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Preface of the Book of Proceedings of the Virtual
Conference on Chemistry and its Applications
(VCCA-2020)

A virtual conference on chemistry and its applications (VCCA-2020) was organized
online from 1st to 31st August 2020. The theme of the virtual conference was “Research
and Innovations in Chemical Sciences: Paving the Way Forward”.

There were 190 presentations for the virtual conference with 300 participants from
50 countries. A secured platform was used for virtual interactions of the participants.
After the virtual conference, there was a call for full papers to be considered for pub-
lication in the conference proceedings. Manuscripts were received and they were
processed and reviewed as per the policy of De Gruyter.

This book, volume 2, is a collection of the eleven accepted manuscripts covering
green and sustainable processing.

Ittibenjapong et al reported on Catunaregam tomentosa fruit extracts and AgNPs
synthesized from these extracts. Omokpariola and Omokpariola evaluated the health
and exposure risk assessment of heavy metals from the usage of rainwater from in-
habitants of four oil producing area of Rivers State, Nigeria. Chinda and Chinda
investigated the awareness level of social media and how it is used for learning in an
era of Corona virus by Chemistry students in tertiary institutions in Rivers State Nigeria.
Adeniyi and Giwa determined the concentration of cadmium, calcium, iron, lead,
manganese and zinc in the groundwater sources in selected locations in Aboru,
Igando, Akesanand Obadore, Lagos, Nigeria. Narod and Narrainsawmy focused on a
detailed analysis of the feedback obtained from educators regarding the evaluation of
the chemistry curriculum. Lowe and Canal shared their experience in including
Polymer science modules to the curriculum at two neighbouring post-secondary in-
stitutes and emphasized on educating post-secondary students from different disci-
plines with polymer science. Constance and Amadou reported on the Influence of
calcium oxide on low temperature attack two types of bauxite namely gibbsite and
boehmite from Guinea. Odukoya et al studied the volatile components generated from
fresh egg, adult female andmale of Pestarella tyrrhena and thesewere assessed using a
two-dimensional gas chromatography coupled to time-of-flight mass spectrometry to
understand their contribution to odour production. Hernández-Mendoza et al
compared the quadrupole inductively coupled plasma mass spectrometry (ICP-QMS)
detection and the sector field ICP-MS (ICP-SFMS) for the quantification of elements
such as arsenic, cadmium, copper, lead, zinc and uranium in drinkingwater. Lawrence
et al studied the decontamination of laboratory wastewater with an activated carbon
derived frommaize cob, an agricultural waste, to ascertain its adsorption effectiveness
for water treatment. Ejeromedoghene et al presented on the progress in the preparation

https://doi.org/10.1515/9783110726145-201

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



of polymeric ionic liquids via different polymerization reactions and highlight the
advances in the fabrications of polymeric ionic liquids based on smart polymeric
materials.

I hope that these chapters of this volume 2 will add to literature and they will be
useful references for researchers.

To conclude, VCCA-2020 was a successful event and I would like to thank all those
who have contributed. I would also like to thank the Organising and International
Advisory committee members, the participants and the reviewers.

Prof. Ponnadurai Ramasami
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Chanyapat Ittibenjapong, Prit Kanjanahitanon,
Punnita Chaichamni, Sirirat Panich and Nuchutha Thamsumet*

1 Green synthesis of silver nanoparticles from
Catunaregam tomentosa extract

Abstract: Silver nanoparticles (AgNPs) have been widely used in many fields (e.g.,
sensors, medical supplies, food, cosmetics, medicines, etc.) due to their unique properties
such as optical property, antibacterial property, and high conductivity. AgNPs are nor-
mally synthesized by chemical, physical, or biological methods. Among these methods,
biological synthesis or green synthesis of AgNPs has drawn much attention since it is an
easy and environmental-friendly method. Herein, AgNPs synthesized using Catunaregam
tomentosa extracts were studied. The extracts obtained from different C. tomentosa fruit
were found to be blue, green, and brown. It was found from the foam test and IR spectra
that all extracts (blue, green, and brown extracts) contained saponins. According to the
DPPH assay, the blue and the green extracts had the antioxidant activities of 84.47 ± 12.13
and 47.66 ± 2.86mg ascorbic acid equivalent/g of C. tomentosa powder, respectively. This
showed that the blue and the green extracts could act as reducing agents in AgNPs
synthesis. The successfully synthesized AgNPs using C. tomentosa extracts showed the
surface plasmon resonance peak at 400 nmcorresponding to literatures. The particle sizes
and zeta potential values measured by dynamic light scattering also indicated the size
stability of the synthesized AgNPs during seven-day period with no significant difference
(P > 0.05).

Keywords: antioxidant; Catunaregam tomentosa; green synthesis; plant extract; silver
nanoparticles.

1.1 Introduction

Silver nanoparticles (AgNPs) have been extensively used in medical area, healthcare
products, cosmetics, food industry, pharmaceutical industry, drug delivery, engineering,
mechanics, optical sensors, and chemical industries [1, 2]. These are due to their unique
properties including antibacterial [3, 4], antiviral [5], antifungal [6, 7], anti-inflammatory

*Corresponding author: Nuchutha Thamsumet, Mahidol Wittayanusorn School, Nakhon Pathom,
Thailand, E-mail: nuchutha.tha@mwit.ac.th. https://orcid.org/0000-0001-5451-9850
Chanyapat Ittibenjapong, Prit Kanjanahitanon and Punnita Chaichamni, Mahidol Wittayanusorn
School, Nakhon Pathom, Thailand
Sirirat Panich, Faculty of Science and Technology, Rajamangala University of Technology Phra Nakhon,
Bangkok, Thailand
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nanoparticles from Catunaregam tomentosa extract” Physical Sciences Reviews [Online] 2021, 6. DOI: 10.1515/
psr-2020-0094 | https://doi.org/10.1515/9783110726145-001
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[1, 8], catalytic, optical, and electrical properties [1, 2]. However, these properties, espe-
cially biological or pharmacological activity, are found to depend on the characteristics of
nanoparticles such as size, shape, morphology, surface chemistry, size distribution, and
aggregation [2]. Therefore, synthesized nanoparticles are usually characterized by these
techniques including UV–Vis spectroscopy, dynamic light scattering (DLS), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), Fourier transform
infrared spectroscopy (FTIR), X-ray diffractometry (XRD), X-ray photoelectron spectros-
copy (XPS), atomic force microscopy (AFM), and localized surface plasmon resonance
(LSPR) to achieve highest potential of their properties [2]. Typically, physical and chemical
methods (e.g., evaporation-condensation, spark discharging, pyrolysis, laser ablation,
electrochemical reduction, thermal decomposition, sono-decomposition, chemical
reduction, etc.) are employed to synthesize AgNPs [2]. Although no hazardous chemicals
are used in physical methods, high energy requirement, imperfection of nanoparticle
surfaces, and nonuniform properties are major drawbacks of these methods. Chemical
methods provide ease of production with higher yield compared to physical methods, but
hazardous and toxic by-products are generated during syntheses [1, 2]. Thesemight cause
a serious safety issue when AgNPs are used in consumer products. Therefore,
environmental-friendly approaches of AgNPs syntheses or ‘green syntheses’ are needed.
Many researchers reported the use of microorganisms, biomolecules, and plants as
reducing and capping agents for AgNPs syntheses. Not only are there nontoxic residues
after syntheses, but green syntheses also provide cost-effective and simpleway to produce
well-defined size, shape and distribution of AgNPs [1, 2]. Among these green reagents,
plant extracts seem to be the promising choice for industrial-scale production of metal
nanoparticles since they provide single-step and low-cost upscaling syntheses [1, 9]. To
date, several plant extracts from different parts including leaf, bark, stem, root, flower,
fruit, peel, and seed used for AgNPs syntheses are reported in literatures [1, 10, 11]. Bio-
molecules found in plant extracts such as alkaloids, phenolic compounds, terpenoids,
tannins, saponins, flavones, quinones, proteins, enzymes and polysaccharides are
responsible for Ag+ reduction and are potentially capping and stabilizing agents [1, 10, 11].

Fruit extracts are one of the plant parts that have been widely studied for AgNPs
syntheses as listed in Table 1.1. Not only are being local fruit chosen for AgNPs syn-
theses, but there are alsomany reasons underpinning this. For example, Cashew apple
(Anacardium occidentale L.) was chosen due to being a low-cost by-product from
cashewnut industry and potential antibacterial agents [12].Annona reticulata L. fruit or
custard apple [13], Averrhoa bilimbi L. Fruit [14], Momordica cymbalaria fruit [15],
Quercus infectoria fruit or oak [16], Sambucus nigra fruit or European black elderberry
[17], Tanacetum vulgare fruit or tansy [18], and Tribulus terrestris L. fruit [19] have long
been employed in traditional medicine for various treatments and are found to exhibit
antioxidant activity. Catunaregam tomentosa (Blume ex DC) Tirveng (Figure 1.1), a
mediumheight tree, creamwhite flowers, and berry fruits with yellow hairs, is found in
many countries in Southeast Asia including Burma, Vietnam, Malaysia, and also
Thailand [20]. Indigenous knowledge indicated that its extract has been used as a
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laundry detergent, body wash, and even an ingredient in traditional medicine formula
in Thailand [21, 22]. Its fruit and leaf extracts also showed the significant antibacterial
activity against Gram-positive bacteria, i.e., Bacillus subtilis and Staphylococcus aureus
[22]. Since C. tomentosa fruit contains saponins [20], its extract could be employed to

Table .: Green synthesis of silver nanoparticles using fruit extracts.

Plants AgNPs synthesis
conditions

Size, λmax, shape, and
stability of AgNPs

Antioxidant of extract References

Anacardium
occidentale L.
fruit

 drop of extract/
 mL of  mM
AgNO

– nm with  nm in
average (SEM), λmax

 nm, spherical

N/A []

Annona
reticulata L.
fruit

Extract:. M
AgNO (: ratio)

. nm (XRD), λmax

 nm, spherical
N/A []

Averrhoa
bilimbi L. fruit

.mLextract/mL
of  mM AgNO

– nm, λmax  nm,
hexagonal or rhomboidal

N/A []

Averrhoa
carambola
fruit

 mL of % w/v
extract/ mM
AgNO

– nm with  nm in
average (TEM), λmax

 nm, spherical

N/A []

Lantana
camara fruit

 mL extract/
 mL of  mM
AgNO

.–. nm (TEM),
λmax  nm, spherical

N/A []

Momordica
charantia fruit

 mL extract/ mL
of  mM AgNO

 nm (TEM), λmax  nm N/A []

Momordica
cymbalaria
fruit

 mL extract/
mL of MAgNO

. nm, λmax  nm,
spherical (AFM, SEM)

.% free radical
scavenging activity
(DPPH assay)

[]

Piper longum
fruit

 mL extract/
 mL of  mM
AgNO

– nm, average
 nm (DLS), λmax

± nm, spherical

 ± . mg GA/g
sample

[]

Quercus infec-
toria fruit

 mL of % w/v
extract/ mL of
 mM AgNO

 nm (DLS),
spherical, −. mV

N/A []

Sambucus
nigra fruit

. mL extract/
 mL of .%
AgNO

– nm (TEM), λmax

 nm,
spherical, −. mV

N/A []

Tanacetum
vulgare fruit

. mL extract/
 mL of  mM
AgNO

– nm, λmax

 nm, − mV
N/A []

Tribulus ter-
restris L. fruit

 mL extract/
 mM AgNO

nm (TEM), λmaxnm,
spherical

N/A []

Vitis Vinifera
fruit

 mL extract/ mL
of  mM AgNO

– nm (SEM), λmax

– nm, spherical
N/A []

Vitis Vinifera
fruit

 mL extract/
 mL of  mM
AgNO

– nm with nm in
average (DLS), λmax

 nm, spherical

N/A []

1.1 Introduction 3

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



synthesize AgNPs. In thiswork,C. tomentosa fruit extracts andAgNPs synthesized from
these extracts were studied.

1.2 Materials and methods

1.2.1 Chemicals and plant samples

Silver nitrate (AgNO3) was purchased fromPOCHS.A. (Gliwice, Poland). 2,2-Diphenyl-1-picrylhydrazine
(DPPH) and sodium borohydride (NaBH4) were obtained from Sigma Aldrich (St. Louis, MO, USA). An
analytical grade ascorbic acid was purchased from POCH S.A. (Gliwice, Poland). Methanol 95% was
purchased from Fisher Chemical (Pittsburgh, PA, USA). Deionized water used in this work was
generated by water purification system from Elga Purelab (HydeWycombe, UK). C. tomentosa fruit was
collected from Ubon Ratchathani province, Thailand.

1.2.2 Characterization of C. tomentosa powder

Each color of C. tomentosa powder was characterized using Fourier Transform Infrared (FTIR) Spec-
trophotometer (PerkinElmer, Waltham, MA, USA) in the range of 450–4000 cm−1.

1.2.3 Preparation and characterization of C. tomentosa extracts

Each dried C. tomentosa fruit was ground, and its powder was kept separately in a container since each
fruit yielded different colors (blue, green, or brown). To prepare each of 1%w/v aqueous extract, 0.185 g

Figure 1.1: Catunaregam tomentosa fruit and tree.
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of the C. tomentosa powder was weighed and mixed with 18.5 mL of deionized water. The mixture was
stirredusing amagnetic stirrer at room temperature for 20min. It was then centrifugedusing a benchtop
centrifuge (Hettich EBA 20, Beverly, CA, USA) at 6000 rpm at 25 °C for 15 min and was filtered using a
filter paper (Whatman Inc., Clifton, NJ, USA). Each 1% w/v extract was then diluted with deionized
water to the concentrations of 0.05, 0.1, and 0.2% w/v. The absorption spectra of the extracts were
recorded as a function of wavelength using a UV–Vis spectrophotometer (AquaMate 8000, Thermo
Scientific, Waltham, MA, USA). The extracts were also characterized for particle sizes by dynamic light
scattering (Zetasizer Nano-ZS, Malvern Panalytical, Malvern, UK).

1.2.4 Determination of saponins using foam test

Each C. tomentosa extract was tested for the presence of saponins using foam test by boiling 5mL of 1.0%
w/v extract in a test tube. The extract was cooled down, filtered, and diluted by adding 2 mL of distilled
water. It was then shaken vigorously and observed for the development of stable foam indicating the
presence of saponins.

1.2.5 Evaluation of antioxidant activity by DPPH assay

The antioxidant activity of each extractwas evaluated usingDPPHassay [29]. Briefly, 0.3mLof standard
solutions or samples was added to 2.7 mL of 0.10 mMDPPH dissolved in 80% v/v methanol/water. The
solutionsweremixed and kept in the dark for 30min. Ascorbic acid solutionswith the concentrations in
the range of 0–50 ppm were used as standard solutions for constructing a calibration. The antioxidant
activities were reported as mg ascorbic acid equivalent per gram of C. tomentosa powder.

1.2.6 Chemical synthesis of silver nanoparticles

2.00 mL of 1 mM AgNO3 was added dropwise at the rate of 1 drop/s into 30 mL of 2 mM NaBH4. The
mixture was stirred on a magnetic stirrer at 5 °C until the addition of AgNO3 solution was complete.

1.2.7 Green synthesis of silver nanoparticles

Briefly, 2.00 mL of 1 mM AgNO3 was added dropwise at the rate of 1 drop/s into 30 mL of each
C. tomentosa fruit extract. The mixture was stirred on a magnetic stirrer at room temperature until the
addition of AgNO3 solution was complete. Biosyntheses of AgNPs were performed using 0.05, 0.1, and
0.2% w/v blue and green extracts.

1.2.8 Characterization of silver nanoparticles

The absorption spectra of the synthesized AgNPs were obtained using the UV–Vis spectrophotometer
(AquaMate 8000, Thermo Scientific, Waltham, MA, USA). Size and zeta potential were measured by
dynamic light scattering (Zetasizer Nano-ZS, Malvern Panalytical, Malvern, UK).
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1.3 Results and discussion

1.3.1 Characterization of C. tomentosa fruit powder and extracts

Three batches of C. tomentosa fruit powder obtained from three different fruits were
found to be brown, green, and blue ranging from young to old fruit age, respectively.
FTIR absorption spectra of brown, green, and blue powder depicted in Figure 1.2 showed
characteristics frequencies similar to those of saponins [30, 31] and polyphenols [26].
The strong bands from 3280 to 3290 cm−1 belonged to O-H stretching from hydroxyl
groups, which might be responsible for Ag+ reduction [19, 23, 32]. The C–H and C=C
bonds were observed at 2925 and 1634 cm−1, respectively. The small shoulder of C=O at
around 1715 cm−1 and the peak corresponding to C–O at 1032 cm−1 were observed in all
samples. The existence of saponins was also confirmed by foam (froth) test in which all
extracts yielded stable foam after shaking as shown in the inset picture in Figure 1.3.

The extracts were tested for antioxidant activities using DPPH assay. It was found
that the blue and the green extracts had the antioxidant activities of 84.47 ± 12.13 and
47.66 ± 2.86mg ascorbic acid equivalent per gram of C. tomentosa powder, respectively.
Meanwhile, the antioxidant activity of the brown extract was not detected. The blue and
the green extracts could act as reducing agents for AgNPs syntheses although % inhi-
bition of DPPH of both extracts (15.16% for blue and 9.16% for green) were much lower
than that was reported forM. cymbalaria fruit extract (60.4% inhibition of DPPH) [15].

According to the absorption spectra in Figure 1.3, the blue extract had the highest
absorbance at 600 nm following by the green and the brown extracts, respectively. The
absorbance values at 600 nm and the antioxidant activities of these extracts showed
the similar trends. This could be implied that some phytochemical species in the
extracts absorbing light at this wavelength acted as antioxidants or reducing agents.

Figure 1.2: FTIR spectra of blue, green, and brown Catunaregam tomentosa fruit powder.
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The results also showed that the older age of the fruit was, the higher antioxidant
capacity was obtained.

1.3.2 Characterization of AgNPs synthesized using C. tomentosa
fruit extracts

According to the antioxidant activity result, only the blue and the green extracts of
C. tomentosa fruit exhibited satisfied antioxidant capacity and were used for biosyntheses
in this experiment. The UV-visible absorption spectra of AgNPs synthesized using 0.1%
w/vblueextract illustrated inFigure 1.4 revealed theabsorptionpeaksof theblueextract at
around 600 nm and the strong surface plasmon resonance (SPR) absorption bands
belonging to AgNPs at around 400nm [32]. This value of SPR peakwas in accordancewith
AgNPs synthesized by other fruit extracts (405–482 nm), as shown in Table 1.1. The single
SPR band also indicates spherical silver nanoparticles according to Mie theory [14]. The
similar pattern was also observed for the synthesized AgNPs employing the green extract.
As the concentrations of both extracts were higher, the amount of AgNPs indicated by the
absorbance at 400 nm increased, as shown in Figure 1.5a and 1.5b for the blue and the
green extract-mediated AgNPs syntheses, respectively. It was also found that the rates of
AgNPs formation using the blue extract was higher than that of the green one, which also
corresponded to the antioxidant activity result mentioned earlier. When comparing be-
tween chemical synthesis (Ag+was reduced usingNaBH4) and biosynthesis using the blue
extract on Day 1, it was found that no SPR band at 400 nm was observed for the biosyn-
thesis (Figure 1.4) indicating the lower rate of AgNPs formation.

The stability of nanoparticles is often defined in terms of the certain size over a long
period of time. Herein, the hydrodynamic size of AgNPs was monitored for more than

Figure 1.3: UV–Vis spectroscopy absorption spectra of the three different colors of Catunaregam
tomentosa extracts.
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three weeks using dynamic light-scattering (DLS) technique. The size distribution of
the synthesized AgNPs exhibited intensemajor peaks inwhich the peak responsible for
the AgNPs could be clearly distinguished from those of the extracts. The measured
AgNPs sizes over three weeks after syntheses using various concentrations of both
extracts were depicted in Figure 1.6. First, the synthesized AgNPs with either blue or
green extract were found to be stable during the observation period of time from day 1
until day 7 with no significant difference (P > 0.05). Secondly, the results indicated that
lower concentrations of both extracts yielded smaller nanoparticle sizes. In particular,
the blue extracts always resulted in smaller sizes of AgNPs when comparing the same
concentrations of the blue and the green extracts. Thirdly, there was no significant

Figure 1.5: Absorption at λmax for various concentrations of the (a) blue and (b) green extracts.

Figure 1.4: UV–Vis spectroscopy absorption spectra of AgNPs synthesized by the blue extract and by
chemical synthesis (NaBH4).
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difference (P > 0.05) between AgNPs sizes synthesized using 0.05%w/v and 0.10%w/v
blue extracts. However, AgNPs size obtained by using 0.20% w/v blue extract was
significantly different (P < 0.05) from those of the other two concentrations. It was also
found that all concentrations of the green extracts provided significant difference in
AgNPs sizes (P < 0.05). The nanoparticle sizes obtained from all concentrations of the
blue extract were ranging from 69.0 to 127.6 nm corresponding to AgNPs synthesized
from A. bilimbi L. fruit extract [14] and Piper longum fruit extract [26]. Meanwhile, the
nanoparticles obtained from the green extract were in the range of 99.1–249.8 nm in
which most of them were larger than those reported in the literatures [12–19, 23–28]. In
addition, AgNPs from biosynthesis in this work were found to bemuch larger than that
of the chemical synthesis, which have the average size of 37.2 nm.

The long-term stability of nanoparticle colloids was monitored not only by the
particle size but also the zeta potential value (ζ), whichwere observed by dynamic light
scattering. The measurement of the electrostatic charge magnitude indicates the
change of the surface charge on nanoparticles in a given environment over a period of
time. A large positive or negative zeta potential value indicates high repulsive force,
which prevents colloidal particles fromagglomerating. This parameter can therefore be
used to predict the stability of particles. The zeta potential values of the synthesized
AgNPs employing the blue and the green extracts at the concentration of 0.2% w/v
were −19.37 ± 1.10 and −27.73 ± 1.35 mV, respectively. These values were similar to the
synthesized AgNPs using Q. infectoria fruit [16], S. nigra fruit [17], and T. vulgare fruit
[18]. Moreover, the zeta potential values of these two colloidal solutions were found to
be consistent up to 7 days. The negative zeta potential value indicated that the surface
of the synthesized nanoparticleswas negatively charged.Meanwhile, themagnitude of
the zeta potential suggested the stability of the nanoparticles, which possibly arose
from the use of the extracts acting as capping or stabilizing agent [33, 34].

Figure 1.6: Particle size measurement of synthesized AgNPs using (a) the blue extract and (b) the
green extract from Catunaregam tomentosa fruit powder.
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1.4 Conclusions

Simple ecofriendly one-step AgNPs syntheses using C. tomentosa fruit extracts were
successfully carried out in this work. Herein, both extracts (blue and green) containing
saponins and other phytochemical species acted as reducing agents in Ag+ reduction.
Interestingly, all concentrations of the blue extracts were found to yield significantly
smaller sizes of AgNPs than that of the green ones. The sizes of AgNPs obtained from all
concentrations of the blue extract were in the same range as those of fruit extracts in the
literatures.Althoughboth extracts yielded larger sizes ofAgNPs than that of the chemical
synthesis, the biosynthesized AgNPs were found to be stable longer. The sizes of AgNPs
obtained from either the blue or the green extracts were not statistically different during
7-day period after syntheses indicating the stability of the synthesized AgNPs. The
extracts were not only responsible for reducingAg+ to Ag, but also stabilizing theAgNPs.
The C. tomentosa fruit was therefore a promising choice for cost-effective, green, and
efficient AgNPs syntheses that might be useful for various applications including
healthcare and medicine.
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2 Health and exposure risk assessment of
heavy metals in rainwater samples from
selected locations in Rivers State, Nigeria

Abstract: Rainwater has being getting popularity in use due to lack of portable water
sources in Nigeria. The study seeks to evaluate the health and exposure risk assessment
of heavy metals from the usage of rainwater from inhabitants of four oil producing area
of Rivers State, Nigeria. A total of 32 rainwater samples were collected from different
sampling surfaces (ambient, zinc, aluminium, asbestos and stone-coated) to analyse
for arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg),
lead (Pb) and zinc (Zn) using inductively coupled plasma – optical emission spectro-
photometer. Analysed concentration (mg/L) showed varying results across different
sampling surfaces converted to average concentration (mg/kg) was below WHO/FAO
recommended guideline with no issue associated. Health and Exposure risk assessment
were performed on analysed results from rainwater samples as non-carcinogenic risk
assessment showed that HI value is less than 1.0 indicating no risk to population who
consumes rainwater across different roofing surfaces in Rivers state. Carcinogenic risk
assessment showed that chromium-VIwere found to be the highest contributor to cancer
risk across all sampling surfaces. Special treatment and regulations should be taken into
consideration especially on stone-coated roof before administering to children, as they
are prone to health issues due to developing immunity compared to adults.

Keywords: average daily intake, heavymetals concentration, Nigeria, Rivers State, risk
assessment

2.1 Methodology

Rainwater remains a potential source of clean water compared to other water sources [1], however,
atmospheric contamination from an array of natural and industrial activities, mode of rainwater
collection and storage influence human health and wellbeing from consumption [2, 3]. These con-
taminants includes gaseous release from carbon oxides, sulphur oxides, nitrogen oxides, ammonia,
methane, aerosols, that are chemical precursor for reaction (hydration, polymerization, redox, and
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hydrolysis) with other pollutants such as metals that transforms soluble metallic ions in different
mediums thus leading to increased risk for exposure and toxicity in humans [4–8].

USEPA [5] classifiedmetals based on health effects– nutritionally essential such as Co, Cr (III), Cu,
Fe, Mn, Mo, Se, Zn, non-essential with possible beneficial effect such as B, Ni, Si, Vn and non-essential
with no beneficial effect such as Al, Sb, As, Ba, Be, Cd, Pb, Hg, Ag, which are under debate byWHO and
other critics. Several physiochemical studies has being conducted on rainwater samples in Nigeria and
beyond without due cause to the health and exposure risk assessment in human from usage of rain-
water [9–13].

The purpose of this study was to identify sampling surfaces available for rainwater collection
across locations in Rivers State, determine heavy metal content analytically, conduct its level with
WHO/FAO standards for drinking water and determine potential health and exposure risk by cumu-
lative carcinogenic and non-carcinogenic risk for children and adults. Finally to assist environmental
and health protection agency in decision-making process in Nigeria.

2.2 Methodology

2.2.1 Sampling site and methodology

Rivers State lies between latitude 4.8581°N and longitude, 6.9209°E covering total area of 11,077 km2

bounded on the South by the Atlantic Ocean, to the North by Imo State and Abia State, to the East by
Akwa IbomState, and to theWest byBayelsa State. It is located in south-southNigeriawithmultilingual
and diverse culture, which has existed due to economic importance since it was a route for transporting
palm produces, fishing and different agricultural activities during the British conquest in Nigeria [14].
Since the discovery of crude in Southern Nigeria, Rivers state has created economic relief to Nigeria’s
Gross Domestic Product of over $500 Billion, which has brought multinational companies and social
amenities thus increased population of over seven million [15].

The sampling location was Ogale, Eleme (4.79°N, 7.12°E), Rumuodomaya/Rumuodome, Obio-
Akpor (4.88°N, 7.02°E), Diobu, Port-Harcourt (4.77°N, 6.99°E) and Chokocho, Etche (4.99°N, 7.05°E) in
Rivers State. Figure 2.1 shows themapof study area. The samplingperiodwas fromApril toOctober 2019
in three regiments: Early rain (April–June), mid rain (July–August) and late rain (September–October).
Rainwater sampleswere harvested above 1musing a precleared bowl and transferred into four different
500 mL pre-treated polyethylene bottle from different sampling surfaces: ambient and different roof
materials: zinc, aluminium, asbestos, and stone-coated. The samples were well labelled, packaged in a
black cellophane and taken to the lab within 24 h of collection and kept in a refrigerator until analysed.
Sample preparation and handling were carried out according to APHA [16].

2.2.2 Analytical method

Heavy metals were analysed by digesting 100 mL rainwater samples with 5 mL of concentrated
nitric acid (HNO3) for 10 min at 165–170 °C. The samples were cooled, made up 100 mL deionized
water in a volumetric flask. Eight heavy metals (As, Cd, Cr, Cu, Fe, Hg, Pb, and Zn) were deter-
mined in triplicate using Agilent Inductively Coupled Plasma – Optical Emission Spectropho-
tometer (ICP-OES) 280FS AA Instrument with plasma touch using air–acetylene flame and auto
sampler [17–19].
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The analytical results from ICP–OES instrument were converted from mg/L to mg/kg for risk
assessment using the formula:

mg/kg = mg/L( volume of  sample (L))
sample weight (kg) (2.1)

2.2.3 Health and exposure risk assessment

Risk assessment is used to estimate the health effect that is associated from exposure to carcinogenic
and non-carcinogenic chemicals [5, 20]. The heavy metal species (iron, lead, cadmium, arsenic, mer-
cury, zinc, copper, and chromium-VI) were taken into considerations for both adults and children by
measuring the average daily intake (ADI) of heavy metals in the study area. Health and exposure risk
assessment was conducted using USEPA risk models by using rainwater average daily intake (dermal
contact and ingestion) across different sampling surfaces for adults and children to ascertain cumu-
lative carcinogenic and non-carcinogenic risk [3, 5, 7, 20, 21].

ADIdermal = Cw × SAF × Askin × DAF × Fexp × Texp × 10−6

ABW × Tavg
(2.2)

ADIingestion = Cw × Ring × Fexp × IAF × Texp × 10−6

ABW × Tavg
(2.3)

where ADI is average daily intake (mg/kg day),
– Cw is concentration of heavy metal in water (mg/kg),
– SAF is skin adherence factor; (0.2 mg/cm2 for adults and children)
– Askin is skin area; (5800 cm2 for adults and 2800 cm2 for children),

Figure 2.1: Map indicating sampling location.
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– DAF is dermal absorption factor (unitless) (0.001 for adults and children),
– Fexp is exposure frequency (350-day/year),
– Texp is exposure duration (24 years for adults and 6 years for children),
– ABW is body weight (70 kg for adults and 15 kg for children)
– Tavg is average time for non-carcinogens = Texp × 365 days; carcinogen = 70 × 365,
– Ring is ingestion rate (100 mg/day for adults and 200 mg/day for children),
– IAF is ingested fraction (unitless); (0.80 for adults and children).

2.2.3.1 Carcinogenic risk assessment: Carcinogenic risk assessment is the estimated probability for
exposure to potential carcinogens, which can develop into total cancer risk via a pathway from dermal
and ingestion of rainwater using the formula:

Risktotal = Riskdermal + RiskIngestion = ∑
n

k=1
ADI(E)kCSFk (2.4)

where Risk is a unit-less probability of an individual developing cancer over a lifetime,
– ADI (E ) is average daily intake (exposure).
– CSF: Cancer slope factor of heavy metal (mg/kg/day).

