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A B S T R A C T   

Remediation of copper (II) pollutant in aquatic ecosystems is a long-standing concern in the field of water 
management and the subject of intensive research. In this study, chitosan conjugated iodate porous material (CS- 
CI) was successfully prepared by media (ammonia, acetic acid, and absolute ethanol) and was used in the 
treatment of Cu (II) in wastewater samples. Different methods were applied to characterize the CS-CI, including 
FTIR, SEM, XRD, and TGA. The result showed significant improvement in surface properties and stability when 
the chitosan was conjugated with the iodate. The adsorption of Cu (II) followed the pseudo-first-order kinetic 
model and Langmuir isotherm model with a maximum adsorption capacity of 95.2 mg/g. In a complex system 
(real wastewater), the CS-CI took advantage of the adsorptive properties of both chitosan (CS) and the iodate to 
significantly improved the remediation of Cu (II) in aqueous media. Therefore, the synthesized chitosan con-
jugated iodate porous material is promising as an alternative low-cost adsorbent for the treatment of copper (II) 
in wastewater.   

Introduction 

Global contamination of water bodies with pollutants has challenged 
researchers worldwide to find newer, less expensive treatments. There 
are many ways in which water bodies are polluted, but effluent pollution 
from industrial installations is still the most important [1]. The pollution 
of water by effluents containing heavy metal ions from various 
manufacturing industries pose a serious ecological problem. Copper 
(Cu) is one of the metals frequently detected in surface water and 
wastewater, and has a high ecological and toxicity risk, with an allow-
able limit of 2.0 mg/L according to the World Health Organization 
(WHO) [2]. Human activities (copper plating, mining, smelting, metal 
processing, and the use of Cu in agriculture as a fungicide) discharge 
copper-laden wastewater into ecosystems, reducing soil and water 
quality while increasing human exposure risk [3]. Exposure to elevated 
concentration of Cu (II) has grave toxicological effects to health of 
human including Wilson’s and liver disease [3], or even death. Hence, it 
becomes important that water-containing copper be treated before 
sending to receiving water bodies. A number of techniques have been 

proposed for Cu (II) removal from wastewater including ion exchange, 
chemical precipitation, electrolysis, and membrane filtration. However, 
high energy cost, low efficiency at high organic load and low effluent 
concentration, slow response, and sensitivity are some of the disad-
vantages of such methods [4]. Adsorption using adsorbent is considered 
most efficient, economic, and widely used technique [5] Adsorbents 
such as ion exchange resins [6], carbon-based nanomaterials [7], mes-
oporous silica [8], and zeolites [9] have demonstrated their ability to act 
as adsorbents for the treatment of Cu (II) in aqueous environment. 
However, the extensive use of many of these adsorbents is limited by low 
metal ion selectivity [10], low adsorption capacity [11], high cost, and 
structurally difficult to achieve chemical modification. Consequently, 
research into novel adsorbent materials with low fabrication cost, su-
perior physical and structural properties, high adsorption capacity, 
chemically diverse [12], biodegradable, and easily modified adsorbents 
has been intensified. Chitosan (β-(1–4)-D-glucosamine) derivatives have 
increasingly demonstrated to solve some of these problems due to the 
existence of amino (− NH2) and hydroxyl (− OH) functional groups in 
chitosan. Chitosan (CS), a biopolymer, is a polysacrides that possess two 
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types of monomers, an acetamindo group (2–acetamido–2–deoxy- 
D–glucopyranose residues) and amino group (2–amino–2–deoxy- 
D–glucopyranose residues) [4,13]. However, using CS in powder or flake 
form is challenging due to its resistance to mass transfer, high crystal-
linity, low porosity, low chemical/thermal stability, low reusability, and 
low surface area [14]. In addition to combining chitosan with other 
adsorbents to overcome these disadvantages, chemical and structural 
modifications involving grafting and cross-linking have also been pro-
posed [14]. Apart from the CS having amino (− NH2) and hydroxyl 
(− OH) functional groups, the micropolymer is capable of forming pos-
itive charges, making it useful for chemical conjugates with many 
anionic substrates [15]. When combined with anionic substrates, CS 
exhibits many properties superior to bulk CS materials, including 
improved selectivity and enhanced metal-binding capacity as well as 
improved mechanical and thermal stability. Hence, these properties and 
their optimization are key to the formation of highly efficient adsorbents 
[4]. It is on this basis that the chitosan conjugated iodate porous ma-
terial (CS-CI) was developed. At low pH, the NH2 groups in CS are 
protonated (NH+

3 ), and the IO−
3 anion will now conjugate with the 

positive charges on CS to form chitosan-conjugated iodate (NH+
3 IO−

3 )

porous adsorbent. The electrostatic attraction between opposite charges 
and hydrogen-bonding interactions maximizes the mechanical and 
chemical stability of the CS-CI, which facilitates reusability and 
increased diversity of chemical functionalities without conceding the 
pollutant removal efficiency. The main factors to be considered in the 
formation and stability of the conjugate are CS concentration, pH of the 
reaction medium, nature of possible interactions between different 
groups in the CS-iodate complex. The combination of chitosan and 
iodate as an adsorbent (CS-CI) in the treatment Cu (II) in simulated and 
real wastewater has not been previously considered. Therefore, the 
synthesized CS-CI was characterized and the adsorption process was 
investigated; moreover, the effect of adsorbent dosage and pH value, 
kinetics and isotherm model were further investigated. Finally, single-
–solute and multi-solute test experiments were investigated. 

