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ABSTRACT

In this study, peanut shell was modified using B-cyclodextrin (8-CD) and citric acid to improve
the adsorption capacity for removal of lead ion (Pb*) and bisphenol S (BPS) from solution in batch
mode. Scanning electron microscopy, Fourier-transform infrared spectroscopy, elemental anal-
ysis, X-ray fluorescence analysis, specific surface area analysis, thermogravimetric analysis, etc
were used to characterize the adsorbent before and after modification. The results showed that the
adsorbent was successfully modified. The adsorption results of Pb* and BPS on B-CD-PS indicated
that acidic conditions were not conducive to the adsorption of Pb*, the adsorption of BPS basi-
cally remained unchanged at pH 2~7, and alkaline conditions were not conducive to the adsorp-
tion. The presence of salt had a negative effect on Pb*, but had no effect on the adsorption of BPS.
The Langmuir and Koble—Corrigan models could predict the equilibrium adsorption process of
Pb* while Temkin and Koble-Corrigan models could describe the equilibrium adsorption process
of BPS. The adsorption quantity from experiments is 89.6 mg-g™ for Pb* and 16.2 mg-g™ for BPS at
293 K, respectively. The adsorption process of Pb* was consistent with the pseudo-first-order and
Elovich models, indicating the presence of ion-exchange in the adsorption process; the adsorption
of BPS was consistent with the pseudo-second-order model, indicating that chemisorption was
the main rate-controlling step. Thermodynamic studies indicated that the adsorption of Pb* was a
spontaneous and endothermic reaction with increasing entropy, while the adsorption of BPS was a
spontaneous and exothermic reaction with decreasing entropy. 0.1 mol-L™' HNO, could desorb and
regenerate the B-CD-PS adsorbed Pb* for three times, and 75% C,H,OH had a better desorption
and regeneration effect for BPS loaded B-CD-PS. B-CD-PS can effectively remove the lead ion and
BPS from mixtures and the study can provide the basis for the effective utilization of peanut shell in
environmental remediation.

Keywords: Adsorption; B-cyclodextrin modified peanut shell; Lead ion; Bisphenol S; Regeneration

1. Introduction

Water is one of the most abundant substances on earth
and is essential for human functions [1], however, with the
rapid socio-economic development and the expanding pop-
ulation size in China, the industrialization process is accel-
erating the continuous production in order to cope with
the increasing demand of various basic products, which

* Corresponding author.

eventually leads to many harmful wastewater discharged
into the environment without any treatment, resulting in
serious pollution [2], and currently, the sources of water
pollution were mining, paper, textile, plastic, leather, paint,
dyes, pesticides, agricultural fertilizers etc [3,4]. The gener-
ation of these harmful wastewaters can potentially harm the
ecological environment and human health [5-7], so we need
effective measures to improve the water pollution problem.
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Lead is one of the five toxic heavy metals with high tox-
icity. It is mainly used as a pigment, insecticide, fertilizer
and gasoline additive [8]. Low concentration of lead has
a great impact on human health and aquatic organisms.
Long-term accumulation of lead through food can lead to
respiratory diseases, weakened immune system, kidney
or liver damage, genetic and nervous system changes and
death [9,10]. In order to monitor environmental pollution
and protect human health, the World Health Organization
has set the maximum allowable concentration of lead in
drinking water as 0.01 mg-L [11]. Therefore, it is necessary
to use effective methods to reduce the content of lead in
water to avoid its harm to human body and environment.

Bisphenol S (BPS) is one of the common alternatives to
bisphenol A (BPA) used in various industrial applications,
including polycarbonate plastics, PVC, food packaging, den-
tal sealants, dye dispersants, and fiber modifiers [12-14].
The increase of BPS leads to relatively large environmental
load and potential negative impact on the ecosystem [15].
Several recent studies have shown that BPS has a variety
of adverse reactions, including cytotoxicity, genotoxicity,
immunotoxicity and REDOX toxic effects in humans and
animals [16], and BPS can induce endocrine diseases and
has a great impact on the nervous system [17]. Therefore,
the removal of bisphenol S from water is very important
to the ecological environment and human health.

B-cyclodextrin (B-CD) is a cyclic oligosaccharide com-
posed of seven D-glucopyranose units, forming a dome-like
molecular structure, which is an environmentally friendly
and inexpensive adsorbent [18]. B-CD has a special structure
of hydrophilic outer surface and hydrophobic inner cav-
ity. Based on the hydrophobic interaction between organic
chemicals and B-CD inner cavity, guest-guest complex can
be formed. Therefore, B-CD has great potential to remove
hydrophobic organic pollutants from water. However,
since B-CD is easily soluble in water and difficult to sepa-
rate, more and more studies have been conducted on its
modification to improve its practical application in remov-
ing organic pollutants from water [19]. Cyclodextrin poly-
mers have been prepared using cross-linking, which not
only introduces some special functional groups but also
imparts a three-dimensional structure to the adsorbent.
Therefore, the performance of cyclodextrin polymerized by
crosslinking is usually superior to that of the parent cyclo-
dextrin [20]. Zhou et al. [21] prepared cyclodextrin polymer
(B-CDP), whose maximum adsorption capacities for BPA,
chlorophenol (PCMX) and carbamazepine (CBZ) were 164.4,
144.1 and 136.4 mg-g™, respectively.

The water environment has become polluted due to
the large amount of wastewater containing toxic pollutants
(such as dyes, heavy metals, surfactants, personal care prod-
ucts, pesticides and pharmaceuticals) flowing into rivers
from agricultural, industrial and municipal sources. Water
pollution and its treatment has become a growing chal-
lenge worldwide. In recent years, great efforts have been
made to overcome the challenges of wastewater treatment.
Current methods of wastewater treatment include chem-
ical methods (e.g., electrochemical oxidation [22], chemi-
cal precipitation [23], and ion-exchange [24,25]), physical
methods (e.g.,, membrane filtration [26]), physico-chemical
methods (e.g., adsorption), and some biotechnologies [27].