2.2.3.2 Non-carcinogenic risk assessment: Non-carcinogenic risk assessment is the sum total of
hazard index from different exposure pathway from dermal and ingestion of rainwater that expresses
the probability of adverse health effect using the formula:

HI = ∑
n

k=1
HQk = ∑

n

k=1

ADI(E)k
RfD

(2.5)

where HI > 1, the exposed population is unlikely to experience adverse health effect.
– HI < 1, then there may be concern of potential non-carcinogenic effect.
– HQ: hazard quotient for dermal and ingestion.
– ADI (E ) is average daily intake (exposure).
– RfD is reference dose of heavy metal (mg/kg/day).

2.3 Results and discussion

2.3.1 Heavy metal concentration of rainwater

Figure 2.2 shows the concentration of heavy metal from different sampling locations
and surfaces. Arsenic values obtained ranged fromND – 1E-04mg/L; ND – 0.124mg/L;
ND – 0.001 mg/L and ND – 0.0041 mg/L for different sampling surfaces in Ogale,
Rumuodomaya/Rumudome, Diobu and Chokocho respectively. Arsenic concentration
were below detection limit for sampling period and surfaces, which is considered
extremely toxic to human as it leads to skin, bladder and lung cancer, vascular disease
and hyper or hypo-pigmentation with exposure period of five years [22, 23].

Cadmium values obtained ranged from ND – 0.0091 mg ND – 0.21 mg/L;
ND – 0.002 mg/L; and ND – 0.013 mg/L for different sampling surfaces in Ogale,
Rumuodomaya/Rumudome,Diobu andChokocho respectively. In decreasing order based

16 2 Health and exposure risk assessment of heavy metals

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



on locations: Rumuodomaya/Rumuodome > Ogale > Chokocho > Diobu which can be
attributed to presence of dust particles from rock weathering industrial emission which
deposits on different sampling surfaces [24–26]. Zinc is used as a detoxifying agent from
cadmium poisoning [26].

The values of chromium ranged from ND – 0.20 mg/L; ND – 0.13 mg/L; ND –
0.95 mg/L and 0.001–0.93 mg/L for different sampling surfaces in Ogale, Rumuodo-
maya/Rumudome, Diobu and Chokocho respectively. There is strong correlation
between zinc and cadmium as it accumulates in the kidney causing health issues like
reproductive defects, enzyme interference and has a biological half-life of 10–35 years;

Figure 2.2: a–d Mean concentration line plot of Ogale; Rumudomaya/Rumuodome; Diobu and
Chokocho across different sampling surfaces.
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which is also a carcinogenic to human [24, 25]. Chromium (III) is an essential dietary
requirement in humanbut Chromium (VI) is a carcinogen since it has potential to cause
tumour, lung cancer in human [27, 28].

The values of copper ranged from 1E−04 to 1.91 mg/L; 9E−04 to 1.45 mg/L; ND to
0.31 mg/L and ND to 0.27 mg/L for different sampling surfaces in Ogale, Rumuodo-
maya/Rumudome, Diobu and Chokocho respectively. Copper gets into environmental
matrices by rock weathering and industrial emission that impacts on water hardness,
increase in dissolved carbonate species in rainwater [27, 29, 30].

Iron values obtained ranged from 0.017 to 0.28 mg/L; 0.004 to 0.65 mg/L; 0.005 to
0.55 mg/L and 0.02 to 0.94 mg/L for different sampling surfaces in Ogale, Rumuodo-
maya/Rumudome, Diobu and Chokocho respectively. The relative iron concentration
varied significantly across different location with Chokocho having the highest iron
content, followed by Diobu, Rumudomaya/Rumuodome and Ogale respectively. Iron
influences taste, colour and turbidity of water, which is attributes to corrosion and
dissolution in water sources [31, 32].

Lead values obtained ranged from 2E−05 to 0.015 mg/L; ND to 0.659 mg/L ND to
0.093 and ND to 0.03 mg/L for different sampling surfaces in Ogale, Rumuodomaya/
Rumudome, Diobu and Chokocho respectively. In terms of decreasing lead concen-
tration in sampling locations, Rumuodomaya/Rumuodome was high due to stone-
coated roof followed by Ogale, Chokocho and Diobu which can be attributed to leaded
paint dust and industrial emissions which is influenced by temperature, pH and
presence of dissolved carbonate in water. Exposure leads to neurological effects,
increased mortality, impaired renal function, hypertension and low IQ [30, 33].

Mercury values ranged from ND to 0.0001 mg/L; ND to 0.0021 mg/L; ND to
0.0005 mg/L and ND to 0.0003 mg/L for different sampling surfaces in Ogale,
Rumuodomaya/Rumudome,Diobu andChokocho respectively.Mercury concentration
were below detection limit for some sampling period and surfaces whichwas influence
of environmental matrices. Mercury affects humans health both short and long-term
such as kidney failure, skin cancer, acute oral poisoning fromhaemorrhages and colitis
[27, 33].

Zinc values ranged from 6E−04 to 1.57 mg/L; 9E−04 to 0.86 mg/L; 2E−04 to
2.40 mg/L and 0.001 to 2.05 mg/L for different sampling surfaces in Ogale, Rumuo-
domaya/Rumudome, Diobu and Chokocho respectively. Zinc was relatively high
across different location for zinc roof, aluminium roof, asbestos roof, ambient and
stone-coated roof, which is attributed to dissolution of zinc mineral by increase in pH
and total inorganic carbon in rainwater samples [34, 35].

2.3.2 Average concentration of heavy metal in rainwater

Table 2.1 shows the average concentration of heavymetals inmg/kg of rainwater across
the four locations for different sampling surfaces. The results presented showed that

18 2 Health and exposure risk assessment of heavy metals

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



across different sampling surfaces varied significantly. Comparing with recommended
maximum allowable limit using WHO/FAO guidelines shows that heavy metals were
all below thus, there is no significant health risk to rainwater users [17].

2.3.3 Carcinogenic risk assessment

The average daily intake for carcinogenic risk for adults and children as calculated and
presented in Table 2.2. The ADI valueswas used to calculate the carcinogenic risk using
cancer slope factor (CSF) for arsenic (Ar), cadmium (Cd) and chromium (Cr6−) presented
in Figure 2.3.

For adults and children, cadmium was found to be the highest contributor to
cancer risk across all sampling surfaces and locations followed by chromium and
arsenic the less contributor. The USEPA considers acceptable cancer risk in range of
1.0E−06 to 1.0E−04 thus both adult and child are not at risk though children aremore at
risk are from rainwater consumption from cadmium, chromium and arsenic poisoning,
followed by dermal contact of rainwater compared to adults [17, 36, 37].

Table .: Average concentration of heavy metal in rainwater across different sampling surfaces (mg/
kg).

Sampling surfaces As
(mg/
kg)

Cd
(mg/
kg)

Cr
(mg/
kg)

Cu
(mg/
kg)

Fe
(mg/
kg)

Hg
(mg/
kg)

Pb
(mg/
kg)

Zn
(mg/
kg)

Ambient Average . . . . . . . .
Minimum . . . . . . . .
Maximum . . . . . . . .

Zinc roof Average . . . . . . . .
Minimum . . . . . . . .
Maximum . . . . . . . .

Aluminium roof Average . . . . . . . .
Minimum . . . . . . . .
Maximum . . . . . . . .

Asbestos roof Average . . . . . . . .
Minimum . . . . . . . .
Maximum . . . . . . . .

Stone-coated
roof

Average . . . . . . . .
Minimum . . . . . . . .
Maximum . . . . . . . .

WHO/FAO guidelines []   n. a.   n. a.  

n. a.: not available.
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2.3.4 Non-carcinogenic risk assessment

Non-carcinogenic risk for adults and children were calculated to determine average

daily intake (ADI) from dermal and ingestion pathway presented in Table 2.3. The ADI

valueswas used to determine hazard index (HI) using reference dose (RfD) presented in

Figure 2.4 as they are less than 1 indicating no risk to population who consumes

rainwater from different roofing surfaces in Rivers state.

Cadmium, chromium-VI and copper was predominant across all sampling sur-

faces, which can accumulate over time leading to increased toxicity and impact health

of adults and children [36, 38]. Cadmium, chromium (VI), arsenic, lead andmercury are

potentially toxic metals, which are non-beneficial to humans as they affect gastroin-

testinal, liver, kidney, central nervous system of children, reduce IQ and interfere with

reproductive organs over a long period of bioaccumulations [5, 39, 40]. The results

indicates that children are most at risk compared to adults from ingesting rainwater

containing these heavy metals while dermal contact is least contributor to non-

carcinogenic risk.

Figure 2.3: Risk total of heavy metal for adult and child in rainwater samples.
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2.4 Conclusions

The study assessed concentration of heavy metal of rainwater from different sampling
locations and surfaces, which varied significantly. Comparing with WHO/FAO rec-
ommended guidelines showed that the average concentrations were below thus, there
is no health issues associated. Carcinogenic and non-carcinogenic risk assessment
showed that rainwater ingestion is a major route pathway contributor compared to
dermal contact, which was least for both adults and children respectively. Children are
more prone to have health related issues from consumption of contaminated and
untreated rainwater. Based on the results, one can draw that rainwater from different
roofing materials particularly rainwater consumption from stone-coated roofs should
not be utilized or further treatment be done to meet water demand in Rivers State,
Nigeria. Thus, further regulations needs to put in place to prevent industrial pollution
and protect residents especially children who are susceptible to health related illness
and create environmental sustainability

Acknowledgements: We are thankful to Professor Ponnadurai Ramasami and other
anonymous reviewers for their assistance. This research work was self-funded, as the
authors declare no conflict of interest.
Author contributions: All the authors have accepted responsibility for the entire
content of this submitted manuscript and approved submission.
Research funding: None declared.

Figure 2.4: Hazard index of heavy metals for adult and child in rainwater samples.
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3 Social media and learning in an era of
coronavirus among chemistry students in
tertiary institutions in Rivers State

Abstract: The study examined the awareness level of social networking site and how it
is applied for learning in an era of coronavirus by Chemistry students in tertiary in-
stitutions in Rivers State Nigeria. Three research questions and two hypotheses guided
the study. The study adopted the analytic descriptive survey design. One hundred and
sixty undergraduate students from Ignatius Ajuru University of Education (IAUE) and
Rivers State University (RSU) were randomly selected for the study. The instrument for
data collectionwas a researchermade questionnaire titled social media awareness and
application for learning in COVID-19. The consistency coefficient of the instrument was
determined by Pearson product moment as a measure of its stability over time. The
reliability coefficient of the instruments was 0.95. The instrument was administered to
the students online via their numerous class social media platforms. Mean, standard
deviation and t-test were the statistical tools used for data analysis. The result reveals
that students are aware of social media for learning such as Zoom, WhatsApp, Face-
book etc. A second outcome of this investigation showed that there is poor application
or used of social networking site for learning among Chemistry students in Rivers State
owned universities, it was also found out that finance, travel restriction, assessment
and evaluation, poor internet reception, availability of electricity and others were
identified as challenges while mental health of student, lack of pre-class preparation
and associating with real friends were not considered to be challenges to the use of
social media for learning. Furthermore, there was no significant difference in the level
of awareness between IAUE students and those of RSU in the use of social network site
for learning. The extent to which students apply social media for learning does not
depend on university type. Based on the above results, it was recommended among
others that universities in Rivers State should endeavor to engage their students in
training that will avail them the opportunity to apply or utilize effectively social media
in their learning activities.
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3.1 Introduction

Coronavirus disease 2019 also known as the (COVID-19) was started in Wuhan city
of China in December 2019 [1]. Corona disease (COVID-19) is a contagious infection
triggered by a newly revealed coronavirus of SARS CoV transmitted from civet cats
to humans in China [2]. Coronavirus disease 2019 (COVID-19) is defined as the
illness caused by a new coronavirus now called severe acute breathing syndrome
coronavirus 2 (SARS-CoV-2) formerly called 2019 NCoV. These viruses are known
as source to illness ranging from common cold to more severe diseases such as
Middle East respiratory syndrome (MERS) and severe acute breathing syndromes
(SARS) [3].

On 30th January 2020, WHO declared the novel coronavirus a Universal health
emergency, it recommended certain standards to reduce the spread of the disease such
as continuing simple hand and respirational hygiene and safe food cultural practice
and preventing of close contact with any person having symptoms of breathing illness
such as coughing and sneezing. The disease spread to over 177 countries in February
thereby causingWHOon 11th ofMarch, 2020 to declare COVID-19 a universal pandemic
[2]. As at March 2020, it has infected over 722,435 persons resulting to about 722,435
deaths [4].

In order to contain the spread of the disease many countries introduced travel
restrictions, ban on religious and social gathering, closure of bars gyms, and other
public places. In addition, this development also led to the closure of schools in many
countries. On 20th of March 2020, the Nigeria University Commission (NUC) issued
circulars to Vice Chancellors to close university for a period of one-month effect from
March 30, 2020. This directive was adhered to strictly on 21st March, 2020 by the Senate
of Ignatius Ajuru University of Education (IAUE) and Rivers State University (RSU).
They suspended all academic activities and school were closed down all students
vacated the universities. The outbreak of COVID-19 has challenged the notion of two
state owned Ivory tower in Rivers State preventing it from using the school timetable as
planned by their senate. With disruption of academic calendar, the universities tran-
sitioned numerous courses and programs from face-to-face to virtual delivery mode
through the use of social media site.

Outbreak of COVID-19 has posed a challenge to learning globally. The closure of
schools has disengaged students from learning process and other skill, values attitude
and potentials associatedwith learning. There are also the challenges of finance where
students who engage in small medium scale business on campus to support them-
selves are suffering both academic and financial deficiencies. The closure of schools
has taken most youths to social vices, such as prostitution, cybercrime and cultism to
collaborate with the statement that an idle mind is devil workshop. All these and other
challenges can be minimized if learning was taking place.
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Learning is a relatively permanent change in behavior due to again knowledge
understanding or skill accomplished through experience, which may comprise study,
instruction, observation or training [5]. For learning to take place there must be a
change in behavior. The changemust be through experience or practice (only adaptive
changes and not necessary changes due to growth, maturation and disease). The
change must be relatively permanent that is it must last for a fairly long time.

3.2 Types of learning

I. Physical-sensory learning

This can be referred to as psychomotor or sensory perceptive learning. It involves the
development of skills, and those insights that lead to the efficient performance of
physical activity. Other components of this type of learning include skill, know-how,
and economic performance of activity, e.g., reaction time and speed safety measures
and efficient alternatives.
II. Intellectual/cognitive learning

This refers to the acquisition of new information and understanding. The components
of cognitive learning include assembling and analysis of facts and opinions. It also
includes developing problem solving techniques or approaches.
III. Affective learning

This relates to the development of attitudes, emotions, feelings, as well as qualities of
character and conscience, values, interest and appreciations that are internally
consistent.

The inter-relatedness of these three domains of learning is significant in the
execution of an educational program. The teacher as a resource person provides the
pupils with the opportunity to use their sensory, cognitive and affective processes to
adjust adequately to a learning process.

For effective learning to take place Ikegbunam [5] listed seven essential conditions
necessary for effective learning to take place
(i) Readiness—There has to be the mental maturity and appropriate background

experience for the learning experience being undertaken.
(ii) Motivation—Motivation is crucial to learning because it arouses, withstands,

guides and controls the strength of learning effort. Some of the best motivational
techniques are to provide for the learner’s desire for practical activities and cre-
ative use of his talents.

(iii) Self-discovery and problem solving—Self-discovery may be accompanied by
explaining, demonstrating, correcting the learner’s provisional trials; by orga-
nizing learning sequences and leading questions/cues which aid self-discovery
learning.
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(iv) Perception of effects—Knowledge of result of each goal-directed trial is essential
for improvement and mastery. Through perception of effects, one is able to
identify and correct his mistakes and at the same time confirm his correct
knowledge.

(v) Practice—Appropriate and well distributed practice improve memory and prac-
tical skills. Practice conditions should be made to resemble as much as possible
the situation in which the skill or knowledge is required to be demonstrated.

(vi) Transfer—Ability to apply previous learning to new problems is indicative of
effective learning. Student should be aided to discover similarity of concepts in
order to facilitate transfer, generalization, application, and integration of new
learning with previous knowledge.

(vii) Mental health—Effective learning is fostered under conditions of good mental
health, emotional and social adjustment. The student who feels insecure or
rejected either by his teacher, parents or classmatesmay develop neurotic anxiety
and emotional maladjustment.

In the center of this COVID-19 crisis, we are sure that fellow educators, like us, are
pondering what we need to be organizing our students for effective learning to take
place. Though students being able to gain information, and even study a practical skill,
through a few connects on their phones, tablets and computers. We will need to
reexamine the role of the educationalist in the lecture hall. This maymean that the part
of educationalists will move to helping young people’s progress as contributing
members of society through use of social media sites.

Social media also known as social networking service (SNS) is a virtual platform
that persons use to build united relation with other people who share similar personal
or career interest activities, background or real life connection [6].

It also a form of electronic communication (such as websites for social networking
and microblogging through which users create virtual communities to share infor-
mation, concepts, private messages, and other content (such as videos). Similarly,
social media is a catch-all term for a variety of interest presentations that allow users to
interact with each other. It is internet based applications that help users to commu-
nicate freely with people of like minds. They believe that social network is possible in
person especially inwork place, universities, high schools andmost popular online [7].

Social network site can be divided into three namely [8]
1. Entertaining social network services used primarily for meet people with existing

friends (e.g., Facebook).
2. Interacting social network used primarily for nonsocial relational communication

(e.g., a profession and occupation oriented site.
3. Social direction-finding network sites used principally for helping users to find

specific material or educational resources (e.g., good reads for books).
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In another development, Farema in Akainwor [9] divided social media into 10 namely:
1. Social relationship network—connect with people
2. Mass media sharing networks—share photos, videos and other media
3. Conversation forum—where news and ideas are shared
4. Book marking and content duration networks. It is used to learn, save and grant

new content
5. Customer assessment network—find and assess businesses
6. Blogging and dissemination networks—print content online
7. Attention-based networks—share interest and leisure
8. Shopping networks—shop virtual
9. Business network—trade, goods and services
10. Secret social networks—communicate secretly

The first recognizable social network site was created in 1997 [10]. It was used to
transfer an information and make friends with other users. In 1999, the first blogging
site became widespread creating a social media awareness that is still known. The six
degree moved the internet into the era of blogging and instant messages. By the year
2000, more than 100 million people had access to the internet it became an avenue to
chat, make friends, dating and discuss topics of interest. In 2003, the first social media
surge LinkedIn was created, it was geared toward professionals who want to network
with one another.

During 2004–2006, a great revolution was made with social networking service
(SNS) when Mark Zuckerberg in 2004 launched the Facebook a number one social
media website that is currently used by billions of people. The face.com that was
launched for just Harvard students was widely patronize thus Mark Zuckerberg
released it to the whole world. Other social media that marked this era was Twitter
created by Jack Dorsey, and Co. This has allowed over 500million users to send tweets
to other users. In 2010 and beyond, dozens of website was develop to provide social
media services. Social media services such as Flickr, Foursquare, Instagram, Google
buzz, Lopp, Blippy Groupon etc. were invented in the era. The major happening in this
erawas that socialmedia becamewidely used andwidespread as ameans of commerce
(marketing).

Social media today consist of thousands of media platform all serving the same
purpose of communication but slightly different in purpose. A user of social media
platform decides on the purpose for use and the platform that will serve that purpose.
Notwithstanding the popularity of social media sites for private use there are a small
ratio of students who use them for educational purpose [14]. The use of social media for
educational aim such as helping by undergraduate students with course work. The use
of social media for teaching and learning such as blog provide students with more
participating role in learning process therefore by the integration of blog for educa-
tional purpose should be adopted by lecturers.
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There are plethora of social network with various feature meant to suit different
people. They include WhatsApp, Facebook QQ, we chat Qzone, Tumblr, Instagram,
Pinterest, LinkedIn, Telegram, Reddit, Tagged Four square, Renten, Tagged, Badoo,
My space, stumble upon, THE-DAYS, Kiwibox.com skyrock snapfish, flixster, care2,
YouTube, class mates, my Heritage flickr Wikipedia etc. The various social network
sites are used by millions of people on daily bases.

These various social networks are patronized by mostly students and youths.
Socialmedia has introduced newmethod of teaching and conducting research and

have brought into educational facilities for online learning and research collaboration
[9]. Cassidy et al. [11] asserts that social network sites seize the attention of the students
and then distract it towards nonacademic and wrong action including unnecessary
conversation. Social media platforms have benefits for student for developing ideas
opinion, share information, ask question and get feedbacks.

A study conducted by Barikpe [12] revealed that undergraduate students use social
media platforms for online publishing that creates opportunities for producing
knowledge sharing, research building social networks and developing professional
interaction with minimum difficulty. In the same vein Halie et al. [13] assert that social
media is an academic platform utilize by instructors and students to build creative
thinking, collaborate by posting ideas, sharing essay to peers.

Therefore social platform allows undergraduate students to post class time, rules,
assignment notification, suggested reading, and exercises, uses for class discussions,
organizing seminars and to provide summaries of reading, write ideas to be based on
merit, rather than origin, and ideas that are of quality fitter across the internet ‘viral-
like’ and across the blogosphere.

Social media are interactive networks which provide information and communi-
cation technology (ICTs) to the modern society through the instrumentality of the
internet and telecommunication gadgets. These international network (internet) its
makes the network to expand and increase the possibilities for communicating with
wider users across the globe. According to Omekwu et al. [14], it was about 38 years for
radio to spread 50 million consumers, 13 years before television attracted the same
number and four years for the internet to do so, but took Facebook only 12 months to
gain 200 million users

3.2.1 Factors militating the use of social media in teaching and
learning during the (COVID-19)

These are some of the problems universities faced in using social media sites in
teaching and learning during to the COVID-19 pandemic.
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3.2.2 Shift from classroom learning to virtual learning

The change from classroom learning due to the coronavirus pandemic has so many
challenges ranging from one nation to another. Virtual learning is new strategy in
teaching and learning in most universities in Nigeria. Most schools do not have
adequate structure or resources to enable virtual teaching with instant effect. Func-
tioning at home was a difficult task for the lecturers as most of them do not have
internet facilities. Courses such practical, music and art could not be taught online as
we do not have the expertise to do so. The home front was another challenge especially
the female folks who have to guide their children and perform other house chores, this
made it difficult for us function effectively in the virtual teaching. Undergraduates who
do not have access to computers and at home-based internet services were not part of
virtual learning. There is a higher disconnection of students with learning needs
(educational, economical, students with special learning needs) or person who special
needs who may study without the assistance of their fellow students [15].

3.3 Finance

Students from low income family find it difficult to participate in the online teaching
due to financial constraint. Kakuchi [16] reported that many students in Japan have
drop out of university studies for financial motives, after the country’s coronavirus
crisis and restrictions due to the loss of job and problems with personal incomes. The
scholars were faced with the challenges of laptop, android phones and internet facil-
ities in order to join the online learning. The university also faced a lot of unexpected,
expenses from the outbreak of the COVID-19 by bearing the cost of increase technology
cost associated with moving to online classes [17].

3.4 Mental health

COVID-19 pandemic has disturbed the life of several family around the globe with the
death total of over 70,000,000 people, this has caused a lot of stress and anxiety which
has led to harsh effect on knowledge and Mental health of students [18]. Un-
dergraduates staying far from the home are not only concerned about their health care
and learning but are also concerned about their families well-being [19]. The study
carried out by www.a.zurem.com revealed that the amount of time spent online has
health implication on the students. The use of social media for a long term decides the
way the genes operate in the body andweaken body system and hormone levels, it also
has affect the psychological health of students.
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3.5 Assessment and evaluation

Feedback informof assessment and evaluation aremotivators in education. knowledge
of result enhances the performance of student. With the outbreak of COVID-19 many
universities are unable to assess or evaluate their students. The two state owned
Universities used in this study suspended their semester examination, teaching
practice and industrial training due to the challenges of online learning. Laboratory
practical, test, gymnastics and performance test cannot be conducted online [20].
Studentswho cannot access to internet facilities were disadvantaged in the assessment
procedure and this will affect their performance [21].

3.5.1 Review of empirical literature

Williams and Adesope [22] investigated students’ attitude towards the use of social
media sites for educational purpose. The study was carried out in Rivers State Nigeria.
The research design was a descriptive research design; the sample size was 300 un-
dergraduate students from three faculties in University of Port Harcourt. The instru-
ment for data collection is a structured questionnaire titled undergraduate attitudes
towards the use of social media site for learning process (UATUSMLP). The data
obtained were analyzed using mean, ANOVA, Z-test and Scheffe’s model. The result
showed that social media site are used for learning purposes in terms of fast devel-
opment in awareness and evidence.

Oye et al. [23] conducted a study on the awareness adoption and acceptance of ICT
innovation in higher education institutions. The study was carried out in Jos Plateau
State Nigeria. The sample size is 100 undergraduate students (57 males and 43
females). The instrument for data collection is a questionnaire titled UTAUT. The data
collected were analyzed using simple percentage, Pearson moment correlation. The
result of the studies shows that university ICT makes task more easily accomplished

Fatokun [24] investigated the effect of social media sites on learner achievement
and awareness in chemistry in the North–central geopolitical zone of Nigeria. The
study adopted a cross-sectional survey design with 240 chemistry learners as the
sample size, the result revealed that 60.8% of the students engage in social media for
academic purposes. The respondents also revealed that social media has helps in
increasing their achievement. The findings further reveal that Facebook is most
frequently used among the respondents. The result of the disclose that students did not
see social media site as an effective studying instrument and that hasmademost of the
not adopting to modern technology and are not proficient on it usage. The attention of
67.5% respondents are enhanced when using social media site for educational pur-
poses. The findings also reveal that addiction, poor time management and health
issues as problem facing the usage of social media site in learning
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In the same Vein Omachonu and Akanya [25] asserts that most students using
social media sites, spend much time to displace their learning period thereby affecting
them negatively. Similarly Asemah, Okpanachi and Edegoh [26] found that social
media has adverse effects on the educational achievement of chemistry
undergraduates and the Facebook is the mostly frequently used social media.

Priti-Bajpai [27] reveal that university students extensively used WhatsApp,
Instagram, LinkedIn, Snapchat Google plus or YouTube for academic purpose and
socializing. He further encourages university students to strike a place between the
both purposes.

3.6 Statement of the problem

In the era of coronavirus called COVID-19 learning has become difficult if not impos-
sible among students of various institutions due to the closure or shutdown of school.
That is face-to-face learning and teaching which is the primary mode of teaching and
learning in various institutions have been hindered due to COVID-19. However, social
media has been seen as an alternative means of transmitting knowledge skills and
values into students without necessarily coming in contact with the students. The
question remains that despite the importance of social media in aiding learning and
teaching are students aware of this advantage social media has over face-to-face
learning a pandemic situation like COVID-19. If the answer to this question is yes for
instance another question due arise and that is the level of presentation of social media
for learning by students. Alsowhat could be the possible challenges of the use of social
network site for learning in coronavirus era forms crux of this investigation hence the
problem of the study is to determine the level of awareness and application of social
media for learning by undergraduates students in tertiary institutions in Rivers State as
well as the possible challenges associated with the aforementioned activities.

3.7 Aim of the study

The purpose of this study was to determine the awareness and application of social
media for learning in tertiary institutions in Rivers State. Specifically, the study seeks to:
1. determine the extent to which students are aware of social media for learning in

Rivers State owned tertiary institutions.
2. determine the extent to which students apply social media for learning in Rivers

State owned tertiary institutions.
3. determine the challenges of students’ in the use of social media sites for learning in

Rivers State owned universities.
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3.8 Research questions

The following research questions guided the study.
1. To what extent are students aware of social media for learning for Rivers State

owned Universities?
2. To what extent do students apply social media for learning for Rivers State owned

Universities?
3. What are the challenges of students’ in the use of social media site in learning in

Rivers State Universities?

3.9 Hypotheses

The following null hypotheses were formulated and tested at 0.05 level of significance.
1. There is no significant difference in the level of awareness between RSU students

and those of IAUE in the use of social media for learning.
2. The extent to which students apply social media does not significantly depend on

university types.

3.10 Methodology

The study adopted the analytic descriptive design. Nwankwo [28] defines descriptive
survey design as that study in which the researcher collects data from a great sample
taken from a given people and designates certain structures of the sample as they are at
the time of the investigation which are of interest to the investigator, though, without
controlling any independent variables of the study. One hundred and 60 year two
undergraduate Chemistry students of Ignatius Ajuru University of Education (IAUE)
and Rivers State University (RSU) both in Rivers State, Nigeria, were randomly selected
Three research questions and two null hypotheses guided the study. The instrument for
data collection was a researcher made questionnaire named Social Media Awareness
and Application for Learning in COVID-19 (SMAALC). To ensure validity, the instru-
ment was given to three experts in the field of science education, educational tech-
nology and educational measurement and evaluation. The topic, aims, hypotheses
were also presented to the experts for them to indicate the relevance of items in the
instrument with stated objectives. Observations and comments made by the pro-
fessionals were used to modify and correct the items where necessary. The reliability
coefficient of the instrument was determined by Pearson productmoment as ameasure
of its stability over time. The consistency coefficient of the instruments was 0.95. The
instrument was administered to the students online via their various class social media
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platforms. Mean, standard deviation and t-test were the statistical tool used for data
scrutiny

3.11 Results

Research question 3.1: To what extent are students aware of social media for learning
for Rivers State owned universities?

Table 3.1 show a grand mean of 2.90 which is higher than the criterion means of
2.50. The result is that student are aware of social media for learning in Rivers State
owned universities. This means that the level of consciousness of social media among
Chemistry students at tertiary institutions in Rivers State can be described as high.

Researchquestion 3.2:Towhat extent do students apply socialmedia for learning
in Rivers State owned universities?

The results in Table 3.2 showed that the grandmean was found to be 2.01, which is
less than the benchmark mean of 2.50. Consequently, the application or use of social
media for learning in Rivers State owned universities is said to be low.

Table .: Mean rating of responses on the awareness of social media by students.

SN Social media items Mean SD Remark

. Zoom . . High
. Instagram . . High
. WhatsApp . . High
. Skype . . High
. Blog . . Low
. YouTube . . High
. Snapchat . . High
. Imo . . Low
. LinkedIn . . High
. Wikipedia . . High
. My space . . High
. Facebook . . High
. Duo . . Low
. Google classroom . . High
. Twitter . . Low
. Flicky . . High
. E-mail . . High
. go . . High
. Google . . Low
. Viber . . Low
. Xender . . High

Grand mean . High
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Research question 3.3: What are the challenges of students’ in the use for social
media for learning in Rivers State universities?

Table 3.3 is the results on the issue of challenges students perceive to the con-
fronting the usage of social media for learning at Rivers State owned universities. The
data on the Table revealed that items 1, 3, 4, 5, 6, 7, 8, 9, 10, 12, 13, 14, 15, 16, 17, 18 and 20
all had mean values greater or equal to the criterion mean of 2.50, hence were
considered to be some of the challenges students in tertiary institutions in Rivers State
owned universities face in the usage of social media site for learning.While, items 2, 11,
and 19 had mean values lower than 2.50, therefore, were not considered to be
challenges.

