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This chapter applies design of experiments to improve plating performance and better practices in an
electrochemical process within a company making electronic components. Specifically, the electroplated
process of a metal housing served as the object of study. This process consists of plating an aluminum
housing with silver (Ag) to improve the electrical signal characteristics and properties. It includes multiple
factors affecting the process, which are clearly seen in the diverse failures such as electric response,
pollution by solid waste, among others. These directly impact production costs and delivery time. To
minimize the mentioned failures, diverse critical factors were enlisted discovering that the principal
problem is the homogeneous distribution of the final finish of the commented product. Particularly, the
final finish is realized with silver so it directly affects the electric response as final quality test.
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One of the great challenges of the environmental diagnoses of soils contaminated with hydrocarbons is
the optimization of analytical determinations. For this reason, this chapter evaluates the extraction of
hydrocarbons by the Soxhlet method through the design of experiments (DOE), variating three different
solvents, three soils, and three extraction times. Soil was experimentally contaminated at different
concentrations, and hydrocarbons totals relying on conditions organic matter, electrical conductivity,
pH and textures, amount of sample, solvents, and NaSO4, were studied. The variables were evaluated
by means of an analysis of the Taguchi design and a factorial design, with the results the significant and
optimal parameters of the process were determined, which were solvent type and time (10 hours and
dielectric constant of 9). Also, the model discards the soil properties. These results will save time and
resources, and they reduce errors.
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The design of experiments (DOE) is a useful tool to define the most significative variables of a process,
and the optimal operation conditions, or reduce the noise caused by uncontrollable variables. An advantage
of the employ of DOE is the reduction of time required for analysis and costs associated. The Factorial,
surface response methodology, and Taguchi have been employed to analyze the variables involved in
the removal of heavy metal ions coming from wastewater by adsorption employing low-cost adsorbents,
which include agro-industrial waste and biomass. The most important variables associated to increase
of adsorption capacity and evaluated by researchers include temperature, pH, adsorbent dose, initial
concentration of metal, and particle size.
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Biofuels emerge as an alternative to mitigate climate change. In this sense, four biofuels generations
have been proposed to produce clean and renewable fuels. To achieve this, the development of these
fuels requires an extensive and rigorous experimental work that will bring optimal results in short
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time periods. Hence, to accelerate the development of clean fuels, the Design of Experiments (DoE)
methodologies are a useful tool to improve the operational conditions such as temperature, time, pressure,
and molar ratios. Several authors have studied and optimized the different biofuel production systems
using Factorial Designs and Response Surface Design methods and statistical analysis with reliable
results. This chapter reviews and classifies the results obtained by these investigations and demonstrates
the scopes and limitations of the application of DoE.
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Sefa Celik, Istanbul University, Turkey
Ali Tugrul Albayrak, Istanbul University-Cerrahpasa, Turkey
Sevim Akyuz, Istanbul Kultur University, Turkey
Aysen E. Ozel, Istanbul University, Turkey

FTIR and Raman spectroscopy are complementary spectroscopic techniques that play an important
role in the analysis of molecular structure and the determination of characteristic vibrational bands.
Vibrational spectroscopy has a wide range of applications including mainly in physics and biology. Its
applications have gained tremendous speed in the field of biological macromolecules and biological
systems, such as tissue, blood, and cells. However, the vibrational spectra obtained from the biological
systems contain a large number of data and information that make the interpretation difficult. To facilitate
the analysis, multivariant analysis comprising the reduction of the dimension of spectrum data and
classification of them by eliminating redundancy data, which are obtained from the spectra and does
not have any role, becomes critical. In this chapter, the applications of Principal Component Analysis
(PCA), Linear Discriminant Analysis (LDA), and their combination PCA-LDA, which are widely used
among multivariant techniques on biological systems will be disclosed.

Section 2
Pharmaceutical
Chapter 6
Optimizing the Size of Drug-Loaded Nanoparticles Using Design of Experiments: Solid Lipid
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Nanoparticles formed from lipids are currently applied successfully to deliver drugs. The particle size of
the nanoparticle system is an essential characteristic to enhance the entrance of the drugs inside tissues
and cells. Using design of experiment is appealing to find the specific conditions to optimize particle
size of drug-loaded nanoparticles. Authors of this chapter applied a fractional factorial design of half
fraction 24-1 with levels between continue factors, finding statistically significant differences for two
factors such as concentrations of drugs and type of solvent where the organic phase is dissolved. This
design shows the optimization of a formulation of capsaicin in solid lipid nanoparticles. The chapter
also includes information on methods to prepare solid lipid nanoparticles (SLN), the variables involved,
and a selection of studies about optimization of SLN formulations.
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The use of clinical trials to demonstrate effect of foods consumption on human health has increased
significantly in recent years at the global level. As in other areas of human health, some authors choose
to use parallel trial designs, while others prefer to use crossover designs for these trials. Because
crossover trials have the advantage of reducing the number of subjects needed and the economic cost to
be performed, they have many advocates within the scientific community. However, these types of tests
also have numerous drawbacks, due to the difficulty of carrying out adequate statistical analyses, the
lack of reliable standards adapted to them or confounding factors. In this chapter, the advantages and
disadvantages of crossover designs and whether they are a recommended option for human nutrition
research are shown. The usefulness of design of experiments coupled to crossover trials, especially when
comparing various levels of the dependent variable, are also discussed.

Section 3
Food

Chapter 8
Optimization of a Spectrophotometric Flow Injection: Method for Determination Copper and
Manganese in Wines by Design EXPeriments..........coecueriiriiiiiiiieiiieieeeeee ettt 175
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This chapter presents the optimization of the hydrodynamic and chemical parameters of the FIA system
in the determination of copper and manganese in wine samples by VIS spectrophotometry. This technique
has been based on the injection of liquid samples in the non-segmented movement, within a continuous
carrier current of a suitable liquid. The injected sample forms a zone that disperses on its way to a detector.
The later continuously records the absorbance or other physical parameters, since it continuously passes
the sample material through the flow cell, using the factorial designs Plackett-Burman, Box-Behnken,
and the factorial design 2”°4. The methods have the advantages of low-cost, easy availability of chemicals,
and instrumentation and straightforward application to real samples.

Chapter 9

An Overview of the Design of Experiment Workflow: Applications in Food Production Systems... 204
Marco A. Miranda-Ackerman, Universidad Autonoma de Baja California, Mexico
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Design of Experiments as a subfield of statistics has its origins trying to understand systems and
making decisions. In the context of food supply chains where agricultural and farm systems, packaging
and processing plants, cold chains and food logistics, product design, warehousing, retailing, among
many other steps and actors, come together to produce safe, healthy, nutritious, reliable, affordable, and
sustainable food products. At each stage, many problems have to be solved and decisions have to be made
from agricultural practices, scheduling, land use, costing, and pricing, at the farm and orchard level. A
general outline is presented on the general workflow; illustrated through examples and a current review
of some of the applications of design of experiments in the context of food production help provide
some directives and guidelines. Global trends and challenges that influence both the food industry and
the practice of design of experiments are discussed.

Chapter 10

Temperature Effects on the Physicochemical Properties and Composition of Fatty Acids in the Oil
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Maria Gabriela Vargas Martinez, Universidad Nacional Autonoma de México, Mexico
Selene Pascual-Bustamante, Universidad Nacional Auténoma de México, Mexico
Maria del Carmen Beltrdn-Orozco, Instituto Politécnico Nacional, Mexico

Chia seeds have a high content of omega 3, 6, and 9 fatty acids, so their consumption has become popular,
often added to products subjected to heat treatments. This chapter evaluated the effect of temperature
and time on the physicochemical properties and fatty acid composition of chia seed oil. The seeds, either
whole or ground, were subjected to several treatments using a full factorial experimental design 32 where
the factors were: the temperature (150, 187, and 225 °C) and treatment time (10, 25 and 40 min), while
the studied responses were: iodine, acid, peroxide, and saponification values, Kreis test, and the content
of omega 3, 6, and 9, the latter evaluated by gas chromatography. The use of moderate temperatures and
short baking times is recommended (150 to 155 °C, less than 14 min) to avoid the loss in essential fatty
acids and thus preserve the nutritional value of chia added in functional foods.

Section 4
Industrial Applications

Chapter 11
Optimization of Injection Molding Process Parameters via Design of Experiments: Medical
Devices ENVIFONMENT .....c...cooiiiiiiiiiiiiertcrteeteeteeteste sttt sttt sttt 253
Karina Cecilia Arredondo-Soto, Universidad Autonéma de Baja California, Mexico
Arturo Realyvasquez-Vargas, Instituto Tecnolégico de Tijuana, Tecnolégico Nacional de
Mexico, Mexico
Alejandro Jiménez-Zaragoza, Universidad Autonoma de Baja California, Mexico

The validation of processes is an innovative methodology where a process has been submitted to scrutiny
to guarantee the products comply with the specifications of the company and the norms of the country of
consumption. In the medical industry, this process is considered as a regulatory requirement, however,
this also helps to improve quality, eliminate waste, and reduce costs, among other things. This chapter
applied the methodology of process validation in a medical device company; the engineering tests were
used in the company’s clean room, using an injection molding machine and tests of several parameters
were used even without being validated to know which are the best run and the best parameters, for its
daily use. This project addresses the validation of the blood filter process by injection molding. The
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Design of Experiments applied was a 2K factorial design with central points where the replicas consisted
of five of 45 in total for the three dimensions. The pieces are shared for those three dimensions that are
being evaluated.

Chapter 12
The Design of Experiments as a Methodological Framework for the Improvement of
ManUfACUIING PIOCESSES ......ueiuiieiieiieieeie ettt ettt ettt ettt ettt ettt et et e et eeateeateeateeaeeeaee 270
Sukey Nakasima-Loépez, Universidad Autonoma de Baja California, Mexico
Mydory Nakasima-Lopez, Universidad Autonoma de Baja California, Mexico
Karla Frida Madrigal Estrada, Universidad Autonoma de Baja California, Mexico
Erika Beltrdn Salomon, Universidad Autonoma de Baja California, Mexico

Industries seek changes in manufacturing processes by designing or redesigning them, to improve the
quality of products, reduce costs and cycle times, change materials, modify methods, design innovative
products, among others. Facing these demands requires a powerful methodological framework known
as Design of Experiments. Most of literature focuses on the application of these techniques in the areas
of statistics and quality. However, the variety of problems facing engineers in industry is wide and
includes different levels of complexity, ranging from the design of new products, improvement of design,
maintenance, control and improvement of manufacturing processes, maintenance and repair of products,
among others. This chapter provides the reader different applications of this methodology in industry,
to highlight the importance and benefits of knowing and applying these techniques. It will present the
application of this methodology in a general way and finally, it will discuss different case studies that
use this methodology in industry.

Section 5
Diverse Applications

Chapter 13

Two-Level Factorial DESIZNS .....cccueeriiiiiiiiiiieiiie ettt et ettt et et e st st eebteessteesabeesabeesaes 300
Enrigque Barrado, Universidad de Valladolid, Spain
T. Alexandra Ferreira, Universidad Autonoma del Estado de Hidalgo, Mexico

The term design of experiments in analytical chemistry is associated to the establishment of adequate
experimental conditions when working in the laboratory or process conditions used in industry to improve
the instrumental conditions and/or extract the highest information from the experimental data. This
chapter presents practical problem-solving strategies used to obtain a product or chemical process with
desirable characteristics in an efficient mode, focused on the use of full and fractional (2-level) designs.
The information is presented as a tutorial and the main advantages and disadvantages are presented and
discussed, emphasizing the effect of reduction of experimentation in the data quality.

Chapter 14
Application of the Simultaneous Perturbation Stochastic Approximation Algorithm for Process
OptimizZation: Case STUAY ......cc.eevuiiriiiiiiriiiiietett ettt ettt ettt st st st saeesanesanesanesaees 315
Juan Carlos Castillo Garcia, Universidad Autonoma de Baja California, Mexico
Jesiis Everardo Olguin Tiznado, Universidad Autonoma de Baja California, Mexico
Claudia Camargo Wilson, Universidad Auténoma de Baja California, Mexico
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There are different techniques for the optimization of industrial processes that are widely used in industry,
such as experimental design or surface response methodology to name a few. There are also alternative
techniques for optimization, like the Simultaneous Perturbation Stochastic Approaches (SPSA) algorithm.
This chapter compares the results that can be obtained with classical techniques against the results
that alternative linear search techniques such as the Simultaneous Perturbation Stochastic Approaches
(SPSA) algorithm can achieve. Authors start from the work reported by Gedi et al. 2015 to implement
the SPSA algorithm. The experiments allow authors to affirm that for this case study, the SPSA is capable
of equalizing, even improving the results reported by the authors.

Chapter 15
Design of Experiments in Engineering Education: Opportunities and Challenges..............ccccueuee.e. 341
Isabel M. Jodo, Instituto Superior de Engenharia de Lisboa, Instituto Politécnico de Lisboa,
Portugal & CEG-IST, Instituto Superior Técnico, Universidade de Lisboa, Portugal
Jodo M. Silva, Instituto Superior de Engenharia de Lisboa, Instituto Politécnico de Lisboa,
Portugal & Instituto Superior Técnico, Universidade de Lisboa, Portugal

The chapter will start with an overview of today’s challenges of engineering education. DOE can be
very effective for solving problems in view of the new pedagogical challenges in engineering education.
The chapter reviews the progress of DOE in engineering teaching and learning for problem solving
and for product/process optimization with focus on engineering education in this new millennium. The
goal is to identify the main engineering areas accounting for the use of statistical experimental design
in engineering education as well as the main teaching/learning strategies and the combination of other
tools used to support the use of DOE in engineering education. The main contribution will be to bring
up ideas from studies of DOE in teaching/learning engineering environments to better understand the
deficit of utilization of such type of approaches in academic projects/experiments despite the common
utilization of DOE in statistics and quality literature.

GLOSSATY ..ottt e st e et e e bt e e st e e s st e e s abeesaseeenbeeenbte e steeasbeeanseeenseeeneeenseenn 362
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Foreword

The book Design of Experiments for Chemical, Pharmaceutical, Food, and Industrial Applications,
edited by Doctors Eugenia Gabriela Carrillo-Cedillo, Jose Antonio Rodriguez-Avila, Karina Cecilia
Arredondo-Soto and José Manuel Cornejo-Bravo offers an important contribution to the emerging field
of evaluation and optimization of different processes with a minimum of experimentation. The book
contains 15 chapters provided by authors from four countries, and it is divided into five sections named
Chemical, Pharmaceutical, Food, Industrial and Diverse applications.

The content provided in this book will help promote the use of Design of Experiments in more
countries and in industrial sectors. This topic is an interesting alternative to evaluate different variables
involve in a process. The topic is now included in many educational programs reason why this book
contributes to understand the importance and applicability in educational institutions and in companies
from different sectors.

All chapters include topics that represent a challenge in different industrial sectors. The readers will
find new vision to solve a problem based on the cases of studies presented which were similar situations
than their problems. For all these reasons, this book deserves to be in libraries and bookstores that deal
with the evaluation and optimization of different processes employing Design of experiments.

Rafael Pardo Almudi
Universidad de Valladolid, Spain
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Preface

INTRODUCTION

Statistics is the science that uses sets of numerical data to obtain, based on them, inferences based on
the calculation of probabilities. Statistics are useful for a wide variety of factual sciences, from physics
to social sciences, from health sciences to quality control. In addition, it is used in business areas or
government institutions with the aim of describing the set of data obtained for decision making, or to
make generalizations about the observed characteristics. The statistics are divided into two main areas:
descriptive statistics (dedicated to the description, visualization and summary of data originated from
the phenomena of study) and inferential statistics (dedicated to the generation of models, inferences
and predictions associated with the phenomena in question taking into account the randomness of the
observations). As a methodology of inferential statistics, Design of Experiments (DOE) is defined as a
set of active techniques that manipulate a process to induce it to provide the information that is required
to improve it through changes in its variables and its interaction or sequence of execution.

The statistical DOE is the most efficient way of testing processes. When performing controlled and
process-related tests as well as establishing a method in the application sequence, we can obtain data
that statistically can provide testable conclusions about the process or system. DOE is precisely the ap-
plication of the scientific method to generate knowledge about a system or process. The experimental
design presents a set of documented evidence so that the collected data can be analyzed through statistics
to obtain valid and objective predictable patterns or responses that form an effective conclusion. DOE
helps investigate the effects of input variables (factors) on an output variable (response) at the same time.
These experiments consist of a series of runs, or tests, in which intentional changes are made to the input
variables. Data is collected. The experimental design finds applications in industry, agriculture, market-
ing, medicine, ecology, behavioral sciences, pharmaceutical research, chemical process, food industry,
among others; constituting an essential phase in the development of an experimental study. Therefore it is
relevant to promote research on the emerging applications of DOE for process and products improvement.

This book was contributed by authors from four countries: Mexico, Portugal, Turkey and Spain.
The general objective of this book is to increase the use of design of experiments to optimize, improve
and optimize analytical methods and productive processes, in order to use less resources and time, the
estimation of the effects is much more precise. The design of experiments allows the optimization of
a reaction through the variation of multiple factors. Importantly, this allows the evaluation of a large
number of reaction parameters in a relatively small number of experiments. It is a methodology that
is routinely applied to industrial processes but is rarely applied to academic projects. The benefits by
applying this related methods are:
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e  Evaluate more precisely the individual effects of each variable and the interaction between
variables.

e [t can be combined with other research methods Experimental research allows cause and effect to
be determined.

e  Reduce analysis times and costs.

e  Improve the resolution.

e It provides researchers with a high level of control.

The target audience of this book is composed of professors, managers, employers, researchers and
students working in the field of Advanced and Multivariate Statistics of any labor sector. More specifi-
cally, the target audience includes pharmaceutical, environmental, chemical and industrial researchers,
manufacturing engineers, chemical engineers, industrial engineers, industrial designers, researchers,
industry practitioners, research scientists, academics, and any employee that manages DOE at any level.

ORGANIZATION THE BOOK

This book is the result of the research and applications of different colleagues located in different coun-
tries Mexico, Spain, Turkey and Portugal. The design of experiments plays a very important role in the
productive processes and in the investigations of the different areas such as chemistry, food and phar-
macy. Currently it is necessary to optimize resources, use of reagents, raw materials, modify methods,
and make time efficient.

Section 1: Chemical

Chapter 1: The purpose of this chapter is to apply Design of Experiments to improve (plating perfor-
mance) and better practices in an electrochemical process within a company making electronic
components. Specifically, the electroplated process of a Metal Housing served as object of study.
This process consists on plating an aluminum housing with silver (Ag) in order to improve the elec-
trical signal characteristics and properties. It includes multiple factors affecting the process, which
are clearly seen in the diverse failures such as electric response, pollution by solid waste, among
others. These impact directly in the production costs and delivery time. In order to minimize the
mentioned failures, diverse critical factors were enlisted discovering that the principal problem is
the homogeneous distribution of the final finish of the commented product. Particularly, the final
finish is realized with silver so that it affects directly to the electric response as final quality test.

Chapter 2: The main objective of the present investigation was to evaluated the extraction of hydrocar-
bons by the Soxhlet method through the design of experiments (DOE), variating three different
solvents, three soils and three extraction times. soil was experimentally contaminated at different
concentrations and were studied hydrocarbons totals relying on conditions organic matter, elec-
trical conductivity, pH and textures, amount of sample, solvents and NaSO4. The variables were
evaluated by means of an analysis of the Taguchi design and a factorial design, with the results the
significant and optimal parameters of the process were determined, which were, solvent type and
time (10 hours and dielectric constant of 9), also model discards the soil properties, these results
will save time, resources and they reduced errors.

xviii
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Chapter 3: In this chapter, the factorial, Surface Response Methodology and Taguchi have been employed

to analyze the variables involved in the removal of heavy metal ions coming from wastewater by
adsorption employing low-cost adsorbents, which include agro-industrial waste and biomass. The
most important variables associated to increase of adsorption capacity and evaluated by researchers
include temperature, pH, adsorbent dose, initial concentration of metal and particle size.

Chapter 4: Several authors have studied and optimized the different biofuel production systems using

Factorial Designs and Response Surface Design methods and statistical analysis with reliable re-
sults. This work reviews and classifies the results obtained by these investigations and demonstrates
the scopes and limitations of the application of DoE. Biofuels emerge as an alternative to mitigate
climate change. In this sense, four biofuels generations have been proposed to produce clean and
renewable fuels. To achieve this, the development of these fuels requires an extensive and rigorous
experimental work that will bring optimal results in short time periods. Hence, to accelerate the
development of clean fuels, the Design of Experiments (DoE) methodologies are a useful tool to
improve the operational conditions such as temperature, time, pressure and molar ratios.

Chapter 5: FTIR and Raman spectroscopy are complementary spectroscopic techniques that play

an important role in the analysis of molecular structure and the determination of characteristic
vibrational bands.Vibrational spectroscopy has wide range of applications including mainly in
physics and biology.Especially in recent years its applications has gained tremendous speed in
the field of biological macromolecules and biological systems, such as tissue, blood and cells.
However, the vibrational spectra obtained from the biological systems contain a large number of
data and information that make the interpretation difficult.To facilitate the analysis, multivariant
analysis comprising the reduction of the dimension of spectrum data and classification of them
by eliminating redundancy data, which are obtained from the spectra and does not have any role,
becomes critical.In this chapter, the applications of Principal Component Analysis (PCA), Linear
Discriminant Analysis (LDA) and their combination PCA-LDA, which are widely used among
multivariant techniques, on biological systems will be disclosed.

Section 2: Pharmaceutical

Chapter 6: This chapter presents an overview of the methods of preparation of solid lipid nanoparticles

(SLN) which are nanomaterials effective to improve the bioavailability of poorly soluble drugs,
and also to achieve transdermal drug delivery. It includes a critical review of selected references
about the optimization of the preparation of drug-loaded SLN using DOE. The chapter presents the
study of the case of the optimization of the size of SLN containing capsaicin, an analgesic drug,
pinpointing the importance of producing small size SLN for transdermal absorption.

Chapter 7: This chapter analyses de advantages and disadvantages of parallel design with respect to cross-

over trials and cross-over trials coupled to design of experiments, used in nutritional clinical trials
for foods, food ingredients, or bioactive compounds. The advantages of coupling cross-over trials
with design of experiments to reduce the number of subjects and time employed is also discussed.

Xix
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Section 3: Food

Chapter 8: In this chapter, the authors present the optimization of the hydrodynamic and chemical pa-
rameters of the FIA system in the determination of copper and manganese in wine samples by VIS
spectrophotometry using DOE. The chapter illustrates that using factorial designs can reduce the
number of experiments necessary to achieve successful quantification of copper and manganese
in wines.

Chapter 9: In this chapter a general outline is presented on the general workflow; illustrated through
examples and a current review of some of the applications of design of experiments in the context
of food production help provide some directives and guidelines. The general steps are described,
as well as some classifications and applications. A description of some of the more important
principals needed to apply design of experiments are presented.

Chapter 10: This chapter evaluated the effect of temperature and time on the physicochemical proper-
ties and fatty acid composition of chia seed oil. The seeds, either whole or ground, were subjected
to several treatments using a full factorial experimental design. The models can be used to find
the areas of optimal response and obtain limit conditions in the application of thermal treatments
to the chia seed.

