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ABSTRACT

Bio-based sorbents, especially cross-linked chitosan, have been widely used in heavy metal
removal. Type of cross-linking agent and degree of cross-linking largely affect metal sorp-
tion behaviour of chitosan-based sorbents. This study describes the preparation of chitosan/
sporopollenin (CS) microcapsules cross-linked with different amount of glutaraldehyde
(GA)/chitosan ratios. The microcapsules were modified by the incorporation of 0.3, 0.9 and
1.5 mL of GA solution (in water 25% v:v) for 1.50 g of chitosan. A protected cross-linking
method was used for the preparation of the CS/GA microcapsules by the reaction of the
microcapsules with Cu(II) as the protector. Scanning electron microscopy, Fourier transform
infrared spectroscopy and thermogravimetric analysis were employed for the microcapsules
characterization. The adsorption performance of the microcapsules was studied for the
removal of Cu(II) at different concentration, contact time, amount of adsorbent, temperature
and pH. The maximum Cu(II) removal values were 88.9, 100.4 and 80.7 mg g−1 by 0.3, 0.9
and 1.5 mL of GA impregnated CS microcapsules, respectively. The equilibrium adsorption
isotherm data of the microcapsules exhibited a better fit to the Freundlich isotherm model.
Affinity of the CS microcapsules for Zn(II), Cd(II), Ni(II) and Cr(III) in presence of Cu(II)
was also investigated. GA/chitosan ratio affected the metal sorption performance and
physicochemical properties of the microcapsules. The results revealed that CS microcapsules
that were cross-linked with 0.9 mL of GA solution had better Cu(II) ion sorption capacity
and can be cost-effective sorbents in water treatment.
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1. Introduction

In many areas in the world, water bodies have
been contaminated with heavy metal ions through dis-
charge of industrial wastewater [1]. Many industrial
activities, including mining drainage, smelting, metal

finishing, metal surface treatment operations, plating,
electrolysis, electric devices manufacturing, tannery
operations, fertilizer and chemical production indus-
tries, are major source of heavy metal contamination
[1–5]. Heavy metal ions are responsible from many
health problems in humans as well as in animals and
plants. Cu(II) ion, which is toxic and carcinogenic, is
one of the heavy metals and has detrimental effects on*Corresponding author.
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living organisms [3]. Excessive ingestion can lead to
health problems including liver damage, kidney fail-
ure, acute poisoning and gastrointestinal bleeding [1].
Studies aiming to remove Cu(II) ions effectively from
wastewaters are needed.

Many techniques have been employed for heavy
metal removal in wastewaters, such as membrane
filtration, precipitation, chelation/complexation, ion-
exchange, oxidation/reduction and adsorption. Each
method has some advantages over the rest. However,
adsorption is still the best option because it makes
possible to use low-cost, sustainable, high-efficient and
eco-friendly bioadsorbents with easy of recovery and
reusability [1,6,7]. Materials with biological origin can
make better adsorbents due to their non-toxicity,
abundance and efficiency.

Sporopollenin is a bio-macromolecule and is found
in the exine (outer skeleton) of moss and fern spores
[8,9]. It is the most resistant component of spores [10]
and highly resistant to biological decay, heat, mineral
acid and alkaline treatments [11]. It is composed of
mainly carotenoids and carotenoid esters [8,9].
Sporopollenin grains from Lycopodium clavatum (ever-
green club moss) spores are easily extracted and can
be harvested in large amounts. They exhibit excellent
mechanical strength and monodispersity and consti-
tute microcapsules with large cavities [12]. It has
wider applications in many fields: food industry [13],
chromatographic studies [14], dye removal [15] and
heavy metal removal [16–18].

Chitosan, the deacetylated derivative of chitin, is a
functional biopolymer with biodegradability, biocom-
patibility and high sorption capacity [19]. It can be
physically and chemically modified in different forms:
membranes [20], fibres [21], hydrogels [22], nanoparti-
cles [23], beads [24], films [25] and capsules [26]. It
has many applications in pharmaceutical [27],
cosmetics [28], biotechnology [29], food industry [30]
and water treatment [24]. In metal ion removal, it
can be used in raw [31] or modified forms [32]. Also,
in recent years, various chitosan composite sorbents
have been synthesized with clay minerals [33],
natural/biomaterials [34,35], magnetite [36], sand [37]
and synthetic polymers [38]. However, in literature,
there is no study on chitosan/sporopollenin (CS)
composites.

