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ARTICLE INFO ABSTRACT
Article history: The sorption of arsenate onto chitosan flakes has been studied. Chitosan, a natural, non-toxic, biodegrad-
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Received in revised form 31 January 2009

prawn, crab or shrimp. Its main attributes correspond to its polycationic nature and the abundance of
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amine functional groups. Chitosans have received increasing attention as renewable polymeric materials
for the treatment of metal contaminated water and wastewater.

Keyyv_onfs: The effect of initial pH on the sorption isotherm has been studied for two initial concentration ranges
E?:elltlitcnslum of arsenate (0-3000 gL' and 0-10,000 wgL-!) on chitosan. The equilibrium data have been modelled
Modelling using Langmuir and Freundlich type isotherms at three initial pH values. The maximum adsorption capac-
Arsenate ity occurs at an initial pH 3.5 and empirical correlations have been developed to model the effect of pH
Chitosan on the sorption isotherm parameters. Each initial pH; value, namely, 3.5, 4.0 and 4.5, corresponded to a

fixed final pH, value, namely, 4.69, 6.40 and 6.73 respectively.

A series of batch kinetic experiments has been carried out at different initial pH values. The arsenate
sorption process appears to be completed after 30 min, however, a previously unreported phenomenon
was observed, namely, a steady desorption of arsenate.

There is a natural buffering effect from the chitosan. The batch kinetic data have been correlated using
the pseudo-first order, pseudo-second order and pseudo-first order reversible models; this latter model

was modified to incorporate the arsenate desorption step as a function of the changing system pH.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Arsenic, as arsenites As(Ill) and arsenates As(V), contamination
of natural waters is a serious problem in several countries. The
concentrations of arsenic in groundwater and surface waters are
higher than allowed levels raising health concerns in many parts of
the world, including Taiwan, Vietnam [1,2] and the western United
States [3].

Arsenic is known as a poison of acute toxicity and has long-
term carcinogenic properties, particularly with respect to lung
and skin cancer [4]. The European Commission (EC, 1998) [5], the
US Environmental Protection Agency [6] and the World Health
Organization (WHO) [7] have all recently revised the maximum
concentration limit for arsenic in drinking water by decreasing it
from 50 ugL-! to 10 pgL-1.

Consequently, it is a major issue to develop effective treatment
methods for the removal of arsenic from drinking waters to reach
this limit. Due to the two species of arsenic, this enhances the treat-
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ment problem. Conventional technologies include coagulation,
precipitation, and coprecipitation with iron and aluminum com-
pounds [8]. Sorption onto a range of materials including alumina
and active carbons [9], ion exchange and membrane technologies
has been investigated [10]. As(V) is better removed than As(IIl) but
this latter is problematic unless it can be oxidized to the As(V)
form. Most research has focused on the addition of iron compounds
and oxidation technologies [11]. Goethite and hematite have been
widely used for the sorption of As(IIl) and As(V) [12]. Arsenic sorp-
tion on ferrihydrite [13] and amorphous iron oxide [14,15] has been
studied.

In the present study the sorption of arsenate ions onto a low cost
biosorbent, chitosan [16] has been studied over a range of initial
pH values (pH;). The equilibrium isotherms have been determined
and analyzed by developing the correlations of sorption capacity
versus initial pH (pH;) and equilibrium pH (pHe). Furthermore, a
series of batch kinetic studies have been performed and modelled
using a reversible first order kinetic equation. The variation of pH
in the kinetic studies was correlated with the contact time of the
adsorbate and adsorbents, providing the information on the pH pro-
file throughout the reaction. In addition, an empirical equation has
been developed to correlate the rate constants of adsorption and
desorption with pH value of the reaction.
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Nomenclature

ag Langmuir isotherm constant (L/g)

ozggj. empirical parameter of initial pH; in Correlation A in
Eq.(7)

osz} empirical parameter of initial pH; in Correlation A in
Eq. (8)

agf,]). empirical parameter of initial pH; in Correlation B in
Eq. (9)

aff”} empirical parameter of initial pH; in Correlation B in
Eq.(10)

afé} empirical minimum value of initial pH; in Correla-
tion Cin Eq. (11)

ocff} empirical minimum value of initial pH; in Correla-
tion Cin Eq. (12)

br Freundlich isotherm constant (dimensionless)

