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ABSTRACT

New composite: chitosan-iron keplerate (CHIK) as an adsorbent was prepared by the stirring
of chitosan and iron keplerate at 40°C in acidic medium. This compound beside the free chitosan
and iron keplerate were characterized using Fourier transform infrared spectroscopy (FTIR) and
scanning electron microscopy techniques. Chitosan film (CH), iron keplerate (IK) and CHIK com-
posite were used as adsorbents for the removal of Cu(II) and Cd(II) ions from water following the
batch equilibrium method at pH = 5.5 (adsorption studies were performed with respect to contact
time and adsorbent mass). The adsorption of metal ion on the surface of compounds was carried
out by the aid of atomic absorption spectrophotometer. The adsorption studies displayed that the
adsorption capacity of the free chitosan or free iron keplerate was enhanced upon the composition.
The isothermal behavior together with the adsorption kinetics of metal ions on CHIK composite as
a function of the temperature and the initial mass of CHIK were also studied. The two well-known
isotherm models (Langmuir and Freundlich equations) were applied to fit the experimental data.
The results show that the experimental data of the metal ion adsorption correlates well with the
Langmuir isotherm equation.
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1. Introduction

Removal of toxic metals from water has attracted
remarkable interest because of the direct toxic effect of such
metals to the main components of the environment (human
beings, animals and plants). The most common toxic heavy

* Corresponding author.

metals in wastewater include: As, Pb, Hg, Cd, Cr, Cu, Nj,
Ag and Zn. Release of heavy metals in high amounts into
water creates serious problems for both of health and envi-
ronment. And this may lead to an upsurge in wastewater
treatment cost [1]. Nature and human are represent the main
sources of heavy metals in wastewater. The natural factors
involves volcanic activities, soil erosion, aerosols particulate
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and urban runoffs, while the human factors include mining
extraction operations, metal finishing and electroplating pro-
cesses, nuclear power and textile industries [2-7].

Chitosan (poly(D-glucosamine)) (Fig. 1a) represents one
of the most naturally abundant biopolymers. This polymer
particularly has fascinating properties (the most character-
istic properties are the non-toxicity, biodegradability and
biocompatibility). Furthermore, pure chitosan exhibits a
good ability as an adsorbent for chemical or physical adsorp-
tion of metal ions. The relatively good capacity of chitosan
to adsorb the metal ions can be attributed to the presence of
amino and hydroxyl groups as good binding sites for cations.
Due to these advantages, chitosan and its derivatives (Schiff
bases, grafted copolymers, composites, nanoparticles, etc.)
have many applications in drug release [8-17] (for more
details regarding the application of chitosan and its deriva-
tives in drug release, see review, [18] and references therein),
biological activity [19-24] (for more details regarding the bio-
logical activity of chitosan and its derivatives, see review,
[25] and references therein)), beverages and food industry
[26-29] (also see [30] and references therein, an extensive
review reporting the application of chitosan and its deriva-
tives in beverages and food industry) as well as membranes
for the removal of various pollutants such as metals, ions,
dyes, pharmaceuticals/drugs, phenols, pesticides, herbicides,
etc. [31-44] (references [31] and [44] are extensive reviews).

The variety of properties of spherical keplerates (porous
polyoxometalates) of the type {(M)M,},, (linker),, (M = Mo,
Wi; linker = Fe*, Cr**, VVV or Mo,"O,) have animated research
groups worldwide to design other related materials with
unique properties. These materials are characteristic with
gated pores and well-defined tunable internal and exter-
nal surfaces either of the inorganic/hydrophilic or organic/
hydrophobic type. In this context, fascinating chemical
studies can be carried out at the outer and inner surfaces
(for more details regarding the structure of such kind of
clusters and their applications see references [45] and [46]
and references therein).

Fig. 1. Molecular structures of chitosan (a) and {Mo,_Fe,}
cluster (IK) (b).

