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ABSTRACT: Parameters, such as pH, temperature, initial
boron concentration, adsorbent dosage, and ionic strength,
affecting boron adsorption onto chitosan beads were exam-
ined in this study. The following values were obtained as
the optimum conditions in our studied ranges: pH 8.0, tem-
perature = 308 K, amount of chitosan beads = 0.15 g, initial
boron concentration = 4 mg L', and ionic strength = 0.1 M
NaCl]. The adsorption kinetics were also examined in terms
of three kinetic models: the pseudo-first-order, pseudo-sec-
ond-order, and intraparticle diffusion models. The pseudo-
second-order kinetic model showed very good agreement
with the experimental data. Intraparticle plots seemed to
have two steps and indicated multilinearity. Equilibrium

data were evaluated with nonlinear and linear forms of the
Langmuir and Freundlich equations. The experimental data
conformed to the Freundlich equation on the basis of the
formation of multilayer adsorption. To characterize the syn-
thesized chitosan beads, we used Fourier transform infrared
(FTIR) spectroscopy and scanning electron microscopy
(SEM) analyses. As shown by FTIR analysis, the boron spe-
cies may have interacted with the NH, groups on chitosan.
Microparticles of about 5 pm appeared in the SEM micro-
graphs of the chitosan beads. © 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 122: 657-665, 2011
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INTRODUCTION

High levels of boron are found in groundwater in
areas associated with geothermal activity.' Boron con-
tamination is also a source of human pollution. Boron
compounds are used in a wide range of industrial
applications, and high concentrations have been
reported in industrial discharge.'” Boron may pass
into drinking water and irrigation water. Boron, of the
seven essential micronutrient elements required for
the normal growth of most plants, has a marked effect
on plants in terms of both nutrition and toxicity.
There is a relatively narrow range of soil boron con-
centrations between the level required for growth and
the toxic level.>® The boron concentration recom-
mended for irrigation water was 0.75 mg L~'° The
concentration range of boron in drinking water is
judged to be between 0.1 and 0.3 mg L', according
to the guidelines for drinking water quality of the
World Health Organization.'” There is no easy
method for removing boron from water."" The devel-
opment of ecologically and economically appropriate
technologies to remove toxic compounds of boron
from different waters is a pressing goal over the entire
world."?

Correspondence to: Y. Seki (yoldas.seki@deu.edu.tr).
Contract grant sponsor: Research Foundation of Dokuz
Eylul University; contract grant number: 05-KB-FEN-052.

Journal of Applied Polymer Science, Vol. 122, 657-665 (2011)
© 2011 Wiley Periodicals, Inc.

Orthoboric acid (H3BO;) is a very weak acid with
a pK, of 9.2 and, therefore, is not very susceptible to
the transfer of protons in an aqueous solution. When
B(OH); ionizes in distilled water, B(OH),~ and
H;0" are formed, and at higher pH values, the ratio
of borate anion increases. The anion concentration in
solution is pH-dependent. At pH values around 9.0,
the B(OH); and B(OH); concentrations are practi-
cally the same, whereas at higher pH values (11.0),

B(OH)7} is the predominant species (pK, = 9.2):1314

B(OH), + OH™ — B(OH);

Chitosan, poly(b-1-4)-2-amino-2-deoxy-d-glucopyr-
anose (Fig. 1), is produced by the partially alkaline
N-deacetylation of chitin, which is found widely in
the exoskeletons of shellfish and crustaceans and is
the second most abundant natural biopolymer after
cellulose.’® Therefore, chitosan obtained from chitin
is considered a relatively cheap material. Chitosan in
the form of swollen beads has been found to
exhibit a better adsorption capacity than flakes.'®
The amino (—NH,) and hydroxyl (—OH) groups on
the biopolymer chain of chitosan may be recognition
and sorption sites for adsorbates. The electrolytic
nature and chelating ability of biopolymers is
mainly governed by the protonation degree of the
—NH," group (pK, = 6.3), which is dependent on
pH.1718

The aim of this study was to investigate the boron re-
moval efficiency of chitosan beads as relatively cheap
and ecological adsorbents from aqueous solutions. The
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Figure 1 Molecular structure of chitosan.

effects of temperature, pH adsorbent dosage, and ionic
strength on adsorption were also examined. The
kinetics and adsorption isotherm parameters were also
calculated from the adsorption data.