Among these methods, physical methods mainly remove
some large particle pollutants; chemical methods were
costly and complicated to operate; and adsorption meth-
ods were widely used because of their simple operation and
low cost [28].

Due to the high price and poor regeneration of tradi-
tional biosorbents, more and more researchers are focusing
on new energy sources such as biomass [29,30]. Biomass
is also known as agricultural and forestry waste, which is
a by-product of agricultural and forestry production and
some processing enterprises [31]. They are widely available,
inexpensive, renewable, and less polluting to the environ-
ment. The main biomass adsorbents are wheat straw [32],
rice husk [33], corn cob [34,35], bagasse [36], walnut shell
[37], peanut shell [38], wood chips [39], and leaves [40,41].
Zhao et al. [42] modified wheat straw with cationic sur-
factants to remove Congo red from water and obtained a
relatively good adsorption effect. Therefore, in the pres-
ent experiment we used peanut shells as the basis for the
adsorbent.

In the study, B-CD-PS was prepared and characterized,
and its adsorption properties toward Pb* and BPS in solu-
tion were also presented. The process was evaluated by
kinetic, equilibrium and thermodynamic analyses, and the
performance of B-CD-PS about desorption and regenera-
tion after the adsorption of Pb* and BPS was investigated.

2. Materials and methods
2.1. Materials
2.1.1. Experimental materials

Peanut shells (from Yanshi District, Luoyang City, Henan
Province, China) were crushed and screened, and peanut
shells with diameter of 40-60 mesh were collected, soaked
and cleaned with deionized water for many times, and
dried at 80°C for later use.

2.1.2. Experimental reagent

Ethanol was purchased from Xinxiang Sanwei
Disinfection Preparation Co., Ltd., (China), B-cyclodex-
trin (B-CD) was purchased from Tianjin Kemiou Chemical
Reagent Co., Ltd., (China), citric acid (CA) was purchased
from Tianjin Fuchen Chemicals Reagent Factory (China),
sodium hypophosphite (NaH,PO,-H,0) was provided by
Tianjin Kemiou Chemical Reagent Co., Ltd., (China), Tianjin
Fucheng Chemical Reagent Factory (China) provided sodium
hydroxide (NaOH) and sodium chloride (NaCl), hydro-
chloric acid (HCl) from Yantai Shuangshuang Chemical
Co., Ltd.,, (China), anhydrous calcium chloride (CaCl)
from Tianjin Yongda Chemical Reagent Co., Ltd., (China),
bisphenol sulfur (BPS) from Shanghai Aladdin Biochemical
Technology Co., Ltd., (China), lead nitrate (Pb(NO,),) was
purchased from Tianjin Kemiou Chemical Reagent Co.,
Ltd., (China). Deionized water was made by ourselves as
experimental water. All chemicals were analytical grade.

2.1.3. Experimental instruments

The digital display water bath constant temperature
oscillator was purchased from Changzhou Putian Instrument
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Manufacturing Co., Ltd., (China), the electric blast dry-
ing oven was purchased from Shanghai Yiheng Scientific
Instrument Co., Ltd., (China), the analytical balance was
purchased from Shanghai Shangping Instrument Co., Ltd.,
(China), the precision acid meter was purchased from
Shanghai Yiheng Scientific Instrument Co., Ltd., (China),
the pulverizer was purchased from Shanghai Jiarui Tool
Co., Ltd., (China), the peristaltic pump was purchased from
Lange Constant Current Pump Co., Ltd., (China), Ningbo
Xinzhi Biotechnology Co., Ltd., (China), UV-visible spectro-
photometer purchased from Shanghai Shunyu Hengping
Instrument Co., Ltd., (China), flame atomic absorption spec-
trophotometer purchased from Beijing East-West analysis,
Fourijer-transform infrared spectrometer purchased from
the United States PE Company. The elemental analyzer
was purchased from Thermo Electron Corporation and
the scanning electron microscope was purchased from FEI,
The Netherlands.

2.2. Prepare of cyclodextrin modified peanut shells

The peanut shells were immersed in 5% NaOH (1:5) solu-
tion, oscillated at 50°C in a constant temperature oscillator
for 4 h, removed and filtered, washed to neutral with dis-
tilled water and ethanol, and dried at 80°C for 12 h to obtain
the peanut shells (NPS) after alkali treatment. The peanut
shells treated with 2 g alkali were placed in a 100 mL beak,
with 2 g sodium hypophosphite, 3 g citric acid, 3 g B-cyclo-
dextrin and 70 mL H,O. The shells were ultrasound at 80°C
for 20 min to fully dissolve. The shells were reacted in an
oven at 180°C for 70 min, then washed in distilled water
until neutral and dried. B-cyclodextrin modified peanut
shell adsorbent was prepared, which was called B-CD-PS.

2.3. Characterization of cyclodextrin modified peanut shells

The adsorbent B-CD-PS was characterized to study the
structure and properties of the adsorbent before and after
modification, and further study its adsorption mechanism.
The characterization methods used in this paper include
scanning electron microscopy, Fourier-transform infrared
spectroscopy analysis, elemental analysis, specific surface
area analysis, thermogravimetric analysis (TG) and isoelec-
tric point determination.

The following process was to determine the isoelec-
tric point. Taking a series of 50 mL conical bottles, added
10 mL 0.01 mol'L™ NaCl solution, adjusted the pH value
of the solution between 1.00 and 12.00, add 0.010 mg mod-
ified material, shook in a constant temperature oscillation
chamber for 313 K for 12 h, filtered and separated. The pH
value of NaCl solution after oscillation was measured. The
initial pH value of the solution was taken as the abscissa,
and the change of pH value before and after oscillation
was taken as the ordinate. The intersection point between
the curve and the abscissa was the isoelectric point of the
adsorbent.

