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Abstract

Chitosan hydrogel beads were studied for the adsorption of fulvic acid (FA) from aqueous solutions to examine the adsorption behaviors
and mechanisms. Kinetic and isotherm studies were carried out by considering the effects of various parameters, such as initial concentration
(5-50 mg/L), temperature (15, 30, 45 °C), pH (4-12) and ionic strength (0-0.5 M NaCl). The results indicate that the adsorption of FA is strongly
dependent on pH and ionic strength under our experimental conditions. The adsorption kinetics and isotherms showed that the sorption processes
were fitted better by intra-particle model and the Freundlich equation, respectively. Point of zero charge (pHpyc) study indicated that the surface of
chitosan hydrogel beads was positively charged at pH <9.9 and negatively charged at pH >9.9. Fourier transform infrared spectroscopy suggested
that FA adsorption was mainly through interactions with the N atoms in chitosan hydrogel beads and further X-ray photoelectron spectroscopy
(XPS) revealed the formation of organic complex between the protonated amino groups and FA after adsorption.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Chitosan hydrogel beads; Fulvic acid; Adsorption; Mechanisms

1. Introduction

Humic substances (HS), a major component of organic mat-
ter, are some of the most abundant materials on earth. These
brownish biopolymers can be found in animals, plants, sed-
iments, soils and waters. Especially, they are a predominant
type of an organic matter in natural waters [1,2]. Fulvic acids
(FA) comprises over 70% of HS and they are close to being
non-biodegradable and are the end-point of nature’s biodegra-
dation [3,4]. The presence of FA in water can adversely affect
appearance and taste, and they have been shown to be especially
reactive with a variety of oxidants and disinfectants used for the
purification of drinking water forming disinfection by-products
(DBPs), a number of which have been shown to cause cancers
in laboratory animals [5,6]. Furthermore, in the ultrafiltration of
natural waters in drinking water treatment, decline of the flux
is generally experienced in the presence of FA and other humic
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substances [7]. So the necessity to remove FA from water in an
effective way is great.

Several methods are available for FA removal from drinking
water such as ion exchange, ultrafiltration, adsorption by clay,
active carbon, aluminas and coagulation using chemicals such
as ferric salts [8—13]. Among them, adsorption is regarded as a
promising one for the removal of these substances. So, it is very
necessary and significant to explore new adsorbents with high
adsorption capacity and efficiency to remove FA from water.

One potential adsorbent material can be chitosan, which
is a copolymer of 2-glucosamine and N-acetyl-2-glucosamine,
derived from chitin, by deacetylation reaction in hot alkali [14].
Because of its macromolecular structure, chitosan exhibits many
characteristics that have been the cause of much recent attention.
Many researchers have explored the possibility of using chi-
tosan for dye and metal cation removal [15-19]. These studies
have shown that chitosan exhibits good adsorption capacity for
these compounds since its amino and hydroxyl groups can act
as chelating sites. Whereas, limited reports have been found in
the literature on treatment of FA by chitosan [14]. Furthermore,
through the gel formation process, chitosan hydrogel beads
could improve the adsorption capacity of chitosan by reducing
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the crystallinity [15] and further they can be separated easily
after adsorption. Thus, there is an urgent need to investigate the
removal capacity and mechanisms of chitosan hydrogel beads
during the removal of organic matter.

Therefore, the main objectives of our research are (1) to char-
acterize chitosan hydrogel bead and its reaction products before
and after reaction with FA; (2) to investigate FA removal by
chitosan hydrogel beads at different pH conditions, tempera-
ture, time and the effect of ionic strength; (3) and to identify
the adsorption mechanisms, using Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS)
spectra and the point of zero charge (PZC) analysis.

2. Experimental
2.1. Materials and chemicals

Chitosan flakes (85% deacetylated) used in the experiments
were purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. FA was obtained from the Institute of Coal
Chemistry, Chinese Academy of Sciences. Though the exact
chemical structure of FA is variable and not available, it is known
to be a high molecule containing a large number of reactive
functional groups (e.g., carboxylic group, phenolic group) [17].
All other chemicals were of reagent grade purity and all chemical
stock solutions were prepared using Deionized (DI) water and
were stored at 4 °C.