EXPERIMENTAL
Materials

Boric acid was supplied from Merck Co (Germany).
A 100 mg L™ boric acid stock solution was prepared
by the dissolution of boric acid in distilled water.
Working solutions were freshly prepared from the
stock solution. Chitosan (low viscous), a flaked ma-
terial, was obtained from Fluka (USA) (degree of
deacetylation = 75-85%, average molecular weight
= 500,000-700,000). HCI, NaCl, CH3COOH, and
NaOH were analytical grade and were purchased
from Merck. The pH of the solutions was measured
with a WTW pH meter (Germany) with an accuracy
of =0.1.

Preparation of the chitosan beads

The chitosan solution was prepared by the dissolu-
tion of 2.0 g of chitosan flakes into 50 mL of a 5%
(v/v) acetic acid solution. It took about 24 h to dis-
solve chitosan completely. Then, the solution was
dropped into 0.5M NaOH with pipette tips. The
NaOH solution neutralized the acetic acid within the
chitosan gel and, thereby, coagulated the chitosan
gel to obtain special uniform chitosan gel beads. The
wet chitosan gel beads were rinsed extensively with
distilled water to remove any NaOH, filtered, and
finally, freeze-dried to remove the water from the
pore structure. The beads were then ground with a
grinder and sieved to a constant size before use.

Adsorption experiments

To calculate the amount of adsorbed boron, batch
adsorption experiments were conducted at different
temperatures (298, 308, and 318 K). 0.05 g of chitosan
beads was added to a capped volumetric flask contain-
ing 25 mL of boric acid solution at different concentra-
tions (1-12 mg L™ boron at a natural pH of 5.6). The
flasks were shaken at 150 rpm for 30 min at different
temperatures with a Memmert shaker (Germany). After
the adsorption reached equilibrium, the samples were
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centrifuged, and the equilibrium boron concentration
in the supernatant was measured by the newly devel-
oped azomethine-H-fluorimetric method in a Varian
Cary Eclipse spectrofluorometer (Varian Inc., Palo Alto,
USA)." The effect of pH on the adsorption of boron
was also analyzed. The pH of the solution was adjusted
with dilute HCI and NaOH solutions. For kinetic stud-
ies, 0.05 g of chitosan beads was used, and the amount
of adsorbed boron was obtained at appropriate time
intervals. The effect of the adsorbent dosage (0.05, 0.1,
0.15, 0.2, 0.25, and 0.3 g of chitosan beads) on the amount
of adsorbed boron was determined with 10 mg L™
boron solutions at 298 K (at natural pH). The effect of
the ionic strength was also investigated with 0.1, 0.01,
and 0.001M NaCl solutions [0.05 g of chitosan, tempera-
ture (T) = 298 K]. Finally, the adsorption experiments
were carried out at the optimum values of pH, tempera-
ture, initial boron concentration, adsorbent dosage, and
ionic strength.

Characterization of the chitosan beads

Fourier transform infrared (FTIR) analyses of the
chitosan beads and boron-adsorbed chitosan beads
were performed in a Spectrum BX-II PerkinElmer
FTIR spectrophotometer (USA) with KBr pellets; the
spectra were recorded in the range 4000-400 cm .
KBr (100 mg) was mixed with 1 mg of chitosan
beads and boron-adsorbed chitosan beads.

To observe the microparticles (beads), scanning
electron microscopy (SEM) analysis of the chitosan
beads was conducted in a JEOL JSM 60 scanning
electron microscope (Japan) and an X-ray energy-
dispersive spectrometer. The surface morphologies
of the chitosan beads were studied with a scanning
electron microscope at an accelerating voltage of
10 kV.

