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In this work, equilibrium and kinetic adsorption of humic acid (HA) onto chitosan treated granular acti-
vated carbon (MGAC) has been investigated and compared to the granular activated carbon (GAC). The
adsorption equilibrium data showed that adsorption behaviour of HA could be described reasonably well
by Langmuir adsorption isotherm for GAC and Freundlich adsorption isotherm for MGAC. It was shown
that pre-adsorption of chitosan onto the surface of GAC improved the adsorption capacity of HA changing
the predominant adsorption mechanism. Monolayer capacities for the adsorption of HA onto GAC and
MGAC were calculated 55.8 mg/g and 71.4 mg/g, respectively. Kinetic studies showed that film diffusion
and intra-particle diffusion were simultaneously operating during the adsorption process for MGAC.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Soil organic matter (SOM) refers to all organic carbon contain-
ing substances in soils [1]. SOM is usually classified into non-humic
and humic substances (HS). A major component of SOM and natu-
ral organic matter (NOM), consist of HS. They are yellow to black
in colour, high persistent to chemical and biological degradation
and are non-volatile. They are formed through aerobic and anaer-
obic decomposition of plant and animal material detritus [2]. HA is
one of the major components of HS which arise by the microbial
degradation of biomolecules [3]. The presence of HA in water is not
directly toxic but has undesirable effects on the appearance and
taste of water and could lead to undesired and hazardous products
which are known as disinfectant by products in water treatment
after disinfection [4,5]. HA can affect water quality adversely by
the undesirable colour (at concentrations above 5 mg/L), odour and
taste [4,6], serve as food for bacterial growth, and trap heavy met-
als, pesticides and herbicides [7-9] which causes contamination of
ground and surface water due to excess limits of their acceptable
concentrations [10]. Different methods applied for remediation
of humic substances include ozonation, biofiltration [11], mem-
brane technology [12], coagulation [13], flotation [2], ion-exchange
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[14,15] and adsorption [16]. Adsorption is usually the simplest and
most cost-effective technique [5]. Removal of NOM or its degrada-
tion to less reactive products is a priority task in water treatment,
among which adsorption comprises an important portion [16].
Activated carbons (ACs) are the most widely used adsorbents to
remove contaminants from wastewater because of its extended
surface area, microporous structure, high adsorption capacity and
high degree of surface reactivity [17]. In recent years, several inves-
tigations have been reported on adsorption behaviour of heavy
metal-HAs on some adsorbents such as activated carbon [18,19],
clays[1,20],alumina[21], chitin and chitosan [22], fly ash [3,5], zeo-
lite [23], silica [24], activated sludge [25] and hydrophobic surface
like cationic surfactants [26].

Chitin and chitosan are recommended as suitable functional
materials because these natural polymers have excellent prop-
erties such as biocompatibility, biodegradability, non-toxicity,
and adsorption properties. Recently, much attention has been
made to chitosan as a potential polysaccharide resource. Chitosan,
which is at least 50% deacetylated chitin (poly([3-(1-4)-N-acetyl-
D-glucosamine), is the only pseudonatural cationic polymer and
thus, it finds many applications that follow due to its unique char-
acter [27,28]. Chitosan application as biosorbents is justified by its
outstanding chelation behaviour [29,30].

HA includes both hydrophobic and hydrophilic components as
well as many chemical functional groups such as carboxylic, phe-
nolic, carbonyl, and hydroxyl groups connected with the aliphatic
or aromatic carbons in the structure. The existence of carboxylic
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Nomenclature

A Tempkin isotherm constant (L/g)

ar Constant in Langmuir isotherm model (L/mg)

B Tempkin isotherm constant

Bt Mathematical function of q;/qe

Ce Equilibrium concentration of the adsorbate (mg/L)

Ce Equilibrium concentration of the adsorbate at time
t (mg/L)

G Initial concentration of the adsorbate (mg/L)

F Fraction of solute adsorbed at different times ¢t

FTIR Fourier transform infrared

GAC Granular activated carbon

HA Humic acid

K Rate constant of irreversible pseudo first-order
kinetic (min—1)

