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A study on kinetics and equilibrium is presented on the adsorption of arsenic species
from simulated groundwater containing arsenic (As(Ill):As(V)::1:1), Fe and Mn in
concentrations of 0.188 mg/L, 2.8 mg/L and 0.6 mg/L, respectively, by iron impreg-
nated granular activated charcoal (GAC-Fe). Also presented is the interaction effect of
As, Fe and Mn on the removal of arsenic species from water, which simulates contami-
nated groundwater. Among conventional models, pseudo second-order kinetic model
and Freundlich isotherm were adequate to explain the kinetics and equilibrium of
adsorption process, respectively. However, in comparison to conventional isotherm
empirical polynomial isotherm provided a more accurate prediction on equilibrium
specific uptakes of arsenic species. Effects of initial concentrations of As, Fe and Mn
on the removal of total arsenic (As(T)), As(V) & As(Ill) have been correlated within
the error limit of —0.2 to +5.64%. © 2009 American Institute of Chemical Engineers
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Introduction

Long-term consumption of arsenic contaminated ground-
water, has inflicted considerable harm on health of common
people in many countries like Argentina, Bangladesh, Can-
ada, Chile, China, Cambodia, Germany, Hungary, India,
Myanmar, Mexico, Mongolia, Nepal, Pakistan, Romania,
Thailand, USA, Vietnam, and so on. 234 Among these
countries, arsenic poisoning has been observed in its most
devastating form in India and Bangladesh. Considering its
toxic effect on human health, the maximum contaminant
level (MCL) of arsenic in drinking water has been reduced
from 50 pg/L tol0 pg/L by World Health Organization
(WHO)’ and United States Environmental Protection Agency
(USEPA).6 National Health and Medical Research Commit-
tee (NHMRC),7 Australia, in 1996 had recommended MCL
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of arsenic in drinking water as 7 ug/L. However, for Bangla-
desh and India this limit is still as high as 50 ug/L.

Arsenic concentration in the groundwater of West Bengal,
India, lies within 50-200 ug/l8 and relative amounts of
As(V) and As(IIl) in groundwater depend on the redox con-
dition in the aquifer.3 Recently, the relative amount of
As(IIl) and As(V) in the groundwater of some places of
West Bengal has also been reported as 1:1.° Among the cati-
ons present in groundwater, Fe and Mn have significant
effect on the removal of arsenic species from water.'®'" Fe
and Mn are present as positively charged ions, whereas ar-
senic exists as negatively charged species or neutral species.
Therefore, Fe and Mn are not competitors to arsenic species
for adsorption onto GAC-Fe. Moreover, arsenite can be oxi-
dized to some extent due to the presence of Fe and Mn.'%!!
Therefore, Fe, Mn and As may have some interaction effects
on the removal of arsenic species.

Among the arsenic removal methods from contaminated
water, the surface modified adsorbents have become more
prominent in recent years. Recently, several researchers
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have reported that the iron impregnated granular activated
charcoal (GAC-Fe) has very good arsenic removal
capacity, >3 1413161718 Ty these investigations a wide range
of adsorbent doses and agitation periods have been under-
taken and the effect of process parameters on the removal of
arsenic species by GAC-Fe has been reported.

Some work has also been reported on the kinetics and
equilibrium of arsenic removal from water in the absence of
other metal ions using GAC-Fe.">'7 However, there is
hardly any reported work on the kinetics and equilibrium
studies on arsenic removal from contaminated water by
GAC-Fe in the presence of Fe and Mn, which are normally
present in arsenic contaminated water.

In this work, the kinetics and equilibrium studies for the
removal of arsenic species from simulated water representing
contaminated groundwater in the presence of Fe and Mn
have been undertaken. The interaction effects of initial con-
centrations of iron (Fe,), manganese (Mn,) and arsenic (As,)
on the removal of arsenic species have also been expressed
in the form of correlations.

Models

To understand adsorption phenomena two types of models
are normally developed. The first type is on the basis of agi-
tation period (kinetics model), and the second type is on the
basis of initial arsenic concentration (equilibrium model) as
follows.

Kinetic models

Different kinetic models such as pseudo first-order model,
pseudo second-order model, Weber and Morris model, Elo-
vich model, etc., are normally used to describe the nonequi-
librium stage of adsorption. In brief these models are
described as follows.

Pseudo first-order model

Lagergren'® showed that the rate of adsorption of pollu-

tants on the adsorbent follows a pseudo first-order model

dg,/dt = ki(q, — q,) )]

where, ¢, and ¢, are sorption capacities (mg/g) of adsorbent at
equilibrium and at a given time “¢’, respectively, and k; is the
pseudo first-order adsorption rate constant (s '). Integrating
and applying the boundary conditions; at = 0, ¢, = 0 and at ¢
=1t 4, = q, Eq. 1 is reduced to

log(gq, — q,) = logq, — k1t/2.303 ?2)

Pseudo second-order model

Ho and McKay20 proposed the pseudo second-order
kinetic model for the adsorption process as described as
follows

dg,/dt = ka(q, — q,)° 3)

where, k, is the pseudo-second-order adsorption rate constant
(g/mg s). Integrating and applying the boundary conditions; at
t=0,¢=0and att =1t g, = q,, Eq. 3 is reduced to
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t/d = 1/(kaq?) +1/q, )

Att— 0, kzqg represents the rate of adsorption, and, hence, it
is termed as initial adsorption rate 4 (mg/g s).

Weber and Morris model

Weber and Morris®' described the intraparticle uptake of
adsorbate during the adsorption process to be proportional to
the half power of time

q, = kiat"* +1 ®)
where, k;, is intraparticle diffusion rate constant (mg g_ls_u 2),
and / (mg/g) is a constant that gives indication about the
thickness of the boundary layer, i.e., larger is the value of / the
greater is the boundary layer effect.

