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ABSTRACT

Chitosan, a biopolymer produced from crustacean shells, may be used as a sorbent for metal ions
removal from industrial wastewaters. This study was carried out to evaluate the efficiency of metal
ions removal from aqueous solutions using immobilised chitosan as an adsorbent in a batch
adsorption system. Chitosan was immobilised on glass plates using a simple casting technique.
Adsorption experiments were carried out as a function of contact time and initial metal ions
concentration. The adsorption efficiency increased with increasing initial metal ions concentration
(5 — 20 mg L) and the observed trend was: Ag?* > Cu?* > Ni?* > Fe3* > Cd** > Zn?*. The
experimental data were fitted to pseudo-first, pseudo-second-order, intra-particle, and liquid film
diffusion kinetic models. The applicability of the pseudo-second-order kinetic model indicated that
the adsorption behaviour was ascribed by chemisorption. Further data analysis by the diffusion
kinetic models suggested that the adsorption of metal ions was controlled by more than one step:
adsorption at the active sites, intra-particle, and liquid film diffusion. Overall, this work has shown
the possibility of removing metal ions from water using immobilised chitosan. The use of glass
plates as the solid support would facilitate the sorbent recovery during and post-adsorption process.
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INTRODUCTION

Metalloid contaminants have gained worldwide attention for their toxicity to humans and
environments [1]. They are non-biodegradable, and the strength of metalloid toxicity relies on their
redox potential and aqueous speciation in the surroundings [2]. Numerous technologies have been
experimented with for treating metalloid contaminated water, such as chemical precipitation, ion
exchange, membrane filtration, electrodialysis, reverse osmosis, coagulation, flocculation, and
solvent extraction [3, 4]. However, some of these methods have subsequent technical
complications allied with high operating costs, inefficiency in removing metal ions in trace
quantities, and overabundant side production of undesirable sludge [5].

Adsorption features an impressive alternative solution in metal ions removal. Compared to
other effluent treatment technology, the adsorption technology is available at a relatively low cost.
The adsorbent materials are inexpensive, renewable, abundant, and potentially reusable. Chitosan
has become a trustable economical adsorbent for removing metal ions from the aqueous
environment [6,7]. It is formulated commercially through the deacetylation of chitin, the second
abundance material after cellulose in nature. Chitosan has exceptional adsorption properties
mainly due to the abundance of hydroxyl and amine groups, which operate as the coordination and
reaction sites. However, chitosan beads and flakes are not reusable after some time and have
limited utilisation due to their weak mechanical properties [8].

Several researchers have shown that the poor mechanical strength of chitosan could be
enhanced through the immobilisation of chitosan onto solid material, such as glass beads [9], sand
[10], or glass plates [11]. Glass plates have shown to be good solid support for chitosan. It can
strongly adhere to the surface of the glass by coulombic attraction [8]. Adsorption studies using
immobilised chitosan have been widely investigated using dyes as model pollutants. However, the
adsorption of metal ions by immobilised chitosan is still very much limited. This study aims to
investigate the efficiency of immobilised chitosan on glass plates for metal ions removal. Different
adsorption models were adopted to describe its kinetics and rate-controlling steps. The information
will be useful for further application in designing wastewater treatment systems.

EXPERIMENTAL

Materials

Chitosan flakes with an average molecular weight of 322 g mol* were obtained from Sigma-
Aldrich. Cadmium chloride hydrate (CdCl2-xH20), nickel chloride hexahydrate (NiClz-6H20),
copper sulphate pentahydrate (CuSO4-5H20), and zinc sulphate heptahydrate (ZnSQO4-7H20) were
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purchased from Ajax Chemicals. Iron (111) chloride hexahydrate (FeClz-6H.O) and acetic acid
were from QREC Chemicals, while silver sulphate (Ag.SO4) was obtained from Bendosen
Laboratory Chemicals. All the other reagents used were of analytical grade and were used without
further purification. Distilled water was used throughout this study.

