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Abstract

ARSENIC ADSORPTION FROM GROUND WATER USING NON-TOXIC
WASTE AS ADSORBENTS

by
DIKSHYA DHAKAL
Bachelor of Technology (Environmental Engineering), Kathmandu University, 2016

Master of Science in Engineering and Technology, Sirindhorn International Institute of
Technology, 2018

Groundwater sources contaminated by arsenic pose a great threat to the
environment and the living organism including human. Exposure to arsenic at low
concentration for a long period or high concentration for a short period, would create a
lot of problem on the health and environment. Treatment of water containing soluble
arsenic ions is a must and if possible, followed by recovery or secure disposal of it.
Various conventional technigues are being applied to treat arsenic contaminated water
which are either expensive or less efficient. Adsorption is the most cost effective,
simple and easy way to treat water containing heavy metals. The energy requirement to
carry out adsorption process is minimal and could be more economic if we are able to
use low cost adsorbents. In an effort to treat arsenic contaminated water in an economic
way, this study attempts to find locally available and non-toxic adsorbent so that arsenic
could be removed via the process of adsorption. Egg shell (ES) and banana peel (BP)

were selected and their arsenic removal capacity were investigated.

Some physical and chemical properties of ES and BP were studied using
techniques such as FTIR to find the functional group present in the adsorbents, BET
surface area analysis, SEM to observe the surface morphology of the adsorbents and

EDX to know the chemical composition of the adsorbents. The results of FTIR analysis
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showed the involvement of calcium carbonate of ES and hydroxyl group of BP for
arsenic adsorption. BET surface area analysis revealed that the surface area of ES and
BP was 0.77 m?/g and 0. 4m?/g. Lower surface area in both adsorbents was due to the
flat surface as seen in the SEM images. EDX analysis showed increment or decrement
in weight percentage of element in adsorbents before and after adsorption. This suggests
the involvement of the ions during adsorption process and confirmed the adsorption

process being held.

Adsorption experiments were carried out to optimize the influencing
parameters such as adsorbent dose, pH, agitation speed, contact time and initial
concentration on both the arsenite [As(l11)] and arsenate [As(V)] forms of arsenic.
Arsenic removal capacity of ES is greater than the arsenic removal capacity of BP under
same experimental conditions. As(V) removal capacity of adsorbents is greater than
As(111) removal capacity even in short period of time. As(l1l) and As(V) adsorption
were more sensitive to pH of the solution. As(l11) removal was maximum at pH 9 and
As(V) removal was maximum at pH 6. Moreover, pHzpc of BP was found at pH 7.06
and of ES was found at 8.03. At optimum conditions, As(lIl) and As(V) removal
efficiency of ES is 68.54 % and 72.01 %, respectively. Likewise As(lll) and As(V)
removal efficiency of BP is 63.77 % and 67.12 %, respectively. Effect of competing
ion such as phosphate and nitrate were also studied. These ions have a great influence
on arsenic removal efficiency. As the concentration of these ions increases, arsenic
removal efficiency of the adsorbents decreases. Modification of adsorbents were done
in order to improve the removal efficiency. Carbonization at 700°C slightly increased

the removal efficiency but acid modification was not favourable.

Carbonized banana peel (CBP) and carbonized egg shell (CES) along with
BP and ES were further used for experiments at pH 7 to model the adsorption data using
different isotherm and kinetic equation. The best isotherm and kinetic equation were
chosen with the help of some error analysis tools. As(I11) uptake by all adsorbent and
As(V) uptake by CBP are best fitted to Langmuir isotherm indicating formation of
monolayer during adsorption process. But, As(V) adsorption on BP, ES and CES
followed the Freundlich isotherm model indicating multilayer adsorption. Adsorption
of As(lll) and As(V) on BP, CBP and CES followed pseudo-second order Kinetic
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equation and adsorption of As(I11) and As(V) on ES followed Elovich kinetic equation
indicating that the adsorption process is controlled by chemisorption process. In
addition, adsorption rate on ES decreases exponentially with an increase in quantity of
adsorbed ions. Comparison of evaluating suitable isotherm and kinetic model based on
RZ? and error values revealed that R? values may not be true representative of the model.
Overall result of the study concluded that BP and ES are promising alternate to the toxic

and expensive adsorbents for the removal of arsenic from groundwater.