Kq Rate constant of reversible pseudo first-order
kinetic (min—1)

Ky Rate constant of pseudo second-order Kkinetic
(g/minmg)

Ky Constant of Freundlich isotherm (mg/g)/(mg/L)!/

K Constant in Langmuir isotherm model (L/g)

kp Rate constant for intra-particle diffusion (mg/g
min?3)

MGAC Modified or chitosan treated granular activated car-
bon

n Constant of Freundlich isotherm

NOM Natural organic matter

pHpzc  pH of the point of zero charge

PSD Pore size distribution

Qe Amount of solute adsorbed at equilibrium (mg/g)

qr Amount of solute adsorbed at time t (mg/g)

R? Square of the correlation coefficient

SEM Scanning electron microscopy

%4 Volume of solution used in the adsorption experi-
ment (L)

w Dry weight of adsorbent (g)

and phenolic groups causes HA to be negatively charged in aque-
ous solutions [31]. It has been proposed that the structure of HA
can undergo different changes from rather linear to coiled or more
spherical configurations because of the change of pH and HA con-
centration [32]. Hence pH will play a major role in the adsorption
process.

In this work, the ability of chitosan treatment to improve the
features of GAC for the removal of HA has been studied using
adsorption experiments. Equilibrium data were correlated by three
adsorption isotherm models namely, Langmuir, Freundlich and
Tempkin isotherm model. The effect of initial pH of HA solution
has been studied. Kinetic experiments have been also conducted to
investigate the rate of HA adsorption by GAC and MGAC.

2. Materials and methods
2.1. Materials

HA and chitosan with 85% degree of deacetylation was obtained
by Sigma-Aldrich and used without further purification. F400
(Filtrasorb 400) was used as a typical GAC (Calgon, Pittsburg, PA).
The adsorbent was dried in the oven at 105 °C overnight to remove
any moisture present and then stored in a desiccator until use. The
physical properties of GAC F400 were determined by conducting
nitrogen adsorption at 77.2K for determining multipoint specific
surface area and the basic t-plot micropore analysis by using
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Fig. 1. FTIR spectrum of chitosan, GAC and MGAC.

TriStar 3000 Gas Adsorption Analyzer. The effective PSD for F400
could range from 4 to 800A. The pore size distribution of GAC
and the obtained results for its physical properties can be found
elsewhere [33]. The pH of the point of zero charge pHpc, i.e. the pH
above which the total surface of the carbon particles is negatively
charged, was measured for GAC about 9.8 by the so-called pH drift
method [34].

2.2. Chitosan treating of GAC

MGAC was prepared as an alternative adsorbent by treating of
the GAC with chitosan. Stock solution of the chitosan was prepared
as 10g/Lin 1% (v/v) of acetic acid solution. The GAC was immersed
in the chitosan solution for 24 h at room temperature. After filtering
and washing with distilled water to remove excess chemicals and to
obtain neutral pH, the adsorbent was soaked in sodium hydroxide
0.1 M solution in order to precipitate the adsorbed chitosan. After
washing out the base, the prepared adsorbent was dried in oven at
80°C for 6 h and stored in a desiccator until experimental use. FTIR
spectrum of the GAC before and after chitosan treating has been
evaluated using Nicolet-Mana-560. Also X-ray diffraction analysis
has been done by XRD D500, Siemens, Germany, Cu Ka radiation
(A =1.5405 A) at 30kV, 25 mA. Scattering angles ranged from 10° to
80°, with a scanning speed at measuring time of 2° per min.