Iron keplerate ({Mo_Fe,}, Fig. 1b) is a discrete porous
cluster which possesses a wide number of unique charac-
teristics: (i) it displays a {Fe,)} icosidodecahedron with 20
Fetriangles and 20 {Fe,Mo,O,} pores with crown ether
function [47], showing therefore unique magnetic proper-
ties [48,49]; (ii) self-assembles in dilute aqueous solution
into single-layer membrane-like materials [50] as passive
transporters for small cations [51]; (iii) it resembles a quasic-
rystal [52]; (iv) it is considered to be as a spherical analogue
of the Kagome’ lattices [53,54]. Accordingly, iron keplerate
and other giant clusters have been the subject of numer-
ous experimental and computational studies [45,48,49,55],
including the study of their structures by X-ray single
crystal spectroscopy and density functional theory (DFT)
calculations [56]. Moreover, it is noteworthy that several
{Mo, Fe, }-based composite materials have been designed
for several applications, specifically in drug delivery [57,58]
and in catalysis [59,60]. Generally, iron keplerate-type
clusters have been prepared by treating the aqueous solu-
tion of the prototypal {Mo, —acetate} compound [61] with
FeCl, [62,63]. But recently [64], it has been reported that
the unprecedented self-assembly of {Mo, Fe, }-type clusters
(as a yellow non-crystalline insoluble solid) can be directly
formed from simple mixing of iron(III) chloride and sodium
molybdate dihydrate in acidic medium.

In this paper, chitosan film (CH), iron keplerate (IK) and
chitosan—-iron keplerate (CHIK) composite are synthesized
and characterized with IR and scanning electron micros-
copy (SEM). The adsorption of Cu(Il) and Cd(II) onto pre-
pared compounds (CH, IK and CHIK) based on the contact
time, temperature and polymer mass, were investigated by
the batch equilibrium method. The kinetics and isothermal
behavior of the adsorption of metal ions on CHIK composite
with respect to the initial mass of CHIK and temperature were
also studied. Furthermore, the Langmuir and Freundlich
isotherm models were used to fit the experimental data.

2. Experimental part
2.1. Materials

All reagents were commercially available and used with-
out further purification. Iron(IlI) chloride hexahydrate (98%,
Sigma-Aldrich Co., Germany); sodium molybdate dihydrate
(299%, Sigma-Aldrich Co., Germany); high molecular weight
chitosan (>75% deacetylated, Sigma-Aldrich Co., Germany),
acetic acid (100%, Sigma-Aldrich Co., Germany); copper(II)
chloride dihydrate (99.999%, Sigma-Aldrich Co., Germany);
cadmium nitrate tetrahydrate (98%, Sigma-Aldrich Co.,
Germany).

2.2. Measurements

Elemental analysis for IK was obtained by using a 7300
V ICP-OES PerkinElmer-Optima Spectrometer (for Fe and
Mo), (Germany) and by using a EuroEA 3000 Elemental
Analyzer (for C and H). Infrared spectra (IR) were recorded
on a 8400S-FT-IR Shimadzu spectrophotometer (ATR mode)
and Raman spectrum for IK on a Raman Systems R3000HR
spectrometer (A__ = 785 nm) (Germany). SEM micrographs
were obtained using a JSM 6380LV-JEOL scanning electron
microscope (Iraq). The micrographs were taken at 5,000x of
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magnification. The samples were first sputtered with gold
to obtain a layer of 150A thickness using an Edwards S 150
Sputter Coater. Phoenix-986 AA spectrophotometer was
used to obtain the atomic absorption data with wavelengths
of 324.8 nm (for Cu) and 228.8 nm (for Cd). BS-11 thermo-
stated shaker was used to shake and thermostat the samples.

2.3. Synthesis of compounds
2.3.1. Synthesis of chitosan film (CH)

A mixture of chitosan (1 g) and acetic acid (1%, 40 mL)
was stirred at 40°C for 20 h. The yellow viscous solution
was molded in a specific template to get a uniformed film
of chitosan. Fourier transform infrared spectroscopy (FTIR)
(v/em™): 3,600-3,100 (br., v(OH) and v(NH,))); 2,918 (sh.,
v_(C-H)); 2,876 (w-m, v (C-H)); 1,658 (m, v(C=0O) of the
acetyl amide moiety); 1,645 (m, 5(NH)); 1,620 (m, v(H,O));
1,593 (m); 1,465 (m, 5(C-H)); 1,382 (m); 1,322 (w); 1,155 (m);
1,076 (m); 1,032 (m); 707 (w); 614 (m); 463 (w).

