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ABSTRACT

Most industries in developing countries discharge a high amount of untreated wastewater,
containing toxic chemicals, into nearby water bodies. Heavy metals and chemicals above
permissible levels can be emitted to the environment as wastewater effluents from industries
such as leather, electroplating, tanning, metal, fertilizer, and other industries. When these are
discharged into the environment, they significantly pollute the quality of the water bodies and
the environment, thereby substantially affecting river and human health. The safe and effective
purification of polluted water containing heavy metals is always a challenge in many parts of
the world, because cost-effective treatments are not readily available. Various methods are used
for removing heavy metals, such as irradiation, chemical precipitation, ion exchange,
adsorption, biological and chemical treatment. However, the adsorption technique is the best
option due to easy to operate, simple, cheap, efficient, and suitable for the environment. The
adsorption method is a suitable technique for developing countries like Ethiopia, where the
advanced wastewater treatment technologies for high amount of toxic industrial wastewater are
unaffordable. Locally-available adsorbent materials reasonably meet the criteria that have been
established for the wastewater treatment process, due to their natural availability as adsorbents,
their high natural porosity, their very low price, easy design, operation and maintenance, as well
as their suitability for pollutant adsorption. The applicability of low-cost, locally-available
adsorbent materials for the adsorptive removal of heavy metals from industrial wastewater is

important.

This study investigated the technological viability of low-cost materials, such as coffee husk
ash, soil that is rich in kaolinite (40.4%) and ferrinatrite (59.6%), and soil that is rich in kaolinite
(29.4%) and goethite (70.6%), for the adsorptive removal of chromium from industrial
wastewater. The physical properties and elemental composition of the three adsorbents (soil
rich in kaolinite-ferrinatrite, coffee husk ash and kaolinite-geothite) were characterized. The
experiments were conducted under batch adsorption set-ups to assess the effect of different
parameters and their optimum removal efficiency. The optimum adsorption of Cr(VI) on the
three adsorbents used were observed at 40 minutes and two pH values and their doses of

adsorbent, shaker speed, and initial Cr (VI) ion concentration were different in the batch



adsorption experiments. The adsorption of Cr(VI) followed pseudo second-order kinetics, with
a coefficient of determination > > 0.99 for the three-adsorbent media. Results of the adsorption
isotherm show that Freundlich adsorption isotherm model better described Cr(VI) adsorption
into soil rich in kaolinite-ferrinatrite (SRKF), soil rich in kaolinite-geothite (SRKG) and coffee
husk ash (CHA) with coefficients of determination; r> > 0.93. The adsorption capacity of the
adsorbent followed the decreasing order CHA >SRKF > SRKG. The findings on the adsorption
characteristics of batch system from this work suggests that soil rich in kaolinite-ferrinatrite,
coffee husk ash and soil rich in kaolinite-goethite could represent an interesting low-cost
naturally available adsorbent material that could be used for the chromium (VI) removal from
wastewater. The empirical data and models developed in the study were used to establish
theoretical design analysis of adsorptive treatment plant for industry emits such wastewater.
However, further investigations will be required for the practical application of these locally-

available adsorbent materials for the removal of chromium from wastewater.
Keywords: Adsorption, batch, chromium (VI); coffee husk ash; heavy metal removal; isotherm

kinetics; low-cost adsorbents, pollution, removal; soil rich in kaolinite-ferrinatrite;

soil rich in kaolinite-goethite; wastewater treatment.



ACKNOWLEDGMENTS

In Jesus’ Name, I thank GOD for giving me the patience and strength to complete this research,
after several months of hard work in the laboratory. I thank God for giving
me this great opportunity to work under the supervision of Prof. Tilahun Seyoum Workneh,
Prof. Christina Trois and Dr. Fekadu Fufa Feyessa for accepting me as their student and for
their scientific guidance and valuable discussions. Their constructive criticism and optimism
have always been a great source of inspiration for me and their confidence in me has been very
stimulating. Their concern for, as well as their support in my personal matters, is very much

appreciated.

I am deeply grateful to my beloved wife, Abebech Kasahun, who continuously encouraged and
prayed to God about me and our children (Kal, Kidist and Mintesinot) over all these years. I
thank my parents and family (mother, father, sisters, and a brother) who have always prayed
for me. I would also like to thank all those, especially Dr. Tsion Tesfaye Kidane and Getachew

Neme Tolesa, who encouraged me and assisted me with the completion of this Thesis.

I also thank the Ministry of Education of Ethiopia, the Federal Democratic Republic
Government and the Jimma University Institute of Technology, for their financial support, as

well as the University of KwaZulu-Natal for the facilitation of my studies.



DEDICATION

To:
My beloved wife, Abebech Kasahun and our kids (Kal, Kidist and Mintu)
My Dear Mother W/ro Worke Debebe and father Ato Asmelash Samuel



PREFACE

This Thesis begins with the introduction. Chapter Two is the literature review on the challenges
of wastewater discharge and the techniques for treatment discussed that are import for this
study. The following chapters (Chapter Three, Four, Five and Six) cover the analysis of the
efficiency of the chromium (VI) ion adsorption, using three adsorbents, namely soil rich in
kaolinite-ferrinatrite, soil rich in kaolinite-goethite and coffee husk ash in a batch adsorptive
experiment. Finally, Chapter Seven and Eight discuss the theoretical designs process, conclude

with the results of this study, and give perspectives for the further study.

The work reported in this Thesis, together with the two manuscripts accepted, one under review
as well as one recently submitted, and four papers, were presented on the International
Conference for evaluation for the degree of Doctorate in Philosophy (PhD) in Engineering at
the University of KwaZulu-Natal (UKZN), College of Agriculture, Engineering and Science,
School of Engineering, Pietermaritzburg, South Africa. The manuscript and the material
presented in this Thesis describe a serious scientific investigation into the suitability of coffee
husk ash, soil rich in kaolinite (40.4%)-ferrinatrite (59.6%) and soil rich in kaolinite (29.4%)-
goethite (70.6%) in relation to industrial wastewater treatment. In the less-developed world,
where highly sophisticated purification treatment plants are not affordable, due to this the
conversion of conventional adsorbents to locally-available, easy-to-use and low-cost soil and
coffee media would significantly improve the performance of industrial wastewater treatment

units.
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1. INTRODUCTION

Agricultural Development Led Industrializations (ADLI) is the basic road map for Ethiopian
development (GTP-MoFED, 2010; FDRE-CRGE, 2011). Thus far, industrial development is being
realized in the leather industry and other agriculturally-based processing industries, such as
beverages and food, textiles and the sugar industry. During the future implementation of the
Growth and Transformation Plan important strategies (GTP-MoFED, 2010; FDRE-CRGE, 2011)
will be enacted to promote environmentally-sustainable, agriculturally-based processing industries.
Others industries, such as the chemical, textile, leather, cement, pharmacological and metal
industries, are also rapidly growing. Continued population growth and rapid industrialization are
found to be the cause of wastewater discharge into the environment, affecting the environment,

human health and compromising the life of future generations (Lin et al., 2018).

In the capital city, Addis Ababa, an estimated annual volume of 49 million m* total wastewater is
discharged, of which about 4 million m® is industrial wastewater, with only 4% of the wastewater
being treated and re-used (Qadir et al., 2010; van Rooijen et al., 2010; Krishna, 2011). The
techniques that are currently being implemented in Ethiopia are conventional treatment methods.
However, these conventional treatment processes require large investments, making their
application unaffordable for developing countries, like Ethiopia (Mandal, 2014). The liquid waste
discharged from industries contains heavy metals that are toxic to living organisms (Barakat, 2011;
Panda et al., 2017), necessitating the search for the development of appropriate and applicable
wastewater treatment technologies (Deepali and Gangwar, 2010). The present challenge is how to
effectively treat increasing volumes of industrial wastewater before it is released into the water
bodies or environment, and by so doing, how to prevent the associated environmental and health
problems. Unfortunately, like other developing countries, Ethiopia cannot afford to use advanced
treatment technologies to deal with toxic industrial wastewater, therefore, it is crucial to explore
low-cost locally available materials. Bearing this in mind, the following adsorbent materials,
namely, soil rich in kaolinite-ferrinatrite, coffee husk ash and kaolinite-goethite, were investigated
for the adsorptive removal of hexavalent chromium (Cr (VI)) ions from industrial discharge.

The following research questions were investigated:

(a) Isitpossible to prepare and characterized three adsorbents locally found in Ethiopia?



(b) Could evaluate the suitability of three adsorbents for adsorptive removal of Cr (VI) from
wastewater?

(c) Will the adsorbent media be practically applicable for the effective treatment of industrial
wastewater under a batch adsorption technique?

(d) Can it be concluded that adsorption efficiencies of the soil rich in kaolinite-ferrinatrite,
coffee husk ash and soil rich in kaolinite-goethite media vary under batch adsorption

setups?

The main aim of this research was to assess the technological viability and efficiency of adsorbents
such as soil rich in kaolinite-ferrinatrite, coffee husk ash and soil rich in kaolinite-goethite for the
adsorptive removal of chromium (VI) from industrial wastewater under batch adsorptive
experimental design. Firstly, the adsorbents media (i.e. soil rich in kaolinite-ferrinatrite, coffee
husk ash and soil rich in kaolinite-goethite) were characterised and the chemical, SEM, TEM,
electrical conductivity, cation exchange capacity, total nitrogen, organic carbon, organic matter
and pH were analysed. The adsorptive experiment investigated were the effects of the shaker speed,
the duration of contact time, the amount of the adsorbent, the pH, the initial concentration of ions
and other effects, and the optimum values of these parameters were reported. Finally, the
development of a low-cost (soil rich in kaolinite-ferrinatrite, coffee husk ash and soil rich in
kaolinite-goethite) adsorptive technology for sustainable wastewater treatment were

recommended.

The research methodology involved collecting soil rich in kaolinite-ferrinatrite, kaolinite-goethite
and coffee husks from the site and analysing their physicochemical properties. A series of batch by
batch analyses were conducted for the adsorption experiment to determine the adsorptive removal
capacity and isotherm of Cr(VI) ions characterization from an aqueous solution and actual
industrial wastewater. The SRKF, CHA and SRKG were used for the experiments. The
experimental result was determined using the UV-Visible spectrophotometer at 540 nm. The

statistical data were analysed by using OriginPro-8 software.

The outline of this thesis/dissertation contains the Chapter One and Chapter Two that is relevant to

the low cost, locally-available adsorbents in the treatment of wastewater that contains toxic heavy



metals, like chromium and others. This is presented in the Chapter Two. This chapter gives a
detailed analysis of the current status of wastewater treatment technologies and the volume of
wastewater discharge into the environment, as well as an outline of the requirements for further
research. The next four chapters (Chapter Three, Four, Five and Six) appear in the form of four
manuscripts, each containing an abstract, an introduction, the experimental procedure, the
materials, and methods results as well as discussion, conclusion and references. Finally, the
theoretical design and conclusions as well as recommendation of the research study appear in

Chapter Seven and Eight.



2. CHALLENGES OF WASTEWATER DISCHARGE AND
TECHNIQUES FOR TREATMENT: A REVIEW

2.1 Abstract

The aim of this study was to assess the efficiency and the practical applicability of locally abundant
low-cost adsorbents for the adsorptive removal of heavy metals from industrial wastewater. Most
industries, in less developing countries, such as the electroplating, textile, fertilizer, battery, leather,
and other industries, discharge huge volumes of untreated wastewater into the local water bodies.
The industrial wastewater may contain toxic chemicals above the threshold level, which, when
released into the environment, particularly into the aqueous environment, significantly degrade the
quality of the water, thereby affecting the sustainability of river health and, subsequently, human
health. There are several techniques for removing toxic chemicals such as ion exchange, membrane
filtration, adsorption, irradiation, chemical and biological treatments. However, the adsorption
method is believed to be the best option because it is cost-effective, simple, and easy to operate,
and is efficient and environmental friendly. Accordingly, this method is a preferable option for
developing countries like Ethiopia, where advanced treatment technologies for high volumes of
toxic industrial wastewater are unaffordable. This review of literature deals with wastewater
composition and the applicability of low-cost adsorption techniques for the removal of heavy
metals. The current status of the challenges surrounding wastewater generation and discharge are

also discussed.

Keywords: Adsorption; Chromium (VI); Heavy metal removal; Low-cost adsorbents; Wastewater

treatment

2.2 Introduction

The sustainability of the environment has become a critical global issue (Disli, 2010) and the
protection of fresh water bodies from various contaminants has become a major challenge facing
the planet (Chaturvedi and Sahu, 2014; Panda et al., 2017). According to five various indicators,
such as environmental impact, use, capacity, access and resources, national values for the water

poverty index figure indicated that Ethiopia is the third lowest country in of the world (Lawrence
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et al., 2002). Among the major causes of environmental pollution is the discharge of untreated
industrial wastewater containing toxic chemicals such as heavy metals (Kulkarni and Kaware,
2014; Park et al., 2010). The direct industrial wastewater discharge into rivers is a communal
practice, particularly in less developed countries like Ethiopia, where no stringent environmental
regulations have been enacted according similar reporting of (Asfaw, 2007; Belay and Sahile,
2013; Mekuyie, 2014; Padanilly et al., 2008; Tong, 2012; Wosnie and Wondie, 2014; Zinabu, 2011;
Kan et al., 2017). The release of toxic chemicals from industrial wastewater into the environment
degrades water quality and is hazardous for human beings, as well as, other living organisms such

as aquatic life (Ahluwalia and Goyal, 2007; Lin et al., 2018).

Toxic chemicals in the industrial wastewater is a main concern for the environment, because it is
rich in copper (Cu), chromium (Cr), cadmium (Cd), zinc (Zn), nickel (Ni), arsenic (As), lead (Pb),
and mercury (Hg) (Bhattacharyya and Gupta, 2008; Naiya et al., 2009; Panda et al., 2017; Zwain
et al., 2014). Population growth, an increase in development and the expansion of investment in
the industrial sector have contributed to the rising demand for industrial products. This expansion
and development of various types of industries can result in generating huge volumes of wastewater
along with complex toxic chemical compositions which demand advanced technological treatment
techniques (Corcoran, 2010; Keng et al., 2013; Zwain et al., 2014). Subsequently, most industries
in developing countries produce huge volumes of raw wastewater effluent in rivers and streams,

causing environmental and health damage to the local population.

As a result of industrialization and urbanization, the volume of wastewater generated from the
Ethiopian industrial sector has increased rapidly. From 1980 to 1990, the toxic load discharged per
unit of industrial output increased by 1.8, which was about 1.3 times higher than sub-Saharan
African countries such as Swaziland, Seychelles, and others (Sato et al., 2013; Tegegn, 2014;
UNIDO, 2001). The investment inflow for establishing industries in Ethiopia is increasing; for
example, the contribution to the Gross Domestic Product (GDP) from industry is expected to
increase to 19.1% at the end of the Growth and Transformation Plan (GTP) 2014/15, from 8.1% in
2004/05 (FDRE-CRGE, 2011; GTP-MoFED, 2010). In order, to prevent increasing environmental
and health related problems, Ethiopia faces the challenge of effectively treating the industrial



wastewater discharge. As with other developing countries, Ethiopia cannot afford to use advanced

technologies for the treatment.

2.3 Wastewater

Wastewater comprises water generated from homes, public and private institutions, rural areas,
urban areas, farms, industries, and others point and non-point sources (Majeed et al., 2014). Billions
of gallons of liquid waste from agricultural, industrial, domestic, and commercial sources are
discharged into fresh surface water bodies every day (Renge et al., 2012). Worldwide, between
300 to 400 million tons of liquid and hazardous waste are discharged from industries annually to
living organisms in nearby river bodies (Palaniappan, 2010; Pizano et al., 2010; UNEP, 2010).
Similarly, approximately two million tons of liquid wastewater is released each day from non-point
sources, like agricultural areas, and from point sources, like industries, to surface water bodies
across the globe (Corcoran, 2010). The release of untreated wastewater to the surrounding area can
lead to the pollution of rivers and streams. Industrial wastewater contains harmful suspended and
dissolved matter, like heavy metals, and inorganic matters, which when released untreated greatly
affects the environment and causes serious health problems to living organisms. According to
available evidence, including the World Health Organization (WHO), (El-Gendy et al., 2011; Isah
and Lawal, 2012; Muiruri et al., 2013; Shahmohammadi-Kalalagh et al., 2011; Sonde and
Odoemelam, 2012; WHO, 1984), heavy metals and toxic chemicals that are of immediate concern
are Pb, Hg, Cd, Cr, Zn, Cu and Fe. The industrialization drive of most developing countries, like
Ethiopia, has attracted foreign investments, it has led to the heavy pollution of water bodies because
of the discharge of untreated industrial waste. This pollution has been of great concern to
Governments and other stakeholders, and therefore, exploring low-cost and effective treatment

techniques is the focus of many researchers and scientists across the globe.

2.3.1 Heavy metals pollution

Heavy metals are poisonous chemicals that have specific gravity more than 5 g.cm™ and

consistence > 5 and five times greater than specific gravity of water at 4°C (Abas et al., 2013). In
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addition, the atomic number and atomic weight of heavy metals is high (Al-Farraj et al., 2013;
Srivastava, 1995). In a global context, the major problem of surface water pollution is heavy metal

discharge from industrial activities (Alfarra et al., 2014; Narain et al., 2011; Pawar et al., 2014).

Table 2.1 Pollution of water with heavy metals in some African countries

Heavy metal concentration in mg.L™! References

Country Source  Pb Cd Hg Cu Co Zn Cr Ni

Cameroon River 203 2.8 42.8 28.8 94.7 2.680 Ekengele (2008)
sediment
Ethiopia River 0.069 0.0076 0.067 0.09 Mersha (2008)
Ghana River 0.075 0.0410 2.45 Fianko (2007)
Nigeria Water 0.046 0.0044 0.0033 0.018 0.14 0.0031 Mombeshora (1998)
South Africa Water 16.30 72.000 42.600 27.6 Fatoki (2001)
Tanzania Lake 54.60 7.0000 2.8 26.100 83.7 12.9 Kishe (2003)
Uganda Lake 1.440 0.0200 0.160 0.02 0.1300 Muwanga (2006)
Zimbabwe Water 1.020 0.1200 248 23700 Meck (2006)

The development of the industrial sector on the African continent is the primary cause of heavy
metals being released into water, air, and soil in all countries, including Ethiopia (Table 2.1).
Industries, such as electroplating, chemical, textile, leather, fertilizer, tanneries, batteries, paper,
pesticides, and others, are the point sources of heavy metals (Pehlivan, 2008). Industries release
their wastewater containing various harmful heavy metals into the environment, without treatment
(Fasinu and Orisakwe, 2013). These harmful toxic chemicals include elements such as Ur, Se, Zn,
Ag, Au, Ni, Cd, Cu, Cr, Pb and others (Ahalya et al., 2003). The presence of these harmful heavy
metals, even at low concentrations, affects the health of humans and other living organisms
(Duruibe et al., 2007; Srivastava, 1995). The fact that these toxic elements are highly soluble in
water and not easily degradable by soil makes their presence in water bodies more alarming

(Kurniawan et al., 2006b).



Figure 2.1 Wastewater discharge from HAFDE tannery into river (Ethiopia)



2.3.2 Health effects of heavy metals

Excess amount of heavy metals in the surrounding affect the health of organisms (Table 2.2). The
toxic heavy metals are gradually stored in the body of an organism (Renge et al., 2012). The
storage of these chemicals in the body of an organism is greater than their release, which may occur
gradually. As these heavy metals, cannot break down easily, the negative effects are worsened by
the ecosystem of the environment (Abas et al., 2013). For example, Cd can be accumulated in the
human body for up to 30 years, without being destroyed or becoming soluble like organic matter
(Mohod and Dhote, 2013). According to the study conducted by Biney and Ameyibor (1992),
untreated industrial wastewater, containing toxic elements Cd, Hg, Cr, Cu, Zn, Pb and Fe, that is
released to fresh water bodies can also be stored in the bodies of aquatic organisms, for example,
in the Pink Shrimp. Therefore, the need to treat wastewater is of great importance, in order to
safeguard the environment and reduce associated health problems. According to the WHO reports
and other studies (El-Gendy et al., 2011; Isah and Lawal, 2012; Muiruri et al., 2013; Sahni, 2011;
Shahmohammadi-Kalalagh et al., 2011; Sonde and Odoemelam, 2012; WHO, 1984), heavy metals
i.e. Cr, Cu, Pb, Cd, Hg, Zn and Fe are the greatest concern with regards to human health. Most
products such as pharmaceutical products and dental products, some drugs, and Unani drugs,
cosmetic products like shampoos, lipsticks, hair colors and others contain heavy metals (Bocca et

al., 2014; Sahni, 2011).

The metals are transferred from these products and the environment to humans and other living
organisms, by means of the food chain or food web and by coming into contact with the skin. In
the food chain process, heavy metals are absorbed into the body of the organism through eating
food that have high amount of heavy metals, or by drinking water, through inhalation, through the
skin, as well as contact with the eyes and the other sense organs (Yadanaparthi et al., 2009). Small
amounts of these elements, beyond allowable limits, have serious effects and are unsuitable for
living organisms because of their high-energy particle output (Ali et al., 2013; Arora et al., 2008;
Ghiloufi et al., 2014; Kara, 2005; Memon and Schroder, 2009). This causes the wellbeing of living
organisms to be compromised (Ghiloufi et al., 2014; Pawar et al., 2014), and they are easily
exposed to different diseases and associated problems such as carcinogens, schizophrenic like
behavior, lung fibrosis, liver disease, high blood pressure, mental disorders, kidney damage,

headaches, intestinal problems and others (Renge et al., 2012).



Figure 2.2 Effects of wastewater discharge from HAFDE industry affect living organisms and
environment.
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Table 2.2 Standard, source, and health effect of heavy metals

HM Permissible limits (mg.L™!) Major Industries Source

Ethiopia WHO USEPA EU MCL

Health Effects

References
Pb  0.05 0.01  0.015 0.01 0.006 Steel works, Pulp and Disease of kidneys, high blood pressure, = Tajrishy
paper, Fertilizer, headache and vomiting, (2012)
Automobile, Organic muscles and joint weakness, cirrhosis of
chemicals, Batteries and  liver, anemia, mental retardation,
paints. degeneration of motor
neurons, suspected carcinogen,
schizophrenic like behavior.
Cu 2 2 1.3 2 0.25 Pharmaceuticals, Steel, Insomnia, liver damage, heart problem, Akkaya
Pesticide, Insecticides, long term exposure cause, and Gilizel
Fungicides. stomachache, mental disorder, (2013)
irritation of nose, eyes, mouth, nausea,
vomiting.
Cr 0.1 0.05 0.1 0.05 0.05 Textile, Steel, Pulp and Carcinogenic, respiratory problem, FAO
paper, Petroleum refining, producing lung tumors, kidney and liver (2011)

Tanning, Power plants.

damage, headache, weakened
immune systems, alteration of

genetic material, pulmonary fibrosis.
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HM Permissible limits (mg.L") Major Industries Source ~ Health Effects
Ethiopia WHO USEPA EU MCL
References

Ni 1 0.02 0.1 0.02 0.2 Electroplating, Steel Cancer of lungs, chest pain, Mungray et
works, Organic dermatitis, chronic asthma, al. (2012)
chemicals, Fertilizers, rapid respiration, nausea, coughing,

Zinc base casting and headache, dizziness, myocarditis,
storage battery industries. pulmonary fibrosis.

Zn 1 3 5 0.8 Fertilizer, Organic Lethargy, restlessness, depression, Fu and
chemical, Pulp and paper, neurological signs and increased thirst, Wang
Steel works. cause short term illness. (2011a)

Cd 05 0.003  0.005 0.01 0.01  Organic chemical, Human carcinogen, dyspnea, mental Boparai et
Petroleum refining, Steel  disorder, kidney damage, causes lung al. (2011)
works, Fertilizer, fibrosis.

Aircraft plating and
finishing, Fertilizer.

As  0.25 0.01  0.01 0.01 0.05  Steel works, Organic Visceral cancers, gastrointestinal Babel and
chemicals, Alkalis, effects, producing liver tumors, skin Kurniawan
Chlorine, Fertilize, manifestations. (2003)

Petroleum refining.

Note: WHO: World Health Organization; USEPA: United States Environmental Protection Agency; EU: European Union and

MCL: Maximum Contaminant Level
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Table 2.3 Various treatment methods/technologies for wastewater treatment

Categor Methods/Technolo Advantages Disadvantages References
y gies
Physical Ion- exchange High removal potential for Expensive for Rao et al.
process heavy metals solid waste (2010);
discharge;
Pal and
It is not applied  Banat (2014)
on large scale;
Membrane Easy removal of toxic High cost for Zwain et al.
filtration elements disposal and (2014)
complex
process;
Coagulation/ Economically feasible Formation of Fu and Wang
Flocculation large particles (2011);
and production ‘
of sludge is Kurniawan
high; et al. (2006b)
Adsorption Simplicity and flexibility of =~ Adsorbents requ Ahmaruzza
design and operation, cheap ires man (2011);
and insensitivity to toxic regeneration;
pollutants; Fufa et al.
(2014);
Mohanty et
al. (2006)
Irradiation Successful in laboratory It wants high 02; Ahmaruzza
standards; man (2011)
Electrokinetic Cost-effective; Has huge sludge Abas et al.
coagulation discharge; (2013)
Chemic  Electrochemical Rapid process for some Expensive Kurniawan
al treatment metals; small sludge treatment et al. (2006b)
produced technology;
Photochemical Not solid water discharge; Product Ahmaruzza
generation; man (2009)
Oxidation Remove toxic contaminants  Cost of energy =~ Ahmaruzza
by rapid process; 1S expensive; man (2011)
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Ozonation Use for gaseous condition; Immediately Ahmaruzza
exposed, short ~ man (2011)

half-life;
Biologic Biological process Effective for removal of few It’s ongoing for ~Wang and
al metals; commercializati Shammas
on, requires (2009)

large land area.

2.3.3 Technologies for heavy metal removal

Heavy metals are the cause of various disorders and diseases, as they can be easily stored in the
body of a living organism, without breaking down. Therefore, it is important to remove toxic heavy
metals from polluted water, using conventional techniques. There are several conventional
techniques for the removal of toxic heavy metals, containing the following: ion exchange
processes, membrane filtration, adsorption, electrochemical treatment, photochemical oxidation,
and ozonation and biological processes (CROSTAT, 2012). These technologies have been widely
applied for some time and can be classified into three groups, namely, physical, biological and
chemical treatment techniques (Abas et al., 2013). However, these heavy metal removal
technologies have their own disadvantages, for example, they are expensive, due to initial and
operational costs, they are less efficient, carry high disposal costs, consist of complex processes

and require large land areas (Ahmaruzzaman, 2011).

Table 2.3 illustrates the ion-exchange process, electronic coagulation, irradiation, as well as
chemical and biological techniques that are used for the removal of toxic heavy metals. The data
shows that these techniques are not widely used because they are less feasible for small-scale
industries, as well as having high expenses (Ghiloufi et al., 2014). They also produce a harmful
sludge and have been found to be not ecologically-friendly mainly because the technology requires
high energy for operation (Abas et al., 2013). In addition, these technologies are reported to be and
difficult to control (Alfarra et al., 2014; Chaturvedi and Sahu, 2014b; Habuda-Stani¢ et al., 2014;
Zwain et al., 2014b), and do not totally remove the toxic heavy metals from the contaminated water
(Ahalya et al., 2003; Wang and Chen, 2009). In contrast, due to it being inexpensive,
environmentally friendly, and efficient, the adsorption technique has been chosen as a method of

wastewater treatment with a special interest in the removal of toxic heavy metals from contaminant
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rivers (Li et al., 2007). The adsorption technique is also found to be easy and simple to operate,

effective and efficient in removing toxic heavy metals (Hua and Li 2014; Tajrishy 2012).

Generally, in developed countries, toxic heavy elements that are discharged from different
industrial areas, along with polluted liquid waste, have been successfully removed by high
resolution and costly treatment methods (Abas et al., 2013). However, in developing countries the
application of such advanced technologies for wastewater treatment is technically complex and
expensive (Yadanaparthi et al., 2009). This is attributed to the fact that handling wastewater
requires technically skilled manpower and sufficient funds, as the process is so costly. Therefore,
the adsorption method has the potential to treat wastewater and remove heavy metals using low-

cost locally available materials (Renge et al., 2012).