Section 4: Industrial Applications

Chapter 11: This study applied the methodology of process validation in a medical device company; the
engineering tests were used in the company’s clean room, using an injection molding machine and
tests of several parameters were used even without being validated to know which are the best run
and the best parameters, for its daily use. This project addresses the validation of the blood filter
process by injection molding. The Design of Experiments applied was a 2K factorial design with
central points where the replicas consisted of five in total of the runs were 45 in total for the three
dimensions, the pieces are shared for those three dimensions that are being evaluated.

Chapter 12: This chapter focuses on providing the reader different applications of DOE in industry, to
highlight the importance and benefits of knowing and applying these techniques. It will present the
application of this methodology in a general way and finally, it will discuss different case studies
that use this methodology in industry.

Section 5: Diverse Applications

Chapter 13: In this chapter there are practical problem solving strategies used to obtain a product or
chemical process with desirable characteristics in an efficient mode, focused on the use of full and
fractional (2-level) designs. The information is presented as a tutorial and the main advantages and
disadvantages are presented and discussed, emphasizing the effect of reduction of experimentation
in the data quality.

XX
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Chapter 14: The objective of this research work is to compare the results that can be obtained with

classical techniques against the results that alternative linear search techniques such as the Simul-
taneous Perturbation Stochastic Approaches (SPSA) algorithm can achieve. They start from the
work reported by Gedi et al. 2015 to implement the SPSA algorithm. The experiments carried out
allow us to affirm that for this case study, the SPSA is capable of equalizing, even improving the
results reported by the authors.

Chapter 15: This chapter presents an overview of the challenges concerning engineering education. It

also presents an overview of DOE with a brief historical analysis of the important developments
in DOE being restricted to that of a group of techniques in design that boost the exploration of a
region of design variables in one or more response variables. This chapter also presents a literature
review regarding the utilization of DOE in engineering teaching and learning for general problem
solving as well as for the optimization of product/process with special focus on engineering educa-
tion. The main contribution of the chapter is to bring up ideas from those studies devoted to the use
of DOE in teaching and learning engineering environments to better understand the deficit of the
utilization of such type of approaches in academic projects/experiments regardless of the common
utilization of DOE in statistics and quality literature.

XXi
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ABSTRACT

This chapter applies design of experiments to improve plating performance and better practices in an
electrochemical process within a company making electronic components. Specifically, the electroplated
process of a metal housing served as the object of study. This process consists of plating an aluminum
housing with silver (Ag) to improve the electrical signal characteristics and properties. It includes mul-
tiple factors affecting the process, which are clearly seen in the diverse failures such as electric response,
pollution by solid waste, among others. These directly impact production costs and delivery time. To
minimize the mentioned failures, diverse critical factors were enlisted discovering that the principal
problem is the homogeneous distribution of the final finish of the commented product. Particularly, the
final finish is realized with silver so it directly affects the electric response as final quality test.
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Design of Experiments in an Electrochemical Process

INTRODUCTION

The Design of Experiments (DoE) is frequent in diverse areas of study. One of them is the industry,
which is principally used in the design and improvement of products and processes. It is because the
experimentation offers a close description on how the products could be used by certain individuals,
and processes could be operated in determined environments. Particularly, the operation of the process
served as a precursor for its improvement. The costs and the time employed in the improvement are two
variables that limit it. However, the experimentation is one tool that is employed with this objective in
mind. The principal idea is to use it until desired goals and/or indexes are achieved. This is considering
the costs and time in order to reduce both using the experimentation. In other words, this means that
experimentation is one form on improving the processes at low cost and using less time.

The EEC company is an industry that manufactures filters for electrical and radar devices, is autonomous
and subsidiary of CE. The company started operations in 1987 and operates within the ‘‘Maquiladora’’
program. The design and manufacturing center is located in Tijuana, Mexico, while the sales, IT and
customer service departments are located in California, United States. CEE is a company specifically
dedicated to the manufacture of RF filters for High frequency and microwave. Over the years the product
line has expanded to include ceramic filters, surface mounted filters and miniature filters. The company
has 50,000 square feet assigned to assemblies, electrical tests, life tests, quality assurance, design engi-
neering and technical service. It also has areas for machines, tools and electroplating finishing processes.

The production departments are organized to process engineering prototypes, issue small quantity
orders and volume production lines. In addition, it has the ability to transform certain areas into clean
rooms “class 100,000 for specific orders that require it. According to the company’s sales catalog,
Electronic Components has certifications in ISO 9000 and ISO 14000. This plant was certified in the
functions of design, development, production, installation and customer service. On the other hand,
clients vary in different sectors. Some examples of application of the final product are mobile and wire-
less telephones, GPS (global location systems), satellite receivers, radio frequency data processors and
network communication systems.

It is important to note that within these production departments, there is a process in which attention
is paid to the importance of the final product. According to the company’s plating manual, electroplating
is the chemical process where a layer of metal is deposited by applying electricity to a metal. An internal
and / or external layer is deposited to said material and it is according to the material to be processed. In
this area metals such as silver and nickel are deposited through an internal process in which the filters
that are manufactured internally are placed. Components-based metals are aluminum, brass and steel to
be coated with a specified thickness. These specifications are indicated on the traveling or work instruc-
tions sheets, following the QQN290 standards for nickel, QQS365 for silver and ASTM-B700 for silver.
This electroplating process generates various properties and characteristics in the coated materials. To
do this, an electrochemical process is followed that includes a series of steps to meet the manufacturing
specifications and achieve the plating requested in the product. In this particular case it is an Aluminum
Housing, which is presented in Figure 1. The products are plated to protect them from environmental
corrosion and give them certain electrical properties. This is because they are metal parts of aluminum
and a copper derivative called brass (copper and zinc alloy).

According to the plating manual, the department is made up of a process engineer, a production
supervisor, a material preparer and a plainer. Employees belonging to this department must have knowl-
edge of the dangerous chemicals that are handled there. This is important for personal safety; Therefore,

2
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Figure 1. The Aluminum Housing

employees use personal protective equipment such as masks for acid vapors, safety glasses, antacid
apron, latex gloves, uniform and non-slip footwear. When there are risks in this department, the plati-
num department is located at the back of the plant. To make the correct plating deposit on the filters, a
line of different chemicals is used that clean the material, then activate it and then deposit the required
metal, which can be silver or nickel.

However, in the metal case there are problems in electrical response, defective material and rework in
50% of the final product. This causes low levels of quality and delays in the delivery time of the finished
product. To solve these problems, a new platinum line was implemented in the company since previously
the product was sent to platinum with an external supplier. This in order to reduce costs and help improve
customer delivery. The process was designed for standard models with easy to meet specifications. A
new process was subsequently requested using the same facilities to meet special specifications. At the
start of production, the initial pieces presented other problems as follows:

1. Problems with electrical response: the geometry of the product is complex with areas of high and
low density, complicating the normal electrodeposition process. The distribution of the final finish
is of importance for the achievement of a favorable electrical response that meets the stipulated
specifications, see figure 2.

2. Compliance with customer specifications: variable directly related to compliance with military
standards and is dependent on the electrical response. It is required to meet the levels of electrical
response and achieve internal product manufacturing requirements.

3. Improve quality levels: it is necessary to eliminate waste and thus take advantage of the consump-
tion of silver, reducing the process time.
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4.  Costof plating process: rework and waste increase the cost of manufacturing in the plating process.
Therefore, it is important to eliminate or reduce it.

From the above, the objective of applying the DoE to improve an electrochemical process in a com-
pany of electronic components to increase the quality levels stipulated in said process was defined. This
shows the effectiveness of this in the elimination or reduction of the problems mentioned above and that
are related to the homogeneous distribution of silver in base metals. This experimentation helps reduce
variations in said finish. This also leads to the improvement in the internal processes of the company
and the fulfillment of goals with customers, thus generating economic benefit for the company. Estab-
lishing the new parameters through the DoE is intended to increase the quality level and thus improve
the important parameters to improve the silver finish and quality levels. For these reasons the following
hypotheses were defined:

e  H, = The electrical response does not depend on the homogeneous distribution of silver in its
internal and external areas

e  H, = The electrical response does not depend on the homogeneous distribution of silver in its
internal and external areas.

For this, the critical factors in the control of the distribution of silver were determined, which were:
a) dependent variables: improvement of electrochemical process, homogeneous distribution of silver,
reduction of platinum costs, desired electrical response, compliance with requirements of the client; b)
independent variables: purity of silver, platinum standards, design of experiments, amperage, time, number
of cycles, concentration of silver, geometry of piece to be plated; c) controlled variables: product family,
operators, plating equipment, plating materials; and d) intervening variables: silver quality, staff turnover.

The rest of this chapter is structured as follows. The first part presents the bibliographic review, which
refers to research related to the area of design of experiments. Also, reference is made to specialists in the
field and the important concepts used are clarified. The following part sets out the development carried
out in this project work describing the variables used, the systematized activity to carry out the research
is proposed, the statistical treatment is decided and defined, also the required activities are presented.
This continues explaining the results obtained to culminate with the conclusion and recommendations
derived from them.

BACKGROUND
Design of Experiments

The Design of Experiments (DoE) is a technique that consists in carrying out a series of experiments
in which deliberate changes in the variables of a process are induced. This allows us to observe and
identify the causes of the changes in the output response. Montgomery (2005) explains that with this
technique you can achieve, for example, improve the performance of a process and reduce its variabil-
ity or production costs. Its application in industry includes fields such as chemistry (Ramirez, 2004),
mechanics (Nataraj, 2005), materials (Ray, 2004), industrial engineering (Tong, 2004), or electronics
(Wingbrant, 2003). Although DoE is defined as an effective tool to improve and optimize processes and
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products, its application is not common in industries (Tanco, 2006). Engineers use advanced statistical
techniques limitedly in troubleshooting. This is because they do not have adequate statistical knowledge
(Tanco 2008b). Most of the scientific articles published on DoE have focused on models, criteria and
other topics that refer almost exclusively to the stage of choice of the model or design to carry out the
experiment and data analysis.

Applications

Tanco (2008a) presented a case study conducted at a recognized company in the automotive sector, in
which about 4,000 employees worked to produce a single car model. The process analyzed is the laser
welding applied to join the sides of the car and its roof, which is carried out in a closed cabin by means
of two robots. This process presented frequent quality problems due to the appearance of pores in both
weld seams. Therefore, experimentation was used and in particular the Design of Experiments to improve
the process. The project started with an average defect rate of 3% and concluded with an average defect
rate of 0.09%. This represented a 97% reduction of the pores. After a while, a confirmatory analysis was
carried out to verify that the results were maintained over time.

In addition, Padilla (2008) carried out a research project in a floricultural industrial field where it is
common to do experiments in the different processes on which the final product depends. These tests
were intended to discover the changes in the materials, methods or operating conditions of a process so
that quality problems can be detected, resolved or minimized. It is common for these tests or experiments
to be done on the fly (trial and error) and depending on experience and intuition. This results in only
visible results with the passage of time because there is no adequate experimental plan that guarantees a
response to the questions raised. The DoE is an effective way of testing the processes, since it provides
the techniques and strategies necessary to effectively bring the processes to better operating conditions.
In addition, it determines which tests and how they should be performed in order to obtain data that,
when statistically analyzed, serve to obtain conclusions and thus improve the decision-making process in
the process performance improvements. The objective of this research was to apply the aforementioned
technique to correct and improve the planting processes and quality of ornamental plants. Materials such
as chemical and organic substances, substrates and temperature variation were used so that through the
observation, measurement and analysis of collected data the best decisions could be made regarding the
variables of interest. The research presented practical applications of randomized experimental design and
factorial experiments through which problems in production processes have been detected. Among these
were the problems of seed germination due to problems with the substrate. Once corrected, germination
efficiency increased by 15%. Also, at least an additional 20 grams of root mass was obtained in the cul-
tures. This resulted from properly combining factors during planting. Thus, the overall productivity was
increased by 8.2%, and the cost of the plant was reduced. This was 3.22 cents to 2.84 cents per hectare.

Also, Roy (2001) comments that all types of industries can benefit from DoE, including those of
service. The application of this methodology can have maximum benefits when it is used in applied
research and the design of new products. Montgomery (2005a) comments on this:

“Most of the industries were working for more than 75 years to improve the efficiency of their processes.
For those cases in which they achieved a significant improvement in the efficiency of the processes
there may not be much room for significant improvements. But in product design, the opportunities for
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improvement are almost unlimited, because most of the costs of a product (production cost, warranties,
repairs, re-work, after-sales service, etc.) are predetermined by the design stage (p.3-4)”.

In addition, the DoE has been successfully applied in marketing (Starkey, 1997) and in finance (Celik,
2007). Along the same lines, Wu (2000) state that DoE can be used in industries to:

Improve processes, either improving their efficiency, reliability or performance.

Assist in troubleshooting.

Learn about processes and their failures.

Establish cause-effect relationships between the input (inputs) of a process and its outputs (output).

Identify the factors that have the greatest impact and the least in the processes and / or products.

Achieve a production of products that meet specifications that are robust to external noise.

Establish a region (or window) of the process where some factors can operate, finding out the

sensitivity to the change of some factors in the response.

Set specifications and logical tolerances for products and processes.

e  Obtain a polynomial equation that models the response behavior of a process in a region of varia-
tion of the factors.

e  Verify if the solution adopted to improve a process really obtains the expected results.

Advantages of Designing Experiments One Factor at a Time

Funkenbush (2005) mentioned that the usual strategy in industries requires changing one factor at a
time (OFAT). This is because it is one of the first lessons taught in formal studies, where experimenta-
tion is emphasized by changing one factor at a time. On the other hand, if several factors are changed
at once, it would be inefficient to find out which variable is responsible for the differences generated.
This is good advice, but it does not apply to the use of experiment design if proper designs are used.
Also, Knapp (2003) explains that an experimenter who believes that only one factor must be modified
at a time when experimenting, must be introduced into the concept of factorial designs. These designs
involve experimenting in all combinations of the levels of each factor and are very simple to analyze
(Box, 2005; Taguchi, 1986). For example, Knapp (2003) shows how Chevron Chemical Co., obtained
negative results with the application of OFAT and, on the contrary, had savings of over US $ 50,000.00
in raw material costs due to the application of fractional factorial designs at two levels. Hence, factorial
designs have the following advantages over an OFAT strategy:

e  They require less resources for the amount of information obtained. This can be important for the
industry since experiments tend to be expensive.

e  The estimation of the effects of each of the factors in the response is accurate. Factorial designs
make each observation double benefit. Using additional experiments to estimate an effect makes
the estimate accurate.

e The interactions between the factors can be systematically estimated. In most cases when the
OFAT is applied, it is not possible to estimate any interaction.

e It provides experimental information in a large area of the region under study. Because the experi-
mentation region is smaller when one factor is modified at a time, the conclusions obtained from
the analysis are limited.
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e It prevents obtaining suboptimal responses. When experimenting with OFAT, because it is ex-
perienced in a small region, the direction of improvement can lead us to areas far from optimal.

To explain these five disadvantages of OFAT, a practical explanation is presented with an example
(Anderson, 2005). The example shows the differences between a factorial design at two 23 levels and an
equivalent OFAT design in terms of replication and parameter estimation. For example, in a factorial
design, with factor A, the four experiments on the left side are used at their low level (1, 3, 5, 7) and the
four experiments on the right side at their high level (2, 4, 6, 8). To obtain an equivalent OFAT design it
is necessary to perform all 16 experiments to obtain the same parameter estimation. This shows that such
astrategy requires additional experiments to obtain the same information. In addition, OFAT designs lack
the ability to investigate interactions and therefore they experience in a limited region. It is now assumed
that nine experiments are performed, according to an OFAT strategy, modifying factor A and keeping
factor B constant at a medium level (0). The response obtained shows the maximum efficiency of 80%
when the level of A is approximately 0.63. Therefore, A is set at its “optimum” and nine experiments
are performed by modifying factor B. Subsequently, B is placed at 0.83, thus obtaining an efficiency
of 82%. Therefore, this strategy helps to conclude that the maximum possible efficiency to be achieved
is 82% and is obtained with the combination of (A, B) = (0.63, 0.83). However, the actual response
surface can obtain efficiency values of the order of 95%. This value could have been obtained from the
application of factorial designs sequentially. This method is usually called Response Surfaces (RSM).

On the other hand, Daniel (1973) identifies five different strategies for experiments that can be per-
formed by modifying one factor at a time. Until now, reference has been made to the “classic” strategy
since it is the simplest, known and used by industries. On the other hand, recently, Frey-Wang (2006)
investigated that under certain circumstances an adaptation of the OFAT can function efficiently com-
pared to factorial designs. This strategy considers interactions and does not move easily like the classical
strategy. Despite the recent discovery, the strategy is difficult to apply. Therefore, Del Castillo (2007)
recommends as a general principle that factorial designs are preferred over OFAT.

Evolution of Experiment Design

The DoE was first applied in agriculture and was carried out by Fisher (1935) in England. His experi-
ences led him to publish his book “Design of experiments”. These studies were focused on improving
potato production, at the experimental agricultural station in Rothamsted, London. Since then, other
researchers contributed to the development and application of the design of experiments in different fields.
According to DeMast (2004), the contributions of Shainin and Taguchi created two new approaches to
DoE. Both approaches offer additional aspects to the design of experiments and are therefore considered
improvement methodologies. That is why Montgomery (2005a) considers that there were four stages
in the development of the design of classical experiments. The first stage, initiated in the twenties of
the last century, is characterized by the systematic introduction of scientific thinking, the application of
factorial designs and the analysis of variance (ANOVA) in experimental scientific research. In the 1930s
and 1940s, fractional factorial designs were introduced as a solution to the excess of experiments neces-
sary to carry out full factorials. These designs consist of choosing an appropriate fraction of a complete
factorial. In addition, they provide an effective and cheap way to study various factors at the expense of
ignoring high-order interactions generally considered insignificant.
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The second stage was initiated by Box and Wilson (1951). This is characterized by the development
of what will later be called the response surface methodology (RSM). These authors noted that industrial
experiments differed from experiments in agriculture in two aspects: a) immediacy, because the response
can be observed quickly, without waiting as long as in agriculture; and b) sequentiality, the experimenter
can perform few experiments and plan the following experiments based on the results. During the follow-
ing years, the DoE and the RSM extended to the chemical industry and industrial processes, especially
in the areas of research and development. At this stage, designs to estimate quadratic functions such as
central composite designs (CCD) and Box-Behnken (BBD) designs arise.

The third stage began in the early 80s, with the emergence of the approaches of Taguchi and Shainin.
These were presented as simple and efficient methodologies for experimentation. The first reaction was
the criticism of these approaches attacking their statistical validity. In spite of this, mainly the works of
Taguchi (1986) on robust parameter design (RPD) served to spread the interest and use of DoE in other
areas, such as automation and the aerospace, electronics and semiconductor industries. As a consequence,
various academics and statisticians began to appreciate ideas of the new approaches which generated
a profound change in the classic approach of the DoE. For example, the reduction of variability began
to be an area of research, as well as the effort to develop methodologies and guidelines to simplify the
application of DoE. This created the foundation to start the fourth stage of the design of experiments
in the 1990s.

The fourth stage was the democratization of statistics. This was thanks to the expansion of Six Sigma
and the varied offer of statistical software that helped the DoE be applied in various types of industry
(Montgomery, 2002). In recent years there has been an increase in publications on the DoE (Booker,
2005), which allowed the technique to be significantly developed. In addition, the automation of cal-
culations and graphs through software allowed simplifying the technique to be used by engineers and
scientists. Recent books on DoE, such as Funkenbush (2005) or Goupy-Creightom (2007) show how
this methodology can be understood and applied by engineers. At this stage the concept of optimality
arises which leads to the use of optimal designs. Statisticians, engineers and scientists also contributed
to the development and application of DoE in industries throughout these almost 90 years of the classical
approach. This caused that this approach is now consolidated and a valid and robust approach.

Approaches of Taguchi and Shainin

According to DeMast (2004), the contributions of Shainin and Taguchi created two new approaches in
the DoE. Both approaches offer the design of experiments and can also be considered as methodologies
to propose improvements. As a researcher in an electronic control laboratory in Japan, the engineer
Geneichi Taguchi developed in the 40s a method for the design of experiments. Although their first
Japanese publication dates back to the 1950s, this approach was introduced in the United States and
Europe until the early 1980s. Tay and Butler (1999) mention that Taguchi promoted statistical techniques
from a statistical perspective. of the moment Although Taguchi played an important role in popularizing
this technique, and much of its success was due to it, it would be wrong to consider Taguchi’s methods
as a single approach to DoE. De Mast (2004) states that Taguchi developed a methodology for solving
problems, which he called “Quality Engineering”. The basic concepts about Taguchi methods can be
summarized as follows:
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e A quality product is one that minimizes losses to society throughout its useful life. The relation-
ship between this loss and the technical characteristics is expressed in the loss function, which is
proportional to the square of the deviations of the response over its desired value.

e  Taguchi breaks down its “Quality Engineering” strategy in three phases: system design, parameter
design and tolerance design. Systems design tries to innovate and investigate what are the factors
and levels that should operate. The parameter design attempts to increase the performance of a
process / product by adjusting the factor levels. Generally, this phase is known as the Taguchi
Method and is the phase related to the technique. Finally, the tolerance design determines the
control parameters of each factor, which are identified in the Taguchi Method.

e  The experimentation objective must be changed to obtain results according to the specifications in
order to achieve a desired value while minimizing variability.

According to Arvidsson and Gremyr (2008), because the DoE is a key tool for the design of parameters,
Taguchi placed special emphasis on making it simple to apply. Basically, he simplified the application of
the technique by incorporating a standard set of experimental designs (orthogonal matrices), a graphi-
cal tool to assign the factors to the experimental design (linear graphs), guides to interpret the results
(cookbook), ways to transform the response to obtain reduction in variation (S / N ratios) and a formal
method to study uncontrollable factors using the robust design technique (Roy, 2001). It also simplified
the analysis of tolerances through the use of the technique (Pignatello, 1991). Taguchi’s main contribu-
tion was the emphasis on reducing variation: “quality is something that cannot be characterized only
by a measure of a desired characteristic. The variability of this characteristic must also be considered”,
(Robinson, 2004, p 81-101).

Therefore, he proposed the use of special designs in which the factors included in the experimenta-
tion could be classified in control and noise. The first are those factors that can be controllable; while
noises are those difficult or expensive to control. The basic idea of parameter design is to identify the
appropriate level of each control factor at which the system performance is robust to the presence of
noise factors (Nair, 1992a). This with the aim of making the system robust to noise. This approach is
known as “robust design.” The methodology for problem solving created by engineer Dorian Shainin is
called the Shainin system. In 1975, Shainin founded his own company and describes his method as the
American approach to problem solving with the same objectives as the Taguchi approach (Shainin, 1988).