Preparation of Immobilised Chitosan

Immobilised chitosan was prepared from the previously described method [8]. The chitosan
solution was prepared by dissolving 1.50 g of chitosan flakes in 100 mL of 5 % v/v acetic acid
aqueous solution in a 250 mL stopper flask. Complete dissolution was achieved by continuous
agitation using a magnetic stirrer at 1000 rpm for 24 h at room temperature. The solution was cast
evenly onto the surface of the glass plates (4.70 cm x 6.50 cm) at adequate wet weights to obtain
a dry weight of 20 = 2 mg adsorbent. The immobilised chitosan was left to dry completely at room
temperature (27 C°) for at least 48 h before use.

Batch Adsorption Experiments

The evenly cast glass plates with chitosan were immersed into a custom-made cell of dimension 5
cm x 8 cm x 1 cm that can hold up to 30 mL of solution set-up for selective contact time. An
aerator made from an aquarium pump was attached to the custom-made cell via polyvinyl chloride
(PVC) tubing for air supply and good agitation of the solution, as shown in Figure 1. The glass
plate was placed uprightly inside the cell.

Figure 1: Experimental set-up for the adsorption of metal ions. (A) Custom-made cell, (B) Glass plate,
(C) Pasteur pipette, (D) PVC tube, (E) Aquarium pump, and (F) Metal solution
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A 1000 mg L stock solution of selected metal ions was diluted to obtain the desired
concentration. A 20 mL of metal solution at a specific concentration was placed inside the custom-
made cell containing the immobilised chitosan. The system was aerated at 200 mL min* during
the adsorption process. After the adsorption experiments, the concentrations of metal ions in the
solutions were analysed by an atomic absorption spectrometer (AAS, PerkinElmer Analyst 400).
All the experiments were replicated three times and conducted without adjusting the solution pH.
The amount of metal ions adsorbed at equilibrium, ge (mg g1), was calculated using the following
equation 1:

o = (Co - Ce)V (1)

Where C, is the initial metal ion concentration (mg L™?); Ce is the metal ion concentration
at equilibrium (mg L™); V is the volume of metal solution used (L), and m is the mass of the
adsorbent used (mg).

RESULTS AND DISCUSSION

Effect of initial metal ion concentration and equilibrium time

The effect of initial metal ion concentration and the time needed for the adsorbate to achieve
equilibrium are important for adsorption studies. Figure 2 shows the effects of initial metal ion
concentration and contact time on the amount of (a) Ag?*, (b) Cu?*, (c) Ni?*, (d) Fe3*, () Cd?*" and
(f) Zn?* adsorbed by the immobilised chitosan. It can be observed that the amount of the metal
ions adsorbed increased with the increase of contact time at all concentrations. The adsorption
occurs most rapidly over the first 20 min. The fast adsorption occurred due to the availability of
active sites at the beginning stage of adsorption [12]. The phenomenon also suggests rapid external
diffusion and surface adsorption.

However, the adsorption slows down as time proceed and reaches a plateau state, indicating
that equilibrium has been achieved. The equilibrium was achieved within 120 min for all the metal
ions at the studied concentrations. The results signify that the binding sites on the immobilised
chitosan are fully saturated after this time. Figure 2 also shows that the amount of metal ions
adsorbed increased as the initial metal ions concentration increased. The trend could be explained
by the higher collision rates between the metal ions and the adsorbent surface as the concentration
increased. Mechanically, higher concentration gradients will lower the mass transfer resistance for
metal ions to adsorb on the adsorbent [12]. The observed trend in the adsorption efficiency of the
metal ions by the immobilised chitosan was: Ag?* > Cu?* > Ni?* > Fe3* > Cd?* > Zn?*,
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Figure 2: Effect of initial metal ions concentration and contact time on the adsorption capacities of
(a) Ag?*, (b) Cu?, (c) Ni?*, (d) Fe**, (e) Cd?* and (f) Zn?* by immobilised chitosan [V: 20 mL; m: 20 mg;
pH: natural pH; and T: 27 °C]
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Adsorption Kinetics

Adsorption Kinetics are categorised into (i) adsorption reaction models and (ii) adsorption diffusion
models that provide information on the mechanism and rate-controlling steps [13]. The mechanism
and rate of metal ions adsorption on the immobilised chitosan can be determined by fitting the
experimental adsorption data with the pseudo-first and second-order kinetic models. Meanwhile,
the adsorption diffusion was fitted by the intra-particle and liquid film diffusion models.