ﬁ;fj exponent parameter of initial pH; in Correlation A in
Eq.(7)

ﬁflaj) exponent parameter of initial pH; in Correlation A in
Eq.(8)

/353 empirical parameter of initial pH; in Correlation B in
Eq.(9)

ﬂgb? empirical parameter of initial pH; in Correlation B in

’ Eq. (10)

[3;8 empirical minimum value of K; for isotherm j in Cor-
relation Cin Eq. (11)

ﬁff]) empirical minimum value of g; for isotherm j in Cor-
relation C in Eq. (12)

CF y-intercept of initial pH correlation to b; for isotherm
Jj(Eq.(13))

Co initial liquid-phase concentration (ugL~1)

Ce equilibrium liquid-phase concentration (ugL-1)

y,((f} empirical inverse proportional parameter in Eq. (11)

ygcj) empirical inverse proportional parameter in Eq. (12)

Ky Langmuir isotherm constant (L/g~1)

Kr Freundlich isotherm constant (1)’ (ug)l’bf/g)

kiq rate constant of sorption in Eq. (16)

k_q rate constant of desorption in Eq. (17)

mg slope of initial pH correlation to b; for isotherm j (Eq.
(13))

pH; initial pH

pHe equilibrium pH

Qe equilibrium solid-phase concentration (jg/g)

Qmax maximum sorption capacity (ug/g)

qr solid-phase concentration at time t (jLg/g)

SSE sum of the squares of the error (dimensionless, non-

linear regressive method)

2. Materials and methods
2.1. Chitosan

Chitosan (poly-(1-4)-2-amino-2-deoxy-D-glucose) is a par-
tially deacetylated polymer of acetylglucosamine [17], and it
is prepared from chitin (poly-[(1-4)-2-acetamido-2-deoxy-D-
glucose). The chitosan flakes used in this research were purchased
from Sigma Chemical Company as a practical grade material
extracted from crab shells with minimum 85% degree of deacetyla-
tion.

2.2. Pretreatment of chitosan

The commercial chitosan was sieved into discrete particle size
ranges (250-355 pm) with stainless steel sieves (BS410/1986, Ende-
cotts Ltd.). The portion was rinsed several times with deionised
water to desorb any impurities and was dried under vacuum
for three days and kept in a dessicator before use. The proper-
ties of chitosan, including its density, porosity, specific surface
area and its surface charge in terms of the point of zero
charge (pHpz) were characterized and the data are shown in
Table 1.

2.3. Sodium arsenate and determination

All chemicals were reagent grade and they were used without
further purification. All solutions were prepared with deionised
water. A stock solution of As(V) was prepared from the dissolution
of sodium arsenate heptahydrate salt (Na,HAsO4*7H,0) (Aldrich
Chemical Company, Inc.) at a concentration of 500 mgL-1.

Hydride generation inductively coupled argon plasma optical
emission spectroscopic analysis (HY-OES-ICP) using a continuous
flow system (PerkinElmer OPTIMA 3000 XL) was used to measure
the concentration of arsenic in water. Hydride generation tech-
niques have been combined with ICP optical emission spectrometry
(ICP-OES) for the routine determination of concentration of arsenic
since 1978.

2.4. Equilibrium studies

To determine the equilibrium isotherms, a series of As(V) solu-
tions with initial concentration ranged between 250 pgL~! and
10,000 g L-! were prepared by diluting a 500 mgL-! stock solu-
tion with deionised water. The pH values of the As(V) solutions were
initially adjusted to the range from pH 3.50 & 0.05 to pH 5.50 + 0.05
by addition of 0.1 M hydrochloric acid and were measured with a
digital pH meter (Orion, model 420A pH meter). The temperature
was maintained at 24 +2 °C and 0.0250 g of commercial chitosan,
with particle size range of 250-355 wm, was agitated with 50 mL
of aqueous As(V) solution in a capped 125-ml HDPE bottles with an
orbital shaker (Heidolph UNIMAX 1010 and Heidolph INKUBATOR
1000) at 200 rpm for 96 h. This contact time allows the dispersion of
chitosan and arsenate solution to reach equilibrium, as determined
during preliminary experiments. Each tested suspension was col-
lected after sufficient settling time of 2 min, and then the upper
clear solution was collected for measuring of residual As(V) con-
centration. The equilibrium pH values of the aqueous phase were
also determined.