2.4. Method for the determination of pollutant content

The determination methods of Pb* and BPS were as
follows: Pb* with a wavelength of 283.3 nm was detected

by flame atomic absorption spectrophotometry; BPS with
a wavelength of 259 nm was detected by UV-VIS spectro-
photometry. When pH was determined, standard solution
correction was performed by potentiometric analysis.

2.5. Adsorption experiments

The adsorption test was performed in batch mode.
A certain mass of adsorbent (such as 10 mg) was put into
50 mL conical flask and 10 mL of Pb* (such as 200 mg-L™)
or BPS solution (such as 50 mg-L™) was added. The effects
of temperature (293, 303 and 313 K), adsorbate concentra-
tion and time, solution pH and salinity on the adsorption
of Pb*" and BPS were investigated. Filtration was used to
separate the solids from the mixtures. The concentration of
Pb?* or BPS was measured, and the unit adsorption quan-
tity g and removal efficiency (p, %) were calculated by
Egs. (1) and (2).

v(c,-C
=7( =) )
m
p= =€ L 100% ()

0

where g is the unit adsorption amount (mg-g™), V is the vol-
ume of adsorbent solution (L), C, is the initial concentra-
tion of adsorbent (mg-L™), C is the residual concentration
after adsorption (mg-L"), m is the mass of adsorbent (g),
and p is the removal rate (%).

2.6. Desorption study

This part was focused on batch desorption and regen-
eration. Firstly, weigh 0.010 g of B-CD-PS, add to 10 mL
200 mg-L* Pb* solution or 50 mg-L™ BPS solution, respec-
tively, sealed and shaken at 303 K until equilibrium. After
this, the material was washed with distilled water, dried.
Then the spent adsorbent was desorbed or regenerated
using several methods. The spent adsorbent was regen-
erated and the desorption efficiency (d) and regeneration
rate (r) were calculated. Then the unit adsorption quantity
g, and the mass m, of adsorbate were measured and calcu-
lated. With distilled water to wash the adsorbent to neutral,
drying, adsorption performance was repeated and the unit
adsorption quantity g, was calculated. The solution with the
best efficiency of desorption and regeneration was selected
for multiple desorption and regeneration. The desorption
efficiency (d, %) and regeneration efficiency (r, %) could
be calculated by Egs. (3) and (4).

d="4100% G)
mU
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r =12 x100% 4
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3. Results and discussion
3.1. Characterization of materials

In order to study the changes of surface characteris-
tics of peanut shell before and after modification, scanning



Y. Liu et al. / Desalination and Water Treatment 297 (2023) 102-116 105

electron microscope analysis was conducted on the peanut
shell before and after modification, and the results were
shown in Fig. 1b.

As can be seen from Fig. 1, the surface structure of
peanut shell before modification was tight and irregu-
lar. As can be seen from Fig. 1b, the surface of B-CD-PS
presented a regular fibrous structure, indicating the suc-
cessful modification of peanut shell.

Fig. 1c indicates the infrared spectrum of NPS and
B-CD-PS. The peak at 1,738 cm™ was ascribed to the stretch-
ing vibration of C=O. The strong peak at 1,265 cm™ was
due to the asymmetric stretching vibration peak of C-O-C
while the absorption at 1,421 cm™ was due to the symmet-
ric stretching vibration of C-O-C, indicating that the mate-
rial contained ester groups. For B-CD-PS, the hydroxyl peak
at 3,440 cm™ was wide and strong, and the peak from C=O
was also stronger, indicating that the number of carboxyl
groups on the material became more and the material was
successfully modified.

Element analysis was carried out to explore the changes
of element content in peanut shell before and after modifica-
tion. There was 0.310% for N, 51.0 for C, 5.74% for H about
not modified peanut shell or natural peanut shell (NPS) and
0.290% for N, 53.8% for C, 6.88% for H about 3-CD-PS. The
content of C and H in B-CD-PS was higher than those in
NPS, indicating that some new groups have been introduced.

The specific surface area of B-CD-PS was 0.139 m?*g™
while it was 0925 m*g? for NPS. The specific
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surface area of PS decreases after modification, which may
be caused by alkali treatment and surface graft functional
groups during modification.

Fig. 1d indicates the thermogravimetric analysis of pea-
nut shell before and after modification. It can be seen from
Fig. 1d that the weight lost of peanut shell was divided
into several stages with the rise of temperature. Peanut
shell contained a large number of cellulose, its molecu-
lar chain contained a large number of hydrophilic groups
hydroxyl, which can absorb water molecules and small
molecules in the air. The first stage was preheating and
holding, and the temperature range was 20°C~250°C. In
this stage, the TG line was relatively stable, and the peanut
shell basically has no change in weight loss. The second
stage was thermal decomposition, the temperature range
was 250°C~500°C, mainly the side chain and partial oxy-
gen bridge bond of benzene ring in peanut shell cellulose,
hemicellulose and lignin fracture. The temperature ranges
from 250°C to 320°C, the weight lost rate was 30.9%, mainly
due to the decomposition of cellulose and hemicellulose.
The temperature range was 320°C~510°C, the weight lost
rate was 59.1%, mainly due to the decomposition of lignin.
The temperature range was 510°C~1,050°C, the mass of this
stage remains unchanged, mainly some inorganic salts.
Compared with PS, the weightlessness in B-CD-PS was
similar to that of natural peanut shells.

The isoelectric point of adsorbent before and after
modification is shown in Fig. 2a and b.
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Fig. 1. Scanning electron micrograph of shell of peanut (a) and B-CD-PS (b), Fourier-transform infrared spectroscopy of NPS and
B-CD-PS (c), thermogravimetric analysis curve of NPS and B-CD-PS (d).
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Fig. 2a shows that the isoelectric point of NPS is 5.82.
Fig. 2b shows that isoelectric point of B-CD-PS is 3.70. The
modified materials had different degrees of influence on
the equivalent electrical point. The isoelectric point of
B-CD-PS moved towards acidity because the carboxyl group
of citric acid was introduced to make its isoelectric point
smaller.

