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Factory and natural wastewaters contain a wide range of organic pollutants. Therefore, multifunctional
adsorbents must be developed that can purify wastewater. Phytic acid-cross-linked Baker's yeast
cyclodextrin polymer composites (IBY-PA-CDP) were prepared using a one-pot method. IBY-PA-CDP
was used to adsorb methylene blue (MB), bisphenol A (BPA), and methyl orange (MO). Studies on the
ionic strength and strongly acidic ion salts confirmed that IBY-PA-CDP adsorbs MO through
hydrophobic interactions. This also shows that Na* was the direct cause of the increased MO removal.
Adsorption studies on binary systems showed that MB/MO inhibited the adsorption of BPA by IBY-PA-
CDP. The presence of MB increased the removal rate of MO by IBY-PA-CDP due to the bridging effect.
The Langmuir isotherm model calculated the maximum adsorption capacities for MB and BPA to be
630.96 and 83.31 mg g%, respectively. However, the Freundlich model is more suitable for fitting the
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transfer mechanism model was employed. The fitting results show that adsorption onto the active sites is

DOI: 10.1039/d3ra07682b the rate-determining step. After five regeneration cycles, IBY-PA-CDP could be reused with good
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1. Introduction

The current increase in human demand for industrial chemicals
has led to rapid social development and a substantial increase in
living standards; however, it has led to some adverse impacts. For
example, the discharge of large quantities of pollutants into
aquatic environments depletes the quality of water resources.
Dyes are important sources of water pollution and are produced
by textile, paper, rubber, leather, plastic, and printing industries.”
Textile mills are among the largest industrial sectors in terms of
dye use and water consumption.* Over 700 000 tons of artificial
dyes are manufactured annually, of which 10-15% is discharged
into wastewater.* Dyes are mainly categorized as cationic (e.g,
methylene blue [MB]) and anionic (e.g., methyl orange [MO])
based on the electrical properties of the molecules.>® Both dyes
have several applications in printing and research laboratories.
Meanwhile, additives with endocrine-disrupting effects (e.g.,
bisphenol A [BPA]) are employed during dyeing to prevent
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oxidation and degradation of textiles.” Dyes in industrial waste-
water degrade water quality and cause toxicity, causing the death
of aquatic life and human diseases.®? Endocrine disruptors may
also be carcinogenic at very low concentrations, and can cause
hormonal imbalances.® Therefore, these dyes and endocrine dis-
ruptors must be removed from wastewater.

Adsorption has been used to purify wastewater owing to
advantages such as simple operation, low energy consumption,
low susceptibility to secondary pollution, and use of regener-
able adsorbents.'” Wastewater dyes or phenolic chemicals can
be removed using natural biomass as an adsorbent.** Yeast is
an inexpensive, readily available raw material and environ-
mentally friendly biosorbent.” Yeast cell walls contain many
functional groups, such as carboxyl, amino, and hydroxyl
groups, and yeast has been used to treat pollutants in water,
such as phenol,** Congo red," acid orange 7, and reactive red
11." However, yeast has drawbacks such as low adsorption
efficiency, tendency to disperse in water, and difficulty in
recollection from aqueous solutions after adsorption, that
limits its applications in wastewater treatment.'” Therefore, the
yeast must be modified to address these issues. Fortunately, the
numerous functional groups (carboxyl, amino, and hydroxyl
groups) present on its surface facilitate its ability to be chemi-
cally modified. Duan et al.*® prepared an insoluble polymer by
grafting B-cyclodextrin (B-CD) onto the surface of Baker's yeast,
using thiomalic acid as a crosslinker. Liu et al.' prepared
phosphate-modified Baker's yeast (PMBY). The maximum
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adsorption capacity of Pb>" on PMBY was found to be 92 mg g™*,
which was about three times that of the pristine Baker's yeast.

Phytic acid (PA) is a naturally occurring cyclic organic acid
and a non-toxic polymeric organic compound containing six
phosphate groups and 12 hydroxyl groups. Owing to the six
phosphate groups in its molecular structure, PA can be used as
a cross-linking agent. In addition, this highly negatively charged
chemical can enhance adsorption through electrostatic inter-
actions with dyes or metal ions.” You et al.>* modified wheat
straw (WS) with PA to improve adsorption capacity for MB. The
maximum adsorption quantity of PA-WS for MB was up to
205.4 mg g ' at 25 °C. Bouaouina et al.>> modified carob waste
using phytic acid. Adsorption capacity of Cr(vi) increased from
243.9 to 434.8 mg g~ " after modification. These results showed
that the adsorption capacity could be greatly improved using
a PA-cross-linked adsorbent.

B-CD is a macrocyclic oligosaccharide comprising seven
glucose units with a truncated cone cavity shape.”® B-CD is of
interest because of its natural nontoxicity, hydrophobic cavity,
hydrophilic outer wall, and the numerous hydroxyl groups outside
the macrocycle. The size of the dye is larger than the cavity of the
B-CD, therefore only a part of the dye molecule can be accom-
modated within the cavity.* Furthermore, the cavities of multiple
CDs create a macromolecular network, which enables the diffu-
sion of dye molecules into the porous structure.” These properties
promote the formation of host-guest complexes or inclusion
complexes, allowing them to trap specific organic molecules.*
This makes B-CD a potentially viable option for removing various
organic micropollutants. Because natural 8-CD is water-soluble, it
must be converted into a water-insoluble material using a linker.
Zhou et al.” prepared B-CD/activated carbon hydrogels by mixing
B-CD with epichlorohydrin and activated carbon powder. The
maximum adsorption capacity of MB can reach 166.67 mg g .
Alsbaiee et al.*® reported a porous B-CD polymer by using rigid
tetrafluoroterephthalonitrile as the crosslinker, and obtained
maximum adsorption capacity toward BPA can achieve at 88 mg
g . Qiu et al® grafted acrylamide and 2-acrylamido-2-
methylpropane sulfonic acid onto B-CD to prepare a novel
hydrogel with high adsorption capacity for MB. B-CD-based
adsorbents are often prepared using toxic and carcinogenic
compounds as cross-linking or grafting agents. Additionally, some
adsorbents can be complicated to prepare and require a large
number of organic reagents.*® Thus, this study presents the
synthesis of a new adsorbent through a simple one-step process
using an eco-friendly cross-linking agent.

