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ABSTRACT

A novel microporous adsorbent, cross-linked cellulose acetate matrix impregnated with
Fe2O3 was synthesized by precipitation method for the expunging of As (V) ions. Elimina-
tion of As (V) ions was successfully executed through adsorption from prepared arsenate
solution in preliminary batch systems. Various parameters affecting adsorption of analyte
ions viz. solution pH, Fe2O3 content in beads, amount of adsorbent, contact time, and initial
concentration of As (V) ions were satisfactorily interpreted. Optimized adsorption percent-
age of 65% was recorded with initial concentration of As (V) ions as 10 mgL−1 in the pH
range of 5.0, using 1gm of adsorbent impregnated with 20 wt.% Fe2O3 in 4 h; characteriza-
tion of the adsorbent was executed by X-ray diffraction, scanning electron microscopy, Four-
ier transform infrared, and BET theory. Langmuir, Freundlich, Temkin, and Dubinin–
Radushkevich equilibrium adsorption isotherm models were studied to determine the nat-
ure and process of adsorption. Adsorption kinetics was found to be in a commendable
agreement pseudo-first-order mechanism. The adsorbent was found to be efficacious up to
5 cycles of adsorption without considerable decrease in efficiency. Thermodynamic
investigation established that adsorption of As (V) ions was a spontaneous process with free
energy change −8.38 kJ/mol. The present prospective provides a cost-effective and efficient
approach that can be used to moderate the arsenic concentration to environmental
acceptable level.
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1. Introduction

Ubiquitous and catastrophic nature of arsenic has
attracted significant attention for its remediation from
aqueous media as it is considered to be fatal, and its
accumulation over a period of time in human bodies
can be detrimental and cause astringent health

hazards [1]. Major route of arsenic exposure is liable
through ingestion of contaminated drinking water and
being a validated carcinogen, mutagenic, and terato-
genic [2], it can cause gastrointestinal damage, skin
cancer, kidney cancer, cardiovascular, neurological,
and endocrine disorders in the human body [3].The
rising content of arsenic in drinking water is an alarm-
ing subject that demands immediate dextrous
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attention [4–6]. Stringent regulations have been made
to curtail the threat to human health, for example,
United States Environmental Protection Agency has
lowered the drinking water contaminant limit for
arsenic to 10 μg/L which was earlier 50 μg/L, effective
from January 2006 [7]. The WHO has also recom-
mended a maximum of 10 μg/L dissolved arsenic in
drinking water, therefore its eradication from aqueous
media is of paramount importance [5]. Arsenic occurs
in natural water in its inorganic form, either in triva-
lent state, As (III) being of chief concern because of its
greater lethality, and/or pentavalent state, As (V),
with latter being thermodynamically stable and occurs
in oxygenated surface waters [8–10]. Apart from its
natural occurrence in earth’s crust, it enters the envi-
ronment and ecosystem through the industrial wastes,
arsenical pesticides, and herbicides, through the dust
from burning of fossil fuels and mining, especially as
a by-product of copper, gold, and lead refining [1].
Several countries have reported the existence of
arsenic in contaminated water, for example, in the
Bengal basin area of Bangladesh and West Bengal in
India, a prominent section of population is under
serious peril of arsenic contamination [11,12].

Various conventional physical methods such as pre-
cipitation [13], cementation [14], electrodialysis [15],
membrane technologies, ion exchange [16], and com-
plexation with polyvalent metal [17] have been exe-
cuted for removal of heavy metal ions from aqueous
systems over the last two decades. Low-cost and natu-
ral adsorbents such as coffee beans, coconut coir, corn
cobs, human hair, newspaper, tea leaves, sunflower
seeds, wheat straw, rice hulls, and cotton seed husks
have been effectively used for the removal of arsenic
from water systems [5]. Alginate and carboxymethyl
cellulose beads were prepared for the removal of As (V)
ions [5]. Lignocelluloses substrate loaded with ferric ion
has been used for adsorption of As (III) and As (V) [4].
Low-cost inorganic adsorbents such as zeolite, ben-
tonite, sepiolite, pyrolusite, and limonite have also been
utilized for selective removal of As (III) and As (V) from
water [10]. Fe/Glass has also been employed as an
adsorbent [18]. Fe and Al-doped micro and nanoparti-
cles have been put to use for the elimination of fluoride
and arsenic (V) ions from water [19].Cellulose beads
loaded with iron oxyhydroxide has also been reported
in the literatures for detoxification and reclamation of
aqueous media by removal of As (III) and As (V) [20].
Some of the contemporary and polished analytical
methods include the use of Carbon nanotubes [21,22]
via the technique of solid phase extraction [MWCNTs],
which involves high capital investment and application
of Fe/Carbon aerogel structures for enhanced arsenic
removal efficiency [22,23].

