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ABSTRACT

In this study, we successfully crosslinked chitosan using STPP and produced chitosan
beads to adsorb copper ions and subsequently phosphate ions from aqueous solutions. The optimal
concentrations of chitosan (2%w/v) and STPP (7.5%w/v) during chitosan beads preparation and
the optimal pH of 5.0 during adsorption were determined. Several adsorption models, including
pseudo-first-order, pseudo-second-order, Langmuir, and Freundlich models, were used to evaluate
the static adsorption experimental data. Moreover, the chitosan beads were applied in a dynamic
adsorption column and several models including Bohart-Adam, Thomas, Yoon-Nelson, and Clark
models were used to describe the system. This study showed that after adsorbing heavy metal ions,
chitosan-STPP beads can be used for further adsorption of toxic anions from wastewater.
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INTRODUCTION

Wastewater contains toxic waterborne
pollutants such as bacteria and heavy metal
ions, which pose health problems to humans.
Conventional approaches to removing heavy metal
ions from wastewater include precipitation, filtration,
electrochemical treatment, and adsorption, with
the latter as an effective and low-cost separation
process. In recent years, increasing attention is

being attracted to natural polymers as alternative
adsorbents due to their high affinity to heavy metal
ions. Other advantages of natural polymers as
adsorbents include their abundance, biocompatibility
and environmental safety.

Chitosan, which is a biopolymer derived
from chitin found in crustacean shells, in the last
decade was extensively studied thanks to its unique
properties in adsorbing heavy metal ions, including
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chromium?3, copper*®, mercury®’, and lead®® from
aqueous wastewater. Chitosan contains amine and
C-8 hydroxyl groups that can adsorb heavy metal
ions through chelation, ion exchange, electrostatic
attraction, or ternary complexation®.

Because chitosan dissolves in acidic
solutions, chemical and physical modifications
were usually employed to increase its stability
and adsorption capacity. It was reported sodium
tripolyphosphate (STPP) can form electrostatic
crosslinking effects between its tripolyphosphate
anions with the protonated amine groups of chitosan.
Due to the large size of tripolyphosphate ions, the
space between chitosan chains increased after
crosslinking, thus improving the accessibility of metal
ions to the reactive functional groups in chitosan and
increasing its adsorption capacity™.

After adsorbing heavy metal ions, the
surface of chitosan is covered with a layer of
cations, which can further adsorb toxic anions from
wastewater. Therefore, in this study, after crosslinking
chitosan with STPP and using it as an adsorbent for
copper(ll) ions, we further used the chitosan-copper
material to adsorb phosphate ions from aqueous
solutions. Static and dynamic adsorption models for
the adsorption of copper and phosphate ions were
also be established and studied in this research.

MATERIALS AND METHODS

Chemicals and materials

Chitosan (98.6% purity and 91.6%
deacetylation degree) was purchased from Chitosan
Vietnam LTD. All other chemicals were purchased
from Xilong LTD and of analytical grades.

Preparation of chitosan beads

Chitosan was dissolved in a 1% acetic acid
solution to obtain concentrations from 1.5% to0 4%.The
chitosan solution was dropped from a syringe into an
STPP solution (6.5 to 8.5%) to produce chitosan beads
with a volume ratio 1:2 of chitosan: STPP solutions.
After 24 h, the chitosan beads were collected, washed
using deionized water until neutral pH of the washings,
and then dried at 40°C for 24 hours.

Static absorption study
In a typical experiment, 1 g of the chitosan
beads was shaked at 250rpm in 100 mL of an
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adsorbate (Cu®* or PO,*) solution at pH=5 for 4 h at
30°C in a water bath. The copper ion concentrations
were determined using titration with EDTA on
an automatic titrator Titroline 5000 (S| Analytics,
Germany), while the phosphate ions concentration
was determined using a colorimetric method'".

The static adsorption kinetics was modelled
using pseudo-first-order and pseudo-second-order
adsorption models with the following linearized
integrated equations'2:
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Where k, and k, are the rate constant in
the pseudo-first-order and pseudo-second-order
models, respectively; g, and g, (mmol/g) are the
adsorbed amount of adsorbate at equilibrium and
at any moment t.

Equilibrium amounts of adsorbates were
used to fit into the following r can be calculate
to evaluate Langmuir and Freundlich isotherms,
respectively:

K Lqmaxc (3)

lgg=IgK + (4)
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Where K and K_: are adsorption equilibrium
constants in the Langmuir and Freundlich models,
respectively; gmax and q are the sorption capacity
and the absorbed amount on the chitosan beads,
respectively.

