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ABSTRACT: Water polluted by phenolic compounds is a global
threat to health and the environment; accordingly, we prepared a
green novel sorbent biological system from a chitosan (CS), gelatin
(GT), and Chlorella vulgaris freshwater microalgae (m-Alg) ‘
composite impregnated with zinc oxide nanoparticles (ZnO-NPs) 7 (
for the remediation of bisphenol-A (BPA) from water. C. vulgaris . ‘
was selected to be one of the constituents of the prepared
composite because of its high capability in phytoremediation. The
morphology and the structure of CS/GT*m-Alg/ZnO beads were
characterized by SEM, FTIR, XRD, and TGA. Different monitoring o w T
experimental conditions, such as contact time, pH, BPA I:c,,ims‘an' +.: .
concentration, and sorbent dosage, were optimized. The optimum W o s

conditions for the adsorption process showed outstanding removal Z

efficiency toward BPA at pH 4.0, contact time 40.0 min, and 40.0 mg L™' BPA initial concentration. Langmuir, Freundlich, and
Temkin isotherm models have been studied for adsorption equilibrium, and the best fit is described by the Langmuir adsorption
isotherm. The adsorption kinetics has been studied using pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich, and
intraparticle diffusion (IPD) models. The pseudo-second-order kinetic model shows the optimum experimental fit. The monolayer
adsorption capacity of the prepared CS/GT*m-Alg/ZnO for BPA was determined to be 38.24 mg g~'. The prepared CS/GT*m-
Alg/ZnO beads show advantageous properties, such as their high surface area, high adsorption capacity, reusability, and cost-
effectiveness.
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CS/GT*m-Alg/ZnO beads

1. INTRODUCTION

Endocrine disrupting chemicals (EDCs) are the main
components in many synthetic products because of their

developed to oxidize and dispose of harmful phenolic
compounds leading to the generation of hydroxyl radicals
[OH*]."*"'® However, these technologies are time and money

wide range of usage and growing demand, and this has been a
reason for environmental concern globally.' EDC artificial
compounds adversely disturb the endocrine system, leading to
neurological, reproductive, and developmental systems” health
related problems.” EDCs are included in many products that
are used daily, such as lotions, shampoos, and shaving creams.
EDCs are emerging as a threatening contamination source for
aquatic environments.” Therefore, EDC pollutants are a threat
to human and animal health and the environment, and they
should be cleansed from aqueous solution to avoid their severe
health problems,” including cancer.” Bisphenol-A (BPA) is an
example of an EDC. BPA is mainly used in the manufacturing
of polycarbonates and epoxy resins.”® Also, it is used in
thermal gpapers, can coatings, powder paints, dental fillings, and
plastics.”'® BPA is identified as an endocrine disrupting
chemical. To dispose such harmful compounds, advanced
oxidation processes such as the Fenton reaction,'" ozonation,"”
photocatalytic oxidation, and ultrasonic oxidation'® have been

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

27239

consuming and produce toxic byproducts.® On the other hand,
adsorption'”'® is superior for removal of phenolic compounds
due to its fast and convenient screening out of toxic phenolic
contaminants,® in addition to its low initial costs and trouble-
free design."’

Materials based polymers are the most common adsorbents
that are known for their functionality toward BPA removal
processes.'’'® Recently, chitosan (CT) has been used as an
idealistic green adsorbent for disposal of phenolic pollutants.
Also, CT has relatively low cost and high adsorption capacity
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for BPA removal.”>*' CT is a plentiful biopolymer produced