2.2. Preparation of chitosan hydrogel beads

One-gram chitosan flakes were added into 50 mL 2% (v/v)
acetic acid in a beaker to obtain chitosan solution and the mix-
ture placed overnight. Then the chitosan solution was dropped
through a syringe needle into 100 mL 3% (w/v) sodium hydrox-
ide with 1.5 mL ethyl acetate solution to induce the formation of
spherical gel beads, mechanically stirred for 3 h. After removing
the sodium hydroxide solution, the beads were washed with DI
water repeatedly until reaching neutrality and they were stored
in DI water for further use.

2.3. Chitosan hydrogel beads surface morphology
observation

For surface morphologies samplings, FA was first treated
with chitosan hydrogel beads for 45 h, and then the treated solu-
tions were centrifuged and the precipitate was dried at 40 °C for
7 days. The samples were examined with a scanning electron
microscope (SEM, S-520, Hitachi, Japan), and the lyophilized
sample coated in a JEOL JFC-1300 Auto Fine Coater fitted with
Pt target before the observation.

2.4. FTIR spectroscopy

FTIR spectra of chitosan hydrogel beads and chitosan hydro-
gel bead-treated FA complexes were recorded using FTIR
(Aratar, Thermo-NicoLet, USA) connected with a personal com-
puter. FTIR spectra were measured on KBr pellets prepared by

pressing mixtures of 1 mg dry powdered sample and 100 mg
spectrometry grade KBr under a vacuum, with precautions taken
to avoid moisture uptake.

2.5. XPS analysis

The surfaces of chitosan hydrogel beads and FA-laden chi-
tosan hydrogel beads were analyzed using XPS (PHI 5300,
USA) with an Al KR X-ray source (1486.71eV of photons).
The X-ray source was run at a reduced power of 150 W, and
the pressure in the analysis chamber was maintained at less than
1078 Torr during each measurement. All binding energies were
referenced to the neutral C 1s peak at 284.6 eV to compensate
for surface charging effects. A software package, XPS peak 4.1,
was used to fit the XPS spectra peaks, and the full width at half-
maximum (FWHM) was maintained at 1.4 for all components
in a particular spectrum.

2.6. PZC analysis

Determination of PZC of chitosan hydrogel beads was per-
formed according to the method described in the literature [18].
The mixture of 2 g of chitosan hydrogel beads and 100 mL of
0.1 M potassium nitrate solution was agitated in a closed Erlen-
meyer flask at 25 °C for 24 h to allow it to reach the equilibrium
state. The initial pH (pH;) was adjusted to a value between 4 and
12 by adding 0.1 M HNO3 or 0.1 M KOH solutions. The graphs
of final pH (pHy) versus pH; were used to determine the PZC of
chitosan hydrogel beads.

2.7. Experimental procedure

2.7.1. Kinetic experiments

Batch kinetic experiments were performed by mixing a fixed
amount of sorbent (20 g/L) with 2L FA solution of different
concentration. The mixture was shaken for 45 h, and during this
time, samples were collected at fixed intervals. After the spec-
trophotometric analysis of each sample, the concentration of FA
in the aqueous solution at fixed time (C,) was calculated.

2.7.2. Equilibrium experiments

The effect of the initial FA concentration was determined by
placing 2 g of chitosan hydrogel beads in contact with 100 mL
of aqueous solutions containing different FA concentrations
(5—-100 mg/L), and the suspensions were shaken for 45 h at nat-
ural pH.

The influence of pH on the adsorption process was studied
by mixing 2g of sorbent with 100 mL of aqueous FA solu-
tions of 50 mg/L concentration. The pH of each solution was
adjusted using 1 M NaOH and HCI and measured using a pH
meter (MP220 pH meter, Mettler-Toledo GmbH, Schwerzen-
bach, Switzerland). The suspension was shaken for 45 h using a
bath to control the temperature at 25 °C. In order to investigate
the ionic strength effect, 1 M NaCl solution was added to the FA
solution to desired values. Other procedures were the same as
those used in the influence of pH experiments.
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2.8. Analytical methods for FA

The suspension was filtered through 0.45 pm membrane fil-
ters and was analyzed using a UV—vis spectrophotometer (model
UV754GD, Shanghai) at an absorbance wavelength of 254 nm.
The FA concentration was calculated from a calibration curve
of absorbance versus concentration.