Elovich model

Elovich model* describes the chemisorption phenomena
in which desorption is negligible. In this model the rate of
adsorption decreases due to the increase in surface coverage
of adsorbent with time as on the following statement

dg,/dt = aexp(—fq,) (6)

where, « is the initial adsorption rate constant (mg g 's™'),
and f is the desorption constant (g/mg). Chien and Clayton23
simplified the aforementioned model assuming ofiz > 1, and
applying the boundary conditions, at t =0, ¢, =0 and at t = ¢,
q: = ¢, the model reduces to

g, = In(af5)/B +n(1)/ ©)

Equilibrium models

The simulated ground water investigated in this work con-
tains arsenic along with Fe and Mn. In the pH range investi-
gated, all the metal ions except arsenic species exist as posi-
tively charged ions, where as arsenic exists as negatively
charged entity. Therefore, there is no competition among the
ions of metals and arsenic to occupy the same active sites on
the adsorbent surface. Thus, the overall adsorption process can
be modeled by monocomponent isotherms rather than multi-
component isotherms. Commonly used monocomponent iso-
therm models are Langmuir, Freundlich and Temkin isotherms.

The Langmuir isotherm theory is based on the assumption
that adsorption is a first-order chemical process, and mono-
layer of adsorbed material is formed onto a series of distinct
sites (unisite) on the surface of the adsorbent. Langmuir iso-
therm is expressed as

qe = qmaxKLCe/(l + KLCe) (8)

where, gmax (mg/g) & K; (I/mg) are the Langmuir constants
related to the capacity and energy of adsorption, respectively.

Freundlich Isotherm is developed on the basis of the for-
mation of monolayer due to adsorption onto a rough hetero-
geneous surface (multisites), and is expressed as

DOI 10.1002/aic 1861



ge = KC}" ©)

where Ky ((mg/g)/(mg/L)""), and n are Freundlich isotherm
constants related to the adsorption capacity and degree of
favorability of adsorption, respectively.

Temkin isotherm is derived using molecular statistical
theory. It is also applicable for heterogeneous surface and
can be expressed as follows

g. = BiIn(KrC,) (10)

where K7 (1/mg) is equilibrium binding constant corresponding
to the maximum binding energy and B, (mg/g) is related to the
heat of adsorption.

To estimate the isotherm constants in Egs. 8, 9 and 10,
these equations are generally converted to their linear form
as stated in Eqgs. 11, 12 and 13, respectively

1/qe = I/KL‘ImaxC+ I/Qmax (11)
log g, = log Ky +1log C,/n (12)
g = BiInKr + BiInC, (13)

However, in the previously mentioned converted linear
models the error associated with the data is not expressed
properly. Hence, in recent years, the development of iso-
therm model in original form (i.e., ¢, as a function of C,) by
regression is gradually becoming more popular as the error
associated with the data is properly expressed in original
form.2* The isotherm model, in its original form, normally
gives rise to polynomial equation and is termed as polyno-
mial isotherm.”” A polynomial isotherm of second-order is
presented

ge = a + cC, — dC? (14)

where a (mg/g), c(/mg), and d (12/(g)(mg)) are constants of the
polynomial isotherm. Although they provide accurate predic-
tion, polynomial isotherm does not explain the physics of
adsorption.

To examine the accuracy of fitting of experimental data
by the aforementioned isotherms, Marquardt’s percent stand-
ard deviation (MPSD) error function®® was computed and is
given in Eq. 15

MPSD = 100 Z((qe,exp - Qe,calc)/qg,,exp) (15)
i=1

(m—p)

The MPSD error function is similar in some respects
to geometric mean error distribution modified accord-
ing to the number of degrees of freedom of the system.
The values of m and p in the aforementioned equations
are equal to the number of experimental data points
and number of parameters in the isotherm equation,
respectively.
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Materials and Methods

All the chemicals used in this study were of reagent grade
and procured from s.d. fine-chem limited, India. Synthetic
solutions were prepared by Milli-Q water (Q-H,O, Millipore
Corp. with resistivity of 18.2 MQ-cm). The stock solutions
containing 100 mg/L As(V) and As(III) were separately pre-
pared by dissolving Na,HAsO,4.7H,O and NaAsO, in water
and were filtered through a 0.45 um membrane. Granular
activated charcoal (GAC), produced from wood was also
procured from s.d. fine-chem limited. Bulk density of GAC
was 40 g/100 mL.

Preparation and characterization of GAC-Fe

GAC-Fe was prepared by impregnating Fe** ions on
GAC (particle size 2—-4 mm) surface using ferric chloride
solution containing 2.5 wt % Fe’' in a similar way as
described elsewhere.'> However, in this case initial pH was
adjusted to 5.8 £ 0.2 and was maintained at that level for 2
h. The pH was then raised to 8 after 2 h and then to 12 after
4 h by the addition of NaOH. Further fixation of Fe*" was
carried out at 70 °C on a water bath until the water evapo-
rated completely, and then it was dried at 110 °C for 24 h.
Stepwise increase in pH was done with a view to increase
the chemisorption of positively charged Fe’" on the GAC
surface. The mechanism for Fe*™ impregnation on GAC sur-
face as in the following discussion.