Hypothesis 3.1: There is no significant difference in the level of awareness between
RSU students and those of IAUE in the use of social media for learning.

Table 3.4, shows that the mean and standard deviation values for IAUE is 61.00 and
2.379, respectively, while those of RSU were 60.90 and 2.368. On further analysis with
independent t-test, the calculated t(158) = 0.258, at df = 158, p (0.797) > 0.05 level of
significance, i.e., not significant. Hence, the stated null hypothesis is accepted. The
result is that there is no significant difference in the level of awareness between RSU
students and those of IAUE in the use of social media for learning.

Hypothesis 3.2: The extent to which students apply social media does not significantly
depend on university types

Table .: Mean rating of responses on the use of social media for learning by students.

SN Item statements remark Mean SD

. I use social media for my education purposes . . Low
. I can exchange ideas with the use of social media . . Low
. I watch experiments in YouTube . . Low
. Social media encourages me to meet with other researchers . . Low
. I use social media for online learning . . Low
. Social media helps me to do my assignments and other . . Low
. I share and get information from my class mates and university group via

social media
. . Low

. I use social media in sending instructional video to my peers outside class
time

. . Low

. The posting of instructional video and audio clips and images on blogs
increase my motivation for social network

. . Low

. Social media makes online learning easier during lockdown periods . . Low
Grand mean . Low
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Table 3.5, shows that the mean and standard deviation values for IAUE is 22.08 and
2.173, respectively, while, those of RSU were 22.15 and 2.105. On further analysis and
independent t-test, the calculated t(158) = 0.192, and df = 158, p(0.848) > 0.05 level of
significance, i.e., not significant. Hence, the stated null hypothesis is accepted. The
result is that the extent to which students apply social media for learning does not
significantly depend on university types.

3.12 Discussion

The results of the study from Table 3.1 show that the students are aware of social
media for learning in Rivers State owned universities. The level of awareness of social

Table .: Mean rating of responses on the challenges of social media for learning by students.

SN Challenges Mean SD Remark

. Finance . . Agree
. Mental health . . Disagree
. Travel restrictions . . Agree
. Poor interest reception . . Agree
. Assessment and evaluation . . Agree
. Lack of immediate responses to students’ questions . . Agree
. Home front . . Agree
. Electricity . . Agree
. Audio problems . . Agree
. Poor voice quality . . Agree
. Lack of pre-class preparation . . Disagree
. Less control over online teaching . . Agree
. Lack of trained assistant to support online education platform . . Agree
. Inability to connect to class . . Agree
. Lack of computer literacy . . Agree
. Limited number of people to connect . . Agree
. Location of the student . . Agree
. Lack of privacy . . Agree
. Real friendship . . Disagree
. I am addicted to social media and this is a challenge . . Agree

That affects my academic life.

Table .: Independent t-test analysis on the level of awareness of social media by students.

University n Mean SD T df Sig Decision type

IAUE  . .
.  . NS

RSU  . .

NS, not significant, p > . level of significance; IAUE, Ignatius Ajuru University of Education; RSU, Rivers State
University.
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media among chemistry students in tertiary institution in Rivers State can be describe
as high based on grand mean of 2.90. The students since they are youths will like to
exert their energy on new technologies in other to be abreast with the time they found
themselves. The result of this study is in agreement with Barikpe [12] that undergrad-
uate students are aware of social media platforms and use them for online publishing
that create opportunities for producing knowledge sharing, research building social
networks and developing professional interactions withminimumdifficulty. Similarly,
William and Adesope [22], Oye, Aiahad and Abraham [23] affirms that students are
aware of social media and it is use for educational purpose makes them to accomplish
educational task easily.

Results in Table 3.2 show that the level of usage of social media for learning at state
owned universities is lowwith a grandmean of 2.01. The low level of attributed to what
Omachonu and Akanya [25] asserts that most students use social media site and spend
much period in which displace their learning time thereby affecting them negatively
The result of the study disagrees with Oye et al. [23] affirms that students are aware of
social media and it is use for educational purpose makes them to accomplish educa-
tional task easily.

The results in Table 3.3 reveal that students are faced with enormous challenges in
the use of social media site. The challenges namely finance, travel restriction, privacy,
assessment and evaluation, poor internet reception addiction, home front, poor voice
quality among others. The result agrees with Omekwu et al. [14] , Fatokun [24], Smalley
[17], Sahu [20] andAlruwise et al. [21] that students anduniversities are facewith a lot of
unexpected challenges to copewith learning in this era of coronavirus. The result of the
study disagree with Al-Rabiahab et al. [18], Zhai and Du [19] that sees mental health as
one of the challenge in the use of social network site in the era of coronavirus
pandemic.

Furthermore, Table 3.4 also shows that there no significant difference in the level
of awareness between RSU students and those of IAUE in use of social network site for
learning. The no significant result is because students in the university in this era of
coronavirus are faced with socials media as the only option that can be used for
learning since the face-to-face learning is not available. Smalley [17] and Sahu [20]
asserts the novel coronavirus has reposition the university education system there by

Table .: Independent t-test analysis on the use of social media for learning by students.

University n Mean Sd T df sig Decision type

IAUE  . .
.  . NS

RSU  . .

NS, not significant, p > . level of significance; IAUE, Ignatius Ajuru University of Education; RSU, Rivers State
University.
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transitioning to online platform. Online instruction as the only option for instruction
for this era has increased the students’ awareness of various social media platforms.
The no significant difference in the results is also attributed to the educational benefits
of these socialmedia platforms as observed by Barikpe [12] that studentMahe use of the
benefit of social media especially to deal with the unexpected incident of online
education due to coronavirus.

In Table 3.5 the extent to which students apply social media for learning does not
significantly depend on university types. The students in the both university have low
level of application for social media. This is due to inability of students to make use of
social network site for learning. The result of the study is in agreement with Fatokun
[24] affirms that most students do not see the social media has an effective tool for
learning and has not made effort in adopting to the modern technology.

3.13 Conclusion

The study investigated the effect of social media and learning in an era of coronavirus
among Chemistry students in tertiary institution in Rivers State Nigeria The results
revealed that students are aware of social media for learning such as Zoom,WhatsApp,
Facebook etc. The outcome of this investigation also showed that there is poor appli-
cation of social network site for learning among Chemistry students in Rivers State
owned universities. Finance, travel restriction, assessment and evaluation, poor
internet reception, availability of electricity and others were identified as challenges
while mental health of student, lack of before class preparation and associating with
real friends were not considered to be a challenges to the use of social network sites for
learning. Extent to which students apply social media does not depend on university
types. Furthermore, the level of awareness and application of social media for learning
do not significantly depend on school type.

3.14 Suggestions

The researchers made the following suggestions based on the findings;
1. University in Rivers State should endeavor to engage their students in training that

will avail them the opportunity to apply or utilize effectively social media on their
learning activities.

2. Chemistry undergraduates should cultivate and maximize the potential of the
different social media for their academic benefits.

3. Chemistry lecturers should make sure that they use social media as an instrument
for enhancing learning and encouraging the educational performance of
undergraduates in the university through academic discussions, assignment can be
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posted there, even teachers can upload their lesson notes, they can also upload
useful videos on various topics

4. Students should create an equilibrium between educational and noneducational
activities on social network site by directing on the educational relevance of most
sites instead of engaging in nonprofit surfing.
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Adeleke Adeniyi* and Olayiwola Giwa

4 Accumulation and health effects of metals in
selected urban groundwater

Abstract: The contaminationofwater sources as a result ofman’s activities is of concern
because of its potential impact on the health of humans. Samples of groundwater were
collected from four households within metropolitan Lagos between the months of April
and August, 2019. The samples were analyzed for cadmium, calcium, iron, lead, man-
ganese and zinc using atomic absorption spectrometry. Structured questionnaire was
administered to the residents in households where the water samples were collected.
Results obtained were compared with global background values and WHO guidelines
for drinking water. The pH values ranged from 5.16 ± 0.26 to 5.29 ± 0.44, whereas, the
control pHvalueswerewithin theWHOguidelines of 6.5–8.5. The concentrations (mg/L)
ranged from2.04± 1.01–23.48± 8.81 (calcium); 3.35± 1.94–3.60± 2.25 (iron); 0.31±0.42–
0.47 ± 0.51 (manganese) and 0.27 ± 0.04–0.77 ± 0.69 (zinc), respectively. Cadmium and
leadwere not detected. The health risk indices (HRI) valueswere found to be in the order
of Fe > Zn > Mn and were below the threshold value of 1. Statistical analysis of variance
(ANOVA)was used to ascertain statistical significant differences ofmetal concentrations
in the four locations. Metal pollution source control and periodic water quality moni-
toring is recommended.

Keywords: cadmium, groundwater, health risk, lead, metals

4.1 Introduction

Groundwater holds the largest reserve of available freshwater in the world, providing
water for drinking and irrigation among others to an estimated 7.8 billion people.
Urbanization and industrialization have led to increasing global levels of environ-
mental degradation with unpleasant impact on groundwater quality [1–3]. The impact
of urbanization and industrialization is more severe in developing countries, most of
whom have relatively unplanned cities with poor waste management systems [1, 4–7].
Urbanization has been implicated in the modification of groundwater quality and flow
pattern; however, these modifications evolve with time [2]. According to the United
Nations (UN) over 1.1 billion humans lack access to improvedwater sources [8]. By year
2050, it is estimated that about four billion people representing 52 % of the global
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population will live in areas that suffer scarcity of potable water for at least one month
each year [9]. Ensuring availability of clean drinking water is adjudged to be one of the
most cost-effective methods of improving public health [7, 10, 11]. The Goal 6 of the
United Nations Sustainable Development Goals (SDGs) is to ensure universal access to
water and sanitation [12]. Nigeria and many developing countries missed the 2005–
2015, World Health Organization (WHO) target decade aimed at ensuring full access to
water and sanitation for all people [12, 13]. Hopefully, developing countries will key
into the “Water Action Decade” (2018–2028) by among others adopting a pragmatic
approach in the management of their water resources with a view to reaching the
millions of people that still lack access to safe drinking water. In most countries, there
is the absence of an institution charged with the oversight and management of urban
groundwater resources [1, 2]. The tamed response of some governments, to manage
groundwater resources in some cities is always with the view to generate additional
income [14]. The aim is always to tax residents, who out of necessity have to provide
water for their households by digging shallow wells or boreholes [15, 16].

The main sources of pollution are, respectively, the open waste dumps that leach
into groundwater and the often untreated wastewater from domestic and industrial
processes [13, 14, 17]. Lagoswith the highest population amongAfrica’s cities is densely
populated and produces large quantities of wastes. Lagos city’s unwholesome waste
management practices exacerbate the risk of groundwater contamination [15, 17]. The
municipal water supply in Lagos is grossly inadequate leavingmost residents to rely on
water wells/boreholes for their water needs [4, 15, 16]. It is therefore imperative to
continuously monitor groundwater quality, and the risk posed, carefully assessed and
acted upon. Identifying the critical metal pollution sources is equally crucial for long
term sustainable groundwater resource management program. The aim of the study is
to determine the concentration of cadmium, calcium, iron, lead, manganese and zinc
in the groundwater sources from selected locations in Aboru, Igando, Akesan and
Obadore, Lagos, Nigeria. The risk associated with the water usage is also assessed.

The findings are expected to provide information to residents with respect to the
wholesomeness of their water. It will equally serve as a wake-up call for government to
work assiduously toward providing potable water for residents in line with the United
Nation’s sustainable development goals Agenda number 6.

4.2 Materials and methods

4.2.1 Materials and chemicals

Analytical grade nitric acid, standard metal solutions, deionized/distilled water, glass
wares, hot plate, sample bottles and plastic containers were used. The chemicals were
purchased from Fluka Chemie GmbH (Buchs, Switzerland).
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4.2.2 Sampling area

Samples were collected from selected households within the Alimosho axis of Lagos,
Nigeria. The study area is densely populated. The residents are not covered by the gov-
ernment’s municipal water supply, hence they provide for their water needs through
shallowwells and boreholes. The waste management practices are largely unsustainable.
Unwholesome practices like open burning of solid wastes, dumping of refuse on open
spaces, usage of nonsanitary landfills and individual duguppits for domestic liquidwaste
collection are still operational. Government’s refined petroleum products pipelines from
the port of import to the depots passes through parts of the study area. The study area
comprises predominantly sedimentary and basement rocks complexes. The global posi-
tioning system (GPS) data of the sampling locations are indicated in Table 4.1.

4.2.3 Sampling and sample preparation

Water samples (n = 25) from groundwater sources were collected from households between
the months of April and August, 2019 following standard sampling techniques [13, 18] in
other to analyze their metal contents. After pH determination, each sample was acidified by
adding 3–4 mL nitric acid. A structured questionnaire was administered to members of the
participating households. 50 mL of the acidified water samples were taken from their
respective containers and 5 mL of nitric acid was added. The acidified water samples were
placed on a hot plate for digestion, allowed to cool and filtered into a 25mL volumetric flask
for analysis [13]. Blank samples were prepared using distilled de-ionized water to assure
quality. Similarly, predigested water samples were spiked withmetal standards in triplicate
for metal recovery studies. The AAS setting and operational conditions were done in
accordance with the manufacturer’s specifications, and were calibrated with analytical
grade standard metal solutions (1000 mg/L) after appropriate dilutions.

4.2.4 FAAS analysis and quantification

Sixmetals – cadmium, calcium, iron, lead, manganese and zinc were determined in an
air-acetylene flame (Flame Atomic Absorption Spectrophotometer FAAS, Model: Buck

Table .: GPS coordinates of the sampling locations.

Location GPS Coordinates (Latitude) GPS Coordinates (Longitude)

Aboru ° ′.″N ° ′.″E
Igando ° ′.″N ° ′.″E
Akesan ° ′.″N ° ′.″E
Obadore ° ′.″N ° ′.″E
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210 VGP). The results are presented in Table 4.2. These are metals that could be environ-
mentally enriched by the anthropogenic activities around the sample locations. The water
sample resultswere compared to theWorldHealthOrganization (WHO)guideline limits [19].

4.2.5 Statistical analysis

To estimate statistical significant difference, analysis of variance (ANOVA), and t-test
statistical tool of SPSS version 22 was utilized.

4.2.6 Risk assessment

Analyzing potential health risk for adults and children, involves determination of the
health risk indicators such as chronic daily intakes (CDI) and Health risk index (HRI).
These were calculated for the samples [13, 20, 21] as follows: CDI (mg
kg−1 day−1) = Cm × Iw/Wb, where Cm (mg/L) = metal concentration in water; Iw (L/
day) = average daily intake of water (assumed to be 2 L per day for adult and 1 L per day
is for children);Wb = the average body weight used (assumed to be 72 kg for adults and
32.7 kg for children). The Health risk Index is calculated from the CDI as follows:
HRI = CDI/Rfd, where CDI is the chronic daily intake from ingestion ofmetal in drinking
water (mg kg−1 day−1); Rfd is the oral reference dose (mg/kg) of a particular metal. The
Rfd values for Fe, Mn and Zn are 7 × 10−1, 1.4 × 10−1 and 3 × 10−1, respectively [22]. The
CDI data is presented in Table 4.2.

4.3 Results and discussion

The pHvalues (Table 4.3), ranged from5.16 inObadore to 5.29 in Igando. The results are
generally below the guideline limit (6.50–8.50) set by WHO. These values differ from

Table .: Chronic daily intake (CDI; µg/kg per day) of groundwater.

Location Cadmium Iron Lead Manganese Zinc

Aboru ND . × 
−

(. × 
−)

ND . × 
−

(. × 
−)

. × 
−

(. × 
−)

Igando ND . × 
−

(. × 
−)

ND . × 
−

(. × 
−)

. × 
−

(. × 
−)

Akesan ND . × 
−

(. × 
−)

ND . × 
−

(. × 
−)

. × 
−

(. × 
−)

Obadore ND  × 
−

(. × 
−)

ND . × 
−

(. × 
−)

 × 
−

(. × 
−)

Values in parentheses are for children; ND, not detected.
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values reported earlier for Chikhwawa, Malawi borehole water (6.90–7.70), Lao PDR
and Swat, northern Pakistan (6.50–8.60), respectively [20, 21, 23], and in Akure
metropolis, Nigeria [24],withmean values of 6.59 in the dry season and6.85 in the rainy
season. The values are however similar to that of Ibadan groundwater samples, with
mean values of 5.7–5.8 [5]. The pH of drinking water has no extreme negative effects on
human health but acidic water has been related to abdominal discomfort due to
gastrointestinal irritation [25]. Acidic pH affects water quality parameters such asmetal
solubility. Water with a lower pH has the tendency to leach metal ions such as iron,
manganese, copper, lead and zinc from aquifers and plumbing materials [26].

The metal mean concentrations are shown in Table 4.3. Cadmium and lead were not
detected in the water samples across the four locations and control. Aboru groundwater
however, recorded the highest levels of calciumandmanganesewithmean concentrations
of 23.48 ± 8.81 and 0.47 ± 0.51 mg/L, respectively.Whereas, Obadore groundwater has the
highest concentration of iron (3.60 ± 2.25). Nonetheless, the zinc mean concentration of
0.77± 0.69 for Akesan samples are the highest recorded across the four locations. Iron and
manganese are higher than the control values while calcium and zinc are lower than the
control values. Manganese, lead and cadmium are belowWHO guideline limits (0.4 mg/L
(Mn), 0.01 mg/L (Pb) and 0.003 mg/L (Cd)), except for manganese in Aboru
(0.47 ± 0.51 mg/L). The concentration of iron in all the samples are above the WHO
guideline limits (0.3 mg/L), with values ranging from 3.35 ± 1.94mg/L to 3.60 ± 2.25 mg/L.
The concentration of zinc are however below the WHO guideline limits (3.0 mg/L) with
values ranging from0.27 ± 0.04mg/L to 0.77± 0.69mg/L. The concentration of calcium in
the locations is in the order Aboru > Igando > Akesan > Obadore. Their values are less than
60 mg/L, indicating that they are soft water [27]. Calcium plays a critical role in inhibiting
the binding of Cd and Zn to binding sites. This is, as a result of the competition of Cd andZn
with Ca and Mg ion for binding sites [3, 28]. The higher the calcium concentration (hard-
ness), the lesser the potential toxicity of Cd, Zn and also Pb2+. The mean calcium con-
centrations in the study locations were generally lower than values reported earlier for
central Benue trough, Nigeria (6.20mg/L to 281 mg/L) and the 58.0–324.0 mg/L values for
Uyyakondan channel, groundwater, south India [29, 30]. The values for iron and manga-
nese in selected areas of Ibadan varied with the population density of the area. Wells

Table .: Mean metal concentration (mg/L) in the groundwater samples and control.

Location pH Ca Cd Fe Mn Pb Zn

Control . ± . . ± . ND . ± . . ± . ND . ± .
Aboru . ± . . ± . ND . ± . . ± . ND . ± .
Igando . ± . . ± . ND . ± . . ± . ND . ± .
Akesan . ± . . ± . ND . ± . . ± . ND . ± .
Obadore . ± . . ± . ND . ± . . ± . ND . ± .
WHO limits .–.  . . . . .

WHO, World Health Organization; BV, background values; ND, not detected.
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located in the medium density area had the highest average iron concentration
(1.64 ± 0.2 mg/L) while boreholes in the low density area had the highest average iron
concentration (1.89±0.8mg/L). The lowest averagemanganese concentration forwell and
borehole water sources (0.29 ± 0.1 mg/L and 0.26 ± 0.2 mg/L) were found for medium
density area [31]. These values are below those reported for this study. The concentration of
groundwater iron reported for Tamil Nadu, India, Alahsa Oasis farms, Saudi Arabia and
Basal basin, southeastern Iran [32–34]were generally lower than themeanvalues recorded
for Aboru, Igando, Akesan and Obadore water samples (Table 4.3). The values for zinc in
the sample locations are consistentwith the values of Zn reported for groundwater sourced
from Basal basin, southeastern Iran and Tamil Nadu, India [32, 34]. The measured con-
centrations of heavymetals follows the order Fe > Mn > Zn in Aboru and Igando, while the
trend, Fe > Zn >Mnwas observed in Akesan andObadore. A similar heavymetal order was
observed for groundwater sourced from the Virudhunagar industrial township, India [13].

Health risk index (HRI) of the heavy metals is shown in Table 4.4. HRI values were
scaledas follows: <1 = less risk; >1 =health risk.HRI values for iron,manganese and zinc in
all locations were found to be <1 for adults and children. This is an indication of minimal
risk [4, 35]. However, the bioaccumulation ofmetals over time is a cause for concern [22, 28].

The t-test results shown in Table 4.5 are comparison with the control parameters. It
indicates for pH, that the difference in means is statistically significant at 0.05 level.
Thus, the calculated t-values for all the sample locations are higher than the critical value

Table .: t-statistical analysis of control vs sample location.

Aboru Igando Akesan Obadore

pH .* .* .* .*
Ca .* .* .* .*
Fe .ns

.ns
.ns

.ns

Mn .ns
.* .ns

.ns

Zn .* .* .* .*

*significant at p < .; ns, nonsignificant at p < .; ttab = . at p < ..

Table .: Health risk index (HRI) off metals through water consumption.

Location Cd Fe Pb Mn Zn

Aboru ND . × 
−

(. × 
−)

ND . × 
−

(. × 
−)

. × 
−

(. × 
−)

Igando ND . × 
−

(. × 
−)

ND . × 
−

(. × 
−)

 × 
−

(. × 
−)

Akesan ND . × 
−

(. × 
−)

ND . × 
−

(. × 
−)

. × 
−

(. × 
−)

Obadore ND . × 
−

(. × 
−)

ND . × 
−

(. × 
−)

. × 
−

(. × 
−)

Values in parentheses are for children; ND, not detected.
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(2.13). The tcal values are (10.16), (12.73), (17.37) and (19.31) forAboru, Igando,Akesanand
Obadore, respectively. Similar significant values have been reported earlier with control
samples [4, 36]. The t-test statistic for calcium ion indicates that thedifference inmeans is
statistically significant at p < 0.05 level. Thus the calculated t-values for all the sample
locations are higher than the critical value (2.13). The values are (6.37), (9.87), (11.22) and
(11.58) for Aboru, Igando, Ilado-Akesan and Obadore, respectively. Iron concentrations
across the sample locations are nonsignificant comparedwith the control.However, only
Igando recorded a statistically significant tcal value for manganese. Statistical nonsig-
nificant values are indications of wholesomeness as far as those parameters are con-
cernedwith respect to the control samples. The t-test on zinc indicates that the difference
in means is statistically significant at 0.05 level.

The comparison of pH andmetal ions from the sample locations and control using
the analysis of variance (ANOVA) (Table 4.6) indicates significant variations of pH,
calcium, and zinc at 95 % confidence level. This may be as a result of differences in the
aquifer compositions in the respective locations. This inference is supported by the
study of the groundwater concentration of some metal ions in Agbor and Owa com-
munities, Nigeria [36]. However, there is no significant difference in iron and manga-
nese. This infers a common origin of iron and manganese ions in the sample locations.
This outcome is supported by results published earlier for Ibadan and north eastern
United States of America groundwater samples as it relates to surface-soil-aquifer
connection [5, 37].

4.4 Conclusion

This study is based on the determination of six metals in selected groundwater sources
in urban Lagos and potential health effects. It is clear from this study, that the
groundwater from the sampled locations is slightly acidic and characterized by low
level of calcium, < 60 mg/L. The concentrations of iron, manganese and zinc were
relatively high. Cadmium and lead were not detected which is heartwarming. The HRI
values for groundwater in the sample locations are below the threshold value of 1. This
indicates that no significant health risk from the metal is observed. There is need to
restructure the Water Corporation to enable the provision of potable water to all resi-
dents in linewith the UnitedNations sustainable development goal, Agenda 6 onwater

Table .: ANOVA of metal levels in groundwater in the four locations and control.

. Parameter pH Cd Ca Fe Pb Mn Zn

F < . .* – .* .ns – .ns
.*

*Significant at % confidence level; ns, nonsignificant at p < .; Ftab = . at p < ..
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and sanitation. Adopting a sustainable waste management regime is imperative to
control metal pollution sources.

Acknowledgments: The authors are grateful to the Department of Chemistry, Lagos
State University for providing most of the facilities. We are equally grateful to Dr. Ojo
Oluwole and Mr. Mutiu Sowemimo for valuable assistance.
Author contributions: All the authors have accepted responsibility for the entire
content of this submitted manuscript and approved submission.
Research funding: None declared.
Conflict of interest statement: The authors declare no conflicts of interest regarding
this article.

References

1. Fienen MN, Arshad M. The international scale of groundwater issue. In: Jakeman AJ, Barreteau O,
Hunt RJ, Rinaudo JD, Ross A, editors. Integrated groundwater management. Cham: Springer; 2016.

2. Foster S. Global policy overview of groundwater in urban development – a tale of 10 cities. Water
2020;12:456–63.

3. Chaturvedi A, Bhattacharjee S, Kumar V, SinghAK. A study on the interdependence of heavymetals
while contributing to groundwater pollution index. Environ Sci Pollut Res 2021;66:1–10.

4. Adeniyi AA, Yusuf KA, Okedeyi O, Sowemimo M. Classification and health risk assessment for
borehole water contaminated by metals in selected households in south west Nigeria. J Water
Resour Protect 2016;8:459–71.

5. Adeniran A. Assessment of water quality in slum area Ibadan. Hydrol Curr Res 2018;9:8.
6. Belkhiri L, Tiri A,Mouni L. Assessment of heavymetals contamination in groundwater: a case study

of the south of Setif area, East Algeria. In: Komatina D, editor. Achievements and challenges of
integrated river basin management. London: IntechOpen; 2018.

7. Vetrimuruga E, Brindha K, Elango L, NdwandiweOM.Humanexposure risk to heavymetals through
groundwater used for drinking in an intensively irrigated river delta. Appl Water Sci 2017;7:
326–3280.

8. Cunningham WP, Cunningham MA. Environmental science: a global concern. New York: McGraw-
Hill; 2014.

9. Boretti A, Rosa L. Reassessing the projections of the world water development report. CleanWater
2019;2. https://doi.org/10.1038/s41545-019-0039-9.

10. Vaishaly AG, Mathew BB, Krishnamurthy NB. Health effects caused by metal contaminated
groundwater. Int J Adv Sci Res 2015;1:60–4.

11. Liu Y, Ma R. Humanhealth risk assessment of heavymetals in groundwater in Luan river catchment
within the North China plain. Geofluids 2020;2020:7.

12. United Nations. Sustainable development goal 6. New York: Synthesis report on water and
sanitation; 2018.

13. Raja U, Lakshmi RV, Sekar CP, Chidamaran S, Neelakantan MA. Health risk assessment of heavy
metals in groundwater of industrial township Virudhunager, Tamil Nadu, India. Arch Environ
Contam Toxicol 2021;80:144–63.

14. Ighalo JO, Adeniyi AG. A comprehensive review of water quality monitoring and assessment in
Nigeria. Chemosphere 2020;260:127569.

52 4 Accumulation and health effects of metals

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



15. Balogun II, Sojobi AO, Galkaye E. Public water supply in Lagos State, Nigeria: review of importance
and challenges, status and concerns and pragmatic solutions. Congent Engin 2017;4. https://doi.
org/10.1080/23311916.2017.1329776.

16. Shiru MS, Shahid S, Shiru S, Chung ES, Alias N, Ahmed K, et al. Challenges in water resources of
Lagosmega city of Nigeria in the context of climate change. J Water Clim Change 2019;11:1067–83.

17. Singha S, Pasupuleti S, Singha SS, Kumar S. Effectiveness of groundwater heavy metal pollution
indices studies by deep-learning. J Contam Hydrol 2020;235:103718.

18. America Public Health Association. Standard methods for the examination of water and
wastewater, APHA, AWWA and WPCE, 20th ed. Springfield, Byrd Progress: American Public Health
Association; 1998.

19. WHO. Guidelines for drinking water quality, 4th ed. Geneva: World Health Organization; 2011.
20. Chanpiwat P, Lee B, Kim K, Sthiannopkao S. Human health risk assessment for ingestion exposure

to groundwater contaminated by naturally occurringmixtures of toxic heavymetals in the Lao PDR.
Environ Monit Assess 2014;186:4905–23.

21. ShengD,Wu J,WenX,WuM,ZhangC.Contaminationandecological risk ofheavymetals ingroundwater
of a typical agricultural area in NW China. Geochem Explor Environ Anal 2020;20:440–50.

22. Javed M, Usmani N. Accumulation of heavy metals and human risk assessment via the
consumption of freshwater fishMastacembelus armatus inhabiting, thermal power plant effluent
loaded canal. SpringerPlus 2016;5:776.

23. Grimason AM, Morse TD, Beattie TK, Masangwi SJ, Jabu GC, Taulo SC, et al. Classification and
quality of groundwater supplies in the lower Shire valley,Malawi—part 1: physico-chemical quality
of borehole water supplies in Chikhwawa, Malawi. Water SA 2013;39:563–72.

24. Nwakor EK, Ogbu KN, Orakwe CC, Chukwuma EC, Nwachukwu CP. Assessment of seasonal
groundwater quality for domestic use in Akure metropolis, Ondo State, Nigeria. Int J Agric Biosci
2013;3:16.

25. Kempster PL, Van Vliet HR, Kuhn A. The need for guidelines to bridge the gap between ideal
drinking-water quality and that quality which is practically available and acceptable. Water SA
1997;23:163–7.

26. Ho KC, Chow YL, Yau JTS. Chemical and microbiological qualities of the east river (Dongjiang)
water, with particular reference to drinking water supply in Hong Kong. Chemosphere 2003;52:
1441–50.

27. McGowan W. Water processing: residential, commercial, light-industrial, 3rd ed. Lisle, Illinois:
Water Quality Association; 2000.

28. Adeniyi AA, Yusuf KA, Okedeyi OO. Assessment of the exposure of twofish species tometals pollution in
the Ogun river catchments, Ketu, Lagos, Nigeria. Environ Monit Assess 2008;137:451–8.

29. Okonkwo A. A re-appraisal of groundwater quality in parts of central Benue trough, Nigeria. Int J
Advan Mat Res. 2015;1:102–12.

30. Brindha K, Kavitha R. Hydrochemical assessment of surface water and groundwater quality along
Uyyakondan channel, south India. Environ Earth Sci 2015;73:5383–93.

31. Moyosore JO, Coker AO, Sridhar MKC, Adejumo M. Iron and manganese levels of groundwater in
selected areas in Ibadan and feasible engineering solutions. Euro Sci J 2014;10:11.

32. Sridhar SGD, Sakthivel AM, Sangunathan U, Balasubramanian M, Jenefer S, Mohamed RM, et al.
Heavy metal concentration in groundwater from Besant Nagar to Sathankuppam, south Chennai,
Tamil Nadu, India. Appl Water Sci 2017;7:4651–62.