Chitosan is soluble in acidic solutions and should be
cross-linked to enhance its stability. Cross-linking
makes chitosan not only mechanically stronger, but also
more selective to some metal ions. Various cross-linking
agents are used to cross-link the chitosan polymer, such
as epichlorohydrin, ethyleneglycol diglycidyl ether,
1,1,3,3-tetramethoxypropane, β-cyclodextrin polyalde-
hyde or glutaraldehyde (GA). Free –NH2 and –OH

groups of chitosan polymer play a role in forming
coordination complexes with metal ions. But, in case of
cross-linking with GA, pendant –NH2 groups on the
chitosan polymer are involved in Schiff base formation,
which in turn affects its interaction with metal ions by
lowering the sorption sites on the polymer [39]. Wang
et al. [40] recently reported that the amount of GA
strongly affected Cu(II) adsorption onto chitosan/poly-
ethylene glycol semi-interpenetrating polymer blend.
They commented that higher GA dosages led to lower
Cu(II) sorption capacity by decreasing number of pen-
dant amino groups on chitosan polymer.

Incorporating fine biological macromolecules into
the network of cross-linked chitosan can compensate
for this loss by providing extra binding sites, selectiv-
ity and diffusion channels for metal ions. Earlier stud-
ies in the literature established the affinity of chitosan
[39] and sporopollenin [14,16] for Cu(II) ions. Addi-
tionally, sporopollenin grains are monodisperse parti-
cles with desired size (20 μm) and large cavities.
Considering these physical characteristics, using
sporopollenin grains can be advantageous in produc-
tion of chitosan-based biosorbents.

This is the first study reporting the preparation
of GA cross-linked CS composite biosorbent with
three different cross-linking degrees and its charac-
terization by scanning electron microscopy (SEM),
Fourier transform infrared (FT-IR) spectroscopy and
thermo gravimetric analysis (TGA). The study also
presents data on optimal amount of GA that is
needed to cross-link the CS microcapsules. The
study deals with the effect of chitosan/GA ratio on
Cu(II) sorption capacity of the CS microcapsules and
determines the affinity of the CS microcapsules for
Zn(II), Cd(II), Ni(II) and Cr(III) in presence of
Cu(II). The parameters (amount of sorbent, contact
time, concentration, pH and temperature) effecting
sorption Cu(II) capacity of the CS microcapsules
were evaluated.

2. Experimental

2.1. Materials

Chitosan was received from BioLog (Biotechnology
and Logistic GmbH) (in flake form with deacetylation
degree of 85%, viscosity 2,500 mPa´s, ash content of
<1%). Sporopollenin (L. clavatum) with 20 μm particle
size was purchased from Fluka Chemicals. GA (25%
in water v:v) and metal salts were obtained from
Merck. All other chemicals (sodium hydroxide, acetic
acid and methanol) were analytical grade and used
without any treatment. De-ionized water (purified
with ELGA DV 25 water purification system) was
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used to prepare the solutions. The metal solutions
were prepared by diluting of the stock solution of
1.0 M.

2.2. Preparation of CS microcapsules

Chitosan (1.500 g) was dissolved in 150 mL of
acetic acid solution (2% v:v) and stirred for 24 h. Then,
sporopollenin grains (1.140 g) were mixed with the
chitosan solution. After blending for 2 h, the mixture
was transferred into a burette. The mix was dropped
into coagulation solution (methanol–water–NaOH;
300 mL:200 mL:60 g) [22]. The microcapsules were
incubated in the coagulation solution overnight to
ensure the complete gelation. Then, the microcapsules
were recovered and rinsed with water to neutral pH.
Wet capsules were transferred into cross-linking reac-
tion solution (GA solution in 60 mL of methanol) and
refluxed at 70˚C for 6 h. In this step, three different
amounts of GA solutions were used: 0.3, 0.9 and
1.5 mL. The microcapsules obtained in each cross-
linking procedure were named CSMCs1 (CS microcap-
sules), CSMCs2 and CSMCs3, respectively. The final
product was rinsed with ethanol and then with water.
Wet cross-linked microcapsules were left to dry at
room temperature and kept in sealed containers.

