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a b s t r a c t
The aim of this study was to investigate the adsorption of cadmium (Cd) from aqueous solu-
tions using the cellulose nanofibers (CNF) obtained from sugarcane bagasse (SCB). The impact of 
operational parameters including pH, contact time, adsorbent dosage, and initial cadmium con-
centration were investigated according to the one-factor-at-a-time method. The results showed 
that the Cd removal (%) increased in the pH range of 3–5 and remained steady up to pH 6. The 
maximum adsorption efficiency (99.9%) was obtained at an adsorbent dosage of 4 g/L, pH = 5, 
Cd concentration of 5 mg/L, and equilibrium time of 70 min. In addition, Cd removal followed 
the Freundlich isotherm (R2 = 0.991 at 303°K) and pseudo-second-order kinetic model (R2 = 0.997). 
All ∆G° values were negative and the positive values of enthalpy change (∆H° = 66.76 kJ/mol), 
and entropy change (∆S° = 0.238 kJ/mol) showed that the adsorption process of Cd(II) was endo-
thermic and spontaneous. With regards to the reliability and efficiency of CNF, this adsorbent is 
recommended for the removal of heavy metals such as Cd from an aqueous environment.
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1. Introduction

Heavy metals are advantageous in industry, but they 
also have unfavorable impacts on the environment and 
humans. These metals are resistant to biodegradation and 
can be accumulated in living organisms [1]. Cadmium 
(Cd) is one of the heavy metals that is known as a major 
environmental pollutant [2]. The high concentrations of 

Cd may exist in aqueous solutions due to the discharge 
of industrial wastewater and leakage of Cd compounds 
from the pipes coated with it. Cd is used in industries such 
as electroplating, rechargeable nickel–cadmium batter-
ies, the control rods of nuclear reactors, pulp, and paper 
[3,4]. Therefore, it is discharged into the environment and 
causes serious environmental and health problems. Cd has 
been reported to be toxic to humans and animals and it is 
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known to be carcinogenic [5,6]. The maximum permissi-
ble level of cadmium in drinking water is 0.005 mg/L and 
the tolerance limit for Cd discharge into surface waters is 
2 mg/L [7]. Therefore, Cd removal from water resources and 
industrial wastewater is necessary.

Different techniques are used for Cd ions removal from 
industrial wastewater including phytoremediation [4], 
chemical precipitation [8], ion exchange [9], and reverse 
osmosis [10]. These methods have difficulties such as 
high energy demands, incomplete removal of pollutants, 
high costs, and production of sludge or other toxic wastes 
that must be managed. Following these reasons, efficient, 
cost-effective, and environment-friendly methods such as 
biosorption technologies are developed to remove heavy 
metals [11,12]. Recently, more attention has been paid in the 
field of adsorption by agricultural solid wastes such as the 
orange peel [13], pomegranate seed [14], acroptilon repense 
flower powder [11], and palm oil mill sludge biochar [15].

Every year around 54 million tons of bagasse are pro-
duced in the world [16]. The sugar industry is generating 
huge amounts of bagasse as a waste product. In Iran, approx-
imately 4.3 million tons of sugarcane bagasse (SCB) is pro-
duced annually, mainly in southwest province Khuzestan 
[17,18]. About 50% of SCB is composed of cellulose and the 
rest is hemicellulose and lignin. According to researches, 
the cellulose content of SCB is higher than many other agri-
cultural wastes [19]. Various modification techniques were 
investigated on the cellulose extracted from SCB such as 
chemical treatment using acid or alkali to change the sur-
face of cellulose [18,20–22]. The treatment or modification 
of lignocellulosic materials leads to the increase of adsorp-
tion capacity of these materials and the concentration of the 
binding sites in bagasse. Cellulose nanofibrils (CNF) are 
one of the three main groups of nanocellulose that origi-
nate from agricultural wastes. The natural and modified 
SCB is used as adsorbent to remove various pollutants. As 
yet, the cellulose nanofibril derived from SCB has not been 
studied as a cadmium adsorbent. In this study, the cellulose 
nanofibers (CNF) obtained from waste SCB (modified with 
alkali solution) were used as a new biosorbent for Cd(II) 
removal from aqueous solutions, and the effect of different 
parameters on the adsorption process were evaluated.