3. Results and discussion
3.1. Characterization of chitosan hydrogel beads

Scanning electron micrographs (SEM) of chitosan hydro-
gel beads are presented in Fig. 1. It is readily observed that
chitosan hydrogel bead surface was rugged with surface pro-
tuberances (Fig. 1a), but became much smoother after FA
adsorption (Fig. 1b), and no obvious pores were observed on chi-
tosan hydrogel bead surface. This predicts that thin layer of the
FA has covered the entire external surface of chitosan hydrogel
beads.

XPS spectra are widely used to distinguish the different forms
of the same element and to identify the existence of a particu-
lar element in a material [1]. Fig. 2 shows the typical results of
XPS spectra for chitosan hydrogel beads which reveals carbon,
oxygen and nitrogen are the predominant elements observed on
the surface from binding energies at 284.6eV (C 1s), 532.3eV
(O 1s) and 399.1eV (N 1s) with the atomic ratio of C:N:O at
72.59:3.22:24.19. Based upon binding energies, surface moi-
eties of chitosan hydrogel beads are identified as —CH,OH, —CO,
and -NH,.

3.2. Point of zero charge (PZC)

The effect of surface functionality on FA adsorption may
be complicated by the charge characteristics of chitosan hydro-
gel bead surface. Over the range of experimental pH values,
a portion of surface functional groups should become depro-
tonated with increasing pH. This results in a less positively

/ O1s C1s
f /
@ N1s
=
¥ T v T ¥ T L T i 1
1000 800 600 400 200 0

Binding Energy (eV)

Fig. 2. Typical XPS spectra of chitosan hydrogel bead.

or more negatively charged chitosan hydrogel bead surface at
higher pH than at lower pH. Thus, depending on the pH of the
solution, their surfaces might be positively charged, negatively
charged, or neutral when the solution pH is below, above, or
equal to the PZC, respectively [19]. This has been reported for
activated carbon cloth [20]. The PZC values were usually dis-
crepant in different studies, which might be attributed to the
different preparation and treatment methods [21]. In this study,
the PZC of chitosan hydrogel beads was around 9.9 (Fig. 3),
indicating that over the experimental pH range a charge reversal
from positive to negative on the surface of chitosan hydrogel
beads occurred with increasing pH. Such charge properties of
chitosan hydrogel bead surface would be expected to have a
dramatic effect on the adsorption of FA. Moreover, FA was neg-
atively charged over the whole range of pH studied in general
[22]. In this case, the negatively charged FA adsorbed on chi-
tosan hydrogel beads and neutralized the positive charges. As
a result, the PZC of FA-coated chitosan hydrogel beads shifted
from 9.9 to 6.5.

JBum

Fig. 1. SEM surface images (a) chitosan hydrogen bead (x 1000) and (b) chitosan hydrogen bead with FA (x1000).
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Fig. 3. Determination of pHpzc of chitosan hydrogel bead in KNO3 solutions.

3.3. Sorption kinetics for FA

To investigate the effect of the FA concentration on the
adsorption rate, a series of freshly prepared FA solutions
(5-50mg/L) of pH 4.0 £0.02 were used. Fig. 4 shows a typ-
ical result for FA adsorption on chitosan hydrogel beads. As
indicated, FA adsorption on chitosan hydrogel beads increases
with the increase in initial concentration of FA, and the plots
are characterized by a monotonous increasing trend with the
steep climb at the beginning of sorption (within 5 h) being suc-
ceeded by a more gradual rise (5-31 h), reaching equilibrium at
31 h. The parameters of the pseudo first-order kinetic model and
the intra-particle diffusion model are summarized in Table 1.
Fig. 4 (inset) depicts the applicability of intra-particle diffu-
sion model on the prediction of adsorption kinetics of FA on
chitosan hydrogel beads at different initial concentrations. As
is shown, the adsorption of FA onto chitosan hydrogel beads
can be considered as two steps process: (1) film or boundary
layer diffusion and (2) the intra-particle diffusion. In the ini-

