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Abstract
Three different Chitosan/ZrO2 (CTS-ZrO2) composites are prepared by sol–gel then, used as bio-sorbent for Cs (I) and Co 
(II) metal ions from aqueous solution in this study. Characterization of (CTS-ZrO2) composites is done through different 
analytical techniques. Optimizations of the adsorption affecting factors are explored via batch mode. The adsorption equilib-
rium attained after 60 min for initial metal ion concentration is 100  mgL−1 and at optimum pH 9 and 6 for Cs (I) and Co (II), 
respectively. Kinetic modelling is applied and the adsorption reaction followed pseudo  2nd order. The adsorption capacity 
for Cs (I) at pH 9 and  25oC is 124.6  mgg−1 and for Co (II) at pH 6 and  25oC is 111.1  mgg−1. The thermodynamic parameters 
showed the adsorption reaction is spontaneous and endothermic.
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Introduction

The rapid development in the use of nuclear power is inex-
tricably linked to the generation and accumulation of liquid 
radioactive waste (LRW). Owing to the long  t1/2, high toxic-
ity and carcinogenicity of these waste, a new effective tech-
nologies and materials for their safe management developed. 
Cs (I), Sr (II) and Co (II) ions are the basic fission products 
and present in almost all the contaminated radioactive waste-
water [1].

These ions may have many benefits to human life. Early 
research suggests that Cs (I) joined with other vitamins, 
minerals, chelating agents and salts of selenium, potassium 
and magnesium. In addition, a special diet might reduce 
the death rate in some patients with various types of cancer 
[2]. However, high doses of Cs (I) might be unsafe. There 
are reports of severe life-threatening low blood pressure and 
irregular heartbeat in some people who took high doses of 
cesium for several weeks. Cs (I) deposited in the soft tissues 

throughout the body and induce thyroid cancer. 137Cs is a 
very dangerous isotope as it is a γ and β radiation source and 
its  t1/2 is relatively long about 30 years [3, 4].

Co (II) used as an alloy component in Electroplating [5]. 
High-energy γ rays emitted during the radioactive decay of 
60Co, used in treatment of various types of cancer. Adverse 
health effects, such as cardiomyopathy and vision or hear-
ing impairment, reported at peak blood Co concentrations. 
Therefore, Cs (I), Sr (II) and Co (II) eliminated from con-
taminated liquid waste are in urgent need. Many approaches 
such as precipitation and coagulation methods [6, 7], Ion 
exchange [8, 9], Ultra filtration [10], reverse osmosis [11] 
and adsorption [12] are used for waste treatment. The latter 
method is the superior applied method due to its simplicity, 
economically, and feasibility. Inorganic, organic, and bio-
logical adsorbents could be used in adsorption techniques. 
The choice of adsorbents depends on the cost, efficiency and 
the environmental eco-friendly.

Chitosan (CTS) is a natural polymer emerging in the 
adsorption process [13–15]. In addition to its biocompat-
ibility, it has many advantages as good adsorption capacity, 
biodegradability [16–19], environmentally safe and cheap 
compared to other adsorbents.

Metal ions introduction to CTS has recently been prac-
ticed for waste treatment in order to improve the mechanical 
properties and thermal stability properties of CTS [15]. e.g., 
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zinc (II) [20] and copper (II) [21], are capable of forming 
complexes with the functional groups on the CTS chain.

Zirconium oxide  (ZrO2) is an inert inorganic metal oxide 
has chemical resistivity toward acids, bases, oxidants and 
reductants [22, 23]. It is envisaged that  ZrO2 enhances the 
properties of chitosan in chitosan /ZrO2 composite [24] 
(CTS-ZrO2).

However, to date, there is a limited study on CTS-ZrO2 
composites as adsorptive media for the removal of Cs (I) 
and Co (II).

This works aims to prepare Chitosan/ZrO2 composites 
(CTS/ZrO2). Characterization of CTS/ZrO2 composites is 
carried out by FTIR, SEM, XRD, Particle size analyzer, 
and TGA/DTA. Adsorption processes of Cs (I) and Co (II) 
ions on (CTS/ZrO2) composites are explained. Adsorption 
parameters effect such as; pH, temperature, contact time and 
initial metal concentration on metal ions are examined. The 
kinetics and isothermal models fitting are carried out and the 
thermodynamic nature of the adsorption reaction is studied.

