular weight of organics is an important factor in membrane fouling studies.
Lankes et al. discovered that organics with relative large molecular weight, e.g. pol-
ysaccharides or long-chain aliphatic substances, can be retained by the membranes
easily, while aromatic organics with relative medium molecular weight, e.g. lignin
or tannic acid, can pass the membranes easily [20]. It was observed that colloidal
and hydrophilic organic macromolecules with molecular weight larger than 10 kDa
from algae metabolism induced the most severe low-pressure membrane fouling
among different hydrophilic and hydrophobic materials [18, 21]. Fan et al. also found
that organics with macromolecules with molecular weight higher than 30 kDa pro-
duced rapid membrane flux drop [14]. However, some researchers reported that small
organic molecules with molecular weight lower than 3 kDa could also induce severe
membrane fouling phenomenon [22]. The influence of micro-molecules on the mem-
brane flux behavior was usually subjected to their chemical properties. The effect of
neutral hydrophilic organics with micro-molecules on membrane fouling was often
greater than other small hydrophobic molecules [13] with the removal due to the inter-
action force with small organic molecules rather than the physical sieving principle
[23]. With the pore size of the low-pressure membrane at the micron level, the molecu-
lar sizes of dissolved organic matter were much smaller than the membrane pore size,
thus the fouling performance of low pressure membranes induced from the synthesis
effect of macro and small organic molecules was significantly affected by the inter-
actions between the molecules and the membrane pores [24]. Studies of effect of MW
distribution on the reversible and irreversible fouling of submerged ultrafiltration
membranes of natural water also showed that the hydrophilic fractions with lower
MW were preferentially transmitted through the membrane pores, due to the hydro-
philic fractions of the NOM being smaller than the hydrophobic ones [25], and differ-
ent MW components exhibited different fouling tendencies. Thus, molecular size was
the most fundamental parameter in membrane fouling studies.
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The low-pressure membranes normally have relatively large pores, leading to
undesirable removal efficiencies of NOM and disqualified effluent. Meanwhile, pollut-
ants ininfluent can cause severe membrane flux decline. Frequent membrane cleaning
increased operation costs. Thus, a suitable pre-treatment process before membrane
filtration can not only improve the operation efficiencies of the whole system, but also
reduce membrane fouling and cleaning frequencies, as well as prolong membrane life
time. The conventional pretreatment methods include coagulation, activated carbon
adsorption, ozonation, etc. These methods can avoid the fast accumulation of con-
taminants on the membrane surface through changing their interactions.

The coagulation-sedimentation process is a traditional and useful pre-treatment
technology, widely applied in the area of water treatment owing to its low cost and
easy operation. With this technology, the turbidity can be greatly reduced, but the
organic matter removal is limited. In addition, the hydrophobic macromolecules have
high removal efficiencies, while the micro organics with large solubility cannot be
removed effectively with this process. There are mainly two types of pre-coagulation
methods, i.e. standard coagulation and online coagulation. The online coagulation
refers to the operation that coagulants are directly dosed in the influent before mem-
brane filtration without sedimentation. The coagulation is widely used in water treat-
ment as a pre-treatment method. Liang et al. studied three pretreatment methods
using coagulation, coagulation-sedimentation, and coagulation-sedimentation-ul-
trafiltration for algae-abundant reservoir water treatment, and they found that the
coagulation-sedimentation had the highest treatment efficiency [26]. Chen et al. sug-
gested that online coagulation could generate a cake layer on the membrane surface,
which was effective for the natural organics removal and effluent quality improve-
ment [16]. Li et al. obtained that the removal efficiencies of DOC and UV, by ultrafil-
tration could be greatly improved with online coagulation as pretreatment [10]. The
studies from Kimura et al. indicated that the pre-coagulation/sedimentation could
not remove the irreversible membrane fouling induced by the macromolecular organ-
ics, such as polysaccharides and proteins [27]. Moreover, Gao et al. suggested that the
types of coagulants and the dosing conditions shall be properly chosen based on the
influent quality to obtain a suitable removal efficiency [5].

The combination of powdered activated carbon (PAC) and low pressure mem-
brane filtration has been regarded as the “crystal technology” in water treatment.
The main function of PAC is to improve pollutant removals in the influent through
its adsorption. Similar as the pretreatment of coagulation, the cake layer formed with
PAC on the membrane surface can also facilitate the filtration efficiency. It is sug-
gested that PAC could alter the structure of cake layer rather than eliminate the pol-
lutants to reduce membrane fouling [28, 29]. However, the PAC absorption was able
to just slightly reduce the membrane filtration resistance due to that only a small part
of soluble organic substances with low molecular weight could be removed, while the
macromolecular organic matter that affected the filtration flux was seldom eliminated
[30, 31]. Suzuki et al. examined the performance of the composite MF system with
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different sizes and concentrations of PAC. They found that PAC could help improve the
filtration behavior and they attributed to that PAC could adsorb both macromolecular
and low molecular weight compounds [32]. Gai et al. investigated the long term oper-
ation of microfiltration for around 50 days. They discovered that the addition of PAC
could reduce the trans-membrane pressure significantly as compared without PAC
dosing [33]. In addition, Ma et al. found that chemical irreversible membrane fouling
in a membrane bioreactor (MBR) was reduced when the dosage of PAC was increased
[34]. However, some opposite results were also obtained from the studies with PAC as
pretreatment. Lin et al. examined the effect of humus on ultrafiltration and found that
the effluent volume was reduced with PAC as the pre-treatment due to severe mem-
brane fouling induced [35]. Li et al. drew the similar conclusion that PAC could mainly
adsorb non-pollutants for the membrane, so that the rest would bring more severe
fouling [22]. Da Silva et al. used the obtained fluxes, filtrating water artificially con-
taminated with E. coli as the influent, and found that the coupling of granular acti-
vated carbon (GAC) treatment with membrane filtration could obtain a higher initial
flux with GAC pretreatment working with a clean membrane and the addition of GAC
could also decrease the membrane fouling [36]. Park et al. [37] and Milovic et al. [38]
employed the gram-positive bacterium Staphylococcus aureus to investigate the bac-
tericidal effect of the coatings and chose the microbicidal surface coatings based on
immobilized hydrophobic polycations. In addition, they proved that the S. aureus
organism had been suitable for demonstrating the damage of cell membranes and the
killing of cells (loss of culturability) upon contact with bactericidal surfaces [37, 38].

The molecular weight distribution of organic substances in the influent has a
significant influence on membrane filtration performance. Ozone is a strong oxidant
that can preferentially oxidize electron rich moieties with double carbon bonds and
aromatic alcohols [39]. It could revise the molecular weight distributions of organics
in the feed [40]. With ozone oxidation, macromolecular organics could be oxidized
to small molecules or even to inorganic molecules, which could further reduce the
membrane fouling. You et al. studied the combination of ozonation and membrane
filtration, and they observed that the substances adhered to the membrane surface
could be oxidized by the ozone, thus the membrane fouling could be relieved [41].
Oh et al. found that after ozone oxidation, the degree of fouling reduction was much
higher than the concentration difference of organic substances [42]. Thus, they sug-
gested that the organic matter reduction by ozonation might not be the only factor for
membrane fouling alleviation, while the mechanisms of organic fouling degradation
and membrane flux enhancement by ozonation were still not clear, since the oxidi-
zation of ozone was so strong that the membrane module could be corroded as well.
However, it was undoubtedly that ozonation played a positive character in lowering
the organic substance and membrane fouling [42]. The studies from De Velasquez
et al. using ozonation for the dissolved organic matter (DOM) removal from a sec-
ondary effluent also confirmed that ozonation could effectively reduce ultrafiltration
membrane fouling and improve effluent quality [39].
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Inclusive the pre-treatment methods mentioned above, there are some other
methods, such as MIEX resin exchange, biological treatment, and integrated
pre-treatment processes to reduce fouling and enhance membrane filtration
performance. MIEX resins can remove the ions in the influent through ion exchange,
and they also reduce the low molecular organic substances, which was more effec-
tive than coagulation for fouling control [43]. Studies indicated that the MIEX resin
pre-treatment was effective for DOC removal, but less effective to reduce short-term
membrane fouling or to remove viruses or biological fouling [43], where the extracel-
lular polymeric substances (EPS) had been regarded as the major formation [44] and
an optimal concentration of bio-carrier could effectively control irreversible mem-
brane fouling [34]. Khan et al. had quantified and demonstrated the hybrid PAC-MF
MBR as a sustainable technology for treating river water [45]. Moreover, Jeong et al.
employed a submerged membrane adsorption bioreactor (SMABR) as a pretreatment
in seawater reverse osmosis (RO) desalination for biofouling control, and they dis-
covered that the SMABR was a sustainable biological pretreatment for RO even with
only a small amount of PAC [46]. In addition, integrated pretreatments were designed
and implemented in different types of industries to treat diverse sources of water to
take the advantage of each process, e.g. the combination processes of UF and RO [47],
MBR-RO process [48], integrated UF-NF [10], the hybrid MF-NF-RO system [49] and
MBR-RO-AOP [50] etc. Furthermore, the combined advanced oxidation and coagula-
tion could also be a useful method for UF pre-treatment, which had been confirmed
in the study from Tian et al. applying low dosage of FeCl; coagulation and KMnO, for
UF membrane fouling control [51].

Although these pretreatment methods have been applied in potable water treat-
ment and their implementations have made an effect, the fact of membrane fouling
and flux drop in long-term operation still exists and constrains the development of
membrane technology for large-scale applications. Based on the characteristics and
abilities of the pretreatment methods and the related chemicals used, it should be
highlighted that proper pretreatment methods can be considered before their real
applications, which shall be described in the following. (1) The coagulation pretreat-
ment can remarkably improve the permeate flux, reduce reversible fouling, lower the
contents of colloids and NOM, however, no obvious removal of small molecule organ-
ics could occur and the dosage of coagulants need to be tested before using. (2) The
adsorption pretreatment could enhance the filtration flux and remove the majority
of small molecules, while the absorbents, i.e. PAC, might also aggravate membrane
fouling. They exist in the influent and are difficult to be eliminated, moreover, they
have a poor removal efficiency for macromolecular substances. However, the PAC
adsorption is still active and popular in the water treatment industry at present. (3)
The oxidation pretreatment could strengthen the permeate flux, lower the concentra-
tion of organic matters in the influent and reduce the possibility of biological contam-
ination, nevertheless, the byproducts (such as halide acetate and trihalomethanes)
might be formed and the membranes could be oxidized as well in the oxidation.
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The combination of membrane technology and pretreatment processes are still
immature. Research on novel technologies to control membrane fouling, to realize
real-time monitoring, and to optimize operation shall be the key direction for water
treatment in a period of time. In addition, the high operation cost of the membrane
separation technology is a main constraint for its application, which should be given
full consideration when appropriate pretreatment method is utilized. And finally,
the membrane life time span and the frequency of membrane cleaning and replace-
ment need to be taken into consideration before proper pretreatment applications are
implemented, since multiple novel hybrid pretreatment processes have been emerged
for water purification technologies in drinking water, municipal wastewater, recycled
water, and sea-water treatment.

5.1 Coagulation pretreatment

5.1.1 The effect of coagulant dosages and types on membrane
fouling control

5.1.1.1 Experimental setup and methodology

The influent used in the experiment was taken from Taihu Lake, with the quality
shown in Table 5.1.

Table 5.1: The influent quality in the experiment.

Parameters Values Average value
Turbidity (NTU) 4.21-15.4 7.96
DOC (mg/L) 2.763-4.25 3.3
UVys, (cm™) 0.063-0.072 0.065
pH 7.5-8.19 7.79

The experimental setup is shown in Figure 5.1. Microfiltration hollow fiber mem-
branes, made of polyvinylidene fluoride (PVDF) from DOW company was used in this
study. The membranes had a pore size of 0.03 pm and an outer diameter of 1.30 mm.
The membrane module consisted of 16 fibres, with a length of 40 cm and a total
surface area of 0.003 m? The outside-inside operation was adopted, with a flux of
60 L/(h-m?) and a total filtration duration of 180 min in each experiment. The trans-
membrane pressure (TMP) was monitored with a pressure gauge and was recorded
automatedly every 30 s.
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The coagulants of AC (with an effective content more than 28%) and FeCl; (with
an effective content more than 97%) were dosed in the influent. The mixture was first
mixed at a fast rotation speed of 300 r/min for 1 min, then at a medium rotation speed
of 100 r/min for also 1 min, and finally at a slow rotation speed of 50 r/min for 10 min.
After the mixing, the mixture was put aside for 10 min, then the supernatant was
collected for analysis.

Coagulation mixing Effluent
P =2
L
\
—_—

Effluent tank

‘ Pressuregage ( o

Flowmeter

|

Drainage

Valve
Feed tank Feed pump

Figure 5.1: Schematic diagram of the experimental setup.

5.1.1.2 Results and discussion

1 Organics removal

The result of organics removal of DOC and UV, is presented in Figure 5.2. With only
the MF membranes, the DOC and UV,;, removal rates were 25.5% and 7.8%, respec-
tively. With the additional alum and ferric salt, the organics removal efficiencies were
higher, suggesting that coagulation enhanced the organics removal. With the increase
of dosages of coagulants, the DOC removal decreased first then increased, while the
UV,s, removal increased all the time. In addition, the ferric salt had a higher DOC
removal, e.g. when the dosage was 100 mg/L, the removal efficiencies were around
57% and 44% by the ferric salt and by the alum, respectively. The ferric salt had a
higher UV,;, removal rate than the alum when the dosage concentration was over
30 mg/L. And with the increase of the coagulant concentration, the increase of UV,s,
removal rate was much faster than the alum, e.g. when the dosage concentration was
at 30 mg/L, the removal rate was similar around 30%, and when the dosage concen-
tration increased to 100 mg/L, the UV, removal efficiencies were around 55% and
38% by the ferric salt and by the alum, respectively.
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Figure 5.2: The effect of organics removal by coagulation with alum and ferric salt.

2 Membrane filtration performance

The TMP values for the membrane filtration with different dosages of coagulants of
alum and ferric salt are exhibited in Figures 5.3 and 5.4, respectively. Without coag-
ulation, the TMP increased fast to above 80 kPa for 180 min filtration. With coagula-
tion, the TMP increased slowly, e.g. with 10 mg/L alum and ferric salt, the TMP values
were 27 and 40 kPa, respectively, at the end of the filtration. In addition, it could be
observed that with the increase of alum concentration from 10 to 100 mg/L, the final
TMP reduced significantly at the end of the filtration, while it first reduced when the
ferric salt concentration increased from 10 to 80 mg/L, then increased slightly when
the ferric salt dosage further increased to 100 mg/L. For a same dosage, the TMP value
was lower induced by alum than by ferric salt, indicating that the alum coagulation
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Figure 5.3: The effect of alum dosages on TMP performance.

was more efficient than the ferric salt in terms of membrane fouling control of Taihu
Lake water. Furthermore, when the dosage was over 40 mg/L, the final TMP was all
below 10 kPa for both coagulants, suggesting that the dosage of 40 mg/L was effective
to maintain a relative clean membrane.

3 Molecular weight distribution
The MW distribution of organics in Taihu Lake before and after the MF filtration with
both DOC and UV,;, detection is shown in Figure 5.5. There were three response peaks
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Figure 5.4: The effect of ferric salt dosages on TMP performance.

for the DOC detection, i.e. 100,000 Da, 2,300 Da and 1,000 Da, representing large,
medium and small organic molecules, respectively. While there were two response
peaks for the UV, detection, representing MW of 3,000 Da and 1,000 Da, respec-
tively. The peak at 1,000 Da with UV, detection showed weaker response than that
of DOC detection, while the 3,000 Da showed stronger response, suggesting that large
and small organics in Taihu Lake were composed of hydrophilic substances, and
medium organics were hydrophobic.

After UF, the response of 100,000 Da in DOC detection disappeared, while the
one of 1,000 Da was slightly reduced, indicating that all large organic substances and
part of small organic molecules were removed. However, in the UV, detection, the
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Figure 5.5: The molecular weight distribution before and after membrane filtration.

response in the permeate dropped only slightly, which might be due to that the influ-
ent was mainly composed of the medium organics, with the size much smaller than
the membrane pore size to pass the membranes. While the large organics had size
greater than the membrane pores, thus they were retained by the membranes. It could
be also found that the peak response of the medium and small molecules in the per-
meate in both detection methods was comparable to that in the influent, indicating
that the MF had a poor removal of these organic substances.

The MW distribution results of the organics after different dosages of alum and
ferric salt with DOC and UV,s, detections are shown in Figures 5.6 and 5.7. With 10 mg/L
coagulant, the response peak of large organics almost disappeared, suggesting that
just a little dosage was effective to remove large organics. With the reduction of large
molecules, the TMP could decrease significantly. When the dosage was increased, the
response peaks of small organics dropped further, with the ones induced by the ferric
salt lower than that by alum. This phenomenon demonstrated that the ferric salt was
more effective than the alum for small organics removal. In addition, it could be also
observed that the response peaks for the medium organics remained similar as that in
the influent, suggesting that coagulation removed medium organic substances poorly
regardless the types of coagulants and dosages.

The MW distribution results of the Taihu Lake in the influent, after coagulation
and in the membrane permeate with 5 and 10 mg/L alum and ferric salt are further
plotted in Figures 5.8-5.10. These results demonstrated that when the concentrations
of coagulants were low, the coagulation had a poorer organic removal than the MF
membrane filtration, with the dosages of the coagulants increased, it had a compara-
ble performance on the organic removal as the MF membranes.
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Figure 5.6: The effect of alum and ferric salt dosages on molecular weight distribution
with DOC detection.

5.1.2 Foulant analysis in the coagulation-microfiltration process

A pilot scale of coagulation-microfiltration was operated for Taihu Lake water treat-
ment. The main purpose is to understand the reversible and irreversible fouling in the
hybrid process. A lot of analyisis methods were used, such as molecular weight distri-
bution, HPSEC and fluorescence excitation-emission matrix (EEM) spectroscopy, etc.
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Figure 5.7: The effect of alum and ferric salt dosages on molecular weight distribution with UV s,
detection.

5.1.2.1 Materials and methodology
1 Feed water

The feed water for the pilot test was from Taihu Lake with the influent quality shown
in Table 5.2.
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Figure 5.8: The influence of 5 mg/L alum and ferric salt on MW distribution.

0.02
— R W T Coapilation
0.015 4
5 0.01 - 5
g 3
2 -l g
2 0.005
0000000 1000000 100000
0
10000000 1000000 100000 10000 1000 100
Molecular weight (Da) Molecular weight (Da)

Figure 5.9: The influence of 10 mg/L alum on MW distribution.
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Figure 5.10: The influence of 10 mg/L ferric salt on MW distribution.

Table 5.2: The influent quality in the pilot test.

Parameters Values Average value
Temperature (°C) 12.1-33.4 22
Turbidity (NTU) 29.3-84.2 48.7
CODy, (mg/L) 4.56-8.82 5.86
UV, (cm™) 0.074-0.089 0.082
Algae count (cell/mL)  922-52,713 5,631

To speed up the membrane fouling performance, the influent was concentrated with
a reverse osmosis membrane with a fiber filter, and then filtrated with a 0.45 pm
membrane to remove suspended particles. The permeate was thus collected for sub-
sequent use, with the characteristics shown in Table 5.3.

Table 5.3: Characteristics of concentrated water.

Parameter Turbidity pH DOC UV,s, SUVA
(NTU) (mg/L) (cm™) (L/(mg-m))
Value 26 8.1 9.88 0.118 1.19

2 Pilot scale experimental setup

The pilot scale experimental setup was located at Chongshan Waterworks, Wuxi City,
Jiangsu Province, with the schematic diagram shown in Figure 5.11. Detail descrip-
tions of the pilot setup can be found in the study of Dong et al., thus it is not repeated
here.
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Figure 5.11: Schematic diagram of the pilot-scale membrane system.

5.1.2.2 Results and discussion

1 The effect of coagulant dosage on TMP performance in the pilot test

The TMP behavior of the pilot setup with different dosages of coagulants for long term
operation is exhibited in Figure 5.12. It can be observed when the concentration of
the coagulant increased from 10 to 30 mg/L, the initial TMP decreased from 0.028 to
0.010 MPa, and the cycle duration increased from 6 to 12 days. When the dosage was
further increased to 40 mg/L, the initial TMP maintained the similar, and the cycle
duration decreased to 10 days. This suggested that the optimum coagulation dosage
for the Taihu Lake water treatment was 30 mg/L.
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Figure 5.12: TMP variation in the pilot test for long term operation.

2 The effect of coagulant dosage on organic removal in the pilot test

The effect of direct coagulation and the combined coagulation and membrane filtra-
tion on the organic removal in the pilot test is shown in Figure 5.13. It can be found
when the dosage was increased from 10 to 30 mg/L, the organic removal of CODy, and
UV, also increased. When the dosage was further increased to 40 mg/L, no addi-
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tional organic removal efficiency was obtained. This result implied that the coagu-
lation could mitigate the membrane fouling, and the best dosage for the Taihu Lake
water treatment was 30 mg/L.
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Figure 5.13: Organics removal with different dosages of coagulant in the pilot test.

3 MW distribution of the Taihu Lake water in the pilot test

The MW distribution results with the SEC-UV-TOC measurement of a sample from
the Taihu Lake water, the supernatant after the coagulation and the permeate from
the MF filtration are shown in Figure 5.14. For the Taihu Lake feed water, there
were four peaks, around 300, 2, 0.6 and 0.35 kDa for the TOC detection, while there
were two peaks, 2.5 and 0.9 kDa for the UV detection, with the former one with
much higher intensity. The difference between these two detection measurements
was due to that the high MW region could be weakly or scarcely detected by the
UV detector. It also suggested that the high MW organics in Taihu Lake water were
mainly hydrophilic.
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Moreover, it can be found that the organic substances with MW greater than 10 kDa
were almost completely removed, the organics with MW lower than 1 kDa were also
eliminated significantly, however, only a small portion of organics with MW of 2 kDa
were reduced after the coagulation pre-treatment in the TOC detection. This indicated
that the coagulation pretreatment could remove humic substances more effectively
than the non-humic ones. It is reported that coagulation can have a great removal effi-
ciency of NOMs with high MW which are believed to induce the most severe membrane
fouling. Since this part of NOMs were eliminated almost completely by the coagulation,
they may not contribute significantly to the flux drop in the subsequent membrane fil-
tration. Thus the NOMs with high MW could lead to the reversible fouling only.

0.12
— raw Waler TOC

0.1 4 =pretreated water
s filtered water
%0.03 1

—

10000000 1000000 100000 10000 1000 100
Molecular Weight (Da)

UV, — raw Waler

— pretreated water

e filtered water

0.003
0.002 -

0.001

Molecular Weight (Da)

Figure 5.14: MW distribution of Taihu Lake water with different processes in the pilot test.
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To further understand the interactions between the membrane and the organic mol-
ecules, the feed water, the supernatant after coagulation and the filtrated water were
separated into four fractions (HPO, TPI, N-HPI and C-HPI) with their MW distributions
examined by HPSEC-UV-TOC detections, and the results are shown in Figure 5.15.
There were three peaks, i.e. around 300, 2 and 0.66 kDa for the N-HPI fraction with
the SEC-TOC detection, while the HPO fraction with the SEC-UV detection showed a
similar result but much higher intensity at the peak of 2 kDa. This was due to that the
NOMs with medium MW were mainly hydrophobic. It can be also found that the Neut
fraction with small MW had a higher intensity than the feed water, which demon-
strated that the NOMs with low MW were mainly hydrophilic. It should be noted that
both the SHA fraction and the Neut fraction with high MW were almost completely
removed, and the HPO fraction with medium and small MW was eliminated better
than the N-HPI fraction.
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Figure 5.15: MW distribution of N-HPI and HPO fraction with different processes in the pilot test.

4 Chemical cleaning

To further understand the ability of pretreatment, chemical cleaning of the fouled
membranes was carried out. In this study, when the TMP went to 0.07 MP, the chem-
ical cleaning was initiated. Both alkaline and acid cleanings were involved in the
procedures, with each one for 2 h. In the alkaline cleaning, NaOH and NaClO were
used, while in the acid cleaning, HCl was adopted, with the former one to remove
organic foulants and the latter one inorganic ions and part of organic matters. The
organics from the chemical cleaning were fractionated and the results are shown in
Figure 5.16. It can be found that more organic substances were obtained from the alka-
line cleaning than the acid cleaning. As for each fraction, the organics in both N-HPI
and HPO were much higher than TPI and C-HPI fractions, which exhibited that the
neutral hydrophilic and strong hydrophobic compounds were key irreversible mem-

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

162 —— Tian Li, Junxia Liu, Bingzhi Dong

brane fouling contributors. In addition, it can be also discovered that the organics
from N-HPI fraction in the alkaline cleaning were comparable from the acid cleaning,
but much more organics from HPO fraction were achieved, which indicated that acid
cleaning could remove some part of dominated hydrophilic organic foulants, since
acid cleaning was effective in removing inorganic substances, but less effective in
reducing organics.
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Figure 5.16: Effect of chemical cleaning on organic fractions.

The MW distribution of the organics from chemical cleaning with SEC-TOC-UV detec-
tions were measured and the result is shown in Figure 5.17. The MW of the foulants
from cleaning was around 2 and 0.6 kDa for both UV and TOC detections, which indi-
cated that the medium and small molecules were main irreversible foulants. This is
consistent with the result in Figure 5.14 since high MW organics were removed com-
pletely with coagulation. In addition, it can be also observed that the UV intensity
from the alkaline cleaning was much stronger than the acid cleaning, which also indi-
cated that the alkaline cleaning was more effective for organics removal.

The MW distribution for the organic fractions were examined and the results are
shown in Figure 5.18. The HPO fraction was mainly composed of medium MW organic
substances with MW around 2 kDa, while N-HPI fraction contained medium and small
MW molecules with the TOC intensity for small MW organics higher than medium MW
substances no matter what kind of chemical cleaning was applied. These findings
confirmed that medium and small MW molecules rather than high MW substances
contributed severe irreversible membrane fouling.

It was reported that the hydrophobic substances with high MW usually led to dra-
matic flux decline, while the neutral hydrophilic organics with relatively low MW con-
tributed less seriously to the membrane flux drop. Similar results were also obtained
in this study. Such performance was due to that, the HPO fraction with medium
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Figure 5.17: MW distribution of organics in chemical cleaning solution.

MW organics (10-1 kDa) could block the membrane pores and induced a rapid flux
decline, while some of the N-HPI fraction with low MW substances (<1 kDa) passed
the membrane pores, resulting in a slow membrane flux drop. Thus the existence of
HPO and N-HPI fractions determined the membrane performance.

5 EEM fluorescence
To further qualify the types of substances removed in the coagulation and mem-
brane filtration processes, the 3D fluorescence EEM spectrum of the Tiahu Lake feed
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Figure 5.18: MW distribution of N-HPI and HPO fractions in chemical cleaning solutions.
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water, feed fractions, the foulants rejected by the membrane, and the foulants from
the chemical cleaning were measured and the results are shown in Figures 5.19-5.22,
respectively. In the fluorescence EEM spectrum of the feed water (Figure 5.19), four
peaks were obtained, two peaks with strong intensity at Ex/Em = 280/315 nm and Ex/
Em =230/340 nm labeled as peaks I and II, and another two peaks with weak intensity
at Ex/Em =340/420 nm and Ex/Em = 240/430 nm labeled as peaks III and IV, respec-
tively. It has been reported that peaks I and II represent protein-like substances such
as tryptophan and tyrosine, whereas peaks III and IV humic-like substances such as
humic acid and fulvic acid. The Taihu Lake water is suffered frequently from algae
bloom, thus it contains a lot of aromatic proteins and SMPs due to algae metabo-
lism. The fluorescence intensity in peak II was highest, followed by peak III and peak
IV. These findings suggested that proteins and SMPs dominated in organics in Taihu
Lake.
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Figure 5.19: EEM fluorescence spectra of the Taihu Lake raw water.

In the EEM fluorescence spectra of the four different fractions (Figure 5.20), varied
intensities and locations of peaks were exhibited. The HPO and C-HPI had peaks at
the locations of III and IV, while N-HPI had nearly no peaks. The EEM fluorescence
spectra of the foulants rejected by the membrane (Figure 5.21) was achieved by the
subtraction of intensity values between the supernatant after the coagulation and
the permeate after the coagulation and membrane filtration, and it had peaks at the
protein-like regions (peaks I and II). In the EEM fluorescence spectra of the foulants
from the chemical cleaning (Figure 5.22), there were peaks at protein-like regions.
Moreover, the EEM fluorescent spectra of acid cleaning had only peak at location I,
while for the alkaline cleaning, two peaks I and II were observed, indicating more
removal of SMPs. Such behavior agrees with the previous studies. Therefore, it can
be further suggested that aromatic proteins and soluble microbial products induced
greater irreversible membrane fouling, which were composed primarily of HPO and
N-HPI fractions.
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Figure 5.20: EEM fluorescence spectra of four fractions of Taihu Lake water.
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Figure 5.21: EEM fluorescence spectra of foulants rejected by MF.
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Figure 5.22: EEM fluorescence spectra of foulants from chemical cleaning.

6 Mechanism of coagulation pretreatment on controlling membrane fouling

To further understand the mechanism of coagulation on the membrane fouling
control, a schematic diagram is drawn and exhibited in Figure 5.23. In the direct mem-
brane filtration, large and part of medium organics deposit on membrane surface to
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form gel and cake layer resulting in reversible membrane fouling, and most of small
organic molecules enter the membrane pores and shrink, producing irreversible
fouling. With coagulation, not only large organic substances, but also medium and
small organic molecules were aggregated to become large particles, which could be
removed in subsequent sedimentation process. Thus coagulation could reduce some
irreversible fouling to purify the membranes.

Reversible fouling

& Large
@ Medium

® Small

Direct filtration

Filtration coupled with coagulation

Coagulation and sedimentation

Figure 5.23: Schematic diagram of membrane fouling control mechanism by
coagulation pretreatmen.

5.2 Adsorption pretreatment

5.2.1 The effect of PAC adsorption on membrane fouling control
5.2.1.1 Experimental setup and methodology

In this study, PAC adsorption was adopted as a pretreatment method for UF mem-
brane fouling control. The experimental setup was adopted from our previous study,

with the schematic diagram shown in Figure 5.24. Two surface feed sources were
used, i.e. Sanhaowu lake water (SLW) and Huangpu river water (HRW).
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Figure 5.24: Schematic diagram of the experimental setup for PAC adsorption.

5.2.1.2 TMP performance

The TMP values of the direct UF filtration of SLW and HRW water were measured and
the results are shown in Figure 5.25. There were six stages in total for the whole filtra-
tion, and each stage lasted 90 min. At the initial stage, no obvious TMP differences
were found between the direct UF of the influent and PAC-treated water. While for
the later stages, the TMP gap between them became larger, demonstrating that PAC
played a significant role in reducing membrane fouling.

Based on the filtration, the reversibility of the membranes with and without
PAC were calculated adopting the method from our previous published work, in the
manner of reversible fouling resistance (R,.) and irreversible fouling resistance (R;,),
with the results shown in Figure 5.26. R,. increased and decreased alternately due to
the periodic backwash, while R;, continued to rise in the six stages. At the end of the
operation, R; values were much higher than R,.. It should be noted that low fouling
resistances were obtained with PAC-treated influent. These observations showed that
the addition of PAC could reduce the foulants thus to decrease both R,, and R;,.

5.2.1.3 Molecular weight distribution

To understand the effect of PAC on UF membrane fouling control, the molecular
weight (MW) distribution of both the SLW and HRW influent and the PAC-treated
water was examined with the liquid chromatograph (LC) coupled with TOC detec-
tion. Figure 5.27 shows the analysis of an influent sample of this method. The MW
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Figure 5.25: TMP performance of direct UF and PAC-UF for surface water filtration.

distribution of the resolved peak (black curve) was divided into 500 Da (Peak 1),
1,420 Da (Peak 2), 5,250 Da (Peak 3) and 1,000 kDa (Peak 4) via Peak-fitting software,
which could be regarded as low molecular weight neutrals (LMWN), low molecu-
lar weight acids and building blocks (LMWA and BB), humic substances (HS), and
biopolymers (BP) such as colloids, proteins (PN) and polysaccharides (PS) in the
sample, respectively. Then the MW distribution based on the areas of each peak was
calculated, with the results of both feeds, PAC-treated water and UF permeate shown
in Figure 5.28.

It can be seen that the UF had very low rejection rates for LMW fractions, such as
BB and LMWA and LMWN. On the contrary, PAC had relatively high removal efficien-
cies for LMW (14.3%—46.4%) and HS fractions (18.4% to 42.8%). The PAC had lots of
pores in its surface or inside the structures, which could adsorb the molecules thus
to remove them. The absorbability of PAC was greatly related to its pore size and also
the size of the absorbent, i.e. the molecules in the influent. In this study, the PAC used
was mainly composed of micro- and mesopores (approximately <16 nm), thus only
small molecules were adsorbed, and the high MW fractions (such as BP) were unable
to enter these pores, resulting in a poor removal efficiency. Therefore, the mechanism
of PAC to mitigate membrane fouling was its removal of LWM and HS fractions of
NOM, which reduced the blockage of membrane pores.
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Figure 5.26: Effect of PAC on R, (a) and R;,(b) during the UF of surface water.
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Figure 5.27: LC-OCD-Peakfit analysis of surface water.
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Figure 5.28: MW components of water samples: (a) SLW and (b) HRW.
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5.2.1.4 Correlation of membrane fouling resistances and influent characteristics

Principal component analysis (PCA) was performed to correlate membrane fouling
resistances with the influent characteristics and the result is shown in Figure 5.29.
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Figure 5.29: PCA of membrane fouling resistances and feed qualities.

In the PCA method, samples with high fouling potentials were clustered together
with R,. and R;;, while low fouling potentials, such as CM-treated HRW and CS-treated
SLW etc. were placed far away from R, and R;.. It was observed there was no obvious
correlation between fouling resistance and DOC (r*<0.02), or UV, (r*<0.03). This
is due to that DOC is only a parameter of the total amount of NOM without being
able to distinguish the main fouling constituents. More importantly, there were no
strong correlations between polysaccharides (PS) / proteins (PN) and fouling resist-
ances (0.3<r’<0.4), and biopolymers (BP) and FR (r?< 0.1). These findings were differ-
ent from most observations in the literature. However, such minor results were also
reported, e.g. the study from Kimura et al. suggested that the influent characteristics
rather than the quantities of macro-MW substances have a key influence on mem-
brane fouling performance. It should be noted that LMWA and BB was placed next
to fouling resistances with a high correlation value (r?=0.8430, p = 0.0098). This is
due to that the low-MW fractions, especially LMWA and BB were the most significant
fouling contributors.
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5.2.2 Effect of mesoporous and microporous carbons
on membrane fouling control

5.2.2.1 Experimental methodology

Two types of carbons, one microporous carbon and one mesoporous carbon were
adopted in this study to investigate the effect of PAC characteristics on membrane
fouling control. The microporous carbon (CPAC) was commercially purchased from
Shanghai Company, and the mesoporous carbon (SOMC) was synthesized using the
method from Nanjing University. The surface area of CPAC and SOMC were 580.13
and 988 m?/g, and the pore size 1.86 and 3.7 nm, respectively, while the mesoporous
volume of SOMC was 1.29 cm?/g. Details of the characteristics of these two carbons are
listed in Table 5.4.

Table 5.4: The Characteristics of the two carbons used in the experiment.

Mesoporous carbon Microporous carbon

carbon (%) 95.57 98.4
Surface area (m?/g) 988 580.13
Pore size (nm) 3.7 1.86
Microporous volume (cm?) 0.04 0.2015
Mesoporous volume (20-500 A) (cm?/g) 1.29 -

Before the MF filtration experiment, the PAC adsorption ability was investigated with
the equilibrium measurement. In the PAC adsorption combined with MF filtration
experiment, different concentrations of 20, 50 and 100 mg/L of PAC were dosed in
three same feed samples. After that, the mixtures were first stirred at 100 r/min for
30 min, and then at 50 r/min for 2 h. Subsequently for a 45 min rest, they were sepa-
rated into the supernatant and the solid part. Then the supernatant was collected and
filtrated with a Millipore 0.45 pm filter. After that, the permeate were used for subse-
quent analysis including filtration flux measurement, organic removal efficiency and
foulant detection and detail results were reported in the following sections.

5.2.2.2 Results and discussions

1 The effect of two carbons on membrane filtration performance

The membrane filtration flux of the permeate after the 0.45 pm Millipore filter were
examined and results are shown in Figure 5.30. With the addition of SOMC, the fil-
tration flux was greatly increased, especially with the dosage of 100 mg/L, the flux
increased by 60%. When the concentration of SOMC was increased, the permeate
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Figure 5.30: The effect of CPAC and SOMC pretreatment on membrane filtration performance.

flux also enhanced. Thus the SOMC could reduce the membrane fouling due to the
organics adsorbed. On the contrary, with the addition of CPAC, the flux decreased
significantly. And the concentration of CPAC didn’t make any difference on the perme-
ate flux. Similar flux drop trends were obtained with different dosages of CPAC. Such
phenomenon may be attributed to the small sizes of CPAC that could stay on the MF

surface and block the passage of the permeate.
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2 The effect of two carbons on organics removal

The organic removal efficiencies of the permeate after the 0.45 um Millipore filter
and the permeate after MF with different dosages of CPAC and SOMC were examined
and the results are presented in Figure 5.31. With the addition of the two carbons,
the organics removal efficiencies of both TOC and UV,s, increased significantly. It
could be observed that with combined SOMC and MF, the UV, removal efficiency
could be achieved as high as 80%, and TOC 28%. With combined CPAC and MF, the
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Figure 5.31: The effect of CPAC and SOMC pretreatment on organic removal.
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organic removal efficiencies were comparable to that with SOMC, indicating that both
carbons could adsorb organic substances in Taihu Lake.

3 The effect of two carbons on MW distribution

The relative MW distribution of organic substance in terms of TOC and UV,;, measure-
ment with the combined carbon adsorption and MF filtration was measured and the
results are presented in Figures 5.32 and 5.33. It can be found that all the peak intensities
of the macromolecular organics almost disappeared after MF filtration with the adsorp-
tion of both carbons as pretreatment, indicating that the macromolecular substances
were main membrane fouling contributors. In addition, the effects of the two carbons
on MW distribution were slightly different. The SOMC had a good absorption efficiency
for macromolecular organic substances, with the removal efficiency increased as the
dosage amount increased. While the CPAC had little effect on the macromolecular organ-
ics removal no matter what concentration was dosed. However, both carbons could
remove small molecules with the MW <1 kDa especially those with the MW <100 Da.
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Figure 5.32: The influence of CPAC pretreatment on MW distribution.

4 The effect of two carbons on EEM performance

The fluorescence spectrum of EEM measurement of the Taihu Lake influent with the
combined carbon adsorption and MF filtration was examined and the result is shown in
Figure 5.34. The fluorescence peak of the protein and tyrosine regions disappeared after
the direct membrane filtration, suggesting that these organics can be key membrane
fouling contributors. While the fluorescence peak of the protein tyrosine and humic
substances was greatly reduced after the SOMC carbon pretreatment, indicating that
SOMC could remove these organics (Figure 5.34(b, d)). With SOMC treatment, most of
the peaks disappeared suggesting that SOMC treatment could delete most of organics
thus to reduce the subsequent membrane fouling (Figure 5.34(c, )). In contrast, CPAC
removed lower amount of protein and tyrosine like substances than SOMC did.
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Figure 5.33: The influence of SOMC pretreatment on MW distribution.
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Figure 5.34: Subtracted EEMs of Taihu Lake water with PAC pretreatment and MF filtration.

(a. permeate of direct filtration, b. supernatant after 20 mg/L SOMC adsorption, c. permeate of
MF filtration with 20 mg/L SOMC adsorption, d. supernatant after 100 mg/L SOMC adsorption,
e. permeate of MF filtration with 100 mg/L SOMC adsorption, f. supernatant after 20 mg/L CPAC
adsorption, g. permeate of MF filtration with 20 mg/L CPAC adsorption, h. supernatant after
100 mg/L CPAC adsorption, i. permeate of MF filtration with 100 mg/L CPAC adsorption)
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The scanning electron microscope of membrane surface with direct filtration and
the adsorption of 100 mg/L of the two carbons is shown in Figure 5.35. It can be seen
that after direct filtration of Taihu Lake water, a thick fouling layer was formed on
the membrane surface and the pore was covered completely. Thus the fouling can be
composed of large organic molecules. With 100 mg/L SPAC, similar performance was
observed that the membrane surface was covered with very thick fouling. In contrast,
with 100 mg/L SOMC, the surface of the membrane was very clean and no fouling was
found on it. Thus the SOMC could effectively remove the large organic substances.
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Figure 5.35: SEMs of micromembrane filtrated by Taihu Lake after PAC treatment.
(a. New membrane, b. direct filtration, c. 100 mg/L CPAC adsorption, d. 100 mg/L SOMC adsorption)

The infra-red spectrogram of Taihu Lake water with direct filtration and carbon treat-
ment is in Figure 5.36. It can be seen that the response of the membrane surface with
direct filtration appeared at the wavelengths of 1,550, 2,950 and 3,350 cm™ reflecting
protein, polysaccharide and humic acid with large MW in comparison with the new
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Figure 5.36: FTIR spectra of micromembrane fouled by Taihu Lake water after PAC treatment.

membrane. With the treatment of 20 mg/L SOMC, the intensity of the three responses
reduced slightly. While with the dosages of 50 mg/L and 100 mg/L, no additional
reduction of the response was observed, suggesting that the fouling substances with
the infra-red response at the wavelengths of 1,550, 2,950 and 3,350 cm™ were removed
by SOMC completely. With SPAC treatment, the response on the membrane surface
was as the same as that with direct filtration and no reduction of infra-red intensity
was observed. It can be suggested that protein like, polysaccharide like and humic
acid with large MW can be the main foulants, and they could be removed by the direct
membrane filtration resulting in the fast flux decline.
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5.2.3 Mechanism of membrane fouling reduction
by PAC pre-treatment

When the surface water was treated with PAC adsorption and membrane filtration,
the membrane fouling performance was determined by the organics remained on
the membrane surface. Large-MW substances were usually retained by UF mem-
brane, causing reversible fouling that can be removed by backwashing. PAC has
little ability to remove such large-MW organics, as a result, it played a poor effect
on the mitigation of reversible fouling. As shown in Figure 5.37, small-MW organics
could block the membrane pores or be adsorbed to the inner pore wall, induc-
ing irreversible fouling. PAC has a good ability to adsorb small organics, thus less
small organics can be deposited in the membrane pore, resulting in the reduction
of irreversible fouling.
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Figure 5.37: Mechanism of membrane fouling reduction by PAC adsorption for surface water.

5.3 The effect of granular macro-porous anion
exchange resin pre-treatment on membrane
fouling control

5.3.1 Experimental device and methodology
5.3.1.1 Characteristics of the granular macro-porous anion exchange resins

The resins used in this study were commercially available from Dow Company, US. Two
types of resins, AMBERLITE™ PW16 (PW16) and AMBERLITE™ PWA9 (PWA9), were
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adopted because both are styrene macroporous resins, with the functional groups of
quaternary ammonium. The characteristics of the resins are shown in Table 5.5. PWA9
are white and opaque beads with sizes and water content lower than PW16; however, the
total exchange capacity and shipping weight of PWA9 are comparatively higher.

Table 5.5: Characteristics of the resins used.

Resin

PW16 PWA9

Type

Skeleton structure

Functional groups

lonic form

Physical form

Wetting pore size

Total exchange capacity (eq/L)

Water content (%)

Particle size (mm)

Screen grading

Fines content

Shipping weight (kg/m?3)

Maximum operation temperature (°C)
Swelling index

Void volume

maximum adsorbing capacity (mg/mL)
(cm™/mL)

macroporous
Styrene — divinylbenzene cross linked copolymer
Quaternary ammonium groups

Cl, OH

White opaque beads

100-500 nm

20.7 20.8
70-82 66-72
0.42-1.2 0.3-1.18
(below 0.42<5%; (below 0.355<1%)
Above 1.2<3%)

689 700

60 (OH), 100 (CI) 40

17% 25%
25% 29%
DOC1.0328 0.9363
Uv 0.0124 0.0112

5.3.1.2 Experimental setup

The dynamic adsorption of the resins was conducted with the filtration columns. A
schematic diagram of the experimental setup is shown in Figure 5.38.

In order to examine the resin adsorption behaviors, quasi-one and quasi-two
adsorption kinetic equations were investigated, which can be presented as follows

log(Q, —Q,)=1ogQ, —k, x—t_ (5.1)

2.303
-t .1 (5.2)

t
Q K@ Q

where Q. is the equilibrium adsorption capacity (mg/mL or cm™/mL), Q is the instan-
taneous adsorption capacity, k; and k, represent the adsorption rate constants of the
quasi-one and quasi-two adsorption kinetics equations, respectively.
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Figure 5.38: Schematic diagram of the experimental setup.

The adsorption curve with DOC and UV quasi-one and quasi-two fitting is shown
in Figure 5.39. Both resins had poor linear correlations with DOC adsorption in
quasi-one curves. However, in quasi-two fitting curves, both resins exhibited good
correlation with DOC and UV,s, adsorptions, with the R? of 0.9974 and 0.9919 for DOC,
and 0.9964 and 0.9939 for UV,;, for PW16 and PWAJY, respectively. The measured Q.
was close to the calculated value by the quasi-two kinetic equation, while it was quite
different from that by the quasi-one kinetic equation. In addition, it was found no
matter in quasi-one or quasi- two kinetic equations, both resins had higher UV,
adsorption rate constants than DOC adsorption rate constants, with 39 and 37 times
higher of UV,s, adsorption rate constants than DOC adsorption rate constants for
resins PW16 and PWAJY, respectively. Thus, the UV,5, organics could be much easier to
be eliminated than the DOC organics by both resins.