Limitations of Diverse Approaches

Goh (1993) states that until the Taguchi methods were disclosed in the United States, the classic DoE
was considered a mathematical tool and was seen as a complement in the technical training of the engi-
neer for the study of processes and products. Bhote (2000) explains that Taguchi and Shainin were the
greatest critics of the classical approach. They argued that entrepreneurs, engineers and workers found
DoE complicated to apply and ineffective, which made it a frustrating experience. Also, that this ap-
proach was preferred only by those individuals with mathematical or statistical inclination. Despite this,
it is important to note that after a decade of strong opposition to new approaches, the classical approach
began to detect the importance of several ideas proposed by Taguchi and Shainin. For example, there
were several attempts to integrate the design of Taguchi parameters with the classical approach (Nair,
1992b). As a consequence, the use of the response surface methodology when a variation reduction is
desired became an emerging research area (Quesada, 2004). Finally, the complexity of the technique,
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strongly criticized, was significantly diminished with the help of software that allows designing and
analyzing the experiments. In addition, special emphasis was placed on presenting guides that included
graphic tools to clarify and simplify it. Some examples of these simplifications are Pareto charts to see
the magnitude of the effects or the use of charts to define the problem under study.

Montgomery (2005b) classifies the strategies used to carry out the experiments in companies in three
categories. The first is the best guess (“best guess”), a strategy that consists of using prior knowledge
about the process in question, modifying the variables involved and conducting the tests under condi-
tions in which better results are expected. This strategy lacks scientific rigor since it is based solely on
intuition and experience. The second strategy is that of one factor at a time (“OFAT”), Czitrom (1999)
explains that it consists in modifying a single factor (variable) each time and distinguishing the effects
that each factor has on the response separately. This strategy, although it is the most used in companies
and according to the scientific method, is inefficient to find the best process conditions. In addition, it
does not systematically detect the possible relationships (interactions) that may exist between several
factors by driving only one at a time.

Thus, the statistical methodology par excellence to optimize experimentation is known as DoE,
this being the third strategy. It is therefore necessary, as Deming (1982) states; more efficient to use
a pre-established statistical methodology as a strategy for experimentation; which, in terms of results
obtained and number of experiments, allows us to plan and analyze the experiments correctly. There is
no knowledge that can contribute both to improving quality, productivity and competitiveness as well as
statistical methods. DoE is defined by Lye (2005) simply as a method to systematically apply statistics
to the experimentation process. Montgomery (2005b) defines it as performing a set of tests in which
voluntary changes are made to the control parameters of a process or system, to observe and identify
the reasons for the changes in the output variable or response of the process.

Methodologies of the Design of Experiments

According to Polished (2004) the statistical design of experiments is one of the techniques used in the
industrial field. It is the planning of a set of experimental tests, whose objective is to obtain data that
can be analyzed statistically and thus be able to obtain valid conclusions of a system or process under
study in order to implement an improvement. The important thing about a statistical design of experi-
ments is to know in advance what are the factors that you want to control and how many repetitions are
appropriate to obtain a representative sample, so that a set of test conditions is obtained; It is a sequence
of stages or activities that must be accomplished to achieve the objectives pursued. The statistical design
of experiments consists of the following stages:

1. Planning. They are each and every one of the activities that are aimed at understanding the problem,
designing and performing the appropriate experimental tests.

2. Analysis. The variance analysis model (ANOVA) or the statistical technique that best describes
the behavior of the data is determined.

3. Interpretation. This part must go beyond the formal statistical analysis, analyze what has happened
in the experiment in detail and contrast the initial hypotheses with the results obtained, observe
the new learning process, verify the assumptions and choose another treatment to Efficientize the
process.
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4.  Conclusions. It consists in deciding what measures will be implemented to generalize the result
of the study and ensure that the improvements are maintained. In addition, it serves to present and
disseminate the achievements to people who work directly in the process under study.

The DoE essentially deals with phenomena that are observable and repeatable, so care must be taken
in planning and analyzing an experiment. This is due to the fact that being observable and repeatable
experiments, these concepts by nature contradict each other. Anything observed is appreciated with
variability; that is, nothing happens in the same way twice, even measurements of the same event vary.
This is why the starting point for planning is to apply the basic principles of the statistical design of
experiments, such as randomization, repetition and blocking, explained below:

e  Randomization. It consists of making experimental runs in random order; This principle increases
the possibility that the assumption of independence of errors will be fulfilled.

e  Repeat. It is to run more than once the treatment or a set of given factors, which allows to distin-
guish which part of the total variability of the data is due to the random error and which to the
factors. Care must be taken to confuse this concept with that of measuring several times the same
item or product manufactured in the same combination of factors.

e  Lock. It is to nullify or takes properly into account all the factors that can affect the response
observed.

On the other hand, the objective is to study the effect of several factors on one or several responses
or quality characteristics called factor design. In other words, this design seeks to study the relation-
ship between the factors and their response in order to know what this relationship is like and generate
knowledge that allows actions and decisions to be taken that improve the performance of the process
being studied. Through this design you can determine a combination of levels of factors in which the
process performance is optimal and that in current operating conditions and therefore can reduce or even
eliminate quality problems in the output variable. Another advantage of this design is that the input vari-
ables or factors can be of qualitative type (machines, operator, type of material, etc.) and / or quantitative
(temperature, humidity, speed, etc.). According to Montgomery (2005a), in the analysis of variances
(ANOVA) variances ratios are used to test the hypothesis of equality of means, this means that it is a
statistical technique that allows to identify differences of existence between the means of different groups.

This technique is common to use when two or more arithmetic means have to be compared with
each other. It should be noted that the analysis of variance does not allow the Type I Error (probability
of accepting that the means are different from each other, when they really are not) increase when com-
paring a set of treatment groups, as it would if the comparison were made two by two using a t-test for
two treatments. The analysis of variance is used to determine the probability that the differences of the
means between several groups are due merely to the sample error but not to the experimental random
error. The logic of a contrast in the analysis of variance is simple if two independent calculations of the
variance are compared (this depending on the experimental model that is applied) for the independent
variance. One reflects the existing variability within the groups and the other represents the existing
variability between the groups attributed to the effects of the treatment.
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Silver Deposit Process

Electrodeposition or electroplating is an electrochemical plating process where metal cations contained
in an aqueous electrolytic solution are deposited in a layer on a conductive object. The process uses the
electric current to reduce on the cathode surface the metal cations contained in an aqueous solution.
When reduced, the cations precipitate on the surface creating a coating, the thickness of which will de-
pend on various factors. Mainly electrodeposition is used to adhere a metal layer with a desired property
to a surface that otherwise lacks that property, for example: resistance to abrasion and wear, protection
against corrosion, the need for lubrication, or qualities aesthetic Particularly, the silver-aluminum elec-
trodeposition process used in the aforementioned company will be described below.

The piece of aluminum serving as a conductive body is immersed for ten to fifteen minutes in an
alkaline solution containing sodium hydroxide to clean organic compounds, grease or oil. Then double
rinse with deionized water. Subsequently, the piece is immersed for four to five minutes in an antioxidant
solution, which contains nitric acid, ferric sulfate and ammonium in order to remove excess sodium
hydroxide. A double rinse is performed with deionized water. Subsequently, the piece is immersed for
three to fifteen minutes in caustic soda (sodium hydroxide) to perform a micro attack on the surface of
the aluminum in order to condition the piece for nickel. A double rinse is performed with deionized water.
Again, the piece is immersed for four to five minutes in an antioxidant solution to remove excess sodium
hydroxide. Here a double rinse with deionized water is performed. Since the piece is conditioned, it is
immersed for aminute in a zinc coating solution containing ferric hydrochloric acid and sodium hydroxide
in order to give the piece a conditioning prior to immersion in nickel (non-electrolytic nickel plating). A
double rinse is performed with deionized water. Subsequently, to neutralize the action of zinc plating,
it is immersed (until complete dissolution of zinc plating) in a zinc plating solution that is formulated
with a potassium compound. Subsequently, it is immersed for 30 seconds in the zinc coating solution.
A double rinse is performed with deionized water. Then, the piece is immersed for 10 to 15 minutes in
a solution of nickel (non-electrolytic nickel plating), which is composed of nickel sulfate and will give
the addition of nickel to aluminum. At this point three laboratory tests are carried out to the solution:

e  Phlevel, which should be in the range of 4.7 to 5.1
e  Metallic nickel, which must be from 5.7 t0 6.3 g /1
e  Sodium hypophosphite, maintaining the range of 20-50 g /1

A double rinse is performed with deionized water. Subsequently, the piece is immersed for eight to
thirty-five minutes in a solution of nickel sulfamate that is composed of nickel sulfamate and that will
give the piece a finish, shine and hardness. This solution has three laboratory tests:

e  Phlevel, which should be in the range of 3.6 to 4.4
e Nickel sulfamate, which should be 7 to 5 oz / gal
e  Boric acid, maintaining the range of 2 to 5 oz / gal

A double rinse is performed with deionized water. Then, the aluminum-nickel piece is immersed

for three to thirty minutes in an acidic copper solution which contains copper sulfate and sulfuric acid.
There a layer of copper is deposited on the piece. The solution has two laboratory tests:
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e  Copper Sulfate (25-45 oz/gal)
e  Sulfuric Acid (10-40 oz/gal)

A double rinse is performed with deionized water. Then, once the aluminum-nickel-copper piece is
in place, it is immersed for one to five minutes in a silver solution that will give the piece an initial layer
of silver. This solution contains potassium cyanide, silver cyanide and potassium. The solution has two
laboratory tests:

. Silver cyanide (3.5-7.5 oz / gal).
e  Potassium cyanide (14-18 oz / gal)

A double rinse is performed with deionized water. Immediately and depending on the finish that you
want to give the piece can be:

e  Opaque silver: Immerse the piece for two to ten minutes in an opaque silver solution, which is
composed of silver cyanide, potassium and potassium cyanide. This will give the silver an opaque
finish. This solution has two laboratory tests:

° Silver and potassium cyanide (3.5-7.5 oz / gal)
° Potassium cyanide (14-18 oz / gal)

e  Shiny silver: Dip the piece for two to three minutes in a solution of shiny silver, which is composed
of silver cyanide, potassium and potassium cyanide, in addition to brighteners, which will give the
silver a shiny finish. This solution has two laboratory tests:

° Silver and potassium cyanide (0.5-0.9 oz / gal)
° Potassium cyanide (11-15 oz / gal)

A double rinse is performed with deionized water. The piece is dried in the oven at a temperature
greater than 75 degrees Celsius.

METHODOLOGY

According to Montgomery (2002), the general guidelines for the design of experiments require that all
participating parties have a clear idea of the objectives, procedures and methods of analysis that will be
used in this task. Thus, the general scheme recommended for the procedure involves the following steps:

1. Identification and statement of the problem. This point may seem very obvious, but it is common
that in practice it is not easy to realize that there is a problem that requires experimentation, and it
is not easy to develop a clear statement, with which everyone agrees, of this problem. It is neces-
sary to develop all ideas about the objectives of the experiment. Generally, it is important to request
contributions from all the areas involved: engineering, quality assurance, manufacturing, market-
ing, administration, the client and the operation staff (who usually knows the process thoroughly
and who too often is ignored). For this reason, a team approach is recommended to design experi-
ments. In most cases it is convenient to make a list of the specific problems or questions that will
be addressed in the experiment. A clear statement of the problem contributes substantially often to
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achieve a better understanding of the phenomena under study and the final solution of the problem.
It is also important to keep in mind the overall objective; For example, is it a new process or system
(in which case the initial objective may be the characterization or screening of the factors) or is it
a mature system that is known with reasonable depth and that has been previously characterized
(in which case the objective may be optimization)? In an experiment there may be many possible
objectives, including confirmation (does the system behave in the same way now as in the past?),
Discovery (what happens if new materials, variables, operating conditions, etc. are explored. ?) and
stability (under what conditions do the response variables of interest suffer serious degradation?).
Obviously, the specific issues to be addressed in the experiment are directly related to the overall
objectives. Often at this stage of the problem formulation many engineers and scientists realize that
it is not possible for an extensive comprehensive experiment to answer the key questions and that
a sequential approach in which a series of smaller experiments is used is a strategy more suitable.

2. Choice of factors, levels and ranges. When considering the factors that can influence the perfor-
mance of a process or system, the experimenter usually discovers that these factors can be classi-
fied as potential design factors or as disturbing factors. The potential design factors are those that
the experimenter may want to vary in the experiment. It is common to find that there are many
potential design factors, so it is convenient to have some additional classification of them. Some
useful classifications are design factors, factors that remain constant, and factors that are allowed
to vary. The design factors are those that are actually selected to study them in the experiment. The
factors that remain constant are variables that may have some effect on the response, but that for
the purposes of the current experiment are not of interest, so they will remain fixed at a specific
level. For example, in a chemical etching experiment in the semiconductor industry there may
be an effect, which is unique, of the specific tool for plasma chemical etching that is used in the
experiment. However, it would be very difficult to vary this factor in an experiment, so the ex-
perimenter can decide to perform all experimental runs on a particular chemical recorder (ideally
“typical”). In this way, this factor remains constant. As an example of factors that are allowed to
vary, the experimental units or the “materials” to which the design factors are applied are generally
not homogeneous, however often this variability of a unit is ignored. another and randomization
is relied on to compensate for any effect of the material or experimental unit. Many times we will
work with the assumption that the effects of the factors that remain constant and the factors that
are allowed to vary are relatively small.

On the other hand, disturbing factors can have considerable effects that must be taken into consider-
ation, even though there is no interest in them in the context of the current experiment. Disturbing factors
are usually classified as controllable, uncontrollable or noise factors. A controllable disturbing factor is
one whose levels can be adjusted by the experimenter. For example, the experimenter can select differ-
ent batches of raw material or several days of the week to conduct the experiment. The basic structure
of block formation, discussed in the previous section, is usually useful for working with controllable
disturbing factors. If a disturbing factor is not controllable in the experiment, but can be measured, the
analysis procedure called covariance analysis can often be used to compensate for this effect. For example,
the relative humidity in the process environment can affect the process performance, and if the humidity
cannot be controlled, it can probably be measured and treated as a covariate. When a factor that varies
naturally and cannot be controlled in the process can be controlled for the purpose of an experiment, it
is often called a noise factor. In such situations, it is common that the objective is to find the settings of
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controllable design factors that minimize the variability transmitted by noise factors. Sometimes this is
called the study of robustness of the process or the problem of robustness of the design.

Once the experimenter has selected the design factors, he must choose the ranges in which he will
vary these factors, as well as the specific levels with which the runs will be performed. It should also
be considered how these factors will be controlled at the desired values and how they will be measured.
For example, in the liquid welding experiment, the engineer has defined 12 variables that can affect the
occurrence of welding defects. The engineer will also have to make a decision as to the region of interest
for each variable (that is, the range in which each factor will be varied) and as to the number of levels
of each variable he will use. This requires knowledge of the process. This knowledge of the process is
usually a combination of practical experience and theoretical knowledge. It is important to investigate
all the factors that may be of importance and not be too influenced by past experience, particularly when
one is in the initial stages of experimentation or when the process is not fully mature. When the objective
of the experiment is the screening of the factors or characterization of the process, it is generally better
to keep the number of factor levels reduced. In general, two levels work quite well in factor screening
studies. Choosing the region of interest is also important. In screening factors, the region of interest
should be relatively large; that is, the range in which the factors are varied should be wide. As more is
known about the variables that are important and the levels that produce the best results, the region of
interest will generally become narrower.

3. Selection of the response variable. To select the response variable, the experimenter must be
certain that this variable actually provides useful information about the process under study. In
most cases, the average or standard deviation (or both) of the measured characteristic will be the
response variable. Multiple answers are no exception. The efficiency of measuring instruments
(or measurement error) is also an important factor. If the efficiency of the measuring instruments
is inadequate, the experimenter will only detect the relatively large effects of the factors or ad-
ditional replications may be necessary. In some situations where the efficiency of the measuring
instruments is poor, the experimenter may decide to measure each experimental unit several times
and use the average of the repeated measurements as an observed response. It is often of decisive
importance to identify the aspects related to the definition of the responses of interest and how
they will be measured before carrying out the experiment. Sometimes experiments designed to
study and improve the performance of measurement systems are used. It is reiterated how crucial
it is to present all the views and information of the process in steps 1 to 3 above. This is referred to
as pre-experiment planning. Coleman and Montgomery provide worksheets that can be useful in
pre-experiment planning. In many situations, it is not possible for a single person to possess all the
knowledge required to do this properly. Therefore, a broad recommendation is made for teamwork
during the planning of the experiment. Most of the success will gravitate to how well the previous
planning of the experiment has been done.

4.  Choiceof experimental design. If the pre-experiment planning activities are carried out properly, this
step is relatively simple. The choice of design implies the consideration of the sample size (number
of replicas), the selection of an order of runs suitable for experimental trials and the determina-
tion of whether block formation or other restrictions on randomization come into play. . This book
reviews some of the most important types of experimental designs, and can ultimately be used as
a catalog to select the most appropriate experimental design for a wide variety of problems. There
are also several interactive statistical software packages that support this phase of experimental
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design. The experimenter can enter information on the number of factors, levels and ranges, and
these programs will present a selection of designs to the experimenter for consideration or recom-
mend a particular design.

These programs also generally provide a worksheet (with the random order of runs) that will be
used in conducting the experiment. When selecting the design, it is important to keep the experimental
objectives in mind. In many engineering experiments it is known in advance that some of the factor
levels will produce different values of the response. Consequently, the focus is on identifying what fac-
tors cause this difference in estimating the magnitude of the response change. In other situations there
may be more interest in verifying uniformity. For example, two production conditions A and B can be
compared, where A is the standard and B is an alternative with greater cost efficiency. The experimenter
will then be interested in demonstrating that, for example, there is no difference in performance between
the two conditions.

5.  Performing the experiment. When the experiment is carried out, it is vital to carefully monitor
the process in order to ensure that everything is being done according to the planning. Errors in
the experimental procedure at this stage will generally destroy the experimental validity. Placing
foreground planning is crucial to success. It is easy to underestimate the aspects of logistics and
planning when running an experiment designed in a complex manufacturing or research and de-
velopment environment. Coleman and Montgomery suggest that before carrying out the experi-
ment, it is convenient on many occasions to conduct some pilot or test runs. These runs provide
information about the consistency of the experimental material, a verification of the measurement
system, an approximate idea of the experimental error and the opportunity to implement the global
experimental technique. This also offers an opportunity to review, if necessary, the decisions made
in steps 1 to 4.

6. Statistical analysis of the data. Statistical methods should be used to analyze the data so that the
results and conclusions are objective and not appreciative. If the experiment has been designed
correctly and if it has been carried out according to the design, the necessary statistical methods
should not be complicated. There are several excellent software packages designed to assist in
data analysis, and many of the programs used in step 4 to select the design have a direct interface
for statistical analysis. It is often found that simple graphic methods play an important role in the
analysis and interpretation of data. Because many of the questions that the experimenter wants
to answer can be inserted in the hypothesis test framework, the procedures for testing hypotheses
and estimating confidence intervals are very useful in analyzing data from a designed experiment.
Most of the time, it is also very useful to present the results of several experiments in terms of an
empirical model, that is, through an equation derived from the data that expresses the relationship
between the response and the important design factors. The residual analysis and the verification
of the adequacy of the model are also important analysis techniques. Remember that statistical
methods cannot demonstrate that a factor (or factors) has a particular effect, they only provide
general guidelines regarding the reliability and validity of the results. Applied correctly, statistical
methods do not allow the experimental demonstration of anything, but they do serve to measure
the possible error in a conclusion or assign a level of confidence to a statement. The main advan-
tage of statistical methods is that they add objectivity to the decision-making process. Statistical
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techniques, coupled with good engineering or knowledge of the process and common sense, will
generally lead to strong conclusions.

7.  Conclusions and recommendations. Once the data has been analyzed, the experimenter must
draw practical conclusions about the results and recommend a course of action. Graphic methods
are usually useful at this stage, in particular to present the results. Follow-up runs or confirma-
tion tests should also be performed to validate the conclusions of the experiment. Throughout
the entire process it is important to keep in mind that experimentation is an essential part of the
learning process, in which tentative hypotheses about a system are formulated, experiments are
conducted to investigate these hypotheses and new hypotheses are formulated based on results,
and so on. This suggests that experimentation is iterative. It is usually a big mistake to design a
single comprehensive and extensive experiment at the beginning of a study. A successful experi-
ment requires knowing the important factors, the ranges in which these factors should be varied,
the appropriate number of levels to be used and the appropriate units of measurement for these
variables. In general, the precise answers to these questions are unknown, but you learn about them
on the fly. As an experimental program progresses, it is common to abandon some input variables
and incorporate others, modify the exploration region of some factors or incorporate new response
variables. Therefore, experimentation is generally done sequentially and, as a general rule, no more
than 25% of the resources available in the first experiment should be invested. This will ensure that
there will be sufficient resources to carry out the confirmation runs and that the final objective of
the experiment will ultimately be achieved.

RESULTS

It was found that there was a correlation between the insertion loss and the silver thickness. Addition-
ally, there was a negative effect between the silver deposit and insertion loss. It is if there was a greater
deposit of silver, the insertion loss was lower. Moreover, the copper use, silver purity, amperage and
silver concentration were the factors with greater effect. This means that adding copper, maintaining
the silver purity at 99.99%, amperage at 5 amperes, and silver concentration at 7.5 oz./gal were the ideal
values of the factors to obtain a better silver distribution onto filter surface. Furthermore, the copper
use and silver purity were the factors with greater effect in the electric response and insertion loss. It is
adding copper and maintaining the silver purity at 99.99% were the ideal values of the factors to obtain
an acceptable electric response. Consequently, there was a substantial increase in the levels of quality
passing from 50% to 90%. The former was before the implementation of Design of Experiments, and the
last one was after the mentioned implementation. Finally, the last phase was concentrated on obtaining
conclusions and recommendations. It is important to remark that was necessary to clearly describe and
understand the silver deposit process. This permitted to identify in detail the problem and to define the
factors and additional information required in diverse phases of the mentioned technique. As a result,
seven factors were evaluated and subsequently changed in order to increase the value of the electric
response. Particularly, the amperage, the material of the box of metal, the silver cleanliness and the
silver concentration were the factors that changed their levels. In general terms, the percentage of the
quality increased 40%. Additionally, the Design of Experiments permitted to advise some changes in
the electrochemical process so that some steps were reordered. Particularly, this technique permitted to
find a better combination of factors affecting the process in study. It was seen during the experimenta-
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tion and the statistic analysis of the obtained data. This admitted to uncover the new parameters of the
factors considered subsequently enabling a better distribution of the silver finish. For this, it is suggested
additional changes in the materials and equipment used in that process.

Problem lIdentification

The company’s catalog defines an electric filter or electronic filter as an element that distinguishes
a certain frequency or frequency range from an electrical signal that passes through it, being able to
modify both its amplitude and its phase. A band filter allows the passage of a specific band, rejecting
the passage of low and high frequencies within a range of 2000 to 12000 MHz. There, an attenuation
is defined as the loss of signal from a filter, which is usually measured in decibels (dB). Attenuation is
usually referred to as signal amplitude or signal strength. In telecommunication, it is called attenuation
of a signal, be it acoustic, electrical or optical, to the loss of power suffered by it when passing through
any transmission medium. Also, it defines an insertion loss as the signal loss caused when the filter is
inserted into a circuit and measured in decibles (dB). A general definition is established as the amount
of voltage allowed when the electric frequency is at its maximum potential. Telecom insertion losses are
the loss of signal power due to the insertion of a device in a transmission line or optical fiber. In figure
2 both parameters are presented schematically.