Currently, researchers have developed many adsorbents for
removing single pollutants such as anionic, cationic dyes or
nonionic endocrine disruptors. However, aqueous solutions in
natural environments are mixed solutions containing various
contaminants. This results in narrow application range for most
adsorbents. Therefore, it is necessary to develop new multi-
functional adsorbents for the simultaneous removal of anionic,
cationic dyes, and nonionic endocrine disruptors.

Herein, a novel Baker's yeast-cyclodextrin polymer (IBY-PA-
CDP) composite was developed. MB, MO, and BPA were used
to represent cationic, anionic dyes, and nonionic endocrine
disruptors, respectively. Then the adsorption properties and
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mechanisms of MB, MO, and BPA were investigated using batch
adsorption experiments, binary pollutant systems, mathemat-
ical modeling, and Fourier infrared spectroscopy (FTIR)/X-ray
photoelectron spectroscopy (XPS) characterization. This study
provides ideas for the simultaneous removal of cationic,
anionic, and nonionic organic contaminants.

2. Materials and methods

2.1 Materials and reagents

Baker's yeast was obtained from Hubei Angel Yeast Co., Ltd. -
Cyclodextrin (B-CD, purity >97%) was purchased from Beijing
Soleberg Technology Co., Ltd. Phytic acid (PA, 70% in H,0) was
obtained from Shanghai Aladdin Biochemical Technology Co., Ltd.
BPA (Amax = 276 nm) and humic acid (HA, purity =90%) were
purchased from Shanghai Maclin Biochemical Technology Co., Ltd.
Methylene blue (MB, A, = 665 nm), cobalt chloride hexahydrate
(CoCl,-6H,0), methyl orange (MO, A, = 464 nm), and copper
chloride dihydrate (CuCl,-2H,0) were obtained from Tianjin Aup-
sheng Chemical Co., Ltd. Manganese chloride tetrahydrate
(MnCl,-4H,0) and sodium acetate (CH;COONa) were purchased
from Tianjin Kemao Chemical Reagent Co. Ltd. Methanol (CH;OH)
and anhydrous ethanol (C,HsOH) were purchased from Tianjin
Komeo Chemical Reagent Co., Ltd. All reagents were of analytical
grade.

2.2 Preparation of IBY

Ten grams of dry Baker's yeast was weighed and added to 100 mL of
deionized water. The mixture was incubated at room temperature
with shaking at 140 rpm for 15 min. The yeast solution was then
inactivated in an autoclave (121 °C for 20 min). The inactivated
yeast solution was centrifuged at 4000 rpm for 10 min and washed
thrice. Cyclic washing was performed to separate impurities from
the yeast surface to avoid any influence on the experiment. The
inactivated Baker's yeast (IBY) was lyophilized and stored.

2.3 Synthesis of IBY-PA-CDP

According to researcher previously reported work with minor
modification,* the modified IBY using PA and B-CD (IBY-PA-
CDP) was synthesized via esterification as shown in Scheme 1.
First,1g,3.97 g,7.09 g, and 0.56 g of IBY, PA, B-CD, and KH,PO,
respectively were added to deionized water and stirred at 100 °C
for 1 h. Then the solutions were placed in an electrically heated
desiccator at 150 °C for 9 h. The resulting product was placed in
200 mL of 0.1 mol per L NaOH solution and stirred at room
temperature for 2 h. The product was washed with deionized
water until the pH of the filtrate was neutral. The product was
then placed in a vacuum oven at 55 °C overnight to obtain IBY-
PA-CDP biomass adsorbent.

3. Results and discussion

3.1 Sample characterization

3.1.1 FTIR and XRD analysis. The surface functional
groups of B-CD, IBY, and IBY-PA-CDP were detected using FTIR
spectroscopy. As shown in Fig. 1a, the absorption peaks of f-CD

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthetic diagram of IBY-PA-CDP.

at 1641 and 1035 cm™ ' are associated with the ~-OH bending
vibration and C-OH stretching vibration, respectively. The
absorption peaks at 1163 and 939 cm ' correspond to the
C-0-C stretching vibration and R-1, 4-bond vibration of B-CD,
respectively.®* The peaks at 1643, 1538, and 1241 cm™ " were
observed as amide I, II, and III bands, respectively, which are
the characteristic N-H vibrational peaks of yeast cell proteins.*
The absorption peaks at 1064 cm ™" and 1391 cm ™" correspond
to P=0 in ~-OPO;>~ (phosphoryl) on the IBY surface and C=0
stretching of the protein carboxyl group, respectively.*® The
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Fig. 1
and IBY-PA-CDP; (d) zeta potential of IBY-PA-CDP varies with pH.

© 2024 The Author(s). Published by the Royal Society of Chemistry

adsorption band of IBY-PA-CDP at -OH (3400 cm ') was
reduced compared to those of B-CD and IBY, suggesting that the
—OH group of IBY or B-CD reacts with PA.** The adsorption band
of IBY-PA-CDP at 1632 cm™ ' was the overlapping peak of the
hydroxyl group bending vibration of -CD and the amide I band
of IBY. The new peak at 1703 cm ' corresponds to the ~OH
bending vibration of the phosphate group in PA”' The
absorption peaks at 1228 cm ™' was the overlapping peak of the
stretch vibrations of amide III band in IBY and P=0 bonds in
PA. A broader new peak at 933 cm ™' (P-O-C) was also observed,

(b)
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(d)
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(a) FTIR spectra of B-CD, IBY, and IBY-PA-CDP; (b) XRD diagrams of B-CD, IBY, and IBY-PA-CDP; (c) contact angles determined for IBY,
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which was attributed to esterification of the phosphate group on
PA with the hydroxyl group on IBY and B-CD.**** Then the
chemical structures of IBY-PA-CDP before and after loading MB/
BPA/MO were analyzed by FTIR spectroscopy in the ESIf file of
the manuscript.