2.5. Batch kinetic experiments

The sorption kinetic studies of As(V) on chitosan were eval-
uated by agitating 0.850¢g of chitosan with particle size range
of 250-355 um in 1.7L of aqueous As(V) solution for 6h in the
batch kinetic system. The volume-to-mass ratio of As(V) solution
and chitosan was kept the same as in the equilibrium studies.
The impeller speed was calibrated to 400 rpm with the optical
tachometers (Cole-Parmer 87303-10 series). The temperature was
maintained at 24 + 2 °C. The pH of the As(V) solution with the con-
centration of 3000 ugL~! was initially adjusted to the range from
pH; 3.50£0.05 to pH; 5.50+0.05, the same as in the equilibrium
studies. The concentration of the As(V) solution at different time
intervals in the process was analyzed. The results were plotted
as Ct/Cy versus time (min). The pH values of the aqueous phase
were determined simultaneously and were plotted against contact
time.
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Table 1
Characterizations of chitosan used in present study.
Particle size of chitosan (um) Surface area (m?g1) Total pore volume (cm> g~!) Average density (gcm—3) PHpzc
250-355 1.1190 2.688E—-02 1.4688 9.0345
355-500 0.7258 1.931E-02 1.4757 8.6034
500-710 0.0586 9.138E-03 1.4978 8.4784
710-1000 0.2981 1.943E-02 1.4787 8.3017
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Fig. 1. The equilibrium contact time studies of arsenate ions on chitosan.

3. Results and discussion

Sorption isotherms describe how adsorbates interact with
adsorbents and so are critical in optimising the use of adsorbents.
Therefore, the correlation of equilibrium data either by theoretical
or by empirical equations is essential to the practical design and
operation of attracting and concentrating a solute from solution
onto its surface. The rate and capacity of this process depends on
the chemical nature of both solute and adsorbent and the physical
process design of the contacting system. Several factors are known
to influence the time required for a sorbate-sorbent system reach
equilibrium and the main ones are: sorbate-sorbent affinity, extent
of the system agitation, mechanism of sorption (reaction, diffusion
and ion exchange), solution pH, concentration of solute and sor-
bent, presence of other dissolved species, sorbent particle size and
solution temperature.

The time required for an arsenate-adsorbent system to reach
equilibrium must be determined in order to establish the validity
of the experimental equilibrium studies data prior to determining
the isotherm equation.

3.1. Factors affecting equilibrium contact time

The results in Fig. 1 show that for five different initial arsenate
concentrations, the times to reach equilibrium are 48 h or less for

allinitial arsenate concentrations from 250 wg L~ t0 10,000 pg L1,
The results for initial arsenate concentrations of 250 ugL~1,
500 wgL~1,2500 wgL-1, 5000 gL' and 10,000 wg L~ are shown
in Fig. 1 at initial pH value of 3.50. On this basis, all equilibrium
studies in the present work would use a safe contact time of 96 h to
ensure equilibrium has been achieved over the whole concentration
spectrum.

3.2. Analysis of equilibrium isotherms

Consequently, to effect adsorber design, it is necessary to estab-
lish the most accurate correlation of the equilibrium data by means
of an isotherm equation model. There are several well-established
correlations in the literature, the two main ones are:

- Langmuir [18] and
- Freundlich [19].

The application of the range of isotherms for the sorption of
both arsenate and arsenite on adsorbents has been very limited
in the literature to 3 (or 4) isotherms only, namely, Langmuir,
Freundlich, Dubinin-Radushkevich and the linear isotherm. The
Langmuir and Freundlich isotherms will be discussed in detail in
the present study, and will be applied in the present studies. The
Redlich-Peterson incorporates features of both the Langmuir and

Table 2

Langmuir isotherm constants and the monolayer capacities at different pH; and pH, values in adsorption of arsenate on chitosan.