2. Experimental

2.1. Materials 

The SCB used in this study was obtained from the 
sugarcane farms located in the south west of Iran. Sodium 
chlorite (NaClO2), cadmium nitrate salt (Cd(NO3)2·4H2O), 
acetic acid (CH3COOH), acetone, dimethylsulfoxide 
(DMSO), sodium sulfite, and other chemicals were pur-
chased from Merck Company (Germany) and were used 
without additional treatment.

2.2. Preparation of CNF

Synthesis of CNF was according to the method given by 
Mandal and Chakrabarty [23]. At first, SCB was collected, 
sorted, and washed with distilled water several times, then 
dried in sunlight. In the next step, SCB was ground into 

parts (5–10 mm) and crushed into small fibers and passed 
through a 60-mesh screen. The treatment was performed to 
purify the cellulose by removing lignin and hemicellulose 
from the SCB fibers. The ground bagasse was treated with 
sodium chlorite solution 7% (w/v) (ratio of fiber to liquor 
1:50) and the pH was adjusted by adding 5% acetic acid 
solution as the buffer at pH 4, the solution was boiled for 5 h 
at 323 K, then the solid substance was filtered and washed 
several times using distilled water. The mixture obtained 
was boiled for 5 h with 250 mL of sodium sulfite solution 
5% (w/v) and thereafter was washed with distilled water. 
The bleaching process was completed by adding 250 mL of 
sodium hydroxide solution 17.5% (w/v) to the mixture and 
was boiled for 5 h. Then at the point of pH neutralization, 
the solution was filtered with distilled water and was dried 
in sunlight. 50 mL DMSO was added to the residual material 
and was boiled in 353 K temperature for 3 h. The mixture 
was allowed to cool and was filtered using distilled water, 
the hydrolysis material was centrifuged at 5,000 rpm for 
10 min. The centrifugation was repeated several times by 
adding distilled water, until the pH was fixed at the range of 
5–6. At the end, the suspension was sonicated (Hielsccher: 
UP 400S, Germany) for 5 min in an ice bath, then was 
kept in refrigeration at 277 K before further use (Fig. 1).

2.3. Experimental procedure

This research was carried out at a laboratory scale 
in a batch system. To perform the experiments, labora-
tory jars (250 mL) were used. In addition, hydrochloric 
acid (0.1 N) and sodium hydroxide (0.1 N) were used in 
order to adjust the pH level. The stock Cd(II) solution of 
500 mg/L was prepared by dissolution of cadmium nitrate 
salt (Cd(NO3)2·4H2O) in distilled water. The other solu-
tions were daily prepared from the stock solution. The 
effect of the different parameters such as pH (3–7), reac-
tion time (0–90 min), initial Cd concentration (5–80 mg/L), 
temperature (293–313 K), and adsorbent dosage (0.5–5 g) 
on Cd removal were investigated according to the one-
factor-at-a-time method. Mixing was performed using a 
shaker incubator with 150 rpm. To determine the residual 
concentration of Cd at the end of the equilibrium time, the 
samples were centrifuged at 4,000 rpm for 5 min, and the 
amount of Cd ion in the solution was determined using 
flame atomic adsorption spectrometer (FAAS) (model AAS 
vario6 Jena, Germany). The Cd concentration was deter-
mined according to the standard methods [24]. The amount 
of Cd adsorbed by the adsorbent (mg/g) and adsorption 
efficiency (%) were obtained using Eqs. (1) and (2) [11,25,26]:

q
C C V
Me

t=
−( )0  (1)

Re %( ) = −( )
×

C C
C

t0

0

100  (2)

where C0 and Ct are the initial and final concentration of 
Cd in solution, qe is the amount of Cd adsorbed (mg/g), 
V is the volume (L), M is adsorbent dosage (g), and Re is 
the removal efficiency.
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2.4. Characterization of adsorbent