3.2. Adsorption study

3.2.1. Comparative studies of adsorption capacities of Pb** and
BPS on various materials

For assess the value of modification, adsorption capac-
ity before and after modification is compared. 10 mg of
NPS or B-CD-PS was added in the conical bottles contain-
ing 10 mL Pb* solution of 200 mg-L™ or BPS solution of
50 mg-L™. The values of g, about NPS were 3.60 mg-g™ for
Pb* and 0.720 mg-g™ for BPS while the values of g, about
B-CD-PS were 90.6 mg-g™ for Pb* and 5.95 mg-g™ for BPS,
respectively. This confirmed that the adsorption capac-
ity of the modified material was significantly increased
under the same adsorption conditions, indicating that the
modified material was successful valuable.

3.2.2. Effect of adsorbent dose on adsorption

Adsorbent dose was also effective to remove adsorbates
from solution. The effect of adsorbent dose on adsorption
is shown in Fig. 2c and d. The results showed that the
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amount of adsorbent was inversely proportional to the
unit adsorption amount and proportional to the removal
efficiency. In Fig. 2c, with the increase of adsorbent mass,
the values of g, decreased from 132 to 79.0 mg-g™ while the
values of p increased from 12.6% to 79.0%. In Fig. 2d, with
the increase of adsorbent mass, the value of g, decreased
from 8.64 to 5.49 mg-g”, and the values of p increased
from 3.70% to 21.3%. This was because when the mass of
the adsorbent was low, there were fewer active sites that
could be adsorbed, the removal rate was low, the amount
of adsorbent was certain, and the unit active site could
be combined with more adsorbent [43]. When the mass
of adsorbent was large, the adsorbent could be adsorbed
more sites, the removal rate was high, but the average unit
active site can bind less adsorbent mass, the unit adsorption
capacity was low. Lv et al. [44] also had similar results on
the adsorption of BPS. Considering the adsorption capac-
ity and removal rate, the mass of adsorbent selected in
the subsequent experiments was 0.010 g.

3.2.3. Effect of pH on adsorption

Solution pH often played important role in adsorption
process as pH could affect the existed form of adsorbate
and surface property of adsorbent. Fig. 3 shows the results
of solution pH on adsorption. Through Fig. 3a and b, the
results showed that acidic conditions were not conducive to
the adsorption of Pb* on B-CD-PS, which may be because
the presence of H* competes with Pb* when pH was rela-
tively low, resulting in the decrease of adsorption capacity.
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Fig. 2. Isoelectric plot of PS (a) and B-CD-PS; effect of adsorbent dosage on adsorption of Pb* (c) and BPS (d).
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Fig. 3. Effect of pH on adsorption of Pb* (a) and BPS on B-CD-PS; effect of salinity on adsorption of Pb* (c) and BPS (d) on -CD-PS.

The subsequent experiment selected the original solution
(pH = 5.44) for the study. When pH was between 2 and 7,
the adsorption capacity of BPS basically did not change,
when pH > 7, the adsorption capacity decreased signifi-
cantly. This may be because under acidic conditions, the
hydroxyl group on B-CD forms a hydrogen bond with the
hydroxyl group on BPS, with the help of hydrogen bond,
it was more conducive for BPS to reach the wide mouth
end and enter the B-CD cavity through hydrophobic action.
When pH was relatively high, the presence of OH" in the
solution hinders the formation of hydrogen bond, result-
ing in the decrease of adsorption capacity. Considering the
practical application, BPS stock solution (pH = 5.96) was
selected for the follow-up experiment.

3.2.4. Effect of common salts on adsorption

It was necessary to study the effect of coexisted salt in
solution on adsorption quantity as there were common salts
in dye wastewater. The results of effect of common salts are
shown in Fig. 3c and d. The presence of salt had a negative
effect on Pb* adsorption, which may be due to the compet-
itive adsorption of Na" and Ca* with Pb* in salt solution.
The intense of competition is more at larger salt concentra-
tion, resulting in a decrease in adsorption capacity. With the
increase of salt concentration, the adsorption capacity of
BPS basically did not change, indicating that p-CD-PS has a
good selectivity for the adsorption of BPS.

3.2.5. Adsorption isotherm

The effect of equilibrium Pb* and BPS concentration and
solution temperature on adsorption quantity are performed
and the results are presented in Figs. 4a and 5a. When the
concentration was relatively lower, the adsorption capac-
ity increased with the increase of the concentration of Pb*".
This was because the concentration increased resulting in
the concentration gradient of B-CD-PS surface increase,
more Pb* was bound to the adsorbent surface. When the
equilibrium concentration was greater than 20 mg-L™, with
the increase of the concentration of Pb*, the adsorption
amount remained unchanged and the adsorption equi-
librium was reached, the active sited on B-CD-PS were all
bound to the adsorbate, and the adsorbent was saturated.
When Pb* concentration was 200 mg-L™, the equilibrium
adsorption capacity at 293, 303 and 313 K was 89.6, 93.0 and
97.4 mg-g™, respectively. With the increase of temperature,
the adsorption capacity increased. The adsorption of Pb*
was an endothermic process. As could be seen from Fig. 5a
for BPS adsorption, at the same temperature, the adsorp-
tion capacity increased with the increase of concentration,
and at the same concentration, the adsorption capacity
was inversely proportional to the temperature, indicating
that the adsorption of B-CD-PS to BPS was an exother-
mic process, and the increase of temperature reduces the
active sited on the surface of B-CD-PS. Similar results were
found in other studies [45].
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Fig. 4. Adsorption isotherms of Pb* (a); kinetic curve of Pb*" adsorption (b) 293 K, (c) 303 K, and (d) 313 K.
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Fig. 5. Adsorption isotherms of BPS (a); kinetic curves of BPS adsorption (b) 293 K, (c) 303 k, and (d) 313 K.
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Table 1
Adsorption model applied in this study