2.3.4 Adsorption technique

Adsorption technique is a mass transfer process of adsorbate to adsorbent materials (Babel and
Kurniawan, 2003). For example, toxic heavy metals like Cu, Pb, As, Cd, Cr, and Ni can transfer to
different available materials/ adsorbents like industrial byproducts, natural abundant materials, and
agricultural waste materials (Ahluwalia and Goyal, 2007; Aksu and Tezer, 2005; Gupta et al., 2011;
IWRG701, 2009). The adsorption of toxic chemicals from polluted water allows for the attachment
of toxic chemical ions to the adsorbents (Gupta, 2009). This method of treatment is found to be
effective, easy to operate, cheap, and sustainable (Kapanji, 2009), versatile (Abas et al., 2013; Fufa
etal., 2014; Tran et al., 1999), and most eco-friendly (Chang et al., 2012; Saraswat and Rai, 2010).
Adsorption has many merits; for example, it is easy to operate, it generates only small quantities
of sludge and it is cheap (Mohanty et al., 2006). The low-cost adsorptive adsorbents are easily
available in the form of natural materials (Abas et al., 2013). In addition, it is a globally acceptable
process for green chemistry endeavors (Bhattacharyya and Gupta, 2008). However, this method
has some constraints, such as requiring the modification of pH due to the dangerous suspension of
adsorbents (Fufa et al., 2014; Li et al., 2012). Therefore, in developing countries like Ethiopia, the
development and the introduction of low-cost adsorption technology from locally-available
materials is crucial for a sustainable and appropriate wastewater treatment system, which is also

environmentally friendly.
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2.3.5 Low-cost adsorbents

Low-cost adsorbents are naturally-available materials or adsorbents, and are defined as waste
products from agriculture, industries and domestic use. These materials are thus, less expensive
(Renge et al., 2012), affordable (Lim and Aris, 2014), environmentally friendly as well as abundant
(Kirbiyik 2012; Kurniawan et al., 2006b; Lim and Aris, 2014) and cheap (Carvalho et al., 2011;
Kurniawan et al., 2006a). They have high treatment efficiency for the removal of toxic chemicals
(Tajrishy, 2012). These cheap adsorbents are simply gathered from agricultural waste, industrial
by-products, clay soil, food waste and seafood (Bailey et al., 1999; Jain et al., 2013). Hence, they
are economically affordable and widely/abundantly available (Kaushal, 2013; Li et al., 2007). For
example, the cost of bagasse fly ash adsorbent is available at US$0.002 kg!, including the cost of
transport to the adsorption processing site and the energy used. The final, total cost of this bagasse

fly ash is around 0.009 US dollars per kilogram (Srivastava et al., 1995).

Some low-cost adsorptive materials serve as a scavenger of contaminants by absorbing anions and
cations. For example, clay is an environmentally-suitable material for wastewater treatment
containing heavy metals (Bhattacharyya and Gupta, 2008; Oncel ,2008; Sari et al., 2007) and it is
an excellent adsorbent material, and also 20 times cheaper than activated carbon at the current

market price (Kaushal and Upadhyay, 2014).

Table 2.4 Low-cost adsorbent materials

Adsorbents Price (US$kg!')  References

Bagasse fly ash 0.009 Srivastava et al (1995)
Waste metal sludge 0.004-0.005 Bhatnagar (2008)

Blast furnace waste 0.038 Srivastava et al (1995)

Blast furnace slag 0.04 Atun (2003)

Clay 0.04-0.12 Babel and Kurniawan (2003)
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2.3.5.1 Type of low-cost materials

There are various types of adsorbents, such as natural (soil and/or ore) materials, industrial by-

products (waste), agricultural waste (products), which can be used to remove unwanted toxic

metals from polluted water bodies, such as rivers, streams, lakes and others.

2.3.5.1.1 Natural materials

The heavy metal adsorption capacity of natural materials, like clay, is either better, or equivalent

to, other low-cost adsorbents, and they act as scavengers to remove Cu, Pb, Cd, Zn, Cr, As, Co and

Fe from wastewater (Bhattacharyya and Gupta, 2008).

Table 2.5 Removal efficiency (mg.g') by natural materials like clay

Adsorbent Cu** Pb*" Cd** Zn** Cr* References
Illit - 429 - - - Babel and Kurniawan (2003)
Bentonite - - 114 454 - RMSSO (2011)
- - - - 0.57 Khan and Khan (1995)
- 20 - - - Naseem and Tahir (2001)
Kaolinite - - - - 1.25 Babel and Kurniawan (2003)
- 0.12 032 - - Babel and Kurniawan (2003)
Fly ash-wollastonite 1.18 - - - - RMSSO (2011)
Montmorillonite - 0.68 0.72 - - Babel and Kurniawan (2003)
- - 478 498 - Babel and Kurniawan (2003)

2.3.5.1.2 Industrial wastes

Coffee husk is one of the byproducts of industrial waste. The removal of Pb**, Cr®*, Hg?*, Cu** and

Cd*" has been studied. Coffee husk adsorption efficiency was shown to be 7.5, 6.96, 5.57 and 6.85

mg.g! for Pb?, Cr ®, Zn*" and Cd*', respectively. Bagasse fly ash is also other industrial
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byproducts produced from the sugar processing industries displaying good sorptive abilities. In

2003, the uses of bagasse fly ash to remove Cr*®, Cd™, Zn*? and Pb*? from wastewater were

investigated (Goswami, 2000; Gupta, 2003). The adsorption capacity of bagasse fly ash was found

Table 2.6 Removal efficiency (mg.g™!) of heavy metals by industrial waste products

Adsorbent

Heavy metals

Pb2+

Cu** Cr*

Ni2+ Hg2+ Zn2+

C d2+

References

Lignin 1865

Waste slurry 1030

Coffee husk 7.5

Tea industry waste 65

Blast furnace slag 40

Red mud -

Sugar beet pulp 43.5

Bagasse fly ash 285-
566

2287 -

2097 640

- 6.96
11.29 455

1333 7.5

106.44 75

30.9 17.2

- 4.25

160

12

560

73

5.57
11

103.3

35.6

13.21

254

15.73

6.85
11.29

38

66.67

46.1

1.24-2

Srivastava (1994);
Wu et al. (2008)
Lee (2001);
Srivastava (1989)
Oliveira (2008)

Ahluwalia and Goyal
(2005);Amarasinghe
and Williams (2007);
Cay (2004)

Dimitrova (1996);
Gupta et al. (1998);
Srivastava (1997)
Apak (1998);
Gupta (2001);

Zouboulis and Kydros
(1993)

Ogedengbe and
Akinbile (2004);

Pehlivan et al. (2006);
Pehlivan et al. (2008)

Goswami and Das
(2000); Gupta (2003)
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to be 13.21, 285.00-566.00, 4.25, and 1.24 mg.g! for Zn*2, Pb*2, Cr*® and Cd*?, respectively, and
it followed both the Freundlich and Langmuir isotherm adsorption models. These all show that an
adsorption media can be available locally, technically applicable and economically feasible.
2.3.5.1.3 Agricultural waste

Cotton seed hulls are an example of agricultural waste or by-product. The removal efficiency of
heavy metals with a cotton seed hull has indicated to be 97.6, 98.8, 96.7 and 96.6% for Cr ", Cu*",

Ni** and Zn?*, respectively.

Table 2.7 Removal efficiency in percent of heavy metals by agricultural waste

Adsorbent Removal efficiency in % of heavy metals References
Cr* Ni**  Cu®* Zn** Cd** Pb*

Rice husk biomass 98.9 - - - 98.0 994 Daifullah et al. (2003)

Raw sugarcane bagasse  88.0-100.0 - - - - - APHA (2005)

Untreated tree sawdust - 91.0 86.0 75.7 - - APHA (2005)

Cotton seed hulls 97.6 96.7 98.8 96.6 - - Marshall and
Champagne (1995)

Soybean hulls 98.1 95.6  99.7 964 - - Marshall and
Champagne (1995)

Coconut husk > 80.0 - - - - - Tan et al. (1993)

Sago waste - - >75.0 - - > 05.0 APHA (2005)

2.4 Current Status of Wastewater Treatment

An estimated amount of 300 to 400 million tons of toxic sludge, heavy metals and toxic chemicals
are discharged to rivers and streams every year from industrial sectors around the world (Pizano et
al., 2010). While significant growth has been made in many industrialized countries to minimize
the raw discharge of chemicals into water bodies, more than 70% of industrial waste is still
discharged to water bodies in less developed countries (Corcoran, 2010). In Ethiopia, 90-96%
(Getachew, 2006) of industrial toxic substance often alter receiving waters characteristics like
acidity, salinity, or turbidity, leading to affected environments and greater occurrences of diseases

(Alemayehu, 2014). Heavy metal discharge from various industries such as oil, steel and mining
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wastewater combined with contaminants affect surrounding species and environment (Alemayehu,
2014). Moreover, the concentration of Cu, Cr, and Cd is higher in wastewater and effluent
discharge from textile and tannery industries. These industries discharge wastewater to the water
bodies, which finally percolates through the soil and contaminates the subsurface water. These
toxic metallic components were reported to have an effect on living organisms because they cannot

dissolve completely (Malarkodi, 2007).

In North America 84.968 km® wastewater is generated per year, out of which 72% of the
wastewater is treated, while the rest is discharged, without treatment. Four percent of the treated
wastewater is used for various activities, like irrigation of agricultural land (Sato et al., 2013;
Solley, 1998). In 2000 in Latin America, Argentina re-used 87.5%, and the Dominican Republic
and Nicaragua re-used 14% of treated wastewater for agricultural irrigation or/and urban
environments management. 34.5% and 1.0% of treated wastewater were used for agricultural
irrigation and for watering urban environments in Brazil and El-Salvador during 1996 and 2010,

respectively.

In Europe, information about wastewater is available only from six countries (United Kingdom,
Spain, Portugal, Italy, Germany and France). The Republic of Macedonia generated the highest
percentage with 100% treated wastewater, while the lower 5 % was recovered in Serbia during
2010 and 2011, respectively. Spain used about 11% of the treated wastewater, while the United
Kingdom about 4% of treated wastewater during 2007 and 2008, respectively (Sato et al., 2013).

In the Russian Federation and independent states, in different years and in various countries such
as Armenia, Azerbajan, Belarus, Kazakhstan, Kyrgyzstan, Latvia, Tajakistan, Turkmenistan,
Ukraine and Uzbekistan the volume of wastewater generated and a treated was 16.826 km®.year’!
and 5.759 km?.year™!, respectively. This shows only 34% of wastewater is treated per year due to
the lack of sufficient and affordable wastewater treatment plants in the region. In North Africa and
the Middle East the available data for 16 countries estimate that the volume of wastewater
generated is 20.668 km®.year!, only 10.693 km®.year' (52%) is treated. From this treated

wastewater, 3.083 kilo meter cubic (km?) per year (29%) are used for irrigation.
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The wastewater which is generated treated and used in sub-Saharan African countries, such as
Ethiopia, Ghana, Senegal, Seychelles, South Africa and Swaziland is 3.617 km®.year’!, treated
3.2469 km?.year™! and only around 1% from the total treated wastewater in various years by the six
countries. Asian countries (i.e. India, Japan, Mongolia, Nepal, Pakistan and Vietnam) discharge
49.209 km® wastewater of which only 19.657 km? (40%) is treated for reuse due to the absence of
sufficient and affordable treatment facilities as well as lack of skilled manpower in the field of
wastewater treatment technology (Chakraborty and Mukhopadhyay, 2014; Dore and Nagpal, 2006;
Sato et al., 2013).

Generally, wastewater is treated and used for various purposes and differs in quality and quantity
from country to country. It depends on the financial capacity and availability of professional
manpower in the respective country. For example, available data shows that an average amount of
around 70% of wastewater treated is generated as follows: 8% of low-income (developing)
countries, 28% of lower-middle-income countries and 38% of upper-middle-income (developed)
countries, (Sato et al., 2013). This information shows the finding low-cost adsorption treatment

technologies.

The unsafe discharge of heavy metals into surface water carries serious health risks. For example,
Cu has several health effects such as arthritis/rheumatoid arthritis, mental disorders, anemia,
insomnia, liver damage and heart problems. The effects of Cr include carcinogens, respiratory
problems, haemolysis, acute renal failure, skin rashes, pulmonary fibrosis and lung tumours. Cd
may also affect bone marrow; produce carcinogenic, cause lung fibrosis, dyspnoea, kidney damage,
bronchitis, gastrointestinal disorders and cancer (Ahmaruzzaman, 2011; Alluri et al., 2007). The
unsafe release of contaminants has significant health hazards and the deterioration of environments
like water bodies is becoming critical and more complex. Therefore, it is important to screen
locally-abundant adsorptive materials (adsorbents) for wastewater treatment not only in less

developed countries like Ethiopia, but also in developed countries.
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Table 2.8 Wastewater generation, treatment and use in the world

Wastewater Generated

Wastewater Treated

Wastewater Used

Reporting Amount  Reporting Amount Reporting Amount
) year year year
Continent  Country annual! (km’year ) Jpnuart (kmlyear ) jooiapt (kmlyear ) References
North Canada 2006 5.395 2006 4.477 - NA Sato et al. (2013)
America
U.S.A 1995 79.57 1995 56.64 2002 2.345 Solley (1998)
Latin Argentina 1997 3.530 2000 0.104 2000 0.091 Sato et al. (2013)
America _
Brazil 1996 2.567 1996 0.885 2008 0.117 Jiménez and Asano (2008a)
Colombia 2010 2.395 2010 0.597 - NA Sato et al. (2013)
Costa Rica 2000 0.086 2000 0.005 - NA FAO (2011)
Cuba 1994 0.502 1994 0.109 - NA Sato et al. (2013)
D. Republic 2011 0.427 2000 0.131 2000 0.019 Pérez and ontas (2012)
Ecuador 1999 0.631 1999 0.158 NA FAO (2011)
El Salvador 2010 0.097 2010 0.001 - NA Deras (2012)
Nicaragua 1996 0.067 2000 0.007 2000 0.001 Sato et al. (2013)
Peru 2012 0.786 2012 0.275 2000 0.019 Tong (2012)
Croatia 2011 0.343 2011 0.267 - NA CROSTAT (2012)
France 2004 7.910 2004 6.654 2004 0.411 FIE (2012)
Germany 2007 6.172 2007 5.213 2000 0.042 EUROSTAT (2012)
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Continent

Europe

Russian
Federation
and
independent
states

Wastewater Generated

Wastewater Treated

Wastewater Used

Reporting Amount  Reporting Amount Reporting Amount
Country leljcl?lflal'l (kmPyear ) Zzi;al-l (kmPyear 1) Zfl?lflal'l (kmPyear ) References
Italy 2007 3.926 2007 3.902 2000 0.233 AQUAREC (2006)
Monaco 2009 0.008 2009 0.006 - NA PMDFEU (2009)
Montenegro 2009 0.066 2009 0.015 - NA MONSTAT (2010)
Portugal 2009 0.577 2009 0.561 2000 0.001 NIWP (2010)
R. Macedonea 2010 0.020 2010 0.02 - NA RMSSO (2011)
Serbia 2011 3.499 2011 0.189 - NA SORS (2012)
Slovenia 2010 0.173 2010 0.146 - NA SORS (2012)
Spain 2007 5.204 2007 4.570 2007 0.487 NASI (2012)
U. Kingdom 2002 4.019 2008 3.806 2008 0.164 Sato et al. (2013)
Armenia 2011 0.750 2011 0.115 2006 0.0001 NSSRA (2012)
Azerbaijan 2005 0.659 2005 0.161 2005 0.161 Sato et al. (2013)
Belarus 2010 0.990 2010 0.676 - NA NSCRB (2011)
Kazakhstan 1993 1.833 1993 0.274 2000 0.274 Sato et al. (2013)
Kyrgyzstan 2006 0.701 2006 0.148 2000 0.0001 UNECE (2009)
Latvia 2009 0.282 2009 0.128 2000 0.012 CSBL (2011)
Tajikistan 2008 0.092 2008 0.089 - NA Sato et al. (2013)
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Continent

Middle East
and North
Africa

Wastewater Generated

Wastewater Treated

Wastewater Used

Reporting Amount  Reporting Amount Reporting Amount
Country leljcl?lflal'l (kmPyear ) Zzi;al-l (kmPyear 1) Zfl?lflal'l (kmPyear ) References
Turkmenistan 2010 1.275 2004 0.336 2004 0.336 Sato et al. (2013)
Ukraine 2011 8.044 2011 1.763 - NA SUSU (2012)
Uzbekistan 2001 2.200 2001 2.069 1994 0.205 UNECE (2001)
Algeria 2010 0.730 2010 0.150 - NA Sato et al. (2013)
Bahrain 2010 0.084 2005 0.062 2005 0.016 Sato et al. (2013)
Egypt 2011 8.500 2011 4.800 2010 0.700 Sato et al. (2013)
Iran 2010 3.548 2010 0.821 2010 0.328 Tajrishy (2012)
Iraq 2012 0.580 2012 0.580 - NA Aziz (2012)
Israel 2007 0.500 2007 0.450 2004 0.262 Sato et al. (2013)
Libya 1999 0.546 1999 0.040 2000 0.040 Sato et al. (2013)
Morocco 2010 0.700 2010 0.124 2008 0.070 Sato et al. (2013)
Oman 2000 0.090 2006 0.037 2006 0.037 Sato et al. (2013)
P.Territories 2001 0.071 2001 0.030 1998 0.010 PEDCAR (2001)
Qatar 2005 0.055 2006 0.058 2005 0.043 Sato et al. (2013)
Syria 2002 1.364 2002 0.550 2003 0.550 Sato et al. (2013)
Tunisia 2010 0.246 2010 0.226 2001 0.021 Saloua (2012)
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Continent

Sub-
Saharan
Africa

Oceania

Asia

Wastewater Generated

Wastewater Treated

Wastewater Used

Reporting Amount  Reporting Amount Reporting Amount
Country leljcl?lflal'l (kmPyear ) Zzi;al-l (kmPyear 1) Zfl?lflal'l (kmPyear ) References
Turkey 2010 3.582 2010 2.719 2006 1.000 TURKSTAT (2012)
Yemen 2000 0.074 1999 0.046 2000 0.006 Sato et al. (2013)
Ethiopia 2009 0.049 2009 0.002 2009 0.009 Van Rooijen et al.

(2010)

Ghana 2006 0.280 2006 0.022 - NA Gyampo (2012)
Senegal 2010 0.067 2010 0.015 2010 0.002 Kayiizzi et al. (2012)
Seychelles 2003 0.009 2003 0.0009 2003 0.000006 Sato et al. (2013)
South Africa 2000 3.200 2000 3.20 2008 0.030 Jiménez et al. (2010)
Swaziland 2002 0.012 2002 0.009 NA Sato et al. (2013)
Australia 2008 2.094 2008 1.779 2008 0.348 ABS (2010)
India 2012 13.99 2012 4.302 2000 0.450 Kaur (2012)
Japan 2009 27.00 2009 14.65 2009 0.204 WB (2012)
Mongolia 2002 0.126 2002 0.083 - NA Basandorj (2002)
Nepal 2006 0.135 2006 0.006 - NA Nyachhyon (2008)
Pakistan 2011 6.849 2011 0.548 - NA Murtaza (2012)
Viet Nam 2003 1.100 2009 0.070 2003 0.175 Sato et al. (2013)
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2.4.1 Wastewater treatment scenario in Africa

In many developing countries, the effect of surface water pollution the result of the discharge
without treatment of untreated industrial wastewater containing heavy metals. This affects people
living along river banks, in the towns as well as in the country. Untreated/polluted industrial
wastewater is a main problem for many people living around river basins as it causes various health
problems. As treatment is costly, many industries are not interested in participating in safe waste
disposal activities and there are no binding rules on how to dispose of the waste without affecting
nearby communities. In Kenya, for example, wastewater is discharged from sugar and coffee

factories into nearby waterways without sufficient treatment (Wandiga, 1977).

From the above information 0.049 km?>.year! wastewater was generated in Ethiopia. Eighteen
percent (18%) of this wastewater is used for agricultural production and other purposes without
treatment; the rest of the water is discharged to the surrounding rivers and streams (GTP-MoFED,
2010). According to Kebena and Krishna (2011) in 2009, 161,668 m>.day"! liquid waste was
generated, and of this, only 6,728 m>.day™! (4%) was treated (Krishna, 2011). These figures show
that advanced wastewater treatment technologies are expensive and unaffordable, and the literature
shows that, as yet, there is no available wastewater treatment in the country. However, it is

important that low-cost adsorptive technologies are developed for a sustainable environment and

healthy life.

2.4.2 Current status of wastewater treatment in Ethiopia

The geographical coordinates of Ethiopia, are 8°00N and 38°00E and the total area of the country
is 1.1 million km?. It is located on the horn of the African continent (NSCRB, 2011) and the total
population of the country is around one hundred million (CSA, 2016/17). The industries in the
country are rapidly growing from year to year due to the policies of the country. For example,
chemical, metal processing, agro-processing, and other, industries are increasing and expanding
throughout the regions of Ethiopia. The country also has different climatic conditions and rainfall

(Alemayehu, 2014; Said, 1993).
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Table 2.9 Volume of wastewater production, treatment, and reuse in Africa

Country Wastewater Generated Wastewater Treated Wastewater Used References
Reporting Volume Reporting Volume Reporting Volume
ear ear ear
Y (km®.year - Y (km?.year - Y (km?.year -
1 1 1
) ) )

Algeria 2010 0.730 2010 0.150 - NA Sato et al.
(2013)

Egypt 2011 8.500 2011 4.800 2010 0.700 Sato et al.
(2013)

Ethiopia 2009 0.049 2009 0.002 2009 0.009 Kaur et al (2012);
Krishna (2011)

Ghana 2006 0.280 2006 0.022 - NA Gyampo (2012)

Libya 1999 0.546 1999 0.040 2000 0.040 Sato et al.
(2013)

Morocco 2010 0.700 2010 0.124 2008 0.070 Sato et al.
(2013)

Senegal 2010 0.067 2010 0.015 2010 0.002 Kayiizzi (2012)

Seychelles 2003 0.009 2003 0.0009 2003 0.000006  Sato et al.
(2013)

South 2000 3.200 2000 3.200 2008 0.030 Jiménez et al.

Africa (2010)

Swaziland 2002 0.012 2002 0.009 - NA Sato et al.
(2013)

Tunisia 2010 0.246 2010 0.226 2001 0.021 Saloua (2012)

Yemen 2000 0.074 1999 0.046 2000 0.006 Sato et al.
(2013)
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Increased industrialization in Ethiopia has contributed significantly to the Gross Domestic Product
(GDP) of the country. However, wastewater discharge from this industrial sector is increasing from
year to year and is being discharged into the environment without treatment. It is affecting the
health of living organisms both, biotic and abiotic. Therefore, treatment of these toxic heavy metals
is becoming a critical issue in the country. Moreover, there is limited information on treatment

options available which are suitable for application in the country.

Industrial wastewater is released every day into streams and is significantly affecting the quality
of water (Ogedengbe, 2004). The effect is exponentially raised every year because most countries
tend to be industrialized. Similarly, in Ethiopia different industries discharge their wastewater into
nearby surface water bodies. For example, in the town of Hawassa, wastewater from the textile
industry is released into the Tikur Wuha River (Mekuyie, 2014). Kombolcha is one of the main
industrial corridors of Northern Ethiopia and the few existing industries are steel products, textiles,
tannery, and brewery, meat processing (ELFORA) and flour production. These industries release
contaminated wastewater containing toxic heavy metals into the nearby rivers, namely the Borkena,
Worka and Leyole Rivers (Zinabu, 2011). The Shinta River is located around the Gonder town,
and wastewater containing various pollutants from factories is discharged into this river bodies and
onto the open fields around the factories. Some factories for example MOHA soft drinks, plastics,
Dashen beer and other existing factories, are affecting the health of many living organisms (Belay
and Sahile, 2013). Domestic and municipal wastewater is discharged into the Huluka river of
Ambo. The amount of the wastewater released into the Huluka River varies from between 10,000
to 15,000 l.day! (Padanilly et al., 2008) and the Bahir Dar tannery is discharging its effluent into
the Blue Nile River (Wosnie and Wondie, 2014). Wastewater containing harmful elements from
non-point source of pollution flows into the Awetu and Kito rivers at Jimma town, and like other
towns, urbanization and the increase population and industrial growth increases pollution in the
water bodies (Haddis et al., 2014). The socio-political and industrial corner of Ethiopia,;and the
capital Addis Ababa generates an estimated annual volume of 49 million m? total wastewater from
which about 4 million m? is industrial wastewater (van Rooijen et al., 2010). Rivers in Addis
Ababa are contaminated with heavy metals because more than two thousand industries in the town
are established along the river ways. According to Environmental Protection Authority (EPA)

three-quarters of the industries in Ethiopia are established in Addis Ababa, Around 90% of these
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industries release their waste directly into these water bodies. Others have some form of on-site
treatment plant, and subsequently discharge effluents into adjacent streams (Leta, 2004; Tong,

2012).

Figure 2.3 shows that around 13 thousands m’.day! wastewater is discharged from various
industries to nearby water bodies and into the Akaki River in Addis Ababa where 65% of all the
industries in the country are found (CSA, 1999). Most toxic heavy metals are found in industrial
waste (Schmuhl et al., 2004). For example, in the Ejersa area of East Shoa, in Ethiopia, textile and
tannery industries release waste that contains heavy metals such as Cr, Cu, Pb, Fe, Zn and Cd

(Astaw, 2007).
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Figure 2.3 Amount of wastewater daily discharged from various industries (Asfaw, 2007)

There is around 390 hectares of irrigated land along the Akaki River in Addis Ababa, on which
vegetables are grown, for example potatoes, which have some toxic elements such as Zn, Ni, Hg,
Cu, Cd and Cr, as do red beet and onions, which contain Cr (Gebre et al., 2009). For a long time,
it has been known that intake of food that contains high amount of heavy metals, affect to human
health (Pendias,1984). These toxic hazardous elements have a significant effect on biotic, abiotic

and other living organisms (Sar1 et al., 2007). Disease includes asthma, malarial, respiratory
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infections, skin infections, pregnancy problems, cancer and mortality (Gebre et al., 2009; Zinabu,
2011). It is important to remove toxic hazardous elements from contaminated water discharged
into nearby surface water bodies by using low-cost locally available materials. Examples are
minerals like clay, industrial byproducts, agricultural waste and other easily available materials
(Agrawal et al., 2004; Kurniawan et al., 2006a). Generally, the discharge of untreated effluent
wastewater from industries contains heavy metals, which is the main source of water pollution in

developing countries like Ethiopia.

Figure 2.4 Wastewater used for vegetable production (390 ha) (Ethiopia)

2.4.2.1 Volume of wastewater discharge in Ethiopia

In Addis Ababa 90-96%, of industries discharge their wastewater without treatment into nearby
water bodies (Getachew, 2006). Table 2.10 displays the industries’ total wastewater generation and
discharge from industries into the Akaki River, without the application of any treatment (Getachew,

2006).
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Table 2.10 Industrial wastewater generation

Industry Water Source of water Wastewater
Consumption Generation
(m?3.year ) (rn year )

Akaki Textile S.C. 208,050 Tap water, river and 98,550

borehole

Ethiopia Iron and Steel Factory 43,800 Borehole 3.650

Fewes Pharmaceuticals PLC 284,700 Tap water 1,095

Kadisco Chemical Industry 2,628 Tap water219

Kality Metal Products Factory 3,212 Borehole and tap water 3,212

Meher Fiber Products Factory 18,615 Tap water and borehole 18,615

Kality Foods S.C. 27,193 Borehole -

MAMCO Paper Products Factory 7,300 Tap water -

Source: (Getachew, 2006)

Table 2.10 displays the data obtained from interviews at different business in Addis Ababa,

Ethiopia (Getachew, 2006). It shows that these firms generate high volumes of wastewater

containing heavy metals. For example, Akaki Textiles generates 98,550 m>.year! of wastewater

and releases it, without treatment, into the nearby water bodies (i.e. rivers and boreholes). These

water bodies are contaminated with pollutants. Hence, it is important that generated wastewater is

treated with low-cost locally available adsorbents.