In the solution Fe’" exists as positively charged species
such as Fe(OH)§r and Fe(OH)**, and as neutral species like
Fe(OH);. With the increase in the value of pH the relative
amounts of positively charged species decrease, and the rela-
tive amount of neutral species increase. At pH 5.8 + 0.2,
both Fe(OH);r and Fe(OH)2+ coexist. However, the relative
amount of Fe(OH)2+ is more?® than that of Fe(OH)2+ . At pH
8 and 12 the predominating species are Fe(OH); and
Fe(OH)s, respectively. The positively charged hydro oxides
of iron can be chemisorbed on the negatively charged sites
on GAC surface created by the oxides present in the ash of
GAC. Furthermore, Fe** has unfilled d orbital in its electron
configuration (1s*2s*2p°3s*3p®3d’), and, thus, Fe(OH);,
Fe(OH)*" and Fe(OH); can make surface complexes with
the carboxyl and phenolic groups present on GAC surface.
Possible reactions that can take place on GAC surface lead-
ing to impregnation of Fe are!>2%29

MOH + OH™ — MO~ + H,O (at a pH above the pH,p

of MOH)
MO~ + Fe(OH); — (MO) — Fe(OH),
2MO™ + Fe(OH)*" — (MO), — Fe(OH)
2(C—XH) + Fe(OH); — (C—X), — Fe(OH); + 2H"
2(C—XH) 4 Fe(OH)*" — (C—X), — Fe(OH)*" + 2H*
2(C—XH) + Fe(OH); — (C—X), — Fe(OH); + 2H"
where, group (C—X) represents (C—COQO) and (C—O) groups
generated due to the carboxyl and phenolic groups present on
GAC surface, respectively. MOH represents the oxides of Si,

Al, Fe, Ca and Mg present in the ash of GAC. The pH,,
values for the oxides of Si, Al, Fe, Ca and Mg are 2.2, §, 8.3,
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Table 1. Properties of GAC-Fe

Particle Elemental Proximate BET Surface Pore volume Bulk density Impg Fe

Adsorbent size (mm) analysis (%) analysis (%) area (mz/g) (cm3/g) (g/h) content (wt. %)
GAC-Fe 2-4 C:74.39 Ash : 8.93 488.24 mi: 0.1746 658.01 4.78

H: 157 M: 8.85 me:0.0212

N:0.30 Others: 82.22 ma:0.0020

S:0.15

Others: 23.59
GAC 2-4 C :75.06 Ash : 2.58 583.23 mi: 0.2044 605.02 -

H: 1.90 M: 9.71 me:0.0495

N : 0.00 Others: 87.71 ma:0.0036

S :0.00

Others: 23.04

Impg Fe: impregnated Fe; M: moisture; mi: micro pore (dia < 2 nm), me: meso pore (dia 2-50 nm),; ma: macro pore(dia > 50 nm).

11 and 12.4, respectively. Therefore, oxides of Fe, Ca, Si and
Al present on the surface of GAC as hydroxides can adsorb
Fe(OH)2+ and Fe(OH)”. However, the same is not true for Mg
as the maximum pH for impregnation of Fe (pH 12) is less
than the pH,,. of MgO (pH 12.4). Key properties of untreated
GAC and GAC-Fe are shown in Table 1.

Elemental analysis of GAC-Fe and GAC was carried out
by an elemental analyzer system (Elementar Analysensys-
teme GmbH, model Vario-EL V3.00), and bulk density was
measured by a picnometer. Surface area and pore volume of
the samples were measured by N, adsorption isotherm using
an ASAP 2010 micromeritics instrument by Brunauer-
Emmett-Teller (BET) method, and using the software of mi-
cromeritics. Nitrogen was used as cold bath (77.15 K). SEM
photograph was taken by an electron microscope (LEO Elec-
tron Microscopy, Ltd., U.K).

Procedure

For kinetics study each 50 mL of the synthetic water sam-
ple containing 188 ug/L. As(T) (in the ratio As(IIT):As(V) ::
1:1), 2.8 mg/L Fe and 0.6 mg/L. Mn was added with 0.25 g
GAC-Fe in a 100 mL vessel. Agitation period was varied
from 30 min to 32 h with a speed of 180 rpm. Temperature
was maintained at 29 4+ 1°C. The solution pH was main-
tained at 7.1 £ 0.1 by measuring it intermittently each 2 h,
and controlled by dropwise addition of N/10 HNO; when-
ever required. In each case, after the adsorption was over,
the solution was filtered through a 0.45 ym membrane filter.

The filtrate was analyzed for total arsenic present in the
solution by a PerkinElmer ICP-MS model ELAN-DRC-e.
Arsenic speciation was done by Edward’s ion exchange
method using strong base anion resin AGXS8, with correction
due to the presence of Fe and Mn ions as described else-
where.? Analysis of Fe and Mn was done by atomic absorp-
tion spectroscopy AAS, GBC, Avanta, Australia. All the
experiments were repeated thrice and average results were
reported.

For equilibrium study, five different experiments were car-
ried out, each with an agitation period of 42 h based on ear-
lier observations, and for these experiments the values of
As, was varied in five steps from 0.188, 0.333, 0.407, 2.20
and 3.17 mg/L. Temperature and pH of the solution were
kept constant similar to the aforementioned described
kinetics studies.
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To study the interaction effects of As,, Fe, and Mn,, on
the removal of arsenic species, a full factorial design with
three different factors was carried out. The first factor was
initial concentration of As (As,) at four levels and these
were 0.167, 0.333, 0.5 and 2 mg/L. The other two factors
were initial Fe and Mn concentration (Fe, and Mn,) and
three levels of Fe, and Mn, were studied. Three levels of Fe
were 2.7, 1.8 & 0.9 mg/L and for Mn these values were 0.2,
0.4 and 0.6 mg/L. The full design with all 36 experiments is
given in Table 2 in terms of coded values. Agitation time
and pH were kept at 24 h and 7.1 £ 0.1, respectively.

Results and Discussion

Adsorption kinetics, adsorption equilibrium and interaction
effects of Fe,, Mn,, and As, on the removal of arsenic spe-
cies by the adsorption on GAC-Fe are discussed as follows.

