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a b s t r a c t
The toxic Cd(II) in aqueous solution is a poisonous ion and attracts much attention recently. Based 
on the conception of “treating waste with waste,” carboxylate-functionalized sugarcane bagasse 
(CF-SCB) was successfully fabricated via a facile carboxymethylation process to absorb cadmium in 
wastewater as a low-cost and environment-friendly material. The chemical structure of CF-SCB were 
confirmed by scanning electron microscopy, energy dispersive X-ray, and Fourier-transform infrared, 
respectively. The influences of solution pH, adsorbent dosage, ionic strength, contact time, and the 
initial concentration of Cd(II) on the adsorption capacities were investigated in detail. The Cd(II) 
adsorption capacity of CF-SCB increased more than 10 times of pH 6 when the raw SCB was used as 
the control. The experimental adsorption data were best described by pseudo-second-order kinetic 
model and Langmuir isotherm with a maximum adsorption capacity of 134.23 ± 5.68 mg/g at pH 6 
and 120.19 ± 4.28 mg/g at pH 4. Five-cycle reusability tests proved CF-SCB exhibited good reusability 
with a slight adsorption capacity loss (<11.6%). All the results revealed that the primary mechanism 
of Cd(II) adsorption was the ion exchange. This study paved a facile method to fabricate a cost-ef-
fective adsorbent CF-SCB, which presented excellent adsorption capability and reusability, which 
could be an enormous potential candidate for remediating wastewater polluted by cadmium ion.
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1. Introduction

The water environment has deteriorated significantly 
in the past decades [1]. In particular, heavy metals have 
become one of the major water pollution problems due 
to their toxicity, persistence, non-biodegradability, and 
bioaccumulation [2,3]. Among the heavy metal ions emit-
ted, Cd(II) is considered to be a typical harmful pollutant. 
When enriched in the human body along the food chain, it 
will cause irreparable damage to various organs including 

tissues, the nervous, and the reproductive system [4,5]. 
Therefore, finding a suitable method to remove Cd(II) from 
contaminated wastewater is necessary to protect human 
health and water resources [6,7].

Various techniques such as ion exchange, phase 
extraction, chemical precipitation, membrane separation, 
biological treatment, and electrochemical methods have 
been widely used for the treatment of heavy metal pollu-
tion [8]. However, the above methods generally have inher-
ent limitations such as low efficiency, long cycle, high cost, 
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complicated operation, and secondary pollution, which lim-
its their practical application [9,10]. Compared with other 
methods, the adsorption method has the advantages of 
high efficiency, low cost, and simple operation which makes 
it becomes one of the most successful methods to remove 
cadmium ions from wastewater [11,12]. Multitudinous 
adsorbents such as activated carbon, nanomaterials, indus-
trial, and agricultural wastes have been used to remove 
Cd(II) during the past several decades [13–17]. In particu-
lar, agricultural waste attracts the attention of more and 
more researchers with its abundant natural resources, low 
cost, and good biocompatibility [18,19]. More importantly, 
using agricultural wastes as adsorbents is also beneficial 
for solving their own disposal problems, which greatly sat-
isfies the conception of “treating wastes with wastes” [20]. 
Nowadays, more and more researchers have carried out rel-
evant researches. However, as far as we know, these kinds 
of adsorbents are still in the stage of development. It is still 
a challenging task to develop new types of adsorbents with 
high adsorption capacity, good reusability, and environ
mental friendliness to remove Cd(II) from wastewater.

Sugarcane bagasse is a typical biomass waste widely 
produced from sugar and alcohol industries. There are 
approximately 5.2  million tons of sugarcane bagasse pro-
duced in China annually [21]. Despite some sugarcane 
bagasse was used for papermaking materials, fuel, or poul-
try feed, most sugarcane bagasse becomes waste in the mar-
ket and factories, causing a huge waste of resources and a 
certain degree of environmental impact [22]. Therefore, it 
is urgent to develop effective and innovative ways to recy-
cle sugarcane bagasse [23]. The composition of sugarcane 
bagasse is about 40%–50% cellulose, 25%–30% hemicellulo-
ses, and 20%–25% lignin. The presence of these polymers 
causes the sugarcane bagasse rich in carboxyl, hydroxyl, 
and phenolic groups, which implies it can be exploited as 
an adsorbent for heavy metals removal [24,25]. There have 
been some studies on the adsorption of dyes and antibi-
otics by using sugarcane bagasse as an adsorbent [26]. 
However, there are few reports on the use of bagasse to 
remove heavy metals. The low efficiency of heavy metals 
removal may be due to the lack of good metal-binding sites 
on its surface [27]. In order to obtain an excellent adsorp-
tion effect, sugarcane bagasse can be chemically modi-
fied and loaded with functional groups of strong binding 
ability to heavy metals in biomass molecular structure to 
improve its adsorption performance for heavy metals [28].