From K, and the initial concentration of
adsorbate C, the separation factor can be calculated
to evaluate the separating ability of the chitosan beads:

1
R = -
LT14K.C, (5)

Column dynamic adsorption

A glass column with an inner diameter of
1 cm was filled with the chitosan beads (Fig. 1). An
adsorbate solution was pumped through the column
and the passed solution was collected continuously to
determine the concentration of the remaining adsorbate.
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To evaluate the loss of adsorbing capacity
over time and the column service time in a fixed-bed
adsorption column, the following equations were
used to model the dynamic adsorption.

Linearized Thomas model:

C KqM K,C,
In| S0 1|2 L2900 Brto g
(&) ®

Where C,, C_ are the inlet and outlet
concentrations (mg/L), g, is the sorption capacity
(mg/g), m is the mass of absorbed substance (g/g),
Qs the flow rate (mL/min), V is the volume of solution
that passed the column (mL), K. is the Thomas rate
constant (mL.min'. mg).

Linearized Yoon—Nelson model:

In_Ce
c,—C,

=Kyt — Ky (7)

Where K, is the rate constant (min), t
is the time to adsorb 50% of the sorption capacity
(min), t is the sorption time (minute).

Linearized Bohart—Adam model:
<, H
ln[? —1] = ln[cx KyN, 5] —1] — KyCyt (8)
Where K; is the kinetic constant in the
Bohart—-Adam model (L.mg'.min"), Q is the flow rate
(mL/min), H is the length of the adsorption column (cm).
Linearized Clark model:

m[(g‘: 71]}H 71}:]11‘471’! 9)

Where n is the Freundlich constant; InA and
r are constants in the Clark model.

Fig. 1. Experimental setup for column dynamic adsorption
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RESULTS AND DISCUSSION

Appearance and morphology of the
absorbent before and after absorbing copper and
phosphate ions Chitosan beads were formed as
white spheres when the chitosan solution was
dropped into the STPP solution (Fig. 2A). In this stage,
STPP as the crosslinking agent firstly reacted with
the outer chitosan layer of the drop to form a hard
shell. During the ageing time, STPP diffused into
the chitosan solution drop and further crosslinked
chitosan molecules to form a gel. The crosslinking
and gelation processes exclude water molecules and
hence reduced the size of the beads (Figure. 2B).

The beads turned dark green after absorbing
copper ions (Fig. 2C) due to the electrostatic
interactions between the phosphate anions on the
bead surface and copper cations from the solution.
The beads then turned light blue after subsequent
absorption of phosphate ions (Fig. 2D), indicating
further interactions between the absorbed copper
ions and the phosphate ions.

After overnight ageing, collecting,
washing

After dropping chitosan
solution into STPP solution (A)

phosphate ions

Fig. 2. Appearance of chitosan beads at various
stages of production and adsorption

SEM micrographs show that the
chitosan beads are sphere-like with diameters of
approximately 1mm (Fig. 3A). Higher magnification
revealed the shrinkled morphology of the beads due
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to water evaporation when they were dried. This
shrinkage may increase the surface area and hence
be advantageous for the adsorbent.

After adsorbing copper ions (Fig. 3B)
and phosphate ions (Fig. 3C), the surface of the
beads became significantly cracked. The reason
for this crack may be due to absorbed copper ions
that reacted with amino groups of chitosan and
phosphate groups of STPP, hence weakening the
3D structure of chitosan beads.

Fig. 3. SEM micrographs of chitosan beads before
adsorption (A), after adsorption of copper ions (B) and
after subsequent adsorption of phosphate ions (C)

Influence of factors on copper adsorbing
capacity of chitosan beads

Concentrations of chitosan and STPP
during beads preparation Fig. 4 shows that when
the STPP concentration was fixed at 7%, the
adsorption efficiency and capacity were highest
with 2% chitosan concentration. It should be noted
that the copper binding capacity of the chitosan
beads was mainly due to the presence of phosphate
moieties. Because the concentration of STPP was
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fixed, higher chitosan concentrations would resultin
depletion of STPP in solution and lower phosphate
contents in the chitosan beads, hence lowering
copper adsorption capacity. Although amine groups
can bind copper ions through complexation, the
acidic medium turned amine groups into -NH,* with
a much lower copper binding capacity®.
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Fig. 4. Influence of chitosan concentration on copper
adsorption efficiency and capacity at pH=5, C =100 mg/L
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Fig. 5. Influence of STPP concentration on copper
adsorption efficiency and capacity at pH=5, C =100 mg/L

Figure 5 shows that when chitosan
concentration was 2%, maximum copper adsorption
capacity and efficiency were reached at 7.5%w/v
STPP concentration. Higher STPP concentration
would result in too high densities of crosslinks and
hence rendering the diffusion of copper ions into
the beads. From these results, we chose 2%w/v
chitosan and 7.5%w/v STPP concentrations for
further studies.