In this research, a novel, cost-effective and efficient
adsorbent, magnetised cellulose beads tinctured with
Fe2O3 was synthesized by rapid precipitation method.
Supplementary advantages obtained due to loading of
nano Fe2O3 particles in the cellulose matrix are: (1)
Elementary and rapid separation of beads due to the
magnetic behavior of cellulose acetate once the equi-
librium is attained, (2) augmentation of adsorption
capacity due to the presence of acetate and hydroxyl
functional groups of cellulose which in turn increased
the porosity of the impregnated matrix providing
ample surface area for adsorption, and economical
and environment compatible adsorbent [24].

To the best of our cognition, no former works have
synthesized this adsorbent and used it for selective
removal of As (V) ions. These beads were used as an
adsorbent for expunging of As (V) ions from mim-
icked effluent systems the experimental results were
assayed as a function of time, solution pH, initial As
(V) ion concentration, amount of beads, and wt.%
Fe2O3 loading in the beads. The equilibrium adsorp-
tion isotherms were examined using the Langmuir,
Freundlich, Temkin, and Dubinin–Radushkevich
(D–R) isotherm models. Sorption kinetics were anal-
ysed to predict the pathway and mechanism of the
reaction which well fitted with pseudo-first-order, Elo-
vich and intraparticle diffusion models. Thermody-
namic investigation was carried out to understand the
nature of adsorption procedure at 300 K. The reper-
cussions of this study permit us to evaluate the perti-
nence of cross-linked magnetised cellulose acetate
beads for removal of As (V) from aqueous solution.

2. Materials and methods

All chemicals used were of analytical reagent
grade and were used without further treatment and
purification, unless stated otherwise. Cellulose acetate,
ferric oxide (Fe2O3), epichlorohydrin (C3H5ClO),
sodium chloride (NaCl), sodium hydroxide (NaOH),
N,N-Dimethylacetamide CHCN(CH)2, acetone
(CH3COCH3), sodium arsenate (Na2HAsO4), potas-
sium iodate (KIO3), azure B, and sodium acetate
(CH3COONa) were all procured from Merck Inc. India
and used as received. Distilled deionized water was
used throughout the experimental work.

2.1. Synthesis of impregnated magnetised cellulose beads

To synthesize impregnated cellulose beads,
requisite amount of Fe2O3 was dispersed through
sonication in the solvent system containing N,
N-Dimethylacetamide: Acetone (1:2) for 15 min.
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Further, estimated amount of cellulose acetate was
added to this mixture and stirred progressively to
obtain a dispersed solution. Epichlorohydrin (1 vol %)
was added to this solution to develop in situ cross
linking. NaCl was further introduced to enhance the
porosity of the beads [25]. The resulting mixture was
precipitated in an acid coagulation bath containing
0.1 M HCl to obtain uniform sized spherical beads [9].
The beads thus formed, were filtered from the acid
coagulation bath and immersed in deionized water to
remove traces of acid and leach out NaCl, resulting in
formation of beads with profound porosity. The resul-
tant beads were then, hydrolysed using 0.1 M NaOH,
washed thoroughly several times with deionized
water and air-dried at room temperature till constant
weight. Fig. 1 depicts the synthesis of magnetised
cellulose acetate beads.

2.2. Preparation of stock solution

Stock solution of As (V) ions was prepared by dis-
solving 100 mg sodium arsenate in 1,000 mL deionized
water. Working standard solutions of As (V) were pre-
pared by diluting stock solution with respective
amounts.

2.3. Batch sorption experiments

Effect of various experimental parameters was
monitored by batch adsorption studies. Variation with
pH of the solution, wt.% of Fe2O3 loading in the
beads, weight of the adsorbent (dose) was monitored.
Also, the time dependant uptake of analyte ions from
the solution was analysed maintaining optimum
conditions viz. pH 5.0, 20 wt.% Fe-loaded beads with
a constant volume (100 mL) of the solution containing
As (V) ions of varying initial concentrations (10 mg/L,
30 mg/L, and 50 mg/L) at ambient temperature 300 K
for 5 h. The conical flask containing adsorbent and
adsorbate was agitated for predetermined time inter-
vals on a mechanical shaker with 720 rpm. The super-
natant solution was filtered and amount of As (V)
ions was analysed using Atomic Absorption Spec-
trophotometer (AAS hydride vapour generator
(AASHVG-1) 6300 Shimadzu). Simultaneously, the
concentration of As (V) ions was also examined spec-
troscopically using the dye Azure B [26,27] using nan-
odrop UV-Visible Spectrophotometer (NANO DROP,
ND-1000). The adsorption capacity (q) and the
adsorption efficiency (% Ad) were evaluated as:

% Ad ¼ C0 � Ce

C0
� 100 (1)

qe ¼ C0 � Ce

M
� V (2)

where C0 and Ct are the initial As (V) ion concentra-
tion and As (V) ion concentration at time t (mg L−1),
respectively, w is the amount of the adsorbent used
and V is the total volume (L) of the solution.