2.3.2. Synthesis of iron keplerate (IK)

This compound was prepared according to the litera-
ture [64]. To a mixture of sodium molybdate dihydrate (3 g,
12.3 mmol), acetic acid (100%, 15 mL) and water (25 mL),
iron(Il) chloride hexahydrate (2.10 g, 7.7 mmol) was added
(final pH ca. 2). The mixture was stirred vigorously for 30 min.
The yellow precipitate was isolated by filtration, washed
with water and dried in air. Yield: 2.2 g. Elemental analysis:
Calculated for C,H,,Fe, Mo O,,, (M = 18,667 g mol™): C,
1.54; H, 2.85; Fe, 8.98; Mo, 40.09. Found: C, 1.61; H, 2.90; Fe,
8.63; Mo, 40.15. FTIR (v/cm™): 1,620 (m, v(H,0)), 1,537 (m,
v_(CO0)), 1,412 (m, v (COO)), 966 (m, V(Mo=0)), 859 (m), 777
(s), 625 (m), 570 (s). Raman (solid state, A_ _ =785nm) (v/cm™):
940 (vs), 905 (sh.), 832 (s), 706 (m), 508 (m), 429 (m), 361 (s), 246.

2.3.3. Synthesis of CHIK

Iron keplerate (IK) (0.15 g) was added to a mixture of
chitosan (1 g) and acetic acid (1%, 40 mL). The mixture was
stirred at 40°C for 48 h. The yellow viscous solution was
molded in a specific template to get a uniformed film of
chitosan-iron keplerate composite. FTIR (v/cm™): 3,600-3,150
(br., v(OH) and v(NH,)); 2,927 (sh., v, (C-H)); 2,854 (w—m,
v (C-H)); 1,657 (m, v(C=0) of the acetyl amide moiety);
1,640 (m, 3(NH)); 1,618 (m, v(H,0)), 1,545 (m, v (COO)),
1,468 (m, 8(C-H)); 1,427 (m, v (COO)), 1,377 (m); 1,329 (w);
1,158 (m); 1,070 (m); 1,031 (m); 961 (m, v(Mo=0)), 852 (m), 751
(s), 623 (m), 567 (s); 463 (W).

2.4. Adsorption studies
2.4.1. Adsorption of metal ions on the prepared compounds

The adsorption of metal ions (Cu(Il) and Cd(II)) on the
surface of the prepared compounds (IK, CH and CHIK) was
carried out by the batch equilibrium method. 50 mL of aque-
ous solution of metal ion (100 ppm) was added to 0.1 g of
dry compound (pH of the solution is 5.5), and the mixture
was shaken at different temperatures (30°C, 40°C and 50°C)
for specific period of time. The solid materials were removed

by filtration and the clear solution was measured by atomic
absorption spectrophotometer (AAS) at A = 324.8 nm for
Cu and at A = 228.8 nm for Cd, to determine the amount of
metal ion remaining in solution. The effect of adsorbent mass
on the adsorption of metal ions was carried out by using
different masses of CHIK (0.15, 0.2 and 0.2.5 g) at 30°C.

2.4.2. Adsorption isotherms

The adsorption of metal ions (Cu(Il) and Cd(Il)) on the
surface of the prepared compounds (IK, CH and CHIK) was
carried out by the addition of 50 mL of aqueous solution
of metal ions (100, 150, 200, 250 or 300 ppm) to 0.1 g of dry
compound. The mixture was shaken at different tempera-
tures: 30°C, 40°C and 50°C for the equilibrium time. The
solid materials were removed by filtration and the clear
solution was measured by AAS at A = 324.8 nm for Cu and
at A =228.8 nm for Cd, to determine the amount of metal ion
remaining in solution.

2.4.3. Mathematical treatments
2.4.3.1. Mathematical equations of mass balance

In the isotherm experiments, the following mass balance
equation was used to calculate the amount of metal ion
(Cu(l) and Cd(I)) adsorbed at equilibrium, g, (metal ion
(mg)/adsorbent (g)):

1.-(C-C)xyg m

C, (mg L™): the initial concentration of adsorbate; C, (mg L™):
the equilibrium concentration of the adsorbate; V (L): the vol-
ume of solution; W (g): the mass of dry adsorbent used.