These parameters are directly proportional to each other. Insertion losses are a measure of attenuation
due to the insertion of a device in the signal path. They require a homogeneous surface finish so that the
passage of the electrical signal flows in the same way without affecting the spectrum of signals defined
in the parameters for which it was designed. On the other hand, silver, according to Marks (1995) is
defined as a chemical element that has the maximum electrical conductivity and thermal conductivity
of any metal, as well as being a metal with solution pressure or the tendency of the metal to dissolve in
water, which is involved in electrochemical corrosion. Of the world’s silver production, approximately
70% is used for industrial purposes and 30% for monetary purposes. In chemistry and electronic design,
it is where their uses are mainly given. For these reasons, silver is the metal selected to electro deposit
on the aluminum surface. Thus, in the process under study there was a loss of signal specifically in the
BAND PASS model. This resulted in a 50% loss of quality levels and increased costs. Figure 3 shows
this signal loss.

These parameters are directly proportional to each other. Insertion losses are a measure of attenuation
due to the insertion of a device in the signal path. They require a homogeneous surface finish so that the
passage of the electrical signal flows in the same way without affecting the spectrum of signals defined
in the parameters for which it was designed. On the other hand, silver, according to Marks (1995) is
defined as a chemical element that has the maximum electrical conductivity and thermal conductivity
of any metal, as well as being a metal with solution pressure or the tendency of the metal to dissolve in
water, which is involved in electrochemical corrosion. Of the world’s silver production, approximately
70% is used for industrial purposes and 30% for monetary purposes. In chemistry and electronic design,
it is where their uses are mainly given. For these reasons, silver is the metal selected to electro deposit
on the aluminum surface. Thus, in the process under study there was a loss of signal specifically in the
3BD810-925 model. This resulted in a 50% loss of quality levels and increased costs. Figure 3 shows
this signal loss.

The cause of the cost increase was attributed to the rework of the pieces as they were rejected and
as a correction measure, silver was added to it. Therefore, the rejected filters were used to measure the
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Figure 2. Frequency signal of the electronics filter
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flatness of the outside and the cavities. This demonstrated an irregular shape in the distribution of silver,
specifically within the cavities in micro-inches, as presented in Figure 4.

Choice of Factors and Levels

After doing several brainstorming sessions with experts in the process discussed here, seven factors affect-
ing that process were selected. These factors were considered as those that can benefit the optimization
of silver deposition. These factors are listed below, and their description is presented:

1. Electric Current (Amperage): Electric charge flow per unit of time that a material travels, the
greater the electric charge, the greater the electrodeposition.

2. Time (Minutes): Physical magnitude with which we measure the duration of electrodeposition.

3. Plating Standard: The current standard without copper (Cu) was compared against a new standard
with copper.

4.  Silver Purity: 99.99% silver was compared against 99.75% silver in anodes.

5. Type of Electrical Pulse: A flow of continuous amperes from anode to cathode was compared
against programmed amperage profiles and changes between current direction anode to cathode
and vice versa.

6. Rectifier Capacity: 25 amperes and 50 amperes

7.  Silver Concentration: 3.5 oz / gal and 7.5 oz / gal

Similarly, the levels were selected, taking the level (+) as the maximum permissible levels and the
levels (-) those minimum permissible levels, allowing to be within the control levels, see table 1.

Figure 4. Silver thickness in product cavities
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Selection of the Variable Response

The response variables were selected based on the hypothesis to be tested and the electrical specification
required by the customer. Consequently, the selected variables were:

X : Silver thickness reading range (300 to 500 micro-inches)
X,: Electrical response (insertion loss and attenuation)

Experimental Design Selection

The decision to use an orthogonal L8 Taguchi matrix design for seven variables and eight experiments
was defined by the cost of experimentation, because the thickness of the silver represents an important
cost for each run. The Taguchi method is a robust design that considers variation and it is not necessary to
make too many runs to obtain significant results. Table 2 shows the matrix of variables and experiments.

Performing the Experiments

For a better control each of the experiments was defined by assigning the values of their levels. Table 3

shows the list of the eight experiments with their respective level values. Due to the implicit cost in each

experiment, only one filter was used per experiment and the silver thickness measurements were averaged.
Figure 5 shows the positions where the thickness readings were taken.

Data Analysis

Appendix 1 shows the results of each experimental run performed on the platinum filters established
in the design of experiments. The statistics of these results were generated with the Minitab software.
Figure 6 shows the results of the regression analysis of these experiments. The results demonstrate a
correlation between insertion loss and silver thickness. There is a negative effect: if there is a greater
deposit of silver, the insertion loss is less. To solve the problem of failure in insertion loss it is necessary
to maintain the homogeneous silver distribution.

Table 1. Factor description and levesl for the experimental design

Levels
Code Factors
(+) ()
A Amperage SA 2A
B Time 40 min 20 min
C Plating standard With Cu No Cu
D Silver purity 99.99% 99.75%
E Type of electrical pulse Direct Inverted
F Rectfier capacity 50 amps 25 amps
G Silver concentration 7.5 oz/gal 3.5 oz/gal

21

EBSCChost - printed on 2/13/2023 6:26 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Design of Experiments in an Electrochemical Process

Table 2. L8 matrix for 7 variables and 8 experiments

Factors
Experiment
A B C D E F G
1 D -1 -1) -1 -1 -1 -1
2 D -1 -1 +1 +1 +1 +1)
3 -1 +D +D -1) -1) +D (+1)
4 D +D +1 +1 +1 -1 -1
5 +D -1 +D -1 +D -1 (+1)
6 (+1 -1 +1 +D -1 +1 -1
7 +D +D -1 -1 +D +D -1
8 (+1 +D -1 +1 -1 -1 +1)

The main response effects in silver thickness measurements and their relevant analysis are shown
in Figure 7. It is shown that the use of copper, the purity of silver, the amperage and the concentration
of silver are the factors with the greatest effect. The ratio shown in the graphs is that by adding copper,
maintaining the purity of silver at 99.99%, the amperage at 5 amperes and the concentration of silver at
7.5 oz / gal, will result in a better distribution of silver on surface of the filters.

The main effects of electrical response on insertion loss are shown in Figure 8. It is shown that the
use of copper and the purity of silver are only the factors with the greatest effect. The ratio shown in the
graphs is that by adding copper and maintaining the purity of silver at 99.99%, an acceptable electrical
response is obtained.

Conclusion and Recommendations

In conclusion, the employed technique was useful to uncover factors that affect the quality of the prod-
uct in study. It agreed the active manipulation of some factors until some were discovered affecting the
mentioned process. In addition, it simultaneously admitted that manipulation of diverse factors at the
same time reducing the costs on it. With the establishment of the new parameters through the Design
of experiments, the quality level was increased to 90% acceptance, which implies a reduction of waste
costs of 40%. The objective was to analyze, through an experiment design, the important parameters to
improve the distribution of the finish and improve the quality levels, see table 4.

Table 5 shows the previous parameters against the parameters established by the design of experiments.

Maintaining the purity of silver at 99.99% and adding copper before the final silver finish, proved
to give better results, improving quality levels. The parameters of amperage and concentration of silver
were modified since the graph of effects of silver thicknesses showed that they are factors with a posi-
tive effect, see figure 7.

FUTURE RESEARCH DIRECTIONS

In this way, the feasibility and efficiency of the application of the design of experiments focused on pro-
cess improvement has been made clear, concluding with the following recommendations for the industry:
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Table 3. Experiments and their levels

Factors
Run
A B C D E F G
1 2 amps 20 min No Cu 97.30% Inverted 20 amps 3.5 oz/gal
2 2 amps 20 min With Cu 99.70% Direct 50 amps 7.5 oz/gal
3 2 amps 40 min No Cu 97.30% Direct 50 amps 7.5 oz/gal
4 2 amps 40 min With Cu 99.70% Inverted 20 amps 3.5 oz/gal
5 5 amps 20 min No Cu 99.70% Inverted 50 amps 7.5 oz/gal
6 5 amps 20 min With Cu 97.30% Direct 20 amps 3.5 oz/gal
7 5 amps 40 min No Cu 99.70% Direct 20 amps 3.5 oz/gal
8 5 amps 40 min With Cu 97.30% Inverted 50 amps 7.5 oz/gal

e  Carry out more projects where all the departments involved participate to propose ideas, doing so
with a good organization to define activities and responsibilities.
e  Propose various designs of experiments that consider additional factors that affect the process.

Figure 5. Positions where measurements were taken

o ©

23

EBSCChost - printed on 2/13/2023 6:26 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Design of Experiments in an Electrochemical Process

Figure 6. Regression analysis
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e Do research on the different electroplating processes, as well as the materials and their

characteristics.

e  Provide more training and training to staff for platinum operations, as well as experiment design
courses.

e  Constantly review that all activities that may affect electroplating operations are carried out in ac-
cordance with established procedures and constantly monitored.
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Figure 7. Response to effects (silver measures)
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CONCLUSION

It was found that there was a correlation between the insertion loss and the silver thickness. Addition-
ally, there was a negative effect between the silver deposit and insertion loss. It is if there was a greater
deposit of silver, the insertion loss was lower. Moreover, the copper use, silver purity, amperage and
silver concentration were the factors with greater effect. This means that adding copper, maintaining
the silver purity at 99.99%, amperage at 5 amperes, and silver concentration at 7.5 oz./gal were the ideal
values of the factors to obtain a better silver distribution onto filter surface. Furthermore, the copper
use and silver purity were the factors with greater effect in the electric response and insertion loss. It is
adding copper and maintaining the silver purity at 99.99% were the ideal values of the factors to obtain
an acceptable electric response. Consequently, there was a substantial increase in the levels of quality
passing from 50% to 90%. The former was before the implementation of DoE, and the last one was after
the mentioned implementation. Finally, the last phase was concentrated on obtaining conclusions and
recommendations. It is important to remark that was necessary to clearly describe and understand the
silver deposit process. This permitted to identify in detail the problem and to define the factors and ad-
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Figure 8. Response to effects (insertion loss)
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ditional information required in diverse phases of the mentioned technique. As aresult, seven factors were
evaluated and subsequently changed in order to increase the value of the electric response. Particularly,
the amperage, the material of the box of metal, the silver cleanliness and the silver concentration were
the factors that changed their levels. In general terms, the percentage of the quality increased 40%. Ad-
ditionally, the Design of Experiments permitted to advise some changes in the electrochemical process
so that some steps were reordered. Particularly, this technique permitted to find a better combination of
factors affecting the process in study. It was seen during the experimentation and the statistic analysis of
the obtained data. This admitted to uncover the new parameters of the factors considered subsequently
enabling a better distribution of the silver finish. For this, it is suggested additional changes in the ma-
terials and equipment used in that process.

As a conclusion of this thesis project it was possible to verify that the design of experiments is an
efficient tool for this specific case, where it is about finding based on certain input variables which
are the ones that are most affecting the process. In this case there are many factors that can affect the
electroplating process. The DoE is a useful tool, since it was possible to verify the best combination of
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Table 4. Quality percentage before and after DoE implementation

Before After
50% 90%

factors that affect the electrodeposition process. It could be seen that the data obtained in the design of
experiments are reliable, because both in the experiment and in the analysis of the data it was shown
that with the new parameters a better distribution of the silver finish can be obtained.

With the DoE, parameters supported by a statistical analysis were achieved, which is the DoE using
the Taguchi Method. One of the important points that the Electronic Components company required
was to have established the parameters for the silver electrodeposition process, and through the results
obtained by the design of experiments, they were obtained and standardized in a work instruction for
the plating process silver. The fundamental reason for experimental design as a tool for decision making
in business is threefold. First, experiments require an active manipulation of the process. One way to
know how the input affects the output is by combining it. Second, the experimental design employs the
principle of average, which reduces noise. Finally, with a design approach, more than one aspect of the
process can be investigated simultaneously, obtaining data with which it can be decided whether or not
the project investment will be expensive.
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Table 5. Parameters of the factors used before and after DoE implementation

Factors Used Parameters Established Parameters
A. Amperage 2 amps 5 amps
B. Time 20 min 20 min
C. Estandar No Cu With Cu
D. Pureza de plata 99.75% 99.99%
E. Tipo de pulso eléctrico Direct Direct
F. Capacidad de rectificador 25 amps 25 amps
G. Concentracién de plata 3.5 oz/gal 7.5 oz/gal
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KEY TERMS AND DEFINITIONS

Amperage: The amount of energy applied to the materials at the time of electroplating. The unit of
measurement is amps.

Current: Also called electrical intensity, is the load flow per unit of time that a material travels. It
is due to a movement of the electrons inside the material.

DoE: Design of experiments.

Effect of a Factor: It is the change observed in the response variable due to a change in level in the
factor.

Experiment: It is the moment of scientific research in which theories and hypotheses are put into
practice to observe the results of them. The experiment, a word from Latin that means ‘put to the test’,
is precisely the mechanism that is developed to check, verify or correct the postulates of the hypotheses
that have been created.

Factorial Design: Experimental design that serves to study the individual effect and interaction of
several factors on one or several responses.

Flatness: The surface is considered flat when it is totally comprised between two parallel planes,
separated from one another by tolerances.

Frequency: It is the magnitude that measures the number of repetitions per unit of time of any phe-
nomenon or periodic event.

Interaction Effect: Two factors interact significantly on the response variable when the effect of
one depends on the level in which the other is.

Parameters: Characteristics that, through their numerical value, describe a set of elements or indi-
viduals.

Pressure: It is a scalar physical quantity that measures the force in a perpendicular direction per unit
of surface and serves to characterize how a determined force is applied on a surface.

Process: It is a unique combination of machines, tools, methods, materials and human being.

Radiofrequency: Also called radio frequency spectrum or RF, it is applied to the least energetic
portion of the electromagnetic spectrum, located between about 3 Hz and about 300 Ghz. The Hertz is
the unit of measurement of the frequency of the waves and corresponds to one cycle per second.

Randomization: It is the process, in experimental studies, by which the subjects are randomly as-
signed to the treatment and control groups.

Representative Sample: It is a part of a population, properly selected, that preserves the key aspects
of the population.

Variation: Action and effect of varying. Modification, change, or transformation.

Voltage: Electrical voltage or potential differential is a physical quantity that quantifies the electrical
potential difference between two points.
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APPENDIX

Figure 9. Appendix
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ABSTRACT

One of the great challenges of the environmental diagnoses of soils contaminated with hydrocarbons is
the optimization of analytical determinations. For this reason, this chapter evaluates the extraction of
hydrocarbons by the Soxhlet method through the design of experiments (DOE), variating three differ-
ent solvents, three soils, and three extraction times. Soil was experimentally contaminated at different
concentrations, and hydrocarbons totals relying on conditions organic matter, electrical conductivity,

DOI: 10.4018/978-1-7998-1518-1.ch002

Copyright © 2020, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

EBSCChost - printed on 2/13/2023 6:26 AMvia . All use subject to https://ww.ebsco.conlterns-of-use


https://orcid.org/0000-0002-3681-4001
https://orcid.org/0000-0003-0360-4654

EBSCChost -

Design of Experiments to Optimize Soxhlet-HTP Method to Establish Environmental Diagnostics

pH and textures, amount of sample, solvents, and NaSO4, were studied. The variables were evaluated
by means of an analysis of the Taguchi design and a factorial design, with the results the significant and
optimal parameters of the process were determined, which were solvent type and time (10 hours and
dielectric constant of 9). Also, the model discards the soil properties. These results will save time and
resources, and they reduce errors.

INTRODUCTION

During the last decade, Mexico has been involved in some major changes, mainly focused in the public
policies, for example, recently the Mexican government enacted a law to reform the constitution, this
law consisted on the allowance of private capital investment in the energy sector in order to maximize
the use of our natural resources, also to improve the economy of our country. After that, institutions such
as the National Hydrocarbons Commission (CNH), and the Safety Energy and Environment Agency
(ASEA) were formed. Currently, these organizations regulate the activities of the petroleum industry
and determine the mechanisms for evaluating the impacts that they have and will have on our ecological
systems (Hernindez, Santillan, Sabelkin, and Parra, 2003; Barrientos & Afiorve, 2014, Merchand, 2015;
Martinez-Lara & Paez Melo, 2017).

Within the regulations that were established by these newly created public agencies it is specified that
analyzes and studies performed should be based on scientific studies, an example is the environmental-
base-lines made for reopening or development in the hydrocarbons sector, which specify that the proposed
analytical methods must be supported by rigorous scientific studies, mainly, if these are not regulated
at least they should be validated, this is the reason why some tools such as design experiments (DOE)
and experimental mathematical models have a high application and potential, including some that have
already been successfully tested (Morales-Bautista, Méndez-Olan, Hernandez-Jiménez, and Adams, 2018).

Currently, one of the great challenges of environmental analytical chemistry is the complexity of
the behavior of analytes in the different matrices, in the case of soils, there are still few basic studies in
tropical areas that have been subject to constant oil spills, many of them, have been restored but some
of the areas with agricultural use vocation continue with problems to establish crops and have resulted
in negative impacts in the primary sector, leading to legal and social conflicts for many decades, es-
pecially in the southeast states (Castro, Acevedo-Berruecos, Urbieta, Iturbe and, Delgado-Rodriguez,
2012; Adams, Alvarez-Ovando, and Castafién, 2015). In these sites, residual hydrocarbons associated
with those effects have been identified, some studies mention that there is a different effect between
each type of soil, since these can vary from one site to another and, therefore, have different capacity
to respond to a similar pollutant (Zamora, Ramos y Arias, 2012; Palma-Cruz, Pérez-Vargas, Casado,
Guzman, and Calva-Calva, 2016).

Different studies have shown that omitting this parameter causes high uncertainties in declared en-
vironmental diagnoses, besides recently was found that the type of hydrocarbon can also influence the
level of affectation, in general, it was observed that depending on the fraction of hydrocarbon present in
the environment is the type of remediation to be used (Garcia-Lopez, Zavala-Cruz, and Palma-Lopez,
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2006; Ojeda-Morales, Hernidndez-Rivera, Martinez-Vazquez, Diaz-Flores, and Rivera-Cruz, 2012;
Guzman-Osorio & Adams, 2015).

Some research performed in restored sites has established the hypothesis that the presence of re-
sidual hydrocarbons causes adverse effects, such as, water repellency, which has a direct relationship
with the polar fraction of crude oil derivatives whose effects are reflected in the low field capacity and,
therefore, in the decrease of primary productivity. Many experts are concerned about this phenomenon,
especially since at some point it will gain access to soils near farmland and therefore our food quality
is not guaranteed in the future (Pérez-Hernandez, Ochoa-Gaona, Schroeder, Rivera-Cruz, and Geissen,
2013; Marin-Garcia, Adams, and Herndndez-Barajas, 2016).

In this context, there are laboratory-scale studies in which environmental variables (rainfalls and
temperature variations) are controlled and hydrocarbon spills are simulated. Have been defined that
the level of affectation will usually be delimited by three factors: the type of soil, the analytical used
methods in the determination or evaluations and the abundance of SARA fractions (Saturated, Aromat-
ics, Resins and Asphaltenes) of crude oil and its derivatives which are determined from the extract of
the total hydrocarbons or HTP present on the soil by various methods (Pons-Jiménez, Guerrero-Pefia,
Zavala-Cruz, and Alarcén, 2011; Diaz-Ramirez, Escalante-Espinosa, Schroeder, Focil-Monterrubio,
and Ramirez-Saad, 2013; Soto, Botello, Licea-Duran, Lizarraga-Partida, and Yafiez-Arancibia, 2014;
Garcia, Bautista, Olan, and Schroeder, 2016).

The perspective of this type of evaluations applied to the normative analytical methods is discussed in
this work. Including the detected errors reported in the literature, such as the type of soil and the solvents
compatibility with the components of crude petroleum the main goal of this work is the optimization
of the HTP determination method by implementing the analysis of the design of experiments (DOE),
specifically, orthogonal arrangements of Taguchi.

BACKGROUND

In edaphological terms, the Mexican republic have different types of reliefs with specific geological
characteristics which including other factors within a hydrological basin define the classification of the
different soil types of each region. In particular, each state have different sources of pollution, for ex-
ample, the effects of the mining sector are located mostly in the northern and some states in the center
of the country, however, these places are also immersed in different activities, mainly, maquiladoras that
still represent an anthropogenic source. Instead, although the entire country is crossed for hydrocarbon
piping, most of this sector is distributed especially in the demarcations bordering the Gulf of Mexico
(Ruiz-Alvarez, Arteaga-Ramirez, Vazquez-Pefia, Ontiveros, y Lopez-Lopez, 2012; Gardi et al., 2014;
Soto et al., 2014).

In this geographical area one of the basins with the highest production of crude oil and its deriva-
tives is the southeast basin, within tabasco state is located, this territory has a tropical climate with the
predominance of alluvial soils and some hillocks very fertile for planting and grazing- however, there
are a lot of oil facilities so it is common that the activities of the primary sector are combined with
industrial, so the pollution can bio-accumulate or bio-magnified (Palma-Lopez, Cisneros, Moreno, and
Rincén-Ramirez, 2007; Ortiz-Salinas, Cram, and Sommer, 2012; Vazquez-Luna, 2014).

In terms of protecting ecosystems, there are several methods that evaluate the contamination of soils
by hydrocarbons, several of them specify that some may or may not have negative impacts depending on
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the amount of organic matter (MO), the amount of clay (% r), ph and cationic exchange capacity (CIC),
likewise the spill extension will depend on the viscosity of the hydrocarbons and the environmental
conditions of the site, it has been observed that in cold climates heavier hydrocarbons are usually less
mobile than in tropical ecosystems where warn environments and torrential rains predominate (Liu,
Lou, Teng, Li, and Ma, 2010; Garcia-Torres et al., 2011; Adams, Kanga-Leyva, Guzman-Osorio, and
Escalante-Espinoza, 2011; Pindado, Pérez, y Garcia, 2014).

Several researches have emphasized that the most important component of the soil in relation to the
persistence and migration of toxic substances is the clay structure, which vary in their properties such
as surface area, acidity and porosity among themselves, therefore, the absorption or desorption of the
contaminant is intrinsically related to the soil geomorphology. However, there are no specific studies
base on to the clay type that relate the disposal or mobility of the contaminant towards the environment
(Adams, Zavala-Cruz, and Morales-Garcia, 2008; Maldonado-Chavez, Rivera-Cruz, Izquierdo-Reyes,
and Palma-L6pez, 2010). For example, research conducted in tropical areas have reported that some soils
of hillside or terraced areas have fertility problems even with concentrations below the regulatory limit,
instead, it has been found that in different alluvial zones with high levels of hydrocarbons in which, for-
age grass and other plant species have been established (Gutiérrez & Zavala, 2002; Zavala et al., 2005;
Morales-Bautista, Adams, Herndndez-Barajas, Lobato-Garcia, and Torres-Torres, 2016).

However, scientific information has been generated most of the Mexican environmental legislation
is not updated or does not considered these studies, so in the matter of hydrocarbons it is not entirely
specific. The ASEA lacks regulations instead list conditions to perform environmental diagnosis, and
indicates the guidelines according to field application, for these reasons, most of environmental managers
still use the methods of nom-138-semarnat-ssal-2012, especially due its infrastructure and analytical
equipment which this regulation is based and although this has been modified through the years, its
applicability goes back decades, so still has some uncertainties (sample (Vale, Silva, Damin, Sanchez,
and Welz, 2008; Dof, 2012).