2.4. Characterization

Scanning electron microscopy (SEM) was used
(Jeol JSM-840 A) to scrutinize the surface morphology
of cellulose acetate beads. Fourier transform infrared
(FTIR) spectroscopy was carried out (BrukerTM-380) in
the wavelength range 400–4,000 cm−1 for functional
group analysis. Cellulose acetate beads were analysed
by X-ray diffraction (XRD) using Bruker AXS D8
advance diffractometer with Cu Kα radiation, in the
2θ ranging from 10–80˚.

2.5. Adsorbent reuse

Recyclability of beads was investigated by per-
forming several cycles of adsorption and subsequent
elution. It was found that the adsorbent could be used
efficaciously up to five cycles without significant
decrease in recovery of analyte ions.

3. Results and discussion

Cross-linked magnetized cellulose beads loaded
with Fe2O3 with variable weight % of Fe2O3 (1, 5, 10,
15, 20, 30) were successfully synthesized by precipita-
tion polymerization technique. Hybrid cellulose acet-
ate beads exhibited good mechanical properties by
virtue of cross linking.

3.1. Characterisation

Surface morphology of the beads was examined
using scanning electron microscopy; the SEM micro-
graphs of the impregnated cellulose beads confirmed
the shape of the beads to be uniformly spherical with
an average diameter of 1.5 mm (Fig. 2(a)). Fig. 2(a)
and (b) revealed the surface morphology and reflected
the presence of micropores and voids. In SEM micro-
graphs of adsorbent loaded with As (V) ions, promi-
nent disappearance of flow lines, voids, and
micropores could be observed as depicted by Fig. 3(a)
and (b). The adsorption of As (V) ions onto the as pre-
pared adsorbent was further confirmed by three
dimensional images of adsorbent loaded with As (V)
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ion obtained by Atomic Force Microscopy (AFM)
(Fig. 3(c) and (d)). XRD analysis of cellulose acetate
(CA), magnetised cellulose acetate beads (CA-Fe2O3),
arsenic-loaded hybrid beads (As (V)–CA-Fe2O3) are
shown in Fig. 3(e). In XRD pattern of cellulose acetate,
diffraction peaks appeared at 2θ = 18.35˚ and 22.09˚
corresponding to amorphous nature of cellulose acet-
ate. These values correspond to (1 0 1) and (0 1 2) lat-
tice planes, respectively. Crystalline Fe2O3 was found
to exhibit sharp peaks between 30 and 40˚ [28]. A
wide peak in between 20 and 30˚ and sharp peaks in
between 30 and 40˚ in CA-Fe2O3 beads represent the
dispersion of iron oxide (Fe2O3) in integrated matrix
of cellulose acetate. This diffraction pattern confirms

the increment in crystalline nature of cellulose acetate,
which may alter its adsorption capacity. A similar
kind of pattern was observed for As (V)-loaded
magnetised beads (As (V)–CA-Fe2O3) with slight
variation in intensity of the peaks.

The FTIR spectra of Iron oxide (Fe2O3), cellulose
acetate and impregnated cellulose acetate beads are
shown in Fig. 3(f). The characteristic bands of cellulose
acetate in the IR spectrum could be evidently seen. IR
Bands at 1,044 cm−1 characterize for the C–O–C (ether
linkage) glycosidic units. Broad absorption band at
3,300–3,500 cm−1 corresponds to stretching of –OH
group [29,30]. The alcoholic free –OH stretching was
observed at 3,763 and 3,614 cm−1. A peak is observed

Fig. 1. Schematic describing the synthesis of magnetised cellulose acetate beads.
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at 3,443 cm−1, which corresponds to the strong interac-
tion of –OH stretching vibration from the acetate
group in cellulose acetate [31]. The curtailment in the
intensity of the peak at 2360.06 cm−1 in the spectrum
of cellulose acetate, along with deviation in intensity
and width of peak at 549 cm−1 in spectrum of Fe2O3-
loaded cellulose acetate beads was observed which
could be due to interactions of iron oxide (Fe2O3) with
cellulose acetate, the peak 549 cm−1 is present in the
CA, and same peak appears in the Fe2O3-loaded CA,
there was no change in deviation and intensity was
observed by the authors during experimentation. The
Fe2+ ions are expected to complex with the oxygen of
the carbonyl group that has arisen from oxidization of
cellulose hydroxyl group to either keto or aldehyde
group [32]. The unreacted hydroxyl groups are
expected to form complexes with iron involving cation
exchange/ substitution reactions [33,34]. The presence
of 1,516 cm−1 peak depicts the presence of the car-
boxylic group present in the cellulose acetate, whose
intensity is reduced due to the introduction of Fe2O3