3.0

—=—5mg/L

—e—10mg/L
—a4—30mg/L
—»—50mg/L

y—v5—vy— ¥

\
'\

Fig. 4. Effect of the initial concentration on the adsorption behavior of FA on
chitosan hydrogel beads.

Table 1
Parameters of adsorption of FA (mg/g) on chitosan hydrogel beads to kinetic
model at t=25°C

Initial concentration Pseudo first-order kinetic

(mg/L)

Intra-particle diffusion

ki (1/min) R? kine (mg/gmin'?) R?

5 0.09 0.793 0.059 0.939
10 0.06 0.786 0.110 0.936
30 0.05 0.941 0.280 0.942
50 0.08 0.879 0.438 0.962

tial stage, the adsorbent surface is relatively free of FA and the
kinetics of adsorption may be considered as a transport-limited
process controlled by the diffusion of FA molecules from the
bulk solution to the adsorbent surface, as all the FA molecules
that arrive at the adsorbent surface may attach instantly to the
protonated amino groups —NH3* of chitosan hydrogel beads.
When overstepping the initial adsorption period, the increasing
of adsorption amounts with time was very slow. The adsorption
process may become intra-particle diffusion limited due to the
unavailability of the active protonated amino groups -NH3* on
the absorbent surface. Furthermore, the incoming FA molecules
also encounter unfavourable electrostatic interactions from the
adsorbed FA molecules.

In general, adsorption of FA onto chitosan hydrogel beads
follows the intra-particle diffusion model best among various
concentrations. The rate constant k;y is shown in Table 1, which
increased with increasing initial FA concentration. If intra-
particle diffusion is rate-limited then plots of adsorbate uptake
gt versus the square root of time (¢/2) would result in a linear
relationship. Moreover, the particle diffusion would be the rate-
controlling step if the lines pass through the origin [23]. The
curves, as shown in Fig. 4, indicated that the mechanism of FA
removal on chitosan hydrogel beads is complex and both the
surface adsorption as well as intra-particle diffusion contributes
to the rate-determining step [24]. This kinetic model was also
used to describe successful experimental data of chitosan flake
and activated clay composite beads for the adsorption of HA
[25].

3.4. Sorption isotherms for FA

Adsorption isotherms describe how adsorbates interact with
adsorbents and so are critical in optimizing the use of adsorbents.
Therefore, the correlation of equilibrium data by either theoreti-
cal or empirical equations is essential to the practical design and
operation of adsorption systems [16]. In the present studies, the
experimental data obtained at pH 4.0 £ 0.02 were analyzed with
the Freundlich and Langmuir equations. The Freundlich equa-
tion is an empirical approach for adsorbents with very uneven
adsorbing surfaces. This model is applicable to adsorption of a
single solute system within a fixed range of concentration [26].
The Langmuir equation was originally developed to describe
individual chemical adsorbents, and is applicable to physical
adsorption (monolayer) within a low concentration range [26].
The equations of the above two types of sorption isotherms are
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Fig. 5. Linearized adsorption isotherms of (a) Freundlich and (b) Langmuir at
various temperatures.

expressed as follow:
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where g, is equilibrium uptake capacity of chitosan hydrogel
beads, C. is the concentration of FA in the supernatant after sorp-
tion, n and Kf are empirical constants, Q° and b are Langmuir’s
constants related to the capacity and energy of the adsorption.
The sorption isotherms are shown in Fig. 5. Sorption equations
and their correlation coefficients (R?) are listed in Table 2. The
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Fig. 6. Effect of pH on FA adsorption onto chitosan hydrogel beads.

results indicate that the Freundlich equation and the Langmuir
equation fit well the sorption of FA onto chitosan hydrogel beads,
and this shows that the sorption behavior of FA is very compli-
cated and might be affected by many factors. From the data
in Table 2, the maximum sorption capacity of FA increased
with increasing temperature which increased surface activity and
increased kinetic energy of the FA molecules.