Keywords: Arsenite, Arsenate, Adsorption, Low-cost adsorbents, Isotherm, Kinetics
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Chapter 1

Introduction

1.1 Background

Water pollution has been a major environmental problem since the start of industrial
revolution. Rapid urbanization and population growth triggered to an increase in water
consumption and wastewater generation. Households, institutions and industries are
disposing untreated wastewater haphazardly that causes severe deterioration of the
water bodies in the developing world. Huge quantities of the wastewater generated are
being disposed into the water bodies without any proper treatment. This trend of
disposal leads to the accumulation of harmful materials including pathogens, toxic
substances, biodegradable organic matter, and chemicals in water streams and rivers.
The ultimate consequence is the shortage of clean water and the water borne diseases.

This, in turn obligated people to rely upon groundwater.

Groundwater is an important source of water for a wide range of purposes. Groundwater
use has been increased progressively as an alternative to polluted surface water. The
major source of water used for irrigation and livestock purposes is groundwater. People
in some regions also depends upon groundwater for drinking and cooking purposes.
However, groundwater is also not a secure option. Groundwater contaminated with
arsenic is a globally recognized environmental problem. Countries like Bangladesh and
India (West Bengal) use groundwater as the main source of drinking water. But
groundwater in those countries is severely contaminated with arsenic due to the release
of arsenic from arsenic contaminated sediments in groundwater aquifers and recharge
areas (Murugesan, Sathishkumar, & Swaminathan, 2006). Groundwater also gets
contaminated through infiltration of arsenic from contaminated soil. Arsenic
accumulation in soil may be attributed to the use of arsenical pesticides to increase
cultivation, application of fertilizers to improve the quality of soil. Dust particles
released from the burning fossil fuels, and disposal of industrial and animal wastes in
the land also increases arsenic level in soil. After certain time, arsenic accumulated in
soil could infiltrate to the water bodies and some of them can also enter the air through

volatilization. Higher concentration in arsenic could also be due to mining activities,
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burning of coal, fuels and wastes, smelter operations and volcanic emissions. Hence,
the concentration of arsenic in water bodies is increasing day by day as a consequence

of the up-growing industrialization and urbanization of the world.

At present, 70 countries are affected with water contaminated by arsenic (Rehman,
Yusoff, Ahmmad, & Alias, 2015). About 150 million people around the world are
affected by arsenic contaminated water among which 110 million people live in South
and South-east Asia (Singh, Singh, Parihar, Singh, & Prasad, 2015). Exposure to
inorganic arsenic at lower level would cause irritation in the stomach and lungs, but if
exposed at higher level may cause serious health hazards like infertility, miscarriage in
women and retarded development in children. It will affect the respiratory track, cause
cardiovascular abnormalities, gastrointestinal effects, brain damage, and even lower the
immunity power against some infections (Abernathy et al., 1999). Long term exposure
to high arsenic concentration would cause diseases such as skin lesions and cancers that
include hyper-pigmentation (excess skin pigmentation), hyperkeratosis, gangrene in the
limb, skin cancer, lung cancer and bladder cancer (Joshi & Sahu, 2014). Arsenic also
gets accumulated in soil if the land is irrigated by water contaminated with arsenic. One
of the studies done in Bangladesh showed that if soil is irrigated by arsenic
contaminated water then the arsenic will be accumulated in the soil layers
(Bhattacharya et al., 2007). Once the soil is contaminated it would decrease the crop
quality and crop vyields. It is reported that 25 mg/kg arsenic is accumulated in soil
because of the irrigation done with arsenic contaminated water due to which 10% of
the rice yield has been decreased (Bhattacharya et al., 2007). It is also stated that if
0.1pg/g of arsenic is released from solid phase then it may increase the groundwater

arsenic concentration in the 200 ug/L (Pokhrel, Bhandari, & Viraraghavan, 2009).