While in the kinetic experiments, the amount of metal ion
(Cu* or Cd*) adsorbed at any time, g, (mg g™'), was obtained
from the following equation:

qz:(co_cz)x% 2

C, (mg L™): the concentration of metal ion (Cu(II) and Cd(II))
in solution at any time .

2.4.3.2. Isotherm models

Langmuir and Freundlich isotherms are well known to be
as the most common adsorption models that usually used to
fit the experimental data [65,66]. According to the Langmuir
model, the equilibrium attained as soon a monolayer of the
adsorbate molecules saturated the surface of the adsorbent.
Eq. (3) shows the linear form of Langmuir model:

e a
90 \ Ko ) i ©)

q,... Langmuir constant which related to the adsorption
capacity; K : a constant related to the affinity between the
adsorbate and the adsorbent.
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The values of g and K, can be obtained by plotting
C/g, vs. C. The value of q, can be calculated by using
Eq. (1). The dimensionless equilibrium parameter (R,)
can help in expressing the essential characteristics of the
Langmuir isotherm [67]:

1
R, = m 4

R, value can give an indication for the type of the isotherm:
0 <R, <1 (favorable), R, > 1 (unfavorable), R, =1 (linear) or
R, =0 (irreversible).

On the other hand, the Freundlich model is well known
as one of the most important isotherms that expressed the
multi-site adsorption isotherm for heterogeneous surfaces.
This model presumes an initial surface adsorption followed
by the condensation effect resulting from a strong solute—
solute interaction. Eq. (5) displays the linear form of
Freundlich isotherm.

log g, =log K + [ijlog C. (®)
K, is Freundlich constant which is related to maximum
adsorption capacity, while n represents the exponent con-
stant of Freundlich isotherm. This value gives an indication
of how favorable the adsorption process is [68]. The values
of K, and n could be determined by plotting log g, vs. log C..

2.4.3.3. Kinetic models

Two Kkinetic models (pseudo-first-order and pseudo-
second-order) are usually used to fit the experimental data.
Eq. (6) shows the differential form of the pseudo-first-order
kinetic model, while Eq. (7) displays the integral equation
(boundary conditions, t=0tot=tand q,=0to q,=q,) [69]:

d
=k (0.-q,) ©)
In(q, -q,)=-kt+Inq, 7)

k,;: the equilibrium rate constant of the pseudo-first-order
(min™) and ¢ is the time (min).
Plotting In (g, — q,) vs. t of Eq. (7) gives a straight line (the
slope of such straight line is -k , while the intercept is log q,).
Eq. (8) displays the differential form of the pseudo-first-
order kinetic model, while Eq. (9) shows the integral equation
(boundary conditions, t=0tot=tand q,=0to q,=q,) [70]:

d

% =k, (qe —4q; )2 ®)
t 1 2t

;,_E(q") +Z 9

k,: the equilibrium rate constant of the pseudo-second-order
(g mg™ h™); plotting t/g, vs. t gives a straight line (the slope of
the straight line is 1/g, while the intercept is 1/k, (g,)%).

The thermodynamic parameters (the standard free
energy: AG®, the standard enthalpy: AH® and the standard
entropy: AS°) for the adsorption process were determined
using Eq. (10) [70]:

AS°_AH°] (10)

InK, =
R RT

R is universal gas constant (8.314 ] mol?! K™), T (K) is the

temperature of absolute solution, whilst K, is the distribution

coefficient which could be obtained from Eq. (11):

C
(2]
C,. (mg L7): the amount of adsorbate that adsorbed on
the surface of adsorbent at equilibrium; C, (mg L™): the
equilibrium concentration.

The standard enthalpy (AH®) and the standard entropy
(AS°) can be determined by plotting In K, vs. 1/T. The stan-

dard free energy (AG°) was calculated by using the equation
below:

(11)

AG°=-RT InK, 12)

2.5. Desorption studies

0.1 g of IK, CH or CHIK was loaded with copper(II)
using 50 mL of aqueous solution of copper(Il) chloride
dihydrate (100 ppm) at agitation period of 3 h. In order to
remove any unadsorbed copper(Il) ions, copper(Il)-loaded
IK, CH or CHIK was collected and washed thoroughly with
distilled water. The amount of copper(Il) adsorbed (mg)
of IK, CH or CHIK was determined using the supernatant
copper(II) concentration. IK, CH or CHIK were treated with
50 mL of EDTA of different concentration (102 - 10° M) and
the percentage of desorption of copper(Il) was calculated by
using the following equation:

m
T

Desorption (%) = { Jx 100% (13)

m,

m, (mg): the amount of copper(Il) ions desorbed; 1, (mg): the
amount of copper(Il) ions adsorbed.