Experimental

Reagents

Most of the chemicals were of analytical grade and used 
without further purification. Zirconium n-propoxide, Zr 
 (OC3H7)4, purity 70% obtained from Merck. Magnesium 
nitrate, Mg  (NO3)3.  6H2O, as a precursor for MgO supplied 
from Alfa Aesar and used as stabilizer for  ZrO2. Chitosan 
with low molecular weight and deacetylation degree of 
75–85% purchased from Sigma-Aldrich (USA). Acetic acid, 
 (CH3COOH), supplied from ADWIC (Egypt). Isopropyl 
alcohol,  (C3H8OH ≥ 99.7%), obtained from Prolabo, Eng-
land. Ammonium hydroxide,  (NH4OH), 33% from Edwic 
El-Nasr, Egypt. Hydrochloric acid, (HCl), and sodium 
hydroxide, (NaOH), obtained from El-Nasr Co. (ADWIC), 
Egypt, used to adjust the pH of the solutions. Cesium chlo-
ride, (CsCl), and cobalt chloride,  (CoCl2), purchased from 
Merck, (Germany). For all experiments, double-distilled 
water used for the preparation of solutions.

Preparation of nano‑ZrO2 [25]

Nano-sized  ZrO2 is prepared by the gelation method using 
Zirconium n-propoxide in presence of glacial acetic acid 
and isopropyl alcohol as well as water. 10 mol of isopropyl 
alcohol and 0.5 mol of water as well as stabilizer (8% MgO 
for 1 mol Zirconium n-propoxide) added gradually to 1 mol 
Zirconium n-propoxide with glacial acetic acid. The overall 
mixture stirred for 10 min. The gel appeared by adding iso-
propyl alcohol and water.

Sorbent preparation (CTS‑ZrO2) composites

CTS-ZrO2 composites prepared by direct mixing method 
of the dried  ZrO2 nanoparticles to chitosan solution. 20 ml 
of ethanol, 30 ml of deionised water, and 1 ml of 1 M HCl 
were added to dry  ZrO2. The whole mixture was stirred for 
30 min using magnetic stirrer.  ZrO2 solution slowly added 
drop wisely to the previously prepared chitosan solution 
(chitosan dissolved in 200 ml of 2% acetic acid). The mix-
ture treated ultrasonically for 10 min then stirred for a day. 
The prepared samples dried at 60 oC for 48 h then ground 
and stored for further use. Three different compositions of 
CTS-ZrO2 composites prepared according to the following 
Table 1.

Instruments

The morphology of the particles recorded by (SEM, FEI Quanta 
FEG-250, and EDX). The molecular vibration of the character-
istic function group of the adsorbents assigned by KBr pellet 
technique on a Perkin Elmer 1600 FTIR Spectrophotometer in 
wave number range 600–4000  cm−1. The thermal stability of 
the adsorbents is achieved by Shimadzu DT- 60, Japan. The 
Samples exposed to temperature up to 800 oC with a heating 
rate of 20 oC  min−1 in the presence of nitrogen atmosphere to 
avoid thermal oxidation of the powder samples. The crystal 
phases and nature of the adsorbents if amorphous or crystalline 
is recognized by X-ray diffraction (XRD) in a Philips X'PERT 
multipurpose X-ray diffractometer with copper emission lines. 
The particle size of the particles is measured by Zetasizer Nano-
Zs, MALVERN (UK).

The concentration of Cs (I) and Co (II) measured with the 
aid of atomic absorption spectrophotometer (Buck Scientific, 
VGP 210).

Adsorption studies:

Adsorption studies were carried out onto CTS-ZrO2 composites. 
Effect of pH, variation of contact time (10–120 min), changing 
initial concentration (100–500 mg  L−1) and influence of sorbent 
weight was studied to determine the best conditions for adsorp-
tion reaction. 0.05 g of the adsorbent contacted with 50 ml of 
the adsorbate solution and after equilibrium time; samples were 
filtered and separated from the solution using a well capped 

Table 1  Compositions of the prepared samples in 100 ml solution

Sample Composition
ZrO2: chitosan

Dried-  ZrO2
(g)

Chitosan
(g)

CTS-ZrO2-1 1:2 2 4
CTS-ZrO2-2 1:1 3 3
CTS-ZrO2-3 2:1 4 2
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centrifuge tubes. The residual metal ion concentrations in the 
filtrate defined. The pH values regulated using 0.1 M HCl and 
0.1 M NaOH solutions. The adsorption efficiency and adsorbed 
amount determined using Eqs. (1) and (2), respectively.