in the matrix of beads. As observed by Sundar et.al, a
cellulose molecule has three alcohol groups present,

which reacts with strong acid or base, in this case,
HCl and NaCl, to form H+ ions, when Fe2+ is intro-
duced, Fe2+ coordinates with the oxygen atoms pre-
sent in these ions, thus causing the disappearance
[35]. The peak in this region (1,510–1,520 cm−1) repre-
sents the asymmetrical vibration of O=C–C=O or
bidentate Fe2+ complex such as –C–O–Fe–O–C–
engaged in coordinate bond formation [32].

3.2. Effect of parameters affecting adsorption

3.2.1. Influence of pH

Effect of pH on the sorption of analyte ions was
monitored in 10 mg/L concentration of As (V) ions,
adjusting pH from 3 to 8 and processed according to
the suggested procedure. Adsorption increased with
increasing pH and maximum adsorption of 34% was

Fig. 2. (a) SEM micrograph of magnetised cellulose bead
and (b) Magnified SEM image of the bead.

Fig. 3. (a,b) SEM images of the bead after adsorption of As
(V) ions, (c,d) AFM images of the bead after adsorption of
As (V) ions, (e) XRD pattern of cellulose acetate (CA),
magnetised cellulose acetate beads (CA-Fe2O3), arsenic-
loaded hybrid beads (As (V)-CA-Fe2O3), and (f) IR spectra
of iron oxide (Fe2O3), cellulose acetate and impregnated
cellulose acetate beads.
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recorded at pH 5.0 (Fig. 4(a)), which may be attributed
to presence of optimum amount of H+ ions. With fur-
ther increase in pH, adsorption of As (V) ions was
suppressed (Fig. 4(b)). In oxidizing conditions,
(H2AsO4)

− species dominates at lower pH values [18].
Hence, in the pH range of 3.0–6.0, the removal of As
(V) ions may be represented as:

Fe2O3 þ 6ðH2AsO4Þ� þ 6Hþ ¼ 2FeðH2AsO4Þ3 þ 3H2O

(3)

Beyond pH 6.0, the amount of H+ ions present in the
solution may not be sufficient and a decline in the
extent of adsorption was observed. Hence, pH 5.0 was

Fig. 3. (Continued).
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Fig. 3. (Continued).
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Fig. 4. (a) Effect of pH and weight % Fe2O3 loading in the beads on adsorption of As (V) ions, (b) Schematic depicting
the configuration of ions around pH at different pH, (c) Effect of dose of the adsorbent on adsorption of As (V) ions, and
(d) Effect of contact time and initial concentration of As (V) ions in solution on the adsorption of As (V) ions onto the
beads.
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selected as optimum pH throughout the research. The
optimized pH is maintained throughout the process
using the acid and bases.

3.2.2. Influence of weight % Fe2O3 loading on
adsorption

Fe2O3 weight % was varied from 1 to 30% in cellu-
lose beads to analyse the adsorption behavior under
optimized conditions (pH 5, adsorbent dose 1gm, As
(V) concentration 10 mg L−1, and contact time 240 min).
Significant increase in adsorption was observed up to
20 wt.% Fe2O3 loading (Fig. 4(a)). However, with fur-
ther increment in wt.%, the extent of increase in adsorp-
tion was minimal and remained almost consistent.
Hence, 20 wt.% Fe2O3 loading was considered to be
optimum condition. At higher weight % Fe2O3, the
homogeneity of the dispersion of Fe2O3 in the polymer
matrix was poor due to which the extent of adsorption
of As (V) ions onto the beads did not increase.

3.2.3. Effect of sorbent amount on adsorption

The adsorption efficiency was recorded with vary-
ing sorbent dose under optimized conditions. (pH 5,
20 wt.% Fe2O3, 10 mg/L As (V) concentration, and
contact time 240 min.) Adsorption percentage was
found to remarkably increased with sorbent amount
due to greater availability of the active sites or surface
area available on the adsorbent [36]. At optimum dose
of beads, 100 mg in this case, 55% of adsorption was
recorded. With further increase in dosage amount,
there was no significant variation in adsorption pri-
marily due to instauration of active sites [37]. Fig. 4(c)
represents the variation of percentage adsorption of
As (V) ions with variance in dose (weight of beads).