3. Result and discussions
3.1. Synthesis and characterization of materials

The water insoluble iron keplerate (IK) was prepared by
the simple mixing of metal salts (iron(IIl) chloride hexahy-
drate and sodium molybdate dihydrate) in acidic medium.
While, CHIK composite was prepared by the stirring of
chitosan (CH) and iron keplerate (IK) at 40°C in acidic
medium.

The prepared compounds were characterized using
different techniques. Iron keplerate was characterized
by microelemental analysis, infrared (IR) and Raman
spectroscopy in addition to SEM technique. While (CH) and
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(CHIK) were characterized by IR spectroscopy and SEM.
Microelemental analyses (C, H, Fe and Mo) data for IK were
in a good agreement with the suggested formula (small
deviation of molecular formula of iron keplerate between
calculated and found is mainly due to the undefined water
molecules outside the crystal lattice of the keplerate).

The FTIR spectra of the prepared compounds and the
Raman spectrum of IK show characteristic bands consistent
with the structures of these compounds (For more details see
experimental part; and for examples see Fig. 2).

The surface morphology of the chitosan films (CH), iron
keplerate (IK) and chitosan—iron keplerate composite (CHIK)
was studied using SEM (the morphology of these compounds
is reported in Fig. 3). The SEM micrographs for the CH and
CHIK revealed that both films are plain, homogenous and
nonporous textures. While the micrograph of IK is com-
pletely different, which shows the porous microcrystalline
nature of the compound.

3.2. Adsorption studies
3.2.1. Rate of adsorption of metal ions

The adsorption of metal ions (Cu(Il) and Cd(Il)) by the
prepared compounds (IK, CH and CHIK) was carried out by
a batch equilibration technique as a function of contact time
at pH = 5.5. The effect of agitation period on the adsorption
of metal ions (Cu(II) and Cd(I)) by IK, CH and CHIK adsor-
bent is shown in Fig. 4. Results revealed that the amount of
metal ions adsorbed (g,) increases with time. Moreover, the
rate of metal ions uptake decreases gradually with time

(a)
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Fig. 2. Raman (a) and IR (b) spectra of IK.
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Fig. 3. SEM micrographs of IK (a), CH (b) and CHIK (c).

until it reaches the value of pseudo-steady state value. This
value is known as the equilibrium loading capacity (g,). The
equilibrium time of adsorption in all the three compounds
(IK, CH and CHIK) was about 3 h. During the first hour
of the adsorption process, the rate of adsorptions of metal
ions sharply increased, then continues to increase but with
a lower rate until approaches a steady state. These results
demonstrate that the adsorption mechanism in the three com-
pounds is similar in which the intraparticle diffusion played
an important role in the adsorption process. 3 h (relatively
short time) are needed to attain equilibrium. This revealed
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Fig. 4. Metal ions uptake (Cu* (a), Cd* (b)) by IK, CH and CHIK
at 30°C as a function of contact time.

the negligible of the resistance of intraparticle diffusion.
When equilibrium is settled, both of the metal ions in solu-
tion and metal ions adsorbed by the adsorbent would be in
a state of dynamic equilibrium. This behavior suggests that
further removal of metal ions is negligible and is mainly due
to the continuous decrease in the concentration driving force
and consequently elucidates the formation of a monolayer of
metal ions on the external surface of the adsorbent [71].

The yellow powder of iron keplerate has the following
properties which lead us to consider it as a good adsorbent:
(i) insoluble in water even at high temperatures; (ii) has a
spherical structure; (iii) the keplerate contains 20 crown
ether type {Fe,Mo,0,} pores and (iv) chemical studies can be
carried out at the outer and inner surfaces as well as at the
interface between the subunits of the keplerate. Furthermore,
the previous studies showed that the pores of the kepler-
ate have a specific size and this can be a host for ions with
reasonable size [72-74].