RESULTS AND DISCUSSION
Effect of the contact time

The effect of the contact time on boron adsorption was
measured at some time intervals and is shown in Fig-
ure 2. The boron adsorption attained equilibrium
within 30 min at the studied temperatures. This was
considered a relatively short time. It carried great
weight for the removal rate of boron. For boron adsorp-
tion, it was reported that 120 min was enough time to
reach the equilibrium state with layered double
hydroxides and 24 h was enough for fly ash.***' In our
previous study, 100 min for the optimum contact time
was observed with Siral samples.” Also, Oztiirk and
Kose” examined boron removal from an aqueous solu-
tion with a Dowex 2 x 8 anion exchange resin. They
concluded that the equilibrium time was attained in
480 min at 298 K, 240 min at 308 K, and 15 min at 318
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Figure 2 Effect of the contact time at different temperatures
(mass of adsorbent = 0.05 g, pH = 5.6, initial boron concen-
tration = 10 mg LY. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

K.* Chitosan beads show relatively faster sorption
kinetics at room temperature.

Of particular interest to us, as shown in Figure 2,
the adsorption of boron at 308 and 318 K followed the
same pattern. Therefore, the curve at 308 K could not
be seen properly. We inferred that beyond 308 K,
increasing temperature did not affect the amount of
adsorption in the studied range of temperature. The
percentage removal values of boron were determined
to be 53, 60, and 60% at 298, 308, and 318 K, respec-
tively. However, Oztiirk and Kose™ found that the
percentage removal values of boron by the Dowex 2
x 8 anion exchange resin were 55, 40, and 33% at 298,
308, and 318 K, respectively.

Adsorption kinetics

To determine the sorption kinetics, the fit of the
adsorption data to different kinds of kinetics models
was examined. The kinetics of adsorption were inter-
preted with a pseudo-first-order equation and a
pseudo-second-order model as follows:

1 (k1> (1) 1
- = — — + —
q n/\t) ¢

t 1 t

= — 4 —
kg a2

where g, is the amount of adsorbed boron (mg
gfl) at time t (min); q; and ¢, are the maximum
adsorption capacities (mg g~ ') for the pseudo-first-
order and pseudo-second-order kinetic models,
respectively;** and k; (min~') and k, (g mg ' min ")
are the rate constants for the pseudo-first-order and
pseudo-second-order kinetic models, respectively.”>
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The fit of each model and the rate constants were
obtained by the linear plot of 1/4; versus 1/t and t/g;
versus t, respectively. From the slopes and intercept
values of the plots, the ki, kp, g1, and g, values were
calculated.

The initial rate of adsorption (h,,) was also calcu-
lated as follows:

oo = ko5

The kinetic parameters are presented in Table I.
According to the correlation coefficients, we con-
cluded that the pseudo-second-order kinetic model
provided a better fit than the pseudo-first-order ki-
netic model. As shown in Table I, the rate constant
values for the pseudo-second-order kinetic model at
308 and 318 K were the same. Beyond 308 K,
increases in the temperature made no difference in
terms of the rate constants and adsorption capacities
in the studied range. As shown in Table I, the exper-
imental adsorption capacity (g.exp) Values agreed
well with the calculated ones, q; and g,. However,
the values of the sorption capacity (g) calculated
from the pseudo-second-order kinetic model were
closer to the values observed experimentally, geexp-
Therefore, the pseudo-second-order kinetic model
was more suitable than the pseudo-first-order kinetic
model for describing the adsorption processes. The
pseudo-kinetic models are better considered as em-
pirical equations that do not reflect the actual chemi-
cal and physical phenomena taking place. With that
in mind, the pseudo-kinetic models are still valuable
as simple equations that predict the kinetics of
adsorption systems and can be used in the design of
adsorption units.*®

When temperature was varied from 298 to 318 K,
the value of h,, increased from 0.2 to 0.3 mg g '
min~'. However, increases in the temperature
beyond 318 K did not change h,».