Table 2.11 Amount of wastewater discharged and treated trend in Addis Ababa

Indicators Annual Trend

2005 2006 2007 2008 2009
Daily wastewater generated in m3.day'1 136,893 136,027 149,392 155,013 161,668
Daily wastewater treated in m3.day'1 8,530 8,592 8,768 8,024 6,728
Percent (%) 6% 6% 6% 5% 4%

Source: (CSA, 2010)
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According to Table 2.11, the daily wastewater discharge from industries is increasing, while, on
the other hand, the amount of wastewater treated has decreased annually from 6% to 4% (Krishna,
2011). This indicates that the introduction of low-cost treatment techniques that use local and

abundantly-available raw materials is becoming a crucial issue.

2.5 Conclusions

Environmental problems that arise due to the release of untreated wastewater, particularly
industrial wastewater, have been increasing along with a global expansion of industry. Various
treatment techniques like membrane filtration, coagulation, ion exchange, adsorption, irradiation,
oxidation, biological treatment and others have been developed and used to remove hazardous
heavy metals from contaminated wastewater. However, high capital, a complex operation and high
costs, plus the need for skilled man power and the generation of secondary sludge limits the
application of these modern technologies in developing countries. So far, adsorption principles
have been considered the best because of their simplicity of design, operation, cost-effectiveness
and possibility of regenerating the spent adsorbent media for re-use. The adsorptive removal
efficiency of any adsorbent media is greatly affected by a number of experimental parameters, both
under batch adsorptive experimental design. Above all, dissolution problems, the need for pH
adjustment and low removal efficiency make locally available adsorbent media unsuitable for toxic
chemical removal from aqueous environments. However, further research exploring low-cost
locally-available materials for the adsorptive removal of pollutants, is required to develop

practically-applicable techniques in developing countries.
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3. APPLICABILITY OF SOIL RICH IN KAOLINITE-FERRINATRITE
FOR ADSORPTIVE REMOVAL OF Cr(V)FROM CONTAMINATED
WATER

3.1 Abstract

Chromium (VI) can be found in large quantities in industrial wastewater. Since the wastewater is
disposed to rivers in developing countries, adsorptive removal of Cr(VI) from polluted water is
crucial for environmental protection. The aim of this research was to study the efficiency of Cr(VI)
ion removal from an aqueous solution by using soil rich in kaolinite-ferrinatrite (SRKF). A batch
experiment was performed to approximate the effects of shaker speed, contact time, adsorbent dose,
pH solution, initial concentration, and particle size. Optimum conditions for Cr(VI) removal were
observed at a shaker speed of 150 rpm, an equilibrium time of 40 minutes, adsorbent dose of 3.5
g.L!, particle size of 0.075 mm, pH of 2 and an initial Cr(VI) concentration of 2 and an initial
concentration Cr(VI) of 2 mg.L!. Kinetic data were best fitted with the pseudo second-order kinetic
model. The result showed that Freundlich’s adsorption isotherm model better describes the Cr (VI)
adsorption onto SRKF with a coefficient of determination (r?) of 0.9336. SRKF was found to be a

promising applicable material for the adsorptive removal of Cr(VI) from polluted water.

Keywords: Adsorption; batch, chromium(VI); removal; soil rich in kaolinite-ferrinatrite

3.2 Introduction

One of the key worldwide environmental problems is toxic heavy metal pollution. Among various
toxic heavy metals hexavalent chromium is a serious problem to environment (Hokkanen et al.,
2016; Lin et al., 2018). Chromium is found mostly in the form of chromium (III) and chromium
(VD). Chromium (VI); is 100 times more poisonous than chromium (III), when found on a surface
and in ground water (Tang et al., 2014), and it is more soluble and mobile than Cr (III). The release
of Cr(VI) from industrial wastewater into the environment, degrades water quality and poses

hazardous threat to human beings, as well as, other living organisms such as aquatic life due to
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being soluble in water in the form of chromate (HCrO4') or dichromate (Cr.07>) and transfer easily
to organisms through the food chain (Saifuddin and Kumaran, 2005; Pan et al., 2014; Hokkanen et
al., 2016; Sanchooli Moghaddam et al., 2016). Exposure of chromium (VI) ion can lead to severe
neurological or physiological damage and severe carcinogenic problem on human health. This
includes causing cancer and health problem such as bronchitis, skin dermatitis, diarrhoea and other
haemorrhaging problems (Chen et al., 2011; Dehghani et al., 2015; Lin et al., 2018). For these
reasons, according to the United States Environmental Protection Agency (USEPA, 2011) among
various types of heavy metal pollution, Cr(VI) is the most prioritized poisonous pollutant (Tang et
al., 2014). The European Union (EU) has set strong environmental regulations that set the tolerable
limits of chromium (V1) ion at; 200 pg.L™!, 0.05 mg.L! and 0.1 mg.L"! for municipal and industrial
wastewaters, potable water and inland surface water, respectively (Chen et al., 2011). According
to the World Health Organization the recommended maximum tolerable level of chromium (VI) in
wastewater discharged from industries is 0.25 mg.L™! and in drinking water is 50 pg.L™! (Zhong et
al., 2014; Hokkanen et al., 2016). The Ethiopian Environmental Protection Authority (EPA) has
set a minimal standard to be 0.1 mg.L™! for Cr(VI) containing industrial discharge (Workneh et al.,
2014). Cr(VI) is generated from different industrial activities carried out in textile industries,
leather tanning, electroplating, steel production, paint manufacturing, pulp processing, chromate
preparation, electric and electronic components (Alfarra et al., 2014b; Pan et al., 2014; Sultana et
al.,2016; Kan et al., 2017). Thus, it is critical to find effective ways to remove chromium (VI) from

industrial wastewater.

Typical treatment technologies used to remove chromium (VI) from wastewater include ion
exchange, chemical reduction, adsorption, chemical precipitation, membrane separation,
electrocoagulation, and reverse osmosis (Yang et al., 2013; Tang et al., 2014; Zhong et al., 2014;
Sultana et al., 2016). However, most of these technologies have their own limitations, such as the
high investment costs and unaffordability on a large scale, the high operational costs, and their
ineffectiveness for higher concentrations of Cr(VI) that are removed from contaminated water
(Hokkanen et al., 2016). Amongst all the treatment technologies, the adsorption technique is one
of the most feasible and promising techniques due to its naturally available raw adsorptive material
sources, low cost investment, high efficiency, effectiveness, flexibility in design, easy operation

and eco-friendly status (Chen et al., 2011; Yang et al., 2013; Tang et al., 2014; Zhong et al., 2014;
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Sultana et al., 2016). As a result, looking for a suitable wastewater treatment technology using
locally available natural materials that may be used in developing countries such as Ethiopia
remains an important issue to address. Among the natural adsorbents, soil rich in kaolinite-
ferrinatrite (SRKF) would meet the conditions that have been established for the wastewater
treatment process due to its abundant availability in Ethiopia and suitable physical and chemical
properties. The following sections in this chapter briefly present the overall condition of SRKF as

well as its applicability as an industrial wastewater treatment method.

The objective of this research was to investigate the efficiency of chromium (VI) ion removal from
contaminated water, determine the adsorption of kinetics and the isotherms as well as pH effect,
contact time effect and dosage of the initial concentration of chromium (VI) by using low-cost

SRKF under a batch adsorption experiment.

3.3 Materials and Methods

3.3.1 Sample collection and analysis

For this study, soil rich in kaolinite-ferrinatrite (SRKF) was abundantly found in Ethiopia
(GSOE,2011). The sample (soil rich in kaolinite (40.4%) and ferrinatrite (59.6%)) was collected
in October 2015 from Bilida locality, Limu-kosa Woreda, Jimma Zone, Oromia Regional National
State and South-west Ethiopia. The soil samples were collected in plastic bags from three different
sites, according to the standard methods of soil sampling (States, 1992). The collected soil samples
were mixed thoroughly, in equal proportions, to make a composite sample at the Bishoftu Research
Institute Laboratory. The particle sizes of the soil sample was analyzed according to ASTM D 422
(American Society for Testing and Materials) (Liu and Evett, 2003; Fufa et al., 2013).

The procedure for the analysis of soil rich in kaolinite-ferrinatrite parameters was carried out as
per the methods described in this section. The Electrical Conductivity (EC) was measured by using
an EC meter in a 1:5 soil: water ratio, the Cation Exchange Capacity (CEC) was measured at a soil
pH of 7 after displacement, by using the 1 N ammonium acetate (C2H7NO>) method, after which it

was estimated titrimetrically. The pH was measured in water at a soil (1) to water (2.5) ratio, the
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Total Nitrogen (TN) was measured by using the Kjeldahl method, the Organic Carbon (OC) of
SRKF was carried out by using the Walkley-Black method, the soil particle size distribution was
measured by the Boycouos hydrometric method, after destroying Organic Matter (OM) using H>O»
and dispersing the soils with NaPOs, and texture of the SRKF was determined by a hydrometer
(Bouyoucos, 1962; Chapman, 1965; van Reewijk, 1992).

The physical characteristics of soil rich in kaolinite-ferrinatrite used for the present study. This is
characterized at the Ethiopia Institute of Agricultural Research by document number: Ethiopian
Institute of Agricultural Research (EIAR/F), 510-2 and effective date in February 2015. The
elemental composition of soil rich in kaolinite-ferrinatrite used for the present study. This is
characterized at KwaZulu-Natal University, Pietermaritzburg campus, Life Science Microscopy,
and Microanalysis Unit (MMU) by using Scanning Electron Microscopy (SEM/EDS) (Model
ZEISS EVO LS15, Germany) at South Africa. The mineral composition was determined using
XRD at the Geological Survey Laboratory (Addis Ababa, Ethiopia). The samples were prepared
and coated with gold sputter, which is a relatively stable arrangement for the penetration by electron
beam and suitable for analysis by SEM and TEM. The morphology of SRKF was identified by
gold sputter coat, scanning electron microscopic (SEM/EDS) (Model-ZEISS EVO LS15,
Germany) and transmission electron microscope (TEM) (Model-JEOL JEM-1400 Electron
Microscopy, Japan) at the University of KwaZulu-Natal, School of Life Sciences, Microscopy, and

Microanalysis Unit (Pietermaritzburg, South Africa).

3.3.1.1 Equipment used
(a) Analytical Balance: used for weighting adsorbents, chemical salts,
(b) UV-visible spectrophotometer: used for analyses of Cr(VI),
(c) Drying oven: used for desorption of experiment,
(d) pH meter: 3310 model-pH meters for adjustable for pH,
(e) Orbital shaker: used for agitating of samples,
(f) What-man filter paper, and
(g) Glassware: Volumetric and Erlenmeyer flasks, glass beakers, cylinders, plastic, test tubes

and micropipettes.
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3.3.1.2 Chemical used
(a) Distilled water,
(b) Standard buffer solution: used for calibration of pH meter,
(c) H2SO4/ NaOH /HCL; used for adjustable for pH of solution,
(d) 1,5-Diphenylcarbazide (DPC), and

(e) Soil rich in kaolinite-ferrinatrite.

3.3.2 Batch experimental procedures

The batch adsorption technique expanded with the new natural sorbent (soil rich in kaolinite-
ferrinatrite) in this work for chromate removal was carried out with aqueous solution and actual
chromate wastewater samples. Batch adsorptive experiments were undertaken to limit the
isotherms adsorption of chromate Cr(VI) into SRKF in the 100 mL plastic bottle. The experiment
was carried out at laboratory room temperature (22 + 2°C). The experiments were investigated in
duplicate, in addition to the control (only Cr(VI) without SRKF) and blank (only SRKF without
Cr(VI)). The chromate water pH were measured with a 3310 model-pH meter, Germany before the
application with soil rich in kaolinite-ferrinatrite and chromate concentration in the solutions was
determined at 540 nm by using a UV-visible spectrophotometer (HACH LANGE®, Model No:
5000).

3.3.3 Chemicals

The stock (K>Cr207) standard solution of each of Cr(VI) (500 mg.L ") was prepared by dissolving
1.414 g of K2Cr20O7 (FINKEM) in 1000 mL distilled water in a volumetric flask. The working
solution for batch adsorption experiment was prepared by proper dilution of the stock solution of
Cr(VI) in distilled water. The standard solution (K2Cr,07) was used for calibration curve of UV-
Visible spectrophotometer measurements. The concentration of 0.1 M NaOH and/or 0.1 M HCI

were used for the adjustment of the pH value in the solution.
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3.3.4 Experimental design

The experimental design of adsorptive removal of chromium (VI) ions from industrial wastewater

by using SRKF involves the following treatments: shaker speed from 100 to 250 rpm at interval
of, contact time (10, 20, 30, 40, 50, 50, 60, 80, 100 and 120) minutes, adsorbent dose (0.4, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5 and 4.0) g, adsorbent particle size (< 0.075, 0.425, 2.000 and 4.750) mm, pH (2-

10) and Cr(VI) concentration (0.5 — 6.0) mg.L"!. Batch adsorption experiments were performed on

thermo-stated orbital shaker at 100 rpm in 300-ml flasks containing 100 ml of test solution. Desired

amount of adsorbent 0.4 SRKF was added to these flasks. The effect of different operating

conditions such as shaker speed, contact time, solution pH, initial metal ion concentration, dose of

SRKG and particle size was investigated by varying only one of the operating conditions at one

time, while others maintained constant. Cr(VI) adsorption capacity versus shaker speed fix initial

chromium concentration: 3.5 mg.L-1, pH: 7, particle size: 0.425 mm, and contact time: 120 min.

(Mishra et al., 2015). Optimum condition for each parameter was obtained by these experiments.

™ Shaker Speed => Sample Shaker Speed (rpm) Total
100 | 150 | 200 | 250
—» Contact Time.......... Continued SRKF Al | B2 G314, 8
D1 F2 | H3 14
»7| Adsorbent Dose...Continued I Control 1 |jcz)|a C4 4
Adsorption Blank Bl | B2 [ B3| B4 4
Experiment 1 Continued | Total 4 4 4 4 16
)'I Initial Concentration H
Sample Initial Concentration of Cr (V1) (mg/L) Total
- | Particle size...Continued | 0.5 1 2 3 4 5 6
SRKF K1, M2, | O3, | Q4, | 85, | Us, | W7, 14
L1 N2 | P3 R4 | T5 | Vo X7
Control C1 C2 | C3 |C4|C5 | Co Cc7 7
Blank B 1
Total 3 3 3 4 3 3 3 22

Figure 3.1 Batch adsorption experiment flow diagram (A1, E2, G3, B = sample code; continued =

similar table like shaker speed)
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3.3.5 Hexavalent chromium ions adsorption procedure

Each experiment was duplicated with one control each and one overall blank sample. The
experiment was performed under controlled temperature of 22 + 2°C at Jimma University,
Environmental Health Laboratory in 2016. Polyethylene plastic bottles were washed using 0.01 M
HNO:s and thoroughly distilled water. The adsorbent (SRKF) was equilibrated by soaking it with
0.01 M CaCl,2H>0 for 12 hours (overnight) a day before the main experiments. Each set of the
batch adsorptive experiment effect contains: duplicate trial with blank (only SRKF without Cr(VI)
ion) and control (only Cr(VI) ion without SRKF). A series of 300 mL plastic bottles were prepared
for the experiments with a 100mL aqueous solution containing a known Cr(VI) ions concentration
and an adjusting pH by placing Polyethylene plastic bottles containing the desired adsorbent dose.
This was carried out by agitating the solution at a fixed revolution per minute on a Horizontal
Thermostat Orbital shaker, for a fixed contact time and at room temperature. Thereafter, the solid
soil rich in kaolinite-ferrinatrite was filtered by Whatman filter paper (0.45 um). Next, 0.2 N HoSO4
for pH adjusted to pH 1 + 0.3 and then, added 1 mL diphenyl-carbazide in 50 mL was added. It
then stood 10 min. for color development. Residual Cr(VI) ion concentration was transferred to 1
cm absorption cell and it determined according Section 3.3.2 mensioned. The average of duplicate

Cr(VI) measurements was reported.

3.3.6 Shaker speed effect

The effect of shaker speed on Cr (VI) removal capacity was studied. Table 3.1 shows the orbital
shaker speed (rpm) evaluated for removal of Cr (VI) using SRKF as adsorbent under batch
adsorption experiment. The aqueous solution in each plastic bottles was kept agitated in the various
speed orbital shaker at 100, 150, 200 and 250 revolutions per minutes, at a room temperature of 22

+ 2°C and for a set contact time.
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Table 3.1 Identifying the optimum orbital shaker speed (rpm) for removal Cr(VI)

Sample Shaker Speed (rpm)  Total
100 150 200 250

SRKF Al, E2, G3, 4, 8
DI F2 H3 J4

Control Col Co2 Co3 Co4 4

Blank BlIl B2 BI3 Bl4 4

Total 4 4 4 4 16

The analysis were conducted on 16 samples; control (only Cr,VI) without SRKF; blank only SRKF
without (Cr,VI); (A1, E2, G3, ..., Bl4= sample code)

Figure 3.2 Orbital shaker on the time of experimental activity

Cr(VI) solution was prepared from a stock solution (35 mL) by dilution (65 mL distilled water).
This was poured into a 300 mL plastic bottle and pH was adjusted at 7 + 0.05 by using 0.1 M NaOH
and 0.1 M HCI. The 16 samples were prepared, of which 8 samples contained 0.4g SRKF and
Cr(VI) concentration, 4 were blanks (only SRKF with 100 mL distilled water without Cr(VI)
concentration) and 4 were controls (only 35 mL Cr(VI) with 65 ml distilled water without 0.4 g
SRKF adsorbent). All 16 plastic bottles sample put on different agitated speed (rpm) for 120

minutes’ contact time at room temperature (22 + 2°C). The experiment was stopped after the
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equilibrium had been achieved. The solution of the experimental samples was filtered by using
Whatman filter paper (0.45 pm) and acidified to pH 1 + 0.3. Thereafter, 1 mL diphenyl-carbazide
in 50 mL was added and this left to stand for 10 minutes for color development. The residual
Cr(VI]) ion concentration was transferred to 1 cm absorption cell and it was determined using the
UV-visible spectrophotometer. The average of duplicate measurements were reported. Finally,
optimum stirring speed was selected based on the removal efficacy of Cr(VI) for further

experiments.

3.3.7 Contact time effect

To fix the equilibrium of the contact time at which the adsorption was completed, the agitation
time was varied from 10 to 120 minutes, until the equilibrium was achieved. A known
concentration of the adsorbate in aqueous solutions at desired pH was shaken with a desired amount
of the adsorbent at 150 rpm for a predetermined contact time effect using the Horizontal Thermostat
Orbital shaker. The value of the chromium (VI) adsorbed over the unit mass of the adsorbent media,
and the percentage adsorption was computed using Equations 3.1 and 3.2 given below, respectively

(Sanchooli Moghaddam et al., 2016; Doke and Khan, 2017)

_(CO_Ct)* 3.1
= Y (3.1
A=(1-59%100 (3.2)
C
Where

g:= the value of Cr(VI) ions adsorbed at time (min) (mg.g™"),

Cy = initial Cr(VI) ions concentration (mg.L ),

C; = concentration of Cr(VI) in the solutions at any time(min) (mg.L™"),
J'=amount of the aqueous solution (L),
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M = mass of SRKF media used in the experiment (g), and

A= the percentage of chromium (VI) ions adsorbed (%).

3.3.8 Effect of adsorbent dose

To determine the optimum dose required for the reduction of average heavy metal concentration in
the industrial wastewater to a desired level, different adsorbent doses ranging from (0.5, 1.0, 1.5,
2.0, 2.5, 3.0, 3.5 and 4.0 g.L'!) were separately added into an aqueous solution of known pH
containing a desired adsorbate concentration. The mixture was agitated at a 150 rpm (revolution

per minute) for equilibrium contact time determined by time series experiments.
3.3.9 Solution pH effect

The solution pH effect was investigated to fix the highest pH value for the highest adsorptive
removal of heavy metal over the initial pH value varying from (2, 4, 6, 8, and 10) by allowing a
known optimum shaker speed = 150 rpm, contact time = 40 min., dose of SRKF 3.5 g from 0.425
mm particle size and unknown initial concentration Cr(VI) = 3.5 mg.L"! and particle size of the

adsorbent.
3.3.10 Initial concentration of chromium (VI) effect

Initial concentration effect was studied varying the concentration of hexavalent chromium ions (1,
2,3, 4,5 and 6 mg.L") while maintaining optimum shaker speed = 150 rpm, contact time = 40
min., dose of SRKF 3.5 g from 0.425 mm particle size, pH = 2 and unknown particle size of the

adsorbent.
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Table 3.2 Optimum pH for removal Cr(VI) using soil rich in kaolinite-ferrinatrite

Sample Initial Con™ of Cr (VI) (mg.L™) Total
1 2 3 4 5 6
SRKF YI, W2, U3, S4, Q5 06, 12
Z1 X2 V3 T4 RS P6
Blank B 1
Control Cl C2 C3 C4 G5 C6 6
Total 3 3 3 4 3 3 19

Nineteen plastic bottles; control only Cr(VI) without SRKF; blank only SRKF without Cr(VI);
(Y1, W2, U3, ...., C6 = sample code). There was only one replicated blank (B) for all the

treatments.

The method was explained by Gupta et al. (2015) and was arranged with the same changes to
analyse Cr(VI), using soil rich in kaolinite-ferrinatrite

(a) Chromium(VI) (10 mL) from stock solution + 90 mL distilled water = 3 plastic bottles,
(b) Chromium(VI) (20 mL) from stock solution + 80 mL distilled water = 3 plastic bottles,
(¢) Chromium(VI) (30 mL) from stock solution + 70 mL distilled water = 3 plastic bottles,
(d) Chromium(VI) (40 mL) from stock solution + 60 mL distilled water = 3 plastic bottles,
(e) Chromium(VI) (50 mL) from stock solution + 50 mL distilled water = 3 plastic bottles,
(f) Chromium(VI) (60 mL) from stock solution + 40 mL distilled water = 3 plastic bottles,
and
(g) 100mL distilled water blank only contain SRKF without Cr(VI) concentration = 1
plastic bottle.

These 19 plastic bottles samples were agitated for 40 minutes then filtered through Whatman filter
paper (0.45 um) and analyzed by a UV spectrophotometer. Finally, the result was reported.

62



Plastic bottles with 100 mL + Cr (V1) and adjust pH

l

SRKF (0.4 g) into plastic bottles sample except control

l

Agitating for 40 min. at Rotary Shaker (150 rpm)

l

Filtered by Whatman

l

Analysis by UV- Spectrophotometer

Figure 3.3 Flow diagram of experimental setup for optimization of various effects (contact
time, adsorbent dose, pH, shaker speed, initial Cr(VI) concentration)

3.3.11 Particle sizes effect

The effect of the adsorbent particle size was investigated for adsorptive removal of heavy metal
over the particle size range (<0.075, 0.425, 2.000 and 4.750 mm). This was based on the

maximum/optimum value as received from the previous set of the batch equilibrium experiment.

3.3.12 Desorption experiment

The adsorbent /SRKF regenerate depends on the released of chromium(VI) from the soil rich in
kaolinite-ferrinatrite. Cr(VI) ion laden SRKF/ adsorbent was ready by stirring a known dose of
SRKF with the desired concentration of Cr(VI) by shaking at a fixed rpm for a defined equilibrium
agitation time. After adsorption, the solution was identified or separated by using Whatman filter
paper (0.45 pum). The SRKF on the Whatman filter paper was washed with distilled water. The
Cr(VI) ion-laden SRKF/adsorbent was dried by oven (105°C for 12 hours). The experiments of
desorption were then conducted by agitating the oven dried spent adsorbent at a fixed rpm for an

equilibrium contact time in 100 mL of different concentration of NaOH solution (0.01 M, 0.1 M
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and 0.5 M) separately. Equation 3.3 used to calculate the ratio of desorption (Hu et al., 2011; Singh
etal., 2011; Albadarin et al., 2012)

Amount of Cr(VI) ion desorbed
Amount of Cr (VI) ion adsorbed

Desorption ratio (%) = x 100 (3.3)

3.3.13 Adsorption Kinetics

The Pseudo-first-order kinetic and pseudo-second-order kinetic are the most common models used

to check adsorption condition of the adsorbents (Ahluwalia and Goyal, 2007).

3.3.12.1 Pseudo-first-order kinetics

The model is illustrated as the following Eq. 3.4:

log(qE —qr)= logg, —[ 22‘6 3JT (3.4)

Where:
qr = adsorption efficiency at equilibrium (mg.g™),
qr = is adsorption efficiency at a time (mg.g™),
T= time (min) and
K, = kinetics constant (h™).

3.3.12.2 Pseudo-second-order kinetics

The model equation can be stated in a linear form as given in Eq. 3.5:

r_ 1 +(1}T (3.5)
9. K.q, \4.

Where

7= time (min), and
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K, = kinetic constant (g.mg! h'') and the rest of parameters are the same as those presented

in Equation 3.4.

3.3.14 Adsorption isotherms

Freundlich and Langmuir isotherms were used to fix the highest value of adsorption efficiency of

the adsorbents.

3.3.13.1 Langmuir
The Langmuir isotherm is the homogenous molecule surface of adsorption. In this process, one

molecule of adsorption cannot affect the near site of adsorption (Ahluwalia and Goyal, 2007).
Linear Langmuir equation is given as follows:

1 1,1 1 (3.6)

QE =?E QMkL Cb

Where
g, ~? value Cr(VI) adsorbed over gram of locally available materials,
C, =an equilibrium of Cr(VI) in wastewater, a milligram of Cr(VI) per liter,
k, = Langmuir the same, liter per milligram of Cr(VI), and

q.~ maximum contain, a milligram of Cr(VI) per gram of SRKF.

Important features of the Langmuir equation stated in the forms of dimensionless separation factor

(Moreno-Pirajan and Giraldo, 2012), R, are defined as:

1 3.7)

R=trg.C,

Where

K, = constant of Langmuir (L.mg™"),

C. = primary amount of Cr (VI) ions (mg.L™"), and
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R, 2 result indicating the shape of the isotherms: 1< Ry indicates disapproving adsorption, 1 =

Rt indicates linear, Ry values between 0 and 1 indicates approving adsorption, and 0 = Ry indicates

adsorption nonreversible.

3.3.13.2 Freundlich
The Freundlich isotherm was described as the heterogeneous surface energies by multilayer

adsorption (Sanchooli Moghaddam et al., 2016).

The general equation is illustrated as follows:
Log(q,) :Log(kF)Jr%Log(CL) (3-8)

Where
qe= shows adsorption efficiency (mg.g™!)

1/n values between 0 and 1 shows the suitability of adsorption. If Kr value is higher and shows

the better suitability of adsorption.
3.3.15 Chromium (VI) analysis methods

The United States Environmental Protection Agency accepts four techniques for measuring the
Cr(VI) concentration: chelation/ extraction (Pehlivan and Cetin, 2009; Chen et al., 2011).
Balasubramanian and Pugalenthi (1999) compared three methods of Cr(VI) analysis result from
wastewater estimated by ICP-MS, FAAS and UV-visible spectrophotometry (1,5-
diphenylcarbazide spectrometry). It was found that the UV- visible spectrophotometry method was
better suited for Cr(VI) ions analysis when compared with the other techniques (Chen et al., 2011).
This study, Cr(VI) concentration in the solutions was determined at 540 nm by using a UV-visible
spectrophotometer made by HACH LANGE © (Model No: 5000). The statistical data analysis of

the studies was performed by OriginPro 8 software.
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34 Results and Discussion

3.4.1 Characterization of soil rich in kaolinite-ferrinatrite

Table 3.3. describes the site from where the soil samples were collected. The locations were

selected from three sited to reduce the sampling bias and was randomly selected (States, 1992).