1.2 Statement of the Problem

Groundwater containing arsenic is one of the major environmental problem. If human
or other organism are exposed to arsenic contaminated water, it will cause severe health
issues. Unlike organic pollutants, the majority of which are susceptible to biological
degradation, arsenic will not degrade into harmless end products. Thus, treatment of

aqueous wastes containing arsenic ions requires major attention followed by recovery

2
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or secure disposal. There are several treatment methods for the removal of arsenic from
groundwater and wastewater. Some of them includes: oxidation techniques,
coagulation and flocculation, ion-exchange method, phytoremediation, membrane
separation approach, adsorption by activated carbon, etc (Dadwal & Mishra, 2016). But
these processes are either expensive or are inefficient or toxic to be used for drinking
water treatment. In this regard arsenic discharging industries and people relying on
groundwater would not prefer to treat the water with high cost for the treatment. In
comparison to the available treatment methods, adsorption technique provides an
efficient and economical way of arsenic ion removal. Adsorption techniques are widely
used in the uptake of arsenic ions from water and wastewater using different adsorbents
such as siderite (Guo, Stiiben, & Berner, 2007), hematite (Dickson, Liu, & Cali, 2017),
zeolite (Chutia, Kato, Kojima, & Satokawa, 2009), brick powder (De Gisi, Lofrano,
Grassi, & Notarnicola, 2016), tea waste (Murugesan et al., 2006), fish scale (Rahaman,
Basu, & Islam, 2008), FeCls treated lemon peel (Marin-Rangel, Cortés-Martinez,
Cuevas Villanueva, Garnica-Romo, & Martinez-Flores, 2012), FeCls treated
pomegranate peel (Thapa & Pokhrel, 2013) etc. Although various adsorbents have been
studied for arsenic removal, yet there are only few studies that have determined the
possibility of using biomass without any chemical treatment for arsenic removal.
Hence, there is a need to obtain inexpensive, easily available and non-toxic adsorbents
that could be used in developing countries for remediation of arsenic contaminated

groundwater.

1.3 Purpose of the Study
Locally available non-toxic biomass i.e. egg shell and banana peel is selected as
adsorbent in this study. The purpose of this study is listed as follows:

e To investigate the efficiencies of locally available and non-toxic biomass for the
removal of arsenic(l11) and arsenic(V) from water.

e To optimize the influencing parameters such as adsorbent dose, pH, contact
time, agitation speed, initial concentration and co-existing minerals that affects
the adsorption capacity for banana peel and egg shell.

e To model the experimental results with suitable isotherm and investigate the

adsorption mechanisms using appropriate kinetic models.

3
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1.4 Scope of the Study

In this study, the adsorption capacity of locally available adsorbents for the removal of
arsenic is investigated. Synthetic water with known concentration based upon the
groundwater concentration of arsenic in different countries. Suitable locally available
substances such as egg shell and banana peel were collected from the market and were
used as adsorbents for the removal of arsenic. Some physical and chemical properties
of the adsorbents were studied using the techniques like BET surface area analysis,
Fourier Transform Infrared Spectroscopy (FTIR) analysis to identify the functional
groups and Scanning Electron Microscopy - Energy Dispersive X-Ray Spectroscopy
(SEM-EDX) to determine the surface characteristics and elemental composition of the
adsorbents. After that the adsorption efficiency based on the different experimental
parameters was investigated and optimal conditions for adsorption were defined. The
parameters include adsorbent dose from 2 g/L to 10 g/L, pH from 4 to 11, contact time
from 40 min to 240 min, agitation speed from 50 to 250 rpm and initial analyte
concentration from 0.1 to 10 mg/L. The effect of co-existing ions such as phosphate
and nitrate were also studied. Three isotherm model namely the Langmuir, Freundlich
and Elovich isotherm models were studied to ascertain the feasibility of adsorption
process and also to find the maximum adsorption capacity of the adsorbents. Likewise,
adsorption kinetics process was studied using pseudo-first order reaction models,
pseudo-second order reaction model and Elovich equation. Finally, in order to select
the suitable model and Kinetics that represents arsenic adsorption on the adsorbents,
some error analysis tools were applied. These tools included the chi-square test, root

mean square error and average percentage error analysis.
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Chapter 2

Literature Review

This chapter provides the overview of arsenic, its forms, impacts and worldwide
distribution in groundwater especially in the countries like Bangladesh, India and
Nepal. Different treatment methods used for arsenic removal are reviewed with a well
description of adsorption process. Adsorption Isotherm and Kinetics are also reviewed.
Various types of adsorbent used for arsenic removal are listed with their optimum

conditions.