In this context, many investigations agree that considering only the normed limits to declare a con-
taminated site, restored or as an environmental passives, it is not entirely adequate due the level of impact
depends on more parameters and, mainly, the methods of determination have variations according to
the different constituents in the sample, among are the characteristics of the pollutant, soil type, as well
as the chemical and physical interaction between both and the treatment conditions (Meléndez et al.,
2012, Vazquez-Luna, 2014).).

There are different methods to determine total hydrocarbons of petroleum or htp based on various
analytical fundaments, for example, some are spectrophotometric, such as infrared, with ranges be-
tween 1600-2800 nm and, uv-vis, with ranges between 200-320 nm, both are widely used in analysis of
contaminated sediments, waters and soils. However, some of its limitations are the amount of sample
analyzed, interferences for the low purity of the analyte (because it is filtered on silica or cellulose) and
samples where there is saturation of the solvent (dilutions generation much residues). In addition to the
ranges of readings are only associated with aromatic and saturated fractions, leaving out polar groups
related to water repellency (Morales-Bautista et al., 2018; Arguijo-Portillo, Guerrero-Pefia, Dominguez-
Rodriguez, Carrillo—Avila, and Zavala-Cruz, 2019).

Other used techniques are continuous extractions such as ultrasonic baths and soxhlet, although
the first is one have methodologies that shown excellent purifications, it is still discussed whether the
amount of sample used is representative and if the type of solvent used is compatible with all the analyte,
since there is a selective method with problems in mixtures, such as petroleum hydrocarbons, plus the
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non-standardized methods by some Mexican regulations for this type of pollutant (Pino, Ayala, Afonso,
and Gonzalez, 2001, Navarro, Etxebarria, and Arana, 2009, Rotola, Lacorte, Barceld, and Alves, 2009).
Due to the response variables involved, one of the most commonly used techniques standardized is
continuous extraction by soxhlet method. However, in some studies in which different soils have been
experimentally contaminated with this method, lower yields have been observed with respect to the
expected, based on these results, several reports have established two hypotheses, the first is that the
solvent does not extract all hydrocarbon families, as resins and asphaltenes (these vary according to the
type of hydrocarbon and weathering conditions) and the second is that the extraction time is not sufficient
to remove the hydrocarbons from the soil matrix (interactions between soil properties and hydrocarbon
fractions), consequently, the restorations are not entirely effective (Riveroll-Larios, Escalante-Espinoza,
Focil-Monterrubio, and Diaz-Ramirez, 2015; Garcia et al., 2016; Lee, Liong, and Jemain, 2017).
Also, it has been observed that the chemical interaction between the solvent and hydrocarbons is
intrinsically related to the type of soil and the °API, depending on the properties each one possesses the
processes in the absorption and desorption of the contaminant will also be different, specifically, for the
compatibility of each fraction towards characteristics of soil, such as cation contents in clays, the com-
ponents of organic matter, the ph and the polarity of the solvent (Islas-Flores, Buenrostro-Gonzales, and
Lira-Galeana, 2005; Urpi, 2012; Wang et al., 2013; Careghini, Mastorgio, Saponaro, and Sezenna, 2015).

MAIN FOCUS OF THE CHAPTER

Although the design of experiments (DOE) is a very effective tool in the analysis of methods and er-
rors associated with the response variables, there are very few studies that consider include them with
environmental regulations, as mentioned above, in Mexico there are very scarce studies that consider the
classification of the soil type and the properties of crude oil. Pons-Jiménez et al. (2011), evaluated dif-
ferent methods of HTP determination, they found that in the Soxhlet method presents greater advantages
compared to other techniques, mainly due that better results were observed when solvent mixtures are
considered according to the soil type, they express that the chemical compatibility between hydrocarbon-
soil-solvent must be investigated if it is desired to reduce errors by diffusion and desorption processes.

In this sense, one of the most used methods to evaluate and optimize soil treatments that establish
these relationships is Taguchi, authors as Castorena-Cortéz et al. (2009), Gémez & Sartaj (2014) and
Khayati & Barati (2017) specify that orthogonal design and considerations such as signal-noise and the
evaluation of an extract of the total experiments contributes to cost reduction. This is why they must be
implemented environmental diagnostics or evaluations of soil with lower uncertainties, if the method
can be optimized, not only these errors are reduced, also the operating costs and the response time to
emergencies in the case of spills.

In this context, in this paper we follow by De Freitas et al. (2013) and Silva et al. (2014), who speci-
fied the following steps for implementing Taguchi experimental design:

Selection of response variable to be optimized

Identify input factors affecting the response variable
Choose the numbers of levels to be tested

Decide the orthogonal array

Assign factors and interactions to the columns of the array

ANl
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6. Perform experiments, carry out a statistical analysis and the signal-to-noise ratio and determine
the optimal conditions to adjust factor levels
7. Perform confirmatory experiment.

Under this approach, three possible factors affecting Soxhlet analysis were identified, which were the
soil classification, the polarity of the extraction solvents and their compatibility with the heavy fraction
of the oil as well as the quantities of reagents used and the extraction time; according with the later the
concentration of hydrocarbons in HTP was considered as response variable.

Control Soils

Soils adjacent to oil facilities the Tabasco state were collected, each site was selected according to geo-
graphical position and textural classification reported by Zavala-Cruz et al. (2005) and Palma-Lo6pez
et al. (2007), geological strata information were obtained from three municipalities, Cardenas (near
structures of the Samaria-Luna Asset) considered an alluvial zone and with clay-loam texture, another
near the coast of Paraiso (near the maritime oil terminal wo mouths of the Bellota-Jujo Asset), which
presented a clay-sandy texture and, a third collected in Macuspana, located in the area of hills with slopes
no greater than 32° (near the Shishito battery of Muspac-Macuspana Asset), this it was identified with
a franc-clay-sandy texture. The location points of the soils sampling are expressed in table 1.

Contaminated Soils

Soil pre-treatment consisted of removing roots and rocks, then drying them in an oven at 60 °C, after
this step samples were ground and sieved, later they were characterized according to NOM-021-
SEMARNAT-2000 (DOF, 2002). Each soil was experimentally contaminated with crude oil at 45,000
mg-kg' (the hydrocarbon was constituted by a mixture of different samples obtained from several wells
of the San Magallanes Oil Field located within the Cinco Presidentes Asset). °’API was determined to the
hydrocarbon by the method proposed by Morales-Bautista et al. (2013), also it was determined SARA
analysis using mixtures of solvents for each fraction as specified Marin-Garcia et al. (2016).

Table 1. Benchmarks of soil samples.

Municipality Soil UTM15Q +2
Cardenas 430597 mE 1992822 m N
Paraiso 475593 mE 2030615 m N
Macuspana 551975 mE 1974505 m N

Where: UTM is Universal Transverse Mercator, E is East and, N is North. Source: (Own Edition)
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SOXHLET-HTP DETERMINATION METHOD AND
ASSOCIATED VARIABLES TO CONSIDERER

Subsequently, it was treated by means of a Soxhlet extraction to the each contaminated soil varying the
amount of sample (5, 7.5 and 10 g), the amount of NaSO, (0.5, 1 and 2 g), the volume of extraction
solvents (50, 75 and 100 ml) classified by their dielectric constant (2, 9 and 33) and at three different
times (6, 8 and 10 h). Finally, of each test HTP extract was obtained and concentration was calculated
by the gravimetric method (DOF, 2012; Pons-Jiménez et al., 2011; Serrano, Torrado, and Pérez, 2013;
Castellanos, Isaza, and Torres, 2015; Martinez-Chavez, Morales-Bautista, and Alor-Chavez et al., 2017)

OPTIMIZATION OF THE HTP EXTRACTION METHOD BY TAGUCHI METHODS

Taking into account that there are different parameters that possibly cause errors in the extraction process,
it was searched for a method that would gather the best results with respect to the best performance, so
it was decided to use two designs: Taguchi (orthogonal arrangement), to evaluate roughly the effects of
the various factors taken as relevant within the process and, a factorial design analysis, which considered
the parameters that showed to have an important effect in the extractions of HTP.

The variables evaluated were the solvent and sample quantity, organic matter (MO), sodium sulfate
added amount, electrical conductivity (CE), pH, extraction time (t), solvent dielectric constant, sand (%
A) and clay (% R) content. The evaluation was based on establishing an orthogonal array L.27 with 10
factors each at three levels and an analysis of means was carried out in Minitab 18 and the signal-to-
noise ratio larger-the-better (equation 1), later factor analysis was performed to evaluate the best yields
(Polewczyk, Marchut-Mikolajczyk, and Smigielski, 2015; Khayati & Barati, 2017; Wahla, Igbal, Anwar,
Firdous, and Mueller, 2019).

S 11
— =—10log|—) "— (1)
N n;yf

Most of the reports that use this tool agree that it has the virtue of determining the effect of different
factors by analyzing an orthogonal matrix and an approach based on statistical techniques, in such a way
that it facilitates the study of the system by a set of independent variables, on a specific region of interest
(Mandal, Mohan, and Hemalatha, 2008: Garapati & Mishra, 2012; Sohrabi, Jamshidi, and Esmaeilifar,
2012; Zapata & Sarache, 2014).

SOLUTIONS AND RECOMMENDATIONS

In Table 2, are listed the °API of crude petroleum results and the SARA fractions percentage. Secondly,
in table 3 the properties of the reference soils are listed.

According to the results shown in Table 2, the heaviest fraction (Resins + Asphaltenes) of crude oil
is equivalent to 40%, these results coincide with those from some heavy oils from the Gulf of Mexico
region and the Caribbean Sea reported in the literature. However, the chemical composition of each is
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Table 2. Properties of crude petroleum.

Classification °API %Saturated/ Aliphatic %Aromatics %Resins/Polar %Asphaltenes
Heavy 13 37+0.7 23+0.5 21 +0.8 19+0.2

Source: (Edited by authors)

not known since in the refineries it is usually analyzed and will determine the type of pretreatment to be
carried out (Fan & Buckley, 2002; Wang & Buckley, 2003; Merkl, Schultze-Kraft, and Infante, 2005;
Gaona, Manrique, JPB, and Majé. 2010; Infante & Morales, 2012; Meléndez et al., 2012; Marin-Garcia
et al., 2016).

Also, when comparing the results of Table 3 with the reports of Palma-Lépez et al. (2007), Trujillo-
Narcia et al. (2012), Barba-Marcia et al. (2014) and Zavala et al. (2014), it was found that the character-
istics such as the proportionality of the textures (% A and % R), as well as the acidic pH and CIC means,
the Céardenas soil correspond to a Fluvisols, on the other hand, the soil of Paradise area has properties
similar to those of an Arenosols-Gleysols (due to the amount of MO, high CE and the proportions of %

Table 3. Characteristics of reference soils

Textures
Municipality Soil pH CE CIC CC DA DR MO
%A %R %L
Cérdenas 5.08 1.08 45 35 20 23.1 32 0.98 2.29 1.0
Paraiso 7.30 3.88 58 42 0 32.6 20 0.91 2.17 3.0
Macuspana 6.47 2.01 52 38 10 11.3 13 1.04 2.48 2.0

Where: CE is Electrical Conductivity in dS-m™, % A, % L and% R, are the weight percentage of sands, clays and silts in the textures, CIC
is Cationic Exchange Capacity in Cmol*-kg"!, CC is field capacity in %, DA is bulk density and DR is real density, both in g-cm3, MO is
organic matter in % weight.

Source: (Edited by authors)

Table 4. Variables considered in the orthogonal array of Taguchi Method design

Factor Levels (1, 2, 3)

Amount of sample (g) 5 7.5 10
Amount of solvent (ml) 50 75 100
Organic matter (%) 1 2 3
Anhydrous NaSO, (g) 0.5 1 2
Electrical Conductivity (dS-m™) 1.08 2.01 3.88
pH 5.08 6.47 7.30
Extraction time (h) 6 8 10
Dielectric constant 2 9 33
Sandy (%A) 45 52 58
Clay (%R) 35 38 42

Source: (Edited by authors)
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A and % R observed) and, as for the Macuspana samples, by the moderately acid pH,% R > 50% and
high densities correspond to a Luvisols.

On the other hand, it was observed that the soils properties that varied among themselves were mainly
MO, CE, PH and textures, so these parameters were added to the applied variables during the extraction
process, and finally, were all added to the proposed model, which is established in Table 4.

With the data presented in table 4, an analysis was carried, Taguchi Methods in Minitab 18, the
results show an S/N of 92% for the model, considering as response variable the TPH in mgekg™, it is
important to mention that the sequence of the runs was randomized to reduce the bias, the results of
the analysis of variance and response for signal-to-noise ratios for Taguchi model proposed, is listed in
table 5 and 6, respectively.

In the results of Table 5, it was observed that the time variables and the dielectric constant have a
level of significance since the values of P are less than 0.05, that is why the model’s responses establish

Table 5. Analysis of variance of means (ANOVA) of the Taguchi design.

Source GL SC MC Ajust. F P
Amount of sample (g) 2 79514473 39757236 2.21 0.191
Amount of solvent (ml) 2 34609900 17304950 0.96 0.434
Organic matter (%) 2 34613204 17306602 0.96 0.434
Anhydrous NaSO, (g) 2 92741263 46370631 2.58 0.156
Electrical conductivity (dS-m™) 2 16546602 8273301 0.46 0.652
pH 2 12686615 6343307 0.35 0.717
Extraction time (h) 2 149877050 74938525 4.16 0.043
Dielectric constant 2 785764775 392882387 21.82 0.002
Sandy (%A) 2 40974343 20487171 1.14 0.381
Clay (%R) 2 9516578 4758289 0.26 0.776
Residual Error 6 108011127 18001855
Total 26 1364855929

Where: GL are the degrees of freedom, SC is the sum of sequential squares, MC the average of squares adjusted, F calculated for the
hypothesis test and, P the percentile.
Source: (Edited by authors)

Table 6. Response for signal-to-noise ratios (bigger is better).

Level . Quanty MO | NasO, | CE | pH | Time | hileetrie gy | ogp
ample Solvent
1 86.58 86.82 87.25 86.23 86.97 87.65 86.33 88.07 86.82 | 87.14
2 87.86 87.66 87.08 87.94 87.74 87.56 87.66 89.49 87.44 87.41
3 87.83 87.8 87.95 88.11 87.57 87.06 | 88.3 84.72 88.02 | 87.74
Delta 1.28 0.98 0.87 1.88 0.77 0.59 1.97 4.77 1.2 0.6
Classify 4 6 7 3 8 10 2 1 5 9

Source: (Edited by authors)
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them as 1 and 2 as variables of priority, shown in Table 6, discarding properties such as pH and % R (in
order 9 and 10 respectively). Some works mention that the soils have compatibility with polar compounds
especially if these are halogenated, for this study, the solvent with a constant of ~ 9 is the most feasible
for the type of crude oil analyzed, it can also be said that the extractions improve over time, despite this
halogenated solvents are considered as dangerous for the environment and public health. Also, there is
the possibility that field capacity or bulk density can be better indicators to evaluate extractions, because
it is so related with % A and MO, that the first one are in the order of priority 5 and 6, in comparison
with the second one that are in the order of 9 and 10 (Pavel & Gavrilescu, 2008; Rauckyte, Zak, Pawlak,
and Oloyede, 2010; Pons-Jiménez et al., 2011, Morales-Bautista et al., 2018).

In addition, a run of the Taguchi prediction model was performed considering the best conditions
shown, these were 10 h of extraction, 5 g of sample, 100 ml of solvents with constant ~ 9, varying the
pH of the soil and the textures, resulting with better yields observed for the more acidic soils with sandy
textures and lower for neutral soils with clay texture, both with S / R ratios greater than 90 (the bigger
the better) and with yields between 60% and 80%, which coincides with other methods reported in the
literature (Wan et al., 2013; Adams et al., 2015, Khayati & Barati, 2017).

On the other hand, because it is known that the extraction time and the type of solvent can influ-
ence, a factorial experiment was carried out to determine the effect that they have only by varying these
parameters on the TPH values of the three types of soil and leaving the rest of the conditions constant
according to the Taguchi prediction model. In general, there are 3 factors with 3 levels each, so a facto-
rial design 33 was analyzed, 3 replications were also made for each combination of treatment levels,
resulting in a total of 81 observations. The null hypotheses to prove are that the average extraction is the
same for the three types of soils; the three types of solvents; and the three times, against the alternative
hypothesis that at least one of the three types of soils, solvents and time has a different average extrac-
tion, then the variance analysis method (ANOVA) was performed, which is shown in table 7 (Tang et
al., 2007, Pandiarajan, Kumaran, Kumaraswamidhas, and Saravanan, 2016).

The table shows that all the main factors, double and then triple their interactions at the level of 5%;
from which it is then concluded that there is evidence of a significant effect on the soil (A), solvent (B),
time (C) and double and triple interactions on the response variable average concentration. In addition
to F, it is observed that B has a more important effect, followed by the effect C and at the end A, this

Table 7. ANOVA for the linear model of the three factors with interaction.

Source SC GL MC F P

74096629 2 37048314 27832 0.0000
2383068867 2 1191534433 895110 0.0000
786218236 2 393109118 295313 0.0000

AB 251093941 4 62773485 47157 0.0000

AC 199846894 4 49961723 37532 0.0000

BC 310028298 4 77507075 58225 0.0000

ACB 196804290 8 24600536 18481 0.0000

ERROR 71883 54 1331

TOTAL 4201229036 80

Source: (Edited by authors)
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coincides with the order of priority shown in table 6. It is also observed that the double interaction BC
has a more important effect followed by AB, at the end AC. In this sense, a contrast was made between
the solvent-time and soil-time interactions (for the HTP results of solvent with dielectric constant ~ 9),
which are shown in figure 1 and 2, respectively.

As shown in Figure 1, the treatment with better results is the dielectric constant of 9 and a time of 10
hours, which differ from those established by the norm, however, although in Figure 2 it is observed that
for these conditions all the soils have had good yields, it is also observed that none reach 100%, in this
case, the one from Paraiso is the one who presents the highest extractions followed by the soil sample
from Cardenas with lower extractions. Although both models allow the simulation of the results, it must
be evaluated at longer times and evaluate significant differences among them to be able to establish the
optimal extraction time.

Figure 1. Solvent-time interaction
Source: (Edited by authors)
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When these results were contrasted, was observed that they coincide with the HTP analyzes reported
by Martinez-Chavez et al. (2017) performed on sandy soils and with Garcia et al. (2016) in both cases,
they used solvents with dielectric constant of 9, but could not optimize extraction time, by limiting your
studies with eight hours of treatment and reaching a maximum of 75% yield. Also, it was observed that
the extraction percentages obtained for soils with high clay content require a longer extraction time co-
incide with the established by Pons-Jiménez et al. (2011), the extraction times do not coincide because
in the results of these authors they present treatments soil, contaminated or/and has been outdoors for
long time, by which, pollutant-soil interaction is different and could influence extraction times (Pérez-
Hernandez et al., 2017).

In comparison with other methods, some results found in this study show similarity with the analyzes
performed by spectrophotometric methods such as those from Gémez, Pandiyan, Iris, Figueroa, and
Bazua, (2004) and Schwartz, Eshel, and Ben-Dor, (2011), which may be related to the fact that these
authors used solvents Halogenated to prepare their calibration curves and in their extractions, in addition
that the latter were performed in columns with natural sorbets, which allow a better purification of the
analyte and, consequently, reduction of uncertainties (MaZeikiene et al., 2005).

FUTURE RESEARCH DIRECTIONS

Design perspectives of experiments (DOE) through the taguchi design are high, due to the fact that it
allows the evaluation based on an orthogonal design discarding the variables that have no relationship
with the evaluated data, although this tool is currently untiled, an area of opportunity are the impact
diagnoses in sites with environmental liabilities of the oil industry, although the effects on the soils are
known, not we have been evaluated if there is any relationship with sara fractions and water repellency,
in both cases, not considered in Mexican environmental legislation.

CONCLUSION

The implementation of the Taguchi and factorial designs allowed the optimization of the hydrocarbon
extraction process by the Soxhlet method, in which it was determined that the best solvent is that with
a dielectric constant of 9 and that the highest extractions are at 10 hours, contrary to what is marked by
the NOM-138-SEMANARNAT-SSA1-2012 in soils contaminated by hydrocarbons, to the above it is
added that the model optimized the treatment with 5 g of samples, 100 ml of solvents, 1 g of NaSO,.
Finally, it was verified that the soil parameters such as pH, CE and MO, are not determinants in the
method, however changes in treatments were observed according to the textures, which gave variations
in recovery percentages between 60 and 80%. Therefore, although the results show the variables that
allow the optimization of the method, validation in the future by is necessary, mainly, adding more soils
and other hydrocarbons.
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KEY TERMS AND DEFINITIONS

Active Petroleum: Considered as a number of wells and oil facilities of a region, it is generally part
of a paleontological sub-basin of reserves of this natural resource.

ASEA: Agency responsible for conducting, monitoring and enforcing the environmental regulations
of the energy sector in Mexico.

Edaphology: Science that studies the classification of soil according to the study of the properties
of the horizons of a profile.
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ABSTRACT

The design of experiments (DOE) is a useful tool to define the most significative variables of a process,
and the optimal operation conditions, or reduce the noise caused by uncontrollable variables. An ad-
vantage of the employ of DOE is the reduction of time required for analysis and costs associated. The
Factorial, surface response methodology, and Taguchi have been employed to analyze the variables
involved in the removal of heavy metal ions coming from wastewater by adsorption employing low-cost
adsorbents, which include agro-industrial waste and biomass. The most important variables associated
to increase of adsorption capacity and evaluated by researchers include temperature, pH, adsorbent
dose, initial concentration of metal, and particle size.
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INTRODUCTION

The industrial activity historically has caused an increase in the concentration of heavy metal ions in
water associated with the incorporation of wastewater into the environment (Barakat, 2011). Heavy metal
ions are toxic and half of these, when are emitted into the environment, are a risk factor to human health,
animals and ecosystems (Wu et al., 2019). Most studied heavy metal ions in water are cobalt (Co), iron
(Fe) lead (Pb), cadmium (Cd), copper (Cu), nickel (Ni), hexavalent chromium Cr(VI) and arsenic (As)
(Fu & Wang, 2011). Different techniques have been employed for the removal of heavy metals, such as
precipitation, adsorption, ion exchange, and membrane filtration as reverse osmosis.

Low-cost adsorbents are obtained from agro-industrial wastes as raw materials, such as rice husk,
nutshell, wood, coconut shell, bean hulls, artichoke, seed, banana pith, eggshell, crimp husk and tree
leaves, the employ of these can help to reduce environmental pollution. An advantage associated with
the use of low-cost adsorbents for heavy metal removal is that at the end of metal recovery, the used
biomass can be filtered of an aqueous solution, dried and burned for energy generation. A disadvantage
associated with the use of low-cost adsorbents can be related to low removal capacity, however, the use
of designs of experiments (DOE) is a useful tool that has been employed to define the experimental
parameters, their levels, and interactions that represent a high contribution in adsorption processes for
heavy metals removal. The DOE allows reducing the analysis time and costs with a lower number of
better-designed trials.

Some types of DOE employed for the improvement of the heavy metal ions removal process include
factorial design (full factorial and fractional factorial), Taguchi design, response surface methodology;
which also considers Box-Behnken, and central composite design. The type of DOE is generally selected
by researchers in order to take advantage of the sorbents derived from abundant renewable resources,
agro-industrial by-products or the waste plant material which are an economic and environmentally
friendly source of raw material.