Adsorption model Expression Parameters
Isotherm models
Langmmuir model 6 - q,K.C, q, or q,(mg-g™) is the .maxin.m.m or equili.bri?lm adsorption capacity; K, (L-mg™) is
1+K,C, related to the adsorption affinity of the binding energy
Freundlich model g, =K.C" K, is the Freundlich constant related to the comparative adsorption capacity; 1/n is

Temkin equation q,=A;,+B,InC,

the affinity of the adsorbate

A, and B_ are the constants of the Temkin isotherm

Koble-Corrigan model ¢, = 1?;2,[ A and B are the constants of the Koble—Corrigan model
Kinetic models
Ef;;?:ﬁézt;rder 9. =9. (1 —e 7k1f) k, is the rate constant (min™)
E:;?:;Z?Qd_order q, = :—ZT% k, (grmg™-min™) is the reaction rate coefficient of pseudo-second-order kinetic model
Elovich equation q, = A+BInt A and B are parameters of this model

The equilibrium data can be analyzed to study the
adsorption mechanism, the maximum adsorption capac-
ity, and the properties of the adsorbent. In this experiment,
four common models, Langmuir, Freundlich, Temkin and
Koble-Corrigan are selected and the expressions of mod-
els are shown in Table 1. The fitting results are presented
in Table 2 (for Pb*) and Table 3 (for BPS) while the fitted
curves are also shown in Figs. 4a and 5a, respectively.

Table 2 shows the isotherm model fitting results for Pb*"
adsorption. From the fitting results, it could be seen that
the values of g, and g, . in the Langmuir model were
very close and could be used to predict the unit adsorp-
tion of Pb?*, and the R? values were large, 0.989, 0.948 and
0.983, respectively, and the SSE values were smaller. This
indicated that the adsorption of Pb* on B-CD-PS was a
single molecular layer adsorption. Compared to the other
models, the R? values of Freundlich and Temkin models
were smaller while the SSE values were larger. This showed
that Freundlich model and Temkin model were not suit-
able for describing this adsorption process. The value of
the parameter n in the Koble—Corrigan model tended to be
close to 1. This indicated that the Koble-Corrigan model
was more inclined to the Langmuir model, and the deter-
mined coefficients R? in the fitting results were the high-
est among these four models (0.989, 0991, and 0.990 at
three temperatures, respectively), and the values of SSE
were the smallest among the four models. Combining
the close between fitted curves and experimental curves,
the Koble-Corrigan model could be used to describe the
adsorption process of B-CD-PS toward Pb?".

For BPS, it could be seen from Table 3 that the K, value
decreases from 14.1 to 5.07 L-mg™ as the temperature
increased from 293 to 313 K. The lower the temperature,

Table 2
Parameters of adsorption isotherm models for Pb* adsorption
onto B-CD-PS

Langmuir
T (K) qc(exp) (mgg_l) qm(theo) (mg.g_l) KL (ng_l) R2 SSE
293 89.6 89.2+0.76 3.31+022 0989 242
303  93.0 94.8+19 2.06+028  0.948 139
313 974 99.1+£1.2 146+0.12 0983 52.8
Freundlich
T(K) 4., (mgg") K, 1/nx102  R*  SSE
293 89.6 62.2+4.7 8.89+2.1 0.741 569
303  93.0 63.1+5.7 9.74+25 0.693 818
313 974 622+5.7 11.3+2.5 0.747 795
Temkin
T (K) yenp) (mgg™) A, B, R? SSE
293  89.6 61.5+4.0 7.02+1.2 0.802 435
303  93.0 62.0£5.2 8.01+1.6 0.743 684
313 974 60.1+5.1 9.60 + 1.6 0.806 609
Koble—Corrigan

TK) A B n R? SSE
293 273+29 3.05+0.35 0.920+0.089 0.989 21.3
303 276+26 297 £0.29 1.87+0.17 0991 20.1
313  152+10 1.56 +0.11 1.26+0.12  0.990 28.3
Note: SSE = Z(qc - q)z, g and g, are the experimental value and

calculated value according the model, respectively.
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Table 3
Parameters of adsorption isotherm models for BPS adsorption
onto B-CD-PS

Langmuir
T (K) qe(exp) (mggil) qm(theo) (mggil) KL (ngil) RZ SSE
293 162 23.8+1.8 14.1+£26 0.963 5.92
303 134 21.5+24 9.98+240 0953 5.62
313 101 225+4.4 5.07+1.60 0955 3.82
Freundlich
T (K) yonp) (mgg™) K, 1/n R? SSE
293 162 1.44+047 0.483 £0.067 0.867 16.5
303 134 0.801£0.301 0.555+0.077 0.902 11.6
313 101 0.302+0.124 0.692£0.084 0.928 6.12
Temkin
T (K) Doy (mgg™) A, B, R? SSE
293 162 -125+1.6 5.74+035 0967 5.32
303 134 -125+14 5.06+0.32 0964 4.27
313 101 -12.1+14 434+032 0954 394
Koble—Corrigan
T(K) Ax10? B x107° n R? SSE
293  3.72+2.50 2.05+1.30 1.64+0.19 0.987 1.86
303 1.71+1.81 1.13+1.10 1.71+0.28 0976 251
313 0.794+1.011 0.615+0.740 1.71+0.33 0973 2.03

the larger the K, value and the stronger the binding force,
which was also consistent with the experimental results.
The R? values for the three temperatures were above 0.95,
but the difference between ¢, and g, ,  was large, so the
Langmuir model was not applicable to describe the adsorp-
tion process of BPS on B-CD-PS. The values of R? from the
Freundlich model were small relative to the other models,
and the SSE was large, indicating that it was also not appli-
cable to describe the adsorption. The values of R? from the
Temkin model and Koble-Corrigan model were larger
while the values of SSE were smaller. The fitted curves from
both models were closer to experimental curves. This con-
firmed that the Temkin model and Koble-Corrigan model
were more suitable to describe the adsorption process of
B-CD-PS toward BPS.