Pyrzynsk pointed out that natural cellulose usually has 
very low ion exchange capacity, which can be enhanced by 
chemical modification and grafting, and the presence of car-
boxyl is the main part of heavy metal exchange sites [29]. 
Considering the aforementioned reasons, this study used 
sugarcane bagasse as raw material to prepare chemically 
modified adsorbent via carboxymethylation process, which 
introduced carboxyl group on the surface of natural sugar-
cane bagasse to increase the effective heavy metal adsorp-
tion site on the surface. Carboxymethylation is an effective 
method for preparing adsorbents with high-affinity carboxyl 
groups, which are used in various applications including 
the adsorption of heavy metal ions [30]. Maleic anhydride 
is a reactive monomer rich in carboxyl groups. However, 
up to date, there is no investigation on the potential of 

sugarcane bagasse modified with maleic anhydride in the 
adsorption of Cd(II).

In this study, we attempt to prepare environment-friendly 
carboxylate-functionalized sugarcane bagasse (CF-SCB) 
for achieving the reuse of bagasse and the remediation of 
heavy metal contamination simultaneously. After the car-
boxymethylation process, the sugarcane bagasse adsorbent 
was applied to adsorption Cd(II) from aqueous. To gain 
knowledge of the adsorption equilibrium behavior and bind-
ing mechanisms of Cd(II), the effect of several experimental 
parameters namely initial solution pH, adsorbent dosage, 
initial Cd(II) concentration, ionic strength, and contact time 
was investigated. Scanning electron microscopy (SEM), 
scanning electron microscopy with energy dispersive X-ray 
analysis (SEM-EDX), and Fourier transform infrared spec-
troscopy (FT-IR) were used to characterize the adsorbents. 
Regeneration and reuse of the adsorbent were also investi-
gated to assess its potential use in several adsorption cycles.

2. Materials and methods

2.1. Materials

Sugarcane bagasse was collected from a sugar factory at 
LiuZhou, GuangXi, China. Maleic anhydride, cadmium(II) 
nitrate (CdCl2, 99%), toluene, ethanol, hydrochloric acid 
(HCl, 37%), and sodium hydroxide (NaOH, 98%) were pur-
chased from Guangzhou Chemical Reagent Factory (China). 
All the chemicals used were of analytical grade.

2.2. Preparation of SCB and CF-SCB

Sugarcane bagasse was washed with deionized water 
to remove impurities and dried in an oven at 70°C for 24 h 
until the evaporation of moisture. After that, the dried sug-
arcane bagasse was ground into a powder with a grinder 
and the particles of mesh size 0.15–0.25 mm were collected. 
Finally, the powder was again washed carefully with deion-
ized water several times and then dried in an oven at 70°C 
to obtain the original sugarcane bagasse powder (SCB).

To prepare CF-SCB, sugarcane bagasse (10 g) was treated 
with 100  mL of aqueous NaOH solution (10  wt.%) at 25°C 
for 16 h under constant stirring. The suspension was filtered 
and washed up to neutral with distilled water. The washed 
material was then put in an oven at 90°C for 1 h to obtain 
mercerized bagasse. Afterward, the mercerized bagasse 
(6  g) and maleic anhydride (19.5  g) were immersed in tol-
uene (100  mL) at 80°C. After 6  h, the product was filtered 
and washed in sequence with ethanol 80%, distilled water, 
saturated sodium bicarbonate, distilled water, and finally 
with acetone, and then dried to a constant weight at 70°C to 
obtain the pure CF-SCB.

2.3. Characterization of adsorbents

The structure and property of the adsorbent were 
evaluated by the Brunauer–Emmett–Teller (BET) analyzer. 
The surface morphology of the SCB and CF-SCB was ana-
lyzed by SEM (Merlin, Zeiss, DE) and elemental analy-
sis was performed using an EDS spectrometer attached to 
SEM. The surface functional groups of CF-SCB before and 
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after adsorption were analyzed by using FT-IR spectroscopy 
(Nicolet 6700, Thermo Fisher Scientific, USA). The point of 
zero charges of each sample were determined via a Zeta 
potentiometer (Zetasizer Nano ZS, Malvern, UK).

2.4. Adsorption batch experiments

2.4.1. Effect of pH

25 mg CF-SCB was added in 100 mL Cd(II) solution with 
an initial concentration of 10 mg/L. The pH of the solution 
was in the range of 2.0–8.0 and this mixture was placed in an 
oscillating shaker at 150 rpm and 30°C for 8 h, the solution 
samples were collected for Cd(II) measurement.

2.4.2. Effect of adsorbent dosage

0.10–1.5  g/L of SCB and CF-SCB were mixed with 
100 mL Cd(II) solution of 100 mg/L at pH 6.0. The mixture 
was shaken at 30°C with a speed of 150  rpm and solution 
samples were collected after 8 h.