In this study, the 0.1 pm Millipore flat sheet of hydrophilic mixed cellulose mem-
brane (VCWP, Millipore Corporation, US), composed of 80-100% nitrate cellulose and
0-20% acetate cellulose was adopted. In each test, a new membrane was used.

Two types of natural surface water, Sanhaowu water (SHW) and Taihu Lake
water (LT), were collected for the feed. SHW is a typical river, containing allochtho-
nous natural organic matter (NOM), while LT is a typical lake, comprising lots of
algal organics. The characteristics of the water samples are presented in Table 5.6.
It can be seen that both feeds have high UV,;, values, and SHW water has a high
amount of DOC and a low turbidity and CODy,; while LT water has a low DOC content
and a high turbidity and CODy,,. SHW water was mainly used in the experiment for
resin pretreatment to reduce membrane fouling, while LT water was to investigate
the effect of the combination of coagulation and resin pretreatment on membrane
fouling control.
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Figure 5.39: DOC and UV quasi-one and quasi-two fitting curves. a, DOC (quasi-one); b, UV,s,
(quasi-one); a1, DOC (quasi-two); b1, UV,s, (quasi-two).

Table 5.6: Characteristics of water samples.

Parameter LT SHW
Turbidity (NTU) 38.8 5.3
CODw, (mg/L) 3.91 3.23
pH 8.56 8.40
DOC (mg/L) 4.134 6.005
UV,s, (cm™) 0.099 0.080

5.3.2 Results and discussion
5.3.2.1 The effect of resin pretreatment on fouling mitigation
The effect of the resins on MF filtration performance is shown in Figure 5.40. The final

normalized flux (J/],) at the end of the filtration for the feed was about 17%; with the
resin as pre-adsorption, the flux increased to 21%. The results showed that the pre-
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treatment of PW16 and PWA9 could reduce the membrane fouling slightly and both
MIEX had the similar effect on permeate flux improvement.

- B-PWA9
0.8 1 | --3--PW16
0.6 - 5 —— raw water
04
0.2
0 ' L '
0 200 400 600 800

Filtration volume (mL)

Figure 5.40: Effect of resin on MF performance.

The membrane filtration performance by the PWA9 resin with different adsorp-
tion time is exhibited in Figure 5.41. With the first 10 h adsorption, the PWA9 resin
improved the filtration flux significantly (PWA9-10). However, the ability of the resin
to control membrane fouling could gradually reduce with the relative long pretreat-
ment process (PWA9-20 and PWA9-30).

5.3.2.2 The effect of resin pretreatment on organic removal

The water qualities with and without the resins adsorption and MF filtration are listed
in Table 5.7. The resins adsorption had a higher UV,;, removal rate than the DOC.
This is due to that the UV,s, organics consist of benzene-ring or double ring struc-
tures, which can be removed by the ion exchange with Cl" or OH from the resins.
With additional MF filtration, the organics could be further removed, with the total
DOC removal rate of 69.57% and 68.99% and total UV,;, removal rate of 89.04% and
84.93% for the PW16 and PWAJ9 resins, respectively.

5.3.2.3 Effect of resin adsorption on organics molecular weight distribution

The molecular weight (MW) distribution of the SHW water before and after the
resin adsorption and MF filtration is shown in Figure 5.42. The MW distribution of
the feed can be divided into three types of organics, i.e. type I: large-MW organics
(5.0 x10°-5.0 x 10* Da), type II: medium MW organics (1.10 x 10°-2.64 x 10° Da), and
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Figure 5.41: Effect of pre-adsorption time on MF performance. The legend “10, 20 and 30”
represents the adsorption time is 0-10 h, 10-20 h and 20-30 h, respectively.

Table 5.7: DOC and UV Removal efficiencies in SHW water.

DOC (mg/L) UV,s, (cm™)
Samples
PW16 PWA9 Rawwater PW16 PWA9 Raw water

Before membrane 1.925 2.084 5.334 0.012 0.016 0.073
After membrane 1.623 1.654 4.807 0.008 0.011 0.067
Resin removal efficiency (%) 63.92 60.93 - 83.56 78.08 -
Membrane removal efficiency (%) 5.65 8.06 9.89 5.48 6.85 8.22
Total removal efficiency (%) 69.57 68.99 - 89.04 84.93 -

type III: micro-MW organics (2.64 x 10>~1.6 x 10? Da), corresponding to biopolymers
(PN and PS), humic-like organics, and low MW hydrophilic organics, respectively.
The large-MW organics were slightly reduced after 10 h resin adsorption pre-
treatment, indicating that PWA9 resin was not able to effectively remove the macro-
molecules. On the contrary, the medium and small MW organics were significantly
removed in the initial 10 h treatment. This is due to that the PWA9 has a pore size
range from 100-500 nm and plays a limited effect on the removal of macro-MW organ-
ics (particle size at 0.1-1.0 pm). LC-UV result showed that PWA9 could preferentially
remove the UV-absorbing compounds. At the initial absorption period (0-10 h), there
may be enough exchange sites for both UV and non-UV-absorbance organics to be
adsorbed. Nevertheless, available exchange sites are gradually decreased in the fol-
lowing stage and those non-UV absorbance matters could be replaced or swapped
out to the permeate. Therefore, removal efficiency of DOC by the resin adsorption
decreased with the extension of filtration time. It is worth noting that MW of the
water with 10 h resin pre-treatment and that with further membrane filtration nearly
coincide (except for large-MW organics), indicating the poor effect of MF membrane
on medium and micro MW organics removal but preference on the retention of the
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Figure 5.42: MW distribution of SHW water with/without resin adsorption followed by membrane
filtration. The legend “1, 2 and 3” represent pre-adsorption time is 10, 20 and 30 h, respectively.
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macro-MW substances. The concentration of the latter increased after MF filtration
probably due to the continuous exchange effects on the small organics by the resin.

5.3.2.4 Effect of resin on fluorescence EEM of NOM

The fluorescence EEM spectra of the SHW water and the effluent after the MF filtration
and resin adsorption is shown in Figure 5.43. There are four fluorescence peaks
(Figure 5.43(a)) representing humic-like (Peak A), fulvic-like (peak C), protein-like
(peak T), and tryptophan-like (peak B) substances. The substances at peak B and
peak T were mainly retained by the MF filtration, thus they are important membrane
fouling contributors (Figure 5.43(b)). However, with the resin 10 h absorption pre-
treatment, almost all the EEM organics could be removed (Figure 5.43(c)), indicat-
ing the higher removal efficiencies of the fluorescence organics by resin adsorption
than by MF filtration. In addition, it can be observed from Figure 5.43(d) that despite
the resin adsorption pretreatment, some of the organics at peak T and peak B were
still retained in the MF filtration, thus the resin adsorption could only remove part of
protein-like organics.

400~

‘l’ﬁ)_il,,"‘.
Wb/

Figure 5.43: EEM of (a) SHW feed water; (b) subtracted fluorescence by MF; (c) subtracted
fluorescence by resin (10 h); (d) subtracted fluorescence between resin (10 h) and MF.
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5.3.2.5 Effect of the combination of coagulation and resin adsorption
on fouling mitigation

As mentioned above, the resin adsorption can remove medium and large-MW organics,
however, it plays verylimited effect on large-MW organics removals. While the coagulation
could effectively remove macro MW organics, the combination of coagulation and resin
adsorption was proposed as a pretreatment to reduce membrane fouling.

The filtration flux of LT water with and without the pretreatment of coagulation
and the PW16 resin adsorption is shown in Figure 5.44. Without any pretreatment,
the final flux gets to only 5.3% of its initial flux for around 800 mL volume of water
filtration. With coagulation as the pretreatment, the final water flux increased to 33%.
With both resin 10 h and coagulation as pretreatment, slight improvement in the fil-
tration flux was observed. After 20 h of resin adsorption, the trend of flux curve was
extremely different from that of coagulation alone. This may be due to that the coag-
ulation pretreatment could remove most of the macro-MW organics which can be
adsorbed by resin pretreatment prior to the filtration process.

-4 - & -PWI16-10
¢ —&— Raw water
0.8 1 \ & PW16-20
\ R —{i— Coagulated water
0.6 1 k. X
3
0.4 1
0.2 1

Figure 5.44: Role of coagulation and resin

0 200 400 600 800 adsorption on MF performance for LT water
Filtration volume (mL) treatment.

The MW distribution of the LT water before and after the coagulation and the PW16
resin adsorption is presented in Figure 5.45. With coagulation, the peak of the macro
MW almost disappeared and the intensity of the medium MW peak (at 2,500 Da) was
reduced with the TOC detection, indicating that coagulation was able to reduce the
macro MW organics and some medium MW molecules. With the combination of resin
pretreatment and coagulation, the TOC absorbance at 2,500 Da was further decreased
with 0-10 h resin adsorption. In addition, the peak at 1-10 kDa with the resin adsorp-
tion with the UV, detection almost disappeared, demonstrating that the subsequent
resin treatment (010 h) played an important effect in further reducing the organics.
The MW distribution result of the UV detection was similar with the TOC detection.
With UV detection, it was observed that the organics with MW of 2,500 Da was greatly
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reduced with coagulation pretreatment, and they disappeared with resin adsorption.
Thus the resin PWA9 was very effective to remove the molecules with UV s, absorbance.
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Figure 5.45: MW distribution of LT water with/without coagulation, resin 16 and MF treatment. The
legend “1and 2” represent pre-adsorption time is 10 h and 20 h, respectively.

The SEM images of membrane surface with/without coagulation/resin treatment are
presented in Figure 5.46. For the SHW water, the SEM result of the direct filtration
exhibited a thick gel layer deposition on the membrane surface. With resin PWA9
0-10 h adsorption, a lot of visible membrane pores and some large MW molecules
foulant could be observed, which suggested that the resin adsorption could remove
most contaminants in SHW water. With PWA9 10-20 h and 2030 h treatments,
membrane pores were further obstructed and gel layer emerged, which might be due
to more macromolecules adsorption by the resin exchange. Compared with SHW
water, in addition to a gel layer, some large organics accumulation was observed
in the SEM image of the LT water filtration, which were probably protein-like or
polysaccharides-like large-MW organics. After the coagulation pretreatment, mem-
brane pores were partially visible, indicating the removal of large molecules. After
PW16 adsorption, membrane pores were even more visible with 0-10 h treatment,
and partly gel layer deposition were obtained in 10-20 h treatment.
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Figure 5.46: SEM micrograph a, clean membrane; b, SHW water; ¢, PWA9 0-10 h; d, PWA9
10-20 h; e, PWA9 20-30 h; f, LT water; g, after coagulation; h, coagulation + PW16 0-10 h; i,
coagulation + PW16 10-20 h.

It has been reported that particles preferentially accumulate on rough surfaces,
causing more severe flux decline than on smooth surfaces in membrane filtration.
Thus the surface topological properties of membranes have strong implications for
membrane behaviors and fouling propensities. The AFM images of clean and fouled
membranes were examined with the results shown in Figure 5.47. The AFM measure-
ments of the membrane fouled by SHW water, SHW water with resin PWA9 0-10 h,
10-20 h, and 20-30 h treatment were conducted at 59.1, 49.1, 60.9, and 57.5 nm, respec-
tively, while the AFM detections of the membrane contaminated by LT water, LT water
with coagulation, LT water with coagulation and 0-10 h PW16 resin adsorption, and
LT water with coagulation and 10-20 h PW16 resin adsorption were carried out at 50.0,
26.2, 23.8, and 33.5 nm, respectively, as compared with the new membrane measured
at 25.9 nm. It was found that some protuberances were exhibited on the membrane
fouled by SHW water, while many uniform asperities by the LT water. The discrepancy
can be due to that more macromolecular organics were in LT water than in SHW water
such that a thicker cake layer was formed on the membrane fouled by the LT water.
However, with the 0-10 h PWA9 resin treatment, less roughness was observed with
the membrane fouled by SHW water, and some higher protrusions were even emerged
after the 1020 h and 20-30 h resin adsorption. Such phenomenon might be due to
that the macromolecules could be replaced or swapped out by the resin exchange.
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The surface morphologies of the membrane fouled by LT water after coagulation and
resin PW16 treatment were significantly different, and a lot of valleys were exhibited,
which were extremely similar to the clean membrane surface. In addition, higher pro-
trusions appeared with the membrane fouled by the LT water with coagulation and
0-10 h and 10-20 h PW16 resin treatment, which was similar as that of the mem-
brane fouled by the SHW water with resin adsorption. Furthermore, it was found that
the roughness of the membranes caused by both types of feed after coagulation and/
or resin adsorption coincided with those observed during the membrane filtration
measurement.

Figure 5.47: AFM images of the membranes filtrated with SHW/LT water with/without coagulation and/
or resin adsorption. (a) clean membrane; (b) SHW water; (c) PWA9 0-10 h; (d) PWA9 10-20 h; (e) PWA9
20-30 h; (f) LT water; (g) after coagulation; (h) coagulation + PW16 0-10 h; (i) coagulation + PW16
10-20 h.
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The fouling mitigation mechanism of the combination of resin adsorption and
coagulationisillustrated in Figure 5.48. The resins could effectively reduce the medium
and small MW organics, especially moderate molecules with UV absorbance, but were
ineffective in removing organics with large MW. The sole use of resin adsorption can
improve the filtration flux in the first 10 h adsorption, however, the ability to enhance
the filtration flux gradually dropped for the long time adsorption. The integration of
coagulation, resin adsorption and membrane filtration could significantly remove
the organics thus to reduce membrane fouling. The SEM and AFM measurement of
membrane surface morphologies and the membrane filtration performance as well as
the MW distribution of the organics indicated that biopolymers played a key role in
membrane fouling composition, while the coagulation could effectively remove them.
The combination of coagulation and resin adsorption with filtration columns is thus
suggested for surface water pretreatment prior to membrane filtration.

Bi | [ ]
) mp(_:u ymer o 03D 5
@® Humic ‘ ..0 ..6 o |Rawwater
@ Small organics e o e
MF alone Resin (1-10h) Resin (10-20h) Coagulation-resin

F B e @
] !

WEE Fadh R R e

Figure 5.48: Fouling mitigation mechanism of resin adsorption and coagulation pretreatment.

5.4 Oxidation pretreatment

5.4.1 The effect of combination of pre-ozonation and
microfiltration process

5.4.1.1 Materials and methods

1 Source water
Raw water was taken from Huangpu River, with the qualities presented in Table 5.8.
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Table 5.8: Characteristics of Huangpu
River raw water.

Parameters Values

pH 7.2-7.6
Turbidity (NTU) 13.7-75
CODy, (mg/L) 5.2-6.9
UV,s, (cm™) 0.128-0.157
DOC (mg/L) 5.1-6.6

2 Bench scale experiment
The pure oxygen was used to produce ozone with the ozone generator (SKCFG-1, JiNan
SanKang). The generated ozone was dosed into a static tank for a contact time of
10 min each. Different doses of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mg/L were performed in
this study. After the ozonation, the residual ozone was aerated by pure N, in order
to prevent the ozone from destroying the membrane. Then the ozonated water was
transferred for subsequent filtration test.

The microfiltration experimental setup is shown in Figure 5.49, which consists of
a N, pressure cylinder, feed water tank and a hollow fiber MF membrane module from
Toray Japan, with the characteristics shown in Table 5.9. The N, gas cylinder was used
to provide a constant pressure for the ozonated water in the feed tank for the micro-
filtration. A magnetic stirrer was located at the bottom of the feed tank for completely
mixing the feed water. In each filtration test, a volume of 800 mL ozonated water was
filtrated and then the chemical cleaning was carried out. Two steps of chemical clean-
ing were included, i.e. oxalic acid and sodium hypochlorite cleaning for 2 h each.

Effluent tank

N, cylinder Feed water tank

Figure 5.49: Schematic diagram of the bench scale membrane system.

5.4.1.2 Results and discussion
1 Effect of ozone dosage on organics removal

Figure 5.50 shows the DOC concentration with different ozone dosage. The efficiency
of DOC removal increased with the increase of ozone dosages, e.g. 1.6% and 3.8%
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Table 5.9: Characteristics of membrane.

Material PVDF
Type Hollow fiber
Pore size (um) 0.1
Membrane surface area (cm?) 0.128-0.157
Type of filtration Dead-end
Type of pressure Out-in
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Figure 5.50: The effect of ozone dosage on organics removal.

DOC removals were obtained with 0.5 mg/L and 1.0 mg/L ozone concentrations,
respectively. In addition, it was found there was an optimized ozone dosage for DOC
removal. When the ozone dosage was 1.5 mg/L, the DOC removal efficiency rose to
9.6%. When more ozone was added, no additional DOC removal was obtained. It may
be due to that the organic matter in Huangpu River was not easily degraded by ozo-
nation. The ozone could probably broke the macromolecules to small molecules only.
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However, the UV, removal increased from 13% to 71% with the increment of
ozone dosage from 0.5 mg/L to 3.0 mg/L. Obviously higher UV,s, removal rate was
obtained than DOC removal, which suggests that ozone could effectively degrade
the hydrophobic matter since most UV organics are humic substances with aro-
matic structures, while DOC organics contain both humic and non-humic organic
materials.

2 Effect of ozone dosage on molecular weight distribution

Figure 5.51 shows the molecular weight distribution of the organic matter with dif-
ferent ozone dosages. The molecular weight of the organic substances in Huangpu
River water is mainly between 2-7 kDa, and partly around 0.2 kDa. Significant dif-
ferences of the molecular weight distribution can be observed with varied ozone
dosages. When low ozone concentration of 0.5 mg/L or 1.0 mg/L was injected, the
concentration of organic matter, with the molecular weight between 2 kDa and
7 kDa decreased a little as compared with the raw water, whereas the concentration
of organic matter with molecular weight smaller than 0.2 kDa increased. It could
be probably due to that the ozone degraded the macromolecular organic matter to
small molecular matter. But when the ozone dosage is up to 1.5 mg/L, the reduction
of organics with molecular weight about 2-7 kDa is obvious. And with more ozone
dosed, less organic matter with molecular weight between 2 kDa and 7 kDa were
exhibited.
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Figure 5.51: Effect of ozone dosages on molecular weight
distribution of organics.
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3 Effect of ozone dosage on organic hydrophilicity

Figure 5.52 shows the effect of ozonation on different hydrophilic/hydrophobic frac-
tions. With ozone addition, the concentration of HPO fraction reduced and the HPI
increased, while the TPI maintained nearly the same. These results indicated that
the ozone could convert the hydrophobic substances to hydrophilic ones. In addi-
tion, with high concentration of ozone dosages, the concentration of the hydrophilic
organics reduced, which was probably due to that ozonation could partially mineral-
ize the organic matter. With high intensities of ozonation, both the hydrophobic and
hydrophilic substances in terms of UV,s, dropped, which revealed that ozone could
oxidize the aromatic hydrocarbon, double bond or carbonyl organic substances,
which usually represent UV, organics.
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Figure 5.52: The effect of ozone dosage on organic hydrophilicity.

4 Effect of membrane filtration on molecular weight distribution of hydrophilic/
hydrophobic fractions

The molecular weight distribution of hydrophilic/hydrophobic fractions with/without
membrane filtration is shown in Figure 5.53. The raw water had a weak response at
the molecular weight between 10,000-100,000, while the HPI fraction also exhibited
less weak response in the same region, indicating that large molecules are mainly
HPI fractions. After the membrane filtration, the large molecular weight response for
both raw water and HPI disappeared, thus the membrane could effectively remove
macromolecules. It can be also found that the content of the medium and small mole-
cules in both HPI and HPO fractions decreased after the membrane filtration, thus the
membrane filtration could only partially remove these organics.

5 Effect of ozonation on membrane permeability

Figure 5.54 shows the effect of ozonation on membrane permeability. The addition
of ozone mitigates the membrane flux decline. When the Huangpu River water is fil-
trated directly without ozonation pretreatment, the J/J, decreased to 21% after 800 mL
filtration. With low ozone concentration of 0.5 mg/L and 1.0 mg/L as pretreatment,
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Figure 5.53: The effect of membrane filtration on molecular weight distribution of hydrophilic/
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Figure 5.54: The effect of ozone dosage on membrane permeate flux.

there is no improvement on the permeate flux. When the ozone dosage increased
to 1.5 mg/L, the flux increased dramatically. However, with the further increase of
the ozone dosage, no additional flux improvement was observed but the flux even
dropped slightly. Thus the optimal ozone dosage for Huangpu River water is 1.5 mg/L.
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The ozonation could change the molecular weight distribution and hydrophilicity of
organic matter in the raw water, producing smaller and more hydrophilic substances,
thereby affecting the membrane filtration performance.

5.4.2 The effect of the combination of oxidation and coagulation
on membrane fouling control of Huangpu River water

5.4.2.1 Materials and methods

In this study, the feed was collected from Huangpu River, with the characteristics
listed in Table 5.10. The PVDF UF membrane was adopted, with a pore size of 0.03 pm
and effective surface area of 0.003 m? In the filtration experiment, the flux was con-
trolled at 60 L/(h - m?) with a duration of 65 min.

In the oxidation process, the feed was oxidized with different oxidants of ozone,
sodium hypochlorite and potassium permanganate, then filtrated with the PVDF
hollow fiber membrane at a flow rate of 1.6 L/h. After 65 min filtration, the perme-
ate was collected and the organic molecular weight distribution, dissolved organic
carbon, UV, EEM, etc. were measured. After the filtration, the chemical cleaning of
the membrane was conducted.

Table 5.10: Raw water quality.

Parameters Variety range Average
Water temperature  15.2-27.6 22.3
pH 7.50-8.19 7.79
Turbidity (NTU) 4.21-15.47 7.96
DOC (mg/L) 2.763-4.250 3.3
UVys, (cm™) 0.063-0.072 0.065

The experimental setup diagram for the combination of oxidation and coagulation is
shown in Figure 5.55. In the combination of ozonation and coagulation process, ozone
with given concentration was injected to the feed. After 10 min ozonation, the resid-
ual ozone was purged by the pure nitrogen. Then the refined coagulant of aluminum
sulfate was added to the ozonated water. Two dosages of 10 and 30 mg/L were carried
out. In the coagulation process, the ozonated water was first stirred rapidly at 1,000 r/
min for 1 min then slowly at 200 r/min for 30 min. After the coagulation, the treated
water was filtrated by the UF to investigate the effect of the hybrid process on fouling
reduction and organics removal.
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5.4.2.2 Results and discussion

1 The effect of pre-oxidation with different oxidants on TMP reduction

The effect of different oxidants on TMP reduction were examined and the results are
shown in Figure 5.56. Without any oxidants, the TMP/TMP, of the raw water increased
dramatically. With 1 mg/L chlorine, the TMP/TMP, remained unchanged as compared
with raw water filtration. When the chlorine concentration was increased to 2 mg/L,
no obvious reduction of TMP/TMP, was observed. With additional dosage of coag-
ulant, the reduction of TMP/TMP, was remarkable, e.g. with 1 mg/L chlorine and
10 mg/L aluminum sulfate, the TMP/TMP, arrived to 1.4 at the end of the filtration,
with a 36% reduction rate, and with a higher coagulant concentration of 30 mg/L,
TMP/TMP,, rose to a lower value of 1.2.

With 0.5 mg/L potassium permanganate, the TMP/TMP, reached 1.33 at the end of
filtration, but it rose to a higher value of 1.9 with a higher dosage of 1 mg/L potassium
permanganate. With additional dosage of aluminum sulfate, the TMP/TMP, dropped
at the end of the filtration no matter a higher or lower concentration of potassium per-
manganate was added, suggesting that the pretreatment of potassium permanganate
could be enhanced with the coagulation.

The effect of ozone on TMP/TMP, reduction was also examined. With 1 mg/L
zone, the TMP/TMP, arrived to 1.72 at the end of the filtration. With additional dosage
of 10 mg/L aluminum sulfate, the TMP/TMP, reached 1.28, however, it remained
unchanged when the coagulant concentration increased to 30 mg/L.

Thus the effect of pre-oxidation on membrane fouling control depends on the
types of the oxidants and also on the dosages.
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Figure 5.56: The effect of different oxidants pretreatment on TMP reduction.

2 The effect of pre-oxidation by different oxidants on organics removal

The organics removal efficiency by sodium hypochlorite oxidation and membrane fil-
tration were examined and the results are shown in Figure 5.57. With direct membrane
filtration, the TOC and UV, had removal efficiencies of 52% and 35.5%, respectively.
With 1 mg/L chlorine, the TOC removal efficiency was only 24%, while it dropped to
17% when the chlorine concentration increased to 2 mg/L. With the combination of
1 mg/L chlorine and 10 mg/L aluminum sulfate, the organics removal efficiency could
be greatly increased.

Figure 5.58 showed that the potassium permanganate oxidation had a higher organic
removal efficiency as compared with the chlorine oxidation. In addition, it was found
that with the increasing dosage, the removal efficiency was also enhanced. However,
with additional coagulation, the organic removal efficiency increased only slightly.

Figure 5.59 demonstrated that the pre-ozonation had the highest organics removal
efficiency among the three oxidants. However, with the combination of coagulation,
the organic removal efficiency increased very slightly.

3 The influence of pre-oxidation by different oxidants on organic MW distribution

As shown in Figure 5.60, in the MW distribution with TOC detection, there were two
response peaks, i.e. one peak reflected large organics with the MW region in 10,000—
100,000 with weak response, and the other reflected small organics with MW region
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Figure 5.57: The effect of combination of sodium hypochlorite pre-oxidation and coagulation on
organics removal.

around 1,000 with strong response. With chlorine oxidation, the response peak for
large organics reduced slightly, while it dropped further when the dosage increased.
However, the chlorine oxidation had almost no effect on the removal of the small
organics. With the additional coagulation, the response peak for the large molecules
were further reduced as compared with the chlorination only.

Figure 5.61 showed that with 0.5 mg/L potassium permanganate, the response
peak for the large organics reduced significantly. When the concentration increased
to 1 mg/L, the response peak for the large organics remained the same, while the
one for the small organics dropped significantly. With the combination of potassium
permanganate oxidation and coagulation, the removal efficiencies for both large and
small organics were enhanced.

Ozonation could effectively oxidize the large organics but it had very limited effect
for the small organics, as shown in Figure 5.62. As compared with the chlorination
and potassium permanganate oxidation, the ozonation had better removal efficien-
cies for the large organics. With the combination of ozonation and coagulation, the
removal efficiencies for both the large and small organics remained nearly the same.
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Figure 5.58: The effect of combination of potassium permanganate pre-oxidation and coagulation on
organics removal.

It was reported that the large MW organics could be oxidized to small organics by oxi-
dants and they can also be removed by the coagulation effectively. Here the Huangpu
River feed water was treated with the combination of pre-oxidation and coagulation,
with the result shown in Figure 5.63. The three oxidants could effectively oxidize the
large organics, and the ozone exhibited the best performance, which may be due to its
strongest oxidation ability. In the combination of pre-oxidation and coagulation, the
combined ozonation and coagulation showed very slightly improvement on the large
organic removal, while the other two combinations exhibited much higher removal
efficiencies for large MW organics. This may be due to that the coagulation could
further remove the rest large organics.

There were three regions for the MW of the organics in the feed water, i.e. large MW
zone (with MW greater than 10,000), medium MW zone (with MW between 1,000 and
10,000) and small MW zone (with MW smaller than 1,000). The relationship between
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Figure 5.59: The effect of combination of pre-ozonation and coagulation on organics removal.

the organics concentration with the three MW regions and the TMP was investigated,
with the result shown in Figure 5.64. It can be found that the TMP was closely cor-
related to large MW organics concentration and poorly to small and medium ones,
indicating that large organics induced severer membrane fouling, while small and
medium organics caused less membrane fouling.

5.5 Summary

Coagulation could effectively remove large-MW substances, and partially remove low
and medium MW organic compounds. After coagulation, the residual organic matters
are mainly HPO and N-HPI fractions. Large MW organics are key reversible fouling
contributors, while N-HPI and strong HPO fractions with low and medium MW are
primary cause of irreversible fouling.
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organic MW distribution.
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Figure 5.61: The influence of combination of potassium permanganate pre-oxidation
and coagulation on organic MW distribution.
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Figure 5.62: The influence of combination of pre-ozonation and coagulation on organic MW distribution.
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Figure 5.63: The effect of the combination of oxidation and coagulation of large MW organics.
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Figure 5.64: The relationship between organics concentration with different MW and TMP.

Both PAC and resin adsorption can alleviate membrane fouling mainly due to
the enhanced removal of small and medium MW substances. However, the remaining
NOM fractions, e.g. biopolymers, still lead to severe membrane fouling. Therefore, the
PAC or resin adsorption alone is limited in membrane fouling control. The integrated
coagulation and adsorption pretreatment may be a promising technology to effec-
tively reduce membrane fouling for surface water treatment.

The pre-oxidation of ozone, chlorine and potassium permanganate can be used
to control membrane fouling, of which ozone has the best oxidation ability, followed
by potassium permanganate and chlorine. The membrane fouling depends on the
concentration of large MW organics, while the removal efficiency of the latter in the
pre-oxidation process is greatly related to the oxidation abilities of the oxidants. Thus
the combination of oxidation and coagulation could further reduce the membrane
fouling. And better membrane fouling reduction is achieved in the combination
process where oxidants with weaker oxidation ability are used.
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Chapter 6
Nanofiltration in Water Treatment

6.1 Working principle of nanofiltration
6.1.1 Concept of nanofiltration

Nanofiltration is a new type of pressure-driven membrane separation technology
between the ultrafiltration and reverse osmosis developed in the mid-1980s [1-4].
It was called the low pressure loose reverse osmosis. As it has a smaller molecular
weight cut-off than ultrafiltration, larger transmittance than reverse osmosis and low
operating pressure, it has been developed rapidly in the past decade. In nanofiltra-
tion, the water flux is proportional to the operating pressure, while the permeability of
the inorganic micromolecules is almost independent on the pressure, thus as long as
the operating pressure is properly controlled, both the toxic and harmful substances
in the feed can be removed. Since some of the trace elements with micromolecules
can be retained by nanofiltration, the permeate quality target of maximum removal of
toxic and harmful substances and retaining of trace elements and minerals beneficial
to human health in the feed can be achieved [5].

6.1.2 Classification and characteristics of nanofiltration

Nanofiltration membranes can be divided into two categories, traditional softening
nanofiltration membranes and high-yield water-charged nanofiltration membranes.
The former ones are originally intended for water softening rather than organics
removal. They have over 90% removal of conductivity, alkalinity and calcium and
have molecular weight cut-offs between 200 and 300 Da, which allows them to remove
more than 90% of TOC. The latter nanofiltration membranes are specifically for organ-
ics removal rather than water softening (only 5-50% for inorganic removal). These
membranes are made of materials resistant to organic pollutants (such as sulfonated
polyether oxime). They have negatively charged surface and at the same time have a
higher water yield than conventional membranes [6].
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Nanofiltration membranes have pore size of nanometers and multi-charged
surface, thus they have the following characteristics [5, 7]: (1) They are suitable for
separating dissolved components with a relative molecular weight between 200 and
1,000 and a size of around 1 nm. Therefore, they can be used for the separation of
organic substances with different relative molecular weights; (2) the inter-membrane
osmotic pressure difference required for separation is low, generally 0.5-2.0 MPa,
which is lower than the pressure difference required to achieve the same permeate
flux with RO of 0.5-3.0 MPa; (3) Due to the fact that the nanofiltration membranes
often carry a charge group, the Donnan effect existing on ions of different valence
states by electrostatic action, they have ion selectivity and are able to separate ions
with different valence [8].

6.1.3 Separation mechanism of nanofiltration

It is general that the mass transfer mechanism of nanofiltration is dissolution-
diffusion. The separation behavior of inorganic salts is affected not only by chemi-
cal potential gradient but also electric potential gradient. Currently there are various
separation models for NF membranes, including thermodynamic irreversible models,
charge models, electrostatic repulsion and steric hindrance models [9].

6.1.3.1 Thermodynamic irreversible model

As the same as microfiltration, ultrafiltration, and reverse osmosis separation pro-
cesses, the pressure difference of NF membrane separation is the driving force. The
flux can be characterized by the phenomenological equation established by the
non-equilibrium thermodynamic model:

]v = Lp(AP - 5Aﬂ) (61)
Js= (1 - 6)Cs]v +KpAC (62)

where

J; — solvent migration flux;

J, — solute migration flux;

L, - hydraulic permeability coefficient of membranes;

AP - trans-membrane pressure;

6 — retention coefficient of solute;

Amr — osmotic pressure difference between both sides of membrane;
C, — solute concentration in membranes;

K, - solute permeability coefficient;
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6.1.3.2 Charge model

According to different assumptions about the distribution of charge and potential in
the membrane, the charge model is divided into the space charge model and the fixed-
charge model. The space charge model was first proposed by Gross and Osterle [10],
which assumes that the membrane consists of micropores with uniform pore sizes
and uniform charge distribution on the wall. The ion concentration and electric field
potential distribution, ion transport and fluid flow in the micropores are determined
by Poisson-Boltzmann equation, Nernst-Plank equation and Navier-Stokes Stokes
equations etc., respectively. The fixed charge mode was first proposed by Teorell,
Meyer, Sievers, etc., thus it is also called the TMS model [11-13]. This model assumes
that the membrane phase is a gel layer and the microporous structure of the mem-
brane is ignored; the ion concentration and potential are evenly distributed in any
direction in the membrane; there is only certain distribution of potential and ion con-
centration in the vertical direction of the membrane due to the Donnan effect and ion
migration.

6.1.3.3 Electrostatic repulsion and steric hindrance model

Later, Wang et al. established an electro-static and steric-hindrance model, which is
referred to as an electrostatic steric hindrance model [14]. The model assumes that
the membrane separation layer consists of micropores with uniform pore size and
uniform surface charge distribution; the structural parameters of membranes include
pore size, porosity, membrane separation layer thickness and bulk charge density.
According to the above parameters, for known separation systems, the electrostatic
steric hindrance model can be used to predict the separation characteristics of various
solutes through the membrane. The electrostatic steric hindrance model includes the
steric effect of the membrane pores on the size of the neutral solute described in the
pore model, and also the electrostatic repulsion of the charged characteristics of
the membrane described in the solid charge, so the model can be used to describe the
separation mechanism of the NF membrane.

6.2 Application of nanofiltration technology

in micro-polluted water treatment
The characteristics of nanofiltration technology determine its unique role in drink-
ing water treatment, mainly in the removal of various harmful and toxic organic sub-

stances and inorganic salts, colloids, bacteria and pathogens, and also various trace
organic substances, especially those toxic, mutagenic, carcinogenic contaminants.
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According to the charge effect, nanofiltration can reduce the hardness in the feed
and remove inorganic pollutants such as nitrate, arsenic, fluoride and heavy metals
which are harmful to human body in drinking water source [15-17]. According to
the screening effect, nanofiltration can effectively remove trichloromethane and its
intermediate products, environmental hormones, and natural organic matters [18,
19]. Nanofiltration technology has the advantages of high separation efficiency, easy
control, simple process, flexible operation, low removal of inorganic substances,
light scale and fouling, high permeate flux, and no mineralization for the product
in the treatment of micro-polluted drinking water source [8, 20]. When NF tech-
nology is used to obtain high-quality drinking water from a water source with low
salt content, a safe and stable effluent with high quality can be anticipated with
less dosage of disinfectants such as chlorine. When nanofiltration is used to treat
micro-polluted water source, it can not only effectively remove harmful substances
such as inorganic and organic pollutants in the feed, but also meet the requirements
for the removal of toxic, mutagenic and carcinogenic organic substances in the
drinking water. In addition, it has a low removal for minerals such as Ca?*, NaCl,
to remain some of the minerals needed by the human body. Thus nanofiltration is
an effective method for treating micro-polluted water and producing high-quality
drinking water, and has broad application prospects in the advanced drinking water
treatment [21].

6.3 Factors affecting the removal of PPCPs
by nanofiltration

It is general that the separation of trace organic substances (such as PPCPs, endocrine
disruptors, insecticides, etc.) by nanofiltration is mainly through particle size exclu-
sion and electrostatic repulsion. When the organic matter is neutrally charged, the
separation mechanism is mainly sieving filtration or particle size exclusion; however,
when the organic matter is negatively charged, since most nanofiltration membranes
are charged, the separation mechanism is mainly steric hindrance effect and electro-
static repulsion [22, 23].

6.3.1 Structural characteristic of nanofiltration membranes
and organic molecules

The parameters characterizing the structural characteristics of nanofiltration mem-
branes include molecular weight cut-off (MWCO), salt rejection and porosity. In
general, for a neutral organic molecule, if its relative molecular weight (MW) is greater
than the relative MWCO of the membrane, the nanofiltration has a high rejection.
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However, some studies have found that MW cannot be used accurately to predict the
removal efficiency of organic matter by membrane [24]. Since the steric hindrance
effect is one of the important mechanisms for organic matter removal by membranes
[25], the particle size and spatial structure and the membrane pore size of polymers
can more accurately reflect the interception effect of nanofiltration on organic matter
rather than MWCO, MW or salt rejection [26]. Berg et al. suggests that molecular struc-
ture, such as the number of methyl groups, is an important parameter to predict the
effect of membranes on the removal of neutral organic matter [27]. They also found
that the more methyl groups with neutral compounds, the higher removal rate by the
membrane. Kiso et al. showed that when the main removal mechanism of organic
matter by membrane is steric hindrance, the molecular width (MWd) is more accurate
than the relative molecular weight (MW) to predict the solute rejection [26].

6.3.2 Nanofiltration membrane and charge of organic matter

Electrostatic repulsion is an important mechanism for membrane to remove charged
materials. Most nanofiltration membranes are negatively charged to prevent adsorb-
ing a large amount of negatively charged colloids in the water during the actual
water treatment process and to avoid membrane clogging. At the same time, the
Donnan effect is used to separate ions with different valence states to improve the
selectivity and permeate flux of membranes. The negatively charged membrane is
typically made of a polymeric material containing a sulfonic acid group (-SO;H) or a
carboxyl group (-COOH) or a negatively charged group introduced on the polymers
[28-31].

Studies have found that changing the pH of a water body can change the
surface charge of membranes [7, 32]. Increasing the pH can remove protons from the
surface functional groups of the membranes, thereby increasing the electronegativ-
ity of the membrane surface. When the pH of the water is greater than the pKa of
the acid ionization equilibrium constant of the pharmaceuticals and personal care
products (PPCPs), the PPCPs are ionized and negatively charged, thereby generating
electrostatic repulsion on the surface of the negatively charged nanofiltration mem-
brane, resulting in the increased removal of the organic matter (i.e. the PPCPs) [32-34].
Nghiem et al. found that with the increase of pH, the removal rate of negatively
charged sulfamethoxazole and ibuprofen was increased by nanofiltration, while the
removal of the non-ionizing molecule carbamazepine (carhamazepine) was not sub-
stantially changed [33].

It is reported that the ionic strength of the solution (such as Ca?" concentra-
tion) has a great effect on the removal of PPCPs by nanofiltration. Boussahel et al.
found that the dosage of Ca®* in the solution neutralized the negative charge on the
surface of nanofiltration membranes, which weakened the repulsion between the
functional groups on the membrane surface, thereby reducing the membrane pore
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size and thus improving the removal of organic matter [35]. In summary, the chem-
ical properties in the feed (such as pH, ionic strength) can significantly affect the
removal of organic matter in nanofiltration.

6.3.3 Adsorption between nanofiltration membranes
and organic compounds (PPCPs)

The adsorption of hydrophobic micro-contaminants by nanofiltration membranes is
an important factor affecting the removal rate of organic matter [36]. Most nanofiltra-
tion membranes are hydrophobic, and their hydrophilicity or hydrophobicity can be
characterized by the contact angle. The larger the contact angle, the more hydropho-
bic compounds are adsorbed per unit area of the membrane than the nanofiltration
membrane with a smaller contact angle. The hydrophilicity or hydrophobicity of the
compound can be characterized by the octanol/water partition coefficient (Kow) [37].
Kiso found that the removal rate of most hydrophobic compounds by cellulose acetate
(CA) membrane increased with the increase of Kow value [38]. Studies have shown
that adsorption only has a positive effect on the removal of PPCPs in the initial stage
of filtration [19, 39, 40]. When the membrane reaches saturation, PPCPs adsorbed on
the membrane surface can dissolve and diffuse through the membrane, thus reducing
the removal rate from the initial stage.

6.3.4 Effect of natural organic matter in the feed
on the removal of PPCPs

There are two different opinions on the effect of NOM on the removal of trace organ-
ics such as PPCPs, EDCs or pesticides by nanofiltration [41, 42]. (1) NOM in the feed
improves the removal rate of trace organics, and its mechanism is that trace organic
substances are adsorbed on the organic matter in the feed solution to form macro-
molecules, which are removed by nanofiltration through the mechanical intercep-
tion or electrostatic interaction between NOM and the membrane. (2) The presence
of NOM reduces the removal of trace organics. Nghiem and Schéfer found that the
nanofiltration membranes or reverse osmosis membranes TFCSR2 (UF/NF), AGM-4
(NF), XN-40 (NF), TFC -SR1 (NF), X-20 (NF/RO), TS-80 (NF/RO), TFC-S (NF/RO) and
TFC-ULP (ULPRO) could remove up to 95% of cholesterol with pure water as solvent;
however, the removal rate was decreased when the cholesterol was added to the sec-
ondary effluent of the wastewater treatment plant or humic acid solution [43]. Moreo-
ver, the secondary effluent from the wastewater treatment plant has a greater impact
on its removal rate. Although the mechanism of the phenomenon is not clear enough,
studies have shown that feed quality and composition have a significant impact on
the removal of PPCPs [44].
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6.4 Experimental setup, materials and methodology
6.4.1 Experimental setup and materials

6.4.1.1 Polyamide composite membrane

NF270 and NF90 polyamide composite membranes produced by Dow in the United
States were used in the test. The specific parameters are shown in Table 6.1. A new
membrane was used in each test and the membrane was stored in Milli-Q ultrapure

water at 4 °C, and immersed for at least 48 h before use.

Table 6.1: Main characteristics of the nanofiltration membranes used in the test.

Type Salt rejection Pore size  Contact pH range Water flux (10~°
(2000 x 10° MgS0,)  (nm) angle()  (continuous running) L-M2.h*.Pa™?)

NF270 >97% 0.84 23.4 3-10 16.5+0.5

NF90 >97% 0.68 42.2 3-10 9+0.5

Note:

1bar=100,000 Pa

6.4.1.2 Experimental setup and operating conditions

A cross-flow nanofiltration was used in the test. The schematic diagram and the mem-
brane element are shown in Figure 6.1. The effective membrane area is 60 cm? A cen-
trifugal pump manufactured by IWAKI Co., Ltd., with model No. MGP-M256B220 was
in the setup. Both concentrate and effluent were returned to the feed tank during
the test.

A thermostat of Jinghong DKB-161 was used to control the water temperature in
the test.

The operating pressure is regulated by a valve, the inlet pressure is maintained at
0.4 MPa, and the recovery rate of the membrane unit is at about 1%, that is, the outlet
flow rate is 1% of the influent flow rate.

6.4.1.3 Chemicals in the test
In the test carbamazepine (CBZ) was purchased from Sigma-Aldrich with 99% purity.

Methanol of mobile phase in HPLC is from Sigma. Milli-Q ultrapure water and Milli-Q
deionized water were used in the test. Other agents are of analytical grade.
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Figure 6.1: Nanofiltration membrane experimental device schematic diagram.

6.4.1.4 Methodology and preparation of sample

1 Methodology

A new membrane was used for each test. A Milli-Q deionized water filtration for about
2 h was conducted to obtain a stable flux, which was recorded as J,. And thena 5L
of CBZ sample was filtered. The filtration duration was 5.5 h, and the sampling was
performed 9 times or more, and the sampling flux ] was recorded every time.

2 Preparation of CBZ stock solution and background water sample

A small amount of CBZ was first dissolved with methanol, then diluted with ultrapure

water to make a high concentration stock solution. It was diluted at the required con-

centration when needed in the test.

a. Preparation of CBZ stock solution. 100 mg of CBZ was obtained and dissolved
with a small amount of methanol, then to make a 1 L solution with ultrapure
water for a 100 mg/L high concentration stock solution. It was stored in a refrig-
erator at 4 °C.

b. Preparation of background water samples. Since the deionized water does not
contain ions, in order to make the water sample similar to that from natural water
body, a 20 mmol/L NaCl and a 1 mmol/L buffer solution of NaHCO; was added in
the sample. Since the water body is usually weakly alkaline, a pH of 8 was main-
tained in all the experiments except those specifically noted.
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i  pH:1mmol/L NaHCO; and 20 mmol/L NaCl solution was added to Milli-Q deion-
ized water, and the pH of the solution was adjusted to the required value with
1 mol/L NaOH or 1 mol/L HCI.

ii  Ionic strength: 1 mmol/L NaHCO; and 20 mmol/L NaCl solution was added to Milli-Q
deionized water, and the pH of the solution was adjusted to be 8. Different mass of
CaCl, were obtained to dissolve in the above solution to make water samples with
CaCl, concentrations of 5 mmol/L, 10 mmol/L, and 20 mmol/L, respectively.

iii Humic acid (HA): A certain amount of powdered humic acid was obtained and
dissolved in 5 mol/L NaOH to make a 1 L solution with ultrapure water. The pH
was then adjusted to be 7 with 3 mol/L HCI. After that, the solution was filtrated
with 0.45 pm microfiltration membrane. And the DOC of the solution was meas-
ured with Shimadzu TOC-Vpy. The HA solution was stored in a brown bottle at
4 °C and diluted to the desired DOC concentration in the test.

iv  Sodium alginate (SA): A certain amount of powdered sodium alginate was
obtained to make a 1 L solution with ultrapure water. It was stirred with a mag-
netic stirrer at 40 °C for more than 24 h to make the SA completely dissolved. After
that, the solution was filtrated with 0.45 pm microfiltration membrane. And the
DOC of the SA solution was measured with Shimadzu TOC-Vepy. It was diluted to
the desired DOC concentration in the test.

v Tannic acid (TA): A certain amount of powdered tannic acid was obtained to make a
1L solution with ultrapure water. It was stirred with a magnetic stirrer for more than
24 h to make the TA completely dissolved. After that, the solution was filtrated with
0.45 pm microfiltration membrane. And the DOC of the TA solution was measured
with Shimadzu TOC-V¢py. It was diluted to the desired DOC concentration in the test.