pH,‘ pHe ar K KL/HL SSE

3.5 4.69 6.56E—-04 9.29E+00 14162.80 1.01E+06
3.6 5.27 2.35E-04 3.39E+00 14413.06 1.38E+06
3.7 5.60 1.42E-04 2.14E+00 15060.15 8.04E+05
4.0 6.40 1.39E-04 8.81E-01 6352.01 1.75E+05
43 6.60 9.00E-05 4.41E-01 4905.28 2.51E+05
4.6 6.73 8.39E-05 2.21E-01 2630.90 3.82E+04
5.0 6.84 8.33E-05 2.08E-01 2496.13 5.18E+04
5.5 6.95 8.25E-05 1.10E-01 1330.83 2.49E+04
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Fig. 2. Equilibrium studies and Langmuir isotherm of arsenate ions on chitosan.
Table 3
Langmuir parameters and sorption capacities from the literature.
Adsorbent As form Conditions Constants Ref.
pH T(°C) Co(max) (mgL1) K (Lmg1) a (Lmg") Gm (mgg ')
Hematite As(V) 4.2 20 9.965E+00 1.580E-03 7.210E+00 2.190E-01 [15]
Hematite As(V) 4.2 30 9.965E+00 1.070E-03 5.220E+00 2.050E-01
Hematite As(V) 42 40 9.965E+00 8.630E-04 4.640E+00 1.860E-01
Feldspar As(V) 6.2 20 9.965E+00 8.810E-04 4.240E+00 2.080E-01
Feldspar As(V) 6.2 30 9.965E+00 7.490E-04 4.120E+00 1.820E-01
Feldspar As(V) 6.2 40 9.965E+00 6.590E—04 4.090E+00 1.610E-01
Natural iron ore As(V) 5 20 3.000E+01 2.050E-03 5.120E+00 4.000E-01 [21]
Activated bauxsol As(V) 7 15 1.371E+01 1.062E+01 5.472E+00 1.940E+03 [28]
Activated bauxsol As(V) 7 20 1.019E+01 1.503E+01 6.941E+00 2.165E+03
Activated bauxsol As(V) 7 50 1.139E+01 4.139E+01 1.388E+01 2.982E+03
Activated bauxsol As(V) 4.5 23 1.648E+01 4.488E+01 5.873E+00 7.642E+03
Bauxsol As(V) 10 23 1.199E+01 6.080E—02 1.335E+00 4.555E+02
Bauxsol As(V) 7.5 23 1.453E+01 1.490E+00 1.989E+00 7.470E+02
Bauxsol As(V) 73 23 2.997E+00 2.500E+00 3.604E+00 6.938E+02
Bauxsol As(V) 6.3 23 2.397E+00 1.097E+01 1.014E+01 1.081E+03
Activated bauxsol As(IT) 6.8 23 1.176E+01 2.310E-01 4.271E-01 5.409E+02
Oxisol As(IIl) 5.5 25 - - - 7.500E+00 [22]
Oxisol As(V) 5.5 25 - - - 1.240E+01
Molybdate-chitosan beads (MoCB) As(V) 3 20 2.000E+01 2.481E-03 2.560E+00 9.290E+01 [35]
MoCB-phosphate As(V) 3 20 2.000E+01 2.481E-03 1.200E+00 1.980E+02
Lmg-! Mo Lmg!
Tropical soil As(V) 4.5 20 7.492E+04 9.360E—05 4.500E-01 2.080E-01 [36]
Fungal biomass As(V) 3 25 1.000E+03 1.710E-03 7.000E-02 2.450E+01 [27]
Modified biomass As(V) 3 25 1.000E+03 1.730E-03 3.000E-02 5.780E+01
mgL-" as Na;HAsO4
Activated alumina As(IIT) 7.6 25 1.000E+00 1.540E-03 8.540E+00 1.800E-01 [12]
Activated alumina As(IIT) 7.6 35 1.000E+00 1.200E-03 8.280E+00 1.450E-01
Activated alumina As(IIT) 7.6 45 1.000E+00 8.430E-04 7.400E+00 1.050E-01
Gibbsite As(I1I) 4 25 3.746E+00 9.877E-01 1.922E-02 1.461E+00 [37]
Gibbsite As(IIT) 7.5 25 3.746E+00 4.405E-01 1.145E-02 1.948E+00
Gibbsite As(IIl) 8.2 25 3.746E+00 1.068E+00 3.604E—02 2.532E+00
Akaganeite As(V) 7.5 25 2.000E+01 4.365E-01 5.850E-02 1.341E+02 [29]
Akaganeite As(V) 7.5 35 2.000E+01 6.540E-01 1.100E-01 1.678E+02
Akaganeite As(V) 7.5 45 2.000E+01 1.092E+00 2.360E-01 2.165E+02
Quaternised rice husk As(V) 7.5 28 6.000E+02 - - 1.900E+01 [25]
Coconut husk As(I11) 8.5 30 4.500E+02 3.490E-03 2.390E-02 1.460E+02 [26]
Coconut husk As(IT) 8.5 50 4.500E+02 6.710E-03 4.360E-02 1.540E+02
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the Freundlich isotherms and has been included in the data analysis.
In classical terms, these isotherms are applied to ideal single com-
ponent systems [20]. Although these systems, particularly with pH
adjustment, contain low levels of other anions in addition to arse-
nates, the mathematical form of the two isotherms will be used to
analyze the experimental equilibrium data.