Adsorbed amount q  (mgg−1) calculated using Eq. (2):

Where q, is the adsorbed amount (mg.g−1).  Co and  Ce are 
the initial and equilibrium concentrations of the Cs (I) and 
Co (II). m is the mass of the adsorbent (g) and V volume of 
solution (L).

Kinetic modelling:

The mechanism of the adsorption reaction could be predicted 
by applying kinetic modelling. Three kinetics models applied 
through this study;  Pseudo1st order, pseudo  2nd order and intra-
particle diffusion model.

Pseudo  1st order & pseudo  2nd order models:

The pseudo  1st order equation given by equation (3) [26]

Where  qe and  qt are the adsorbed amounts of Cs (I) or Co 
(II); (mg.g−1) at equilibrium time and at any time t, respec-
tively;  k1  (min−1) is the  1st order rate constant.

The pseudo  2nd order described by the equation (4) [27]

Where  k2 (g.mg−1  min−1) is the  2nd order rate constant.

Intra‑ particle diffusion model:

The intra-particle diffusion model applied using Eq. (5) [28]

Where  kid is the intra-particle diffusion rate constant 
 mgg-1min-1/2 and C is the intercept

Isotherm modeling:

Three isotherm models applied through this study; Langmuir  
[29], Freundlich [30], and Dubinin-Radushkevich  
model [31].

(1)Adsorption-efficiency (%) =

(

C0 − Ce

C0

)

x100

(2)q = Adsorption-efficiency x Co x
V

m

(3)Log
(

qe − qt
)

= log qe −
k 1

2.303
t

(4)
t

qt
=

1

k2q
2
e

+
1

qe
t

(5)qt = Kidt
0.5 + C

Langmuir model:

Equation  (6) applied to examine Langmuir isotherme 
model fitting.

Where  Qo is the monolayer adsorption capacity 
 (mgg−1), b is the constant related to the free energy of 
adsorption (b α  e−ΔG/RT) and  Ce is the equilibrium metal 
ion concentration. Also, the separation factor  (RL) is 
determined from the Langmuir model using the following 
Eq. (7).

where  Co,  mgL−1, represents the initial concentration of Cs 
(I) and Co (II) ions. The values  RL used to show the type 
of the adsorption isotherm; irreversible  (RL = 0), favorable 
(0 <  RL < 1), linear  (RL = 1), or unfavourable  (RL > 1).

The Gibbs free energy of adsorption, ∆G (kJ.mol−1) 
can also evaluate from the characteristics b, Q according 
to the expression (8, 9):

Where R is universal gas constant 8.314 J.mol−1  K−1, 
and T is absolute temperature. The values of other ther-
modynamic parameters such as ΔHo (kJ.mol−1 (and ΔSo 
(J.mol−1  K−1) calculated from the slope and intercept of 
the line relation between lnKc and 1/T in Eq. (10), (11).

Freundlich model

Freundlich model represented by Liner Eq. (12).

Where,  Kf is Freundlich constant and n related to 
adsorption capacity and intensity.

Dubinin‑Radushkevich model [31]:

It is an empirical adsorption model assuming the adsorption 
occurs on heterogeneous surface by pore filling mechanism. 

(6)
Ce

qt
=

1

bQo

+
1

Qo

Ce

(7)RL =
1

1 + bCo

(8)KC = bQO

(9)ΔG = −2.303RTlogKC

(10)ΔG = ΔH − TΔS

(11)logKC =
ΔSo

2.303R
−

ΔHo

2.303RT

(12)log qe = log Kf +
1

n
log Ce
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It usually used to differentiate between physical and chemi-
cal adsorption. The linear equation of this model given by 
Eq. (13).

Where  qm is monolayer capacity, β is a constant obtained 
by plotting relation between  lnqe and ε2 and related to appar-
ent adsorption energy E =

1
√

2�
 , ε is Polanyi potential and 

can be calculated from Eq. (14),

Where R is a gas constant equals 8.3 J.K−1.mol−1, T is 
temperature degree (K).

