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A B S T R A C T

An efficient and economical material has been developed for the removal of arsenic (III) and (V) from
contaminated water using commercially available synthetic graphite (SG) flakes. To enhance adsorption
capacity of SG, it was treated with 3-mercaptopropionic acid followed by functionalization with zinc
peroxide nanoparticles. Interestingly, the adsorption efficacy of functionalized synthetic graphite (FSG)
enhanced several times in comparison to pure SG. The proposed materials efficiently removes arsenic (III)
and (V) in the pH range 7.5–8.0 and 3.9–4.5 respectively below detection limits of Atomic Absorption
Spectrometer- Hydride Generator. The water purified by FSG can be used for several applications
including potability as per described standards of world health organization (WHO) and United State-
Environmental Protection Agency (US-EPA). The adsorption data were fitted to kinetics and isotherm
models to analyze the adsorption mechanism and it has been found that adsorption data were best fitted
with pseudo second order kinetic model and Fruendlich adsorption isotherm, indicating chemisorption
and multilayer adsorption on heterogeneous surface respectively.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In literature the toxicity of several inorganic metals like arsenic,
mercury, lead, chromium etc. for human beings and aquatic life
have been reported worldwide. The major contamination sources
of these contaminants are mainly from waste disposal by
metallurgical, chemical and mining industries. Out of these,
arsenic is one of the most toxic metal, which occurs naturally
and affects human beings very badly. The presence of arsenic in
water is a result of various processes such as geochemical
reactions, biological activity, economical processes, natural
weathering processes, combustion of fossil fuels, volcanic erup-
tion, gold mining, smelting of metal ores (Au, Ag, Cu etc.), leaching
of manmade arsenic compounds, desiccants, wood preservatives,
agricultural pesticides and many other anthropogenic activities
[1–3]. Arsenic is a metalloid and 20th most abundant element in
earth crust. Worldwide several developed and developing coun-
tries like USA, Argentina, Australia, Chile, China, Mexico, Taiwan,
Thailand, Poland, New Zealand, Japan, Bangladesh, Iran etc. are
suffering from arsenic contamination in water. Several states of

India like Jharkhand, Bihar, West Bengal, Madhya Pradesh, and
Uttar Pradesh are also badly affected by high concentration of
arsenic contamination in ground water at level greater than
0.01 mg L�1 [3,4]. Arsenic considered as greatest environmental
hazard worldwide and threatens the life of several million people
and it has given rank 1 in agency of toxic substances and disease
registry (ATSDR) list of top 20 hazardous substances. Long term
exposure of arsenic contaminated water causes cancers of kidney,
lungs, skin and urinary bladder, gastrointestinal diseases, bone
marrow disorder, cardiovascular diseases [5–7], changes in
pigmentation of skin, skin thickening (hyperkeratosis) [8],
neurological disturbances, muscular weakness, loss of appetite,
hematological effects and dermal lesions [9]. Acute poisoning of
arsenic typically causes nausea, abdominal pain, diarrhea, diabetes
etc. [10]. WHO, Europe and US-EPA have recommended the
maximum contamination level (M.C.L.) of arsenic in drinking water
as 0.01 mg L�1 [11,12]. Since then worldwide research efforts has
been done to reduce arsenic level in drinking water below
0.01 mg L�1. In water, arsenic mostly found as trivalent arsenic
(arsenite) and pentavalent arsenic (arsenate) depending on pH and
redox conditions. Under reducing conditions arsenic (III) predom-
inates and exists in neutral form (H3AsO3) within pH ranges 2–9,
whereas under oxidizing conditions arsenic (V) predominates and
exists in several forms like; H3AsO4, H2AsO4

�, HAsO4
2�, AsO4
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2–12 pH range. The ionic forms of arsenic easily adsorb over
adsorbent surface than neutral forms. In last two decades several
conventional processes have been reported for the removal of
arsenic from drinking water. These includes adsorption [13],
coagulation [14], co-precipitation [15], ion exchange [16], reverse
osmosis [17], membrane technologies [18], oxidation-reduction
processes [19] etc. These processes have their own advantages and
disadvantages. Membrane technologies are effective but they are
too costly and unaffordable for rural areas [20]. Chemical
precipitation, coagulation, co-precipitation processes produces
huge sludge and its disposal is difficult. They also require pre-
oxidation, re-adjustment of pH, filtration etc. which takes long
time for purification. Ion exchange process also create sludge
disposal problem, and require high cost and technological
operation. Oxidation is slow process and oxidizes other organic
and inorganic constituents in water, so it requires careful handling.
Among all the processes, adsorption is most widely used for
arsenic removal from drinking water being a simple, cost effective,
efficient, eco-friendly and also of high removal rate.

The properties of an adsorbent for effective removal of certain
species from water require high specific surface area and affinity
for an adsorbate. Various adsorbents such as metal oxides [21],
activated carbon [22], activated alumina [23], fly ash [24], ferric
hydroxides [25], mesoporous silica [26], polymer resins, biological
materials and zeolites [27] have been used to adsorb various toxic
metals. Adsorption using carbon compounds are most commonly
used as they are adequate, economical and nontoxic.