TABLE I
Kinetic Parameters for Boron Sorption onto
the Chitosan Beads

Model 298 K 308 K 318 K

Pseudo-first-order model

Jeexp 2.6 3.0 3.0

g1 (mg g™ 3.8 3.9 3.9

ky (min™ 1) 21.7 14.7 14.7

R? 0.96 0.96 0.96
Pseudo-second-order model

hyo(mg min~! gt 0.2 0.3 0.3

g2 (mg §*1) 3.1 34 3.4

ky x 10* (g mg™" min™") 2.4 2.9 2.9

R? 0.99 0.99 0.99
Intraparticle diffusion model

k, (mg g~ min~"/?) 0.22 0.22 0.22

R? 0.64 0.64 0.64
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Figure 3 Intraparticle diffusion plots for the adsorption of
boron onto chitosan beads. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

The intraparticle diffusion model was applied to
the experimental data of boron sorption onto the chi-
tosan beads. The intraparticle diffusion model,
which is considered a rate-limiting step, can be
described by the following equation:

g = kyt'? + ¢

where k, is the intraparticle rate constant (mg g~ '
min~'/?) and c is the intercept. The calculated k, val-
ues at different temperatures are given in Table L
The intraparticle plots are given in Figure 3. Clearly,
the plots were not linear over the whole time range;
this indicated that more than one process affected
boron adsorption onto the chitosan beads. In the
event that the initial part passed through origin, the
intraparticle diffusion was the only rate-controlling
step. As shown in the intraparticle plots, there were
two steps that indicated multilinearity. The first one
was steeper and showed the diffusion of borate spe-
cies through the solution to the external surface of
the chitosan beads or the boundary layer diffusion
of solute molecules. Namely, during the first period,
sorption was generated more easily, and the borate
species may have moved at a faster speed. Also, in
this stage, both the film and pore (intraparticle) dif-
fusions may have been the rate-limiting step. The
second portion of plot was almost parallel; this sug-
gested equilibrium. In other words, the movement
of boron species into the pores was restricted. Pre-
sumably, the borate species rapidly entered the mac-
ropores and wider mesopores and then may have
penetrated more slowly into smaller mesopores. This
signified that the intraparticle diffusion of the boron
species into small mesopores was the rate-limiting
step in the adsorption process.”
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Adsorption isotherms

The adsorption isotherms for boron adsorption onto
the chitosan beads are given in Figure 4, which is
plotted the amount of adsorbed boron (C; mg g ')
versus the equilibrium concentration (C,; mg LY.
At a higher initial concentration of boron solution
(>2 mg L"), the greatest adsorbed boron was
observed at 308 K. Moreover, in the initial concentra-
tion range between 2 and 12 mg Lfl, the lowest
adsorbed boron was determined at 318 K. It is
known that the relationship between adsorbed boron
and boron concentration in solution can be revealed
by various adsorption isotherm models. The most
common adsorption models used to describe experi-
mental data are the Freundlich and Langmuir mod-
els. The original forms of the Langmuir and Freund-
lich equations, respectively, are as follows:

_ CulC,
14 LG,
Cs = K C.”

where C,, is the monolayer capacity (mg g '), L is a
constant (a function of the enthalpy of adsorption
and temperature), K is the relative adsorption
capacity (mg g '), and 1¢ is a measurement of linear-
ity. In short, the linearized forms of these equations
can be revealed, respectively, as follows:

¢ 1 .G

C. CuL C»
InCs = InKy +nsInC,

zg 24 A
£ o
= "4 A
7
of
1 / o §
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Figure 4 Adsorption isotherms for boron adsorption onto
chitosan beads at different temperatures. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE 1I
Adsorption Isotherm Parameters for Boron
Adsorption onto the Chitosan Beads

298 K 308 K 318 K
Linear form of the Langmuir equation
Cn (mgg") -2.0 -2.5 -5.7
L (L mg ) —0.12 —0.14 —0.06
R? 0.55 0.56 0.29
Linear form of the Freundlich equation
Kr (mg g™ 0.3 0.4 0.4
ne 1.49 1.47 1.13
R? 0.97 0.97 0.97
Nonlinear form of the Langmuir equation
Cn (mg g b —18.4 —24.5 —89.8
L (L mg™ —-0.03 —-0.03 —0.01
R 0.98 0.98 0.99
Nonlinear form of the Freundlich equation
Kr(mg g™ 0.5 0.6 0.5
1y 1.08 1.12 1.03
R? 0.98 0.9 0.9