33. Fahad NA. Assessment of the levels of some heavy metals in water in Alahsa Oasis farms, Saudi
Arabia, with analysis by atomic absorption spectrophotometry. Arabian J Chem 2015;8:240–5.

34. Rezaei A, Hassani H, Hassani S, Jabbari N,Mousavi SF, Rezaei S. Evaluation of groundwater quality
and heavy metal pollution indices in Bazman basin, southeastern Ira. Groundwater Sustain Dev
2019;9:100245.

References 53

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



35. Majolagbe AO, Adeyi AA, Osibanjo O, Adams AO, Ojuri OO. Pollution vulnerability and health risk
assessment of groundwater around an engineering landfill in Lagos, Nigeria. Chem Inter 2017;3:
58–68.

36. Oyem HH, Oyem IM, Usese AI. Iron, manganese, cadmium, chromium, zinc and arsenic
groundwater contents of Agbor and Owa communities of Nigeria. SpringerPlus 2015;4:104.

37. McMahon PB, Belitz K, Reddy JE, Johnson TD. Elevatedmanganese concentrations in United States
groundwater, role of land surface–soil–aquifer connections. Environ Sci Tech 2019;53:29–38.

54 4 Accumulation and health effects of metals

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



Fawzia Narod* and Vickren Narrainsawmy

5 Evaluation of the Chemistry curriculum at the
lower secondary level: feedback fromeducators

Abstract: Mauritius is presently witnessing a major educational reform, which has
necessitated a review of the lower secondary curriculum in all subjects, including
Science. Educators were called to evaluate the Science curriculum (which includes
Biology, Chemistry and Physics components) by providing feedback on the curriculum
content and content organisation. One hundred and thirty-three educators took part in
this exercise. This paper focuses on a detailed analysis of the feedback obtained from
educators regarding the lower secondary Chemistry curriculum (LSCC) to identify the
challenges encountered in its implementation. The Process component of the Stuf-
flebeam’s (Stufflebeam DL. The CIPP model for evaluation. In: Evaluation models.
Dordrecht: Springer; 2000:279–317 pp) Context, Input, Process and Product (CIPP)
Evaluation model has been used as a framework for the study. Based on qualitative
thematic analysis, four main challenges were identified in the implementation of the
LSCC namely, ensuring curriculum continuity, avoiding curriculum overload, the need
for more laboratory experiences and knowledge transfer.

Keywords: Chemistry curriculum; curriculum continuity; curriculum load; knowledge
transfer; laboratory experiences; lower secondary

5.1 Introduction

Education is a human right and a catalyst for the development of human capital. The
terms education and curriculum are two sides of the same coin, as a curriculum pro-
vides a structure and a plan of action for an effective pursuit of educational goals, thus
ensuring that learners experience quality education. With unprecedented challenges
and possibilities in a complex, uncertain and unpredictable world, curricula should
continue to evolve through informed educational reforms. In 2015, the United Nations
(UN) developed the 2030 Agenda. This document included the Sustainable Develop-
ment Goal 4 (SDG 4) which is an attempt to prepare students for the demands of the
future world [2]. In view of meaningfully aligning educational goals with the UN SDG 4
on education and its 10 targets, therewas a universal and collective commitment across
nations for educational reforms. The main aim of these educational reforms was to
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endow all students with an inclusive and equitable chance by equipping themwith the
necessary knowledge, skills, and values through well-structured learning experiences
[3]. These planned experiences were formulated to reshape and reform existing
curricula so that they would respond to students’ future needs and contexts.

Mauritius, a small island developing state with a population of about 1,265,577 [4], has
witnessed several education reforms since its independence, to prepare learners as
responsible citizens. In 2015, to strategically transform theeducation system in linewithSDG
4, the Government of Mauritius introduced the Nine Year Continuous Basic Education
(NYCBE) reform toaddress the excessive competitionwhich favours anarrowly selectedelite
for further academic education [5]. To translate the desired educational goals into school
programmes and to support processes of educational change, a new National Curriculum
Framework (NCF) had to be developed. The development of the new NCF included a sys-
tematic approach of evaluating, reviewing and revising curricular areas and programmes
from the preceding curriculum, NCF-2009 [6]. Legitimate changes to a curriculum can only
bemade after its evaluation, as it is a tool to inform and justify decisions that would help to
enhance the quality of the curriculum and to improve its implementation.

5.2 The context
The NCF-2015 [5] that emanated from the NCYBE reform and review of curricular areas
brought a change in the education structure. After compulsory pre-primary (children of
3–5 years), the first nine years of formal schooling consists of two levels— Level 1 and
Level 2. Level 1 corresponds to the first six years of primary schooling (Grades 1–6) and
Level 2 includes the three years corresponding to lower secondary schooling (Grades 7–
9). The evaluation of the primary school curriculum (children of about 5–11 years) was
followed by that of the lower secondary curriculum (children of about 12–14 years).
Thus, all curricular areas and programmes, including Chemistry for lower secondary
schooling had to be evaluated. Higher secondary curriculum (Grades 10–13) is
endorsed by Cambridge Assessment International Education (CAIE).

Together with Biology and Physics, Chemistry as a formal disciplinary knowledge
is one of the main Science components at lower secondary. The three Science com-
ponents are integrated using specific unifying themes at Grades 7 and 8 and are
implemented by Educators (who have majors in either Chemistry, Physics or Biology.)
At Grade 9, the three components are taught separately, as it is deemed necessary to
allow learners to recognise the different components in view of helping them for their
subject choice at higher secondary schooling level [5]. At Grade 9 and onwards, the
Chemistry curricula are implemented by Chemistry educators.

To align with the aims and objectives of the NYCBE reform, the Chemistry curriculum
across the first three years of the lower secondary schoolingwas evaluated. Educators, the
mediators between educational policy and practise, were invited to participate in the
evaluation of the lower secondary Chemistry curriculum (LSCC). Besides being the quin-
tessential decision-makers in the classroom, educators’ role in curriculum development,
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due to their knowledge, experiences andcompetencies is vital [7–9]. In sodoing, educators
develop a sense of ownership and responsibility for the teaching process.

The present study was guided by an analysis of the educators’ feedback regarding
the evaluation of the LSCC, most specifically, the Chemistry curricular content and
content organisation. The interest was to document the implementation of the LSCC
and to identify the challenges encountered by educators in implementing the Chem-
istry curriculum at the lower secondary level, as curricular implementation is reported
to be rarely “trouble-free” [10].

As implication, it is expected that this study could potentially contribute to an
understanding of the LSCC and its implementation. An in-depth study of the challenges
for the implementation of the LSCC could be conducted to identify potential measures
to overcome these challenges, in view of improving students’ learning experiences and
motivation in Chemistry, as the number of students opting for Chemistry at higher
secondary level is decreasing [11].

5.3 The rationale

Bharvad [12], andKabilan andKhan [13] stated that curriculum evaluation is the critical
analysis of a curriculum for determining its worth and value by informing about its
strengths and weaknesses. Curriculum evaluation is also reported to provide detailed
information about the structure and content of education programs [14]. Practising
educators being conscious of the grassroots reality can provide information about any
disconnection between theory and practise [5]. Hence, the analysis of educators’
feedback was deemed important as it attempted to understand the challenges
encountered by educators in the implementation of LSCC in view of enhancing stu-
dents’ learning experiences, motivation and conceptual understanding in Chemistry.

5.4 Aim of the study

The paper aimed at analysing educators’ views regarding the content and content
organisation of the LSCC, and at identifying the challenges in its implementation.

5.5 Research questions

This study was guided by the following research questions:
1) What are educators’ views about the content and content organisation of the LSCC?
2) What are the challenges in the implementation of the LSCC?
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5.6 Theoretical framework

Several curriculum evaluation models have been reported in literature [15–17] to assist
curriculum designers to operate. Each of the curriculum evaluation models has its own
characteristics, aswell as its strengthsandweaknesses [18]. For this study, thecontext, input,
process andproduct (CIPP) evaluationmodel proposedbyStufflebeam [1] hasbeen selected.
The CIPP evaluation model provides relevant information for those who require valid and
unbiased evaluative information [1]. Warju [19] informed that the CIPP model is the most
used model to evaluate a curriculum as it serves to provide feedback to individuals and to
account for theactivities of thecurriculum.TheCIPPmodel is apowerful tool formakingand
implementingdecisionsand forposthocaccountingof thosedecisionsandactions [20]. This
model collects information about a program to identify strengths and limitations in content
or delivery, and to improve program effectiveness or plan for the future of a program [1].
Hence, themost fundamental tenet of themodel is “not to prove, but to improve” education
systems [21]. TheCIPPmodelhasbeen refinedover theyears to enable curriculumevaluators
to systematically analyse the four distinct parts of the curriculum, namely, context, input,
process andproduct. As themain focus of this study is to analyse educators’ feedback on the
implementationof theLSCC, thecomponent III of theStufflebeamCIPPevaluationmodel [1],
namely, Process Evaluation has been used as a framework for the study.

Stufflebeam [1] reported that theProcess Evaluation enables curriculumdevelopers to
identify the potential barriers during the implementation of the curriculum. Zhang et al.
[22] and Aziz et al. [23] argued that the Process Evaluation includes adjustments or re-
visions to the curriculum for corrective programmatic changes and documenting the
implementation process. According to Stufflebeam [1], the objective of the Process Eval-
uation is to record procedural events and activities for later analysis and judgement that
would provide a basis for judging implementation and interpreting outcomes. Thus, the
Process Evaluation would help to find out what is being done, is it being done well and
what needs to be addressed for change in the LSCC through educators’ feedback.

The following are questions that guided this study as laid out by Halverson [24] for
the Process Evaluation component of the CIPP model:
– What is the workload of students?
– How well actively do students participate?
– Are there any problems related to teaching?
– Are there any problems related to learning?
– Is knowledge only transferred to students, or do they use and apply it?

5.7 Methodology

5.7.1 The participants

Apurposive sampling techniquewas used for the evaluation of the LSCC. Palinkas et al.
[25] suggest that purposive sampling is widely used for the identification and selection
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of information-rich cases related to the phenomenon of interest. The participants
included 133 Science educators who have been teaching Science (Chemistry, Physics
and Biology) at Grades 7 and 8. These educators took part in the evaluation process of
the Grades 7 and 8 Science curriculum (which includes the Chemistry content). Out of
these 133 participants, 34 were Chemistry educators who have also been teaching
Chemistry at Grade 9; they took part in the evaluation process of the Grade 9 Chemistry
curriculum. The participants were educators from both state and private secondary
schools. They were informed about the NCYBE reform, its aims, objectives and the
rationale for the evaluation process.

5.7.2 Instrument

For the evaluation of the LSCC, questionnaires were used to gather feedback from the
participants. Three sets of questionnaires, namely, Grade 7 Feedback Questionnaire,
Grade 8 Feedback Questionnaire and Grade 9 Feedback Questionnaire were designed
for gathering data regarding the content and organization of the LSCC. The participants
were required to provide their views and suggestions regarding the content and content
organisation of the LSCC, and its implementation. In addition, they were invited to
provide justifications for proposed changes in the content and content organisation.

5.7.3 Data collection

The LSCC evaluation process was conducted in two phases – Phase I and Phase II. In
Phase I, a total of 32 groups were constituted from the 133 Science (Biology, Chemistry
and Physics) educators. Each group consisted of four or five educators, and included at
least one educator from each Science component. The 32 groups of Science educators
were administered the Grade 7 Feedback Questionnaire and Grade 8 Feedback Ques-
tionnaire to provide their views and suggestions regarding the Grade 7 and Grade 8
Chemistry curriculum respectively.

In Phase II, 34 Chemistry educators took part in the evaluation of the Grade 9
Chemistry curriculum. A total of nine groups of Chemistry educators were constituted.
Each group consisted of three or four educators. The nine groups of Chemistry edu-
cators were administered the Grade 9 Feedback Questionnaire to provide their views
and suggestions regarding the Grade 9 Chemistry curriculum.

For both phases, the educators self-assigned themselves into groups in an informal
manner which was deemed appropriate for greater engagement, commitment and
collective understanding. This improved the effectiveness of group decision-making
during the evaluation process. To increase the level of focus, a minimum and a
maximum number of individuals per group were required as given above. The edu-
cators were engaged in group discussions to reach a common consensus to fill the
Questionnaires.
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5.7.4 Data analysis

Qualitative thematic analysis was used to elicit meaning from participants’ feedback in
the study. Thematic analysis was chosen as it is a flexible method which allows re-
searchers to extract meanings from and make sense of the data through “pinpointing,
examining and recording patterns or themes” [26].

Participants’ feedback regarding the LSCC content and its organisation were based on
Chemistry concepts that they consideredappropriate to teachat a specificGrade level (Grade
7, Grade 8 or Grade 9), and to prepare students for studying Chemistry at the higher sec-
ondary level. The Chemistry concepts as categorical data were analysed by using frequency
count to determine participants’ common suggestions that would function as foundations
for further analysis. Sandelowski et al. [27] reported that quantitizing in qualitative research
is done to “allow analysts to discern and to show regularities or peculiarities in qualitative
data they might not otherwise see or be able simply to communicate…. ”. Thus, the fre-
quency count analysis allowed us to identify which Chemistry concepts themajority (above
median value) of participants suggested appropriate to maintain, add (include) or remove
(exclude) from the previous LSSC [5] at each grade level during evaluation exercise.

The data from the participants’ justifications to their proposed changes regarding
the content and content organisation were textual and narrative, and were based on
their teaching experiences. To uncover the implied meanings of participants’ justifi-
cations, qualitative thematic analysis was used. According to Maguire and Delahunt
[28], “The goal of a thematic analysis is to identify themes, i.e. patterns in the data that
are important or interesting, and use these themes to address the research or say
something about an issue.” The qualitative thematic analysis was used to analyse and
make meaning from the participants’ justifications to their proposed changes in the
LSCC by identifying relevant themes. The analysis, through the lens of the Process
component of the Stufflebeam’s [1] CIPP evaluation model as an enabling framework,
empirically identified the challenges in the implementation of the LSCC.

5.8 Results

This study aimed at analysing the participants’ feedback regarding the content and
content organisation of the LSCC. The analysis offers an understanding of the chal-
lenges in the implementation of the LSCC. In this section, the findings from the study are
presented. Tables 5.1–5.3 present the participants’ feedback regarding Grade 7, Grade 8
and Grade 9 Chemistry curriculum content and content organisation, respectively.
The data presented below focuses on the most pertinent suggestions for changes in the
LSCC content and content organisation made by the participants. In addition, the par-
ticipants’ justifications for these proposed changes are also provided in Tables 5.1–5.3.
Through a thematic analysis of the participants’ choices and suggestions during the
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decision-making process of the LSCC evaluation, four main challenges in the LSCC
implementation have been identified. These will be elaborated in the next section.

5.9 Discussions of results

Based on the data analysis, four challenges were identified in the implementation of
the LSCC namely, ensuring curriculum continuity, promoting knowledge transfer,
fostering laboratory experiences and avoiding curriculum overload. These themes are
elaborated below in line with the data collected.

5.9.1 Ensuring curriculum continuity

The analysis revealed that curriculum continuity was a major criterion that guided the
evaluationprocess. Thiswasevidencedby theparticipants’viewson theChemistry concepts
to bemaintained across Grades 7–9 Chemistry curriculum (Tables 5.1–5.3) to allow students
sequentially build on what has been previously learned, thereby leaving no gaps.

Table .: Analysis of participants’ feedback regarding the Grade  Chemistry curriculum content and
content organisation.

Participants’ suggestions regarding
the content and content organisation
(Frequency count out of  groups of
participants)

Participants’ justifications to suggestions Themes
identified

Concepts to be maintained at Grade 

‘States of Matter’ ( groups)
‘Composition of Air’. ( groups)
‘Physical Properties of Metals and non-
Metals’. ( groups)
‘Uses of Metals and non-Metals’. (
groups)
‘Uses of Gases’. ( groups)

To ease the transition from Grade  to
Grade  as ‘States of Water’, ‘Air is a
mixture of Gases’ and ‘Properties of mate-
rials’ have been introduced at Grade .
To allow students to relate knowledge of
‘Physical Properties and uses of Metals and
non-Metals’ and ‘Uses of Gases’ to
everyday life situations.

Curriculum
continuity
Knowledge
transfer

Concepts to be added to Grade  cur-
riculum
‘Importance of Metals Recycling’ (
groups)
‘Test for Gases’ ( groups)
‘Preparation of Compounds’ (
groups)

To relate knowledge of ‘Metals Recycling’ to
real world problem.
To engage students in laboratory practical
work.

Knowledge
transfer
Laboratory
experiences

Concepts to be excluded or removed
from the Grade  curriculum
‘Sources of Water’ ( groups)
‘Uses of Water’ ( groups)
‘Properties of Water’ ( groups)

To prevent duplication as these concepts
are already addressed at Grade . To avoid
curriculum overload.

Curriculum
overload
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Benyon [29] defined curriculum continuity as the transitions which students
experience from one stage of schooling to another. The following quotes from the
participants clearly indicate that ensuring curriculum continuity is essential for suc-
cessful implementation of the LSCC: ‘prior knowledge acquired in Grade 7 facilitated
further learning in Grade 8’, ‘to have a hierarchical sequence of learning’, ‘continuity of
learning experience’, ‘ease the transition to Grade 9’, ‘gradual increase in level of
complexity from Grade 8 to Grade 9’, ‘good sequencing of concepts from one grade to
another’, ‘continuity of conceptual understanding across the grades’.

From Tables 5.1–5.3, it is noted that to ensure curriculum continuity, the partici-
pants highlighted that concepts such as ‘States ofMatter’ and ‘Composition of Air’need
to be maintained at Grade 7; concepts such as ‘Symbol’, ‘Valency’, ‘Formulae of

Table .: Analysis of participants’ feedback regarding the Grade  Chemistry curriculum content and
content organisation.

Participants’ suggestions regarding
the content and content organisation
(Frequency count out of  groups of
participants)

Participants’ justifications to suggestions Themes
identified

Concepts to be maintained at Grade 

‘Symbol and valency of elements’ (
groups)
‘Formulae of Compounds’ ( groups)
‘Chemical Properties of Metals’ (
groups)

To build on knowledge of ‘Elements’ ac-
quired in Grade  for further learning in
Grade .
To ensure coherence from learning of
‘Symbol and valency of elements’ to writing
of ‘Formulae of compounds’

Curriculum
continuity
Curriculum
continuity

Concepts to be added to Grade  cur-
riculum
‘Uses of Alloys’ ( groups)
‘Properties of Acids and Bases’ (
groups)
‘Applications of Bases’ ( groups)
‘Application of Neutralisation Re-
actions’ ( groups)
‘Filtration’ ( groups)
‘Magnetic Separation’ ( groups)
‘Chemical Properties of Metals’ (
groups)

To enable students to relate concepts of
Alloys, Acids, Bases and Neutralisation to
everyday life experiences and needs.
To create space for students to engage in
laboratory practical activities.
To de-load the Grade  curriculum (these
concepts were addressed in Grade ). To
ensure uniform distribution of content in
terms of complexity and difficulty level of
Chemistry concepts across the three years
of lower secondary schooling.

Knowledge
transfer
Laboratory ex-
periences
Curriculum
overload

Concepts to be excluded or removed
from the Grade  curriculum
‘Elements and the Periodic Table’ (
groups)
‘Metals and Non-Metals’ ( groups)
‘Compounds and Mixtures’ ( groups)
‘Physical and Chemical Changes’ (
groups)

The participants proposed that these con-
cepts be addressed at Grade  level to de-
load the Grade  curriculum and make
space for addressing the concepts
mentioned in the previous row.

Curriculum
overload
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Compounds’, ‘Chemical Properties of Metals’ need to be maintained at Grade 8; and
concepts such as ‘Balancing Chemical Equations’, ‘Simple Distillation’, ‘Reactivity
Series of Metals’ and ‘Solubility of Salts’ need to be maintained at Grade 9.

The importance of curriculum continuity for successful implementation of the
curriculum at school level has recently been highlighted by Hopwood et al. [30] who
reported that disconnection between primary and secondary schooling is a major
barrier that impedes students’progression. In addition, Coad and Jones [31] argued that
there is evidence from studies that the problem of curriculum continuity exists due to
differences in curriculum emphasis between primary and secondary schools and be-
tween the different stages of secondary schooling. In addition, the concept of pro-
gression which focuses on the advances in students’ learning within secondary
schooling is central while planning the structure of secondary curriculum [32].

5.9.2 Promoting knowledge transfer

Our findings have revealed that relating Chemistry concepts to daily life experiences,
was considered important by the participants for successful implementation of the

Table .: Analysis of participants’ feedback regarding the Grade  Chemistry curriculum content and
content organisation.

Participants’ suggestions regarding
the content and content organisation
(Frequency count out of  groups of
participants)

Participants’ justifications to
suggestions

Themes
identified

Concepts to be maintained at Grade 

‘Balancing Chemical Equations’ (All nine
groups)
‘Reactivity Series of Metals’ (eight groups)
‘Displacement Reaction’ (seven groups)
‘Solubility of Salts’ (seven groups)
‘Chromatography’(five groups)
‘Simple Distillation’must bemaintained at
Grade  (six groups)
Applications of the separation techniques

To gradually increase the level of
complexity from ‘Formulae of Com-
pounds’ and ‘Word Equations’ at Grade
to ‘Balancing Chemical Equations’ in
Grade .
To sequentially build from ‘Chemical
Properties of Metals’ at Grade  to
‘Reactivity Series of Metals’ in Grade .
To engage students in laboratory prac-
tical activities.
To apply knowledge gained to real-life
experiences.

Curriculum
continuity
Curriculum
continuity
Laboratory ex-
periences
Knowledge
transfer

Concepts to be excluded or removed from
the Grade  curriculum
‘Rusting’ (seven groups)
‘Alloys’ (six groups)
‘Radicals’ (six groups)
‘pH Scale and Indicators’

To de-load the Grade  Chemistry cur-
riculum.
To ensure uniform distribution in
complexity and difficulty level of Chem-
istry concepts over the first three years
of secondary schooling.

Curriculum
overload
Curriculum
continuity
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LSCC. This was evidenced by the participants’ views regarding the concepts selected
across Grade 7, Grade 8 and Grade 9 Chemistry curriculum that would enable students
to connect and apply the knowledge gained in their everyday experiences and to
understand societal issues pertaining to Chemistry. When providing feedback
regarding the LSCC, the participants highlighted the following statements which
emphasized the need for promoting knowledge transfer: ‘for knowledge to be relevant,
students should apply it effectively to everyday life situations’, ‘applying concepts
learned to real world problems’, ‘use the knowledge gained in real-life experiences’,
‘for learning not to be divorced from students’ lived experience’.

According to the participants, concepts such as ‘Importance ofMetals Recycling’ at
Grade 7; concepts such as ‘Uses of Alloys’, ‘Applications of Bases’ and ‘Applications of
Neutralisation Reactions’ at Grade 8; and concepts such as ‘Applications of Salts’ and
‘Applications of Separation Techniques’ at Grade 9 are important ones that would
ensure knowledge transfer. In fact, the participants highlighted that concepts such as
‘Uses of Metals and non-Metals’ and ‘Uses of Gases’ need to be maintained at Grade 7
(Table 5.1) to ensure knowledge transfer amongst the students. The participants
focused on the selection of concepts across the grades that would enable the students
to appreciate the applications of Chemistry in daily life.

Our findings thus reveal that promoting knowledge transfer is an important factor
to be taken into consideration in the LSCC. These findings lend support to earlier
reports by Tsurusaki [33] and Anilan, Atalay and Kiliç [34] who foregrounded the
necessity for contextualising Science learning. According to earlier studies, when
Chemistry education is disconnected from real-life context, students’ understanding of
concepts is hampered [35, 36].

5.9.3 Fostering laboratory learning experiences

Laboratory learning experiences are reported to be essential in Chemistry as they
enhance conceptual understanding, interest and motivation in the learning of Chem-
istry [37]. In the present study, the participants highlighted the need for more practical
experiments during the implementation of the LSCC.

According to the participants, fostering laboratory learning experiences would
enable students to develop conceptual understanding and enquiry skills. Most par-
ticipants were in favour of including the concepts ‘Test for Gases’ and ‘Preparation of
Compounds’ at Grade 7 (Table 5.1) and ‘Filtration’, ‘Magnetic Separation’, ‘Properties of
Acids and Bases’ and ‘Chemical Properties ofMetals’ at Grade 8 (Table 5.2). In addition,
they also proposed that concepts such as ‘Chromatography’, ‘Simple Distillation’,
‘Displacement Reaction’ and ‘Neutralisation Reaction’ are maintained at Grade 9
(Table 5.3). The participants were of the view that these concepts would provide op-
portunities for laboratory learning experiences at school level during the imple-
mentation of the LSCC.
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The need for laboratory learning to enhance the implementation of the LSCC was
clearly evidenced by participants’ statements such as ‘to conduct experiments’, ‘to
develop enquiry skills through lab investigations’, ‘enable students interact with
chemical substances to observe and understand concepts’, ‘for making laboratory
experiences an essential part of teaching-learning of Chemistry’, ‘to provide laboratory
experiences to students’, ‘to engage in practical investigations’, ‘integrate theory and
practise through laboratory work’.

From the participants’ statements, it can be inferred that fostering laboratory
learning experiences is a major challenge in the implementation of the LSCC. To
overcome this challenge, the participants have attempted to select some concepts
across the grades that would encourage laboratory work. Various authors [38–40] have
earlier reported that students’ engagement in laboratory activities improves learning.
Furthermore, Emendu and Okoye [41] reported that a major drawback of Chemistry
curriculum in Nigeria was that it does not engage the students to do practical work.

5.9.4 Avoiding curriculum overload

Another important theme which emerged during this study pertains to curriculum
overload across the LSCC. Thiswas evidenced by participants’ views on the distribution
of the Chemistry content load in terms of complexity and difficulty level across the
Grade 7, Grade 8 and Grade 9 curriculum. Curriculum overload refers to the excessive
amount of content to be taught and learned in relation to the time available for in-
struction [42].

To adjust the Chemistry curriculum load, the participants proposed the exclusion
of some Chemistry concepts as indicated in Tables 5.1–5.3 above. The participants’
concern for the curriculum load with regards to the LSCC was clearly evident from
statements such as ‘avoid creating a crowded curriculum’, ‘minimising curriculum
expansion and overload’, ‘de-loading curriculum content’, ‘keep the right balance
between breadth and depth of Chemistry content’, ‘limiting time to cover the concept’,
‘decrease the size and volume of the Chemistry curriculum’ and ‘insufficient teaching
time to teach’ amongst others.

To reduce the LSCC load, the majority of the participants suggested excluding
concepts such as ‘Sources ofWater’, ‘Uses ofWater’ and ‘Properties ofWater’ at Grade 7
(Table 5.1), since these concepts are already addressed at the lower grade levels. In
addition, they also proposed removing concepts such as ‘Elements and the Periodic
Table’, ‘Metals and Non-Metals’, ‘Compounds and Mixtures’, ‘Physical and Chemical
Changes’ at Grade 8 (Table 5.2) and the concepts ‘Rusting’, ‘Alloys’, ‘Radicals’, ‘pH
Scale and Indicators’ at Grade 9 (Table 5.3). According to the participants, excluding
these concepts would not only help to reduce the Chemistry curriculum load at the
lower secondary level, but would also ensure a better distribution of the Chemistry
content throughout the three levels.
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Avoiding curriculum overload is a major challenge in Chemistry Education; Bro-
man, Ekborg and Johnels [42] have earlier reported that curriculum overload in
Chemistry can be an obstacle in the teaching and learning of Chemistry. Chambers [43]
argues that ‘reasonablework-load’ is a precondition of good learning and an increasing
amount of content to a curriculum does not improve educational standards.

5.10 Conclusions

As highlighted above, to align the LSCC with the philosophy of the NYCBE reform, the
previous LSCC had to be evaluated. The present paper aimed at identifying the chal-
lenges in the implementation of the LSCC through educators’ feedback using the
Process Evaluation component of the CIPPmodel as an enabling framework. The study
allowed an understanding of the challenges in the implementation of LSCC. The
findings have revealed challenges related to curriculum continuity, knowledge
transfer, laboratory learning experiences and curriculum overload.

Regarding curriculum continuity, the findings have revealed that there is a need to
facilitate students’ successful transition experiences fromprimary to secondary school,
and within the distinct stages of secondary school. Ensuring curriculum continuity
would enhance the teaching and learning of Chemistry at the lower secondary level.
Curriculumoverloadwas found to be anothermajor challenge in the implementation of
LSCC. A redistribution of Chemistry content across the three years of the LSCC was
deemed appropriate keeping in mind the level of complexity of the content and scaf-
folding of the content. Another challenge brought to light in this study relates to
knowledge transfer, the capacity to apply acquired knowledge and skills to real-life.
There is a need to contextualize Chemistry learning; thus, the LSCC should lay more
emphasis, as from Grade 7, on the applications of Chemistry in real-life situations.
Lastly, lack of students’ exposure to laboratory experiences was found to be another
challenge in the implementation of the LSCC. Fostering more laboratory experiences
would enable students to reinforce the theoretical Chemistry concepts taught in class
by engaging them in meaningful practical work.

As a concluding remark, this study has shed light on factors that can support the
implementation of the Chemistry curriculum at the lower secondary level. Based on the
findings of the study, themain recommendations would be that curriculum developers
and other stakeholdersmust ensure curriculum continuity and appropriate curriculum
load when developing curriculum. In addition, it is important that there is a uniform
distribution of content throughout the different grades in one level, taking into
consideration the progression and complexity of the content and concepts across the
different grades.

The need for engaging learners in laboratory practical investigations and relating
Chemistry to everyday life situations were also found important for effective imple-
mentation of the LSCC. Based on findings from this study, it is recommended that
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laboratory experiences should be an integral part of the Chemistry curriculum at the
lower secondary level. This is supported by recent findings which highlight that lab-
oratory experiences are essential to improve the quality of education [44] and to pro-
mote the development of 21st century competencies amongst students [45]. Lastly,
another important recommendation that emerges from this study is that curriculum
developers must create space and opportunities for students to transfer or apply
learned knowledge and skills to real-life situations during the implementation of the
curriculum. This is in line with Zorluoglu et al. [46] who have reported that enabling
students to practise knowledge transfer is becoming more widespread in school
curriculum.
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Jimmy Lowe* and John P. Canal

6 Polymers, plastics, & more – educating
post-secondary students from different
disciplines with polymer science

Abstract: Polymers are excellentmaterials that provide concrete examples of concepts
and learning objectives covered in different post-secondary level courses. Modules
focused on polymer science can be used for teaching general, organic, material and
green chemistry. These modules can be tailored to build on the students' prerequisite
knowledge. Science 300 is a course offered at Simon Fraser University (SFU) to non-
science, post-secondary students focused on the impact of science in society. Pros-
thetics and Orthotics (PROR) is a diploma program offered at the British Columbia
Institute of Technology (BCIT). Both programs have incorporated polymer science as
part of the curriculum.Design of themodules illustrates polymers as an important class
of materials that possess both beneficial and environmental unfriendly properties. A
variety of learning strategies are incorporated within the courses to aid students with
understanding polymer science.

