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Abstract

The biosorption of two Arsenic (As) species [As (III) and As (V)] from aqueous solution onto activated biochar derived
from Cassia fistula, belonging to Fabaceae family was studied. SEM/EDX characterization of the adsorbent showed an
irregular, porous, and heterogeneous surface morphology with calcium and iron available for As binding. FTIR also showed
the presence of groups responsible for As adsorption. Batch adsorption experiments were conducted to determine the opti-
mum conditions for As adsorption to the biomass with optimum adsorbent dose, ambient temperature, initial concentration
of As, pH, and stirring rate. Under optimized conditions, the maximum removal percentage was 78.1% [uptake capacity
(g.)=0.78 mg/g] for As (III) and 84.8% [uptake capacity (g.) =0.42 mg/g] for As (V). The Freundlich isotherm model, char-
acteristic of multilayer binding, fit the data best with R? values of 0.92 for As (IIT) and 0.96 for As (V). Fitting of the data to
the Dubinin—Radushkevich model indicated physisorption, while the kinetics study suggested a pseudo-second-order reaction.
Thermodynamic parameters indicated adsorption was spontaneous. In aqueous solutions, phosphate hindered As removal
more than the any other ions. Regeneration studies showed a 23.0% and 21.1% recovery for arsenite and arsenate, respec-
tively, indicating limited leaching under both acidic and alkaline conditions. The absorptive capacity of C. fistula biomass
for arsenic removal was compared with a number of other reported biosorbents and was found to be considerably efficient.
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Introduction

Arsenic (As) is a toxic and non-degradable metalloid present
in the environment in both the organic (i.e., monomethyl
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wasim.bu12@gmail.com arsenate—MMA, dimethyl arsenate—DMA) and inorganic
) i.e., arsenite, arsenious acid, arsenate, and arsenic acid
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052id2k9 @ gmail.com forms (Kumaresan and Riyazuddin 2001). For inorganic As,

four main oxidation states commonly exist: As~3 (arsine),
tbhattacharya@bitmesra.ac.in As® (elemental arsenic), As™> (arsenite), and As™ (Arse-
o nate). As contamination of the environment is a matter of
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bibhutishow 1978 @gmail.com concern since As accumulates in environment and enters the
food chain through drinking water and crops (Chakraborty
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groundwater contamination can be both natural and anthro-
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activities. As contamination of groundwater has caused
havoc in over 70 countries of the world affecting around
150 million people (Ravenscroft et al. 2009). In Bangladesh
and India alone, 70 million people are at risk, due to expo-
sure to high concentrations of As in drinking water (Niu
et al. 2007). Several diseases like dysfunction of the respira-
tory system, injury to the nervous system, hepatomegaly,
hypertension, and diseases of the peripheral vascular and
cardiovascular system with lungs, kidney, liver, skin, large
intestine, buccal cavity, urinary track, bone rectum cancer
has been reported from this region (Guan et al. 2012). Due to
such increasing effect of As, WHO has set permissible limit
of As in drinking water as 10 pg/L (WHO 1993).

Consequently, a significant amount of As remediation
research has been conducted over the last few decades and
various techniques proposed as potential remedial options
including coagulation, chemical precipitation, iron co-pre-
cipitation, ion-exchange, reverse osmosis, and ultrafiltration.
However, many of the proposed techniques have significant
disadvantages, e.g., high cost, huge energy requirements,
and incomplete removal of As which have hindered their
acceptability (Choong et al. 2007). Today, simple adsorption
remains the most efficient technique for removal of aqueous
As owing to its cost-effectiveness, environment friendliness,
(Zhang et al. 2003), ability for adsorbent regeneration, and
sludge-free operation (Ranjan et al. 2009). Various differ-
ent adsorbents have been used for the removal of As from
aqueous solutions including activated alumina (Kunzru and
Chaudhuri 2005), activated carbon (Chuang et al. 2005a,
b), feldspar, and metal-loaded limestone (Ohki et al. 1996),
goethite (Gimenez et al. 2007), hematite (Mamindy-Pajany
et al. 2009), hydrous zirconium oxide (Bortun et al. 2010),
and magnetite. However, most of these adsorbents are costly
and inefficient (Volesky 2001), and the field is constantly in
search of cheap and efficient adsorbents. Biomaterial is one
of the most appropriate materials for As removal from aque-
ous solution (Chomchoey et al. 2013), and consequently,
biosorption development has gained increased popularity
due to its ecofriendly nature, excellent performance, and
cost-effectiveness for remediation of heavily metal-loaded
water (Volesky 2001). Various biomaterials have been
proposed like animal biopolymer (Ishikawa et al. 2004),
Aspergillus niger biomass (Pokhrel and Viraraghavan 2007),
crab shells (Niu et al. 2007), heat-resistant fungi (erAan—
sky et al. 2007), lignocellulosic substrate loaded with ferric
ion (Dupont et al. 2007), and powdered eggshell (Oke et al.
2008).