from chitin using fungal species.”” Due to the low surface area,
high crystallinity, resistance to mass transfer, low porosity, and
low adsorption capability of CT adsorbent in the form of
flakes, its applications are limited.”* To overcome these
problems, CT could be physically modified via conversion to
achieve favorable properties and applications of its derivatives.
Such modifications would boost the porosity, polymer chains,
available surface area, and access to internal adsorption sites
and decrease the crystallinity, leading to better adsorption
capacity.”® The overall physical and mechanical properties of
CT can be enhanced upon blending with other polymers such
as gelatin. Both CT and gelatin are biodegradable, biocompat-
ible, and ecofriendly polymers, and their blends yield enhanced
Ezgzlé‘z A&l}?;ggal and mechanical properties upon cross
Yan et al. has shown superior elimination of BPA upon
adding zinc oxide.”” In recent years, the use of zinc oxide
nanoparticles (ZnO-NPs) with such optimized properties and
functions has been investigated due to their nano size range
and large surface area to volume ratios.”® All of these points
make ZnO an ideal component for elimination of bisphenol-A.
Microalgae have the ability to eliminate water pollutants
such as phenol, heavy metals, herbicides, and hexachlor-
obenzene.”” Also, it has been reported that algae have the
capabilities for the biodegradation of environmental organic
impurities.””*° Hirooka et al. have reported the superior ability
of Chlorella fusca algae in the elimination of bisphenol-A,*!
indicating that microalgae can eliminate contaminants from
wastewater and can be effective in waste treatment facilities.
Since BPA is a threat to human health and to the
environment, the main theme of this work is to develop a
new biological system to eliminate the BPA environmental
threat. In order to enhance the adsorption capacity of the
adsorbent, cross-linked chitosan/gelatin beads loaded with
microalgae/zinc oxide nanoparticles were fabricated. To gain
an understanding of the adsorption mechanism, the different
fabricated sorbents were characterized by SEM, FT-IR, XRD,
and TGA techniques. The adsorption capacity for each sorbent
toward remediation of BPA was also investigated. The
equilibrium data were modeled using linear isotherm and
kinetics equations. Herein, we report an economic and easily
applicable material for BPA disposable. The results show that
the adsorption efficiency of chitosan toward BPA was
improved by the incorporation of ZnO-NPs and microalgae.

2. EXPERIMENTAL SECTION

2.1. Materials. Gelatin (GT, isoelectric point of 5, M,, 40—
50 kDa), chitosan (CT, degree of deacetylation (DD) 88%),
and zinc acetate (Zn(CH;C00),-2H,0, 99.5%) were
obtained from Sigma-Aldrich Chemicals Ltd. (Schnelldorf,
Germany). Bisphenol-A (BPA, C,sH,,0, FW 228.29 g/mol
and assay >99%) was obtained from Dr. Ehrenstorfer GmbH
(Augsburg, Germany), and dichloromethane (DCM, CH,Cl,,
purity >99%) and n-hexane (C¢H,, purity >99%) were
obtained from Dr. Carl Roth GmbH (Karlsruhe, Germany). All
other chemicals were of analytical grade.

2.2. Microalgae Strain, Cultivation, and Biomass. 100
mL of Bold’s Basal Medium (BBM)>" in a 250 mL Erlenmeyer
flask was inoculated with the pure culture cells of green
microalgae Chlorella vulgaris (ODgg 0.05) under GeneBank
accession number FR751187, and the culture was incubated at
27 + 2 °C with 150 rpm shaking under continuous

illumination of 45—50 pmol photon m™ s™! white fluorescent

light for 21 day. Microalgae were harvested by centrifugation at
8000g and washed with water. Microalgae pellets were dried at
50 °C overnight to be used in the following experiments. 1 mg
(8 x 108) was added to the chitosan/gelatin solution.

2.3. Preparation of Zinc Oxide Nanoparticles (ZnO-
NPs). 2 M sodium hydroxide was added dropwise to a 1 M
zinc acetate solution and kept under stirring until the
generation of a white slurry. After 20 h of stirring, the
resulting white precipitate was filtered oft and washed, followed
by furnace drying and grinding into a fine powder that was
calcined at 400 °C.”

2.4. Fabrication of Sorbent Beads. Step I was to prepare
a 2% chitosan solution by dissolving 2 g of chitosan in 100 mL
of 2% acetic acid at room temperature and prepare a 0.25%
gelatin solution at 50 °C.

Step 2 was to mix both solutions together and stir for 1 h at
50 °C to obtain a homogeneous solution.

Step 3 was to pour equal volumes from polymer solutions
into three beakers and load with ZnO-NPs, algae, or ZnO-NPs
and algae together.

Step 4: for preparation of beads, 10 mL of the latest solution
was poured into a stirring salt solution composing of 100 mL
of 3% (w/v) NaOH as cross-linker using a 100 yL spray nozzle
and stirred for 30 min. The resultant beads were filtered and
washed with distilled water.