2.4.3. Effect of ionic strength

Effects of K+, Na+, Mg2+, and Ca2+ ranging from 0 to 
0.2 mol/L on Cd adsorption were investigated. In the exper-
iment, the dosage of CF-SCB was 0.2  g/L and the initial 
Cd concentration was 30  mg/L at pH 6.0. The adsorption 
reaction was conducted in the shaker for 8 h.

2.4.4. Adsorption isotherm experiment

25  mg CF-SCB was mixed with 50  mL Cd(II) solution 
at 5, 10, 25, 50, 100, 150, 200, 300, 400, and 600 mg/L which 
the solution pH was adjusted to 4.0 and 6.0. The reaction 
mixtures were shaken at 150 rpm for 16 h at 30°C.

2.4.5. Adsorption kinetics experiment

25 mg SCB and CF-SCB were mixed with a Cd(II) solu-
tion of 100 mL at 10 mg/L and pH 6.0. The reaction mixtures 
were then shaken at 150 rpm for 5, 15, 30, 45, 60, 90, 120, 150, 
180, 240, 300, 360, 420, and 480 min at 20°C, 30°C, 40°C, and 
50°C, respectively.

After adsorption, the solution was separated using 
0.45 μm membrane filters (Millex, Millipore), the filtrate was 
analyzed immediately. The Cd(II) concentration was calcu-
lated by flame atomic absorption spectrophotometer. The 
removal rate (%) and adsorption capacity (qe, mg/g) of Cd(II) 
onto SCB and CF-SCB were calculated by Eqs. (1) and (2):

Removal rate =
−

×
C C
C

e0

0

100%	 (1)

q
C C V

me
e=

−( )×0 	 (2)

where C0 and Ce (mg/g) are the Cd(II) concentrations in 
the initial and equilibrium states, respectively; V (L) is the 
solution volume and m (g) is the mass of the adsorbent.

In this series of adsorption batch experiments, the 
pH of each solution was adjusted by 0.1  M HCl and 
NaOH. Each experiment was repeated three times for 
reproducibility and accuracy.

2.5. Regeneration and reusability of CF-SCB

25  mg CF-SCB was added into 100  mL Cd(II) solution 
(10 mg/L) of pH 6.0. Then the mixture was shaken at 150 rpm 
at 30°C for 16  h, the removal rate of Cd(II) was calculated 
by using the Eq. (1). After adsorption, CF-SCB-Cd was col-
lected, dried, and used for the further desorption experi-
ment. The collected CF-SCB-Cd (25  mg) was then mixed 
with 0.1 mol/L hydrochloric acid solution (20 mL). The mix-
ture was shaken at 150 rpm for 2 h at 30°C and then filtrated 
through a 0.45  μm membrane filter. The quantity of Cd(II) 
desorbed from CF-SCB-Cd could be calculated according 
to Eq. (3) [31]. The above process was repeated five times:

Desorption efficiency Amount of Cd desorbed
Amount of Cd adsor

=
bbed

×100%	 (3)

3. Results and discussion

3.1. Synthesis and characterization of CF-SCB

The synthesis process of CF-SCB is shown in Fig. 
1. Firstly, the cellulose in the SCB was swelled by alkali-
zation treatment to increase the separation of polysac-
charide chains and destroy the internal hydrogen bond 
structure, which facilitated the maximum contact of the 
chemical reagents with the hydroxyl groups in the SCB 
composition during the chemical modification process. 
Then, the hydroxyl group in the molecular structure of 
the bagasse was esterified with maleic anhydride under 
high-temperature conditions by using low toxic tolu-
ene as a solvent. The hydroxyl groups at C-2, C-3, and 
C-6 of cellulose are reactive and can react with anhy-
dride and the whole process can be regarded as the sub-
stitution of H in the hydroxyl group by the ester group 
in maleic anhydride [32]. Finally, after washing with sat-
urated sodium bicarbonate, the carboxyl functionalized 
sugarcane bagasse (CF-SCB) was successfully prepared. 
It should be noted that the role of toluene as a solvent in the 

Fig. 1. Preparation procedure of CF-SCB.
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carboxymethylation reaction is to provide accessibility of the 
maleic anhydride to the reaction centers of the cellulose chain 
rather than directly involved in the synthesis process [33].

The FTIR spectra for SCB, CF-SCB, and CF-SCB after 
Cd(II) adsorption (CF-SCB-Cd) are shown in Fig. 2. For raw 
SCB, The strong band at 3,430  cm–1 was due to the –OH 
symmetric stretching vibration of cellulose and lignin [34]. 
The distinct band at 2,980 and 1,170 cm–1 were attributed 
to the vibration of the C–H and C–O–C bond [35]. The 
characteristic bands of the five-member cyclic anhydride 
νC–O–C has been observed at 1,400 cm−1 [36]. The appearance 
of the above characteristic peaks verified that the main 
components of bagasse were cellulose and hemicellu-
lose. After chemical modification, there were shifts in the 
peak positions as their intensities were enhanced, and 
the presence of a characteristic band at 1,620  cm–1 was 
assigned to the asymmetric stretching modes of COO of 
the carboxylic acid salt and that at 1,480 cm−1 was due to 
CH2 bending [37]. Besides, a broad adsorption band of 
C=C groups was seen at bands arising at 2,060  cm–1 [38], 
suggesting that the hydroxyl group in the molecular 
structure of bagasse has been esterified with maleic anhy-
dride, and the ionized carboxyl group was successfully 
introduced into the molecular structure of bagasse.