In the present study, Cassia fistula was used as a biosorb-
ent to remove As (IIT) and As (V) from aqueous solution. C.
fistula, commonly known as Golden shower, is a fast-grow-
ing medium-sized deciduous tree belonging to fabales order,
of the Fabaceae family. C. fistula which bears yellow flowers
and has seeds, which are encased in cylindrical shaped pods,
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has been shown to have a high potential as a heavy metal
biosorbent (Hanif et al. 2007) with up to 90% removal of
Ni from an industrial wastewater (Hanif et al. 2007). An
even higher removal rate (100%) for Ni (I) by C. fistula was
observed with an initial concentration of 25 mg/L. Hanif
et al. (2007) stated that the increased binding capacity for
metal during adsorption by C. fistula was due to the sig-
nificant number of ionizable groups available for binding
such as carboxyl, carbonyl, alcoholic, and amino groups.
Both Cr (IIT) and Cr (VI) were also found to be sorbed from
aqueous solution by a C. fistula biomass (Abbas et al. 2008).
In the present study, C. fistula pods were tested for their
capacity to remove arsenate and arsenite from the aque-
ous solution along with optimization of factors like initial
concentration of As (IIT) and As (V), contact time, stirring
rate, temperature, adsorbent dose, and pH of the solution
to achieve the best performance conditions through batch
experiments.

Materials and method
Reagents and apparatus

All chemicals were analytical grade (Merck India Ltd.) and
used without further purification. Prior to use all the glass-
ware was acid washed (15% HNO;), rinsed with double-dis-
tilled water and oven dried. All the reagents were prepared
using double-distilled water, and the pH was maintained
using either 0.1 M HCI or 0.1 M NaOH.

Instrumentation

Arsenic [As (III) and As (V)] solution concentrations were
determined by inductively coupled plasma optical emission
spectrophotometer (ICP-OES) (PerkinElmer, USA; Optical
2100DV). pH was measured using a YSI multiparameter
(YSI Professional Plus model 6,050,000). SEM coupled
with EDX (Jeol, Japan, JSM-6390LV) was used to study
adsorbent surface characteristics. FTIR (Shimadzu Corpo-
ration, Japan, IR-Prestige 21) analysis was also undertaken
to investigate internal binding of As [As (III) and As (V)]
by the adsorbent, and XRD of the adsorbent was carried out
using Bruker D8 advance X-ray diffractometer. The X-ray
diffraction (XRD) technique using Bruker D8 advance X-ray
diffractometer with Bragg—Brentano goniometer geometry
and Cu-K, X-radiation source (1=1.5418 A).

Adsorbent collection and preparation
Pods of C. fistula were collected from the Ranchi district

of Jharkhand, India. The pod’s bark was manually removed
and washed thrice with tap water followed by distilled
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water and dried in an oven at 60 °C to constant weight.
The dried biomass was ground to a fine powder (<250 um)
which was used for all further processes since the smaller
particle size was known to have a greater surface area per
unit mass (Markovski et al. 2014). A 100-g portion of the
adsorbent was treated with 500 mL FeCl; (0.1 M) in 1:5
w/v ratio, with constant agitation in a shaker for 24 h. at
300 RPM for complete mixing. After shaking the chemi-
cally, treated adsorbent was washed thrice by deionized
water and neutral pH was maintained. Further the adsor-
bent was dried in an oven at 60 °C for complete removal
of moisture and stored in a desiccator for further use. The
adsorbent was then thermally activated at 200 °C for 1 h
in a muffle furnace for the formation of complete biochar
(Tan et al. 2016; Chammui et al. 2014) and used for batch
experiments using sodium arsenite (NaAsO,) and sodium
hydrogen arsenate (Na,HAsO,-7H,0) as synthetic arsenite
and arsenate solutions, respectively.