2.5. Characterization. The size and structure of the CS/
GT*m-Alg/ZnO microsphere beads were characterized with a
scanning electron microscope (JEOL, JSM-6610LV, Japan).
Powder XRD (Shimadzu XRD-7000, Japan) demonstrated the
XRD pattern of the sorbent materials. The fabricated CS/
GT*m-Alg/ZnO beads were confirmed by FT-IR (Shimadzu
FTIR-8400 S, Japan). The effect of ZnO-NPs and algae
impregnation on the thermal stability was determined with a
thermogravimetric analyzer (TGA, Shimadzu TGA-S0,
Japan). 353+

The BPA in the samples after adsorption was detected by a
gas chromatographer equipped with an HP-SMS UI column
(30 m length, 0.25 mm internal diameter, and 0.25 pm film
thicknesses) coupled to a quadrupole mass detector (GC-MS
system, Agilent Technologies 7890A-5975C, USA).

2.6. Adsorption Procedure. To prepare the experimental
solutions, stock solutions of BPA were prepared by liquifying
BPA in DCM. The solution was diluted to obtain a standard
solution of 10—60 mg L™". 0.05—0.25 g quantities of different
sorbents were added at pH values (2—9) adjusted by HCI or
NaOH. The solution was agitated in a shaker (140 rpm) at
different contact times (0—60 min), and the adsorbent was
centrifuged. The amount of BPA present in the solution was
detected by using GC-MS, and the removal percentage (%
Removal) of BPA can be calculated by eq 1

Co (1)

%Removal =

where C, is the initial BPA concentration (mg L™') and C, is
the BPA concentration at equilibrium (mg L™'). Also, the
adsorption efficiency at equilibrium was determined by eq 2

_[CO_Ce)
L= Tw ) )
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Figure 1. SEM images of (A) CS/GT, (B) CS/GT/ZnO, (C) CS/GT*m-

Alg, and (D) cs/ GT*m-Alg/ZnO beads.

where ¢, is the adsorbed amount of BPA onto different
adsorbents (mg g™'), w is the weight of adsorbent (g), and v is
the volume of BPA solution (L).

The kinetic adsorption efficiency was investigated upon the
contact of certain amounts of adsorbents with BPA solutions of
different initial concentrations at 25 + 1°C. The adsorption
performance was estimated by eq 3

(59
= Tw ) 3)

where g, is the adsorption capacity at time ¢ (mg g™') and C, is
the BPA concentration at time t (mg L™").

2.7. Sample Preparation for GC-MS. Diluted samples
(10—100) were injected into a GC-MS instrument. All the
experiments were performed in at least duplicate to guarantee
the reliability and reproducibility of the data. The data
reproducibility was within 4%. Supplementary Figure 1 shows
the GC chromatogram of BPA removal.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Prepared Hydrogels.
3.1.1. SEM Analysis. Figure 1 shows a representative SEM
image of the composites obtained. The figure shows that the
CS*/GT composite has an irregular surface and various pore
sizes. Also, the morphologies of the CS/GT/ZnO, CS/GT*m-
Alg, and CS/GT*m-Alg/ZnO composites do not resemble the
morphology of CS/GT. Figure 1C and D confirms the uniform
morphological structure and well-developed external macro-
porosity of the generated CS/GT*m-Alg and CS/GT*m-Alg/
ZnO beads, suggesting successful generation of uniform beads.

3.1.2. FTIR Analysis. In Figure 2A, the spectra of CS/
GT*m-Alg/ZnO beads show the peaks of C—O—C at 1028
cm™!, C—OH at 1436 cm™!, C=0 at 1644 cm™!, C—H at
2926 cm™!, and C—H and N—H at 3440 cm™". The enhanced
transmittance signals of CS/GT*m-Alg/ZnO at 1644 and

1028 cm™' might be due to the lipid and carbohydrate
components, respectively, of the algae.”> These confirm the
presence of the C—O—C, C—OH, C=0, C—H, and N-H
major chemical groups of the used composite components
without observed chemical interaction or newer peaks.””**