The BET parameters, such as the pore structure param-
eters of SCB and CF-SCB are shown in Table 1. The total 
pore volume and surface area of SCB are 3.61  cm3/g and 
1.35 m2/g, respectively. For the CF-SCB, the total pore vol-
ume and surface area reduce while the average pore diam-
eter rises. During the alkalization treatment and chemical 
modification, it occurs the dissolution and elution of 
sucrose and soluble lignin in the SCB pore and increases 

the average pore diameter [39]. Meanwhile, the esteri-
fication is favored to occurring the amorphous field of 
SCB and resulting in improving the regularity of CF-SCB. 
Therefore, the CF-SCB exhibits a more compact structure 
and obtains the different variations in BET data.

Morphological images of SCB and CF-SCB before and 
after sulfonation were analyzed by SEM; this is shown 
in Fig.  3. The SCB sample displays smooth and fine mor-
phological appearances with regular shapes while the 
morphology of CF-SCB-Cd appears a significant shrunk 
with wrinkled surfaces. This phenomenon represented 
the process of attaching the –COOH functional group to 
the sugarcane bagasse. The wrinkled surfaces increased 
contacting area between Cd(II) and CF-SCB, helping to 
improve the adsorption of Cd(II) [40].

Furthermore, the true elemental compositions of all 
the samples are revealed by the EDS peaks. From the EDX 
graphs, it can be observed that the content of the O element 
increased from 45.56% to 49.20% for CF-SCB, while the 
content of the C element decreased from 54.44% to 46.98%. 
Meanwhile, it presents a new peak of the Na element in the 
SEM-EDS for CF-SCB. These results evidenced that –COONa 
was successfully introduced into the SCB molecular chain.

3.2. Optimization of the adsorption conditions

3.2.1. Effect of solution pH

pH usually plays a pivotal role in acquiring high Cd(II) 
adsorption capacity. It not only affects the form of pollut-
ants in the adsorption process but also plays an import-
ant role in surface properties and ionization of adsorbents 
[41]. The zeta potential variation of CF-SCB and the effect 
of pH on the adsorption of Cd(II) by CF-SCB are shown 
in Fig.  4a. It can be noticed that the surface of CF-SCB 
adsorbent has a more negative charge, which should 
be ascribed to the presence of carboxyl groups on the 
surface of CF-SCB. The zeta potential of CF-SCB decreases 
with the pH increases from 2 to 8, indicating an increase 
in the degree of deprotonation of the carboxyl group.

When the pH ranges from 2 to 3, the removal rate of 
Cd(II) by CF-SCB slight increases from 7.56% to 8.13%. 
Interestingly, the Cd(II) adsorption ratio significantly 
increases to 91.87% when the pH value rises from 3 to 5. 
The results have shown that the adsorption behavior of 
CF-SCB adsorbent on Cd(II) is strongly dependent on the 
pH of the solution. With the increase of pH, the maximum 
adsorption capacity was obtained near a neutral environ-
ment (pH = 6, 7, and 8). Therefore, pH 6 was chosen as the 
initial pH value for the following experiments.

This adsorption phenomenon can be explained as fol-
lows: there are a large number of carboxyl groups on the 
CF-SCB surface, and the adsorption of Cd(II) is carried out 
by coordination between Cd ions and the carboxyl groups. 
At low solution pH (e.g., ≤3), the carboxyl groups on the 
CF-SCB surface were protonated by the large amount of H+ 
in the solution, which hindered their binding with Cd(II) 
and resulting in the poor adsorption [42]. Furthermore, 
the surface of CF-SCB is surrounded by a large number of 
positive charges, the electrostatic repulsion is generated 
to the Cd(II) which results in the reduction of adsorption 

Fig. 2. FTIR spectra of SCB, CF-SCB, and CF-SCB-Cd.

Table 1
BET characteristics of SCB and CF-SCB

Sample SCB CF-SCB

Total pore volume (cm3/g) 3.61 3.29
Surface area (m2/g) 1.35 0.72
Average pore diameter (μm) 10.69 18.33
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capacity. With the increase of the initial pH, the content 
of H+ in the solution decreases gradually, and more car-
boxyl groups of CF-SCB exist in the form of COO−, which 
will facilitate the combination of Cd(II) and ultimately 
increase the adsorption capacity [43].