Desorption study

CTS-ZrO2-1 loaded by Cs (I) or Co (II) desorbed using 
 HNO3 as a desorbing  solution. Different concentrations of 
 HNO3 (0.1, 0.3. 0.5 and 1  molL−1) shaken with 0.05 g of 
CTS-ZrO2-1 composite for 2 h. The mixture was filtrate to 
isolate the CTS-ZrO2-1 composite from the liquid phase, 
and then Cs (I) or Co (II) ions concentration measured. The 
desorption efficiency % calculated using Eq. (15):

Where Caq is that the concentration of Cs (I) or Co (II) 
within the aqueous phase, CS is that the concentration of Cs 
(I) or Co (II) within the CTS-ZrO2-1 composite.

Result and discussion:

Characterization of the prepared materials:

Point of zero charge  (pHpzc):

The point at which the charge of sorbent surface equal zero 
is known as point of zero charge (pzc). The  pHpzc plays a key 
role in the surface science as it demonstrates the material's 
efficiency to adsorb contaminated ions from various media. 
Below  pHpzc, the charge of the surface is positive, and over 
it the charge of surface is negative. The low value of point 
of zero charge signalizes that the used sample is an efficient 
material for adsorption process because of the surface of 
the material has a negative charge at a vast of pH range. 
Therefore, the surface successfully attracts the cations over 
a wide pH range.

pHPZC of the composites surface estimated by batch tech-
nique. 0.1 g of the sorbent added to glass bottles with 10 ml 

(13)lnqe = lnqm − ��2

(14)� = RTln

(

1 +
1

Ce

)

(15)Desorption % =
Caq

Cs

%

of 0.1 M NaCl and the solution shaken over night at  25 oC 
at different initial pH values. The final pH of the solution 
measured. The  pHpzc record when the final pH equals the 
initial pH [24, 32].

Figure 1 exhibits the relation between the initial pH, 
and ΔpH (The difference between the final and initial pH). 
The  pHpzc of CTS-ZrO2-1, CTS-ZrO2-2 and CTS-ZrO2-3 
are found to be 5.8, 6.2 and 6.8. These results coincides by 
authors [24]. Thus, CTS-ZrO2-1 expected to have higher 
effective adsorption efficiency.

Fourier transforms infrared analysis:

FT-IR spectral analysis used to investigate the characteristic 
functional groups as well as bonding interaction in CTS-
ZrO2 composites. The FT-IR spectra of CTS-ZrO2 compos-
ites are shown in Fig. 2. The three CTS-ZrO2 composites 
spectra have the same characteristics bands but its intensity 
differs in the order CTS-ZrO2 -1 > CTS-ZrO2 -2 > CTS-ZrO2 
-3. In these three spectra, a broad band appears at 3400  cm−1 
and 1632  cm−1 due to the bending and stretching vibrations 
of the O–H bond of adsorbed water molecules [33] and 
N–H stretching bond [34]. The absorption bands around 
2925   cm−1 attributed to C-H symmetric stretching. The 
absorption band at 1300 assigned to C-N stretching amide 
group. The bands around 1451 and 1416  cm−1 belonged to 
 CH2 bending and  CH3 symmetrical deformations, respec-
tively. The absorption band at 1157  cm−1 assigned to asym-
metric stretching of the C–O–C bridge [34]. The bands in 
range 895- 418  cm−1 ascribed to  ZrO2 powder [33].

Figure 2d investigates the peaks corresponding to  ZrO2. 
A sharp observed peak in the range 474–601  cm−1 attributed 
to vibration mode of  ZrO3

2− group [35]. The prominent two 
peak of 1330 and 1629 cm-1 region corresponds to O–H 
vibration band of hygroscopic adsorbed  H2O [35].

However, Fig. 2e represents the corresponding vibrations 
bands of CTS. A strong band in the region 3288–3361  cm−1 
corresponds to N–H and O–H stretching, as well as the inter-
molecular hydrogen bonds. The absorption bands at around 
2977 and 2876  cm−1 can be attributed to C-H symmetric and 
asymmetric stretching, respectively.. A band at 1648  cm−1 
corresponds to the N–H bending of the primary amine [33]. 
The  CH2 bending and  CH3 symmetrical deformations were 
confirmed by the presence of bands at around 1376 and 
1310  cm−1, respectively. The bands at 1066 and 1022  cm−1 
correspond to C-O stretching.