3.5. Influence of pH on FA adsorption

It is important to examine the effect of solution pH on
adsorption performance as many adsorbents have pH-dependent
adsorption performance, and also the natural waters that contain
FA usually have different solution pH values. The adsorption
results of FA onto chitosan hydrogel beads with the initial con-
centration of 50 mg/L is shown in Fig. 6, with variations in
the initial pH and final pH causing corresponding changes in
the reacted solution. Chitosan hydrogel beads showed a pH-
dependent adsorption behavior and the adsorption capacity is
greater at low pH and decreases with increasing pH. This trend
was also observed for fulvic and polymaleic acid adsorption on
goethite [27], for comparing humic acid (HA) adsorption at pH
3 and 9 on hematite [28] and for HS adsorption onto kaolinite
and hematite [29].

The phenomena is interpreted that at low solution pH values,
the functional groups (-NH») on the surface of chitosan hydro-
gel beads can react with the hydrogen ions in the solutions, and
the resultant surface complexes cause chitosan hydrogel beads
to have positive surface charges. As illustrated in Scheme 1, a

Equations of sorption isotherms of FA onto chitosan hydrogel beads at different Temperature

T(0O) Freundlich Langmuir

Model R? Model R? 0°
15 In g, =0.483:In C. +11.343 0.978 % =0.614-C. —2.037 0.968 2.069
30 In g, =0.406-In C. — 1.014 0.990 % =0.481-Cc +4.070 0.967 2.078
45 In g =0.586-In Ce — 1.390 0.994 C—: =0.341-C. +5.229 0.948 2.933
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Scheme 1. Protonation of the amino groups of chitosan hydrogel beads.

high concentration of H* at low pH will drive the equilibrium to
the right and therefore lead to an increased number of protonated
amino sites, and further force Scheme 2 shift to left (A stands for
FA). As a result, the adsorption of FA on the chitosan hydrogel
beads decreases with increasing solution pH value. On the other
hand, due to the existence of carboxylic and phenolic groups in
its structure and their deprotonation [1], FA had negative charge
for all pH studied. At lower pH more protons will be avail-
able to protonate amine groups of chitosan molecules to form
groups -NH3* [30,31], thereby increasing electrostatic attrac-
tions between FA and adsorption sites and causing the observed
increase in FA adsorption. As a result, adsorption capacity of
FA is high in an acidic environment. Considering the PZC value
of 9.9, the substantial decline in the adsorption capacity over
pH 9 can be attributed to the reverse of the charge of chitosan
hydrogel beads from positive to negative and the electrostatic
interactions between FA and chitosan hydrogel beads changed
from favorable to unfavorable.

Moreover, at low pH, the FA macromolecules exist as
partly or fully undissociated/protonated forms. The FA struc-
ture becomes more hydrophobic and thus more adsorbable onto
chitosan hydrogel beads. On the other hand, at high pH, the inter-
and intra-molecular electrostatic repulsive interactions become
more important among the FA macromolecules and the FA
becomes less hydrophobic. The FA molecules are dissociated
and exist as torus- or ring-like structures [32]; the solubility of
FA also increases [33]. Thus, less FA adsorption is observed.

The relationship between the initial and final pH of FA reacted
chitosan hydrogel beads (Fig. 6) shows that the initial pH of 3.98
increased to 7.54, whereas an initial pH of 9.05 decreased to 7.76.
An examination of the solution pH values indicated that the final
solution pH values after the adsorption experiments increased
under acidic adsorption conditions but decreased under basic
adsorption conditions, as compared with the initial solution pH

CH,OH

+A~

OH NH*

values. However, with an initial pH of around 5.0-9.0, a stable
pH zone was formed because a very insignificant change of
pH occurred in that region. This may be due to the continuous
protonation and deprotonation of chitosan hydrogel beads in the
acidic and basic conditions.