Materials and methods 

Synthesis of chitosan-conjugated iodate porous material(CS-CI) 

The CS-CI was synthesized according to the same method reported 
previously [16] with little modification. To be precise, we added 2 g of 
chitosan flakes (75 % to 80 % deacetylation from chitin, with molecular 
weight 250,000 g/mol obtained from Sigma-Aldrich) to acetic acid (2 %, 
100 mL) and then magnetically stirred the mixture (at 50 ◦C, 30 min) to 
obtain Homogeneous gel. Chitosan gel was then added to potassium 
iodate (KIO3) (1:1 w/w) that was previously pretreated with ethanol 
(2:1) and stirred (500 rpm, 5 h). The resulting mixture was added drop 
by drop to 50 % aqueous ammonia, and the mixture was filtered and 
washed. The resulting adsorbent CS-CI was then dried in an oven at 
60 ◦C for 24 h. The CS-CI was reduced in particle size using a pestle and 
mortar, passed through a 200-mesh sieve, and then put into a sample 
vial for further characterization and adsorption experiments. 

Adsorbent characterization 

The porosity information of the CS-CI were obtained through N2 
adsorption and desorption isotherm using BET (Brunauer-Emmet-Teller) 
and BJH(Barrett-Joyner-Halenda) methods (Micromeritics 3 Flex, USA) 
after previously degassing at 300 ◦C for 11 h. CS-CI micromorphology 
was investigated by scanning electron microscopy (SEM, FEI Nova 230). 
X-ray diffraction (XRD) spectrum of CS-CI was performed on Bruker/ 
D5000 (Germany) powder diffractometer (at 26 mA with Cu K α radi-
ation) with dataset collection ranging from 20 to 80◦ and 0.02/2θ step 
width. The thermal stability of CS-CI was investigated using a ther-
mogravimetric analyzer (STA 600 Perkin Elmer) in the temperature 

range 0–900 ◦C at a heating rate of 10 ◦C min− 1 under N2 flow (100 mL/ 
min). FTIR (Fourier Transform Infrared Spectroscopy) of CS-CI before 
and after Cu (II) treatment was recorded on Perkin Elmer attenuated 
reflection (ATR) spectrometer (PerkinElmer, USA) in the range of 400 to 
4000 cm− 1 with a resolution of 4 cm− 1. The point of zero charge (pHPZC) 
was assessed by the pH drift method as described in our previous work 
[17]. The pHpzc value for this CS-CI is defined as the point where the 
ΔpH line intersects the x axis (initial pH), i.e. (pHf - pHi) = 0.0. 

Experiment for Cu (II) adsorption 

The stock solution of Cu (II) was obtained by dissolving stoichio-
metric amount of CuCl2⋅2H2O in 1000 mL deionized water. All other 
reagents used in this work were of analytical grade, including 
CuCl2⋅2H2O, NaOH, HCl and were purchased from Sigma-Aldrich (St. 
Louis, MI, USA). Sequestration of Cu (II) in solution was performed by 
CS-CI in a 250 mL Erlenmeyer flask by varying the sorbent dosage and 
pH. Erlenmeyer flask containing 200 mL solution of Cu (II) was agitated 
at 150 rpm for 100 min in a water bath orbital shaker at constant tem-
perature. To understand the mechanisms involved in the adsorption 
process, a suspension consisting 0.1g of CS-CI in 200 mL of a 125 mg/L 
Cu solution was agitated for 10–100 min. The pH of the initial solution of 
Cu (II) was adjusted to the range of 2–6 with HCl and NaOH. Con-
struction of isotherms to assess the equilibrium absorption capacity of 
CS-CI for Cu (II) was achieved using 10 to 125 mg/L Cu (II) initial 
concentrations at 25 ◦C. All experimental sets were performed in 
duplicate, and the results obtained were analyzed as mean values. The 
absorption capacity and percent removal (%) at equilibrium are 
expressed by equations (1) and (2) [18,19]. 

qe(mg/g) =
(Co − Ce)

M
× V (1)  

Efficiency (%) =
(Co − Ce)

Co
× 100 (2)  

where Co and Ce are the initial and equilibrium concentrations in mg/L, 
and V is Cu (II) solution used (L), M is the mass of CS-CI used in g. 