XRD was used to analyze the crystallographic features of the
surface of the target material. The surface XRD patterns
(diffraction angle 26) of B-CD, IBY, and IBY-PA-CDP are shown
in Fig. 1b. Sharp and intense peaks are observed in the XRD
patterns of B-CD, with the strongest diffraction angles (26):
9.21°, 12.85°, 17.27°, 17.99°, 18.97°, 23.13° (icon (#)), which
are characteristic peaks of B-CD. This confirmed the nature of
the crystal structure. In contrast, IBY shows a broad peak at 26
of 19.33° (icon (#)). This is a characteristic of noncrystalline
structures.® The observation of a broad peak at 20.01° (icon
(#)) in IBY-PA-CDP indicates that it is amorphous. The broad
peaks in the amorphous phase were deflected owing to the
cross-linking reactions of f-CD, IBY, and PA.*® However, this is
an additional advantage of this method. This is because the
amorphous region of the adsorbent favors the adsorption of
target compounds.*”

3.1.2 Contact angle and zeta potential measurement. The
surface hydrophobicity of the adsorbent material affects the
adsorption performance of target pollutants.®® Therefore, the
hydrophobic properties of IBY and IBY-PA-CDP were examined,
and their contact angles were measured. As shown in Fig. 1c, the
contact angle of IBY decreased from 71.1° to 49.6° in 4 s, and
that of IBY-PA-CDP decreased from 54.1° to 0° in 3 s. Although
Baker's yeast cells were easily dispersed in aqueous solutions,
their surfaces were still hydrophobic to a certain extent.
Proteins with nonpolar structural domains and lip-
ophosphatidic on the cell surface are crucial for preserving the
hydrophobicity of the cell surface.***® Unlike the original IBY
(54.1°), the static water contact angle of the IBY-PA-CDP was
71.1°. The increase in the static water contact angle is also
attributed to the hydrophobic inner cavity of B-CD molecules.**
The higher the contact angle of the adsorbent, the more its
hydrophobicity. After 40 s, the contact angle of the IBY-PA-CDP
reached 27.3° (Fig. S2%1). This demonstrates the stronger
hydrophobicity of IBY-PA-CDP compared to that of IBY.

As shown in Fig. 1d, the pH increases from 2 to 11, while the
zeta potential of the IBY-PA-CDP surface decreases from
4.92 mV to —20.55 mV. The zeta potential of IBY-PA-CDP was
positive at pH 2. Baker yeast cell walls contain various func-
tional groups, including carboxyl, amide, amino, and phos-
phate groups.*> Therefore, IBY-PA-CDP contained amide and
amino groups that were positively charged when protonated
under strongly acidic conditions. However, the zeta potential of
IBY-PA-CDP was negative at pH > 3. This is because IBY-PA-CDP
introduced a large number of phytate molecules with phosphate
groups that underwent deprotonation.*® The higher the pH, the
more negative the charge on the surface of IBY-PA-CDP.

3.1.3 SEM-EDX analysis. Photographs of IBY and IBY-PA-
CDP are shown in Fig. S3.1 IBY features a pale yellow surface,
whereas the IBY-PA-CDP surface is black owing to PA and B-CD
grafting. Fig. 2a, b and c, d show topographic images of IBY and
IBY-PA-CDP, respectively, characterized by SEM at different
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magnifications. IBY has a diameter range of 3-4 pm and
exhibits an ellipsoidal sphere shape with a smooth and trans-
lucent layer. Owing to the chemical cross-linking between IBY,
PA, and B-CD, the synthesized IBY-PA-CDP is a tightly bound
substance with an irregular block structure. This solves the
problems of poor mechanical strength, small size, and easy
dispersion in water of Baker's yeast as a biomass adsorbent.The
surface of IBY-PA-CDP is rough and uneven with tiny pores.
High roughness can enhance the friction between the adsor-
bent and the adsorbent, which is favorable for the adsorbent to
contact the binding sites.** The pores of IBY-PA-CDP can
increase the surface area, expose active sites, and effectively
accelerate the adsorption of target pollutants.®

The elemental mapping images of IBY and IBY-PA-CDP in
Fig. 2e confirm that the four elements were uniformly distrib-
uted on the surfaces of IBY and IBY-PA-CDP. The weight
percentage of each element in the samples before and after
adsorption was recorded, and the data are presented in Table
S1.f The elemental weight percentages showed an increase in
the O and P contents on the surface of IBY-PA-CDP, indicating
the successful cross-linking of B-CD and PA to the IBY surface.
Based on the results for the IBY-PA-CDP model pollutants, the S
weight percentages of IBY-PA-CDP/MB and IBY-PA-CDP/MO
reached 1.97% and 0.13%, respectively. The weight percentage
of O in IBY-PA-CDP/BPA increased by 5.51%. These results
further demonstrate the effectiveness of IBY-PA-CDP in
adsorbing the modeled pollutants.