Table 3.3 Sampling location site of soil rich in kaolinite-ferrinatrite

Sampling Difference  Elevation Depth

Site UTM (m) (m) (m)

1 37N 0274104
0888816 +3 1792 0.9

2 37N0264967
0879988 +3 1816 1.2

3 37N0260722
0877326 +3 1990 0.8

UTM represents Universal Transverse Mercator

3.4.1.1 Particle Size

The collected soil samples were mixed thoroughly in equal proportions to make a composite
sample at Bishoftu Research Institute Laboratory. The particle size of the soil sample was analyzed
according to American Society for Testing and Materials (ASTM D 422) (Liu and Evett, 2003;
Fufa et al., 2013). The samples were dried at room temperature and ground using hand mortar and
pestle. Thereafter, the particle size was identified by using a sieve with diameter 0.075, 0.425,
2.000 and 4.750 mm. The samples were, then, stored in an airtight plastic bottles for

physicochemical analysis of adsorbents and for batch adsorption experiments.

The particle size distribution of soil rich in kaolinite-ferrinatrite were ranged from 0.075 to 4.750

mm (Figure 3.4). The Coefficient of Uniformity (CU) of the soil is equal to grain size (d 60) over
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effective grain size (d10). The value of CU was found to be 10.5 (Mathews and Zayas, 1989; Alaa

and Mena, 2015) using the gradation curve for soil rich in kaolinite-ferrinatrite.
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Figure 3.4 Gradation curve for soil rich in kaolinite-ferrinatrite used in present study

3.4.1.2 Physical and elemental analysis

Table 3.4 shows that, the amount of electrical conductivity, cation exchange capacity, total
nitrogen, organic carbon, organic matter and texture of SRKF were carried out at Bishoftu Research
Institute Laboratory, Ethiopia, according procedure (Bouyoucos, 1962; Chapman, 1965; van

Reewijk, 1992).

Table 3.4 Physical characteristic of soil rich in kaolinite-ferrinatrite

Sample Parameters
EC CEC(cmol. pH TN OC OM Sand Silt Clay Texture
(us.cm™) Kg') (%) (0 (%) (o) () (%)
SRKF 22.80 24.00 524 0.14 0.75 128 18.80 10.40 70.80 Clay

CEC: Cation Exchange Capacity; EC: Electrical Conductivity; OC: Organic Carbon; OM: Organic
Matter; TN: Total Nitrogen.

The elemental composition and surface morphology of SRKF was investigated by using ZEISS
EVO LS15 model SEM and EDX at University of KwaZulu-Natal, South Africa. The sample was

68



coated with gold sputter then analysed in SEM and EDX. The SEM photo (Figure 3.5) shows the
irregular structure morphology, high porous surface, and heterogeneous rough surface shape of
SRKF. Consequently, SRKF is favorable/ suitable for metal ions adsorbed on the SRKF and good
for the fast adsorption of adsorbate onto adsorbent that is chromium (VI) onto SRKF. This finding
was similar to the findings of Albarelli et al. (2011), Aravind et al. (2013), Aravind et al. (2015),
Miao et al. (2016). The amount of carbon, oxygen, sodium, magnesium, aluminum, silica,
potassium, tritium, and iron in the SRKF were studied by using elemental analysis instrument EDX
spectra (Figure 3.6). The surface of soil rich in kaolinite-ferrinatrite (Figure 3.6) indicate that
oxygen, silica, aluminum, and carbon about 51%, 14%, 12% and 9%, respectively and have been
found rich in macronutrients weight on the surface. These Figure 3.6 also shows traces of Na, K,

Ca, Ti, Mg, P and Mn.

Table 3.5 Elemental composition of soil rich in kaolinite-ferrinatrite used in this study

Elements C 02 Na Mg Al Si P K Ca Ti Mn Fe

Weight
% 890 51.15 0.02 0.34 1146 13.63 0.23 0.33 0.09 0.66 1.08 11.04

Signal A= SE1 EHT=1000kV IProbes 30ph 1ym Signal= SE1 EHT = 10.00 k¥ IProbe= 30p 10 pm
Chamber=7.826.008 Torr WD= 85 mm SpotSize=rz  "ag= 10M0KX H Chamber = 1926008 Torr WD= 85 mn SpotSize=gy M= 200KX

Figure 3.5 Scanning Electron Microscopy (SEM) of SRKF at 10,000X and 2,000X magnification
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Figure 3.6 Characteristic of X-ray spectrum of soil rich in kaolinite-ferrinatrite

Figure 3.7 Transmission Electron Microscopy (TEM) image of soil rich in kaolinite-ferrinatrite at
0.2 um and 100 nm magnification
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3.4.2 The effect of shaker speed on Cr(VI) removal

The effect of shaker speed for Cr(VI) removal capacity was studied. Figure 3.8 shows the
adsorptive experimental result obtained from a series of experiments performed, initial chromium
concentration: 3.5 mg.L!, adsorbent dose: 0.4 g, pH: 7, particle size: 0.425 mm, and contact time:
2 hours at room temperature 22 + 2°C and various shaking speed 100, 150, 200 and 250 revolutions
per minute. The adsorption removal percentage curve at various shaking speed showed that, was
plotted and is shown in Figure 3.8. It showed that the string speed of 150 rpm has a greater removal
efficiency of Cr(VI) then the other string speeds. Thus, the agitating speed was fixed at 150 rpm in

further experiments.
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Figure 3.8 Cr(VI) adsorption capacity versus shaker speed (initial chromium concentration: 3.5
mg.L!, SRKF dose: 0.4 g.L'!, pH: 7, particle size: 0.425 mm, and contact time: 120
min.)
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3.4.3 Contact time effect

The effect of contact time on Cr (VI) adsorption and its influence on the soil rich in kaolinite-
ferrinatrite was studied by continuously increasing the contact time from 10 to 120 minutes (Figure
3.9). The contact time increased upto 40 minutes, with the increased adsorptive removal of
adsorbate. After 40 minutes (the equilibrium point), the adsorption removal of adsorbate remained
constant, due to the exhaustion of the binding sites (Akiode et al., 2015; Dehghani et al., 2015;

Kuppusamy et al., 2016).
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Figure 3.9 Cr(VI) adsorptive removal versus time (shaking speed: 150 rpm, initial chromium
concentration: 3.5 mg.L!, adsorbent dose: 0.4 g.L"!, pH: 7 and particle size: 0.425 mm)

The rate of adsorption of chromium (VI) ion was fast up to 40 minutes. This was due to soil rich
in kaolinite-ferrinatrite surface having many open spaces that could lead to strong attraction forces
between Cr(VI) and adsorbent which was found to be in agreement with an observation of Wanees
et al. (2012). Adsorptive removal of chromium (VI) from 10 and 40 minutes was rapidly and fast
due to highly increased adsorption sites (Mekonnen et al., 2015). After 40 minutes, there was no

change in the rate of adsorption of Cr(VI) on SRKF. This showed that SRKF had no sufficient open
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space since the bulk solution increased. This finding was found to be in agreement with the finding
of another study by Workneh et al. (2014). The adsorption capacity was high for a short period of
time (40 minutes) on SRKF adsorbent. The reason for this could be due to the open space, clay
texture, lower bulk density, and small particle size. This finding is in agreement with the finding

repeated by Babel and Opiso (2007) and Dehghani et al. (2015).

3.4.4 pH effect

The amount of chromium (VI) removed was dependent on pH (Figure 3.10). The effect of pH on
chromate removal capacity and adsorption efficiency were shown in Figure 3.10. The chromate
removal capacity increased with the decreasing pH values, namely, from a pH value of 8 to a pH
value of 2, and from a low at pH 2 to pH 8, which is from 98.3% to 89.2%, while the adsorption
capacity decreased with increasing pH values, namely, at pH 2 = 0. 097 mg.g! and at pH 6 = 0.089
mg.g’l. The adsorption efficiency was high at the pH of 2 which is 0.097 mg.g”! while the

percentage of chromate removed was found to be 98.3% (Figure 3.10).
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Figure 3.10 Cr(VI) removal (square) and adsorption efficiency (triangle) versus pH (initial
chromium concentration: 3.5 mg.L!, SRKF dose: 0.4 gL, contact time: 40min,

particle size: 0.425 mm, shaking speed: 150 rpm)

The pH value is crucial to control adsorption of metal in between solid and water interface. Figure
3.10 shows that Cr (VI) ions removal occurred at a pH of 2 within a contact time 40 minutes. This

might be due to the reduction of chromium (VI) to chromium (III).
Dichromate (Cr207*") + 14H"+6e—»2Cr**+7H,0

Many H" ions were presented at low pH value. The high concentration of H neutralize the negative
charge ions by diffusion of dichromate ions. This observation was similar to the finding reported
by Yarkandi (2014). The percentage of chromate removal was increased from 89.2 to 98.3% by
decreasing the solution pH value from 8 to 2. The value of pH decreases with an increase in HCrO4

concentration. This shows that the attraction of anion high at both of the low crystalline Oxy-
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hydroxides of Al and Fe and to crystalline oxides of Al and Fe. This observation also agrees with
the finding of Otero et al. (2015). The increase of the adsorption efficiency of chromate in the pH
value ranges from 6 to 2. This could be showed that the electrostatic attraction between chromate
ions and the positive surface charge of the adsorbent (Akiode et al., 2015). The adsorbent could
develop a positive surface charge due to the dissociation of metal hydroxide complexes at the solid-
solution interface formed by metal oxides mainly Fe, Al, and Si, this finding agrees with an
investigation by Zachara et al. (1987). In contrast, the efficiency of chromate removal decreased at
an initial solution was pH > 2. The decrease in the adsorption of chromate with the increase in the
pH of the solution beyond 2 might be due to the negative surface charge of the adsorbent and
surface adjustment with OH™ ions that may cause repulsion between the hydroxyl ions and the
chromate ions according to the study of Alemayehu et al. (2012). In addition, the decreased
adsorptive removal of Cr(VI) with increasing of pH value implies the repulsion between OH" ions

and the negatively-charged chromium ions (Dehghani et al., 2015).

The pH value was decreased with increased positive charge in the SRKF due to protonization
process. The adsorption chromium (VI) ion increased with increasing pH values. The pH value
affects adsorption process on the surface of Al and Fe oxides. The decrease in HCr2O7 in the
solution resulted in increased pH values due to the Cr2O7* concentration. This implies that the
amount of Cr,07>" concentration might describe the adsorption of chromium (VI) ion. The trends

positively agreed with the finding reported by Guo et al. (2008) and Zhong et al. (2014).

3.4.5 Adsorbent dose effect

The effect adsorbent dose variation on the chromate removal was shown in Figure 3.11. The
amount of chromate removed increased from 84.1% to 94.2% as the SRKF amount increased from
1 to 3.5 g.L'!. The dose amount of adsorbent increased with the increasing of adsorptive removal
percentage of Cr(VI) (Azouaou et al., 2010). This showed that the availability of adsorbed space
for metal ion. The capacity of chromate adsorption decreased as the SRKF dose increased beyond
3.5 g.L'! (Figure 3.11). Hence, the minimum dose for maximum chromate removal was 3.5 g.L"!

and 3.5 g.L"! of the adsorbent was considered for further adsorption experiments in this study.
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Figure 3.11 Cr(VI) removal capacity of adsorbent dose (initial chromium concentration: 3.5

mg.L!, time: 40 min, pH: 2, speed of shaker: 150 rpm, the adsorbent particle size:
0.425 mm)

3.4.6 Initial chromate concentration effect

The graphical presentation of the chromate adsorption efficiency of the chromium (VI)
concentration is given in Figure 3.12. The result indicated that the initial chromate concentration
increased from 1 mg.L™! to 2 mg.L! as the removal capacity of chromate increased from 99.89%
t0 99.92%. At 2 mg.L"!, the chromium (VI) concentration of sufficient adsorbent / SRKF sites was

available for adsorption of chromium(VI) ions due to the larger number of the ions at lower

concentration (Akiode et al., 2015).
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Figure 3.12 Cr(VI) removal and adsorption efficiency versus initial concentration (SRKF dose: 3.5

g.L'!, pH: 2, time: 40 minutes, shaking speed: 150 rpm, particle size: 0.425 mm)

3.4.7 Particle sizes effect

Adsorptive removal of chromium (VI) from wastewater decreased with increasing the particle size
of SRKEF that is from 98.8% to 92.5% with 0.075 mm to 4.750 mm, respectively. The small particle
(0.075 mm) adsorbent shows that it has a large surface area as well as a large number of porosity
used for high Cr(VI) removal from contaminated water and also decreased external mass effect
(Alemayehu et al., 2011). Therefore, 0.075 mm diameter of particle size adsorbent was selected for

the rest of the batch adsorption experiment.
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Figure 3.13 Cr(VI) removal efficiency versus particle size (adsorbent dose: 3.5 g.L!, pH: 2, time:

40 min, speed of shaker: 150 rpm and initial concentration: 2 mg.L")

3.4.8 Adsorption isotherm

The equilibrium adsorption experiment was carried out at a pH of 2, varying the chromate amount
of 2 mg.L"! using 3.5 g.L"! of the soil rich in kaolinite-ferrinatrite. The results of the chromate
adsorption isotherm are given in Figure 3.14. The Freundlich and Langmuir isotherm parameters
obtained from the linear equation of these models are given in Table 3.6. The values of the r* for
the Freundlich and Langmuir isotherms were 0.9336 and 0.9139, respectively. Dimensionless
constant for soil rich in kaolinite-ferrinatrite was between 0 and 1 this was showing a favorable

adsorption process.
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Table 3.6 Langmuir and Freundlich isotherm for adsorption of chromium (VI) using SRKF

SRKF Duplicate Ce Ce/Qe
Dose Ci (mg.L- Log Vol Qe Log (mg.L"
(gL (mgL! A B D) Ce (L) (mgg') qe 1/Ce 1/qe D)
0.35 10.00 0.01 0.02 0.01 -1.96 0.10 1.43 0.15 9091 0.70 0.01
0.35 20.00 0.01 0.02 0.02 -1.80 0.10 2.85 046 62.50 0.35 0.01
0.35 30.00 0.07 0.07 0.07 -1.16 0.10 4.28 0.63 14.60 0.23 0.02
0.35 40.00 0.10 0.10 0.10 -0.99 0.10 5.70 076 9.71 0.18 0.02
0.35 50.00 0.20 024 0.22 -0.66 0.10 7.11 085 452 0.14 0.03
0.35 60.00 023 0.27 0.25 -0.61 0.10 8.54 093 404 0.12 0.03
Freundlich Isotherm
Log g,=log K¢ + 1/n logC,,
100 -
Log q.=0.48671/n +1.2114
r2=0.9336 0.80 -
060 4
£
040 4 o
&
o
0.20
o (a)
F T T T T 9:99—
-2.50 -2.00 -1.50 -1.00 -0.50 0.00

logC, (mgL?)
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Langmuir Isotherm
1/qe=1/gy, + 1/, K, *1/C;
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Figure 3.14 Freundlich (a) and Langmuir (b) isotherms for chromate adsorption using SRKF (initial
chromate concentration: 2 mg.L™!, SRKF dose: 3.5 g.L'!, pH: 2, time: 40 min, speed of
shaker: 150 rpm, particle size: 0.075 mm)

Table 3.7 Linear estimated isotherm models and its constant value for chromate adsorption

Temp. Freundlich Isotherm: Langmuir Isotherm:

Log q.=Log K+ 1/n Log C, l/qg=1/qy, + 1/q K *1/Cy
°C Kr (mg. g1) 1/n r? 1/qm (mg. g™ 1/qmke 12
2242 1.2114 0.4867 0.9336 0.1089 0.0057 0.9139

3.4.9 Adsorption kinetics

In order to state the kinetics of the chromium (VI) adsorption, the parameters for the adsorption

method were carried out for contact time 10, 20, 30, 40, 50, 60, 80, 100 and 120 minutes by
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assessing the percent of removal of chromium (VI) by soil rich in kaolinite-ferrinatrite. The
equilibrium adsorption experiment was studied at pH 2 varying the chromate amount of 2 mg.L"!
using 3.5 g.L! of the soil rich in kaolinite-ferrinatrite at room temperature 22 + 2°C. The results
of the chromate adsorption kinetic are given in Figure 3.15. The psuedo-first and -second order
kinetic parameters obtained from the linear equation of these models are showed in Table 3.8. The
values of the 1 for the psuedo first and second order kinetic were 0.5181 and 0.9985, respectively.
Psuedo-second-order r? = 0.9985 is fitted model for SRKF.

Psuedo first-order:
Log (qe-ar)=log qe - ky/2.303*T

0.00 .
0 20 40 60 80 100 120 140
-0.05
Log (qge - qr) =0.0006T - 0.202
";' 0.10 rf =0.5181
|17
-5
§-0.15
0.20
-0.25

Time (T)
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Psuedo second-order:
T/aqr=1/kyqe° + 1/ge *T

200,00 4
T/gr = 1.366T +3.3233
160.00 < r =0.9985
& 120000
=
80.00 -
40.00 -
(b)
0.00
0 20 40 60 80 100 120 140

Time (T)

Figure 3.15 Psuedo-second and -first order for Cr(VI) adsorption onto SRKF (Cr(VI) =2 mg.L!;
pH = 2; adsorbent dose = 3 g; time = 40min.; shaking speed=150 rpm and temp. 22 +
2°C)

Table 3.8 Linear estimated of kinetic adsorption of chromium (VI) ions onto adsorbents

Temp. Psuedo first-order: Psuedo second-order:

Log (qe-qr) = Log qk - k1/2.303*T T/qr= 1/koqe® + 1/qe *T
°C log q& k1/2.303 1’ 1/k2qe? 1/qe r?
2242 0.202 0.0006 0.5181 3.3233 1.366 0.9985

3.4.10 Desorption study

Figure 3.16 shows the percentage of chromate desorbed by different concentration of the NaOH
solution. The result indicated that the percentage of chromate desorbed increased from 35.13% to
82.16% as the concentration of NaOH increased from 0.01 to 0.5 M in the solution. This indicates
that when NaOH is at about 0.5 M concentration the adsorbent materials exhausted can be
regenerated for reuse. This finding agrees with the finding repeated by Hu et al., (2011), Singh et
al., (2011), Albadarin et al., (2012). This indicates that when NaOH is at about 0.5 M concentration
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the adsorbent materials exhausted can be regenerated for reuse. This finding agrees with the finding

repeated by Hu et al., (2011), Singh et al., (2011), and Albadarin et al., (2012).
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Figure 3.16 Desorption of Cr(VI) from soil rich in kaolinite-ferrinatrite

3.4.11 Removal of chromate from real wastewater

The characteristics of the wastewater sample collected from Friendship Tannery PLC factory, East
Showa Zone are given in Table 3.9. The wastewater contained 0.98 mg.L! chromate; this 0.98
mg.L! chromate was reduced to 0.035 mg.L™! by 150 rpm shaker speed, 3.5 g.L! of the soil rich in
kaolinite-ferrinatrite within 40 min of contact time at pH = 2 and <0.075 mm particle size of the
sample. This means that 96.4% of the 0.98 mg.L"! chromate concentration of the wastewater was

removed by 3.5 g.L! of the adsorbent. This finding similar to the finding of Rajesh, et al, (2011).
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Table 3.9 Physicochemical characteristics of wastewater from Friendship Tannery PLC factory

Composition Cr'® PO NOy CrI DO COD BOD pH EC Turbidity
(mg.L- (mgl~ (mgL (mgLlL (mgL (mg (mg (ps.cm™ (NTU)
D) D) D) D) D) Ly g D)

Value 0.98 1591 1.80 819.30 3.45 463.5 94140 7.66 6.19 14.56

Source: Laboratory work (refer to the methods in section 5.3.2)

3.4.12 Low-cost adsorbents to compared with soil rich in kaolinite-ferrinatrite

Low-cost adsorbents as compared with naturally available materials or adsorbents, and are defined
as waste products from agriculture, industries, and domestic use. These cheap adsorbents can be
less expensive (Renge et al., 2012), affordable (Lim and Aris, 2014), environmentally-friendly as
well as abundant (Kurniawan et al., 2006b; Kirbiyik et al., 2012; Lim and Aris, 2014) and cheap
(Kurniawan et al., 2006a; Carvalho et al., 2011). They have high treatment efficiency for the
removal of toxic chemicals (Tajrishy, 2012). These cheap adsorbents are simply gathered from
agricultural waste, industrial byproducts, clay soil, food waste and seafood (Bailey et al., 1999;
Jain et al., 2013). Hence, they are economically affordable and copiously available (Li et al., 2007;
Kaushal and Upadhyay, 2014) for example, bagasse fly ash adsorbent can be available at US$0.002
kg includes the transport payment to the adsorption processing site, energy used and other factors
to be used as adsorbent. The final, total cost of this bagasse fly ash is around 0.009 US dollars per
kilogram (Srivastava S, 1995).

Some low-cost adsorptive materials serve as a scavenger of contaminants by absorbing anions and
cations. For example, clay is an environmentally suitable material for wastewater treatment
containing heavy metals (Sari et al., 2007; Bhattacharyya and Gupta, 2008; Oncel, 2008) and it is
an excellent adsorbent material, and also 20 times cheaper than activated carbon (Kaushal and

Upadhyay, 2014).

In Ethiopia, soil rich in kaolinite-ferrinatrite is, on average, about birr 0.15 (15 cents) per kilogram,

including the transportation costs. The SRKF adsorbent is US $ 500 kg™ (five hundred dollars per
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kilogram) times cheaper than some adsorbent such as chitosan at US$16 per kilogram (Babel and

Kurniawan, 2003).

3.4.13 Soil rich in kaolinite-ferrinatrite removal time compared with other adsorbents

The SRKF prepared in this study had a comparatively high adsorptive removal efficiency of
chromium (VI) with short period of contact time compared with other adsorbents reviewed in the
literature such as adsorptive removal of Cr(VI) by using soil rich in kaolinite-ferrinatrite : They
have a contact time (minutes) that is 10 times earlier than Fe° nanorods modified with chitosan
anodic alumina, a 2.5 times earlier contact time (minutes) than a graphene sand composite, a nine
times earlier contact time (minutes) than magnetic graphene oxide via ethylenediamine and a 1.5
times earlier contact time (minutes) than SWCNTS and MWCNTS (Liu et al. 2011; Hamadi et al.,
2011; Hamadi et al., 2015; Liu et al., 2011; Dehghani et al., 2015).

3.5 Conclusions

If chromium (VI) is present in the water and the level is more than the permitted limit, it is toxic
and could lead to many health problems. The present study demonstrated the adsorptive efficiency
of soil rich in kaolinite-ferrinatrite for removal technique for Cr(VI) ions from industrial
wastewater. The different effect of batch adsorption, such as solution pH, contact time and the
initial concentration of Cr(VI), were evaluated. The adsorption chromium (VI) on SRKF was high
at a pH 2 of contact time 40 min and the initial concentration of Cr(VI) =2 mg.L"!. Freundlich and
Langmuir isotherm was examined in this study at a room temperature of 22 + 2°C. Therefore, this
behavior suggested that SRKF could be an interesting and applicable low-cost adsorbent

technology for Cr(VI) removal from contaminated industrial wastewater.
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4. POTENTIAL OF COFFEE HUSK ASH FOR ADSORPTIVE
REMOVAL OF Cr(VI) FROM INDUSTRIAL WASTEWATER
DISCHARGE

4.1 Abstract

Hexavalent chromium is one of the environmental problem of the modern world. The removal of
Cr(VI) from polluted water is crucial. This study examined the efficiency of Cr(VI) ion removal,
using an aqueous solution of coffee husk ash (CHA). Batch experiment was performed to evaluate
the effects of shaker speed, contact time, adsorbent dose, pH solution and initial concentration.
Optimum condition for Cr(VI) removal were observed at shaker speed = 100 rpm, equilibrium time
= 40 minutes, dosage of CHA = 1.5g.L"!, pH = 2 and initial Cr(VI) concentration = 0.5 mg.L™!.
Adsorption of Cr(VI) followed pseudo second-order kinetics. Result showed that Freundlich’s
adsorption isotherm model better describe for the Cr(VI) adsorption onto coffee husk ash (CHA)
with coefficient of determination (r?) of 0.9846. CHA is technically viable and promising method

for removal of Cr(VI) from industrial wastewater discharge.

Keywords: Adsorption; batch; chromium(VI); coffee husk ash,; removal

4.2 Introduction

The release of toxic chemicals from industrial wastewater into the environment degrades water
quality and is hazardous threat to human beings, as well as, other living organisms such as aquatic
life (Saifuddin and Kumaran, 2005; Pan et al., 2014; Sanchooli Moghaddam et al., 2016; Lin et al.,
2018). Cr(VI) is generated from different industrial activities carried out in textile industries,
leather tanning, electroplating, steel production, paint manufacturing, pulp processing, chromate
preparation, electric and electronic components (Pan et al., 2013; Alfarra et al., 2014a; Sultana et
al.,2016; Kan et al., 2017; Panda et al., 2017). According to United State Environmental Protection
Agency (USEPA, 2011) Cr(VI) is the most top-prioritized poisonous pollutant (Tang et al., 2014).

Chromium is found mostly in the form of trivalent chromium and hexavalent chromium. Chromium
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(VD) is 100 times poisonous than chromium (III) when found on a surface and in ground water
(Tang et al., 2014; Kan et al., 2017). According to the World Health Organization (WHO) the
recommended maximum tolerable limit of chromium (VI) in wastewater discharged from
industries is 0.25 mg.L"! (Zhong et al., 2014). Thus, it is critical to find effective ways to remove
chromium(VI) from industrial wastewater. Typical treatment technologies used to remove
chromium from contaminated water include membrane separation, ion exchange, chemical
reduction, adsorption, precipitation, reverse osmosis and electrocoagulation (Tang et al., 2014;
Zhong et al., 2014; Sultana et al., 2016). Amongst all the treatment technologies, adsorption
technique is one of the most feasible and promising technique, because of its wide raw material
sources, low cost investment, high efficiency, effectiveness, flexibility in design and easy operation
(Chen et al., 2011; Yang et al., 2013; Tang et al., 2014; Zhong et al., 2014; Sultana et al., 2016).
As a result, looking for a suitable wastewater treatment technology using locally available natural
materials that may be used in developing countries such as Ethiopia remains important issue to
address. Among the natural adsorbents, coffee husk ash (CHA) would meet the conditions that has
been established for wastewater treatment process due to coffee abundantly found in Ethiopia:
coffee production coverage area is 700,000 ha and annual production is 350,000 tons per year
(Kufa, 2012) and 517,084 tons per year (CSA, 2016/17) and suitable physical and chemical
properties. The following section briefly presents the overall properties of coffee husk ash as well

as its technical viability for industrial wastewater treatment methods.
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Figure 4.1 Availability of major coffee growing areas in Ethiopia (Kufa, 2012)
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The objective of the research was to investigate the efficiency of Cr(VI) ion removal from
contaminated water, determine the adsorption of kinetics and the isotherms as well as the pH effect,
contact time effect and dosage of the initial concentration of chromium(VI) by using low-cost

coffee husk ash under a batch adsorption experiment.

4.3 Materials and Methods

4.3.1 Sample collection

Coffee was abundantly found in Ethiopia (Kufa, 2012). Coffee husk was collected from four coffee
wet milling plants in January 2015 from Jimma Zone, Oromial Regional National State and South-
west Ethiopia. The coffee husk from four wet milling plants were mixed in equal proportions to
make a composite coffee husk sample. The composite sample was dried at 105 + 5°C for 3h. The
coffee husk composite was ashed using a muffle furnace at 700°C for 4 hours (Xinyu et al. 2016).
The samples were, then, stored in airtight plastic bottles for physicochemical analysis and for batch

adsorption experiments.

4.3.2 Physical characteristics

The physical characteristics of coffee husk ash used for the present study was characterized at the
Ethiopia Institute of Agricultural Research by document number: Ethiopian Institute of
Agricultural Research (EIAR/F). 510-2 and effective date in February 2015. The laboratory
analysis procedure of coffee husk ash parameters were determined as following: Electrical
Conductivity (EC) was carried out using a EC meter in a 1:5 soil : water ratio, Cation Exchange
Capacity (CEC) was measured at a soil pH of 7 after displacement by using 1 N ammonium acetate
(C2H7NO2) method and thereafter estimated titrimetrically, pH was measured in water at a soil to
water ratio of 1:2.5 and Organic Carbon (OC) of coffee husk ash was measured by the Walkley-
Black method, (Bouyoucos, 1962; Chapman, 1965; Van Reewijk, 1992).
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4.3.3 Chemicals

The stock solution of Cr(VI) was prepared by dissolving 2.828 g of KoCr,O7 (FINKEM) in one
liter of distilled water in volumetric flask to achieve concentration of 1000 mg.L"!. The working
solutions for batch adsorption experiment were diluted from the above stock solution. The UV-
visible spectrophotometer was set with the equivalent dilution procedure as the experimental
samples. 0.1 M NaOH and/or 0.1 M HCl used for the adjustment of the pH value of the adsorption

experiments solution.

