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Abstract
Perfluorooctane sulfonate (PFOS) has been classified as a persistent organic pollutant that contributes to water pollution due to its
slow environmental degradation properties. Due to the need for effective removal of PFOS from polluted water bodies, a
supramolecular hydrogel incorporating sodium alginate and -cyclodextrin (SA-B-CD hydrogel) was developed to facilitate the
entrapment of PFOS. The adsorption study has been utilised to remove PFOS via batch experiment procedure on several adsorptive
parameters such as pH, contact time and initial concentration. The optimum conditions with a dose of 1280 mg of SA-B-CD
hydrogels beads were applied at 70°C, contact time of 30 minutes, pH of 5.5, 10 mL of 10.0 ppm of PFOS solution, and 250 rpm
of stirring rate were reported. The adsorption capacity and efficiency removal of PFOS by SA-B-CD hydrogel beads has achieved
up to 0.0764 mg/g and 84.72%, respectively. Based on the data obtained, the adsorption kinetic study, which follows a pseudo-
second-order model, was fitted to illustrate the adsorption of PFOS by SA-B-CD hydrogel beads, with an R2 value of 0.990. The
adsorption isotherm study showed that the adsorption of PFOS by SA-B-CD hydrogel beads fits the Langmuir isotherm model,
with an R2 value of 0.987. The adsorption of PFOS occurs as a monolayer/single layer and involves chemisorption to the hydrogel
beads. Therefore, this work demonstrates that SA-B-CD hydrogel beads may be useful in controlling environmental water pollution.

Keywords: water pollution, persistent organic pollutant, perfluorooctane sulfonate, hydrogel

Abstrak
Perfluorooktana sulfonat (PFOS) telah diklasifikasikan sebagai bahan pencemar organik berterusan yang menyumbang kepada
pencemaran air disebabkan oleh sifat degradasi alam sekitar yang perlahan. Oleh sebab itu, hidrogel supramolekul yang
menggabungkan natrium alginat dan B-siklodekstrin (hidrogel SA-B-CD) telah dibangunkan untuk membantu memerangkap PFOS
daripada badan air yang tercemar. Kajian penjerapan telah digunakan untuk mengeluarkan PFOS melalui prosedur eksperimen
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kelompok pada beberapa parameter penjerapan seperti pH, masa sentuhan dan kepekatan awal. Keadaan optimum dengan dos 1280
mg manik hidrogel SA-B-CD digunakan pada 70°C, masa sentuhan 30 minit, pH 5.5, 10 mL larutan PFOS 10.0 ppm, dan 250 rpm
kadar kacau dilaporkan. Kapasiti penjerapan dan penyingkiran kecekapan PFOS oleh manik hidrogel SA-B-CD telah mencapai
sehingga 0.0764 mg/g dan 84.72%, masing-masing. Berdasarkan data yang diperoleh, kajian kinetik penjerapan yang merupakan
model pseudo-tertib dua telah digunakan untuk menggambarkan penjerapan PFOS oleh manik hidrogel SA-B-CD dengan nilai R?
yang diperolehi ialah 0.990. Manakala kajian penjerapan isoterma, penjerapan PFOS oleh manik hidrogel SA-B-CD telah
digunakan pada model Langmuir isoterma dengan nilai R? yang diperolehi ialah 0.987. Penjerapan PFOS berlaku sebagai lapisan
tunggal/satu lapisan dengan penjerapan kimia kepada manik hidrogel. Oleh itu, kerja ini menunjukkan bahawa manik hidrogel SA-
-CD boleh membantu sebagai inisiatif untuk mengawal pencemaran air di alam sekitar.