3.2 Batch adsorption studies

3.2.1 Effect of initial pH. As shown in Fig. 3a and c, the
equilibrium adsorption capacities for MB and MO are posi-
tively correlated with alkalinity and acidity, respectively. The
adsorption capacity of IBY and IBY-PA-CDP at pH 11 for MB
reached 71.29 mg g ' and 563.52 mg g '. The carboxyl,
hydroxyl, and phosphate groups on the surface of IBY
contributed to its MB adsorption capacity. Owing to the
introduction of a large number of phosphate groups into IBY-
PA-CDP via phytate, IBY-PA-CDP exhibited higher adsorption
than IBY at all pH values. No significant change was observed
in the adsorption of BPA by IBY or IBY-PA-CDP at pH = 1-9
(Fig. 3b). However, a sharp decrease in BPA removal efficiency
was observed at pH 11. The solution pH is higher than the acid
dissociation constant of BPA (pK, = 10.3) and the hydroxyl
group of BPA is deprotonated.?” Deprotonated hydroxyl groups
interfere with the formation of inclusion complexes with -CD
cavities. In addition, the negatively charged IBY and IBY-PA-
CDP electrostatically repelled deprotonated BPA.*> As ex-
pected (Section 3.1.2), IBY-PA-CDP adsorbed BPA more
strongly than IBY did. Fig. 3c shows that IBY can adsorb MO
under acidic conditions, and the modification of B-CD
increased MO adsorption. Amino or amide groups were
present on the surfaces of IBY and IBY-PA-CDP (Section 3.1.1).
These functional groups are protonated under acidic condi-
tions and adsorb MO with sulfonic acid groups via electro-
static interactions. Although the adsorption of the MO dye by
IBY-PA-CDP gradually decreased at pH 2-11, it remained above

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM micrographs of (a and b) IBY, (c and d) IBY-PA-CDP; (e) elemental mapping of IBY, and IBY-PA-CDP.

5.66 mg g *. This is attributed to electrostatic interactions and
other interactions that synergistically enhance the adsorption
of MO by IBY-PA-CDP, such as van der Waals forces, hydro-
phobic interactions, hydrogen bonding, and host-guest
interactions.*® Interestingly, the MO adsorption capacity of

View Article Online
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10 pm

IBY increased as the pH increased from 2 to 3. This may be
because a more acidic solution altered the structure of the
polymer on the IBY surface. The macroscopic changes of MB,
BPA, and MO before and after adsorption are shown in
Fig. S4,1 and the color change of MB is particularly obvious.
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3.2.2 Effects of temperature and IBY-PA-CDP dosage.
Fig. 4a shows that the removal efficiencies of MB and BPA/MO
exhibited opposite trends. The MB removal rate increased
with increasing temperature (from 83.51% to 99.58%). First, MB
strongly interacts with its active site. Second, an increase in
temperature enhances the Brownian motion of the molecules in
solution,*” which increases the probability of collisions between
the MB molecules and IBY-PA-CDP in solution. In contrast to
MB, an increase in temperature led to a decrease in the removal
of BPA and MO. This is because the bonding of BPA/MO to the
active adsorbent sites is weaker at higher temperatures,
particularly when physical interaction forces (hydrogen
bonding and hydrophobic effect) are involved in adsorption.*®
Adsorption thermodynamics are investigated in the ESIf file of
the manuscript. In conclusion, elevated temperatures favored
MB adsorption by IBY-PA-CDP, but were detrimental to BPA/MO
adsorption.

The effects of adsorbent dosage on MB/BPA/MO are shown in
Fig. 4b. When the adsorbent dose was less than 1.0 g L ™", MB/
BPA/MO exhibited a higher adsorption capacity but a lower
removal rate. Owing to the small amount of adsorbent,
a portion of the target pollutant in the solution occupied almost
all the active sites of the adsorbent, which caused the active
sites to become saturated. However, a higher amount of the
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target contaminant was still present in the solution. When the
dose of IBY-PA-CDP exceeded 1.0 g L™, the adsorbents provided
more active adsorption sites to fully adsorb the target pollutants
in the solution, thereby enhancing the removal rate. Further-
more, the dose of adsorbent added was greater than that
required to remove the total amount of the target pollutant,
which resulted in saturation of the active sites becoming diffi-
cult and decreasing the adsorption capacity.*” Based on the cost
of the adsorbent and removal rate of the modeled contami-
nants, the IBY-PA-CDP dose was set to 1.0 g L " in subsequent
experiments.

3.2.3 Effect of contact time. Determining the response time
of wastewater treatment is important for practical applications.
As shown in Fig. 4c, a prolonged contact time evidently facili-
tated the adsorbent to fully adsorb the modeled pollutants. The
IBY-PA-CDP adsorbent exhibited a rapid adsorption rate during
the first 150 min. The target pollutant molecules move from
solution to the surface of IBY-PA-CDP due to the concentration
difference. Furthermore, adsorption begins with many adsorp-
tion sites for MB/BPA/MO, which provides a stronger driving
force. However, over time, the number of free sites available for
loading the modeled contaminants gradually decreased.
Simultaneously, contaminants adsorbed at the active sites may
block the channels, preventing residual vacancies from being
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occupied and slowing the adsorption rate until equilibrium is
attained." At high MB concentrations, the adsorption reached
equilibrium after 780 min. The adsorption of lower concentra-
tions of BPA and MO gradually reached equilibrium after
1080 min.

3.2.4 Reusability of IBY-PA-CDP. Recycling of adsorbents is
important for assessing their application potential considering
environment-friendliness and economic benefits. In this
experiment, the same batch of adsorbent was used for the
adsorption-desorption experiments, and the results of the
regeneration performance of the adsorbent are shown in
Fig. 4d. The removal efficiency of the adsorbent loaded with the
modeled pollutants did not differ significantly after five regen-
eration cycles. The reduction in the removal performance of the
materials was mainly due to the occupation of the reaction sites
by the model pollutants caused by the high adsorption affinity
of certain reaction sites for the model pollutants. This resulted
in the incomplete desorption of the adsorbent. The results
showed that IBY-PA-CDP can be effectively regenerated and
reused with good stability and recyclability.