Characterization of adsorbent

Surface morphology and elemental composition of the dried
biomass (<250 um) were characterized by SEM/EDX. FTIR
was used to determine the presence of surface functional
groups. The point of zero charge of the adsorbent was esti-
mated using the method of Mondal (2010) by recording
charge variation with the pH of the adsorbent mixture. XRD
was used to identify the form and phases of iron present.

Experimental setup

A known mass of adsorbent (1-8 g/L) was added to a syn-
thetic As solution of known concentration (0.5-5 mg/L)
and constantly stirred (100-450 RPM) under nitrogen for
defined contact times (10-90 min). After contact, aqueous
samples were filtered (pore size 42 um) and residual As
in solution was determined via inductive coupled plasma
optical emission spectrometer (ICP-OES). Several different
batch experiments were performed using a range of differ-
ent experimental variables including initial metal concen-
tration (0.5-5 mg/L), stirring rate (100-450 RPM), contact
time (10-90 min), pH 1-10, adsorbent dose (1-8 g/L), and
temperature (27-80 °C). The biosorption percentage was
calculated using:

Biosorption(%) = (Cy—C;/C,) % 100

where C; is initial metal concentration and C; is measured
final soluble metal concentration in solution.

The order and nature of the reaction was identified via
kinetic studies and fitting the adsorption data to Langmuir,
Freundlich, and Dubinin—Radushkevich isotherm models.

Desorption study and effect of coexisting ions

After conducting batch adsorption studies the As [As (III)
and As (V)] loaded adsorbent was subsequently regener-
ated by extraction with 25 mL of (0.01 M) NaOH, (0.01 M)
HNOj;, and (0.1 M) EDTA separately by continuous stirring
for 30 min at 55 °C. (Buj nékova et al. 2013). Subsequently,
the desorbed concentration of As was determined, and the
desorption efficiencies calculated from the amount of total
arsenic in the supernatant. The effect of co-ions (i.e., bicar-
bonate, carbonate, phosphate and sulfate ions prepared using
sodium bicarbonate, calcium carbonate, sodium phosphate,
and ferrous sulfate salts) as interference on the absorption
process was studied at three different concentrations viz.
1 mg/L, 5 mg/L and 10 mg/L (Mandal et al. 2013).

Result and discussion
Characterization of adsorbent
pH,,, (zero-point charge of adsorbent)

The pH of the adsorbent was found to be slightly less than
its pH,,. implying surface positive charge due to availability
of H* ions. Normally anions would be attracted to such posi-
tive adsorbent surface charge (Bhaumik et al. 2012; Fig. 1).

SEM/EDX

SEM revealed that the adsorbent surface morphology
was irregular, porous, and heterogeneous at both 100 x
(Fig. 2a) and 1000 x (Fig. 2b). Pores and large cavities
could be clearly seen at 3000 x (Fig. 2¢). Heterogeneity of
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Fig.2 aImage of SEM at 100x, b image of SEM at 1000x and ¢ image of SEM at 3000x

the adsorbent and the cavities indicate their greater adsorp-
tion ability due to their extended surface area (Chowdhury
et al. 2011). The elemental composition of the adsorbent’s
surface determined by EDX (Paul et al. 2012) showed the
presence of Ca and Fe (Fig. 3a), known to be effective bind-
ing agents. EDX result after adsorption showed significant
peaks of arsenic (Fig. 3b, ¢) confirming uptake of both (As
(IIT) and As (V)) on to the surface of the adsorbent.

FTIR

FTIR analysis before and after adsorption (Fig. 4) showed
major difference in the regions 2800-3400 cm™' and
850-1750 cm™! indicating binding of As species with
adsorbent. The peak originally at 3329 cm™' which is com-
monly associated with As (IIT) was shifted to 3287 cm™!
and 3264 cm™' suggesting involvement of N—H amino
(stretch) group. At the same time, the peak at 1597 cm™!
was shifted to 1590 cm™! indicating involvement of N—-H
amino (bending) group. In addition peaks attributable to
C—H stretch (2916 cm™!), C=0 stretch (1736 cm™!), -C=0
stretch (1508 cm™!), C-O aloxy (1238 cm™!), and C-H alk-
ene (899 cm™!) were shifted to 2901 cm™!, 1724 cm™! for
As (II1) 1728 cm™" for As (V), 1512 cm™!, 1246 cm™! for As
(II1), and 1231 cm™! for As (V) and 895 cm™! for As (III),
respectively, which indicates that these functional group are
mainly responsible for binding of As via adsorbent.