6.4.2 Methods
6.4.2.1 Detection method of carbamazepine (CBZ)

The CBZ was detected in this study through a high performance liquid chromatograph
(Agilent 1200 Series HPLC). In the test, the external standard working curve method is
adopted, that is, a series of different concentrations of CBZ standard solutions are first
prepared by using the pure component of the sample, then the accurate injection is
performed, after that the peak area is measured, thus the working curve is drawn, and
the regression equation is obtained. The CBZ content in the sample solution using the
working curve or the regression equation is calculated. The regression equation is
expressed as, component concentration =b x peak area of the component + a, where,
a and b are parameters to be determined.

Since the concentration of CBZ in the water sample is at trace level, the method
for separating this trace component should require the sample to be injected directly,
to avoid baseline fluctuations and changes in retention values, thus isocratic sepa-
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ration methods are usually used. The sensitivity of isocratic separation methods is
generally higher, due to the better detection baseline, simple equipment requirement,
and shorter analysis time.

Firstly, the full-wavelength scanning of 10 mg/L CBZ solution was carried out by
ultraviolet spectrophotometer. It was found that CBZ had strong absorption at wave-
lengths of 210 nm and 285 nm. Considering that the measurement near 210 nm is
easily interfered by the peak of the solvent of methanol, 285 nm was chosen as the
detection wavelength.

The chromatographic conditions for CBZ determination are listed below.

— Liquid phase chromatograph column: Zorbax Eclipse Plus C18 (Agilent);
—  Detector: UV detector (VWD) at 285 nm;

— Mobile phase: methanol and ultrapure water (55:45);

—  Flow rate: 1.0 mL/min;

— Analysis time: 8 min;

—  Column temperature: 35 °C;

— Injection volume: 50 pL;

— The chromatographic analysis of CBZ is shown in Figure 6.2.
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Figure 6.2: High performance liquid chromatogram of CBZ.

According to the external standard method, the concentration regression equation
and detection limit of CBZ are shown in Table 6.2.

Table 6.2: Concentration regression equation and detection limit of CBZ.

Linear range/ Regression equation  Correlation  Limit of detection Limit of quantity

(ug-LY coefficient ~ (LOD) (S/N=3)/ (LOQ) (S/N=10)/
(g LY (ug L)

1-100 y=1.45272x 107x 0.9996 1 3

100-500 y=1.45389x 107'x 1.0000

Taking tap water as the test object, the determination of the spiked recovery rate and
the precision (based on the relative standard deviation RSD) are calculated. The test
results are shown in Table 6.3.
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Table 6.3: Recovery and precision (n=3).

Level Recovery (%) RSD (%)
10 98.30 1.82
50 97.92 1.43

100 99.23 0.66

It can be seen from Table 6.3 that the recoveries are higher than 97.92% and the
relative standard deviations are less than 1.82% (generally less than 2%).

Three samples of CBZ standard solutions with three mass concentration levels
were taken and stored at 4 °C. The stability investigation was carried out on the day
of preparation, 7 day and 15" day respectively. The results are shown in Table 6.4.

Table 6.4: Stability (n =3).

Mass concentration  Average mass RSD (%)
level (ug-L™) concentration (pg-L™)
10 9.73 1.37
50 48.99 1.24
100 99.97 1.01

It can be seen from Table 6.4 that the relative standard deviation of the three measure-
ments of each sample is less than 1.37%, indicating that this preservation method is
feasible for the sample to be stored for 15 days.

6.4.2.2 Determination of ozone mass concentration

The principle to determine the concentration of ozone in the liquid phase was based
on the determination of ozone in the ambient, which was the determination of liquid
phase ozone concentration according to the sodium indigo disulphonate spectropho-
tometry method (GB/T 15437-1995), and it was then simplified according to the spe-
cific experimental conditions.

1 Calibration of standard solutions and preparation of experiment solutions
Due to the significant difference in the purity of commercial ruthenium potassium,
calibration is required.

Preparation of erythro-potassium stock solution

0.50 g of eosin potassium is obtained, dissolved in 20 mL of H;PO, (20 mmol/L),
diluted to 1 L with H;PO, (20 mmol/L), and stored in the dark with low temperature.
The solution can generally be stored for 3 months. After the absorbance of the solu-
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tion drops to 80% of the original value, the buffer solution should be reconstituted.
The reconstitution of the buffer solution is to dissolve 28 g of NaH,P04 and 35 g of
H;PO, in distilled water to make 1 L solution.

2 Drawing of the standard curve

According to the calibration result, the potassium sulphate solution is diluted into a
standard solution equivalent to 1.00 pg of ozone per mL, and such solution is stable
in the dark at room temperature for one week.

The solutions with certain concentration gradient were prepared by using the
standard solution, and the relationship between the absorbance of the water samples
at a wavelength of 610 nm and the ozone concentration was measured and plotted as
a standard curve to obtain the relationship between the absorbance x (cm™) and the
ozone mass concentration y (mg/L). The linear relationship is y = 0.0038/x.

3 Determination of ozone mass concentration

Two 100 mL of flasks were obtained and 10 mL of buffer solution and 15 mL of blush
potassium standard solution were added. One of them is used as a blank control with
ultrapure water, and the other is added with 1 mL of water sample. Both flasks were
diluted to the specified volume with ultrapure water. The absorbance of the two solu-
tions was measured at a wavelength of 610 nm, and then the mass concentration of
ozone in the water sample was determined based on the difference in absorbance.

4 Materials and experimental setup

The ozone generator is produced by CONT with the model No. KT-OZ3 G. The oxygen
flow rate was adjusted with a gas flow meter and was fixed at 0.6 mL/min. A three-way
glass tube and a 1.5 L milled conical flask are used as an ozone reaction device, and
an aeration head is disposed in the conical flask for the purpose to uniformly dissolve
the ozone. The exhaust gas was absorbed by KI solution. The concentration of ozone
in the solution is measured, and the nitrogen is removed by high-purity nitrogen to
terminate the ozone reaction immediately after the end of ozone injection.

6.5 Effect of different operating conditions
on removal of CBZ by nanofiltration

Nanofiltration (NF) has been developed rapidly in the past decade due to its smaller
pore size than ultrafiltration, higher transmission than reverse osmosis and relatively
low operating pressure. The molecular mass of most micro-pollutants, including
PPCPs, is between 200 and 300 Da, while the nanofiltration membrane has a molecu-
lar weight cut-off comparable to this range. Therefore, the nanofiltration is considered
as a viable process to remove these organic micro-contaminants. At present, many
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studies have been carried out on the removal of PPCPs by nanofiltration and it can
be found that the properties of nanofiltration membranes (relative molecular weight,
porosity, hydrophilicity/hydrophobicity, charge, surface morphology, etc.) and the
nature of PPCPs (relative molecular weight, molecular size and structure, polarity,
acid dissociation constant, hydrophilicity/hydrophobicity, diffusion coefficient, etc.),
as well as the chemical characteristics and composition of the solution are important
factors affecting the removal rate of PPCPs by nanofiltration [45-48]. In this section,
the removal of CBZ by two nanofiltration membranes, one with a larger pore size and
the other with a smaller pore size, was first studied. The mechanism of the removal
was then obtained based on the experimental results. The effects of the operating
conditions on the removal of CBZ by nanofiltration, such as pH, ionic strength, initial
concentration of liquid, and temperature were also investigated, which provide useful
information for the subsequent study of the effect of dissolved organic matter (DOM)
on the removal of CBZ by nanofiltration.

6.5.1 Test parameters

In this test the change of removal rate R (%) and membrane permeate flux J (L/
(m?-h)) on CBZ by nanofiltration under different conditions were investigated. The
above parameters can be calculated from Egs. (6.3) and (6.4), respectively. To describe
the trend of the flux, the ratio of flux J over the pure water flux J, was used in the
experiments.

C —
R(%) = %100% (6.3)
Cr
]= E (6.4)
TS

where

C, — mass concentration of CBZ in permeate, pg/L;

C; — mass concentration of CBZ in the feed solution, pg/L;
Q - volume of permeate, L;

A — effective membrane area, m?%

T - time, h.

6.5.2 Effect of pore sizes of nanofiltration on the removal of CBZ
In this test, a CBZ solution with an initial mass concentration of about 100 pg/L was

prepared in a background electrolyte (20 mmol/L NaCl and 1 mmol/L NaHCO;, with
similar methods adopted in the following sections. The pH is adjusted to about 8.0
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and the temperature is controlled at 25+1 °C. The test was carried out with both
“loose” NF270 (with larger pore size) and “tight” NF9O (with smaller pore size) mem-
brane. The test results are shown in Figures 6.3 and 6.4.
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Figure 6.3: Removal of CBZ by NF270 and NF90 membranes.
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Figure 6.4: Flux changes by NF270 and NF90 membranes.

It can be seen from Figure 6.3 that as the filtration proceeds, the concentration of
CBZ in the influent decreases gradually, which indicates that the two nanofiltration
membranes can retain some CBZ. The octanol/water partition coefficient of CBZ
is 2.45 (less than 2.7), thus CBZ is a weakly hydrophobic substance. Although both
NF270 and NF90 are hydrophilic membranes, the latter has a larger contact angle
than the former, so NF90 is slightly less hydrophilic than NF270. The influent mass
concentration of NF270 decreased by 5.5% and NF90 by 7.4%, thus the adsorption of
CBZ by NF90 is greater than that by NF270. Previous literature also pointed out that
the hydrophobic NF membrane is more favorable for the adsorption of hydrophobic
organic matter [49-51], which is consistent with the results from this study. When the
filtration is stable, the removal rate of CBZ by NF270 and NF90 is about 56% and 92%,
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respectively, and the latter is superior than the former in the removal of CBZ, which
can be explained by the smaller pore diameter of NFOO than NF270. It can be also seen
that, the removal mechanism of CBZ by NF membrane is mainly physical sieving.

As can be seen from Figure 6.4, the flux of NF90 is significantly lower than that of
NF270. Since the membrane pore size of NF90 is smaller than NF270, a larger filtration
resistance of NF270 is generated, resulting in lower flux. Since the removal rate of CBZ
by NF90 has reached more than 90%, the improvement for the removal is limited.
Thus, in order to better characterize the change of removal rate, NF270 is used in
subsequent experiments.

6.5.3 Effect of initial pH on removal of CBZ by nanofiltration

A CBZ solution with an initial mass concentration of about 100 pg/L was prepared in
the background electrolyte, with the temperature at 25+1 °C, and the pH at 3.5, 5.0,
7.0, 8.0, and 9.5. The filtration results are shown in Figure 6.5.
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Figure 6.5: The influence of pH on flux and CBZ removal.

It can be seen from Figure 6.5 that the membrane flux shows different trends under
different pH conditions. Under acidic conditions, the flux decreased significantly;
at neutral conditions, the flux did not change; the flux increased under alkaline
conditions.

At lower pH, the polar functional groups of the membrane are sheltered, result-
ing in a weakening repulsive interaction between the functional groups, and shrink-
age of the pores of the membrane, which increases filtration resistance and leads
to a decrease in flux; at higher pH, the repulsive interaction between the functional
groups is enhanced, resulting in expansion of the pores of the membrane, reducing
membrane resistance, thereby promoting an increase in flux [52]. As the pH decreases,
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the removal rate of CBZ increases significantly. This is due to that the decrease in pH
causes the pores of the membrane to shrink, the sieving effect is enhanced, and the
removal rate is increased.

6.5.4 Effect of initial mass concentration on removal
of CBZ from nanofiltration membrane

Different volumes of CBZ stock solution were added to the background electrolyte to
make the mass concentrations of 50, 100, 300, 500 pg/L. The solutions were stored at
the temperature of 25 +1 °C, and the pH was adjusted to 8.0. The filtration results are
shown in Figure 6.6.

It can be seen from Figure 6.6 that when the initial mass concentration of CBZ is
50-500 pg/L, the flux remains nearly constant, which indicates that the trace amount
of CBZ in the feed has little effect on the flux of the nanofiltration membrane. When
the initial mass concentration of CBZ was 50-500 pg/L, the removal rate of CBZ was
55-62%, and there was no significant change. This is consistent with the results of
Schafer et al. [53] and Zhang et al. [54] using membrane filtration to remove endocrine
disruptors (EDCs). This phenomenon can be due to that the partition coefficient of the
target contaminant between the bulk solution and the membrane is constant, so the
initial mass concentration has no significant effect on the removal of target contam-
inants.
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Figure 6.6: Effect of initial mass concentrations on membrane flux and CBZ removal.
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6.5.5 Effect of ionic strength on removal of CBZ by nanofiltration

The effect of different ionic strengths on the removal of CBZ by nanofiltration was
investigated through adding calcium chloride to produce hardness of water. Three
water samples with calcium ion concentrations of 5, 10 and 15 mmol/L were prepared.
The initial mass concentration of CBZ is about 100 pg/L, the temperature is at 25 +1°C,
and the pH is adjusted to 8.0. The result is shown in Figure 6.7.
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Figure 6.7: Effect of ionic strength on membrane flux and CBZ removal.

It can be seen from Figure 6.7 that as the concentration of calcium ions increases,
the flux decreases significantly. This is due to the fact that divalent cations such as
calcium ions can compress the thickness of the electric double layer, and then neu-
tralize or weaken the negative charge on the surface of the membrane, thus the mutual
repulsion on the functional groups on the surface of the membrane is weakened, and
the permeate flux is reduced. The removal rate of CBZ increased significantly with the
increase of calcium ion concentration. This is consistent with the results from Bous-
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sahel et al. [35] and Koyuncu et al. [55]. The pore size of the membrane is reduced, the
retention effect of the nanofiltration membrane on CBZ is enhanced, and the removal
rate is improved. Many studies indicate that changes in ionic strength have a greater
impact on membranes with larger pore sizes [23, 56].

6.5.6 Effect of temperature on removal of CBZ by nanofiltration

The influent temperatures were adjusted to 12, 17, 25, and 35 °C, respectively, to inves-
tigate the effect of temperature on the removal of CBZ by nanofiltration. The initial
mass concentration of CBZ was about 100 pg/L in the background electrolyte, and the
pH was adjusted to 8.0. The test results are shown in Figure 6.8.
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Figure 6.8: Effect of temperature on membrane flux and CBZ removal.

It can be clearly seen from Figure 6.8 that the higher the influent temperature, the
larger the membrane flux. This is due to the difference in viscosity at different tem-
peratures. At higher temperature, the viscosity of water is smaller, thus the filtration
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resistance reduces and the flux increases. The change in temperature also signifi-
cantly affects the removal of CBZ. When the water temperature is 35 °C, the removal
rate is only 38%; when the water temperature is lowered to 25 °C, the removal rate
is increased to 56%; when the water temperature is lowered to 17 °C, the removal
rate is further increased to 68%; however, when the temperature is further reduced,
the removal rate doesn’t change any more. The reason for the change is due to
thermal expansion and contraction that the pores of the membrane change slightly
with changes in water temperature. Since the membrane pore size of NF270 is about
0.84 nm, the retained relative molecular weight is 385+ 13 Da, which is close to the
particle size of CBZ. Therefore, a slight variation in the pores of the membrane causes
a significant change in the removal of CBZ. The decrease in water temperature causes
the pore size of the membrane to shrink, resulting in an increase in the sieving effect,
thereby improving the removal of CBZ.

6.6 Effect of dissolved organic matter on removal
of CBZ from nanofiltration membrane

CBZ has been widely detected in groundwater, surface water and drinking water
source. The water body contains many different kinds of organic matter. Therefore,
it is necessary to study the effect of organic matter on the removal of CBZ by nano-
filtration.

Natural organic matter (NOM) is an intermediate product produced during the
natural circulation of plants and animals. Their molecular weight distribution is
very wide, as small as 1,000 Da or up to several hundred thousand Da. The dis-
solved organic matter (DOM) refers to organic matter that can be dissolved in water,
acid or alkali solution. It is an important organic component with active physico-
chemical properties and is the main object for advanced water treatment process.
A large number of studies have shown that NOM has a certain influence on the
removal of micro-polluted organic matter such as PPCPs in membrane filtration [57,
58]. In this section, humic acid (HA), sodium alginate (SA) and tannic acid (TA) were
used as representatives of DOM to investigate the effect of NOM on CBZ removal by
nanofiltration.

6.6.1 Effect of humic acid on removal of CBZ by nanofiltration

Humic acid is formed by the biological, abiotic degradation and polymerization of
animal and plant residues. It is widely found in nature, especially in soil, seawater
and terrestrial surface water and shallow groundwater. It is the main component of
natural organic matter, accounting for 50-90% of the total organic matter in NOM.
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HA is mainly composed of C, H, O, N, a small amount of S, P and other elements. It is
an aromatic polymer with a polyvalent hydrazine and a polyphenol. In HA, the aro-
matic core has carboxyl, phenolic, hydroxyl, sugar, peptide and other components,
and the cores are connected by various bridge bonds (-O-, -CH2-, = CH-, -NH-, -S-)
[59]. In addition to a large number of benzene rings, there are a large number of func-
tional groups, such as -OH, -COOH, > O, -PO;H,, -NH,, -CH;, -SO;H, -OCHj;, etc. The
relative molecular weight distribution of HA ranges from several hundred to several
tens of thousand. The molecular structure is different dependent on its location and
other environmental conditions. HA has unique physical and chemical properties,
mainly in [59]: (1) colloidal properties, i.e. the hydrogen in its main functional groups,
such as — COOH, -OH can be released to be negatively charged. HA has a large surface
area, high viscosity and strong adsorption capacity. (2) It is obviously acidic. Its
acidity depends on the concentration of hydrogen ions that can be released, which is
determined by the hydroxyl and phenol in humic acid. HA is hardly soluble in water
under neutral or acidic conditions, it is a hydrophobic substance, and exhibits a soft
linear macromolecular structure; under alkaline conditions, HA is soluble in water
and exhibits a rigid crimped structure; when the solution is adjusted to neutral,
the dissolved HA would not precipitate. (3) It can be oxidized and decomposed by
oxidants.

The HA stock solution was diluted with deionized water to produce water samples
with DOC mass concentrations of 1.77, 4.25, and 9.68 mg/L (based on TOC measure-
ment). The initial mass concentration of CBZ was about 100 pg/L, with the background
electrolyte containing 20 mmol/L NaCl and 1 mmol/L NaHCO;, the pH is adjusted to
about 8.0, and the temperature is controlled at 25+ 1 °C. The prepared water sample
was placed on a magnetic stirrer for a while to thoroughly mix the CBZ with the HA.

The effect of HA solution with different DOC concentrations on the removal of
CBZ by nanofiltration with the flux (J/J,) and removal rate (%) is shown in Figure 6.9.
The control test in the figure indicates no HA dosage. The other test conditions are
consistent with the test with HA, and the test conditions of SA and TA are the same,
and thus it is not described later.

As can be seen from Figure 6.9, the addition of HA did not have a significant
effect on the filtration flux compared to the control test without HA addition, and the
tests with different DOC mass concentrations did not exhibit significant differences.
Similar to the flux results, the removal rate of CBZ did not change regularly with the
addition of HA or the concentration of DOC added. The lowest removal rate was about
52% and the highest about 56%, in a similar range.
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Figure 6.9: Effect of HA on membrane flux and CBZ removal.

6.6.2 Effect of sodium alginate on removal of CBZ
by nanofiltration

Sodium alginate is a hydrophilic anionic polysaccharide material produced by seaweed
and bacteria. It is widely used in food, medicine, textile, printing and dyeing, paper-
making, daily chemicals and other products, as a thickener, emulsifier, stabilizer,
carrier, sizing agent, etc. SA[(NaC¢H,0q),] consists mainly of sodium salt of alginic
acid, and is based on a-L-mannuronic acid (M unit) and b-D-guluronic acid (G unit),
connected with 1,4-glycosidic bond and composed of different GGGMMM fragments.

SA is slightly soluble in water and insoluble in most organic solvents. It is soluble
in alkaline solutions to make the solutions viscous. The sodium alginate powder
becomes wet with water, and the hydration of the particles makes the surface sticky.
The particles can be then quickly bonded together to form a mass which is slowly fully
hydrated and dissolved.

The prepared SA stock solution was diluted with deionized water to make a water
sample with a DOC concentration of 1.75, 4.40, 10.64 mg/L (measured by TOC ana-
lyzer), and the initial mass concentration of CBZ is about 100 pg/L. The background
electrolytes are 20 mmol/L NaCl and 1 mmol/L NaHCO; with the pH of about 8.0 and
the temperature of 25+1 °C. The prepared water sample was placed on a magnetic
stirrer for a while to thoroughly mix the CBZ with the SA.

The effect of different concentrations of SA solutions on the removal of CBZ by
nanofiltration with the flux (J/J,) and removal rate (%) is shown in Figure 6.10.

It can be seen from Figure 6.10 that the flux decreases significantly with the
increase of the concentration of SA. When the mass concentration of DOC is 10.64 mg/L,
the flux decreased 33% relative to the solution without SA. In addition, the flux
decreased slightly during the filtration, indicating that the membrane fouling was
caused by SA when the test continued. The removal rate of CBZ after SA addition was
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Figure 6.10: Effect of SA on membrane flux and CBZ removal.

significantly lower than that without SA, from 56% to 45%; however, when the mass
concentration of DOC varied from 1.75 to 10.64 mg/L, there was no direct impact on
the removal rate of CBZ.

6.6.3 Effect of tannic acid on removal of CBZ by nanofiltration

Tannic acid (TA), also known as citric acid in the pharmacopoeia, is a hydrolyzed
tannin, which is hydrolyzed to be orange acid and glucose. It is one of the earli-
est tannins studied. TA are throughout the nature and commonly in Chinese herbal
medicines (such as gallnuts, pomegranate peels, and cranes) and plant foods (such
as barley, sorghum, mung beans, fruits and vegetables such as onions, grapes, and
tea etc.).

TA is a yellow or light brown light non-crystalline powder or scales; it has a special
slightly odor and tastes extremely sturdy. It can be soluble in water and ethanol,
severely soluble in glycerin, and almost insoluble in ether, chloroform or benzene. Its
polyphenol light-based structure makes it a series of unique chemical and physiolog-
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ical activities, such as binding to proteins, alkaloids, and polysaccharides, which can
change its physicochemical properties and make complexation and electrostatically
interact with various metal ions. It is oxidative and has the ability to seize the free
radical, and also the activities for an amphiphilic structure and derivatizations [60].

The prepared TA stock solution was diluted with deionized water to make water
samples with DOC mass concentrations of 1.75, 4.15, and 7.73 mg/L (measured by TOC
analyzer). The initial mass concentration of CBZ is about 100 pg/L, and the back-
ground electrolytes are 20 mmol/L NaCl and 1 mmol/L NaHCO; wtih the pH of about
8.0, and the temperature of 25 +1 °C. The prepared water sample is placed on a mag-
netic stirrer and stirred until CBZ and TA are fully mixed.

The effect of different concentrations of TA solutions on the removal of CBZ by
nanofiltration with flux (J/],) and removal rate (%) is shown in Figure 6.11.
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Figure 6.11: Effect of TA on membrane flux and CBZ removal rate.
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From Figure 6.11, the flux is at a lower level from the beginning of the test, which
is 39% lower than the control test without TA, and decreases slightly as the filtration
continues, which shows that TA contaminates the membrane very quickly. The test
results also show that the TA concentration does not have a regular effect on the flux.
After the filtration is carried out for 2.5 h, the flux of the three conditions is almost
the same. With the addition of TA, the removal rate of CBZ was greatly improved com-
pared with the test without TA addition, rising from 56% to about 89%. As the concen-
tration of TA increased, the removal rates of CBZ were slightly increased, which were
84%, 87%, and 89%, respectively.

In order to analyze the test results obtained in the above three groups of exper-
iments, the comparison was conducted with the similar DOC concentrations of the
three organic compounds of HA, SA and TA (4.25, 4.4, 4.15 mg/L) with results summa-
rized in Table 6.5.

Table 6.5: Performance comparison with HA, SA and TA.

Parameters CBz CBZ+HA C(CBZ+SA (CBZ+TA
Removal rate (%) 56.1 56.8 43.8 88.1
Flux (J/Jo) 0.87 0.86 0.69 0.53

From Table 6.5, we can see that in terms of removal rate, SA<HA <TA, and in terms
of flux reduction, HA < SA < TA. In order to get the reason for these phenomena, the
relative molecular weight distribution and hydrophilicity of the three organic matters
were analyzed with the results shown in Figures 6.12 and 6.13, respectively.
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Figure 6.12: Relative molecular weight of HA/SA/TA.
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Figure 6.13: Hydrophilicity of HA/SA/TA.

It can be seen from Figure 6.12 that the organic matter with molecular weight
greater than 30 x 10° Da in HA and SA accounts for more than 90% of the total DOC,
indicating that both HA and SA used in this test consist of macromolecular organic
matter. The molecular weight of TA less than 1 kDa is accounting for 73.7%, so the
small organic matter in TA accounts for the majority. From this, it is speculated that
with the addition of TA, for the NF270 membrane used in the test, the phenomenon
that the flux decreased sharply from the beginning of the test and the removal rate
increased significantly was due to the small molecule organic matter. The nanofil-
tration membrane has a smaller pore size than the ultrafiltration membrane or the
microfiltration membrane, and the molecular weight of the retained molecules is
generally 200-1,000 Da, so the small molecular organic matter has a greater chance
of entering the pore of the membrane, adsorbing or clogging in the pore of the mem-
brane, reducing the effective number of membrane pores or pore size, resulting in the
increase in the resistance and decrease in the permeate flux. The study from Crozes
et al. also shows that small molecule organic matters, especially those with particle
size much smaller than membrane pore size, are major membrane fouling contribu-
tors [61]. Comerton et al. used the effluent from a membrane bioreactor, Lake Ontario
water and laboratory water to investigate the sieving effect of NF270 membrane
before and after contamination with organic matter [56]. It was found that MWCO
of NF270 membrane after MBR effluent and Lake Ontario water was from 385 +13 Da
to 222 + 46 Da and 348 + 28 Da, respectively, thus the screening effect could increase
significantly with the decrease of MWCO. For CBZ, the removal mechanism of NF270
membrane is mainly sieving. Therefore, after the NF270 membrane is contaminated
by TA, its MWCO becomes smaller, and the membrane has an enhanced retention
effect on CBZ, so the removal rate of CBZ is greatly improved. This is consistent with
the results from Plakas and Karabelas, who found that the removal rate of atrazine by
NF270 membrane increased by 20% to 29% after the addition of TA [62].
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From Figure 6.13, the strong hydrophobic substances in HA account for the
majority, up to 70%, the weakly hydrophobic materials account for 14.6%, and the
hydrophilic materials only account for 11.6%; in contrast, the neutral hydrophilic sub-
stances in SA account as high as 85.3%, while the strong hydrophobic substances
and weakly hydrophobic substances are only about 7%; the proportion of hydrophilic
organic matter and hydrophobic organic matter in TA is not much different.

Therefore, it is believed that SA and TA cause a stronger decrease in membrane
flux than HA, which also has a great relationship with the hydrophilic and hydropho-
bic composition of the organic matter in the influent. The membrane contact angle of
NF270 is 23.4°, which indicates that NF270 is a very hydrophilic nanofiltration mem-
brane, so it is not easy to cause organic pollution in general [63]. Compared with hydro-
phobic organic matter, hydrophilic organic matter is more likely to be adsorbed and
deposit on the surface of the hydrophilic membrane to form a cake layer, resulting in
an increase in membrane resistance and a decrease in permeate flux. Moreover, it was
observed after the test that the cake layer induced by SA was more difficult to be washed
away by water, and the cake layer induced by HA was easily washed away by water,
confirming the above explanation. Carroll et al. [64] and Fan et al. [65] separated the
natural water into fractions of strong hydrophobic, weakly hydrophobic, neutral hydro-
philic and charged hydrophilic components for membrane filtration test. It was found
that the main organic component causing the strongest decrease in flux was the neutral
hydrophilic part. Park et al. found that the hydrophilic organic substances such as pro-
teins and polysaccharides tend to precipitate on the surface of the membrane, which is
the main reason to induce the decrease in permeate flux in membrane filtration [66].

In the filtration of the SA and CBZ mixed solution, the significant decrease in CBZ
removal rate may be caused by concentration polarization [67]. The contaminated layer
induced by SA hinders the diffusion of CBZ into the bulk solution and increases the
concentration of CBZ in the contaminated layer and on the surface of the membrane.
Therefore, the CBZ has a higher transmembrane concentration gradient, thereby
increasing the permeate concentration and reducing the removal rate. Jermann et al.
also found that the removal rate of ibuprofen by the membrane fouled with SA was
decreased, and they attributed to the concentration polarization caused by SA [68].

The cake layer induced by HA is loose, thus the increased filtration resistance
is small. At the same time, the macromolecules of HA do not block the pores of the
membrane, and the number of membrane pores bonded with water molecules is not
reduced, thus water molecules can still permeate through the membrane pores, and
the membrane permeate flux still remains. Regarding the CBZ removal rate, there was
no significant difference in the control experiment or with the different DOC concen-
tration conditions, indicating that the concentration polarization caused by HA was
not as severe as in SA. Nghiem and Hawkes also found that the new NF270 membrane
and fouled NF270 membrane by HA had no significant effect on CBZ removal [69].

Currently, HA has been used as a representative DOM in a large number of tests
and its effect on the removal of PPCPs by nanofiltration has been investigated. It has
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been reported that increase or decrease of removing DOM had no significant effect
on removing PPCPs [70]. This is due to that, the properties of HA used in different
experiments are not the same, and the relative molecular weight distribution plays
a very important role in sieving [45]. In addition, the nature of each type of PPCPs
varies greatly, as HA has a negative charge, so it can affect the electrostatic repul-
sion between charged PPCPs and membrane surface functional groups. This can
have two diametrically opposite effects, either promoting or reducing the retention
of micro-contaminants. On one hand, if membrane fouling enhances the electronega-
tivity of the functional groups on the surface of the membrane, the negative contam-
inants can pass through the membrane, resulting in the higher rejection due to the
enhancement of electrical repulsion; on the other hand, due to the negative charge
of the membrane functional group is enhanced, the negative effect on the membrane
itself is that the MWCO of the membrane also rises at the same time. This phenom-
enon is called the membrane expansion/swelling; moreover, the composition of the
feed, such as ionic strength, especially the chelation of divalent cation and HA, also
affects the relationship among the membrane, DOM and PPCPs. Finally, the nature of
the membrane (such as zeta potential, membrane contact angle, etc.) determines the
degree of membrane fouling. Therefore, further study is needed.

6.7 Effect of dissolved organic matter with
ozonation pretreatment on the removal
of CBZ by nanofiltration

From the above results, with the addition of tannic acid (TA), the removal rate of CBZ
has been greatly improved, while the addition of humic acid (HA) basically doesn’t
have any effect on CBZ removal rate; on the contrary, the addition of sodium alginate
(SA) even reduces CBZ removal rate. Therefore, some common pretreatment methods
are used to investigate the change of properties of HA and SA after pretreatment on
CBZ removal by nanofiltration.

6.7.1 Pretreatment method selection

6.7.1.1 Activated carbon adsorption

When using powdered activated carbon as a pretreatment method to remove humic
acid by microfiltration, it was found that powdered activated carbon can remove many

HA with low molecular weight, but has little effect on the removal of large molecular
weight of HA. Wang et al. analyzed the relative molecular weight (MW) of DOM from
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Huangpu River after ozone activated carbon process, and found that biological acti-
vated carbon can effectively remove organic pollutants with relative molecular weight
of 1to 3 kDa and also small molecule organic matter with MW <1 kDa [71].

In summary, activated carbon can selectively adsorb organic matter. According
to the previous test results, HA and SA are mostly macromolecular organics above
30 kDa, while HA is mostly hydrophobic, so activated carbon adsorption is not suita-
ble as a pretreatment method in this test.

6.7.1.2 Coagulation

Carroll et al. conducted the membrane filtration test with the effluent with aluminum
coagulation and 0.2 pm membrane filtration, and compared the membrane permeate
flux with the same feed without coagulation or 0.2 pm membrane filtration [64]. They
found that the decrease of membrane permeate flux without coagulation or 0.2 pm
membrane filtration was caused mainly by the colloids; coagulation increases the
removal effect of the organic matter and reduces the flux drop, but the reduction of
the membrane permeate flux with coagulation was similar as that with 0.2 um mem-
brane filtration. They suggest that coagulation mainly removes colloids larger than
0.2 pm and cannot remove dissolved organic matter.

Four water samples with different hydrophilicity or hydrophobicity were filtrated
to investigate the hydrophilic or hydrophobic organic removal by coagulation and
also the subsequent ultrafiltration permeate flux improvement. The test results show
that coagulation can effectively remove the hydrophobic component, but has little
effect on the removal of hydrophilic components [72].

Although the effect of coagulation pretreatment on the reduction of organic
matter is worthy of recognition, it is selective as the same as activated carbon. HA and
SA are hydrophobic and hydrophilic substances, respectively, and both are macromo-
lecular organics (MW > 30 kDa), so coagulation does not apply to these two organics.

6.7.1.3 Ozone pre-oxidation

As an excellent oxidant and disinfectant, ozone can oxidize and remove most organic
and inorganic contaminants and bacteria in water treatment.

Through ozonation, the physicochemical properties and biodegradability of DOM
can change significantly. The experimental results of Rodriguez et al. show that the
structural properties of the organic matter have been changed significantly during
ozonation [73]. The macromolecular organic matters are oxidized into small molec-
ular organic substances, and some organic substances having an unsaturated struc-
ture are converted into a saturated structure.
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The purpose of this experiment is to investigate the effect of different organic sub-
stances on the removal of CBZ by nanofiltration. Since ozone can change the nature of
organic matter, it can meet this purpose. Therefore, this experiment uses ozone oxida-
tion as a pretreatment method to examine the effect of HA and SA on the removal of
CBZ by nanofiltration after ozonation.

6.7.2 Method

In this test, the time of ozonation was used to express different ozone dosages to
compare different working conditions. The ozonation duration was selected accord-
ing to the ozone concentration. When the ozone exposure time increases and the
ozone concentration tends to be gentle, it is regarded to be saturated.

In each test, the HA and SA stock solutions were diluted to make a solution with
a DOC concentration of about 30 mg/L. After ozonation with different duration,
the solution was diluted with deionized water to a background water sample with
a volume of 5 L, the DOC mass concentration of approximately 4.5 mg/L (prepared
according to the DOC measured value after ozonation), initial concentration of CBZ of
about 100 pg/L, background electrolyte of 20 mmol/L NaCl and 1 mmol/L NaHCO;, pH
of around 8.0 and the temperature at 25+1 °C.

6.7.3 Effect of humic acid with ozonation pretreatment
on the removal of CBZ by nanofiltration

6.7.3.1 The effect of humic acid before and after ozonation on the removal
of CBZ by nanofiltration

After the HA solution with a DOC concentration of 30 mg/L was oxidized by ozone for
30 min, the ozone concentration was 3.42 mg/L, and then the ozone concentration
changed slowly. It can be regarded that the ozone in the HA solution has basically
reached saturation. Figure 6.14 shows the effect of HA on the CBZ removal and mem-
brane permeate flux before and after ozonation for 30 min.

It can be seen from Figure 6.14 that the flux of ozone-oxidized HA and CBZ mixed
solution is significantly lower than that of the control test and the HA filtration without
ozonation, from 87% to 80%. With the concentration of DOC almost the same, when
the ozonated HA mixed with CBZ is filtered, the removal rate of CBZ by nanofiltration
is increased from 56% to about 63%.

From the filtration experiments with the three soluble organic compounds of HA,
SA and TA, the following conclusions can be obtained that hydrophilic organic matter is
more likely to cause membrane flux decrease than hydrophobic organic matter and small
molecular organic matter is more likely to cause membrane flux decrease than macromo-
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Figure 6.14: Effect of HA on membrane permeate flux and CBZ removal before and after ozonation
for 30 min.

lecular organic matter. Therefore, the ozonated HA induced a severer membrane fouling
and a lower permeate flux. In addition, the reason for the increase in CBZ removal rate is
most likely due to the change in the physicochemical properties of HA after ozonation.

Therefore, the hydrophilic-hydrophobic fraction and relative molecular weight
distribution of HA before and after ozonation were measured in this study. The
results of hydrophilic-hydrophobic fraction of HA before and after ozonation (30 min,
3.42 mg/L) are shown in Figure 6.15, and the relative molecular weight distribution
before and after ozonation is shown in Figure 6.16.
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Figure 6.15: Hydrophilic hydrophobic fraction of HA before and after ozonation.

In Figure 6.15, after ozonation, the strong hydrophobic fraction in HA decreased from
73.8% to 14.3%, while the hydrophilic fraction increased from 11.5% to 74.4%, thus
the hydrophilicity of HA increased significantly. The hydrophilic organic matter could
induce more significant membrane fouling, stronger filtration resistance and lower
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Figure 6.16: Relative molecular weight distribution of HA before and after ozonation.

permeate flux, so this could be the reason that HA induced severer membrane fouling
after ozonation.

In Figure 6.16, after ozonation, the fraction of macro molecules with MWCO larger
than 30 kDa in HA reduces significantly, from 93.9% to 45.2%, the fraction with MWCO
between 1 kDa and 3 kDa doesn’t have any obvious change, while the rest fraction
increases significantly. Studies have shown that ozone can easily react with -C=C- or
C =0 groups, thereby destroying the benzene ring or carbon-oxygen double bond, so
that the aromatic organic matter can be well removed. From the perspective struc-
tural properties, humic acid is easily oxidized by ozone, and macromolecular organic
matter is converted into small molecular organic matter, increasing the composition
ratio of organic matter with small relative molecular weight in water. However, the
increase of organic matter with a relatively small molecular weight can easily block
the membrane pores, increase the membrane filtration resistance and decreases the
permeate flux, resulting in the increase of the MWCO of the membrane.

From the above two aspects, the change of both hydrophilicity and hydrophobic-
ity and relative molecular weight distribution after ozonation can lead to the decrease
of permeate flux. As the increase of MWCO is more dominant than the concentration
polarization, the removal rate of CBZ is increased.

6.7.3.2 Effect of humic acid with different ozonation on the removal
of CBZ by nanofiltration

In the study of ozonation, the dosage of ozonation on the removal of organic matter
has attracted great attention.
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Figure 6.17: Membrane flux and CBZ removal with HA oxidized with different ozonation
by nanofiltration.

Since the HA solution was exposed to ozone for 30 min and the ozone concentra-
tion did not change significantly, the ozone dissolution in the solution was basically
saturated. Therefore, the time for ozonation was 10, 20 and 30 min, respectively, and
the ozone concentration was 0.79, 1.05 and 3.42 mg/L, respectively. The results for
membrane flux and CBZ removal rate are shown in Figure 6.17.

It can be seen from Figure 6.17 that the membrane flux of HA with 10 min oxida-
tion (0.79 mg/L) is the highest, while it is slightly lower with the ozonation time of
20 min (1.05 mg/L) or 30 min (3.42 mg/L). The CBZ removal rate gradually increased
with the increase of ozone concentrations, which were 57%, 62% and 63%, respec-
tively. Among them, the increase of CBZ removal rate was more obvious when the oxi-
dation time was increased from 10 min to 20 min, but the removal rate did not change
much after 20 min of oxidation. This may be due to the blockage of the membrane
pores by small molecular organic matter resulting in a decrease in the MWCO of the
membrane. With the increase of the duration of ozonation, although the macromo-
lecular organic matter is continuously converted into small molecular organic matter,
the small molecular organic matter is also partially mineralized. So in each test the
HA solution has the same initial DOC concentration. When ozonation goes to a certain
level, the proportion of small molecule organic matter does not increase significantly,
which induces the above change of flux and removal rate.

6.7.4 Effect of sodium alginate with ozonation pretreatment
on the removal of CBZ by nanofiltration

6.7.4.1 Effect of sodium alginate on the removal of CBZ before and after ozonation

After the SA solution with DOC concentration of 30 mg/L was oxidized by ozone for
10 min, the ozone concentration was 4.47 mg/L. After that, the ozone concentration
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changed slowly. So it can be regarded that the ozone in the SA solution has reached
saturation. Figure 6.18 is the membrane flux and CBZ removal with SA before and
after 10 min ozonation by nanofiltration.

It can be seen from Figure 6.18 that although the flux of SA solution after 10 min
ozonation is still smaller than the control test without any organic matter, it is greatly
improved than the SA solution without ozonation with the same DOC mass concentra-
tion. The CBZ removal rates are quite different before and after SA ozonation, increas-
ing from about 42% to about 62%. After SA oxidation, the membrane flux increases,
membrane fouling reduces, and CBZ removal rate also increases.

The change in the hydrophilic and hydrophobic fraction of SA before and after
ozonation (10 min, 4.47 mg/L) is shown in Figure 6.19, and the relative molecular
weight distribution before and after ozonation is shown in Figure 6.20.
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Figure 6.18: Membrane flux and CBZ removal with SA before and after 10 min ozonation by
nanofiltration.

90
30 - mSA @03-30min

Percentage (%)
[\*] (9%} B W (o)) ~
S S S S S S
1 1 1 1 1 1

|

HPO TPI HPI

—_
S O
1

Figure 6.19: The hydrophilic and hydrophobic fraction of SA before and after ozonation.
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Figure 6.20: The relative molecular weight distribution of SA before and after ozonation.

It can be seen from Figure 6.19 that the hydrophilicity and hydrophobicity of the
SA solution after ozonation did not change significantly. From Figure 6.20, in the SA
solution, the macromolecules above 30 kDa are obviously reduced, while the frac-
tions of 10 kDa-30 kDa are increased, and the other parts are basically unchanged.

In summary, the SA solution can easily form a fouling layer on the membrane
surface to induce the increase of filtration resistance and concentration polarization,
which may be due to that after ozonation, the structure of SA is changed, and the
macromolecule is oxidized to smaller molecules. The interaction with the membrane
is changed, the membrane fouling is reduced, the flux is improved, and the concen-
tration polarization is alleviated thus the CBZ removal rate is increased.

6.7.4.2 Effect of sodium alginate oxidized by different concentrations
of ozone on the removal of CBZ by nanofiltration

Since the ozone was introduced into the prepared SA solution for 10 min, the mass
concentration of the residual ozone did not change much and basically reached sat-
uration. Therefore, the time for introducing ozone was 2, 5 and 10 min, respectively,
with the ozone concentration of 2.10, 3.42 and 4.47 mg/L, respectively. The test results
are shown in Figure 6.21.

As can be seen from Figure 6.21, no matter how much ozone is injected, the mem-
brane permeate flux or CBZ removal rates doesn’t change greatly. However, the flux
and CBZ removal rates are increased in the control experiments without organics or
in the SA solution without ozonation. Compared with the ozonated HA solution, the
mass concentration of ozonation of SA for 5 min (3.42 mg/L) was equivalent to that of
HA for 30 min (3.42 mg/L). The DOC mass concentration did not change much under
different ozone concentrations, and the results are shown in Table 6.6. The above test

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use


file:///C:/Users/is3278/Desktop/DG_Support/Dong/MS/../06_Dong_0921_C_Ch06.docx#LinkManagerBM_TABLE_1SZk3MXk

Chapter 6 Nanofiltration in Water Treatment =——— 245

85
80 | =o—SA-03-2min =8—SA-03-5min
SA-O3-10min
75 1
£70
=
é 65 P o
» e L S
& 60 g '
55
50 T T T
0 100 200 300 400
Time (min)

Figure 6.21: Membrane flux and CBZ removal rate with SA oxidized by different mass
concentrations of ozone by nanofiltration.

results may be due to the fact that SA is not oxidizable. Ozone can only oxidize the
macromolecular organics to a certain extent. Different ozonation have little effect on
the organics oxidation.

Table 6.6: DOC values of SA solutions with different ozonation time.

Ozonation time 2 min 5 min 10 min

DOC removal/% 3.22 8.62 5.33

6.8 Effect of natural organic matter on removal
of CBZ by nanofiltration

In earlier experiments the CBZ removal experiments with the conventional conditions
(initial pH, initial mass concentration, ionic strength and water temperature, etc.),
dissolved organic matter (HA, SA and TA, etc.) and HA/SA ozonation by nanofiltration
were conducted with synthetic feed. To evaluate the ozonation and nanofiltration
for practical application, the real feed from Taihu Lake, Yangshupu water plant and
Huangpu River were collected and ozonated to investigate the complex components
in natural organic matter on CBZ removal by nanofiltration.
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6.8.1 Effect of natural organic matter in Taihu Lake on CBZ
removal by nanofiltration

6.8.1.1 Experimental method

The collected Taihu Lake raw water was filtered through a 0.45 pm membrane, and
then added directly to CBZ to make the CBZ initial mass concentration around
100 pg/L, and the temperature was controlled at 25 +1 °C.

Considering that the ionic strength in the raw water may affect the surface prop-
erties of the nanofiltration membrane and also the removal rate, the control exper-
iment is re-conducted. In the new control experiment, the background electrolyte
solution of 1 mmol/L NaHCO; remains the same, while NaCl is added until the total
conductivity is the same as before to reduce the test error.

6.8.1.2 Results and discussion
The water characteristics of Taihu Lake during the test period are shown in Table 6.7.

Table 6.7: Water characteristics of Taihu Lake.