4.3.4 Cr(VI) ions adsorption

The batch adsorption set up experiment was carried out at 22 + 2°C at the Jimma University,
Environmental Health Laboratory in 2016. Polyethylene plastic bottles were washed using 0.01M
HNO3; and thoroughly distilled water. The adsorbent (CHA) was equilibrated by socking with 0.01
M CacCl,,2H>0 for overnight (12 h) before the main experiments done the next day. Each set of the
batch adsorptive experiment effect contains: duplicate trial with blank (only CHA) and control
(only Cr(VI) ion). A 100 mL aqueous solution containing a known Cr(VI) ions concentration was
added to a series of 300 mL plastic bottles for experiments and the pH adjusted. The desired dose
of sample adsorbent was added and the bottles agitated at a fixed rpm on a Horizontal Thermostat
Orbital shaker for a fixed contact time at a temperature of 22 + 2°C. Thereafter, the solid coffee
husk ash was filtered by using Whatman filter paper. The pH value of the solution was adjusted
with 0.1 N H2SO4 or 0.1 N NaOH to get pH 1 £+ 0.3 by adding 1 mL diphenylcarbazide in 50 mL.
It then stood for 10 min for color development. Residual Cr(VI) ion concentration was transferred
to 1 cm absorption cell and it determined using the UV-visible spectrophotometer made by HACH
LANGE © (Model No: 5000). The average of duplicate measurements was reported.

4.3.5 Contact time effect

To fix the equilibrium of the contact time at which the adsorption was completed, the agitation
time was varied from (10, 20, 30, 40, 50, 60, 80,100 and 120 minutes) until equilibrium was
achieved. A known concentration of the adsorbate in aqueous solutions at desired pH was shaken
with a desired amount of the adsorbent at 100 rpm for a predetermined contact time effect using

the Horizontal Thermostat Orbital shaker. The value of the chromium (VI) adsorbed over the unit
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mass of the adsorbent media, and the percentage adsorption was computed using equation 4.1 and

4.2 given below, respectively (Sanchooli Moghaddam et al., 2016).

) =M*V (4.1)
M
AZM*IOO (4.2)
0
Where

g: =value of Cr(VI) ions adsorbed at any time (min) (mg.g™),

Co = initial concentration Cr(VI) ions an any time (mg.L™!),
; = final concentration of Cr(VI) ions at any time (min) (mg.L!),
) = amount of solution (L),

M = mass of the CHA media used in the experiment (g) and

A = percentage of chromium(VI) ions adsorbed (%)

4.3.6 Adsorbent dose effect

To determine the optimum dose required for the reduction of average heavy metal concentration in
the industrial wastewater to a desired level, different adsorbent doses ranging from (0.5, 1.0, 1.5,
2.0, 2.5, 3, 3.5 and 4.0 g.L'") were separately added into an aqueous solution of known pH,
containing the desired adsorbate concentration. The mixture was agitated at a 100 rpm (revolution

per minute) for equilibrium contact time determined by time series experiments.
4.3.7 Solution pH effect

The solution pH effect was investigated to fix the highest pH value for the highest adsorptive
removal of heavy metal over the initial pH value varying from (2, 4, 6, 8 and 10) by allowing a

known dose of the adsorbent to adsorb the desired concentration of heavy metal ions in the solution.

97



4.3.8 Effect of initial concentration of Cr(VI)

Initial concentration effect was studied varying the concentration of hexavalent chromium ions
(0.5, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 mg.L™") while maintaining the solution pH, adsorbent dose and

shaking speed at optimum and contact time at equilibrium.

4.3.9 Desorption experiment

The regeneration of an adsorbent basically depends on the ease with which an adsorbate is released
from the spent adsorbent. For desorption experiments, Cr(VI) ion-loaded adsorbent was prepared
by agitating a known dose of coffee husk ash with a desired concentration of Cr(VI) by shaking at
a fixed rpm for a defined equilibrium agitation time. After adsorption, the solid was separated from
the supernatant solution by filtration. The solid on the filter paper was washed with distilled water.
The Cr(VI) loaded adsorbent was dried at 105°C for 12 hours in an oven. Desorption experiments
was then being carried out by shaking the oven dried spent adsorbent at a fixed rpm for an
equilibrium contact time in 100 mL of different concentration of NaOH solution (0.01 M, 0.1 M
and 0.5 M) separately. The ratio of desorption percentage can be calculated according to Eq. 4.3
(Hu et al., 2011; Singh et al., 2011; Albadarin et al., 2012)

Desorption ratio (%) = Amount of Cr (VI) ion desorbed %100 (4.3)

Amount of Cr (VI) ion adsorbed

4.3.10 Adsorption kinetics

The pseudo-first-order kinetic and pseudo-second-order kinetic are the most common models for

checked of adsorption condition of the adsorbents (Ahluwalia and Goyal, 2007).

4.3.10.1 Pseudo-first-order kinetics
A model is illustrated as the following Eq. 4.4:

log(qg—qr)ﬂogq;@@JT “4)

Where
qr = adsorption efficiency at equilibrium (mg.g™!),
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qr = adsorption efficiency at a time (mg.g™"),
T = time (min) and

K, = kinetics constant (h')

4.3.10.2 Pseudo second order kinetics

A model equation can be showed as Eq. 4.5:

T IZ{IJT 4.5)
9. K.q, \4:

Where
K, = kinetic constant (g.mg! h!) and the rest of parameters are the same as those presented

in equation 4.4.

4.3.11 Adsorption isotherms

Freundlich and Langmuir isotherms were used to fix the highest value of adsorption efficiency of

the adsorbents.

4.3.11.1 Langmuir isotherm

The Langmuir isotherm is the homogenous molecule surface of adsorption. In this process, one

molecule of adsorption cannot affect the near site of adsorption (Ahluwalia and Goyal, 2007).

Linear Langmuir equation is given as follows:

1 1,1 1 (4.6)

qE :?E QMkL a

Where

q,=2 value Cr(VI) adsorbed over gram of locally available materials,

C, =an equilibrium of Cr(VI) in wastewater, a milligram of Cr(VI) per liter,
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kL = Langmuir the same, liter per milligram of Cr(VI), and
q.” maximum contain, a milligram of Cr(VI) per gram of coffee husk ash.

Important features of the Langmuir equation stated in the forms of dimensionless separation factor

(Moreno-Pirajan and Giraldo, 2012), R, are defined as:
R 1 4.7)
Where

K, = constant of Langmuir (L.mg™"),
¢, = primary amount of Cr(VI) ions (mg.L"), and

R =aresult indicating the shape of the isotherms: 1< Ry indicates disapproving adsorption,
1 = Ry indicates linear, Ry results in between 0 and 1 indicates approving adsorption, and

0 = Ry indicates adsorption non-reversible.

4.3.11.2 Freundlich isotherm

The Freundlich isotherm was described as the heterogeneous surface energies by multilayer

adsorption (Sanchooli Moghaddam et al., 2016).
The general Freundlich is given as follows Eq. 4.8:
Log(q,)= Log(kF)+%L0g(CL) (4.8)
Where
qe = shows adsorption efficiency (mg.g™") and

1/n values between 0 and 1 it shows the suitability of adsorption. The Kr value is higher

and shows the better suitability of adsorption.
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4.4 Results and Discussion

4.4.1 Characterization of coffee husk ash

The physical characteristic of coffee husk ash was performed using standard procedures.
Characterization of the coffee husk ash was carried out electrical conductivity (64.30us cm™),
cation exchange capacity (36.20 cmol Kg™'), pH (12.47), organic carbon (0.518%) and organic
matter (0.893%) was done according (Bouyoucos, 1962; Chapman, 1965; van Reewijk, 1992).

Table 4.1 Physical characteristic of coffee husk ash

Sample Parameters
EC CEC (cmol  pH oCcC OM
(us cm™) Kg') (%) (%)
CHA 64.30 36.20 12.47 0.518 0.893

The elemental analysis of coffee husk ash was examined by using SEM-EDS model ZEISS EVO
LS 15 and coffee husk ash was rich in macronutrients weight such as 0> (36.47 %), K (30.1%), C
(25.2%), Ca (3.97%), Mg (1.83%) and other, which are useful for adsorbing Cr(VI) from

contaminated water.

Table 4.2 Elemental components of coffee husk ash

Elements C 0)) Na Mg Si P S Cl K Ca
Weight % 25.20 3647 0.16 1.85 0.50 0.83 0.82 0.56 30.10 3.97
Atomic % 384 38.7 0.1 14 033 049 04 029 141 1.81
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Figure 4.2 Elemental analysis of coffee husk ash by using SEM-EDX
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Figure 4.3 Scanning Electron Microscopy (SEM) of coffee husk ash magnified 10 pm
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Figure 4.4 Transmission Electron Microscopy (TEM) of coffee husk ash magnified 50 nm

4.4.2 Shaker speed

The effect of the shaker speed on the removal capacity of Cr(VI) was studied and Figure 4.5 shows
the adsorptive experimental results obtained from a series of experiments performed, namely an
initial concentration of Cr(VI) of 3.5 mg.L™!, a solution pH of 7, a CHA dose of 0.4 g and a contact
time of 120 minutes at room temperature, at different shaking speed from 100-250 rpm. In order
to get the adsorption removal percentage, the curve was plotted at different shaking speed as shown
in Figure 4.5. It showed that shaking speed of 100 rpm has a greater removal efficiency of
chromium(VI) from the others string speeds The adsorption rate decreased at higher shaker speed
due to the decrease in the mobility of adsorbing species (Yasemin and Zubeyde, 2006). Thus, the

agitating speed was fixed at 100 rpm in further experiments.
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Figure 4.5 Cr(V]) adsorption capacity versus shaker speed (initial chromium concentration: 3.5

mg.L"!, dose of CHA: 0.4 g.L'!, pH: 7 and time: 2 hours)

4.4.3 Contact time effect

The effect of the contact time on adsorption influence of coffee husk ash on chromium (VI) was
investigated by continuously increasing the contact time (10, 20, 30,40, 50, 60, 80, 100 and 120)
minutes (Figure 4.6). The adsorptive removal of adsorbate increased with increase in contact time
up to 40 minutes (Figure 4.6). After 40 minutes (the equilibrium point) the adsorption removal of
adsorbate remained constant due to the exhaustion of binding sites (Akiode et al., 2015; Choudhary
et al., 2015; Kuppusamy et al., 2016).

104



90

I g 1 ! I ' I g I g I

80 - = 0.70
)
X -0.65 4
2 i 3
- . &
@ -1 - 0.60 .
o —4A—mgg —

60 -

~ 0.55
SD T I T i T T T r T I L] I 05{}
0 20 40 60 80 100 120
Time (min)

Figure 4.6 Cr(VI) adsorption capacity versus time (initial Cr(VI) amount: 3.5 mg.L!, dose of
CHA: 0.4 g.L'!, pH: 7, shaking speed: 100 rpm)

The rate of adsorption of chromium(V1) ion was fast up to 40 minutes. This was due to coffee husk
ash surface having many open spaces that could lead to strong attraction force between Cr(VI) and
adsorbent similar observation was reported by Wanees et al. (2012). Adsorptive removal of
chromium (VI) from 10 and 40 minutes was rapid and fast at the beginning due to highly increased
adsorption sites (Choudhary et al., 2015; Mekonnen et al., 2015). After 40 minutes, there was no
change in the rate of adsorption of Cr(VI) on coffee husk ash. This showed that coffee husk ash
had no sufficient open space after the bulk solution increased. Similar was reported by Workneh et
al. (2014). The adsorption capacity was high for a short period (40 minutes) on coffee husk ash
adsorbent. The reason for this could be due to the open space, lower bulk density and small particle

size. This finding is in agreement with the finding repeated by Babel and Opiso (2007).
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4.4.4 pH effect

The amount of chromium (VI) removed was dependent on pH (Figure 4.7). The effects of pH on
chromate removal capacity and adsorption efficiency are shown in Figure 4.7. Chromate removal
and adsorption efficiency decreased with increasing pH values (2 - 8) i.e. 95.2 — 82.2% and 0.096
—0.085 mg.g'!, respectively. The adsorption efficiency and removal efficiency at a pH of 8 were,
0.085 mg. g'! and 82.2%, respectively. The adsorption efficiency was high at the pH of 2 which is
0.096 mg. g'! while the percentage of chromate removed was found to be 95.2% (Figure 4.7).
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Figure 4.7 Cr(V]) removal and adsorption efficiency versus pH (initial Cr(VI) concentration: 3.5

mg.L!, CHA dose: 0.4 g.L"!, time contact: 40min, speed of shaker: 100 rpm)

The pH value is crucial to control adsorption of metal in between solid and water interface. As can
be seen from the data presented in Figure 4.7, Cr(VI) ion removal occurs at a pH of 2 within a 40
minutes contact time. This might be the hexavalent chromium reduced to trivalent chromium in
solutions through various mechanisms as showed by Eq. 4.9 and 4.10, respectively (Abas et al.,

2012; Li et al., 2012; Ghashghaee and Farzaneh, 2016).
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Cr,07 + 14H" + 6e—  2Cr '+ 7H,0 (4.9)
HCrO4 +7H" +3e— Cr’'+4H,0 (4.10)

Numerous H' ions were presented at low pH value. The high concentration of H' neutralizes the
negative charge ions by diffusion of dichromate ions and hydrogen chromate ions. This observation
was similar to the finding reported by Yarkandi (2014). The percentage of chromate removal was
increased from 82.2% to 95.2% by decreasing the solution pH value from 8 to 2. The increase of
the adsorptive removal of chromate corresponded with a decrease in pH values ranging from 8 to
2. This could be showed electrostatic attraction in between chromate ions and the positive surface
charge of the adsorbent (Akiode et al., 2015). In contrast, the efficiency of chromate removal
decreased at an initial solution was pH > 2. The decrease in the adsorption of chromate with the
increase in the pH of the solution beyond 2 might be due to the negative surface charge of the
adsorbent and surface adjustment with OH™ ions that may cause repulsion between the hydroxyl
ions and the chromate ions according to the study of Alemayehu et al. (2012). The pH value was
decreased with increased positive charge in the coffee husk ash due to protonization process. The
adsorption chromium(VI) ion increased with decreasing pH values. The trends of this finding was

positively agreed with the finding reported by Guo et al. (2008) and Zhong et al. (2014).

4.4.5 Effect of adsorbent dose

The effect of variation of adsorbent dose on the removal of chromate is shown in Figure 4.8. The
amount of chromate removed increased from 68.8% to 86.4% as the adsorbent dose increased from
0.5to 1.5 g.L"!. The percentage of Cr(VI) removal increased with increasing coffee husk ash dose
because of the abundant number of vacant adsorption site and increase effective surface area are
present on the adsorbent (Dehghani et al., 2015). The capacity of chromate adsorption decreased
(0.61 mg.g!' - 0.08 mg.g!) as the adsorbent dose increased beyond 1.5 g.L ™! — 4.0g.L"!(Figure 4.8).
Hence, the minimum dose for maximum chromate removal was 1.5 g.L'!, and 1.5 g.L'! of the

adsorbent was considered for further adsorption experiments in this study.
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Figure 4.8 Cr(VI) removal capacity of adsorbent dose (initial chromate amount: 3.5 mg.L"!, time:

40 min, pH: 2, speed of shaker: 100 rpm)

4.4.6 Effect of initial chromate concentration

The graphical presentation of the chromate adsorption efficiency as a function of the initial
chromium concentration is given in Figure 4.9. The result showed that the removal efficiency of
chromate decreased from 99% to 93.21% and Cr(VI) removal capacity increased (1.65 mg.g”! -
15.53 mg.g™!) as the initial chromate amount increased from 0.5 mg.L™! to 5.0 mg.L!. At 0.5 mg.L-
''Cr(VI) sufficient coffee husk ash sites were available for adsorption of chromium(VI) ions due

to the larger number of the ions at lower concentration (Akiode et al., 2015).
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Figure 4.9 Cr(VI) removal and adsorption efficiency versus initial concentration (CHA dose: 1.5

Initial concentration of Cr (VI) (mg L'1)

g.L!, pH: 2, time: 40 minutes, shaking speed: 100 rpm)

4.4.7 Adsorption isotherm

The equilibrium adsorption experiment was investigated at pH 2 varying the chromate amount of
0.5 mg.L"! using 1.5 g.L"! of the coffee husk ash. The results of the chromate adsorption isotherm
are shown in Figure 4.10. The Freundlich and Langmuir isotherm parameters obtained from the
linear equation of these models are given in Table 4.3. The values of the correlation coefficient for
the Freundlich and Langmuir isotherms were 0.9846 and 0.9444, respectively. The Freundlich
isotherm model is more suitable than the Langmuir isotherm model for this adsorption process.

The dimensionless constant for coffee husk ash was between 0 and 1, showing a favorable

adsorption process.

109



Table 4.3 Freundlich and Langmuir isotherm for adsorption of Cr(VI) using coffee husk ash

ASH Duplicate
Dose Ci Ce log  Volume Qe 1/Ce 1/Qe  Ce/Qe
(gl) (mgL) A B  (mgl) Ce (L) (mg/g) logQe (L/mg) (g/mg) (mgL)
0.15 500 001 0.09 0.05 -0.74 0.10  0.30 022 2000 061  0.03
0.15 10.00 029 028 028 -0.16 0.10  3.11 051 351 031  0.09
0.15 20.00 059 064 0.62 0.14 0.10 621 0.81 1.62 015  0.10
0.15 30.00 1.10 138 124 033 0.10 929 098 081 010  0.13
0.15 40.00 2.18 223 220 044 0.10 12.42 110 045 008  0.17
0.15 50.00 3.48 332 340 0.3 0.10 15.53 1.19 029 006 022

Freundlich Isotherm

Log q.=log K¢ + 1/n logC,

1.40
1.20
— 1.00
o Log q.=0.55381/n + 0.9025
& ~=09846
d
-11]
o
(a)

-1.50 -1.00 -0.50 0.00 0.50 1.00

logC, (mg L'Y)
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Langmuir Isotherm
1qe=1/qy + 1/q,K " 1/C

0.70 -

0.60 - 1/Qg=0.10281/q.k, + 0.0746
£=10.9444

ﬂ-m I I L I L I
0.00 1.00 2.00 3.00 4.00 5.00 6.00

1/Cs (Lmg?)
log C. (mg L'Y)

Figure 4.10 Langmuir and Freundlich isotherms for chromate adsorption using CHA (initial
chromate concentration: 0.5 mg.L"!, adsorbent dose: 1.5 g.L'!, pH: 2, contact time:

40 min, speed of shaker: 100 rpm)

Table 4.4 Linear estimated isotherm model and its constant value for chromate adsorption

Temp. Freundlich Isotherm: Langmuir Isotherm:

Log q.=Log K+ 1/n Log C, 1/qz=1/q,, + 1/q K, *1/Cy
°C Kr (mg.g™h) 1/n r? 1/qmu(mg. g1 1/qmke ?
2242 0.9025 0.5538 0.9846 0.0746 0.1028 0.9444
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4.4.8 Adsorption Kkinetics

The pseudo first and second-order kinetic models are widely used to the study of kinetics
adsorption model and correlation, r*. The rate of Cr(VI) adsorption by using coffee husk ash was
studied for contact time (10, 20, 30, 40, 50, 60, 80, 100 and 120) minutes. Pseudo-second-order
kinetic model was best applicable for the adsorption of chromium (V1) ions to the coffee husk ash.
The mechanism may involve sharing of valence electron forces or through ion exchange between

the adsorbent and the chromium(VI) ion (Chi-chuan et al, 2017).

Psuedo second-order:
T/ar=1/kyqe® + 1/qe *T

200,00 -
T/ag-=1.296T +2.8739

150.00 - £ =0.99
o
= 100.00 4

50.00 4

U.DD T T T T T T 1
0 20 a0 =10] 80 100 120 140

Time (t)
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Psuedo first-order:
Log (qe-ar)=log g - ky/2.303*T

D.m T T T L] T L] 1

1] 20 40 60 80 100 120 140
-0.05 A

Log (gs - g7) =0.0008T - 0.1915

-0.10 4

-0.15 A

Log (qe-cr)

-0.20 -

-0.25 - )

-0.30 -
Time (T)

Figure 4.11 Pseudo-second and first order for Cr(VI) adsorption onto CHA (Cr(VI) = 0.5 mg.L!;
pH=2; adsorbent dose = 1.5 g; shaking speed=100 rpm and temp. 22 + 2°C)

Table 4.5 Linear estimated kinetic adsorption of Cr(VI) ions onto coffee husk ash

Temp. Psuedo-first-order: Psuedo-second-order:

Log (qe-qr) = Log gk - k1/2.303*T T/qr= 1/koqe® + 1/qe *T
°C log qe ki/2.303 1 1/k2qe? 1/qe 12
2242 0.1915 0.0008 0.3308 2.8739 1.2960  0.9990

4.5 Conclusions

Chromium (VI) present in the water greater than the permitted is toxic and can lead to many health
effects. This study demonstrated the adsorptive efficiency of coffee husk ash for the removal of
Cr(VI) ions from industrial polluted water. The different effects on batch adsorption, such as

solution pH, contact time, and initial concentration of Cr(VI) were evaluated. Adsorption of
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chromium (VI) on coffee husk ash high at pH = 2, time = 40 minutes, dose of CHA = 1.5 g.L"! and
initial amount of Cr(VI) = 0.5 mg.L"!. Freundlich and Langmuir isotherm was examined in this
study at a room temperature 22 + 2°C. Therefore, the finding suggested that coffee husk ash can be
as an interesting low-cost adsorbent technology for Cr(VI) removal from contaminated industrial

wastewater.
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5. APPLICATION OF SOIL RICH IN KAOLINITE-GOETHITE AS
ADSORBENT ON REMOVAL OF CHROMIUM (V1) FROM
INDUSTRIAL WASTE WATER

5.1 Abstract

Chromium (VI) can be found in industrial wastewater in high concentration which has dangerous
dangerous effect on human health and the environment. This study was investigated to determine
the efficiency of Cr(VI) ion removal from aqueous solution by using soil rich in kaolinite-goethite
(SRKG). A batch experiment was performed on the effects of shaker speed, contact time, pH
solution, adsorbent dose, initial concentration, and particle size. Optimum condition for Cr(VI)
removal were observed at a shaker speed of 150 rpm, an equilibrium time of 40 minutes, a dosage
of 3 g.L'!, a pH of 2, an initial concentration Cr(VI) of 1 mg.L"! and a particle size of 0.075 mm.
Adsorption of Cr(VI) in SRKG followed pseudo-second-order kinetic model (r* > 0.999). Result
showed that Langmuir adsorption isotherm model was better describes for the Cr(VI) adsorption
onto SRKG with coefficient of determination (r?) of 0.978. Therefore, the results of the study
provided fundamental information for further evaluation of SRKG in the practical applicability for

the treatment of Cr(VI) under domestic condition.

Keywords: Adsorption; batch, chromium(VI); removal; soil rich in kaolinite-goethite

5.2 Introduction

One of the key worldwide environmental problems is toxic heavy metal pollution. Among various
toxic heavy metal, hexavalent chromium is a serious problem of the environment (Hokkanen et al.,
2016; Lin et al., 2018). Chromium is found mostly in the form of trivalent chromium and
hexavalent chromium. Chromium (VI) is 100 times poisonous than chromium (IIT) when found on
a surface and in ground water (Tang et al., 2014; Kan et al., 2017) and more soluble and mobile
than Cr (III). The release of Cr(VI) from industrial wastewater into the environment degrades water
quality and poses hazardous threat to human beings, as well as, other living organisms such as

aquatic life due to being soluble in water in the form of HCrO4™ or Cr,07* and transfers easily to
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organisms through the food chain (Saifuddin and Kumaran, 2005; Pan et al., 2014; Hokkanen et
al., 2016; Sanchooli Moghaddam et al., 2016). For these reasons, according to United State
Environmental Protection Agency (USEPA, 2011) among various heavy metal pollution, Cr(VI)
is the most top-prioritized poisonous pollutant (Tang et al., 2014; Panda et al., 2017). According
to European Union (EU) has set in place strong environmental regulations for the maximum
tolerable limit of chromium (VI) to be 200ug. L'!. World Health Organization (WHO) the
recommended maximum tolerable limits of chromium (VI) in wastewater discharged from
industries is 0.25 mg.L™! and drinking water is 50 ug L' (Zhong et al., 2014; Hokkanen et al.,
2016). The Ethiopian Environmental Protection Authority (EPA) has set a minimal standard to be
0.1 mg.L"! for Cr(VI) containing industrial discharge (Workneh et al., 2014). Chromium (VI) is
generated from different industrial activities carried out in textile industries, leather tanning,
electroplating, steel production, paint manufacturing, pulp processing, chromate preparation,
electric and electronic components (Pan et al., 2013; Alfarra et al., 2014a; Sultana et al., 2016).

Thus, it is critical to find effective ways to remove chromium (VI) from industrial wastewater.

Typical treatment technologies used to remove chromium from contaminated water include
chemical precipitation, chemical reduction, ion exchange, adsorption, membrane separation,
reverse osmosis, and electrocoagulation. However, most of these technologies have their own
limitation such as high investment costs for affordability on large scale, high operational costs, and
ineffectiveness at higher concentration of Cr (VI) removed from contaminated water (Hokkanen et
al., 2016). Amongst all the treatment technologies, the adsorption technique is one of the most
feasible and promising techniques, due to its naturally available raw adsorptive material sources,
low cost investment, high efficiency, effectiveness, flexibility in design, easy operation and eco-
friendly status (Chen et al., 2011; Yang et al., 2013; Tang et al., 2014; Zhong et al., 2014; Sultana
et al., 2016). As a result, looking for a suitable wastewater treatment technology using locally
available natural materials that may be used in developing countries such as Ethiopia remains an
important issue to address. Among the natural adsorbents, soil rich in kaolinite-geothite (SRKG)
would meet the conditions that have been established for the wastewater treatment process due to
its (SRKG) abundantly found in Ethiopia (GSOE, 2011) and suitable physical and chemical
properties. The following sections (5.2, 5.3 and others) briefly present the overall condition of

SRKG as well as its applicability for industrial wastewater treatment methods.
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General Geology and Kaolin Occurrence of Ethiopia

LEGEND

[0 Quaternary Cover (Undifferentiated)
[0 Quaternary-Tertiary Rift Sediments &
[0 Tertiary Sediments

B Tertiary Highland Volcanics

B Mesozoic Sediments

[0 Paleozoic Sediments

[0 Proterozoic Metamorphic Rocks

B Archean

© Kaolin DepositsiOccurrences

Figure 5.1 Availability of major kaolin deposit areas in Ethiopia (GSOE, 2011)

The objectives of this study were to investigate the efficiency of Cr(VI) ion removal from
contaminated water, to determine the adsorption kinetics and the isotherms as well as the effect of
pH, contact time and dosage of the initial concentration of chromium(VI) by using low-cost SRKG

under a batch adsorption experiment.

5.3 Materials and Methods

5.3.1 Sample collection

Soil rich in kaolinite and goethite (SRKG), which is abundantly found in Ethiopia (GSOE ,2011),
was used for this study. The soil samples were collected in plastic bags from three different sites
according to soil sampling standard methods (States, 1992). The sample were collected from
Merewa locality, Kersa Woreda, Jimma Zone, Oromial Regional National State and South-west
Ethiopia, in October 2015. The collected samples were mixed thoroughly in equal proportions to

make a composite sample at Bishoftu Research Institute Laboratory. The particle size of the sample
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was analyzed according to ASTM D 422 (Liu and Evett, 2003; Fufa et al., 2013). The SRKG was
characterized at the Ethiopia Institute of Agricultural Research, Ethiopia according to (Bouyoucos,
1962; Chapman, 1965; van Reewijk, 1992). The elemental composition and morphology of soil
rich in kaolinite-geothite was characterized at KwaZulu-Natal University, Pietermaritzburg

campus, Life Science Microscopy, and Microanalysis Unit (MMU) by using Scanning Electron

Microscopy (SEM/EDS) (Model ZEISS EVO LS15, Germany) at South Africa.