The present chapter is focused on the application of experiments design for the determination of
optimal conditions of controllable factors and their influence on the removal of heavy metal ions em-
ploying low-cost adsorbents.

BACKGROUND
Heavy Metal Pollution

Currently, there is a growing interest in environmental care. The industrial activity is responsible for
the increase in the concentration of heavy metal into the environment. There is not a clear definition of
heavy metals, however, the term heavy metals is often used to name metals and metalloids characterized
by a density that exceeds 5 g-cm, most of them are highly water soluble, present high toxicity when ac-
cumulating in living organisms and ecosystems and some of these have been identified as carcinogenic
agents. The heavy metal ions definition includes those that represent a threat associated with exposure,
however, some of these are essential elements for the growth, reproduction and/or survival of living
organisms (Wu et al, 2019). The heavy metal most studied are: Hg, Pb, Cd, Cu, Ni, Cr and As, being
the last a metalloid usually classified as a heavy metal (Fu & Wang, 2011).
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Water pollution is a worldwide problem which has been an object of study in the last years. Among
the main contributions to water pollution is the presence of metals coming from natural and mainly
anthropogenic sources such as mining operations, tanneries, electronics, radiator manufacturing, alloy
industries, electroplating, dying industry, fertilizers, batteries manufacture and petrochemical industries,
as well as in textile mill products (Fu & Wang, 2011). Table 1 includes some anthropogenic sources
of heavy metals and their effects on health. The toxicity of heavy metals depends on their mobility in
the medium, chemical species, persistence, and tendency to bioaccumulation in the environment. The
heavy metals under certain environmental conditions can accumulate at a toxic concentration and cause
ecological damage (Barakat, 2011). In consideration of the threat that represents the presence of heavy
metals indischarged wastewater, the United States Environmental Protection Agency (USEPA) established
regulations to minimize human and environmental exposure to hazardous chemicals, this includes the
maximum contaminant level (MCL) in heavy metals that may be present in discharged waters.

Agro-Industrial Wastes

Agroindustry has been defined as an economic activity relating agricultural and industrial production
processes, which objective is to obtain food or semi-finished raw materials intended for market purposes
(Saval, 2012). The agro-industrial sector as a result of its activities generates an important quantity of
wastes during the industrial processing of agricultural or animal products, these are considered an envi-
ronmental problem when they do not have appropriate dispositions or treatment. Some agro-industrial
wastes include straw, roots, stalk, leaves, seeds, fruit/vegetable peel, cereals such as rice and wheat, as
well as bagasse coming from sugarcane. The composition of agro-industrial wastes consists of sugars,

Table 1. Sources of pollution and effects on the health of heavy metal ions

printed on

q - MCL
Heavy Metal Anthropogenic Sources Toxicities (mgL)
Arsenic Pyrometallurgy industry, foundry, wood Skin manifestations, visceral cancers, vascular 0.050
(As) preservation, pesticides disease ’
4 Mining ope.ratlons, rr}etal maanacturlng, bgtterles Kidney damage, renal disorder, a human
Cadmium (Cd) manufacturing, plastics, and microelectronics K 0.01
. carcinogen, bone fracture
industry
Copper Microelectronics industry, wood treatment,
pp pyrometallurgy industry, pesticides, and waste Damage in liver and kidney, insomnia 0.25
(Cuw) .
deposits
Industrial refrigerants, manufacture of . ..
. R . . Headache, diarrhea, nausea, vomiting,
Chromium (Cr) | chromium salts, leather tanning, and refineries, . . . 0.05
. carcinogenic, reproductive damage
pyrometallurgy industry
Lead Paint industry, exhaust gases of automobiles, lead Damage the brain and kidney, circulatory 0.006
(Pb) plumbing, mining, refineries system, and nervous system, decrease fertility '
. .. . .. Rheumatoid arthritis, and diseases of the
Mercury Electrolytic and plastic industries, mining . . .
. . L kidneys, circulatory system, hypertension, and 0.00003
(Hg) operations, paper industry, fungicides
nervous system
Nickel Iron and Stéel mdgstry, mmmg ’ rr}etal . Dermatitis, chronic asthma, coughing, a
. manufacturing, microelectronics industry, batteries . 0.20
(Ni) . human carcinogen
manufacturing
(Barakat, 2011)
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fibers, minerals and proteins which make these an interesting option to be considered as raw material
for new industrial processes.

Agro-industrial wastes have been employed for animal food production, as well as substrates for
solid-state fermentation. The employ of agro-industrial wastes as adsorbents for recovery of dyes and
heavy metals from wastewaters has also been reported (Yu, Wang & Wu, 2018). Low-cost adsorbents
can be generated from agro-industrial waste or by modification of commercial carbons employing agro-
industrial waste (Table 2). These are an interesting option for removal of heavy metal ions present in
wastewater as a result of industrial activity (Tounsadi et al., 2016¢). Some agro-industrial wastes that
have been employed for the preparation of activated carbon include: banana peels, palm kernel, grape
stalk, coffee residue, pomelo skin, olive kernel, corn cobs, rapeseed stalks, soya stalks, olive seed resi-
due, almond shells, nutshells, apricot stones, cherry stones, grape seeds, coconut husk and peanut husk.
Tovar-Gémez et al. (2015) has worked on the modification of commercial carbons with agro-industrial
waste. Specifically, Tovar-Gémez et al. (2015) employed calcium extracted from eggshell wastes as a
low-cost activating agent in combination with H,PO,; in the study was observed that the increase of
adsorption capacities of commercial carbons was the result of the formation of calcium phosphate on
the adsorbent surface.

Experiment Design for Chemical Applications

The design of experiments (DOE) is a useful tool to increase the quality of processes and products. Dif-
ferent methodologies of DOE have been applied to perform proper planning and employment of resources
available in the removal of pollutants from wastewater through the adsorption process. Specifically, DOE
has been used to define the experimental parameters, their levels, and interactions that represent a high
contribution to adsorption processes.

Different designs of experiments, such as factorial designs, fractional factorial design, response sur-
face methods, and Taguchi designs have been selected by researchers to take advantage of the sorbents
derived from the abundant renewable resources, agro-industrial by-products or the waste plant material
which are an economic and environmentally friendly source of raw material. The factorial and fractional
design are useful for screening the variables in a process to determine those that are the most important,
while the response surface methods are designed to move the operational conditions of a process in an
optimal direction and to define the parameters and levels that optimize a quality characteristic, within
the range of operability of a process. Taguchi design allows reducing the variability in the process or
products, increasing the robustness by minimizing the effects on the output caused by the variables that
are difficult to control during the process operation (Montgomery, 2009). The use of such designs has
allowed obtaining information to optimize the operation conditions for removal of metals heavy metal
ions from wastewater employing adsorption processes; for this purpose, activated carbon obtained from
different natural sources has been employed as an adsorbent; commercial activated carbons have also
been modified with agro-industrial waste and thermally treated biomass.

DOE is carried out through a test or series of tests, changing the input variables of a process to iden-
tify the effect caused in the quality characteristic. Figure 1 shows that the quality characteristic can be
altered as a result of the effect of controllable and uncontrollable factors (noise factors) associated with
the process. The main objectives of the DOE include: to define the variables that have highest influence
on the quality characteristic, to select the set of controllable factors to reach a nominal requirement of
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Table 2. Agro-industrial wastes and biomass employed for the generation of the low-cost adsorbent

Low-cost Adsorbent (Me tzﬁlilcuit:::/ dye) Reference
Aspergillus niger Cd, Ni, Pb Amini & Younesi, 2009
Aspergillus sp Cu, Ni Pundir et al., 2018
Rhizopus arrhizus Cu Preetha & Viruthagiri, 2007
Rice husk ash Cd, Ni, Zn Srivastava, Mall, & Mishra, 2008
Cynara scolymus L. (artichoke) Pb, Cu, Cd Fernandez-Lopez et al., 2019
Sargassum muticum brown alga Cr(VI) Bermitdez et al., 2012
fgrfxisfn’zrﬁ‘ég;g;;“d Padina pavonia_| ., \; Ofer et al., 2003
Bagasse fly ash Cd, Ni, Zn Srivastava et al., 2007
Glebionis coronaria L. Cd, Co Tounsadi et al., 2016¢
Neem leaves Cu Kumar et al., 2013
Coffee grounds and pomelo skin Volatile organic Ma, & Ouyang, 2013

compounds

Sugarcane bagasse Cr(VI) Cronje, Chetty, Carsky, Sahu, & Meikap, 2011
Sugarcanne bagasse Ni Garg, Kaur, Garg, & Sud, 2008
Sugarcanne bagasse chemically modified | Cu, Cd, Pb Karnitz et al., 2007
Saccharomyces cerevisiae Pb, Cd Hadiani, Darani, Rahimifard, & Younesi, 2018
Saccharomyces cerevisiae As(IIT), As(V) Hadiani, Khosravi-Darani, & Rahimifard, 2019

Figure 1. Variables of a process

Controllable
factors .
PROCESS Quality
characteristic
Uncontrollable

factors

the quality characteristic, to determine the levels were the controllable factors reduces the variability
of the quality characteristic and minimize the effect of the uncontrollable factors (Montgomery, 2009).

Experiment designs has allowed obtaining information to optimize the operation conditions for re-
moval of metals such as Cd, Cu, Ni, Zn, and Pb from wastewater employing adsorption processes; for
these purpose has been employed as adsorbents activated carbon obtained from different natural sources,
commercial activated carbon modified with agro-industrial waste and biomass thermally treated.

The removal of heavy metal ions through the adsorption process is carried out employing agro-in-
dustrial waste and biomass, which requires an exhaustive analysis to define the conditions of the process
that produces the maximum sorption capacity (g), that is the most referenced quality characteristic in
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sorption process. The sorption capacity, g (expressed in units of mg /g ), is calculated from a
mass balance (Equation 1) with data obtained employing different analysis techniques (Hibbert, 2012).

_(00_0f>'v

q=
w

where C, and Cf are the initial and final metal concentration (mg-L!), V; volume of metal solution used
for adsorption experiments (L) and w, mass of sorbent used (g).

The controllable factors employed in the DOE design to improve the sorption capacity are generally:
temperature, pH, adsorbent dose, concentration initial of metal, agitation rate, conditions for activation
of sorbent, contact time and particle size of the sorbent.

The employ of DOE is more efficient than a traditional strategy of experimentation, which consists of
varying one factor at a time and held the remaining factors at a baseline level. The most important disad-
vantage associated with this process is that the possible interaction between the factors is not considered.

Factorial Design

Factorial designs were proposed in the 1920s by R.A Fisher and were developed in the 1940s for their
use in industrial experiments. A factorial design is a type of experiment design that allows studying the
effects that several factors may have on an output variable or quality characteristic of a process. When
experimenting, the levels of all the factors are varied at the same time rather than one at a time, allowing
the study of interactions between factors. Factorial designs can be classified into two types: full factorial
design and fractional factorial design (Hibbert, 2012).

A factorial design aims to study the effect of several factors on one or more responses when the
same interest is had on all factors. The factors may be qualitative or quantitative. To study how each
factor influences the response variable is necessary to choose at least two test levels for each of them.
The effects of a factorial design are classified in three ways (1) effect of a factor, (2) main effect and
(3) interaction effect. The effect of a factor is the change generated in response to the level change of a
factor, while the main effects are the changes in the mean of the response variable due to the individual
action of each factor. Significative interactions can occur when the difference in the response between the
levels of one factor changes at the same time with all the levels of the other factors (Montgomery, 2009).

The main effects and interactions are represented in Figure 2, where the x-axis corresponds to the
level of the factor and the y-axis shows the value of quality characteristic at the conditions evaluated.
In Figure 2, lines with similar slopes, which are approximately parallel are the result of the absence of
interaction, while the presence of interaction corresponds to lines with different slopes. This analysis is
done to estimate the effect of major contribution on the response variable, considering the presence of
main effects and interaction effect, to find the optimal conditions of the system. To explain the behavior
of the response, an ANOVA analysis of variance is performed to know if the effects are statistically
significant (Davim, 2015).
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Figure 2. Representation of the interaction effect
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Full Factorial Design

A full factorial design is a DOE where is measured the response of the selected quality characteristic
applying all possible combinations of factors and their levels. The design matrix or factorial arrangement
is the set of experimental points or treatments that can be formed, considering all possible combinations
of levels of the factors. Full factorial 2* is used when the number of selected factors is between two and
five, at a greater number of factors is recommended a fractional factorial 257, which is a fraction 1/2° of
the complete factorial design 2*.

A full factorial design at two levels is represented as 2*, where k is the number of factors. The number
of experiments required is determined by 2 X 2 = 2%, which consists of four combinations or experimental
points. The notational system used in this type of design is +1 and -1 for the high and low level of the
2% (Davim, 2015).

The factorial design 3* consists of three levels of each factor, these can be referred to as lower, in-
termediate and higher levels, employing the notation -1, 0, +1, respectively. Figure 3 (a) and (b) show
the geometric representation of the 2* and 3* factorial designs at k = 2, respectively. Each vertex on
geometric representation corresponds to an experimental treatment.
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The notation of signs + and - combined with Yates notation, allows calculating the effects of interest.
The full factorial design according to the number of levels and factors requires a different number of
experiments, for example, a design 2* with k=6 requires 64 experiments, to k=9 are required 512 experi-
ments. In a 3* design with three levels with k=4 are required 81 experiments. The fractional factorial
design allows reducing the number of trials in the experiment (Davim, 2015).

Fractional Factorial Design

Fractional factorial design is a class of factorial design, where the number of experiments is performed
using a selected subset or “fraction” of the experimental runs included in the factorial design. The no-
tation 2*! corresponds to a fraction half of the full factorial design 2*. Fractional factorial designs are
a suitable option when resources are limited, or the number of factors included in the design is great.
In a full factorial design 2° seven effects can be estimated: A, B, C, AB, AC, BC, and ABC, generally
the lower effect corresponds to ABC interaction, this effect is used to generate fraction half, losing a
minimum of information (Ou, Zhang, & Qin, 2019).

The generation of the fraction is made based on the signs of ABC contrast: the “+” signs of the
ABC contrast point to treatments that make the call “main fraction”, and the signs “-” indicate the
“complementary fraction” generating two fractional factorial designs 2°!, both fractions provide the
same quality of information about the effects. The not estimable effect ABC is called “generator of the
fraction”. Figure 4 is the geometric representation of both fractions (principal and complementary) of
full factorial design (2°), corresponding to a 2*! design, where the response is measured only in four of
the eight vertex points of the full factorial design (Davim, 2015; Mongomery, 2009).

Taguchi Design

This robust parameter design has its origin with quality engineering and product improvement, this is a
result of the ideas of Dr. Genichi Taguchi. Taguchi design consists of adjusting a combination parameter
and their level to avoid the variation in an objective characteristic. Taguchi design reaches its objective
considering the loss due to imperfect production and environmental factors. The typical reduction of
variations respect to a target during the manufacturing phase of the process includes the inspection,
screening, and salvaging, while Taguchi method is focused on product design phase (off-line quality

Figure 4. Representation of fractional factorial designs 2%

Full factorial design 23 . Main fraction (I=ABC)

Complementary fraction (-I=ABC)
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control), to make products and process insensitive to hard control factors (uncontrollable factors) such
as environmental conditions, wear and different external factors (Roy,2010).

Taguchi design classify the factors that have influence on a target characteristic of a product or process,
as controllable and uncontrollable/noise factors, being the first those that can be fixed easily to desired
levels, while the levels of the uncontrollable factors can be unknown through the life of a product or their
control represents a high cost; however, sometimes these can be controlled for experimental purposes
(Taguchi, 2005). Controllable factors can be classified according to their effect on the performance
characteristic: those that affect the media value, the variability, both or neither (Antony & Kaye, 2012).

To apply the Taguchi design it is necessary to select the output variable to be optimized, identify the
key factors (controllable and uncontrollable), as well as to define a combination of levels for the control-
lable factors; that allows to reduce the variation on the performance characteristic despite the presence
of noise factors, select the adequate orthogonal array, to perform the experiments, to realize the statisti-
cal analysis to obtain the optimum levels of controllable factors and finally to carry on a confirmatory
experiment (Barrado, Vega, Pardo, Grande, & Del Valle, 1996). Analysis of variability of a product or
process by the Taguchi design takes into consideration a tool named quality loss function (Figure 5),
associated with the process capability index. The quality loss function L(y), estimates the monetary loss
associated to bad quality, as a result of deviations of a target value (¢) from the quality characteristic (y)
and a constant value (k) associated to lower (LL) and upper (UL) limits specification (tolerance) (Pulido,
De la Vara Salazar, Gonzalez, Martinez, & Pérez, 2008).

The developing of a robust design requires the presence of at least a noise factor. Taguchi proposed
the design with an external and inner array, that consists of two orthogonal arrays, each one formed by
controllable (internal array) and uncontrollable (external array) factors and their levels. The inner and
outer orthogonal arrays employed for the construction of Taguchi experimental designs can be complete,
fractional factorial designs or mixed. Typical orthogonal arrays (OA) employed in Taguchi design in-
cludesL, L, L,, L, L, andL  where the subscript indicates the number of experimental runs of the
design, each of these can be employed for different number of factors, as example the orthogonal array
L, is useful for 4, 5, 6, or 7 factors at two levels (Roy, 2010). To construct the matrix of experiments,

Figure 5. Taguchi’s loss function
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Table 3. Common orthogonal arrays

Factors Factors Factors
Run
A B C A B C D E F G A B C D
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 1 2 2 1 1 1 2 2 2 2 1 2 2 2
3 2 1 2 1 2 2 1 1 2 2 1 3 3 3
4 2 2 1 1 2 2 2 2 1 1 2 1 2 3
5 L (2% array 2 1 2 1 2 1 2 2 2 3 1
6 2 1 2 2 1 2 1 2 3 1 2
7 2 2 1 1 2 2 1 3 1 3 2
8 2 2 1 2 1 1 2 3 2 1 3
9 L,(2) array 3 3 2 1
L,(3*) array

Figure 6. Signal to noise

Description S/N
The lower the better 1 &
—10log —Z y?
(LTB) n="" _
The nominal is the .
—101lo [S
better g ]
(NTB) '
) 11
The higher the better —10log _Z —
n — .
(HTB) =]

the levels corresponding to noise factors are placed on the row as opposed to the levels of the control-
lable factors that are placed on the column. Some examples of the orthogonal array (L,, L, and L) are
included in Table 3.

Taguchi design employs a logarithmic function to optimize the variance (minimize or maximize),
named signal to noise (S/N) ratio, which depends on the criterion for the quality characteristic to be op-
timized. The main categories of the S/N ratio that are useful in different applications are shown in Figure
6 (Gupta & Lataye, 2018). The S/N is then the ratio of the mean signal to the standard deviation (noise).

where n is the number of repetitions in each of the trials, the y, are the experimental values obtained
for each trial, and S? is the sample variance. An example of Taguchi design is shown in Table 4, it was
proposed by Barrado et al. (1996), to optimize a precipitation method to purify wastewater polluted with
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Table 4. Orthogonal array L(3*) with three level of the noise factor, and remaining metal concentration

(R) as quality characteristic (Barrado et at, 1996)

Controllable Factors and Levels R (mg-L?) S/N
Trial .
T P F H N, N, Ratio
1 1 2.24 5.29 155.04
-39.35
0.59 1.75 166.27
2 2 1.75 1.05 0.38
-7.05
5.07 0.41 0.48
3 3 5.32 0.40 0.51
-7.05
0.65 1.07 0.36
4 1 0.37 0.34 4.31
-5.19
0.32 0.68 0.65
5 2 7.20 0.48 0.80
-9.54
0.49 0.44 0.88
6 3 39.17 46.54 138.08
-39.34
27.05 25.77 165.61
7 1 0.57 0.61 091
0.28
1.26 0.70 1.42
8 2 3.88 22.74 92.80
-36.20
7.85 36.33 120.33
9 3 15.42 35.27 67.56
-33.79
25.52 48.61 72.73

Controllable factors: Fe(Il)/metal ratio (F), temperature, °C (T), ageing time, h (H) and pH (P), uncontrollable factor: KMnO,, mol L"!
N).

metal ions. The method consists of an orthogonal array with four controllable factors at three levels,
which was analyzed through nine experimental runs L (3*), employing as a noise factor, the variability
of solution composition simulated by potassium permanganate (mol-L™) at three levels (N,, N,, N_);
the performance characteristic determined was the remaining metal concentration R (mg-L!) obtained
in duplicate.

To obtain information about the effect of the analyzed factors on the performance characteristic can
be applied different approaches employing both, the raw data, as well as the S/N signals, can be applied.
Variance analysis (ANOVA) is useful to identify the significant parameters and the most important
interactions, while the graphics of controllable factors and their levels vs performance characteristic or
S/N ratio are an excellent option to identify the factors which are responsible for changes on media value
or high variability for performance characteristic, respectively. An analysis realized by the example of
main effects graphs (Figure 7) shows the effect of controllable factors on recovery of metals (Cd, Ni,
and Zn) and S/N ratio, employing as adsorbent rice husk ash (RHA) (Srivastava et al. 2008). In Figure
7 the combination of optimal levels of some controllable factors considering reaching a high average of
removal of metal ions (mg-g') and a maximal S/N ratio, includes D3 (Temperature 40°C), E2 (pH 6),
F1 (adsorbent dose 5 g, .,,/L), G2 (contact time 60 min) (Srivastava et al., 2008).

63

printed on 2/13/2023 6:26 AMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Design of Experiments for Evaluation of Variables Involved in the Removal of Heavy Metal lons

Figure 7. Effect of controllable factors vs performance characteristics and S/N ratio
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The S/N ratio combines the average level of the performance characteristic and the variance associ-
ated. Higher values of the S/N ratio are related to a signal much higher than the random effects caused
by noise factors. The employment of the levels of controllable factors with high values of S/N ratio
produces an increase in quality and a reduction of variation (robust process) (Srivastava et al., 2007).

Response Surface Methodology

The response surface methodology (RSM) is a collection of mathematical and statistical techniques
useful in the analysis of the effect of several independent variables on the quality characteristic, it was
introduced by George E. P. Box in the 1950s (Amini et al., 2008; Montgomery, 2001). RSM is useful to
search a maximum, minimum or goal value of the quality characteristic, analyzing the variation of the
response as a function of the different treatments. The relation between desired response and independent
variables can be written as:

Yy = f(a:l,x2,x3,...,3:n>+e

where y represents the response, x are the independent variables, 7 is the number of studied factors and €
is the experimental error. This methodology has a sequential character and allows move the experimental
region in an appropriate direction to reach the target response value once the initial analysis was realized,
as well as to analyze in detail the proposed experimental region (Figure 8).

In RSM, the full or fractional design is employed to explore the experimental region selected initially.
Atthe initial stage of the analysis employing RSM, it is common that the form of the relationship between
the response and the independent variables are unknown, thus it is possible to realize an approximation
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Figure 8. The sequential character of the RSM
(Montgomery, 2004)
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employing a first or second-order mathematical model for the k factors (Figure 9), although this strategy
employs generally a reduced number of factors (Montgomery, 2009). An alternative to the presence
of a large number of factors is to carry out a fractional factorial design and to determine those factors
that represent an important effect on the response variable through experimentation and data analysis.
In this methodology, it is necessary to consider that the surfaces cannot be completely graphed from 3
factors. For k=3 factors, for example, it is possible to make 3 graphs with two factors at the same time.