3.2.1. Langmuir type isotherm

The Langmuir sorption isotherm is monolayer adsorption model
with the strengths of the intermolecular forces falling off rapidly
with distance. The Langmuir isotherm equation [18] and its linear
form are shown in Egs. (1) and (2) respectively:

K
Je = Tal_ce (1)
Ce _ 1 ar
a =K + K Ce (2)

Whereas, at high sorbate concentrations, the equation predicts

a constant monolayer sorption capacity, gm, such that

K

qm = o (3)
The monolayer sorption capacities, g, and the isotherm constants,
K; and qy, at the different pH values have been determined and
are shown in Table 2. The capacities range from 1331 g arsenate/g
chitosan at initial pH (pH;) 5.5 to 14160 g arsenate/g chitosan at
initial pH (pH;) 3.5.

Many studies have been carried out to assess if various adsor-
bents are feasible to remove arsenate and arsenite from water
systems. Most sorption studies, quantified with Langmuir isotherm,
are based on iron-containing materials including hematite and
feldspar [15], natural iron ores [21], akaganeite nanocrystals, trop-
ical soil-containing significant amounts of iron oxides and oxisol
[22]. Another composite of iron and aluminum oxides [23] a waste
from aluminum production, known as red mud or bauxsol and its
activated form has been widely tested [24]. Wastes such as rice
husks [25] and coconut husks [26] which can be readily modified
have been studied for arsenic removal. Recent work [27] demon-
strates the potential of biosorption for arsenic removal. The sorption
results of arsenate anions of various pH values onto chitosan have
been analyzed according to the Langmuir type equation and are
shown in Fig. 2. The values of the Langmuir parameters for all these
studies are presented in Table 3.

Comparing the values of gmax achieved by other adsorbents
reported in the literature shown in Table 3, with the adsorption
capacities of arsenate on chitosan (i.e. the values of K;/a;), in the
present study, shown in Table 2, the chitosan has an adsorption
capacity similar to activated bauxsol, bauxsol, [28] and akaganeite
[29] in Table 3. The adsorption capacity of chitosan, the biopolymer
derivative from waste material, is comparable to the capacities of
many of the other adsorbents in Table 3.

3.2.2. Freundlich type isotherm

This empirical model can be applied to non-ideal sorption,
assuming an exponentially decaying sorption site energy distribu-
tion onto heterogeneous surfaces, such as activated carbon, as well
as multilayer sorption and is expressed by Eq. (4) and its linear form
in Eq. (5):

qe = KpClF (4)
In ge =In K¢ + bg In Ce (5)

In the limits as br tends to unity, then the equation approaches
Henry’s law, that is:

qe = KrCe (6)

Table 4
Freundlich isotherm constants at different pH; and pH, values in adsorption of arse-
nate on chitosan.

pH,- pHe KF bF SSE

3.5 4.69 5.14E+01 6.40E—01 9.66E+06
3.6 527 3.33E+01 6.40E—01 1.77E+06
3.7 5.60 2.29E+01 6.55E-01 5.02E+05
4.0 6.40 1.26E+01 6.21E-01 2.59E+04
4.3 6.60 8.35E+00 6.08E—01 2.20E+05
4.6 6.73 3.52E+00 6.31E-01 9.29E+04
5.0 6.84 2.77E+00 6.53E-01 2.89E+04
5.5 6.95 1.61E+00 6.43E-01 1.95E+04

But this limitation is not restricted to low concentrations and con-
sequently the Freundlich equation is still considered as empirical.