3.2.4. Influence of initial As (V) ion concentration

The adsorption behavior of As (V) ions on hybrid
cellulose beads was studied with varying initial As
(V) ion concentration from 10 to 50 mg L−1 while keep-
ing all other parameters constant. (pH 5, 1gm adsor-
bent dose, 20% weight Fe2O3, and contact time
240 min.) Rise in adsorption capacity was observed
while, adsorption efficiency was found to depreciate
with increasing initial As (V) ion concentration
(Fig. 4(d)). Increase in adsorption capacity was
observed with increasing As (V) ion concentration,
since it provides a driving force to overcome all mass
transfer hindrances of metal ions between the aqueous
and solid phase [38]. However, the sorption efficiency
decreases due to limited availability of active sites.

3.2.5. Time dependent adsorption

The plot of adsorption of As (V) ions as a function
of time is depicted in Fig. 4(d). It revealed that the
extent of As (V) ions removal increased with increas-
ing contact time till equilibrium was attained. The
elimination of As (V) ions by adsorption onto the
beads was rapid for initial span and slowed down as
the contact time increased till the system achieved
equilibrium. This was caused by the initial instanta-
neous adsorption of As (V) ions on the external sur-
face of the beads due to boundary layer diffusion
followed by controlled pore diffusion into the
intraparticle matrix leading to equilibrium [39].

3.3. Equilibrium adsorption isotherms

The equilibrium adsorption isotherms indicate the
adsorption mechanism, surface properties and dis-
tribution of analyte ions between the liquid and the
solid phase at equilibrium. Collection of sorption data
at different As (V) concentration was analysed by fit-
ting it into various well-known isotherm models like
Langmuir, Freundlich, Temkin, and D–R [40].

3.3.1. Langmuir isotherm model

Langmuir presented a model which assumes the
formation of a monomolecular layer, on a homoge-
nous surface without any interaction between the
adsorbed molecules. The energy of adsorption remains
constant throughout the process. Maximum capacity
of the adsorbent can be predicted using Langmuir
adsorption isotherm is given by Eq. (4):

qe ¼ qmaxKLCeð Þ=ð1þ KLCeÞ (4)

where Ce is the equilibrium concentration of As (V)
ions (mg L−1), qe is the amount of As (V) ions
adsorbed at equilibrium (mg/g), qmax is the maximum
adsorption capacity of the adsorbent for a complete
monolayer (mg g−1), and KL is Langmuir adsorption
constant which is a function of free energy of adsorp-
tion (L mg−1). The linearized equation for Langmuir
model is given as:

Ce=qe ¼ 1=qmaxKLð Þ þ Ce= qmaxð Þ (5)

The values of qmax and KL are calculated from the
slope and intercept of the straight line obtained by
plotting Ce/qe vs. Ce as shown in Fig. 5(a). To investi-
gate the progression of adsorption process, a
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dimensionless equilibrium constant referred to as sep-
aration factor, RL for Langmuir isotherm is calculated
using Eq. (6):

RL ¼ 1= 1þ KLC0ð Þ (6)

where KL (L mg−1) is the Langmuir adsorption con-
stant and C0 (mg L−1) is the initial concentration of
analyte ions. The value of RL gives the interpretation
about whether the adsorption is irreversible (RL = 0),
favorable (0 < RL < 1), linear (RL = 1), or unfavorable
(RL > 1).Determined value of the dimensionless factor
RL is 0.53, indicating favorable adsorption of As (V)
ions onto the adsorbent.

3.3.2. Freundlich Isotherm model

The Freundlich isotherm model considers that
adsorption process occurs on heterogeneous surfaces
and relates the concentration of analyte ions at equilib-
rium to the adsorption capacity [41]. This model is
applicable to monolayer chemisorption as well as multi-
layer physisorption processes. This model is defined by
the equation:

qe ¼ KFCeð Þ1n (7)

where qe and Ce are the equilibrium concentrations of
As (V) ions adsorbed on solid (mg/g) and in the
liquid phase (mg/L), respectively. KF and n are the

Fig. 5. Equilibrium adsorption isotherm models (a) Langmuir adsorption isotherm, (b) Freundlich adsorption isotherm,
(c) Temkin adsoprtion isotherm, and (d) D–R adsorption isotherm.
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Freundlich constants related to adsorption capacity
and adsorption intensity, respectively. Equation in lin-
earized form is given as [41,42]:

ln qe ¼ 1=nð Þ ln Ceð Þ þ ln KF (8)

The value of constants n and KF are obtained from
slope and intercept of plot (Fig. 5(b)) between log qe
vs. log Ce, respectively. The value of n > 1 indicates
favorable adsorption. Larger value of n (1–10) indi-
cates strong interactions between adsorbent and adsor-
bate. The value of n obtained for hybrid magnetized
beads is 1.34, indicating favorable chemical interac-
tions between the adsorbent and analyte ions.