DOC UV,s, SUVA Conductivity  pH
(mgel™) (cm™) (L/mgecm) (pm/cm)

3.55 0.077 0.022 572 7.2

Figure 6.22 shows the results of the hydrophilicity and hydrophobicity fraction of the
natural organic matter in Taihu Lake. Figure 6.23 shows the relative molecular weight
distribution of the natural organic matter in Taihu Lake.
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Figure 6.22: Hydrophilicity and hydrophobicity fraction of natural organic matter in Taihu Lake.
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Figure 6.23: Relative molecular weight distribution of natural organic matter in Taihu Lake.

In Table 6.7, it can be seen that the DOC is very low which may be directly related to
the collection point. In the hydrophilicity and hydrophobicity fraction in Figure 6.22,
there are more hydrophilic organic matters than hydrophobic organic matters in
Taihu Lake water, with the former accounting over 60%. In the relative molecular
weight distribution in Figure 6.23, the organic matters with MWCO less than 1 kDa
are 45%, and there are 25% of organic matters with MWCO of 10-30 kDa, while the
macromolecules with MWCO larger than 30 kDa are accounting 18%. Thus, the micro
molecules are dominant in Taihu Lake water.

Coble studied the relationship between soluble organic matters and their respec-
tive excitation/emission wavelengths, and established the parallel factor analysis of
the three dimensional florescence model (PARAFAC) [74] in Table 6.8. This model has
been widely used in the three dimensional florescence analysis and also in environ-
mental detection of soluble organic matter. The florescence excitation emission map
of the Taihu Lake water is shown in Figure 6.24, with the horizontal axis of emis-
sion wavelength, and vertical axis of excitation wavelength. The three values in the
bracket represent excitation wavelength, emission wavelength, and absorption peak
value. Such expressions are also in the later studies and thus not reported.

Table 6.8: Organics type and respective wavelengths of three dimensional florescence absorption
peaks (PARAFAC model).

Name of EEM peak Florence group Excitation Emission wavelength
wavelength (Ex) (hnm)  (Em) (nm)

Ultraviolet humus 220-260 380-480
B Tyrosine, protein-like 270-280 300-320
substances
C Visible area humus 300-380 400-480

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use


file:///C:/Users/is3278/Desktop/DG_Support/Dong/MS/../06_Dong_0921_C_Ch06.docx

EBSCChost -

248 =— Tian Li, Junxia Liu, Nianping Chi

Table 6.8 (continued)

Name of EEM peak Florence group Excitation Emission wavelength
wavelength (Ex) (nm)  (Em) (nm)
D Soil fulvic acid 390 509
E Soil fulvic acid 455 521
M Marine humus 290-320 370-420
N Phytoplankton 280 370
degradation products
T Tryptophan, protein-like 270-280 (220-230) 320-350
substances, or phenol
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Figure 6.24: Fluorescence spectrum of Taihu Lake water.
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Three fluorescence groups were detected in the Taihu Lake water. According to
Table 6.8, they are a Class B fluorescence peak representing tyrosine or protein-like
substances, a T-type fluorescence peak representing tryptophan, protein-like sub-
stances or phenol, and a class A fluorescence peak representing the ultraviolet
humus. It can be seen from the fluorescence absorption peak values of the Taihu Lake
water that the organic matter content is not high, which is similar as the measured
DOC value. The absorption peak values of B and T fluorescence peaks is higher than
that of Class A fluorescence peaks, indicating that the content of amino acids and
protein-like substance is more than humus. The organic matter such as protein-like
substance is hydrophilic, and the humus is hydrophobic, and such results are consist-

ent with those shown in Figure 6.22.
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The membrane filtration test with the mixture of Taihu Lake water and CBZ
was conducted and the results of flux (J/],) and CBZ removal rate (%) are shown in
Figure 6.25.

It can be seen from Figure 6.25 that the flux for the filtration of Taihu Lake water
is slightly lower than that in the control test, indicating that the Taihu Lake water
induces some fouling to the nanofiltration membrane. With the Taihu Lake water,
the CBZ removal rate was basically higher than the control test at the end of the filtra-
tion test, from 57% to 60%, indicating that the components in Taihu Lake water can
promote the removal of CBZ.
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Figure 6.25: Effect of Taihu Lake water on membrane permeate flux and CBZ removal rate.

As analyzed before, there are many hydrophilic components in Taihu Lake water,
and the small molecular organic matters account for a large proportion. The small
molecular organic matter is more likely to block the membrane pores used in the
test, causing the increase of filtration resistance and decrease of the flux. In addition,
the hydrophilic organic compounds such as proteins are also easily deposited on the
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membrane surface to induce a decrease in the flux. As the pores of the membrane are
clogged and the MWCO rises, the CBZ removal rate also increases. However, due to the
low content of organic matter in Taihu Lake water, the membrane fouling is not severe
and the change of the flux and removal rate is not obvious.

6.8.2 Effect of effluent from various processes in Yangshupu
Water Plant on CBZ removal by nanofiltration

6.8.2.1 Test method

The raw water, the effluent from the sedimentation tank, the effluent from the V-shaped
filter and the effluent from the advanced treatment of ozone activated carbon in Yang-
shupu Water Plant were taken as the CBZ environment. The water samples from dif-
ferent units are used to investigate the effect of organic compositions in different pro-
cesses in Yangshupu Water Plant on CBZ removal by nanofiltration.

The four water samples taken were first filtrated through a 0.45 pm membrane,
and CBZ was then added for the nanofiltration test.

The initial mass concentration of CBZ is about 100 pg/L and the temperature is
controlled at 25 + 1 °C. Since the conductivities of the effluent in each process of Yang-
shupu Water Plant are not much different from that in Taihu Lake water, the control
test results used in the previous section are adopted here.

6.8.2.2 Results and discussion
The test results are shown in Table 6.9, Figures 6.26 and 6.27.

Table 6.9: Physical and chemical properties of effluent from various processes of Yangshupu Water Plant.

Type of water sample DOC UV,s, SUVA Conductivity  pH
(mg/) (cm™) (L/mgeecm) (pm/cm™)

Raw water 5.43 0.113 0.021 526 7.46

Effluent from sedimentation tank 4.65 0.073 0.016 572 7.25

Effluent from V-shaped filter 5 0.086 0.017 574 7.08

Effluent from ozone activated carbon 1.99 0.034 0.017 603 7.63

It can be obtained from Table 6.9 that the organic matter in the raw water of Yangshupu
Water Plant cannot be effectively removed after the conventional process (i.e. coagu-
lation + precipitation + filtration), and even the content of organic matter in the efflu-
ent of filter is slightly higher than that from sedimentation tank. After the advanced
treatment of ozone activated carbon, the DOC value was significantly reduced.
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Figure 6.26: Hydrophilicity and hydrophobicity fraction of organic matters in the effluent of each
process of Yangshupu Water Plant (DOC recovery rate around 80-120%).

From the hydrophilic-hydrophobic fraction of the organic matter in Figure 6.26,
the hydrophilic and hydrophobic components of the organic matter in the effluent of
each process are accounting almost half, and the content of the strong hydrophobic
component is slightly higher than the weakly hydrophobic component. The content
of each component of the raw water, effluent from sedimentation tank, effluent from
the V-shaped filter is almost the same, while the DOC value of the effluent from the
advanced treatment of ozone activated carbon is greatly reduced, so the content of each
component is also significantly reduced as compared to the first three water samples.
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Figure 6.27: Relative molecular weight distribution of organic matters in the effluent of each

process of Yangshupu Water Plant.
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Due to the limitations of gel permeation chromatograph and the column, macro-
molecular organics cannot be accurately detected. As shown in Figure 6.27, the four
water samples are generally composed of two parts. The first part is in 1-3 kDa, but
the absorption values are, raw water > effluent from sedimentation tank = effluent from
the V-shaped filter > effluent from the advanced treatment of ozone activated carbon,
indicating that the proportion of organic matter in this part is reduced gradually as the
water plant process progresses. During the actual operation of the water plant, after
coagulation and precipitation, the content of organic matter with a relatively large
molecular weight can decrease. The other part is the small molecule organic matter
with molecular weight below 1 kDa. As the process progressed, the proportion of small
molecule organic matter increases. The properties of the effluent from sedimentation
tank and V-shaped filter are almost the same as shown in Table 6.9. The TOC response of
the molecules with molecular weight of 1-3 kDa almost overlaps, but the effluent from
V-shaped filter has a high TOC response at the molecular weight of less than 100 Da.

The three-dimensional fluorescence spectrums of each process effluent from
Yangshupu Water Plant are shown in Figure 6.28.
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Figure 6.28: Three-dimensional fluorescence spectrums of the effluent of each process of Yangshupu
Water Plant.

From the fluorescence spectrum in Figure 6.28, the four water samples contain three
types of fluorescence absorption peaks, which are (1) B-type fluorescence peaks, rep-
resenting tyrosine and protein-like substances; (2) T-type fluorescence peaks, repre-
senting tryptophan, protein-like or phenolic substances; (3) A class of fluorescence
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peaks, representing the ultraviolet humus. Among them, the B and T type fluores-
cence peaks both represent hydrophilic substances, and the A type represents hydro-
phobic substances. From the content of the organic matter reflected by the response
intensity, it is consistent with the DOC measurement, that is, raw water > effluent from
the V-shaped filter > effluent from sedimentation tank > effluent from the advanced
treatment of ozone activated carbon. With the progress of the process, the response
of humus has been decreasing, but the change is not significant, and the response
intensity of organic substances such as amino acids and protein-like substances is
obviously reduced, especially in the effluent from the advanced treatment of ozone
activated carbon.

The effect of the effluent of each process from Yangshupu Water Plant on mem-
brane flux and CBZ removal rate is shown in Figure 6.29.
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Figure 6.29: Effect of the effluent of each process from Yangshupu Water Plant on membrane flux
and CBZ removal rate by nanofiltration.
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As can be seen from Figure 6.29, the flux of natural water is relatively small as
compared to the control test; the flux variation of the four water samples during the
filtration process has no regular tendency, and the flux of raw water is slightly lower
than other three kinds of water samples. It is worth noting that the flux of effluent
from the V-shaped filter begins to decrease after filtration for 210 min and reaches the
same value as the raw water at the end of filtration; however, the fluxes of the effluent
from sedimentation tank and advanced treatment are close, which may be due to the
complex properties of natural water bodies.

The CBZ removal rates in different water samples are quite different. The removal
rate result has the order of raw water = effluent from the V-shaped filter > effluent from
sedimentation tank > effluent from the advanced treatment of ozone activated carbon.
The removal rates of CBZ in raw water and effluent from the V-shaped filter are higher
than 70%, in the effluent from the sedimentation tank 62%, and in the effluent from
advanced treatment only 58%, which was similar from 56% in the control test. On the
whole, the change of CBZ removal rate by nanofiltration is generally consistent with
the change of DOC, indicating that more organic matter induces the higher removal
of CBZ. More specifically, the DOC of the effluent from the V-shaped filter is slightly
smaller than the raw water, but the CBZ removal rates are the same. Regarding the rel-
ative molecular weight distribution as analyzed before, there is a significant response
peak in the filtered water below the molecular weight of 100 Da. It may be due to
that this part of the small molecule substance blocks the nanofiltration membrane
resulting in the increase of the resistance, the decrease of the flux and the membrane
retention molecular weight, and also the increase of the removal rate. Considering the
fluorescence spectrum, the contents of humus in the effluent from the sedimentation
tank and the V-shaped filter are nearly the same, but the hydrophilic organic matter,
protein and amino acids are higher in the effluent from the V-shaped filter than that
in the effluent from the sedimentation tank. So these substances can be deposited on
the surface of the membrane, to cause the resistance to rise and the flux to decrease.
In addition, the contents of humic hydrophobic substances in the effluent from the
sedimentation tank and the V-shaped filter are not much different, which shows that
such substances have little effect on the removal of CBZ.

6.8.3 Effect of ozonation pretreatment of Huangpu River water
on removal of CBZ by nanofiltration

6.8.3.1 Test method

The purpose of the test in this section is to investigate the effect of compositions in
Huangpu River water on the removal of CBZ. Since the total amount of organic matter
in the water after ozonation shall decrease, in order to maintain a similar DOC as in
Huangpu River water, the raw water is first concentrated to achieve a DOC mass con-
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centration of about 30 mg/L by using a nanofiltration device. Then ozone is injected,
and the amount of ozone dosage is adjusted based on the experiments, with the
results shown in Figure 6.30.
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Figure 6.30: Relationship between ozone concentration and ozone contact time.

It can be seen from Figure 6.30 that after 60 min, there is basically no change of the
concentration of ozone in the concentrated water of Huangpu River with a DOC con-
centration of 30 mg/L, so the time for ozone dosage is 10, 30 and 60 min, with the
ozone mass concentrations of 1, 4.75 and 6 mg/L, respectively.

The concentrated Huangpu River water and its ozonated water are both diluted to
5 L with a DOC concentration of 4.5 mg/L. Since some ions are in the raw water, NaCl
is not added, and only 1 mmol/L NaHCO; was added as a buffer solution to adjust the
pH to about 8.0. The initial mass concentration of CBZ was about 100 pg/L, and the
temperature was controlled at 25 +1 °C. The control test in the previous section was
also adopted here.

6.8.3.2 Test results and discussion

The effect of Huangpu River water before and after ozone oxidation on membrane flux
and CBZ removal rate is shown in Figure 6.31.

It can be seen from Figure 6.31 that the fluxes of Huangpu River before and after
ozonation are smaller than the control test; the fluxes before and after ozonation do
not differ much, no matter how much ozone is injected.
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Figure 6.31: Effect of Huangpu River water before and after ozonation on membrane flux and CBZ
removal rate.

When CBZ is added in the Huangpu River water, its removal rate is greater than
75%, which is significantly higher than the 56% in the control experiment. Therefore,
the complex environment of the natural water body of the Huangpu River is condu-
cive to the removal of CBZ, which is consistent with the result of Taihu Lake water. In
addition, the removal rate of CBZ decreased significantly with the increase of ozone
dosage. When the ozone exposure time was 60 min and the ozone concentration was
6.0 mg/L, the CBZ removal rate decreased to 60%. Since the initial DOC values of the
influent water in each group are the same, the different filtration performances are
not affected by the total concentrations of organic matters.

In the following, the relative molecular weight distribution, hydrophilicity and
hydrophobicity, and organic composition of organic matter are analyzed to reveal the
underlying mechanism of above results.

As shown in Figure 6.32, the hydrophilic substances in Huangpu River water are
more than the hydrophobic substances. After ozonation, the proportion of hydro-
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philic organic matter increased significantly (from 60% to 79%), and the amount of
hydrophobic substances, especially strong hydrophobic substances, decreased from
23.6% to 11.6%.

According to the analysis above, macromolecular organic matter is easily oxi-
dized by ozone into small molecular organic matter. As shown in Figure 6.33, in the
Huangpu River water after ozonation, the amounts of macromolecular substances
over 30 kDa and in the range of 1030 kDa are reduced, and the other portions of
fractions are increased. However, there is only a slightly increase of the portion of the
organic matter with molecular weight less than 1 kDa.
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Figure 6.32: Hydrophilicity and hydrophobicity distribution of Huangpu River before and after
ozonation.
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Figure 6.33: Relative molecular weight distribution of Huangpu River before and after ozonation.

Figure 6.34 shows the three-dimensional fluorescence spectrum of Huangpu River
water. Two fluorescence absorption peaks exist (Figure 6.34(a)), which are Peak B
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representing tyrosine or protein-like substance, and Peak T representing tryptophan,
protein-like or phenolic substances, while the humus content in the ultraviolet region
is not high. The three-dimensional fluorescence spectrum of Huangpu River water
after ozonation is shown in Figure 6.34. As can be observed, most of the organic
matter is oxidized, and only the hydrophilic substances such as proteins are slightly
higher. Therefore, when the concentrations of DOC of the influent water in each group
are the same, the proportions of the hydrophilic substance rise with the increase of
the ozone dosage.

EM(nm)

Figure 6.34: Comparison of three-dimensional fluorescence spectrum of Huangpu River before and
after ozonation.

Regarding the properties of organic matter in Huangpu River water before and after
ozonation, the reason for the significant decrease in CBZ removal rate caused is prob-
ably due to the increase of the hydrophilic component and severity of the concentra-
tion polarization. In addition, after ozonation, the content of small molecules below
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1 kDa did not increase significantly, so the pore blocking of the membrane was not
serious, and thus the ozonaton of Huangpu River water did not make a positive influ-
ence on CBZ removal by nanofiltration.

Based on above analysis, the similar flux before and after ozonation need further
investigation. Zhang et al. examined the removal of two pesticides of atrazine and
simazine from tap water and lake water environment [75]. It was found that although
the removal rates of the two organic substances differed, the flux was similar. Bess-
iere et al. studied the effect of hydrophilic and hydrophobic organic matter in natural
water on membrane fouling, and found that the hydrophilic organic matter induced
the most drop of permeate flux [76]. However, when the hydrophilic organic matter
was mixed with other types of organic matter, the membrane flux was increased [76].
Since the characteristics of the raw water are quite complicated, the effects of various
organic substances on the membrane and the target pollutant of CBZ could either
promote or compromise each other. After ozonation, the characteristics of the feed
water become even more complicated. In addition to organic matter, other charac-
teristics of the raw water, such as ionic strength, especially the amount of divalent
cations in the water, affect the charge characteristics between the membrane and the
organic matter and therefore play a key role on membrane performance and organic
removal [77]. The effects of other properties of natural raw water and their interac-
tions on the removal of PPCPs need further study.

6.9 Summary

In this chapter, the influence of conventional operations, dissolved natural organic

matter (DOM), natural water environment and ozonation pretreatment on the removal

of typical PPCP, i.e. carbamazepine (CBZ) by nanofiltration were studied. The perme-
ate flux during nanofiltration was also examined. The conclusions are as follows.

(1)  The removal of CBZ by nanofiltration depends greatly on the pore size of the
nanofiltration membrane. The CBZ removal rate by the NFOO membrane with
a smaller pore size (tight) is above 90%, while the removal by the NF270 mem-
brane with a larger pore size (loose) is smaller.

(2)  Factorssuch as pH, calcium ion concentration, and water temperature all affect
the apparent pore size of the nanofiltration membrane, resulting in the change
of membrane permeate flux and organic removal. When the pH is decreased
or the calcium ion concentration is increased, the CBZ removal rate arises. The
CBZ removal rate at low temperatures is significantly higher than at high tem-
peratures. There is no significant effect on membrane permeate flux and CBZ
removal when the initial CBZ mass concentration varies from 50-500 pg/L.

(3) Sieving is the main mechanism for nanofiltration to remove the uncharged
CBZ.
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The order of the drop of the membrane flux caused by the addition of three
typical dissolved organic substances such as humic acid (HA), sodium algi-
nate (SA) and tannic acid (TA) is, HA <SA < TA; and the order of CBZ removal
rate is: SA <HA < TA. In the SA solution, the membrane flux decreases with the
increase of DOC concentration, while in the solution of the other two organic
matters, the membrane flux or the CBZ removal does not differ significantly
with the change of DOM dosage.

The relative molecular weight distribution and the hydrophilicity and hydro-
phobicity fraction of the three dissolved organic matters show that the small
molecular organic matter below 1 kDa is more likely to cause the decrease of
membrane flux than the macromolecular organic matter; while the hydrophilic
organic matter is easier to cause the decrease of membrane flux than the hydro-
phobic organic matter.

Membrane fouling and concentration polarization are not severe with addition
of HA, so the effect on flux drop is not serious, and the CBZ removal rate doesn’t
differ significantly. The addition of SA forms a strong adhesion layer, which
increases the filtration resistance and concentration polarization, resulting in
the decline of membrane flux and CBZ removal. With the addition of TA, the
membrane pore size is blocked, the filtration resistance increases, thus the flux
decreases, and the membrane MWCO decreases, resulting in the increase of
CBZ removal due to the sieving effect.

In the filtration of the HA solution after ozonation mixed with CBZ, the CBZ
removal is higher and the membrane flux is lower as compared with the mixed
solutions of HA-CBZ without ozonation, which may be due to that more micro
molecules are produced after ozonation resulting in the blockage of membrane
pores, rising of the filtration resistance and decreasing of the membrane MWCO.
After the oxidation of HA by different concentrations of 0zone, the removal rate
of CBZ is increased, but when the concentration of ozone increases to certain
level, the flux or CBZ removal doesn’t change any more.

In the filtration of the SA solution after ozonation mixed with CBZ, both the
membrane flux and the CBZ removal are higher as compared with the mixed
solutions of SA-CBZ without ozonation, which may be due to that the struc-
ture of SA is changed after ozonation, resulting in the alleviation of membrane
fouling and concentration polarization. The membrane permeate flux or CBZ
removal doesn’t differ significantly when the concentrations of ozone are
changed.

Compared with the control test, the CBZ removal is increased and the flux is
decreased when CBZ is mixed with the Taihu Lake water for the nanofiltration.
The CBZ removals are all increased when CBZ is mixed with the effluent from
each process of Yangshupu Water Plant (raw water, effluent from sedimenta-
tion tank, effluent from V-shape filter, effluent from advanced treatment of
ozone activated carbon), with the order of raw water > effluent from V-shape
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filter > effluent from sedimentation tank > effluent from advanced treatment
of ozone activated carbon. Overall, the higher the DOC of the feed, the higher
removal of CBZ; the difference among the membrane fluxes of the four effluents
is not obvious.

(11) The CBZ removal is enhanced when CBZ is mixed with the Huangpu River
water. After the Huangpu River water is ozonated, the CBZ removal is reduced
with the increase of ozonation. However, the membrane permeate fluxes are
similar with different dosages of ozone.

(12) In the filtration of CBZ mixed with natural water, there is no obvious trend of
CBZ removal or the permeate flux. The reason is due to the complexities of the
components and their complicated interactions in natural water.
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Chapter7
Forward Osmosis Membrane Separation
Technology

7.1 Fundamentals of forward osmosis membrane
separation technology

7.1.1 Principles of forward osmosis

Osmosis is a physical phenomenon that has been known to mankind since the early
days of human civilization [1]. Forward osmosis (FO) is the spontaneous net move-
ment of water across a selectively semipermeable membrane from a region of higher
water chemical potential (i.e. lower osmotic pressure) to a region of lower water
chemical potential (i.e. higher osmotic pressure). The principles of FO and interrela-
tion of FO, reverse osmosis (RO) and pressure-retarded osmosis (PRO) are illustrated
in Figure 71 [1]. As shown in Figure 7.1, when a semipermeable membrane is used to
separate two solutions of different osmotic pressures (e.g. salt water and pure water),
the water molecules pass through the semipermeable membrane from the side of pure
water (feed solution) with low osmotic pressure to salt water (draw solution) with
high osmotic pressure. Due to the additional water molecules, the salt water level
continues to rise until the differential of water pressure equals that of osmotic pres-
sure across the semipermeable membrane. This process is referred to as FO. PRO can
be defined as a process similar to FO, where the hydraulic pressure (AP) lower than
the osmotic pressure difference (An) is applied in the the hypertonic draw solution
(DS) side. However, the net water flux is still in the direction of the concentrated draw
solution. When RO occurs, where the hydraulic pressure (AP) higher than the osmotic
pressure difference (An) is applied in the DS side, the water molecules reversely move
from the hypertonic DS side to the hypotonic feed solution (FS) side. As shown in
Figure 7.2, the relationships of the FO and RO processes are illustrated in the form of
coordinate diagram by Lee et al. [2].
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Figure 7.1: Schematic diagram of working principles for FO, PRO and RO.
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Figure 7.2: Direction and magnitude of water flux as a function of applied pressure in FO, PRO and RO.

7.1.2 Main factors affecting forward osmosis

Utilizing the natural osmotic pressure difference between a concentrated draw solu-
tion and a feed solution across a semipermeable membrane, FO does not require
hydraulic pressure for its operation. In FO, pure product water is produced sponta-
neously when the diluted draw solution is re-concentrated to recycle the draw solute.
Compared to pressure-driven membrane processes, the major advantage of the stand-
alone FO process lies in its operation at low (mainly due to the flow resistance in the
membrane module) or no hydraulic pressures. The selectively permeable membrane
and hypertonic draw solution are the two key components for successful develop-
ment of FO technologies. In addition, the concentration polarization (CP) occurring in
FO process also plays a dominant role in the performance of FO flux.

7.1.2.1 Membranes for forward osmosis

Generally, any dense, non-porous, selectively permeable material can be used as a
membrane for FO. The desired characteristics of membranes for FO would be [1]: (1)
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high density of the active layer for high solute rejection; (2) hydrophilicity of the active
layer for enhanced flux, improved recovery and reduced membrane fouling; (3) a thin
membrane with minimum porosity of the support layer for low internal CP, and there-
fore, higher water flux; (4) high mechanical strength to sustain hydraulic pressure
when used for PRO; and (5) good resistance to the acid, base and salt corrosion for the
normal operation of FO under the wide range of pH and various solution conditions.

The cellulose triacetate (CTA) FO membrane, obtained from Hydration Technol-
ogy, Inc. (HTI, USA), was widely used as the commercial FO membrane. The SEM
image of HTI FO membrane was shown in Figure 7.3 [3]. As shown in Figure 7.3, the
membrane has an asymmetric structure and its active layer is mechanically sup-
ported by embedded polyester mesh. According to Figure 7.3(c), the thickness of
the membrane varied from 30 to 50 pm depending on the relative location to the
polyester mesh fibers. This unique structure that a thinner embedded support layer
reduces ICP and thus favors the FO membrane a better osmosis performance com-
pared to standard RO membranes. Based on the FTIR studies on HTI membrane by
Parida and Ng [4], the groups detected on dense and porous sides of the FO mem-
brane were almost similar as the model functional groups of CTA, asserting that
both sides of the FO membrane were made of similar material. The contact angles of
the active layer and the support layer were 72°and 71°, respectively. AFM measure-
ment in dry tapping mode showed that the mean roughness of the active layer and
support layer was ~37 nm and ~61 nm, respectively. The results suggested that the
smoother dense active layer may have low fouling propensity than the alternative
membrane layer.

7.1.2.2 Draw solution

Draw solution is a key feature in FO process and is the source of the osmotic driving
force for FO. The main criterion when selecting an optimal draw solution is that the
draw solution has a higher osmotic pressure than the feed solution to produce high
osmotic pressure difference. An effective draw solution solute must have very spe-
cific characteristics [1, 5, 6]: (1) It must have a high osmotic efficiency, meaning that
it has to be highly soluble in water and have a high diffusivity, low reverse solute
diffusion, low viscosity, low molecular weight, in order to reduce the internal con-
centration polarization (ICP). Lower ICP leads to higher water flux and favorable
water recovery; (2) It must also be non-toxic, in order to ensure the quality of the
produced water by FO; (3) It should have the chemical compatibility of the FO mem-
brane, meaning that the draw solution can not react or degrade the membrane; (4)
The draw solute must easily and economically be separated and recycled in the pro-
duction of potable water.
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Figure 7.3: SEM images of the clean FO membrane.

7.1.2.3 Concentration polarization in FO processes

Based on the theory of osmosis, FO can use the draw solution with very high osmotic
pressure to generate higher water flux compared to RO [1]. However, it is found in
these FO studies that permeate water fluxes were far lower than anticipated based on
the osmotic pressure difference across the membrane. The lower-than-expected water
flux is mainly attributed to the specific CP phenomena in FO. A diagram depicting this
phenomenon for different membrane orientations in FO process is given in Figure 7.4.
c; and c; are the concentrations of the bulk feed and draw solution, respectively; c,
and c, are the concentrations of the feed-membrane and draw solution-membrane
interfaces, respectively; and c; is the concentration at the active layer-support layer
interface.

In FO, two types of CP are applicable-external CP (ECP) and ICP [1]. ECP in FO is
similar to CP in pressure-driven membrane processes. When the feed solution flows
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Figure 7.4: (a) Concentrative internal CP, and (b) dilutive internal CP across an asymmetric
membrane in FO.

on the active layer of the membrane (shown in Figure 7.4(b)), solutes build up at the
active layer, causing that the concentration of the solution at the membrane surface
is higher than that of the bulk solution. This may be called concentrative ECP (c,> ¢;).
Simultaneously, the draw solution in contact with the porous support layer side of
the membrane is being diluted at the permeate-membrane interface by the perme-
ating water. This is called dilutive ECP (c,< c5). Both concentrative and dilutive ECP
occur near two sides of membrane surfaces due to the availability of two membrane
orientations (i.e. the active layer facing the feed or draw solution) in FO. ECP reduces
the effective osmotic pressure difference across the active layer of membrane. This
adverse effect of ECP on the FO process can be minimized by increasing flow velocity
and turbulence at the membrane surface [1].

ICP is a unique phenomenon occurring in the FO process. This CP phenomenon
normally can take place within the porous support layer of the asymmetric mem-
brane, while not existing in the dense symmetric membrane [1, 7]. If the porous
support layer of the FO membrane faces the feed solution, the solutes in the feed
diffuse and accumulate into the support layer, consequently resulting in a concen-
trative polarized layer established along the interface between the inside of the dense
active layer and the support layer (c;>c,). This is called concentrative ICP, which is
similar to concentrative ECP [1, 8]. If the porous support layer of the FO membrane
faces the draw solution, the draw solution within the porous support layer becomes
diluted due to the water permeating the active layer, and therefore a dilutive polarized
layer builds up within the porous support layer (c; < c,). This is referred to as dilutive
ICP. Due to the ICP phenomenon occurring within the porous support layer, it cannot
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be alleviated by cross-flow. It is found that the CP occurring across the asymmetric
FO membrane causes the loss of driving force due to ICP, and therefore, the effective
osmotic pressure driving force across the active layer is lower than the osmotic pres-
sure difference across the membrane (shown in Figure 7.4). As a result, the reduced
effective osmotic pressure driving force aggravates the reduction of the FO water flux
and the decrease of the FO recovery [9]. According to the commercial FO membrane
being the asymmetric membrane, ICP plays a significant role in the loss of the water
flux of FO [1].

7.1.3 Modeling of internal concentration polarization

In the practical operation of FO technology, a small quantity of salt can permeate
through the membrane due to the incomplete semipermeability of FO membrane.
In addition, the effective osmotic pressure driving force across the active layer is far
lower than the osmotic pressure difference of the bulk solutions ascribed to the ECP
and ICP. Therefore, the practical water flux is much lower than the expected water
flux [1]. Many researchers have investigated on the establishment of the mass transfer
model for FO and the further illumination of the mechenism of FO process.

The results show that the water permeation through the membrane can be
affected by the coupled influence of hydraulic resistance caused by membrane
structure and ICP in the support layer. The relationship of water flux and ICP in a
FO process can be modeled by the classical solution-diffusion model, based on the
theory of thin-film mass transfer, and the diffusion-convection transport of solute in
the porous support layer [2, 8, 10].

Considering the active layer facing the draw solution (AL-facing-DS) configura-
tion (shown in Figure 74(a)), and applying the solution-diffusion model to the non-
porous active layer, the water flux J,, and solute flux J; can be presented as follows:

Jw=A (1~ 15) (7.1)
Js=B(cs—c3) (7.2)

where A and B are the transport coefficients for water and solute, respectively; ¢, and
11, are the solute concentration and osmotic pressure of the draw solution; and c¢; and
113 are the solute concentration and osmotic pressure at the interface of FO support
layer and rejection layer.

Until the solute transport in the support layer has achieved an equilibrium after
some time, the transport of solute into the support by convection (J,,C) and that due
to the solute back-transport through the rejection layer (J;) have to be balanced by the
solute diffusion away from the support:
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JuC +Js=Diy % (73)

where C is the solute concentration in the porous support layer at a distance x away
from the interface between the active layer and the support layer, and D, is the effec-
tive diffusion coefficient of solute in the porous support layer, being the product of the
solute diffusion coefficient D; and porosity € of the porous support layer.

The boundary conditions for Eq. (7.3) are:

when x=0,c=¢; (7.4)
and
when x=lg=1l,c=c; (7.5)

where L4 is the effective thickness of the support layer, [ is the actual thickness of the
support layer, and 7 is the tortuosity of the porous support layer.
Solving Egs. (7.1)-(7.5) it can be obtained:

], = 1103 +B(C4 63)/ A(”ZFQ) (76)
K c2+B(047c3)/A(7r47w3)
where K is the solute resistivity within the membrane porous layer, given by
_ I S
K= ERN 77)

In Eq. (7.7), S is a structural parameter, analogous to the boundary layer thickness for
external concentration polarization in a typical reverse osmosis process, is given by
It/e.

If we assume that the effect of concentrative ECP is negligible (i.e., ¢,=c;) and
the osmotic pressure of a solution is proportional to its concentration, Eq. (7.6) can be
simplified to:

(7.8)

where the osmotic pressure 75 at the interface of FO support layer and rejection layer
can be determined from Eq. (7.1) (i.e., 713 =m1,-J,,/A). Thus,

1

B+Am, —]
J, = tin| 2y

4 "w

B+A71'2 (79)
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If we assume that the effect of dilutive ECP is negligible (i.e., ¢, = ¢;) and the osmotic
pressure of a solution is proportional to its concentration, the water flux equation for
the active layer facing the feed water (AL-facing-FW) mode can be similarly derived as:

1

S B+A71'4
w K

(710)

B+]w+Aﬂ'2

In Eq. (7.7), K is used to measure the solute’s ability to diffuse into or out of the mem-
brane support layer, and can quantify the severity of ICP within the membrane porous
layer; larger values of K are associated with more severe ICP [1, 8, 10]. The effective
reduction of the solute resistivity K is a main way to improve the FO performance.
The diffusion coefficient D of the solute can be increased by changing the types of
solutes in draw solutions or increasing the temperature of the solutions, which could
partly alleviate the ICP due to the easier diffusion of solute in the porous support
layer. However, the change of the types of the draw solutions may aggravate the diffi-
culty of the recovery of draw solutions, and therefore, the theoretically decreased ICP
could be possibly counteracted by other unfavorable factors and the methods men-
tioned above are not the optimal [9]. On the other hand, the solute resistivity K can be
reduced by decreasing the structural parameter S. The thinner porous support layer,
the lower tortuosity and the higher porosity of the membrane porous layer are more
beneficial to reduce the structural parameter S. Thus, the methods of decreasing the
structural parameter S has become one of the focus studies in the field of FO mem-
brane fabrication [1, 11].

7.2 The practical significance of the forward osmosis
technology for water purification

Water is the source of life, and safe drinking water is basic to human survival. Water
resources have become strategic economic resources that affect the development of
various countries in the world. In China, water scarcity is one of the important restric-
tion factors for the economic development and social progress, being characterized
by the quantity-oriented and quality-oriented shortage. Due to the uneven distri-
bution of water resources in time and space, the shortage of water amount exists in
most areas in the north and parts of the south of China. The drinking water sources
in urban areas are suffering from considerable pollutions, especially in areas of the
Taihu Lake, the Dian Lake and the Chao Lake and basins of Huai River, Hai River and
Liao River. The water shortage caused by the degrading water quality in these areas
is becoming more and more serious, mainly being caused by the organic pollution. In
addition, due to the geological features, the problems of high salinity and hardness in
groundwater ubiquitously exist in the northwest and other regions of China.
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Currently, the exploration and utilization of non-traditional sources is an impor-
tant way to solve the subsistence crisis caused by water problems and alleviate the
harm from the water shortage. The non-traditional sources usually include reclaimed
water (treated sewage and wastewater) that is different from conventional water
resources, and contaminated water which is not suitable for drinking water resource
before the purification treatments, such as the polluted surface water, groundwater,
sea water, brackish water, mine water, rain and flood water. However, the existing
conventional water treatment processes cannot afford the effective purification of
the non-traditional sources. The organic pollutants with “three genicity effects” (car-
cinogenicity, teratogenicity and mutagenicity) are not efficiently removed by the con-
ventional processes (the removal is only about 20%-30%), and can easily produce a
quantity of disinfection by-products in the chlorination process. The practice shows
that the pressure-driven membrane processes, such as RO, NF, UF and MF, have
great advantages and application prospects of the treatment of the non-traditional
sources. The hybrid (double) membrane processes (i.e. RO/NF coupled with UF/MF)
have been used successfully for removing the micropollutants and natural organic
matter (NOM) from the non-traditional water. However, the performance of the
pressure-driven membrane processes can be significantly affected by irreversible
membrane fouling [12-14] which is mainly caused by the deposition and adsorption
of the dissolved organic matter on or within the membrane [15]. The wide application
of the pressure-driven membrane technologies has been hampered by the membrane
fouling which cause the reduction of the quantity and quality of produced water by
membrane processes and aggravation of the additional energy consumption. On
the other hand, the NF and RO processes produce high quality potable water from
impaired water, while simultaneously concentrating the impurities in the feed. It is
inevitable that the direct discharge of the concentrated water without any appropriate
disposal would bring the secondary pollution to the environment. Therefore, there is
an urgent need for investigation on the novel water treatment method for the efficient
removal of the dissolved organic matter and proper selection of the economical and
efficient treatment method of the concentrated water. These promising technologies
not only can effectively relieve the membrane fouling and thus improve the treatment
efficiency of non-traditional water by membrane processes, but also have significant
social effects on ensuring the safety of the drinking water quality and safeguarding
the level of people’s health.

As an emerging membrane technology, FO has the great potential for the treat-
ment of non-traditional water. During the FO treatment process, the unconventional
water is usually used as the feed and the electrolytes of high concentration (e.g. NaCl)
are applied for the draw solutes. Most dissolved organic pollutants are rejected by
the FO membrane and consequently do not permeate into the draw solution. For the
regeneration of the produced water from the draw solution, it is usually necessary to
combine the FO process with other pressure-driven membrane processes, such as the
hybrid FO-RO process. Also, the FO can be employed as the post-treatment process for
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the recovery of the concentrated water of NF, in which the concentrated water is used
as the feed solution.

Compared to the conventional hydraulic pressure-driven membrane processes, the
hybrid FO and pressure-driven membrane system offers several potential advantages
on the treatment of non-traditional water including following aspects: 1) the multi-
barrier protection of the quality of the produced water due to the effective removal of
the organic pollutants; 2) low energy consumption of the hybrid FO and pressure-driven
membrane process due to the operation of FO without energy loss; 3) the decrease
of volumes of backwashing water and quantities of chemicals and the consequently
extension of operation cycle of the membrane system ascribed to the loose and easy-
removed fouling layer formed during the FO process that does not require the applied
hydraulic pressure; 4) the significantly increase of volumes of produced water and
decrease of amounts of discharged concentrated water attributed to the high water
recovery (that sometimes reaches 90% or above) of the hybrid FO and pressure-driven
membrane system based on the higher recovery of the individual FO process.

Besides the application of the non-traditional water treatment, the FO process
can also be used for the emergency life support in extreme cases. In China, many
areas are severely affected by natural disasters, such as earthquakes, floods and so
on. These frequently occurring large natural disasters can cause long term scale of
water cut, power off and other problems in the disaster areas, which endangers the
life and health of the people in the local areas. The high-performance FO membrane
can be developed for the production of the “emergency life bags”. The draw solution
filled in the “emergency life bag” is the high concentration solution of sucrose and
electrolytes that can replenish the needed nutrients of the human body and must
have a high osmotic pressure. When the impaired water is filled into the “emergency
life bag”, the water molecules can spontaneously permeate to the side of the high
concentration solution under the action of osmotic pressure, and meanwhile, the
microorganisms, viruses and other toxic and harmful substances in the impaired
water are effectively rejected by the FO membrane. At the end of osmosis, the draw
solution filled in the “emergency life bag” can be drunk directly as beverage and sup-
plies water and energy to the users.

7.3 Applications of forward osmosis in water
purification

Forward osmosis has currently become one of the promising issues among the sep-
aration research using membranes in terms of high performance membrane produc-
tion [16-21], selection and development of draw solutes [5, 22-26], combination of
membrane processes [1, 27] and so on, because of its huge potential in water purifica-
tion. FO has been applied in desalination, wastewater treatment and reusing, water
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purification, etc., combined with other technologies becoming a new, creative tech-
nology. Research abroad on FO has been converted from lab to pilot scale, while still
in the startup stage in China today.

7.3.1 Seawater desalination

In 1970s, researchers came up with an idea of desalination using FO technology.
However, the unsettled problems, such as membrane fabrication and draw solution
selection, blocked the transition from research to actual production. The conception
that desalination of seawater and brine by FO has been realized due to the development
of the commercial FO membrane.

Generally, two types of desalination using FO are in practice, according to the
method of fresh water production from diluted draw solution [28], i.e. one is the FO
system with thermal decomposable draw solute, that the volatile gases (CO,, SO,, etc.)
volatilize from the diluted draw solution by heating leaving the fresh water behind.
The volatile gases could be recycled in the system. McGinnis [28] described a new FO
system using a combined draw solute (KNO; and SO,) for desalination in a patent.
KNO; has the advantage of a temperature sensitive solubility that could be easily
separated out from the cooling diluted draw solution when reaching the saturation
point. The rest of KNO; solution flows into another FO system as feed solution. The
second system uses SO, as draw solute that could be separated out of the diluted draw
solution by heating. McCutcheon et al. [5, 22] posed another type of draw solution
(NH,HCO; and NH,OH) in desalination process. This process could achieve a higher
water flux and recovery ratio, with a rejection rate up to 95-99%. Also, a higher water
flux leads to a more effective desalination result. However, the applicability and
safety of this conception remained unconfirmed or required improvement.

In the other types of desalination process, water-soluble salt or particulates are
used as draw solutes and the fresh water is produced from the diluted draw solution
by other methods. FO process is regarded as a pre-treatment of any other desalina-
tion systems. Ling and Chung [29] used hydrophilic nano particles as draw solutes
in desalination and recycled the particles through ultrafiltration process. Magnetic
particles in nanoscale are also used as draw solutes in the research for their easy
separation from draw solution in a magnetic field. But the problems of the cost and
the aggregation among the particles are still required to solve. Tan and Ng [30] have
studied seven solutes (NaCl, KCl, CaCl,, MgCl,, MgSO,, Na,SO, and C¢H;,0¢) in an
FO-NF desalination system. Zhao et al. [27] used salts with divalent ion as draw solute
for desalination of brine and produced freshwater using an NF application. Cath et al.
[31] had studied the water purification with an FO-RO system using seawater as draw
solution. The application of FO in desalination has now arrived to a pilot stage.

Additionally, FO has been applied for the concentration and reuse of concentrates
in RO and NF processes. Tang et al. [32] used two types of RO membranes without
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support layer in FO desalination of concentrates to explore the effect of membrane
structure on the treatment and gained a higher rejection rate, over 99.7%, than the
normal FO membranes. Also, the recovery rate could be up to 76% with the draw
solution of a constant higher concentration. Martinetti et al. [33] achieved a higher
system recovery rate (up to 90%) during concentrating the concentrates in RO by FO.

7.3.2 Wastewater treatment

Domestic sewage has a lower osmotic pressure than sea water but a higher fouling
tendency in membrane fouling. FO has a great practical prospect in wastewater
treatment because of its difficulty in membrane fouling. Early in 1980s, FO had
been studied as a possible treatment in industrial wastewater purification. In recent
years, Cath et al. [31] had studied on the potable water production from polluted raw
water using FO system. Cartinella et al. [34] had studied the removal of endocrine
disrupting chemicals (EDCs) in domestic sewage by FO and found that the removal
efficiency of natural estrogens and estradiol by FO was about 77-99%, according to
the filtration period and characteristics of feed water. Holloway et al. [35] combined
FO with RO process to concentrate sewage sludge due to the advantage of low fouling
tendency of FO membranes. HTI Co. Ltd., the manufacturer of commercial FO mem-
branes, pointed out the suitability of FO in the water treatment fields of oil- and gas-
containing wastewater, industrial and domestic sewage, nuclear waste and landfill
leachate.

FO membrane could also be applied in membrane bioreactor (MBR) replacing
the conventional MF/UF membrane for wastewater treatment. Then the diluted draw
solution of FO was used for fresh water production by RO. Cornelissen et al. [36]
reported that the membrane fouling in osmosis membrane bioreactor (OsMBR) allevi-
ated greatly compared to that in MBR, as well as the energy cost. Xiao and co-workers
[37] built a model of salt accumulation to analyze the FO performance in OsMBR. They
found that the ratio of water- to salt-permeability coefficient of FO membrane and the
ratio of sludge age to hydraulic retention time were two key factors to improve the
reactor performance, with the lowest values leading to the least water flux decrease
caused by salt accumulation.

7.3.3 Emergency life bags

HTI Co. Ltd. has developed a hydration bag for water purification in a war or other
emergency situations (Figure 7.5). It is one of a few commercial products using FO in
the market. One product, called X-Pack, has a double-pack structure with a selective
permeable membrane as inner bag and a layer of waterproof material wrapping the
inner membrane for holding water. The potable draw solution (sugar or concentrated

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

Chapter 7 Forward Osmosis Membrane Separation Technology = 279

beverage) and some penetration agent are put in the inner bag, while the emergency
raw water is positioned in the space between the two bags, then the freshwater can
be produced and dilute the potable draw solution for drinking. This type of hydration
bag has the advantages of light weight, and it is potable and cheap. The emergency
life pack can be applied in the case when encountering major natural disasters.

Figure 7.5: Illustration of water purification hydration bag.

7.3.4 Water purification

It is important to study the performance of FO on the removal of various pollutants
and the membrane fouling during purification process for unconventional water
treatment, considering kinds of organics and inorganics in the water sources.