3.2.5 Effects of NaCl and humic acid. Ionic strength is one
of the factors that affect the adsorption performance of adsor-
bents. NaCl, which is the most common salt in aqueous solu-
tions, was used to study the effects of ionic strength. Fig. 5a
shows that NaCl inhibits the adsorption of MB by IBY-PA-CDP
and promotes the adsorption of BPA and MO. Both Na* and
MB competitively bind to the oxygen-containing anionic groups
through electrostatic interactions.*® Therefore, with higher Na*
concentration in the solution, more active sites were occupied.
The addition of NaCl causes BPA to form molecules in multiple
states. These molecules can penetrate deeper into the adsorbent
surface. When hydrophobicity was the main driver of BPA
adsorption, the presence of salt led to higher hydrophobicity of
the associated surface and salt-induced dehydration.®® These
factors contribute to the adsorption of BPA to the reaction sites
and improve the BPA removal efficiency. Furthermore, when
hydrogen bonding is the main driving force for BPA adsorption
by the adsorbent, an increase in salt concentration can lead to
hydrogen bond salting out.*® This made the adsorbent less
capable of adsorbing BPA. The MO removal efficiency of anionic
dyes was found to be substantially reduced with increasing
ionic strength, confirming that electrostatic attraction is the
primary mechanism of MO adsorption.*” However, the results of
the present study show a gradual increase in the MO removal
efficiency by IBY-PA-CDP. This may be due to the dominant role
of hydrophobic interactions in MO adsorption. This experiment
also confirmed that the adsorbent material containing-CD
adsorbed MO via hydrophobic interactions (host-guest
interactions).

HA is a complex organic matter present in natural aquatic
environments that usually coexists with dyes and endocrine
disruptors, which may affect the adsorption performance of
IBY-PA-CDP. Fig. 5b shows that as the initial concentration of
HA increased, the removal of MB and MO decreased by 6.46%
and 5.32%, respectively, and BPA showed a maximum removal
decrease of 8.27%. HA is a macromolecule with many func-
tional groups, including hydroxyl, aryl ring, carboxyl, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carbonyl groups.* Therefore, HA may be bound to the surface of
IBY-PA-CDP through hydrogen bonding and hydrophobic and
electrostatic interactions, thus competing for active sites. MO
was less strongly inhibited by HA than by MB. According to
Wang et al.,> HA forms a spherical structure under acidic
conditions, and this form of HA will occupy fewer active sites
and reduce the spatial site resistance to favor its adsorption.
The results showed that IBY-PA-CDP maintained good adsorp-
tion performance for removing MB, BPA, and MO, even in the
presence of a large amount of HA.

3.2.6 Effects of strong acidic ionic salts. The results of the
NaCl experiments described in Section 3.2.5 indicated that elec-
trostatic interactions are not the primary mechanism by which
IBY-PA-CDP adsorbs MO. To verify this result and further under-
stand the mechanism of adsorption, experiments on the effect of
the anions on MO were performed. As shown in Fig. 5c, the
removal of MO by IBY-PA-CDP exhibits different degrees of
elevation after adding the four salts. The anions in the salt solu-
tions did not inhibit the adsorption of MO onto IBY-PA-CDP. This
indicates a lack of competition between the anions and MO at the
surface-active sites of IBY-PA-CDP. This also suggests that elec-
trostatic interactions are not the main mechanism of MO
adsorption by IBY-PA-CDP. The addition of NaNO; and Na,SO,
enhanced the removal of MO by 9.09% and 12.95%, respectively,
compared to the control. The presence of Na* appeared to be
responsible for this phenomenon. This suggests that hydrophobic
interactions are the main drivers of adsorbed MO. Therefore, in
combination with the experimental results described in Section
3.2.1, the mechanism of MO adsorption by IBY-PA-CDP involves
electrostatic and hydrophobic interactions. Among the four salts,
NaH,PO, was the most effective at promoting MO adsorption by
IBY-PA-CDP. The presence of sodium ions increased the hydro-
phobicity. Moreover, the ionization of hydrogen ions in dihy-
drogen phosphate lowered the pH of the water after NaH,PO, was
added to the aqueous solution.

3.2.7 Effect of metal ions. In addition to alkaline conditions,
acidic solutions favored MB adsorption by IBY-PA-CDP (Section
3.2.1). Natural and industrial wastewater contain various metal
cations that may inhibit MB removal. Therefore, the influence of
light and heavy metal ions on the adsorption of MB by IBY-PA-
CDP was investigated at pH 4 (Fig. 5d). The MB removal effi-
ciency in solutions containing divalent metal cations (Ca>*, Co™,
Mn**, and Cu®") decreased more considerably than in those
containing monovalent metal cations (K'). This indicated that the
higher the charge number of the metal ions, the stronger their
electrostatic interactions with the carboxyl and phosphate groups
of IBY-PA-CDP,* which inhibited the removal of MB by IBY-PA-
CDP to a greater extent. Among these metal ions, Cu>* had the
greatest inhibitory effect on MB adsorption by IBY-PA-CDP,
resulting in a decrease in MB removal efficiency from 99.54% to
85.15%. This is because of the larger hydrated ionic radius and the
electron-shielding effect of Cu®>".*** The spatial site resistance
effect is a common mechanism affecting adsorption performance
during adsorption. In general, the larger the hydrated ionic radius
of an ion and the more pronounced the spatial site barrier effect,
the greater its ability to hinder the adsorption of cationic
substances.” Among the divalent metal cations, the hydration
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radius of Cu®* (4.19 A) > Ca®" (4.12 A). This is consistent with the
result that Cu®" inhibits the adsorption of MB more than Ca*".
The results showed that IBY-PA-CDP exhibited excellent MB
adsorption performance in metal ion solutions.