Several adsorbents like zinc oxide [28–30], carbon fabric
functionalized graphite nanoplatelets [31], activated silica par-
ticles coated with ZnO nanoparticles [32] have been used for the
removal of arsenic. In continuation of these we have tested
commercially available synthetic graphite (SG) for the removal of
arsenic (III) and (V) which has been further functionalized by zinc
peroxide (ZnO2) nanoparticles in presence of 3-mercaptopropionic
acid (MPA). The removal efficiency of SG was found to be very low
but after treating with MPA, active sites (��SH and ��COOH group)
created on SG surface and further functionalization with ZnO2

nanoparticles enhance its arsenic adsorption capacity.

2. Experimental

2.1. Chemicals and reagents

All chemicals like hydrochloric acid, ammonium hydroxide,
zinc acetate dihydrate, polyvinylpyrrolidone, acetone, hydrogen
peroxide, sodium borohydride, sodium hydroxide, sodium fluo-
ride, sodium chloride, potassium nitrate, potassium sulfate,
sodium carbonate, sodium bicarbonate, ammonium phosphate,
ethylenediaminetetraacetic acid (EDTA) used were of analytical
grade and procured from E. Merck India. MPA was purchased from
sigma Aldrich-USA. The commercial grade SG was procured from
local market of India. The arsenic (V) removal studies were carried
out using 1000 mg L�1 concentration of arsenic acid (H3AsO4 in
HNO3 0.5 mol L�1) procured from Merck Millipore- Germany make
reference standard solution traceable to NIST–USA. Whereas
arsenic (III) removal studies were carried out using standard
solution of 100 mg L�1 concentration prepared by dissolving
arsenic trioxide in sodium hydroxide following gravimetric
procedure. The solutions of lower concentration were prepared
after subsequent dilutions in de-ionized water generated by
Millipore Milli-Q element water purification system, procured
from USA. The pH optimization was done using Orion make
benchtop pH meter after calibration with traceable pH standard
solutions of varying range. All the experiments were carried out in
thoroughly washed and preheated glassware procured from
Borosil India limited.

2.2. Synthesis of ZnO2 nanoparticles

The ZnO2 nanoparticles used in this study was prepared by the
reaction of zinc acetate and hydrogen peroxide in ammonical
medium. The sizes of the particles were controlled by varying
concentrations of solvent and polyvinylpyrrolidone [33]. The
precipitate formed was separated from solution by centrifuge at
around 9000 rounds per minute. The precipitate was washed
several times with de-ionized water and solvent to remove
soluble impurities. Finally the precipitate was dried at 105 �C in an
oven.

2.3. Functionalization of SG

The SG contains C��C chain arranged in hexagonal structure
along with ��OH group (in presence of moisture), which shows
very low affinity towards arsenic adsorption. To enhance adsorp-
tion capacity of SG, initially 2.0 g of SG was treated with 200 mL
aqueous solution of 1% MPA. The mixture was then stirred
ultrasonically for 1 h at 35� C. Further to this mixture, 1.0 g of ZnO2

nanoparticles was added and the mixture was stirred once again
ultrasonically for another 1 h at same temperature. The mixture
was then centrifuged at around 9000 rounds per minute and
washed thoroughly 3–4 times with de-ionized water to remove
unreacted MPA. Finally the functionalized synthetic graphite (FSG)
material was dried in oven at 105 �C for 2 h.

2.4. Preliminary adsorption experiments

Initially 0.1 g of FSG was taken in a beaker and to this 25 mL of
1 mg L�1 concentration of arsenic (III) and (V) solutions were added
separately. The pH of both the solutions was set around 6.5. The
solutions were kept for 1 h. The remaining concentration of arsenic
(III) and (V) in decanted solutions was determined by Atomic
Absorption Spectrometer- Hydride Generator (AAS-HG). The%
removal of arsenic (III) and (V) and adsorption capacity of the FSG
was calculated using Eqs. (1) and (2):

% removal of arsenic = (Ci � Cf) * 100/Ci (1)

Adsorption capacity (qe) = (Ci-Cf) * V/m (2)

where Ci (mgL�1) is the initial concentration of arsenic, Cf (mgL�1)
is the equilibrium concentration of arsenic, qe (mg g�1) is the
adsorption capacity, V (mL) is the volume of solution and m (g) is
the mass of used FSG particles. The whole process for function-
alization of SG and arsenic (III) and (V) adsorption by FSG has been
presented schematically in Fig. 1.

2.5. Determination of pH at zero point surface charge (pHpzc)

The pHpzc is an important factor to understand the surface
properties like charge over surface of adsorbent. pHpzc is the point
at which an adsorbent surface carry zero (neutral) charge. The
surface of an adsorbing material above pHpzc becomes negatively
charged, whereas below pHpzc it acts as positively charged. The
pHpzc of proposed FSG were determined using potentiometric
titration [34]. For the determination of pHpzc 0.05 g of FSG was
added into 25 mL of 0.03 M KNO3 solution and kept at constant
stirring for 24 h to stabilize pH. Then 0.1 mL of 1 M KOH was added
to the mixture to de-protonate the surface sites. The pH of the
solution was noted after each addition of 0.05 mL of 0.1 M HNO3

using a micropipette. Blank titration for 0.03 M KNO3 was also
carried out in similar way. The obtained pH values for FSG and
blank were plotted as a function of volume of HNO3. The pHpzc was
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