Adsorption pH

The adsorption experiments were
conducted at pH <5.4 because higher pH would
result in the precipitation of copper ions as
hydroxides'. Fig. 6 shows that the efficiency of
copper removal increased with increasing pH in
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the studied range. This result is consistent with
other studies, in which the optimum pH for copper
adsorption by chitosan tripolyphosphate was 5'® and
a highly acidic medium would significantly lower the
adsorption efficiency'®. At low pH, the phosphate
ions are converted to phosphoric acid, while amine
groups are converted to -NH,* ions with significantly
lower affinities to copper ions'. From this result, we
chose pH=5 for further studies.
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Fig. 6. Influence of pH on copper ions adsorption by
chitosan beads

Influence of the amount of chitosan beads and
adsorption time

Figure 7 shows that when increasing the
mass of chitosan beads used for 100 mL of copper
ions, the adsorption efficiency increased and the
adsorbed capacity decreased. These results were
normal because more adsorbent would adsorb more
copper ions and the load of adsorbed copper ions
per gram of adsorbent would decrease. Besides,
increasing the contact time between the adsorbent
and the copper ions solution would increase the
adsorbing efficiency (Fig. 8). From these results, we
chose 1 g of adsorbent per 100 mL and 150 min of
contact time for further studies.

Modelling adsorption kinetics for copper ions
The results of calculations of adsorption

kinetics according to the pseudo-first/second-order

models are presented in Table 1. The determination
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coefficients R2 for second-order kinetics were
higher than those for first-order were higher than
0.92, and the adsorption capacity for second-order
kinetics were closer to the experimental adsorption
capacity than that for first-order kinetics. These
results showed that the pseudo-second-order
kinetics was more appropriate to describe the
adsorption process of copper ions onto the chitosan
beads, which is consistent with several studies on
adsorption of copper ions on chitosan-STPP8,
carbon materials'®?, kaolin/zeolite?'. It should be
noted that the k, values in Table 1 decreased with
increased copper concentrations indicating that the
adsorption of copper ions on chitosan beads is a
complex process.
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Fig. 7. Influence of amount of chitosan beads on adsorbing
efficiency and capacity for 100 mL of copper ions solution
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Fig. 8. Influence of contact time between chitosan beads

and copper solution

Table 1: Parameters in the adsorption kinetic models for copper ions

Pseudo-first-order

Pseudo-second-order

C mg/L Exp. q, mg/L k, min”! q,, mg.g” k2g.mg . min-! q,mg.g" R? h
50 4.84 0.028 5.01 0.9828 0.0047 6.035 0.994 0.171
100 9.52 0.027 15.53 0.9202 0.0019 11.655 0.9967 0.258
150 13.4 0.021 20.41 0.9400 0.0008 17.452 0.9986 0.244

Isothermal adsorption models for copper ions
A comparison of the R? values in the

Langmuir and Freundlich models shows that the

adsorption of copper ions by the chitosan beads is
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better described by the Langmuir model.

Table 2: Parameters in the Langmuir and Freundlich
models for copper adsorption

Langmuir model Freundlich model

9,.(MY/g) 19.08 n 1.73
Parameters K. 0.10 K 2.18
R? 0.999 R? 0.9702

From the K, of the Langmuir model and the
initial concentration of copper ions, we determined R,
using the formula (7). When the initial concentration
of copper ions increased, the R, values became
closer to 0, indicating irreversible adsorption?.

Table 3: R_values when increasing the initial
concentration of copper ions

Concentration (mg/L) 20 60 100 140 180 220

R, 0.33 0.14 0.09 0.06 0.05 0.04

Subsequent adsorption of phosphate ions by
chitosan beads after adsorbing copper ions

In a recent study, Perez-Novo et al .,
demonstrated that phosphate ions can be scavenged
by copper ions?. Therefore, after adsorbing 29.12 mg
Cu/g adsorbent, we dried and used the adsorbent
for further adsorbing phosphate ions. Preliminary
experiments showed that 60 min was enough to
reach adsorption equilibrium (Figure 9).