3.2.2. Effect of adsorbent dosage

Since the effective surface area and binding sites 
affect the adsorption efficiency, it is important to choose 
the proper amount of initial adsorbent dosage [44]. From 
Fig. 4b, the percentage adsorption increases from 60.56% 
to 90.38% but adsorption density decreases from 60.56 to 
36.15  mg/g when the adsorbent dose was increased from 
0.1 to 0.25 g/L. This was because the increase of total sur-
face area and active functional groups on CF-SCB pro-
vide more sites for Cd(II) adsorption [45]. However, upon 
increasing the CF-SCB dosage to 0.5–0.75 g/L, the removal 
efficiency did not get any further addition, the Cd(II) per-
centage removal and adsorption amount reached 90.38% 
and 36.15 mg/g respectively, and this might be due to the 

saturation of active sites [46]. On the contrary of removal 
efficiency, the opposite trend could be observed on the 
adsorption capacity of Cd(II) by CF-SCB. Such changes 
could be explained by the per gram CF-SCB was sur-
rounded by less and less Cd(II) as the amount of CF-SCB 
increases, making it more difficult for Cd to bind to the 
active sites on the surface of CF-SCB. In addition, the 
agglomeration of adsorbent would occur at high CF-SCB 
content in the solution, leading to a decrease in the number 
of effective sites on the surface of the adsorbent [47].

3.2.3. Effect of ionic strength

The heavy metal ions always co-exist with inorganic 
salts in wastewater in practice. Therefore, it is relatively 
necessary to find out the effect of ionic strength on Cd(II) 
removal is helpful for the restoration of polluted water. 
Fig. 4c illustrates the effect of ionic strength on Cd(II) 
adsorption. With ionic strength (NaCl, KCl, CaCl2, and 
MgCl2) increasing from 0 to 25 mmol/L, the Cd(II) adsorp-
tion removal decreased from 88.26% to 67.01%, 66.10%, 

Fig. 3. SEM images and EDX elemental peaks of SCB and CF-SCB.

Fig. 4. Effect of pH (a), dosage (b), and ionic strength (c) on Cd(II) adsorption onto CF-SCB.



J. Ma et al. / Desalination and Water Treatment 224 (2021) 243–255248

9.63%, and 9.23% indicating that the adsorption of Cd(II) 
was greatly affected by the ionic strength. The decrease 
of adsorption capacity may be due to the competition of 
Na+, K+, Ca2+, and Mg2+ with Cd(II) for adsorption sites on 
CF-SCB. Furthermore, Ca2+ and Mg2+ with more positive 
charges would occupy more adsorption sites than Na+ and 
K+. Similar conclusions have been reported in many previ-
ous studies [48,49]. The negative effect of coexisting cation 
on Cd(II) adsorption was mainly due to the competitive 
adsorption, which confirmed that the adsorption of Cd(II) 
on CF-SCB was mostly through ion exchange mechanism 
more than surface complexation [50]. This result also 
consistent with the analysis of characterization above.

3.3. Process modeling

3.3.1. Adsorption isotherm studies

The adsorption isotherm reflects the distribution of 
the adsorbate molecules between the liquid phase and the 

solid phase when the adsorption process reaches equilib-
rium. It can reveal the type of adsorbate layer formed on 
the surface of the adsorbent, in addition, to being used to 
estimate the maximum adsorption of the adsorbent. Ability 
[51]. The adsorption isotherm data of Cd(II) on CF-SCB at 
pH  =  4.0 and 6.0 is presented in Fig. 5a. And the control 
experiment using SCB was performed at pH = 6.0. As the 
Cd(II) concentration increases, the equilibrium adsorp-
tion capacity increased and reached saturation gradu-
ally. The maximum adsorption capacities of Cd(II) on 
CF-SCB were measured to be 124.48 and 108.80  mg/g at 
pH 6.0 and 4.0, respectively. While the maximum Cd(II) 
adsorption capacity onto SCB was only 13.60 mg/g which 
is only about one-tenth of that of CF-SCB adsorbent. 
Obviously, the presence of a carboxyl group can effec-
tively increase the number of heavy metal-binding sites 
on the surface of CF-SCB and improve the Cd adsorption  
capacity. 

For further study on the adsorption phenomenon, the 
collected isotherms experimental data have been fitted 

Fig. 5. (a) Adsorption isotherm of Cd(II) on CF-SCB and SCB, (b–d) fitting of the experimental adsorption isotherm data to 
the (b) Langmuir, (c) Freundlich, and (d) Temkin models.



249J. Ma et al. / Desalination and Water Treatment 224 (2021) 243–255

with Langmuir, Freundlich, and Temkin models, respec-
tively. The model equations are, respectively, expressed 
in Eqs. (4)–(6) [52]:

C
q

C
q K q

e

e

e

m L L

= +
⋅
1 	 (4)

log logq K
n

Ce F e= +
1 log 	 (5)

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

where qe (mg/g) is the adsorption capacity at equilibrium; 
Ce (mg/L) is the concentration of the Cd(II) solution at 
equilibrium; qm (mg/L) is the theoretical saturate adsorp-
tion capacity; and KL (L/mg) is called affinity parameter for 
Langmuir models; KF is the Freundlich isotherm constant 
and 1/n is the heterogeneity factor; KT (mg/g) is Temkin 
isotherm constant and the constant B is related to the 
heat of adsorption.