Adsorption kinetics

To study the kinetics of adsorption of arsenic species on
GAC-Fe, specific uptake of various arsenic species with agi-
tation time is plotted in Figure 1. From Figure 1 it is evident
that adsorption of arsenic takes place with a very fast initial
stage followed by a plateau stage. This phenomenon can be
explained on the basis of mechanism of adsorption supple-
mented with hydrodynamics of the system. In the beginning,
both the number of available active sites on GAC-Fe surface
for adsorption and the concentration of arsenic species in the
solution are maximum, thus, maximum driving force for
adsorption of arsenic is present. To supplement the adsorp-
tion, agitation provides the energy required for arsenic spe-
cies to transport itself from the bulk of the solution to the
active sites of the adsorbent, thereby reducing the resistance
to mass transfer between the bulk phase and adsorbent. In
fact, all the aforementioned three facts, i.e., the presence of
large number of active sites, higher driving force and reduc-
tion of resistance to mass transfer by agitation promote
adsorption. With the increase in agitation period, more and
more arsenic species get the opportunity to come in contact
with the GAC-Fe surface. Hence, at the initial stage, rate of
% removal of arsenic species is high with the increase in
agitation period. However, after certain value of agitation
period (>10 h) the rate of % removal of arsenic species
decreases considerably and finally becomes zero, indicated
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Table 2. Design of Experiments for Determining Interaction
Effects of Fe,, Mn, and As, on Arsenic Removal (for As, : 1
= 0.167 mg/L, 2 = 0.333 mg/L, 3 = 0.5 mg/L and 4 = 2 mg/
L; for Fe,: 1 = 0.9 mg/L, 2 = 1.8 mg/L and 3 = 2.7 mg/L;
for Mn,: 1 = 0.2 mg/L, 2 = 0.4 mg/L and 3 = 0.6 mg/L)

As, Fe,
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by the fact that specific uptake becomes constant. The possi-
ble reasons for this are given next.

At the experimental pH (7.1 £ 0.1), As(V) exists in solu-
tion as negatively charged species as H,AsO, and As(III)
exists predominantly as neutral species, but its presence as
negatively charged species in small amounts cannot be ruled
out. In addition to it a small amount of As(IIl) is also oxi-
dized to As(V) as H,AsOj in the presence of Fe and Mn.
Negatively charged As(V), As(Ill) and converted As(V)
from As(IIl) can be chemisorbed on the predominantly posi-
tively charged surface of GAC-Fe, which is created due to
the impregnation of Fe*™ jon on GAC surface as discussed
elsewhere.'® Neutral arsenic species (As(IIl)), to some extent
can also be adsorbed by physical adsorption. During the
adsorption process some amount of negatively charged ar-
senic species can also be attached to surface complexes pro-
duced on the GAC-Fe surface through the exchange of
hydroxyl ions of these surface complexes. Possible reactions
for the adsorption/attachment of arsenic species on GAC-Fe
are as follows®''>%
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(M—O) — Fe(OH; ), + HAsO; — (M—O) — Fe(HAsO,)
+2H,0
(M—0), — Fe(OH;) + H,AsO, — (M—0),
— FC(HzASO4) + H,0
(C—X), — Fe(OH)*" + HAsO?™ — (C—X),
— FC(ASO4) + H,O
(C—X), — Fe(OH); + H,As0; — (C—X),
— Fe(OH)HAsO, + H,0
(C—X), — Fe(OH)3 + H,AsO; — (C—X),
— Fe(OH),H,AsO, + OH™
(C—X), — Fe(OH); + H,As0; — (C—X),
— Fe(OH)HASCh + Hzo
(C—X), — Fe(OH)3 + HyAsO; — (C—X),
— Fe(OH),H,AsO; + OH™

Presence of FeOOH group on GAC-Fe has been identified
with the help of XRD analysis of GAC-Fe.'> The adsorp-
tion/attachment, of arsenic species, as negatively charged
species along with some neutral species, has also been con-
firmed by comparing FTIR spectra of GAC-Fe before and af-
ter adsorption of arsenic.'?

Within a few hours of agitation most of the negatively
charged arsenic species are chemisorbed on GAC-Fe surface,
as a result, most of the active sites are occupied and the con-
centration of arsenic species in the solution reduces. Thus,
the driving force, as well as active site density both
decreases considerably (resistance due to mass transfer
remains constant), leading to a slow rate of adsorption pro-
ceeding toward zero rate. Hence, despite similar intensity of
agitation more time is required for the adsorption of arsenic
species.

To estimate the kinetic parameters attached to different ki-
netic models, the models were regressed with the help of
data obtained in this investigation as described in the Models
section, and are reported in Table 3. Out of the four models
tested and reported in Table 3, the value of correlation coef-
ficient (R2) for pseudo second-order model is highest, and,

0.04 -
— 0.035 - o0
o
E’ 0.03 1 Agitation period: 10 h
@ 0.025 4 —o—As(T)
£ 002 —o—As(V)
S 'y iy A
2 0015 _Fﬁﬂgg* —aAs(lll
S 0.01 -
Q
® 0.005 -
0 . , . . .
0 500 1000 1500 2000 2500
Time (min)

Figure 1. Removal of arsenic species with agitation
time (Process conditions: pH: 7.1 = 0.1, tem-
perature: 29 = 1 °C, particle size : 2-4 mm,
adsorbent concentration: 5 g/L, As(T): 188
ug/L (As(lll): As(V)::1:1), Feo: 2.8 mg/L, Mn,:
0.6 mg/L).
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Table 3. Kinetic Parameters of Various Kinetic Models for Adsorption of Arsenic Species on GAC-Fe