3.3.3. Temkin isotherm model

Temkin isotherm model states that the adsorption
process is uniformly distributed and the fall in heat of
adsorption is linear with coverage and adsorbate–ad-
sorbent interactions [43], and not logarithmic, as stated
in the Freundlich model. Temkin isotherm is described
by Eq. (9) [44] as:

qe ¼ RT=bTð Þln aTCeð Þ½ � þ RT=bTð ÞlnCe (9)

where R is gas constant 8.314 J mol−1 K−1, T is abso-
lute temperature (K), bT is the Temkin constant related
to the heat of adsorption (J mol−1), and aT is the Tem-
kin isotherm constant corresponding to the maximum
binding capacity (L g−1) [45–47]. The graph (Fig. 5(c))
between qe vs. ln Ce is plotted to calculate the con-
stants bT and aT from its slope and intercept, respec-
tively. Values of constants, as shown in Table 1,

suggest that adsorption follows this model to a certain
extent with a convincing linear fit data.

3.3.4. D–R isotherm model

D–R isotherm model estimates the mean free
energy of adsorption. It also considers the effect of
porosity of the adsorbent on adsorption. The D–R iso-
therm is given by the following equation [48]:

ln qe ¼ ln qmax � Ke2 (10)

where K (mol2 J−2) is D–R isotherm constant related to
the mean adsorption energy. qmax is the maximum
adsorption capacity of complete monolayer (mg g−1),
qe is the amount of As (V) ions adsorbed per unit
weight of the adsorbent at equilibrium(mg g−1), and ε
is Polanyi potential and is estimated by:

e ¼ RT ln 1 þ 1=Ceð Þ½ � (11)

where R is the gas constant (J mol−1 K−1) and T is the
absolute temperature (K). The slope of the plot ln qe vs.
e2 gives the value of the constant K and qmax is obtained
from the intercept. Fig. 5(d) depicts the plot of D–R
model yielding high correlation coefficient value.

The above results indicate that the Langmuir,
Freundlich, and Temkin equilibrium adsorption iso-
therm models fit well for the adsorbate–adsorbent sys-
tem. It is predicted that the initial monolayer
adsorption occurs (which is confirmed from Langmuir
model) leading to further multilayered chemical
interactions between the As (V) ions and the beads as
explained by the Freundlich isotherm. The Temkin

Table 1
Demonstration of equilibrium adsorption isotherm parameters

Adsorption isotherm Isotherm parameters Values of parameters for As (V) ion

Langmuir qmax (mg g−1) 5.45
KL (L mg−1) 0.035
RL 0.53
R2 0.9998

Freundlich n 1.34
KF (mg g−1) 0.24
R2 0.9958

Temkin bT (J mol−1) 2,537.70
aT (Lg−1) 0.49
R2 0.9894

(D–R) qmax (mg g−1) 2.26
K × 10−6 (mol2 J−2) −3.7
R2 0.9127
ε 291.28
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isotherm explains that the process of adsorption is
physico-chemical involving the hydroxyl (–OH)
groups of the adsorbent system and the effect of
porosity of the adsorbent on the process of adsorption
is explained by the D–R isotherm model. The values
of different equilibrium isotherm parameters calcu-
lated on the basis of these models are listed in Table 1.

3.4. Adsorption kinetics

Adsorption kinetics has been thoroughly studied
to investigate the mechanism of adsorption and poten-
tial rate controlling steps in the whole process. The
kinetic parameters are essential for the determination
of adsorption rate and give vital information for
designing and modeling the batch system. Several
kinetic models (pseudo-first-order, pseudo-second-
order, Elovich model, and intraparticle diffusion
model) have been exploited to define the rate deter-
mining step and mechanism of adsorption to select
optimum conditions for large scale applications [46].

3.4.1. Pseudo-first-order model

Lagergren pseudo-first-order model demonstrates
that the rate of adsorption of solute onto the adsorbent
depends on the adsorption capacity. The pseudo-first-
order rate equation is used to estimate the kad, the
mass transfer coefficient. This model is used to
describe the kinetics of solid–liquid phase adsorption.
The pseudo-first-order rate equation is given as
[38,49]:

dq=dt ¼ k1 qe � qtð Þ (12)

The above equation is integrated with boundary
conditions, qt = 0 at t = 0 and qt = qe at t = t and
rearranged to get,

log qe � qtð Þ ¼ logqe � k1=2:303ð Þt (13)

where qe and qt are the amounts of adsorbed As (V)
ions onto the adsorbent (mg/g) at equilibrium and at
time t, respectively, and k1 is the pseudo-first-order
adsorption rate constant (min−1). A straight line with a
negative slope for the graph of log (qe−qt) vs. time
suggests the applicability of pseudo-first-order kinetic
model as evident from Fig. 6(a). A higher R2 value
indicates good fit of this model to the adsorption As
(V) ions on to Fe2O3-loaded beads.