Pseudo-First and Pseudo-Second-Order Models

The pseudo-first-order model assumes that the rate of change of solute uptake by the adsorbent
with time is directly proportional to the deviation in saturation concentration and the amount of
solute uptake. The linear expression given below represents Lagergren's pseudo-first-order rate
equation 2 [14]:

k
log(qe — q¢) = log q. — ﬁ t 2

Where ge and q: represent the amount of metal ions adsorbed on the immobilised chitosan
(mg g!) at the equilibrium and time t, while ki is the rate constant (min™). The ki and g, car Values
can be calculated from the slope and intercept of the linear plot of log(qge-qt) versus t.

The pseudo-second-order model is based on the adsorption capacity of the solid phase, and
it visualises chemisorption as the rate-controlling step. The pseudo-second-order kinetic is
expressed in linear form in the following equation 3 [15]:

t _ 1 +t (3)
q:  kyq:  q.

The slope and intercept of the linear plot of t/qt versus t give the values of ge, cal, and ko,
respectively. The pseudo-first and second-order kinetic constants with their correlation coefficients
are presented in Table 1. The correlation coefficients for the pseudo-second-order model were
greater than the pseudo-first-order kinetic model. In addition, the theoretical equilibrium
adsorption capacity values and experimental adsorption capacities were in excellent agreement.
The findings imply that chemisorption is the main adsorption mechanism for the investigated metal
ions adsorption on the immobilised chitosan. In this case, surface complexation is the rate-limiting
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step involving valence forces by sharing or exchanging electrons between adsorbent and adsorbate
[11].

Although the adsorption capacities increase as the metal ions concentration increases, the
removal rate may decrease due to inadequacies of mass transfer in retrieving the active sites of the
adsorbent. The competition for active sites on chitosan is high when more metal ions are present
in the solution, and consequently, the chances of the metal ions binding to active sites are high.
However, there are some possibilities that a layer of saturated metal ions blocks the active surface
sites. As a result, the metal ions have to work harder to interact with the active sites on the
adsorbent by diffusing through pores to the inner layer of the chitosan [16].

Table 1: The pseudo-first- and second-order kinetic models for the adsorption of metal ions by
immobilised chitosan

Initial metal Geexp Pseudo-first-order model Pseudo-second-order model
ions (mgL")  4.u(mg Kkix102 R Geca(mg  Kk2x 103 (g R
concentration g (min") g mg"! min°

(mg L) 1

Ag2+

5 3.60 3.49 3.04 0.934 4.38 8.26 0.986
10 6.38 3.48 2.03 0.938 7.09 7.86 0.988
20 19.2 5.60 3.89 0.982 19.8 13.0 1.00
Cu2+

5 3.53 6.39 5.80 0.925 4.07 14.7 0.998
10 6.85 19.4 6.61 0.948 8.90 3.69 0.969
20 10.6 13.0 3.82 0.993 13.9 2.05 0.987
Ni2+

5 0.781 2.26 4.19 0.891 1.44 7.17 0.959
10 4.77 3.20 2.44 0.990 5.49 8.71 0.995
20 8.44 5.89 3.18 0.923 10.0 491 0.989
Fe3+

5 3.25 4.39 4.17 0.936 4.12 8.12 0.994
10 291 1.83 4.56 0.934 3.09 454 0.999
20 7.81 11.2 4.03 0.933 9.89 3.26 0.989
Cd2+

5 0.705 4.39 4.17 0.936 1.13 11.1 0.973
10 1.41 1.73 2.28 0.972 2.62 3.57 0.981
20 4.88 4.28 3.71 0.993 5.73 9.23 0.998
Zn2+