3.3 Removal of pollutants from binary mixture by the IBY-
PA-CDP

Although IBY-PA-CDP can effectively adsorb a single target
pollutant, its adsorption performance for each pollutant in
a binary organic pollutant system remains unclear. Fig. 6a and
c-e show that the removal rates of BPA and MO in the binary
system were still characterized by the pH response, and the
trends were the same as those in the single system. The BPA
removal efficiency decreased in the presence of MB/MO (Fig. 6a
and c). This is because BPA, MB, and MO can be stably con-
tained in the cavity of B-CD through host-guest interactions.>****
Hydrophobic interactions also promote the adsorption of both
BPA and MO by IBY-PA-CDP (Section 3.2.5). Moreover, IBY-PA-
CDP adsorbed MB faster than BPA (Section 3.2.3). Therefore,
IBY-PA-CDP preferentially adsorbed MB in a mixed solution of
BPA + MB. The large amount of MB adsorbed on the surface of
IBY-PA-CDP may increase the spatial site resistance to intra-
particle diffusion, thereby hindering the adsorption of BPA to
the active sites.*® Similarly, the spatial site resistance and
competition for the same active site led to a decrease in the

6634 | RSC Adv, 2024, 14, 6627-6641

removal of MO in the BPA + MO binary system (Fig. 6d).
However, very high MB removal efficiencies (Fig. 6b and f) were
achieved despite the change in solution pH and the addition of
BPA/MO. This indicates that MB was not affected by the pres-
ence of BPA/MO. This was due to the high adsorption of MB by
the adsorbent, which completely removed low concentrations of
MB from the mixed solution.

In the BPA/MO and BPA/MB binary systems, the removal rate
of BPA/MO decreased when another modeled pollutant was
added. However, substantial amounts of MO were adsorbed
when MO and MB co-existed (Fig. 6e). That is, MB promoted
IBY-PA-CDP adsorption by MO. A plausible explanation for this
is that the MB molecules adsorbed on the surface of IBY-PA-CDP
act as bridges (Fig. 7). The specific mechanisms are as follows:
due to the aromatic ring structure of MB, two MB molecules can
form stacked, head-to-tail adjacent dimers in solution by m-m
stacking.®” The protonated tertiary amino group of one MB
molecule in the MB dimer was attracted by the deprotonated
carboxyl and phosphate groups of IBY-PA-CDP, whereas the
protonated tertiary amino group of the other MB molecule
attracted MO with a sulfonic acid group.®® Therefore, the MO
removal rate of IBY-PA-CDP was higher in the MO + MB dimer
system. Compared to the acidic system (pH 2-7), the alkaline
system (pH 7-11) better promoted the adsorption of MO. The
more alkaline the solution, the more negatively charged the IBY-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PA-CDP and the greater the drive to adsorb MB. This strong
driving force quickly pulled all the MB molecules into the
solution, and the fast-moving MB molecules carried more MO
molecules to the adsorbent surface.

In summary, MB, BPA, and MO could be adsorbed onto IBY-
PA-CDP in a mixed solution. Moreover, the addition of BPA
hindered the adsorption of MO. The presence of BPA/MO did
not considerably affect MB adsorption. However, the presence
of MB can improve the removal efficiency of MO by the adsor-
bent owing to the bridging effect.
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3.4 Adsorption kinetics

Plots of the curves and associated parameters fitted using the
kinetic data and model are in Fig. 8a-c and Table S3.7 The
correlation coefficients R* (0.986-0.944) of the Elovich model are
higher than those of the PFO (0.862-0.906) and PSO (0.930-0.961).
This suggests that the removal of MB, BPA, and MO by IBY-PA-
CDP is a chemical process occurring on nonhomogeneous
surfaces.* The fitting of the Elovich model to the experimental
data yielded the following values for the three target pollutants:
MB (51.054), BPA (9.303), and MO (1.233). Compared with BPA
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Fig. 7 Proposed mechanism of MB enhancement of IBY-PA-CDP adsorption of MO.
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and MO, IBY-PA-CDP was superior for MB adsorption. The pres-
ence of more effective MB-binding sites on the adsorbent surface
resulted in a stronger driving force for MB with IBY-PA-CDP.

3.5 Adsorption isotherms

The fitted curves and parameters of the three isothermal
models are shown in Fig. 8d-f and Table S4.1 For MB and BPA,
the Langmuir model had the best fit among the three models
(R* = 0.992, 0.941), indicating that the adsorption process for
MB and BPA was mainly homogeneous monolayer adsorption.
The calculated Ry values for MB and BPA ranged between
0.0015-0.0056 and 0.0714-0.2778, respectively, indicating that
the Langmuir isotherm was highly favorable under the experi-
mental conditions studied. For MO, the Freundlich isotherm
model revealed a higher correlation coefficient value (R* =
0.990) closer to 1, suggesting that MO adsorption on IBY-PA-
CDP is a non-homogeneous multilayered adsorption process
and that the energy of biosorption decreases exponentially as
the adsorption sites on the adsorbent become saturated.®
Meanwhile, the parameter 1/n = 0.52 confirms the advantage of
this model in fitting the adsorption of MO.*

3.6 Mass transfer mechanisms

A mass transfer mechanism model was used to explore the
mechanisms and rate-limiting steps in the adsorption of target
pollutants by the adsorbents. The uptake of the adsorbate in
solution by the adsorbent is essentially a mass-transfer process,
that is, the adsorbent is transferred from the solution to the
surface of the adsorbent and bound to the adsorption site by
physical or chemical forces. This process consists of three main
stages. External diffusion: transfer of MB/BPA/MO from the

View Article Online

Paper

solution to the interior of the liquid film on the surface of IBY-
PA-CDP; internal diffusion: transfer of MB/BPA/MO in the
internal pores of IBY-PA-CDP upon reaching the interior of the
liquid film and adsorption of MB/BPA/MO in the pores to the
active sites of IBY-PA-CDP.%