XRD

The C. fistula derived adsorbent showed two distinctive
peak at around 260 =15.95° and 22.54°. The absence of sharp
peaks indicated an amorphous nature and porosity. From the
XRD analysis, the position of the diffracted peaks is almost
same with the previously reported peak positions of C. fis-
tula Pod. The amorphous crystalline structure of C. fistula
Pod serves good adsorbivity toward arsenic ions (Sorokhai-
bam et al. 2015). The X-ray patterns of the adsorbent before
and after As (IIT) and As (V) were slightly different (Fig. 5).

/
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It is expected that the amorphous nature of the adsorbent
surface will decrease as toxic metal ions are adsorbed caus-
ing a direct increase in the intensity of diffraction peaks
(Senniappan et al. 2017; Lesmana et al. 2009). Compari-
son of the XRD traces for the activated adsorbent material
before adsorption (Ad,) and after As adsorption (Ad, and
Ad,) indicates the presence of pure iron oxides (y-Fe,05)
having 26=29.45° and 35.97° involved in the biosorption
of As (IIT) and As (V) through complexation and chelation
reactions, resulting in low-intensity peaks of different iron
oxides phases, i.e., lepidocrocite (y-FeOOH) and magnet-
ite/maghemite (Fe;O,/y-Fe,05). In the present study, the
peaks were found to slowly decaying, when the adsorbate
was treated with As solution up to 5 mg/L (Fu et al. 2011;
Du et al. 2013).

Batch operation and effect of operating parameters
on removal efficiency

Initial concentration

The effect of initial As concentration on removal efficiency
of the adsorbent was studied by varying the initial As con-
centration from 0.5 to 5 mg/L while maintaining all other
variables constant (pH 7, 250 RPM, room temperature
(27 °C), 30 min contact time and a 4 g/L adsorbent dose).
Overall, irrespective of the As species used, increasing
the initial concentration initially led to increase in the As
removal percentage and reached an optimum level of 70.5%
(uptake capacity (g.)=0.71 mg/g) for As (III) at an initial
concentration of 2 mg/L and 78.9% (g.=0.39 mg/g) for As
(V) at an initial concentration of 4 mg/L (Fig. 6a, b).This
happens due to decrease in resistance capacity of metal in
aqueous solution and availability of more active binding
sites to (As (IIT) and As (V)) ions at the initial phase of
the reaction at a fixed adsorbent dose (Suresh et al. 2012).
But thereafter progressive saturation of the active binding
sites on the adsorbent occurs with simultaneous decline in
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removal percentage. (Tsai and Chen 2010). Similar trend
has been reported by Roy et al. (2013) for arsenic removal.

Contact time

Contact time was varied from 10 to 90 min using initial
concentration of 4 mg/L for arsenite and 2 mg/L for arse-
nate. For both As species the percent removal increased
up to 40 min reaching 72.6% (q.=0.73 mg/g) and 79.2%
(¢9.=0.40 mg/g) for arsenite and arsenate, respectively.

Thereafter, the removal percentage decreased for both
species over the next 50 min (Fig. 7a, b). The initial
rapid uptake of As suggests that removal efficiency is
increasing with time simply due to increased availability
of active binding sites on the surface of the adsorbent
(Das and Mondal 2011). However, after about 40 min, the
removal percentage did not increase further which might
be due repulsion between solute molecules on the surface
of the adsorbent (Roy et al. 2013).
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Fig.5 XRD image of the adsorbent [before (Ad,) after adsorption of
arsenite (Ad,) and arsenate (Ads)]

Adsorbent dose

Adsorbent dose is one of the most important parameters
influencing the removal efficiency of an adsorbent. Adsor-
bent dose was varied from 1 to 8 g/L for both As species
(As (IIT) and As (V)) using batch experiments with the
optimized initial concentration. Initially removal efficiency
increased with increasing adsorbent dose up to 6 g/L for
arsenite (74.5%, q.=0.75 mg/g) and up to 4 g/L for arsenate
(79.6%, q.=0.40 mg/g). This increase mainly occurs due to
the corresponding increase in active surface binding sites
for a given amount of soluble As as the amount of adsor-
bent increases (Das and Mondal 2011). However, eventually,
there is no further increase in removal efficiency regardless

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

of the amount of adsorbent added (Fig. 8a, b). The finite
limit in uptake capacity is related to the probable formation
of agglomeration and clusters between adsorbent particles at
high adsorbent concentrations which consequently limits the
number of binding sites available by reducing the adsorbents
overall effectively surface area (Fan et al. 2003).