On the other hand, chitosan as a natural insoluble poly-
mer has been extensively investigated as an adsorbent
for removal of organic dyes and heavy metals from water
(mainly due to the presence of amino and hydroxyl groups,
which can serve as the active sites).

It is notable that CHIK composite has a highest uptake
capacity of metal ions, while IK has the lowest uptake

capacity (Fig. 4). This can be explained that the combining
of IK and CH in a new composite significantly improved
the capacity of interaction of both of pure IK and pure CH.
Another notable that the percentage of copper(Il) removed
by CHIK is slightly higher than that of cadmium(II). This
might be due to the difference in size between the copper(Il)
and cadmium(Il) ions, and the defined size of the pores in
iron keplerate (these pores are fixed to be as a host for ions
with reasonable size [47,75,76]).

3.2.2. Effect of adsorbent mass on the adsorption of metal ions

The effect of CHIK mass on the adsorption of metal
ions (Cu(Ill) and Cd(Il)) was studied. Fig. 5 shows that the
percentage of metal ion removed increases with the increas-
ing of CHIK mass. This can be attributed to the increasing
composite sites available for adsorption.

3.2.3. Adsorption isotherms

The significance of the adsorption isotherms generally
gives an imagination about the distribution between the
adsorbent and the solution at the equilibrium conditions.
Furthermore, shows the effect of equilibrium concentration
on the loading capacity of the adsorbate at different tem-
peratures. Fig. 6 shows the adsorption of metal ions by CHIK
at different temperatures (30°C, 40°C and 50°C). Results
revealed that the adsorbent loading capacity increases with
temperature. This behavior confirms the endothermic nature
of the adsorption of metal ions onto CHIK.

Both of the Langmuir and Freundlich isotherm models
were applied to fit the experimental data of the adsorption of
metal ions by CHIK, Figs. S1 and S2, respectively. According
to the correlation coefficient (R?) values, the best fit of the
experimental data was obtained from the Langmuir isotherm
model (R?values of Langmuir isotherm model are higher
than that of Freundlich isotherm model, Table 1). The results
suggest that the adsorption of metal ions by CHIK is charac-
terized by monolayer coverage of the metal ions on the outer
surface of adsorbent. Moreover, the adsorption process has
an equal activation energy or homogenous nature for each
adsorbed molecule. On the other side, values of the separa-
tion factor (R)) were in the range 0 < R, < 1, for the range
of concentration of metal ions that was used in this study,
which indicates that the adsorption of metal ions on CHIK

e

B

=

L

=

[

e

L]

<

«
—e— Cu(II)
—=—Cdn

mass of CHIK (g)

Fig. 5. Effect of CHIK mass on the percentage of the adsorbed
Cu(Il) and Cd(II).



S.R. Khudhaier et al. | Desalination and Water Treatment 157 (2019) 165-176

particles is favorable. The mechanism of the adsorption of
metal ions on porous adsorbents may involve the following
steps: (i) diffusion of the metal ions to the external surface
of adsorbent; (ii) diffusion of the metal ions into the pores of
adsorbents; (iii) adsorption of the metal ions on the internal
surface of adsorbent.

3.2.4. Adsorption kinetics

As previously mentioned, two major kinetic mod-
els (pseudo-first-order and pseudo-second-order) can be

(a) 120
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g 801 o
<
k]
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Q
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a
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Fig. 6. Metal ions uptake (Cu* (a), Cd* (b)) by CHIK at different
temperatures as a function of contact time.

Table 1

171

applied to fit the experimental data in order to examine the
mechanism of the adsorption process. Fitting results of the
experimental data are shown in Figs. 7 and 8 for the two
models, respectively. While, the constants and correlation
coefficient (R?) for the two models are illustrated in Table 2.
These figures display that the adsorption of metal ions by
CHIK is best explained by the pseudo-second-order model.
This is confirmed by the values of R? (Table 2). The kinetic
model of the second-order presumes that the rate-limiting
step may be chemical adsorption. It is more likely to predict
that the adsorption behavior may involve valency forces
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Fig. 7. Pseudo-first-order kinetics for adsorption of metal ions
(Cu* (a), Cd* (b)) onto CHIK at different temperatures.