The results for the sorption of arsenate anions at various pH val-
ues onto chitosan have been analyzed according to the Freundlich
equation and are shown in Table 4 and Fig. 3. The Freundlich equa-
tion has not been as widely used as the Langmuir equation to
analyze arsenic sorption data which usually have a higher correla-
tion coefficient. The arsenate systems studied using the Freundlich
isotherm include copper treated activated carbon [30], ruthenium
oxide [31], and the sorption of arsenate on ferrihydrite [32].

3.3. Development of pH correlations

The comparison of initial pH and equilibrium pH in the isotherm
of arsenate and chitosan is shown in Table 5. It is found that the
pH value of the aqueous phase increases upon reaction to reach a
particular equilibrium pH, which is independent of the initial arse-
nate concentration, but dependent of the initial pH value. Table 2
demonstrates the variation of isotherm parameters in the present
chitosan studies with respect to the change of initial pH, denoted as
pH; and equilibrium pH, namely, pHe. Firstly, the Langmuir isotherm
is used as the demonstration of the development of pH correla-
tions. The relationship of the Langmuir isotherm parameters with
initial pH (pH;) and equilibrium pH (pHe) are illustrated in Figs. 4-7
respectively. The correlation can be described by the following three
types of empirical equations. The pH of the aqueous phase increases
from its initial value to an equilibrium value.

Correlation A (power relationship):

(a)
K = ol (pH;) "k (7)
(a)

a; = o{)(pH;) e 8)
Table 5
Comparison of initial pH and equilibrium pH in isotherm of arsenate and chitosan.
Co (ngl™) Ce(pgl™") PH; pH.
532 86.40 3.56 4.09
1,008 208.00 3.50 4.78
3,036 748.00 3.54 4.51
5,304 1,536.00 3.49 4.88
8,250 3,320.00 3.49 4.85
11,000 5,530.00 3.49 5.04
521 273.00 4.00 6.18
1,004 646.00 4.01 6.24
4,040 3,072.00 4.05 5.45
3,736 4,140.00 4.00 6.44
7,810 6,380.00 3.99 6.53
10,980 9,130.00 4.00 6.49
507 491.00 4.59 7.07
1,030 964.00 4.58 6.88
4,360 4,000.00 4.62 5.79
5,415 5,020.00 4.59 6.83
8,110 7,535.00 4.60 7.00
11,100 10,510.00 4.59 6.83
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Correlation B (exponent relationship):

Kj = a%} exp (—,353. X pHi) (9)
a =) exp (=) x pHi ) (10)
Correlation C (inverse proportion relationship):

(155 (pr—els)) = ()
(o £3) (pHi-ol)) =5 (12)

These empirical correlation parameters with the equilibrium pH
values are summarized in Table 6. The mathematical model is con-
strained by the chemical properties of chitosan and the arsenate
ion. For example, chitosan is dissolved at a low pH condition (e.g.
pH <3.0). The concentration of arsenate ion varies with different pH,
which is shown in the speciation diagram in Fig. 8. Hence, the empir-
ical equations are only valid to the current experimental range of
initial pH and the corresponded fixed equilibrium pH.

Figs. 9 and 10 show the correlation of the Freundlich isotherm
parameters (Kr and b respectively) with the equilibrium pH (pHe).

0.0008

The correlation of Kr is similar to that of K; and a;. Hence, the cor-
relation of Kr can also be described by three correlation equations
mentioned previously (Egs. (7), (9) and (11)). The correlation of bg
looks like a linear relationship, which can be modelled by a linear
equation:

br = mppH; + ¢ (13)

These empirical correlation parameters (mg and cg) are summa-
rized in Table 6. The isotherm results modelled by Langmuir type
isotherm equation using initial pH, pH;; correlation and equilibrium
pH, pHe, correlation are shown in Figs. 11 and 12 respectively.