The linear fitting of three adsorption isothermal model 
are shown in Figs. 5b–d, and the simulated parameters by 
the three models are all listed in Table 2. The Langmuir 
isotherm is obeyed better than the Freundlich and Temkin 
isotherms as is evident from the values of regression coef-
ficients. The Langmuir model predicted the maximum 
equilibrium Cd(II) uptakes onto CF-SCB is 134.23 and 

120.19  mg/g at pH 6 and 4 and it was very close to the 
experimentally obtained values. The results implied that 
the binding site (i.e., –COONa) on CF-SCB was uniformly 
distributed on the surface, and the absorption of Cd(II) on 
CF-SCB was considered to be monolayer adsorption [53].

In order to evaluate the adsorption performance of 
CF-SCB better, a comparison between CF-SCB and many 
previously reported Cd(II) adsorbents was also carried out, 
and the results are summarized in Table 3. This result sug-
gesting CF-SCB is an efficient adsorbent for the removal of 
Cd(II) in wastewater, and compared to agricultural waste-
based adsorbents previously reported, the adsorption 
capacity of CF-SCB is similar or higher than other reported 
adsorbents. Therefore, CF-SCB is an efficient adsorbent 
for the removal of Cd(II) in water due to its excellent 
adsorption performance, relatively simple, and low-cost 
modification process.

3.3.2. Adsorption kinetics studies

Adsorption kinetics can provide critical information on 
reaction rate and pathway, the residence time required to 
attain the equilibrium, and the possible mechanism, thus 
largely determine the potential application of the adsor-
bent [65]. The effect of contact time on Cd(II) adsorption 
by CF-SCB at four temperatures is shown in Fig. 6a. It can 
be observed that the adsorption rate of Cd(II) increased 
rapidly during the first 90  min, which was ∼80% of the 

Table 2
Isotherm parameters for the adsorption of Cd(II) onto CF-SCB and SCB

Samples pH Experimental Langmuir Freundlich Temkin

qexp (mg/g) qm (mg/g) KL (L/mg) R2 KF (mg/g) n R2 KT (mg/L) B R2

CF-SCB 4 108.80 120.19 0.019 0.994 15.604 3.079 0.977 0.374 21.028 0.959
6 124.48 134.23 0.027 0.996 30.595 4.246 0.931 0.832 21.224 0.923

SCB 6 12.86 13.60 0.020 0.986 1.708 2.998 0.931 0.422 2.354 0.894

Table 3
Comparison of adsorption capacities among various waste-derived Cd(II) adsorbents

Adsorbent qmax (mg/g) pH References

Modified corn stalk 12.73 7.0 [54]
Syzygium cumini L. leaf powder 29.08 5.5 [55]
Xanthated nano banana cellulose 156.26 6.0 [56]
Ginkgo biloba L. shells-based adsorbent 42.59 6.0 [57]
Burmese grape leaf extract 44.12 4.0 [58]
Acrylonitrile modified corncob-based biochars 85.65 6.8 [59]
Rice straw biochars prepared at 700°C 65.40 5.5 [60]
NaOH modified saw dust 73.62 5.0 [61]
NaOH treated rice husk 20.2 9.0 [62]
Nitric acid modified corncobs 19.3 8.0 [63]
Common reed activated with H3PO4 83.43 7.0 [64]
SCB 13.60 6.0 This work
CF-SCB 120.19/134.23 4.0/6.0 This work
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equilibrium adsorption capacity of Cd(II). It is understood 
that the fast adsorption rate during the initial adsorption 
stage is attributed to a large number of effective adsorp-
tion sites [66]. As the adsorption process proceeds, the rate 
of increase became slower and the adsorption equilibrium 
reached after 180  minutes. Furthermore, the adsorption 
capacity of CF-SCB and the equilibrium adsorption amount 
enhanced with the increase of temperature. The equilib-
rium adsorption amounts were 34.72, 35.29, 36.16, and 
37.38 mg/g at 20°C, 30°C, 40°C, and 50°C, respectively.

In order to investigate the adsorption kinetics of Cd(II) 
onto CF-SCB, pseudo-first-order, pseudo-second-order, and 
Elovich models were applied to analyze the experimen-
tal data. The model equations are respectively expressed 
in Eqs. (7)–(9) [67]:

ln( ) lnq q k t qe t e− = − +1 	 (7)

t
q q k

t
qt e e

=
⋅

+
1

2
2

	 (8)

q A B tt = + ⋅ ln 	 (9)

where qe (mg/g) and qt (mg/g) are the amounts of Cd(II) 
adsorbed on CF-SCB at equilibrium time and a certain time 
t (min), respectively; k1 (min–1) and k2 (g/mg  min) are the 
pseudo-first-order and pseudo-second-order equilibrium 
rate constants, respectively. A (mg/g) and B (mg/g  min) 
are both the Elovich constants.