3.2.6. Adsorption kinetic study

The results at various contact time are shown in Fig. 4b—d
for Pb* and Fig. 5b—d for BPS, respectively. As can be seen
from Fig. 4b, the equilibrium adsorption amounts of f-CD-PS
toward Pb* at 293 K were 59.6, 76.4, and 89.6 mg-g™ for Pb*
solution concentrations of 60, 80, and 100 mg-L, respectively.
From Fig. 4b—d it can be seen that the adsorption of Pb* on
B-CD-PS was a fast adsorption process, and the adsorption
amount of Pb* on B-CD-PS has reached more than 90% of
the equilibrium adsorption amount at the adsorption time
of 40 min. From Fig. 5b—d it can be seen that the adsorption

of B-CD-PS toward BPS could be divided into three stages,
taking Fig. 5b as an example, 0~45 min was the fast adsorp-
tion stage, 45~265 min was the medium adsorption stage,
and 265~465 min was the slow adsorption until equilib-
rium was reached. This was because in the initial adsorp-
tion stage, the concentration gradient difference between
the adsorbent and adsorbent was relatively large and the
adsorption rate was fast. As time increases, the active sited
on the surface of B-CD-PS were gradually occupied by BPS,
and the concentration difference between the adsorbent and
the adsorbent surface decreases, and the adsorption rate
decreases until equilibrium is reached. From Figs. 4 and 5
it can be seen that the adsorption equilibrium time of Pb*
and BPS on B-CD-PS was very different, and the adsorption
of Pb* was basically saturated at 60 min, while the basic
adsorption equilibrium of BPS was only at 300 min, which
may be due to the direct complexation of Pb* with the car-
boxyl group on B-CD-PS, and the adsorption rate was rel-
atively fast. For BPS adsorption, there was a host-guest
interaction between BPS and B-CD, which takes some time
to enter the inside of the B-CD cavity and the adsorption
rate is slower.

Three common kinetic models (pseudo-first-order
equation, pseudo-second-order equation, Elovich equa-
tion) are applied for fitting kinetic data, and the expres-
sions of models are also shown in Table 1. The fitted curves
are shown in Figs. 4 and 5, and the fitted parameters are
shown in Table 4 (for Pb*") and Table 5 (for BPS), respectively.

As could be seen from the fitted data in Table 4 (for
Pb*), the results of fitting the pseudo-first-order equation
emerged that the g, and q,,  values were close to each
other, and this result indicated that the pseudo-first-order
equation to predict the unit adsorption and the R? values
were all above 0.932 with small SSE values. Furthermore,
the fitted curves from this model were closer to experimen-
tal curves. This confirmed that pseudo-first-order equation
was suitable for describing the kinetic process. The values
of R? from the pseudo-second-order equation were all above
0.980 and the values of SSE were smaller. But the difference
between the g, and g, values in the fitted results was
large. This shows that this model is suitable for describing
the kinetic process and not proper to predict the adsorp-
tion quantity. The R? values from the Elovich equation were
above 0.964 and the SSE values were small, indicating that
this model can be used to predict the kinetic process and
there was ion-exchange in the adsorption process.

From the fitted data in Table 5 (for BPS), it also could
be obtained that the g,  and g, values were relatively
close in the fitted results of the pseudo-first-order equation,
which proved that the pseudo-first-order equation to pre-
dict the unit adsorption, but the R* value was slightly small
and not suitable for describing the adsorption process. The
difference between ¢, from experiments and g, from
pseudo-second-order equation was not significant, while
the values of R? were above 0.970 and the values of SSE
were smaller. So it was implied that pseudo-second-order
equation was more suitable for describing the adsorption
process, indicating that chemisorption was the main role.
According to values of R? and SSE from Elovich equation,
it was not better to fit the kinetic process.
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Table 4
Adsorption kinetics fitting parameters of f-CD-PS for Pb*

Pseudo-first-order equation

T () C, (mgL) e (M5") Lo (ME8) k x10° R SSE
60 59.6 59.0+1.0 5.72+0.30 0.992 21.0
293 80 76.4 75.6+1.6 6.68 +0.45 0.985 59.4
100 89.6 84.6+3.1 8.50+1.10 0.932 279
60 59.8 58.6+1.1 7.28+0.48 0.986 34.3
303 80 82.7 782+2.6 7.23+0.79 0.957 172
100 90.8 87325 103+1.2 0.946 217
60 60.3 588 +1.7 8.44+0.88 0.957 87.2
313 80 83.3 80.0+1.5 8.87 +0.61 0.983 71.5
100 93.7 91.2+2.1 9.02+0.75 0.973 133
Pseudo-second-order equation
T (K) C, (mgrL) o (ME5) Lo (ME8) k,x 10 R SSE
60 59.6 71.0+1.6 8.87+0.83 0.993 18.1
293 80 76.4 889+1.6 8.85+0.70 0.994 23.2
100 89.6 96.4+2.3 11.6+1.4 0.983 68.5
60 59.8 68.2+1.1 12.9+£0.97 0.995 12.7
303 80 82.7 90.7+2.2 9.80+1.10 0.988 479
100 90.8 97.9+1.8 145+14 0.988 48.4
60 60.3 66.9+1.8 16.6+2.2 0.980 10.8
313 80 83.3 915+0.6 123+0.4 0.999 5.01
100 93.7 104 +2 11.5+1.0 0.991 43.0
Elovich equation
T (K) C, (mg-L™) A B R? SSE
60 -3.98 £2.32 14.4+0.7 0.979 57.2
293 80 -0.180 +2.801 17.7 0.8 0.979 82.7
100 9.92+2.01 17.9+0.6 0.990 41.1
60 1.16+2.23 13.6 0.6 0.978 52.0
303 80 3.13£2.04 17.7+0.6 0.989 424
100 152+33 17.7+£1.0 0.971 118
60 6.73 £2.66 125+0.8 0.964 73.2
313 80 6.66 +3.17 17.8+0.9 0.976 98.3
100 10.5+4.0 19.6+1.2 0.967 165