3.4.2. Pseudo-second-order model

The pseudo-second-order kinetic model considers
that rate of adsorption is directly proportional to the
number of active sites present on the adsorbent sur-
face [50]. It is also influenced by amount of adsorbate
adsorbed onto the surface of the adsorbent at time t
and at equilibrium. This model can be applied over a
whole range of data to predict the adsorption kinetics.
This model assumes chemisorption as the rate-limiting
step in the adsorption process. The pseudo-second-
order equation is given as [36,49,51] given by Eq. (14):

dq=dt ¼ kp2 qe � qtð Þ2 (14)

After rearranging and integrating the above equation
with boundary conditions, qt = 0 at t = 0 and qt = qe at
t = t, following Eq. (15) is obtained:

t=qt ¼ 1=k2qeð Þ þ t=qeð Þ (15)

where k2 (g/mg min) is the pseudo-second-order rate
constant, qt and qe are the amount of As (V) ions
adsorbed onto the surface of the adsorbent at time t
and at equilibrium, respectively (mg/g).

3.4.3. Elovich model

Chemisorption processes are described by means
of Elovich model. Elovich equation is based on the
adsorption capacity describing the kinetics of
chemisorption on highly heterogeneous adsorbent sur-
face and is expressed as:

dqt=dt ¼ ae�bq
t (16)

where qt (mg g−1) is the amount of As (V) ions
adsorbed at time t, β is the desorption constant related
to extent of surface coverage and activation energy of
the chemisorption, and α is the initial adsorption rate.
After rearranging and integrating the above equation
with boundary conditions, qt = 0 at t = 0, and qt = qt at
t = t assuming αβ >> t is given as:

qt ¼ ln ab=bð Þ þ lnt=bð Þ (17)

This linearized form of Elovich kinetic equation yields
a plot of qt vs. ln t, which gives a straight line as seen
in Fig. 6(c), indicating good correlation between the
experimental data and theoretical model. High value

S. Sharma et al. / Desalination and Water Treatment 57 (2016) 9420–9436 9431



of regression coefficients (R2) at all concentrations
suggests propinquity of the adsorbance reactions to
Elovich model.

3.4.4. Intraparticle diffusion model

The rate-limiting step, which is governed by
adsorption mechanism, is a significant factor in deter-
mining the mechanism of the adsorption process.
Intraparticle diffusion model is used to determine the
adsorption mechanism of analyte ions onto impreg-
nated cellulose beads. For a solid–liquid adsorption
process, the solute transfer usually occurs by external
mass transfer (boundary layer diffusion), intraparticle
diffusion (pore diffusion), or both. According to
Weber and Morris, the intraparticle diffusion coeffi-
cient kint is given by the equation [52]:

qt ¼ Kintt
0:5 þ I 18)

where kint is the intraparticle diffusion rate constant
(mg/ g min0.5) and I is the intercept. The plot of qt vs.
t0.5 (Fig. 6(d)) does not pass through the origin and
shows multilinearity indicating the occurrence of
multiple steps in adsorption process [28]. Boundary
layer diffusion accounts for the instantaneous adsorp-
tion of As (V) ions on the external surface of the
beads, which is reflected by first sharper portion of
the plot. Value of I indicates thickness of the boundary
layer (Table 2). The second portion is the gradual
adsorption stage with controlled pore diffusion, where
As (V) ions move into the interior of the beads. The
third step indicates the attainment of equilibrium
stage, where intraparticle diffusion starts to slow
down due to severely low concentration of adsorbate

Fig. 6. Kinetic models (a) Pseudo-first-order kinetic model, (b) Pseudo-second-order kinetic model, (c) Elovich kinetic
model, and (d) Intraparticle diffusion kinetic model.
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in the solution. The intraparticle diffusion rate is
obtained from the slope of the gentle-sloped portion
of the graph. The results suggests that the adsorption
data of As (V) ions from aqueous solution using the
magnetized cellulose acetate beads gives satisfactory
fit for pseudo-first order, Elovich, and Intraparticle
diffusion models. High value of regression coefficient
(R2) for these kinetic models suggests that the adsorp-
tion of As (V) ions onto the beads can be well
explained by these models. The applicability of Elo-
vich model predicts the involvement of chemisorption.
The multilinear graphs obtained for the Intraparticle
diffusion model confirms that initially there will be an
instantaneous adsorption of As (V) ions onto the sur-
face of the adsorbent system through film or surface
diffusion. After sometime when the surface coverage
increases there will be gradual adsorption through
controlled intraparticle or pore diffusion, where As
(V) ions move into the interior of the beads and at a
later stage, when the equilibrium is attained the intra-
particle diffusion begins to slow down. Table 2 repre-
sents the parameters calculated from different kinetic
models.