X‑ray diffraction

X-ray diffraction (XRD) is one of the most important analy-
sis methods for phase structure identification. The broad 
peaks suggest amorphous nature of the CTS-ZrO2 com-
posites. XRD patterns of CTS-ZrO2 composites are shown 
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in Fig. 3 The broad peak at 2Ѳ ~30o, corresponding to the 
amorphous crystal phase of  ZrO2 [36]. The broad amor-
phous peaks are due to hydrogen bonding between Chitosan 
and  ZrO2 matrices which disrupts the inter chain hydrogen 
bonding in the Chitosan host polymer and thus results in less 
crystalline [37].

For dried  ZrO2 has amorphous structure due to exist-
ence of O–H group [35]. While the the diffract gram of 
chitosan in Fig. 3e shows to crystalline peaks at  10o and 

 20o which disappear in the CTS-ZrO2 composite for cross 
linking chitosan and show boarder amorphous structure 
due to presence of water [38].

Particle size distribution

The distribution of particle size revealed in Fig. 4. The par-
ticle size in  ZrO2 is fine and range in between 140–220 nm. 
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After adding  ZrO2 to chitosan in CTS-ZrO2-1 composite, 
the particle size increase and range from 250–850 nm due 
to bulky size of the polymer and/or agglomeration of  ZrO2 
on the surface of chitosan.

SEM‑analysis

SEM analysis investigated the morphology of the CTS-
ZrO2 composites.  ZrO2 scattered on Chitosan due to its 
wide surface in Fig. 5. The CTS-ZrO2 composites have 
irregular agglomerated particles [39].The surface of the 
composites are rough. The roughness of the surface and 
the particle size increase as the incorporation percent ratio 
of  ZrO2 increases.

Thermal analysis

TGA-DTA analysis is an important technique, refers to 
the thermal stability of CTS-ZrO2 composites. Figure 6 

represents TGA-DTA for the three compositions of CTS-
ZrO2 composites.

All the three composites shows an endothermic peak 
at temperatures 143.3, 159.9 and 160.9 oC accompanied 
by weight loss13.05, 12.8, 12.55% for CTS-ZrO2-1, CTS-
ZrO2-2 and CTS-ZrO2-3 composites, respectively. This 
endothermic peak is due to dehydration of hygroscopic and 
structural water.

For CTS-ZrO2-1 in Fig. 6a, A sharp exothermic peak at 
245 °C with weight loss 25.8% due to decomposition of 
organic chitosan polymer. Finally, 18% weight loss up to 
 600 oC because of the complete degradation of chitosan 
[40]. CTS-ZrO2-2 and CTS-ZrO2-3 have the same trend with 
weights loss started from 22.5% and 19.5%, respectively and 
ends with weight loss 15% and 11.5% for CTS-ZrO2-2 and 
CTS-ZrO2-3, respectively.

Thus, CTS-ZrO2-1 shows a total 57.7% weight loss till 
600 oC while CTS-ZrO2-2 and CTS-ZrO2-3 composites has 
54.3 and 53.3% weight loss.
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Adsorption study:

The influence of pH

The pH values are considered one the important param-
eters impact the adsorption process because of the pH 
value has a great influence on the interaction between the 
adsorbate and the adsorbent. The studying of impact of 
pH values on the adsorption process of Co (II) and Cs 
(I) needed batch study in pH range from 1 to 9 (Fig. 7) 
with metal ions concentrations 100  mgL-1 and shaking 
time 24 h. As the pH increased, the removal efficiency of 

studied ions increased. At high pH values, the charge of 
surface become negative, the interaction between the metal 
ions and the surface increase and therefore, the removal 
of the ions increases. At low pH, the surface charge is 
positive, the competition between [H] + with studied ions 
increase, therefore the removal of cesium and cobalt ions 
decrease [41–43]. Figure 6 shows CTS-ZrO2 -1 has higher 
adsorbed amount compared to CTS-ZrO2 -2 & CTS-ZrO2 
-3 in agreement with the zero point charge results.

The speciation diagram of Cs (I) and Co (II) ions at 
different pH values in aqueous solution, shown in Fig. 8 
using Hydra/Medusa chemical equilibrium software [44]. 
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From Fig. 8a it is clear that the monovalent cesium Cs (I) 
is the dominant species at all pH ranges while the divalent 
species, Co (II), in Fig. 8b, is the dominant cobalt species 
at pH below 7. At pH > 7, the cobalt ion precipitated as 
Co (OH) 2.