3.6.1 External diffusion model. The external diffusion
(EXD) model assumes that external diffusion is the slowest
stage of mass transfer. The Mathews and Weber model was used
as the EXD model to explain the movement of the dye/bisphenol
molecules in solution to diffuse into the IBY-PA-CDP boundary
layer.®® The difference in the concentration between the adsor-
bate inside and outside the liquid membrane was the driving
force. The model assumes that the adsorbate diffusion in the
boundary liquid film around the adsorbent is the main rate-
limiting step. The external diffusion process is expressed as:

rop(1 —¢) In(Cy/C,)
3m t

(1)

kMW =

where kyw denotes the mass transfer coefficient (cm min ™),
Mg

rop(1 —¢)

external surface coefficient § (cm™"). Rearranging eqn (1) yields

G @)

and the coefficient term can be replaced by the

_ a—kmwSt
—=e

Go
where the value of kywS is used to characterize the external

diffusion.

_ G -G

my

qr = %(CO -C) (3)

where m, is the mass of the adsorbent per unit volume of the
solution (g L ™).
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This is obtained by combining eqn (2) and (3):

my

(1 — e vy (4)

t

3.6.2 Internal diffusion model. The internal diffusion
(IND) model considers internal diffusion as the slowest stage of
mass transfer, which can be expressed using a modified intra-
particle diffusion model.* The intra-particle diffusion model
used by many researchers is as follows:

g =ki*>+ C (5)

where &; [mg (7' min~°?)] is the intra-particle diffusion rate
coefficient and C (mg g~ ") is the constant term of the linear fit.

In the actual experiment, the absorption reaction did not
begin at ¢t = 0. Therefore, g,_o = 0, C = 0. However, the C value
obtained by most researchers using eqn (5) was not zero. This is
not consistent with observed results. Thus, a point (¢ =0, g;—o =
0) is required as an initial condition for the IND model.

In the present study, a new model of intra-particle diffusion
is proposed. We assumed that the adsorbate in the solution
diffuses into the pores at the beginning of the experiment, and
then diffusion within the pores reaches equilibrium at ¢;, which
is the first stage of the internal diffusion model (IND model-1).
This is represented by a curve through (0, 0) at time ¢ € [0, ]:

qr = kyt®? (6)

After time ¢, the adsorbate in the pores binds to the active
site, the equilibrium of internal diffusion in the pores is broken,
and the adsorbate in the solution diffuses into the pores until it
binds to the active sites. This was the second stage of internal
diffusion (IND model-2). For time ¢ € [t4, t,], IND model-2 is
described as follows:

4 — qi, = kot — ;)% (7)

In summary, the modified form of the intra-particle diffu-
sion model is:

G =k, 0=t=¢ (8)

G4 —q, =kt — 1), 1 <t=t )

~95] are the rate

where k; [mg (g min)~*°] and %, [mg (g min)
constants of intra-particle diffusion.

3.6.3 Adsorption on active site model. In this section, we
use the Ritchie's equation as an active site adsorption model
(ADAS model).** Ritchie's equation assumes that adsorption on
the active site is the slowest stage in the mass transfer process,
suggesting that an adsorbate can bind to n active adsorption
sites. The Ritchie's equation is expressed in eqn (10):°

do

—=a(l -86)"

dr (10)

where § (0 = 6 < 1)is denoted as the occupied active site ratio.

After integrating for the initial conditions ¢ = 0 and 6 = 0, Rit-
chie's equation becomes:
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Forn =1,

0=1—e*

(11)
Forn # 1,

0=1-1[1+@u— Da"'™" (12)
where 6 can be described by the ratio of g, to g, (gm can be
obtained from the Langmuir isotherm model), eqn (11) and (12)
become.

Forn =1,

4= qm(l — &) (13)

Forn # 1,

90 = Gum — Gul1 + (2 — D] " (14)
where « is the rate constant (min~*) and eqn (13) is the same as
that in the pseudo-first-order kinetic model (S4). Therefore, eqn
(14) was used as the ADAS model for adsorption fitting.

The Freundlich isotherm model did not yield the maximum
adsorption capacity g.,. Therefore, the ADAS model cannot be
fitted using an experimental model. The mass transfer kinetics
were fitted to the experimental data for MB and BPA using the
EXD, IND, and ADAS models. Fig. 9 shows the plots of the fitted
mass-transfer kinetic models, and Table S51 summarizes the
calculated parameters for each model. Among the three mass-
transfer kinetic models, the ADAS model exhibited the highest
correlation coefficients for the kinetic data fitted to MB and
BPA. These results indicate that adsorption on the active sites
was the main rate-limiting step in the mass transfer of MB and
BPA. Since IBY-PA-CDP contains numerous phosphate groups
and B-cyclodextrin cavities. Therefore, a longer time was
required to saturate the active adsorption sites. These results
also illustrate that the external and internal diffusion of MB and
BPA into IBY-PA-CDP is rapid. The hydrophilicity and hydro-
phobicity of IBY-PA-CDP led to the rapid passage of MB and BPA
molecules through the liquid membrane between IBY-PA-CDP
and the aqueous solution, respectively (i.e., rapid external
diffusion). The small specific surface area allows the MB and
BPA molecules to quickly reach the active adsorption sites
through an intra-particle path (i.e., rapid internal diffusion).
Moreover, the electrostatic, hydrophobic, and host-guest
interactions between IBY-PA-CDP, MB, and BPA effectively
increased the diffusion rates of MB and BPA in the liquid
membrane and pores. Therefore, the rate-limiting step must be
investigated to better understand the mechanism of adsorption
onto the adsorbent.