2.3. Characterization of synthesized CSMCs

The surface characteristics of CSMCs were exam-
ined by employing EVO LS 10 ZEISS SEM. TGA of
CSMCs was done with a Setaram Thermogravimetric
Analyzer/Setsys (EXSTAR S11 7300). 15–17 mg of
sample was used, and the analysis was carried out in
argon atmosphere from room temperature to 900˚C
(gas flow rate: 20 mL min−1 and heating rate:
10˚C min−1). The IR spectra analysis was performed
by a FT-IR spectrophotometer (Perkin Elmer100
FT-IR).

2.4. Batch adsorption experiments

The effects of metal concentration (in the range of
2–12 mg), pH of metal solution (i.e. 3.5, 4.5 and 5.6)
and temperature (i.e. 25, 35 and 45˚C) on adsorption
equilibrium were investigated in 25 mL of Cu(II)
solution at 200 rpm for 4 h. The microcapsules were
separated by Whatman filter paper (No: 42). Cu(II)
concentration in the solution was determined by an
atomic absorption spectrometer (ContrAA 300,
Analytikjena). The difference in Cu(II) ion concentra-
tion following the adsorption was calculated, and the
amount of Cu(II) ions adsorbed per unit mass of

the microcapsules was determined employing the
equation below.

qe ¼ ðCi � CeÞV
W

(1)

where qe is the metal sorption capacity of the CSMCs
(mg g−1); Ci and Ce are the initial and equilibrium
liquid-phase concentrations of metal ions (mg L−1),
respectively; V is the volume of metal solution (L);
and W is the mass of CSMCs used (g).

2.5. Sorption from binary mixtures

Binary mixtures composed of Cu(II)–Cr(III), Cu(II)–
Zn(II), Cu(II)–Ni(II) and Cu(II)–Cd(II) were prepared
and used in determining the order of binding ability
of the metal ions to the CSMCs1, CSMCs2 and
CSMCs3 adsorbents. In binary solutions, metal ion
concentration was 10 mg L−1, and pH was adjusted to
5.6 with dilute solutions of HCl and NaOH. The
microcapsules (0.1 g) were placed into 25 mL of metal
solutions and agitated at 200 rpm at 25˚C for 4 h. The
amounts of metal ions in the filtrate were determined
with atomic absorption spectrometer.

2.6. Desorption in HCl and EDTA solutions

Desorption studies were performed in 25 mL of
0.1 M HCl and 0.1 M EDTA solutions. The Cu(II)
loaded CSMCs were placed into HCl and EDTA solu-
tions and agitated at 200 rpm at room temperature for
24 h. Then, the microcapsules were removed, and the
filtrate was analysed. The percentage of desorption
was determined using the expression given below:

Desorption ð%Þ ¼ ðmd=maÞ � 100 (2)

where md is the amount of Cu(II) ions desorbed
(mg L−1) and ma is the amount of Cu(II) ions adsorbed
(mg L−1). The final desorption % for each adsorbent is
the average of two desorption studies.

3. Results and discussion

3.1. Characterization of synthesized CSMCs

3.1.1. Scanning electron microscope

Surface characteristics of CSMCs1, CSMCs2 and
CSMCs3 microcapsules are depicted in the SEM
images taken in different magnifications (Fig. 1). The
figures confirm that entrapment of the sporopollenin
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grains was carried out successfully and they were
embedded randomly in the polymer matrix. The
images exhibit porous and rough surface morphology
of the microcapsules. CSMCs3 microcapsule, which
had the highest cross-linker/chitosan ratio, was more
spherical in shape, and its surface was smoother, with
less sporopollenin grains exposed to the surface.

During the synthesis, the microcapsules were
subjected to chemical treatments: gelation in metha-
nol–water–NaOH mixture and cross-linking in metha-
nol–GA mixture. The effects of these treatments on
sporopollenin grains can be seen in the SEM images.
As presented in Fig. 1, although their surface mor-
phologies were partially disrupted and the walls of

Fig. 1. SEM images of chitosan/sporopollenin microcapsules; CSMCs1 (A), CSMCs2 (B) and CSMCs3 (C).
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the cavities were folded or destroyed, the grains could
retain their structural integrity to some extent.