The scanning electron microscopy (SEM) technique by 
a 10 kV HITACHI S-4800 NIHE SEM (Japan) was used to 
examine the surface texture and morphology of the adsor-
bent. Surface functional groups in the adsorbent struc-
ture were determined by using Fourier transform infrared 
spectroscopy (FTIR, PerkinElmer-RX1 FT-IR system, USA). 
The determination of surface area and porosimetry with nitro-
gen gas adsorption was carried out using the Micromeritics 
(ASAP 2010, Norcross, USA) analyzer [1,21,27]. The ele-
mental analysis of adsorbent is one of the parameters for 
explaining the mechanism and behavior of the adsorption 
process. The C, H, O, and N contents of the adsorbent were 
determined using the costech ECS 4010 CHNSO analyzer.

2.5. Desorption study

Desorption of metal ions from the loaded CNF was 
carried out using desorbing agents (HCl, HNO3). For the 
desorption study, the CNF isolated from the solution was 
submerged in the HCl and HNO3 (0.5 M) solutions and 
was placed on a shaker incubator at 150 rpm for 70 min 

at 298 K [28]. The experimental adsorption–desorption 
was conducted at four cycle. Desorption ratio (DR%) was 
calculated through Eq. (3) [29,30].

DR
Amount of desorbed metal ion
Amount of adsorbed metal ion

% =  (3)

2.6. Adsorption isotherms

To describe the mutual behavior of the adsorbent 
and the adsorbate and to predict the adsorption capac-
ity of the adsorbent, the Langmuir, Freundlich, Dubinin–
Radushkevich (D–R), and Temkin isotherm models were 
investigated. The experiments were performed in differ-
ent concentrations of Cd at the temperature of 303 K and 
the contact time of 70 min. Equations as well as the linear 
forms of these isotherms are presented in Table 1 [31,32].
where qe is the adsorption equilibrium capacity (mg/g), 
Ce is the concentration of adsorbate at equilibrium 
(mg/L), KL is Langmuir constant related to adsorption 
capacity (L/mg), Qm is the maximum adsorption capac-
ity (mg/g), Kf is the adsorption capacity (L/mg), 1/n is 

(a) 

 

                                     (b) 

 
 Fig. 1. Images of sugarcane bagasse (a) before and (b) after modification.

Table 1
Isotherm models

Type of isotherm Equation Linear form Eq. No.

Freundlich q K Ce f e
n=
1

log log logq K
n

Ce f e= +










1
(4)

Langmuir q
Q K C
K Ce

m L e

L e

=
+1

C
q K Q Q

Ce

e L m m
e=









 +











1 1
(5)

Temkin q B K Ce T e= ( )1 ln q B K B Ce T e= +1 1ln ln (6)

D–R – ln lnq qe m= −βε2 (7)
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the adsorption intensity. B is Temkin constant which is 
related to the heat of sorption (kJ/mol), KT is Temkin iso-
therm constant which shows the maximum binding energy 
(L/mg), β is the activity coefficient useful in obtaining the 
mean sorption energy (kJ/mol), ε is Dubinin–Radushkevich  
constant.

2.7. Adsorption kinetics

In order to assess the adsorption process of Cd on 
CNF, pseudo-first-order and pseudo-second-order models 
were used. The equations of these kinetics are presented 
in Table 2 [12,33,34]:
where qe is the adsorption equilibrium capacity (mg/g), 
qt is the amount of Cd adsorbed at time t (mg/g), K1 is 
the rate constant of pseudo-first-order (min−1), and K2 is 
the rate constant of pseudo-second-order (g/mg min). 
These parameters were obtained from slope and inter-
cept of pseudo-first- order and pseudo-second-order plots 
between log(qe – qt) vs. t and t/qt vs. t.