2.3. Adsorption isotherm and kinetics

Adsorption isotherm experiments for GAC and MGAC were car-
ried out in a batch equilibrium technique at 25 °C. Certain amounts
of the adsorbents were contacted with 40 mL of different concen-
tration of HA solutions in the range of 10-100 mg/L in 50 mL capped
bottles. The solutions were stirred using a shaker model WB14 of
Memmerf, Germany kept under dark conditions. At equilibrium
the solutions were centrifuged using Rotana 460R at 3500 rpm and
25°Cfor 5 min. A Cintra 10 UV-vis spectrophotometer was used for
optical absorbance measurements at maximum wavelength of HA
(254 nm) to calculate the adsorbate concentrations. TOC analyzer
was used as well as UV-vis in order to confirm no biodegradation
of humic acid occurred. In order to investigate the effect of pH on
the adsorption of HA, the equilibrium adsorption experiments have
been run at three different buffers; pH 4 (17 mL sodium stearate
0.1 M+33mL stearate acid 0.1 M dilute to 100mL), pH 7 (50 mL
potassium dihydrogen phosphate 0.1 M +29.1 mL sodium hydrox-
ide 0.1 M dilute to 100 mL) and pH 10 (50 mL borax 0.1 M+ 18.3 mL
sodium hydroxide 0.025 M dilute to 100 mL).

Kinetic experiments were carried out by stirring a certain
amount of the adsorbents with 500 mL of the solution containing
the HA on a magnetic stirrer equipped with temperature controller
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Fig. 2. X-ray spectrum for the GAC before and after treating by chitosan.
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Fig. 3. Adsorption of HA onto GAC and MGAC.

at 25°C. At pre-determined time intervals, portions of the mix-
ture were drawn by a syringe and then centrifuged and the HA
concentration was determined as described before.

3. Results and discussion
3.1. Characterization of the adsorbents by FTIR and XRD

FTIR and X-ray diffraction analysis of the adsorbents have been
conducted. It is obvious from Fig. 1 that the peaks with respect
to the -CH stretching, amide and amine group in chitosan have
appeared at wave numbers 2925cm~!, 1650cm~! and 1590 cm™!
respectively. The conferred peaks can be distinguished in the spec-
trum of MGAC not in GAC. The X-ray diffractogram for chitosan,
GAC and MGAC is shown in Fig. 2. The peak existed at 20 =20° and
is a characteristic peak for chitosan. On the other hand, GAC shows
its characteristic peaks at 260 =26.5° as a sharp one and at 20 =24°
and 43.5° as wide peaks. By treating the GAC with chitosan, changes
in X-ray diagram can be found easily in Fig. 2 where the character-
istic peaks at 260 =24° is more intense. This could be proposed to
the adsorbed chitosan polymers onto the GAC structure causing
diffraction at 260 =20° and sheltering.

3.2. Adsorption isotherm studies

Equilibrium surface loading, ge, was computed from the mass
balance equation for each isotherm bottle using Eq. (1):

_ V(Ci - Ce)
B w

e (1)
where V is the volume of solution used in the adsorption experi-
ment (L), G and C. are the initial and equilibrium concentrations
of the adsorbate (mg/L), respectively, and w is the dry weight of
adsorbent (g). Fig. 3 represents the adsorption of HA on GAC and
MGAC at 25°C.

The obtained experimental equilibrium adsorption data (Fig. 3)
were then compared with the adsorption isotherm models. Three

models of Langmuir [35], Freundlich [36], and Tempkin [37] in their
related linearized expressions have been used as Eqs. (2), (3) and
(4) respectively
1_1
g KiC K
where C, is the concentration of adsorbate (mg/L) at equilibrium,

ge the amount of adsorbate at equilibrium (mg/g), a; (L/mg) and K}
(L/g), are constants

(2)

log C,
n

log ge = log Ky + (3)

where Ky ((mg/g) (mg/L)~1/") and n are constants incorporating all
factors affecting the adsorption process such as adsorption capacity
and intensity. If n is close to 1, the surface heterogeneity could be
assumed to be less significant and as n approaches 10 the impact
of surface heterogeneity becomes more significant [38].

ge=B InA+BInC (4)

where B and A (L/g) are the Tempkin constants and can be deter-
mined by a plot of ge versus In Ce.

Parameters related to each isotherm were determined by using
linear regression analysis and the square of the correlation coeffi-
cients (R?) have been calculated. A list of the parameters obtained
along with R? values is provided in Table 1 for HA adsorption onto
the GAC and MGAC.