3.1.2. FT-IR analysis

The infrared spectra of the sporopollenin, chitosan
and CSMCs are given in Fig. 2. Chitosan has a typical
broad band (O–H and N–H stretching) at 3,293 cm−1.
In the spectrum of chitosan, the bands appearing at
about 1,556 and 1,375 cm−1 could be assigned to the
bending vibrations of N–H and C–H. The strong peak

at 1,151 cm−1 can be corresponded to the C–O stretch-
ing. In the spectrum of raw sporopollenin, the band at
3,279 cm−1 is assigned to the stretching of –OH; the
bands at 2,923 and 2,853 cm−1 to C–H; the band at
1,744 cm−1 to C=O; the band at 1,141 cm−1 to C–N
stretching vibrations; and the one at 1,417 cm−1 to CH2

and CH3 groups [17]. The bands at around 1,655 and
1,417 cm−1 for –CO and –NH– groups were also
observed. These observations in FT-IR spectra indicate
the GA condensation onto chitosan polymer. In the
spectra of CSMCs, the band observed at 1,741

Fig. 2. FT-IR spectra of sporopollenin, chitosan and chitosan/sporopollenin microcapsules.
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(CSMCs1), 1,743 (CSMCs2) and 1,743 cm−1 (CSMCs3)
can be assigned to the stretching of carbonyl group of
sporopollenin. The bands appearing at 1,648
(CSMCs1), 1,650 (CSMCs2) and 1,649 cm−1 (CSMCs3)
can be attributed to imine (C=N) groups formed in via
condensation of aldehydes of GA with –NH2 groups
of chitosan. Additionally, the bands at 1,579
(CSMCs1), 1,573 (CSMCs2) and 1,558 cm−1 (CSMCs3)
can be corresponded to C–N stretching, and these
bands can signify cross-linking of chitosan [41].

3.1.3. TGA

Chitosan is a highly crystalline polymer due to the
strong intermolecular hydrogen bonds between its
strands. Chemical modifications (i.e. imine formation
via Schiff bases reaction) that disrupt these hydrogen
bonds act on its crystallinity and also reduce its
thermal stability [39,42]. Maximum decomposition
temperature of chitosan has been reported to be 302˚C
[43]. A gradually lower decomposition temperature
for GA cross-linked chitosan is predicted as the

GA/chitosan ratio increases. As for sporopollenin, a
recent study by Fraser et al. [44] revealed that this
macromolecule was heat resistant and its chemical
structure did not alter until a threshold of 300˚C.

Three decomposition steps were observed in the
thermograms of the CSMCs (Fig. 3). The first one (at
around 110˚C) could be resulted from the evaporation
of water molecules present within the polymeric
network rather than degradation or decomposition of
chitosan and sporopollenin. It seems that decomposi-
tion of cross-linked chitosan occurred in the second
step at lower temperatures when compared to pristine
chitosan. Mass losses in these steps were observed to
be in the order of CSMCs3 > CSMCs2 > CSMCs1,
representing the same trend as in GA/chitosan ratio
of the CSMCs. On the other hand, the decomposition
temperatures in the first and the second steps
decreased as the GA/chitosan ratio increased. The last
decomposition step could be attributed mainly to the
degradation of heat-resistant sporopollenin grains. It
appears that sporopollenin grains incorporated in the
polymeric network did not contribute to the thermal

Fig. 3. TG-DTG curves of chitosan/sporopollenin microcapsules; CSMCs1 (A), CSMCs2 (B) and CSMCs3 (C).
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stability of cross-linked chitosan. However, sporopol-
lenin itself mainly decomposed at around ~440˚C.

3.2. Batch adsorption experiments

3.2.1. Amount of adsorbent

The amount of adsorbent was studied in varying
amounts of CSMCs1, CSMCs2 and CSMCs3 microcap-
sules (i.e. 0.0250–0.1500 g) (Fig. 4). Increase in the
amount of the microcapsules led to higher percentage
of Cu(II) ion removal at a certain point (~0.1000 g).
After this point, increasing amount of the adsorbent
did not significantly contribute to the percentage of
the metal removal once sorption sites on the microcap-
sules were saturated [45]. It appeared that 0.1 g of
microcapsules was sufficient for 25 mL of metal solu-
tion (dosage 4 g L−1). This amount was not high when
compared to the adsorbent dosages reported in the
earlier literature. In a review study on copper ion
removal from industrial wastewaters, Bilal et al. [1]
compared the efficiency of biosorbents from various
sources, and the authors listed adsorbent doses (in
g L−1) in wider ranges as follows: activated carbon
with different origins, 0.1–25; fungal biomass, 0.2–15;
algal biomass, 0.1–8; bacterial biomass, 0.2–32; yeasts
biomass, 1–15; and agricultural/forest wastes adsor-
bents, 0.1–50 g L−1.