2.1 Heavy Metals

Heavy metals are those chemical species whose density is greater than 5 g/cm? (Barakat,
2011). These chemical species include transition metals, a few metalloids, lanthanides
and actinides. Industries, leaded petrol, gasoline, motor oils, cigarette, etc are the main
root of origin of heavy metal which causes environmental degradation. Some of the
examples of heavy metal are chromium, lead, nickel, copper, zinc, cadmium, mercury,
etc. Heavy metals could be a severe hazard to man and aquatic plants and animals if its
concentration exceeds beyond the maximum limits. Heavy metal concentration in the
effluent that is discharged to the environment is increasing day by day. The major
reason for the increment of level of heavy metal is the manmade activities. Industries
like mining and ore processing, alloys industry, leather tanning industry, glass industry,
paint industry, chemical fertilizer industry etc are resulting in increased levels of heavy
metal in water resources. Some heavy metals like iron, zinc and copper are essential in
trace amounts in our body while other heavy metals like nickel, cadmium, lead, mercury
etc are toxic. Excess amount of any metal would result in serious health effects. Heavy
metals are those substances which cannot be degraded as harmless end products. During
the present context, people are also aware about the greater effects of harmful metals in
the environment. As a result, lot of studies are being done to treat heavy metal
contaminated water, for metal recovery and also for the safe disposal. Moreover, many
innovative technologies have developed over decades, most of which are either

expensive or energy consuming.

Ref. code: 25615922040851FGR



Heavy metals are introduced the food chain via soil and water. Once the heavy metal
enters the human bodies, they will start to accumulate in tissues of bodies and start
causing health effects to the body. Individual metal has its own toxicity and effects in
the environment. Heavy metals have the potential of affecting different organs of
human body. Some of the heavy metals are carcinogenic to man while some of them
are required by our body. The heavy metals required by our body are zinc (adults need
15 mg and for pregnant and lactating women about 20 to 25 mg), copper for the
formation of enzyme (adults need 2 to 3 mg and for children about 1 to 3 mg),
manganese (adults need 2.5 to 5.0 mg), iron, etc. But if the same metal intake is in high
concentration then it will give rise to different health problem. One of the heavy metals,
chromium has no adverse effect in the form of pure metal. But if the concentration is
very high and exposure to chromium is for long time then it can cause some toxic effects
(Baruthio, 1992). Chromium(V1) are corrosive and irritants, they are easily adsorbed
by lungs, skin and by digestive track (Baruthio, 1992). Respiratory track is the major
target organ for chromium (V1) toxicity. It can cause nasal irritation, lung cancer, nasal
ulcer and asthma (Shrivastava, Upreti, Seth, & Chaturvedi, 2002). Some of the heavy
metal with their health effects is listed below (Duruibe, Ogwuegbu, & Egwurugwu,
2007; Martin & Griswold, 2009):

» Zinc: Intake of zinc at low concentration or short time causes some mild effects
such as vomiting, abdominal pain, dehydration, drowsiness, nausea and lack of
muscular coordination. But excess intake of zinc may cause body system
dysfunction which results in impairment of growth and reproduction. It may cause
anaemia, may damage the pancreas, HDL cholesterol levels may lower down and
LDL cholesterol levels may increase in level and finally it may cause a risk of

Alzheimer's disease.

> Lead: Lead contamination can lead to inhibition of the haemoglobin synthesis;
dysfunctions and damage in the kidneys, joints and reproductive systems,
cardiovascular system. It may cause indirect effect on heart, reproductive
problems, renal tubular damage, and it may cause acute and chronic damage to the
central and peripheral nervous system. Kidney and liver are the most targeted organ

of lead and chronic exposure may lead to serious and permanent damage of brain.
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» Copper: Large dose of copper has the potential to wide spread capillary damage,
renal and hepatic damage and irritation in central nervous system which is followed
by depression. Other effects of copper include blue green diarrhoea stool and saliva,

acute haemolysis and abnormalities and damage of kidney functions.

» Cadmium: Cadmium even at low concentration can cause cardiovascular diseases
and cancer if exposed for long term. It gets accumulated in the kidney and liver for
long time and affects the renal tube which results in the dysfunction of tube to
absorb protein, sugar and amino acid. High exposure could lead to obstructive lung
disease, cadmium pneumonitis, sometimes even pulmonary oedema and death.
Depending on the level of exposure to cadmium, the symptoms of effects of
cadmium include abdominal cramps, nausea, vomiting, muscular weakness and

dyspnoea.