Stirring rate

Using optimized batch equilibrium conditions, the rate of
stirring was varied from 100 to 450 RPM while maintain-
ing all other conditions constant. Removal efficiency ini-
tially increased with increasing stirring rate up to 400 RPM
(75.0%, g.=0.75 mg/g) for arsenite and up to 350 RPM
(78.6%, q.=0.40 mg/g) for arsenate (Fig. 9a, b). This was
due to efficient utilization of all active binding sites. But
thereafter, further increase in stirring rate reduced effective
interaction between the adsorbate and binding sites along
with disassociation of previously bounded ions. Hence
removal efficiency did not increase markedly at higher stir-
ring rates (Roy et al. 2013; Kanwal et al. 2012).

Temperature

Using the previously optimized parameters, batch equilib-
rium studies were conducted at pH 7 while the tempera-
ture was varied between 27 and 80 °C (Fig. 10). The maxi-
mum removal efficiency was observed at room temperature
(27 °C) being 74.7% (q.=0.75 mg/g) for arsenite (Fig. 10a)
and 78.8% (g.=0.40 mg/g) for arsenate (Fig. 10b). Above
room temperature, removal efficiency gradually decreased
linearly with increasing temperature. This suggested that
adsorption was an exothermic in nature and that as tempera-
ture increased metals would be increasingly detached/sepa-
rated from adsorbent surface (Ahmet and Mustafa 2010).

pH

The pH is one of the most important parameters control-
ling metalloid speciation and consequently metalloid sorp-
tion. The pH was varied from 2 to 10 while maintaining
other parameters at their optimized levels. The maximum
removal efficiency was observed at pH 6 for arsenite
(78.1%, q.=0.78 mg/g) and at pH 2 for arsenate (84.8%,
q.=0.42 mg/g) (Fig. 11). Changes in pH can significantly
alter both the overall surface charge of the adsorbent and
specifically the charges of functional groups on the adsor-
bents surface as well as change the ionization and species
of adsorbates. Schiewer and Volesky (2000) observed that
at low pH anionic species were adsorbed more due to avail-
ability of H* ions than at higher pH where cationic species
adsorb more due to availability of —OH ions.
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Adsorption isotherms

Three different models, Dubinin—Radushkevich, Freundlich,
and Langmuir, are commonly used to describe equilibrium
sorption isotherms. In the present study, all three equations
were examined to better understand the dominant As sorp-
tion mechanism operating at variant initial metal concentra-
tion (0.5-5 mg/L) and room temperature (300 K). Sorption
data that best fit a Langmuir isotherm generally indicates
that sorption is occurring on homogenous surface with a
monolayer binding and no interaction between the sorbed
molecules (Kundu and Gupta 2006a, b). The linear form of
Langmuir equation is:

Ce/qe = 1/kq. + Ce/q.
where C, is the final (equilibrium) concentration of metal
in solution, g, and g, are the experimental and calculated
uptake capacities of the adsorbent. The constant &; is the
Langmuir constant and ¢, is calculated from the slope and
intercept of the linearized Langmuir equation. In the present
study, linear correlation coefficients (R?) for As (III) and
As (V) for biosorption on to C. fistula were, respectively,
0.8071 and 0.505 (Table 1), indicating a poor fit to the Lang-
muir model. This suggest that the As adsorption study was
not dominated by monolayer chemisorption. The maximum
biosorption capacity (g.) was 0.77 mg/g for As (IIT) and
1.01 mg/g for As (V). Current biosorption capacity was
compared with other adsorbents studied earlier (Table 2).
When sorption data fit best the Freundlich isotherm, this
indicates that adsorption is occurring on a heterogeneous
surface with multilayer binding (Kundu and Gupta 2006a).
The linear form of the Freundlich equation is:

Logg, =logK; + 1/nlog C,
where K; and n are calculated from the slope and intercept
of a plot of log(g,) verses log(C,) (Table 1). Relatively good

correlation coefficient (R?) were found for both As (III)
(0.9152) and As (V) (0.9601) suggesting the validity of this

Table 1 Isotherm (Langmuir, Freundlich, and Dubinin—Radushk-
evich) values

Isotherm Model parameter ~ Arsenic species ~ Arsenic species
As (IIT) As (V)
Langmuir q. (mg/g) 0.7717 1.0088
K, (L/mg) 0.3871 0.4928
R 0.8071 0.5051
Freundlich  Kp (mg/g) 1.9897 1.065
N 0.5011 0.721
R? 0.9152 0.9601
Dubinin— S (mol*/1%) -3%x1077 —1x1077
Radushk- £ (1g/mol) 1.29 2.23
evich g2 0.9693 0.9342

model, implying multilayer adsorption on to heterogene-
ous surface. The maximum sorption capacity for arsenite
and arsenate at 300 K was 1.9897 mg/g and 1.065 mg/g,
respectively.

The Dubinin—Radushkevich isotherm model is often used
to identify the nature of the sorption as being either physical
or chemical on heterogeneous surface (Namasivayam and
Sureshkumar 2008). The linear form of the isotherm is:

In (qe) =In (Xm)—ﬂF2

F=RTIn(1+ 1/C,)

where g is amount of adsorbate per unit of adsorbent and C,
is the amount of adsorbent in solution at equilibrium. The
constant 4 and F? are calculated from the slope and intercept
of a plot of In(q,) versus F?. The mean energy of sorption
E, which is defined as the free energy transfer from infinity
to the surface of the sorbent for one mol. of solute, can be
calculated using the calculated value of § and:

E=1/\/-2p

If E <8 kJ/mol physiosorption dominates, if E is between
8 and 16 kJ/mol the mechanism is either chemisorption or
ion-exchange, and if £> 16, it indicates occurrence of only
chemisorption (Mohan and Pittman 2006). For C. fistula As
adsorption studies gave E=1.29 for As (III) and £=2.23 for
As (V), indicating physiosorption of both species (Table 1).
The correlation coefficients (R?) for the D-R isotherm model
were also relative high being 0.9693 for As (II) and 0.9342
for As (V) indicating the D—R model was valid.

Adsorption kinetics

Three models (intraparticle diffusion, pseudo-first, and
pseudo-second order models) were all used to describe the
adsorption kinetics of As (IIT) and As (V) on to C. fistula.
These kinetics models are generally used to investigate the
reaction pathways and steps involved in adsorption. The
pseudo-first-order equation is (Pokhrel and Viraraghavan
2007)

Log(g. — q,) = logq, — K,1/2.303

where ¢, is the change in uptake between adsorption phases.
The pseudo-first-order reaction rate constant K is calculated
from the slope and intercept of plot of log (g.—q,) versus
time (¢) (Table 3). In the present study, correlation coef-
ficients (R?) were 0.789 for As (III) and 0.696 for As (V),
clearly indicating that pseudo-first-order equation was not
followed. Consequently, the pseudo-second-order equation
was investigated (Pokhrel and Viraraghavan 2007):

t/q,=1/K,q +1/q.
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e e O) Springer



198 Page 100f 14

Applied Water Science (2018) 8:198

Table 2 Comparison of uptake capacity, pH, initial concentration, and best-fitted isotherm model constants of As (III) and As (V) with other