The plots of C./C, versus C, and In C; versus In
C. give a straight line with slope values of 1/C,, and
ng intercepts of 1/C,L and In Kg respectively.
Because of the inherent bias resulting from lineariza-
tion, alternative isotherm parameters were found by
nonlinear regression. This provides a mathematically
rigorous method for determining isotherm parame-
ters with the original form of the equation.”” The pa-
rameters calculated with the linear and nonlinear
forms of the Langmuir equation and linear and non-
linear forms of the Freundlich equation are summar-
ized in Table II. As shown in Table II, the Freundlich
equation provided better conformity than the Lang-
muir equation. Also, the nonlinear form of the
Freundlich equation gave a better fit than the linear
form of the Langmuir equation. The nonlinear form
of the Freundlich equation provided a straight line
with correlation coefficients of 0.98, 0.99, and 0.99 at
298, 308, and 318 K, respectively. K¢ was calculated
to be 0.48 mg g ' for the nonlinear Freundlich equa-
tion at 298 K. In our previous studles Ky values of
1.3, 0.3, 0.6, 0.1, 0.2, and 0.1 mg g ' were obtained
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Siral 80, respectively.”* Chitosan beads had a
greater adsorption capacity than the Siral samples.
The removal of boron from aqueous solutions with
red mud was investigated by Cengeloglu et al.,>* who
reported that the Freundlich K; was 5996 mg g
Cotton cellulose was used as the biosorbent for boron
removal by Liu et al,>® and they found a K value of
0.16 mg g ' at pH 733 Kavak® used calcined alunite
for the removal of boron from aqueous solution and
obtained a Ky value of 0.033 mg g~ ' at pH 10. The
K¢ values for the adsorption of boron by different
adsorbents are compared in Table III.

In this study, as the temperature was increased to
308 K, Kfalso went up. However, as the temperature
was increased from 308 to 318 K, Ky decreased. The
temperature of 308 K was noticeably more suitable
than the other studied temperatures in terms of
adsorption capacity. Because the Freundlich model
was derived to model the multilayer adsorption, we
inferred that the adsorption of boron onto chitosan
may have been multilayer adsorption. Namely, the
sorption process could be considered physical sorp-
tion in this study. The 7y value, which is also known
as the adsorption intensity, was determined to be
greater than 1; this indicated an S-type isotherm and
also mostly corresponded to physical adsorption.””

Effect of the pH

The effect of the initial pH on the removal of boron
was determined, as given in Figure 5. It is known
that the pH of the solution affects the distribution of
boron species, such as B(OH); and B(OH), . The bo-
ron adsorption depends on which boron species are
dominant in the solution. The pK, value of boric
acid is 9.2, where half of the total boron is in the
form of boric acid and half is in the form of borate
anions. When the pH is below 9, B(OH); is domi-
nant in aqueous species.”” The pH of the solution also
affects the charge distribution of chitosan, which is a
weak base with a pK, value of the d-glucosamine resi-
due of about 6.2-7.0. At low pH values, the NH, groups

for bentonite, sepiolite, illite, Siral 5, Siral 40, and  of chitosan are protonated, and NH;" groups on
TABLE III
Ky Values for the Adsorption of Boron by Different Adsorbents

Adsorbent (g) K¢ (mg g’l) pH Temperature (°C) Reference
Cotton cellulose 0.16 (R* = 0.75) 7 Room temperature 32
Cerium oxide 1.426 (R* = 0.90) 9 25 35
Calcined alunite 0.033 (R* = 0.99) 10 25 34
Camlica bentonite 1 0.05 (R? = 0.997) 10 45 19
Camlica bentonite 2 0.002 (R* = 0.997) 10 45 19
Neutralized red mud 5.996 (R* = 0.99) 7 25 31
Nonactivated waste sepiolite 8.34 (R* = 0.865) 10 20 36
HCl-activated waste sepiolite 14. 13 (R* = 0.91) 10 20 36
Chitosan beads 3 (R*=097) 8 25 This study

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Effect of pH on the removal of boron from an
aqueous solution (initial boron concentration = 10 mg L ™" bo-
ron, mass of adsorbent = 0.05 g, T = 298 K, volume = 25 mL).