Results and discussion 

Adsorbent characterization 

The surface morphology of CS and CS-CI are shown in Fig. 1 (a) and 
Fig. 1(b). After adding KIO3, the smooth and polished structure of the CS 
is completely changed. The CS-CI showed a heterogeneous and porous 
surface with different pore sizes, which maximizes the specific surface 
area and reaction rate of the material. These porous structures facilitate 
swelling, allow diffusion of bulk Cu (II) ions and support interactions 
between iodate and Cu (II) ions in the wastewater sample, which is 
useful to improving the adsorption performance of the CS-CI. Hence, the 
prepared CS-CI is considered a promising candidate for water treatment 
applications. The N2 isotherm CS-CI (Fig. 1(c)) was classified as type IV 
with a hysteresis loop observed at high relative pressure, indicating the 
existence of mesopores [20]. Besides, the BET specific surface area, PSD 
(Fig. 1(d)) and pore volume were 1.4991 m2/g, 0.17324 cm3/g and 
2.171 nm, respectively. 

Fig. 1(e) shows the pattern of powder XRD of the as-prepared CS-CI. 
The samples shows diffraction peaks corresponding 2θ values of 20.10◦, 
28.30◦, 35.0◦, 40.70◦, 45.90◦ and 49.10◦, respectively. Comparison of 
JCPDS standard card no. (01–072-1955) shows that the diffraction 
peaks are related to potassium iodate. Furthermore, the crystallinity of 
CS-CI was demonstrated by applying the Debye-Scherer equation (Eq. 3) 
[21]. 

Mean crystallite size(D) = 0.89λ/βcosθ (3) 
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where θ is the Bragg angle, λ represents the value of 1.540562 Å, and β in 
radians is the width broadening at half-peak height (WHPH). The esti-
mated average particle size of the CS-CI was 68.60 nm, showing that the 
KIO3 introduce in the chitosan material was well crystallized. 

Fig. 1(f) shows the TGA of the CS-CI temperature behavior. The 
incorporated iodate has a considerable effect on the pyrolysis of CS-CI. 
The addition of iodate increase stability in the adsorbent, and the 
decomposition of the CS-CI shifted to relatively high temperatures. At 
temperatures above 650 ◦C, the release of volatiles was strongly hin-
dered, with only a 70.4 % against 96.8 % loss. Furthermore, the 
maximum degradation state (304 –366 ◦C) resulted in 75.4 % weight 
loss without KIO3, and weight loss of 11.35 % after the introduction of 
KIO3 in the second stage of degradation. 

The surface chemistry of the CS-CI and its interaction with Cu (II) 
was further examined by the FT-IR. The FT-IR of CS-CI and copper-laden 
CS-CI are shown in Fig. 1(g). The peak at 3624 cm− 1 corresponds to OH 
stretching in –COOH group (Fu et al., 2018). The peaks at 1644, 2849 
and 2930 cm− 1 are assigned to C––O in COOH group, CH(Vsy) in (–CH2 
group), and CH(Vas) in (–CH2 group [22], respectively. The peak at 
1644 and 1548 is due to C–O stretching vibrations in NHCO [23] and 
the bending of N–H in NH2, respectively. The peaks at 1072 and 657 
cm− 1 are related to –CO– groups and iodate compounds [16], 

respectively. After the sorption of Cu (II), the NH2 and O–H stretching 
bands shows noticeable changes. It can be observed that 1664 cm− 1 has 
shifted to a lower peak of 1631 cm− 1(Fig. 5b) related to N–H stretching 
under the influence of Cu (II) ions, while the band at 3624 cm− 1 dis-
appeared after formation of coordination bond between OH and Cu (II) 
(Cu-O). Besides, the peak at 1072 cm-1 (–CO–) is greatly reduced, 
which may be due to the formation of Cu (II)–CO-complex. The inter-
action of the iodate group with Cu (II) is also evident as the shift of the 
peak at 657 cm− 1 to a higher peak at 847 cm− 1 is observed. This verifies 
that the iodate, OH and NH groups on the CS-CI were the active sites for 
binding of Cu (II) ions. 

The point of zero charge (pHpZC) is an important interfacial 
parameter in adsorbent characterization and is known to characterize 
the ionization behavior of surfaces [24]. Fig. 1(h) depicts a plot of 
estimated CS-CI pHPZC, evidently showing the intersection at pH 4.8 
(graph not shown). This indicates that there was a drift in the final 
equilibrium pH, and the net charge of the CS-CI was positive when pH 
values were below pHPZC and negative at higher values of pH. 

Cu (II) adsorption optimization study 

Fig. 2(a) shows the effect of the amount of CS-Cl on the adsorption of 
Cu (II) from aqueous solution. Varying the amount of CS-SC from 0.1 to 

Fig. 1. SEM images (a) for chitosan (b) for CS-CI (c) N2 adsorption and desorption isotherm for CS-CI. (d) pore size distribution; (e) XRD partner of CS-CI; TGA curves 
for (e) Chitosan (f) CS-CI; (g) Cu (II)-loaded CS-CI; (h) point of zero charge plot by the pH drift method. 
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3.0 g/L resulted in a decrease in the amount of Cu (II) adsorbed from 
18.5 to 7.5 mg/g. This is due to the effective increase of adsorption sites 
with increasing CS-SC amount leading to an increase in adsorption 

capacity. As the adsorption progressed, a continuous increase in the dose 
resulted in a decrease in the ratio of Cu (II) concentration to SC-CI 
particles in the wastewater samples, causing a decrease in the binding 

Fig. 1. (continued). 