2.8. Thermodynamic study

Thermodynamic parameters such as enthalpy change 
(∆H°), free energy change (∆G°), and entropy change (∆S°) 
can discern whether the process is spontaneous or not. The 
negative values of ΔG° show a spontaneous process and 
the value of enthalpy change (ΔH°) shows the exother-
mic or endothermic nature of the adsorption process, and 
the difference between physical and chemical adsorption 
processes. The temperatures used in the thermodynamic 
study were 293–313 K. The thermodynamic parameters 
were calculated as following [35,36]:

∆G RT KL° = − ( )ln  (12)

ln K S
R

H
RTL( ) = °







 −

°









∆ ∆  (13)

∆ ∆ ∆G H T S° = ° − °  (14)

where KL is the equilibrium constant, R is the universal 
gas constant (8.314 J/mol k), T is the temperature (˚K), and 
∆S°, ∆H° were determined by using Van’t Hoff equation.

3. Results and discussion

3.1. Characteristics of the SCB

The SEM images of SCB before modification are pre-
sented in Figs. 2a and b. The surface of the unmodi-
fied SCB has been covered by impurities and residual of 
lignin. The approximate crystallite size of SCB was found 
in the range of 17.86–49.13 nm.

Figs. 2c and d indicates the SEM images of SCB after 
modification. Modification with sodium hydroxide results 
in the removal of most of the lignin. As can be seen, the 
sample had porous structure and overlapping fiber layers 
which are responsible for physical adsorption. The small 
fragments on the adsorbent surface indicate the poten-
tial possibility of cadmium adsorption. Also, it is obvi-
ous that the cellulose fibers obtained after the modifica-
tion contain nano-sized particles mostly in the range of  
22.33–84.85 nm.

The FTIR spectra of the modified SCB is presented in 
Fig. 2e. FTIR spectra indicate the absorption peaks around 
620; 1,619; and 3,400–3,470 cm–1 that are related to hydroxyl 
and carbonyl groups and esters that have an important 
role in the Cd adsorption. The functional groups decreased 
after modification. The FTIR results show that chemi-
cally activated SCB had some functional group changes 
that lead to higher adsorption capacities of chemically 
treated adsorbent [21].

As shown in Table 3, the surface area of the modi-
fied SCB was 1.8614 m2/g. Since the mean pore diameter is 
9.4775 nm, thus the adsorbent has a mesopore structure. 
The maximum value of the relative pressure (P/P0) reached 
0.990. Desorption relative pressure values are related to 
a more stable thermodynamic condition. According to 
Fig. 3, the proportional increase was observed in the volume 
(Va) of nitrogen atoms on the surface of the sample.

Table 4 shows the results of the elemental analysis 
of the unmodified and modified SCB. The carbon con-
tent of unmodified and modified SCB was 59.46% and 

Table 2
Kinetic models

Type of kinetic Equation Eq. No.

Pseudo-first-order

log log
.

q q q
K

te t e−( ) = ( ) − 1

2 303
(8)

dq
dt

K q qt
e t= −1( ) (9)

Pseudo-second-order

t
q K q q

t
t e e

=






+







1 1

2
2 (10)

dq
dt

K q qt
e t= −( )2

2
(11)
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                             (c)                                                                                     (d) 

  

 

(a) (b)

(e)

Fig. 2. (a and b) SEM images of unmodified sugarcane bagasse, (c and d) SEM images of modified sugarcane bagasse, and 
(e) FTIR spectra of modified sugarcane bagasse.
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56.43%, respectively. The SCB is a suitable absorbent for the 
removal of pollutants due to its high quantity of carbon.

3.2. Cd adsorption

3.2.1. Effect of pH

The pH of the solution is one of the important param-
eters in the adsorption processes that affects the surface 
charge of the adsorbent and the degree of the ionization 
of the adsorbate [37]. The results of the pH effect on the 
removal efficiency of Cd(II) ion are shown in Fig. 4. As 
can be seen, with increasing pH from 3 to 5, the removal 
efficiency was increased from 44.9% to 60% at 90 min. At 
pH = 7 and 90 min, the removal efficiency decreased to 41%.