Model R? Gecal. Geexp. Kinetic parameters
As(T)
Pseudo First order 0.90 0.08518 0.03609 Ki(s™H:3.07 x 107°
Pseudo Second order 0.99 0.03604 0.03609 Kz(g(mg)_ls_'): 0.0425
Intra particle diffusion model 0.79 - - Kid(mg(g)’lsm): 7.74 x 107*
I(mg(g) H: 0.03
Elovich model 0.94 - - a(mg(g) 's"?): 6.64x 10°
B(g(mg)"): 769.23
As(V)
Pseudo First order 0.87 0.052692 0.018766 Ki(s™H:233 x 107°
Pseudo Second order 1.0 0.018650 0.018766 Ko(g(mg)'s™1): 0.1383
Intra particle diffusion model 0.73 - - Kia(mg(2)~'s'?): 3.87 x 107*
I(mg(g) H: 0.017
Elovich model 0.93 - - a(mg(2)~'s"?): 6.17 x 10'°
B(g(mg)~"): 2000
As(I1I)
Pseudo First order 0.97 0.075276 0.017322 Ki(s™h: 4.22%x 107°
Pseudo Second order 1.0 0.017393 0.017322 Kz(g(mg)’ls"): 0.0602
Intra particle diffusion model 0.79 - — Kid(mg(g)flsl/z): 7.74 x 107*
I(mg(g) H: 0.031
Elovich model 0.97 - - a(mg(g) 's"?): 745227

Blg(mg)"): 1250

thus, predicts the value of Qepregict best. Predicted specific
uptake value of As(T), obtained from pseudo second-order
model shows an error of only 0.1%.

In an adsorption process the adsorbate is first transported
from bulk of the solution to the surface of adsorbent. Then it
is either gets adsorbed on the active sites available on the
outer surface of adsorbent or diffuses into the interior part of
the adsorbent through pore diffusion (intraparticle diffusion),
and gets adsorbed on the active sites available on the pore
surface. Hence, the overall adsorption process is controlled
by either or in combination of film diffusion (external mass-
transfer effect), pore diffusion (intraparticle mass-transfer
effect), and intrinsic adsorption®? (physical adsorption/chemi-
cal adsorption/attachment through hydroxyl ion exchange,
etc).

To investigate the possibilities of pore diffusion (intrapar-
ticle diffusion) for the adsorption of arsenic species, as well
as to understand the implication of data for improved ad-
sorbent and process design, q, vs. t'2 plots have been devel-
oped for As(IIl) and As(V) as shown in Figure 2. From Fig-
ure 2 it is evident that the g, vs. t'/* plots exhibit multilinear-
ity (having three linear parts), which indicates that the pore
diffusion does not solely control the adsorption process for
both As(III) and As(V).>® The most steeper parts (P; and
P')) at the initial stage of adsorption, for both As(III) and
As(V), are due to the instantaneous utilization of the most
readily available adsorbing sites on the adsorbent surface. P,
and P'; are usually attributed to boundary layer diffusion or
external mass-transfer effects.*

It is interesting to note that the spread of zone P’; is more
than Py, which indicates that rate of bulk diffusion for As(V)
is faster than that of As(IIl). This might be due to the fact
that majority of As(IIl) exists as neutral species, whereas
As(V) exists as negatively charged species, and, thus, As(V)
experiences more attraction forces toward positively charged
sites on the GAC-Fe surface. This in turn neutralizes to
some extent, external mass-transfer resistance offered by the
media for the transport of As(V) ion than As(IIl), and results
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in more adsorption of As(V) than As(IIl). Due to this reason,
in normal practices, As(II) is oxidized to As(V) before
adsorption for getting more arsenic adsorption. The lower
value of “I” predicted by intraparticle diffusion model for
As(V) (0.017 mg/g) than that of As(IIl) (0.031 mg/g), also
supports that As(IIl) experiences more external mass-transfer
resistance for being shifted from bulk of the solution to the
adsorbent surface than As(V).

In Figure 2, straight portions P, and P’, depict macropore
diffusion, whereas P3 and P’5 depict micropore/mesopore dif-
fusion.** From Figure 2 it is evident that arsenic species
adsorbed through macropore diffusion is more than that
through micropore/mesopore diffusion for both As(II) and
As(V). This can be explained as follows.

In GAC-Fe, the pore volumes for micropore (<2 nm),
mesopore (2 to 50 nm), and macropore (>50 nm) are 0.1746
cm3/g, 0.0212 cm3/g and 0.0020 cm3/g, respectively.
Whereas, the average size of As(V) and As(Ill) are 41nm
and 48 nm, respectively.13 Hence, due to lesser size of
micropores than that of arsenic species, the adsorption of ar-
senic species through micropore diffusion is not possible.
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Figure 2. Intraparticle diffusion model for the adsorp-
tion of various arsenic species using GAC-Fe.
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Furthermore, as the diameter of the pore should be at least
more than twice the diameter of ion for proper adsorption
inside the pore, adsorption on mesopore is also unlikely.
Hence, despite having more micropore/mesopore volume in
GAC-Fe, adsorption of arsenic species through micropore/
mesopore diffusion is also negligible, as evident in Figure 2.
However, due to bigger size of macropores the adsorption of
arsenic species through macropore diffusion is considerable.
If we compare the pore volumes of GAC-Fe with that of
untreated GAC it seems that the macropore, mesopore and
micropore volumes of GAC (0.0036, 0.0495 and 0.2044
cm’/g, respectively) are reduced by 44.4%, 57.1% and
14.6% receptively, due to the impregnation of Fe’™ on
GAC. Therefore, an adsorbent having more macropore vol-
ume will be more efficient for surface modification, conse-
quently will assist removal of arsenic.