Fig. 2. (a) Effect of CS-CI dose on adsorption capacity (0.1 to 0.3 g / 200 mL, Cu concentration 20 mg/L) (b) Effects of initial solution pH (125 mg/L of Cu (II), dose 
0.1 g). 
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rate. Therefore, above adsorbent dosage of 0.1 mg/L, it is difficult to 
increase the adsorption capacity. To ensure reasonable adsorption ca-
pacity of CS-CI for Cu (II) and reduce cost, 0.1 g was considered as the 
optimal amount of CS-CI for all subsequent experiments. 

Fig. 2 (b) shows Cu (II) adsorption on CS-CI under different pH(aq) 
conditions. Amount of Cu (II) adsorbed increased as the pH (aq)value 
increased. The uptake of Cu (II) occurs mainly through coordination 
with –NH2 on CS-CI (Eq. (4)). 

Cu2+ + nRNH2 ↔ Cu(RNH2)
2+
n by cordination (4) 

It is possible that two-OH group and one NH2 group are grabbed by 
Cu2+ [25] or the NH2 and the iodate act as a chelating sites for the Cu (II) 
[16]. As clearly demonstrated below (Fig. 2), the amount adsorbed (mg/ 
g) decrease with further increase in pH (aq), with maximum amount of 
Cu (II) removal achieved at pH 5.i.e., most effective chemical in-
teractions between Cu (II) and NH2 and OH groups take place at pH 5. 
No substantial variation in efficiency of Cu (II) uptake by CS-CI at lower 
pH(aq) of 2–4. This is because the functional groups were protonated 
(R − NH+

3 ,R − OH2+
2 ) under strong acidic condition (2–4), which hinders 

their capacity to capture metal cations. But with the increase of pH (i.e., 

under relatively weak acidic conditions), the adsorption capacity of CS- 
CI is enhanced due to the binding of Cu (II) to more negative surfaces 
through electrostatic reactions, which is agreeing with high Cu (II) 
removal at higher pH of 5. In addition, this result is consistent with the 
surface properties of the adsorbent, as the measurements of the pHpzc 
(isoelectric point), which defined the pH at which the net charge on the 
surface of the CS-CI is zero, revealed that the isoelectric point of the CS- 
CI was 4.8 (Fig. 1 h). Above the isoelectric point, the adsorbent surface is 
negatively charged (Eq. (5) and Eq. (6)), which shows more available 
sites for the adsorption of toxic Cu (II) in solution. 

OH− +R − NH+
3 →R − NH2 +H2O (5)  

OH− +R − OH2+
2 →R − HO− +H2O (6) 

The protonation of the NH2 group (due to deprotonation of other 
functional groups like –OH) may explain the decrease in adsorption of 
Cu (II) at pH(aq) > 5. Moreover, protonation constant (log kP) of NH2 is 
about 6.2 (Wu et al., 2014), so more than 20 % of the amino groups are 
protonated even at pH 6 [25], leading to change in surface potential to 
positive (Eq. (7)). Elsewhere, it is reported that as low as pH 5, the NH2 
group of the chitosan is protonated [26]. 

Fig. 3. (a) Sorption kinetic curve of Cu (II) ion by CS-CI (b) Weber-Morris plot, (c) Boyd kinetic plot (pH 5, dosage 0.1 g/ 200 mL, Cu (II)o = 125 mg/L; temperature 
= 25 ◦C; agitation rate = 250 rpm). (d) Isotherm curve of CS-CI adsorption for Cu (II) (0.1 g of CS-CI, pH 5.0; agitation speed 150 rpm; contact time 1 h.20 min). 
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H+ +R − NH2 ↔ R − NH+
3 (7) 

The reactions of Eqs. (5)–(7) participate during the adsorption of Cu 
(II) on CS-CI, which may explain the increase or decrease of solution pH 
after adsorption. Additionally, in aquatic system, Cu existed primarily as 
free Cu (II) ion at pH values below 6.0, and as Cu2(OH)2

2+ (aq) or CuOH+

(aq) at pH values above 6.0 [27]. It has been demonstrated during 
adsorption of Cu (II) on to adsorbents, there appear to be competition 
between ionic Cu (II)(radius 0.7A) and the hydrated Cu (II)(radius 4.19 
A), with former easily adsorbed onto the pore of the adsorbent due to the 
smaller radius [28]. In this work, the pore size of CS-CI is 2.0 nm, so the 
competition is negligible, while the protonation of NH2 may be the main 
factor. Flores-Alamo et al. [29] reported similar optimal for Cu (II) 
removal on modified chitosan material at pH 5. All subsequent experi-
ments were conducted at pH value of 5. Besides, adsorption above pH 6 
will result in an additional energy cost to overcome the repulsive force 
(Eq. (7)). 