Keywords: chemical education, curriculum design, polymer science, teaching

6.1 Introduction

Polymers aremulti-applicationmaterials that people encounter daily. Food containers,
electronics, personal protective equipment (PPE), vehicles and clothing are examples
of macromolecules used everyday. Although polymers are essential materials for
modern society, there is an environmental impact that polymers bring due to their
properties. Polymer science modules can be presented at post-secondary programs
tailored to match the different levels, course learning objectives and general interests
of students. The content can be laddered to the students' backgrounds and their areas
of study. Every student can benefit from increased knowledge about the types of
polymers, properties, and applications as consumers and towards becoming a global
citizen.

The literature has emphasized the importance of incorporating polymer science
into the curriculum at all grade levels and for science outreach [1–3]. Many post-
secondary institutes have adopted more polymer science into their general, organic,
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physical chemistry and engineering courses [4–9]. The goals are to (i) increase student
engagement and interest in chemistry at the first and second year levels, (ii) prepare
students to apply polymer science in their careers, (iii) demonstrate chemistry concepts
using polymers and their applications.

Polymer science modules were added to the curriculum at two neighboring post-
secondary institutes in the same city. At Simon Fraser University (SFU), non-science
students can take Science 300 as an elective [10]. The British Columbia Institute of
Technology (BCIT) offers a two-year diploma in prosthetics and orthotics [11].

6.2 Course content for Science 300 (SCI 300) at SFU

SCI 300 introduces non-science students to all facets of science, its impact in society
and the resulting technologies. This course was developed specifically for non-science
students who are not majoring in the Faculty of Science, Schools of Computing Science
or Engineering Science. SCI 300 covers the basics of science, including modules on
numerical literacy, the properties of waves, states of matter and energy conversion.
Students learn basic general chemistry related to bonding, properties of small mole-
cules and intermolecular forces. Selected topics in environmental science are covered,
as well as polymer science. The students' previous knowledge of polymers is laddered
to the topics in the polymer science module (Figure 6.1). The learning objectives of the
polymer science module are based on the major topics presented in the concept map.
The concept map shows the organization of topics that are general enough to address
students' interests, introduce new content and allow different instructors to introduce
specialty topics. The current content, in-class activities, demonstrations and mini-
discussionsfits three lecture hours. Some specific topics covered in the polymer science
module include the history of polymers, linking the environmental impact to the

Figure 6.1: Concept map of polymer science topics for SCI 300.
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United Nations Sustainability Development Goals and compostable polymers [12]. The
polymer module is presented in class by faculty with many years of teaching and
research experience in general and polymer chemistry [13].

6.2.1 Teaching practice for SCI 300

SCI 300 typically has 50–60 students registered per term from diverse areas such as
business, arts, and languages, with most students completing an economics degree.
The polymer module was added to the course over 7 years ago. Before the polymer
module is presented, students are asked to complete an anonymous survey addressing
what they (i) know, (ii) don't know and (iii) want to learn about polymers. They are
informed that the polymer science module will cover the most popular themes chosen
and the instructor will provide feedback and resources for less common topics [14–17].
The concept map used to organize the students' and instructors' topics is included as
part of the skeleton notes presented to the students (Figure 6.1). The general topics
starting from ‘Introduction to Polymers’ starts with feedstock molecules being made
into polymers. This leads to the final topic of ‘The End?’ which discusses the disposal
and possible end use of specific polymers. Instructors are able to add in the appropriate
difficulty level with each of the subtopics. Students are given a problem set that helps
themconnect to the applications andproperties of polymers in their lives. One question
tasks them to find polymers that are in their homes. At the end of the polymer module
they are tested on the content presented in lecture and the problem set.

Since some topics aremore abstract, students are shown how to use different study
strategies in order to learn the material and build on their previous chemistry knowl-
edge. This can include graphic organizers such as mind maps, concept maps, and
compare & contrast tables (Table 6.1). Concept maps can help students organize large
amounts of material and link subtopics to the major topics [18]. Metacognitive

Table .: Use of a Venn diagram (graphic organizer) to compare LDPE & HDPE with lecture
annotations.

HDPE Concept compared LDPE

Morphology
Study of structure

≅, Molecular weight (g/mol) ≅,
– Melting range (°C) –
.–. Density (g/cm) .–.
– Tensile strength (MPa) –
Generally opaque Optical clarity Generally transparent
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strategies that are covered during the class include dual coding, concrete examples,
and retrieval practice [19, 20]. An example of dual coding includes drawing the repeat
unit of HDPE and LDPE as well as representing the morphology of the respective
polymer chains with sketches.

To encourage student engagement, videos, polymer resin samples, and websites
are shown to the class followed by short discussions. A set of classroom safe interactive
demonstrations are performed to illustrate polymer properties (Table 6.2). When
coupled with the course material, interactive demonstrations have been shown to
enhance student learning [21].

Another topic presented is a life cycle analysis of polymers, including their effect
on the environment [22–24]. The environmental connections were linked to the United
Nations Sustainability Development Goals (UN SDGs) [12]. An exercise given to the
students is the identification of plastics based on their recycling symbol. They need to
research if the item could be recycled locally. Environmental solutions, such as com-
postable polymers were discussed to improve students' understanding of the process
and issues. The differences between compostable and biodegradable polymers are
compared. Specifically, poly(lactic acid) (PLA) was focused on since it is marketed as
compostable and used by consumers for cups, take out food containers, and filament
for 3D printing.

6.2.1.1 Online delivery of polymer module

Due to the Covid-19 pandemic, the most recent offering of the polymer module in SCI
300 (Summer 2020 semester) was moved to two synchronous 1.5-h long ZOOM webi-
nars, which were presented a week apart. By using the share screen function, the
instructor was able to add annotations on the PowerPoint slides during the webinar.
Student participation was encouraged by using the ‘chat’ function for their comments/
questions and the ‘poll’ function for formative assessments. Videos of demonstrations
and pictures of polymer resins and manufactured items were added to the webinar

Table .: Demonstrations of polymer properties.

Demonstration Concepts/Applications

Density of polymer balls (nylon vs.
polyethylene [PE])

Density – prediction of amorphous or crystalline structures./
Separation of plastics based on density (low tech recycling)

Light transparency of PE films Optical transparency/Visual identification of films of HDPE vs.
LDPE

Burning filter paper & filter paper
saturated with NaHCO

Flammability of polymers/Use of additives (e.g. flame re-
tardants) in consumer plastics

Disappearing water in cup (sodium
polyacrylate) []

Hydrophilic super absorbent polymers/Diapers and use as
movie snow
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presentation. Multiple short breaks were taken to relieve eye strain and give the stu-
dents a chance to stretch. The webinars were recorded in case students experienced
issues with their hardware or Wi-Fi connections. These were also used by the students
living in different zones as they had moved back home during the pandemic pause.

6.2.2 Feedback and findings

The feedback from the SCI 300 pre-assessment was presented to the class in the form of
word clouds (Figure 6.2). From the question “What do you know about polymers? (Use
one-word descriptors)” the most common response was plastics and environment fol-
lowed by a number of descriptive words about polymers. When asked “What do you
want to learn about polymers? (in this class)” the survey results showedmany students
were highly interested in learning about the environmental impact (e.g. recycling,
disposal, lack of degradation, stability, health issues, harmful to animals, etc…), the
synthesis, composition and applications of polymers.

Using student feedback and the time allotted, the content of the webinars was
designed to give students a picture linking polymer synthesis to the polymer's potential
end. In class, students were asked to identify polymers from their recycling symbol on
an item and check for “compostable” labels on some products. Students were asked to
link the UN Sustainability Development Goals (SDGs) that were impacted by polymers.
During the discussion, they identified “clean water (#6)”, “sustainable cities (#11)”,
“responsible consumption (#12) and “life below water (#14)” as SDGs that stood out.

Figure 6.2: SCI 300 class responses to “What do you know about polymers? (key words)”
summarized in a word cloud.
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Another mini-discussion focused on personal actions one could take to reduce single
use plastics or minimizing microplastics (from trash, clothing fibers, etc…). The top
responses include using reusable items (bags, cups, straws, utensils, etc…), shopping
at bulk shops with personal containers, and repairing clothing or shopping at
consignment stores.

The SDGs can be connected to the production of polymers that are compostable or
biodegradable. Poly(lactic acid) (PLA) was used as the main example of commercially
available polymers that is marketed as being compostable and biodegradable [25]. A
final pre-webinarmultiple choice question based on PLA's properties was answered by
the students prior to the topics of compostable materials (Table 6.3). Students were
assessed to gauge prior knowledge about PLA by choosing the incorrect statement
option. The majority of the students chose the “true” statements about PLA and only
17% knew that PLA cannot be recycled in our region. This result was somewhat ex-
pected as many people are surprised once they become educated about the properties
of PLA. Although PLA products are labeled as “compostable”, controlled conditions
are required for the composting that are not available in our region. In addition, PLA
has the recycling number 7 on clam shells but they cannot be added to the plastics
recycling bin as PLA cannot be distinguished from other clear plastics (e.g. poly-
ethylene terephthalate [PET], polystyrene [PS]) using the local current recycling pro-
cesses [26].

6.2.2.1 Feedback and findings for webinars

A survey was used to evaluate student attendance and obtain their feedback regarding
the module content. Approximately 74% of the 39 respondents reported attending one
or both webinar sessions. The remaining 26% of the students stated they watched the
recordings asynchronously. The student feedback on the material was ranked using a
five-point Likert scale “StronglyDisagree” to “StronglyAgree” [5] (Table 6.4). Overall, the
polymer science webinar was well received by the students based on the mean results
and their specific comments (Table 6.5). The students felt themodulewaswell organized,
of interest, enjoyable and improved their understanding of polymers. The idea to have

Table .: Poll Question to Assess Students' Knowledge about poly(lactic acid) (PLA).

Multiple Choice Question:
Which statement is incorrect about poly(lactic acid) PLA?

% option chosen
(N = )

A) PLA is derived from renewable resources such as sugar cane. .
B) PLA is composed for long chains for carbon, hydrogen, and oxygen atoms. .
C) The material can function as a thermoplastics. .
D) The polymer can be compostable in British Columbia. .

76 6 Polymers, plastics, & more

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



an expert in polymer chemistry present the module to improve student learning was
also supported by the survey results.

It was important that changes to the module were introduced for the webinar to
help create a positive learning experience for the students. This was evident
throughout the survey results and feedback comments (Table 6.5). One take away from
the feedback was the students expressed the desire to have more time allocated for
discussions with their classmates or an open Q&A with the instructor. These aspects
can be implemented for the next course offering.

6.3 Course content for prosthetics and orthotics
(PROR) at BCIT

Admission into the PRORdiploma program is limited to 12 students every two academic
years. The students have either completed chemistry at the grade 12 level or at least one
post-secondary chemistry course. A first term course in material sciences covers the

Table .: Polymer science webinar survey results.

Survey Statement for Response Mean Score* (N = )

The topics covered in the polymer lecture stimulated my interest .
The polymer lecture improved my knowledge and understanding of the subject .
The polymer unit provided me with valuable resources .
The polymer lecture was well organized .
The polymer unit fulfilled my expectations .
I Enjoyed the polymer unit .

*Likert rating scale: strongly agree = ; agree = ; neutral = ; disagree = ; strongly disagree = .

Table .: Student comments and feedback for the polymer science webinars.

Student comments

“I really enjoyed how the presentation was organized, and felt very engaged with the material. I
definitely came out knowing a significant amount more about the topic then before”
“The slides are well organized and I enjoy to watch again and again the recorded lectures.”
“The topic is boring. However, the presentation was informative and well explained about topic, I
learned a lot.”
“The presentations were interactive makes it more interesting than the pre-record lecture.”
“I really liked theway that the presentationwas organized andhow the speaker encouraged students to
participate and be involved. I also liked how real life exampleswere used that are not as complicated so
it was not hard to follow along.”
“this is my first time know about polymer. I can understand most of the presentation.”
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properties, structure and applications of engineering materials. The focus is on poly-
mers, metals, ceramics and composites that are commonly used in prosthetic and
orthotic devices. PROR students learn to work with a variety of polymers used in their
profession and recognize the materials mostly by their trade names. In the clinic,
students use a variety of thermoplastics and thermosets to make prosthetics [27]. In
their final term, students complete a case studies course which uses the breadth
of their knowledge and practical experience. The polymer module covers specific
topics that will help the student understand (i) the property–structure relation-
ships, and (ii) criteria to select an appropriate polymer for a prosthetic and
minimize mechanical failure [14, 28–33]. The content and student evaluation
components are shown in Table 6.6 for the course's polymer topics and covers six
lecture hours.

6.3.1 Teaching practice

The case studies course is one of seven concurrent courses that are taken in the last
academic term of the PROR program. The content is structured specifically to add
knowledge to the current issues students deal with in constructing prosthetics. Much of
the teaching in the case study is done in a discussion format where students present
their clinical results. The content for the polymer module comes mainly from the
perspective of a polymer chemist. One of the learning objectives is to increase students'
knowledge so they can improve their communicationwith plastics suppliers, materials
engineers and polymer scientists. The articles assigned for the group presentation
are mostly from literature that the students are familiar with [34–38]. The content is
strongly focused on the testing of polymers in PROR applications or design pro-
cesses. The course is team taught with faculty that are certified prosthetists and
orthotists.

Table .: Content and structure of PROR polymer science module.

Lecture Student Assessment

Chemistry self-review & polymer science
resources

Complete reading & practice problems

Introduction to polymer classes & naming Practice problems
Morphology & structure–property
relationships

Group presentation –journal article related to PROR and
polymer testing

Thermal behavior (Tg, Tm)
Criteria for selection of materials Polymer profile assignment – research to compare

and contrast polymers properties for applications
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6.3.2 Feedback and findings

Student feedback was obtained using anonymous surveys. Most students enjoyed the
classes finding them informative, engaging and appreciative that the content was
applicable to their projects. In addition, the knowledgewas considered helpful for their
careers. Most questions were directed towards trouble-shooting the failure of a pros-
thetic. Studentswere also curious about themethods that could be used to characterize
the polymers for consistent performance. Additional resources were provided that
detailed some of the instrumentation and testing available [39, 40].

6.4 Limitations and future studies

We are at the initial stages of obtaining data for the different aspects of both polymer
modules – instructional effectiveness, relevance of content and increase in student
achievement. Current feedback and data is limited because of (i) the short number of
teaching hours available for the polymermodule (SCI 300 is between 2 and 3 h, PROR is
6 h), (ii) the small number of students for each class offering and (iii) infrequency of
course offering (SCI 300 is only offered once a year. PROR has their class every two
years.) Future studies in SCI 300 will explore the effectiveness of the study strategies,
and the differentmodes of presenting thematerial. An area that would be interesting to
survey is the students' initial behavior on polymer use prior to the polymer modules
followed by a post-module survey to see if there is any changes in their behavior. At
SFU and BCIT, content will be added and updated as new research, applications and
the end use of polymers changes. With the PROR students, we would like to add a
section on 3D printed prosthetics and compare their properties to traditional industry
methods [41, 42].

6.5 Conclusions

The versatility of polymers in applications make it possible to design course content
and learning objectives that fits the students' level and background knowledge. The
polymer module in the SCI 300 course at SFU builds on the basics of science and
chemistry covered in the first few weeks of the course. Polymers are materials that the
students recognize for their day-to-day applications but also their negative effects on
the environment. Soliciting student feedback on their previous knowledge of polymers
allows the instructor to address their interests, misconceptions and information to fill
in knowledge gaps. With a wide range of applications, different instructors can
incorporate different areas of industry. The electronic and optical applications of
electrically conducting polymers would be an example of a specialty topic. Including
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additional topics such as theUNSustainability Developments Goals, circular economy,
and recycling allows students with a diversity of majors to understand the impact of
polymers. Having a broader knowledge of polymers can help students assess their
decisions for the use and disposal of plastics in their lives.

The BCIT PROR program focuses on the applied education and practical hands-on
skills used in the profession. Students desire specific knowledge in areas such as
material selection, prosthetic-orthotic design and construction. This means the poly-
mer topics focus on comparing the structure–property relationships of commonly used
polymers. Current research publications on the performance of prosthetics and or-
thotics are helpful for the students to analyze.

Student surveys provided feedback on the content and course activities. Overall
the majority of students stated they acquired new knowledge and found the modules
were taught in an engaging manner which resulted in a positive learning experience.
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7 Influence of lime (CaO) on low temperature
leaching of some types of bauxite fromGuinea

Abstract: In Bayer process, low temperature treatment of bauxite generally applicable
to gibbsite in the presence of a significant amount of boehmite (>3%), requires a tem-
perature increase and the addition of an additive to improve the leaching conditions.
This research is based on improvement of low temperature leaching conditions 108 °C
and the addition of lime during the attack of some types of bauxite in Guinea. TRUhat is
Low Mono Grade Bauxite (LMG), Standard Metal Grade (SMG) and Fria Bauxite (BF).
The results of this study confirm an improvement in the extraction yields. Additionally,
it shows an increase in yields of two points when the lime dosage is low, and between
0.5 and 3% of the bauxite weight. Based on the mineralogical and chemical compo-
sition findings, minerals contain of SMG bauxites are difficult to decompose while BF
bauxites are easy to process. Sougueta limestone was used for testing. After calcina-
tion, we obtained CaO added at a rate of: 0.3; 0.5; 1; 3 and 6% of the bauxite weight to
finally obtain the highest leaching efficiency compared to the leaching efficiency of
bauxite without addition. The best leaching rate obtained for LMG, SMG and BF are
respectively: 89.01, 87.15 and 89.74% for additions of 1, 0.5 and 3% CaO respectively.

Keywords: Bayer process, bauxite, Guinea, influence of lime (CaO), low temperature
leaching

7.1 Introduction

The bauxite processing industry is now very active in several countries around the
world [1]. The Bayer Process is an economic process and can allow up to 20% of
alumina in the residues, which technically represents significant losses in attack
yield [2, 3]. In recent years, some researchers [4–6] have been interested in the
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treatment of bauxite from Guinea; especially from the Boké province, by proposing the
addition of various additives including CaO and CaCO3 with a temperature increase of
up to 250 °C in order to improve the leaching efficiency [7–9]. The samples used in this
study, present different mineralogical characteristics. This difference in composition
and the presence of impurities of iron, silicon, and titanium influence their further
processing [10, 11].

Fria’s bauxites are usually processed at 108 °C [12] and those of Low Mono Grade
(LMG) and Standard Metal Grade (SMG) types are processed at temperatures between
143 °C and 235 °C because they usually contain mono; an isomorphic mixture of
alumino-goethiteand boehmite, and are therefore difficult to process despite their high
Al2O3 content [13–15]. Themain concern remains the reduction of energy costs, the loss
of chemical products [16], and the need to improve the yield, which vary according
to the bauxite chemistry’s data. Compared to other industrial ligatures, the addition
of an additive such as CaO remains dominant in the attack in the Bayer process [17].
The addition of lime partly promotes the reactionwith silica in the bauxite andprevents
the formation of sodium silicate [18, 19].

One of the important factors for its use is that it is produced in the world in huge
quantities and even currently in Guinea and its cost, apparently, is lower than others.
Currently, the only processing plant in Guinea does not use CaO for attack and the
temperature remains low 108 °C for an average yield of 88% and it only uses bauxite
from the Fria’s deposit [20].

Looking out the immense bauxite resources in Guinea, the intensification of on-site
bauxiteprocessing is crucial,which requires a lower-cost butprofitableupgradingprocess.

The objective of this study is therefore to improve the leaching efficiency by the
Bayer process by using a low temperature and additive (CaO), which would consid-
erably reduce the production costs of alumina in Guinea in particular and in the large
plants around the world where Guinean bauxite is used as raw material.

7.2 Data and methodology

Three samples were used for analysis and were identified as follows: LMG, SMG, and
Fria Bauxite (BF) respectively. All three types of bauxite come from the Boke province
in the Republic of Guinea. The LMG and SMG samples were taken at the Guinea Bauxite
Company (CBG) plant in Kamsar precisely at corner tower number 10 (TA10) where the
sample is automatically taken every 6 min and then sent to the Kamsar laboratory. The
BF sample was taken from the entire surface of the strip every hour by a sampler at the
Rusal Friguia plant.

In order to obtain the quicklime necessary for the attack, we took and treated
calcium carbonate CaCO3 from Souguéta, region of Kindia.

To prepare the lime,we proceeded as follows: The bauxite sampleswere crushed to
grain sizes of 0.7 and 0.1 mm (indicate the characteristics of the mill) and dried for
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35min at a temperature of 300 °C in a kiln. Theywere then calcined for 2 h 30min, 3 and
6 h at 1030 °C to eliminate the CO2 while observing the evolution of the CaO content.

The method of attacking the bauxite’s samples was as follows:
The bauxite samples were dried in a kiln at 100–150 °C for about 2 h in the

laboratory of the Technology Department of Rusal Friguia after quarrying three
consecutive times, then crushed to 2.5 mm grain size before determining: Al2O3mae

(maximum extractable alumina), SiO2mae (maximum extractable silica), Al2O3T (Total
Alumina), SiO2T (Total Silica) and Fe2O3T (Total Iron).

The different weights of bauxites to be attacked were determined by Formula (7.1)

Pbxt = CLA × (Rpv − Rpla) × 100
%Al2O3mae + (Rpla  ×  Rpv) ×%SiO2mae

(7.1)

where:
– CLA is a concentration of leaching liquor (g/l);
– Rp-v is a target weight ratio;
– Rpla is a weight ratio leaching liquor.

Bauxite leaching is an endothermic reaction that takes place under atmospheric
pressure. The aim is to dissolve the alumina from the bauxite in the caustic alkali liquor
to form aluminate liquor in order to isolate the alumina (simple body) in liquid form
from the heterogeneous bauxite mixture [13, 21].

The established leaching conditions are as follows: granulometry-2.5mm for Fria’s
bauxites sand, and 1 mm for LMG and SMG respectively; temperature-107 °C; dwell
time-1.5 h; concentration-190 g/l; Rp-v target weight ratio-1.055.

During the attack, we added for each type of bauxite a quantity of CaO according to
the percentages (0, 0.3, 0.5, 1, 3, and 6% respectively) of the weight of the bauxite.

After the attack, we determined the following values: the weight ratio, the caustic,
and the silica in the liquor.

The sand was washed and dried at 100 °C for 1 h 30 mn and then analyzed. The
suspension was diluted with the water used to wash the sand. This suspension is sent
for dessilication. During dessilication at about 3 h, 100 ml was taken to make the dry
matter. At the end of the dessilication, a quantity of the suspension was taken and
analyzed in order to determine the Rp (Al2O3/Na2O), caustic and silica in the liquor.

To facilitate the settling, we have added a flocculent Hx400 which volume is
calculated as follow:

Vfloc = Ms × Vsup × Dosing
Cfloc × 1000

(7.2)

– Vfloc – Volume of the flocculent prepared (ml),
– Ms – Dry suspension materiel to be analyzed (g/l),
– Dosing – Determination of the suspension by the flocculent (g/t),
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– Cfloc – Concentration of the prepared flocculent (g/l),
– Vsup – Suspension volume.

This volume obtained corresponds to the quantity of flocculent that must be used for
the settling of fine mud particles. This flocculent will be injected twice at equal
volumes, after the first one we stirred from bottom to top with a manual stirrer, this
setting corresponds to the quantity of flocculent which arrives in the caisson. The final
stepwas the determination of the attack yield from the chemical analysis of the bauxite
before leaching, and the analysis of the mud and sand by means of the following
formulas:

R, sand = ( 1−Al2O3sand × FeO3T
Al2O3T × FeO3sand

) × 100 (7.3)

R, mud = ( 1−Al2O3mud × FeO3T
Al2O3T × FeO3mud

) × 100 (7.4)

7.3 Results and discussions

7.3.1 Preparation of samples

The results of the calcination of calcium carbonate are shown in Tables 7.1 and 7.2.
From these tables, with a grain size of 0.1 mm and a calcination time of 6 h, we obtain a
content of 6.41% CaO compared to the grain size of 0.75mm,which explains the choice
of CaCO3 dosage with the grain size of 0.1 mm. During calcination the crude dolomite
releases CO2 to form a refractory material which contains 52–61% CaO and 35–38%
MgO.

Table .: CaCO dosage with a grain size of . mm at a temperature of  °C.

Samples    Initial

Time of calcination  h  min  h  h –
Hydrochloric acid volume (ml) . . . .
%CaO . . . .

Table .: CaCO dosage with a grain size of . mm at a temperature of  °C.

Samples    Initial

Time of calcination  h  min  h  h –
Hydrochloric acid volume (ml) . . . .
%CaO . . . .
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7.3.2 Chemical analysis of samples before leaching

The chemical analysis was carried out by X-ray fluorescence (XRF) in order to deter-
mine the extractable maxima of alumina and silica as shown in Table 7.3. For this
purpose, we took the average of three attempts for each type of bauxite. According to
the results (Table 7.3), it can be seen in theory that the percentage of extractable
alumina ismuch higher in Fria and LMGbauxite (94 and 97% respectively). SMG shows
89% compared to total alumina.

7.3.3 Analysis of the bauxite leaching

The reaction of the leaching is expressed by the chemical equation below

Al(OH)3 + NaOH⇌ Na[Al(OH)4 ] + Q

In direction 1, the reaction is endothermic: it is the reaction of the leaching. In direction
2, it is exothermic: it is the opposite reaction used in decomposition.

In the first case, we obtain from the alumina contained in the bauxite and caustic
alkali, an aluminate solution (Na[Al(OH)4]) with water. In the second case, we disso-
ciated the sodium aluminate into tri-hydrated alumina (Al2O3 3H2O) and caustic alkali
(NaOH). The operations that take place during the leaching have a great influence on
the production circuit. It is from the etching operation that we look for the best leaching
efficiency and productivity in the manufacturing process.

The weight ratio (Rp) is one of the parameters that influence the leaching opera-
tions. It is determined in relation to the weight of alumina and weight of caustic soda
per liter of liquor. Figure 7.1 shows the evolution ofweight ratio. If this ratio is lower, the
less alumina there is in the liquor. On the other hand, the ratio is higher and approaches
the Rp-v (see Figure 7.1). From Figure 7.1, if the alumina content is high, it is generally

Table .: Results of bauxite analyses before the attack.

Samples

Chemical Composition (%) LMG SMG Bauxite Fria

AlOmae . . .
SiOmae . . .
AlO T . . .
SiO T . . .
TiO T . . .
FeO T . . .
VO T . . .
PO T . . .
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between 0.50 and 0.65 for the leaching liquor. Industrial and laboratory experience
showed that one should not get too close to the Rp-v otherwise one will lose yield.
Again from Figure 7.1, the graph showed us peak points close to the Rp-v which is 1.05
for the three samples.

The silica contained in the three types of bauxite exists in two forms: free silica and
combined silica (about 2/3 of the total silica). The free silica or quartz is not attacked by
the sodium liquors in the current temperature conditions (108 °C) at Fria and therefore
remains with the residues. During the attack at 108°, a large part of the kaolinite dis-
solves,making its alumina and silica elements pass into solution. In order to prevent this
silica from reappearing with the alumina on decomposition, it is made to reappear in
solid form sodium silico aluminate (NaOAl2O3, 2SiO2, H2O) on dessilication. Figure 7.2
shows the SMG-Silica content (%). From Figure 7.2, we observe a gap between the silica
leaving the attack and the dessilication. Additionally, a considerable decrease in the
quantity of silica in the solution andeachadditionofCaOgives an increasingappearance
to the curve in general. The free silica is unevenly distributed between the sands and the
muds. We have about 3% in the muds and 0.2–0.3% in the sands.

7.3.3.1 Leaching efficiency

The analysis of the leaching efficiency is based on the sand and mud residues which
allow us to determine the total leaching efficiency in %. According to our

Figure 7.1: The evolution of weight ratio.
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experiments, the sand and mud residues which have been dried then crushed, and
analyzed with a spectrometer (Tables 7.4 and 7.5) show a higher concentration of
alumina and silica in the sand residues than in themud. The leaching efficiency, sand
andmud determined by Formulas (7.2) and (7.3) vary according to the addition of CaO
(Tables 7.4 and 7.5). The total leaching efficiency shown in Table 7.6, shows that
adding 1% CaO for LMG bauxite, and 0.5% CaO for Fria’s bauxite gives a better
leaching efficiency of 87.15, 89.01 and 89.0% respectively. Seventy four percent
compared to the others, the leaching efficiency increases up to a certain level of CaO
addition and we generally find that a further increase after this point decreases the
leaching efficiency, and each type of bauxite is subject to a leaching efficiency
variation depending on its characteristics (see Table 7.7).

For SMG bauxite, the leaching efficiency is not so considerable with the addition of
3% as we would have wished; which explains the particularity of processing these
types of bauxites according to their mineralogical analyses contain boehmites at a
percentage of more than 3%. In general, even with alkalis are very difficult to process.
The loss of alumina is partly due to the presence of boehmite and alumino goethite [19,
22–24].

With our experimental parameters, we had a 2.4% gain in leaching effi-
ciency (from 84.68 to 87.15%) at 108 °C. If we increase the temperature to 235 °Cwhich
is recommended by the Kamsar laboratory (СBG) for the treatment of these types of
bauxite, we can have an average leaching efficiency of 93%, so an increase

Figure 7.2: The SMG-Silica content (%).
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Table .: Result of the analysis of mud with and without lime addition (CaO).

Types of bauxite %CaO Chemical Elements (%) Leaching
efficiency (%)

AlO SiO TiO FeO VO PO

Standard metal grade % . . . . . . .
.% . . . . . . .
.% . . . . . . .

% . . . . . . .
% . . . . . . .
% . . .  . . .

Low mono grade % . . . . . . .
.% . . . . . . .
.%  . . . . . .

% . . . . . . .
% . . . . . . .
% . . . . . . .

Bauxite fria % . . . . . . .
.% . . . . . . .
.% . . . . . . .

% . . . . . . .
% . . . . . . .
% . . . . . . .

Table .: Result of the analysis of sands with and without the addition of lime (CaO).

Types of bauxite %CaO Chemical Elements (%) Leaching
efficiency (%)

AlO SiO TiO FeO VO PO

Standard metal grade % . . . . . . .
.% . . . . . . .
.% . .  . . . .

% . . . . . . .
% . . . . . . .
%  . . . . . .

Low-mono grade % . . . . . . .
.% . . . . . . .
.%  . . . . . .

% . . . . . . .
% . . . . . . .
% . . .  . . .

Bauxite fria % . . . . . . .
.% . . . . . . .
.% . . . . . . .