The future adsorption studies executed at pH = 9 for Cs 
(I) and pH 6 for Co (II).

Effect of shaking time

The shaking time between the different ions and the 
adsorbent materials has great importance in treatment of 

wastewater using the adsorption technique. Adsorption of 
Cs (I) and Co (II) ions studied utilizing CTS-ZrO2-1 at three 
different temperatures (298, 308, and 318 K) and the adsorp-
tion equilibrium attained after 60 min, Fig. 9. The amount 
adsorbed increases by raising the temperature assigned to 
endothermic reaction.

Effect of organic complexion agent addition:

Figure 10 represents the efficiency of the adsorption pro-
cess in presence of EDTA with different concentrations. As 
the concentration of EDTA increase, the amount adsorbed 
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decrease for both Cs (I) and Co (II). This belongs to the 
complexion tendency of these ions with EDTA and for-
mation charged surface complexes between metal ion and 

EDTA of and therefore, decrease concentration of Cs (I) 
and Co (II) ions available for adsorption on CTS-ZrO2-1 
composite [45].

Fig. 8  Speciation of: a- Cesium and b- Cobalt ions at different pH and room temperature
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Fig. 9  Effect of shaking time on adsorption of Cs (I) and Co (II) onto CTS-ZrO2-1 composite at different temperatures
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Influence of concentration and temperature:

Figure 11 depicted the influence of concentration in the 
range 50–400  mgL−1 on the adsorption of Cs (I) and Co (II) 
onto CTS-ZrO2-1 composite. As the concentration increase, 
 qe will increase which attributed to mass transfer interac-
tion [46] as the collision of the selected metal ions to CTS-
ZrO2-1 composite surface increase resulting in increase in 
the adsorption extent. The amounts adsorbed for Cs (1) onto 
CTS-ZrO2-1 composite at 298, 308 and 318 K are 74.75, 
81 and 84  mgg−1, respectively and  qe for Co (II) are 71.81, 

75.71 and 80.21  mgg−1 at the same temperatures, respec-
tively. The result clarified that the increasing temperature 
promoted the adsorption process and confirmed the endo-
thermic character.

Adsorption kinetics mechanism

The kinetic models of the studied ions performed to explain 
the adsorption behaviour of CTS-ZrO2-1 composite. The 
adsorption kinetic of studied ions from an aqueous solution 
was investigated using pseudo  1st order, pseudo  2nd order and 
intra particle diffusion.

For pseudo 1st order kinetic model, the straight line 
acquired using plot log  (qe-qt) with time t, Fig. 12. The 
amount of ions adsorbed at equilibrium  (qe) and constant 
of model  (k1) calculated from intercept and the slope of this 
straight line. Table 2 clarifies the values of  qe and  k1 of each 
studied ions at different temperatures. The obtained linear 
relation can be suggesting the pseudo 1st order model regu-
late the adsorption reaction. Also, the values of calculated 
amount of the adsorbed ions at equilibrium  qe(cal), must be in 
uniformity with values of experimental data  qe(exp). Table 2 
illustrated that the values  qe(cal). are not suitable with experi-
mental values for each ion. Thus, adsorption reaction mecha-
nism of Cs (I) and Co (II) onto CTS-ZrO2-1 composite is not 
follow  pseudo1st order model.

The linear plot of t/qt against time t for each ion, is shown 
for  2nd pseudo order fitting in Fig. 12. The values of pseudo 
 2nd model parameters illustrated in Table 2. The linearity 
relationship between the t/qt against time t and the high 
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values of  R2 clarify that the adsorption of Cs (I) and Co (II) 
ions follow the pseudo  2nd model as the calculated values of 
 qe are proper to the results of experimental values of  qeexp. 