According to the results, removal efficiency decreased 
at pH < 5 and pH > 5. In deionized water, different species 
of Cd exist depending on the pH of the solution. At pH < 6, 

Cd2+ ion is the dominant species present in the solution. 
At acidic pH, excess H+ ions compete with Cd2+ ions for 
the adsorption sites and decrease the removal efficiency. 
At higher values of pH, negative charge sites increase on 
the adsorbent surface that creates an electrostatic attrac-
tion force between the adsorbent and the metal ion. In 
addition at pH > 5, soluble hydroxyl groups (Cd(OH)+) 
are formed that reduces the adsorption of Cd by the 
CNF [38–41]. The obtained results are consistent with 
other studies done by researches such as Cheraghi et al. 
[39] and Hamidpour et al. [41]. According to the results, 
pH = 5 was selected as the optimum pH.

3.2.2. Effect of CNF dosage

Effect of CNF dosage on Cd(II) ion removal is shown 
in Fig. 5. According to the results, by increasing CNF dos-
age from 0.5 to 5 g/L at 10 min time, the removal efficiency 
increased from 20.4% to 64.7%, respectively. These values 
were 41.9% and 93.4% at 70 min, respectively. As the adsor-
bent dosage increases, the number of the sites available for 
Cd bonding to the adsorbent increases and as a result, the 
removal efficiency increased. Afroze and Sen [1] studied the 
heavy metal ions adsorption from water by agricultural solid 
waste adsorbents. The results of these researches showed 
that higher adsorbent dosage leads to higher removal effi-
ciency. This could be attributed to the increase in surface 
area and increasing the number of active binding sites on 
the adsorbent. Since the removal efficiency was not sig-
nificantly different between adsorbent doses 4 and 5 g/L, 
adsorbent dosage 4 g/L was chosen as the optimum level.

3.2.3. Effect of the initial Cd concentration

According to the obtained results (Fig. 6), the removal 
efficiency decreased as the initial cd concentration incre-
ased. By increasing metal concentration from 5 to 80 mg/L, 
the removal efficiency decreased from 99.9% to 70.1%. 
At low concentrations due to high specific surface area 
and quicker adsorption of adsorbent by adsorption sites, 
metal ions can interact with the adsorption positions 
on the adsorbent surface and so the removal efficiency 
increases. At higher concentrations due to the saturation of 

Table 3
Characteristics of the porosity of modified sugarcane bagasse

Parameter Value

Correlation coefficient 0.9987
Va (volume of pores), cm3/g (STP) 0.4277
SBET (superficial area), m2/g 1.8614
Total pore volume (P/P0 = 0.990), cm3/g 0.0044103
Mean pore diameter 9.4775

Table 4
Elemental analyses of the unmodified and modified sugarcane 
bagasse

Element Unmodified (wt.%) Modified (wt.%)

C 59.46 58.41
O 33.95 33.52
H 6.10 6.93
N 0.49 1.14
S – –

0

1.5

3

4.5

0 0.5 1

ADS DES

p/p0

V
a/c

m
3 (
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Fig. 3. Adsorption and desorption isotherms in nitrogen gas 
for the modified sugarcane bagasse.

Fig. 4. Effect of pH on the removal efficiency of Cd(II) 
(CNF dosage: 1 g/L, initial Cd(II) concentration: 50 mg/L).
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adsorption sites, the removal efficiency decreases. Afroze 
and Sen [1] and Pham et al. [20] achieved similar results.

The results showed that with enhancing the concen-
tration, adsorption capacity (qe) increased from 1.23 to 
14.42 mg/g. The study results of Garg et al. [38] showed by 
increasing the metal ion concentration from 5 to 500 mg/L, 
adsorption capacity increased from 0.24 to 6.75 mg/g. 
These researchers stated that this is due to the increased 
rate of mass transfer because of the built up concentration 
of the driving force.

3.3. Isotherm studies

It is important to determine the isotherm models in 
order to optimize the adsorption system for adsorption of 
the adsorbed material. In the present study, the Langmuir, 
Freundlich, Temkin, and D–R isotherms were investigated. 
The values of isotherm constants and correlation coefficients 
were calculated and are listed in Table 5. For investigation 
of the best isotherm model, the correlation coefficient and 
parameters of RL (Langmuir isotherm) and 1/n (Freundlich 
isotherm) were considered as indicated below [1,14,42]:

RL > 1: unfavorable; RL = 1: linear; 0 < RL < 1: favorable; 
RL = 0: irreversible.