Kinetic and equilibrium adsorption isotherm 

Adsorption of Cu (II) on CS-CI was fast at the initial 0–20 min as 
presented in Fig. 3a. This is because the concentration Cu (II) and 
number of active sites of the CS-CI were larger in the initial adsorption 
phase (0–20 min), and the large number of active sites on the CS-CI can 
bind Cu (II) ions. However, it can be seen that the adsorption capacity 
increases gradually and reaches equilibrium after 60 min. This is due to 
reduction in active sites on CS-CI, thus decreasing the possibility of Cu 
(II) chelation. 

In addition, as the adsorption proceeds, the H+ of the reactive 
functional group is released into solution, lowering the pH of the waste 
sample [30], thereby slowing down the binding of Cu (II) by CS-CI. 
Furthermore, at equilibrium, the adsorbent performance is a function 
of the adsorbent surface area and porosity [31]. The CS-CI has a good 
pore structure, and the Cu (II) may slowly migrate from the adsorbent 
surface into the pores at equilibrium by intraparticle diffusion. 
Furthermore, reaching equilibrium in such a short time highlights the 
application potential of CS-CI. This is in contrast with about 90 and 120 
min exposure time reported for chitosan/carbon nanotubes [32], and 
with up to 12 days to reach equilibrium for chitosan particles [33]. As 
shown in Fig. 3(a), an exposure time of 60 min could be considered 
sufficient for the quantitative removal of Cu (II) by CS-CI, so subsequent 
experiments were performed at an exposure time of 70 min. The data 
from the batch adsorption experiments were fitted with pseudo-first- 
order (Eq. (8)) and second-order equations (Eq. (9)).  

In(qe − qt) = ln(qe)–k1t                                                                    (8) 

t
qt

=
1

k2q2
e
+

1
qe

t (9)  

where qe and qt are Cu (II) adsorption at equilibrium and time t. k1(min- 
1) and k2 (g.mg-1.min-1) correspond to the rate constants for the 
pseudo-first-order and pseudo-second-order equations, respectively. 

Table 1 lists the kinetic parameters for Cu (II) adsorption. The dis-
crepancies in the calculated and experimental Qe values for the pseudo- 

first-order kinetic model, as well as the poor R2 value, suggest that the 
model is not ideal for explaining the adsorption kinetic data. Therefore, 
a further fitting of the pseudo-second-order kinetic model to the 
adsorption data was initiated. The pseudo-second order R2 (0.9998) 
gives the best fit in the data, so the values of Qe(exp) and Qe(cal) are in 
good agreement. 

Kinetic data were further evaluated using an intraparticle diffusion 
model and a Boyd kinetic model that included information on the kinetic 
properties of the adsorption process. The intra-particle diffusion model 
is represented by the following equation (Eq. (10)). 

qt = kct1/2 + C (10)  

where C is the intercept and kc are the intraparticle diffusion rate con-
stant representing the gradient of the linear portion of the curve. The 
intraparticle model is sole rate-limiting step if the plot the Qt versus t1/2 

a passing through the origin, while large intercept explains a process 
controlled by surface or boundary layer adsorption [34]. According to 
the intraparticle plot model, the co-occurrence of two linear diffusional 
region (with constants K1 & K2) that did not start via the origin of the 
graph was observed, indicating that intraparticle diffusion is not the 
only rate limiting step for the adsorption of Cu (II) ion. These two 
distinct regions are due to the simultaneous adsorption of Cu (II) by CS- 
CI, sequentially via surface adsorption and intraparticle diffusion. For 
example, the first linear diffusion region is the boundary layer effect 
(external mass transfer process), where Cu (II) ions are transported 
through the solution phase to the CS-CI surface. The second linear 
diffusion region is dominated by intra-particle diffusion processes (i.e., 
adsorption of Cu (II) inside the CS-CI particles). The gradients have very 
different diffusion rate constants (k) and the second region is signifi-
cantly smaller. This difference may be due to the bimodal pore character 
[35] of the CS-CI particles, where the first region accounts for macropore 
diffusion and the second region accounts for micropore diffusion. The 
results show that the diffusion rate in the microporous region becomes 
significantly slower. This is because the diffusing molecules become 
comparable to the pore size and the collision with the pore wall is a 
common phenomenon [35]. All evaluated constants, parameters, and R2 

values are listed in Table 1. 
To determine the slowest step (external or internal diffusion) of Cu 

(II) adsorption in solution, the Boyd diffusion model is further expressed 
as follows (Eq. (11)): 

Bt = − 0.4977 − In(1 −
qt

qe
) (11) 

qt and qe represent the amount of Cu (II) ions adsorbed at time t and 
at equilibrium (infinite time). The Boyd model assumes that if a liner 
plot did not intercept the origin, particle diffusion is the rate limiting 
step, however, external mass transfer controlled the overall rate of 
adsorption process if linear plot is with intercept [24]. Bt value were 
plotted against the t as shown in Fig. 3(c), the Boyed kinetic plot was 
liner but did not pass via origin indicating that the adsorption of Cu (II) 
on to CS-CI was predominantly controlled by surface adsorption or 
chemical reactions [24]. The effective diffusion coefficient (Di) of Cu (II) 
into the CS-CI was obtained from Eq. (12). 