Calculated values of Langmuir and Freundlich isothermal constants for the adsorption of metal ions by CHIK

Metal ion Langmuir isotherm Freundlich isotherm
T (K) T (MG &) K, (Lmg?) R 1/n K, (mg g™ R?
Cu(II) 303 83.34 1.5 0.999 0.055 60.26 0.915
313 90.91 1.22 0.999 0.048 67.14 0.688
323 100 0.83 0.998 0.052 70.63 0.706
Cd(In) 303 76.92 1.38 0.999 0.087 48.64 0.536
313 80.14 1.06 0.998 0.053 59.02 0.438
323 83.34 0.71 0.999 0.060 61.66 0.547
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through sharing of electrons between transition metal cations
and adsorbent [66,70,77,78].

3.2.5. Adsorption thermodynamics

Almost all of the adsorption studies that reported earlier
revealed in general that there is an increasing adsorption
capacities of the adsorbent with temperature, which further
proves that the nature of the adsorption of metal ions onto

Table 2

Comparison of the pseudo-first-order and pseudo-second-order
models for the adsorption of metal ions by CHIK at 30°C (initial
concentration of metal ions is 100 mg L™)

Adsorbate T (K)  Pseudo-first- Pseudo-second-
order model order model
k (h") R k,(gmg'h') R?
Cu(II) 303 1.227 0.987  0.0085 0.992
313 1.735 0.982  0.0100 0.991
323 2.158 0.985 0.0130 0.994
Cd(In) 303 1.073 0.986  0.0062 0.996
313 1.122 0.988  0.0072 0.994
323 1.426 0.987  0.0090 0.997
(a) 0.07
0.06 1
0.05 +
g 20% Cu(n)
-
0.03 303K
0.02 W313K
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Fig. 8. Pseudo-second-order kinetics for adsorption of metal ions
onto CHIK at different temperatures.

adsorbent is endothermic. This behavior established that
there is increasing number of active surface centers that are
available for adsorption, with temperature. Consequently,
the viscosity of the liquid phase decreases, whilst the pore
size increases; and ultimately enhancing the rate of intrapar-
ticle diffusion of solute molecules. The adsorption capaci-
ties of the composite (CHIK) that was prepared in this work
have the same behavior (as the temperature increases, the
adsorption capacities increases). Egs. (10)—(12) were used to
calculate the thermodynamic parameters (AH®, AS°, AG°
and K,) of the adsorption process. In order to accomplish
these calculations, InK, was plotted against 1/T for CHIK
as shown in Fig. 9. This figure displayed that the relation-
ship between InK, and 1/T is linear (this further confirms
the endothermic nature of the adsorption process). The
correlation coefficient (R?) with respect to the adsorption of
Cd(II) ions (R? = 0.9685) seems to be much higher than that
of Cu(Il) ions (R? = 0.8669). Table 3 summarized the data of
the thermodynamic parameters of the adsorption process
for metal ions. The standard free energies (AG°®) for CHIK
are negative and decrease as the temperature increases. The
results show the feasibility and spontaneous nature of the
process.

In addition, Table 3 exhibits positive values of AS° and
AH? for CHIK, which was previously proved by the isotherm
experiments at variable temperatures. The positive values of
AS° display the affinity of the CHIK for adsorbates (Cu(II)
or Cd(II) ions), as a result of the increased randomness at

Ln Kd

y =-8042.7x + 30.275 H
2 =
R*=0.9237 e Cu(Il)

y =-14945x + 51.525

R? = 0.9635 B Cd(II)

1T (K

Fig. 9. Variation of thermodynamic parameters with temperature
for the adsorption of metal ions on CHIK.