5.3.2 Wastewater

Industrial wastewater samples were collected from Friendship Tannery PLC, East Showa Zone,
Oromia Regional State, Ethiopia according to standard methods for water and wastewater samples
collection procedures (Federation and Association, 2005). The samples were collected in acid
washed plastic bottles. The sample was acidified to a pH < 2, using 0.1 M of nitric acid or sulfuric
acid, to prevent the complexation of Cr(VI) ions by organic matter in the wastewater. The
physicochemical properties of the sample analyzed methods such as chromate (UV-
spectrophotometer), phosphate (stannous chloride), nitrate (phpnel-disulfonic), dissolved oxygen,
biological oxygen demand (azid-modification of winklers) and chemical oxygen demand were

determined according to standard method for water and wastewater analysis (APHA, 2005).

5.3.3 Equipment used

(a) UV-visible spectrophotometer: used for analyses of Cr(VI),

(b) Drying oven: used for desorption of experiment,

(c) Analytical balance: was used for weighting adsorbents, chemical salts, and others,

(d) pH meter: 3310 model-pH meters for adjustable for pH,

(e) Orbital shaker: used for agitating of samples, and

(f) Glassware: Volumetric and Erlenmeyer flasks, cylinders, plastic and micro pipettes and

micro-filters.

5.3.4 Batch experimental procedures

The batch adsorption technique expanded with soil rich in kaolinite-goethite in this work for

chromate removal was carried out with aqueous solution and actual chromate wastewater samples.
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Batch adsorptive experiments were undertaken to limit the isotherms adsorption of chromate
Cr(VI) into SRKG in the 100 mL plastic bottle. The experiment was investigated at laboratory
room temperature (22 + 2°C). The experiments were performed in duplicate in addition to the
control (only Cr (VI) without SRKG) and blank (only SRKG without Cr(VI). The chromate water
pH were measured with a 3310 model-pH meter before the application with soil rich in kaolinite-

geothite and chromate concentration were measured by UV-visible spectrophotometer.

5.3.5 Chemicals

All the chemicals used are of analytical reagent grade. The stock (K2Cr2O7) standard solution of
each of Cr(VI) (1000 mg. L") was prepared by dissolving 2.828 g of K2Cr,07 (FINKEM) in 1000
mL distilled water in volumetric flask. The working solution for batch adsorption experiment was
prepared by proper dilution of the stock solution of Cr(VI) in distilled water. The UV-visible
spectrophotometer was set with the equivalent dilution procedure as the experimental samples.
0.1M NaOH and/or HCI used for the adjustment of the pH value of the adsorption experiments

solution.

5.3.6 Experimental design

The experimental design for adsorptive removal of Cr(VI) involved the following treatments:
shaker speed from 100 to 250 rpm, contact time (10, 20, 30, 40, 50, 50, 60, 80, 100 and 120)
minutes, adsorbent dose (0.4, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0) g, pH = 2-10, Cr(V]) concentration
from 0.5 — 6.0 mg.L"! and particle size (< 0.075, 0.425, 2.000 and 4.750) mm.

122



Adsorption

Experiment

Sample Shaker Speed (rpm) Total
100 | 150 | 200 | 250
r Shaker Speed SRKG AL |E2 |G3, | 14 | 8
Contact Time......... Continued DI | F2 | H3 | J4
; Control Cl | C2|C3 | C4 4
¥ Adsorbent Dose..Continued
Blank B1 B2 | B3 B4 4
-l .
PH...cccccconnvecvenee..Continued Total 4 3 4 4 16
L¥ Initial Concentration
Sample Initial Concentration of Cr (VI) (mg/L) Total
| Particle size...Continued 0.5 1 2 3 4 5 6
SRKG Al, | E2. | G3, | 14, | K5, | M6, | O7, 14
D1 F2 [H3 | 4 L5 | N6 P7
Control Cl C2l| 3|4 | C5|Ca | CT 7
Blank B 1
Total 3 3 3 4 3 3 3 22

Figure 5.2 Batch adsorption experiment flow diagram (A1, E2, G3,
...continued = similar table like shaker speed)

5.3.7 Cr(VI) ions adsorption

...B =sample code;

A series of duplicate batch adsorption experiment was conducted at 22 + 2°C at the Environmental

Health Laboratory of the Jimma University, during at 2016. Polyethylene plastic bottles were

washed using 0.01M HNOs and thoroughly distilled water. The adsorbent (SRKG) was equilibrated

by soaking with 0.01 M CaCl,,2H,0 for overnight (12 h) before the day of the actual experiments.

Each set of the batch adsorptive experiment effect contains: duplicate trial, blank (only SRKG) and

control (only Cr(VI) ion). A 100 mL aqueous solution containing a known Cr(VI) ions

concentration was added into a series of 300 mL plastic bottles and the pH adjusted. The samples

were shaken by a Horizontal Thermostat Orbital shaker for a fixed time, after which the samples
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were removed from the shaker. The pH value was adjusted to 1 + 0.3 using 0.1 M H>SO4 and/or
0.1 M NaOH. Thereafter, 1 mL diphenyl-carbazide in 50 mL was added and then stood for 10 min
for color development. Residual Cr(VI) ion concentration was transferred to 1 cm cuvette
absorption cell. Cr(VI) amount was then determined using the UV-visible spectrophotometer

(HACH LANGE © Model No: 5000) and the average of duplicate measurements was reported.

5.3.8 Effect of shaker speed

The effect of shaker speed of Cr(VI) removal capacity was studied. The aqueous solution in each
plastic bottles was kept agitated in the various speed orbital shaker at 100, 150, 200 and 250

revolutions per minute at a room temperature of 22 + 2°C, for set contact time.

Table 5.1 Identifying the optimum orbital shaker speed (rpm) for removal Cr(VI) using SRKG

Sample Shaker Speed (rpm)  Total
100 150 200 250

SRKG Al, E2, G3, I4, 8
DI F2 H3 J4

Control Cl. C2. C3. (4. 4

Blank BIl BI2 BI3 Bl 4

Total 4 4 4 4 16

Sample treatments involved: 16 samples in plastic bottles, control (only Cr, VI) without SRKG,
blank only SRKG without Cr (VI) (A1, E2, G3, ..., B14 = sample code)

124



Figure 5.3 Orbital shaker speed used on the experiment

Cr(VI) solution was prepared from stock solution (35 mL) by dilution (65 mL distilled water).
This was poured into 100 mL plastic bottle and pH adjusted to 7 = 0.05 by using 0.1 M NaOH and
0.1 M HCI. The 16 samples were prepared, of which 8 samples contained 0.4 g SRKG and Cr(VI)
concentration, 4 were blanks (only SRKG with 100 mL distilled water without Cr (VI)
concentration), and 4 were controls (only 35 mL Cr(VI) with 65 ml distilled water without 0.4 g
SRKG adsorbent). All 16 plastic bottle samples were put on different agitated speed (rpm) for a
120 minutes contact time, at room temperature (22 + 2°C). The experiment was stopped at 120
minutes finished. The solutions were filtered by Whatman filter paper (0.45 um) and acidified to
pH 1 +0.3 and 1 mL Diphenyl-carbazide in 50 mL was added and this left to stand for 10 minutes
for color development. The residual Cr(VI) ion concentration was transferred to 1 cm absorption
cell and it was determined using the UV-visible spectrophotometer made by HACH LANGE ©
(Model No: 5000). The average of duplicate measurements was reported. Finally, for further

experiment, optimum string speed was selected depending on Cr (VI) removal efficiency
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5.3.9 Contact time effect

To fix the equilibrium of the contact time at which the adsorption was completed, the agitation
time was varied from 10, 20, 30, 40, 50, 60, 80,100 and 120 minutes at each time four samples
(two samples, one control and one blank) were taken off from shaker until equilibrium was
achieved. A known concentration Cr(VI) = 3.5 mg.L! of the adsorbate in aqueous solutions at
desired pH = 7 £ 0.05°C was shaken with a desired amount of the adsorbent (0.425 mm particle
size and 0.4 gL' dose) at optimum shaker speed for Cr(VI) removal from previous set of

experiment to be150 rpm for a predetermined contact time effect using the Horizontal Thermostat

Orbital shaker.

Table 5.2 Various contact time evaluated for optimization of Cr (VI) removal using SRKG

Sample Time (min) Total
10 20 30 40 50 60 80 100 120

SRKG Al, E2, V3, X4, Z5 M.6 07, Q8, 1S9, 18
DI U2 W3 Y4 L5. N6 P7 R8 T9

Control C.1 C2 C3 C4 C5 C6 C7 C8&8 C9 9

Blank B.1 B2 B3 B4 BS5 B.6 B.7 B8 B9 9

Total 4 4 4 4 4 4 4 4 4 36

Sample treatments involved: 36 samples in plastic bottles, control (only Cr, VI) without SRKG,
blank only SRKG without Cr (VI); (A1, E2, V3, ..., B.9 = sample code)

The amount Cr(VI) adsorbed over the unit mass of the adsorbent media, and the percentage
adsorption was computed using Equations 5.1 and 5.2 given below, respectively (Sanchooli

Moghaddam et al., 2016).

_ (CO _Cz)*
=Y (5.1)

_ (CO _Ct)

0

A *100 (5.2)
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Where
g:= the value of Cr(VI) ions adsorbed at any time (min) (mg.g™!),
Co = initial amount of Cr(VI) ions (mg.L "),
C, = final amount of Cr (VI) at any time (min) (mg.L ™),
V= amount of the solution (L),
M = mass of the SRKG media used in the experiment (g) and
A= the percentage of chromium (VI) ions removed (%).

Finally, selected optimum contact time depends on removal efficiency of Cr(VI) for further

experiments.

5.3.10 Adsorbent dose effect

To determine the optimum dose required for the reduction of average heavy metal concentration in
the industrial wastewater to a desired level, different adsorbent doses ranging from (1.0, 1.5, 2.0,
2.5,3.0,3.5and 4.0 g.L") were separately added into an aqueous solution of know pH = 7 + 0.05°C
containing a desired adsorbate concentration Cr(VI) = 3.5 mg.L"!. The mixture was agitated at

optimum shaker speed =150 rpm and at optimum contact time = 40 min.

Table 5.3 Various adsorption dose (g.L'!) evaluated for optimization on Cr (VI) removal using
SRKG

Sample Dose of SRKG (g) Total
1.0 1.5 20 25 30 35 40
SRKG Al, E2, R3, T4, V5 X6, O7, 14
DI Q2 S3 U4 W5 Y6 P7
Control C 1
Blank Bl B2 B3 B4 BS5 B6 B7 7
Total 3 3 3 4 3 3 3 22
Sample treatments involved: 22 samples in plastic bottles, control (only Cr, VI) without SRKG,

blank only SRKG without Cr (VI); (A1, E2, R3, ..., B7 = sample code)
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5.3.11 Solution pH effect

The solution pH effect was investigated to fix the highest pH value for the highest adsorptive
removal of heavy metal over the initial pH value varying from (2, 4, 6, 8, and 10) by allowing a
known optimum shaker speed = 150 rpm, contact time = 40 min., dose of SRKG 3 g from 0.425

mm particle size and unknown initial amount Cr(VI) = 3.5 mg.L! and particle size of the adsorbent.

Table 5.4 Various pH evaluated for optimization on Cr (VI) removal using SRKG

Sample pH Total
2 4 6 8 10
SRKG Al, E2, G3, 14, KS5, 10
DI F2 H3 J4 L5
Control C 1
Blank Bl B2 B3 B4 BS 5
Total 3 3 4 3 3 16

Sample treatments involved: 16 samples in plastic bottles, control (only Cr, VI) without SRKG,
blank only SRKG without Cr (VI); (A1, E2, G3, ..., B5= sample code)

5.3.12 Effect of initial concentration of Cr(VI)

Initial concentration effect was studied varying the concentration of hexavalent chromium ions (1,
2,3, 4,5 and 6 mg.L!) while maintaining optimum shaker speed= 150 rpm, contact time= 40 min.,

dose of SRKG 3 g from 0.425 mm particle size, pH = 2 and unknown particle size of the adsorbent.

Table 5.5 Various initial concentration of Cr (VI) evaluated for optimization on Cr (VI) removal

using SRKG as adsorbent
Sample Initial amount of Cr (VI) (mg.L')  Total
1 2 3 4 5 6
SRKG Al, E2, Q3, S4, US, W6, 12
DI P2 R3 T4 V5 X6

Blank B 1
Control Cl C2 C3 C4 G5 C6 6
Total 3 3 3 4 3 3 19

Sample treatments involved: 19 samples in plastic bottles, control (only Cr, VI) without SRKG,
blank only SRKG without Cr (VI); (A1, E2, Q3, ..., C6 = sample code)
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The method was explained by Gupta et al. (2015) and was arranged with the same changes to
analysis Cr(VI) using SRKG.

(a) Chromium(VI) (10 mL) from stock solution + 90 mL distilled water = 3 plastic bottles,
(b) Chromium(VI) (20 mL) from stock solution + 80 mL distilled water = 3 plastic bottles,
(¢) Chromium(VI) (30 mL) from stock solution + 70 mL distilled water = 3 plastic bottles,
(d) Chromium(VI) (40 mL) from stock solution + 60 mL distilled water = 3 plastic bottles,
() Chromium(VI) (50 mL) from stock solution + 50 mL distilled water = 3 plastic bottles,
(f) Chromium(VI) (60 mL) from stock solution + 40 mL distilled water = 3 plastic bottles, and
(g) 100mL distilled water blank only contain SRKG without Cr(VI) concentration = 1 plastic
bottle.

These 19 plastic bottles sample were agitated for 40 minutes then filtered by Whatman filter paper
(0.45 um) and analyzed by UV- Visible spectrophotometer. Finally, the result was reported.

SRKG (3g) + 100 mL agueous solution

I

Agitating for 40 min. on Rotary Shaker (150 rpm)

l

‘ Filtered by Whatman

l

Analysis by Spectrophotometer

Figure 5.4 The adsorptive removal of Cr(VI) batch experimental flow chart

5.3.13 Particle size effect

The effect of the particle size was investigated for adsorptive removal of heavy metal over the

particle size of adsorbent range (<0.075, 0.425, 2.000 and 4.750 mm).
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Table 5.6 Various SRKG particle sizes evaluated for optimization on Cr (VI) removal

Sample Particle size (mm) Total
< 0.425 2.000 4.750
0.075
SRKG Al, E2, G3, 14, 8
D1 F2 H3 J4
Control C 1
Blank B1 B2 B3 B4 4
Total 3 4 3 3 13

Sample treatments involved: 13 samples in plastic bottles, control (only Cr, VI) without

SRKG, blank only SRKG without Cr (VI); (A1, E2, G3, ..., B4 = sample code)

5.3.14 Desorption experiment

The regeneration of an adsorbent basically depends on the ease with which an adsorbate is released
from the spent adsorbent. The desorption experiments was carried out 4 samples (duplicate, control
and blank) Cr(VI) ion-loaded adsorbent was prepared by agitating on a known optimum dose = 3
g.L'! from particle size = 0.075 mm of SRKG with a desired concentration of Cr(VI) = 1 mg.L"!
and pH = 2 by shaking at a fixed 150 rpm for a defined equilibrium agitation time 40 min. at room
temperature 22 + 2°C. After adsorption, the solid was separated from the supernatant solution by
filtration. The solid on the filter paper was washed with distilled water. The Cr(VI)-loaded
adsorbent was dried at 105°C for 12 hours in an oven. Desorption experiments was then being
carried out by shaking the oven dried spent adsorbent at a fixed rpm for an equilibrium contact
time in 100mL of different concentration of NaOH solution (0.5M, 0.1 M and 0.01 M) separately.
Desorption percentage was calculated according to Eq. 5.3 (Hu et al., 2011; Singh et al., 2011;
Albadarin et al., 2012).

Amount of Cr(VI) ion desorbed
Amount of Cr (VI) ion adsorbed

Desorption ratio (%) = x 100 (5.3)
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5.3.15 Adsorption Kinetics

The pseudo-first-order kinetic and pseudo-second-order kinetic are the most common models for

checking of adsorption condition of the adsorbents (Ahluwalia and Goyal, 2007).

5.2.15.1 Pseudo-first-order kinetics

The model equation can be shown in Eq.5.4:

IOg(qE B qT): logq, _[2§63JT

Where
qr = adsorption efficiency at equilibrium (mg.g™!),
qr = adsorption efficiency at a time (mg.g!), and
K, = kinetics constant (h!)

5.2.15.2 Pseudo second order kinetics

The model equation can be shown Eq. 5.5:

9. K.q, \4:

Where

(5.4)

(5.5)

K, = kinetic constant (g.mg! h'') and the rest of parameters are the same as those presented

in equation 5.4.

5.3.16 Adsorption isotherms

Langmuir and Freundlich isotherms were used to fix the highest value of adsorption efficiency of

the adsorbents.

131



5.3.16.1 Langmuir isotherm

The Langmuir isotherm is the homogenous molecule surface of adsorption. In this process, one

molecule of adsorption cannot affect the near site of adsorption (Ahluwalia and Goyal, 2007).
Linear Langmuir equation is given as follows:

1 1,1 1 (5.6)

qE :?E QMkL a

Where

q,=? value Cr(VI) adsorbed over gram of locally available materials,
C,. = an equilibrium of Cr(VI) in wastewater, a milligram of Cr(VI) per liter,

kL = Langmuir the same, liter per milligram of Cr(VI), and

q.~ maximum contain, a milligram of Cr(VI) per gram of SRKG.

Important features of the Langmuir equation stated in the forms of dimensionless separation factor

(Moreno-Pirajan and Giraldo, 2012), R, are defined as:

1 (5.7)

Where

K, is constant of Langmuir (L.mg™"), and
¢, 1s primary amount of Cr(VI) ions (mg.L")

RL a result indicating the shape of the isotherms: 1< Ry indicates disapproving adsorption,1 = RL
indicates linear, Ry values in between 0 and 1 indicates approving adsorption, and 0 =Ry indicates

adsorption nonreversible.

5.3.16.2 Freundlich isotherm
The Freundlich isotherm was described as the heterogeneous surface energies by multilayer

adsorption (Sanchooli Moghaddam et al., 2016).
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The general Freundlich isotherm is showed as follows Eq. 5.8:

Log(q,) =L0g(kF)+%L0g(CL) (-8)

Where
qe shows adsorption efficiency (mg.g™!), and

I/n values between 0 and 1 it shows the suitability of adsorption. Kr value is higher. It

shows the better suitability of adsorption.

54 Results and Discussion

5.4.1 Characteristics of soil rich in kaolinite-goethite

Table 5.7 describes the location of the sites from where the soil samples were collected. The

locations were randomly selected from the three sites to reduce the sampling bias (States, 1992).

Table 5.7 Sample taking location site of soil rich in kaolinite-goethite

Sampling Difference  Elevation = Depth
Site UTM (m) (m) (m)
1 37N 0269547
0850850 +3 1852 0.85-1.2
2 37N0269574
0850976 +3 1856 0.80-1.0

3 37N0269596
0850996 +3 1857 0.95

UTM represents Universal Transverse Mercator

5.4.1.1 Particle size
The particle size distribution of soil rich in kaolinite-goethite ranges from 0.075 to 4.750 mm

(Figure5.5). The Coefficient of Uniformity (CU) of the soil is equal to grain size (d 60) over
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effective grain size (d10). The value of CU was found to be 16 (Mathews and Zayas, 1989; Alaa

and Mena, 2015) using the gradation curve for soil rich in kaolinite-goethite.
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Figure 5.5 Gradation curve for soil rich in kaolinite-goethite used in present study

5.4.2 Physical characteristics

Table 5.8 shows the electrical conductivity (20.10pus cm™), cation exchange capacity (21.50 cmol
Kg), pH (4.56), total nitrogen (0.13%), organic carbon (0.61%), organic matter (1.05%) and
texture (clay) of soil rich in kaolinite-goethite used for the present study. This is characterized at
the Ethiopia Institute of Agricultural Research by document number: Ethiopian Institute of

Agricultural Research (EIAR/F) 510-2 and effective date in February 2015.

Table 5.8 Physical characteristic of soil rich in kaolinite-goethite

Sample Parameters

E.C. pH TN O.C. OM. Sand Silt Clay Texture

CEC. L o e o
(usem™)  (cmol Kg™) o) (%) () ) (%) (%)

SRKG 20.10 21.50 456 0.13 061 1.05 12.80 10.40 76.80 Clay
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The elemental rich of SRKG was analyses by using SEM model ZEISS EVO LS15 such as O»
(51.15%), Si (13.63%), Al (11.46%), Fe (11.04%), C (8.8%) and other which are effective for

adsorbing Cr(VI) from contaminated water.

Table 5.9 Elements composition of soil rich in kaolinite-goethite

Element C O, Na Mg Al Si P K Ca Ti Mn Fe

Weight
% 890 51.15 0.02 034 1146 13.63 0.23 033 0.09 0.66 1.08 11.04

Atomic

% 14.19 58.88 0.02 0.27 7.74 873 0.14 0.16 0.04 024 0.38 3.78

Spectrum 2

: 700pm ' Electron Image 1 I 1 2 3 4 5 f 7 i 9 m o 1121
i:ull Scale 658 otz Cursar 5133 (Gctg) ke

Figure 5.6 Elemental analysis of soil rich in kaolinite-goethite
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Figure 5.7 SEM and TEM image of SRKG magnified 2 nm and 20 nm, respectively

5.4.3 Shaker speed

The effect of shaker speed on the Cr(VI) removal capacity was studied. The experiment was carried
out using contain 0.4 g dose of SRKG, at pH = 7, initial amount of Cr(VI) = 3.5 mg.L"!, 0.425 mm
particle size and 120 minutes of contact time on the various shaking speed 100, 150, 200 and 250
revolutions per minute. In order to get the adsorption a plot of removal (%) curve at various shaking
speed was plotted as indicated as per in Figure 5.8. It showed that string speed of 150 rpm has
greater removal efficiency of Cr(VI) from the other string speeds. Thus, shaking speed was set at

150 rpm for the next experiments.
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Figure 5.8 Cr(VI) adsorption capacity versus shaker speed (initial chromium concentration: 3.5

mg.L!, dose of SRKG: 0.4 g.L"!, pH: 7, time: 120 min., particle size: 0.425 mm)

5.4.4 Effect of contact time

The effect of contact time on chromium (VI) adsorption on the soil rich in kaolinite-goethite was
studied by continuously increasing the contact time (10, 20, 30,40, 50, 60, 80, 100 and 120) minutes
(Figure 5.9). The contact time increased with the increasing of adsorptive removal of adsorbate up
to 40 minutes. After 40 minutes (equilibrium point) showed the adsorption removal of adsorbate
remained constant due to binding sites exhaustion similar was reported by Akiode et al (2015) and

Kuppusamy et al (2016).
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Figure 5.9 Cr(VI) adsorption capacity versus time (shaking speed: 150 rpm, initial chromium
concentration: 3.5 mg.L™!, adsorbent dose: 0.4 g.L'!, pH: 7, particle size: 0.425 mm)

The rate of adsorption of chromium(VI) ion was fast up to 40 minutes. This was due to soil rich in
kaolinite-goethite surface having many open spaces that could lead to strong attraction forces
between Cr(VI) and adsorbent which was found to be in agreement with an observation of Wanees
et al. (2012). Adsorptive removal of chromium(VI) from 10 to 40 minutes was rapid and fast due
to highly increased adsorption sites (Mekonnen et al., 2015). After 40 minutes, there was no change
in the rate of adsorption of Cr(VI) on SRKG. This showed that SRKG had no sufficient open space
since the bulk solution increased. This concurs with the results reported by Workneh et al (2014).
The adsorption capacity was high for a short period (40 minutes) on SRKG adsorbent. The reason
for this could be due to the open space, clay soil texture, lower bulk density and small particle size.

This finding was similar with that of Babel and Opiso (2007).
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5.4.5 pH effect

The amount of chromium (VI) removed was dependent on pH (Figure 5.10). Chromate removal
and adsorption capacity was shown in Figure 5.10. Chromate removal was low at pH 8 - 10 with
the removal efficiency of 0.097 mg.g™! and the removal capacity of 96.2%. The adsorption capacity
was high at the pH of 2 was 0.097 mg. g! while the percentage of chromate removed was found to
be 96.2% (Figure 5.10).
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Figure 5.10 Cr(VI) removal and adsorption efficiency versus pH (shaking speed: 150 rpm, contact
time: 40min, initial chromium concentration: 3.5 mg.L"!, SRKG dose: 0.4 g.L,

particle size: 0.425 mm)

The pH value is crucial to control adsorption of metal in between solid and water interface. As
shown in Fig. 5.10 Cr (VI) ion removal at pH = 2 within 40 minutes’ contact time. It is might be
hexavalent chromium reduced to trivalent chromium. Many H* ions were presented at low pH.

The high concentration of H' neutralizes the negative charge ions by diffusion of dichromate ions.

139



This observation was similar to the finding reported by Yarkandi (2014). The percentage of
chromate removal was increased from 88.5 to 96.2% by decreasing the solution pH value from 8
to 2. There was a decrease in pH with an increase in HCrO4 concentration. This shows that the
attraction of anion high at both of the low crystalline oxy-hydroxides of Al and Fe and to crystalline
oxides of Al and Fe. This observation also agrees with the finding of Otero et al. (2015). There was
an increase of the removal of chromate in the as pH decreased from 8 to 2. This could be because
of electrostatic attraction in between chromate ions and the positive surface charge of the adsorbent
(Akiode et al., 2015). The adsorbent could develop a positive surface charge due to the dissociation
of metal-hydroxide complexes at the solid-solution interface formed by metal oxides mainly Fe,
Al, and Si. This finding agrees with an investigation by Zachara et al. (1987). In contrast, the
efficiency of chromate removal decreased when pH > 2. The decrease in the adsorption of chromate
with the increase in the pH of the solution beyond 2 might be due to the negative surface charge of
the adsorbent and surface adjustment with OH™ ions that may cause repulsion between the hydroxyl
ions and the chromate ions as stated Alemayehu et al. (2012). The pH value was decreased with
increased positive charge in the SRKG due to protonization process. The adsorption chromium
(VD) ion increased with increasing pH values. The pH values affected adsorption process on the
surface of Al and Fe oxides. The amount of HCr2O7 in the solution decreased, causing an increase
in pH values. The trends positively agreed with the finding reported by Guo et al. (2008) and Zhong
etal., (2014).

5.4.6 Adsorbent dose effect

The adsorbent dose effect of soil rich in kaolinite-goethite on the removal of chromate is shown in
Figure 5.11. The amount of chromate removed increased from 78.9% to 89.4% as the soil rich in
kaolinite-goethite dose efficiency decreased from 0.28 to 0.1 mg.g™!. The capacity of chromate
adsorption decreased as the adsorbent dose increased (Figure 5.11). The trends positively agreed
with the finding reported by Azouaou et al. (2010). Hence, the minimum dose for maximum
chromate removal was 3 g.L'!. Thus the adsorbent dose of 3 g.L! was considered for further

adsorption experiments in this study.
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Figure 5.11 Cr(VI) removal capacity of adsorbent dose (speed of shaker: 150 rpm, contact time:

40 min, pH: 2, initial chromium concentration: 3.5 mg.L™!, particle size: 0.425 mm)

5.4.7 Effect of initial chromate concentration

The graphical presentation of the chromate adsorption efficiency of the initial chromate amount is
given in Figure 5.12. The result showed that the removal capacity of chromate increased from
98.5% to0 99.33% as the initial chromate amount in the solution decreased from 6 mg.L™! to 1 mg.L"
. At 1 mg.L"! chromium (VI) concentration sufficient adsorbent / SRKG sites were available for
adsorption of chromium (VI) ions due to the larger number of the ions at lower concentration

(Akiode et al., 2015).
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Figure 5.12 Cr(VI) removal efficiency versus initial concentration (SRKG dose: 3 g.L'!, pH: 2,

time: 40 minutes, shaking speed: 150 rpm, particle size: 0.425 mm)

5.4.8 Particle size effect

respectively.