3.4. Selection of optimum pH correlation

There is only one linear correlation of the Freundlich isotherm
parameter, bg (as shown in Egs. (13)). In the meanwhile, there are
three types of empirical correlations for other isotherm parameters,
including K, a; and Kr. The selection of the optimum pH correlation
is dependent on the sum of the squared error (SSE), the non-linear
regressive method, determined using different pH correlation equa-
tions. The sum of the squared error of different pH correlation
equations is also shown in Table 6. This table demonstrates that
the third correlation, i.e. C (inverse proportion, as shown in Egs.
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Fig. 7. Langmuir isotherm parameter (a;) against equilibrium pH (pH,).
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Table 6
Summary of correlation parameters on isotherm equations with equilibrium pH, pHe.
Correlation A Langmuir Freundlich Correlation B Langmuir Freundlich Correlation C Langmuir Freundlich
o) 2.43 x 10° 242 x 10° o) 123 x 10 5.77 x 10 o) 3.98 155
(a) (b) - (c)
B 8.06 5.44 G 153 9.99 x 10~ G 2.84 ~66.2
v 8.65 3.69 x 102
SSE 0.46 44.2 SSE) 0.22 57.7 SSE} 0.20 16.5
@ 2.02 N/A o® 5.62 x 102 N/A o9 424 N/A
a.j a.j a.j
B 520 N/A B 095 N/A B 2.91x10° N/A
y}j} 312x 104 N/A
SSE 1.01 x 108 N/A SSE 8.19x 1078 N/A SSE 2.32x10°? N/A
m; N/A —4.48 x 103 N/A —4.48 x 103 —4.48 x 103
b; N/A 0.66 N/A 0.66 0.66

N/A, not applicable. Correlation A: power relationship; Correlation B: exponent relationship; Correlation C: inverse proportion.
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Fig. 8. Speciation diagram of arsenate ions with different pH.

(11) and (12)), gives a better fit of correlation to the experimental
results.

The free amine groups of chitosan can be protonated under an
acidic condition [33]:

R-NH; +H;0 < R-NH3* +OH~ (14)

60

The arsenate ions are mainly attached onto the available proto-
nated amine groups. Due to the equilibrium of the protonation of
the amine groups (as shown in Eq. (14)), the number of available
sorption sites is increased with a decrease of initial pH. Therefore,
it is expected to give an inverse proportional relationship between
the isotherm parameters and the initial pH.
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Fig. 9. Freundlich isotherm parameter (Kr) against equilibrium pH (pHe).
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3.5. Kinetics of arsenate sorption

The batch kinetic studies were performed for the initial pH rang-
ing from 3.50 to 4.50, as illustrated in Fig. 2. This figure illustrates
that there is a rapid drop of liquid-phase concentration within the
first 30 min. It can be concluded that there is a rapid sorption of
arsenate ion, As(V) within the first 30 min. This rapid drop of liquid-
phase concentration leads to a local minimum of the concentration
of arsenate ion in the liquid-phase in this sorption system. Due to
the mass balance of arsenate ion within the system, there is a local
maximum of the concentration of arsenate ion in the solid-phase.
After this point of local maximum solid-phase concentration (or
minimum liquid-phase concentration), the liquid-phase concentra-
tion of arsenate was observed to be increasing. A slow desorption
of the As(V) ion gradually occurred. The rate of desorption of arsen-
ate from chitosan increased with the increase of the initial pH from
3.50 to 4.50. The value of the equilibrium pH was determined to be
higher than the value of initial pH (by 0.5-1.0 unit of pH). The pH
profiles against contact time for the batch kinetic studies with ini-
tial pH ranged from 3.50 to 4.50 are shown in Fig. 13. As the capacity
of the arsenate ion on chitosan is governed by the protonation reac-
tion of chitosan as shown in Eq. (14) and the dominant speciation
of arsenic ions in the system as HyAsO4~, an increase of pH leads
to a decrease of the protonated groups on chitosan which are avail-
able for sorption of arsenate ion and influence the speciation of
arsenate ions in the aqueous phase. The speciation change of arse-
nate ions upon changing pH based on the dissociation constants
pK, of arsenic acid (H3AsO,) is shown in Fig. 8. As the equilibrium
studies and the batch kinetic studies of arsenate and chitosan were
performed with the initial pH ranged from 3.50 to 5.50 and the equi-
librium pH ranged from 4.00 to 6.95, the dominant arsenate ions
is in the form of HyAsO,4~. It is believed that the removal mech-
anism of arsenate ions from the aqueous phase might be due to
the adsorption of arsenate ions to the protonated amine group on
chitosan as expressed by
R—NH?,Jr +HAsO4~ & R-NH3°H;AsOy4 (15)
Further studies on the interaction between arsenate ions and chi-
tosan upon adsorption may be necessary.