chitosan are the dominant group compared to NH,
groups. At high pH values, when the amount of proto-
nated amine groups is decreased, the amount of neutral
—NH, groups increases. As shown in Figure 5, boron
removal increased when the pH of the solution was
increased from 4.5 to 7.5, although in the range of pH
of 7.5-8.5, boron removal remained constant at about
70%; this may be accepted as the maximum amount of
adsorbed boron. The amount of boron removal at pH
4.5 was about 48%. At this pH value, there might have
been slight interaction between the NH;" groups on
chitosan and B(OH); species. Beyond a pH value of 8.5,
the amount of boron removal decreased. In that pH
range, the NH, groups on chitosan and the species of
B(OH), were considered the dominant groups. How-
ever, the OH  concentration in the solution also
increased. There may have been a competition between
the negatively charged boron species and OH ™. There-
fore, boron removal decreased after pH 8.5. In addition,
the OH groups on chitosan may have behaved as sorp-
tion sites for boron species. Hydrogen bonds may have
been formed between the OH groups on chitosan and
boron species. Nevertheless, as pointed out previously,
the NH, groups on chitosan may have been more effi-
cient than the OH groups on chitosan for the removal
of boron from aqueous solution.

Effect of the adsorbent dosage

The effect of the adsorbent dosage on boron removal
is presented in Figure 6. The adsorbent dosages
used in this study were between 0.05 and 0.30 g of
chitosan beads. The adsorbent dosage increased the
amount of boron removal in the adsorbent range
0.05-0.15. This may have been due to an increase in
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sorption sites for boron species. Beyond an adsorb-
ent dose of 0.15 g, boron removal remained constant.
This may have been due to the fact that equilibrium
was reached in the solid-solution interface. Also,
there was an equilibrium of boron species B(OH);
and B(OH),;~, and in a limit value of concentration,
there will not be the conversion of B(OH); to
B(OH), .*°

Ionic strength effect

The effect of the ionic strength is given in Figure 7.
Different NaCl concentrations (0.1, 0.01, and 0.001M
NaCl) were used to examine salt effects in this
study. As shown in Figure 7, as the ionic strength
increased, boron removal also increased. Along with
increasing ionic strength, a very concentrated envi-
ronment existed outside of the chitosan micropar-
ticles. A larger concentration of mobile ions outside
the chitosan microparticles decreased the interac-
tions between the chitosan beads and the solvent
(water). In addition to this, as revealed by Sun
et al.”” for fulvic acid by chitosan beads, salt may
screen the electrostatic interactions and may, espe-
cially, screen the mutual repulsion between the
adsorbed boron species; hence, boron adsorption is
enhanced with increasing salt concentration.

On the other hand, from the view of optimum
conditions, the amount of adsorbed boron can be
also expressed as shown in Figure 8. As shown in
Figure 8, at the optimum conditions (T = 308 K, pH
8.0, boron concentration = 4 mg L") without any
salt, the boron removal was about 66%. However, in
the presence of 0.1M NaCl under the same condi-
tions, boron removal increased to 74%. In other
words, the maximum amount of adsorbed boron in
this study was 74%.
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Figure 6 Effect of the adsorbent dosage on boron removal
(T =298 K, initial boron concentration = 10 mg LY.



SYNTHESIS OF CHITOSAN BEADS AS BORON SORBENTS

80
70 - I-_,_‘_-_,_,_.-I-_.____..“___'
60 /

S0 - .

Boron Removal (%)

—=— (.1 M NaCl
—#— 0.01 M NaCl
—&— 0.001 M NaCl

T ¥ T Y T
2 3 4

C (mglL)

Figure 7 Effect of the ionic strength on boron removal (T
= 298 K). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