The effect of particle size on the optimum value of the experiment such as pH, dose of SRKG,
contact time and initial concentration of chromium (VI) effect on the adsorptive removal of
chromium (VI) was studied. Adsorptive removal of Cr(VI) from polluted water decreased with

increasing particle size of SRKG that is from 98.8% to 92.5% with 0.075 mm to 4.75 mm,

The small particle (0.075 mm) adsorbent shows that it has a large surface area, and the large area

of porosity is used for high Cr(VI) removal from contaminated water, as well as for a decreased
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external mass effect (Alemayehu et al., 2011). Therefore, 0.075 mm diameter of particle size was

selected as adsorbent for the rest of the batch adsorption experiment.
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Figure 5.13 Cr(VI) removal efficiency versus particle size (adsorbent dose: 3 g.L!, pH: 2, time:

40 min, speed of shaker: 150 rpm and initial concentration: 1 mg.L")

5.4.9 Adsorption Kinetics

The Pseudo first and second-order kinetic models are most used to study the adsorption kinetics.
The rate of Cr(VI) adsorption by using SRKG was studied for different contact time 10, 20, 30, 40,
50, 60, 80, 100 and 120 minutes. Pseudo-second-order kinetic model coefficient of determination
(12 = 0.99) was found the best applicable for the adsorption of Cr(VI) ions to the soil rich in

kaolinite-geothite.
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Psuedo second-order:
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Figure 5.14 Psuedo-second and -first order for Cr(VI) adsorption onto SRKG (Cr(VI) = 1 mg.L!;
pH=7; adsorbent dose = 3 g; shaking speed=150 rpm and temp. 22 + 2°C)
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Table 5.10 Linear estimated kinetic adsorption of Cr(VI) ions onto adsorbents

Temp. Psuedo first-order: Psuedo second-order:

Log (qe-qr) = Log gk - k1/2.303*T T/qr= 1/k2qe® + 1/qe *T
°C log q& ki/2.303 r? 1/k2qe? 1/qe 12
2242 0.1824 0.0002 0.4828 0.9735 1.4485  0.9999

5.4.10 Adsorption isotherm

The equilibrium adsorption experiment was investigated at pH 2 varying the chromate amount of

2 mg.L! using 1.5 g.L'of the SRKG. The results of the chromate adsorption isotherm are given

in Figure 5.16. The Freundlich and Langmuir isotherm parameters obtained from the linear

equation of these models are given in Table 5.11. The values of the r* for the Freundlich and

Langmuir isotherms were 0.978 and 0.9576, respectively. Dimensionless constant for SRKG was

in between 0 and 1 which shows a favorable adsorption process.

Table 5.11 Langmuir and Freundlich isotherm for adsorption of Cr(VI) using SRKG

SRKG Ci Duplicate Ce Volume Qe logge 1/Ce 1/Qe Ce/Qe
Dose (mgL (mg L~ (mg g

L) ) A B ) logC (L) D) (mg L)
0.30 10.00  0.07 0.07 0.07 -1.17 0.10 1.66 022 1493 0.60 0.04
0.30 20.00 026 0.24 0.25 -0.59 0.10 3.29 052 3.88 0.30 0.08
0.30 30.00 041 041 0.41 -0.38 0.10 4.93 0.69 242 0.20 0.08
0.30 40.00 055 0.56 0.56 -0.25 0.10 6.57 082 1.80 0.15 0.08
0.30 50.00 0.70 0.69 0.70 -0.15 0.10 8.22 091 142 0.12 0.09
0.30 60.00 0.89 091 0.90 -0.04 0.10 9.85 099 1.11 0.10 0.09
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Freundlich Isotherm
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Figure 5.15 Freundlich (a) and Langmuir (b) isotherms for chromate adsorption using SRKG
(initial chromate concentration: 1 mg.L!, dose of SRKG: 3 g.L'!, pH: 2, time: 40 min,
speed of shaker: 150 rpm)
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Table 5.12 Linear estimated isotherm models and its constant value for chromate adsorption

Temp. Freundlich Isotherm: Langmuir Isotherm:
Log q.=log K. + 1/n logC, 1/qg=1/q,, + 1/q, K, *1/C,

°C Kr(mgg!) 1/n R? 1/qu (mg g™) l/qukr  R?

2242 0.99 0.69 0.99 0.09 0.03 0.96

5.4.11 Desorption study

Figure 5.16 shows the percentage of chromate desorbed studied using different concentration of

the NaOH solution. The result showed that the percentage of chromate desorbed increased from

34.10% to 77.33% as the amount of NaOH increased from 0.01 to 0.5 M in the solution. This

indicates that when NaOH is at about 0.5 M concentration the adsorbent materials exhausted can

be regenerated for reuse. This finding agrees with the finding repeated by Hu et al. (2011), Singh

etal. (2011) and Albadarin et al. (2012).
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Figure 5.16 Desorption of Cr(VI) from soil rich in kaolinite-geothite
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5.4.12 Removal of chromate from real wastewater sample

The characteristics of the wastewater sample collected from Friendship Tannery PLC factory, East
Showa Zone are given in Table 5.13. The wastewater contained 0.98 mg.L™' chromate. This 0.98
mg.L"! chromate was reduced to 0.035 mg.L™! by 150rpm shaker speed, 3.5 g.L"! of the soil rich in
kaolinite-goethite of particle size <0.075mm within 40 min of contact time at pH =2 of the
sample. This means that 96.4% of the 0.98 mg.L"! chromate concentration of the wastewater was

removed by 3.5 g.L!of the adsorbent.

Table 5.13 Physicochemical characteristics of wastewater from Friendship Tannery PLC factory

Composition Unit Value
Cr' mg.L! 0.98
POs* mg.L! 15.91
NOs mg.L! 1.80
Cr mg.L! 819.28
DO mg.L! 3.45
COD mg.L! 463.50
BOD mg.g! 941.40
pH - 7.56
EC ps.cm™! 6.19
Turbidity NTU 14.56
Temperature °C 25.85

5.5 Conclusions

Chromium(VI) present in the water greater than permitted limit is toxic and could lead to several
negative health effects on living organisms. The batch adsorption was evaluated by the different
effects, such as the pH, the contact time, and the initial amount of Cr(VI). This study demonstrated
the adsorptive efficiency of soil rich in kaolinite-goethite for Cr(VI) ions removal technique from
industrial polluted water. Adsorption of chromium(VI) on SRKG was high at pH = 2, time = 40

minutes and initial amount of Cr(VI) =2 mg.L"!. Freundlich and Langmuir isotherm was examined
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in this study at a room temperature 22 + 2°C. The result showed SRKG can be used as low-cost

adsorbent technology for Cr(VI) removal from contaminated industrial wastewater.
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6. REMOVAL OF Cr(VI) FROM CONTAMINATED WATER USING
SOIL RICH IN KAOLINITTE-FERRINATRITE, COFFEE HUSK
ASH AND SOIL RICH IN KAOLINITE-GEOTHITE

6.1 Abstract

This study examined the efficiency of Cr(VI) ion removal from contaminated water using locally
available adsorbent media. Equilibrium contact time for Cr(VI) removal was observed within 40
minutes. Adsorption of Cr(VI) followed pseudo second-order kinetics with r* > 0.99 for the three-
adsorbent media. Results of the adsorption isotherm show that the Freundlich adsorption isotherm
model better described Cr(VI) adsorption into soil rich in kaolinite—ferrinatrite (SRKF), soil rich
in kaolinite—goethite (SRKG) and coffee husk ash (CHA) with coefficients of determination; r* >
0.93. The adsorption capacity of the adsorbent can be arranged in the order of decreasing CHA
>SRKG > SRKF. These adsorbent materials could be used for the removal of Cr(VI) from
wastewater. However further investigation will be required for practical application of these locally

available adsorbent materials for removal of chromium from wastewater.

Keywords: Adsorption; adsorption capacity; chromium(VI); kinetics; isotherm

6.2 Introduction

The release of toxic chemicals from industrial wastewater into the environment degrades water
quality and is hazardous threat to human beings, as well as; other living organisms such as aquatic
life (Saifuddin and Kumaran, 2005; Pan et al., 2014; Sanchooli Moghaddam et al., 2016; Lin et al.,
2018). Cr(VI) is generated from different industrial activities that are carried out in textile
industries, leather tanning, electroplating, steel factory, paint manufacturing, pulp processing,
chromate preparation, electric and electronic components (Pan et al., 2013, Alfarra et al., 2014;
Sultana et al., 2016; Panda et al., 2017). According to the United State Environmental Protection
Agency (IWRG701), Cr(VI) is the most top-prioritized poisonous pollutant (Tang et al., 2014).
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Chromium is found mostly in the form of chromium (III) and chromium(VI). Chromium(VI) is
100 times poisonous than chromium (III) when found on a surface and in ground water (Tang et
al., 2014; Lin et al., 2018). According to the WHO, the recommended maximum tolerable limit of
Chromium(VI) in wastewater discharged from industries is 0.25 mg.L™! (Zhong et al., 2014). Thus,
it is critical to find effective ways to remove Chromium(VI) from industrial wastewater. Typical
treatment technologies used to remove chromium from contaminated water include chemical
precipitation, chemical reduction, adsorption, membrane separation, ion exchange, reverse
osmosis, and electrocoagulation. Of all the treatment technologies, adsorption technique is one of
the most feasible and promising technique, because of its wide raw material sources, low cost
investment, high efficiency, effectiveness, flexibility in design and easy operation (Chen et al.,
2011; Yang et al., 2013; Tang et al., 2014; Zhong et al., 2014; Sultana et al., 2016). Thus, looking
for a suitable wastewater treatment technology using locally available natural materials that may
to be used in developing countries such as Ethiopia remains an important issue to address. Among
the natural adsorbents, soil rich in kaolinite-ferrinatrite (SRKF), coffee husk ash (CHA) and soil
rich in kaolinite-goethite (SRKG) would meet the conditions that have been established for the
wastewater treatment process due to its abundant availability in Ethiopia and suitable physical and

chemical properties.

The objective of this study was to compare the efficiency of Cr(VI) ion removal from contaminated
water of the three adsorbents, determine the adsorption of kinetics and the isotherms, as well as

the contact time by using low-cost locally available materials under a batch adsorption experiment.

6.3 Materials and Methods

6.3.1 Sample collection

Soil rich in kaolinite-ferrinatrite, coffee and soil rich in kaolinite-geothite are abundantly found in
Ethiopia. The samples were collected from Jimma Zone, Oromia Regional National State, and
South-west Ethiopia on January 2015. The same samples from the three locations were mixed in
equal proportion to make a composite sample. Then the each composite adsorbent adsorption

results were compared.
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6.3.2 Physical and chemical characteristics

Table 6.1 shows the physical characteristics of locally available materials used for the present
study. This is characterized at the Ethiopia Institute of Agricultural Research by document number:
Ethiopian Institute of Agricultural Research (EIAR/F) 510-2 and effective date in February 2015.
The physical characteristic of locally available materials was performed using standard procedures.
Characterization of the locally available materials was carried out electrical conductivity, cation
exchange capacity, pH, organic carbon, and organic matter. Table 6.1 shows that, the amount of
electrical conductivity, cation exchange capacity and pH content of CHA were greater than SRKF
and SRKG and on the other hand, organic carbon content and organic matter content of SRKF were
higher than that of CHA and SRKG. Those adsorptive removal capacity of Cr(VI) from
contaminated water by the three adsorbents depend on different parameters such as contact time,

pH solution, initial concentration of Cr(VI) and adsorbent dose.

Table 6.1 Physical characteristic of locally available materials

Sample Parameters
E.C. C.E.C. pH TN O.C. OM. Sand Silt Clay Texture
(us.cm™)  (cmol.Kg™) ) () (0 (o) (%) (%)
SRKF 22.80 24.00 524 0.14 0.75 128 18.80 1040 70.80 Clay
CHA 64.30 36.20 12.47 - 0.518 0.893 - - - -
SRKG 20.10 21.50 456 0.13 061 1.05 12.80 10.40 76.80 Clay

Scanning Electron Microscopy is a powerful tool to analyze the morphological structure of the
locally available adsorbents (Zhang and Palet 1 Ballus, 2014). Sampling preparation is simple, and
the adsorbents material used gold sputter coating arrangement is relatively stable to the penetrating

electron beam. Equipment description is specified in Table 6.2:
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Table 6.2 Scanning Electron Microscopy equipment description

Equipment

SEM

Model

ZEISS EVO LSI15

Company and country

ZEISS, Germany

Laboratory of analysis

Microscopy and Microanalysis Unit

(UKZN. PMB, South Africa)

Image

Table 6.3 Transmission Electron Microscopy equipment description

Equipment TEM
JEOL JEM-1400 Electron
Model Microscopy
Company and country JEOL, Japan

Laboratory of

analysis

Microscopy and Microanalysis Unit

(UKZN. PMB, South Africa)

Image
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Table 6.4 Elemental characteristic of locally available materials

Elemental weight %
Samples C 0 Na Mg Al Si P K Ca Ti Mn P S Fe
SRKF 19.65 4589 0.17 036 998 13.23 - 049 - 047 0.08 - - 735
CHA 2520 36.47 0.16 1.85 - 050 0.83 30.10 3.97 - - 0.83 0.82 -
SRKG 890 51.15 0.02 034 1146 13.63 023 033 0.09 0.66 1.08 - - 11.04

6.3.3 Chemicals

The stock (K2Cr,07) standared solution of each of Cr(VI) (500 mg.L™!, 1000mg.L!) for adsorption
experiments were prepared by dissolving 1.414 g and 2.828 g of K>Cr,07 (FINKEM) in 1000 mL
distilled water in a volumatric flask, respectively. Working solutions were prepared by appropriate

dilution of the stock solution immeditely prior to their use.

6.3.4 Batch adsorption procedures

Sets of series of duplicate batch adsorption experiments were carried out at room temperature by
shaking a mixture of a known concentration of the adsorbate and a desired dose of adsorbents at a
defined mixed speed ( i.e. 100, 150, 200 and 250) rpm on a horizontal shaker. Optimum agitation
speed was determined after conducting a preliminary study. The optimum contact time was
determined by agitating a mixture of 0.4 g adsorbent and 3.5 mg.L™! Cr(VI) concentration in a
horizontal shaker at 150 rpm for SRKG and SRKF. Whereas for CHA it was at 100 rpm for over
120 minutes. Equilibium adsorption isotherm was examined by varying the concertation of the
adsorbate from 10 to 60 mg.L!' and maintaing the dose of the three adsorbent materials at 0.35 g
and shaking speed at 100 and 150 rpm for CHA, and SRKG and SRKF respectively. In all the

adsorption expreiments, the pH of the solution was maintained at 2.0.

158



6.3.5 Desorption experiment procedure

The reusability of the exhasted adsorbent material was investigated Firstly, by allowing 2 mg.L™!
Cr(VI) to be adsorbed onto 0.35 g adsorbent dose for all the three adsorbent materials at optimum
contact time; Secondly, the exhausted solid adsorbent materials were separated from the
supernatant solution through filtration and allowed to be dried in an oven at 105°C overnight;
Thirdly, the oven dried, exhasted adsorbanet media were added into 0.01, 0.1 and 0.5 M NaOH
desorbing solution separately. The mixtures were agitated under the same experimental conditions
used for adsorption experiments. Finaly, the amount desorbed was determined using Eq. 6.1 given

below (Sadaf et al., 2015, Bekam et al, 2016).

Amountof desorbea:kl 00

Desorptiomratio(%)= Amountof adsorbed

(6.1)

6.4  Results and Discussion
6.4.1 Characterization of locally available materials

Figure 6.1 and 6.2 show the scanning electron microscope (SEM) and transmission electron

microscopy (TEM) photos of soil rich in kaolinite-ferrinatrite (SRKF), coffee husk ash (CHA) and

soil rich in kaolinite-goethite (SRKG).

Figure 6.1 Scanning Electron Microscopy (SEM) photographs of SRKF (a), CHA (b) and SRKG

(c), respectively
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Figure 6.2 Transmission Electron Microscopy (TEM) images of SRKF (a), CHA(b) and SRKG

(c), respectively

6.4.2 Shaker speed

The effect of shaker speed of Cr(VI) removal capacity was studied. Figure 6.3 shows the adsorptive
experimental result obtained from a series of experiments performed that comprises: initial
chromium concentration: 3.5 mg.L!, adsorbent dose: 0.4 g, pH: 7, particle size: 0.425 mm, and
contact time: 2 hours at room temperature 295.5 = 2°K and various shaking speed 100, 150, 200
and 250 revolutions per minute. Analysis on adsorption removal of Cr (VI) at different shaking
speed. Figure 6.3 showed that string speed of 150 rpm has a greater removal efficiency of Cr (VI)
by using SRKG and SRKF from the other string speeds and 100 rpm has a greater removal
efficiency of Cr (VI) by using CHA. From the analysis shaker speed of 100 rpm for CHA, and 150
rpm for SRKG and SRKF were selected
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6.4.3 pH effects

The amount of chromium (VI) removed was dependent on pH (Figure 6.4). The effect of pH on
chromate removal capacity and adsorption efficiency were shown in Figure 6.4. The pH values
was decreased with increased positive charge in the locally available materials due to protonization
process. The adsorption chromium (VI) ion increased with decreasing pH values. The trends of

finding was positively agreed with the finding reported by Guo et al. (2008) and Zhong et al.

(2014).
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and SRKG (triangles) were condition temperature 22 + 2°C

6.4.4 Contact time

The effect of contact time on chromium (VI) adsorption on soil rich in kaolinite- ferrinatrite was
studied by continuously increasing the contact time from 10 to 120 minutes. (Figure 6.5). As can
be seen in Figure 6.5, the contact time increased with an increase of adsorptive removal of
adsorbate up to 40 minutes. After 40 minutes (equilibrium point) the adsorption removal of
adsorbate remained constant due to binding sites exhaustion (Akiode et al., 2015). The rate of

adsorption of chromium (VI) ion was fast up to 40 minutes. This was due to locally available
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materials (LAM) such as SRKF, CHA and SRKG which surfaces having many open spaces that
could lead to strong attraction forces between Cr(VI) and an adsorbent this is confirms an
observation of Wanees et al. (2012). Adsorptive removal of chromium (VI) from 10 and 40 minutes
was rapidly and fast due to highly increased adsorption sites. This finding similar to the study of
Mekonnen et al (2015). After 40 minutes, there was no change in the rate of adsorption of Cr(VI)
on LAM. This showed that LAM did not have sufficient open space due to the fact that the bulk
solution increased. This finding agreed with the observations of Workneh et al., (2014). The
adsorption capacity was high for a short period (40 minutes) on LAM adsorbent. The reason for
this could be due to the open space, clay texture, lower bulk density, and small particle size. This
finding agrees with the finding repeated by Babel and Opiso (2007). The value of contact time 40
minutes was taken as maximum for further studies.
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Figure 6.5 Cr(VI) adsorption on SRKF (squares), CHA (circle) and SRKG (triangles) were
condition temperature 22 + 2°C, and pH =2
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6.4.5 Kinetic model of adsorption

The results showed that the pseudo-second order equation best described the kinetic mechanisms
of chromium (VI) ions adsorption, which is evident from the high coefficient of determination
value ( > 0.99 for SRKF, CHA and SRKG). In addition, the predicted equilibrum adsorption
capacities were quite close to the experimental values for all particle sizes tested in this study,
confirming the validity of the pseudo second order rate assumption. The chromium (VI) ions
transports from solution to the pore of adsorbents and surface on SRKF, CHA and SRKG were

responsible for the adsorption of the hexavalent chromium ions.

Table 6.5 Summary of linear estimated kinetic parameters for adsorption of hexavalent

chromium ions onto CHA, SRKF and SRKG

Adsorbents Pseudo-first-order: Pseudo-second-order:

Log (qe-qr) = Log gk - k1/2.303*T T/qr= 1/kaqe® + 1/qe *T
Ads. log qE ki/2.303 12 1/ka2qe? 1/qe 12
SRKF 0.2020 0.0006 0.5181 3.3233 1.3660 0.9985
CHA 0.1915 0.0008 0.3308 2.8739 1.2960 0.9990
SRKG 0.1824 0.0002 0.4828 0.9735 1.4485 0.9999

ge = adsorption efficiency at equilibrium (mg.g!), qr= is adsorption efficiency at a time (mg.g™"),

T= time (min) , K; = kinetics constant (h™") and K, = kinetic constant (g.mg™!' h'!)

6.4.6 Isotherm model of adsorption

The adsorption equilbrium is usually described by an isotherm equation whose given parameters
express the surface properties and affinity of the adsorbent, at room temperature and pH. An
analysis of the relationship between the adsorption capacity of the materials (SRKF, CHA and
SRKG) and the initial concentration of chromium (VI) ion at equilibrum was performed, using the
two most frequently employed models, namely, the Langmuir and Freundlich models. These
models can be used to design and optimize an opreting procedure. The data from these models
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provide information to predict removal of Cr(VI) ion to the adsorbents, and an estimation of the
adsorbent amounts needed to remove the hexavalent chromium ion from the solution. In all case,
the result comfirms that the Freundlich adsorption capacity of SRKF is greater as compared to that
of SRKG. The essential characteristics of the Langmuire isotherm may be experessed in terms of
the dimensionless separation factor values (Rp). In all cases, the Ry values for the experimental
data is between 0 and 1, which is also an indicative of the favorable adsorption of Cr(VI) ion on
the SRKF, CHA and SRKG. In all experiments, the larger value of, K1, obtained for the chromium
(VI) ions indicate SRKF the strong interactions between the hexavalent chromium ions and SRKG
and CHA. The conclutions are in conformity with the results obtained in the characterization of the

adsorbents CHA has a larger CEC and EC than other two.

Table 6.6 Summary of linear estimated isotherm models and its constant value for chromate

adsorption
Adsorbents Freundlich Isotherm: Langmuir Isotherm:
Log q.=Log K. + 1/n LogC, 1/qg=1/q,, + 1/q,,K, *1/C
Ads. Kr(mgg') 1mn R? 1/qu (mg g1) l/quk.  R?
SRKF 1.2114 0.4867 0.9336 0.1089 0.0057  0.9139
CHA 0.9025 0.5538 0.9846 0.0746 0.1028  0.9444
SRKG 0.9925 0.6927 0.978 0.0996 0.0348  0.9576

Log qe = adsorption efficiency (mg.g'), Log Kr = Freundlich constant, Log Ce=the equilibrium
concentration of adsorbate (mg 1), 1/n values between 0 and 1 it shows the suitability of
adsorption, 1/qm= maximum contain adsorbent (mg.g'), and Ki=Langmuir constant

6.4.7 Desorption

The results of desorption experiments show that the amount of Cr(VI) desorbed respectively
increases from 35 to 82% for SRKF, from 34 to 77% for SRKG and 17 to 83% for CHA when the
concentration of desorbent increased from 0.01 to 0.5 M NaOH. This indicates that when NaOH

is at about 0.5 M concentration the adsorbent materials exhausted can be regenerated for reuse.
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This finding agrees with the reports of Sadaf et al. (2015) and Bekam et al (2016). However, the

regeneration cycle and adsorption capacity of the regenerated adsorbent materials requires further
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Figure 6.6 Cr(VI) desorption on SRKF, CHA and SRKG at temperature 22 + 2°C, and pH =2

6.4.8 Low-cost adsorbents compared with locally available adsorbents

Low-cost adsorbents are naturally available materials or adsorbents, and are defined as waste
products from agriculture, industries, and domestic use. These materials are thus, less expensive
(Renge et al., 2012), affordable (Lim and Aris, 2014), environmentally friendly as well as abundant
(Kurniawan et al., 2006b; Kirbiyik et al., 2012; Lim and Aris, 2014) and cheap (Kurniawan et al.,
2006a; Carvalho et al., 2011). They have high treatment efficiency for the removal of toxic
chemicals (Tajrishy, 2012). These cheap adsorbents are simply gathered from agricultural waste,
industrial byproducts, clay soil, food waste and seafood (Bailey et al., 1999; Jain et al., 2013).
Hence, they are economically affordable and abundantly available (Li et al., 2007; Kaushal and
Upadhyay, 2014). For example, the cost of bagasse fly ash adsorbent which is available at
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US$0.002 kg! includes the transport payment to the adsorption processes site, energy used and
other factors. The final, total cost of this bagasse fly ash is around 0.009 US dollars per kilogram
(Srivastava et al., 1995). Some low-cost adsorptive materials serve as a scavenger of contaminants
by absorbing anions and cations. For example, clay is an environmentally suitable material for
wastewater treatment containing heavy metals (Sari et al., 2007; Bhattacharyya and Gupta, 2008,
Oncel, 2008) and it is an excellent adsorbent material, and also 20 times cheaper than activated

carbon at the current market price (Kaushal and Upadhyay, 2014).

Table 6.7 Comparision between various low-cost adsorbent materials and the present used in this

study adsorbents

Adsorbents Price References

(USSkg™)
Bagasse fly ash 0.009 Srivastava et al., (1995)
Waste metal sludge 0.004-0.005 Bhatnagar A (2008)
Blast furnace waste 0.038 Srivastava et al., (1995)
Blast furnace slag 0.040 Atun et al., (2003)
Clay 0.040-0.120  Babel and Kurniawan (2003)
Xanthate 1.000 Tare et al. (1992)
Perlite <1.500 Mathialagan and Viraraghavan (2002)
Chitosan 16.000 Babel and Kurniawan (2003)
Coconut shell charcoal 0.340 Babel and Kurniawan (2004)
Bentonite 0.050 Watson (2007)
Soil rich in kaolinite- ferrinatrite *
Soil rich in kaolinite -geothite ? <0.007 In this study
Coffee husk® <0.023 In this study

 Current market initial cost, in Ethiopia (2016)

In Ethiopia soil rich in kaolinite-ferrinatrite and goethite are at average about birr 0.15 (15 cents)
per kilogram and coffee husk at birr 0.5 (50 cents) per kilogram including the transportation cost.

These adsorbents (SRKF, SRKG and CHA) are US $ 500 kg™! (five hundred dollars per kilogram)
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times cheaper than some adsorbent such as chitosan at US$16 per kilogram (Babel and Kurniawan,

2003).

6.4.9 Comparison study with other adsorbents

The soil rich in kaolinite-ferrinatrite, coffee husk ash and soil rich in kaolinite-goethite prepared in
this study had a comparatively high adsorptive removal efficiency of chromium (VI) with short
period of contact time compared with other adsorbents reviewed in the literature such as adsorptive
removal of Cr(VI) by using soil rich in kaolinite-ferrinatrite. They have a contact time (minutes)
that is 10 times earlier than Fe® nanorods modified with chitosan anodic alumina, a 2.5 times earlier
contact time (minutes) than graphene sand composite, a nine times earlier contact time (minutes)
than magnetic graphene oxide via ethylenediamine and a 1.5 times earlier contact time (minutes)

than SWCNTS and MWCNTS.

Table 6.8 Comparison between different adsorbents for the adsorptive removal time of

chromium (VI) ion.