3.1.3. XRD Analysis. The X-ray diffraction patterns of CS/
GT, CS/GT/ZnO, and CS/GT*m-Alg/ZnO beads are
illustrated in Figure 2B. In general, two main forms of ZnO
crystals are found: cubic zinc blende and hexagonal wurtzite.*®
It was reported that the crystal wurtzite form is the most stable
structure at ambient conditions.”” Figure 2B displays peaks at
the 260 values 31.25°, 34.46°, 36.18° 47.44°, 56.26°, 63.46°,
68.22°, and 69.58° in CS/GT/ZnO and CS/GT*m-Alg/ZnO
beads but not in CS/GT blank beads. All characteristic peaks
could be indexed as the ZnO-NPs present as the wurtzite
structure (JCPDS Data Card No: 36-1451). These confirm the
successful incorporation of ZnO-NPs in the fabricated beads.

3.1.4. TGA Analysis. Figure 2C shows the thermal
decomposition of CS/GT, CS/GT/ZnO, and CS/GT*m-
Alg/ZnO beads. It is obvious from the figure that the modified
CS*GT/Alg-ZnO beads have acquired higher thermal stability
than both the CS*GT and CS*GT-ZnO beads. Figure 2C
shows that, at 350 °C, CS/GT lost 50% of its initial weight
(28%—78%) and CS/GT/ZnO lost 51% of its initial weight
(39%—91%), while CS/GT*m-Alg/ZnO only lost 23% of its
initial weight (50%—73%). The improvement in thermal
stabilities can be attributed to the algae associated chemical
components of the CS/GT*m-Alg/ZnO based on -earlier
studies.”*”

3.2. Adsorption Study. 3.2.1. Effect of Contact Time.
Figure 3A shows how the contact time affects the removal
efficiency of BPA using CT/GT, CT/GT/ZnO, and CT/
GT*m-Alg/ZnO beads through the presentation of the results
of corresponding experiments. Various reaction times were
implemented (10—60 min). The contact time at the beginning

https://doi.org/10.1021/acsomega.2c01985
ACS Omega 2022, 7, 27239-27248


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01985/suppl_file/ao2c01985_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01985?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01985?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01985?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01985?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01985?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(%)
2926
164
143
1028

344

2927
164
1

Transmittance
°]

1 1
3453( 3447
292
163!
1387

Wave number (cm™')

T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Intensity

10 20 30 40 50 60 70 80
20

Weight loss (%)

— Ct*Gt/Alg-Zn0
— Ct*Gt-Zn0
— Ct*Gt

T T T
100 200 300

T T
400 500 600

Temperature (°C)

Figure 2. (A) FT-IR, (B) XRD, and (C) TGA analyses of CT/GT, CT/GT/ZnO, and CT/GT*m-Alg/ZnO beads.

was accomplished with removal efficiency because the sorbent
active sites are still empty, causing the BPA molecules to be
easily attached to the sorbent surface. An increase in the
removal efficiency ability was established and observed from 1
to 20 min for BPA. The equilibrium conditions were obtained
at 60 min.

3.2.2. Effect of pH. Acidity is an important factor because it
affects the chemistry of the contaminants (i.e., hydrolysis,
redox reactions, polymerization, and coordination). Acidity
also has a strong influence on the ionic state of the active sites
on the surface of adsorbents. The removal efficiency of BPA
ions by CT/GT, CT/GT/ZnO, and CT/GT*m-Alg/ZnO
sorbents was detected under different pH values. The
experiments were performed at different pH values from 2 to
9 of BPA solution with equilibrium time 40 min. As shown in
Figure 3B, the removal efliciency increased remarkably at lower
initial pH value. It was observed that the optimal pH for the
different adsorbents is pH 4, and above this value, the
adsorption decreases slightly. This dramatic behavior can be
attributed to the fact that, at the acidic conditions, the amino
group (-NH,) of the chitosan binds with H' ions producing
the -NH;". Then an interaction occurs between the -NH;" and
the anion form of BPA due to the electrostatic attractions
between the adsorbent’s active sites and BPA. Then the
removal efficiency of the sorbent beads decreased due to break
up of OH ions with the active site of the adsorbents bringing a

27242

net negative charge of the BPA ions above this pH and the
repulsion forces between the negatively charged BPA and the
surface layer of the adsorbent, so it will become more
complicated and the BPA uptake is reduced. Figure 3B is
shows that CT/GT*m-Alg/ZnO has the highest removal
performance between different adsorbents, which reached 90%,
while the adsorbent CT*GT has the lowest BPA uptake
(58.3%), which may be due to the various functional groups
present on the CT/GT*m-Alg/ZnO surface. The results show
that the optimal pH value is 4 to ensure the maximum removal
efficiency.