3.2.7. Thermodynamic parameters of adsorption

Thermodynamic  parameters including enthalpy
change (AH®), Gibb’s free energy change (AG®) and entropy
change (AS°) estimated the effect of temperature on the
adsorption of Pb* and BPS on B-CD-PS. They could be
determined using the following equations:

C

K: ad,e 5
=TC ©)
AG®=-RTInK, (6)
AG® = AH® —TAS® )

E
Ink, =Ink, - - ®)

where K _is the equilibrium constant and C,,, (mg-L™) is the
concentration of the adsorbate on the adsorbent; R is the
ideal gas constant (8.314 J-mol-K™), T (K) is the tempera-
ture of the reaction medium, k, is the pseudo-second-order
rate constant, k; is the temperature independent factor.

The thermodynamic parameters calculated are listed
in Table 6. As seen in Table 6, AG®° < 0, and AS° > 0 for
Pb* adsorption, indicating that the adsorption of Pb* by
B-CD-PS was a spontaneous, entropically increasing heat
adsorption reaction. The value of AH® < 84 kJ-mol™ and the
value of E ranged from 5-40 k]J-mol™, so there was a physi-
cal effect of Pb* adsorption. The results in the kinetic curve
fitting showed that the adsorption process was in accor-
dance with the quasi-level kinetics and Elovich equation,
so the adsorption of Pb* by B-CD-PS had both physical
and chemical adsorption.
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Table 5

Adsorption kinetics fitting parameters of -CD-PS for BPS
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Pseudo-first-order equation

T (K) C, (mg-L™) Dofexp) (mg-g™) Teftheo) (mg-g™) k, <107 R SSE
30 5.23 5.09 +0.08 1.86 £0.10 0.994 14.2
293 50 8.56 8.30 £0.12 2.01+0.11 0.994 38.2
70 10.7 10.4 +0.15 2.07£0.11 0.993 59.1
30 3.25 3.05+0.13 2.90 +0.50 0.903 53.1
303 50 5.96 5.66 +0.19 2.69+0.36 0.946 111
70 7.78 747 +0.17 3.44+0.33 0.972 97.2
30 2.14 2.03 £0.06 3.58 +0.45 0.949 12.3
313 50 3.72 3.47+0.13 3.52+0.56 0.906 58.3
70 5.63 5.26+0.19 4.77 +0.75 0.906 123
Pseudo-second-order equation
T (K) C, (mg-L™) Tetexp) (mg-g™) otheo) (M) k, x 107 R SSE
30 5.23 5.90+0.17 3.60 +£0.47 0.989 26.3
293 50 8.56 9.54 +0.26 2.45+0.32 0.988 71.8
70 10.7 11.9+£0.3 2.10+0.21 0.993 64.0
30 3.25 3.36+0.11 11.7£2.0 0.966 18.8
303 50 5.96 6.29 £0.13 5.67 +0.60 0.988 23.9
70 7.78 8.19+0.13 5.71£0.49 0.992 279
30 2.14 2.21+0.027 224+1.5 0.995 13.2
313 50 3.72 3.77+£0.10 13.7+£21 0.970 18.5
70 5.63 5.67 £0.09 124+1.3 0.985 19.2
Elovich equation
T (K) C, (mg-L™) A B R? SSE
30 -1.63+0.34 1.18 £ 0.07 0.970 72.6
293 50 -2.33+0.59 1.87 £0.13 0.962 228
70 -2.44 +0.70 2.26 +0.15 0.965 313
30 -0.110 £ 0.012 0.566 + 0.027 0.982 9.84
303 50 -0.487 + 0.020 1.10 £ 0.044 0.987 26.2
70 —-0.246 + 0.053 1.40£0.12 0.948 181
30 -0.184 + 0.099 0.374 £ 0.022 0.974 6.35
313 50 0.148 £ 0.016 0.602 +0.035 0.974 16.3
70 0.589 +0.260 0.870 + 0.057 0.967 43.3
Table 6
Thermodynamic parameters and apparent activation energy of Pb* and BPS adsorption
Adsorbent E, (k]-mol™) AH° (kJ-mol™) AS° (J-mol™-K™) AG® (kJ-mol™)
293 K 303 K 313K
Pb* 16.0 24.6 99.8 -5.13 -5.72 —6.64
BPS 69.9 -39.6 -149 -3.92 -5.32 -6.90

From the thermodynamic parameters and appar-
ent activation energy of B-CD-PS toward BPS in Table 4,
it could be seen that the adsorption of BPS was a sponta-
neous, entropy-decreasing exothermic reaction. Since the
E, value was to 69.9 kJ-mol”, there was chemisorption

during adsorption process.