Metal Contact

Adsorbent ion Time (min) References

Fe® nanorods modified with chitosan anodic

alumina Cr (VD) 400 Liuetal., (2011)
Graphene sand composite Cr (VD) 100 Wang et al. (2014)
Magnetic graphene oxide via ethylenediamine Cr (VD) 360 Hamadi et al. (2001)
Dehghani et al.
SWCNTs Cr (VD 60 (2015)
Dehghani et al.
MWCNTs Cr (VD 60 (2015)
SRKF Cr (VD) 40 this study
SRKG Cr (VD) 40 this study
CHA Cr (VD) 40 this study

SWCNTs: Single-Walled Carbon Nanotubes; MWCNTs: Multi-Walled Carbon Nanotubes
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6.5 Conclusions

The level of chromium (VI) in the water are greater than the permitted limit and are toxic, which
can lead to number of health effects on living organisms and the environment. This study has
demonstrated the potential of the adsorptive efficiency of SRKF, CHA and SRKG for Cr(VI) ions
removal from contaminated water. The effects of shaker speed, adsorbent dose, solutions pH and
contact time for removal of Cr(VI) in waste water under batch adsorption on SRKF, CHA and
SRKG were investigated. The Freundlich and Langmuir isotherm was examined in this study at a
room temperature of 22 + 2°C. Therefore, this behavior suggested that LAM can be as an interesting

cheap adsorbents technology for hexavalent chromium removal from contaminated water.
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7. THEORETICAL DESIGN ON ADSORPTIVE REMOVAL OF Cr(VI)
FROM SELECTED INDUSTRY WASTE WATER USING
EXPLAINED DATA

7.1 Introduction

The wastewater discharge from various industries contains heavy metals such as chromium (Chai
et al. 2014; Zwain et al. 2014; Hokkanen et al., 2016). Improper discharge of the industrial
wastewater contains heavy metals like Cr(VI) into water bodies that can affect the health of human
being, living organisms and environment (Ahluwalia and Goyal, 2007; Asfaw, 2007; Belay and
Sahile, 2013; Mekuyie ,2014; Padanilly, et al. 2008; Tong, 2012; Wosnie and Wondie, 2014;
Zinabu, 2011). Hence, the adsorptive removal of hexavalent chromium from industrial wastewater
discharge by using coffee husk ash (CHA), soil rich in kaolinite-goethite (SRKG) and soil rich in
kaolinite-ferrinatrite (SRKF) have shown a good experimental result under the batch adsorptive
experimental setup. This all adsorbents material was abundantly found in Ethiopia (GSOE, 2011,
Kufa, 2012). All Chapter Three, Four and Five indicate that the adsorptive removal of Cr(VI) from
aqueous solution and actual wastewater discharge from friend ship tannery PLC industry. Now, at
this chapter by taking the optimum experimental result of parameters data obtained from the three
chapters such as shaker speed 150 rpm for SRKF and SRKG, and 100 rpm for CHA; contact time
40 min for all three adsorbents; adsorbent dose 3.5 g.L !, 1.5 g.L"! and 3 g.L"! for SRKF, CHA and
SRKG, respectively. The pH value of 2 for three of them; initial concentration chromium(VI) 2
mg.L',0.5mg.L " and 1 mg L, respectively and particle size 0.075 mm only for SRKF and SRKG
this all the experimental results were used for the design of selected wastewater discharge
containing hexavalent chromium from industry. The objective of this chapter was to calculate the
theoretical design of different treatment tanks by using ANSYS 17.0 software of the adsorptive
removal of Cr(VI) form selected industry by adding calculated amount of SRKF, CHA and SRKG

to be used for practical applicable in the industry.
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7.1.1 Design process of treatment plant for Cr(VI) removal

7.1.1.1 Design consideration and specification

A process was designed for the adsorptive removal of chromium (VI) from industrial contaminated
water containing hexavalent chromium, by using low cost, locally-available materials (LAM) of,
such as SRKF, CHA and SRKG, to the 1500 m*.day! discharge/ effluent capacity of the tannery
industry at in Ethiopia, as mentioned in Chapter One, Section 2.3 and sub-Section 2.3.2 (Asfaw,
2007). The design was based on the optimum / maximum adsorptive removal of Cr(VI) result from
batch adsorptive experiment set up and isotherm modeling; including shaker speed (rpm), contact
time (min.), adsorbents (SRKF, CHA and SRKG) dose (g.L!), pH solution, initial concentration
of chromium(VI) (mg.L™!") and particle size (mm). And all the experimental data were considered

for this design work.

Figure 7.1 Wastewater discharge from HAFDE tannery into river (Ethiopia)
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The physicochemical characteristics of industrial wastewater were collected from Friendship
Tannery PLC factory, in the Oromia regional state, the East Showa zone, near to the capital city of
Ethiopia, Addis Ababa. The composition wastewater effluent from the industry characterize at
Jimma University, Environmental Health Laboratory in 2015. This actual wastewater contains pH
(7.56) and milligram per liter of hexavalent chromium, phosphate, nitrate, chlorine, dissolved
oxygen, and chemical oxygen dissolve about 0.98, 15.91, 1.80, 819.28, 3.45 and 463.50,
respectively. The physicochemical characteristics of soil rich in kaolinite-ferrinatrite, soil rich in
kaolinite-goethite and coffee husk ash were characterized at Bishoftu Research Institute
Laboratory, Ethiopia. The parameters contain electrical conductivity, cation exchange capacity,

total nitrogen, organic matter, organic carbon and texture of the adsorbents.

Table 7.1 Physicochemical characteristics of wastewater from Friendship Tannery PLC factory

(Ethiopia)
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Value 098 1591 1.80 819.28 3.45 463.50 94140 7.56 6.19 14.56 25.85

7.1.1.2 Availability of local adsorbents

Soil rich in kaolinite-ferrinatrite, coffee husks and soil rich in kaolinite-goethite were collected
from various districts in south-west Ethiopia, in the Oromia Regional State and the Jimma Zone.
This adsorbent was collected for the physicochemical characterization and for the batch adsorptive
experiment process. The Universal Transverse Mercator, difference, elevation, and sampling depth

of SRKF and SRKG were indicated at Table 7.2 and Table 7.3.
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Table 7.2 Sampling location site of SRKF

Sampling Difference  Elevation Depth

Site UTM (m) (m) (m)

1 37N 0274104
0888816 +3 1792 0.9

2 37N 0264967
0879988 +3 1816 1.2

3 37N 0260722
0877326 +3 1990 0.8

Table 7.3 Sampling location site of SRKG

Sampling Difference  Elevation

Site UTM (m) (m) Depth (m)

1 37N 0269547
0850850 +3 1852 0.85-1.20

2 37N0269574
0850976 +3 1856  0.80-1.00

3 37N0269596
0850996 +3 1857 0.95

UTM represents Universal Transverse Mercator

7.1.2 Design process analysis

The design of adsorptive removal of chromium(VI) ion from industrial polluted water unit have a
full wastewater treatment plant that is primary, secondary, and tertiary treatment as follows such
as primary treatment units contain various tanks that is coagulation, flocculation, settling and sand
filtration tanks; secondary treatment unit contain adsorptive removal of Cr(VI) treatment tanks as
batch forms that contain locally available materials (LAM) such as soil rich in kaolinite-ferrinatrite,
soil rich in kaolinite-goethite and coffee husk ash. The tertiary treatment unit has sand filtration to

treat passed adsorbent contain Cr(VI) from secondary tanks, color and odor and ultraviolent lamp

177



used to treat microorganisms. The design considers primary, secondary, and tertiary treatment
plant; specially focused on the objective and the result of research output on the secondary
treatment that is adsorptive removal of chromium(VI) from industrial contaminated water
discharge/effluent by using locally available materials. The following equations were used to know

the dimension and the amount of the various treatment units (Rivas et al., 2008).

7.1.2.1 Design of coagulation tank

The design process of coagulation tank of this work was carried out using batch adsorption
experimental methods, which is most widely used experimental method for adsorption (Gerrity et
al., 2015; Ronke et al., 2016). The design will be accomplished using the set up shown in Figure
7.2. The design was carried out at this coagulation pH 2 adjustment of wastewater discharge by
addition of sulfuric acid (H2SO4) and took 62500 L.hr! wastewater discharge from tannery industry
(Asfaw, 2007). The design of coagulation tank consider volume (V = QT) of wastewater discharge
from industry in liters, flow rate (Q) of the effluent wastewater from industry in liter per hour and
detention time 0.25 hours, it can be typically to be between ten and thirty minutes (Michelin, 2010;
Ronke ef al., 2016). The volume of the coagulation tank was designed, based on its length, width,
and depth which was about 200, 300 and 270 cm, respectively.

N
Ed
0.00 200.00 400.00 {cm)
I 20000

100.00 300.00

Figure 7.2 The volume of coagulation tank designed by ANSYS 17.0 software
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After designing coagulation tank, the wastewater containing Cr(VI) discharge from industry was
characterised at laboratory level then choice of coagulant by considering the following factors:
such as nature and amount/ quantity of wastewater discharge from industry, composition of
physicochemical wastewater discharge from industry, treatment condition after coagulation
(filtration, settling), purity of reagents, particularly in the case of wastewater treatment process (Jin,

2005).

7.1.2.2 Design of flocculation tank

The flocculation tank volume calculated by using the formula (V = QT). At flocculation tank, the
settling of colloidal material took longer time than coagulation tank (Rivas et al., 2008; Samaras et
al., 2010). Therefore, the time found to be half-an-hour (30 minutes) (Michelin, 2010). Therefore
V = 15625 L.hr'! x 0.5 hr = 7813 L. The volume of flocculation tank was increased up to volume
= 8000 L to satisfied better mixing. To know detention time; T = V/Q = 8,000 L/7,813L.hr'! = 1.02
hr > 1/2 hr [ok]. By taking height (H) and width (W) of flocculation tank about 27 L and 30 L,
respectively. Then L = V/LW =10 L. Therefore, the dimension of length, width, and height of the

flocculation tank about 100 cm, 300 cm, and 270 cm, respectively.

®

0.00 150.00 300.00 (em)
I I
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Figure 7.3 The volume of flocculation tank designed by ANSYS 17.0 software
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7.1.2.3 Design of settling tank

The critical velocity of flow saw considered for the design of the settling tank. For the removal of
any particles, the value of the critical velocity (V.) is less than the settling velocity. The settling
tank was prepared with lamella settlers to increase the removal of collides and suspended solids
(Irvine et al., 1989; Shen et al., 2015). The volume of the setting tank can be calculated by (V =
QT), where Q flow rate in liter per hours, T detention time in hours. By taking the V = 10000 L
then L =300 cm, W = 120 cm, and H = 300 c¢m, therefore: T = V/Q = 10000L/15,625L.hr! = 0.64
hr. The settling velocity of critical particle was calculated (V.= Q/A); therefore, V.= V/TLW =
10,000/0.64x30x12 = 43.4 cm.hr'!. This settling tank used for separation of particulate materials
by their own weight through settling velocity designed above.

i

#

0.0 150.00 300.00 {cm)
I
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Figure 7.4 The volume of settling tank designed by ANSYS 17.0 software

The primary treatment design such as coagulation, flocculation and settling tanks summary were

indicated Table 7.4 about phase I, phase II and Phase III, respectively.
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Table 7.4 Summary of primary treatment design

Phase L (cm) W (cm) H (cm)

I 200 300 270
II 100 300 270
I 300 120 300

L X

0.00 250,00 al0,00 fcrmy)
I I |
125.00 37500

Figure 7.5 Dimension of primary treatment process tanks designed by ANSYS 17.0 software
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7.1.2.4 Design of filtration tank

The filtration tank removes the small particles in the industrial wastewater. However, the large
particle cannot pass through the media. The primary turbidity of the industrial wastewater is also
removed by the filtration process. The rapid filtration uses gravity, hence has low electrical
consumption and is simple (Irvine et al., 1989). The influent industrial wastewater containing
Cr(VI) is cleared by force of gravity. The advantage of this filtration process lies in its low sensitive
to the quality of industrial wastewater discharge and simplicity of backwashing for regeneration
by using small amount of sand (Tchobanoglous and Burton, 1991). The theoretical filtration rate is
equal to flow rate of the industrial wastewater discharge divided by the area of the tank (Bahadori

etal., 2013).
F=QA (7.1)
Where

F = the filtration rate (m>.(m?.hr)™"),

Q= flow rate in (m® hr'!), and

A= area in (m?).

By using the above equation: F =3m?>.(m%hr)"! (Design standard United State (0.4 - 3.1m>.(m%.hr)
"y and Q = 7813 L.hr'!; Therefore, A = 2.6 m?; Therefore D = 18.2 ¢cm around up to 20 cm and
found to be L = 3D = 60 cm. The similar size of filter media used for proper operation of sand
filtration. Before the treatment process began, the sand was cleared by washing (Flores-Alsina et
al., 2015). The uniformity coefficient (UC) (dso/dio) was approximately 1.5 due to the
recommended UC between 1.3-1.8 (Paige-Green, 1999; Zouboulis et al., 2007; El Zayat et al.,
2015).
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Figure 7.6 The volume of filtration tank designed by ANSYS 17.0 software

7.1.3 Secondary tank (design of Cr(VI) adsorptive removal tank)

Secondary tank design used for the adsorptive removal of hexavalent chromium from industrial
polluted water pass through primary treatment process. Other treatment technology such as ion
exchange, chemical reduction, membrane separation, reverse osmosis and electro-coagulant were
expensive investment, high operational cost, and ineffectiveness at high concentration of Cr(VI)
removal from industrial wastewater (Flores-Alsina et al., 2015; Hokkanen et al., 2016). Large
setting basins may be required to collect the metal precipitates, usually followed by a large filtration
unit. Thus, to take advantage of the benefits of adsorption while overcoming some of these
drawbacks, a means has been designed for the development of a variety of economical materials
for use in the removal of heavy metals from contaminated water through adsorption. Due to this
adsorptive removal of Cr(VI) from industrial polluted water by using SRKF, CHA and SRKG were
affordable for developing country such as Ethiopia. The following design were calculated

depending on the experimental results obtained from in Chapters Three, Four and Five.
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Table 7.5 Expermental result for technological viability

No Effects SRKF CHA SRKG
1 Shaker speed (rpm) 150 100 150

2 Contact Time (min.) 40 40 40

3 Adsorbent dose (g/L) 3.5 1.5 3

4 pH solution 2 2 2

5 Initial concentration of Cr (VI) (mg/L) 2 0.5 1

6  Particle size (mm) 0.075 0 0.075

From the experimental result chapter three, four and five (Table 7.5) a series cylindrical tanks with

stirred tanks / orbital shaker table for batch equilibrium tank were used for adsorptive removal of

hexavalent chromium from tannery industry polluted water discharge each cylindrical tank have 2

(two) tanks, one for operation and the other for reservation, in the case of SRKF, CHA and SRKG

exhaustion or tank maintenance.

The design of the volume of the Cr(VI) adsorptive removal tank can be calculate depend on the

experimental research result chapter Three, Four and Five (Table 7.4) as follows:

(i)

(i)

(iii)

(iv)

(v)

(vi)
(vii)

the amount of discharge from tannery industry wastewater contain Cr(VI) is 1500
m?>.day! = 7813 L.hr'! (Asfaw, 2007, Chapter One Section 2.3) = 5209 L in 40 minutes
(40 min from Table 7.4)

the concentration of Cr(VI) in the tannery industry wastewater discharge is 0.98 mg.L
! (wastewater from Friendship Tannery PLC factory for experiment)

the amount of pH value of wastewater from Friendship Tannery PLC factory is 7.56.
The pH value of the wastewater was adjusted with 0.1 N H2SO4 up to obtain pH =2
the shaker speed was adjusted to 150 rpm for SRKF and SRKG adsorbents and 100 for
CHA adsorbent.

the volume of cylindrical tank of adsorptive removal of Cr(VI) capacity calculated by
(V= A H), therefore, 30L = A x 60 cm, D =80 cm

the capacity of each tank is approximately 30L and assume 60 cm height.

the diameter and height of each tank was 80 centimeters and 60 centimeters,
respectively. The number of cylindrical batch adsorptive removal tanks with continuous
stirred tank reactors:
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Figure 7.7 The volume of cylindrical batch adsorptive removal tank designed by ANSYS 17.0
software

Number cylindrical tank = Q discharge/capacity of each cylinder =5209 L/30 L around
174 thanks

Therefore, 174 cylindrical tanks for process and 174 cylindrical tanks for standup, total
348 cylindrical tanks for SRKF adsorbent batch set up. For all three adsorbents (CHA,
SRKG and SRKF) are 1044 tanks.

90006

for process for stand up

Figure 7.8 For SRKF adsorptive removal Cr(VI) batch set up block diagram (floor plan)
the particle size was selected for SRKG and SRKF adsorbents (0.075 mm)
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(viii) the contact time for all adsorbents (SRKF, CHA and SRKG) are 40 minutes.
(ix)  the adsorbents (SRKG, CHA and SRKF) dose for the design:

Table 7.6 The dose of adsorbents (SRKF, CHA and SRKG)

Adsorbent Dose of adsorbent (g.L!)

Research result For each tank (30 L)  For total 348 tanks

SRKF 3.5 105 36,540
CHA 1.5 45 15,660
SRKG 3 90 31,320

(x) the adsorbents were exhausted by Cr(VI) ion concentration, it can be regenerate by

desorption process.

7.1.4 Tertiary treatment design

For sand filter treatment used by cylindrical shape with a diameter of 20 centimeters and a height
of 60 centimeter. The tertiary treatment used for removing the adsorbents contain Cr(VI) pass from

the secondary tank treatment and then to storage tanks (Tchobanoglous and Burton, 1991).

A
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Figure 7.9 The volume of tertiary treatment tank designed by ANSYS 17.0 software
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7.2 Adsorptive Removal of Cr(VI) from Industrial Wastewater Treatment (ARIWWT)

Process Description

The operation steps of adsorptive removal of Cr(VI) from industrial wastewater treatment and
Figure 7.10 and Figure 7.11 shows the ARIWWT processes block and schematic diagram (IFC,
2007; USEPA, 2013).

1. The primary treatment process tanks were occupied with industrial wastewater containing
Cr(VD).

2. Industrial wastewater contains Cr(VI) was discharged by gravity to the primary settling unit
such as coagulation, flocculation, settling tanks. No chemicals or coagulants were added in
the experimental runs. Suspended collides and suspended particles were removal at settling
tank.

3. Wastewater discharge from settling tank to the other tank passes by gravity force for the
further treatment processing.

4. The colloid and suspended unwanted materials were cleared by sand filtration process at
cylindrical tanks.

5. The filter industrial wastewater was effluent to adsorptive removal of Cr(VI) tanks. The
equilibrium batch cylindrical tanks have two tanks such as one for process and another
standby tank used for if the exhaustion of the SRKF or maintenance of the tank. In the batch
cylindrical tank around 36540 g of adsorbent dose for all 348 tanks were poured in the batch
adsorptive tanks. In batch cylindrical tanks, 3.5 g.L ! of SRKF was added during the
experimental runs and with 150 rpm shaker speed.

6. The sand filtration after adsorption process used for removal of some of the suspended
SRKF particulate contain Cr(VI) and odor nuisance from the industrial wastewater
discharge and then to storage tanks. At this storage tank it should be adjusted from a pH of
2, to a neutral pH of 7.

7. A sample was collected after adsorptive removal of Cr(VI) tank to know adsorptive removal
capacity of soil rich in kaolinite-firrinatrite adsorbent.

8. The SRKF adsorbent exhausted by Cr(VI) ion the desorption process was applied.

9. The stirred/shake speed and other treatment process were controlled by an electrical control

panel.
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Figure 7.10 Adsorptive removal of Cr(VI) treatment processes block diagram

Industry
Settling

Flocculation
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2l
] | Storage tank

Figure 7.11 Schematic diagram of adsorptive removal of Cr(VI) by using SRKF, CHA and

SRKG treatment processes
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7.3 Conclusions

The theoretical design of adsorptive removal of Cr(VI) from industrial wastewater discharge from
tannery industry was designed by taking discharge amount from the industry dentation time from
standard. The design considers primary treatment, filtration, and adsorptive removal of Cr(VI)
tanks and it may be the major component for managing the treatment process in the developing
country like Ethiopia. This all tanks volume value was calculated by using various known formulae
and designed by using ANSY'S software 17.0. Therefore, this local available material (SRKF, CHA
and SRKG) with the design process was promising adsorbents and design for adsorptive removal

of Cr(VI) from wastewaters then it will be implement at local level.
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8. GENERAL CONCLUSIONS AND RECOMMENDATION

8.1 Summary

Industrial development along the riverbanks has caused severe problems for living organisms
(Ronke et al., 2016; Ahmad and Haseeb, 2017; Kan et al., 2017). Cr(VI) is the most frequently
found metal in effluent that being discharged from point source pollution such as leather,
electroplating industries. The presence of higher than the permissible levels of heavy metals result
in a high risk to human health (Ahmad and Haseeb, 2017; Uddin, 2017; Lin et al., 2018). It is also
a known carcinogen and other chronic diseases occurence (Ahmad and Haseeb, 2017; Kan et al.,
2017; Panda et al., 2017). In many cases, particularly in developing countries, polluted water is
often used for domestic as well as irrigation purposes. The lack of knowledge on the mechanisms
of heavy metal removal, the relatively high cost and the complexity of providing the necessary
treatment have led to either the inadquate treatment of wastewater, or no treatment at all (Ahmad
and Haseeb, 2017; Panda et al., 2017). In such a case, the removal of its contaminants from
wastewater is absolutely necessary. Effective and safe discharge of polluted wastewater containing
heavy metals is always a challenging task for many parts of the world especially the developing
countries due to the fact that cost-effective treatements are not readily available (Malik et al., 2017).
Conventional technology for treating metal bearing water mainly involves precipitation of the
metals and then separation of the particulate metals by setting, usually aided by chemical
coagulations. This approach has several practical limitations (Kan et al., 2017; Malik et al., 2017).
In many places the chemicals are expensive and they have to be imported in hard currency. Besides,
precipitation is often unsuccessful if the metals are complexed or if they are existing as anions (e.g.
HCrOy). In addition, these metals which do precipitate may form small particles that do not readily
settle. As a result, large settling basins may be required to collect the metal precipitates, usually
followed by a large filtration unit. Thus, to take advantage of the benefits of adsorption while
overcoming some of these drawbacks, a means has been designed for the development of a variety
of econmical materials used for the heavy metals removal from industrial wastewater through

adsorption.
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The selection of an appropriate adsorbent is very crucial for the successful application of
adsorption. The main concerns were reduction of cost, elimination of secondary pollutant
generation, improving the efficiency for treatment of contaminated water with heavy metal
loadings (Ronke et al., 2016). The available methods have several disadvantages, which make them
not effective and/or not sustainable for non-developed areas around the globe. As a result, looking
for an appropriate wastewater treatment technology using locally available natural materials that
may be used in poorly developed areas such as Ethiopia remains an issue that has to be dealt with.
Among the natural adsorbents, soil and coffee husk would meet the criteria that have been
estabilished for wastewater treatment processes due to their physical properties. In this work,
alternative to the conventional purification agents, soil rich in kaolinite (40.4%)—ferrinatrite
(59.6%) (SRKF), soil rich in kaolinite (29.4%)-goethite (70.6%) (SRKG) and coffee husk ash

(CHA) were used as treatment media in order to optimize the design parameters.

Based on this, the objectives of the present work were to investigate the technological viability
of SRKF, CHA and SRKG for removal of Cr(VI) ion in batch adsorption under various parameters.
The effects of major design parameters ( shaker speed, pH of solution, initial concentration of
chromium(VI) ion, contact time, dose of adsorbent and size of particle) onto SRKF, CHA and
SRKG are optimized. In order to provide the necessary information for process optimization and

design, several models have been developed using experimental data.

8.2 Conclusions

The presence chromium (VI) in the water at levels greater than the permitted limit is the cause of
severe to human health problems and environment. Because of this, the removal of hexavalent
chromium from industrial wastewater discharge, or its minimization up to a permissible level, is
necessary for human and the environment health. The present study demonstrated the technological
viability of soil rich in kaolinite-ferrinatrite (SRKF), soil rich in kaolinite-geothite (SRKG) and
coffee husk ash (CHA), for the adsorptive removal of Cr(VI) ions from industrial wastewater
containing heavy metal discharge as effluent to nearby water bodies and/ or the environment. Batch
adsorption by various effects, such as the shaker speed, contact time effect, the dose of adsorbents,

the solution pH effect, initial amount of hexavalent chromium and size of particle optimum removal
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efficiency was investigated. Equilibrium contact time for Cr(VI) removal was observed within 40
minutes. The fast initial uptake rate is attributed to the availability of a large number of open
adsorption site at the initial stage. The optimum adsorptive removal capacity of CHA, SRKF and
SRKG adsorbents at pH value of 2. The other effects of the three locally available adsorbents are
not the same optimum value of removal efficiency of chromium(VI) from aqueous solution and
actual wastewater contain Cr(VI) discharge from industry. Adsorption of Cr(VI) followed Pseudo-
Second-Order kinetics with coefficient of determination; r> > 0.99 for the three-adsorbent media.
Besides, the predicted equilibrium adsorption capacities were quite close to the experimental values
for all particle sizes tested in this study, confirming the validity of the pseudo second order rate
assumption. The transport of chromium (VI) ions from the solution to the pores of the adsorbent
particles and surface of SRKF, CHA and SRKG are responsible for the adsorption of the hexavalent

chromium ions.

The Freundlich and Langmuir isotherm was examined in this study at a room temperature of 22 +
2°C. Results of the adsorption isotherm show that the Freundlich isotherm model better described
Cr(VI) adsorption into soil rich in kaolinite-ferrinatrite, soil rich in kaolinite-goethite and coffee
husk ash with coefficient of determination; r> > 0.93. The Langmuir characteristic defined by the
Ry value. In all adsorbents, the Rr values for the experimental data were between 0 and 1, which
is an indicative value of the favorable adsorption of chromium(VI) ions on the SRKF, CHA and
SRKG. In all experiments, the larger value of, K, obtained for the chromium (VI) ions SRKF
indicate the strong interactions between the hexavalent chromium ions than SRKG and CHA.
These adsorbent materials could be used for the chromium(VI) removal from industrial wastewater
and the treatment process by considering industry effluent amount and standard detention time as
was designed. Therefore, this behavior suggested that soil rich in kaolinite (40.4%)-ferrinatrite
(59.6%), soil rich in kaolinite (29.4%)-goethite (70.6%) and coffee husk ash can be used as an
interesting and promising cheap adsorbents technology for adsorptive removal of chromium(VI)
from contaminated water. However, further investigation will be required for practical application
of these three locally available adsorbent materials at local level for removal of chromium from

industrial wastewater discharge.
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8.3 Practical Relevance

Soil rich in kaolinite-ferrinatrite, soil rich in kaolinite-geothite and coffee husk ash were locally
available adsorbent materials are promising and practically viable methods for adsorptive removal
of hexavalent chromium from industrial wastewater discharge. Depending on the results reported
in Chapter Three, Four, Five and Six, the design of adsorptive removal in Cr(VI) from industrial
wastewater discharge from tannery industry was performed by taking actual discharge amount of
cubic meter per year from the industry and detention time from US standard. The design considers
primary treatment, filtration, and adsorptive removal of Cr(VI) tanks and it may be the major
component for managing the treatment process in the developing country like Ethiopia. The
adsorptive removal tank in Cr(VI) filled with each adsorbent (SRKG, CHA and SRKG) according
to the research result (experimental data) from chapters 3, 4, 5 and 6. All tanks value were
calculated and designed by using ANSYS software 17.0. Therefore, this local available material
(SRKF, CHA and SRKG) with the design process were promising adsorbents and design for

adsorptive removal of chromium(VI) from wastewater can be recommended to be implemented.

8.4 Recommendations

Promising results have been obtained for the adsorptive removal of hexavalent chromium (Cr(VI))
from contaminated water in batch adsorption experiment by using soil rich in kaolinite-ferritite,
soil rich in kaolinite-geothite and coffee husk ash as adsorbents. Hence, the following can be
recommended for further optimization and implementation of soil and waste for wastewater

engineering:

1 The implementation the soil rich in kaolinite-ferrinatrite for adsorptive removal of
hexavalent chromium from wastewater tested at local level depend on the design.

2 The practical application of the coffee husk ash will be checked as treatement technology
for removal of hexavalent chromium from industrial wastewater at selected industry.

3 The practical application of the soil rich in kaolinite-geothite for the treatment of hexavalent

chromium from contaminated water at domestic level.
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4 Different ions and compounds present in polluted water might influence heavy metal
adsorption onto the adsorbents and, hence, affect the process of adsorptive metal removal.
Therefore, there is a need for a detailed investigation are required on the major inorganic
ions as well as organic matters influencing the adsorptive heavy metal removal from

different industrial wastewater effulents.
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9. APPENDICES

Figure 9.1 Sample collection

Figure 9.2 Laboratory work

197



Figure 9.3 Laboratory work
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Figure 9.4 Laboratory work
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Figure 9.5 SEM and EDX analysis at Pietermaritzburg campus, UKZN
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Figure 9.6 SEM and EDX analysis at Pietermaritzburg campus, UKZN
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Chromium cycle (Marius, 2011)
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