% . .  . . . .
% . . . . . . .
% . . .  . . .
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in energy cost allows to gain a leaching efficiency of 8.3%. However, with the addi-
tion of CaO obtained from Sougueta limestone for this temperature of 235 °C and an
addition of 3% CaO, we can improve the leaching efficiency up to 95–96% which
allows to save energy; because to wait for this level of leaching efficiency (according
to Fedeev), we need a temperature of 260 °C and the addition of CaCO3 as an additive.

For LMG bauxite, the leaching efficiency is less significant with the addition of 1%
for a yield of 89.01% compared without the addition of CaO (87.26%). So a gain of 1.8%
for LMG bauxites. In general, the Kamsar laboratory offers mills an leaching temper-
ature of 143 °C for an average yield of 90%. We find that from our study, we can reach
92% yield with 143 °C, LMG bauxite can be processed in the leaching conditions of the
Fria plant because it contains little boehmite. So with a temperature between 105 and
143 °C, we can have an improved yield and save energy.

FB is in general gibbsite. According to our experimental parameters, we can
improve the leaching efficiency with the addition of 0.5% CaO for a gain of 1.7%
(88.06–89.74%).

Table .: Total leaching efficiency.

Total leaching efficiency (%)

Types of bauxite Standard metal grade Low-mono grade Bauxite fria

%CaO % . . .
.% . . .
.% . . .
% . . .
% . . .
% . . .

Table .: Technological parameter to be proposed.

SMG LMG FRIA

Grain size (mm)   .
Concentration (g/l)   

Temperature (°C)   

Residence time (h) . . .
Target weight ratio . . .
%CaO by weight of bauxite   .
Expected leaching efficiency (%)   .
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7.4 Conclusion

Guinea has a rich and very varied bauxite potential and its treatment attracts
Geoscientists attention. The objective of this study is therefore to improve the attack
efficiency by the Bayer process by using a low temperature and additive (CaO).

The results of this study confirm an improvement in the extraction yields.
Additionally, it shows an increase in yields of two points when the lime dosage is low,
and between 0.5 and 3% of the bauxite weight. Based on the mineralogical and
chemical composition findings, minerals contain of SMG bauxites are difficult to
decompose while BF bauxites are easy to process. Sougueta limestone was used for
testing. After calcination,we obtained CaOadded at a rate of: 0.3; 0.5; 1; 3 and 6%of the
bauxite weight to finally obtain the highest leaching efficiency compared to the
leaching efficiency of bauxite without addition. The best leaching rate obtained for
LMG, SMG and BF are respectively: 89.01, 87.15 and 89.74% for additions of 1, 3 and
0.5% CaO respectively.

From the overall results of this study, we can conclude that the addition of CaO
influences the attack yield, and allows obtaining a yield of more than 2% on average.
The other advantage of adding CaO is that, it is currently produced in large quantities
around theworld and is cheaper. In addition, production has already started in Guinea.
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Abstract: Shrimps, includingPestarella tyrrhena, are highly susceptible to deterioration
whereas odour production has been indicated as one of the factors determining the
perishability and bait potential of shrimps. In this study, volatile components generated
from fresh egg, adult female and male of P. tyrrhena were assessed using two-
dimensional gas chromatography coupled to time-of-flight mass spectrometry to
understand their contribution to odour production. Alkenes, alkynes, alcohols, alde-
hydes, a ketone, acids, esters, an amine, sulphur-containing and miscellaneous com-
pounds were detected. Meanwhile, adult females and males of P. tyrrhena had a higher
number of these volatile compounds. The detection of 2-methyl propan-1-ol with pun-
gent odour only in the male sample of P. tyrhenna suggests that the male of this shrimp
speciesmay not completely attract fishes to hooks. Overall, the study established shrimp
developmental stage and sex as additional factors influencing the production of volatile
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8.1 Introduction

Crustaceans, one of the two broad classes of shellfish [1] and an extremely diverse
group of aquatic animals with 40,000–60,000 species [2], include shrimps with over
300 species [1, 3, 4]. Generally, shrimps are one of the most vital classes of aquatic
products in the global fishery trading communities [5] and are essential fisheries re-
sources which can have strong ecological effects on benthic communities [6]. Shrimp
aquaculture, with both nutritional and economic importance, is, however, more
commonly practiced in tropical countries [7].

Among these and in the Mediterranean is Pestarella (=Callianassa) tyrrhena
(Petagna, 1972) found in the east Atlantic [8]. It is the most encountered thalassinidean
shrimps (Family: Callianassidae) in the sandy and muddy substrates of the lower
intertidal and shallow subtidal zones [8–10]. Thalassinidean shrimps, which include
Pestarella tyrrhena, have been indicated as one of the most effective bioturbating
groups of macrofaunal organisms that has affected the benthic environment in no
small measure [11].

As affirmed in the literature, P. tyrrhena is a sediment-processing deposit-feeding
thalassinid shrimp [11–13] which feeds primarily on detritus encountered in the course
of its burrowing activities [13]. The burrowing activity of this group of thalassinidean
shrimps which greatly affects the chemical/geophysical properties of sediments has
attracted special focus on them and are now regarded as important environmental
engineers [8].

On the other hand, the growing global demand for seafood has led to the growth of
commercial fishing as an industry [14] and recreational fishing has also contributed to
fishing activities in several parts of the world [15]. For these two fishing activities,
i.e., commercial and recreational fishing, Schram and Klien [16] recorded the use of
P. tyrrhena as bait. Largely, the type of bait is considered a factor in assessing species
diversity, population and fishing efficiency [17, 18]. Bait, according to Karunanithi et al.
[19], also determines the quality and number of fish caught when traps are used.

As a good bait, among other attributes, must have a distinctive odour to attract fish
to the hook [18, 20] and shrimps, on storage, are prone to deterioration/microbial
spoilage [21], this research was aimed at evaluating the contribution of volatile com-
ponents from fresh egg, adult female andmale ofP. tyrrhena to odour productionwhich
may influence their acceptability and effectiveness as fishing bait. This involved the
use of two-dimensional gas chromatography (GC × GC) coupled to time-of-flight mass
spectrometry (TOF MS). The investigation became needful as: (1) Kumar et al. [18]
reported the need for alternative baits to edible fishes to reduce fishing pressures on
these fish species, (2) some local fishermen use shrimp as bait to catch eels [22], (3)
Dayal et al. [23] noted that shrimps have a neutral flavour and (4) flavour, which
depends on the attributes of associated volatile compounds, determines food accept-
ability and quality [24–26].
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8.2 Materials and methods

8.2.1 Preparation of samples

Fresh egg, adult female and male samples of P. tyrrhena were purchased at the Doula
fishing seaport and transported immediately in an icebox containing ice to the labo-
ratory. They were cleaned and subjected to soxhlet extraction to obtain the lipid.

8.2.2 Volatile components and fatty acid methyl esters analysis

Saponification of theobtained lipidwascarriedoutby refluxingwithKOH/EtOH, followed
by conversion to methyl esters by reaction with methanolic HCl (hydrochloric acid in
methanol). Analysis of the shrimp samples’ volatile components was achieved using a
modified Agilent 7890A GC system coupled to a LECO Pegasus 4D Time of Flight mass
spectrometer (LECO Corporation, USA). A GC × GC modulator, secondary oven (LECO
Corporation, USA) and a split/splitless inlet Rxi-5 SilMS (29.5 m × 0.25 mm × 0.25 um) was
used as the primary column whereas the secondary column was Rxi 17 Sil MS
(0.95 m × 0.25 mm × 0.25 um; Restek, USA). The used carrier gas was helium (flow rate:
1 mL/min). The ovenwas set to 40 °C for 30 s, ramped at 10 °C/min to 250 °C and then held
for 30 s at 250 °C. Transfer line and source temperatures of the mass spectrometer were at
250 °C.

Estimation of percentage peak areas of eluted volatile compounds from the
P. tyrrhena samples was carried out using ChromaTOF software (LECO, USA) whereas
their identification involved the use of the mass spectral database in the NIST, Adams
and EO libraries. A similarity match of ≥70%was adopted as the criterion for assigning
a name to a compound [27].

8.2.3 Statistical analysis

A readily available bioinformatics web tool, Venn diagram (http://bioinformatics.psb.
ugent.be/webtools/Venn/) [27], was used in evaluating the relationship between the
volatile components detected in the shrimp samples. Thereafter, percentage peak areas
of the eluted compounds were computed and presented statistically.

8.3 Results and discussion

Volatile compounds are key components of food flavour [26] and contribute to odour
attributes [28]. Results of the Venn diagram constructed (Figure 8.1) showed a total
number of 12 similar volatile components in the three samples, with zero (0), five (5)

8.3 Results and discussion 97

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



and eight (8) unique volatile compounds in the fresh egg, adult female and male of
P. tyrrhena, respectively. With respect to the detected compounds in the egg sample, it
also revealed that female andmale P. tyrrhena samples have more volatile compounds
in common. This indicates that the developmental stage of the shrimp influenced the
production of volatile compounds and explains the higher number of volatile com-
ponents recorded in the adult shrimp samples.

Generally, assessment of the distribution of volatile components in the three
samples (fresh egg, adult female and male of P. tyrrhena) revealed the detection of
alkenes, alkynes, alcohols, aldehydes, a ketone, acids, esters, an amine, sulphur-
containing and miscellaneous compounds (Table 8.1).

Most of these detected compoundswere found in themale shrimp species (82.86%)
(Figure 8.2) and indicates the sex of shrimp as another determining factor in the
production of volatile compounds by shrimps. According to Adebo et al. [26], only a
portion of the numerous volatile compounds in food enhances its flavour/aroma.
Distinctively, among the volatile compounds detected in the shrimp samples, Tylewicz
et al. [35] identified only alcohols, carbonyl compounds (aldehydes and ketones),
acids, esters, amines and sulphur compounds as part of the key aroma compound
classes. Hence, male P. tyrrhena with the overall highest number of these specific
volatile compounds and the highest percentage of detectable volatile components

Figure 8.1: Venn diagram showing the relationship between the volatile components obtained from
the GC × GC-TOF-MS analysis of fresh egg, adult female and male of Pestarella tyrrhena.
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Table .: Detected volatile components in the fresh egg, adult female andmale samples of Pestarella
tyrrhena.

Name Chemical
formula

Egg Female Male Odour
descriptor

References

Alkenes
-Bromocyclohexene CHBr √ √
E,E−-methyl-,-hexadiene CH √ √
-(Azidomethyl)cyclohexene CHN √ √
,-Dioxatricyclo[...,]dec-
-ene, -methyl-

CHO √ √ √

Alkynes
-Cyclopropyl--butyne CH √
-Methyl--hexyne CH √
-Chloro--methyl--octen--yne CHCl √ √ √
Alcohols
,-Dichloro--propanol CHClO √ √ √
-Chloro--iodo--propanol CHClIO √ √ √
-Methylpropan--ol CHO √ Solvent like,

malty,
pungent

[, ]

Aldehydes
Methylene-cyclopropanal CHO √
,-Hexadienal CHO √
Ketone
Oxacyclododec--en--one, (Z)- CHO √
Acids
-Methylpentanoic acid CHO √ √ √
-Hydroxy-(z,z)-
,-dodecadienoic acid

CHO √

Esters
Acetic acid, methyl ester CHO √ Fragrant, fruity []
Hexanoic acid, methyl ester CHO √ √ Fruity, sweet []
Ethanol, ,′-oxybis-, diacetate CHO √ √
Methyl-(R)-(−)--oxo-
-propylpentanoate

CHO √ √

Nonanoic acid, methyl ester CHO √ √ Fruity, sweet,
pear

[]

Decanoic acid, methyl ester CHO √ √ Fresh, herbal,
humidity

[, ]

(,-Hexadienylthio)-
dimethylmalonate

CHSO √

Methyl -deuterio--(trideuter-
iomethyl) undecanoate

CHDO √ √ √

-Tetradecynoic acid, -methyl-,
methyl ester

CHO √ √ √

Amine
N-nitrosodimethylamine CHNO √ √ √
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would have the most distinguished flavour/aroma as Adebo et al. [26] also linked the
flavour of food to the number/quantity of volatile components.

As indicated in Spurvey et al. [36], hydrocarbons (which include alkenes and
alkynes) may be generated from lipid autoxidation processes involving alkyl radicals

Table .: (continued)

Name Chemical
formula

Egg Female Male Odour
descriptor

References

Sulphur-containing compounds
Methanesulfonyl chloride CH₃SO₂Cl √ √ √
Methane, sulfonylbis- CHOS √
Bis(-furfuryl)disulfide CHOS √ √
Miscellaneous compounds
,,-Triazine CHN √ √
-Pyrrolidinone-,-d CHDNO √
Pyridine CHN √ √ √
Pyridinium perchlorate CHClNO √ √ √
(H) Benzene CH √ √ √
H-Tetrazol--one, -
(-cyclohexen--yl)--
(,-dimethylethyl)-,-dihydro-

CHNO √

,-Dioxolane, -methyl--
(-methyl--methylenepentyl)-

CHO √

Figure 8.2: Percentage of all volatile components obtained from the fresh egg, adult female andmale
of Pestarella tyrrhena.

100 8 Pestarella tyrrhena volatile components

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



or via carotenoids decomposition. Generally, they (i.e., hydrocarbons) present little
contribution to overall flavour/aroma/odour [37–41]. Thus, the varied levels of alkenes
and alkynes in the investigated fresh egg, adult female and male P. tyrrhena samples
(Figure 8.3) would have a less significant impact on the flavour/aroma/odour of this
shrimp.

Figure 8.3: Relative abundance with respect to the peak area of volatile components (including fatty
acid methyl esters) obtained from fresh egg, adult female and male of Pestarella tyrrhena samples.
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Tylewicz et al. [35] noted that alcohols may be generated frommetabolic pathways
involving carbohydrates or amino acids, reduction of carbonyl group (aldehyde or
ketone), and oxidation of long-chain polyunsaturated fatty acid (PUFA). Most times,
they have fragrant, planty, rancid and earthy odours [36]. Zhang et al. [42] added that
unsaturated alcohols generally have more influence than saturated alcohols and may
affect food flavour greatly. In the current study, all the three (egg, female and male)
samples of P. tyrrhena gave 1,3-dichloro-2-propanol and 1-chloro-3-iodo-2-propanol as
part of their volatile constituents with the highest concentrations in the egg samples
(Figure 8.3). Notwithstanding, only the male sample produced 2-methyl propan-1-ol
with solvent-like/malty/pungent odour [29, 30] (Table 8.1). This implies that the use of
male P. tyrrhena as a fishing bait might not completely attract fishes to hooks.

Meanwhile, carbonyl compounds which include aldehydes and ketones [35] are
most times associated with a “fishy” odour [43]. In line with Zhuang et al. [24], alde-
hydes, important odour compounds of aquatic products, could result from the
degradation of lipid oxidative and amino-acid Strecker reaction. In addition, Tylewicz
et al. [35] noted that most of them have a fruity or floral aroma. The two aldehydes
(methylene-cyclopropanal and 2,4-hexadienal) detected in the investigationwere from
the female shrimp species (Table 8.1). This detection of 2,4-hexadienal in female
P. tyrrhena substantiates the release of a fatty and floral/fruity note from this shrimp
typical of 2,4-alkadienals which are indicated to be from PUFA n − 6 [43].

Zhuang et al. [24] affirmed the report that ketones are mostly derived from thermal
oxidation of PUFA, amino acid degradation, or Maillard reaction. Ketones containing 5–13
carbon atoms most times give fruity or musty notes whereas those with a lesser number of
carbon atoms present a buttery flavor [35]. Oxacyclodocec-10-en-2-one was only detected in
male P. tyrrhenawhichmay contribute to the fruity note of this shrimp as Spurvey et al. [36]
pointed out that ketones contribute to the sweet floral and fruity flavours of crustaceans.

Furthermore, organic acids, according to Tylewicz et al. [35], are one of the key
groups of compounds that give rise to odour. They, i.e., Tylewicz et al. [35], explained
thatmost fatty acids are generated via enzymatic or chemical lipid hydrolysis; whereas,
short-chain linear or branched fatty acids are usually from amino acids or carbohy-
drates metabolism. Wu et al. [37] also indicated that microbial oxidation of aldehydes
can give rise to branched-chain carboxylic acid. This suggests that 2-methyl pentanoic
acid identified in all the samples (Table 8.1) with the highest concentration in the egg
sample (Figure 8.3) is either from the microbial oxidation of an aldehyde or amino
acids/carbohydrates metabolism. Nonetheless, 11-hydroxy-(3z, 6z)-3,6-dodecadienoic
acid was only detected in male P. tyrrhena (Table 8.1).

Several authors like Tylewicz et al. [35], Odukoya et al. [41], Tao et al. [44], Pugliese
et al. [45] and Xu et al. [46], among others, have established that esterification reaction
between carboxylic acids and alcohols produces esters. These esters usually give rise to
the aroma with fruity or floral notes [26, 35, 37, 46]. They, i.e., esters, including methyl
esters, were the most abundant class of compounds detected in the assessed fresh egg,
adult female and male P. tyrrhena samples (Figure 8.4).
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From literature, the detection of acetic acid methyl ester in female P. tyrrhena
would give a fragrant/fruity note [31] whereas hexanoic acid and nonanoic acidmethyl
esters in the adult shrimp samples produced a fruity/sweet note [32]. Interestingly,
concentrations of some esters were also recorded in the egg samples (Figure 8.3).

As reported by Tylewicz et al. [35], volatile/non-volatile amines are usually
generated via the decarboxylation of amino acids arising from proteolysis in which
volatile amines mostly have alcoholic, fruity or vanishy odour. N-nitrosodimethyl-
amine, a carcinogen [41], was the only amine detected in the three samples and
P. tyrrhenamale sample had the highest concentration (Figure 8.3). This revealed that
direct consumption of the shrimp, particularly the male species, may affect human
health.

Figure 8.4: Percentage of the volatile components obtained from Pestarella tyrrhena samples.
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On the other hand, sulphur-containing compounds, important odour-active compo-
nents [24], are regarded as the most important contributors to the odour of shellfish
alongside aldehydes, ketonesandnitrogen-containing compounds [36]. Theyplaya role in
the generation of desirable/undesirable aromas [36] and are from the production and
degradation routes of sulphur amino acids [35]. The number of these sulphur-containing
compounds in P. tyrrhena samples was found in the order: male > female > egg. None-
theless, female P. tyrrhena had the overall highest detection level of volatile compounds
(aldehydes, ketone, nitrogen and sulphur-containing compounds) regarded as the most
important contributors to theodour of shellfish followedby themale species. This revealed
that male P. tyrrhena, though with a higher number of miscellaneous compounds
(Table 8.1), is a better fishing bait than the female shrimp.

8.4 Conclusion

GC × GC-TOF-MS techniquewas used in providing a comprehensive understanding of the
volatile components produced from P. tyrrhena. The investigation identified important
odour active compounds in the fresh egg, adult female andmale samples of this shrimp. It
revealed that shrimps’ (in this case P. tyrrhena) developmental stage and sex are two
additional factors that will influence the production of volatile compounds and their
flavour/aroma/odour. Based on odour production, the study also pinpointed adult males
tobeabetterfishingbait than the femalebut its success rate/suitability still dependson the
type offish. To ensure food safety andprotection of human lives, efforts should bemade to
apply appropriate processing methods to shrimps for direct human consumption or fish
farming to avoid possible exposure to carcinogenic N-nitrosodimethylamine.
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9 Quadrupole inductively coupled plasma
mass spectrometry and sector field ICP-MS:
a comparison of analytical methods for the
quantification of As, Pb, Cu, Cd, Zn, and U in
drinking water

Abstract: A comparison was carried out between quadrupole inductively coupled
plasma mass spectrometry (ICP-QMS) detection and sector field ICP-MS (ICP-SFMS)
detection for quantification of elements such as arsenic (As), cadmium (Cd), copper
(Cu), lead (Pb), zinc (Zn), and uranium (U) in drinking water. A drinking water sample
obtained from the International Atomic Energy Agency was used for validation mea-
surement methods. ICP-QMS and ICP-SFMS obtained recoveries of 95–107% and 95–
105%, respectively. Moreover, the relative standard deviation for ICP-QMS was <5% in
comparisonwith ICP-SFMS, whichwas <2%. The limits of detection obtained in ICP-MS
and ICP-SFMS for each element were under ng L−1, except for Zn. Both methods were
applied to evaluate these elements in drinking water for consumption in Mexico. Ac-
cording to Mexican Regulation for Human Drinking Water NOM-201-SSA1-2015 and
Environmental Protection Agency (EPA) from the United States, the values are within
the allowable limits. In conclusion, ICP-QMS and ICP-SFMS are excellent choices for
measurements of these toxic elements in water samples because of high precision and

*Corresponding author: Héctor Hernández-Mendoza, Instituto de Investigación de Zonas Desérticas,
Universidad Autónoma de San Luis Potosí, Altair 200, ZP 78377, San Luis, San Luis Potosí, México; and
Universidad del Centro de México, Capitán Caldera 75, ZP 78250, San Luis, San Luis Potosí, México,
E-mail: hector.mendoza@uaslp.mx
Nancy Lara-Almazán and Abraham Kuri-Cruz, Laboratorio Nacional de Investigación en Forense
Nuclear, Instituto Nacional de Investigaciones Nucleares, Carretera México-Toluca S/N km 36.5, A.P.
18-1027, La Marquesa, ZP 52750, Ocoyoacác, México
Elizabeth Teresita Romero-Guzmán, Laboratorio Nacional de Investigación en Forense Nuclear,
Instituto Nacional de Investigaciones Nucleares, CarreteraMéxico-Toluca S/N km36.5, A.P. 18-1027, La
Marquesa, ZP 52750, Ocoyoacác, México; and Departamento de Química, Instituto Nacional de
InvestigacionesNucleares, CarreteraMéxico-Toluca S/N km36.5, A.P. 18-1027, LaMarquesa, ZP 52750,
Ocoyoacác, México
María Judith Ríos-Lugo, Unidad de Posgrado, Facultad de Enfermería y Nutrición, Universidad
Autónoma de San Luis Potosí, Avenida Niño Artillero 130, ZP 78210, San Luis Potosí, San Luis Potosí,
Mexico

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
H. Hernández-Mendoza, N. Lara-Almazán, A. Kuri-Cruz, E. T. Romero-Guzmán, and M. J. Ríos-Lugo “Quadrupole
inductively coupled plasma mass spectrometry and sector field ICP-MS: a comparison of analytical methods for
the quantification of As, Pb, Cu, Cd, Zn, and U in drinking water” Physical Sciences Reviews [Online] 2021, 7.
DOI: 10.1515/psr-2020-0121 | https://doi.org/10.1515/9783110726145-009

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



accuracy in routine analysis minutes, while also exhibiting excellent precision and
accuracy in routine analysis.

Keywords: drinking water, ICP-QMS, ICP-SFMS, toxic elements

9.1 Introduction

Water has been essential for the development of civilizations. However, today there
is water crisis in the world; this is a reality due to lifestyle, population growth,
industrialization, urbanization, and intensification of agriculture [1–3]. The water
problem in several countries has focused on an irregular and unhealthy supply
[4, 5]. On the other hand, it is estimated that 20% of the world’s population face
water shortage and in the world that than million people die each year from
drinking contaminated water [6]. Moreover, the last report by the United Nations
World Water Assessment Programme (WWAP) mentioned that 768 million people
remain without access to water and 2.6 billion remain without access to adequate
sanitation. These show that countries or regions have absolute water scarcity, and
it could be considered that two-thirds of the world’s population could be living
under water-stressed conditions [7]. Moreover, today is considered one of the main
problems of humanity and one of the greatest challenges for different regions of the
world.

Humans need water in enough quantity and quality for consumption and in such a
way to avoid diseases. The intake of drinking water should be safe and the content of
toxic components must be frequently evaluated by each country. Water contamination
by microorganisms is the main route of contamination, followed by chemical and
radioactive contamination. Nevertheless, chemical contamination, especially with
metalloids and heavy metals such as arsenic (As), lead (Pb), Mercury (Hg), cadmium
(Cd), and uranium (U), has been highly toxic to human beings. These toxic elements are
evaluated in underground water, surface water, rainwater, and drinking water to avoid
diseases by its consumption [8–10].

The Environmental Protection Agency (EPA) from the United States has estab-
lished levels of metallic ion concentration in drinking water and the World Health
Organization (WHO) recommends these values [11, 12]. In the case of Mexico, Official
Mexican Standard NOM-127-SSA1-1994 set the permissible limits for quality and puri-
fication treatments, use and consumption by humans, as well as for all public and
private water supply systems [13], where the permissible limit values in the NOM-
127-SSA1-1994 for Cd and Hg are similar to those of WHO and USEPA, and Pb and As
have different values. Additionally, the NOM-127-SSA1-1994 shows the permissible
limit of U in terms of total activity.

On the other hand, analytical methods for measuring metal ions in water
samples are atomic absorption spectrometry (AAS), inductively coupled plasma
optical emission spectrometry (ICP-OES), inductively coupled plasma atomic emission
spectrometry (ICP-AES), and inductively coupled plasma mass spectrometry (ICP-MS)
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[14, 15]. ICP-MS is a technique more efficient in the analysis of metal ions at ultra-trace
levels in comparison with AAS, ICP-OES, and ICP-AES [16, 17].

The main characteristics of ICP-MS are [16] high sensitivity (sub ng or fg per
sample), good precision and accuracy (less than 5% in samples), multi-element
detection, and faster preparation of the sample. However, ICP-MS has some limitations
that can affect the measurement. These are isobaric and polyatomic interference,
where isobaric interference cannot be eliminated and reaction/collision cell technol-
ogy could be used to avoid polyatomic interference [18–20]. In addition, the sector
magnetic ICP-MS (ICP-SFMS) has shown more capacity to avoid the interferences of
atomic or molecular ions [21]. This is because of its three resolution modes [m/
Δm = ∼300, ∼4,000, and ∼10,000]. For this reason, ICP-SFMS is a choice for analysis of
heavy metals due to its high sensitivity, capability for interference-free analysis, and
precision when compared with the ICP-MS [22, 23].

This work was to perform a comparison between quadrupole ICP-MS (ICP-QMS)
and ICP-SFMS for the quantification of As, Cd, Cu, Pb, Zn, and U in drinking water.

9.2 Experimental

9.2.1 ICP-MS

Two different types of mass spectrometers were used for the analysis: ICP-QMS with
reaction cell technology (7700, Agilent Technologies, USA) and ICP-SFMS (Element
XR, Thermo Fisher Scientific, Germany). In ICP-SFMS, aqueous samples were intro-
duced in a continuous flow rate through an autosampler (CETAC ASX-520 Technolo-
gies, Inc., USA) and aMicroMist U-series nebulizer (Elemental Scientific Inc., USA). For
ICP-MS, samples were introduced using capillary tubing through a peripump intro-
duction system and a MicroMist Nebulizer.

9.2.2 Materials and reagents

Standard solutions of As, Cd, Cu, Pb, Zn, and U (1000 μg mL−1, SPEX CertiPrep) were
used for the preparation of calibration curves. Aliquots of these solutions were taken
and diluted with ultrapure nitric acid at 2% v/v, and high-purity water was used to
afore, thus obtaining a standard solution of 1000 μg L−1 and 10 μg L−1. The ICP-QMS
instrument’s conditionwas checkedwith amulti-element solution of 10 ± 0.05 μg L−1 of
Ce, Co, Li, Tl, and Y (Agilent Technologies, USA). For ICP-SFMS, tuning of instrumental
parameters was done using themulti-elemental XXIII standard (Ba, B, Co, Fe, Ga, In, K,
Li, Lu, Na, Rh, Sc, Y, Tl, and U; Merck, Germany), which has 1.0 ± 0.2 μg L−1.

Indium (In)was usedas an internal standard (1.0±0.2 μg L−1, SPEXCertiPrep).High-
purity water (>18MΩ-cm) and ultrapure nitric acid were used in the sample preparation.
Ar gas was used for the injection of samples (99.96%). All volumetric flasks that were
used in the preparation were of borosilicate glass, class A, blue graduated, with PP
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stoppers, and these were decontaminated with 10% HNO3 and high-purity water. A
sample of drinking water obtained from International Atomic Energy Agency (IAEA,
Interlaboratory comparisons: proficiency test IAEA-TEL-2015-01) was used as reference
material; it was refrigerated at 4 °C until analysis. Moreover, 24 water samples from three
companies in Mexico were collected between January and April 2015 (A=Bonafont,
B=Ciel, and C=Epura), and these samples were stored at room temperature.

9.2.3 Sample preparation

The analysis was performed in November 2015; the analysis sequence is shown in
Figure 9.1. The IAEA provided a plastic bottle with 500 mL of drinking water acidified
at pH 2 with suprapure nitric acid. Sample analysis was carried out in aliquots with a
final volume of 10 mL; these aliquots were measured in volumetric flasks, and 1 and
10 μg·L−1 of 115In were added with an internal standard in the analysis by ICP-SFMS
and ICP-QMS, respectively. The accuracy and precision criteria of the methods were
determined with IAEA drinking water, which was measured 10 times in each in-
strument. In addition, external calibration curves were prepared in triplicate for the
evaluation of the linearity of methods. The concentrations of the external calibration
curve for both instruments were 0.01, 0.1, 0.5, 1, 5, 10, 25, and 50 μg L−1. Two standard
solutions were prepared. S1 was prepared with a dissolution 1:1000 from
1000 μg mL−1 of As, Cd, Cu, Pb, Zn and U and standard S2 was prepared with a
dissolution 1:100 from the standard S1. Standard S1 was used for the preparation
calibration standards of 5, 10, 25, and 50 μg L−1, and standard S2 was used for the

Figure 9.1: Analysis sequence for ICP-QMS and ICP-SFMS (in each analysis, the sample introduction
system was washed for 2 min with 2% HNO3).

112 9 Quadrupole inductively coupled plasma mass sepctrometry

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



preparation calibration standards of the curve of 0.01, 0.1, 0.5, and 1 μg L−1. The final
volume of standard solutions and calibration standards was 100 mL at 2% v/v HNO3.

Drinking water samples A, B, and C were acidified with ultrapure nitric acid at 2%
v/v. Analysis was carried out in triplicate in both instruments in this study. Moreover,
reagent blanks (2%v/vHNO3) in volumetric flasks of 10mLwere prepared in each set of
measurements. Finally, a standard solution of 5 μg L−1 of As, Cd, Cu, Pb, Zn, and U was
used as quality control.

9.3 Results and discussion

Nowadays, methods developed to measure heavy metals in water are varied and show
good capabilities in the analysis at levels of under 10 μg L−1. Many of them use AAS or
ICP with versions (OES, AES, and MS). However, ICP-MS has high sensitivity, good
accuracy and precision, and quick sample preparation for multi-elemental quantifi-
cation [14–16]. On the other hand, when ICP-QMS is used to measure elements, it is
necessary to eliminate polyatomic interference from sample preparation, acidic water
impurities, andmemory effect by introduction system and deposit of salts on the cones
[23]. Moreover, there are also isobaric interferences (of isotopes with the same mass)
and doubly charged ion interferences in ICP-QMS.