To find out the rate limiting step of the overall adsorption
process the values of first-order rate constant (K;) of As(III)
and As(V), obtained from the slopes of the straight lines of
first-order model and reported in Table 2, have been utilized.
The pore diffusion coefficients and film diffusion coefficients
for both As(IIT) and As(V) have been Computed35 from Eqgs.
16 and 17

t(1)2) = 0.030r%/D, (16)
ta2) = 0.230r6/Ds x (C,/C.) (17)

Equations 16 and 17 are called half time equations where
r is the radius of the adsorbent in cm, ¢ is the thickness of
the water film adhered to the adsorbent in cm, D,, and Dy are
pore and film diffusion coefficient, respectively in cm?s. C,
and C, are the concentration of arsenic species on the ad-
sorbent and in the solution at equilibrium, respectively. ()
is the time required to bring down the arsenic concentration
to half the initial concentration in seconds. 7, has been
calculated®® from Eq. 18

tay2 = — [In(0.5)]/K, (18)

Values of 7, obtained from Eq. 18 for both As(III) and
As(V) have been substituted in Egs. 16 and 17 to obtain the
values of D, and D, assuming ¢ value as 0.001 em.®

The values of D, and Dy for As(III) are 4.11x 10™° cm?/s
and 2.46 x 1077 cm?/s, respectively. Similarly, for As(V)
these values are 2.27 x 107% cm?/s and 5.44 x 107 cm?/s,
respectively. According to Michelson et al*® if film diffusion
is the rate limiting step the value of Dy should be between
107% and 1078 sz/s, but on the other hand, if the pore dif-
fusion is in the rate limiting step, the D,, value should be in
the range of 107" and 107" cm?s for heavy metals.*®
Therefore, in this case pore diffusion is not the rate limiting
step for both As(IIl) and As(V). This fact is also supported
by the R? value (0.79) of the Weber Morris model as shown
in Table 3.

For As(IIT), the Dy value (2.46 x 10”7 cm?/s) lies between
107° and 10"® ecm?s, and for As(V) the Dy value (5.44 x
107 cmZ/s) is also in the order of 107°. Therefore, it seems
that the film diffusion is the rate limiting step for both
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Figure 3. Change of equilibrium specific uptake with
increasing As, (Process conditions: pH: 7.1 +
0.1, temperature: 29 + 1 °C, agitation period:
42 h, particle size : 2-4 mm, adsorbent con-
centration: 5 g/L, As(T): 188 ug/L (As(lll):
As(V)::1:1), Fe,: 2.8 mg/L, Mn,: 0.6 mg/L).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

As(IIl) and As(V). Larger D¢ and lower D, value of As(V)
than that of As(IIl) is due to the existence of As(V) as com-
pletely positively charged moiety, and As(II) as predomi-
nantly neutral moiety at the experimental pH. Due to nega-
tive charge of As(V) it is easily transported from the bulk of
the solution to the predominantly positively charged surface
of the adsorbent and gets adsorbed on the active sites of ad-
sorbent surface rather than the interior pores.

Adsorption equilibrium

To study the state of equilibrium during adsorption of ar-
senic species on GAC-Fe surface, experiments have been
conducted with As, values of 0.188, 0.333, 0.407, 2.20 and
3.17 mg/L. The specific uptake values at equilibrium for
As(T), As(V) and As(III) at various As, values are shown in
Figure 3, which shows that specific uptake increases with
increase in the value of As,. The possible explanation can
be given with the help of surface charge on GAC-Fe surface
at the pH value of experiment (7.1 + 0.1), and the nature of
charges on As(IIl) and As(V) ions. At pH value of 7.1 £
0.1, GAC-Fe surface contains predominantly positive
charges. Therefore, with the increase in arsenic concentration
in the solution the driving force for adsorption of negatively
charged arsenic species on the positively charged sites of
GAC-Fe surface increases, leading to an increased adsorp-
tion of arsenic species on the GAC-Fe surface. The linear
nature of the specific uptake vs. As, plots, as shown in Fig-
ure 3 indicates that many positive sites on GAC-Fe surface
remain unoccupied, which is also evident by comparing the
SEM of GAC-Fe before and after adsorption/attachment of
arsenic as shown in Figure 4a and b.

To determine the equilibrium parameters for the adsorp-
tion of arsenic species on GAC-Fe surface, experimental
data were used to fit different adsorption isotherms as
reported in the Models section. Isotherm constants, R? and
MPSD values of these isotherm models are summarized in
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Figure 4. SEM of GAC-Fe (a) GAC-Fe before adsorption, and (b) GAC-Fe after adsorption (magnification 1.0 KX).

Table 4. From Table 4 it is evident that MPSD is minimum
when the quadratic polynomial isotherm is used, indicating
that it gives a more accurate prediction about the specific
uptake value than any other isotherms, such as Freundlich,
Langmuir or Temkin isotherms.

Polynomial isotherm constants are determined by the
regression of a quadratic polynomial equation correlating
specific uptake and equilibrium arsenic concentration. How-
ever, to find out the isotherm constants of Langmuir, Freund-

lich and Temkin isotherms the original forms of these iso-
therms are converted to linear forms as described in the
Models section. The slope and intercepts of these derived
linear forms of the isotherms are used to determine the iso-
therm constants. The error associated with the fitting of ex-
perimental data is properly expressed in a better way in pol-
ynomial isotherm (isotherm in original form) than the other
isotherms (isotherms in derived forms). Consequently, the
prediction of specific uptake by polynomial isotherm is more

Table 4. Equilibrium Constants and MPSD Values of Various Isotherm Models for the
Adsorption of Arsenic Species on GAC-Fe (As, value: 0.188 to 0.317 mg/l)

