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bstract

Sorption of arsenic from aqueous solution was carried out using polyvinyl pyrrolidone K25 coated cassava peel carbon (PVPCC). Batch
xperiments were conducted to determine the effect of contact time, initial concentration, pH and desorption. Batch sorption data’s were fitted to
agergren kinetic studies. Column studies were also conducted using PVPCC as adsorbent. The optimized flow rate of 2.5 mL min−1 and bed height
0 cm were used to determine the effect of metal ion concentration on removal of As(V). BDST model was applied to calculate the adsorption

apacity (N0) of column. The N0 value of 2.59 × 10−5, 4.21 × 10−5, 4.05 × 10−5, 4.26 × 10−5 and 3.2 × 10−5 mg g−1 were obtained for 0.5, 1.0,
.5, 2.0 and 2.5 mg L−1 of As(V), respectively. The batch sorption proved to be more efficient than the column sorption. The sorption of As(V) and
he nature of the adsorbent was examined by Fourier transmission infrared spectroscopy (FTIR) and X-ray diffraction (XRD) studies, respectively.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ground water contamination by arsenic has been a major
roblem in the northeastern parts of India like West Bengal,
ssam and in few pockets of Orissa where continuous consump-

ion of arsenic contaminated water has lead to hyperkeratosis,
kin cancers and pigmentation of palm. Due to these clinical
anifestations caused by the arsenic contaminated drinking
ater World Health Organization (WHO) has recommended
.01 mg L−1 as maximum contaminant level (MCL) in drinking
ater [1].
Considering its clinical significance, extensive studies have

een carried out for As(III) and As(V) removal using various
ethods like precipitation [2], ion exchange [3] and adsorp-

ion [4]. Scientific evidences suggested that adsorption is an
fficient method to control the mobility and bioavailability of

rsenic when compared to other methods. Adsorption of arsenic
as been tried with various adsorbents like activated carbon
4], calcium chloride (CaCl2) impregnated rice husk carbon [5],
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eSO4 and CuSO4 doped coir pith carbon [6], natural laterite
7], nanoscale zerovalent iron [8], sulphate modified iron oxide
oated sand [9], orange juice residues [10], iron oxide loaded
lginate beads [1], mixed rare earth oxides [11], activated neu-
ralized red mud [12], modified mycelial pellets of Aspergillus
umigatus [13], pretreated tea fungal biomass [14], fresh and
mmobilized plant biomass [15] and iron containing mesoporous
arbon [16].

Polymer composites play important role in today’s adsorp-
ion technology. Arsenic removal has been tried with metal
oaded polymers, strong cation exchange resins, macro porous
olymers, chelating resins or biopolymer gels [17]. Lenoble
t al. [18] have reported that MnO2 loaded polystyrene resins
ere effective in oxidizing As(III) to As(V) and observed

ncreased removal. DeMarco et al. [19] developed a hybrid
olymeric/inorganic sorbent made of Purolite C-145 resin that
as compatible with fixed bed column process with excellent
echanical strength and attrition resistant properties. ArsenXnp,
hybrid sorbent consisting of nanoparticle of hydrous iron oxide

istributed throughout a porous polymer bead was used for
rsenic removal [20]. Zr(IV) EDTA complex was immobilized
n chloromethylated polystyrene beads for removal of oxo-
nions of As(III), As(V) and Se(IV) compounds [21]. Deng and

mailto:selvabiotech@gmail.com
dx.doi.org/10.1016/j.jhazmat.2007.08.020
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Table 1
Properties of PVP K25

Properties PVP K25

Intrinsic viscosity (K-value) 20–30
pH of 5% solution 3–5
Nitrogen content 11.5–12.8%
Sulphated ash 0.1%
Heavy metals 0.001%
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flask. The volume was completed by deionised water. A blank
was prepared according to the same procedure using the appro-
priate volume of deionised water. The minimum detection limit
of As(V) determination by this method is 20 �g L−1. The anal-

Table 2
Properties of PVP K25 coated cassava carbon

Properties PVPCC

Conductivity (�S cm−1) 0.230
Moisture (%) 19.99
Decolorizing power (mg g−1) 3.0
Fig. 1. Structure of PVP monomer.