At pH=2, most of copper ions were
desorbed from the adsorbent, hence making the
latter incapable of adsorbing phosphate ions. When
the pH increased from 3 to 7, the amount of adsorbed
phosphate decreased (Fig. 10), possiblly due to the
competition of the hydroxide ions with the phosphate
ions in binding with copper.
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Fig. 9. Phosphate adsorption efficiency by
chitosan-copper beads over time
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Fig. 10. Influence of pH on the phosphate adsorption

capacity of the chitosan-copper beads
Kinetic models for phosphate adsorption by
chitosan-copper beads

Values of R? in Table 4 indicate that the
pseudo-second-order model was more appropriate
in describing the phosphate adsorption kinetics at
phosphate concentrations lower than 57 mg/mL.
When the phosphate concentration was higher,
the pseudo-first-order model gave more fit to the
experimental data.

Table 4: Parameters in the adsorption kinetic models for phosphate ions

Pseudo-first-order

Pseudo-second-order

C mg/L k, min’! 9, mg.g” k?g.mg'.min" q,mg.g" R?

34.14 0.069 11.676 0.9124 0.006 7.479 0.9924
56.22 0.056 14.086 0.9303 0.005 10.764 0.9972
70.61 0.041 14.119 0.9601 0.002 14.124 0.9481

As for copper ions adsorption, the
adsorption of phosphate ions by the chitosan-copper
adsorption was better described by the Langmuir
model (Table 5). According to the Langmuir model,
a monolayer of copper ions was adsorbed on the
chitosan bead surface, which subsequently binds
another layer of phosphate ions.

Table 5: Parameters in the Langmuir and Freundlich
models for phosphate adsorption

Langmuir model Freundlich model

d,,..,(MY/Q) 8.7 n 1.91
Parameters K, 0.37 Ke 2.29
R? 0.9928 R, 0.9898
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Dynamic adsorption models for copper and
phosphate ions
In this study, we used linearized Bohart-
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Adam and Clark models (Equations 8 and 9) to
process the experimental data (Fig. 11) and obtain
the parameters of these models (Table 6).
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Fig. 11. Processing experimental dynamic adsorption data using linearized Bohart-Adam (left) and Clark (right) models.
Q=9mL/min, C;=101.12 mg/L, H=16.5cm

Table 6: Calculated parameters in the Bohart-Adam and Clark models for dynamic adsorption of copper
ions by chitosan beads

Variable Bohart-Adam model Clark model

C (mg/L) Q(mL/p) H(cm) Ky(m®kg.s) N, (kg/md) R? r(L/h) InB Rz
101.1 9 16.5 0.00024728 23.382 0.9241 0.0015 -0.7992 0.9258
101.76 12 32 9.827.10-5 48.035 0.905 0.0006 -0.591 0.9039

The calculation results indicate that both
models described the experimental data with
relatively high determination coefficients (R2>0.90).
All parameters in the models (KB, N, r, In B)
depended on the flow rate, initial concentration and
the height of the adsorption column.

We then further modelled the
experimental dynamic adsorption data of
phosphate ions using Thomas, Yoon—-Nelson and
Bohart—-Adam models and the results are shown
in Table 7. The determination coefficients R? for
Bohart-Adam model were lower than 0.52, while
those for Thomas and Yoon-Nelson models were
higher than 0.82. All parameters in the models

depended on the flow rate, initial phosphate
concentration and the height of the adsorption
column.

According to the Thomas model, K,
coefficient increased with higher flow rate and lower
column height. Besides, the maximum adsorption
capacity q, increased with higher flow rate and
column height.

According to the Yoon-Nelson model, the
K,y coefficient increased with flow rate and column
height. Besides, the time when the phosphate
concentration remained 50% of the initial increased
with the higher column height and lower flow rate.

Table 7: Calculated parameters in the Thomas, Yoon-Nelson and Bohart-Adam models for dynamic
adsorption of phosphate ions by chitosan-copper beads

Variable Thomas Yoon — Nelson Bohart-Adam

C,mg/L  QmL/min Hem K. mlU/min/g g, ,mg/g R? Ky L/min tmin R? 10°KBm?®/kg.s N_kg/m?3 R?

153.9 12 32 0.032 93.6 0.86 0.005 507 0.86 21.7 83 0.51

152.0 9 16.5 0.033 87.68  0.82 0.005 320 0.82 11.0 165 0.43
CONCLUSION ions and then can be utilized to subsequently adsorb

This study showed that chitosan beads
crosslinked by STPP effectively adsorbed copper

phosphate ions thanks to the copper-phosphate
interactions. This approach may be used for other
heavy metals ion and pollutant anions. Besides,
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further studies are required to enhance the adsorbing
capacities of the adsorbent and adapt the material to
real-world applications.
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