Polyatomic interferences are common in the analysis of element traces by
ICP-QMS. Nevertheless, use of a collision reaction cell as the measurement mode in
ICP-MS eliminates or reduces such interferences [18–20]. In the case of ICP-SFMS,
polyatomic interference can be avoided through the selection of appropriate resolution
(LR, MR, and HR). On the other hand, mathematical correction has been frequently
used to reduce the interferences; these are automatic corrections in the software of
ICP-QMS and ICP-SFMS. However, in the case of drinking water, it is not necessary to
use additional mathematical correction because the concentration levels of heavy
metals and metalloids are low.

The following parameters were evaluated in the methods developed with
ICP-SFMS and ICP-QMS: (i) checking of the instrumental condition, (ii) linearity, LOD,
and LOQ, (iii) accuracy and precision, and (iv) uncertainty. Moreover, it should be
mentioned that these parameters were only evaluated in the development of the
methods and not during the drinking water analysis.

9.3.1 Measurement parameter optimization

Table 9.1 shows the instrumental conditions to measure As, Cd, Cu, Pb, Zn, and U by
ICP-SFMS and ICP-QMS. Tuning the ICP-SFMS parameters was performed in three
phases:
1. Mass adjustment in the instrument was done at low (LR), medium (MR), and high

(HR) resolution using themulti-elemental XXIII solution, and ICP-SFMS parameters
at LR were also optimized, obtaining maximum intensities of 7Li (1.7 × 105 cps), 115In
(1.2 × 106 cps), and 238U (1.6 × 106 cps).
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2. A stability assay was performed for 15 min to monitor the 115In and 238U; results
obtained were RSD < 2% for both elements.

3. 10 μg L-1 of all elementswas used to optimize the signal intensities in LR (111Cd, 208Pb,
238U, and 115In), MR (63Cu, 66Zn, and 115In), and HR (75As and 115In). Monitoring res-
olution of each analyte in the system turned out to be adequate to justify mea-
surements in the sample analysis.

Optimization of ICP-MS with the collision/reaction cell was performed automatically
with standard solution (7Li, 59Co, 89Y, 140Ce, and 205Tl) introduced through capillary
tubing, followed by adjusting hardware settings such as torch axis, pulse and analog
factor (P/A factor), plasma correction, resolution/axis, and electronmultiplier. Results
obtained were 31.5 × 103 cps for 7Li, 123.6 × 103 cps for 89Y, and 158.9 × 103 cps for 205Tl
with RSD of less than 2%. Collision reaction with He was used for the analysis of 63Cu,
66Zn, 75As, 115In, 208Pb, and 238U in drinking water

9.3.2 Linearity, LOD, and LOQ

The linear correlation coefficient (R2) for each analyte was over 0.999. The results
obtained for the limit of detection (LOD), the limit of quantification (LOQ), and R2 in
both ICP-MS are shown in Table 9.2. LODs and LOQs were calculated from reagent
blanks (n = 10) using Eqs. (9.1) and (9.2):

LOD = X + 3σ (9.1)

LOQ = X + 10σ (9.2)

whereX =mean of blank signals and σ= standard deviation corresponding to the blank
signals.

LODs were found in the order of ng·L−1, and better values of LOQs were obtained
with ICP-SFMS.

Table .: R, LOD, and LOQ for each analyte by ICP-SFMS and ICP-QMS.

Analyte R ICP-SFMS ICP-QMS

LOD (ng L−) ± u(rep) LOQ (ng L−) ± u(rep) LOD (ng L−) ± u(rep) LOQ (ng L−) ± u(rep)

As . . ± . . ± . . ± . . ± .
Cd . . ± . . ± . . ± . . ± .
Cu . . ± . . ± . . ± . . ± .
Pb . . ± . . ± . . ± . . ± .
Zn . . ± . . ± . . ± . . ± .
U . . ±. . ± . . ± . . ± .
TotalU . . ±. . ± . . ± . . ± .
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9.3.3 Accuracy and precision

Accuracy for the proposed methods was evaluated using the drinking water obtained
from IAEA as reference material. This reference material and quality control were re-
analyzed during the analysis of water samples (Figure 9.1). Subsequently, a statistical
analysis was performed on the results reported in the intercomparison to compare the
accuracy in ICP-SFMS and ICP-MS. In this analysis, the general means of the reference
values along with their respective uncertainty were considered. Individual results for
each element with their respective uncertainty value were also taken into account,
noting that accuracy in both methods has been similar. IAEA 2015 intercomparison
results are summarized in Table 9.3, where accuracy is expressed as the recovery
percentage of IAEA 2015 sample. Moreover, RSD was calculated during the analysis of
reference material. The RSD values were less than 5% for both ICP-SFMS and ICP-MS

9.3.4 Uncertainty

Table 9.4 shows the summary contributions to the measurement uncertainty of each
element. Uncertainty was measured according to the EURACHEM/CITAC guide [24].
The parameters that were considered in the calculation of measurement uncertainties
were main calibration curve-related (u(xsmpl ,y)), stock solutions of standards (u(std)),

sample preparation (u(smpl)), and repeatability (u(rep)). The combined uncertainty can
be calculated with Eq. (9.3):

u(c) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(u(xsmpl ,y))
2 + (u(std))2 + (u(smpl))

2 + (u(rep))
2

√

(9.3)

Table .: Results resume for As, Cd, Cu, Pb, Zn U, totalU and in a drinking water sample during the
international intercomparison test IAEA .

ICP-SFMS ICP-QMS

Analyte Assigned
value: IAEA,



(µg L−) ± U

Experimental
average value

(µg L−)
n =  ± U

%
Recovery

%
RSD

Experimental
average value

(µg L−)
n =  ± U

%
Recovery

%
RSD

As . ± . . ± . . . . ± . . .
Cd . ± . . ± . . . . ± . . .
Cu . ± . . ± . . . . ± . . .
Pb . ± . . ± . . . . ± . . .
Zn . ± . . ± . . . . ± . . .
U . ± . . ± . . . . ± . . .
TotalU . ± . . ± . . . . ± . . .

116 9 Quadrupole inductively coupled plasma mass sepctrometry

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



The standard uncertainty was calculated using the regression according to Eq. (9.4):

u(xsmpl ,y) =
SDxy

b
⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
p
+ 1
n
+ (xsmpl −xm)2

Qxx

√

(9.4)

where
– u(xsmpl ,y)=Standarduncertainty for the determination of the xsmpl concentration due

to the application of the determined calibration correlation.
– SDxy = Residual standard deviation.
– b = Slope.
– p = Number of measurements (repetitions) carried out for a given sample.
– n = Total number of standard samples used for the determination of the calibration

(number of points).
– xm = Mean value x.
– Qxx = Parameter calculated according to the relation described by Eq. (9.5):

Qxx = ∑
n

i=1
(xi − xm)2 (9.5)

The uncertainty of the standards S1 and S2 were calculated using the Eq. (9.6). This
uncertainty is combinedwith the uncertainty of each elemental concentrations given in
the certificates by themanufacturer (u(ele)) and uncertainty coming from the volumetric
flasks (u(vf)) and micropipettes (u(mp)) used for dilution.

ustd =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(u(ele)/Cele)2 + (u(vf )/V)

2 + (u(mp)/V)
2

√
xCstd (9.6)

where
– Cele = concentration of the element in the main stock solution (1000 mg L−1).
– Cstd = concentration of intermediate standard stock solution (1000 μg L−1 and

10 μg L−1).

Table .: Summary contributions to the measurement uncertainty.

Parameter As Cd ICP-SFMS As Cd ICP-QMS

Cu Pb Zn U TotalU Cu Pb Zn U TotalU

uð xsmpl ; yÞ . . . . . . . . . . . . . .
uð repÞ . . . . . . . . . . . . . .
uðsmplÞ . . . . . . . . . . . . . .
u(std) . . . . . . . . . . . . . .
uð cÞ . . . . . . . . . . . . . .
U . . . . . . . . . . . . . .
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The Eq. (9.7) was used to calculate the uncertainty coming from the micropipettes as
well as the volumetric flasks.

u(vf )  or u(mp) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(u(vcal))2 + (u(vtem))2

√
(9.7)

where
– u(vcal) = volumetric calibration standard uncertainty.
– u(vtem) =

T−T20∗α∗V̅
3

√ = standard uncertainty of the temperature effect.
– T = water temperature (°C) at the time of measurement.
– T20 = calibration temperature of the volumetric material.
– α = 0.00021°C−1 = coefficient of volume expansion of the water.

The uncertainty associated with sample preparation was calculated using Eq. (9.6),
which involves the volumetric flasks (u(vf)) (10mL or 1 L) andmicropipettes (u(mp)) used
for dilution to 2% with ultrapure nitric acid. Eq. (9.8) was used to calculate the un-
certainty from the micropipettes as well as the volumetric flasks.

usmpl =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(u(vf )/V)

2 + (u(mp)/V)
2

√
(9.8)

The uncertainty for all possible sources is included in the uncertainty repeatability, for
example contribution from parameters such as the placement of the measurement
instrument, operator skill, consistency in measurement, and purity of acid. Moreover,
the accuracy of calibration, stability, other temperature effects, and voltage drift
should be considered inmeasurements by ICP-MS. The RSD (s) of the repeatability data
represented the repeatability standard uncertainty, which was used to obtain the
repeatability standard uncertainty of the mean (9.9):

u(rep) = s
̅̅
n

√ (9.9)

The expanded uncertainty (U ) was obtainedwith Eq. (9.10), where coverage factor k = 2,
whichwas obtained from Student’s t-test values at a confidence level of 95% (Eq. (9.10)):

U = kuc (9.10)

9.3.5 Analysis of samples

Today, groundwater contamination with heavy metals is a major environmental
problem as they are toxic even at low concentrations. U is a radioactive element that
emits alpha particles, and when consumed in water even at low concentrations, its
toxicity can be similar to that of As, Pb, or Hg. Previous studies have shown that U as
well as As, Hg, and Pb have severe teratogenic effects [25–29]. The permitted levels of
these concentrations in drinking water are strict, withWHO recommending 30 μg L−1 of
U as a maximum allowed concentration level [11]. Natural U is a mix of three isotopes:
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234U, 235U, and 238U. The chemical behavior of these isotopes is similar, where any
combination of these produces the same effects. However, each of these isotopes has
different radioactive properties, which is why the percentage of these isotopes must be
determined [30, 31].

The presence of As in water has been a problem for many countries such as India,
Arabia, Egypt, Greece, Italy, Turkey, Indonesia, Nepal, Myanmar, Mexico, Pakistan,
Vietnam, Cambodia, and China, where high concentration of this element in ground-
water has been shown [32]. Moreover, it is estimated that 230million people worldwide
are exposed to concentrations of As by drinkingwater, and these levels of As exceed the
permissible limit recommended by the WHO, which is 10 μg L−1 for water intended for
human consumption. In comparisonwith As, Pb is considered byWHOas a cumulative
element toxicant, which can affect different organs of the human body, including the
nervous, digestive, circulatory, renal, endocrine, and osseous systems [27, 28]. On the
other hand, Pb has been long used in plumbing and soldering materials in closed
domestic water and sewer systems, making water the first exposure pathway in
humans [33].

Cd intake is usually less than 2 μg day−1 [34, 35]. WHO has considered extremely
low levels of Cd (0.003 mg L−1) in order to avoid possible health effects due to accu-
mulation especially in the kidney, liver, and bones. Long-term exposure to Cd could
cause cancer as well as cardiovascular and renal diseases [36].

Zn is considered relatively non-toxic to humans. The human body contains any-
where from 2 to 3 g of Zn, and nearly 90% of it is found inmuscles and bones, where its
main function is the transport of protein (albumin, α-microglobulin, and transferrin).
However, human health effects due to intake of Zn have not been reported [37]. On the
other hand, Cu exposure from consuming drinking water with a high concentration of
Cu could cause renal, cardiovascular, and neurological damage. Moreover, WHO has
recommended a limit of <2 μg mL−1 for Cu in drinking water [11].

Drinking water samples were compared with IAEA drinking water and quality
control (Figure 9.1). Results obtained from drinking water samples were good by both
methods (Table 9.5). In order to analyze the levels of Cu and Zn, the samples A, B, and C
were diluted 1:5. Table 9.6 shows the average of results obtained in drinkingwater from
both methods, which show that the bottled water from A has lower in comparison with
B and C, whereas there were no differences in the levels of Cd in any of the samples. Pb
concentration was higher in sample A. In the case of U, the concentration levels in
drinking water were higher in C samples. Moreover, according to the Mexican regu-
lation of drinking water or EPA, all samples were within the allowable limits.

On the other hand, results obtained in RSD in the analysis of IAEA drinking water
and quality control during the analysis sequence for both detectionmethodswere <5%.
Finally, it should be mentioned that ICP-MS is a good technique for measuring ele-
ments at ultra-trace levels in a few minutes, with excellent precision and accuracy in
routine analysis.
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9.4 Conclusions

Method optimization in ICP-SFMS had the advantage of guaranteeing the equipment’s
stability and calibration throughout the analysis, as well as high capacity to solve
interferences. Moreover, an easy, quick, and reliable method of analyzing water
samples was used and the results were obtained in a fewminutes, with good accuracy,
precision, and low LODs and LOQs compared to those obtained by ICP-QMS. Addi-
tionally, the development of these detection methods has allowed evaluating the
concentrations of As, Cd, Cu, Pb, Zn, and U in commercial bottled water from main
brands in Mexico.
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10 Design of locally sourced activated
charcoal filter from maize cob for
wastewater decontamination: an approach
to fight waste with waste

Abstract: This research studied decontamination of laboratory wastewater with an
activated carbon derived from maize cob, an agricultural waste to ascertaining its
adsorption effectiveness for water treatment. The preparation conditions such as the
concentration of the activating agent, impregnation ratio, impregnation temperature,
impregnation time, activation temperature and activation time were optimized. The
adsorbent’s porous properties revealed its adsorption potency was correlated with the
iodine value. The test adsorbent showed significant contaminants adsorption in the
laboratory wastewater; the results obtained were within the standards for drinking
water set by the regulatory agencies. This agricultural waste could be considered for
the preparation of activated carbon which would ultimately serve as an alternative
method of decontaminating laboratory wastewater.

Keywords: activated carbon, adsorbent, agricultural waste, laboratory wastewater,
maize cob, water treatment

10.1 Introduction

Laboratory wastewaters are characterized with high concentrations of organic and
inorganic pollutants that render them unfit for further uses. Large volumes of waste-
waters from laboratories are discharged into the environment, which may cause
pollution of surface and ground waters. The search for solutions to recycle laboratory
wastewater is becoming urgent to avert wastewater pollution and to avoid water
scarcity.

*Corresponding author: Lawrence Olusegun Ajala, Department of Science Laboratory Technology,
Akanu Ibiam Federal Polytechnic, Unwana, Nigeria, E-mail: loajala@akanuibiampoly.edu.ng. https://
orcid.org/0000-0002-7969-6316
Ewa Ezeali Ali and Emmanuel Okewe Nnachi, Department of Science Laboratory Technology, Akanu
Ibiam Federal Polytechnic, Unwana, Nigeria
Valentine Ifenna Onwukeme, Department of Chemistry, Nnamdi Azikiwe University Faculty of Natural
Sciences, Awka, Nigeria

This article has previously been published in the journal Physical Sciences Reviews. Please cite as: L. O. Ajala,
E. E. Ali, E. O. Nnachi and V. I. Onwukeme “Design of locally sourced activated charcoal filter from maize cob for
wastewater decontamination: an approach to fight waste with waste” Physical Sciences Reviews [Online] 2021, 7.
DOI: 10.1515/psr-2020-0096 | https://doi.org/10.1515/9783110726145-010

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



To overcome this challenge, various methods of water purifications such as
electro-coagulation distillation, filtration, deionization and flocculation [1, 2] had been
applied to decontaminatewastewaters for reuse. However, such treatmentmethods are
faced with one or other drawbacks such as energy, time and labour intensive,
expensive to maintain, not environmentally friendly, reintroduction of extracted
contaminants as in the case of distillation, filters in filtration unable to remove dis-
solved material, microbial growth and release of particulates can be a haven from ion
exchange beds used in deionization, inability of electro-deionization to remove or-
ganics, particles, pyrogens or bacteria and inability of ultraviolet oxidation to remove
ions, colloids or particulates [3]. Lately, adsorption of pollutants in wastewater over
activated carbons has proved to be efficient and adequate in the treatment of waste-
waters [3–6]. This purification technique is becoming acceptable as a result of its
versatility, environmental compatibility, relative abundance and low-cost starting
materials (sometimes wastes), adsorption of a broad range of pollutants, fast
adsorption kinetics and ease of production [7, 8]. This encompassing technique has
been successfully used in effluent treatment [9, 10], water purification [11–14], pesticide
adsorbent fromwastewater [15] and heavy metal sorption from aqueous media [11, 16–
19]. Activated carbons are also applicable for the removal of poisons [20] and pre-
vention against novel Coronavirus (SARS-CoV-2) [8].

Commercial activated carbons are expensive due to the use of non-renewable and
relatively high-cost startingmaterials such as coal, which is unjustifiable in pollution
control measures [21]. In a country where economy plays a very big role, it is better to
find relatively low-cost adsorbent for purification of laboratory water. Recently,
researchers have tried to produce activated charcoals using renewable, readily
available and cheaper precursors which are mainly industrial and agricultural waste
products such as bagasse [22], groundnut shell [21], rice husk [14, 22, 23], sawdust
[13, 24, 25], coconut shell [26], empty palm fruit bunch [27], physic nut waste [17],
pruning mulberry shoot [2], bamboo [11], chickpea [18], acorn shell [28] and plant
seeds [12, 16]. However, despite extensive scientific researches on the treatment of
wastewaters with activated carbons, to date, no significant study has been conducted
on the treatment of laboratory wastewater with maize cob activated carbon, hence,
this study.

Maize cob is awaste that is largely generated after which the edible seeds had been
removed. Thesewaste products are usually burnt in an open air causing environmental
pollution. Conversion of this cheap and abundant agricultural waste into activated
charcoal will serve many purposes: firstly, unwanted agricultural waste is converted
into a useful and value-added product; it will contribute to solving part of the labo-
ratory water treatment problems; and helps in management of solid waste, thereby
enhancing the aesthetic conditions of the environment.
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10.2 Experimental details

10.2.1 Sample collection and treatment

Maize cob was collected from a processing plant at Abakaliki, Nigeria. This was trans-
ported to the research laboratory of Akanu Ibiam Federal Polytechnic, Unwana, Nigeria.
Extraneousmaterialswere removedandwere repeatedlywashedwithdeionisedwater to
remove other impurities and then, sun-dried. The dried sample was pulverised and
stored in an air-tight container for further analyses. The wastewater generated from the
chemistry laboratory of the above institution was used for adsorption studies. Com-
mercial activated carbon (calgon carbon, F-300) used as control and other chemicals
were of analytical grades and were sourced from BDH Chemicals Limited, UK.

10.2.2 Carbonization, activation and optimisation

Preparation of the activated carbonwas similar to as stated in our previous research [6].
Briefly, the raw material was fed into the reactor of a locally fabricated pyrolysis plant
and carbonized at 400 °C for 1 h. After carbonization, it was removed, allowed to cool
and pulverized. A portion of the char produced, maize cob carbon (MCC) was
impregnated with zinc chloride of varying concentrations (0.5, 1.0, 1.5, 2.0, 2.5)
mol dm−3 at 1:1, 1:2, 1:3, 2:1, 3:1 w/v precursor: ZnCl2 ratios overnight at impregnation
temperatures of 20, 40, 60, 80, 100 °C. The slurries formed were carbonised in a murfle
furnace (Fisher-Thermo Scientific, USA) at varying temperatures (250, 350, 450, 550,
650) °C for 1.0, 1.5, 2.0, 2.5, 3.0 h after which they were removed and cooled in ice water
bath. Excess water was drained out and allowed to stand at room temperature. The
residual activating reagent (ZnCl2) and surface ash were removed from the carbonized
products with 0.10 mol dm−3 hydrochloric acid. They were further washed and rinsed
with double-distilled deionized water to remove residual acid until pH ∼7 was
achieved. Theywere oven-dried (Gallenkamp, US) at 110 °Cuntil constant weights were
attained. The individual weight of maize cob activated charcoal (MAC) produced was
taken and the yield calculated. Adsorption on iodine of the various activated carbons
with respect to activation concentration, impregnation ratio, impregnation tempera-
ture, impregnation time, carbonization temperature and carbonization time was
investigated to determine the optimum conditions for the preparation of MAC.

10.2.3 Physical and chemical characterization

The MCC and MAC were subjected to the appropriate physicochemical analyses. Car-
bon yields of MCC and MAC were calculated from the sample weights before and after
activation to their initial weights. Bulk density, fixed carbon, volatile matter, ash and
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moisture contentswere determined according to establishedmethods [22]. Iodine value
was determined according to the ASTM method [29]. Porous properties (surface area,
porosity, pore size and pore volume) were estimated as outlined [22]. Surface
morphologies and elemental compositions were examined with the aid of scanning
electronmicroscope (Phenom ProX, Thermo Scientific) coupled with energy dispersive
X-ray spectrometer (ED-XRS). The variations in the absorption bands of functional
groups before and after the activation were studied with Fourier transform infra-red
spectrometer (Carg 630, Agilent) in the range of 4000–400 cm−1.

10.2.4 Fixed bed adsorption studies

Themaize cob-based activated charcoal (MAC) prepared and the commercial activated
carbon (CAC) were parked separately into different columns with two open ends. One
end of the columns was closed with glass wool to prevent the adsorbents from flowing
out. The columns were mounted vertically with the open ends upward. Through the
open ends of the columns, the laboratory wastewater collectedwas poured through the
columns already packedwith the adsorbents. The filtrateswere collected separately for
physicochemical assay.

10.2.5 Physicochemical properties of untreated and treated
wastewater

Physicochemical properties (pH, temperature, colour, odour, total suspended solids
and total dissolved solids, alkalinity, hardness, chemical oxygen demand, biochemical
oxygen demand, turbidity, conductivity, chloride, nitrate, phosphate, sulphate and
heavy metal ions) that are essential to determine the quality of water in the untreated
water, filtrate from the commercial activated carbon (FCAC) and filtrate from themaize
cob-based activated carbon (FMAC) were determined following standard method [30].

10.2.6 Analytical method control

Appropriate parallel quality control and assurance measures were carried out. All
chemicals used were checked for possible trace metal contamination. Double-distilled
deionized water was employed for the preparation of all requisite solutions. Samples
were carefully handled to avoid cross contamination. All glassware used for analyses
were previously soaked in 10% nitric acid (v/v) for 24 h, washed with detergent, rinsed
with double-distilled deionised water and dried in a clean laboratory oven. Standard
solutions of all the heavy metals in the filtrates were prepared in five different con-
centrations to obtain respective calibration curves. Blanks were prepared and similarly
treated as samples to give room for blank correction. Blanks and standard solutions
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were co-analysed with the analytical samples. Linear ranges were obtained for the
target ions with good correlation coefficients (R2≥0.9995). The limits of detection of the
elements analysed were determined and were found to be Cd2+ (0.003), Ni2+ (0.008),
Pb2+ (0.005), Mn2+ (0.020), Fe2+ (0.015), Zn2+ (0.025), Cu2+ (0.010), Cr3+ (0.030) and As3+

(0.001)mg dm−3. Recovery testswere also performed by spiking a known concentration
of the analyte to the samples and results were in the range of 95–101%. The precision
(relative standard deviation) of 10 replicate determinations of the target ions were
calculated; this ranged from 1.20 to 3.20%.

10.2.7 Statistical and chemometric analyses

Three independent determinations were performed on each filtrate and the untreated
water. Data were recorded as mean ± standard deviation of the replicate values. A one-
way analysis of variance (ANOVA) was used to analyse the difference between
experimental groups. Means were compared by the Duncan’ multiple range test and
significance was established at p = 0.05 using SPSS for Windows 2008 (version 15.0).
Principal component analysis (PCA) was employed to express differences among the
treated and untreated water samples. Inter-correlation of physicochemical properties
of the water samples was studied with agglomerative hierarchical clustering tools.

10.3 Results and discussion

10.3.1 Optimization studies

10.3.1.1 Effect of concentration of activating agent

The iodine adsorption capacity of HACwas carriedwith various concentrations of ZnCl2
solution prior to activation. The optimum value (930mg g−1) of iodine adsorption of the
test adsorbent was reached at a corresponding concentration of 1.00 mol dm−3

(Figure 10.1a). At this concentration, a higher reaction could have occurred leading to
the release of more volatiles with the resultant affinity for more iodine molecules
[18, 28]. Before the optimum value, the iodine number was lowered. This could be due
to insufficient activating agent to create more internal pore structures in the precursor.
Further increase in the concentration of ZnCl2 led to a progressive decrease in iodine
adsorption capacity. This could be attributed to the collapse ofmicro-porous structures
of the carbon as a result of excessive activation [16].

10.3.1.2 Effect of impregnation ratio

Thevariation in iodinevalueof the activated charcoalunder test versus the impregnation
ratio is shown in Figure 10.1b. At a constant precursor weight, there was an increase
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in the iodine values with concomitant increase in the volume of the activator until an
optimumvaluewas reach at the ratio of 2:1 (activator:precursor). The increase in iodine
number could be linked to the reaction facilitating the release of volatiles in the carbon

Figure 10.1: Effect of (a) impregnation concentration (b) impregnation ratio (c) impregnation
temperature (d) impregnation time (e) activation temperature (f) activation time on the iodine
adsorption capacity of maize cob activated carbon.
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while creating porous structures [16, 28] in the adsorbent. Thereafter, the iodine value
sharply dropped as the weight of the precursor increased. This could be credited to an
insufficient activator to react with the precursor.

10.3.1.3 Effect of impregnation temperature

The impregnation temperature is known to influence the pore structure of activated
charcoal with respect to adsorption capacity [2]. The iodine values increased gradually
with the temperature of impregnation. Equilibriumwas attainedwhen the temperature
was extended to 80 °C (Figure 10.1c). As the temperature was increased beyond the
critical value, iodine number was observed to decrease gradually. This could be as a
result of expansion of micro-pores and collapse of pore walls leading to the release of
more volatile components [16].

10.3.1.4 Effect of impregnation time

Iodine adsorption efficiency of MAC increased with a corresponding increase in the
impregnation timeuntil equilibriumwas attained at 15 h (Figure 10.1d). At this time, the
porous pores might have been saturated with the activating agent [24]. When the
impregnation time was extended beyond the critical time, there was no significant
change in the iodine adsorption capacity of the test adsorbent, indicating that there
were no more porous networks for diffusion of the activating agent to occupy.

10.3.1.5 Effect of activation temperature

The iodine value increased progressively with an increase in the activation tempera-
ture, and then decreased as the temperature exceeded 550 °C (Figure 10.1e). Increase in
temperature promoted chemical changes that might have occurred in the precursor,
resulting to the formation of more pores ready for adsorption at lower temperature. As
the critical value was exceeded, there was a decrease in iodine value, which could be
attributed to the excessive carbon burnt-off to form ash at higher temperature resulting
to the widening of pore diameters and collapse of pore walls [16, 25, 28].

10.3.1.6 Effect of activation time

Adsorption efficiency increased with a corresponding increase in the activation time
before equilibrium was attained (Figure 10.1f). As the pyrolysis time increases, there
seemed to be opening of pore walls for adsorption. The rate of iodine adsorption
increased until optimum time of 2 hwas reached, and then started decreasingwhen the
activation time was extended to 2.5 h. This could be connected with collapse of surface
areas available for adsorption at longer time [28].
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10.3.2 Characterization of adsorbent

10.3.2.1 Physicochemical properties of MCC and MAC

The physical and chemical properties of MCC and MAC were compared in Table 10.1.
The lower yield of MAC compared to MCC could be as a result of carbonization and
activation at higher temperature, hence more volatiles were released and more carbon
was burnt-off which was converted into ash. This could have led to a corresponding
increase in porosity and surface area [31]. High density carbons had been adjudged to
be highly effective for water treatment [12] as it helps to improve the filtration rate by
forming an even cake on the filter surface [17]. The bulk density of MACwas lower than
0.59 g cm−3 reported for groundnut shell activated carbon [26].

Table .: Results of characterization of maize cob charcoal (MCC) and maize cob-based activated
carbon (MAC).

Property MCC MAC

Yield (%) . ± . . ± .
Volatile matter . ± . . ± .
Fixed carbon . ± , . ± .
Ash content (%) . ± . . ± .
Moisture content (%) . ± . . ± .
Bulk density (g cm−) . ± . . ± .
Iodine number (mg g−)  ± .  ± .
Surface area (m g−)  ± .  ± .
Pore volume (cm g−) . ± . . ± .
Pore size (nm) . ± . . ± .
Porosity (cm g−) . ± . . ± .
Carbon (wt %) . ± . . ± .
Potassium (wt %) . ± . . ± .
Nitrogen (wt %) . ± . . ± .
Oxygen (wt %) . ± . . ± .
Sulphur (wt %) . ± . . ± .
Zinc (wt %) . ± . . ± .
Chlorine (wt %) . ± . . ± .
Calcium (wt %) . ± . . ± .
Silicon (wt %) . ± . . ± .
Phosphorus (wt %) . ± . . ± .
Magnesium (wt %) . ± . . ± .
Iron (wt %) . ± . . ± .
Aluminium (wt %) . ± . . ± .
Sodium (wt %) . ± . . ± .
Silver (wt %) . ± . . ± .
Titanium (wt %) . ± . . ± .
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Researchers had reported that the lower themoisture of an adsorbent, themore the
adsorption efficacy [17, 32]. The moisture content was reduced after the char was
activated, suggesting that the carbon networks had becomemore porous [27]. Moisture
content was better than 8.96% reported for Borassus aethiopum shells [5] but less
superior to 0.5% reported for coconut shell activated carbon [26]. Ash is an indication of
inorganic constituent; therefore carbon with low ash (higher proportion of carbon)
could be used effectively to remove inorganic contaminants in wastewater [5, 12, 27].
Ash content ofMAC in this studywas less effective than 1.9 and 1.88% found in bagasse
activated carbon [22] and coconut shell activated carbon [26], respectively but was
better than 4.01% reported for B. aethiopum shells activated carbon [5].

The volatile matter of MCC was lower than that of MAC while fixed carbon was
greater. This is expected because carbonization temperature promoted the release of
volatiles from breaking of bonds in organic matrices [27]. MAC had high fixed carbon
and low ash content which are the factors that substantiated its utilisation in pro-
duction of high performance activated charcoal [17].

Activated carbon functions by the adhesion of substances to the walls of the pores.
The greater the available surface area, the better the adsorption efficiency [23].
The surface area of MAC was far greater than that of MCC and fell within the range of
500–1500 m2 g−1 specification of activated carbon approved for water purification
[8, 33]. The activating agent could have caused swelling of the molecular structure of
the precursor cellulose resulting in the breaking of bonds during activation and
carbonization [28], with an improved surface area. The value reported in this studywas
within the range of 718–1018 m2 g−1 for water treatment carbons determined in some
local materials [9] and in consonant with 923 and 927 m2 g−1 determined in activated
carbons produced from bagasse and rice husk, respectively [22]. The value was higher
than 791.56 m2 g−1 determined in granulated activated carbons [34] and 435.10m2 g−1 in
coconut shell activated carbon [26].