Table 1 
Parameters of adsorption kinetics and intraparticle-diffusion model for Cu (II) adsorption by CS-CI.  

Pseudo-first-order kinetic model Pseudo-second-order kinetic model 

Qe exp (mg/g) Qe cal (mg/g) K1 (min-1) R2 Qe cal (mg/g) K2(g/mg.min) R2 

96.7 39.5 0.030 0.8209 97.08 0.053 0.9998  

Intrapaticle-diffusion model Boyd model 

K1 (mg.(g. min0.5)-1 R2 K2 (mg.(g.min0.5)-1 R2 Di £ 10-13 (m3/s) B min¡1 K R2 

7.881 0.9663 0.479 0.7905 1.352 0.6117 0.1119 0.9745  
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B =
π2Di

r2 (12)  

where r is the radius of the CS-CI presumed to be spherical and B is the 
rate constant. The diffusion rate constant (B) obtained from the slop and 
R2 of the plot are presented in Table 1. The value of Di indicated 
diffusion resistance in the pore volume transpired [36]. 

To analyze the equilibrium adsorption data, two different adsorption 
models were applied, including Langmuir (Eq. (13)) and Freundlich (Eq. 
(14)) [37,38]. The relation of Cu (II) uptake(qe) and Cu (II) equilibrium 
concentration (Ce) curve and isotherm parameters are shown in Fig. 3d 
and Table 2, respectively. The estimated parameters and R2 values show 
that the Langmuir model describes the best fit to the equilibrium data 
(R2 = 0.9821). The separation factor of the Langmuir isotherm model, 
which expresses the nature and character of the adsorption and predicts 
the feasibility [39], was also estimated. The estimated value of RL was 
0.142, indicating the feasibility of CS-CI for Cu (II) adsorption. At 25 ±
0.5 ◦C and initial Cu (II) concentration (10–125 mg/L), the estimated 
maximum adsorption capacity reached 95.2 mg/g. The estimated 
maximum Cu (II) absorption capacity and equilibration time of CS-CI 
were compared with other chitosan-based absorbers found in the liter-
ature (Table 3a). Compared with most adsorbents, CS-CI showed 
encouraging removal performance, moreover, CS-CI showed faster Cu 
(II) uptake, reaching more than 80 % efficiency in 1.0 h, faster than 
other adsorbents. 

Ce

qe
=

1
Qmb

+

(
1

Qm

)

Ce (13)  

Inqe = InkF +
1
n

InCe (14)  

where Qm is the adsorption capacity (mg/g) and b is the equilibrium 
bond energy. KF and n are Freundlich constants that define the relative 
retention affinity of Cu (II) and the strength and extent of dispropor-
tionation on the adsorbent, respectively, and Co and Ce are the initial 
and equilibrium concentrations (mg/g), respectively. 

Thermodynamic parameters and activation energy 

The driving force for adsorption chemical reaction is the Gibbs free 
energy of reaction (ΔGo) that, involve an enthalpy (ΔHo), and entropy 
(ΔSo) contribution. Table 3b summarized the computed thermodynamic 
parameters of the system (i.e. ΔGo, ΔHo and ΔSo), which were obtained 
by using the following equations (Eqs. (15) and (16)): 

ΔGo = − RTlnKC (15) 

ΔHo and ΔSo were calculated from Vant Hoff’s equation, shown 
below 

In (
qe
Ce

) =

(
ΔS
R

)

−

(
ΔH
R

)
1
T

(16)  

where KC is the equilibrium constant, qe is the amount of adsorbate on 
the adsorbent per liter of the solution at equilibrium (mg L-1), Ce is the 
equilibrium concentration of adsorbate in the solution (mg L-1) and Co 
and Ce are the initial and equilibrium concentration of the Cu (II) ions in 
solution, respectively. R is the universal gas constant (8.314 J. mol− 1. 
K− 1). 

As shown in Fig. 4a, the adsorption of Cu (II) increased with 
increasing temperature, confirming the fact that chemisorption occurs 
between Cu (II) ions and CS-CI [47]. As the temperature increases, ionic 
interactions between Cu (II) and the negative sites on the amine and 
iodate are strongly supported. The adsorption percentage of Cu (II) 
increased by 8.42 % as the temperature increased from 25 ◦C to 40 ◦C. 

The calculated ΔGo values became more negative (from − 1.904 to 
− 4.228 kJ/mol) as the temperature increased, indicating an increase in 
the spontaneity and feasibility of Cu (II) adsorption at higher tempera-
tures. The calculated ΔHo was positive (43.47 kJ/mol), which indicates 
adsorption process was endothermic. The observed endothermic 
behavior may be related to more than just formation of coordination 
bonds with Cu (II). Moreover, surface amine groups hydrogen-bonded to 
hydroxyl groups are released, thus requiring energy (Scheme 1(a–b)). 
Furthermore, the adsorbent is porous and the adsorption sites are also in 
the pores, therefore, the observed endothermic behavior may also be 
due to endothermic processes, including diffusion resistance [48]. All 
the afformation processes combined to give a positive enthalpy, the sum 
of which is greater than the negative ethalpy of formation of the cop-
per–amine complex [48]. 