3.2.3. Effect of Adsorbent Dose. Figure 3C illustrates the
effect of adsorbent dosage on BPA. A decrease in the
remediation value was noticed with a gradual increase in the
dose from 0.05 to 0.15 g. The reason is due to the increase in
the adsorbent concentration in solution, which in turn
increases the surface area of the studied adsorbent and
summation of available adsorption sites. However, at high
dosages, the available BPA molecules are insufficient to
completely fill all available adsorption sites, leading to an
equilibrium and surface saturation (Figure 3C). Additionally,
masking of adsorption sites may occur at high adsorbent doses,
creating electrostatic repulsion charged functional groups. The
CT/GT*m-Alg/ZnO embedded form recorded a 97.1%
removal efficiency of BPA solution, corresponding to a 39.25
mg/g uptake capacity, while the ideal removal percentages of

https://doi.org/10.1021/acsomega.2c01985
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Figure 3. Effect of (A) contact time and (B and C) adsorbent weight on the removal efficiency of BPA by CT/GT, CT/GT/ZnO, and CT/GT*m-

Alg/ZnO beads.

BPA onto CT/GT/ZnO adsorbents were 65.11% and 74.78%,
respectively, corresponding to uptake capacities of 21.08 mg/g
and 27.13 mg/g, respectively.

Marine algae are considered to be among the organisms that
have a high capability of phytoremediation, especially C.
vulgaris." The results show that the optimal adsorbent dose is
0.15 g to ensure the maximum removal efficiency.

3.3. Adsorption Isotherms. The relationship between
adsorption and adsorbate concentration can be described by
isothermal models. The isotherm models Freundlich, Lang-
muir, and Temkin models had been used to fit the
experimental data for BPA adsorbtion onto CT/GT, CT/
GT/ZnO, and CT/GT*m-Alg/ZnO beads at room temper-
ature. The Langmuir model describes the adsorption process as
a unimolecular chemical combination, which occurs as a
reversible reaction on a homogeneous/monolayer surface. The
linear form of the Langmuir equation is given by the following:

C/q, = 1/bq, + Co/q, 4

where g,,, (mg g™') represents the monolayer capacity and b (L
mg ') represents the Langmuir constant. The C,./q, versus C,
plot shows a slope 1/q,, and intercept 1/bq,, as shown in
Figure 4A. The calculated constants are given in Table 1. Upon
inspection of Table 1, the correlation coefficients (R*) for BPA
were 0.996, 0.999, and 0.999 for CT/GT, CT/GT/ZnO, and
CT/GT*m-Alg/ZnO, respectively, showing the applicability of
the Langmuir model. The dimension separation factor, Ry, is
given by eq 5:

R, = 1/bC, (8)

where b (L mg™') represents the Langmuir constant and the
value of R; indicates the isotherm to be either irreversible (R;=

0), favorable (0 < R < 1), or unfavorable (R;> 1). The R
values for BPA adsorption onto CT/GT, CT/GT/ZnO, and
CT/GT*m-Alg/ZnO composites were <1 and >0 to indicate
favorable adsorption. The Freundlich model is applicable to
study the adsorption of an adsorbate onto a multilayer surface
of an adsorbent.