3.2.8. Desorption study

In order to explore whether the exhausted material
could be recycled, the spent adsorbent can be desorbed or
regenerated and this can improve the value of adsorbent.
The methods for desorption and regeneration was selected

for multiple desorption. The results are shown in Fig. 6.
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From Fig. 6a it can be seen that 0.1 mol-L™" HNO, has
the best desorption effect on Pb* loaded B-CD-PS with
109% desorption rate and 55.6% regeneration rate. This
may be because the presence of acid disrupted the force
between Pb* and B-CD-PS, or ion-exchange between H*
and Pb* desorbed it down. It was selected to be regener-
ated by desorption three times with 0.1 mol-L" HNO,, and
the results were shown in Fig. 6b. All three desorption rates
were above 90% and regeneration rates were above 60%,
indicating that the B-CD-PS adsorbed with Pb** had some
cyclic regeneration ability. As can be seen from Fig. 6¢, the
best desorption and regeneration among these desorbents
was 75% C,H,OH, whose desorption and regeneration
rates were 94.4% and 73.9%, respectively. It was possible
that the presence of ethanol weakened the binding force
between the cavity interior of f-CD and BPS, and therefore
desorbed down. The adsorbent was selected to be regener-
ated by multiple desorptions with 75% C,H,OH, as shown
in Fig. 6d. As the number of desorptions increased, the
desorption efficiency decreased, but all values of d were
above 85% and the values of r were all above 75%, indicat-
ing that the BPS-loaded B-CD-PS could be utilized several
times and had good regenerative properties.

3.2.9. X-ray photoelectron spectroscopy analysis and mecha-
nism study

In this study, X-ray photoelectron spectroscopy (XPS)

characterization analysis was performed before and
120 4 (a) -
Ad
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after the adsorption of Pb** and BPS on B-CD-PS, and
the adsorption mechanism was investigated. Its XPS full
spectrum and Ols split peak diagram are shown in Fig. 7.

From the full spectra of Fig. 7a—c it can be seen that a
Pb3d peak appeared at 138.97 eV in Fig. 7b, indicating the
successful adsorption of Pb*" on B-CD-PS, and an S3p peak
appeared at 168.23 eV in Fig. 7c, indicating the successful
adsorption of BPS on B-CD-PS. The 532.91 and 531.05 eV in
Fig. 7d1 were the -OH and C-O bonds, respectively, with
the percentages of 88.94% and 11.06%; Fig. 7d2 shows that
the binding energies of -OH and C-O bonds after adsorp-
tion of Pb* were 532.83 and 531.05 eV, respectively, with
the percentages of 76.48% and 5.44%, respectively, and
the decrease in the percentage of -OH may be due to the
introduction of Pb* which reduces the binding of O to H
Moreover, one peak of Pb—O appears at 533.99 eV, indicat-
ing the successful adsorption of Pb*; Fig. 7d3 shows that
the binding energies of -OH and C-O bonds became 532.77
and 532.33 eV, respectively, after adsorption of BPS, with
the percentages of 62.35% and 37.65%, with an increase in
the percentage content of -OH, which may be caused by
the formation of hydrogen bonds between B-CD and BPS
or the introduction of BPS during the adsorption process,
indicating that p-CD-PS effectively adsorbed BPS.

The isotherm and kinetic results showed that the force
between B-CD-PS and Pb* was mainly the complexation of
Pb* with the carboxyl group of CA on B-CD-PS along with
ion-exchange. B-CD had a hydrophobic cavity structure,
and BPS could enter the interior of the cavity through the
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Fig. 6. (a) Desorption and regeneration effect after Pb* adsorption, (b) 0.1 mol-L™ HNO, three times desorption regeneration
for Pb*, (c) desorption and regeneration effect after BPS adsorption, and (d) 75% C,H,OH triple desorption regeneration for BPS.
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Fig. 7. X-ray photoelectron spectroscopy full spectra of p-CD-PS before and after Pb** and BPS adsorption (a) before adsorption,
(b) after Pb* adsorption, (c) after BPS adsorption and Ols peak splitting (d1) before adsorption, (d2) after Pb* adsorption,

and (d3) after BPS adsorption.

Fig. 8. Schematic diagram of the mechanism of interaction
between B-CD-PS and Pb* and BPS: (1) complexation/ion-
exchange and (2) hydrogen bonding.

wide-mouth end of B-CD. The -OH on BPS forms p-mt con-
jugation system with the benzene ring so that the hydrogen
on its -OH. The -OH on BPS forms a p-m conjugate sys-
tem with the benzene ring so that the hydrogen on its -OH
exhibits a positive charge, while the oxygen on the -OH
in the B-CD exhibits a negative charge, so BPS can form a
hydrogen bond with the B-CD, which was more favorable
for BPS to enter the cavity. Fig. 8 shows the mechanism of
interaction between 3-CD-PS and Pb* and BPS.

4. Conclusions

The adsorption performance of both Pb* and BPS on
B-CD-PS was significantly improved compared with that of
natural peanut shell. Acidic conditions were not favorable
for the adsorption of Pb*. The adsorption of BPS remained
essentially constant at pH 2-7, and alkaline conditions were
not favorable. The presence of salt was unfavorable to Pb*
adsorption, but had no effect on BPS adsorption. The iso-
therm results showed that the Langmuir model and the
Koble-Corrigan model could be used to describe the Pb*
adsorption on B-CD-PS, and the Temkin model and the
Koble—Corrigan model could well describe the adsorption
process of BPS on B-CD-PS. The pseudo-first-order model
and Elovich model could be used to describe the kinetic pro-
cess of Pb? adsorption, indicating the existence of ion-ex-
change in the adsorption process. The adsorption process
of B-CD-PS toward BPS was consistent with the pseudo-sec-
ond-order model, suggesting that chemisorption be the main
rate-controlling step. The Pb* adsorption on B-CD-PS was
a spontaneous, entropy-increasing, heat-absorbing reac-
tion while BPS adsorption on B-CD-PS was a spontaneous,
entropy-decreasing, exothermic reaction. Pb* or BPS-loaded
B-CD-PS can be regenerated and reused. There is poten-
tial for B-CD-PS to remediate wastewater containing lead
ion and BPS. This study provides one way to effectively
utilize the agricultural by-product (such as peanut husk)
for remediation of wastewater.
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