studied adsorbents

Adsorbent Arsenic pH Concentration range ~ Model used  Uptake References
species of arsenic used to calculate  capacity
uptake (mg/g)
capacity
Activated Bauxsol As (1IT) 4.5 2.04-156.7 mM Langmuir 0.541 Genc-Fuhrman et al. (2004)
As (V) 7.03-220.9 mM 7.642
Char carbon As (I1I) 2-3 193-992 mg/L 89.0 Pattanayak et al. (2000)
As (V) 157-737 mg/L 34.46
Seawater-neutralized red mud As (V) 7.3 0.80-32.00 mM Langmuir 1.081 Genc et al. (2003)
Activated alumina As (1IT) 7.6 1 mg/L Langmuir 0.180 Singh and Pant (2004)
Activated carbon (AC) produced As (V) 5.0 25-200 pg/L Langmuir 3.08 Chuang et al. (2005a, b)
from oat hulls
Orange juice residue As (IIT) 7-11 15 mg/LL Langmuir 70.43 Ghimire et al. (2002)
As (V) 2-6 15 mg/L 67.43
Nanoscale zero-valent iron As (IIT) 7.0 1.0 mg/L Langmuir 2.47 Kanel et al. (2005a, b)
Tea fungal biomass As (IIT) 7.20 1.3 mg/L Freundlich 1.11 Murugesan et al. (2006)
As (V) 0.9 mg/L 495
Activated alumina As (V) 7.0 Langmuir 9.20 Takanashi et al. (2004)
Activated carbons from olive pulp  As (III) 7.0 5-20 mg/L Langmuir 0.210 Budinova et al. (2006)
and olive stone
Coconut coir pith anion exchanger ~ As (V) 7.0 5.0-100 mg/L Langmuir 13.57 Anirudhan and Unnithan (2007)
Pine wood char As (1IT) 3.5 10-100 pg/L Langmuir 0.0012 Mohan et al. (2007)
Oak bark char As (1IT) 3.5 10-100 pg/L Langmuir 0.0074 Mohan et al. (2007)
Cassia fistula pods’ biochar As (IIT) 2-10 0.5-5 mg/L Freundlich 1.99 Present study
As (V) 1.07

where the pseudo-second-order reaction rate constant K, was
calculated from the slope and intercept of plot #/g, versus ¢
(Table 3). Highly significant correlation coefficient (R*=1)
for As (III) and (R?=0.9997) for As (V) were observed
indicating almost perfect corroboration of a pseudo-second-
order sorption reaction where the rate of reaction depended
directly on the square of the concentration of the reactants
remaining in solution.

An intraparticle diffusion study was done to understand
whether transport of the adsorbate into the pore of the
adsorbent was possible as a rate-controlling step. The rate

Table 3 Kinetics (pseudo-first-order, pseudo-second-order, and intra-
particle diffusion model) values

Kinetics Parameter Arsenic species
As (I1I) As (V)
Pseudo-first order R? 0.789 0.696
K, 0.066 0.0955
Pseudo-second order R? 1 0.9997
K, 18.19 6.855
Intraparticle diffusion ~ R? 0.8416  0.5482
Ky (mg/g. 0.5min)  0.0012 0.0027
I 0.7132 0.3781

Pielase clla)l auan .
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constant for intraparticle diffusion is calculated using the
following equation (Lu et al. 2009).

g =K1" +1

where the value k; is calculated for both arsenite and r arse-
nate at 300 K from the slope and intercept of plot of g versus
1/¢. Intercept of plot indicates the surface adsorption phe-
nomenon occurring between the adsorbate and the adsor-
bent. The values of K; and [ are given in Table 3. Accord-
ing to Ranjan et al. (2009), when the intercept line passes
through the origin, it means intraparticle diffusion is the
only rate-controlling step. However, in the present study,
the intercept line does not pass through origin for either of
the As species, which indicates that intraparticle diffusion
is not the only rate-controlling step and that the mechanism
of sorption by the adsorbent is more complex including both
surface adsorption as well as intraparticle diffusion.

Adsorption thermodynamics

Determination of the free energy (AG®°) helps us to under-
stand the spontaneity of any adsorption reaction. The free
energy is calculated from two thermodynamic parameters,
the heat of adsorption (enthalpy) (AH®) and the standard
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Table 4 Thermodynamics study [free energy of adsorption (AG®), the heat of adsorption (enthalpy) (AH®), and standard entropy (AS®)] values

Arsenic species AG° (KJ/mol) AH° (KJ/mol) AS° (J/mol K)
300 K 303 K 313K 323K 333K 343 K 353K
As (III) —-2.711 —2.703 —-2.677 —2.651 —2.624 —2.598 —-2.571 —-3.503 —2.640
As (V) —-3.291 —3.284 —-3.263 —3.241 —-3.220 —3.198 -3.177 —-3.936 -2.15
A Effect of co-exsisting ions for As-III B Effect of co-exsisting ions for As-V
3 78.06 77.97 766 75.14 77.12763774.85 77.7776.49 3 83.8%2.0079 68 832781 ‘279 10 B8 7279 34 79.
1§ Zg 59.8858 53 —_.g :g
£ 50 g s
2 3 4
= =
1 23
10 10
o 0
Purewater Carbonate Bicarbonate Sulphate phosphate Purewater Carbonate Bicarbonate Sulphate phosphate
Species Species

mlppm m5ppm =10 ppm

Fig. 12 a, b Effect of coexisting ions on As (II) & As (V), respectively

entropy (AS®), using the Gibbs free energy equation
(Singh et al. 2006).