Zou et al. [38] investigated the effects of initial water flux, membrane orienta-
tion, cross-flow velocity and characteristics of feed water and draw solution on the FO
membrane fouling by algae solution. It was reported that the Mg?* in feed water would
aggravate the FO membrane fouling by algae and a high initial water flux level would
accelerate the membrane fouling rate in the FO process. Tang et al. [10] used humic
acid as a model foulant to explore the influence of ICP and membrane fouling on water
flux. It was found that a better flux stability occurred in the AL-facing-FW orientation
due to the alleviated impact of draw solution dilution and membrane fouling, and the
deposition of humic acid on the membrane was minor. Thelin et al. [39] studied the
FO membrane fouling behavior by natural organic matters (NOM) in groundwater in
the AL-facing-DS orientation. It was reported that the water flux decreased with the
foulants deposition on the membrane. The concentration of NOM had a minor effect
on the FO fouling tendency and the increased ionic strength in porous supporting
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layer exacerbated the membrane fouling. Different membrane materials and struc-
tures significantly influenced the membrane fouling behaviors. Mi and Elimelech et
al. [40-42] analyzed various FO membrane fouling behaviors and drew the conclu-
sions as follows.1) membrane fouling by organic matters was closely related to inter-
molecular interactions; 2) membrane fouling by organic matters was affected by the
combination of chemical (calcium bonding) and hydraulic (osmotic drag and shear
force by crossflow) factors; 3) membrane material significantly affected the mem-
brane fouling by organic matters proved by AFM; 4) organic matters deposited on the
membrane and formed a loose pollutant layer that was easily flushed with mechani-
cal methods and without any external driving force during FO process.

Xie et al. [43] compared the performance of FO and RO in three hydrophobic trace
contaminants removal (bisphenol A (BPA), triclosan (TCS) and diclofenac). It was
reported that the removal efficiency of BPA was higher in FO than RO process, while
no obvious difference of TCS between these two membrane purifications. NaCl in draw
solution blocked the effects of filtration through pores and membrane adsorption of
trace contaminants due to its obvious reverse diffusion, while MgSO, and glucose
with weaker reverse diffusion had no obvious effect on that. Valladares Linares et al.
[44] reported that the organic foulants deposition on the active layer could strength
the negative charge and the hydrophilicity of membrane surface, and the fouling
layer could also increase the adsorption of hydrophilic foulants on the membrane
surface. Changes of the membrane surface properties could increase the performance
of removal of hydrophilic ionic and hydrophobic neutral trace foulants. Jin et al. [45]
found that the organic matters obviously affected the removal efficiency of inorganic
foulants such as B and Sb at different membrane orientations. Organic foulants depo-
sition in the active layer increased the mechanically trapping of Sb, while the foulants
in supporting layer decreased the removal efficiency of B in FO.

Generally, forward osmosis system has the potential for the unconventional water
source treatment but still need to improve and develop systematically to solve the
unsettled problems of purification performance of various dissolved organic matters
affected by kinds of factors.

7.4 Study on the purification efficiency
of the concentrated natural surface water
by FO technology

Despite its effective removal of micro-foulants and natural organic matter (NOM) in
raw surface water, the nanofiltration (NF), often combined with ultrafiltration (UF), is
limited by regenerative treatment of concentrated water. Forward osmosis (FO), which
is characterized by effective rejection and low energy dissipation, has been regarded
as an ideal solution. The tannic acid was used as the substitute for natural DOM in
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surface water to investigate effects of physical (e.g., concentration of draw solution
— initial flux level, membrane orientation) and chemical (e.g., initial concentration
of foulants, ionic strength, pH) factors on flux and retention efficiency of tannic acid
by the FO membrane. In addition, the practical FO performance of purification of
concentrated raw surface water in which DOM was enriched by MF/NF processes
was investigated under the effects of the membrane orientation and concentration of
organic compounds in raw water.

7.4.1 Materials and methods
7.4.1.1 FO membrane

A tri-cellulose acetate (CTA), forward-osmosis plate membrane by Hydration Technol-
ogy, Inc. (HTI, USA), was used in this study. Its features are discussed in Section 7.1.2.

7.4.1.2 Draw and feed solutions

Unless otherwise specified, all chemicals and reagents used in this study were of ana-
lytical grade. Milli Q water with a resistivity of 18.2 MQ - cm was used to prepare all
working solutions.

NaCl (Sinopharm Chemical Reagent Co. Ltd., China) and tannic acid were used as
the draw solution solute and the substituent foulant, respectively. As a polyphenol,
tannic acid can be representative of hydrophilic organic compounds (representing
micro-molecules). According to the technical description by the supplier, the average
molecular weight of tannic acid is 1,701 g/mol and its empirical formula is C;Hs,04.
However, tannic acid is, practically, a mixture of relevant hydrolysates such as five
gallic acid units, ester-linked to a pentagalloylglucose core.

The surface water was collected from Taihu Lake, which is characterized by severe
eutrophication. Raw water with different initial concentrations (10 and 20 mg/L) were
generated by a bench-scale hybrid MF/NF system, and the concentrated raw water was
filtered using a 0.45 um membrane. Table 7.1 shows the qualities of the surface water.

7.4.1.3 Forward osmosis setup

Figure 7.6 illustrates the bench-scale setup for crossflow FO. Symmetric channels
(180 x 46 x 1.25 mm?) were established on the two sides of the forward osmosis mem-
brane. Plastic mesh spacers were placed on the forward osmosis membrane to support
the membrane and enhance effects of disturbance and mass transfer by water flow.
Two variable-speed peristaltic pumps were used for parallel recycling cross flows of
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Table 7.1: The qualities of the surface water.

TOC=10 mg/L TOC=20 mg/L
Composition Concentration Concentration
mg/L mM mg/L mM
TOC 10.29 20.32
UV,s, (cm™) 0.162 0.320
SUVA (L/mg-m) 1.57 1.57
pH 8.32x0.2 8.40+0.2
Total dissolved solids 366 584
Calcium, Ca?* 80 2.0 164 4.1
Magnesium, Mg?* 23.3 0.97 48 2.0
Sodium, Na* 42.6 1.85 69 3.0
Potassium, K* 5.85 0.15 121 0.31
Boron, B 0.7 0.07 1.4 0.14

feed and draw solutions on different sides of the membrane. The rates of cross flows
were maintained at 600 mL/min. During the test, the temperatures of feed and draw
solutions were kept constant in a water bath, through controlling the heat transfer by
submerged plastic heat exchanger coils within the water bath.

' 3 A Membrane cell *
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[ —1
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Temperature control system

Figure 7.6: Schematic diagram of the bench-scale forward osmosis (FO) setup.

A 5 L concentrated NaCl solution (0.3-4 M) was used as the draw solution. The feed
solution was placed on a digital balance connected to a computer data logging system.
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This digital balance uploaded mass variations of the feed solution in designated time
intervals. In this way, the permeate flux of the membrane could be determined. Addi-
tionally, the reverse diffusion flux of salt solutes was calculated based on the conduc-
tivity of the feed solution, which was recorded with the conductivity meter.

7.4.1.4 FO Experimental procedure

Before each forward osmosis test, the membrane was equilibrated using NaCl solu-
tion as the draw solution, and a background solution with no foulants as the feed
solution (pH, ionic strength, and Ca®* concentration was kept consistent with those
of working solutions) for at least 30 min until the water flux stabilized. Then, the
foulant-containing feed solution was injected into the feed container for an 8-hour
fouling test. The pH value of the raw solution was maintained constant (using HCl
and/or NaOH). To guarantee the reliability of flux data, each test was repeated twice
or more, depending on the criticality of the data. Unless specified otherwise, the con-
ditions of the purification test were as follows:

Feed solution: 10 mg/L tannic acid at 10 mM ionic strength (adjusted by NaCl)
and pH of 5.8 +0.1 in the removal of tannic acid tests; the water samples were col-
lected from Taihu Lake (see Table 7.1) in purification of natural water tests;

Draw solution: concentrated NaCl solution (0.5 to 4.0 M in the removal of tannic
acid tests and 2.0 M for purification of natural water tests);

Crossflow rate of feed and draw solutions: 17.4 cm/s;

Temperature: 22 +1 °C.

Since the osmotic driving force for forward osmosis flux degraded due to the
diluting draw solution and the internal concentration polarization effect, the water
flux declines in purification tests can be attributed to both membrane fouling and
reduction of apparent osmotic driving force between two sides of the membrane.
Hence, baseline tests were included to eliminate effects of osmotic driving force drop
on the flux. In baseline tests, a background solution with no foulants was used as the
feed solution and the conditions were aligned with those of fouling tests. The baseline
flux obtained was then used for normalization of fouling fluxes. The normalization
flux is the ratio of fouling flux (Jy,,e) and baseline flux (Jpgseiine), and it solely reflects
the degree of membrane fouling. In all fouling tests, fluxes obtained were expressed
as real fouling and normalized fluxes.

7.4.1.5 Analytical methods
1. Molecular weight fractionation

The relative molecular weight distributions of organic compounds in tannic acid and
natural water samples were measured with a combination of high-performance liquid
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chromatograph (HPLC, Waters e2695, USA), a ultraviolet absorbance (UVA) detector
(Waters 2489, USA), and total organic carbon (TOC) online detector (Modified Sievers
900 Turbo, USA), as described elsewhere [46].

The TOC detector can virtually measure all organic carbon of the samples,
whereas the UVA detector can detect organic compounds with aromatic or double
bonds only. Hence, the combination of these two detectors can reveal both relative
molecular weight distributions of different compounds and contents of macromole-
cule organic compounds with low UV responses, thus qualitatively determining con-
tents of aromatic and aliphatic organic compounds.

2. Hydrophobic/hydrophilic fractionation

Component separation was executed for tannic acid and natural water from Taihu
Lake using Amberlite XAD-8 and XAD-4 resin. Strong hydrophobic fraction (HPO),
transphilic fraction (TPI) and hydrophilic fraction (HPI) were obtained in TOC anal-
ysis [47].

3. Removal, retention, and adsorption of foulants
The removal rate, retention rate, and adsorption of organic compounds in tannic acid
and raw water from Taihu Lake by the forward osmosis membrane were determined by
the following TOC method. During the test, a 20 mL sample was collected regularly and
alternatively from raw solutions and draw solutions for TOC measurement. The quan-
tification limit of the TOC detector used for high salt content samples was 0.1 mg/L.
Unlike conventional pressure-driven membranes, the permeate concentration of
forward osmosis membrane is diluted by the draw solution. Hence, the actual perme-
ate concentration C,¢) and removal rate of foulant can be obtained by:

_ Cd(t)Vd(t) B Cd(t—l )Vd(t—l )
pt) —
Vp(t) (711)
c
Removal =|1——2? | x100% (712)
ft)

where V,, ¢ is the volume of water penetrated from feed solution to draw solution at
time t. V;and V) are the volume of draw solution at time ¢ and (¢-1), respectively.
Ca and C, ¢ are the foulant concentration in the draw solution at time ¢ and (¢-1),
respectively. C;« is the foulant concentration in the feed solution at time ¢.

The retention rate of foulant by forward osmosis membrane can be calculated by:

c,.V
Retention = —10_10_ 1009 (713)
70) o)
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where Cy ) is the initial concentration of foulant in the feed solution at t=0. V) and
V@ are the volume of feed solution at times ¢ and ¢ = 0, respectively.

According to the mass balance, foulant adsorption on forward osmosis mem-
brane can be calculated by:

C C %

f(t)Vf(t) B (Cd(t)Vd(t) T hd(t-1) d(tfl))
M

0V r0) ~

Adsorption = (7.14)

where M is the effective membrane area of the forward osmosis membrane.

To guarantee that foulant adsorption on forward osmosis setups (i.e., tubes and
spacers) was negligible, a blank test was conducted using membrane components
without the membrane. The mass loss demonstrated that the additional adsorption
of foulants on the forward osmosis recycling system is negligible.

To verify accuracy of the proposed method, the forward osmosis membrane,
after fouling, was eluted to determine actual foulant adsorption. The fouled mem-
brane was immersed in NaOH solution (pH =10.5) and sonicated at 25 °C for 15 min
to guarantee desorption equilibrium of foulants. Finally, the quantity of the foulant
was measured by the TOC analyzer. As shown in Table 7.2, the calculated adsorption
was consistent with the practically measured elution, demonstrating accuracy of the
proposed method.

Table 7.2: Mass adsorption of tannic acid and natural DOM in FO.

Operating condition Adsorption (pg/cm?)
Mass balance Direct extraction
calculation measurement
Orientation: AL-DS 48.60 49.57
FW: 10 mg/L tannic acid (pH=8)
DS: 2 M NacCl
Orientation: AL-DS 53.78 55.20
FW: 10 mg/L tannic acid (1 mM Ca?*)
DS: 2 M NacCl
Orientation: AL-FW 4.63 5.80
FW: 10 mg/L tannic acid
DS: 2 M NacCl
Orientation: AL-DS 19.97 22.14
FW: 20 mg/L natural DOM
DS: 2 M NaCl
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7.4.2 Results and discussion
7.4.2.1 Fraction characteristics of tannic acid and natural DOM

Figure 7.7 shows ratios of hydrophobic/hydrophilic components of tannic acid and
natural organic compounds in raw water from Taihu Lake. As observed, in the natural
DOM, the percentage of hydrophilic components was approximately 50.4%, rela-
tively predominated over the hydrophobic fraction, which is consistent with other
studies on the natural surface water treatment [47, 48]. Additionally, hydrophobic/
hydrophilic components of tannic acid were approximatively consistent with those
of natural organic compounds, indicating that tannic acid can be a representative of
natural DOM in respect of organic hydrophilicity/hydrophobicity.
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Figure 7.7: Organic fractionations of natural DOM and tannic acid.

Figure 7.8 shows molecular weight distributions of tannic acid and natural organic
compounds (10 mg C/L as DOC concentration for each sample) measured by HPLC-
UVA/TOC. Two peaks are present for UVA (Figure 7.8(c)) and TOC (Figure 7.8(d)) of
tannic acid. The apparent molecular weights (AMWyy,) of UVA at the peak top was
estimated to 1,399 Da and 618 Da. For the TOC detection, the peak area in the 1,399 Da
is a dominant component of overall TOC peak area, suggesting that the component
with apparent molecular weight of 1,399 Da is the major component of tannic acid
(the component with apparent molecular weight of 618 Da may be a hydrolysate of
tannic acid).

The TOC of natural DOM had three peaks (Figure 7.8(b)), which correspond to the
AMW o of 1,004,680, 4,633, and 1,082 Da. Both UVA and TOC detectors exhibited high
peak intensity responses to components with AMW at 4,633 and 1,082 Da. It can be
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Figure 7.8: (a) UVA and (b) DOC peaks versus MW distribution of natural DOM (10 mg C/L). (c) UVA
and (d) DOC peaks versus MW distribution of tannic acid (10 mg C/L).

deduced that natural DOM with relative molecular weight distributions between 4,633
and 1,082 Da consist of humic substances with high UVA (i.e., high aromatic features)
and low molecular weight. Although it gave a lower response for UVA than the 4,633 Da
fraction, the 1,082 Da fraction appeared to be the predominant fraction in natural DOM
according to the higher area percentage of TOC. In summary, this test should focus on
the distribution of the component with apparent molecular weight of 1,082 Da to inves-
tigate treatment potential of forward osmosis process, which is also one of the critical
reasons for choosing tannic acid as the substitute for natural DOM due to its notable
similar dominant molecular weight distribution compared with natural DOM.

7.4.2.2 Effects on purification of tannic acid

1. Performance of FO membrane

To monitor the mass transfer during forward osmosis under different membrane ori-
entations, baseline tests were conducted at different initial concentrations of draw
solution (i.e., osmotic pressure). Table 7.3 summarizes water flux (J,,), solute flux (J;),
and reverse solute flux (J;/J,,) under different membrane orientations.
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Table 7.3: FO water flux (/) and solute flux (/) in baseline tests for tannic acid purification.

Draw Membrane C; Osmotic  /, Js Jsllw Average K
Solution Orientation (M) Pressure L/(m2-h) M/(m2-h) (M) Js/)w (s/m)
(bar) ()]
NacCl AL-DS 0.3 12.8 4.5 0.14 0.032 0.035 4.05x10°
0.5 21.9 7.9 0.27 0.034
1 47.0 16.2 0.49 0.031
2 106.6 24.9 0.80 0.032
4 263.6 35.7 1.54 0.043
AL-FW 0.3 12.8 3.9 0.16 0.041 0.044 2.69x10°
0.5 21.9 7.2 0.26 0.037
1 47.0 10.1 0.53 0.053
2 106.6 15.0 0.66 0.044
4 263.6 19.0 0.82 0.043

For both orientations, water flux and solute flux clearly increased nonlinearly
with the concentration C; of the draw solution. This may be attributed to the inter-
nal concentration polarization (ICP) in the supporting layer of the forward osmosis
membrane [8-10, 38]. However, water flux and solute flux in AL-facing-DS mode were
significantly higher than those in AL-facing-FW mode, especially at higher concen-
trations of draw solution. According to the similar reported observations, this may
be attributed to the fact that the dilution ICP, when the active layer faces the feed
solution, had a more significant effect on reduction of effective osmotic pressure dif-
ference between two sides of the active layer of membrane (compared with the con-
centrative ICP when the active layer faces the draw solution) [1, 8-10, 38]. Meanwhile,
the ICP can affect solute flux by reducing its driving force — effective concentration
difference between two sides of the active layer of the membrane [10].

The reverse solute flux (J;/J,,), which is the ratio of solute flux and water flux, can
also characterize the performance of the forward osmosis membrane. In this study,
the average J,/J,, are 0.035 M (2.05 g/L) and 0.044 M (2.57 g/L) when the active layer
of the membrane faces the draw and feed solutions, respectively. This is consistent
with the results of Zou et al. [38]. Although J,/J,, in the two orientations were consist-
ent, low J,/J,, (i.e., low solute flux J;and high water flux) is preferred for the selection
of draw solution [38] and membrane orientation [49], as low J/J,, leads to low solute
flux and high water flux, which represents better selectivity and higher efficiency of
the FO membrane. Since the water flux was high when the active layer of the mem-
brane faces the draw solution, the active layer of the membrane was set in this mode
for this study.

As shown in Table 7.3, the solute resistivity (K) of the porous supporting layer was
4.05x10° s/m and 2.69 x 10° s/m when the active layer of membrane faces the draw
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solution and the feed solution, respectively. This is consistent with studies of Tang
et al. [10] and Gray et al. [8]. Based on Egs. (79) and (7.10), the forward osmosis water
flux can be effectively improved by reducing K.

According to results of baseline tests, both concentration of draw solution and
membrane orientation had significant effects on water flux during forward osmosis,
thus affecting purification performances. Therefore, concentration of draw solu-
tion and membrane orientation were regarded as primary physical factors affecting
removal of tannic acid by forward osmosis. Additionally, components in the feed
solution was continuously concentrated during treatment of concentrated water
of nanofiltration by forward osmosis, and it is necessary to understand effects of
chemical factors, such as conditions of the feed solution on removal of tannic acid
by forward osmosis, in terms of initial concentration of tannic acid, pH, and ionic
strength of Ca*".

2. Effect of initial flux level (concentration of draw solution)

To study the effect of initial flux level on tannic acid purification by FO membrane,
four different initial flux levels (7.9, 16.2, 24.9 and 35.7 L/(m? - h)) were investigated for
the AL-facing-DS mode. The results are shown in Figure 7.9.
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Figure 7.9: Effect of initial flux level on purification of tannic acid.
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Figure 79(a) shows baseline and fouling fluxes of a FO membrane as a function
of time at different initial flux levels (i.e., concentrations of draw solution). The initial
baseline flux increased significantly with the concentration of draw solution. This
may be attributed to the fact that increasing concentration of draw solution leads to a
greater concentration difference of solutions on the two sides of the forward osmosis
membrane, which then results in a greater effective osmotic pressure difference. Addi-
tionally, the decreasing rates of baseline flux at higher initial fluxes (e.g., for 2 M and
4 M DS) were higher than those of lower initial fluxes. This may be attributed to the fact
that high initial fluxes lead to increased water penetration volumes, and thus increased
dilution of draw solution and concentration of feed solution. At a specific initial flux,
comparison of baseline and fouling fluxes of the FO membrane reveals that the tannic
acid solution results in exacerbated flux loss [10, 42], further demonstrated as the nor-
malized fluxes in Figure 7.9(b). When the initial flux increased from 8 to 36 L/(m?-h),
fouling of the FO membrane by the tannic acid solution was more severe. This is con-
sistent with studies related to pressure driven membranes (e.g., RO and NF) [50, 51]
and osmotically driven membranes (e.g., FO) [10, 38, 42]. As shown in Figure 7.9(b), at
relatively high initial flux level (e.g., for 4 M), the normalized flux drop at initial stages
(t<1h) of tannic acid filtration by FO was significantly noticed. However, the decreas-
ing rate of the normalized flux at 4 M DS concentration was reduced after 40 min. Addi-
tionally, the declined rates of normalized fluxes at relatively higher initial fluxes (e.g.,
for 4 M and 2 M) were slower after 5 h, indicating that fouling of the FO membrane by
tannic acid at higher initial flux levels in AL-facing-DS mode would be relieved by fil-
tration. This is favorable to water flux stability after longer filtration period.

Tang et al. [10] proposed the presence of a critical flux in osmotically driven FO
membranes. A critical flux was observed in this study as well: if the initial flux <18 L/
(m?-h) (i.e., Cs<1 M), FO membrane fouling was minor; if the initial flux>18 L/
(m?-h), FO membrane fouling was significant. The presence of a critical flux in FO
membranes by organic fouling is consistent with other studies as well [38, 49, 52].

The experimental results demonstrated that removal rate of tannic acid by FO
membrane when the active layer faces the draw solution was at or above 99.0% for
all the DS concentrations tested during the entire filtration period. Hence, forward
osmosis can effectively remove tannic acid in the AL-facing-DS orientation, regardless
of the concentration of draw solution. Because tannic acid can barely penetrate the
forward osmosis membrane and the loss of tannic acid in the experimental system
was negligible, it can be concluded that the decrease of tannic acid in feed solution
is mainly attributed to the adsorption of tannic acid on the FO membrane. For this
reason, low adsorption of tannic acid and thus high retention rate by the membrane
can serve as indicators that forward osmosis can effectively remove tannic acid.
Figure 7.9(c) shows the trends of adsorption of tannic acid on the FO membrane and
its retention rate for each DS concentration in the AL-facing-DS mode.

According to Figure 7.9(c), the retention rate of tannic acid decreased significantly
as the initial flux level increased. This can be attributed to the increased adsorption
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of tannic acid on the membrane, caused by increasing initial flux level. The effect of
initial flux level on tannic acid fouling of the FO membrane can be generally attrib-
uted to two categories of hydrodynamic interactions: (1) permeation drag, induced
by convection flow toward the membrane, and (2) shear force, induced by cross flow
parallel to the membrane [42]. For the AL-facing-DS mode, the porous supporting
layer faces the tannic acid solution, and shear force degrade drastically due to the
vanished cross flow in the supporting layer. As a result, shear force cannot effectively
remove tannic acid molecules from the membrane. Hence, permeation drag plays a
key role in adsorption of tannic acid. At low initial flux levels (i.e., for 0.5 Mand 1 M
DS), the weaker permeation drag force led to fewer adsorption amount of tannic acid
molecules in the porous supporting layer. The amount of tannic acid adsorbed on the
membrane increased slowly and the adsorption reached 70% of the total adsorption
amount at 4 h, and retention rate of tannic acid dropped gradually to ~93% over the
residual filtration time. As shown in Figure 7.9(b), weaker adsorption of tannic acid
eventually led to minor reduction of fouling flux at 0.5 M and 1 M DS concentrations.
At higher initial flux levels (e.g., for 2M and 4 M DS), increased permeation drag pro-
moted the adsorption of tannic acid, resulting in significantly reduced retention rates
of tannic acid by forward osmosis. At the end of filtration, retention rates of tannic
acid at the two DS concentrations were approximately 89% and 83%, respectively.

The greater adsorption of tannic acid at higher initial flux levels led to more severe
internal clogging within the porous supporting layer. As a result, the porosity of the sup-
porting layer was probably reduced, causing an increased structural parameter S, and
thus a greater solute resistivity K (Eq. (7.7)). As discussed in Section 71.3, the reduced
porosity of the supporting layer has a negative effect on the ICP in the FO membrane, and
thus on the flux loss. Tang et al. proposed a similar mechanism for humic acid fouling
of concentration-driven forward osmosis membranes [10]. Additionally, the increasing
rate of tannic acid adsorption as a function of time decelerated after 5 h at higher initial
flux levels, resulting in slower decrease of normalized flux (see Figure 79(b)). Under
these conditions, more severe flux drop at the initial stage of forward osmosis led to
a weaker effect of permeation drag on adsorption of tannic acid. For this reason, the
quantity of tannic acid molecules carried to the membrane surface decreased, and thus
the adsorption rate of tannic acid became lower. The decreased tannic acid adsorp-
tion rate therefore lowered the rate of internal clogging and thus the reduction rate of
support layer porosity, which caused solute resistivity K to increase more slowly and
the normalized flux to decrease more slowly. Although the adsorption of tannic acid at
40 min was not calculated, the explanation above may also be suitable for the earlier
change in the decrease rate of normalized flux at the 4 M DS concentration.

3. Effect of membrane orientation
Figure 7.10 illustrates the effect of membrane orientation on the purification of tannic
acid by forward osmosis. To align a similar initial flux level (~20 L/(m?-h)), the con-
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centration of draw solution was set to be 4 M and 2 M, when the active layer of mem-
brane faces the feed solution and draw solution, respectively.
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Figure 7.10: Effect of membrane orientation on purification of tannic acid.

As shown in Figure 7.10(a), the baseline and fouling flux in the AL-facing-FW mode
was compared with the alternative membrane orientation. As shown in Figure 7.10(b),
the normalized flux loss for the AL-facing-DS orientation was 30%, whereas that for
the AL-facing-FW orientation was negligible. Hence, the fouling resistance of the FO
membrane in the AL-facing-FW mode is superior, consistent with previous studies
[10, 38]. This may be attributed to the exacerbated initial ICP in this orientation. Tang
et al. [10, 38] proposed a self-compensation effect of ICP. Specifically, the decreased
flux induced by the dilution of the DS concentration and membrane fouling would
lead to severe degradation of ICP in FO membranes, which results in significantly
enhanced effective driving force on two sides of the membrane, thus partially com-
pensating for flux loss [10, 38].

Our results suggested negligible differences in the removal rate of tannic acid
under different membrane orientations. However, the retention rate of tannic acid by
FO membrane in the AL-facing-FW orientation during the entire period was approx-
imately 100%, which is significantly higher than in the AL-facing-DS configuration
(see Figure 7.10(c)). This is mainly attributed to the fact that tannic acid prefers not
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to be adsorbed on the dense skin layer of the membrane, consistent with previous
studies of FO membrane fouling [10, 52]. Additionally, this adsorption behavior of
tannic acid may be a reason behind the high stability of fouling flux in the AL-facing-FW
orientation.

In the AL-facing-FW mode, the adsorption of tannic acid on the active layer of
the membrane was affected by both permeations drag and shear force induced by
cross flow on the bulk feed solution side. Since the initial flux was aligned, the initial
permeation drag in the two cases can be regarded as similar. When the active layer of
membrane faces the feed solution, shear forces can hinder the adsorption of tannic
acid molecules on the active layer of the membrane, and the smoother active layer
prevents tannic acid molecules from entering the porous supporting layer, resulting
in reduced tannic acid adsorption.

In summary, the stabilization of water flux and high tannic acid retention (i.e.,
low fouling tendency) was favored during the purification of tannic acid by forward
osmosis in the AL-facing-FW orientation at the expense of more severe ICP and flux
inefficiency compared to the alternative orientation.

4. Effect of initial concentration of tannic acid

Figure 7.11 illustrates the effect of initial concentration of tannic acid on filtration flux
and retention performance of the forward osmosis membrane. As observed, the FO
membrane flux significantly declined at an increasing rate as the initial concentration
of tannic acid increased. This is consistent with studies of RO/NF [53]. With an initial
concentration of tannic acid of 45 mg/L, the FO membrane flux fell 50% during the
first 3 h. This may be attributed to severe internal clogging in the supporting layer. As
shown in Figure 7.11(c), the adsorption of tannic acid per square centimeter of sup-
porting layer increased significantly at higher initial concentration of tannic acid.
This result supported the above explanation. Tang et al. [53] claimed that the collision
frequency of NOM molecules onto the membrane surfaces increased with the high
initial concentration of feed solution. Hence, high initial concentration of feed solu-
tion promotes the adsorption of NOM molecules onto the membrane. Additionally,
the results revealed that the retention of tannic acid by FO membrane became slightly
higher with the increased initial feed concentrations. Nevertheless, the initial tannic
acid concentration had negligible effects on removal rate of tannic acid by the FO
membrane. These results demonstrated that the FO membrane can treat the NOM in
high concentrations in the NF concentrated water and brackish water.

5. Effect of pH

Figure 712 illustrates effects of pH (3.6, 5.8, and 7.8) on the purification of tannic acid by
the FO membrane. Baseline flux was independent from pH, although the baseline flux
at pH 3.6 slightly increased within 180 min initial filtration. This may be attributed to the
fact that this pH value is close to the isoelectric point of the CTA membrane. In this case,
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Figure 7.11: Effect of initial organic concentration on purification of tannic acid.

effective negative charges on the membrane surface were less, which may affect the
flow channel structure in the supporting layer [54]. As shown in Figure 7.12(a), fouling
fluxes induced by the tannic acid solution on the FO membrane at pH 3.6 and 7.8 were
similar. As shown in Figure 7.12(b), the reduction of fouling fluxes at pH 3.6 and 7.8 were
approximately 10% compared to that at pH 5.8 from 2 h to the end of the fouling test. In
summary, the effect of the pH value of feed solution on fouling flux in forward osmosis
was minor in this study, which is consistent with the study of Zou et al. [38].

Results revealed that the pH value of feed water had negligible effects on the
removal rate of tannic acid. Indeed, removal rates of tannic acid exceeded 99.0% at
all pH values, although the adsorption was extremely variable (see Figure 7.12(c)).
After the initial filtration (=3 h), the adsorption of tannic acid on the FO membrane
decreased as the pH value increased, resulting in the high retention rate of tannic
acid. Adsorption rate of tannic acid increased slowly for the high pH, which can be
attributed to the increasing effective negative charges on the membrane surface and
tannic acid at this high pH level. Previous studies have demonstrated that negative
charges on the CTA membrane surface increased with the increasing pH [54]. Addi-
tionally, tannic acid molecules may be neutral with a pH < 4.5 and negatively charged
with pH value > 4.5 (i.e., the isoelectric point of tannic acid was approximately 4.5).
Thus, the dissociated tannic acid molecules can be exposed to electrostatic repulsion
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Figure 7.12: Effect of pH on purification of tannic acid.

with the negatively charged FO membrane and the tannic acid molecules adsorbed
on the membrane surface, resulting in reduced adsorption at high pH [55]. At high
pH value, the adjacent functional groups in the molecules were exposed to strong
electrostatic repulsion and the tannic acid presented a large linear molecular struc-
ture, resulting in a loose fouling layer in the supporting layer [50]. Studies of NF and
RO have also revealed that the adsorption of DOM on membrane surfaces increases
as the pH decreases [50, 54]. Unlike NF and RO, however, the reduced adsorption of
tannic acid did not significantly enhance the flux of the FO membrane. The reduced
adsorption of tannic acid at high pH may be due to that the fouling layer of FO mem-
brane was looser and the FO process was free from hydraulic pressure (as compared
with pressure-driven processes). Hence, the reduced adsorption of tannic acid and
a looser fouling layer can significantly change the compact and dense fouling layer
during NF and RO, but not the original loose fouling layer and the corresponding
fouling flux in FO.

6. Effect of ionic strength

Figure 7.13 illustrates the effect of ionic strength (calcium ions) of the feed solution
on the purification of tannic acid by FO. Ca®* concentration in the feed solution
had a negligible effect on the baseline flux. However, the FO flux decreased signif-
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icantly as the Ca?" concentration increased in presence of tannic acid. As shown in
Figure 7.13(b), the membrane fouling at a 1 mM Ca? was severe, and the normalized
flux of FO decreased from 80% to 52%.

The results revealed that Ca®* concentration in the feed solution had a minor effect
on the removal of tannic acid by FO. However, the adsorption of tannic acid onto the
membrane surface decreased as the Ca?* concentration increased (see Figure 7.13(c)),
resulting in enhanced retention rate of tannic acid by the FO membrane in feed solu-
tion containing Ca?".
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Figure 7.13: Effect of Ca** concentration on purification of tannic acid.

The effect of calcium ions on the fouling of pressure-driven membranes (i.e., NF and
RO membranes) have been thoroughly investigated. It has been pointed out that Ca®*
may reduce the foulant charges by binding with carboxyl-based acidic functional
groups through complex formation, thus increasing foulant adsorption onto the
membrane surfaces [50]. However, in our study, Ca* in the feed solution had a nega-
tive effect on adsorption of tannic acid onto the membrane surface (see Figure 7.13(c)).
Although charge neutralization and the intermolecular binding of tannic acid mole-
cules by calcium ions were beneficial to the adsorption of tannic acid on the mem-
brane surface, lower permeation drag caused by the significantly reduced initial flux
of forward osmosis may hinder the adsorption of tannic acid on the membrane surface.
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Additionally, severe flux drop at high Ca*" concentration can be partially attributed to
the small coiled molecular morphology of tannic acid [50], which may result in a more
dense fouling layer of tannic acid in the supporting layer and thus more severe inter-
nal clogging (i.e., more severe ICP) compared to the absence of calcium ions.

7.4.2.3 Purification of natural DOM by forward osmosis

Figure 7.14 shows the purification of natural DOM by forward osmosis. During the
FO filtration, the membrane fouling flux in the AL-facing-DS mode dropped dras-
tically, whereas the fouling flux remained stable in the AL-facing-FW mode, as the
initial TOC concentration of feed water increased. Like the tannic acid fouling tests in
Section 7.4.2.2, the FO membrane exhibited low fouling tendency and water flux sta-
bility in the AL-facing-FW mode, regardless of the initial TOC concentration of natural
DOM. However, the AL-facing-DS mode is prone to more severe water flux loss with
increased initial TOC concentration of natural DOM.
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Figure 7.14: Natural DOM purification tests with FO membrane in two membrane orientations.
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Zhao et al. [49] reported the iso-flux point in forward osmosis, i.e., the point
where water fluxes under different membrane orientations were equal. At initial TOC
concentration of 10 mg/L, the fouling flux in the AL-facing-DS mode was higher than
that in the AL-facing-FW mode during the entire experiment period (Figure 7.14(a)).
At initial TOC concentration of 20 mg/L, the fouling fluxes under different membrane
orientations were equal at 6 h (see Figure 7.14(b)). In other words, the iso-flux point
was only observed at this initial TOC concentration. At initial TOC concentrations of
10 and 20 mg/L, normalized fluxes in the AL-facing-DS mode dropped by 20% and
35%, respectively, within the very start (t <30 min) and then stabilized at the corre-
sponding normalized flux level until the end of the FO filtration (see Figure 7.14(c, d)).
This demonstrates that the fouling tendency of raw water, with initial TOC concentra-
tions of 10 and 20 mg/L, was high at initial stages of FO filtration, but lower in subse-
quent stages. According to the concept of the iso-flux point in this study, its presence
at initial TOC concentration of 10 mg/L was later, and thus FO flux was favored in the
AL-facing-DS mode; its presence at initial TOC concentration of 20 mg/L was earlier,
and thus FO flux was favored in the AL-facing-FW mode.

Experimental results revealed that removal rates of natural DOM by FO, with dif-
ferent initial TOC concentrations, exceeded 99.0% under both membrane orientations
during the 8 h filtration period. This is consistent with results of previous studies on
the removal of tannic acid by FO. As shown in Figure 7.15, the adsorption of natural
NOM at the initial stage of the test was negligible under both membrane orientations
at different initial TOC concentrations. As a result, the retention rates of natural DOM
by FO exceeded 98.0%.

Based on the relatively low adsorption of tannic acid on the FO membrane at high
Ca* concentration (1 mM) and pH value (pH = 7.8), the negligible adsorption of natural
DOM in the AL-facing-DS mode may be partially attributed to the conditions of the
concentrated raw water, e.g., higher Ca* concentration (~4.1 mM) and pH value (~8.5).

In addition, as shown in Figure 7.8(a), the first peak of natural DOM at 1,004,680 Da
exhibited relatively low UVA response. Hence, the DOM of 1004.68 kDa may consist
of macromolecules with low-UVA responses, such as hydrophilic polysaccharides
and proteinaceous substances [56]. As water from Taihu Lake was characterized with
severe eutrophication, these low-UVA macromolecules may originate from microbial
biopolymers and exopolymers generated by phytoplankton and algae in the Taihu
Lake water. Although these macromolecules with low UVA responses only account
for a small part of the total natural DOM (about 2% of the total peak area of TOC, as
shown in Figure 7.8(b)), these macromolecules may affect the adsorption of natural
DOM by the FO membrane in the AL-facing-DS mode.

At theinitial filtration stage, the natural DOM molecules were brought to the rough
porous supporting layer of the FO membrane by permeation drag induced by initial
flux. Due to the surface resistance resulting from the rough supporting layer, these
molecules migrated more slowly, as compared with those in the bulk feed solution.
These macromolecules, with slower movement, had large sizes that can be regarded
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Figure 7.15: The natural DOM retention and adsorption by FO membrane at initial TOC concentration
of 10 mg/L and 20 mg/L.

as a moving “cake layer”, which may lead to increased thickness of the supporting
layer. Owing to the negligible adsorption of DOM in the supporting layer, few DOM
molecules were entrapped within the supporting layer and these organic compounds
caused no significant changes to the porosity of the FO membrane. Assuming that all
other parameters in Eq. (7.7) were constant during membrane fouling, the increas-
ing membrane thickness led to increasing solute resistivity K and exacerbated ICP, in
turn, resulting in drastic flux drop at the initial FO filtration stage (t < 40 min). Due to
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decreased flux and the correspondingly reduced permeation drag, the quantity of DOM
brought to the FO membrane surface was reduced. Hence, the effect of macromole-
cules on the membrane thickness was lessened. In this way, the growth of membrane
thickness was decelerated, such that the drastic flux decline decelerated after the
initial stage (t>40 min). Additionally, the macromolecules partially hindered natural
DOMs with low molecular weight (e.g., 1,082 Da) from entering the supporting layer.

In summary, the adsorption of natural DOM on the FO membrane, as well as the
fouling flux trend in the AL-facing-DS mode, was different from that of tannic acid.
The mechanism of membrane fouling by DOM in FO purification of natural surface
water warrants further study.

7.4.3 Summary

This study focused on the purification of DOM in concentrated natural surface water

by an FO membrane. Physical and chemical factors affecting water flux and retention

by the FO membrane were investigated with tannic acid as the surrogate for natural

DOM. The following conclusions can be drawn:

(1) For both AL-facing-DS and AL-facing-FW orientations, the FO membrane can
effectively remove the tannic acid and natural DOM.

(2) Inthe AL-facing-DS orientation, the permeation drag induced by water flux may
play a dominant role in the adsorption of tannic acid and natural DOM into the
porous supporting layer of FO membrane.

(3) Higher concentrations of foulants (i.e., tannic acid and natural DOM) and Ca?* in
the feed solution led to more significantly decreased fouling flux, but increased
retention of foulants.

(4) The membrane orientation had negligible effect on the removal of natural DOM
by the FO membrane.

As a new separation technology, the results of this study could provide a framework
for the future research on the treatment of natural surface water by forward osmosis.

7.5 Study on the purification efficiency of mixed
organic foulants by FO technology

Although forward osmosis (FO) exhibits low fouling tendency and high fouling revers-
ibility compared to nanofiltration (NF) and reverse osmosis (RO), the practical water
treatment by FO is mainly limited by membrane fouling, especially organic fouling by
dissolved organic matter (DOM). As compared with a single foulant, molecular weight
distribution and hydrophobicity of mixed organic foulants are more complicated, leading
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to even more complicated, distinguishing purification behavior by FO membrane. This
study proposes systematic investigation of FO membrane fouling by mixed organic fou-
lants and investigates key factors influencing it, including hydrodynamic factors (water
flux level and cross-flow velocity) and conditions of the feed solution. Tannic acid and
alginate were selected as the model organic foulants, and the mass adsorption of individ-
ual foulants in mixed fouling layers and the correlation with flux decline under different
conditions was quantified to investigate mechanisms of mixed organic fouling.

7.5.1 Materials and methods
7.5.1.1 FO membrane

The flat sheet cellulose triacetate (CTA) FO membranes were purchased from Hydra-
tion Technology, Inc. (HTI, USA) and more detailed characteristics are described in
Section 7.4.1.1 and Section 7.4.2.2.

7.5.1.2 Feed and draw solution

Unless otherwise specified, all chemical reagents used in this study were of analytical
grade. All solutions were prepared using Milli-Q water (resistivity = 18.2 MQecm). The
draw solute used was sodium chloride (NaCl, purchased from Sinopharm Chemical
Reagent Co. Ltd., China).

Sodium alginate ((NaC¢H;0¢)n, SA) and tannic acid (TA) were used as model
organic foulants. SA and TA represent polysaccharides and humic substances, respec-
tively, which are commonly observed in natural water. TA is a hydrophilic substance
with low molecular weight and a polyphenol structure [57]. SA is a negatively charged
(in water) hydrophilic polysaccharide originating from algae and bacteria [56]. SA has
high molecular weight and consists of two typical monomers, repeating mannuronic
and guluronic acid residues [56, 58].

7.5.1.3 FO experiments

The primary FO tests were conducted using a bench-scale cross-flow FO membrane
module. Section 7.4.1.3 presents a detailed description of this FO membrane system.
A new membrane coupon was used for each test. A FO test consisted of both prepa-
ration and fouling tests. In the preparation test, the membrane was loaded in the
module for equilibration. The draw solution was aligned with that in the fouling test,
whereas the feed solution had a similar background electrolyte but contained no fou-
lants. Equilibration was conducted for at least 30 min until the stabilization of water
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flux. In fouling tests, foulants were added to the feed solution and each fouling test
had a period of 8 h. The initial pH value of feed solution was adjusted using a HCl
and/or NaOH solution, and the pH value of the solutions could be kept constant. To
ensure the reliability of flux data, the test under each working condition was repeated
at least once depending on the criticality of the data. In each test, only one parameter
(e.g., foulant concentration, initial flux, cross-flow velocity, pH value, and concen-
tration of Ca?") was selected to be variable, while others remained constant. Unless
otherwise stated, conditions adopted for the fouling tests were as follows:

Feed solution: 10 mg/L mixed foulants concentration (5 mg/L TA concentration
and 5 mg/L SA concentration), 10 mM ionic strength (adjusted by NaCl), pH = 6.5 £ 0.1;
—  Draw solution: concentrated NaCl solution (0.5-4.0 M);

— Membrane orientation: AL-facing-DS orientation;
—  Cross-flow velocity on both sides of membrane: 17.4 cm/s;
— Temperature: 22 +1°C.

As the fouling test progressed, the osmotic driving force for FO flux kept decreasing
due to the dilution of the draw solution and ICP. As a result, the continuous decline
of water flux during the fouling test was induced by both membranes fouling and the
reduction of apparent osmotic driving force. Therefore, baseline tests were conducted
to eliminate the water flux loss attributed to the reduction of osmotic driving force.
A baseline test was conducted for each condition. In baseline tests, all operation
parameters were aligned with the corresponding fouling test, except that no foulants
were present in the feed solution. Results of baseline test were used to calculate the
normalized flux in the fouling test. Normalized flux is the ratio of practical fouling
flux (Jrouiing) in the fouling test and baseline flux (Jpaseiine) at a corresponding moment
in the baseline test. It solely reflects the degree of membrane fouling. The membrane
flux under specific conditions was described by both practical fouling flux and nor-
malized flux.

7.5.1.4 Analysis method

1 Analysis of molecular weight and hydrophobicity of organic substances

The molecular weight distributions of foulants were investigated using a high-
performance liquid chromatograph (HPLC, Waters €2695, USA) with an ultraviolet
absorbance (UVA) detector (Waters 2489, USA) and a total organic carbon (TOC)-
specific detector (Modified Sievers 900 Turbo, USA). Analysis methods of the above
listed instruments are described in Section 7.4.1.5.

Through solid-phase extraction, foulants can be divided into strong hydrophobic
components (HPO), transphilic components (TPI) and hydrophilic components (HPI)
using Amberlite XAD-8 and XAD-4 resins [47]. The concentration of each component
was measured using the TOC analyzer.
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2 Removal rate, retention rate, and adsorption of foulant

In purification tests of mixed foulants, the concentration of single or mixed compo-
nents were examined using the TOC measurements [57] to calculate removal rate and
retention rate, as well as foulant adsorption on the membrane. The detection limit of
the TOC analyzer for high-salt samples was approximately 0.1 mg/L.

For the analysis of the adsorption of foulants in the fouling layer on the FO mem-
brane, the TA concentration were calculated using the standard curve method. A
more detailed calculation method for the adsorption of TA and SA is shown in our
previous study [59].

Blank tests were involved to eliminate deposition of foulants on other apparatus
of the FO system (e.g., tubes and membrane module spacers). In blank tests, no mem-
brane was loaded in the membrane module, whereas other parameters were aligned
with those in fouling tests. The mass of foulant was measured before and after tests,
and results suggested that the additional adsorption of single and mixed foulants on
other apparatus of the FO system were negligible.

To verify the validity of equations for removal rate, retention rate, and adsorption
of foulants by the FO membrane, foulants were extracted from the FO membrane to
determine the actual amount of foulants adsorbed onto the membrane. After fouling
tests, membranes were sonicated in dilute NaOH solution (pH=10.5) at 25 °C for
15 min, until the desorption equilibrium of foulants. Then, the quantity and com-
position of foulants were determined and compared with mass balance calculation
results (see Table 74). The results obtained by the mass balance calculation, and
results obtained using the extraction measurement, were statistically similar under
the given operating conditions, demonstrating good validity of the equations used.

Table 7.4: Mass adsorption of mixed and single foulants in FO.