1/n = 1: linear; 1/n < 1: favorable; 1/n > 1: unfavorable.
RL is the separation factor that is calculated according 

to the following equation:

R
K CL
L

=
+( )
1

1 0

 (16)

According to the results, the experimental data fol-
lowed the Freundlich isotherm model (Fig. 7). The cor-
relation coefficient (R2) value for the Freundlich iso-
therm was higher than 0.99 (R2 = 0.991). In addition, 1/n 
value was obtained 0.456 (less than 1) that indicates 
favorable adsorption and suggests that the process was 
controlled by chemisorption. The experimental data fol-
lows the Langmuir isotherm model by the correlation 
coefficient of R2 = 0.988. RL parameter was obtained 0.77 
that shows the adsorption is favorable (0 < RL < 1). The 
Langmuir model assumes that the adsorption sites on 
the adsorbent are homogeneous. Therefore, according 
to the results, it can be concluded that the adsorption 
mechanism is a combination process of the physical and  
chemical monolayer adsorption.

R2 value of Temkin isotherm (R2 = 0.916) was lower 
than the Langmuir and Freundlich isotherm models. The 
D–R isotherm had a low correlation coefficient (R2 = 0.698). 
The heat of adsorption (B) in Temkin isotherm indicates the 
type of the adsorption (physical or chemical adsorption). 
So that if B < 40 kJ/mol, it is physical adsorption, and if 
B > 40 kJ/mol, the adsorption is chemical. According to the 
results, B-value is equal to 1.36 kJ/mol indicating physical 
adsorption. The mean free energy of adsorption (E) in D–R 
isotherm model provides information on the mechanism 
of absorption. If E > 8 kJ/mol, the predominant mechanism 
of the adsorption process is chemisorption, and if E < 8 kJ/
mol, the predominant mechanism is physical. In the pres-
ent study, E is equal to 16.6 kJ/mol, therefore the dominant 
mechanism of the adsorption process is chemisorption.

Fig. 5. Effect of CNF dosage on the removal efficiency of Cd(II) 
(pH: 5, initial Cd(II) concentration: 50 mg/L).

Fig. 6. Effect of the initial Cd(II) concentration on the removal 
efficiency of Cd(II) (pH: 5, CNF dosage: 4 g/L, and contact 
time: 70 min).

Table 5
Results of the isotherm calculations

Type of isotherm Isotherm parameters

Langmuir

qm (mg/g) 20
KL (L/mg) 0.44
RL 0.77
R2 0.988

Freundlich
1/n 0.456
KF (mg/g) 4.85
R2 0.991

Temkin
BT (kJ/mol) 1.36
KT (L/mg) 5.43
R2 0.916

D–R
qm (mg/g) 19.88
E (kJ/mol) 16.6
R2 0.698
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The present results showed that the Freundlich iso-
therm is better than the Langmuir, Temkin, and D–R iso-
therms, based on the values of the regression coefficients. 
Some researchers have also found similar results. Kumar 
et al. [42] studied cadmium adsorption on to rice husk. 
The data fit the Freundlich isotherm model based on the 
value of the regression coefficient (R2 = 0.995). The present 
study results were in contrast to some researchers’ studies. 
Cheraghi et al. [39] investigated the removal of cadmium 
by Sesame leaf and stem. The results were in good con-
cordance with the Langmuir isotherm model with R2 = 0.99.

3.4. Kinetic studies

It is important to determine the kinetic models in order 
to investigate the mechanism of the adsorption processes. 
In the present study, the pseudo-first-order and pseudo- 
second-order kinetics were investigated. The results are 
presented in Table 6.