So, the pseudo  2nd order model is the dominant model, and 
adsorption process mechanism could be described by the 
chemical adsorption [47].
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Fig. 12  Pseudo  1st order and pseudo  2nd order kinetic plots for the adsorption of Cs (I) and Co (II) ions onto CTS-ZrO2-1 composite at different 
temperatures

Table 2  The parameters of the 
pseudo  1st order and pseudo 
 2nd order kinetic models for Cs 
(I) and Co (II) ions adsorbed 
onto CTS-ZrO2-1 composite at 
diferent temperatures

Metal ion Temp., K First-order kinetic  
parameters

Second-order kinetic parameters qe, (exp).,
mg.g−1

k1,
min−1

qe (calc)
mg.g−1

R2 k2,
mg.g−1.min−1

qe (calc) mg.g−1 R2

Cs (I) 298 0.022 62.3 0.983 0.004 77.4 0.998 74.7
308 0.023 67.1 0.991 0.005 86.6 0.991 81.6
318 0.025 69.5 0.945 0.006 91.4 0.992 86.0

Co (II) 298 0.051 63.5 0.973 0.008 85.3 0.993 71.2
308 0.059 67.1 0.984 0.009 86.2 0.999 75.7
318 0.076 67.6 0.948 0.014 89.3 0.996 80.2
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Figure 13 displays the intra-particle diffusion fitting for 
the adsorption of Cs (I) and Co (II) ions onto the surface 
of the prepared composite. It is obvious that this model for 
the adsorption of the Cs (I) and Co (II) ions occurred dur-
ing multi stages. The first one characterizes the diffusion of 
the ions from the bulk of solution to the surface of the solid 
materials (from 1 to 50 min). The second stage (from 60 
to 100 min) is the equilibrium saturation. The two stage of 
adsorption confirm the mechanism includes both film and 
intra-particle diffusion mechanism. Table 3 displays the dif-
ferent parameters acquired from the two parts of the plot 
[47].

Equilibrium isotherm

The adsorption isotherms for Cs (I) and Co (II) ions solu-
tions onto CTS-ZrO2-1 composite at different temperatures 
have been studied. Langmuir, Freundlich, and Dubinin-
Radushkviech (DR) isotherm models were used to character-
ize the adsorption of both ions onto CTS-ZrO2-1 composite.

The linear Langmuir relationship produced by plotting 
 Ce versus  Ce/qe (Fig. 14) and from slope and intercept, the 
values of  Q0 and Langmuir constant (b) calculated and 
listed in Table 4. The values of  Q0 and b increase as the 
temperature increase. This can be owing to that increasing 
temperature lead to increase the available active sites and 
consequently, the adsorption efficiency increases. The results 
in Table 4 indicated that the adsorption of cesium and cobalt 
ions on the surface of CTS-ZrO2-1 composite follows the 
Langmuir model over all concentration used. Also,  RL are 
ranged between zero and one; thus the types of the adsorp-
tion isotherms of each ion are favourable.

Freundlich isotherm is applied by plotting the linear rela-
tion between  logCe and  logqe.  Kf and 1/n determined from 
intercept and slope of the straight line, Fig. 14. The results in 
Table (4) exhibit that the 1/n < 1 indicating that the adsorption 
of both ions onto CTS-ZrO2-1 is concentration-dependent.  R2 
for Freundlich were less than that  R2 of Langmuir model, so, 
the Langmuir model is more suitable for the adsorption mecha-
nism of Cs (I) and Co (II) ions by CTS-ZrO2-1composite.

The linear relation between  lnqe and ε2 was obtained for dif-
ferent studied ions as illustrated in Fig. 14. The DR isotherm 
model results listed in Table 5. E values of adsorption of ions 
at all studied temperature within the range 8 to16 kJ.mol−1; 
this ensures that the reaction follows chemisorption mechanism 
[48].
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Fig. 13  Weber–Morris kinetic plots for the adsorption of Cs (I) and Co (II) ions onto CTS-ZrO2-1 composite at diferent temperatures

Table 3  Intra-particle diffusion parameters for the adsorption of Cs 
(I) and Co (II) ions onto CTS-ZrO2-1 composite at diferent tempera-
tures

Temperature
(K)

Time rang (min) Kdi
(mg.g−1.min−1/2)

R2

Cs–298 1–50
60–100

11.20
-

0.97
-

Cs–308 1–50
60–100

13.53
-

0.93
-

Cs–318 1–50
60–100

23.50
-

0.98

Co–298 1–50
60–100

12.7
-

0.91

Co–308 1–50
60–100

15.45
-

0.96
-

Co–318 1–50
60–100

24.10
-

0.93
-
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Thermodynamic studies:

ΔH° and ΔS° could be determined from the slope and the 
intercept of the line plotted of log  Kc against 1/T (Fig. 15) and 
illustrated in Table 6. ΔH° > 0 indicates the adsorption process 
is endothermic and ΔS° > 0 means the randomness at the com-
posite /solution surface increase during the adsorption process. 
ΔG° < 0 indicates the adsorption process is spontaneous. As the 
temperature increase, the negativity of ΔG° as well as the degree 
of spontaneity of the process increase [49].