AG° = —RTInKc

The values of enthalpy (AH®°) and entropy (AS°) are
calculated by plotting InKc versus 1/T, from the slope and
intercept.

Kc = CA,/C,

InKc = —-AH°/RT + AS°/R

where CA_ is the amount of substance removed from solu-
tion in mg/L and C, is the final equilibrium concentration
remaining in solution. The value AH® and AS° are calcu-
lated from the slope and intercept of plot of InKc versus 1/T
(Table 4).

Since AG° was negative for both As (IIT) (—3.50) and
As (V) (—3.94), this indicates that for both As species the
adsorptive forces were sufficient to overcome the activa-
tion barrier energy relatively easily, and thus both sorption
process were spontaneous. Likewise, AH° was negative for
both As species, indicating that sorption was exothermic.
For both As species, AS° was also negative indicating less
degree of freedom for the adsorbate due sorption via asso-
ciation, fixation, or immobilization on the surface of the
adsorbent (Ranjan et al. 2009).

Effect of co-ions
The effect of various common ions (carbonate, bicarbonate,

phosphate, and sulfate) which were suspected of competing
with As for adsorption binding sites was investigated using

Nlppm ESppm u10ppm

the earlier optimized experimental conditions for As sorp-
tion at effective ion concentrations of 1, 5, and 10 mg/L.
Phosphate showed the greatest effect while the other three
anions exhibited only slight decreases in the adsorption
efficiency. In general, removal efficiency decreased with
increasing cation concentration with decreases in adsorp-
tion decreasing in the order of phosphate > bicarbonate > sul-
fate > carbonate (Fig. 12a, b).

Desorption study

In assessing and adsorbent’s potential for commercial appli-
cations the desorption efficiency is an important factor to
consider. The desorption efficiency varied with the desorp-
tion agent used (Table 5), with the maximum regeneration
being 23.1% for arsenite and 21.1% for arsenate when treated
with 0.1 M EDTA at 55 °C (328 K). This indicated that the
adsorbent was only slightly leachable. Leaching of arsenic
will lead to potential groundwater contamination again.

Table 5 Regeneration study (using sodium hydroxide, nitric acid and
EDTA)

Media Species % of regeneration
NaOH (0.1 M) As (IIT) 10.86
As (V) 13.57
HNO; (0.1 M) As (IIT) 14.48
As (V) 14.38
EDTA (0.1 M) As (1IT) 23.01
As (V) 21.07
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Conclusion

From the observations of the present study, it can be con-
cluded that activated biomass of C. fistula is a suitable
adsorbent for removal of both arsenate and arsenite. Char-
acteristics of the adsorbent like positive surface charge, the
presence of suitable functional groups, and irregular het-
erogeneous surface morphology enhanced its adsorption
potential considerably. Batch experiments proved optimum
conditions for maximum removal efficiency as initial con-
centration of 4 mg/L for arsenite and 2 mg/L for arsenate,
often encountered in natural water samples. Other environ-
mental parameters for best removal conditions were con-
tact time of 40 min, a stirring rate of 400 RPM for arsenite
and 350 RPM for arsenate and an adsorbent dose of 6 g/L
for arsenite and 4 g/L for arsenate. Optimum temperature
recorded was 27 °C, which is normally the ambient mean
temperature throughout the year in a tropical country like
India. However, the optimum pH for adsorption was pH
6 for arsenite and pH 2. This does not normally occur in
the nature and hence has to be maintained artificially for
application purpose. Moreover, it was also observed. While
As sorption was significantly affected by the presence of
phosphate, other common co-ions in natural waters (bicar-
bonate, carbonate, and sulfate had no significant effect on
sorption. Thus, the presence of phosphate in natural water
samples will decrease As removal efficiency of the adsor-
bent. Adsorbent regeneration was slightly favored by ele-
vated temperatures.
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