5 0.638 0.399 1.40 0.837 0.787 334 0.949
10 1.72 1.83 2.44 0.942 2.75 5.02 0.944
20 4.92 1.88 1.61 0.940 5.26 14.6 0.989
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Intra-Particle Diffusion Model

The intra-particle diffusion model was used to verify whether the adsorption rate was dominated
by the internal transport of the metal ions into the chitosan pores. The intra-particle diffusion model
Is expressed in equation 4 [17]:

q, = k;t'? +C (4)

Where ki is the intra-particle diffusion rate constant (mg g™ min), C reflects the boundary
layer thickness (mg g1). The ki and C values can be obtained from the slope and intercept of the
linear plot of g: versus t*2. As summarised in Table 2, the rate parameter k; and the intercept C.
values related to the intra-particle diffusion increase with the increased concentration of metal
ions. The findings suggest greater boundary layer effects and higher driving force with increasing
metal ions concentration [18]. Besides, the linear plot of q: against t*2 does not pass through the
origin for all the studied metal ions. The findings revealed that intra-particle diffusion was not the
only rate-controlling step. However, some degrees of the boundary layer diffusion also control the
adsorption of metal ions onto the immobilised chitosan.

Table 2: Parameters of the intra-particle and film diffusion models for metal ions adsorption by
immobilised chitosan

Initial metal ions Geexp Intra-particle diffusion Film diffusion

concenltration (mg L) ki C R K x 1072 R
L

(mg 1) (mgg'min)  (mgg!) (min'!)

Ag2+

5 3.60 0.267 0.829 0.948 3.06 0.962

10 6.38 0.270 3.12 0.987 2.45 0.937

20 19.2 0.471 14.8 0.965 4.77 0.950

Cu2+

5 3.53 0.289 0.935 0.939 5.39 0.941

10 6.85 0.818 -0.248 0.886 5.87 0.943

20 10.6 1.21 -0.441 0.950 3.69 0.994

Ni2+

5 0.781 0.124 -0.459 0.971 342 0.855

10 4.77 0.312 1.54 0.993 2.73 0.981

20 8.44 0.780 1.42 0.806 3.44 0.954

Fe3+

5 3.25 0.330 0.187 0.999 3.95 0.954

10 291 0.114 1.85 0.968 4.90 0.961

20 7.81 0.699 0.965 0.975 3.79 0.950
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Cd2+
5 0.705 0.0688 -0.0656 0.995 1.95 0.993
10 1.41 0.150 -0.242 0.998 2.14 0.976
20 4.88 0.405 1.17 0.970 3.84 0.995
Zn2+
5 0.638 0.0534 0.0595 0.799 1.75 0.891
10 1.72 0.195 -0.256 0.909 241 0.964
20 4.92 0.141 3.05 0.962 2.36 0.817

Liquid Film Diffusion Model

The Boyd model was applied to differentiate between the film and intra-particle diffusion. The
model is generally given in its linearised form by equation (5) [19]:

In(1- %) = —ksqt (5)

Where kiq is the liquid film diffusion constant (min™). The value is obtained from the
gradient of the linear plots of In (1-qg+/ge) versus t. Based on the calculated values listed in Table 2,
the R? values obtained from the linearised Boyd model were relatively comparable to the intra-
particle diffusion model. The finding signified that the rate-limiting step for the adsorption of metal
ions by the immobilised chitosan was controlled by both intra-particle and liquid film diffusion.

CONCLUSION

In this study, immobilised chitosan on glass plates was used as an adsorbent to remove metal ions
from the aqueous solution. The adsorption capacities of Ag**, Cu?*, Ni?*, Fe®*, Cd?*, and Zn** were
19.2, 10.6, 8.44, 7.81, 4.88, and 4.92 at an initial concentration of 20 mg L and adsorbent dosage
of 20 mg. Kinetic studies showed that the adsorption agreed to the pseudo-second-order model,
confirming that the primary adsorption mechanism is chemisorption. Besides, the intra-particle
and liquid film diffusion may also be controlling the adsorption of metal ions by the immobilised
chitosan.
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