3.5. Desorption experiments

Reusability of adsorbent and recovery of As (V)
ions, desorption experiments were conducted with a
series of varied reagents viz, formic acid, acetic acid,
hydrochloric acid, ammonium hydroxide, and sodium
hydroxide [24,30]. Among the various reagents used,
0.1 M CH3COOH and 0.1 M HCOOH effectively
recover the As (V) ions at pH 5.0 adsorbed by adsor-
bent. As (V) ions of 91 and 94% were recovered using
0.1 M CH3COOH and HCOOH due to displacement
of H+ by As (V) ion and formation of stable com-
plexes. The experimental results (Fig. 7) revealed that
desorption percentage increases from 59 to 94% within
30 min, thereafter, equilibrium is achieved i.e. no

change in desorption yield [38]. Therefore, As (V) ions
could be desorbed successfully using 0.1 M
CH3COOH and HCOOH, and effectively used for the
regeneration of the adsorbent. Several experiments
were performed and the study suggest that the system
is reused for five adsorption-desorption cycles.

3.6. Adsorption thermodynamics

The thermodynamic parameter, Gibb’s free energy
change (ΔG) is essential to know the spontaneity of
the adsorption process [53]. At a given temperature, if
the value of (ΔG) is negative then the reaction is
spontaneous. The adsorption of As (V) ions onto cellu-
lose beads loaded with ferric oxide was studied at a
temperature of 300 K. The free energy of adsorption
(ΔG) was calculated from Eq. (19):

DG ¼ �RT ln KL (19)

Table 2
Demonstration of adsorption kinetic parameters

Kinetic model Concentration 10 mg L−1 30 mg L−1 50 mg L−1

Pseudo-first-order Model k1 (min−1) −0.01082 −0.00357 −0.00274
R2 0.9874 0.9858 0.9922

Pseudo-second-order model k2 (g mg−1 min−1) 0.3379 0.0577 0.0232
R2 0.9551 0.8337 0.7949

Elovich model α (mg g−1 min−1) 0.14 0.37 0.58
β 1.51 0.32 0.15
R2 0.9133 0.8721 0.8632

Intraparticle diffusion model kint (mg g−1 min−0.5) 0.033 0.086 0.13
L 0.032 −0.043 −0.17

Fig. 7. Effect of contact time on % desorption of As (V) ions.
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where KL is Langmuir isotherm constant, R is univer-
sal gas constant (8.314 J/mol K), and T is absolute
temperature (K). The change in free energy (ΔG) value
obtained for uptake of As (V) ions is −8.38 kJ/mol.
The negative value of ΔG establishes the feasibility
and spontaneity of the adsorption process.

4. Conclusions

The present prospective deals with the preparation
of cellulose acetate beads impregnated with Fe2O3 by
precipitation polymerization technique and utilize it
for the expunging of As (V) ions from the mimicked
solution. Batch adsorption experiments were executed
for elimination of As (V) ions, using 1 gm of adsorbent
dosage, under optimized conditions, the experimental
data were analysed using the kinetics and adsorption
isotherm models. The results depicts that, the Fe2O3

functionalized cellulose acetate beads could remove
65% of As (V) ions effectively in 4 h. Based on the
regression coefficient values, Langmuir isotherm
model is in commendable agreement to describe the
adsorption process. Thus, the adsorption was found to
obey monolayer formation further proceeding to
multilayer adsorption of analyte ions. The kinetic
studies indicate that sorption followed pseudo-first-
order model, thermodynamics parameters revealed,
the process is a highly spontaneous and feasible
adsorption reaction. The specific surface area of the
sorbent was computed using the BET analysis; XRD
was used to investigate the phase structure of magne-
tised cellulose acetate beads prior to and after the
adsorption of As (V) ions. FTIR was performed to
examine the interactions between acetate and hydroxyl
groups of cellulose acetate and iron. The Fe2O3

incorporated cellulose acetate beads stable up to five
effective adsorption-desorption cycles, thereafter, 5%
decrease in the adsorption efficiency was recorded in
the desorption experiment performed using various
acid bases. The present study suggests that, due to the
cost-effectiveness, environment suitability and effi-
ciency of removal of As (V) ions from the mimicked
solution within 4 h, the proposed adsorbent can be
produced on large scale to removal of As (V) from
industrial effluents.
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