FTIR analysis

FTIR analyses of the chitosan beads and boron-
adsorbed chitosan beads are given in Figure 9. We
expected that we would find evidence for the
adsorption of boron onto chitosan. In particular, rec-
ognition sites of chitosan for boron species could be
determined. The strong band centered at 3428 cm ™'
in the spectrum of the chitosan beads was assigned
to the O—H stretching mode of chitosan. After boron
adsorption, a broad band was observed. In addition
to this, the O—H stretching vibration did not change
significantly. This may have indicated that a weak
interaction occurred between the boron species and
OH groups of chitosan. Two shoulders at 3290 and
3177 ecm™ ! were attributed to the N—H stretching
mode of chitosan. These shoulders could not be seen
exactly in the spectrum of the chitosan beads with
boron. Boron species may have interacted with the
NH, groups of chitosan. The band located at 2923
cm ' was identified as the C—H stretching vibration
of the polymer backbone. This band slightly
decreased to 2920 cm ™' after boron was adsorbed.
The band at 1413 cm ™' in the spectrum of the chito-
san beads was due to C—H bending. However, there
were three different bands at 1419, 1381, and 1316
cm ' in the spectrum of the chitosan beads with bo-
ron. According to Ay et al.*® broad B—O stretches
of the trigonal borate appeared in the region 1300-
1480 cm ™. Therefore, the reason for the splitting of
the band in the range 1300-1450 cm ' may have
been the B—O stretching of borate. However, the
band at 1381 cm ' may have been due to the B—N
stretching vibration. This was considered to be evi-
dence for the interaction between the chitosan and
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boron species. The band located at 1640 cm ™' in the
spectrum of the chitosan beads was attributed to the
amide I band, C=O0O stretching of the acetyl groups.
N—H bending vibrations appeared at 1562 cm ™', Af-
ter boron adsorption, these bands increased to 1653
and 1599 cm'. The intensity of the N—H bending
mode decreased as result of boron adsorption onto
the chitosan beads. This also confirmed the interac-
tion amino groups of the chitosan and boron species.
Two bands, the first at 1154 cm ™! and the second at
1074 cmfl, showed the C—O stretching mode of chi-
tosan. After boron adsorption, the first one was
almost the same; however, the second one demon-
strated a small increase. In the spectrum of
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Figure 9 FTIR spectra of the chitosan beads and boron-

adsorbed chitosan beads. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 10 SEM micrographs of the chitosan beads.

chitosan, the presence of two bands, one at 1153
cm ™! and another at 1074 cm ™', probably indicated
the stretching vibrations of C—O groups. The first
band did not demonstrate any changes. In the
second band, a small change was observed. In
summary, for the FTIR analysis, the NH, groups
on chitosan may have acted as recognition sites for
boron species, such as borate anion B(OH), or
boric acid.

SEM analysis of the chitosan beads

The concentration of NaOH was higher than that of
acetic acid within the chitosan solution. Therefore, it
is probable that NaOH reacted with protonated
amino groups in the chitosan molecules and acetic
acid molecules. As indicated by Zhao et al.," liquid—
liquid phase separation occurred; the chitosan gel
was coagulated to generate porous spherical uniform
chitosan gel beads with a skin layer. As presented in
Figure 10, microparticles of about 5 pum (slightly
greater and smaller) were observed inside the gel
beads. Also, gaps (shown with an arrow in Fig. 10)
smaller than 1 um were seen among the micropar-
ticles, which adhered to each other.

CONCLUSIONS

The adsorption of boron onto chitosan beads was
investigated at various temperatures, ionic strengths,
and pH values. As the pH of the solution was
increased up to 7.5, boron removal also increased.
Beyond a pH of 7.5, boron removal remained con-
stant at about 70%. A value of 0.15 g of adsorbent
was obtained as the optimum adsorbent dosage.

Journal of Applied Polymer Science DOI 10.1002/app
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With increasing ionic strength, boron removal
increased. Boron adsorption reached equilibrium
within 30 min at the studied temperatures. Kinetic
experiments showed that the adsorption of boron
onto chitosan followed the pseudo-second-order ki-
netic model, and intraparticle diffusion was not the
only rate-controlling step. From batch experiments,
we concluded that the Freundlich equation agreed
very well with the experimental data. Probably, the
adsorption of boron species onto the chitosan beads
occurred with physical forces. SEM analysis showed
that microparticles of about 5 um were observed
inside the gel beads. As a result of FTIR analysis, we
inferred that the NH, groups on chitosan may have
acted as reaction sites for boron species. In conclu-
sion, chitosan, as a relatively cheap, abundant, and
nontoxic material, could be used for the removal of
boron species from aqueous solution.
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