Ing, =InKp+ 1/nln C, (6)

where Ki (L mg™") represents the Freundlich constant and n
represents heterogeneity factor, respectively. The Freundlich
parameters were calculated from the linear plots of In g, versus
In C, (Figure 4B). The Temkin model supposes that the
adsorption heat would reduce linearly with the increase in
coverage of the adsorbent. The isotherm is represented by the
following:

q, = (RT/by) Inay + (RT/by) In C, (7)
q,=Blnar+BlnC, (8)
B =RT/by (9)

where g, is the adsorbed amount at equilibrium, by (mg L™") is
the Temkin isotherm constant, and a; (L g~') is the binding
constant. The heat adsorption values are listed in Table 1. The
linearity of the Langmuir plots suggested that the adsorption
processes by CT/GT, CT/GT/ZnO, and CT/GT*m-Alg/
ZnO composites follow monolayer adsorption, which means
that the adsorption sites are distributed homogeneously and
the adsorption force is equivalent.

3.4. Kinetic Study. Figure 5 shows the adsorption kinetic
models of CT/GT, CT/GT/ZnO, and CT/GT*m-Alg/ZnO,
and Table 2 shows the fitting parameters. The pseudo-first-
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Figure 4. Isotherm models, (A) Langmuir, (B) Freundlich, and (C) Temkin, for BPA adsorption onto CT/GT, CT/GT/ZnO, and CT/GT*m-

Alg/ZnO beads.

Table 1. Isotherm Parameters of BPA Adsorption onto CT/
GT, CT/GT/ZnO, and CT/GT*m-Alg/ZnO Sorbents

CT/GT/ST  CT/GT/ZnO  CT/GT*m-Alg/ZnO
e 20.18 27.34 39.07
Langmuir (Ce/qe) = (1/qmadb + (Ce/ Gimax)
R? 0.996 0.999 0.999
Gmax 20.08 25.98 38.24
B 1.51 1.89 224
Freundlich Ing.=InKg + 1/nln C,
R? 0.947 0.944 0.948
Im 10.35 14.74 22.06
K; 0.137 0.229 0.423
Temkin ge=Blnap+BlnC,
R? 0.961 0.965 0.957
ar 173 2.658 6.32
B 1.32 1.36 1.54

order (PFO), pseudo-second-order (PSO), Elovich, and
intraparticle diffusion (IPD) equations express the adsorption
mechanism. A linear form of the pseudo-first-order model is as
follows:

In(g, — q) =Inq, — k;t (10)

The k; values were calculated from In (g, — q,) versus ¢ (Figure
SA), and g, was calculated from the intercept. Table 2 shows
the PFO constants. It indicates that adsorption of BPA onto
different adsorbents does not follow pseudo-first-order kinetics

due to the calculated correlation coefficient (R*) being lower.
The PSO model is expressed in eq 11:

t/q, = 1/k.” + t/q, (1)
where K, (g mg™' min™') is the rate constant of PSO
adsorption. The linear plot of t versus t/q, is shown in Figure
SB, and the calculated pseudo-second-order model is shown in
Table 2. Elovich describes the heterogeneous surface and
chemisorption kinetic applicability. The Elovich model is
expressed by eq 12:

q=1/flnaf +1/fInt (12)
where « is the initial adsorption rate (mg g~' min) and f is
related to the extent of surface coverage and the activation
energy for chemisorption. The correlation coefficients (R*)
were identified and are listed in Table 2. It is found that the
correlation coefficient values of the PSO model for CT/GT,
CT/GT/ZnO, and CT/GT*m-Alg/ZnO beads toward BPA
are 0.994, 0.996, and 0.9999, respectively, indicating good
linear plots. The g, values calculated from the PSO model are
close to those experimental values, indicating the applicability
of the PSO mechanism for the adsorption of BPA onto CT/
GT, CT/GT/ZnO, and CT/GT*m-Alg/ZnO sorbents.

We here show the intraparticle diffusion model of BPA ions
into the surface of CT/GT*m-Alg/ZnO beads followed by
interior pores via the IPD process, represented by equation 13:
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Figure S. Kinetic models, (A) PFO, (B) PSO, (C) Elovich, and (D) IPD, for BPA adsorption onto CT/GT, CT/GT/ZnO, and CT/GT*m-Alg/

ZnO sorbents.