It was observed that sorption equilibrium was
achieved in lower dosages for CSMCs2 than CSMCs1
and CSMCs3, indicating its higher sorption efficacy.
As reported in earlier studies, cross-linking of chitosan
with GA reduced metal sorption capacity of chitosan
sorbents [39,40]. Ngah and Fatinathan [45] synthesized
chitosan–alginate composites sorbents for Cu(II)

removal, and they used higher adsorbent dosage for
chitosan–alginate beads cross-linked with GA (chi-
tosan beads, 0.125, chitosan–GA 1:1 ratio beads, 0.200;
and chitosan–GA 2:1 ratio beads, 0.500 g). However,
here, the sorbent synthesized with the lowest GA
amount did not have the highest sorption capacity.
This can be attributed to the sporopollenin contents of
the sorbents rather than the cross-linking ratio. As
discussed in SEM analysis, CSMCs sorbents were
composite materials with different size and shapes,
showing the heterogeneous nature of the sorbents.

3.2.2. Effect of contact time

The effect of contact time was studied to determine
the time required to reach the adsorption equilibrium
(Fig. 5). In first 60 min, there was relatively rapid Cu
(II) ion uptake for all the adsorbents. Equilibrium was
attained nearly in 240 min for CSMCs1 and CSMCs2,
but it took CSMCs3 about 240 min more time to reach
the plateau value. This may be attributed to the physi-
cal features of the microcapsules (surface morphology,
size and porosity). As discussed in Section 3.1.1,
CSMCs3 microcapsules had less sporopollenin grains
exposed to the surface and therefore less pores and
less binding sites on them. As a result, Cu(II) ions
needed more time to diffuse into CSMCs3 capsules. In
an earlier study on copper ion sorption by sporopol-
lenin grains [16], the sorption kinetics was fast and
the equilibrium was reached within in the first 30 min.
In another study [17], functionalized sporopollenin
(first with 3-aminopropyltrimethoxysilane and then
with GA) exhibited slower adsorption kinetics for cop-
per ions, and the equilibrium was attained in 90 min.

Fig. 4. Effect of adsorbent dosage on the sorption of Cu(II) by
chitosan/sporopollenin microcapsules (initial concentration
of Cu(II): 10 mg L−1; pH of the solution: 5.6; temperature: 25
± 1˚C; shaking speed: 200 rpm).

Fig. 5. Effect of contact time on the sorption of Cu(II) by
chitosan/sporopollenin microcapsules (initial concentration
of Cu(II): 10 mg L−1; pH of the solution: 5.6; amount of
CSMCs: 0.1000 g; temperature: 25 ± 1˚C; shaking speed:
200 rpm).
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It seems that sporopollenin grains entrapped in
polymeric matrix show slower adsorption kinetics for
copper ions. This can explain the longer contact time
observed in this study.

3.2.3. Effect of pH

The effect of solution pH on Cu(II) ion removal
was investigated at pH 3.5, 4.5 and 5.6 (Fig. 6).
Maximum Cu(II) sorption was achieved at pH 5.6.
Sorption studies could not be carried out at pH
higher than 6.0 to avoid possible precipitation of cop-
per hydroxide [40]. The amount of Cu(II) ion sorbed
by the microcapsules was highly pH-dependent. Both
metal ions and the corresponding adsorbent were
greatly affected by alterations in the solution pH.
Hydroxyl and amine functional groups on chitosan
backbone were protonated at low pH, increasing posi-
tively charged adsorption sites on the adsorbent. This
could lead to lower metal removal percentage because
of the enhanced repulsion between the metal cations
and the binding sites [37]. The CSMCs3 sorbent, the
one with highest GA ratio, was less affected by the
changes in pH when compared to the others. The
cross-linking agent, GA, reacted with amino groups
on chitosan via Schiff base formation and lowered the
number of free amino groups. Therefore, CSMCs3
microcapsules had less free amino groups and exhib-
ited a lower performance in Cu(II) removal. Other
than amino groups, hydroxyl groups at the C-3 posi-
tion on chitosan can interact with metal ions through
electrostatic interaction and complexation [39]. On the
other hand, the sporopollenin itself has polymeric
nature, and the metal ion chelating moieties (aromatic,
hydroxyl, carbonyl/carboxyl and ether functional