Model R? Isotherm constants MPSD
For As(T)
Langmuir isotherm 0.9 Ky (I/mg): 19.46275 21.3528
qmax(Mg/g): 0.235154
Freundlich isotherm 0.9841 K(l/mg): 0.787179 6.467253
n : 1.449275
Temkin isotherm 0.9053 B(mg/g): 0.1252 47.43715
Kr(l/mg): 79.4715
Quadratic polynomial isotherm 0.998 a(mg/g): 0.0232961 2.454306
c((I/mg): 1.2824
d((1%/(2)(mg):- 0.58252
For As(V)
Langmuir isotherm 0.9329 Ky (I/mg): 102.5861 32.13612
qmax(Mg/g): 0.153995
Freundlich isotherm 0.9838 K¢(1/mg): 0.93342 16.38709
n : 1.707067
Temkin isotherm 0.9355 B(mg/g): 0.0583 69.5421
Kr(l/mg): 663.4325
Quadratic polynomial isotherm 0.999 a(mg/g): 0.0118165 3.779037
c((I/mg): 0.710453
d((1*/(g)(mg):- 0.33244
For As(III)
Langmuir isotherm 0.8702 Ky (I/mg): 25.86536 20.09119
qmax(Mg/g): 0.097116
Freundlich isotherm 0.9759 Ki(l/mg): 0.430116 6.395897
n: 1.421666
Temkin isotherm 0.8914 B(mg/g): 0.0584 45.68459
Kr(l/mg): 91.88593
Quadratic polynomial isotherm 0.999 a(mg/g): 0.0106607 2.515796
c((I/mg): 0.690334
d((1*/(2)(mg):- 0.23723
AIChE Journal July 2009 Vol. 55, No. 7 Published on behalf of the AIChE DOI 10.1002/aic 1867



accurate than other isotherms.”* However, the polynomial
form is purely empirical in nature, and lacks physical inter-
pretation, and it cannot offer insight required to understand
the mechanism of arsenic adsorption.

Among the conventional isotherms, the Freundlich iso-
therm provides the best prediction of specific uptake fol-
lowed by Langmuir and Temkin for both arsenic species
investigated. In GAC-Fe, positive charges are created on its
surface by chemisorption, as well as surface complexion
reactions as discussed elsewhere,lz’18 and, thus, it provides
multisites for adsorption. Due to the aforementioned fact,
Freundlich isotherm provides better prediction for the spe-
cific uptake of arsenic species. Recently, Freundlich isotherm
has also been found more suitable to explain the adsorption
equilibrium for the adsorption of arsenic species on FeClj
treated tea fungal biomass,>’ granular ferric hydroxide,38 and
iron oxide coated sand.*’

The ¢max value obtained from Langmuir isotherm for the
As(T) adsorption using GAC-Fe is 235 ug/g, and the equilib-
rium arsenic concentration in treated water (7.6 ug/L) is less
than the MCL value for arsenic in drinking water as per
WHO standard (10 pg/L). Furthermore, it is a well known
fact that in a batch rector with stirring (stirred-tank/slurry re-
actor configuration), the adsorption equilibrium reaches
against lower adsorbate (effluent from the process) concen-
tration, resulting in low adsorption capacity of the adsorbent.
Hence, batch operation gives conservative results. On the
contrary, in fixed-bed configuration, the equilibrium reaches
against adsorbate concentration in influent, and maximum
loading capacity of the adsorbent is obtained. Maji et al.?
have compared the batch and column operation for the treat-
ment of real-life ground water containing 330 pg/L arsenic
using laterite soil.>> They have shown that the specific
uptake for arsenic adsorption on laterite soil in fixed-bed
configuration is 27.9 pug/g, which is ~72% more than the
specific obtained in batch operation (16.2 ug/g). In this
study, the specific uptake for the adsorption of As(T) by
GAC-Fe in batch operation is 35.8 ug/g, which is more than
double of the specific uptake of the adsorbent used by Maji
et al.®® Therefore, it seems that this adsorbent (GAC-Fe) is
superior to the recently reported laterite soil,* and it is
expected that the specific uptake for the adsorption of As(T)
in fixed-bed configuration using GAC-Fe will be much more
than 35.8 ug/g.

Majhi et al. 2008 have also found that using laterite soil
in continuous reactor, ~100 bed volume of water containing
330 ug/L of arsenic can be treated until the arsenic concen-
tration in treated water remains below 9 ug/L. In this study,
the initial arsenic concentration is ~57% of the initial ar-
senic concentration used by Maji et al.>> and the specific
uptake for As(T) adsorption on GAC-Fe, in batch reactor, is
more than double of the specific uptake for As(T) adsorption
on laterite soil as discussed earlier. Furthermore, from the
first part of this section it appears that after adsorption of ar-
senic on GAC-Fe under the experimental conditions many
active sites remain unoccupied on GAC-Fe. Therefore, it
seems that this adsorbent can be able to treat much more
bed volume (>100 bed volume) of water in continuous
operation than the adsorbent used by Maji et al.>> However,
more investigation is required to get the actual data to scale-
up this process.
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Figure 5. Main effects of As,, Fe, and Mn, on the re-
moval of As(T), As(lll) and As(V) (a) for As(T),
(b) for As(V), and (c) for As(lll).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Effect of interaction among As,, Fe, and Mn, on the
removal of arsenic species

To study the interaction effects of As,, Fe, and Mn, on
the removal of As(T), As(V) and As(IIl) from simulated
ground water, experiments have been conducted in batch re-
actor as described in the Procedure section. The output data
have been analyzed with the help of Minitab software to get
the main effects of As,, Fe, and Mn, on the removal of
As(T), As(V) and As(Ill) as shown in Figure 5a,b and c,
respectively.