ing [22] grafted Penicillium chrysogenum with polyethylen-
mine for removal of As(III) and As(V) from water. A hybrid
olymer/inorganic fibrous sorbent was developed to remove
rsenic from drinking water [23]. Rivas et al. [24] developed
water soluble polymer conjugated ultra filtration membrane to

emove arsenate ions.
Polyvinyl pyrrolidone (PVP) (Fig. 1), an organic polymer

as been used as an intermediate sizing material to increase the
dhesion property of carbon fiber to vinyl ester matrix. The inter-
iffusion of PVP had been a key factor in improving the adhesion
roperty of the carbon fiber [25]. PVP is currently used in the
dsorption of different polyphenols from apple juices and the
echanism of adsorption mainly relies on carbonyl adsorption

ites of PVP [26]. PVP is used in pharma industry for prepar-
ng blends of different drug especially in controlled drug release
elivery systems [27]. Poly(4-vinyl pridine) has been used as a
oating agent on silica gel for chromium removal [28]. Sim-
lar reports are available for Uranyl sulphate recovery using
oly(4-vinyl pridine) cross linked silica gel [29].

In the present study, cassava peel, an agricultural waste from
ood processing industry has been used for the preparation of
ctivated carbon for the removal of arsenic from aqueous solu-
ion. Adsorption of As(V) by PVP K25 coated cassava peel
PVPCC) carbon was investigated in batch and column studies.
arly preliminary studies revealed that PVPCC was less efficient

n As(III) removal when compared to As(V) (unpublished data).
urther, experiments were carried out using As(V) only. Effi-
iency of PVPCC to adsorb arsenate from aqueous solution was
tudied by applying the experimental data to Lagergren kinet-
cs. The interaction of arsenate with PVPCC surface and the

orphological features of these adsorbents were analysed using
TIR and XRD studies, respectively.

. Experimental

.1. Materials and methods
Waste cassava peel was collected from sago industries and
ashed with generous amount of tap water to remove bound

arthen materials and dried in sunlight. The cassava peel was
ieved to 125–250 �m size and filled in a steel container with

S
A
I
S

olecular formula (C6H9NO)n

olecular weight (111.15)n

tight lid. The inner space was filled with sand, which was
onsolidated layer by layer to the brim of the container. The
etup was subjected to carbonization at 700 ◦C for 1 h using
uffle furnace under closed conditions. After carbonization,

he activated carbon was taken out and sieved to a mesh size
f 125–250 �m again and used for adsorption studies. All the
hemicals used in the study were of analytical reagent grade
nd procured from Merck, Himedia, SD Fine and Qualigens,
umbai.

.2. PVP coating and property analysis

PVP coating was carried out according to Manju et al. [30].
n brief, a known quantity of thermally activated cassava peel
arbon was added to 0.1 M PVP K25 and agitated on a rotary
haker with a speed of 150 rpm for 48 h at room temperature.
he properties of the PVP K25 used in the experiment are given

n Table 1. The PVP K25 coated carbon was filtered and dried
t 80 ◦C. Further, PVPCC was subjected to property analysis
ccording to Selvakumari [31] and are tabulated (Table 2).

.3. Spectrophotometric determination of As(V)

As(V) estimation was carried out according to Lenoble et al.
32]. In brief, a known quantity of ammonium molybdate was
ixed with 9 M sulphuric acid making up to 100 mL and named

s ‘Reagent A’. Ten percent ascorbic acid was prepared daily
efore use. As(V) estimation was carried out using a known
uantity of ascorbic acid solution and 2 mL reagent A and suc-
essively added to a 40 mL sample aliquot in a 50 mL volumetric
pecific gravity (Wa V−1) 1.28
pparent density 0.251

on exchange (Me g−1) 0.2
urface area (m2 g−1) 296



azard

y
U

2

a
a
c
s
i
b
a
2
N
n
t
s

2

m
a
t
F
f
h
2
r
a
d
i
v

C

w
t
c
t
(
t

2

o
a
w
s
5
i
a
m
i

2

m
s
d
i
P
P
t
i
5

3

3
A

H
w
A
c
c
A
a
w
a
c
c
tial rapid phase may be due to increased number of vacant sites
available for adsorption at initial stages, as a result their exists
increased concentration gradient between adsorbate in solution
and adsorbate in adsorbent [34].
R. Selvakumar et al. / Journal of H

sis was carried out in 1 cm quartz cells with a Shimadzu 1601
V–vis spectrophotometer.