groups) on it are also subject to protonation acidic
medium. In an earlier study, the highest Cu(II) sorp-
tion on the sporopollenin grains occurred at pH 5.0
[16]. Another study reported Cu(II) ion adsorption on
modified sporopollenin, and the author commented
that higher the maximum adsorption was at pH 5.5
[17]. In a recent study by Wang et al. [40], the authors
synthesized a semi-penetrating polymeric hydrogels
with chitosan, and they observed that Cu(II) sorption
capacity decreased at higher pHs as the GA/chitosan
ratio was increased. The authors concluded that the
swelling ratio of the hydrogels decreased at pH
higher than 5, which in turn led to the reduction of
internal volumes and Cu(II) sorption capacity. It
seems that Cu(II) sorption on CSMCs has pH depend-
ing nature stemming from the cross-linking ratio of
the microcapsules and its content, chitosan and
sporopollenin.

3.2.4. Effect of temperature

Fig. 7 shows that Cu(II) uptake improved with the
increase in the temperature for all three types of
adsorbents. Cu(II) ion sorption percentage of CSMCs2
microcapsules increased about 2% (i.e. from 98.5 to
99.9%), but rising temperature enhanced the sorption
capacity of CSMCs1 and CSMCs3 by around 13 and
11%. This observation may be explained by the
expanding of channels/pores on the capsules with
temperature and thus easier diffusion of Cu(II) ions
through the pores. This could indicate more flexible
and swelling nature of the least cross-linked one,
CSMCs1 microcapsules.

Changes in standard free energy (ΔG˚), enthalpy
(ΔH˚) and entropy (ΔS˚) were calculated by plotting

Fig. 6. Effect of pH on the sorption of Cu(II) by chitosan/
sporopollenin microcapsules (initial concentration of Cu
(II): 10 mg L−1; contact time: 240 min; amount of CSMCs:
0.1000 g; temperature: 25 ± 1˚C; shaking speed: 200 rpm).

Fig. 7. Effect of temperature on the sorption of Cu(II) by
chitosan/sporopollenin microcapsules (initial concentration
of Cu(II): 10 mg L−1; contact time: 240 min; pH of the
solution 5.6; amount of CSMCs: 0.1000 g; shaking speed:
200 rpm).

İ. Sargin and G. Arslan / Desalination and Water Treatment 57 (2016) 10664–10676 10671



log KC vs. 1/T using the linear form of Van’t Hoff
equation.

DG� ¼ �RT ln KC (3)

DG� ¼ DH� � TDS� (4)

logKC ¼ DS�

2.303R
� DH�

2.303RT
(5)

where KC is the equilibrium constant, R is universal
gas constant, 8.314 J mol−1 K−1, and T is the tempera-
ture (K). Thermodynamic parameters for the adsorp-
tion of Cu(II) on CSMCs1, CSMCs2 and CSMCs3
microcapsules were calculated (Table 1). The positive
values of ΔH˚ indicated that the sorption of Cu(II) on
the three microcapsule types was of endothermic nat-
ure. The negative values of change in ΔG˚ revealed
that the sorption of Cu(II) onto the microcapsules was
spontaneous and thermodynamically favoured for
each temperature in studied conditions [16,17]. Fur-
ther, as seen from the table, there was an increase in
negative values of Gibbs free energy for each type of
sorbents at higher temperatures. The positive value of
ΔS˚ indicated the increased randomness at the system
during the sorption, and this can be attributed to the
replacement of adsorbed species by copper ions as
suggested by some workers or release of water
molecules coordinated to the metal cation [17].
However, in recent study, Liu and Lee reviewed
copper ion adsorption studies with thermodynamic
analysis and argued that further experimental studies
on the thermodynamic parameters and surface
chemistry should be done to reveal exact nature of the
sorption [46].