Figure 5a,b and c show that specific uptakes of As(T),
As(V) and As(III) increase considerably with the increase in
As,. However, the increase in specific uptake of As(T),
As(V) and As(IIl) with the increase in Fe, and Mn, are not
significant. With increase in As,, the driving force for
adsorption increases as the GAC-Fe surface is predominantly
positively charged, and arsenic species is also predominantly
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Figure 6. Change of ionic character of iron and manganese with change in solution pH.

negatively charged under present experimental conditions.
Furthermore, a considerable amount of active sites on the
surface of GAC-Fe also remain unoccupied even after the
adsorption process, as evident from the straight curves in
Figure 3, and discussed in the Adsorption equilibrium sec-
tion. Due to these reasons specific uptake for the adsorption
of As(T), As(V) and As(IIl) increases considerably with the
increase in As,.

With the increase in Fe, and Mn, in the solution, a num-
ber of positively charged sites created on the surface of
GAC-Fe after their adsorption, increases. However, the
effects of the increase in Fe, and Mn, are not significant
when the data is presented in terms of specific uptake as
shown in Figure 5b and c, respectively. Only a slight
increase in arsenic removal becomes visible when the data is
presented in terms of % removal. The increase in % removal
of As(V) and As(IIl) due to the increase in Fe from 0.9 mg/
L to 2.7 mg/L, at constant Asy(0.167 mg/L) and Mn, (0.6
mg/L), are 1.84% and 1.04%, respectively. Similarly, the
increase in % removal of As(V) and As(II) due to the
increases in Mn from 0.2 mg/L to 0.6 mg/L, at constant
As,(0.167 mg/L) and Fe, (2.7 mg/L), are 5.0% and 3.73%,
respectively. The aforementioned observations are attributed
to the very low arsenic concentration in the solution.

Regression equations correlating As,, Fe, and Mn,, with
specific uptake of As(T), As(V) and As(Ill), have been
obtained using Sigma plot software with 95% confidence,
and are expressed through Egs. 19, 20 and 21, respectively

gas(r) = 0.172 x As, + 0.0013 x Fe, + 0.0084 x Mn,
—0.0003 x Fe, x Mn, —0.0029 x As, x Fe, —0.0056
X As, X Mn, + 0.0048 x As, x Fe, x Mn,,

R* =0.99 (19)

qasv) = 0.0893 x As, + 0.0007 x Fe, + 0.0044 x Mn,
—0.0002 x Fe, x Mn, — 0.0018 x As, X Fe,
—0.0046 x As, x Mn, + 0.0032 x As, x Fe, X Mn,
R*>=0.99 (20)
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qasaury = 0.0827 x As, + 0.0006 x Fe, + 0.0040 x Mn,
—0.0001 x Fe, x Mn, — 0.0011 x As, x Fe,
—0.0009 x As, x Mn, +0.0015 x As, x Fe, x Mn,

R*=10.99 (21)
where, qas), ascvy and gasam are specific uptakes for the
removal of As(T), As(V) and As(IIl), respectively. From the
analysis of variance (ANOVA) of the aforementioned
correlations it has been observed that the F values for Eqs.
19, 20 and 21 are 76044, 34574 and 49329, respectively,
whereas the p value < 0.0001 for all the aforementioned
correlations. This indicates the suitability of these equations
under the domain of the present experimental conditions. The
aforementioned equations show that the values of coefficients
attached to Mn, are greater than those of Fe,, indicating that
the effect of Mn, on the removal of arsenic species is more
than that of Fe,. This fact can be explained as follows.

In the experimental pH (7.1 £+ 0.1), Mn exists predomi-
nantly as Mn?* (Mn(Hzo)é+), whereas Fe predominantly
exists as Fe(OH); in the solution as shown in Figure
6.27404192 Hence, after their attachment to the phenolic, as
well as carboxyl groups present on GAC-Fe surface, Mn cre-
ates positive sites with double charge, whereas, Fe creates it
with single charge. Thus, the Mn>" ion attached to the sur-
face of GAC-Fe would adsorb more negatively charged ar-
senic species than Fe. As a result, the effect of Mn, on the
removal of arsenic species is more than that of Fe,,.

The second-order interaction coefficients for Fe, and Mn,,
As, and Fe, and As, and Mn, are negative, whereas it is pos-
itive for third-order interaction. The reason for this fact is
not clear.

The predicted specific uptake values, computed using Eq.
19 to Eq. 21, for the adsorption of As(T), As(V) and As(III)
on GAC-Fe under experimental conditions are plotted
against theoretical specific uptakes of As(T), As(V) and
As(IIT) as shown in Figure 7. Under the experimental condi-
tions, the error limits on the prediction of the specific
uptakes of As(T), As(V) and As(Ill) are —0.2 to +5.64%,
which are within the error limits of the arsenic speciation
technique as reported elsewhere.*
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These equations are empirical equations, and, thus, are ap-
plicable under the domain of experimental conditions under
which these are developed. Nevertheless, the methodology
provides a method to compensate the effect of Fe and Mn
ions in the solution on the adsorption of arsenic species on
GAC-Fe surface.

Conclusions

From this work the following conclusions emerge.

1. Prediction of the nonequilibrium stage adsorption by
pseudo second-order kinetic model is more accurate for all
the arsenic species investigated than the other kinetic models
such as pseudo first-order model, Weber and Morris model
and Elovich model for this work.

2. Attachment of arsenic through the exchange of
hydroxyl ions plays an important role on the kinetics of ar-
senic adsorption.
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3. Film diffusion is the rate-determining step for the
adsorption of arsenic species on GAC-Fe.

4. Polynomial isotherm provides better prediction for the
specific uptake at equilibrium for all the arsenic species
investigated.

5. Among the conventional isotherms, Freundlich iso-
therm provides better prediction for equilibrium specific
uptake for all the arsenic species throughout the whole range
of As, investigated.

6. Increase in As, Fe, and Mn, increases the adsorption
of arsenic on GAC-Fe.
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