Fig. 3 revealed that the adsorption capacity of MGAC has
increased for HA. It is hypothesized that after chitosan treatment,
chemisorption is taking place; hence more adsorbate can bind to
the adsorbent. It can be related to the amine functional group in
chitosan structure where the desirable chemical binding such as
electrostatic attraction can occur between HA and chitosan. This
excess adsorption is obvious at higher concentration of HA where
more contingency of chemical binding existed.

Comparing the calculated correlation coefficients in Table 1
showed that all investigated isotherm models are reasonable fitted
to the equilibrium data for HA adsorption on MGAC and GAC. Since
n values for Freundlich equation are close to 1 for both adsorbents,
the surface heterogeneity could be assumed to be less significant
[39]. On the other hand, Langmuir equation describes adsorption
on strongly homogeneous surfaces. This is confirmed by previous
description of n values in Freundlich equation. Based on this rea-
son it can be seen from the obtained data that Langmuir equation
can be fitted with a desirable R% =0.99 with a monolayer capacity
(K/a.) of 55.8 mg/g and 71.4 mg/g for GAC and MGAC, respectively.

It is difficult to predict the adsorption behaviour of HA because
little is known about its precise molecular structure. A study on
the adsorption of HAs and other dissolved organic material has
shown that not only the molecular size and chemical characteristic
of macromolecules but also the pH and ionic strength of solution
and the porous texture of adsorbent have an influence on the extent
of their removal [40]. Amino (-NH;) and hydroxyl (-OH) groups
in chitosan structure provide coordination and reaction sites. Chi-
tosan surface can be positively charged in acidic solutions. The
adsorption of HA onto the MGAC may be hypothesized as consist-
ing of two processes: (a) transport of HA from the bulk solution to
the surface of the adsorbate and then (b) attachment of HA to the
outside layer chitosan of the GAC and diffusing concurrently into

Table 1
Regression parameters for the different adsorption isotherm equations.
Adsorbent Langmuir Freundlich Tempkin
R? K (L/g) a (L/mg) R? Ky (mg/g) (mg/L)~1/ n R? A(L[g) B
GAC 0.99 0.826 0.0148 0.98 1.091 1.251 0.97 0.189 9.917
MGAC 0.99 0.986 0.0138 0.99 1.259 1.222 0.96 0.255 9.831
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Fig. 4. SEM photograph of GAC and MGAC before and after adsorption.

the pores. In the initial stage, the surface of GAC is relatively free
of humic acid and the humic acid molecules that arrive at the sur-
faces may attach instantly to the protonated amino groups (-NH3*)
of the chitosan.

3.3. SEM studies

SEM technique was applied in order to confirm the adsorption
of chitosan on GAC, the adsorption of HA on the adsorbents, and to
get more information regarding to the distinction of the adsorbents
surface morphology after the treatment. The images are shown in
Fig. 4. It can be seen that the surface of the GAC was coarse with
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Fig. 5. Adsorption of HA onto MGAC at different pH.

crispy appearance and sharp edges. It can be clearly observed that
the GAC, after chitosan adsorption loses its rough structure and
gain more smooth surface containing blunt edges. The photograph
of the adsorbates also shows blocking of holes due to the adsorption
of HA in the porous region of carbon.

3.4. Effect of pH on the adsorption
The effect of pH on the adsorption of HA onto GAC and MGAC,
has been investigated.

It can be seen from Figs. 5 and 6 that the amount of adsorption
increased by decreasing the pH of solution. As known, the charge
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Fig. 6. Adsorption of HA onto GAC at different pH.
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Fig. 7. Intra-particle diffusion plot for HA adsorption onto GAC and MGAC.