Conventional kinetic models, such as the pseudo-first order and
pseudo-second order models, can be used to describe the sorption
of arsenate ions and chitosan in the current study [34]. However, the
desorption section of the batch kinetic results in the current study
cannot be modelled by these two conventional kinetic models. A
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pseudo-first order reversible model has been developed to describe
the sorption and the desorption of the batch kinetic systems of As(V)
and chitosan simultaneously.

The rate law for the sorption section can be described by Eq.
(16):
dae
dt

The rate law for the desorption section can be represented by
Eq. (17):

=ky1(qmax — qt) (16)

dq:

a —k_1q: (17)
By combining Eqs. (16) and (17), it becomes

d

T = k1 (mox — 1) — k1t (18)

With the initial condition g;=0 with t=0, t — oo, gr — ge, the solu-
tion of Eq. (18) is

ki1q

—k, 1t +1Umax
e+t _1)— -
( ) (qe Mg kg
It is found that the pH value of the aqueous phase increases against
time upon contact with chitosan as shown in Fig. 13. A correlation
has been developed to account for the variation of pH in the kinetic
studies against time. The evolution time of liquid-phase concentra-
tion upon changes of pH values can be predicted. The correlation
equation of pH value and contact time, t, is shown in Eq. (20):
[H'],
[H*];
The value of “1” represents unity in Eq. (20) for the ratio ([H*]¢/[H*];)
of the initial values, that is, at t=0, [H"];=[H*];. The term,
A(1 — exp(—at)), represents the change of the function with respect
to time, compared with the initial values.

The correlation is incorporated with the expression of rate
constant in desorption, k_;, which describes the change in the
rate constant with changing concentration of hydrogen ions, as
expressed in Eq. (21):

1
[H*],
In this model, the values of the equilibrium solid-phase concentra-
tion, ge, were determined from the correlation of the equilibrium

isotherm equation with initial pH predicted by our Egs. (11) and
(12). The values of model parameters at different initial pH are

Qe = K 1qmax
£= k,1 - k+1

)t 9)

=1-A(1 —exp(—at)) (20)

k1=K x (21)
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Fig. 13. pH profile of chitosan against time in deionised water.
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Fig. 14. Batch kinetics result with pH correlations (pH; and pHe).

Table 7

Summary of pseudo-first order reversible model parameters.

PH; pHe ki k- x 108 Gmax qe SSE

3.5 4.69 3.52E-01 4.39 3318 3125 2.17E+06
4.0 6.40 3.59E-01 4.75 3968 1236 2.85E+06
4.5 6.73 3.26E-01 410 3425 540 1.69E+06

shown in Table 7. It can be seen that the rate constants of the sorp-
tion step, k.1, and the rate constants of the desorption step, k_1, are
fairly constant for the sorption of As(V) on chitosan at all the initial
pH values, namely 3.50, 4.00 and 4.50 and their corresponding final
equilibrium pHe values of 4.69, 6.40 and 6.73.

The kinetics model plots based on Egs. (11), (12) and (19)-(21)
are represented by the solid lines in Fig. 14. The correlation of the
experimental concentration decay data using the model equations
is very good even at small time values where the sorption reaction
is very rapid. The time dependent maximum arsenate adsorption
capacity is accurately predicted by the novel kinetic equation (19)
and this optimum capacity value is followed by an accurate desorp-
tion concentration profile.

4. Conclusion

- The sorption ability of arsenate ions on chitosan with different
initial pH condition has been studied.

- Three empirical correlation methods have been developed to cor-
relate the effect of initial pH and equilibrium pH into general
equilibrium equation models. The performance of the modified
equilibrium equation models is similar to that of the original equi-
librium equation models. The isotherm parameters in Langmuir
and Freundlich models are able to predicted accurately from the
equilibrium pH by correlation Cin Egs. (11) and (12). The adsorp-
tion capacity of arsenate on chitosan can be determined based on
the value of K; /a; in Langmuir isotherm.

- A novel pseudo-first order reversible model, incorporating the
effect of changing pH profile throughout the adsorption and des-
orption cycle, has been newly developed to describe the sorption
and the desorption in the batch kinetic systems of As(V) and
chitosan simultaneously. The pH value of the adsorption and des-
orption reaction of arsenate and chitosan can be predicted from
the pH against time profile. Furthermore, the rate constant of the

desorption step, k_1, can be predicted from the correlation with
the concentration of hydrogen ions in the system, which can be
expressed in terms of the pH value.
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