3.2.5. Sorption from binary mixtures

Cu(II) sorption capacities of CSMCs1, CSMCs2 and
CSMCs3 microcapsules in presence of competitive ions
(Zn(II), Cd(II), Ni(II) and Cr(III)) were determined and

are listed in Table 2. The copper ion adsorption capac-
ity of the sorbents decreased in the binary mixtures
when compared to that of in copper solutions: 88.9,
100.4 and 80.7 mg g−1. In single-component Cu(II) solu-
tions, CSMCs2 had the highest sorption capacity. How-
ever, in the presence of competitive ions, CSMCs1
exhibited better performance in Cu(II) sorption than
CSMCs2 and CSMCs3. Cu(II) ion sorption capacities of
the microcapsules were found to be in order of
CSMCs1 > CSMCs2 > CSMCs3 in all the binary metal
solutions. All the microcapsules showed higher affinity
for Cu(II) ions over Cr(III), Zn(II), Cd(II) and Ni(II)
ions in binary solutions. Ionic radius order of these
ions is Cr(III) > Cd(II) > Zn(II) > Cu(II) > Ni(II). The
number of accessible coordination sites formed within
the polymeric matrix, ionic radius and the charge den-
sity of the ions could have a role in this behaviour.

3.2.6. Desorption studies and the reusability of the
adsorbents

Desorption percentage of the Cu(II) ions in dilute
HCl solution is significantly lower than that in chelat-
ing agent EDTA solution. Desorption in HCl solutions
was found to be 3.88, 0.52 and 6.21% for the CSMCs1,
CSMCs2 and CSMCs3, respectively. On the other, des-
orption of Cu(II) ions was more effective in EDTA
solution: 84.27, 10.12 and 94.65%. The findings indi-
cated that CSMCs1 and CSMCs3 can be regenerated in
dilute EDTA solution.

3.3. Adsorption isotherms

The Langmuir model [47], Freundlich model [48]
and Dubinin–Radushkevich (D–R) model [49] and
Scatchard plot analysis [50] were employed to analyse
the adsorption equilibrium data.

(1) The Freundlich model

log qe ¼ logKF þ 1

n
logCe (6)

Table 1
Thermodynamic parameters for the adsorption of Cu(II) on chitosan/sporopollenin microcapsules

Microcapsule type ΔH˚ (J mol−1) ΔS˚ (J K−1 mol−1)

ΔG˚ (J mol−1)

T = 298.15 K T = 308.15 K T = 318.15 K

CSMCs1 346,944.4 1,168.992 −1,590.4 −13,280.3 −24,970.2
CSMCs2 262,807.7 925.619 −13,165.7 −22,421.9 −31,678.1
CSMCs3 36,764.4 133.635 −3,078.8 −4,415.2 −5,751.5
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where qe, amount of solute adsorbed in mmol g−1;
Ce, the equilibrium concentration of the adsorbate
in mM L−1; and KF and n, Freundlich constants
denoting adsorption capacity and intensity of
adsorption.

(2) The Langmuir model

Ce

qe
¼ Ce

Q0
þ 1

Q0b
(7)

where qe, amount of solute adsorbed in mmol g−1; Ce,
the equilibrium concentration of the adsorbate in
mmol L−1; and Q0 (in mmol g−1) and b (in L mmol−1),
Langmuir constants related to adsorption capacity and
energy of adsorption.

(3) The D–R model

ln qe ¼ ln Xm � Ke2 (8)

where ε (Polanyi Potential) is [RT ln(1 + (1/Ce))], qe is
the amount of the copper ions adsorbed per unit
weight of microcapsules (mmol g−1), Xm is the adsorp-
tion capacity (mmol g−1), and K is a constant related
to the adsorption energy in mol2 kJ−2. The values of
Xm and K were obtained from the intercept and slope
of the lnqe vs. ε2 plots. By operating the K values in
the equation below, the mean free energy of adsorp-
tion (E) was calculated:

E ¼ ð�2KÞ�0:5 (9)

(4) The Scatchard plot analysis

qe=Ce ¼ KsðQs � qeÞ (10)

where Ce, the equilibrium concentration of the
adsorbate in mmol L−1; qe, equilibrium adsorbate
capacity in mmol L−1; and Ks (in L mmol−1) and Qs (in
mmol g−1) are the Scatchard isotherm constants.

Table 3 presents the parameters and correlation
coefficients obtained from the plots of Freundlich
(log qe vs. log Ce), Langmuir (Ce/qe vs. Ce) and D–R
(ln qe vs. ε2) models and the Scatchard plot analysis
(qe/Ce vs. qe).