of HA molecules changes with pH. Carboxylic and phenolic groups
have the highest contribution to the charge of HA molecules. The
dissociation of carboxylic groups takes place at pH greater than 4
whereas the phenolic groups undergo dissociation at pH greater
than 8. Hence, with increasing the pH of solution the negative
charge of HA molecules also increase. Taking into consideration that
the electrostatic forces affect the adsorption process significantly
[40], an electrostatic repulsion between neighbouring negatively
charged sites cause stretching out of the HA molecules which is
decreased with decreasing pH and as a result, HA molecules may
become smaller in size due to the tendency to coil. Therefore,
it has been suggested that humic acid may exist in a spherical
structure at lower pH but can exist in a rather linear or stretched
structure at higher pH. Hence, an increase in the sizes of humic
acid macromolecules with increasing the solution pH values can
be another factor contributing to the lower adsorption capacity at
higher pH. However, the hydrogen bonds can be formed between
the coiled molecules which leads to the formation of aggregates of
alarger size compared to that of single HA molecule [32,40]. On the
other hand, some of physico-chemical properties of chitosan which
determine its potential as biosorbent are depend on the chain
length, charge density and distribution regarding its cationic nature
coming from degree of deacetylation. At neutral pH, about 50% of
total amine groups remain protonated and theoretically available
for the adsorption. As the pH decreases, the protonation of amine
groups increases leading to more adsorption efficiency [29]. It is
clear that adsorption of HA on the MGAC also involves the protona-
tion of the amino groups in chitosan following to form complexes
with HA negative moieties. The adsorption capacity can, therefore,
be expected to increase if the amount of protonated amino groups
increases [32]. It can be expected that the adsorption of HA onto
GAC and MGAC decreases by raising the pH. Fig. 5 reveals the con-
sistency between the theories and experimental. On the other hand
the GAC which has pHpyzc 9.8, it, therefore has an appropriate ten-
dency for the adsorption of HA below this pH (Fig. 6). As a result

Table 2
Calculated parameters for the studied adsorption kinetics at 25 °C.
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Fig. 8. Correlationship of B; versus t for HA adsorption onto GAC and MGAC.

it is obvious from Figs. 5 and 6 that the maximum adsorption has
been occurred at pH 4 for the adsorbents.

3.5. Kinetic studies

The kinetic adsorption data were evaluated to understand the
dynamics of the adsorption reaction in terms of the order of the rate
constant. Batch experiments were conducted to explore the rate of
HA adsorption by GAC and MGAC as described in Section 2.3 at pH
7.Three kinetic models were applied to the adsorption kinetic data
in order to investigate the behaviour of adsorption process of HA
onto the absorbents. These models include the pseudo-first-order
kinetics (reversible or irreversible) [41], the pseudo-second-order
[42] and the intraparticle diffusion models [38]. The linear form of
reversible pseudo-first-order model can be formulated as:

In(ge —qr)=1n ge — Ky x t (5)

where ge (mol/g) and g (mol/g) are the amount of HA adsorbed at
equilibrium and at time t, respectively, and K; (min~1) is the rate
constant. K; values were evaluated from the linear regression of
In(ge — q¢) versus t data.

Linear form of irreversible pseudo-first-order model can be for-
mulated as:

In (%’) —Kxt (6)
where Cy (mg/L) is the initial concentration of HA and C; (mg/L)
is equilibrium concentration of HA at time t respectively, and K
(min~1)is the rate constant. Evaluation of data has been done using
linear plot of In(Cy/C;) versus time.

The linear form of pseudo-second-order equation can be formu-
lated as:

t 1 t
—_=— 4 —
a  Kq2 Qe

where ¢, and q; are surface loading of HA at equilibrium and time t
respectively, and K, (g/mgmin) is the second-order rate constant.

(7)

Adsorbent Pseudo first order Pseudo second order
Irreversible Reversible K>q? (mg/ g min) K> (g/min mg) R?
K (min~1) R? Ky (min~1) R?
GAC 0.002 0.95 0.00045 0.94 0.282 0.017 0.95
MGAC 0.002 0.95 0.00055 0.94 0.501 0.028 0.98
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The linear plot of t/q; as a function of t provided not only the rate
constant K, but also an independent evaluation of ge.

The fitting of experimental data to the pseudo-first-order and
the pseudo-second-order equations seemed to be quite good for
GAC where the calculated correlation coefficients (R%?) showed
almost the same values (Table 2).