3.7 Proposed sorption mechanism

To further explore the possible interactions between MB/BPA/
MO and IBY-PA-CDP, the high-resolution XPS and FTIR spectra
before and after adsorption were analyzed (Fig. 10 and S17).
Hydrogen bonding is one of the most common mechanisms
involved in the adsorption of organic pollutants. Fig. S11 shows
that after MB and MO were adsorbed by IBY-PA-CDP, the peaks
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shifted to 3413 and 3418 cm ™" at 3424 cm ™', respectively, sug-
gesting that -OH is involved in the formation of hydrogen
bonds.” The disappearance of the -OH bending vibrational
peak of PA at 1704 cm ™' in IBY-PA-CDP/BPA indicated that the
hydroxyl group on BPA was hydrogen-bonded to IBY-PA-CDP. As

shown in Fig. 10a-d, when MB, BPA, and MO were adsorbed,
the peak at C-OH shifted from 284.93 eV to 285.45 eV,
285.31 eV, and 285.42 eV, respectively, which suggests that
hydroxyl groups on the adsorbent were involved in adsorption
of the modeled pollutants. C-OH can act as a hydrogen donor to
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Fig. 10 Spectra of (a—d) C 1s, (e and f) N 1s and (g—i) O 1s for IBY-PA-
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form hydrogen bonds.” A deconvoluted peak corresponding to
O-H was observed in the O 1s spectrum at 531.59 eV (Fig. 10g).
When MB and BPA are adsorbed, the peaks at O-H are shifted to
531.13 eV and 537.72 eV, respectively, which is attributed to the
oxygen atoms in the O-H that act as hydrogen acceptors to
provide lone electron pairs for hydrogen-bonding interactions
with MB and BPA.

Electrostatic interactions are considered important mecha-
nisms for dye adsorption. As presented in Fig. S1, for IBY-PA-
CDP/MO, the peak at 1632 cm ™' shifted to 1627 cm™’, sug-
gesting that the N-H groups in the adsorbent can be used to
adsorb MO.** The protonated amino group of IBY-PA-CDP can
be assumed to be involved in electrostatic interactions with the
sulfonic acid group of MO. The disappearance of the peak near
1704 cm™! for IBY-PA-CDP/MB indicated that the phosphate
group was used to adsorb MB. We observed a deviation of
0.12 eV in the binding energy of IBY-PA-CDP/MB at C=0/0-C=
O compared to the original binding energy (Fig. 10a and b),
which might have been caused by the electrostatic interaction
between MB and the carboxyl group. As shown in Fig. 5 and 6e,
after the adsorption of MO, a new characteristic peak at
401.21 eV in the N 1s spectrum correlates with the N(CH3), of
MO.” Meanwhile, the peak of IBY-PA-CDP/MO at 399.44 eV of
the N 1s spectrum is shifted to 400.15 eV, which implies that -
NH-/-NH, is involved in the electrostatic interaction. For O 1s,
the peak at 530.34 eV is attributed to the -PO,>~ group of
phytate (Fig. 10g). After MB adsorption, the peak at -PO,*~
becomes 529.94 eV, which may be attributed to the electrostatic
attraction between the negatively charged oxygen group (-
PO,>") of IBY-PA-CDP and the positively charged nitrogen
atoms of dimethylimine (=N'Me,) on MB.”

However, considering the presence of the hydrophobic cavity
of B-CD, IBY-PA-CDP may effectively adsorb hydrophobic
pollutants through strong hydrophobic interactions. Ionic
strength studies suggested that hydrophobic interactions may
be the main driving force for the adsorption of BPA and MO
(Section 3.2.5). A study of strongly acidic ionic salts further
verified that the main factor for MO adsorption by IBY-PA-CDP
was the hydrophobic interactions (Section 3.2.6).

Finally, MB, BPA, and MO have linear structures that match
the cavity of B-CD.* The B-CD cavity was found to contain part
of the structure of MB/MO molecules, or multiple B-CD mole-
cules can form a network structure to capture dye molecules.*
However, the B-CD cavity forms a stable inclusion complex with
BPA.*® As shown in Fig. S1,f the change in the displacement of
the ~OH bending vibration from 1632 cm™" to 1609, 1623, and
1627 cm ™" may be a result of the inclusion of MB/BPA/MO into
the-CD cavity. Therefore, MB, BPA, and MO can be inferred to be
adsorbed by IBY-PA-CDP as “guests” through host-guest
interactions.

4. Conclusion

In this study, Baker's yeast, B-CD, and phytic acid were used to
synthesize insoluble and multifunctional biomass polymer
(IBY-PA-CDP) composites via a simple cross-linking reaction
and this composite was used to treat MB, BPA, and MO in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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aqueous solutions. This study showed that MB, BPA, and MO
could be adsorbed onto IBY-PA-CDP in single and binary
systems solutions. The addition of humic acid and metal ions
decreased the adsorption capacity of IBY-PA-CDP for MB owing
to competitive adsorption. Adsorption studies on model
pollutant binary systems showed that MB/MO inhibited the
adsorption of BPA by IBY-PA-CDP. In contrast, the presence of
MB enhanced the removal rate of MO by IBY-PA-CDP owing to
the bridging effect. The adsorption models demonstrated that
the adsorption of MB/BPA by IBY-PA-CDP was dominated by
monolayer chemisorption, and that the adsorption of MO was
multilayer chemisorption. Electrostatic interactions were the
main driving force of MB adsorption by IBY-PA-CDP. Hydro-
phobic interactions were the main factors leading to the
adsorption of BPA and MO. In addition, the B-CD cavity con-
tained in IBY-PA-CDP can trap MB/BPA/MO based on the host-
guest interactions. The present study analyzed and investigated
the adsorption behavior and mechanism of three organic
pollutants with different electrical properties. The synthesized
Baker's yeast-cyclodextrin polymer composites can potentially
be employed to treat wastewater containing MB, BPA, and MO.
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