.4. Batch mode studies

Batch mode studies were carried out by agitating 100 mg of
dsorbent with 50 mL of As(V) solution of desired concentration
nd pH at 150 rpm in a rotary shaker at room temperature. Con-
entration of As(V) was estimated spectrophotometrically. The
amples were withdrawn from the shaker at predetermined time
ntervals, supernatant solution was separated from the adsorbent
y centrifugation at 15,000 rpm for 20 min and the remaining
rsenate was analysed. Effect of pH was studied in the range of
–11 by adjusting the pH of the solution using 0.1N HCl and
aOH solutions. The initial concentration of 2.0 mg L−1 of arse-
ate solution and 100 mg 50 mL−1 of adsorbent dose was used
o examine the pH effect. Lagergren kinetics was employed to
tudy the adsorption equilibrium.

.5. Column mode studies

The efficiency of PVPCC for As(V) adsorption in column
ode was studied. 2.5 cm bed height of adsorbent was packed in
glass column (30 cm × 4.2 cm) and the 2.0 mg L−1 As(V) solu-

ion was adjusted to a flow rate of 2.5, 5.0, 7.5 and 10 mL min−1.
ractions were collected at regular time intervals and analysed
or As(V). The study was repeated with best flow rate and bed
eight with different As(V) concentration (0.5, 1.0, 1.5, 2.0 and
.5 mg L−1) to determine the effect of concentration on As(V)
emoval. Data obtained were used to plot BDST curves and
dsorption rate constant (N0) was calculated from the plot. Bed-
epth-service-time model (BDST), proposed by Hutchins [33]
s a simple method to correlate the service time, t, with process
ariables in fixed bed absorber.

0t = N0

uH
−

{
1

kax ln

(
C0

Ct − 1

)}
(1)

here t is service time to breakthrough (min), N0 the adsorp-
ion capacity (mg L−1) of the adsorbent bed, C0 the influent
oncentration (mg L−1), u the linear flow rate (mg min−1), H
he depth of the bed (cm), ka the rate constant of adsorption
L−1 min−1 mg−1), and Ct is the effluent concentration at time
(mg L−1).

.6. Desorption studies

The adsorbent that was used for the adsorption of 2.0 mg L−1

f As(V) was separated by centrifugation. The As(V) loaded
dsorbent was filtered through Whatman No. 1 filter paper and
ashed gently to remove any unadsorbed arsenic. Several such

amples were prepared and the spent adsorbent was mixed with

0 mL of distilled water at different pH values (2–11) adjust-
ng the pH of the solution using 0.1N HCl and NaOH solutions
nd agitated at equilibrium time. The desorbed arsenic was esti-
ated spectrophotometrically. The experiments were carried out

n duplicate and mean values are taken for calculations.
ous Materials 153 (2008) 67–74 69

.7. FTIR and XRD analysis

The FTIR analysis was carried out using with Shimadzu
odel FTIR-8201 PC. FTIR spectra were obtained at a scanning

peed of 2 mm s−1 at a resolution of 4 cm−1. The completely
ried samples were treated with spectral grade KBr for pellet-
ng. The morphological features of PVPCC and As(V) laden
VPCC were determined by X-ray diffraction analysis using
hilips 6000 Diffractometer using filtered copper K� radia-

ion. The prepared samples were analysed at drive axis of 2θ

n the range of 10–80◦ in continuous mode. The scan speed was
.0◦ min−1.

. Results and discussion

.1. Effect of contact time and initial concentration on
s(V) adsorption

PVPCC showed effective As(V) removal in aqueous solution.
owever, the initial adsorption studies revealed that the PVPCC
as inefficient in removal of As(III) and need to be oxidized to
s(V) before adsorption process. Further, the experiments were

ontinued with As(V) solution only. At maximum As(V) con-
entration, PVPCC was efficient 2.53-folds the native one. The
s(V) uptake was found to increase with increase in contact time

nd remained constant after equilibrium. The equilibrium time
as found to be 45, 60, 105, 120 and 150 min for 0.5, 1.0, 1.5, 2.0

nd 2.5 mg L−1 of As(V) concentration, respectively. The per-
ent removal at equilibrium decreased from 100 to 88.53% as the
oncentration increased from 0.5 to 2.5 mg L−1 (Fig. 2). The ini-
Fig. 2. Effect of agitation time and concentration of As(V) on removal.
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Fig. 4. Speciation diagram of As(V) as functions of pH [36].
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Fig. 3. Effect of pH on adsorption and desorption of As(V).