3.6. Effect of ionic strength

The ionic strength of the solution is of significance for its
effect on the adsorbent, as well as the adsorbate. In general, as
different kinds of salts are mixed in real wastewater, its ionic
strength is high [34]. To investigate the effect of ionic strength
on FA adsorption, equilibrium sorption studies were carried out
at different ionic strength. As expected, it was found that the
amount of FA adsorbed onto chitosan hydrogel beads was a
function of ionic strength, as shown in Fig. 7. The solid points
represent the experimentally measured results, and the lines
represent the results obtained by model calculations. In gen-
eral, ionic strength had a positive effect on adsorption capacity
of chitosan hydrogel beads at aqueous solution concentrations
>30mg/L. According to Ghosh and Schnitzer [35], the config-
uration of dissolved FA is affected by ionic strength. At high
ionic strength, the charge repulsion between adjacent carboxyl
or hydroxyl groups on FA is largely neutralized, resulting in
a coiled configuration [36]. The coiled FA may adsorb with
fewer attachment points relative to its uncoiled configuration
[29]. As a result, each FA molecule occupies less surface area
resulting in a higher sorption density [29,37]. In addition, the
colloidal chemistry theory [38] and the Derjaugin, Landau, Ver-
wey, and Overbeek (DLVO) theory [39] indicated that at low
ionic strength, FA has extended electric double layers, but as
described by the DLVO theory, the double layer becomes com-
pressed at high ionic strength, reducing the surface potential, but
keeping the surface charge density constant. The compression of

CH,OH

OH NH,*A-

Scheme 2. Adsorption of FA onto chitosan hydrogel beads.
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Fig. 7. Effect of ionic strength on the FA adsorption capacities of chitosan
hydrogel beads.

the double layer results in a closer approach of FA and adsorbent
which increases the adsorption capacity.

However, as shown in Fig. 7, at aqueous solution concentra-
tions <30 mg/L, the effect of ionic strength on FA adsorption
is reversed; i.e., adsorption decreases with increasing ionic
strength from O to 0.5 M NaCl, which indicated the intersection
point of the isotherms marks the transition from the screening
reduced to the screening enhanced adsorption mode. That is pos-
sible because that at low concentration adsorption is probably
dependent on many factors such as surface charge, pore struc-
ture, surface chemistry, position, and concentration of charged
and uncharged functional groups. It is also possible for that the
excess positive charge may be located in regions inaccessible to
the FA, i.e., the primary micropore region.

The ionic strength effects on the adsorption of FA reported in
the literature are not consistent. Bjelopavlic investigated similar
ionic strength effects of our study during adsorption of NOM
onto activated carbon [40]. Whereas Schlautman and Morgan
[41] have found that the adsorption of FA on aluminum oxides
increases with increasing ionic strength and Vreysen and Maes
[42] have found hardly any influence of the ionic strength on the
adsorption of FA on bentonites.

3.7. Adsorption mechanisms

FTIR spectra have been a useful tool in identifying the pres-
ence of certain functional groups in a molecule as each specific
chemical bond often shows a unique energy absorption band
[40]. Fig. 8 shows the FTIR spectra of chitosan hydrogel beads
before and after FA adsorption. Although the broad and strong
band ranging from 3200 to 3600 cm ™! may be due to the over-
lapping of —OH and —NH stretching, the strong broad band
at the wavenumber region of 3300-3500cm™! is characteris-
tic of the —NH stretching vibration. The absorption bands at
~1150 (asymmetric stretching of the COC bridge), ~1080, and
~1030 (skeletal vibrations involving —CO- stretching) cm™!
are characteristic of chitosan’s saccharide structure [43,44]. In
addition, the bands at peaks of 1592 cm™" for chitosan hydro-
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Fig. 8. FTIR spectra for chitisan hydrogel beads (a) before and (b) after FA
adsorption.