Table 2. BPA Adsorption Kinetics onto CT/GT, CT/GT/
ZnO, and CT/GT*m-Alg/ZnO Sorbents

CT/GT/ST CT/GT/ZnO CT/GT*m-Alg/ZnO
PFO In(q. = g) = In q. = k;t
R? 0.855 0.873 0.899
e 11.37 2229 27.38
k, 0.123 0.128 0.0419
PSO t/q; = (1/kyq’) + t/q,
R* 0.994 0.996 0.999
4. 18.79 27.28 31.19
K, 1.1 x 107* 12 x 107 1.9 x 107*
Elovich g=a+pfInt
R? 0.951 0.952 0.951
A 12.35 8.43 14.39
B 1.57 3.69 4.02
IPD g =kt'? + C
R? 0.889 0.862 0914
Ky 1.95 2.56 42
C 18.17 20.58 2321
q, = Kl-tl/z + C (13)

In IPD, Ho shows g, versus t"/> for intraparticle diffusion. The
linearity of the plot shows BPA uptake into the beads. Here we
show that IPD is involved in adsorption but is not the only
rate-controlling step, proving a multistep adsorption process,
onto the surface and into the interior. In Figure SD, the
adsorption follows an initial linear phase followed by a smooth
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curve showing a boundary layer effect followed by a second
linear phase representing IPD. Table 2 shows that the driving
forces depend on the adsorbate concentration. The BPA
concentration correlates with the driving forces and diffusion
rate. Additionally, the intercept correlates with the adsorption
surface as the rate-limiting stage.

3.5. Regeneration. The effect of eluent on regeneration is
investigated in Figure 6. NaOH reagent (0.5 M) was used for
desorption of BPA from the aqueous solution. The
regeneration efficiency was calculated from the desorption
amount of BPA. To examine the stability of this adsorbent,
adsorption—desorption cycles were examined. The CT/
GT*m-Alg/ZnO composite (40 mg/50 mL) saturated with
40 mg L' of BPA was shaken at 140 rpm for 40 min. The
adsorbent was precipitated and washed with distilled water. It
is found that 88.62% of BPA was desorbed in 50 min using
NaOH as adsorption medium (Figure 6A). It was illustrated
that CT/GT*m-Alg/ZnO gave more than 90% removal of
BPA up to 4 cycles followed by 52% efliciency decline after the
fifth cycle (Figure 6B), indicating that the obtained adsorbent
was found to have stable physical and chemical properties and
be able to be regenerated for 4 times.

3.6. CT/GT*m-Alg/ZnO Adsorption Capacity. Table 3
shows the superior adsorption capacity of CT/GT*m-Alg/
ZnO compared to previously reported formulas in addition to
their high price or long treatments that limit their applications.
Accordingly, CT/GT*m-Alg/ZnO is effective and cost-
effective.
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Figure 6. (A) BPA desorption and (B) reusability cycles of the CT/GT*m-Alg/ZnO composite for BPA adsorption at 40 min contact time, 40

mg/L BPA concentration, and 120 rpm agitation rate.

Table 3. Comparison of Adsorption Capacities of CT/
GT*m-Alg/ZnO

Adsorption capacity

Adsorbent (mg/g) Ref
Granulated activated carbon 16.26 41
Tea leaf waste 18.35 41
Barley husk 19.94 42
Commercial chitosan 27.02 43
Zeolite/f-cyclodextrin 327 44
CT/GT*m-Alg/ZnO 3824 This study
TiO,/polyethylene glycol 101.4 4S
diacrylate
Silica nanoparticles 155.78 46

4. CONCLUSION

A novel CT/GT*m-Alg/ZnO composite was successfully
synthesized, characterized, and applied as an efficient agent
for BPA removal from polluted water. The morphologies and
textural properties of the newly synthesized CT/GT*m-Alg/
ZnO nanocomposite adsorbent were identified by using FT-IR,
SEM, and TGA. The results show that the developed CT/
GT*m-Alg/ZnO had an adsorption capacity of 38.24 mg g ~*
at pH 4. The results of the present work confirm that the
incorporation of ZnO and microalgae into hydrogel beads
leads to improvement of the adsorption capacity toward BPA
disposable (38.24 mg g™'). The adsorption study revealed that
CT/GT*m-Alg/ZnO hydrogel composite is promising and has
an excellent reusability performance after four cycles of
removal of contaminants such as BPA from wastewater with
low cost.
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