The aspects related to the methodology of the response surface include the design, modeled, and
optimization. The design and model are performed in the initial stage and depend on the type of system
response. The data can be fixed to a first-order (flat) or second-order (curvature) model. This methodology
requires the use of multiple linear regressions and the selection of a DOE that can be used to adjust to that
model. To model the information, it is required to have knowledge about the parameters of the model,
model adjustment, significance, lack of adjustment tests, residuals, predicted, confidence intervals and
determination coefficient. Considering that the RSM is a sequential procedure it is possible to employ
initially a first-order model to reach the vicinity of the optimum rapidly, and so continue the analysis
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with a second-order model. The ANOVA can be employed to define the most significative factors and
the adjust of data and the selected DOE for the analysis.

The optimization employing the RSM once a first-order model has been applied can be carried out
by the method of steepest ascent where it is employed a combination of variables for the sequential
analysis, the objective of the method of steepest ascent is to reach a new experimental region closest to
the optimum (Kuehl, 2001). The combination of variables for sequential analysis are defined according
to the coefficients of the linear equation estimated, when a change on the tendency of response occurs,
there is possible to design a new experiment employing as center the combination of variables where
the variation was observed, at this point it is possible to adjust the experimental data to a second-order
model, which can be verified with the ANOVA. To explore the optimal region and to have a best adjust,
the set data can be extended by the employ of central composite design (DCC), which is the most popular
class of response surface methodology and has been highly recommended (Figure 10). The optimization
of RSM once that the region of the optimum has been found can be carried out by canonical analysis or
ridge systems (Montgomery, 2001).

DOE Applied for Heavy Metal lons Removal Using Low-Cost Adsorbents

In the next sections are briefly described some DOE, useful for the determination of the best operat-
ing conditions for the sorption process of heavy metal ions from wastewater by material obtained from
agro-industry and natural sources. In Table 5 are included some examples of the employ of DOE in the
selection of the best combination of factors and their levels to increase the sorption capacity of heavy
metal ions using agro-industrial waste.

Authors as Tounsadi et al. (2016 a, 2016¢), have employed a full factorial design (2¢) to define the
effect of factors involved in the preparation of activated carbon from Glebionis coronaria L and Dip-
lotaxis Harra, which were activated by phosphoric acid (H,PO,) and applied for the removal of heavy
metals (Cd and Co) from aqueous solution. The researchers proposed four controllable factors, that

Figure 10. Representation and construction of the DCC (k=2 and k=3)
(Pulido et al., 2008)

Central points + Axial points -+ Factorial design = CCD
® ® .
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involve the activation process, such as carbonization temperature (500-600°C), activation temperature
(400-500°C), activation time (1-2h) and impregnation ratio (g H,PO " carbon) (1.5-2). The results
revealed that Glebionis coronaria L. is a good precursor to produce activated carbon; they observed
that a key factor in the preparation of this type of sorbents is the carbonization temperature, which was
the most significant factor in the research. To corroborate the effectiveness of the adsorption capacity
of carbon the iodine number and methylene blue index was measured. The removal of Cd and Co onto
activated carbons is influenced by the interaction between carbonization temperature and impregnation
ratio. The sorption capacities observed were 57.87 mg-g! for Cd and 45.75 mg-g! for Co. Employing
the optimal conditions obtained in the design, the performance of a commercial activated carbon was
evaluated, the sorption capacities of Cd and Co ions from water, were 0.85 mg-g' and 21.24 mg-g',
respectively. According to this analysis, the employ of DOE allows increasing the sorption capacity of
biomass, respect to commercial carbons.

A 23 full factorial design was used by Mitic et al. (2019) for the determination of the effect of factors
involved in the heavy metal ions removal (Cu, Cr(VI), Fe, and Ni) from water samples, using biomass of
garden sage (Salvia officinalis L.). The variables involved in the design were: liquid/solid ratio (15 and 30
mL-g"), extraction temperature (40 and 100 °C) and extraction time (20 and 80 min). The interaction of
factors was evaluated by the analysis of variance and linear regression model. At 95% confidence level, all
the factors are associated with Fe, Cu, and Cr(VI) removal. The researchers observed that the extraction
time was the most important factor and represents a high contribution to the heavy metal ions removal.

The Taguchi design has the objective to define the optimal values of each factor considered and to
develop a robust process, that is, a process affected minimally by external sources of variability (Mont-
gomery, 2001). Guijarro-Aldaco et al. (2011) have employed the Taguchi design (L, OA) to improve the
adsorption capacity of commercial carbons (coconut shell, bituminous or lignite carbon) for multiple
ions removal (Zn, Cd and Ni), realizing a pretreatment with acid solution (HCI, H,PO, or none) and a
surface modification with low-cost activating agent (calcium impregnation, obtained from hen eggshell
wastes) and finally a thermal treatment. The evaluated factors were carbon type, acid treatment, calcium
concentration and temperature. They observed that a key factor in the preparation of this type of sorbents
is the acid treatment, because of the formation of calcium phosphate on the carbon surface, which is
associated with the use of H,PO,.

Pundir, et al. (2018) investigated the removal of heavy metals (Cu and Ni) employing fungal biomass
(Aspergillus sp.). The controllable factors evaluated were the inoculum concentration, pH, temperature
and initial concentration of metal. They observed that pH is an important factor in the adsorption process
which should be evaluated at different levels. For the pH selection should be considered that low pH val-
ues cause the presence of positive charges in the functional groups on the outer layer of biomass, which
inhibit the interactions of the metallic ions, by electrostatic repulsion, resulting in low removal capacity.
The high pH value (alkaline region) also affects the heavy metal removal as a result of the formation of
metal hydroxide and precipitation, then in the alkaline region the removal of cationic metal ions is not
possible due to precipitation; a correct pH selection implies increases on percentage removal of heavy
metal ions as a result of the increase in the number of surface negative charges.

Among the most important factors to consider in the adsorption process are temperature, adsorbent
dose, contact time and pH. In accordance with the exothermic character of the sorption process, it is ex-
pected that the increase in temperature results in a reduction of sorption capacity, however, in processes
controlled by diffusion, the adsorption capacity results increases at higher temperatures. When biomass
is employed as adsorbent, the factor temperature affects microorganism growth. High temperatures in
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an adsorption process can promote the damage to proteins and affect the metabolic activity of fungal
biomass (Pundir et al., 2018; Srivastava et al., 2007).

Fernandez-Lopez et al. (2019) carried out the analysis for the removal of Pb, Cu, and Cd employing
agro-industrial waste biomass from artichoke. They employed an L, OA, considering the factors pH,
initial concentration of metal, adsorbent dose and temperature. They realized the analysis for metallic
ions in a separate way, pH 5 and 30 °C were defined as optimal values for three types of ions, while the
initial concentration of metal and adsorbent dose was not the same. They observed important differences
in adsorption capacity values for the individual removal of heavy metal ions after optimization with
Taguchi design. The removal capacities were 86.2 mg-g™! for Pb, 35.8 mg-g"! for Cd and 24.4 mg-g! for
Cu. They mentioned that the removal efficiency is influenced by both, the nature of the metal ion and
the parametric conditions of the experiment.

The response surface methodology is a technique that involves experimental designs such as Box-
Behnken and composite central design to increase data point of analysis, this technique also allows move
the operating conditions in the best direction to reach an optimal region of operating values.

There is an important number of authors that have reported the optimization of heavy metal removal
by RSM, employing second-order mathematical models, where are considered the effect of factors and
their interactions. Khalifa et al. (2019) employed the RSM methodology to define the optimal condi-
tions for Cr(VI) removal from wastewater employing orange peel. In the adsorption processes the effect
of adsorbent amount, pH and temperature were analyzed. The analysis of pH of zero charges suggested
them, that pH values lower than 2.5 are associated with a positive charge of the surface. Then, low pH
values are associated with the presence of HCrO,” as the predominant species of chromium, which are
attracted by the positively charged biosorbent. At optimum conditions, adsorbent dose 1.12 g, pH 2 and
34.17 °C was reached 97% of Cr(VI) removal. According to researchers, the temperature effect in sorp-
tion processes is related to the increase of active sites available for adsorption, as a result of the changes
in pore size and increase in the diffusion of ions due to a decrease of solution viscosity. This makes the
temperature a key factor to be considered in DOE associated with the removal of heavy metal ions by
adsorption processes.

Hadiani et al. (2018) worked in the biosorption of low concentration levels of Pb and Cd ions by Sac-
charomyces cerevisiae fungae. They clarify that there are different factors that affect biosorption yield and
that the approach in experimental planning requires an initial stage of screening where different factors
can be taken into account and only some factors are chosen to continue with an experimental optimization
design. They selected initially seven factors associated with Pb and Cd biosorption: biomass dose, pH,
temperature, contact time, heavy metal initial concentration, shaking rate and biomass viability (live or
non-living) each one evaluated at two levels. A Taguchi design L, was proposed for the determination
of the optimum experimental conditions associated with the maximal removal of Pb and Cd. They em-
ployed Minitab (version 18.1) statistical software, which allows identifying four significative variables:
pH, adsorbent dose, heavy metal initial concentration, and biomass viability. To optimize the four chosen
variables a central composite design (CCD) was employed under response surface methodology, using
only live yeast and analyzing the three remaining factors. S. Cerevisiae has high-affinity for Pb and Cd
ions at low concentration, the maximal biosorption reached was 91.6 and 95.3%, respectively. To reduce
the number of trials there is useful to employ other DOE to select the variables with a major contribution.
Throughout this section, it has been possible to analyze that the use of DOE is a useful tool that allows
to reduce the number of trials as well as to define the critical variables and the optimal combination of
these to reach a high removal capacity of heavy metal ions employing low-cost adsorbents.
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Table 5. Examples of research conducted to determine critical factors and optimize the removal process
of heavy metal ions in water

M‘;:::hc Adsorbent Treatment DOE Factors (Optimal) Removal Reference
Biomass was washed with
deionized water to remove Full C,: 20 mg-L™!
Cr(VI) Sargassum muticum Ca®* or Na*. It was dried factorial 3° m: 2.0 g-L! 84% Bermidez et al., 2012
at 60°C and stored in a N T: 50°C
desiccator.
Stems of the plant
were crushed and
sieved, carbonized and
impregnated with H,PO,. T, onization: 000°C
100° . .l
Cd, Co Glebionis coronaria L.(ac) :;?Vi;zo:; dW;;:lizsrv‘:li?Lly Full factorial 2* ;l:::::::“ ¢ gg Z;g; EE:\ Tounsadi et al., 2016¢
HCI, NaOH and deionized T pregnation: 19 8ucia” S
water until neutral pH. The
powder obtained was dried,
powdered and sieved.
Biomass was deactivated
by heating, grinding and
screening, it was mixed ccb pH: 3.44
Pb Aspergillus niger in 0.5N NaOH, 20min at RSM C,: 19.28 mg-L"! 96.21% Amini et al., 2008
T,, washed with deionized m: 3.74 g-L!
water, centrifuged and
dried at T=50°C.
Commercial Aspergilus
niger was cultured,
propagated in nutrient pH: 6.01 Cd: 98% - -
Cd, Ni, Pb Aspergillus niger agar (sucrose, NH,NO,, (R:gi C, 89.93 mgL" Ni: 80% §0m0‘9“‘ & Younesi,
KH,PO,, MgSO,), 30°C, m: 522 gL Pb: 99%
pH=S5 for 5 days, filtered
and stored at 4°C.
The fungus was grown at
25°C in potato extract and H: 414
dextrose solution. pH=5.3 Factorial 2* g 53 84 ppm Prectha & Viruthagiri
Cu Rhizopus arrhizus before sterilization. (CCD) m""8 1'7 I]ipl 98% 2007 gt
The cell suspension RSM T'.37' 75"gC
was separated, dried, U
homogenized and stored.
RHA was obtained from Taguchi ll)l(;[() g’lgCE(,Cd’ Ni, Zn):
Cd, Ni, Zn Rice husk ash (RHA) a.pa‘per mill, it was only @) m: 5 gL, t: 60 min, 9.46 mg-g" Srivastava et al., 2008
sieving. T: 40°C
Pb (pH:5, C:50 mg-L",
m: 0.5 g-L, T:30°C) Pb: 862 mg-g"
Biomass was dried at 70°C Taguchi Cu (pH:5, C:30 mg-L"!, e : Fernandez-Lopez et
Pb, Cu, Cd Cynara Scolymus L. for 24 h, milled and sieved. | (L) m: 1.0 g-L", T:30°C) gd; ;i'i mg'g,: al., 2019
Cd (pH:5, C,:50 mg L, U saameg
m: 1.0 g-L, T:30°C)
. . H: 4, C,: 50.0 mg-L"!
Cu, Ni Aspergillus sp Aspergillus sp was cultured | “Taguchi % 30°C,°1nocu1un§ v Cu: 98.8% Pundir et al., 2018
over potato agar. (L, % 15 Ni. 97.9%
o):
The adsorbent was obtained Taguchi %l:)?og"nfcilN b
Cd, Ni, Zn Baggase fly ash from sugar mill and it was s e N g. . 16.01 mg-g*! Srivastava et al., 2007
only sieved. L,) m: 5 gL, & 60 min
T: 40°C
Mature leaves were
collected, washed, dried
under sunlight at 80°C until H: 7
it became crisp. The dried E "5 mgL!
Cu Neem leaves leaves were crushed and Taguchi N 02‘0 min Not analyzed at optimal Kumar et al.. 2013
blended. The material was (O] s" 75 um conditions. -
sieved and treated with r;xle' 150 rpm
HNO,, 24h, washed with .
deionized water until pH
7.2, stored in a desiccator.

continued on following page
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M;:::hc Adsorbent Treatment DOE Factors (Optimal) Removal Reference
Leaves were washed with SN pH: 4.8, C: 140 mg-L"! .
cd Carpinus betulus leaves distilled water, dried, (TL“g;‘““ m:2.0 gL, T: 25°C, s: | 35.87 mg-g’ fgié“"‘me‘“ etal,
pulverized and sieved. 16 0.12-0.17 mm
Orange peels were
collected from a waste of Dochlert desien pH: 2.07
Cr(VI) Orange peel an orange juice shop, these RSM SIE m:1.12 g 97.0% Khalifa et al., 2019
were washed, dried at 80°C, T: 34.17°C
ground and sieved.
Biomass was collected, X . 0
. . washed, dried and PH: 3, C‘?l' 150 mg-L", Niad, Zaree, &
Cd Cystoseria myricaas . RSM m:7 gL 95.37%
N powdered. The dry biomass 75 min. T: 40°C Tahanzadeh, 2016
was chopped and sieved. ) T
Commercial S. Cerevisiae . pH: 5 .
Pb, Cd Saccharomyces cerevisiae | was cultured in sterilized E“Cg]‘;fgs(l\%[x) C, 525 pg L g';‘, 32'2? Hadiani et al., 2018
media. m: 32.5 (x10” CFU) e
Pomegranate peel waste
was obtained from the juice " . .
Cu Pomegranate peel factory. The waste was E(SZI\?[ @) &Hosz’ C0L112[5 g17g 4Lmin Cu: 103 mg-g! Alietal., 2018
washed, dried, milled and FHEELL B
sieved.
Sunflowers were collected pH: 2
Cr(VI) Helianthus annuus from agricultural fields, Box-Behnken C,: 40 mg-L" 90.8% Jain et al., 2011
treatment was previously RSM o B
reported m: 0.5 g-(100mL")
Banana peels were
collected from local
markets, washed, dried pH: 6.5, 6.4, 6.1
and ground. The material C,: 85,90.3, 74.4 ppm Cu: 14.3 mg-g" Thuan, Quynh,
Cu, Ni, Pb Banana peel (ac) was carbonized, soaked CCD RSM m:2.4,1.8,09 gL Ni: 27.4 mg-g"! Nguyen, & Bach,
with KOH solution, N, at for Cu, Ni and Pb, Pb: 34.5 mg-g"! 2017
500°C for 0.5 h. Finally, respectively.
the material was washed
and dried.
The raw material was
collected from a sugarcane pH: 7.52 79%
Ni Sugarcane bagasse crushing plant. Bagasse CCD RSM m: 1.5 gL' (confirmatory Garg et al., 2008
was boiled, dried, ground rate: 150 rpm experiment)
and sieved.
Papaya seed was sun-dried,
. C,: 150 mg-L*!
crushed. The material 0 Cu: 97.54%
Cu, Pb Papaya seed was defatted by soxhlet CCD RSM :r;e(??gogr . Pb: 99.96% Garba et al., 2016
extraction with hexane. | P
. Hydrophila was cu]uvz‘ne'd cch Flow rate: 2.0 mL-min™! Hasan, Srivastava, &
Pb Aeromonas hydrophila in nutrient broth containing | (2%) - 88.27% -
beef extract agar. RSM Bed height: 19.0cm Talat, 2010
s s s
. 759 . ;
Typha domingensis then dried by in an oven at s T: 25°C (Fe/Zn) Fe: 97.26%. Abdel-Ghani, Hegflzy,
Fe(III), Zn N Full factorial 2 m:1,05g El-Chaghaby, & Lima,
phytomass 70°C, 24 h, subsequently, for Fe and Zn 7n:93.49% 2009
the plant materials were respectivel ’
grounded till use. P Y
Pectin and cellulose
microfibers were extracted
from orange waste, the
pectin aqueous solution pH: 4
. was stirred with adequate 5 Content of cellulose Cd: 58% Lessa, Medina,
Cd, Cu, Fe :ﬁi&;ﬁ;ﬁiﬁ:i waste) amounts of cellulose ggﬁ @) microfibers into the Cu: 77% Ribeiro, & Fajardo,
& microfibers. The spherical beads: 5.5% Fe: 94% 2017
beads were formed m: 150 mg
instantaneously due to
ionic crosslinking of Pectin
with Ca ions.
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Table 5. Continued

Metallic
Ton

Adsorbent

Treatment

DOE

Factors (Optimal)

Removal

Reference

Cd, Co

Diplotaxis harra

Steams were crushed,
afterward, the biomass
dried, carbonized and

the samples the carbon
were impregnated with
phosphoric acid at
phosphoric acid to carbon
ratio (g H,PO, / g carbon)
of 1.5-2, 6 h. Later, heated
at 110°C for 24 h to remove
excess moisture.

Full factorial 2*

Testbonizaion 300°C
sivaton’ 900°C
Coivation”

Cimpregnation” 2g H,PO /g

carbon

Cd: 31.6 mg-g"!
Co: 259 mg-g"!

Tounsadi et al., 2016a

Cd, Co

Glebionis coronaria L.

The steams of the

plant were crushed and
sieved. The biomass

was carbonized at

500°C after the samples
were impregnated with
potassium hydroxide at
KOH to carbon ratio 1-2 (g
KOH / g carbon). Activated
carbons were washed with
HCl and deionized water.
The obtained samples were
dried and sieved.

Full factorial 2*

curbummlmn: GOOQC
£500°C

activation”

]

t :
mpregnaion’ 28KOH/g

carbon

Cd: 70.67 mg-g"!
Co: 36.62 mg-g"!

Tounsadi et al., 2016b

Cu, Cr, Fe, Ni

Salvia officinalis L.

The maceration procedure
was employed for the
extraction of minerals
from S. officinalis. The
samples were extracted by
different volumes of water,
at a different temperature
and extraction time. The
extraction process was
carried out using a bath
thermostat.

Full factorial 2°

:15mL-g!
o

rlmpmgnullon'
: 100°C

extraction”
: min

extraction”

Not determined

Miti¢ et al. 2019

Co, Cu

Apple pulp

Apple pulp was air-dried,
crushed and sieved.
Carbonization process was
carried out at 550°C. Apple
pulp and apple pulp carbon
were used as sorbents.

Full factorial 2°

pH: 5.0 (Co/Cu), m: 0.4
g-50 mL"!" (Co/Cu)

C,: 20, 10 mg-L, T: 20,
40°C, t: 120, 60 min

for Co and Cu
respectively

Co: 65.11%
Cu: 90.49%

Ozbay & Yargic 2018

Cd, Pb

Acacia Nilotica
(natural Gum)

The adsorbent of acacia
gum was cleaned for
removing the sticky peel
and other impurities, later
the adsorbent was dry and
stored for use.

CcCcD
)
RSM

pH: 5.0, 4.0
t: 25, 20 min
T: 70, 50°C
for Cd and Pb
respectively

Cd: 100%
Pb: 60%

Bouazizi, Jamoussi, &

Bousta 2016

Cu, Cd, Pb

Tricholoma
lobayense

The biomass was obtained
from a mushroom growing,
it was washed with
deionized water, dried in an
oven at 50°C and ground
with a pulverizing mill.

CCD
RSM

T: 30°C, pH: 5.0, C;;:
60 mg/L, M: loading 2
g-L!, t: Oh, rate: 200rpm

Cu: 6.0-91.9%
Cd: 10.1-84.1%
Pb: 6.4-97.9%

Cao, Liu, Cheng, Jing

& Xu, 2010

CCD: composite central design, RSM: response surface methodology, C: concentration initial of metal, T: temperature, T, : boiling
temperature, t: time,
ac: activated carbon, t: time, r: ratio, rate: agitation rate, s: particle size, m: sorbent dose.
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CONCLUSION

The employment of low-cost adsorbents, mainly coming from agro-industrial waste is an excellent option
to take advantage of natural resources that can be problematic when they are not adequately disposed.
These types of adsorbents have attracted the attention of researchers because they are an alternative to
carry out the removal of heavy metal ions coming from wastewater.

The adequate employment of DOE to increase the removal capacity of heavy metal ions using low-
cost adsorbents has allowed high percentages of removal for different types of ions. Some authors have
realized the comparative study of commercial activated carbons and low-cost adsorbents, their studies
allowed to observe that the correct selection of parameters of the processes, is responsible for the increase
of removal percentages comparing low-cost adsorbents versus commercial adsorbents. The use of DOE
is useful to analyze the main factors involved in adsorption processes with a minimal number of trials.
It is important to modify the variables involved in adsorption processes before using chemical activators
that may represent an environmental risk.
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ABSTRACT

Biofuels emerge as an alternative to mitigate climate change. In this sense, four biofuels generations
have been proposed to produce clean and renewable fuels. To achieve this, the development of these
fuels requires an extensive and rigorous experimental work that will bring optimal results in short time
periods. Hence, to accelerate the development of clean fuels, the Design of Experiments (DoE) method-
ologies are a useful tool to improve the operational conditions such as temperature, time, pressure, and
molar ratios. Several authors have studied and optimized the different biofuel production systems using
Factorial Designs and Response Surface Design methods and statistical analysis with reliable results.
This chapter reviews and classifies the results obtained by these investigations and demonstrates the
scopes and limitations of the application of DoE.
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Figure 1. World TFC by fuel (¢) Oil, () Electricity, ( A ) Natural Gas, (®) Biofuels and Waste, (m) Coal,
(V) Other, from 2000 to 2016. Adapted from (IEA, 2019b)
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INTRODUCTION
Biofuels

The constant growth of the world population has caused the increase on demand for energy. Industry and
transportation sectors are the most end-use energy consumption in the world which require a large amount
of liquid fuels. In this way, the combustion of fossil fuels has led to the emission and accumulation of
greenhouse gases (GHG) causing negative effects to environment, such as global warming. Therefore,
to mitigate the GHG emissions and eventual depletion of petroleum, new technologies and infrastructure
have been developed to produce sustainable, efficient, economically viable and renewable sources of
liquid fuels (H. Chen et al., 2017).On this basis, the use of renewable energy sources has presented a
growth of 2.8% annually since 2008 and it is expected to increase according to the objectives of The Paris
Agreement in 2016 (Paris Agreement, 2016). However, the global energy and economics are still based
in fossil fuel utilization. Petro-oil represents the highest consumption of energy available for final use
in industry transport and home (Total Final Consumption, TFC), compared with other energy sources,
followed by electricity and natural gas as Figure 1 exhibits.