Furthermore, the pore volume and pore size showed that MAC exhibited type I
adsorption isotherm according to IUPAC classification [8, 27, 35], indicating the for-
mation of micro-porous carbon with higher porosity. The pore volume as observed in
the MAC was higher compared to 0.53 and 0.56 cm3 g−1 determined respectively, in
bagasse and rice husk activated carbons [22] while the pore size was consistent with
0.80 nm found in both the bagasse and rice husk activated carbons [22]. MAC porosity
agreed well with 0.21 cm3 g−1 obtained for bamboo activated carbon [36].

The iodine number is an indication of the available surfaces for adsorption in an
adsorbent [28]. A carbon with higher iodine number has a better adsorption capacity
[26]. The iodine number in this studywas in agreement with 942mg g−1 in coconut shell
activated carbon [26] and within the range of 828.39–995.38 mg g−1 determined in
activated carbons produced from some local raw materials [9]. Iodine value of MAC
denotes that it had excellent adsorptive properties, which can be used for adsorption of
organic and heavy metal pollutants [17].

Elemental compositions of the MAC revealed that the carbon content was smaller
compared to the MCC. The decrease in the content is expected since carbon was
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decomposedby ZnCl2 [16] to formash. Other principal elements present at the surfacewere
silicon, phosphorus, sodium, chlorine and potassium with their atomic concentrations
decreasing after activation (Table 10.1). The consequence of the presence of these elements
in high proportion is that the MAC may not be employed in the adsorption of their metal
ions [17]. However, there was an increase in the atomic concentration of zinc and chlorine
after the activation. This is expected since zinc chloridewasusedas activating agentwhich
was difficult to wash out completely after the activation and carbonization.

10.3.2.2 Infra-red spectroscopy

The adsorption capacity of anactivated carbondepends largely on several factors inwhich
the chemical reactivity of the functional groups at the surface is the main [31]. Therefore,
the knowledge of surface functional groups helps to elucidate the adsorption efficacy of an
activated carbon [28, 31]. The FT-IR spectra of un-activated and activated carbons were
recorded and their respective IR absorption frequencies and shown in Figure 2. Therewere
noticeable differences in the absorption bands before and after the activation. The acti-
vated product showed an increase in the percentage transmittance of all the peaks
compared to the un-activated product. This is an indication of a decrease in absorbance
which may be due to the formation of more volatile compounds. The absorption peaks at
3272.6, 1438.8 and 1364.2 cm−1 assigned to the O–H stretching vibration [31], methylene
group (C–H) symmetric stretch [31] and aromatic groups stretching vibration [37],
respectively in the MCC were completely absent in MAC.

Figure 10.2: IR spectra of (a) un-activated maize cob carbon (b) activated maize cob carbon.

134 10 Design of locally sourced activated charcoal filter

 EBSCOhost - printed on 2/13/2023 6:02 AM via . All use subject to https://www.ebsco.com/terms-of-use



In addition, peaks at 2922.2 and 2855.1 cm−1 attributed to the C–H symmetric and
asymmetric vibration of the aliphatic CH2, respectively were absent in the MAC. The
absence of these bands could be due to activation at higher temperature. The bands at
2370.6 cm−1 corresponding to stretching vibration of the C–O group for CO/CO2 and
793.9 cm−1 were visible in both products, indicating that activation hadnegligible effect
on these functional groups. It was observed that the original peak at 1595.3 cm−1

attributed to the ring vibration common with aromatic skeletons found in carbona-
ceous materials [28] slight shifted to 1561.8 cm−1 in the MAC. After the chemical
modification, the strong and broad peak at 1051.1 cm−1 attributed to the asymmetric
stretching of the Si–O bond [38] substantially shifted by 15 units. The shift in some
absorption frequency bands and disappearances of many peaks in the MAC compared
to the MCC proved that chemical modification occurred during the activation process.

10.3.2.3 Scanning electron microscopy

Surface morphologies of un-activated and activated carbons are presented in the SEM
micrographs (Figure 10.3). The external surface of the MAC (Figure 10.3b) was filled
with cavities of irregular sizes compared to the MCC (Figure 10.3a). The surface of the
MCC was observed to be relatively organized without pores. Activation and carbon-
ization at higher temperature produced activated carbon with uneven surface
(Figure 10.3b). There existed many clear visible advanced networks within the
microstructure, due to this, MAC possessed higher surface area [31]. Also, there were
numerous pits distributed over the surface of the MAC signifying that activation had
occurred. Activation is known to produce pores within the structure due to the release
of volatiles [31]. Thewhite spheres observed in themicrograph of theMAC could be due
to the presence of Zn2+ which was difficult to wash out completely. The presence of
rough and micro-porous structure which may offer more adsorption sites proved that
MAC was chemically modified.

Figure 10.3: Micrographs of (a) un-activated maize cob carbon and (b) activated maize cob carbon at
300×, 500× and 1000× magnifications.
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10.3.3 Properties of wastewater treated with CAC and MAC

10.3.3.1 Physicochemical properties

The results as presented in Table 10.2 showed the physicochemical properties of un-
treated wastewater, wastewaters treated with the CAC andMAC. The initial pale yellow
and offensive odour of the untreated water was removed similar to a study elsewhere
[36]. MAC balanced the pH of the wastewater to reasonable degree after the treatment;
and the value was within the approved standards [39–41], thus indicating improve-
ment in thewater quality. Similar reports of pH adjustment in contaminatedwater with
activated carbons had been documented [36, 34]. There were no significant differences
(p=0.05) in the temperature before and after the adsorption process. The entire results
(Table 10.2) fell within the minimum and maximum permissible limit [39].

Total dissolved solids (TDS) measure the amount of dissolved materials in a water
sample. TDS in the wastewater was reduced to 65.0% after treatment with MAC but the
efficiency was lower than 70.5% achieved by the CAC. However, it was more effective
than activated carbon from bamboo [36], where only 24.3% dissolved solids were
removed. High total suspended solids (TSS) in a water sample signify the presence of
impurities, high BOD and NO−

3 due to the microbial oxidation of the suspended or-
ganics [42]. MAC adsorbed more suspended solids from the wastewater compared to
the CAC but less effective compared to the adsorbent prepared elsewhere [34].

The values reported in this research for alkalinity in the untreated and treated
water were higher than the recommended value of 100 mg dm−3 [39, 40]. However,
alkalinity is not considered detrimental to humans but is generally associated with
high pH values and hardness [42]. There were no significant differences (p=0.05) in the
hardness values obtained in FCAC and FMAC but statistically differ with the value
obtained in untreatedwastewater (Table 10.2). Hardwater considered as innocuous but
may form scale in water heaters, pipes, boilers and cooking utensils [42].

Turbidity is a measure of water quality with respect to colloidal and residual
suspendedmatter [34]. Low level of turbidity signifies appreciable purity [42]. MACwas
very effective in reducing the turbidity reading by 70.0% as compared to 64.0% by the
CAC. Turbidity was reduced to approximately 32.0% in untreated water using MAC
which was at consonant to 31.1% turbidity left in well water treated with granulated
activated carbon [34]. Yet, the test adsorbent was less effective compared to activated
carbon prepared from waste bamboo [36], where 100.0% removal of turbidity was
achieved. Conductivity is directly related to mineral contents of a water sample [42].
The MAC-treated water had lower conductivity measurement compared to untreated
water (Table 10.2). This suggests that MAC had significant adsorption efficacies on the
dissolved ions in the wastewater. Results obtained from FMAC and FCAC were within
the acceptable limits [39–41]. The observed reduction was also reflected in the lower
values of metallic and non-metallic ions determined in FCAC and FMAC (Table 10.2).
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Biochemical oxygen demand (BOD) signifies organic pollution and measures the
productivity of water. The higher the value, the more polluted the water sample [42].
MAC removed 73.4% pollutants from the wastewater compared to 63.6% removed by
the CAC. Similar degree of purification was observed in the results of Siong et al. [34]
and Ademiluyi et al. [36] with 77.3 and 74.8% BOD reduction, respectively. Chemical
oxygen demand (COD) is a measure of the amount of a specified oxidant that reacts
with thewater sample under controlled condition [34]. Approximately 78.3% reduction
was achieved with MAC as adsorbing agent. This result was in agreement with 77.8%
reduction of COD in well water with granulated activated carbon [34] but had a better
reduction (62.2%) in the wastewater treated with bamboo activated carbon [36].

There were significant differences in the mean concentrations of the non-metal
ions determined in the water samples. The results of these ions in treated filtrates
(FCAC and FMAC) showed a significant reduction in their concentrations. Water
sample high in chloride ions may result in an objectionable salty taste and produce a
laxative effect [42]. The chloride content in the untreated water (531 mg dm−3) was
higher thanmaximumpermissible level of 500mgdm−3 [39]. MAC reduced the sulphate
content from 70.10 (untreated water) to 4.60mg dm−3. The higher the concentrations of
nitrate and phosphate of a water sample, the higher the level of pollution [42]. The low
values of nitrate and phosphate in FMAC may not pose health hazard. There is a great
tendency for bacteriological pollution if the nitrate concentration is above permissible
recommended level [42]. Some of the heavy metal ions investigated in the water
samples are carcinogenic, teratogenic, mutagenic and toxic [42]. Some were found
below the limits of detection after the wastewater passed through the test adsorbent
while therewas a sharp decrease in the concentrations of others with exception of zinc,
which had a higher value in FMAC. This is expected since ZnCl2 was used as an
activating agent, which might have added up to the Zn2+ concentration in the FMAC.
Similar report of metal sorption from aqueous media with activated carbon had been
documented [5].

10.3.3.2 Principal component analysis

The principal component analysis (PCA) was used to express an overview and varia-
tions among the untreated and treated water samples. The experimental value for each
water sample (Table 10.1) was standardized to ascertain that each parameter contrib-
uted equally to the data set variance and carries the same weight in the principal
component estimation. The cations showed that PC1 described 73.57% of the sum
variance in the data set whereas PC2 described 26.43%. The anions showed that PC1
described 91.08% of the sum variance in the data set and PC2 described 8.92%. The
other physicochemical characteristics showed PC1 to be 93.91% and PC2, 6.09%. The
factor score plots and biplots for PC1 against PC2 for the cations, anions and other
physicochemical attributes are presented in Figure 10.4(a–f).
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Figure 10.4: (a) Cations factor plot (b) cations biplot (c) anions factor plot (d) anion biplot (e) other
physicochemical factor plot (f) other physicochemical biplot.
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Figure 10.4(a) shows that the wastewaters treated with the maize cob activated
carbon (FMAC) and the commercial activated carbon (FCAC) were better than the
untreatedwastewater.Wastewater treatedwith theMACand CACwere on the left of the
PC1 zero-point, whereas, untreated water was located on the right. Figure 10.4(b) shows
that bothMAC and CAC had a significant (p<0.05) effect on the cations in the wastewater.
The CAChad stronger effects on Zn2+,Mn2+ andCr3+ than theMACwhereas, theMAChad a
stronger effect on Fe2+, Ni2+, Pb2+ and Cu2+ than the CAC. The results showed that MAC
could be used to reduce both the cations and the anions inwasterwater. Furthermore, the
MAChad stronger potential in reducingNO−

3 than the CAC (Figure 10.4d). Figure 10.4(e–f)
illustrates the effects of the MAC and CAC on the wastewater. The Figures showed that
the test activated carbon had a significant (p<0.05) effect on the contaminant in the

Figure 10.5: Dendrogram (a) cations (b) anions (c) other physicochemical properties.
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wastewater. The MAC-treated water was similar to that of CAC-treated and these two
samples were distinct from the untreated water. The distinction in the distance of the
FMAC from other two water samples indicated that the test adsorbent could be used to
decontaminate wastewater. Conclusively, the test product had similar characteristics
to that of the commercial product when used in wastewater treatment. This study
showed that MAC could be employed in water treatment.

10.3.3.3 Agglomerative hierarchical clustering (AHC)

The dendrograms for the water samples are shown in Figure 10.5. The results showed
that the MAC and CAC were similar in activity when used in the treatment of water
containing cations, anions and other physicochemical properties. However, the MAC
compares favourably with the CAC and performed better in treating the wastewater for
anions and other physicochemical parameters than the CAC. The untreated water was
significantly different (p<0.05) from the MAC- and CAC-treated water. Thus, the MAC
could be employed in the treatment of laboratory water.

10.4 Conclusions

The properties such as large surface area, iodine value, low ash content (highly
carbonaceous) and high degree of porosity of maize cob activated carbon was inves-
tigated. A SEM image of the activated carbon showed external surface was filled with
cavities of irregular sizes created by activation. The IR spectra revealed the presence of
significant different peak frequencies in the two products by different functional
groups. When the adsorption efficiencies of the product were tested with wastewater,
the significant reduction of contaminants below the regulatory limits bares credence to
the MAC adsorption prowess in the treatment of wastewater. In addition, the fact that
these biomass is a good adsorbent as revealed in this study suggests that utilization of
this agricultural waste-product in the production of activated carbon can serve as a
better solid waste management option, this will greatly enhance the aesthetic value of
the environment.
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11 Advances in polymeric ionic liquids-based
smart polymeric materials: emerging
fabrication strategies

Abstract: Polymeric ionic liquids (PILs) are a class of materials characterized by
fascinating physicochemical properties as well as tunable functionality that are quite
interesting for the fabrication of materials. They have attracted tremendous attention
because they are easy to prepare and can be manipulated into a polymeric matrix via
covalent and noncovalent linkage/interactions to form new intelligent/smart poly-
mericmaterials with improved properties andmultiple functionalities for application
in many fields. These new materials are specially designed to change their perfor-
mance properties when subjected to external environmental stimuli including pH,
temperature, light, chemicals and electromagnetic fields. Therefore, this chapter
presents the progress in the preparation of PILs via different polymerization reactions
and highlights the emerging advances in the fabrication of PILs-based smart poly-
meric materials.

Keywords: polymeric ionic liquids; polymerization reactions; smart polymers; stim-
uli-responsive.

11.1 Introduction

In the past decade, polymeric ionic liquids (PILs) See have triggered a lot of attention as
an interesting class of ion-conducting polymers due to their interrelated chemistry
compared to those of ionic liquids [1, 2]. Although ionic liquids (ILs) were described as
an ideal solvent for many chemical reactions, their toxicity, high cost of preparation
and stability have greatly hindered their industrial applications [3, 4]. However,
advancements in materials science have proffer alternatives based on PILs which are
characterized with many advantages such as high conductivity, robust thermal and
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enhanced chemical stability, improved processability, flexibility yet durable, tunable
functionalities, and improved control over its meso- to nano-structures [5]. In addition,
cation or anion monomers can be tethered to the polymer backbone in a PIL to form
new intelligent/smart polymeric materials with multiple functionalities [6, 7].

Thus, the fabrication of smart polymeric material has become an integral aspect of
polymer chemistry and materials science due to their multiresponsive abilities to
external stimuli such as temperature, light, pH, electric and magnetic fields. The special
interest in these classes of polymers has grown significantly due to their high level of
sensitivity and wide range of application that cuts across many multidisciplinary fields
including industries, biotechnology, medicine and engineering, and nanoscience [8].

11.2 Polymeric ionic liquids (PILs): preparation
strategies

PILs are species of ionic liquid wherein the repeatingmonomer units are interconnected
via covalent linkage to form macromolecular architecture [9]. This new class of solvents
that reflects the combination of the unique properties of ILs and the monomeric mole-
cules (Figure 11.1) has been used in the fabrication of novel materials with enhanced
mechanical durability and functionality with dimensional control over the polymeriza-
tion process [10]. Different polymerization processes have been employed for the prep-
aration of PIL. These include:

11.2.1 Homopolymerization

Homopolymerization involves the polymerization of a single type ofmonomer to forma
homopolymeric ILs. Based on homopolymerization and anion exchange reactions, Li
et al. [11] prepared a thermally stable gel polymer electrolyte membrane with excellent
electrochemical properties based on the PILs as polymer host by incorporating N,N-
dimethyl-N-methyl-N-(2-methylethyl) ammonium bis(trifluoromethane sulfonyl)imide
(DEME-TFSI) IL and nanosize SiO2 for lithiumbatteries (Figure 11.2). In an experimental
study, Kong and Jiang [12] showed that the radical branching polymerizations of two
asymmetrical divinyl monomers, allyl methacrylate (AMA) and furfuryl methacrylate
(FMA) produced PILs (PAMA and PFMA) with high molecular weights (106–107).

11.2.2 Copolymerization

In the copolymerization technique, a copolymeric IL is obtained from more than one
species of the monomeric unit. In a typical reaction, Zhou et al. [13] prepared copoly-
meric quaternary ammonium-typed IL based on 1-allyl-methylimidazolium chloride
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Figure 11.2: (a) An illustration of the homopolymerization of PILs (b)molecular structure of conformer
of the IL, DEME+ TFSI− for density functional theory (DFT) calculations. Reproduced from Ref. [11]
Copyright 2013 Elsevier B.V.

Figure 11.1: Preparation strategies of PILs with different types ofmonomers. Reproduced fromRef. [2]
Copyright 2014 Elsevier Ltd.
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(AlMeIm+ Cl−), styrene (IL-styrene), and ethylene dimethacrylate (EDMA) that dis-
played a brilliant performance in capillary electrochromatography-mass spectroscopy
(CEC-MS) analysis of amino acids and peptides and parabens with stable separation
and electrospray ionization. Mao et al. [14] prepared a novel IL, AlMeIm+ Cl− polymer
monolith poly(ionic liquid-co-ethylene dimethacrylate) incorporated with zeolitic
imidazolate framework-8 (ZIF-8-poly(IL-co-EDMA)) by one-step copolymerization for
the enhanced selective separation of four alkyl-chained benzenes in reversed-phase
CEC (Figure 11.3a). Moreover, Kuzmicz et al. [15] introduced a single-pot solvothermal
copolymerization of a PIL-based porous network (PILPNs) based on divinylbenzene
and monomeric IL. The PILPNs was employed for organo-catalysis and production of
microporous carbon monoliths (Figure 11.3b).

Figure 11.3: (a) Schematics for the preparation of IL-copolymerizedmonolith incorporated with ZIF-8.
Reproduced from Ref. [14] Copyright 2018 Elsevier B.V. (b) Syntheses route for the fabrication of
mesoporous PIL copolymer networks for application in organocatalysis and microporous carbon
production. Reproduced from Ref. [15] Copyright 2014 Elsevier Ltd.
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11.2.3 Free radical polymerization (FRP)

FRP is a paramount synthetic pathway for the fabrication of numerous polymers and
polymeric composite materials. It is a versatile and nonspecific form of polymeri-
zation reaction that allows the facile reactions of polymeric free-radical chain ends
and other chemicals or substrates such as enzymes and catalytic proteins [16]. In a
study, Aquil et al. [17] synthesized a novel PIL consisting of polyvinylimidazolium
and pendent nitroxide radical on each monomer unit by FRP at 40 °C. The process
which was initiated with 2,2′-azobis(4-methoxy-2,4-dimethyl valeronitrile) displayed
promising potentials as the cathode in a lithium-ion battery (Figure 11.4). Based on
one pot conventional radical polymerization reactions, Vanti et al. [18] prepared
different ionically-conducting polymer electrolytes that comprise side-chain liquid
crystal terpolymers with liquid crystallinity over a wide range of compositions, light-
responsive properties and ionic conductivities in the range of 10−8–10−4 S cm−1.
Additionally, Pantazidis et al. [19] kinetically studied the synthesis of potassium
4-styrenesulfonyl (trifluoromethylsulfonyl) imide (STFSIK) monomer as well as its
controlled/living nitroxide-mediated radical polymerization (NMRP) for water dial-
ysis, using N-tert-butyl-N-(2-methyl-1-phenylpropyl)-O-(1-phenylethyl) hydroxyl-
amine as the initiator in 50% w/v solutions of DMF at 125 °C.

11.2.4 Atom transfer radical polymerization (ATRP)

ATRP is an example of a reversible-deactivation radical polymerization that usually
involves a catalytic system based on transition metal and an alkyl halide (R-X) as the

Figure 11.4: Synthesis route of the PIL-bearing nitroxide free-radicals. Reproduced from Ref. [17]
Copyright 2018 Elsevier Ltd.
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initiator (Figure 11.5a). This technique favors the fabrication of polymeric materials with
low dispersity, afore-known molecular weight (MW) and well-preserved chain-end func-
tional properties [20]. For example, Guo et al. [21] reported an electrochemically-mediated
ATRP of methyl acrylate (MA) in 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIM-PF6) IL in which the plotted kinetics suggests very fast polymerization rates with
goodcontrol overMWanddispersity coupledwithover 90%monomer conversionwithina
period of 300 s (Figure 11.5b). In another PIL medium, Tang et al. [22] prepared micro-
crystalline cellulose by grafting polymethylmethacrylate (MCC-g-PMMA) using ethanedi-
amine as the ligand in an IL solution of 1-allyl-3-methylimidazolium chloride ([AMIM]Cl).
The PMMA covalently bonded to the cellulose backbone with increased molecular weight
and low polydispersity. The studies of Xue et al. [23] revealed that in an IL system,
1-(triethylene-tetramine)ethyl-3-methyl chloride ([N4MIM]Cl) could be prepared to replace
the organic ligand coordinating with CuBr to catalyze the ATRP. These were further
employed for the ATRP of MMA in the IL system of 1-allyl-3-methylimidazolium chloride
([AMIM]Cl) with improved catalytic performance (Figure 11.5c).

Additionally, star-shaped PIL-3 and PIL-4 based on poly(2-(dimethyl-ethyl-
amino)ethyl methacrylate) bis(trifluoromethylsulfonyl)imide (P(EtDMAEMA-TFSI))
with three-arm and four-arm architectures were prepared through ATRP and ion
exchange with brilliant performances of the materials in lithium metal batteries by

Figure 11.5: (a) Mechanism of ATRP with activator regeneration (b) eATRP of MA in BMIM-PF6.
Reproduced from Ref. [21] Copyright 2019 Elsevier B.V. (c) Synthetic route to coordinating [N4MIM]Cl.
Reproduced from Ref. [23] Copyright 2018 Elsevier Ltd.
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Zhou et al. [24]. Meanwhile, Chen et al. [25] employed ATRP using activators gener-
ated by electron transfer (AGET ATRP) of acrylonitrile for the preparation of
1-methylimidazolium acetate ([mim][AT]), 1-methylimidazolium propionate([mim]
[PT]), and 1-methylimidazolium butyrate ([mim][BT]) ILs respectively with the aid of
ascorbic acid, ethyl 2-bromoisobutyrate (EBiB), and FeBr3 as a reducing agent,
initiator, and catalyst respectively without any additional ligand.

11.2.5 Reversible addition fragmentation chain transfer (RAFT)
polymerization

RAFT polymerization is one in which a chain transfer agent usually in the form of a
thiocarbonylthio compound is introduced to provide control over themolecular weight
and polydispersity of the polymer during a FRP process. Kumar et al. [26] investigated
the effect of ILs on the RAFT polymerization of butyl methacrylate (Figure 11.6a). It was
gathered that the ILs substantially increased the rate of polymerization, and the RAFT
agents contributed to the molecular mass control and narrow dispersity of the

Figure 11.6: (a) Polymerization of butylmethacrylate with RAFT agent in 3-butyl-1-methyl imidazolium
hexafluorophosphate BMIM[PF6] as IL. Reproduced from Ref. [26] Copyright 2018 Elsevier Ltd. (b)
Synthesis of PVImBr grafted SiNP. Reproduced from Ref. [27] Copyright 2020 Elsevier Ltd.
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corresponding polymer. In another study, Koyilapu et al. [27] recorded success in the
grafting of poly(vinylimidazolium)bromide (PVImBr) PIL brush polymers onto the
surface of silica nanoparticles (SiNPs) using metal-catalyst-free and a facile RAFT
technique to develop new membranes with improved functional and mechanical
properties (Figure 11.6b). Chen et al. [28] developed a strategy to facilely prepare an
IL-like inimer made up of a styryl group and trithiocarbonate moiety using the
neutralization reaction involving a monomeric unit of an alkaline IL and a carboxyl-
bearing chain transfer agent (Figure 11.7).

11.2.6 Photopolymerization

Photopolymerization is a technique that utilizes ultraviolet or visible light to initiate and
propagate a polymerization reaction leading to the formation of a linear or crosslinked
polymeric architecture. Based on photocuring protocols, Stepniak et al. [29] prepared IL
gel polymer electrolyte (IL-GPE) in situ containing a mixture of N-methyl-N-propylpi-
peridinium bis(trifluoromethanesulfonyl)imide, lithium bis(trifluoromethanesulphonyl)
imide, and ethoxylated bisphenol A diacrylate as promising electrolyte candidates for
flexible lithium-ion batteries. Furthermore, Li et al. [30] employed a facile thiol-ene
photopolymerization method to rapidly design an IL-functionalized hybrid monolithic

Figure 11.7: Detailed synthesis route for IL-like inimer and the branched polymers. Reproduced from
Ref. [28] 2018 Elsevier Ltd.
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column based on polyhedral oligomeric silsesquioxane (POSS) in a UV-transparent
fused-silica capillary (Figure 11.8). The thiol–vinyl–methacrylate ternary system dis-
played a substantial separation ability toward the analysis of small molecules.

11.3 Applications of smart/intelligent polymers
based on PILs

Smart/intelligent materials are specially designed to change their performance property
in the presence of an external stimulus. These materials can be extremely sensitive to
environmental conditions of temperature, pH, light, chemicals, electromagnetic fields;
hence, they are otherwise called stimuli-responsivematerials [31, 32]. Additionally, these
materials can retain special features such as shape memory, self-healing, wound dres-
sing and conductivity in different media. Thus, these multifunctional abilities of smart
materials have attracted considerable interest for application in many multidisciplinary
fields. As polymeric composites, they can be prepared by one or more of the polymeri-
zation reactions highlighted above. Due to the fascinating properties of PILs, some
researchers have attempted to synthesize smart polymeric materials based on PILs.
Studies have shown that the diverse chemical structures and ionic characteristics of PIL
afford them the vast ability to interact via covalent linkage, electrostatic interaction,
hydrogenbonding, van derWaals interaction, spatial confinement and π→π interaction
with other molecules to form a polymeric composite membrane with smart and tunable
properties [33]. For example, Correia et al. [34] developed magnetic ionic liquid (MIL)
composite of 1-butyl-3-methylimidazolium tetrachloroferrate, ([Bmim][FeCl4]) and elec-
troactive polymer poly(vinylidene fluoride-trifluorethylene) (P(VDF-TrFE)) at different
evaporation temperatures of solvent anddifferentMIL contents (Figure 11.9). The strategy

Figure 11.8: Preparation strategy of ILs functionalized POSS hybrid monoliths. Reproduced from
Ref. [30] Copyright 2019 Elsevier B.V.
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produces a new material with improved and controlled physicochemical properties for
industrial applications. Zhao et al. [35] prepared PIL enveloped nanosilica composite by
Pickering emulsion polymerization as stimuli-responsive electrorheological particles
(Figure 11.10a). The material displayed greater electro-responsive ability and tempera-
ture stability. Moreover, Yang et al. [36] synthesized a hybrid organic–inorganicmaterial
based on f-PMMA-silica by polymerization of MMA monomer and tetraethoxysilane
precursor aidedby 3-trimethoxysilyi-propyl-methacrylate as a coupling agent combining
both themechanical properties aswell as the functional properties of both thehybrid and
IL (Figure 11.10b). Pipertzis andcoworkers [37] showed that PILs bearing apolythiophene
backbone are unique and can simultaneously conduct electronic charge and ions at the
nanoscale, therefore, possessing tunable functional properties.

Figure 11.9: (a) Structural representation ofMIL (i) cation (ii) anion (iii) andof P(VDF-TrFE) (b) Scanning
electronmicrograph of P(VDF-TrFE)/[Bmim][FeCl4] composite filmswith 40%wt. of MIL synthesized at
(i) 25 °C (ii) and (iii) 90 °C (iv) 210 °C. Reproduced from Ref. [34] Copyright 2019 Elsevier Ltd.
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Furthermore, Nagy et al. [38] reported the fabrication of resorcinol-formaldehyde
polymer gels at various room temperature ionic liquid (RTIL)-water mixtures.
Low-temperature nitrogen adsorption revealed that the sizes of both the cations and
anions influence the pore morphology of the aerogel. The study shows that the state
of the synthesis of the gel depends on the intrinsic pH sensitively due to the anion of
the IL. In another study, Guo et al. [39] developed PIL-based membranes by in situ
photo-cross-linking of an IL monomer and anion-exchange with amino acids. The
new robust compounds displayed significant antibacterial properties with no
significant hemolysis and cytotoxicity toward human red blood and skin fibroblast
cells. Wei et al. [40] prepared a new IL skeleton typed magnetic core–shell molecu-
larly imprinted polymers (Fe3O4-COOH@IL-MIP) for the adsorption of lysozymes. The

Figure 11.10: (a) Formation of P[MTMA][TFSI]/silica composites (ii) the composites viewed under
electric fields at high temperature. Reproduced from Ref. [35] Copyright 2018 Elsevier Ltd. (b)
Synthetic pathway of transparent HOI ionogels and their response to different pH. Reproduced from
Ref. [36] Copyright 2017 Elsevier B.V.
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MIP adsorbent displayed an adsorption capacity of 166.36 mg/g, an imprinting factor
of 2.67, andmultiple reusabilities without obvious loss of rebinding ability, while the
lysosomes conformation remained intact after elutionwhose ratewas as high as 74%.

11.4 Conclusion and prospects

The chapter explored the progress in the preparation of PILs as an emerging substrate
for developing novel smart/intelligent composite materials. Owing to the prominent
feature of ILs, which is the presence of mobile electrons, this specific feature can be
channeled formaking new stimuli-responsivematerials. Although a lot of research has
focused on the preparation of stimuli-responsive materials based on existing poly-
merization protocols with which PILs are been generated such as copolymerization,
FRP, ATRP, RAFT, and photopolymerization reaction. Besides, some efforts have been
channeled to the fabrication of porous polymericmaterials,metal-organic frameworks,
and polyoxometalate composites. However, the literature survey shows a scanty
approach of fabricating stimuli-responsive composite (macro-/nano-composite)
directly by utilizing PILs. Thus, in selecting monomers for the preparation of PILs,
properties such as response to pH, light, temperature, magnetic field, and conductivity
are necessary to be considered. Therefore, combining the intriguing properties of the
PILs (tunability, conductivities, improved thermal and chemical stability, improved
processability, and flexibility) with suitablemonomers will proffer new avenues for the
fabrication of smart polymers for targeting specific aspects of industrial, biological or
environmental applications.
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