For adsorption of HA onto MGAC, the obtained results represent
more conformity to pseudo-second-order model (R? =0.98). The
initial adsorption rate, K»q2, for MGAC (0.028 mg/min g) is greater
than for GAC (0.017 mg/min g). This can be explained by chitosan
potential to adsorb HA molecules excess to GAC through elec-
trostatic attraction between amine group and negative functional
groups in HA structure.

Kinetic data for the adsorption of HA were also analyzed accord-
ing to intraparticle diffusion model which can be formulated as:

qt = thO.S (8)

where q; is the amount of HA adsorbed (mg/g) at time t, and
kp (mg/gmin®®) is the rate constant for intra-particle diffusion.
Results are shown in Fig. 7. Usually the plot of q; versus t%5 may
be distinguished in two or more steps taking place during adsorp-
tion process including instantaneous adsorption stage by external
mass transfer (first sharper portion), intra-particle diffusion which
is the rate controlling stage (second portion as the gradual adsorp-
tion stage) and the final equilibrium stage where the intra-particle
diffusion starts to slow down due to the extremely low solute con-
centration in solution (the third portion) [43].

From Fig. 7, two straight lines can be diagnosed for both adsorp-
tion systems. The first line with steeper slope corresponds to film
and pore diffusion taking place simultaneously in the adsorption
systems. The slope of this linear portion, kp (0.2321 mg/g min®* for
GAC and 0.1916 mg/g min®> for MGAC) can be defined as a rate
parameter and characteristic of the rate of adsorption in the region
where intra-particle diffusion is occurring. Declining of the sec-
ond linear portion is dealing with the diminishing of intra-particle
diffusion and reaching equilibrium.

Since the intercept of the plot of g; versus t%> for MGAC is not
equal to zero, the actual rate-controlling step involved in the HA
adsorption process, has been further analyzed using Egs. (9)-(11)
[44]

6
F=1- s exp(—Bt) (9)
where F is the fraction of adsorbate adsorbed at different times t
and B; is a mathematical function of F and F can be expressed as
_
Je

where q; and g represent the amount adsorbed (mg/g) at any time
t and at infinite time. Substituting Eq. (9) into Eq. (10), the kinetic
expression becomes

F (10)

Bt:—0.4977—ln( —@) (11)
qe

where g; and g, represent the amount adsorbed (mg/g) at any time

t and at infinite time. B; is a mathematical function of q;/qe.

The calculated B; values were plotted against time as shown
in Fig. 8. The linearity of this plot will provide useful information
for distinguishing between film diffusion and intra-particle diffu-
sion rates of adsorption. If a plot of B; versus t is a straight line
passing through the origin, then adsorption will be governed by
a particle-diffusion mechanism, otherwise governed by film diffu-
sion [45]. It can be seen from Fig. 8 that film diffusion may govern
the rate-limiting process for MGAC. It is postulated that the HA was
transported onto the external surface of the adsorbent through film
diffusion with the fastest rate. After saturation of the surface, the

HA molecule penetrate into the GAC and MGAC by intra-particle
diffusion through pore and interior surface diffusion until equilib-
rium s attained. As a consequence the adsorption data indicate that
the removal of HA from aqueous solution using MGAC is rather a
complex process, involving both boundary layer and intra-particle
diffusion.

4. Conclusion

Equilibrium adsorption of HA on GAC before and after treating
by chitosan has been investigated. The equilibrium data have been
explored by Freundlich, Langmuir and Tempkin adsorption models.
The parameters of each isotherm have been determined. The results
showed that the experimental data could be correlated by Langmuir
adsorption isotherm where monolayer surface loading was calcu-
lated to be 71.4 mg/g, for MGAC. The most adsorption capacity was
found to occur at pH 4 where the probability of electrostatic bond
formation between chitosan and HA molecules is increased. Kinetic
studies showed that the initial rate of adsorption is increased by
chitosan treatment of GAC and pseudo second order model could
be correlated to the obtained data. Results revealed that MGAC has
significantly removed HA from aqueous solutions. In MGAC, chi-
tosan provides chemical binding whereby the adsorption will not
follow predominantly by physical adsorption mechanism.
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