> Nickel: Nickel has the potential to damage lung and can cause lung fibrosis and
make the person difficult to breathe and sometimes cancer in respiratory tract. It
can cause allergies in skin, inflammation of conjunctiva, eosinophilic pneumonitis

and also asthma.

» Manganese: When compared to other heavy metals, manganese has the less effect
on human. It only causes acute effects at higher concentrations. The occupational
workers who are exposed to dust fumes of manganese may be the victim of

neurological disorder known as manganism.

» Mercury: Mercury is not needed by human body but it exerts many toxic effects if
someone is exposed to it. Mercury intake would lead to fatigue, cortical blindness,
loss of concentration and memory, tremors constriction of visual field, etc in
combined called as Minamata disease. Inorganic forms of mercury may be more
harmful and can cause spontaneous abortion, congenital malformation and gastro-

intestinal disorder.
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2.2 Introduction to Arsenic

Arsenic is a universal element which can be found in atmosphere, living organism,
rocks, soil and in water bodies (Smedley & Kinniburgh, 2002). Arsenic is commonly
known as a hazardous heavy metal but actually it is a semi-metal (Barakat, 2011). Some
of the facts about arsenic are given below:

e Arsenic is the 20" most abundant element found in earth’s crust and it is the 33"
element in the periodic table (Lenntech, 2011; Mandal & Suzuki, 2002).

e Arsenic has an atomic weight of 75gm/mol and density 5.7gm/cm?® (Lenntech,
2011).

e The boiling point and melting point of arsenic is 615°C and 814°C respectively
(Lenntech, 2011).

e Arsenic has various oxidation state such as -3,0,+3 and +5 among which
trivalent oxidation state and pentavalent oxidation state are the most common
states found in natural water (Smedley & Kinniburgh, 2002).

e There is a wide range of arsenic concentration found in natural waters which
ranges from 0.5 pg/L and may exceed more than 5000 ug/L (Smedley &
Kinniburgh, 2002).

e One of the applications of arsenic compounds is that they are used for making
special types of glass, used as a preservative of woods (sodium arsenate and
zinc arsenate) and in some semiconductors to generate laser light from electric
current (Lenntech, 2011).

e WHO stated that the maximum concentration of arsenic that can be in drinking
water without causing any effect is 10 pg/L (World Health, 2004).

Arsenic is universally distributed in the solid form as minerals and are found in very
small amounts in all organisms. There are around 150 species of minerals which
contains arsenic among which some of them are considered as arsenic ore (Akinbile &
Haque, 2012). Arsenic occurs in environment combined with oxygen, chlorine, carbon,
mercury, lead, sulphur, hydrogen, gold, etc. The condition of accumulation of arsenic
is due to the natural processes such as volcanic eruption, weathering reactions and some
biological and anthropogenic activities. However, in present days arsenic is

accumulated in soil due to human activities due to the use of arsenical pesticides to
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increase cultivation, application of fertilizers to improve the quality of soil and use of
arsenic as an additive to livestock feed (Smedley & Kinniburgh, 2002). Smelting of
non-ferrous material along with the production of fossil fuels are the major reason due
to which arsenic is transferred from ground state to the air and water resources.
Combustion of coal in electrical power generating plants and in boiler are the major
causes of arsenic mobilization in the environment. Likewise, mining operations is also
a means of arsenic mobilization. Arsenic may have been released from the soil and
sediments to the water bodies. It is stated that if 0.1ug/g of arsenic is released from solid
phase then it may increase the groundwater arsenic concentration in the 200 pg/L
(Pokhrel et al., 2009). Figure 2.1 represents the arsenic cycle and the transfer of arsenic
from one phase to another. Humans will mainly come in contact with arsenic through

water and also through food and air.
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Figure 2.1: The arsenic cycle (Akinbile & Haque, 2012).

2.3 Forms of Arsenic

The oxidation state of arsenic is dependent on the environmental temperature, pH,
associated ionic species, and oxidation reduction conditions and a relative change in the
oxidation state occurs with the change in these environmental parameters. It may be
possible that arsenic changes from less toxic 