When the regression coefficients in Table 3 are
considered, it seems that sorption equilibrium of Cu
(II) ions onto all the sorbents can be better explained
by Freundlich isotherm model. The better fitting to
Freundlich isotherm model indicated the heteroge-
neous nature of the microcapsules and the presence of
the adsorption sites with differing energy. The values
of n > 1 indicated the favourability of adsorption
conditions [37]. Additionally, the deviation from
linearity observed in the Scatchard plot analysis
showed the presence of different types of the sorption
sites on the microcapsules [51]. The mean free energy
of adsorption, E values, obtained in D–R isotherm

Table 2
Cu(II) sorption capacities of the chitosan/sporopollenin microcapsules in the presence of competitive ions (adsorbent
dose: 0.1 g; temperature: 25˚C; pH: 5.6; volume of metal solution: 25 mL)

Microcapsule type

mg g−1 Sorbent

Cu(II) Zn(II) Cu(II) Cd(II) Cu(II) Ni(II) Cu(II) Cr(III)

CSMCs1 79.1 18.9 74.7 14.6 78.5 6.69 80.4 42.3
CSMCs2 74.4 21.2 72.6 0.11 74.7 9.10 70.0 35.8
CSMCs3 62.1 14.2 59.7 25.9 59.2 5.99 53.2 26.2

Table 3
Parameters of Freundlich, Langmuir, Scatchard and D–R isotherms for sorption of Cu(II) ion on chitosan/sporopollenin
microcapsules (adsorbent dose: 0.1 g; temperature: 25˚C; pH: 5.6; volume of Cu(II) solution: 25 mL)

Cu(II)

Freundlich isotherm Langmuir isotherm Scatchard isotherm D-R isotherm

k n R2 Q0 b R2 Ks Qs R2 Xm K E R2

CSMCs1 1.959 7.576 0.838 1.142 126.839 0.654 75,648 0.141 0.562 1.379 0.001 22.361 0.784
CSMCs2 1.689 9.524 0.686 1.142 126.839 0.654 97,893 0.127 0.652 1.317 0.001 22.361 0.772
CSMCs3 1.396 9.804 0.894 0.910 50.551 0.617 12,736 1.092 0.686 1.099 0.001 22.361 0.867
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model analysis, can provide information on the nature
of the copper ion sorption, chemical, ion-exchange or
physical adsorption. When E is higher than
16 kJ mol−1, the nature of sorption can be considered
to be chemisorption, whereas E values in a range of
8–16 kJ mol−1 show an ion-exchange mechanism, and
if E < 8 kJ mol−1, the sorption process is supposed to
be of physical nature [52]. The higher E values
(22.361 kJ mol−1) for copper sorption by the microcap-
sules showed that the sorption proceeded most likely
through chemisorption rather than ion-exchange
mechanism or physisorption.

4. Conclusion

Chitosan polymer form complexes with metal
ions mainly through free –NH2 groups on the
polymeric network. GA molecules cross-link chitosan
polymer chains by forming Schiff base through these
amino groups. Cross-linking procedure enhances
chitosan capsules stability by lowering its solubility
especially in acidic medium. On the other hand,
decrease in the number of free amino groups of
chitosan polymer greatly affects metal ion–chitosan
interaction in metal removal studies. In this study,
sporopollenin capsules were easily entrapped within
the polymeric network of chitosan through cross-
linking with GA. Cross-linking degree of the CS
microcapsules affected the shape of the microcap-
sules and their Cu(II) sorption performance. The
microcapsules (prepared with 1.500 g of chitosan and
1.14 g of sporopollenin and cross-linked with
0.9 mL of GA solution [25% aqueous solution, v:v])
exhibited better Cu(II) ion sorption performance than
the microcapsules with 0.3 or 1.5 mL of GA solution.
On the other hand, in the presence of competitive
ions (Zn(II), Cd(II), Ni(II) and Cr(III)), all the three
types of sorbent had higher affinity for Cu(II) ions,
but the microcapsules cross-linked with 0.3 mL of
GA solution had the highest Cu(II) sorption capacity.
In further studies, heavy metal removal studies, vari-
ous CS microcapsules can be prepared by manipulat-
ing sporopollenin/chitosan ratio or using chitosan
with different molecular weight and deacetylation
degree.
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