The predicted kinetics of Cd(II) adsorption on CF-SCB 
at four different temperatures were obtained and the result 
is shown in Figs. 6b–d. Simultaneously, all the parameters 
of the three adsorption kinetic models are shown in Table 
4. Based on the analysis of correlation coefficient (R2), it 

Fig. 6. (a) Adsorption kinetics of Cd(II) on CF-SCB, (b–d) linear fitting of the experimental adsorption isotherm data to the 
(b) pseudo-first-order, (c) pseudo-second-order, and (d) Elovich models.
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was found that R2 values for pseudo-second-order kinetic 
model are 0.996, 0.997, 0.997, and 0.998 at 20°C, 30°C, 
40°C, and 50°C, respectively. That means adsorption kinet-
ics of CF-SCB toward Cd(II) could well be approximated 
more favorably by pseudo-second-order model rather than 
pseudo-first-order model and Elovich model which support-
ing the presupposition that the adsorption is controlled by 
chemical adsorption involving valent forces [68].

3.3.3. Adsorption thermodynamics studies

Thermodynamic studies can be used to explore the 
feasibility of the adsorption process. The thermodynamic 
parameters of Cd(II) adsorption on CF-SCB were eval-
uated by experiments at different temperatures. The 
various thermodynamic parameters were calculated by 
Eqs. (10)–(12) [69]:

K
q
Cd
e

e

= 	 (10)

lnK S
R

H
RTd =

∆ °
−

∆ ° 	 (11)

∆ ° = ∆ ° − ∆ °G H T S 	 (12)

where Kd is the distribution coefficient, R is the univer-
sal gas constant (8.314  J/mol  K), T is the temperature (K). 
The van’t Hoff plots of lnKd against 1/T were produced 
which is shown in Fig.6a, and the values of ΔH° and ΔS° 
can be calculated according to the linear relationship 
between lnKd and 1/T.

The adsorption thermodynamic parameters at four 
temperatures are shown in Table 5. The ΔH° value was 
positive (20.08  kJ/mol), signifying the adsorption of Cd(II) 
by CF-SCB is an endothermic process. The positive ΔS° 
(83.28  J  K/mol) confirmed the degree of disorder increase, 
which may correspond to structural changes in adsorbents 
or adsorbents [70]. In all cases, the ΔG° value was posi-
tive which indicating Cd(II) adsorption onto the CF-SCB 
was spontaneous. Simultaneously, the absolute value of 
ΔG° ascended with the increase of temperature, which fur-
ther suggesting the adsorption process of Cd(II) becomes 
more feasible at high temperatures [71].

3.4. Regeneration and reusability evaluation of CF-SCB

Regeneration of adsorbent usually realizes the recov-
ery of adsorption molecules, reuse of adsorbent, reduced 

the cost of the adsorption process, and help to understand 
the mechanism of adsorption process well. Hence, a batch 
adsorption–desorption study was conducted to evaluate 
the reuse potential of CF-SCB in this study. The results of 
five adsorption–desorption cycles tests are given Fig. 7b. 
The adsorption efficiency of CF-SCB was decreased (only 
10%) from 90.02% to 81.09% in the former two cycles and 
was remained at a good level at about 80% in the back of the 
three cycles. At the end of each cycle, the CF-SCB adsorbent 
exhibited a high percentage of desorption (over 96%). In other 
words, the regeneration and reuse efficiency of the adsorbent 
were reasonably good, even if adsorption uptake decreased 
slightly, desorption efficiency was fairly maintained after 
the fifth cycle. This result indicated that CF-SCB can be 
reused in wastewater treatment applications. The residual 
Cd on CF-SCB could be recovered by the vacuum distilla-
tion condensation method, and then incinerate as hazardous 
wastes to reduce damage to the environment [72–74].

3.5. Cost analysis

Generally speaking, the cost of adsorbent and its regen-
eration predominantly determine the cost of the adsorp-
tion process for Cd removal [52]. Based on the method 
described by Nordin et al. [75], Mashile et al. [76], and 
Argun et al. [77], Table S1 represented the cost estimation 
breakdown for the preparation of CF-SCB. Comparing to 
other commercial adsorbents, such as activated carbon 
(charcoal, activated coconut, EMD chemicals; $145/kg), an 
ion-exchange resin (Dowex(r) 50WX8-100; $390/kg) [77], 
the cost of CF-SCB is much cheaper. A kilogram of the pre-
pared CF-SCB costs nearly CNY98.1 ($15.1, the economic 
indicators are converted from Chinese Yuan to Dollar at 
the exchange rate of 1$ = 6.5 CNY). It should be noted that 
the cost may be lower than CNY98.1/kg due to toluene as a 
solvent that could be reused after CF-SCB was filtered out 
from the solution. Moreover, the high adsorption capac-
ity (134.23  mg/g) and good regeneration performance of 