The positive entropy change ΔSo (0.15 kJ/mol K) is consistent with a 
favorable adsorption process. Positive entropy values are generally 
associated with the expulsion of solvent originally present in the cation 
coordination sphere or the displacement of hydrogen-bonded amine 
groups into the medium [48], therefore, the degree of dissociation and 
randomness in the adsorption process at the Cu (II)/CS-CI interface is 
increased [28] and increased entropy. 

To estimate the adsorption type (physical or chemical), magnitude of 
activation energy was assessed at three different temperatures (25 to 
40 ◦C). The activation energy allows estimation of the energy barrier 
that metal ions need to overcome before chelating the adsorption site. 
The activation energy for Cu (II) adsorption onto CS-CI, was expressed 
through the modified Arrhenius equation [49] as demonstrated in Eq. 
(17). 

In S* = In(1 − θ) − (Ea/R)
1
T

(17)  

where θ is the surface coating, S* is the sticking probability, and Ea (kJ/ 
mol) is the activation energy. 

Table 2 
Adsorption isotherm parameters for Cu (II) adsorption by CS-CI.  

Langmuir Model Freundlich Model 

Qm(mg/ 
g) 

b (L/ 
mg) 

RL R2 1/n KF (mg/g)(L/ 
mg)n 

R2  

95.2  0.048  0.142  0.9737  1.256  1.279  0.6565  

Table 3a 
Comparison of adsorption capacities for different adsorbents.  

Absorbent Qm 
mg/ 
g. 

Equilibrium 
Time (h) 

Reference 

CS-CI  95.2 1 This 
study 

Dromaius novaehollandiae eggshell and 
chitosan composite  

48.30 1 [40] 

Chitosan/clay/magnetite composite  17.20 2 [41] 
Chitosan immobilized on bentonite,  21.55 4 [42] 
Chitosan-8-HydroxyquinolineBeads  52.90 4 [43] 
Chitosan/Sargassum sp  1.08 6 [44] 
Low cost magnetic adsorbent  22.41  [45] 
Carbon mineral nanocomposite  50.66 7 [46]  

Table 3b 
Thermodynamic parameters for the adsorption of Cu (II) at various 
temperatures.  

Temp 
(K) 

InK ΔGo 

kJ/ mol 
ΔSo 

kJ/ mol k 
ΔHo 

kJ/ mol 

25  0.4885  − 1.904 0.15 43.47 
30  0.9690  − 2.825 
40  1.4024  − 4.228  
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θ =

[

1 −
qe

Ce

]

(18) 

Value of Ea was obtained from − Ea/R (slop) by plotting In(1-θ) 
against 1/T. 

The value of Ea obtained from Fig. 4b was positive, corroborating the 
endothermic adsorption behaviour. Usually physisorption processes are 
reversible, have small energy requirements (<8.4 kj/mole), and equi-
librium is easily reached, while chemisorption processes are specific, 
involve greater forces, and thus require greater activation energy (at 8.4 
Kj/mol-80 Kj/mol) [49]. Our present work shows that Ea is on the order 
of 13.10 Kj/mol, indicating that chemisorption is the main process of 
adsorption. 

Probable mechanism of adsorption of Cu (II) onto CS-CI 

The mechanism of adsorption process can be explained through 
combined mechanisms. Different functional groups and pores of the CS- 
CI can facilitate the removal of Cu (II) through complexation reactions, 
electrostatic attraction and intraparticle diffusion mechanism. The main 
mechanisms for Cu (II) adsorption can be summarized as follows 
[22,48]:  

(1) Formation of coordination bonds with metal ions via chelating 
effects 

≡ − OH+Cu2+ + ≡ − OH ↔ ≡ − OH⋯Cu2+⋯HO − ≡

Fig. 4. Effect of temperature on the adsorption capacity of Cu (II) (pH 5, dosage 0.1 g/ 200 mL, Cu concentration 125 mg/L) Plot of Ln(1-θ) versus 1/T for adsorption 
of Cu (II) onto CS-CI. 

Fig. 5. (a) Wastewater treatment of Cu (II) using CS-CS(70 min, 0.1 g, optimum pH). (b) single–solute and multi-solute using CS-CI (0.1 g, 75 mg/L, 200 rpm, 
optimum pH. 