Operating Total adsorption (pg/cm?)  Tannic acid adsorption Alginate adsorption

condition (pg/cm?) (ug/cm?)
Mass Direct Mass Direct Mass Direct
balance extraction balance extraction balance extraction
calculation measurement calculation measure- calculation measure-

ment ment

FW: 2 mg/Ltannic 36.60 37.18 30.37 30.67 6.23 6.51

acid and 8 mg/L

alginate

DS: 2 M NacCl

FW: 5 mg/Ltannic 97.94 98.26 93.59 94.37 4.35 3.89

acid and 5 mg/L

alginate

DS: 4 M NaCl
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Table 7.4 (continued)

Operating Total adsorption (ug/cm?)  Tannic acid adsorption Alginate adsorption
condition (ug/cm?) (ug/cm?)
Mass Direct Mass Direct Mass Direct
balance extraction balance extraction balance extraction
calculation measurement calculation measure- calculation measure-
ment ment
FW: 5 mg/Ltannic 32.80 33.65 29.82 31.82 2.98 1.83

acid and 5 mg/L
alginate (cross-
flow velocity:
1.7 cm/s)

DS: 2 M NaCl

FW: 5 mg/Ltannic 36.63 37.30 29.17 29.33 7.46 7.97
acid and 5 mg/L

alginate

(pH=7.8+1mM

Ca) DS: 2 M Nacl

3 Measurement of resistance by the FO membrane

In mixed foulant tests, the fouling characteristics of single or mixed foulants by the
FO membrane were investigated using the serial resistance model. The membrane
flux, J,,, can be calculated by:

_ AP AP (7.15)
Jw=— =
URt  U(Rm+Rs+Rp)

where J,, is the membrane flux; AP is the transmembrane pressure difference (Pa); p is
the viscosity of the permeate (Pa - s); R;is the overall resistance (m™); R,, is the intrinsic
resistance induced by membrane structure and the concentration polarization of feed
water (m™); R, is the surface resistance induced by the fouling layer deposited on the
supporting layer (m™); and R, is the internal resistance induced by pore plugging within
the supporting layer (m™). These resistances were measured using methods reported
elsewhere [60, 61] and as follows: (i) 2 M NaCl and DI water were used as draw solution
and feed water, respectively, and the average membrane flux of the clean membrane
within the first hour was measured to determine the R,,; (ii) After each 8 h filtration
cycle, draw solution and feed solution were replaced with fresh 2 M NaCl solution and
DI water. The average membrane flux of the used FO membrane within the first 30 min
was measured to determine the R;; and (iii) the fouled membrane was extracted and
flushed using DI water to remove the surface fouling layer. Then, the pure water flux
of the rinsed membrane within the first 30 min was measured with 2 M NaCl as draw
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solution to obtain the sum of R,, + R,. The fouling resistance, R,, was determined by
subtracting R,, + R, from R;. Finally, the fouling resistance of pore plugging R, was then
obtained by subtracting R, and R,, from R,.

7.5.2 Results and discussion
7.5.2.1 Composition characteristics of tannic acid and alginate

Figure 7.16 shows hydrophobic/hydrophilic components of tannic acid and alginate as
measured experimentally. As reported in our previous study, the hydrophobic/hydro-
philic components of tannic acid were similar to those of DOM in natural surface
water [57]. Hence, tannic acid can be used as a model foulant for natural DOM. Com-
pared with tannic acid, alginate was characterized by larger content of hydrophilic
components and higher hydrophilicity. Therefore, alginate is an ideal model foulant
for hydrophilic organics in natural surface water.

100.0

= Alginate m Tannic acid
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Figure 7.16: Organic fractionations of tannic acid and alginate.

Figure 7.17 illustrates distributions of the molecular weights of tannic acid and algi-
nate. For UVA (Figure 7.17(a)) and TOC (Figure 7.17(b)) of tannic acid, two peaks were
observed. The apparent molecular weight (AMWyy,) at the two top peaks was 1,394 Da
and 699 Da, respectively. According to the higher proportion of the TOC area of the
peak in the total TOC, the 1,394 Da component was dominant in tannic acid. Notably,
the dominant molecular weight distribution of tannic acid was similar to that of DOM
in natural surface water [57].
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For TOC of alginate (see Figure 7.17(b)), two peaks were observed and the AMW . of
the top peak was estimated to be 407,210 and 1,993 Da. Despite the UVA detector exhib-
ited a low peak response for AMW at 407,210 Da (see Figure 7.17(a)), the area of the TOC at
the peak of 407,210 Da was approximately 89.2% of the overall TOC peak area, indicating
that alginate is dominated by macromolecules with low UVA responses. In addition, the
component with AMWrqc of 1,993 Da may be attributed to the salt boundary peak. The
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Figure 7.17: (a) UVA peaks versus MW distribution of tannic acid and alginate (10 mg C/L), and (b)
DOC peaks versus MW distribution of tannic acid and alginate (10 mg C/L).
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magnitude of the molecular weight of alginate (~10°) seemed to be consistent with that
of macromolecule organics with low UVA responses in natural surface water (10°-10°)
[57]. This is one of the key reasons that alginate was selected as a surrogate for low-UVA
macromolecules. Additionally, the macromolecules with low UVA may possibly affect
the adsorption characteristics of natural DOM by FO membranes.

7.5.2.2 Effect of feed organic foulant composition

The effect of concentration ratios of tannic acid to alginate in feed water on the puri-
fication of mixed organic foulants by FO were investigated. The overall foulant DOC
concentration in feed water was set to 10 mg/L. Figure 7.18(a, b) shows the baseline
and fouling fluxes of the FO membrane, respectively, with initial flux of 25 L/(m?- h)
(i.e., 2 M NaCl as the draw solution).
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Figure 7.18: Effect of feed organic foulant composition on mixed foulants purification.

During the entire filtration period, the flux decline of feed water containing alginate
alone was minimal (~10% flux loss). This may be attributed to the fact that the initial
flux was lower than the critical flux for the alginate fouling [62]. As the relative concen-
tration of tannic acid in feed water increased from 20% to 80%, FO fouling flux dropped
more drastically. When the relative concentrations of tannic acid were 80% and 100%,
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the most severe fouling occurred and the reduction of fouling flux was up to ~30%.
Although the reductions of normalized initial flux at different foulant concentration
ratios during the early 2 h of FO filtration were similar, the reduction of normalized
flux decelerated and approached the quasi-steady state after 2 h filtration when the
feed water contained a minor amount of tannic acid (e.g., 20% tannic acid), as seen in
Figure 718(b). This demonstrated that the concentration ratio of foulants in feed water
had a negligible effect on the reduction of initial fouling flux, whereas the presence of
tannic acid may have facilitated the fouling of the FO membrane compared to alginate.

For the AL-facing-DS orientation, the removal rate of alginate and mixed fou-
lants was at or above 99.0%, which is consistent with that of tannic acid in the earlier
studies [57]. The stable complete removal rates suggested that FO membranes can
effectively remove medium molecules (e.g., tannic acid) and macromolecules (e.g.,
alginate), regardless of the concentration ratio of mixed foulants. As discussed in our
previous studies, low adsorption and thus high retention rates indicated good perfor-
mance of FO in purification of DOM. Figure 7.18(c) illustrates the total adsorption of
mixed foulants on the membrane surface and the retention rates by the FO membrane.

As shown in Figure 7.18(c), the retention rate by the FO membrane degraded dras-
tically with the concentration ratio of tannic acid in feed water increased from O to
100%. This may be attributed to increased foulant adsorption on the membrane due
to the higher relative concentration of tannic acid. When the concentration ratio of
tannic acid was 20%, the overall adsorption of foulants at the end of FO filtration was
~40 pg/cm?, whereas in absence of tannic acid it was ~10 pg/cm? When the concen-
tration ratio of tannic acid was 50~100%, the overall adsorption of foulants increased
further, resulting in the drastic flux drop under those conditions.

To fully understand the adsorption of foulants in the mixed fouling system, the
adsorption of tannic acid and alginate on the membrane and the ratio of tannic acid
in adsorbed foulants during the entire filtration period was shown in Figure 7.18(d).
Figure 7.19 shows the membrane resistances measured experimentally in order to elu-
cidate the fouling behavior of single or mixed foulants.

As shown in Figure 7.18(d), at a specific concentration ratio of tannic acid to algi-
nate, the adsorption of tannic acid increased significantly as filtration progressed and
stabilized gradually after the initial filtration stage of 4 h. However, the adsorption of
alginate increased slightly with time, and approached a constant value (~10 pg/cm?)
at the end of filtration. This is consistent with results of feed water containing alginate
only (Figure 7.18(c)). Additionally, the adsorption of tannic acid per square centimeter of
support layer at a specific point increased significantly with the increase of the concen-
tration of tannic acid in feed water. This may be attributed to the fact that the collision
frequency of these organics onto the membrane surface increased with the higher initial
concentration of tannic acid. The adsorption of alginate was not significantly affected by
the concentration ratio of foulants in feed water. Notably, the ratio of tannic acid in all
adsorbed foulants was nearly at or above 80% over the duration of filtration in all mixed
fouling cases, including the case where the concentration of tannic acid in feed water
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Figure 7.19: Membrane resistances of FO filtration of single or mixed tannic acid and alginate.

was 20%, demonstrating that the effect of tannic acid on FO membrane fouling were
more significant than that of alginate in the mixed fouling system.

Figure 719 illustrates the effect of mixed fouling on the resistance of FO mem-
brane. The overall membrane resistance R; induced by tannic acid was larger than
that induced by alginate, demonstrating that more severe membrane fouling occurs
when a single tannic acid is in the feed. Among membrane resistances induced by
tannic acid, the internal resistance R, was approximately 35% of overall resistance,
which was significantly larger than the surface resistance R;. These results suggest
that more tannic acid molecules prefer to be entrapped within the porous support
layer, instead of its surface. Nevertheless, the surface resistance R, was slightly larger
than the internal resistance R, for membrane fouling induced by alginate, indicat-
ing that alginate prefers to adsorb on the surface of the supporting layer. The mem-
brane resistances with mixed fouling was similar to that of fouling by tannic acid,
although the overall resistance R,and the internal resistance R, with mixed fouling
was slightly lower than by tannic acid. This is consistent with the results of membrane
flux shown in Figure 7.18(a, b), and further demonstrated the dominant role of tannic
acid in mixed fouling of the FO membrane. Additionally, surface resistance R; with
mixed fouling was slightly higher than that by either organic. This may be attributed
to the fact that some tannic acid molecules in the mixed fouling system were depos-
ited on the membrane surface, instead of within the inner support layer. Experiments
also revealed that intrinsic resistance R,, was the dominant component of overall
resistance of the FO membrane in all cases, indicating the filtration performance by
FO membranes could be effectively enhanced by reducing the intrinsic resistance and
relieving the concentrated concentration polarization in the supporting layer.
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Figure 7.20 shows the SEM images of the supporting layer of the FO membrane that
was exposed to the fouling after filtration of feed water containing tannic acid, alginate,
or mixed foulants. As shown in Figure 7.20(a), only minor NaCl salts deposited on the
support layer of the FO membrane after fouling by tannic acid, and no visible tannic acid
molecules were observed. This is consistent with the assumption that more tannic acid
molecules adsorbed in the porous supporting layer. Nevertheless, an obvious organic
fouling layer packed with NaCl crystal was observed on the surface of the supporting
layer of the FO membrane after fouling by alginate (see Figure 720(b)). The alginate
fouling layer had a sparse and loose structure, which may be attributed to the slight
adsorption of alginate on the membrane surface and the absence of hydraulic pressure
in FO. According to the fouling patterns of tannic acid and alginate on the membrane
surface, the mixed fouling layer observed in Figure 7.20(c) is mainly attributed to alginate
molecules accumulated on the surface of the support layer.

NaCl Salt Crystal"'. -
»

Organic Foulant
e "
»

Figure 7.20: SEM image of fouled FO membranes sampled after (a) the tannic acid, (b) the alginate and
(c) the mixed tannic acid and alginate fouling experiment with 10 mg/L of organics in the feed solution.

Based on the analysis of the mass adsorption and membrane resistances, as well as
SEM images, the mechanism of single and mixed fouling can be deduced. First, for
the AL-facing-DS orientation, more tannic acid molecules entered and adsorbed in
the porous supporting layer because of the initial permeation drag caused by the con-
vective permeate flow toward the membrane when the feed water contained greater
tannic acid molecules, resulting in more severe internal clogging within the porous
layer and thus reduced the porosity of the supporting layer. Eventually, the ICP effect
was exacerbated and the flux decline was greater.
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Previous studies have claimed that alginate molecules tend to form gel struc-
tures due to their greater intermolecular adhesion, resulting in a thicker fouling
layer on the membrane surface and severe membrane fouling [42, 58]. However,
this study showed that alginate did not induce severe FO membrane fouling with
either single or mixed fouling. The results may be attributed to the different exper-
imental conditions (e.g., the initial flux). In this study, a minority of alginate mol-
ecules entered the porous supporting layer under the effect of permeation drag
induced by the initial flux, whereas the majority moved with the bulk solution in a
direction parallel to the membrane surface under the effect of shear force induced
by the cross flow. In the boundary layer that was close to the rough surface of sup-
porting layer, the greater resistance hindered the migration of alginate molecules
and a few alginate molecules eventually accumulated on the membrane surface.
Instead of significantly altering the porosity of the supporting layer, the alginate
molecules accumulated on the membrane surface can likely increase the thickness
of the support layer and form a fluid-like, sparse, loose “cake layer” due to their
large molecular sizes [63]. In this way, the thickness of the membrane increased,
resulting in the enhanced hydraulic resistance to permeate flow through the mem-
brane, and thus the flux decline.

For mixed fouling, the similar flux declines at the early stage suggested the minor
effects of the ratio of the two foulants in the feed water on the initial FO fouling.
As filtration progressed, the pore-clogging enhanced ICP [10] caused by the tannic
acid might play a more significant role in exacerbating the FO flux decline than the
fluid-like “cake layer” improved hydraulic resistance induced by the alginate. In
summary, it implies that the FO membrane may favor the purification of alginate mac-
romolecules with the stabilized filtration flux and high retention rate in mixed fouling
of the FO membrane, as compared with tannic acid.

7.5.2.3 Effect of initial flux

The effect of the initial flux level (i.e., the initial concentration of NaCl in draw solu-
tion) on the purification of mixed foulants by FO membrane are shown in Figure 7.21.
The initial flux was 8-36 L/(m?- h) (i.e., 0.5-4.0 M NaCl as draw solution).

Figure 7.21(a) shows the baseline and fouling fluxes of the FO membrane as a
function of time under different initial flux levels. The initial flux can be increased
with the increasing DS concentration. However, the higher initial flux at greater DS
concentration (i.e., 2 M and 4 M) leads to severe fouling flux decline. This result is
consistent with the single fouling test of tannic acid [57], as well as other studies of
osmotically driven membranes (e.g., FO) [10, 38, 42, 64] and pressure driven mem-
branes (e.g., RO and NF) [50, 51, 65]. As shown in Figure 7.21(b), the normalized
flux reduced by approximately 10-15% during the first 20 min, which accounted for
40-50% of the overall flux drop during filtration, demonstrating that normalized flux
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Figure 7.21: Effect of initial flux level on mixed foulants purification.

in mixed fouling reduced slowly after the initial drop at the early stage under the
different initial flux levels. For this reason, the FO membrane flux tended to be stable
during a longer filtration period. Additionally, the initial normalized flux dropped
slightly during the first 3 h when the initial flux was <26 L/(m?- h) (i.e., DS concen-
tration<2 M), however, the normalized flux at higher initial flux levels dropped
drastically after the early 3 h of filtration (e.g., for 2 M), or from the beginning of
filtration (e.g., for 4 M). A significant drop of mixed fouling flux of the FO membrane
was only observed when the initial flux exceeded 16 L/(m?- h) (i.e., 1 M DS concentra-
tion). It is suggested that the concept of critical flux (defined as a flux below which
the minor membrane fouling occurs, whereas above it significant membrane fouling
is observed), coined by Tang et al. for the osmotically driven FO membrane [10, 38,
49, 52], is also applicable in the filtration of mixed foulants by the FO membrane in
AL-facing-DS orientation.

Experiments revealed that the initial flux had the negligible effect on the removal
of mixed foulants by the FO membrane. Indeed, the removal rates of mixed foulants
by the FO membrane were above 99.0% under all the initial flux values. Neverthe-
less, as shown in Figure 7.21(c), the adsorption of mixed foulants increased and thus
the retention rates decreased as the initial flux increased. This conclusion is con-
sistent with that of single fouling by tannic acid [57]. However, the retention rate of
mixed foulants was slightly higher (~5%) than that of tannic acid in single fouling
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at various initial flux levels, demonstrating the advantage of FO membranes in the
treatment of mixed organic foulants in natural water. Notably, tannic acid and alg-
inate exhibited distinguished fouling behaviors at initial fluxes tested. As shown in
Figure 7.21(d), more adsorption of tannic acid molecules onto the membrane surface
occurred when the initial flux level (i.e., DS concentration) increased, whereas the
minimal adsorption of alginate molecules onto the membrane surface was independ-
ent from the initial flux. It is suggested that the increasing initial flux may have a
more pronounced effect on the adsorption of tannic acid than that of alginate on the
FO membrane. Since the tannic acid adsorption was significantly affected by the FO
flux, the absorbed mass percentage of tannic acid accounted for nearly 80.0-98.0% of
the fouling layer over the duration of FO filtration regardless of the initial flux levels.
This result once again suggests that tannic acid may be the dominant foulant in mixed
fouling of the FO membrane under the initial flux tested.

According to the mechanism discussed in Section 7.5.2.2, the greater initial perme-
ation drag was caused by higher initial flux. As a result, more tannic acid molecules
were entrapped into the porous supporting layer and the pore-clogging enhanced
ICP caused by the tannic acid aggravated, resulting in more severe membrane flux
decline at elevated initial flux levels. However, greater permeation drag induced by
higher initial flux seems to have a minor effect on improving the migration of alginate
toward the supporting layer. As a result, higher initial flux did not lead to changes of
alginate adsorption on the membrane surface. Mi and Elimelech [42] proposed that
the effect of permeation drag on FO fouling induced by alginate were limited. She et
al. [64] demonstrated that a thicker and denser fouling layer of alginate was observed
on FO membrane surface under the higher initial flux, resulting in greater hydraulic
resistances, which was not in accordance with conclusions in this study. This may
be attributed to the high initial concentration of alginate (100 mg/L) and additional
applied pressures on the side of feed water (i.e., PRO mode) in their research. Assum-
ing similar fluid-like “cake layers” induced by some alginate developed on membrane
surfaces under different initial fluxes, identical hydraulic resistance were generated.
As a result, trends of initial fouling flux loss were similar (~15%).

Nevertheless, the continuous slow reduction of fouling flux after the initial drop
may be mostly attributed to the adsorption of tannic acid in the supporting layer.
The trends of the fouling flux decline (Figure 7.21(a, b)) were similar during the entire
filtration period at low initial fluxes (0.5 M and 1 M DS concentration) and at the early
stage (3 h) when initial flux was 26 L/(m?-h) (2 M DS concentration). This may be
attributed to similar minor adsorption of tannic acid (~40 pg/cm? in Figure 7.21(d))
under these conditions. Compared with single fouling by tannic acid [57], the deceler-
ated flux drop in mixed fouling may be related to the limited adsorption of tannic acid
on the FO membrane due to the lower initial concentration of tannic acid (5 mg/L) in
the mixed fouling treatment.
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7.5.2.4 Effect of cross-flow velocity

Figure 7.22 illustrates the effect of cross-flow velocity on the purification of mixed
foulants by FO. As shown in Figure 7.22(a), the initial baseline flux at low cross-flow
velocity (1.7 cm/s) was 24% lower than that at high cross-flow velocity (17.4 cm/s).
This may be attributed to the more severe external concentration polarization (ECP)
caused by the lower cross flow velocity [38]. Additionally, it was demonstrated that
the baseline flux was relatively stabilized at low cross-flow velocity compared to
that at the higher cross-flow velocity. This may be attributed to the reduced dilution
of the draw solution and concentration of feed water caused by less water passing
through the FO membrane. Zou et al. [38] proposed that the dramatically reduced
and stable baseline flux at low cross-flow velocity may result in a reduced tendency
for FO membrane fouling. In this experiment, fouling fluxes at different cross-flow
velocity were aligned at the end of filtration with mixed fouling, despite different
initial fluxes (Figure 7.22(a)). As shown in Figure 7.22(b), the normalized flux at low
cross-flow velocity exhibited a lower decline rate after the initial drop (~12%) at
the early stage. Therefore, the normalized flux at low cross-flow velocity gradually
exceeded that at high cross-flow velocity after 5 h of filtration, demonstrating the
tendency of membrane fouling can be relieved by reducing the cross-flow velocity
in the longer FO purification of mixed foulants. In contrast, previous studies have
found that organic fouling of pressure driven membranes is exacerbated by reducing
cross-flow velocity [66].

The present experiment revealed that the effect of cross-flow velocity on the
removal rate of mixed foulants by FO membrane were negligible. Indeed, the removal
rate of mixed foulants by the FO membrane at both cross-flow velocity was at or above
99.0%. As shown in Figure 7.22(c), the adsorption of mixed foulants at low cross-flow
velocity was significantly lower, resulting in the enhanced retention rate. As shown
in Figure 7.22(d), tannic acid was the dominant foulant on the fouled membrane com-
pared to the alginate at both cross-flow velocities.

As mentioned above, the adsorption of tannic acid is mainly affected by the per-
meation drag. Due to the more severe reduced initial fouling flux at low cross-flow
velocity, the permeation drag in this case was lower, resulting in the limited adsorp-
tion of tannic acid. Mi et al. reported that [42] the crossflow velocity in the supporting
layer vanished, and the shear force induced by the crossflow velocity had a negligible
effect on the organic foulant molecules in the porous supporting layer. This is con-
sistent with the effect of cross-flow velocity on single fouling by tannic acid [59]. Nev-
ertheless, the alginate macromolecules moved more slowly near the rough surface
of the supporting layer at low cross-flow velocity in mixed fouling. As a result, the
thickness of the boundary layer may increase, resulting in the increased hydraulic
resistance caused by ECP. This phenomenon may be the cause of the notable flux
decline at the early stage of FO filtration of mixed foulants at low cross-flow velocity,
which is consistent with findings of single fouling by alginate at the same condition of
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Figure 7.22: Effect of cross flow velocity on mixed foulants purification.

cross-flow velocity [59]. Due to the reduction of initial fouling flux and thus degraded
permeation drag at low cross-flow velocity, the quantity of alginate molecules that
migrated toward the membrane surface decreased, resulting in slightly reduced
adsorption of alginate.

In summary, this suggests that the low cross-flow velocity has an influence on
increasing the hydraulic resistance related to alginate-induced ECP, as well as aggra-
vating the initial flux decline in mixed fouling. The reduction of initial fouling flux
had an adverse effect on the adsorption of tannic acid. As a result, the pore-clogging
enhanced ICP caused by the adsorption of tannic acid was relieved, thus partly com-
pensating for the detrimental effect of low cross-flow velocity on mixed fouling flux at
the early stage. Further research is needed into the optimization of cross-flow condi-
tions for the improvement of FO efficiency.

7.5.2.5 Effect of feed solution chemistry

The effect of pH and concentration of calcium of feed water on the purification of
mixed foulants by the FO membrane were also investigated in Figure 7.23. The feed
water contained 5 mg/L tannic acid and 5 mg/L alginate. In fouling tests focusing on
the effect of pH without calcium, the flux at filtration of feed water with pH 7.8 was
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defined as baseline flux. In fouling tests focusing on the effect of calcium, the flux at
filtration of feed water with pH 6.5 and 1 mM Ca®* was defined as the baseline flux. As
shown in Figure 7.23(a), the mixed fouling flux decline at pH 6.5 and 7.8 was nearly
consistent, demonstrating that the effect of pH of feed water on mixed fouling were
negligible. This is consistent with other studies on single organic fouling by Wang et
al. [57] and Zou et al. [38], as well as the observation of single alginate fouling shown
in Wang et al. [59].
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Figure 7.23: Effect of solution chemistry on mixed foulants purification.

As mentioned above, the effect of feed water pH on the removal rates of mixed fou-
lants was negligible. Indeed, removal rates of mixed foulants were above 99.0%,
regardless of pH. As shown in Figure 7.23(c), the adsorption of mixed foulant on the
FO membrane decreased drastically as the pH increased, although fluxes at differ-
ent pH values were consistent. As a result, the retention rates by the FO membrane
enhanced as the pH increased. Additionally, the increasing rate of mixed foulant
adsorption was much lower at higher pH value. Figure 7.23(d) shows the composition
of the foulant layer. As observed, the adsorption of tannic acid at higher pH was sig-
nificantly lower than that at lower pH. At higher pH, the effective negative charge
carried by tannic acid [55] and the FO membrane surface [54] increased, resulting
in the enhanced electrostatic repulsion and thus reduced adsorption of tannic acid.
However, as demonstrated by tests of single fouling by tannic acid [57], the reduction
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of tannic acid adsorption and looser structure of the fouling layer seemed to have a
negligible effect on the fouling flux. In addition, the content of alginate in the fouling
layer exhibited negligible change within the pH range tested. Previous studies [65]
have demonstrated that alginate had a negative zeta potential and nearly constant
above pH 6, suggesting that alginate was completely deprotonated and has similar
negative charge at the pH evaluated in this study. Based on this, it can be concluded
that the electrostatic repulsion between dissociated alginate molecules and the
negatively-charged membrane surface and between the alginate in solution and the
adsorbed alginate was similar at different pH values, possibly resulting in subtle dif-
ferences between the adsorption behavior of alginate. On the other hand, the relative
amount of tannic acid in the fouling layer was independent from the increased pH,
remaining at nearly or above 80.0%, suggesting that the adsorption of tannic acid was
the dominant factor in mixed fouling at pH tested.

At pH of 6.5 and 7.8, the FO flux more significantly reduced in the presence of Ca*
in feed water compared to that in the absence of Ca?*. In single fouling by tannic acid
[57] or alginate [59], Ca** also exhibited the adverse effect on the fouling flux. Accord-
ing to the normalized flux shown in Figure 7.23(b), the initial flux decline (~15%) at
different pH values was similar in the presence of Ca?"; however, the normalized flux
at pH 7.8 declined more noticeably than that at pH 6.5 after the early stage (t=3 h),
demonstrating the significant effect of solution containing Ca® at pH 7.8 on the flux
decline of mixed fouling of the FO membrane.

As mentioned above, the presence of Ca* in feed water had a minor effect on the
removal of mixed foulants by the FO membrane. However, Ca®* had the remarkable
different effect on the adsorption and retention of mixed foulants in feed water at both
pH 6.5 and pH 7.8 (see Figure 7.23(c)). At pH 6.5, the presence of Ca®* led to the reduced
adsorption of mixed foulants on the membrane surface and thus slightly higher
enhanced retention of mixed foulants compared to the absence of Ca?*. However, the
presence of Ca** had minimal effect on the adsorption and retention of mixed fou-
lants at pH 7.8, probably attributed to the original, obviously decreased, adsorption
of tannic acid at pH 7.8 without Ca* in the feed. Additionally, the adsorption of mixed
foulants at high pH was lower than that at low pH, and the retention rate of mixed
foulants was consequently higher after the early 3 h of the FO filtration in presence
of Ca?". From the results observed in absence of Ca?* in the feed, Figure 7.23(d) shows
that tannic acid plays a dominant role in mixed fouling of the FO membrane at both
pH values in the presence of Ca?. For this reason, the adsorption of tannic acid had
a similar trend with the mixture adsorption at the corresponding pH value. Accord-
ing to the minimal adsorption amount, the adsorption of alginate on the membrane
surface was not obviously affected by pH value in the presence of Ca?*. This result is
consistent with that of single fouling by alginate under the identical conditions of pH
and Ca* [59].

It has been well-recognized that the presence of Ca?* can reduce the charge of
organic foulants and thus enhance their adsorption on membrane surfaces, as Ca*
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can bind with acidic functional groups (predominantly carboxylic) of foulants through
complex formation [50]. However, this study revealed that the presence of Ca* led to
the reduced adsorption of tannic acid in the mixed fouling system on the membrane
surface (Figure 7.23(d)). In the presence of Ca* in feed water, the initial fouling flux
at the early stage declined drastically, resulting in significantly reduced permeation
drag and eventually prohibited the adsorption of tannic acid, especially at pH 6.5,
although the Ca*" facilitated tannic acid adsorption on the membrane surface due to
its effect on charge neutralization and intermolecular binding of tannic acid macro-
molecules. On the other hand, some researchers have described the bridging effect
of Ca®* on neighboring alginate molecules, resulting in development of a dense gel
layer of alginate on membrane surfaces, and thus severe flux declines [42, 62, 67]. In
contrast, the marked effect of Ca** on fouling flux and alginate adsorption was not
observed in this study, whether or not the tannic acid was present in the feed. This
may be attributed to the fact that the applied initial flux in this study was below the
critical value for alginate fouling, which may hinder the deposition and accumulation
of alginate on membrane surfaces and reduce the effect of Ca** on fouling by alginate.

In addition, the severe reduced mixed fouling flux with feed water containing
1 mM Ca* may be partially attributed to different configurations of tannic acid and
alginate molecules. The complexation of Ca* led to reduced interchain electrostatic
repulsion of mixed foulant molecules and a small coiled foulant macromolecules con-
figuration. As a result, a more compact mixed fouling layer formed [50]. For tannic
acid, the small coiled molecules in the presence of Ca* can result in a more compact
fouling layer in the porous structure and thus more severe pore-clogging enhanced
ICP compared to the absence of calcium ions. Meanwhile, alginate molecules in the
presence of Ca* can also readily migrate from the surface of the supporting layer into
its porous structure, partially aggravating the pore-clogging enhanced ICP.

Because of the condition of 1 mM Ca?* in base solution close to the characteris-
tic of the solution chemistry in natural surface water [57], this study focused on the
analysis of mixed fouling flux of feed water with pH 7.8 and 1 mM Ca*. In presence
of Ca”" in base solution, the electrostatic repulsion of adjacent functional groups in
foulant-calcium complexation enhanced, resulting in reduced compactness of the
mixed fouling layer, which possibly relieved pore-clogging enhanced ICP and thus
reduced initial flux drop within the early stage of FO filtration compared to pH 6.5.
On the other hand, the fouling flux at low pH exhibited superior stability than that at
high pH. This may be partially attributed to the reduced ICP caused by initial drastic
flux decline at low pH. Eventually, the effective driving force (i.e., concentration dif-
ference on the two sides of the active layer) increased and it compensated for the
subsequent membrane fouling. Tang et al. proposed the “compensating ICP” effect
and believed that it was the reason for stabilized flux when the active layer of an FO
membrane was oriented toward the feed solution [10]. It implied that the “compen-
sating ICP” effect may also cause less severe flux decline and thus potentially favor a
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more stable water flux after longer fouling filtration under the condition of 1 mM Ca?*
at pH 7.8 in the feed.

7.5.2.6 Effect of hydrodynamic and chemical conditions

Figure 7.24 conceptually illustrates the effect of hydrodynamic conditions (e.g., initial
flux, cross-flow velocity) and chemical properties of feed water (e.g., pH, concentra-
tion of calcium ions) on the purification of mixed foulants by the FO membrane, as
well as the relevant fouling mechanism. The grey shaded area in Figure 7.24 denotes
the hydrodynamic and chemical conditions that may induce a more severe ICP effect.

As shown in Figure 7.24(a), according to the greater permeation drag, the higher
initial flux and cross-flow velocity can reduce the FO retention by inducing more
foulant molecules, mainly tannic acid, entrapped within the porous supporting layer.
Meanwhile, the foulants adsorbed in the porous structure led to the more severe inter-
nal clogging enhanced ICP effect, eventually resulting in severe flux drop (Figures
7.21(a) and 7.22(a)) under the high initial flux and cross flow velocity.
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Figure 7.24: Schematic description of the effect of (a) hydrodynamic conditions, and (b) solution
chemistry on the FO purification performance of mixed organic foulants.

As shown in Figure 7.24(b), chemical properties of feed water affected both the adsorp-
tion quantities and configuration of tannic acid and alginate, thus affecting perfor-
mance of the FO membrane. Regardless of Ca?, the electrostatic repulsion enhanced
with the higher pH of feed water. Hence, the adsorption of mixed foulants decreased,
and thus the retention increased. On the other hand, the presence of Ca* led to a
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greater drop in the FO membrane flux by mixed foulants. As shown in Figure 7.24(b),
a compact mixed fouling layer developed with the small coiled complexation of
calcium and tannic acid and alginate molecules on the FO membrane. The shaded
area shows the dense fouling layer of tannic acid in the supporting layer in the pres-
ence of calcium ions. This resulted in more severe pore clogging enhanced ICP.

7.5.3 Summary

The physical and chemical factors influencing water flux and retention of the FO
membrane was investigated in this study. The AL-facing-DS orientation was used for
the FO purification of mixed foulants. Tannic acid and alginate were used as model
organic foulants for polysaccharides and humic dissolved organic matters.

For the AL-facing-DS orientation, the FO membrane can effectively remove the
mixed and single tannic acid and alginate foulants. The higher the ratio of tannic
acid in the mixed foulants in the feed, the more severe the fouling flux decline with
lower mixed foulants’ retention were observed, suggesting that tannic acid might be
the dominant foulant in the purification of mixed foulants by FO membranes com-
pared with alginate. The mixed fouling flux decline increased with increasing initial
flux level and Ca*" concentrations in feed water. Tannic acid was also found to be the
main component of the mixed fouling layer. The permeation drag induced by water
flux level and chemical interactions related to Ca®* concentration and pH in the feed
solution, may have the significant effect on both the adsorption of tannic acid in the
supporting layer of the FO membrane and thus the retention of mixed foulants.

These results of the purification of mixed foulants by the FO membrane may con-
tribute to a further understanding of fouling mechanisms and its application of FO in
natural surface water treatment where fouling by polysaccharide/humic acid mixture
may possibly occur.

References

[1] Cath, T.Y., Childress, A.E., and Elimelech, M., Forward osmosis: Principles, applications, and
recent developments. Journal of Membrane Science, 2006. 281(1-2): p. 70-87.

[2] Lee, K.L., Baker, R.W., and Lonsdale, H.K., Membranes for power-generation by pressure-
retarded osmosis. Journal of Membrane Science, 1981. 8(2): p. 141-171.

[3] Wang, L., Chu, H., and Dong, B., Effects on the purification of tannic acid and natural dissolved
organic matter by forward osmosis membrane. Journal of Membrane Science, 2014. 455(0):
p. 31-43.

[4] Parida, V. and Ng, H.Y., Forward osmosis organic fouling: Effects of organic loading, calcium and
membrane orientation. Desalination, 2013. 312: p. 88-98.

[5] McCutcheon, J.R., McGinnis, R.L., and Elimelech, M., A novel ammonia-carbon dioxide forward
(direct) osmosis desalination process. Desalination, 2005. 174(1): p. 1-11.

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

Chapter 7 Forward Osmosis Membrane Separation Technology =— 321

[6] Zhao,S.A.F.and Zou, L.D., Relating solution physicochemical properties to internal concentration
polarization in forward osmosis. Journal of Membrane Science, 2011. 379(1-2): p. 459-467.

[71 Tan, C.H.and Ng, H.Y., Modified models to predict flux behavior in forward osmosis in
consideration of external and internal concentration polarizations. Journal of Membrane
Science, 2008. 324(1-2): p. 209-219.

[8] Gray, G.T., McCutcheon, J.R., and Elimelech, M., Internal concentration polarization in forward
osmosis: Role of membrane orientation. Desalination, 2006. 197(1-3): p. 1-8.

[9] McCutcheon, J.R. and Elimelech, M., Influence of concentrative and dilutive internal
concentration polarization on flux behavior in forward osmosis. Journal of Membrane Science,
2006. 284(1-2): p. 237-247.

[10] Tang, C.Y.Y., et al., Coupled effects of internal concentration polarization and fouling on flux
behavior of forward osmosis membranes during humic acid filtration. Journal of Membrane
Science, 2010. 354(1-2): p. 123-133.

[11] Gerstandt, K., et al., Membrane processes in energy supply for an osmotic power plant.
Desalination, 2008. 224(1-3): p. 64-70.

[12] Jean-Michel Lainé, J.P.H., Clark, M.M., Mallevialle, ., Effects of ultrafiltration membrane
composition. Journal American Water Works Association, 1989. 81(11): p. 61-67.

[13] Schéfer, A.l., Fane, A.G., and Waite, T.D., Fouling effects on rejection in the membrane filtration
of natural waters. Desalination, 2000. 131(1-3): p. 215-224.

[14] Manttari, M., et al., Fouling effects of polysaccharides and humic acid in nanofiltration. Journal
of Membrane Science, 2000. 165(1): p. 1-17.

[15] Yuan, W. and Zydney, A.L., Humic acid fouling during ultrafiltration. Environmental Science &
Technology, 2000. 34(23): p. 5043-5050.

[16] Yip, N.Y., et al., High performance thin-film composite forward osmosis membrane.
Environmental Science & Technology, 2010. 44(10): p. 3812-3818.

[17] Yang, Q., Wang, K.Y., and Chung, T.S., Dual-layer hollow fibers with enhanced flux as novel
forward osmosis membranes for water production. Environmental Science & Technology, 2009.
43(8): p. 2800-2805.

[18] Wang, R., et al., Characterization of novel forward osmosis hollow fiber membranes. Journal of
Membrane Science, 2010. 355(1-2): p. 158-167.

[19] Zhang, S., et al., Well-constructed cellulose acetate membranes for forward osmosis: Minimized
internal concentration polarization with an ultra-thin selective layer. Journal of Membrane
Science, 2010. 360(1-2): p. 522-535.

[20] Tiraferri, A., et al., Relating performance of thin-film composite forward osmosis membranes to
support layer formation and structure. Journal of Membrane Science, 2011. 367(1-2): p. 340-352.

[21] Qiu, C., et al., High performance flat sheet forward osmosis membrane with an NF-like selective
layer on a woven fabric embedded substrate. Desalination, 2012. 287: p. 266-270.

[22] McCutcheon, J.R., McGinnis, R.L., and Elimelech, M., Desalination by ammonia-carbon dioxide
forward osmosis: Influence of draw and feed solution concentrations on process performance.
Journal of Membrane Science, 2006. 278(1-2): p. 114-123.

[23] Achilli, A., Cath, T.Y., and Childress, A.E., Selection of inorganic-based draw solutions for
forward osmosis applications. Journal of Membrane Science, 2010. 364(1-2): p. 233-241.

[24] Ge, Q.C., et al., Hydrophilic superparamagnetic nanoparticles: Synthesis, characterization, and
performance in forward osmosis processes. Industrial & Engineering Chemistry Research, 2011.
50(1): p. 382-388.

[25] Liu, Z.Y., et al., A low-energy forward osmosis process to produce drinking water. Energy &
Environmental Science, 2011. 4(7): p. 2582-2585.

[26] Yen, S.K., et al., Study of draw solutes using 2-methylimidazole-based compounds in forward
osmosis. Journal of Membrane Science, 2010. 364(1-2): p. 242-252.

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use



322 — LinWang, Wanzhu Zhang, Bingzhi Dong

[27] Zhao, S.F. and Zou, L.D., Effects of working temperature on separation performance, membrane
scaling and cleaning in forward osmosis desalination. Desalination, 2011. 278(1-3): p. 157-164.

[28] Zhao, S.F., et al., Recent developments in forward osmosis: Opportunities and challenges.
Journal of Membrane Science, 2012. 396: p. 1-21.

[29] Ling, M.M. and Chung, T.S., Desalination process using super hydrophilic nanoparticles via
forward osmosis integrated with ultrafiltration regeneration. Desalination, 2011. 278(1-3):

p. 194-202.

[30] Tan, C.H. and Ng, H.Y., A novel hybrid forward osmosis — nanofiltration (FO-NF) process for
seawater desalination: Draw solution selection and system configuration. Desalination and
Water Treatment, 2010. 13(1-3): p. 356-361.

[31] Cath, T.Y., et al., A multi-barrier osmotic dilution process for simultaneous desalination and
purification of impaired water. Journal of Membrane Science, 2010. 362(1-2): p. 417-426.

[32] Tang, W.L. and Ng, H.Y., Concentration of brine by forward osmosis: Performance and influence
of membrane structure. Desalination, 2008. 224(1-3): p. 143-153.

[33] Martinetti, C.R., Childress, A.E., and Cath, T.Y., High recovery of concentrated RO brines using
forward osmosis and membrane distillation. Journal of Membrane Science, 2009. 331(1-2):

p. 31-39.

[34] Cartinella, J.L., et al., Removal of natural steroid hormones from wastewater using membrane
contactor processes. Environmental Science & Technology, 2006. 40(23): p. 7381-7386.

[35] Holloway, R.W., et al., Forward osmosis for concentration of anaerobic digester centrate. Water
Research, 2007. 41(17): p. 4005-4014.

[36] Cornelissen, E.R., et al., Membrane fouling and process performance of forward osmosis
membranes on activated sludge. Journal of Membrane Science, 2008. 319(1-2): p. 158-168.

[37] Xiao, D.Z., et al., Modeling salt accumulation in osmotic membrane bioreactors: Implications
for FO membrane selection and system operation. Journal of Membrane Science, 2011.
366(1-2): p. 314-324.

[38] Zou, S., et al., The role of physical and chemical parameters on forward osmosis membrane
fouling during algae separation. Journal of Membrane Science, 2011. 366(1-2): p. 356-362.

[39] Thelin, W.R., et al., Natural organic matter fouling in pressure retarded osmosis. Journal of
Membrane Science, 2013. 438: p. 46-56.

[40] Mi, B.X. and Elimelech, M., Organic fouling of forward osmosis membranes: Fouling reversibility and
cleaning without chemical reagents. Journal of Membrane Science, 2010. 348(1-2): p. 337-345.

[41] Mi, B.X. and Elimelech, M., Gypsum scaling and cleaning in forward osmosis: measurements
and mechanisms. Environmental Science & Technology, 2010. 44(6): p. 2022-2028.

[42] Mi, B. and Elimelech, M., Chemical and physical aspects of organic fouling of forward osmosis
membranes. Journal of Membrane Science, 2008. 320(1-2): p. 292-302.

[43] Xie, M., et al., Comparison of the removal of hydrophobic trace organic contaminants by forward
osmosis and reverse osmosis. Water Research, 2012. 46(8): p. 2683-2692.

[44] Linares, R.V., et al., Rejection of micropollutants by clean and fouled forward osmosis
membrane. Water Research, 2011. 45(20): p. 6737-6744.

[45] Jin, X., et al., Removal of boron and arsenic by forward osmosis membrane: Influence of membrane
orientation and organic fouling. Journal of Membrane Science, 2012. 389: p. 182-187.

[46] Kawasaki, N., et al., Fast and precise method for HPLC-size exclusion chromatography with UV
and TOC (NDIR) detection: Importance of multiple detectors to evaluate the characteristics of
dissolved organic matter. Water Research, 2011. 45(18): p. 6240-6248.

[47] Song, Y.L., et al., Huangpu River water treatment by microfiltration with ozone pretreatment.
Desalination, 2010. 250(1): p. 71-75.

[48] Xu, B., et al., Characteristics of organic material in Huangpu River and treatability with the
0-3-BAC process. Separation and Purification Technology, 2007. 57(2): p. 348-355.

EBSCChost - printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Chapter 7 Forward Osmosis Membrane Separation Technology =—— 323

[49] Zhao, S.F., Zou, L.D., and Mulcahy, D., Effects of membrane orientation on process performance
in forward osmosis applications. Journal of Membrane Science, 2011. 382(1-2): p. 308-315.

[50] Hong, S.K. and Elimelech, M., Chemical and physical aspects of natural organic matter (NOM)
fouling of nanofiltration membranes. Journal of Membrane Science, 1997. 132(2): p. 159-181.

[51] Tang, C.Y. and Leckie, J.0., Membrane independent limiting flux for RO and NF membranes
fouled by humic acid. Environmental Science & Technology, 2007. 41(13): p. 4767-4773.

[52] Wang, Y.N., et al., Direct microscopic observation of forward osmosis membrane fouling.
Environmental Science & Technology, 2010. 44(18): p. 7102-7109.

[53] Tang, C.Y., Kwon, Y.N., and Leckie, J.0., Fouling of reverse osmosis and nanofiltration
membranes by humic acid - Effects of solution composition and hydrodynamic conditions.
Journal of Membrane Science, 2007. 290(1-2): p. 86-94.

[54] Xu, P., et al., Effect of membrane fouling on transport of organic contaminants in NF/RO
membrane applications. Journal of Membrane Science, 2006. 279(1-2): p. 165-175.

[55] Wang, J.H., et al., Behaviors and mechanisms of tannic acid adsorption on an
amino-functionalized magnetic nanoadsorbent. Desalination, 2011. 273(2-3): p. 285-291.

[56] Yangali-Quintanilla, V., et al., Rejection of pharmaceutically active compounds and endocrine
disrupting compounds by clean and fouled nanofiltration membranes. Water Research, 2009.
43(9): p. 2349-2362.

[57] Wang, L., Chu, H.Q., and Dong, B.Z., Effects on the purification of tannic acid and natural dissolved
organic matter by forward osmosis membrane. Journal of Membrane Science, 2014. 455: p. 31-43.

[58] Zazouli, M.A., Nasseri, S., and Ulbricht, M., Fouling effects of humic and alginic acids in
nanofiltration and influence of solution composition. Desalination, 2010. 250(2): p. 688-692.

[59] Wang, L., et al., Forward osmosis filtration for removal of organic foulants: Effects of combined
tannic and alginic acids. Water Research, 2016. 91: p. 251-263.

[60] Lutchmiah, K., et al., Forward osmosis for application in wastewater treatment: A review. Water
Research, 2014. 58: p. 179-197.

[61] Tang, C.Y.Y., et al., Modeling double-skinned FO membranes. Desalination, 2011. 283: p. 178-186.

[62] Liu, Y.L. and Mi, B.X., Combined fouling of forward osmosis membranes: Synergistic foulant
interaction and direct observation of fouling layer formation. Journal of Membrane Science,
2012. 407: p. 136-144.