Within the alternative energy sources, biomass transformation into energy is an important option
to consider. Biomass from crops and agroindustry residues can be converted into biofuels which are
a suitable and ecological friendly option since they are inexpensive, clean, sustainable and they could
improve the rural economy (Sunde, Brekke, & Solberg, 2011). Also, the emitted CO, can be reintegrated
into the carbon cycle by photosynthesis and it can be mixed with fossil fuels as additives which would
reduce SOx and NOx emissions. According to the International Energy Agency (IEA), it is expected that
biofuels may provide the 27% of the world transportation fuel by 2050, which means that nearly 3 billion
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Figure 2. Global historical (2010-2016), forecast (2017-2023) and SDS targets (2025-2030) biofuels
production (IEA, 2019a)
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tons of biomass will be needed annually (IEA, 2011; IEA, 2019). Even so, the production of biofuels
requires to triple -from 130 to 400 billion liters per year; Figure 2- its growth to achieve the 2030 under
the Suitable Development Scenario (SDS) (IEA, 2019a). It is important to point out that biofuels may
not replace the total transportation fossil fuel demand (Furimsky, 2013). Nonetheless, the potential of
these fuels resides in that they can be blended with typical petroleum-based fuels, in such way that they
can be distributed and used in the current infrastructure and combustion systems

In this sense, four generations of biofuels have been developed based on the raw material and method
of production to overcome the agricultural issues and to supply fuel depending in the resources of each
ecosystem (Correa, Beyer, Possingham, Thomas-Hall, & Schenk, 2017). Figure 3 summarizes the biofuel
generations and main products.

First generation biofuels (1G) are produced from sugar and vegetable oils to produce bioethanol
and biodiesel. In contrast, second generation biofuels (2G) are generated form the organic waste from
agroindustry into fuel. Third and fourth biofuel generations (3G and 4G respectively) produce biomass
(sugars, waste and triglycerides) from micro and macro algae, which is transformed into fuel by similar
processes used in 1G and 2G. The 4G biofuels have been developed by improvement of the photosyn-
thetic microorganisms to produce sustainable and renewable fuels by biological engineering. Table 1
displays the pros and cons of each biofuel generation.

Biorefineries appear as conceptual models for biofuel production which integrate different upgrad-
ing conversion units of biomass. It is necessary to adapt them into biomass feedstocks according to the
local needs to improve the scientific and technological advancements to build an economically and
sustainable transformation systems (S. K. Maity, 2015). Hence, new challenges for optimization in the
production capacity of the biorefinery and technical advances are ahead. Several authors have agreed
that integration of biorefineries with fossil fuel industries and renewable energy sources can be made
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Figure 3. Biofuels and generation classification and main products
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Table 1. Comparison between biofuel generations (Adapted from (Abdullah et al., 2019))

Biofuels
Topic
2G 3G 4G

Competition with food Yes No No No
Land footprint Large area Large area Small area Small area
Conversion to biofuels Easy Difficult Easy Easy
Environment impact Use of fertilizers | Deforestation Marine eutrophication Release GM organisms
Commercialization Produced Produced Non produced Non produced
Financial input Low Low Large initial and cultivation Large initial and cultivation

Costs costs

to simplify the scalation and reduce investment costs (Palmeros Parada, Osseweijer, & Posada Duque,
2017; Yang & Yu, 2013). These advanced plants are still in demonstration or pilot-plant stage an requires
experiments to settle down the optimal conditions and operation variables. Thus, the essential optimiza-
tion experiments and predicting models are needed to accelerate the understanding of the multifaceted
biofuels production systems

80

EBSCChost - printed on 2/13/2023 6:26 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Application of Design of Experiments in Biofuel Production

Figure 4. First generation biofuels problems, benefits and processes
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The use of Design of Experiments (DoE) in the biofuel industry has been applied to obtain critical
information from the system in order to improve the production including the catalytic synthesis, the
profits and capability, the performance and the manufacturing costs and reduce design and development
time (Cox & Reid, 2000). The attention on application of DoE in biofuels development is directed to the
screening and optimization of combining factors such as the harvesting biomass and optimal operational
conditions. The present chapter is focused on the review, comparation and discussion of the application
of different DoE methodologies in the biofuel production optimization to analyze and compile informa-
tion of the factors and optimal results published by different authors.

First, Second and Third-Generation Biofuels

First-generation (1G) bioethanol is primarily produced from fermentation of sugar containing crops like
sugarcane, wheat, rice and corn (Erlandsson, & Taherzadeh, 2014). Whereas, 1G biodiesel is obtained
from food and non-edible vegetable oils, e.g., palm, canola, rapeseed and olive oils (Joshi, Pandey, Rana,
& Rawat, 2017). The triglycerides present in these oils react with alcohol in presence of an alkali cata-
lyst to produce fatty acid methyl esters (FAME) by transesterification reactions (Joshi et al., 2017). On
this regard, temperature, pressure, catalysts concentration and composition, alcohol/oil molar ratio and
time of reaction are the main operational variables to consider in the optimization by DoE (Dhawane,
Karmakar, Ghosh, & Halder, 2018). However, since their production must consider the so-called “food
vs fuel” controversy, there are uncertainties in their environmental and social impacts. The agriculture
crops priority is to supply the population alimentation instead of fuel and developing countries may not
be suitable to produce these fuels. This is summarized in Figure 4.
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Figure 5. Second generation biofuel production processes
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The second-generation biofuels (2G) are produced from inexpensive and abundant cellulosic biomass
waste such as cellulose, hemicellulose and lignin materials (Furimsky, 2013). 2G biofuels include a wide
variety of processes to obtain different products such as bioethanol, biodiesel, bio-oil, butanol, etc. There
are two classifications in the conversion pathway to transform biomass into fuel: biochemical and ther-
mochemical pathway (Figure 5) (Damartzis & Zabaniotou, 2011). Biochemical pathway consists in the
use of catalytic hydrolysis to transform polysaccharides into sugar or oils to produce biodiesel (Hamze,
Akia, & Yazdani, 2015). The thermochemical pathway involves pyrolysis, liquefaction and gasification
of lignin rich biomass to produce bio-oil that can be transformed into biodiesel by conventional refinery
units, e.g., hydrotreatment (Furimsky, 2013). Gasification of the biomass produces syngas (H, and CO
mix) which subsequently is treated by Fischer-Tropsch (FT) (Ail & Dasappa, 2016).

Catalytic systems present different and complex correlations between the activity/selectivity and
synthesis. Consequently, the development of catalysts is slow process and it is necessary the application
of DoE improve their production.

Third generation biofuels (3G) have been produced by using microalgae and seaweeds (macroalgae)
to produce biodiesel without competing with food industry. Due to their aquatic nature, macroalgae
produce higher amounts of cellulosic biomass than terrestrial lignocellulosic biomass in less physical
space and can grow fast if nutrients (nitrogen and phosphorus containing compounds), light, water and
CO, are available (van Hal, Huijgen, & Lopez-Contreras, 2014). Algae biomass is composed by differ-
ent compounds which are synthetized by metabolic routes and their weight is principally constituted
by proteins and triacylglycerol-based lipids (TAGs, 20-50%) (Mathimani & Pugazhendhi, 2019). In
the harvesting of algae, biomass is obtained by flocculation, filtration, centrifugation and sedimenta-
tion (Dutta, Daverey, & Lin, 2014). In this sense, 3G biomass can be transformed into fuel by different
methods: thermochemical and biochemical as Figure 6 exhibits.
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Figure 6. Third generation biofuel production processes
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Thermochemical methods involve gasification, liquefaction and pyrolysis; whereas biochemical
methods include anaerobic digestion, fermentation and transesterification of algal lipids (Tsukahara
& Sawayama, 2005). In recent years, several methods of microalgae cultivation had been developed to
maximize their biomass production (Slade & Bauen, 2013). Hence, different configurations, conditions,
costs, biodiesel quality requirements, energy saving schemes, scale-up and supply of resources are issues
to consider in the implementation of this technology (Brennan & Owende, 2010; Slade & Bauen, 2013).

DESIGN OF EXPERIMENTS

The DoE objective is to simplify the development of mathematical models. It contributes to reduce the
variation and supports the planning of experiments to avoid the unnecessary ones which will reduce the
required number of them to perform the optimization (Mandenius, 2016). It elucidates the influence of
the interactions between factors involved and their responses without a complex interpretation providing
reliable results by consideration of randomization, replication and blocking to orientate the experimenta-
tion faster to the true optimum (J. Antony, 2014b). The structuration of a DoE in most of the cases are in
terms of coded factors (-1, +1; -1, 0, +1 or 1, 2, 3) indicating in each coded value the relative magnitude
of the levels from the factors. The use of coded or uncoded factors is defined by mathematical reasons
and the orthogonality from the system. However, in some cases, DoE does not employ the coded factors
so, the factors are established independently (uncoded) for the respective evaluation (Brereton, 2007).
The selection of the factors and levels and defining the objectives and targets that the study is aimed to,
depends on the analytical matrix nature, biofuel process or the type synthesis. Another important aspect
to consider is to choose an adequate DoE has been the experiment randomization in order to evaluate
the system repeatability (Islas et al., 2018). In this regard, different DoE types are available to apply into
the analysis; they are listened in Table 2.
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Table 2. Comparison of objectives between types of DoE (Adapted from (NIST/SEMATECH, 2013))

Type of DoE Objectives

To choose between alternative factors with a narrow or broad scope. Make conclusions about if the changes in

Comparative designs . .
P g one important factor change the response for different levels of that factor.

To identify and extract which factor is the most important to measure. Select or screen out the few important

Screening designs . . .
& & main effects from the many less important ones. It is useful when there are 2-5 factors that can be performed.

To estimate the interaction and quadratic effects of factors and levels. They are used to find improved or
optimal process settings, weak points, reduce variation and make a process more robust against external
influences.

Response surface
methods

To model a response as a mathematical function of a few continuous factors with unbiased and minimum

Regression modelin; . b . . . .
& & variance. It estimates a precise model, quantifying the dependence of response variables on process inputs.

Figure 7. Experimental design stages

Determine factors,

Define problem Determine objective levels:and structare
Collect, replicate and Perform the Design the
analyze data experiment experiments

Verify predicted

Interpret results Yecults

The selection of DoE allows the interpretation of the system based on a mathematical model, explain-
ing the contribution of each factor in the system. However, depending on the DoE nature the interaction
of the factors is not evaluated (Brereton, 2007; Islas et al., 2018). In addition, the statistical data is used
to improve the system allowing to determine the best values in function of the output factor. In summary
DoE methodology benefits mainly in:

e  Organize the approaches that relate experiments to each other with the interpretation.
e  Elucidate the interactions between qualitative and quantitative factors.

e  Acquisition of information with less experiments.

e  Results include the multiplicity of the systems.

e  Support decision making of the systems.
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Figure 8. Graphical representation of the respond (output factor) in OVAT design. White points: factors
to evaluate in several levels (input factor), dark grey point: best experimental condition and black point:
true optimal experimental conditions

Factor 3
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Factor 1

One Variable at a Time

The multiple process variables (input factors) and quality characteristics (output performance charac-
teristics) in the biorefinery systems are related by highly complex effects. Qualitative inputs can be the
raw materials, catalyst, conditions, etc. Whereas, outputs are the qualitative characteristics such as a
composition, octane number, viscosity, etc. (Anderson & Whitcomb, 2015). Therefore, experiments must
be performed to enhance the knowledge about the process comportment and variability by the estima-
tion of the input factor effects. Finally, the data acquisition is determined by the effects of the process
variables on the output performance and are verified by a comparison with the predicted result to bring
robustness to the study. This is summarized in the Figure 7.

In process development, the initial step to follow is to plan an exploration by designed experiments.
For example, if a new catalyst is under development (input factor), it is needed to test it under different
conditions to observe the variation sensibility (response). It is necessary to keep in mind that outputs can
be sensitive to one or several input variables. Therefore, the first suggestion is to use the One-Variable-
at-a-Time (OVAT) which consist in modify one factor values at a time and keeping all other fixed. The
data interpretation is analyzed by graphical methods where the factors show the possible effects in the
system (Figure 8) (Weissman & Anderson, 2014).
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The use of the OVAT design in 1-3G biofuel production has been a recurrent practice on the deter-
mination of signification level of each factor (Hu et al., 2008; Meneghetti, Meneghetti, Serra, Barbosa,
& Wolf, 2007). The critical factors in biofuel production has been focused principally in reaction tem-
perature, catalyst concentration, alcohol/oil molar ratio, reaction time and agitation (Hu et al., 2008; Li et
al., 2008). The data analysis of the output factor is on terms of fatty acid ethyl ester (FAEE) and FAME
yield. However, the OVAT provides disadvantages, for example, it does not lead to a non-optimized
final process and the studies do not determine the degree of interactions between the factors, requires
an exhaustive number of experiments, time-consuming and in some cases expensive (Weissman &
Anderson, 2014). Consequently, this type of design could provide experimental factors closed to the
optimal but do not guarantee to obtain the optimal experimental conditions (Rozet, Lebrun, Hubert,
Debrus, & Boulanger, 2013; Toms et al., 2017). In this sense, statistical planning may link the inputs
and outputs variables and report the correct method to understand multiplicity to collect data to make
decisions about the bioprocess.

Factorial Design

Factorial design has been considered an important tool of design, employed for the development of several
biofuel production systems or in preliminary studies for subsequent optimization. In factorial designs,
each evaluated factor is considered as an independent factor, allowing the simultaneous evaluation in
two or more factors levels (Hibbert, 2012). The DoE configuration allows to obtain information about
the interactions between the factors and the response. The effects of each factor and their interactions
are determined by graphical method. The Y-axis represents the factor levels while the X-axis output
factor to the corresponding levels; the principal factor is represented by the maximal response. The in-
teraction effects: X-axis represents the output magnitude, Y-axis the evaluated levels, each plotted point
represent the average of the output factor obtained in each level, the interaction is defined by slopes
different (Hibbert, 2012).

Factorial design is classified as full factorial and fractional factorial design. The factorial analysis
is based on the use of coded or uncoded factors, however, in most of the cases it is recommended the
use of coded factors where the model coefficients are dimensionless and can be adequate to compare
and determine the significance levels (Ridzuan, Adam, & Yaacob, 2016; Velickovié, Stamenkovié,
Todorovié, & Veljkovié, 2013).

Full Factorial Design

In a full factorial design, the methods are described as [ ¥, where [ is defined as the number of factor
levels and & is the number of factors to evaluate, where each combination is analyzed (J. Antony, 2014a).
According to Figure 9, the full factorial design shows two typical configurations for two-, and three-
factors, defined as square (Figure 9A), or a cube in the factor space (Figure 9B) respectively, the number
of experiments are defined in function of the k value, where each factor is tested at two levels: (-1) for
low and (+1) for high levels (Hanrahan, Montes, & Gomez, 2008).
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Figure 9. General configurations for a full factorial: A) Two factor two-level factorial design (2° design)
and B) Three-factor two-level factorial design (2° design)
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Figure 10. Graphical representation of: A) 2° (full factorial) and B) 2°~ ' (factorial fractioned); X1, X2,
and X3 as variables representation
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Fractional Factorial Design

The fractional factorial is a type of orthogonal array, determined by coded factors as -1 or +1 to de-
fine the low and high levels employed in the evaluation of specific factors, interactions and their main
effects in biofuel production and catalytic synthesis. A fractional factorial design is an alternative to
the full factorial during expensive performance, risky or in preliminary studies to determine the first
approximation of the behavior of the factors involved in each system. The output factor is a representa-
tive function to the full factorial design (Hibbert, 2012). Fractional factorial design has been accepted
by the advantages offered in function of the number of experiments in comparison with OVAT design.
The number of experiments in a fractional factorial design is determined using the notation [ ?, where
[ is defined as the number of factor levels, & is the number of factors to evaluate, and p is defined as the
size of the faction of the full factorial, reducing the number of experiments (Sakkas et al., 2010). Figure
10 shows a comparison between the full factorial / * (Figure 10A) and the fractional factorial design [
» (Figure 10B), the number of experiments for the fractional factorial design is represented as 1/2p of
the full factorial. However, the use of fractional factorial design origin the losses of information due to
several effects that cannot be estimated such the variable interactions (Hanrahan et al., 2008; Sakkas et
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Table 3. Full factorial design methodology for optimization of biofuel production

Optimization Factorial Design Regression Optimal
System .(matrlx/ (Experimental Input Factor Output Factor Model Conditions Reference
via) run)
Biodiesel X1: Temp. (°C) X1:74.6 °C
roduction 3% 27 X2: Ethanol/oil | -Fatty acid ethyl ester | Quadratic X2:12:1 (Velickovic et
p . ’ X3: Catalyst (%FAEE) model X3:1.25 al., 2013)
(sunflower oil) .
loading (wt.%) wt.%
X1: Agitation
- speed (rpm) . .
Biodiesel ) ) -Fatty acid methyl . X1: 600 rpm | (Berrios et al.,
production (lard) 318 X2: Catal){st esters (%FAME) Linear model X2: 09 wt.% | 2009)
concentration
(wt.%)
Biodiesel X1: Temp. (°C) -Transesterification X1: > 60°C .
. ). X2: Catalyst . . . : (Vicente et al.,
production 2% 8 . Triglyceride to Linear model | X2: > 1.5
. concentration 1998)
(sunflower oil) Methyl Ester wt.%
(wt.%)
X1: Wastewater
sludge
B:(?glllliltion Z(fzt:e?hrgiocl;lllt ~Concentration of Quadratic X1:0.12 (Skorupskaite et
pro 2%: 24 Chlorella sp. Biomass X2:2.00 P
(microalgae glycerol @L model X3+ 0.00 al., 2015)
Chlorella) X3: Amount of & o
salt in the BG11
medium
Biodiesel o . CAno
production ) X1: Temp. (*C) _C(.mverSl.O " (.%) . Quadratic X1:20°C (Verdugo et al.,
(Thermomyces 3218 X2: pH -Kinematic viscosity model X2:12.0 2011)
. Y X3: Ethanol/oil | (mm?s~") X3:3.4:1
lanuginosus)
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al., 2010). A Pareto chart represents the quotient effects between their standard error, considered as a
critical tool to provide fundamental information on the factors with high significance in biofuel produc-
tion, using simple graphics or modified version of histogram (Omar & Amin, 2011).

Factorial design has been applied to investigate the effect of critical factors (input factors) in biofuel
employing sunflowers oil, and lard to obtain biodiesel of first generation the catalyst concentration,
alcohol/oil molar ratio and reaction temperature, agitation and pH.

The optimal conditions were 74.6°C with a molar ratio ethanol/oil molar ratio of 12:1 and catalyst con-
centration of 1.25 wt % of NaOH in a 3° system, with an adjustment at a quadratic model in the biodiesel
production using sunflowers oil (Veli¢kovi¢ et al., 2013). This study presented a 95% of accuracy between
the experimental and the theoretical results. In 3% systems Berrios et al., evaluated the agitation speed in
biodiesel production from lard obtaining %FAME satisfactory at 600 rpm using a 0.9 wt.% of KOH as
optimal concentration using lard as principal source in the biodiesel production (Berrios et al., 2009).
On the other hand, Verdugo at al., evaluated the behavior of the conversion and the kinematic viscosity
by the evaluation of the temperature, pH value and the ethanol/oil molar ratio. The pH value played a
role important in the system as catalyst. However, in this case the highest conversion was obtained at
20°C with an ethanol/oil molar ratio of 3.4:1, with an adjustment at a quadratic model (Verdugo et al.,
2011). Vicente et al. through a 22 system, determined a temperature >60°C with a catalyst concentration
>1.5% as optimal conditions (95% confidence) for the transesterification process with 8 experimental
runs compared with 27 carried out by Velickovi¢ et al. (Vicente et al., 1998). In general, the optimal
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conditions obtained were catalyst concentration (0.9 to > 1.5 wt%), alcohol/oil molar ratio (ethanol/oil
3.4:1 to 12:1), reaction temperature (20 to 74.6°C), agitation (600 rpm), pH (12.0), wastewater sludge
(0.12), amount of technical glycerol (2.0) and the amount of salt in the BG11 medium (0.0). According
to the DoE analysis, the models have been adjusted at two regression models to describe the effect of
each factor or their interactions in each process, and the prediction of the value of the output factor in
different factor levels studied. In 1G biofuel production and in catalyst synthesis the use of factorial has
demonstrated be more efficient to obtain crucial systems information in comparison with the OVAT design
which usually employs a large number of experiments without guaranteeing the system optimization.

Taguchi Design

Taguchi design has been applied in quality assessments of the industrial process due at their robustness
and resistant to variation from the noise factors, with minimal experiments. It employs an orthogonal
array, which provides a simple experimental design in comparison with traditional DoE (Robinson,
Borror, & Myers, 2004). Taguchi is focused on the identification of the controlled factors or first factors
(parameters) to minimize the effect of uncontrolled factors (noise) by the significant effects of each fac-
tor on the output through the analysis of the corresponding and standard deviations (Kharia & Singhai,
2013). The number of experiments is defined by the basic Taguchi array as L4, L8, L9, L12, L16 and
L32 for two-, and three-level factors, where the number indicates the total number of experiments by
design. L_array is defined as a /" in a fractional factorial design, where [ is the number of factor levels
represented as 1, 2 and 3 (high) factors levels. However, Taguchi array cannot estimate the interaction
between the factors on the response, each factor is evaluated independently. Also, there is the absence of
regression model adjustment to determine the interaction mode between the factors (Kharia & Singhai,
2013; Vinodh, Karthik Bharathi, & Gopi, 2016).

According to Table 4, Taguchi design has been focused on the evaluation of three and four factors:
reaction time, catalyst concentration, alcohol/oil molar ratio and temperature on transesterification process
(output factors) determined by the %FAEE, %FFA, %RSME, %AKOME and %HBME with 9, 16 and
30 experimental runs (Adewale et al., 2017; Dhawane et al., 2017; Kumar et al., 2015; Tan et al., 2017).
In general, these studies found that optimal values of catalyst concentration (0.7 to 10.0 wt%), alcohol/
oil molar ratio (6.0:1.0 to 20.0-1.0), reaction time (0.45 to 16 h) with temperature reaction (40° to 65°C)
and they highly depend in the used raw materials. Tan et al. compared Taguchi method with Response
Surface and showed that the optimum conditions of catalyst concentration, methanol/oil molar ratio,
temperature and the reaction time for the transesterification of waste cooking oil presented only about
the 2% of error. They concluded that Taguchi is efficient only at specific level and requires less experi-
mental data to analyse (Tan et al., 201