Table 4
Kinetic parameters for the adsorption of Cd(II) onto CF-SCB at different temperatures

Temperature 
(°C)

Experimental Pseudo-first-order Pseudo-second-order Elovich

qexp (mg/g) k1 (min–1) R2 qe (mg/g) k2 × 10–3 (g/mg min) R2 A (mg/g) B (mg/g min) R2

20 34.72 0.86 0.754 37.47 0.85 0.996 0.06 7.25 0.921
30 35.29 0.97 0.937 38.05 0.94 0.997 0.07 7.19 0.928
40 36.16 0.85 0.729 38.51 1.17 0.997 0.08 7.15 0.899
50 37.38 0.79 0.636 39.51 1.26 0.997 0.11 7.03 0.895

Table 5
Thermodynamic parameters for the adsorption of Cd(II) onto 
CF-SCB at different temperatures

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

293 –4.43 20.08 83.28
303 –5.04
313 –6.06
323 –7.04
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CF-SCB further reduced the cost of CF-SCB, since one batch 
can be reused at least five times with a slight adsorption 
capacity loss (<11.6%). Therefore, CF-SCB is an economi-
cal material with a simple synthesis process and excellent 
adsorption capacity.

3.6. Adsorption mechanism

The characteristic peaks of the carboxyl group near 
1,620 and 1,480 cm–1 shifted to 1,610 and 1,490 cm–1 respec-
tively after the adsorption process, indicating that there 
exists a coordination interaction between the carboxyl 
and Cd2+ ions [78]. From the EDX diagram in Fig.1, after 
adsorption, the Na peak in the CF-SCB sample disappeared 
while the Cd peak emerged, and the amount of cd increase 
is almost the same as the amount of Na reduction. That 
means Na(I) was fully displaced in exchange by Cd(II) 
during the adsorption.

Based on all the above studies, a surface ion-exchange 
mechanism was proposed to describe the adsorption of Cd 
on CF-SCB (Fig. 8). When the CF-SCB was added to the Cd 
solution, –COONa ionized in solution. Upon displacement 
of Na(I) ions, the carboxyl groups on the adsorbent become 
negatively charged and thus ready to attract the positively 
charged Cd(II) ions. It indicated that each metal species 
was trapped between the two carboxyl binding sites on the 
adsorbent due to appropriate spatial arrangement. Hence, 
ion exchange was considered to be the main binding mech-
anism for Cd(II) adsorption in this study, and similar results 
were obtained in other studies involving carboxyl groups 
[79,80].

4. Conclusions

In summary, a new type of agricultural waste-based 
adsorbent (CF-SCB) has been synthesized to remove Cd(II) 

Fig. 7. (a) Thermodynamic plots for Cd(II) adsorption on CF-SCB and (b) adsorption and desorption efficiency of CF-SCB.

Fig. 8. Adsorption mechanisms of Cd(II) onto CF-SCB: (a) electrostatic attraction and (b) ion exchange.
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from an aqueous solution in order to realize the purpose of 
“treating waste with waste.” Batch adsorption experiments 
showed that the CF-SCB exhibited excellent performance for 
Cd(II) removal from aqueous solution with high adsorption 
capacity (134.23 mg/g at pH 6).

Adsorption isotherm and kinetic studies showed that 
the experimental data agree well with the Langmuir iso-
therm model and the pseudo-second-order kinetic model. 
Simultaneously, the thermodynamic parameters indicated 
that the adsorption process was a spontaneous, endother-
mic, and entropy increasing process. Furthermore, the 
CF-SCB has a good regeneration and reuse efficiency after 
five cycles. A combined analysis of batch experiments and 
characterizations of CF-SCB substantiated that ion exchange 
between Na+ and Cd2+ played a key role in the absorption 
process of Cd(II).

Based on all facts, CF-SCB was proved to be an effective 
and alternative adsorbent for the removal of Cd(II) from 
acidic and weak acidic polluted water/wastewater in low 
salt concentration due to its good adsorption qualities as 
well as low-cost.
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Supporting information

S1. Cost analysis

The unit cost analysis for modification of 1 kg adsorbent 
(CNY/kg) was calculated using the following equation:

Unit cost CNY
kg









 =

×( )C V
M
m m

a

	 (S1)

where Cm is the cost of modificant solution as CNY/L 
or CNY/kg, Vm represent modificant volume or mass as 
L or kg, and Ma is the mass of used adsorbent as kg.

Table S1
Cost estimation breakdown for the production of CF-SCB

Process Material Measurement unit Amount Unit cost (CNY) Price (CNY)

Preparation of CF-SCB Sugarcane bagasse kg 1 0 0
Maleic anhydride kg 3.25 5.2 16.9
Toluene L 16.7 4.2 70.14
NaOH kg 1 2.1 2.1

Net amount of 1 kg CF-SCB – – – – 89.1
Overhead cost (10% of net cost) – – – – 8.91
Total cost – – – – 98.1
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