gel beads can be assigned to the -NH group in amine [15],
with the presence of this group being confirmed occurring at
1419cm™! (which may be related to the presence of —NH,
groups). Significant changes in the FTIR spectra are found at
the wavenumbers of 1457 and 1375 cm™! after FA adsorption.
The peaks at the wavenumbers of 1457 and 1375cm™! can be
assigned to the —-NH deformation vibration and —CN- stretch-
ing vibration in chitosan hydrogel bead molecules, respectively.
The significant decrease of transmittance in the band region of
3200-3600cm™! after FA adsorption indicates that the -NH
vibration was affected due to FA adsorption. Other changes in
the transmittances can be observed at the wavenumbers of 1654,
1592,1375,and 899 cm™!, respectively. These wavenumbers are
closely related to the -NH bending, -CN- stretching and -NH
rocking bands. In other words, FA adsorption is found to affect
all of the bonds with N atoms, indicating that nitrogen atoms are
the main adsorption sites for FA adsorption on chitosan hydro-
gel beads. Another major change in the transmittance can also
be observed at the wavenumber of 2921 cm™!. This band region
may be assigned to both —CH (variable) and —-OH (weak-broad)
stretchings. As FA is unlikely to be attached to a carbon atom, the
results may therefore suggest that oxygen atoms in the hydroxyls
could also be involved in FA adsorption, but their effect appears
to be much less significant than nitrogen atoms.

To further investigate the interactions between FA and chi-
tosan hydrogel beads and the attachment mechanisms of FA on
the chitosan hydrogel beads, XPS studies of the chitosan hydro-
gel beads before and after FA adsorption at pH 4 were conducted.
Fig. 9 shows the N 1s core-level spectra of chitosan hydrogel
beads before and after FA adsorption, respectively. As shown
in Fig. 9a, the N 1s spectrum has only a single peak located at
a binding energy (BE) of 399.2 eV, corresponding to the neu-
tral amine nitrogen (-NH or -NH>) in chitosan hydrogel beads.
However, when chitosan hydrogel beads were placed into FA
solution, a higher binding energy peak at 400.4 eV appeared,
indicating the generation of -NH3* as a result of interaction
between the amino groups in chitosan hydrogel beads and the
adsorbed FA. This result indicates that FA coordinated to the
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Fig. 9. N Is core spectra of (a) before and (b) after FA adsorption.

amine site on chitosan hydrogel beads surface, resulting in the
lone electron pair of the nitrogen atom being shared by the
attached A™ species, and thus giving a higher BE in the N Is
spectrum for the more oxidized nitrogen -NH3* [45]. It is con-
sistent with the findings of earlier studies, which proposed that
the amino groups on the adsorbent were protonated and sub-
sequently interacted with the carboxyl or phenolic groups in
humic acid to form the organic complexes [46,47]. The pro-
portion of the uncharged nitrogen atoms in —NH, or —-NH to
the positively charged nitrogen atoms on the surface of chitosan
hydrogel beads is found to be 0.18. In conclusion, the above
analysis reveals that the FA adsorption mechanism onto chitosan
hydrogel beads can be viewed as the complexation of the nega-
tive functional groups (such as unprotonated carboxyl, phenolic
groups) in FA with the positive functional groups (prontonated
amino groups) onto chitosan hydrogel beads.

4. Conclusions

This study examined the behaviors and mechanisms of chi-
tosan hydrogel beads as an adsorbent to remove FA from aqueous
solution. The study clearly confirms that chitosan hydrogel beads
have a potential in applications of separation of FA. The obtained
results may be summarized as follows:

e The adsorption of FA was highly dependent on initial concen-
tration, pH, ionic strength and temperature. The present work
confirmed the existence of intersection point in the adsorp-
tion isotherms undertaken at three ionic strengths which were
indicative of a change in the adsorption mechanism from the
screening reduced to the screening enhanced modes. The FA
adsorption capacity increased with the increase of pH in the
range of 4-12.

e The adsorption kinetic and isotherm study showed that the
adsorption processes were fitted well with the intra-particle
model and the Freundlich equation, respectively.

e FTIR and XPS analysis revealed that the amino groups of
chitosan hydrogel beads in a protonated state, which can form
the surface complex with FA, were found to play the major
role in the adsorption process.
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