[63] Xie, M., et al., Impact of organic and colloidal fouling on trace organic contaminant rejection by
forward osmosis: Role of initial permeate flux. Desalination, 2014. 336: p. 146-152.

[64] She, Q.H., et al., Organic fouling in pressure retarded osmosis: Experiments, mechanisms and
implications. Journal of Membrane Science, 2013. 428: p. 181-189.

[65] Wang, Y.N. and Tang, C.Y., Nanofiltration membrane fouling by oppositely charged
macromolecules: Investigation on flux behavior, foulant mass deposition, and solute rejection.
Environmental Science & Technology, 2011. 45(20): p. 8941-8947.

[66] Seidel, A. and Elimelech, M., Coupling between chemical and physical interactions in natural
organic matter (NOM) fouling of nanofiltration membranes: Implications for fouling control.
Journal of Membrane Science, 2002. 203(1-2): p. 245-255.

[67] Lee, S. and Elimelech, M., Salt cleaning of organic-fouled reverse osmosis membranes. Water
Research, 2007. 41(5): p. 1134-1142.

EBSCChost - printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost - printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Huagiang Chu, Zhenxun Yu, Wen Sun

Chapter 8
Dynamic Membrane Reactor for Micro-polluted
Surface Water/Municipal Wastewater Treatment

Membrane technology has been rapidly developed in water treatment, which is con-
sidered as a substitute to conventional clarification and filtration processes [1, 2].
Membrane bioreactor (MBR) has gained great attention in water and wastewater
treatment in recent years. However, the MBR application is limited by factors such as
the high membrane modules cost, membrane fouling and high energy consumption
[3, 4]. In order to overcome the drawbacks of the traditional MBR, a new dynamic
membrane technology has been developed.

The dynamic membrane can be formed on the underlying support mesh when fil-
tering a solution containing fine particles, thus it is also named secondary membrane
[5], which was first utilized in reverse osmosis by the Oak Ridge National Laboratory
in 1965 [6]. The dynamic membrane formed on MF and UF membrane surface exhib-
ited high anti-fouling characteristics. Meanwhile, the membrane retention capacity of
the big pore mesh could be increased by the formed dynamic membrane. The dynamic
membrane induced a high solid-liquor separation efficiency and a high filtration flux
[7]. The cleaning of dynamic membrane for membrane fouling control can be reached
by tap water backwash, air backwash, or brushing without using chemical reagents.

Diatomite particles have been used as carriers for microorganisms as its char-
acteristics of high porosity, good hydrophilicity and high chemical stability [8], and
the zoogloeae formed on the diatomite are identified as bio-diatomite. Such related
technology with the combination of the bio-diatomite reactor and the anoxic/aerobic
processes had been proposed [9, 10], which contained high concentrations of micro-
organisms and species diversities for wastewater treatment with high and stable treat-
ment efficiency and good effluent quality.

Bio-diatomite dynamic membrane (BDDM) was developed by the deposition of
bio-diatomite particles on the big-pore stainless steel support mesh, which exhibited
a high solid-liquid separation efficiency and a high filtration flux [11]. Combined with
traditional water/wastewater treatment process, the bio-diatomite dynamic mem-
brane reactor (BDDMR) can be figured out, which can be used for municipal wastewa-
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ter treatment [12] and micro-polluted surface water treatment [13]. The characteristics
of the BDDM operation was presented in the following section.

8.1 The bio-diatomite dynamic membrane bioreactor
for municipal wastewater treatment

8.1.1 Experimental materials
8.1.1.1 Experimental set up

The BDDM reactor contained an anoxic tank, an aerobic tank and adynamic membrane
filter (DMF) in sequence, whose total effective volume was 0.035 m? (Figure 8.1). The
BDDM support module was fixed in submerged mode with a double-sided effective fil-
tration area of 0.084 m? (28 cm x 15 cm) (Figure 8.2). Four stainless steel meshes with
different equivalent apertures (74 pm, 80 pm, 106 um and 120 pm) were used as the
support layer (Figure 8.3). The two stainless steel meshes (106 pm and 120 pm) were
both made using the plain weave mode with homogeneous apertures, while the other
two stainless steel meshes (74 pm and 80 pm) were made using the twill weave mode
with non-uniform apertures (Chinese GB/T 19628.2-2005).

8.1.1.2 Experimental operation mode

The inoculation activated sludge (about 5,400 mg/L MLSS) for the bio-diatomite
cultivation and raw municipal wastewater were obtained from a municipal wastewa-
ter treatment plant in Shanghai, China. The parameters of the raw municipal wastewa-
ter were present in Table 8.1. During the inoculation period, the diatomite was added
continuously into the bioreactor to reach a concentration of about 7,000 mg/L. Then,
the bioreactor was continuously operated through two peristaltic pumps for feeding
raw municipal wastewater and withdrawing the effluent. The MLSS and MLVSS of
the matured bio-diatomite mixed liquor were maintained at about 11,000 mg/L and
4,500-5,000 mg/L, respectively. The recycle rate of mixed liquor in the DMF to the
anoxic tank was two times the influent flow.

The operation pressure measured by a high-precision vacuum pressure gauge
was used to calculate the transmembrane pressure (TMP). The operation period of
BDDM clarified into three stages, i.e., precoating, filtration and backwash (Figure 8.1).
In the precoating stage, the bio-diatomite mixed liquor was recirculated and the efflu-
ent was withdrawn for SS analysis at fixed time intervals. Then, in the filtration stage
a constant flux was adapted combined with a continuous increase of the BDDM thick-
ness, which also resulted in the rising of filtration resistance. The filtration was ter-
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Figure 8.1: Three operation stages of the BDDM reactor.
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Figure 8.3: 40-time pictures of the stainless steel meshes.

Table 8.1: Parameters of raw municipal wastewater.

Water quality parameters Concentration
COD (mg/L) 113.4-582.7
NH,-N (mg/L) 5.6-15.3

SS (mg/L) 20.5-360.5
Water temperature (°C) 15.0-33.5

pH 6.5-7.4
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minated once the operation pressure reached 40 kPa and then backwash was started.
The on-line air backwash was adapted by an electromagnetic air pump through the
bottom outlet of the BDDM module. The operation parameters of the BDDM reactor
are shown in Table 8.2.

Table 8.2: Operation parameters of the BDDM reactor.

Operation parameters Value
MLSS (mg/L) 11,000
Design flux (L/(m?- h)) 8.6-130.0
SRT (d) 40-87
HRT (h) 7°

Water temperature (°C) 16-33

DO in aerobic tank (mg/L) 3-4

DO in anoxic tank (mg/L) <0.15

2, HRT was calculated under the flux of 60 L/(m?- h) that lasted 2 months to test pollutants
removal efficiency in the BDDM reactor.

8.1.2 Pollutants removal by the BDDM reactor

Compared with the pollutants in the raw feed water, it can be seen from Table 8.3 that
the BDDM reactor exhibits effective capacity for pollutants removal of COD, NH,-N,
TN and SS. The dynamic membrane shows good solid-liquid separation efficiency
[14]. During the experiment, the whole dynamic membrane module was carefully
taken out from the bioreactor, and then put into a tank filled with the raw municipal
wastewater to examine the removal efficiency of soluble COD and NH,-N by BDDM
independently. Results show that BDDM alone could achieve little NH,-N removal,
and the COD removal rate was below 40%, which was primarily due to the suspended
COD retention. Therefore, it can be concluded that the removal of soluble COD and
NH,-N was mainly ascribed to the microbial degradation in the bio-diatomite reactor.
The efficiency of biodegradation for pollutants could be enhanced by the high con-
centration of MLSS in the reactor. Both nitrification in the aerobic tank and denitrifi-
cation in the anoxic tank occurred at a high level, reaching 6.09 mg NH,-N/g VSS-h
and 5.05 mg NO5-N/g VSS - h, respectively. Hence, a high removal efficiency of NH,-N
and TN was achieved, which was consistent with the previous results [10, 15]. The
long sludge age in the bioreactor was beneficial for the reproduction of nitrifying bac-
teria, and a DO concentration of 3—4 mg/L was also adequate for their growth [16,
17]. Meanwhile, denitrification could effectively proceed at a low DO concentration
of < 0.15 mg/L in the anoxic tank. All these factors exerted positive effects on pollutant
removal.
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Table 8.3: Parameters of treated municipal wastewater.

Water quality parameters Concentration
COD (mg/L) 8.1-28.1
NH4-N (mg/L) 0.08-0.53

TN (mg/L) 6.18-14.90
SS (mg/L) 0

Turbidity (NTU) 0.392-0.726

8.1.3 Effect of the pore size of the support mesh
on the bio-diatomite dynamic membrane filtration

8.1.3.1 Precoating process of the BDDM

The BDDM contains three operation stages, and the first stage is the precoating stage
with bio-diatomite cake layer deposited on the support mesh, which was monitored
in real-time as the support module was placed into the bio-diatomite reactor under a
constant water head of 0.6 m. The result from six operation periods measured at the
same time interval were shown in Figure 8.4.

At the beginning, the effluent SS concentrations decreased sharply and then
declined slowly for all four stainless steel meshes, with the inflection points at 2 min,
5 min, 5 min and 5 min for the 74 pm, 80 pm, 106 and 120 pm stainless steel meshes,
respectively. The time of the inflection point indicates the formation of the dynamic
membrane, but the mixed liquor permeating into the membrane module had not
been completely discharged yet [12]. As the precoating time was extended to 15 min,
30 min, 40 min or 50 min, the effluent SS concentration was below 10 mg/L slowly
under the stainless steel meshes of the 74 pm, 80 pm, 106 pm and 120 pm, respec-
tively, which complies with the First Class, Type A of the Chinese Discharge Standard
of Pollutants for Municipal Wastewater Treatment Plant (GB 18918-2002). Therefore,
the stainless steel mesh with a small equivalent aperture can shorten the precoating
time and exhibit better solid-liquor separation capacity of the BDDM.

8.1.3.2 Operation pressure and SS of the BDDM

A constant flux of 50 L/(m?-h) was selected to test the pore size effect of the support
mesh on the BDDM filtration process till the operation pressure reached 40 kPa. The
parameter of the effluent SS was used to reflect the BDDM retention capacity under dif-
ferent stainless steel support meshes, as shown in Figure 8.5. It can be seen that the
relationships between the operation pressure and the filtration time can all be fixed
with an exponential equation, and their whole filtration length were all about 6 h
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Figure 8.4: The changes of effluent SS with time in the precoating stage.

under the fixed operation pressure of 40 kPa. The effluent SS was stable in the range of
0-0.20 mg/L during the whole filtration process with the 74 pm stainless steel support
mesh. Whereas, the variations of the effluent SS concentrations could be divided into
two stages. In the first stage, the effluent SS concentrations below 10 mg/L with stain-
less steel support meshes of 80 pm, 106 pm, and 120 pm were about 3.5 h, 4.5h and 2 h,
respectively, with the values also elevated as the equivalent aperture increased. Then,
the effluent SS exhibited big fluctuation ranges beyond 10 mg/L of the three different
stainless steel support meshes, with value being the biggest produced by the support
mesh of 120 pm. Therefore, the pore size of the stainless-steel support mesh exerted
a strong influence on the SS retention capacity of the BDDM as the filtration process
extended. The smaller equivalent aperture of the stainless-steel support mesh is helpful
for the better SS retention capacity of the BDDM, which is consistent with the results of
an activated sludge dynamic membrane formed on nylon meshes reported by Kiso et al.
[18]. Though the rigidity and intensity of the stainless-steel mesh were much stronger
than the textile meshes, the effect of the pore size of different materials support meshes
on dynamic membrane filtration performance is equivalent.

Based on the above research results, the stainless-steel mesh of the equivalent
aperture 74 pm was selected for the further study of the BDDM.
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Figure 8.5: Variations of effluent SS with filtration time.

8.1.4 The operation characteristics of the BDDM
8.1.4.1 The relation between filtration flux and filtration time

The filtration time is defined between the time interval from the BDDM formation
to the operation pressure of 40 kPa. The experimental results of the filtration flux
and the filtration time are present in Table 8.4. The following exponential equation
(R?=0.972) can be induced from the above data:

J =114.23t f*°-4l69 (8.1)

where ] and t; represent the filtration flux (L/(m?-h)) and the filtration time (h),
respectively.

Figure 8.6 presents the relationship between the operation pressure, also called
the transmembrane pressure, and the filtration time at different filtration fluxes. The
Darcy’s law of Eq. (8.2) was used to figure out the filtration resistance in this study:

AP
R=—- 8.2
w ®2
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Table 8.4: Different filtration flux versus filtration time.

Filtration flux, / (L/(m?- h)) 8.6 17 22 30 35 40 45 50
Filtration time, ¢ (h) 248.00 79.83 48.00 35.50 23.73 17.00 10.60 7.45
Filtration flux, / (L/(m?2 - h)) 60 70 80 90 100 110 120 130
Filtration time, tf(h) 4.92 3.55 3.05 2.17 1.55 1.05 0.62 0.43

where R is the filtration resistance (m™), AP is the transmembrane pressure (Pa),
] is the filtration flux (m/s), and p is the filtrate viscosity (Pa-s).

080(L/m*h) & 55(L/m%h)  A40(L/m*h)  O22(L/m?h)

45

=40 FO O A t

235 rQ © O

230 f

-l [P O

225 O

20 [©O £ O

15100 4 oU

£ 10 £ o

g Sdgg O

O Ow o 1 1 1 1
0 10 20 30 40 50 60

Filtration time (h)

Figure 8.6: Changes of the operation pressure at different filtration fluxes.

The calculated filtration resistances with the filtration time are shown in Figure 8.7,
and the filtration resistance of the stainless steel mesh was ignored here.
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Figure 8.7: The filtration resistance versus the filtration time.
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In the filtration process, the concentration of bio-diatomite mixed liquor was
high and the cross-flow effect on the BDDM was weak. The resistance of BDDM could
increase as the thickness of BDDM became thicker with the extended operation time,
which is called the thickness-increase resistance in this study. Although the diatomite
is almost incompressible, it is inevitable that the BDDM cake layer can be compressed
partially for the existed space and the compressible attached microorganisms [19, 20],
whose permeation space is gradually reduced with the increase of thickness-increase
resistance. The resistance caused by the compaction of the BDDM is called the com-
paction resistance in this study. It can be concluded that both the thickness-increase
resistance and the compaction resistance provide contribution to the filtration resist-
ance of BDDM. Figure 8.7 shows that the filtration resistance of BDDM increased rapidly
at a high filtration flux combined with shorten filtration time. With a low filtration flux,
a low filtration resistance of BDDM was present during the early filtration stage by the
slow growth of the BDDM thickness. However, the compaction resistance of the BDDM
started to rise quickly as the thickness resistance increased during the intermediate and
final stages. The above conclusion can be reflected clearly by the fact that the filtration
resistance increased with the increasing slopes as a function of the filtration time.

8.1.4.2 Fluxes of different operation stages

Regarding the BDDM operation process, the total amount of wastewater produced
was equal to the amount discharged during the filtration stage, because there was
no effluent from the precoating and backwash stages. The average design flux dis-
charged by a unit filtration area of BDDM during a complete operation process can be
calculated using Eq. (8.3):

P L (83)
T, t,+t+t,

where J; is the average design flux (L/(m?-h)), ] is the design flux (L/(m?-h)), T is the
operation period (h), t, is the precoating time (h), t;is the filtration time (h), and t,, is
the backwash time (h).

Combined with the data in Table 8.4 and the selected precoating time of 25 min and
backwash time of 2 min, the average design flux as a function of operation period is plotted
in Figure 8.8. A maximal average design flux of 77.5 L/(m?- h) at 2 h can be found in Figure
8.8 corresponding to the design flux of 100 L(m?- h). The experimental data in the close
region of the maximal point (775 L/(m?- h), 2 h) could be fitted by Eq. (8.4) (R*=0.973):

J, =—11.76T;” + 46.804T, +32.237 (8.4)
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where J, = average design flux (L/(m?- h)) and T, = operation period (h). The definition
of the average design flux can be adapted to select the suitable design flux for the
effective operation of BDDM.
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Figure 8.8: Average design flux versus operation period.

8.1.4.3 BDDM morphology

The SEM pictures of different section of the BDDM are shown in Figure 8.9. The surface
of cake layer was flat (Figure 8.9(a, b)) with fine and homogeneous deposits on its
surface, as well as high porosity and a little roughness of the cake layer. All the above
properties are fine, and homogeneous, which are beneficial for improving filtration
flux and SS retention capability of BDDM.

There were deeply impressions left on the back surface of the BDDM by the
embedded stainless steel mesh lines (Figure 8.9(d)). At the beginning of the forma-
tion of BDDM, the bio-diatomite particles were intercepted by the support mesh lines.
Though the size of the diatomite particles is much smaller than the mesh aperture,
microorganisms and extracellular polymer substances adhered to the surface of dia-
tomite make the bio-diatomite particles bind tightly through bridging action. Once
the BDDM is formed, the support meshes mainly exert the function of supporting the
cake layer and improving the strength of the dynamic membrane.

8.1.4.4 BDDM backwash

The on-line air backwash was used to clean the BDDM, and the clean results were
shown in Table 8.5 and Figure 8.10.

Under the same backwash pressure and flux, Case B of high design flux and
short filtration time was much more effective than Case A of low design flux and
long filtration time. The residual bio-diatomite covered more than 30% of the
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Figure 8.9: SEM pictures of different sections of the BDDM: a and b, the surface facing the mixed liquor;
¢, the back surface to the support mesh; d, the side of the cross section near the support mesh.

module surface in Case A with a relatively longer backwash time of 3 min. whereas,
the cleaning efficiency of Case B was much higher with only 2 min backwash.
Microorganisms adhesion between the support mesh and the BDDM cake layer
might be the reason for the clean difference. At a high design flux, microorganisms
had a short time to reproduce and form membrane-mesh adhesion with a short
backwash interval. While the effect of microorganisms’ adhesion at a low design
flux was opposite. It can be concluded that a reasonable high design flux is facili-
tated for stable operation of BDDM.

Table 8.5: Backwash parameters of two typical work conditions.

Case Designflux Filtration Operation Backwash flux Backwash Backwash

(L/(m?-h)) time pressure  (m*/(m2-h)) pressure  time
(h) (kPa) (kPa) (min)
A 22 48 40 18.58 10 3
B 40 9.3 20 18.58 10 2
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Case A

(Front face) (Reverse face)

Case A

Figure 8.10: Residual layer on support mesh surface after backwash.
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8.2 The BDDMR for micro-polluted surface water
treatment with laboratory scale

8.2.1 Materials and methods

The aerobic BDDMR with total effective volume of 8.1 L. was shown in Figure 8.11. Stain-
less steel mesh with an equivalent aperture of 74 pm was used for the BDDM support
module with a double-sided effective filtration area of 0.046 m? (20 cm x 11.5 cm). The
raw surface water was obtained from Sanhaowu river on Tongji campus (Table 8.6).
Diatomite particles with an equivalent diameter of 5-20 pm were continuously added
to the bioreactor. The concentrations of MLSS and MLVSS in the BDDMR were main-
tained at about 12,000 mg/L and 3,500—4,000 mg/L, respectively. The average sludge
age was set at 40 d.
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Figure 8.11: Diagram of the BDDMR process.

Table 8.6: Characteristics of raw water.

Water quality parameters Range
Temperature (°C) 18.6-29.6
pH 6.92-7.83
Turbidity (NTU) 2.5-4.7
CODy, (mg/L) 4.4-6.1

TOC (mg/L) 2.3-3.2
UV,s, (cm™) 0.061-0.084
NH,-N (mg/L) 0.41-2.52

The BDDM filtration flux of 50 L/(m? - h) was fixed corresponding to an HRT of 3.5 h.
A high-precision vacuum pressure gauge was installed on the effluent pipe for the
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operation pressure measurement. The filtration was stopped once the operation
pressure reached 40 kPa and then on-line air backwash was started.

8.2.2 Results and discussion
8.2.2.1 Operation properties of the BDDM

In the precoating process, the effluent SS decreased swiftly in the first 2 min, and then
declined slowly to below the detection limit at about 15 min (Figure 8.12(a)). Mean-
while, the filtration flux showed a similar variation trend. The TMP increased rapidly
with the increasing flux, and the operation flux is correlated with the filtration time
(Figure 8.12(b)). A long filtration time can worsen the backwash efficiency because
the residual bio-diatomite particles are over-compacted on the surface of the support
mesh. Therefore, 50 L/(m?- h) was selected as the operation flux in the next study.

8.2.2.2 Pollutant removal

The pollutant removal efficiencies by the BDDMR were shown in Figure 8.13 when
the bioreactor kept stable operation status. The parameters of effluent quality should
comply with the regulation of Chinese National Standards for Drinking Water Quality
(CNSDWQ, GB5749-2006).

The BDDMR exhibited excellent solid-liquid separation capacity with a stable
effluent turbidity concentration of 0.26-0.43 NTU (Figure 8.13(a)), whose value
was much lower than the regulation below 1.0 NTU of the CNSDWQ (GB5749-2006).
Figure 8.13(b) shows that the CODy, of the influent varied from 4.4 to 6.1 mg/L,
but a quite stable effluent concentration (i.e., 2.37 mg/L on average) was achieved
by the BDDMR. The CNSDWQ (GB5749-2006) regulates a maximum contamination
level (MCL) of 3.0 mg/L for CODyy,. If the micro-polluted raw water with CODyy,
concentration of 6.0 mg/L or even higher, a water treatment plant with the con-
ventional process of coagulation/sedimentation/sand filtration can hardly reduce
CODyy, to below 3.0 mg/L (CNSDWQ, GB5749-2006)). Therefore, the BDDMR may be
a promising technology to face this big challenge. The BDDMR has a good removal
efficiency for DOC and UV, of 47.6% and 53.7% on average, respectively (Figure
8.13(c, d)). Meanwhile, the NH,-N effluent was below 0.35 mg/L with high removal
efficiency of 75.5-89.8% (Figure 8.13(e)). It can be seen from Figure 8.13(f) that
the three detected trihalomethanes of CHCl;, CHCL,Br and CHCIBr, with an efflu-
ent concentration of 53, 49 and 8 pg/L, respectively, corresponding to a removal
efficiency of 67%, 48% and 55%, which indicate that THMFP could be removed
effectively by the BDDMR.
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Figure 8.12: (a) Variations of flux and effluent SS in the precoating stage; and (b) variations of

operation pressure under different design fluxes.

The mechanisms contributing to the pollutant removal in the BDDMR may be
ascribed to the microbial degradation, membrane interception and bio-diatomite
adsorption. The removal efficiencies of CODyy,,, NH,-N, DOC and UV, by the BDDM
alone were only 8.7%, 5.4%, 8.9% and 10.3%, respectively, as shown in Figure 8.14.
Therefore, the major capacity of BDDM was for SS retention. In this experiment,
a high concentration of MLSS (ca. 12,000 mg/L) and MLVSS (3,500-4,000 mg/L)
were obtained in the BDDMR, thus the biodegradation of dissolved organic mate-
rials and ammonia was enhanced. Therefore, the removal of CODy,, NH,-N, DOC
and UV, was mainly achieved by the microbial degradation of the bio-diatomite

mixed liquor.
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Figure 8.13: Pollutants removal by BDDMR.

8.2.2.3 Backwash of BDDM
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The backwash stage started when the TMP increased to 40 kPa. The online air back-
wash was also adopted in this study [12]. The air backwash parameters were set at
air pressure of 20 kPa and air flux of 7.2 L/(m?- s) under the blackwash time of 2 s. As
expected, it can be seen from Figure 8.15(a, b) that the cake layer could be removed
completely from the membrane surface after air backwash, with clean surface restored.
The BDDM cut from the support module had a smooth surface and about 23 mm thick-
ness (Figure 8.15(c, d). The bio-diatomite particles was combined by microorganisms
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Figure 8.14: Removal of pollutants by BDDM alone. Data represents the average
values of triplicate experiments.

and extracellular polymer substances (Figure 8.15(e)), which was similar to the BDDM
formed in the aforementioned municipal wastewater treatment process.

al h...l_
(a) before backwash (b) after backwash (c) cake layer thickness

(d) SEM (100x) (e) SEM (5000x)

Figure 8.15: Pictures of BDDM under different circumstances.
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8.3 Pilot-scale hybrid BDDMR for slightly polluted
water purification

8.3.1 Materials and methods

8.3.1.1 Experimental materials

The effective volume of the pilot-scale BDDMR was 0.768 m? (1.2 m x 0.8 m x 0.8 m)
(Figure 8.16), in which five flat-sheet dynamic membrane modules were fixed with a
double-sided effective filtration area of 0.4 m? per module (Figure 8.17). Characteristics
of raw water collected from Taihu Lake are shown in Table 8.7.

Influent gl

Figure 8.16: Diagram of the BDDMR: (1) feed pump; (2) circumfluence pump; (3) dynamic membrane
support module; (4) water air-diffuser; (5) solenoid valves; (6) manometer; (7) suction pump; (8)
pressure vessel; (9) air pump; (10) flowmeter; (11) controller.

Up outlet

Bottom outlet

—r )

80 pm stainless steel mesh

Figure 8.17: Pictures of the BDDMR support module.
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Table 8.7: Characteristics of raw water.

Parameters Range
Turbidity (NTU) 6.28-17.6
CODy, (mg/L) 3.28-5.44
UV, (cm™?) 0.083-0.121
NH,-N (mg/L) 0.04-0.28
Br (ug/L) <10-30
Temperature (°C) 15.8-36.7
pH 7.47-8.80

8.3.1.2 Experimental protocol

It can be seen from Table 8.7 that the raw water with slightly pollution was dystrophic
for microbial growth due to the lack of nitrogen and organic carbon. Thus, the follow-
ing methods were adapted to provide sufficient nutrients for microbial growth. In the
first 5 days, glucose and ammonium sulfate were added to the influent to increase
CODy, and NH,-N to around 10 mg/L and 1.0-3.0 mg/L, respectively. Then, the bio-
diatomite was matured after 30 days of under the continuously operation mode of
feeding the raw water.

A constant water head (0.8 m) was set to drive the precoating process in the first
10 min, and then a suction pump was started for 10 min to enhance BDDM formation,
whose effluent was fed back to the mixing area through the precoating pipe. Once the
precoating process was finished, the solenoid valve on the effluent pipe was simul-
taneously opened while the one on the precoating pipe was turned off. The SRT of
the BDDMR was set at 50 d by discharging 2% of the mixed liquor in the reactor and
adding the corresponding diatomite daily.

The following experiment was carried out to figure out the specific mechanism
for pollutant removal in the BDDMR. The diatomite adsorption was defined alone in a
fully mixed reactor with MLSS of 10 g/L and HRT of 8.0 h. The BDDM module covered
with cake layer was carefully taken out of the pilot-scale bioreactor and submerged
into another tank only with the same raw water from the Miao-jing River, which was
used to test the pollutant removal effect by the BDDM alone.

8.3.2 Results and discussion
8.3.2.1 BDDM precoating process

The operation process of the BDDM was referred from the above studies. Under the
constant water head (0.8 m) for the precoating process driving in the first 10 min, the
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effluent turbidity declined swiftly from 975 NTU to 58.5 NTU. And then a suction pump
was started for 10 min to enhance the BDDM formation (Figure 8.18), resulting in a
fluctuation peak of effluent turbidity at 637 NTU. After 40 min, the effluent turbidity
was less than 1 NTU. The precoating time in the above laboratory experiment was
25 min under the constant water head of 60 cm without pump suction. The added
pump suction here was in order to connect with the filtration process automatically.

1000

x©

(=3

(=}
T

N

(=

(=]
T

starting suction pump

Turbidity (NTU)
N
S

D

(=3

(=]
T

0F

0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 8.18: Effluent turbidity versus pre-coating time.

8.3.2.2 Pollutant removal by the BDDMR

Pollutant removal by the BDDMR is shown in Figure 8.19 during an 80 d steady-state
operation period. The effluent turbidity was less than 1.0 NTU under the influent fluctu-
ation from 8.22 to 17.6 NTU. From the particle counting results shown in Figure 8.19(b),
the total particles number in the influent was 69,624 per mL, and reduced sharply to
296 per mL in the effluent with a removal efficiency of 99.57%. The particle number
with the diameter from 2 pm to 10 pm accounted 98.77% of the total particle number in
the influent. Therefore, the BDDM exhibited high retention capacity of small particles.

The average removal efficiency of CODy,, UV, and NH,-N by the BDDMR was
52.9%, 50.58% and 80.2%, respectively, which were much higher than those capac-
ities of the traditional coagulation-sedimentation-sand filtration process, ultrafiltra-
tion and microfiltration membrane separation, as well as even higher than those in a
membrane bioreactor (MBR) for drinking water treatment [21, 22].

The removal efficiencies of the three types of THMs were shown in Figure 8.20.
It can be seen that the concentrations of CHCl;, CHCL,Br, and CHCIBr, in the effluent
was 35.6, 19.7, and 9.9 ug/L, respectively, corresponding to the removal efficiencies of
51.7%, 49.6%, and 47.1%, respectively. All of the THMs concentrations comply with the
requirements of the CNSDWQ (GB5749-2006).
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Figure 8.19: Pollutant removal by BDDMR.

8.3.2.3 Backwash of BDDM
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Figure 8.21 shows the TMP changes as a function of operation time at four different
dynamic membrane fluxes. In the early filtration stage, the TMP kept invariant of
all the four filtration conditions, and the stage was shortened as the filtration flux
increased. Then, the TMP rose quickly to 4.5 kPa of each of the selected fluxes, and the
TMP curve had greater slope with the larger flux. As the operation process proceeded,
air bubbles and rapidly augmented turbidity appeared in the effluent. Therefore, an
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Figure 8.20: Removal of THMFP by the BDDMR.

on-line air pressure vessel backwash with an air pressure of 3.5 kgf/cm? was used to
slough off the dynamic membrane cake layer from the support mesh.

The picture and SEM of the module support mesh and cake layer after backwash
were presented in Figure 8.22. It can be seen that there was still some cake layer resid-
ual on the support mesh after backwash, and some substances like microorganisms
and extra-cellular polymer substances tightly attached to the module support mesh.
The backwash process of BDDM still need optimization to improve the backwash effi-
ciency in the large-scale utilization.
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Figure 8.21: TMP versus operation time at different fluxes.
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Figure 8.22: Real picture of the backwashed module (a); SEM observations of cake layer
(b) and backwashed stainless steel mesh (c).

8.3.2.4 Pollutant removal mechanisms of BDDMR

Three mechanisms, such as microbial biodegradation, bio-diatomite adsorption, and
bio- diatomite dynamic membrane rejection, are employed to explain the removal of
pollutants by the BDDMR.

1 Specific individual effect for pollutant removal

The dynamic membrane alone could reduce CODy,, UV, TOC and NH,-N of the
influent by 9.9%, 10.2%, 9.7% and 6.5%, respectively (Figure 8.23). Meanwhile, dia-
tomite static adsorption with the same raw surface water and diatomite concentra-
tion of three hours was carried out to examine the removal efficiency of pollutants
through diatomite adsorption alone, which showed that 15.4%, 5.0%, 20.0% and
12.5% of CODyy,, UV,s,, TOC, and NH,-N was removed, respectively. Once the diatomite
was covered by the microorganisms, the diatomite adsorption capacity was basically
stopped. The pollutants removal was mainly ascribed to microbial degradation when
the bio-diatomite was matured, while the diatomite addition was provided as the
carrier material for attaching microorganisms in the system.

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco.confterns-of-use



EBSCChost -

Chapter 8 Dynamic Membrane Reactor for Micro-polluted Surface Water =—— 349

25
E BDDM alone
20 . . .
O Diatomite adsorption
Sis
=
>
2
510 r
[~
5
0

CODy, UV,  TOC — NH4N

Figure 8.23: Pollutants removal by BDDM alone and diatomite adsorption alone.

2 DOM fractions and MW distributions analysis

Here, DOM of the water sample was separated into four fractions, i.e. HPO, TPI, N-HPI,
and C-HPI, as shown in Figure 8.24. In the mixed liquor, the removals of HPO, TPI,
N-HPI and C-HPI were approximately 54.6%, 52.2%, 17.0% and 7.3%, respectively. The
cake layer alone achieved little removal effect for the four fractions with the rejection
efficiencies of HPO, TPI, N-HPI and C-HPI being only 8.3%, 6.2%, 3.1% and 1.5%,
respectively. The BDDMR was able to effectively eliminate the fractions of HPO and
TPL.

From Figure 8.24(b), the apparent molecular weight distribution (MWD) of organic
matters in the influent were mainly in the range from 3,200 to 1,000 Da with four
obvious peaks, which declined by approximately 15% after BDDMR treatment. It also
can be concluded that the dynamic membrane alone could partially remove the peak
cluster of MWD of 1,000-3,200 Da, and the organic matter with a MWD less than
1,000 Da could penetrate the membrane.

3 Bacterial community analysis in BDDMR

The variations of microbial communities of the bio-diatomite in the BDDMR was
analyzed by the PCR-DGGE with the operation time changes, as shown in Figure 8.25.
There is obvious difference of the bacterial community structures between the oper-
ation beginning and the matured stage of the bio-diatomite. At the beginning of the
operation, no obvious degradation of pollutants occurred by the uncultured freshwa-
ter bacterium (Band 2) and uncultured acidobacteria bacterium (Band 3) microbes.
The microbes of uncultured bacteroidetes (Band 4), uncultured acidobacteria bac-
terium (Band 5) and uncultured candidate division OD1 bacterium (Band 6) became
dominant after 30 days of cultivation. The uncultured bacteroidetes bacterium could
induce carbon conversion and may play a critical role in carbonaceous organic mate-
rial degradation [23]. Acidobacterial bacterium was a diverse and widely distributed
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Figure 8.24: Fractions and MW distribution analysis.

group of microorganisms that has few cultivated representatives [24]. Candidate divi-
sion OD1 was globally distributed in freshwater settings and dominant in the environ-
mental libraries of plankton.
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Figure 8.25: Variations of microbial communities of the bio-diatomite in
1d  30d different operation time.

8.4 Summary

A novel bio-diatomite dynamic membrane reactor was developed, which can be used
in municipal wastewater treatment and micro-polluted surface water treatment. The
BDDMR could effectively remove organic matters and ammonium nitrogen, which was
mainly ascribed to microbial degradation of the bio-diatomite mixed liquor with high
concentrations of MLSS (12,000 mg/L) and MLVSS (3,500-4,000 mg/L) and the BDDM
alone and diatomite absorption was much less effective in removing pollutants.

The BDDM formed on the stain-steel support mesh showed a smooth surface and a
thickness of 2-3 mm, with the operation process including the precoating stage, filtra-
tion stage and backwash stage. The BDDM exhibited excellent capacity of solid-liquid
separation with high filtration flux. Air backwash with low pressure could slough off
the BDDM effectively.
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Chapter 9
Pollution Removal by TiO,/UV Photocatalysis
Coupled with Membrane Filtration

9.1 Humic acid removal TiO,/UV photocatalysis
coupled with membrane filtration

Humic acid (HA), is an important components of natural organic matter (NOM). It
mainly comes from the decomposition products of plant/animal metabolism and
exists in both surface and ground water. HA in water would affect the taste and the
impressions, and contend for adsorption sites during coagulation and activated
carbon treatment. Besides, during chlorination, HA could be transformed into dis-
infection by-products, such as trihalomethane (THM), haloacetic acid and halo-
acetonitrile. Therefore, it is important to control the concentration of HA in surface
water treatment. Previous work has demonstrated that it is different to remove NOM
(including HA) in conventional treatment. Generally speaking, TOC removal rate is
about 10-50% during conventional purification [1].

Although micro-filtration (MF) and ultra-filtration (UF) could remove some mac-
romolecule efficiently, such as turbidity and pathogen, their removal performance for
NOM is poor. It is believed that MF/UF removal rates for NOM are less than 10% [2, 3].

Photocatalytic oxidation is an efficient method to remove HA. The study about
photocatalytic oxidation started to raise, since Japanese scholars Fujishima and
Honda published a paper on Nature in 1972 [4], saying that optical radiation on TiO,
monocrystal electrode can decompose water and produce hydrogen. In 1977, Frank
and Bard achieved great progress in oxidation of pollutants with semiconductor [5].
They studied the photodecomposition of p-dihydroxybenzene, I', Br, Cl-, Fe*, Ce**
and Cr** with ultraviolet ray radiating TiO, polycrystal electrode, and found TiO,
powder performed well in pollutant photodecomposition. In 1984, Ollis et al. made
great progress in photocatalytic decomposition of organic pollutant, and published
the first paper on the application of photocatalysis for wastewater disposal [6], fol-
lowed by a large number of studies [7]. Due to the high photocatalytic performance
and stability, less environmental pollution and low cost, TiO, became the commonly
used photocatalyst and this technique became a hot spot research [8]. TiO, could
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be applied as suspended powder, and it could be fixed on some materials, such
as glass, quartz, stainless steel, etc. [9, 10]. On the one hand, the surface area and
photocatalytic activity of TiO, decrease significantly if fixed [11], on the other hand,
if TiO, disperses in water, although photodecomposition performance enhances, it is
difficult to reclaim this catalysis.

Photocatalysis coupled with membrane separation could handle these problems
[12]. Membrane could not only separate photocatalysis, but also selectively separate
some photo-decomposed molecule. Compared to common photocatalytic reactor,
submerged membrane-photocatalysis reactor (SMPR) has some characteristics [13—
16], i.e. on one hand, membrane can limit the reaction environment of photocatalysis,
thus solving the dilemma of reaction and separation in the reactor; on the other hand,
hydraulic retention time (HRT) could be easily controlled by adjusting the outflow.
This system has two advantages, i.e. it could enhance organic matter removal, and
reduce the membrane pollution in the meantime. Therefore, these two parts could
complement each other, prolonging the lifespan of membrane and improving the per-
formance [17].

Most membrane used in SMPR is hollow fiber membrane, and the performance
of air cleaning is important to that of SMPR separation: effective air cleaning benefits
for the reduction of fouling resistance, prolonging the cleaning cycle and lifespan of
membrane. As for plate membrane module [18], the up-flow gas-liquid fluid could
enhance the contact area, and the upward shear force benefits washing membrane,
thus relieving the deposit and clogging of photocatalyst on the membrane surface.
Comparing to the hollow fiber membrane, the pollution rate of plate membrane is
much slower, since the powerful water-gas cross flow significantly improves clean-
ing performance [19].

This study presents a new submerged flat membrane photocatalysis reactor
(FSMPR), which uses commercial TiO, as catalyst to decompose HA. The effects of
ultraviolet illumination intensity, TiO, dosage, initial HA concentration, pH value and
H,0, dosage to HA removal rate were systematically investigated.

Besides, plenty of studies only focused on some general parameters, such as
TOC analysis and ultraviolet spectroscopy, for evaluating performance and impact
on membrane pollution [20-24]. Although these parameters could reflect the overall
evaluation of reactor performance, they cannot be used to analyze the reaction mech-
anism and its impact to the whole system. Therefore, experiments under intermit-
tent model were performed as well (using commercial TiO, and FSMPR to decompose
HA with initial pH of 7). During the reaction, the concentration of DOC, the variation
of UV,s, and the ultraviolet/visible spectrum, UV adsorption index (UVAI), THMFPs
were monitored, and the other characteristics of organic matter, such as relative
molecular mass (MW), three-dimensional fluorescence spectrum (EEMs) and TMP,
were analyzed. Several different methods were used to demonstrate the chemical
reaction process and the impacts of intermediate products to membrane separation
performance.
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9.1.1 Materials and methods
9.1.1.1 Materials

The photocatalyst used in this study is nanoscale TiO, powder (Degussa, P25, average
diameter = 25 nm, SSA = 50 m?/g). A small amount of TiO, was accurately weighed and
mixed in ultrapure water prior to use. The flat membrane is made of polyvinylidene
fluoride (PVDF, provided by Jiangsu blue sky membrane), and its mean pore size is
0.08 pm, with effective membrane area of 0.02 m? (single surface for outflow). Water
used in this study was produced by Milli-Q, with the electrical resistivity larger than
18 MQ - cm. The raw water was prepared by resolving HA (Shanghai Jufeng Chemical
Technique Co. Ltd) in ultrapure water and dilute to some extent, with assistance of
NaOH (pH=12). 1 g HA was resolved in 100 mL NaOH (0.1 M) and diluted to 1,000 mL.
The mixture was filtered by cellulose acetate membrane (mean pore size = 0.45 pm,
Shanghai Xingya Purification Material Co. Ltd) to remove the insoluble powder, and
stored in refrigerator. Before use, the mixture pH was adjusted to 7 by 0.1 M HCl and
0.01 M NaOH, and diluted to the desired concentration (presented by DOC). Other
chemical agents used were all analytical grade. The membrane sank in ethyl (3%,
V/V) for 24 h, and then washed by ultrapure water to remove the organic matter prior
to use. All the membrane samples were stored in ultrapure water (4 °C).

HA used in this study is a kind of macromolecular condensation compound,
combined with phenolic hydroxyl group, carboxyl group, alcoholic hydroxyl group
matters. HA has no unified construction. Generally speaking, HA has one or some
aromatic nucleus as core, surrounded by plenty of linear chain and branched chain
connecting to each other with ether bond, ester bond and other kinds of covalent
bonds. The Fourier transform infrared spectrum (FTIR) is presented in Figure 9.1 that
3401.4 cm™ may represent OH, NH or the stretching vibration peak of hydrogen bond
association, arene and carboxylic acid; 1597.5 cm™ may represent symmetric stretch-
ing vibration peak of benzene ring; and 1114.7 cm™ may represent stretching vibration
peak of -C-0. Other peaks are listed in Table 9.1.

9.1.1.2 Experimental setup

In this study a new photocatalysis membrane separation reactor, named submerged
flat membrane photocatalysis reactor (FSMPR), is designed. The body of the reactor
is made of food-grade stainless steel plate, with effective volume of 8 L (LxBxH,
18 cm x 12 cm x 40 cm). Stainless steel cover plate (Bx Hx 8, 18 cm x 12 cm x40 cm),
whose bottom is 5 cm far away from the bottom of the reactor, separates the reactor
into two parts, i.e. photocatalysis reaction zone and membrane separation zone,
whose volume ratio is 1:1 and connected with each up-down flow path. There are three
ultraviolet sources (16 W, 253.7 nm, Philip), which have their own on-off systems,
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Figure 9.1: The FTIR Spectrum of HA.

Table 9.1: The FTIR spectrum of HA

Peak Position (cm™) Function Group

3401.4 OH or NH, Hydrogen Bond Association, Arene, Carboxylic Acid
1704.3 COOHandC=0

1597.5 Symmetric Stretching Vibration Peak of Benzene Ring

1349.6 dchz

1240.1 Stretching/Bending Vibration Peak of -COOH

1114.7 Stretching Vibration Peak of -C-O

1032.3 C-N

912.3 Surface Bending Vibration Peak of CH,

760.0 Symmetric Surface Bending Vibration Peak of C-H on the Aromatic Ring
693.6 Substituted Benzene

vertically fixed in the middle of the quartz cover. With a rectangular micropore air
diffusion equipment (titanium plate, air throughput: 0-4 L/min), on the one hand,
the air could enhance the exchange between reaction zone and separation zone; on
the other hand, the up-flow water could wash the membrane and reduce the mem-
brane pollution. In addition, in order to promote the material exchange between two
zones, the reactor equips a recycle pump (1 min/L). Samples were drawn periodical
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under steady experimental condition. After experiment, the membrane was washed
by water and chemical agent, and then sank in ultrapure water until next experiment.

The reaction mechanism and influence factors, such as ultraviolet illumination
intensity, TiO, dosage, initial HA concentration, pH value and H,0, dosage were
studied under intermittent condition. Methods including DOC, UV, THMFP, AWM and
EEMs were applied to detect the reaction intermittent products for the investigation of
reaction mechanism and their membrane separation characteristics.

The schematic diagram of the reactor applied in intermittent condition is presented in
Figure 9.2. Before turning on the aeration pump and the ultraviolet light, the reactor was
filled with HA solution and TiO,. The reactor operation adapts the intermittent pattern (the
outflow was recycled to the reactor), maintaining constant effective volume of 8 L. During
the experiment, the membrane flux was controlled by the rotating speed of peristaltic
pump and the operation of pump by time relay (rest 1 min after work for 10 min), and the
reactor temperature was maintained at 25 °C by circulating cooling water. The transmem-
brane pressure (TMP) was measured by precious pressure gauge fixed on outflow pipe.

Control system [~ —,

T

1 — |
1 I_\ )0
N RO

Effluent pump

Recycle pump

ALy

Air diffuser LYYV V ¥ | Q Sampling

ooo o0 0O o poO

Air pump

Figure 9.2: The schematic diagram of the reactor.

9.1.2 Results and discussions of influence factors
9.1.2.1 The influence of ultraviolet intensity
The intensity of ultraviolet light is an important factor to HA removal. In this study, it

was adjusted by the number of lights that are turned on. Figures 9.3 and 9.4 present the
HA removal rate and decomposition rate as the function of light intensity, respectively
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(TiO,=0.5 g/L, DOC, =10 mg/L). After ultraviolet radiated for 240 min, compared to
one-light group, the removal rate of three-light and two-light improves 25% and 15%,
respectively; on the other hand, if we ignore the adsorption of TiO,, in three-light
group, DOC decomposition rate constant is 0.0080 min, which is 1.95 times to that
of one-light group (0.0041 min™) and 1.67 times to two-light group (0.0048 min™). We
could conclude that ultraviolet intensity greatly influences the HA removal, i.e. when
the number of lights reduces, the light intensity reduces as well, and as consequence,
part of TiO, lacks of light and the electrons remain stable, resulting in less electron
hole pair and ¢OH and finally reducing HA catalytic oxidation capacity. Thus, increas-
ing ultraviolet intensity in a proper range could enhance the organic matter decompo-

sition rate of the reactor.
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Figure 9.3: The HA removal rate as the function of light intensity.
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Figure 9.4: The HA decomposition rate as the function of light intensity.
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9.1.2.2 The influence of TiO, concentration

Previous studies have suggested that photocatalysis efficiency has a strong relationship
with TiO, concentration. As the increasing of TiO, concentration, the photocatalysis
reaction activity and catalysis oxidation rate increases. However, in the meantime,
too much TiO, would increase the turbidity and thus weaken the ultraviolet adsorp-
tion and prohibit the promotion of reaction rate. In this study, three different TiO,
concentrations, 0.1 g/L, 0.5 g/L and 1.0 g/L were investigated. Figure 9.5 presents the
results of DOC removal rate with different TiO, concentration as a function of reac-
tion time. The initial HA concentration is 10 mg/L, and after ultraviolet radiation for
150 min, DOC removal rate is up to 80% when TiO, concentrations are 0.5 and 1.0 g/L,
while when TiO, concentration is 0.1 g/L, DOC removal rate is only 67%.