Scheme 1. Proposed mechanism of copper adsorption on CS-CI during release of the amine groups.  
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≡ − NH2 +Cu2+ + ≡ − NH2 ↔ ≡ − NH2⋯Cu2+⋯H2N − ≡

≡ − OH+Cu2+ + ≡ − NH2 ↔ ≡ − OH⋯Cu2+⋯H2N − ≡

(2) Intraparticle diffusion phenomenon and electrostatic attraction 

Furthermore, when the surface active sites of I-IC slowly reached 
equilibrium state, Cu (II) ions might migrate from the surface of I-IC to 
the pores through intraparticle diffusion, which is a possible phenome-
non in porous materials. The Cu (II) is then adsorbed by surface hydroxyl 
(–OH) groups and iodate anion (IO3

- ), forming (–O − Cu2+ − O-) 
bridging spaces and ( − IO−

3 − Cu2+ − IO−
3 -) bridging species according to 

the following [22]: 

≡ − O− +Cu2+ + ≡ − O− → ≡ − O − Cu2+ − O − ≡

≡ − NH+
3 IO−

3 +Cu2+ + ≡ − NH+
3 IO−

3 →

≡ − NH+
3 IO−

3 − Cu2+ − IO−
3 NH+

3 − ≡

≡ = surface of adsorbent. 
The synthesis of CS-CI and probable interaction of Cu (II) with the 

CS-CI is schematically illustrated in scheme 2. 

Competitive adsorption and treatment of industrial wastewater 

Wastewater contains too many metals that may hinder their removal 
or have little effect on the sorbent’s ability to remove metals. Thus, co- 
ion sorption data play an important role in the design and imple-
mentation of wastewater treatment system [50], which is vital for robust 
water treatment system. Therefore, bimetallic tests involving Pb(II) and 
Cu (II) were performed by batch equilibrium experiments using 75 mg/L 
of each metal. 200 mL of the bimetallic blend were added to the flasks 
containing 0.1 g/L CS-Cl and equilibrated in a shaking bath (70 min 
/150 rpm). It was observed that CS-CI simultaneously removed Cu (II) 
and Pb(II) in the co-ion system (Fig. 5(b)). The presence of competing 

cations has no effect on the existing binding sites, as the same amount of 
adsorbed metal was recorded in co-adsorption studies. This is because 
the metals either bind to many other active sites available on the sor-
bent, or the sorbent has a large number of binding sites so competition is 
negligible[51]. 

After industrial effluent wastewater is treated and discharged, the 
water quality may not reach acceptable limits due to residual heavy 
metals. In addition, the chemical composition of industrial wastewater 
can be quite different from stimulated wastewater due to some differ-
ences in solution chemistry caused by multiple underlying factors pre-
sent in actual wastewater (e.g., co-existing ions, pH, etc.). Consequently, 
CS-CI adsorbent was used in experiment involving real industry waste-
water to see if the water quality could be improved or the underlying 
factors might hinder adsorption efficiency CS-CI. The wastewater sam-
ple was analyzed for initial concentration of Cu (II) and pH before 
treatment and found to be 2.0 mg/L and 1.0, discretely. The result 
(Fig. 5a) showed that CS-CI was able to remove Cu (II) to levels below 
0.087 mg/g (96 %). Regardless of whether the metal ion composition of 
the real wastewater samples is more multipart, the results indicate that 
CS-CI has application potential for the removal of Cu (II) in industrial 
wastewater. 

Challenges and future prospects 

Chitosan has a wide range of potential applications, from wastewater 
and cosmetic products to biomedicine. Though chitosan-based adsor-
bents have a spectrum of applications, researchers have faced different 
challenges from the adsorptive removal of pollutants including heavy 
metals by the chitosan-based adsorbents especially the leaching and 
lower chemical and physical stability, high pH sensitivity, low surface 
area and porosity and solubility in most organic acids. To overcome 
these challenges and tailor chitosan-based adsorbents to desired prop-
erties and specific applications, researchers have attempted to modify 
them through physical and chemical processes. Continuous mode 
adsorption is more relevant to the development of commercial adsor-
bents and the practical application of adsorbents, so it is of great 

Scheme 2. Schematic illustration for the synthesis of CS-CI and probable interaction of Cu (II) with CS-CI.  
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significance to study and develop adsorption columns for chitosan-based 
adsorbents. 

Conclusion 

The CS-CI composite with high surface area, high thermal stabili-
ty with efficient and fast approach to Cu (II) removal has been fabri-
cated. The CS-CI which was prepared via media exhibited high 
adsorption toward the metal ions and is relatively stable and can with-
stand faily high temperatures. 

The adsorption was pH dependent and the highest capacity for 
adsorption (78. 8 mg/g) was obtained at pH 5. More importantly, the 
adsorbent showed good ability in adsorbing Cu (II) in industrial efflu-
ents. Interestingly, CS-CI did not show selectivity for removal of binary 
metals in competitive studies, a promising property for the removal of a 
wide range of pollutants in wastewater. The kinetic adsorption reactions 
suggest that adsorption process is mainly controlled by chemisorption, 
with pore diffusion contributing to the mass transfer phenomenon. The 
adsorption mechanism was expected to take place through electrostatic 
attraction or chelation. The CS-CI prepared from low-cost materials in 
this study has a high potential for Cu (II) remediation in aqueous envi-
ronments, making it attractive both environmentally and economically. 
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