.2. Effect of pH on As(V) adsorption

The extent of adsorption of ions is strongly influenced by
he pH of the solution. The effect of pH on removal of As(V)
s shown in Fig. 3. The percent removal was more than 90%
n the pH range of 2–5 where after the percentage removal
ecreased. Higher adsorption at pH 2 could be related to the
trong electrostatic attraction between positively charged sur-
ace sites for the predominant As(V) species H2AsO4

−, whereas
decrease of As(V) adsorption above pH 7 could be due to

lectrostatic repulsion between the negatively charged As(V)
pecies, HAsO4

2−, and the adsorbent surface [35]. Since the pH
ange where the monovalent arsenate is predominant as shown in
ig. 4 are almost identical to that where high removal of As(V) is
chieved as shown in Fig. 3, it can be concluded that an effective
emoval of As(V) from aqueous solution can be accompanied by
sing PVPCC. Our result is in harmony with previous findings
10,11,12,22,23,36,37].

.3. Adsorption kinetics
.3.1. Lagergren rate constant
The adsorption kinetics data of As(V) was analysed using the

agergren first order rate equation. The rate constant of adsorp-

a

e
d

able 3
agergren kinetic parameters for the removal of As(V) by PVPCC

nitial As(V) concentration
mg L−1)

qe (Exp.) (mg g−1) First order kinetic model

k1 (L min−1) qe (cal.) (

.5 5.0 0.0596 2.50

.0 10.0 0.0368 2.47

.5 14.26 0.0405 8.31

.0 18.10 0.0288 9.88

.5 22.13 0.0140 8.49
ig. 5. Second order kinetic plot for the removal of As(V) at different concen-
rations (adsorbent dosage, 100 mg/50 mL; pH, 5.0; temperature, 30 ◦C).

ion is determined from the following first order rate expression
38].

og(qe − q) = logqe − kad

2.303 × t
(2)

here q and qe are amount of metal adsorbed (mg g−1) at time,
min and at equilibrium, respectively. kad is the rate constant for

dsorption (min ).

It was found that the calculated qe do not agree with the
xperimental qe values. This shows that the adsorption of As(V)
oes not follow pseudo first order kinetics. The second order

Second order kinetic model

mg g−1) R2 k2 (g mg−1 min−1) qe (cal.) (mg g−1) R2

0.9832 0.0138 5.06 0.9997
0.9971 0.0018 10.12 0.9997
0.9101 0.0014 14.66 0.999
0.9943 0.0011 18.90 0.9977
0.9648 0.0009 23.04 0.9926
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103.86 and 138.86 cm3, respectively. At optimum flow rate of
2.5 mL min−1 and bed volume of 138.86 cm3, the EBCT was
R. Selvakumar et al. / Journal of H

inetic model [39] can be represented as

t

q
= 1

k2qe2
+ t

qe
(3)

here k2 is the equilibrium rate constant of pseudo second order
dsorption (g mg−1 min−1). Values of k2 and qe were calculated
rom the plot of t/q vs. t (Fig. 5). The calculated qe values agrees
ith experimental qe values and also, the correlation coefficient

or the second order kinetic plot at all the studies concentration
ere above 0.99 (Table 3). These results show that the adsorption

ystem studied belongs to the second order kinetic model. A sim-
lar phenomenon has been observed in the adsorption of As(V)
nd As(III) onto PEI modified P. chrysogenum [22], methylene
lue by coir pith carbon [34], Cr(VI) onto sawdust [40] and
ongo red onto coir pith carbon [41].