100 |
0] | )
80 - Dark ddsorption =,
|
270 |
= 60 1 |
>
g 50 - I
5} |
S o ! DOC=10mg/L
~10mg
=% : ——0.1g/L
201 —B (5L
10 4 1.0g/L
or

-30 0 15 30 60 90 150 240
Reaction time (min)

Figure 9.5: The influence of TiO, mass concentration on removal of HA.

In order to minimize the influence of TiO, adsorption, 30 min dark adsorption was
performed before turning on the light. Thus, DOC removal during this time is attrib-
uted to the TiO, physical adsorption, and DOC removal rate are 17% (0.1 g/L), 40%
(0.5 g/L) and 60% (1.0 g/L), respectively. Thus, prior to ultraviolet radiation, the DOC
removal is ascribed to TiO, adsorption. When TiO, concentration are 0.5 and 1.0 g/L,
DOC slightly increases at 30 and 15 min, respectively, which might be explained by the
release of intermittent products. And these intermittent products often exhibit better
hydrophilia. After that, the DOC decline is mainly attributed to the mineralization of
organic matters by photocatalytic oxidation. After radiation for 240 min, there is 13%
DOC residual (0.5 and 1.0 g/L), which indicates that part of HA and intermittent prod-
ucts are refractory with TiO,/UV treatment. The results of fitting suggest that adsorp-
tion follows first order reaction (Eq. (9.1)), and the adsorption balance equation fits
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Langmuir model (Eq. (9.2)); besides, the multiphase photocatalysis reaction complies
with Langmuir-Hinshelwood dynamic model [25-27]:

r=-kq (9.1)
q= qmaxbc

where r represents reaction rate; k is the first order reaction constant; c is the substrate
concentration in solution; q,.x is maximal adsorption capacity; and b is the adsorp-
tion balance constant of Langmuir. When c is small enough, the equation could be
simplified as first order reaction Eq. (9.3), in which k, represents the constant of first
order reaction and C, initial substance concentration:

In

0

= —kat

9.3)

If the initial adsorption could be ignored, the photocatalytic oxidation process follows
the first order reaction, as shown in Figure 9.4, which suggests that L-H model could
describe the HA decomposition by TiO,/UV. The reaction rate constants are 0.0061,
0.0080, 0.0051 min™ when TiO, concentrations are 0.1, 0.5 and 1.0 g/L, respectively.
As shown in Figure 9.5, the DOC decomposition rate first raises and then declines
as the concentration of TiO, increases. This is because that proper increase of TiO,
could increase the reaction surface, while too much could increase the solution tur-
bidity and thus weaken ultraviolet adsorption. In Figure 9.6, when TiO, concentra-
tion increases to 1.0 g/L, the decomposition rate is smaller than that of 0.5 g/L, even
smaller than that of 0.1 g/L, which suggests that ultraviolet adsorption is a limiting
factor. Therefore, in a certain range, reaction rate is not in a positive correlation with
TiO,, and too much could constrain the reaction process.

9.1.2.3 The influence of initial HA concentration

Langmuir-Hinshelwood (L-H) model is generally used to describe the influence of
initial substance concentration to organic photocatalytic decomposition rate. It is
assumed in L-H model that once reaching the adsorption saturation point, there is no
more adsorption. Numerous studies demonstrated that the reaction rate constant of
TiO,/UV photocatalysis increases as initial substance concentration increases [27, 28],
while some get the opposite conclusion [17]. In this study, two initial HA concentra-
tions, 5 and 10 mg/L (DOC), similar to other work, were adopted (Figure 9.7). Ignoring
the initial dark adsorption, it is interesting to notice that the reaction rate constant of
these two groups are very close (0.0079 and 0.0080 min™). Thus, this phenomenon
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Figure 9.6: The influence of TiO, mass concentration on HA degradation rate.

cannot be due to lacking ultraviolet photon with higher initial HA concentration. This
should be attributed to that larger part of HA is adsorbed by TiO, with lower initial HA
concentration. As shown in Figure 9.8, in the dark adsorption period, the HA removal
rate reaches 53% when initial HA concentration is 5 mg/L, while that is only 40%
when initial HA concentration is 10 mg/L. This suggests that the adsorption capacity of
certainamount of TiO,islimited, i.e. when adsorption process reaches balance, nomore
adsorption occurs. Therefore, lower initial HA concentration with higher removal rate
is mainly attributed to adsorption, but the photocatalysis reaction constant does not
increase significantly.

9.1.2.4 The influence of initial pH

In photocatalysis system, pH is an important factor to determine the characteristics of
the solid catalyst and the solute molecules. Therefore, pH value could influence the
reaction rate of photocatalysis system and TiO, adsorption rate. In this study, initial
pH was adjusted to 4.5, 7.0 and 9.4 by NaOH and HCl, and the initial HA concentration
is 10 mg/L (DOC) with TiO, of 0.5 g/L. As shown in Figure 9.9, when the initial pHs are
4.5 and 7.0, the DOC removal rates are 67% and 40%, respectively. However, when
initial pH is adjusted to 9.4, DOC removal rate is only 17%. These results demonstrate
that HA is more inclined to attach to TiO, under acidic condition, which agrees with
previous work [29].

Figure 9.10 shows the results of dynamic fitting. It presents that pH value influ-
ences HA decomposition significantly and lower pH promotes photocatalysis rate
and the whole removal rate. The photocatalysis process could be described by Egs.
(9.4)-(9.6):
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Figure 9.7: The influence of initial HA concentration on DOC degradation rate.
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Figure 9.8: The influence of initial HA concentration on DOC removal.
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Figure 9.9: The influence of initial pH on removal of DOC.
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TiO, +OH ' +2H" +0,” —3¢OH+TiO,

Equilibrium rate constant K. is often calculated by Eq. (9.5):

.02”

2

K, =[*0H][’/

[OH’HH +

e =

Since [OH][H*] =K,, =107, Eq. (9.5) could be adopted to Eq. (9.6):

3
*OH| =K K, [H*

[0, ]

(9.4)

(9.5)

(9.6)

[*OH] increases as [H'] increases. As shown in Figure 9.10, the constant of photocatal-
ysis decomposition decreases as pH increases: Ky, 5(0.0110 min™) > K,u70(0.0080 mi
n™) > K194(0.0071 min™). Therefore, photocatalysis decomposition with initial pH of
4.5 is faster than that with 9.4, and the lower pH is in favor of photocatalysis reaction.

0
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Figure 9.10: The influence of initial pH on DOC degradation rate.

9.1.2.5 The influence of H,0,

Figures 9.11 and 9.12 demonstrate that the addition of a little H,0, could promote
the removal and decomposition rate in photocatalysis-membrane system. After the
addition of H,0,, the constant of apparent reaction rate increases 71%, from 0.008
to 0.013 min™, for which the synergistic effect between ultraviolet and H,0, greatly
promotes the reaction rate. The synergistic effect could be described as equations

from (9.7) to (9.11):
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TiO, +hv —h" +e” ©7)
h*+ H,0—eOH+e” ©8)
h*+ OH™ — eOH (99)
H,0,+hv —20H (910)
H,0,+e —*OH + OH~ (011)

Egs. (9.7) to (9.9) describe the process of TiO, photocatalysis and ¢OH production;
Eq. (9.10) represents the process that H,0, is radiated by ultraviolet and produces ¢OH;
while Eq. (9.11) describes the process that H,0, captures the electron and then produce
*OH. The reaction between H,0, and conduction electron enhance the concentration
of #OH; besides, H,0, could suppress the electron hole recombination, which can be
used to evaluate the oxidation efficiency of electron hole, thus to enhance the number
of *OH production. The synergistic effect among UV, H,0, and TiO, produces more
*OH, thus promoting the photocatalytic decomposition of HA.

As shown in Figures 9.11 and 9.12, the addition amount of H,0, could influence
photocatalytic oxidation efficiency of HA. After adding 1 M H,0,, the DOC removal rate
improves from 86.3% to 92.7%, and the decomposition rate from 0.0080 to 0.014 min .
However, when H,0, dosage increases to 10 M, the removal rate and decomposition
rate decreases to 86.2% and 0.0075 min, respectively. This phenomenon could be
explained by Egs. (9.12) and (9.13):

H,0,+*0H—H,0¢ + H,0 012)

H,0e + ¢OH—H,0+0, (9.13)
Too much H,0, would react with ¢OH and lead to ¢OH loss, prohibiting the improve-
ment of reaction rate. Therefore, a proper amount of H,0, could enhance photocata-
Iytic decomposition performance.

9.1.3 Results and discussion of photocatalysis enhanced
membrane separation

Based on the results above, in this part, experiments were conducted under the
conditions of: 1) three ultraviolet light (intensity = 1.17 mW/cm?); 2) TiO, concentra-
tion = 0.5 g/L; 3) initial HA concentration = 10 mg/L (DOC); 4) initial pH = 7.0. In order
to investigate the reaction mechanisms, no H,0, was added.
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Figure 9.11: The effect of H,0, addition on removal of DOC.
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Figure 9.12: The effect of H,0, addition on DOC degradation rate.

9.1.3.1 The removal of HA

Figure 9.13 presents the DOC and UV,;, removal rate as a function of time in FSMPR.
A large amount of DOC and UV, removal prior to ultraviolet radiation is due to the
TiO, adsorption. After radiation for 30 min, DOC has a slight increase but the UV,
goes through a successive descent, which indicates that the desorbed intermittent
products have better hydrophilicity than HA, and cannot adsorb ultraviolet at 254 nm.
Figure 9.14 presents the variation of adsorption of FSMPR in the range of 190-600 nm.
As the reaction processes, the adsorption intensity gradually decreases and finally
disappears. Prior to ultraviolet radiation, a rapid decrease occurs, which could be
due to TiO, adsorption. After that, the gradual descent is owning to the photocatalytic
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effect of TiO,, which exhibits excellent performance for HA catalytic oxidation under
ultraviolet radiation. Besides, the spectrum provides solid evidence that the intermit-
tent products have no adsorption of light, especially at 254 nm.

Besides, the removal rate of UV, is apparently higher than that of DOC. After
radiation for 150 min, the removal rate of UV, is close to 100%, while that of DOC is
only 86%. Since the removal of UV,;, can only present the decomposition of HA [30]
but that of DOC could reflect the mineralization extent of organic matters, this result
indicates that the HA mineralization is apparently slower than HA photocatalytic
decomposition. As shown in Figure 9.15, the removal processes of UV, and DOC both
follow first order reaction dynamic model, and their decomposition rate constants are
0.021 and 0.010 min™, respectively. The former is 2.1 times as much as the latter, which
demonstrates that TiO, photocatalytic decomposition for HA is much faster than that
of DOC. After 150 min radiation, there is still 1.5 mg/L DOC residual in the solution,
indicating that this part of organic matter is not mineralized, which may come from
the raw water or intermittent products. In order to get higher mineralization rate, the
reaction must be prolonged.

100 I
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80 1 Dark ad%orption
|
£60
=
3 |
)
540 |
| ==DOC
: —2—UV2s4
20 | TiO2=0.5 g/L
| DOC =10 mg/L
I
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Reaction time (min)

Figure 9.13: The removal of DOC and UV, in FSMPR system.

Specific ultraviolet adsorption (SUVA) is defined as the ratio of UV,s5, and DOC. Water
with high SUVA often has a large amount of NOM, such as HA. Previous study has
found that SUVA has a relationship with the relative molecular mass and the struc-
ture of aromatic compounds [31]. Thus, SUVA could be used to describe the structure
of aromatic compounds, and to evaluate the characteristics of DOC. Figure 9.16 pre-
sents the variation of SUVA: the first drop is due to the hydrophobic matter adsorp-
tion by TiO,; the fast decrease after radiation for 30 min is due to the production of
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Figure 9.14: The variation of absorbance at different time in FSMPR system.
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Figure 9.15: DOC and UV,;, degradation rate in FSMPR system.

intermittent products with no adsorption at 254 nm; after that, the SUVA goes through
a gentle decrease. It is documented that membrane pollution and DBP production are
all related to SUVA [32-34]. Thus, after treatment by FSMPR, the lower SUVA promises
less DBP production and membrane pollution.
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Figure 9.16: SUVA degradation in FSMPR system.

9.1.3.2 THMFP Analysis

THMEFP is often used to evaluate the chlorination by-products. Figure 9.17 presents the
trihalomethane value of the chlorinated water after different reaction time. The total
THMFP only has one type, trichloromethane, which is because of the low bromide con-
centration. The raw water has 570 pg/L THMFP, which could be due to that chlorine is
inclined to react with electron-rich organic matters, such as aromatic substances and
1, 3-dicarbonyl adipose groups [35]. Thus, the structure of organic matters greatly influ-
ences the chlorine consumption and trichloromethane production. After 150 min treat-
ment, THMFP reduces to 19 pg/L. And the effluent after 90 min disposal could meet the
national sanitary standard for drinking water (GB 5749-2006, CHCl; < 60 pg/L), which
demonstrates that the system could efficiently remove the precursor of trihalometh-
ane. Besides, it is interesting to notice that the variation of THMFP is similar to that
of UV, and DOC, but the removal of THMFP is a little bit faster than that of DOC.
The specific TTHMFP (THMFP/DOC) analysis found that the initial value of 57 ug/mg
reduces to 14 pg/mg, suggesting that trichloromethane precursor is easily photocat-
alytic decomposed by TiO,. Although 150 min radiation is not enough for minerali-
zation, it is long enough to change the structure of trichloromethane precursor and
reduce the reaction activity of residual organic matters with chlorine [36].

9.1.3.3 Membrane separation efficiency analysis

The transmembrane pressure (TMP) is applied to evaluate the membrane pollution.
Under a certain condition, when the membrane flux is fixed, TMP should be as low as

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use


file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_FIG_NDgBPGY7

EBSCChost -

Chapter 9 Pollution Removal by TiO,/UV Photocatalysis Coupled with Membrane Filtration =—— 369

600 60
B Total THMFP (ug/L)
—&— Specific TTHMFP
500 - pe (ng/mg) | 50
g
-3 400 - 40 5,
ks =
= o
T
& 300+ 30 S
= o
& E
= o
© 200 - 20 &
° 8
= Q
(73]
100 - US EPA(80ug/L) - 10
0- . . .l

-30 0 30 60 90 120 150
Irradiation time (min)

Figure 9.17: The variation of total THMFP and specific TTHMFP before and after FSMFR treatment.

possible; otherwise, it would accelerate the membrane pollution, shorten the wash cycle
and finally the lifespan [37]. Membrane pollution, such as the formation of cake layer
and membrane pore blocking, always occurs after it separates different kinds of solu-
tion, resulting in the increase of TMP. This resistance model is also suitable for evalua-
tion of 240 min membrane pollution characteristics. Table 9.2 lists the proper resistance,
the cake layer resistance and the pore blocking resistance. The proper resistance is deter-
mined by the physical and chemical characteristics of the membrane itself, such as the
thickness and the form of pores; the cake layer resistance is determined by the porosity,
thickness and compressibility of cake layer; and the pore blocking resistance is deter-
mined by the catalyst or organic pollution which come into the pore. According to this
model, the membrane flux (J) could be calculated by Eq. (9.14) [38-42]:

AP
J=———
((Rm 4 Re + Rp) (9.14)

where ] represents membrane flux (L/(m?- h)); m solution viscosity coefficient (Pa - s);
Rm, Rc and R, membrane proper resistance, cake layer resistance and pore blocking
resistance, respectively.
From Figure 9.18 and Table 9.2, we could obtain:
(1) when membrane just filters TiO, suspension (0.5 g/L), TMP increases at first and
then remains stable. This could be due to that TiO, could result in slight pore
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blocking (0.2x 10" m™) and little cake layer resistance (0.3 x 10" m™); the aera-
tion under membrane module could provide gas-liquid flow and constrain the
TiO, sedimentation on membrane and the increase of TMP;

HA in natural underground and surface water is the main reason for the mem-
brane pollution [43, 44]. When membrane filters the solution only having HA
(DOCy =10 mg/L), TMP increasing rate equals to 15 Pa/min, which is mainly
caused by pore blocking resistance (3.3 x 10" m™) and little cake layer resistance
(0.2x10" m™);

when membrane filters the mixture of HA solution (DOC,=10 mg/L) and TiO,
(0.5 g/L) with no radiation, TMP increasing rate is 23 Pa/min, 1.54 times as much
as that of HA solution filtration, which is mainly caused by pore blocking resist-
ance (2.9 x 10" m™?) and cake layer resistance (2.7 x 10" m™); Lee et al. have inves-
tigated the mechanism of membrane pollution when filtering the mixture of HA
and TiO,, and they believed that linear HA molecular would occupy the inter-
space of TiO, particles, greatly increasing the cake layer resistance [22]. The cake
layer resistance of the mixture (2.7 x 10" m™) is 9 times as much as that of TiO,
suspension (0.3 x 10" m™), and 13 times of HA solution (0.2x 10! m™);

thus, in order to decrease the TMP, it is necessary to decompose the HA in solution
and on the surface of TiO,. When the ultraviolet lights are turned on, TMP just
increases a little at first and then remains stable, which is caused by slight pore
blocking resistance (0.4 x 10" m™) and little cake layer resistance (0.6 x 10" m™),
This demonstrates that no obvious membrane pollution occurs and TiO,/UV is
an effective method to control membrane pollution.

—o—TiO2 HA+TiO2

—o—HA =8 HA+TiO2+UV

0 30 60 90 120 150 180 210 240
Filtration time (min)

Figure 9.18: TMP variation in filtration of different types of solutions.
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Table 9.2: The composition of membrane resistance after filtering different solutions for 240 min

Resistance/Proportion Tio, HA HA+TiO, HA+TiO,+UV
Rn/10%m™/(%) 8.8/94.6 9.0/71.4 9.5/62.9 9.6/90.5
R./10M'm™ /(%) 0.3/3.2 0.2/1.6 2.7/17.9 0.6/5.7
Rp/IO“m‘l/(%) 0.2/2.2 3.3/26.2 2.9/19.2 0.4/3.8
Ri/10'm™/(%) 9.3/100 12.6/100.0 15.1/100.0 10.6/100.0

Note: R; represents the total membrane resistance

9.1.3.4 The analysis of relative molecular mass distribution

As shown in Figure 9.19, gel chromatogram analysis presents relatively wide distri-
bution of molecular mass and composition (1x10°-10 x 10* Da) with strong relative
intensity (coordinating with high concentration) for initial sample at =30 min, which
are typical characteristics of hydrophobic aromatics and long-chain aliphatic mole-
cules. There are two major peaks with molecule weight at 931 Da and 2,485 Da.

0.0030

— -30 min
931
0.0025 0 min
2485 ——— 30min
2214

0.0020 90 min

— 150 min

0.0015

DOC (mg/L)

0.0010

0.0005

0.0000 L ""‘"-—- ’\‘-———

12 13 14 15 16 17 18 19 20 21 22
Minutes

Figure 9.19: The variation of distribution of molecular weight in FSMPR system.
Figure 9.19 also shows the variation of HA molecule weight after dark adsorption

and other treatment with FSMPR when pH is set as 7.0 and TiO, dosage is 0.5 g/L.
After 30 min dark adsorption, the intensity of two major molecule peaks decrease
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significantly, but the outline of molecule weight distribution doesn’t change with no
new peak, which indicating there is no new organic matter. This is because that TiO,
could adsorb part of HA molecules (including small and big molecules). In contrast,
after 30 min photocatalytic oxidation, two new peaks, at 2,214 Da and 1,565 Da arise,
and the peak at 2,484 Da, representing big molecule, decreases significantly. It is inter-
esting to notice that the intensity after 30 min photocatalytic oxidation is larger than
that of 0 min, which could be explained by the production of hydrophilic organics. In
the meantime, the organics coordinating to two new peaks at 2,214 Da and 1,565 Da
have smaller molecule weight than that of 2,485 Da. Besides, after 150 min treatment,
the peak intensity at 1,565 Da is much stronger than others, which indicates that those
part of organics are difficult to degrade in FSMPR. These results demonstrate that UV/
TiO, could degrade hydrophobic macromolecular organics and produce hydrophilic
micromolecular organics with no significant membrane pollution, although these
micromolecular organics are resistant to mineralize. Table 9.3 lists the weight average
molecule weight (M,,), number average molecule weight (M,) and coordinating mole-
cule weight distribution ratio (M,/M,). The three values of initial sample are 2,403 Da,
198 Da and 12.1, respectively, but those of the sample after 150 min treatment are
1,246 Da, 296 Da and 4.2, respectively, indicating that the organics after treatment
have narrow molecule weight distribution and simple organic composition.

Table 9.3: The variation of M,,, M, and
M,/M, after FSMPR treatment

Time/min M _/Da  M,/Da M,/M,

=30 2,403 198 12.1
0 1,682 328 5.1
30 1,736 282 6.2
90 1,393 239 5.8
150 1,246 296 4.2

9.1.3.5 Three-dimensional fluorescence spectroscopy EEM analysis

Three-dimensional fluorescence spectroscopy EEMs is a powerful method to iden-
tify the types of organics. The peak intensity and position induced by HA photocat-
alytic oxidation vary along treatment duration. As shown in Figure 9.20, remarkable
changes of EEMs fluorescence peak intensity and position occur. As shown in Table
9.4, initial HA has two major peaks, peak A and peak T, respectively (Figure 9.20(a)).
Peak A coordinates to typical ultraviolet-zone humic fluorescence matter [45-47],

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use


file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_TABLE_3sQk94Af
file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_FIG_KBjS4OHg
file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_TABLE_MqlcuEcl
file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_TABLE_MqlcuEcl
file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_FIG_KBjS4OHg

Chapter 9 Pollution Removal by TiO,/UV Photocatalysis Coupled with Membrane Filtration = 373

500
450

- P o 900

400 500 300

z - 700 700

£ 350 600 600

i 500 500

300 400 400

300 300

250 200 200

100 100

200 ' 0 p— 0

200 250 300 350 400 450 500 550 200 250 300 350 400 450 500 550
Em(nm) Em{nm)

Ex(nm)
g 8 3

]
=]

Em(nm)

Ex(nm)

§$§§§§§§§§

Em(nm)

Figure 9.20: Three-dimensional fluorescence spectroscopy in FSMPR system.
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possessing major excitation and emission wavelength (Ex/Em = 275/445 nm, intensity
of 970.5). After 30 min dark adsorption (Figure 9.20(b)), although the peak intensity
decreases from 970.5 to 639.1, peak A position doesn’t change (E, 275 nm/ E,, 445 nm),
indicating that TiO, adsorption is a pure physical process and doesn’t transform the
structure of HA to produce new organics. As shown in Figure 9.20(c), after 30 min
photocatalytic oxidation, the intensity of peak A (E, 265 nm/ E, 435 nm, intensity of
354.1) decreases and a new peak, namely peak T (E, 215 nm/ E;, 330 nm, intensity of
491.7) arises, coordinating to protein fluorescence peak [48, 49]. Red shift and blue
shift occur on excitation axis and emission axis, respectively. The red shift is related
to the presence of carbonyl, hydroxyl, alkoxy, amino and carboxyl groups, and the
blue shift to aromatic degradation and microorganic transformation to microorganic,
such as the rupture of aromatic ring, the decrease of aromatic ring number and conju-
gate chain structure bond, transformation of linear structure to nonlinear structure,
and the elimination of carbonyl, hydroxyl and amino groups [50-52]. After 90 min
treatment (Figure 9.20(d)), the intensity of peak A (E, 260 nm/ E,, 420 nm, intensity of
139.7) and T (E, 230 nm/ E, 350 nm, intensity of 247.7) both decreases. Finally, peak A
nearly disappears after 150 min treatment, but peak T (E, 215 nm/ E,, 330 nm, inten-
sity 296.3) increases a little, indicating that protein is a mid-product of photocatalytic
oxidation. Although HA was not removed totally, the residual organics with molecule
weight of 1,565 Da wouldn’t induce the membrane fouling, as analyzed by the gel
chromatography.

Table 9.4: The variation of three-dimensional fluorescence
spectroscopy after FSMPR treatment

Time/min E, (nm)/E,, (nm) Intensity Peak Type

-30 275/445 970.5 A HA

0 275/445 639.1 A HA

30 265/435 354.1 A HA
215/330 491.7 T Protein

90 260/420 139.7 A HA
230/350 247.7 T Protein

150 215/330 296.3 T Protein

9.1.4 Summary

In this section the effect of ultraviolet intensity, TiO, and HA concentration, pH value
and H,0, dosage upon HA removal with FSMPR is studied. Despite of TiO, adsorp-
tion, relatively strong UV intensity, low pH and proper H,0, dosage are favored for HA
removal. DOC removal rate and photocatalytic oxidation rate constant are calculated
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under different conditions, and the reaction mechanism of photocatalytic coupling

membrane separation is analyzed. The major conclusions are:

(1) After 150 min treatment with FSMPR, more than 86% DOC and almost 100%
UV, could be removed, and the THMFP could be reduced to less than 19 pg/L;

(2) TiO,/UV pretreatment is effective to control membrane pollution, and as long as
the photocatalytic reaction proceeds, TMP could not increase significantly when
filtering TiO, and HA mixture;

(3) The decrease of membrane pollution is mainly due to that photocatalytic oxida-
tion could transform those hydrophobic UV-zone HA microorganic into hydro-
philic micromolecular protein; although these mid-products could not be miner-
alized within 150 min treatment, they could not lead to membrane pollution.

9.2 Surface water purification with TiO,/
UV-membrane

The purpose of this section is to investigate the performance of FSMPR system for NOM
degradation of Taihu Lake and membrane pollution control, and to analyze the NOM
degradation path and variation and the mechanism for membrane pollution control.

9.2.1 Materials and methods
9.2.1.1 NOM source

The water is derived from Taihu Lake and filtered with 0.45 mm membrane to sep-
arate colloidal. The main features of water sample are: pH=28.0, UV,,=0.08 cm™,
DOC=3.5 mg/L, SUVA=2.29 L/(mg - m), turbidity = 1.65 NTU and chroma = 2.5 HU.

9.2.1.2 Photocatalysis and membrane module

All the chemical agents are of analytical grade, and water used is made by Millipore
Super-Q plus. TiO, powder (P25, SSA =50 m?/g, average diameter =25 nm) was put-
chased from Degussa (Germany). Before usage, a certain amount of TiO, was mixed
with little ultrapure water to prepare TiO, sludge. The flat membrane is made of pol-
yvinylidene fluoride (PVDF, provided by Jiangsu blue sky membrane), and its mean
pore size is 0.08 um, with effective membrane area of 0.02 m? (single surface for
outflow). Before first use, the new membrane module was sank in ethylate (3/97, V/V)
for 24 h and then purified with water to remove soluble organics. All the pretreated
membrane module was stored in 4 °C water, which was frequently changed.
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9.2.1.3 Experimental device

A self-made submerged flat membrane photocatalysis reactor (FSMPR) was used in
this section, and the schematic diagram is presented in Figure 9.21. After filling the
reactor and water tank with water sample, TiO, was dosed, and then the aeration
pump and the ultraviolet light were turned on. The system was equipped with water
level gauge to maintain the constant water volume in a reactor of 8 L. Membrane flux
could be adjusted by the peristaltic pump, the operating condition was controlled
by the time relay, and the system temperature was controlled at 25 °C with the aid of
cooling circulating water. During the experiment, the range of membrane flux is from
30 to 90 L/(m?- h), and the TMP was measured by accurate pressure meter fixed on
water outlet.
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Figure 9.21: The schematic diagram of FSMPR.

9.2.2 The loss of catalyst and the control of suspension mass
concentration

Previous work had found that TiO, would deposit on membrane surface or in the
pore after long term operation, which leads to membrane pollution, TiO, suspen-
sion concentration reduction and catalyst loss [16]. It is well-known that the reac-
tion rate of organic photocatalytic oxidation is related to the TiO, concentration [2,
12]. To some extent, TiO, concentration decrease leads to reaction rate reduction,
which is not expected. Thus, it is important to maintain TiO, suspension mass con-
centration. Previous work proves that bubbling from bottom of membrane module
could effectively mitigate catalyst deposit on membrane surface [16], and the char-
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acteristic of bubble and gas flow would influence the shear force on membrane
surface [53]. In this study, the influence of bubbling from the bottom of membrane
module on TiO, deposition on membrane surface is studied, and TiO, concentration
is measured to evaluate the performance when big bubble aeration with a certain
gas flux is adopted. Under this condition, if TiO, concentration doesn’t decrease
significantly, it demonstrates that flat membrane with bubbling from bottom could
successfully maintain catalyst concentration and avoid deposition on membrane
surface.

Catalyst concentration in reactor is evaluated by measuring mixture turbid-
ity. Figure 9.22 presents the relationship between TiO, concentration (0, 0.2 g/L, 0.4
g/L, 0.6 g/L, 0.8 g/L) and turbidity of mixture, which is mixed with deionized water.
Results demonstrate that turbidity is in a linear correlation with TiO, concentration
(R?=0.99). When the initial TiO, concentration is set at 0.5 g/L and membrane flux
is 50 L/(m?-h), the suspended TiO, concentration and membrane suction pressure
are measured under aeration and non-aeration. Results prove that bubbling from
membrane bottom could maintain TiO, concentration without significant increase of
TMP, thus reducing TiO, deposition and mitigating membrane pollution (Figure 9.23).
In contrast, without aeration, TiO, concentration decreases significantly with TMP
increase, indicating TiO, deposition on membrane surface. Figure 9.24 presents TiO,
deposition on membrane surface under these two operation models for 48 h, and it
provides direct evidence that aeration from membrane bottom could effectively main-
tain TiO, concentration and mitigate its deposition. Thus, the following experiments
are performed with aeration (gas flux = 4 L/min).

4000
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Figure 9.22: The relationship between TiO, concentration and turbidity.
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Figure 9.23: The relationship between TiO, concentration and TMP in suspension with and without
aeration (TiO, 0.5 g/L, 50 L/(m?- h)).

Figure 9.24: TiO, deposit on membrane surface.

9.2.3 The optimization of hydraulic retention time

This study is performed under continuous model (CSTR). Since organic photocatalytic
oxidation is related to reaction time, it is necessary to determine the optimized HRT.
Under CSTR model, if organics could totally pass through the membrane, its HRT
could be determined by the membrane flux. Hence, controlling organic HRT in reactor
could get good removal performance. As shown in Figure 9.25, longer HRT with
smaller membrane flux is favored for high DOC removal rate. When J =30 L/(m?- h),
after 420 min reaction, DOC removal rate achieves 70% and maintains stable. This is
because that longer HRT endows organics abundant reaction time for photocatalytic
oxidation, and favors more thorough degradation. In contrast, shorter HRT leads to
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poorer performance, i.e. when J =60 and 90 L/(m?- h), DOC removal rate decreases to
61% and 53%, respectively.

The variation of membrane suction pressure is presented in Figure 9.26. When
J=30 and 60 L/(m?-h), after 480 min operation, little membrane suction pressure
increase is observed; when J=90 L/(m?-h), membrane suction pressure increases
slightly at the beginning, and then remains stable after 180 min. It is obvious that
pollutant removal has some relationship with membrane suction pressure, i.e. when
J=30 and 60 L/(m?-h), high pollutant removal rate is achieved, thus there is no
remarkable membrane suction pressure increase; however, when J=90 L/(m?-h),
organic removal rate is relatively low and part of pollutant is not catalytically oxidized
and thus contaminates the membrane and results in the increase of membrane suction
pressure; as the operation proceeds, those organics on membrane are degraded,
which leads to the relative stable membrane suction pressure after 180 min. In order
to better illustrate the relationship between organic removal and membrane suction
pressure, following section is investigated via comparing membrane suction pressure
values under different conditions.
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Figure 9.25: The variation of DOC removal at different flux (TiO,=0.5 g/L, pH =8, aeration 4 L/min).

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use


file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_FIG_TnYomzRy

EBSCChost -

380 — Qingging Zhao, Yong Wei, Kuo Gao

S L =
X.
»
»
»
L

Suction pressure (kPa)
[oe]

——30L/m2 -h =®=G0L/m2-h =a=90L/m2-h

(=TS )

0 60 120 180 240 300 360 420 480
Reaction time (min)

Figure 9.26: TMP variation at different flux (TiO,=0.5 g/L, pH = 8, aeration 30 L/(m?- h)).

9.2.4 The variation of membrane suction pressure with different
working conditions

The Darcy’s law indicates that the variation of membrane suction pressure reflects
membrane pollution resistance with certain membrane flux. Figure 9.27 presents mem-
brane suction pressure variation under three different conditions with membrane flux
of 30 L/(m?2- h). As excepted, for raw water and raw water mixed with TiO, without UV,
membrane suction pressure linearly increases with reaction time, with the slope of 1.7
and 3.2 Pa/min, respectively. The latter is 1.9 times larger than the former, which could
be due to that flexible linear macromolecules could twine TiO, and fill in the blank of
TiO,, increasing membrane cake layer construction resistance and membrane resist-
ance [22]. Although membrane suction pressure increases slowly when just filtering
raw water, photocatalytic oxidation is applied to reduce the membrane fouling caused
by organics. Membrane suction pressure remains stable when UV radiation is applied
since it promotes organic photocatalytic oxidation and reduce membrane pollution,
demonstrating that photocatalysis helps mitigate membrane pollution [2, 21, 22, 54].

9.2.5 Organic removal performance and mechanism analysis

In order to better understand the organic degradation performance of photocatalytic
membrane separation and the membrane pollution mechanism of Taihu lake water,
DOC, UV, SUVA, UV-vis adsorption, THMFP, apparent molecule weight (AMW) and
hydrophilic/hydrophobic separation are applied to evaluate the removal performance
of the reactor, organic characteristic variation and membrane filtration characteristic.
The operation condition is the same as that in the former section (TiO, concentra-
tion = 0.5 g/L, membrane flux =30 L/(m?- h), gas flow = 4 L/min).

printed on 2/14/2023 6:39 AMvia . All use subject to https://ww.ebsco. confterms-of-use


file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_FIG_DFCkpBRd

EBSCChost -

Chapter 9 Pollution Removal by TiO,/UV Photocatalysis Coupled with Membrane Filtration = 381

—&— Raw water+TiO2+UV

& Raw water

~
n

b Raw water+TiO2

Suction pressure (kPa)
~

N
W

0 60 120 180 240 300 360 420 480
Reaction time (min)

Figure 9.27: TMP variation at different working conditions.

9.2.5.1 Photocatalytic removal of DOC and UV,s,

As presented in Figure 9.28, poor removal performance of DOC and UV, (14.3% and
11.3%, respectively) are observed within the initial 30 min dark adsorption. This is
because that the solution pH is slight basic (pH = 8) and the TiO, surface is negatively
charged, thus repelling negatively charged hydrophobic organics [55]. DOC and UV,
decrease simultaneously in the following 420 min operation, and the removal rates
reach 70% and 86%, respectively. UV s, removal rate is always larger than that of DOC,
which is determined by the characteristic of photocatalysis. Photocatalysis firstly dis-
sociates the macromolecular organics (especially the aromatic macromolecule with
larger UV adsorption) into micromolecular, and then mineralizes them to CO, and
H,0 [56]. It is interesting to notice that organic adsorption-desorption is observed
during DOC degradation, namely, DOC at 60 min in effluent is higher than that at
30 min. This is because that part of micromolecular organics, which is derived from
macromolecular organic degradation, flows out before being mineralized, resulting
in DOC increase for a short time. In contrast, similar phenomenon is not observed
for UV,;, degradation, indicating that these hydrophilic organics cannot adsorb UV.
Figure 9.29 presents UV-vis adsorption spectrum in the range of 230-400 nm. It can
be observed that UV s, decreases in the initial 30 min which is due to TiO, adsorption,
while the following decline is due to photocatalytic oxidation. And the decline trend
of UV adsorption curve without increment suggests that mid-products of photocata-
lytic oxidation don’t have UV adsorption ability.

The degradation rate constants of these two indicators could be well described by
the L-H model. In order to better describe the degradation rate, the initial dark adsorp-
tion process is excluded. As shown in Figure 9.30, the initial DOC degradation rate is
0.0027 cm™/min, while that of UV, is 0.0041 cm™/min, 1.5 times larger as the former.
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Figure 9.28: Removal of DOC and UV, in Taihu Lake water by FSMPR system.
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Figure 9.29: UV-vis adsorption spectrum in Taihu Lake water by FSMPR system.

This suggests that mineralization is faster than macromolecular organic dissociation.
The value of SUVA is referred to the ratio of UV,s, and DOC. As shown in Figure 9.31,
SUVA decreases dramatically in the initial 60 min, and then tends to be stable. Pre-
vious work documents that membrane pollution and the formation of DBP are both
related to SUVA. It is obvious that the decrease of SUVA is favored for membrane pollu-

EBSCChost - printed on 2/14/2023 6:39 AMvia .

Al use subject to https://ww.ebsco.conlterns-of-use


file:///C:/Users/is3631/Desktop/dg/Flow/Dong/In/../09_Dong_0921_C_Ch09.docx#LinkManagerBM_FIG_bjBsUd8v

EBSCChost -

Chapter 9 Pollution Removal by TiO,/UV Photocatalysis Coupled with Membrane Filtration = 383

tion mitigation and DBP formation. The effect of SUVA upon membrane pollution can
be seen in Figures 9.25 and 9.26. Although DOC removal performance is relatively poor,
the membrane pollution is effectively controlled, since photocatalytic oxidation firstly
remove macromolecular organics, which contribute a lot to membrane pollution [2].
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Figure 9.30: The DOC and UV,;, degradation rate in FSMPR system.
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Figure 9.31: The removal of SUVA by FSMPR system.

9.2.5.2 Photocatalytic removal of THMFP

The removal of trihalomethane formation potential is presented in Figure 9.32. After
operation under CSTR model for 180 min (membrane flux=30 L/(m?-h), HRT=13.4 h),
THMFPs decreases from 169 pg/L to 49 pg/L, and the removal rate is up to 71%. The
quality of effluent meets the limitation of USEPA (<80 pg/L) and that of CHNSDWQ (GB
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5749-2006) (the sum of ratio between real concentration of FMs and limitation is less
than 1). In this study, the sum is 0.97, and the four FMs are all less than their limitation
(CHCl;=10<60 pg/L, removal rate=89%, CHCL,Br=18<60 pg/L, removal rate = 50%,
CHCIBr,=15<100 pg/L, removal rate = 42%, CHBr; =6 <100 pg/L, removal rate = 40%).
After 420 min operation, the THMFP in effluent remains stable and decreases to
18.9 pg/L, and the removal rate is 89%. In the meantime, THMFP generating index
(THMFP/DOC) decreases from the initial 49.5 to 18.5, and the sum of ratio is 0.40. as
shown in Figure 9.33, formation potential of these four THM is less than their limita-
tion (CHCl; = 6 < 60 pg/L, removal rate = 94%, CHCI,Br = 6 < 60 ug/L, removal rate = 84%,
CHCIBr,=4 <100 pg/L, removal rate = 85%, CHBr; =2.9 <100 pg/L, removal rate =71%).
Although part of DOC still remains in effluent, the THMFP removal performance is higher
than that of DOC, indicating photocatalytic oxidation could preferentially remove the
THMFP precursor and transform their structure, reducing the production of THMs [57].
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Figure 9.32: The variation of TTHMFP and specific TTHMFP.

9.2.5.3 The influence of photocatalysis on AMW

The distribution of apparent molecule weight (AMW) in sample is measured by gel chro-
matogram. Figure 9.34 presents the AMW distribution of Taihu lake after different time
reaction. For the raw water, AMW majorly distributes in the range of 800-5,000 Da, the
peak positions are 2,789 Da, 2,345 Da, 1,565 Da, 931 Da, respectively, and a micromolecu-
lar peak is at 261 Da. As the treatment proceeds, intensity of AMW peaks decrease sig-
nificantly. The initial 30 min dark adsorption process mainly removes organics of AMW
in the range of 2,000-5,000 Da. The intensity of peak at 2,789 Da, which is referred to
hydrophobic HA and rich acid, decreases 38%, while that at 2,000 Da, which is referred to
hydrophilic micromolecular organics, only decreases around 10%. As reaction time pro-
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Figure 9.33: The removal of four types of THMFP in Taihu Lake.

longs, intensity of all the peaks descents gradually, especially for the peak at 2,000 Da.
After 180 min, intensity of peaks at 2,789 Da, 2,345 Da and 1,565 Da decrease more than
90%, and that at 931 Da decrease 80%, indicating that remarkable degradation occurs
on micromolecular organics coupling with significant decrease of DOC. At the end of
reaction, decrease rate of peaks at 2,789 Da, 2,345 Da and 1,565 Da are more than 95%,
almost disappear. The intensity at 931 Da doesn’t change significantly and a new peak
with low intensity appears at 1,173 Da, suggesting that the process of macromolecular
matter dissociation and micromolecular organic mineralization come to the end. The
intensity of 261 Da peak remains stable in the whole process, which indicates that organ-
ics in this molecular mass range is hard to be photocatalytic oxidized.

9.2.5.4 Hydrophilic/hydrophobic separation

Figures 9.35 and 9.36 present the variation of DOC about four kinds of constituents
(HPO, TPI, C-HPI N-HPI) in Taihu lake water after treatment. In raw water, HPO
accounts for 32.9% and the coordinating DOC is 1.122 mg/L. Generally, the majority
of HPO is HA, coming from soil filtration and sedimentation release. The MW of HPO
is mainly in the range of 2,000-5,000 Da, and the intensity of 2,789 Da is the highest,
most derived from domestic sewage. The DOC of TPI is 0.553 mg/L, accounting for
16.2%. The MW of this part of organics concentrates in the range of 800-2,000 Da,
with the majority of fulvic acid derived from sediment release. The DOC value of C-HPI
is 0.384 mg/L, accounting for 11.2%, and the majority is protein and amino acid. The
DOC of N-HPI is 1.355 mg/L, accounting for 39.7%. This part of organics contains mac-
romolecular amylose and micromolecular aldehyde, ketone and alcohol [56]. The
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majority of molecular distribution is lower than 1,000 x 10° Da, derived from algae
secretion and playing the role of food for heterotrophic bacteria.

0.0016
2345 -30 min
0.0014 0 min
2789 e 00 MN
0.0012
s | 2() MiN
0.0010 — ] 80 min
- e 420min
=
on
2 00008
@]
o)
2 0.0006
0.0004
0.0002
0.0000
2 13 14 15 16 17 18 19 20 21 22
Minutes

Figure 9.34: The variation of AMW distribution in FSMPR system.
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Figure 9.35: The variation of DOC of four fractions in Taihu Lake by treatment of FSMPR system.
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Figure 9.36: The variation of DOC percentage of four fractions in Taihu Lake by treatment
of FSMPR system.

Hydrophilic and hydrophobic organics take about half of organics in raw water,
respectively. FEMPR treatment could remove most hydrophobic organics, while
its performance for hydrophilic organics is relatively poor. Generally speaking,
hydrophobic organics have aromatic rings, which are easy to be oxidized by pho-
tocatalysis, thus this part of organics, referred to UV,s,, could be easily destroyed.
After 60 min treatment, HPO and TPI are significantly decreased, and the content
of C-HPI increases, indicating these macromolecular organics are photocatalytic
oxidized into hydrophilic micromolecular organics, with most being carboxylic
acid, and finally mineralized into CO, and H,0. For N-HPI, this part of organics is
resistant to photocatalytic oxidation. At the end of operation, the effluent quality
remains stable, most HPO and TPI disappear, but part of C-HPI and N-HPI still
remain in solution. Although little descent is observed, part of C-HPI and N-HPI
are difficult to degrade, especially N-HPI at 261 Da of MW. N-HPI contains mac-
romolecular amylose and micromolecular aldehyde, ketone and alcohol, and are
resistant to photocatalytic oxidation [36, 58].

9.2.6 Summary

Photocatalysis coupling flat membrane ultra-filtration not only maintains the TiO,
concentration in the reactor and settles the problem for fine TiO, separation, but
also reduces organics on membrane surface and mitigates membrane pollution. This
study applies CSTR model to treat Taihu lake water, and conclusions are listed in the
following:
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A novel FSMPR technique is applied for surface water treatment. Bubbling from
the bottom of membrane module could effectively avoid TiO, deposition on
membrane surface and maintain its concentration in the reactor.

When the HRT =13.4 h and membrane flux is 30 L/(m?-h), after 420 min oper-
ation, the quality of effluent tends stable, i.e. the removal rates of UV, and
DOC achieve 86% and 70%, respectively, and THMFP meets the limitation of
CHNSDWQ (GB 5749-2006).

The distribution of AMW and results of hydrophilic/hydrophobic separation
suggest that FSMPR could remove almost hydrophobic organics with molecular
weight in the range of 2,000-5,000 Da and part of hydrophilic organics. Pho-
tocatalytic oxidation firstly dissociates hydrophobic macromolecular organics
into hydrophilic micromolecular organics, and then mineralizes them into CO,
and H,0. There is still part of hydrophilic organics remaining in the solution,
of which the molecular mass is smaller than 1,000 Da. Especially the part with
molecular mass of 261 Da, whose removal rate is only 25%.
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