According to the results (Fig. 8), the adsorption pro-
cess follows the pseudo-second-order kinetic with a high 
correlation coefficient (R2 = 0.997). R2 value in the pseudo- 
first-order kinetic is low (R2 = 0.884). In addition, the the-
oretical value of qe (qe,cal) is lower than the experimental 
data (qe,exp) that indicates the data does not follow the 
pseudo-first-order kinetic model.

Similar results were also reported by Kumar et al. [42] 
who studied about cadmium adsorption from aqueous 
solution onto rice husk. The experimental data agreed with 
the pseudo-second-order kinetic (R2 = 0.999). The results 
of Cheraghi et al. [39] and Hamidpour et al. [41] studies 
were well described by both the pseudo-first-order and 
the pseudo-second-order kinetic models.

3.5. Thermodynamic studies

In the present study, thermodynamic parameters such 
as the free energy, enthalpy, and entropy changes were 
investigated. The thermodynamic curve for Cd(II) adsorp-
tion onto CNF is presented in Fig. 8. The values of ΔH° 
and ΔS° were determined from the slope and intercept of 
Fig. 9. The parameters are presented in Table 7.

ΔG° parameter was used for investigation of physi-
cal adsorption or chemisorption of process. If ΔG° value 

Fig. 7. Freundlich isotherm model for Cd adsorption using 
CNF (pH: 5, CNF dosage: 4 g/L, and contact time: 70 min).

Table 6
Results of the kinetic calculations

Type of kinetic Kinetic parameters

Pseudo-first-order

K1 (min–1) 0.06
qe,cal (mg/g) 11.96
qe,exp (mg/g) 9.375
R2 0.884

Pseudo-second-order

K2 (g/mg min) 0.0075
qe,cal (mg/g) 10.77
h = K2qe

2 (mg/g min) 0.87
R2 0.997

Table 7
Thermodynamic parameters

ΔG° (kJ/mol) ΔS° (kJ/mol) ΔH° (kJ/mol)

293 K 303 K 313 K

–26.63 –27.22 –28.12 0.238 66.76

Fig. 8. Pseudo-second-order kinetic model for Cd(II) adsorp-
tion using CNF (pH: 5, CNF dosage: 2 g/L, and initial Cd(II) 
concentration: 50 mg/L).
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Fig. 9. Thermodynamic curve for Cd adsorption onto CNF 
(temperature: 293–313 K, pH: 5, contact time: 70 min, CNF 
dosage: 4 g/L, and initial Cd concentration: 50 mg/L).
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is negative, it means that the adsorption is spontaneous. 
The negative and positive values of ΔH° indicate that 
the process is exothermic and endothermic, respectively. 
The negative value of ΔS° indicates the change in the ran-
domness at the solid/solution interface [1,37,42]. ∆H° 
value describes the type of adsorption process. The heat 
of physical adsorption and chemisorption are in a range 
of 2.1–20.9 kJ/mol and 80–200 kJ/mol, respectively. In the 
present study, ∆H° was equal to 66.76 kJ/mol that indicates 
a physico-chemical adsorption process rather than a pure 
physical or chemical adsorption process.

In this study, the values of ΔS° and ΔH° were 0.238 
and 66.67 kJ/mol. The positive value of ΔH° and ΔS° indi-
cates endothermic and randomness adsorption. ΔG° val-
ues (up to –20 kJ/mol) indicate that the adsorption pro-
cess is physical and there is the electrostatic interaction 
between sorption sites and Cd(II).

3.6. Desorption studies and recyclability

Desorption was evaluated by desorption agents includ-
ing 0.5 M HNO3 and HCl. Fig. 10 illustrates the desorption 
of CNF. The results show that HNO3 is more effective than 
HCl. The desorption ratio was reduced after four cycles. 
So that, in the presence of HNO3, removal efficiency from 
57.1% in the first cycle was decreased to 20.94 % in the fourth 
cycle. This indicates that it is desirable for use in industries.

3.7. Compare the effect of CFs and CNF

The effect of cellulose fibers (CFs) and CNF on the 
removal efficiency of Cd is shown in Fig. 11. According to 
the results, cellulose nanofibers had higher efficiency than 
cellulose fibers. So that, the removal efficiency in the ini-
tial Cd concentration 5 mg/L by CFs and CNF were 85% 
and 99.9%, respectively.