Desorption studies:

Desorption process can save cost and recycling hazardous 
waste. The more desorption percentage is the more efficient 
process and a remark or the good sorbent [50]. The desorp-
tion efficiency was studied (Fig. 16) for  HNO3 with various 
concentrations 0.1, 0.3, 0.5 and 1  molL−1. 1  molL−1  HNO3 
solution shows maximum desorption efficiency percent 
81.2% and 61.1% for Cs (I) and Co (II), respectively. So,  
it's recommended to use 1  molL−1  HNO3 as an eluent for 
CTS-ZrO2-1 composite desorption.

Comparison with other adsorbents

Table 7 includes the maximum adsorption capacity of CTS-
ZrO2-1 composite compared to that of other adsorbents for 
Cs (I) and Co(II). The comparison clarified that CTS-ZrO2-1 
composite could be used as an efficient adsorbent for Cs (I) 
and Co (II).

Table 4  Langmuir and Freundlich isotherm coefficients for of Cs (I) and Co (II) ions the adsorption onto CTS-ZrO2-1 composite

Metal ion Temp., K Langmuir coefficents Freundlich coefficents

Q0
mg.g−1

b,
L.mg−1

R2 RL n Kf,
mg.g−1

R2

Cs (I) 298 124.6 0.050 0.996 0.167 3.8 28.7 0.952
308 127.6 0.073 0.996 0.120 4.6 38.4 0.951
318 132.1 0.093 0.996 0.097 5.3 46.7 0.964

Co (II) 298 111.1 0.049 0.998 0.169 3.7 24.8 0.882
308 115.9 0.064 0.998 0.135 4.1 30.7 0.907
318 120.5 0.082 0.998 0.109 4.6 37.3 0.921

Table 5  DR isotherm 
coefficient of Co (II) and Cs (I) 
ions adsorbed onto CTS-ZrO2-1 
composite

Temp
K

β,  mol2  kj−2 qm,  mmolg−1 R2 E, kJ.mol−1

Cs (I) Co (II) Cs (I) Co (II) Cs (I) Co (II) Cs (I) Co (II)

298 –0.023 –0.020 0.81 0.77 0.982 0.983 10.73 2.24
308 –0.021 –0.018 0.83 0.79 0.916 0.966 1.92 3.67
318 –0.020 –0.0175 0.852 0.81 0.959 0.979 2.21 4.33
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Fig. 15  A plot against log  Kc to 1/T for Cs (I) or Co (II) adsorption 
onto CTS-ZrO2-1 composite

Table 6  Thermodynamic Coefficients for Cs (I) and Co (II) adsorp-
tion of metal ions onto CTS-ZrO2-1 composite

Metal ions
Temperature

ΔGo,  kJmol−1 ΔHo

,  kJmol−1
ΔSo,
Jmol−1  K−1

298 K 313 K 333 K

Cs (I) –4.332 –5.911 –8.017 27.0475 105.30
Co (II) –4.165 –5.589 –7.486 24.109 94.879

385   Page 14 of 17 Journal of Polymer Research (2021) 28: 385



1 3

Conclusion

Three different Chitosan/ZrO2 (CTS-ZrO2) composites 
were successfully prepared by sol–gel method. Charac-
terization of the CTS-ZrO2 composites carried out through 
SEM, XRD, TGA/DTA, FT-IR and particle size distribu-
tion techniques. CTS-ZrO2-1 with composition 1  (ZrO2): 
2(Chitosan) selected for adsorption of Cs (I) and Co (II) 
from aqueous solutions. The adsorption equilibrium was 
reached after about 60 min and pH optimized to be 9 for 
Cs (I) and 6 for Co (II). The results indicated that, pseudo 
 2nd order model is more regulated for the adsorption pro-
cess. The adsorption process shows endothermic char-
acter. Langmuir model is more suitable for the reaction 
mechanism. The maximum adsorption capacities of Cs (I) 
and Co (II) onto CTS-ZrO2-1 are 124.6 and 111.1  mgg−1, 
respectively. Therefore, the prepared CTS-ZrO2-1 is an 
efficient composite for adsorption of Cs (I) and Co (II) 
metal ions from aqueous solutions.
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