.4. Column studies

.4.1. Effect of flow rate and bed volume on As(V)
dsorption

Increasing the flow rate decreased the removal of As(V) and
fter a certain period removal was nil. The removal was ceased
t 390 min for flow rate 2.5 mL min−1; 150 min for flow rate
.0 mL min−1; 90 min for flow rate 7.5 mL min−1 and 60 min
or flow rate 10.0 mL min−1. Initially at 15 min 100, 86.4, 63.2
nd 48.6% of As(V) was removed with the flow rate of 2.5 mL
o 10.0 mL min−1, respectively but the removal decreased with
ncrease in time (Fig. 6). The increase in flow rate decreases the
ontact time between the adsorbate and adsorbent, but increases
he volume contacting the adsorbent. When the available adsorp-
ion sites all have been used, metal removal process terminates.
he rate of adsorption decreases as time was increased. Our

esults are in correlation with previous findings [42,43].
The effect of bed volume on As(V) adsorption was stud-

ed with 2 mg L−1 of As(V) concentration at a flow rate of
.5 mL min−1 and increasing bed volume of 34.82, 69.24,

03.86 and 138.86 cm3. The As(V) removal was found to
ncrease from 71.21, 100,100 and 100% for increasing bed vol-
me of 34.82, 69.24, 103.86 and 138.86 cm3, respectively. The
emoval was ceased at an effluent volume of 600, 1050, 1162.5

Fig. 6. Effect of flow rate on As(V) removal by PVPCC.

5
b

F
o

Fig. 7. BDST plots for As(V) removal by PVPCC.

nd 1387.5 mL for 34.82, 69.24, 103.86 and 138.86 cm3 bed
olume, respectively, beyond which no adsorption took place.
he results shows that the number of available sites for As(V)
dsorption increased with increase in bed volume owing to
he increased amount of effluent volume with higher percent
emoval. The percent removal decreased as the contact time
as increased depicting the phenomenon of site saturation. The

mpty bed contact time (EBCT) was considered as the time that
he water needs to fill the empty column and was calculated
ccording to the following equation [1].

The EBCT for As(V) adsorption was found to be 13.93,
.96, 4.64 and 3.48 min for a flow rate of 2.5, 5.0, 7.5 and
0.0 mL min−1, respectively with a constant bed volume of
4.82 cm3

. When the bed volume was increased from 34.82 to
38.86 cm3 keeping the flow rate (2.5 mL min−1) as constant, the
BCT increased. The EBCT was observed to be 13.93, 27.69,
1.54 and 55.54 min with increasing bed volume of 34.82, 69.24,
5.54 min and the As(V) removal in empty bed was found to be
elow the detection limit.

ig. 8. FTIR spectra of carbon: (I) FTIR spectra of PVPCC; (II) FTIR spectra
f As(V) laden PVPCC.
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Table 4
Comparison of FTIR spectra of As(V) laden PVPCC with earlier adsorbents in literature

Adsorbent FTIR peaks (cm−1) Species Description References

Amorphous aluminium oxide 862 As(V) As–O stretch [46]
Amorphous ferric oxide 824 As(V) As–OH stretch [46]
Akaganeite type nanocyrstal 850 As(V) – [47]
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spent adsorbent used previously. The desorption of arsenate at
different pH is presented in Fig. 4 which shows maximum des-
orption at pH 11 with 32% As(V) removal. The results suggest
that NaOH could be apparently effective desorption agent.
eothite 834
ydrous iron oxides 878
VPCC 873.596

.4.2. BDST plot
Fig. 7 shows a linear plot, suggesting the fixed bed volume

f As(V) obeys the BDST model. Adsorption rate constant Ka
nd N0 were calculated from the slope and intercept of BDST
lot. N0 value for As(V) adsorption by PVPCC was 2.59 × 10−5,
.21 × 10−5, 4.05 × 10−5, 4.26 × 10−5 and 3.2 × 10−5 mg g−1

or 0.5, 1.0, 1.5, 2.0 and 2.5 mg L−1 of As(V), respectively.