Table 3
Thermodynamic functions AG°, AH® and AS°, of Cu(Il) and
Cd(II) onto CHIK

Adsorbate T (K) AG°kJmol?! AH°k]mol?! AS°]Jmol!K!
Cu(II) 303  -9.059 66.861 251.66

313 -12.628

323  -14.057
Cdrn) 303 -5.123 124.252 428.34

313 -10.718

323 -13.634
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Table 4

Some studies of the adsorption of metal/ions using modified chitosan as adsorbent during 20162018

Adsorbent Metal/ions Isotherms 9. (Mg g™ Reference
Zirconium—chitosan beads B(III) F 24.5 [32]
Chitosan—-montmorillonite Cu(Il) F 132.7 [33]
Chitosan-g-poly (acrylic acid) Pb(II) L 695.2 [34]
Chitosan-g-poly (acrylic acid) CddI) L 308.8 [34]
Chitosan/reduced graphene-oxide/

montmorillonite composite Cr(VI) L 87.03 [35]
Chitosan-g-poly (itaconic acid) Pb(II) L 1,320 [36]
Chitosan-g-poly (itaconic acid) Hg(II) L 870.1 [36]
Chitosan/poly(vinyl alcohol/CuO beads Pb(II) L 116.8 [37]
Chitosan/poly (vinyl alcohol) particles Clo; L F 28.15 [38]

Table 5
Percentage of desorption of Cu(Il) from Cu-CH, Cu-IK and
Cu-CHIK using EDTA solution

Compound Concentration of Desorption (%)
EDTA (M)

Cu-CH 1.0 x 107 -
1.0x 107 -
1.0 x10* 51.70
1.0 x 107 32.11

Cu-IK 1.0 x 10 88.13
1.0x 107 74.46
1.0 x 10 63.83
1.0x10° 46.33

Cu-CHIK 1.0 x 107 85.93
1.0x 107 70.25
1.0 =10 59.14
1.0 x 107 41.46

the interface between the solid-liquid phases. These results
can demonstrate a strategy for the adsorption of heavy
metals such as Cu(Ill) or Cd(II) on the composite materials
such as CHIK. Adsorption data of some previous studies
of the adsorption of metal/ions using modified chitosan as
adsorbent during 2016-2018 are listed in Table 4.

3.3. Desorption studies

The regeneration of adsorbents and the recovery of
adsorbed material have become so important, especially in
the recycling processes. Herein, the desorption studies are
helpful in elucidating the nature of adsorption process and
recovery of the metal ions from IK, CH and CHIK. Moreover,
it also helps in the regeneration of these adsorbents, in order
to be further used in the adsorption of metal ions. EDTA
solution (with different concentrations) as a desorption agent
was used to perform the desorption experiments. Both of the
IK and CHIK adsorbents display good desorption results
especially with the higher concentration of EDTA (chitosan
is soluble at high concentration of EDTA solutions). EDTA

is well known as a hexadentate chelating agent and due to
that, it is capable of forming a complex with copper(II) ions.
The percentage of desorption of copper(Il) ions from IK, CH
and CHIK is depicted in Table 5.

4. Conclusions

Chitosan—iron keplerate (CHIK) composite was prepared
via the stirring of chitosan and iron keplerate at 40°C in
acidic medium. This compound beside the free chitosan
and iron keplerate was characterized using FTIR and SEM
techniques. SEM microgram shows that the CHIK film is
plain, homogenous and nonporous texture. The prepared
compounds (CH, IK and CHIK) are used as adsorbents for
the removal of Cu(Il) and Cd(II) ions from water following
the batch equilibrium method at pH = 5.5. The adsorption
studies were performed with respect to the time and adsor-
bent mass. The adsorption of metal ion on the surface of com-
pounds was obtained by using AAS. These studies revealed
that the adsorption capacity of the free chitosan or free iron
keplerate was enhanced upon the composition. The isother-
mal behavior and the kinetic models of adsorption of metal
ions on CHIK composite as a function of initial mass of CHIK
and temperature were also studied. Based on the values of
R?, kinetic studies of the adsorption of metal ions (Cu(II) and
Cd(II)) on CHIK is best described by the pseudo-second-order
model. The experimental data of the adsorption of metal ions
(Cu(I) and Cd(II)) were fitted with both of Langmuir and
Freundlich isotherm models. The results show a good cor-
relation of these data with the Langmuir isotherm equation.
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Fig. S1. Linearized Langmuir for metal ions adsorption (Cu* (a), Cd* (b)) by CHIK at different temperatures.
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Fig. S2. Linearized Freundlich for metal ions adsorption (Cu* (a), Cd* (b)) by CHIK at different temperatures.