Nanoscale compounds as an adsorbent have prop-
erties such as the small size, the high specific surface, and 
dominance of interfacial phenomena. CNFs are one of the 
main families of nanocellulose that are formed of nano-
sized thin flexible fibrils with 5–50 nm width and length 
with the micron scale. The application of CNF as an adsor-
bent leads to increasing the adsorption capacity, increasing 

the available ionic sites on which the metal can be bound, 
and improving the chemical resistance of the adsorbent. 
This is due to the numerous functional groups (COOH, 
SO4

2–) formed on the surface of CNFs that facilitate it for 
creating active surfaces after chemical modification [43,44].

3.8. Comparison of cadmium removal with different adsorbents

The maximum adsorption capacity obtained in this 
study was compared to reports of other adsorbents. The 
results are presented in Table 8. The adsorption capacity 
of Cd(II) using commercial activated carbon was 10.3 mg/g 
[45]. As regards this process is expensive and difficult to 
recover, low-cost activated carbons which are also eas-
ily available, have attracted the attention of researchers. 
As can be seen, the adsorption capacity of the activated 
carbon prepared from agricultural wastes in most cases 
is higher than commercial activated carbon. In addition, 
much lower amounts of activated carbon will be needed 
and the process will be an environmental process.

The adsorption capacity of the modified adsorbents is 
higher than that of non-modified adsorbents. The highest 
cadmium adsorption (73.62 mg/g) was by sawdust modi-
fied with sodium hydroxide. As can be seen, the maximum 
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Fig. 10. Desorption of CNF using solution 0.5 M of HNO3 and 
HCl for Cd ion removal (initial concentration: 50 mg/L, CNF 
dose: 1 g).

Table 8
Adsorption capacity of Cd(II) by using variety of agricultural waste materials

ReferencesAdsorption  
capacity (mg/g)

Adsorbent material

[45]10.3Commercial activated carbon
[46]5.71Peels of banana
[47]9.72Rice polish
[48]13.70Orange peels modified with HNO3

[49]11.20Pine bark modified with NaOH
[50]73.62Saw dust modified with NaOH
[51]20.24Juniper fiber modified with NaOH
[52]3.53Natural SCB
–20Present study
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adsorption capacity of CNF derived from SCB (present 
study) is higher than the natural SCB.

The difference in the adsorption capacity of cadmium 
by different adsorbents can be due to the difference in 
physical and chemical characteristics of the adsorbents and 
the initial concentration of the adsorbate.

4. Conclusion

The objective of the present study was the use of a 
chemically modified plant sorbent to remove heavy met-
als (Cd) from an aqueous solution. The results showed that 
the adsorption process is dependent on the initial pH of 
the solution, the adsorbent dosage, and the metal ion ini-
tial concentration. So that, the highest removal efficiency 
was obtained at acidic pH (pH: 5) and an increase in the 
adsorbent dosage (5 g/L), and Cd initial concentration 
(C0: 5 mg/L) leads to a removal efficiency increase. The 
adsorption isotherm of Cd by CNF derived from waste SCB 
was satisfactorily described by the Freundlich isotherm. 
The pseudo-second-order kinetic model was suitable to 
describe the Cd adsorption on SCB. The positive value of 
ΔH° and ΔS° indicated that the adsorption process is endo-
thermic and randomness. The spontaneous adsorption of 
the Cd was evidenced from the negative ∆G°. According to 
the results, 0.5 M HNO3 was a good eluting agent and the 
regeneration also seems effective. The results of the present 
study about the effect of CFs and CNF on the removal effi-
ciency of Cd indicated nanoscale adsorbents have higher 
adsorption capacity than natural adsorbents. Application 
of modification techniques leads to an increased removal 
due to the changes induced in the physical and chemical 
properties of the adsorbent. The plant-based nanofiber 
adsorbents can be suggested as a green and economical 
adsorbent for environmental remediation and the removal 
of heavy metals.
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