.5. IR spectrum studies

IR analysis permits spectrophotometric observation of the
dsorbent surface in the range of 400–4000 cm−1 and serves as
direct means for the identification of organic functional groups
n the surface. An examination of the adsorbent before and after
orption reaction possibly provides information regarding the
urface groups that might have participated in the adsorption
eaction and also indicates the surface sites on which adsorption
as taken place [44]. IR spectrum of PVPCC showed (Fig. 8(I))
eak at 3426.89 cm−1 that can be assigned to the OH stretching
ibration mode of hydroxyl functional groups including hydro-
en bond and peaks in the range of 2935.13 cm−1 indicate the
resence of aliphatic OH stretching. The presence of peak at
457.92 cm−1 can attribute to the presence of C–H deformation
f cyclic CH2 groups and peak 1274.72 cm−1 indicate the pres-
nce of C–N stretching. The peak at 671.1061 and 769.458 cm−1

hows the presence of C–H bend. The C O bending and C–N
tretching mode appears as strong intensity broadband at peak
598.7 and 1357.64 cm−1, respectively. These peaks are in coin-
idence with earlier IR spectrum of PVP [25] depict the presence
f PVP coated onto the surface of the cassava carbon.

When As(V) was allowed to adsorb onto the PVP coated
assava carbon broad OH stretching was obtained indicat-
ng the presence of intramolecular hydrogen bonding evident
y overlapped H-bonded OH peaks between 3831.86 and
401.82 cm−1

. The intramolecular hydrogen bonding weakens
he O H bond, thereby shifting the band to lower frequency.
urther, the presence of As(V) adsorbed to the PVP doped car-
on was confirmed by the presence of AsO2(OH)2

− group at
73.596 cm−1 (Fig. 8(II)) and were compared to earlier arsenic
R spectrum (Table 4). This peak may be assigned as the sym-
etric stretching of two equivalent As O bonds. The enhanced

dsorption of As(V) to the PVP coated carbon may also be due to

he force constants of As O bond. As the degree of protonation
ncreases along with AsO4

−3, AsO3(OH)−2, AsO2(OH)2
− and

sO(OH3), the force constant for As O bond increases indicat-
ng that As O bond is stronger at lower pH leading to stronger

F
P

As(V) As–OH stretch [48]
As(V) – [49]
As(V) As–O stretch Present study

hemical bond. Our results are in agreement with earlier findings
45,46].

.6. X-ray diffraction studies

X-ray diffraction technique is a powerful tool to analyze
he nature of the materials. If the material under investigation
s crystalline, well-defined peaks are observed while noncrys-
alline or amorphous system show hallow instead of well-defined
eak. Adsorption reaction may lead to change in structure of
dsorbent and hence an understanding of the adsorbent and
esulting changes thereof would provide valuable information
egarding the adsorption reaction [44]. The XRD pattern of
VPCC and As(V) laden PVPCC are presented in Fig. 9. These
iffractograms indicate the amorphous nature of the adsorbents
ndicating that the PVP has diffused into the carbon follow-
ng which arsenic adsorption has taken place. The amorphous
ature of adsorbent before and after As(V) adsorption suggests
he possibility of chemisorption reaction.

.7. Desorption studies

The reversibility of As(V) adsorption onto PVPCC was stud-
ed at different pH values. The investigation was carried out using
ig. 9. X-ray diffraction patterns of carbon: (I) X-ray diffraction pattern of
VPCC; (II) X-ray diffraction pattern of As(V) laden PVPCC.
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. Conclusion

The present study showed that PVPCC can be used as an
dsorbent for As(V) removal from aqueous solutions whereas
s(III) requires prior oxidation to As(V). In batch studies, the

dsorption was dependent on initial As(V) concentration and
dsorbent dosage. Adsorption of As(V) failed to obey pseudo
rst order kinetics whereas followed pseudo second order kinet-

cs and was pH dependent. In column mode studies the flow rate,
ed height and initial As(V) concentration influenced As(V)
dsorption. The N0 value for As(V) adsorption by PVPCC
alculated from BDST model was 2.59 × 10−5, 4.21 × 10−5,
.05 × 10−5, 4.26 × 10−5 and 3.2 × 10−5 mg g−1 for 0.5, 1.0,
.5, 2.0 and 2.5 mg L−1 of As(V), respectively. The adsorption
as higher in batch mode when compared to the column mode

tudies. The IR studies confirmed the presence of PVP K25
nd As(V) on the adsorbent. The XRD studies revealed that the
ature of adsorbent was amorphous before and after the As(V)
dsorption process. The 32% of As(V) desorption from spent
dsorbent was possible at pH 11 using NaOH as desorbing agent.
hus, the PVPCC could be used as an efficient adsorbent for
rsenic removal from aqueous solutions.
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