Kata kunci: pencemaran air, pencemar organik berterusan, perfluorooktana sulfonat, hidrogel

Introduction

The level of surface water contamination and drinking
water by persistent organic pollutants (POPSs) has caused
an emerging concern worldwide, especially from the
scientific community [1,3]. One of the persistent organic
pollutants identified in  water resources are
perfluorinated compounds, which perfluorooctane
sulfonate (PFOS) will be highlighted throughout this
research work. PFOS was categorised as a persistent
organic pollutant in the fourth meeting of the conference
at the Stockholm Convention in May 2009, which has
been known to contribute to public health problems [3].
According to Zhao et al., PFOS and its precursors have
been detected worldwide, especially in water sources,
sediments, blood sera, and livers of humans and various
wildlife species, and reported as innocuous and harmful
to humans and the environment [4]. In the
circumstances, the exertion to discover an effective way
to remove PFOS from the environment is challenging
because it remains in the environment for a long time
because of its high chemical and thermal stability,
bioaccumulate, persistence, and difficulty to degrade in
the natural environment [4,5,6]. Recently, many
technologies have been developed to remove PFOS from
the water environment, such as adsorption, precipitation,
filtration, and photodegradation; however, most of them
have several limitations, like slow adsorption efficiency
and high cost of treatment [7]. Nevertheless, the
adsorption method is recognised to be a prominent
technique for minimising the quantity of PFOS from the
aqueous environment. This is because it has a simple,
practical procedure, low cost, high removal efficiency,
and is less toxic, without releasing any secondary
contaminants. In this work, a sustainable and green
hydrogel adsorbent in bead form was developed and
utilised to address water pollution caused by PFOS in the
aqueous environment [8,9].
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To address the limitations of current adsorbents, a study
was conducted to develop cost-effective and
environmentally friendly adsorbents using a range of
natural raw materials in the form of a hydrogel.
Hydrogels are hydrophilic three-dimensional (3D)
network polymers that can swell and retain water
quantities in their morphology [9,10]. This study
focused on developing hydrogel using natural polymer
biomaterials as primary constituents. They are driven by
their advantages, reliability, capacity to degrade
naturally, convenient accessibility, cost-effectiveness in
production and regeneration, and overall ecological
compatibility. Sodium alginate (SA) is a sodium salt of
alginic acid that can be extracted from the cell wall of
brown algae. It is commonly used as a chemical
substance in hydrogel production due to its low level of
toxicity, excellent adsorption ability, and low production
cost [10,11]. In recent applications, SA hydrogels have
been modified with various organic/inorganic chemicals
to increase their adsorption efficiency towards selected
pollutants in the water environment. However, in this
work, the reinforcement of cyclodextrins (CD) has been
expected to improve the mechanical properties of SA
[12]. Moreover, CDs are macrocyclic oligosaccharides
synthesised as products of starch enzymatic digestion
and have a high inclusion ability due to their unique
hydrophobic and hydrophilic properties. [13]. There are
three types of CDs identified by previous scientists such
as a-cyclodextrin (a-CD), B-cyclodextrin (B-CD), and y-
cyclodextrin (y-CD). Among them, B-CD is the most
widely used in the pharmaceutical field for its ability to
improve the solubility and the stability of drugs by
complex formation at the solid state [14,15]. Qin et al.
exclaimed that the properties of B-CD that are
hydrophobic that enable to form inclusion complexes of
host-guest with numerous types of organic pollutants,
and its hydroxyl groups on the hydrophilic edge can be
modified according to functional groups to bind with
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guest compound [16,17]. For that reason, B-CD has been
selected in this work to produce supramolecular
hydrogel.

In this study, sodium alginate-p-cyclodextrin (SA-B-
CD) hydrogel beads were prepared, characterised, and
utilised as adsorbents to adsorb the PFOS in the water.
The chemical and physical characteristics of the SA-B-
CD hydrogels were examined through field emission
scanning electron microscopy (FESEM) and Fourier
transform infrared (FTIR). In addition, several essential
adsorption parameters, such as solution pH, contact
time, and initial concentration, were thoroughly studied
to determine the adsorption capacity and removal
efficiency of the synthesised SA-B-CD hydrogel towards
PFOS.

Material and methods

Materials

Sodium alginate biopolymer with viscosity of 300-400
Pa s was purchased from Chemiz (M) Sdn. Bhd.
(Selangor, Malaysia). B-cyclodextrin was purchased
from Sigma-Aldrich, (Darmstadt, Germany). Calcium
chloride was purchased from Progressive Scientific Sdn.
Bhd. (Selangor, Malaysia). All other chemical reagents
used were of chromatographic or analytical grade or
better and were used as received. 0.1 M NaOH and 0.1
M HCI were used to adjust the pH of the solutions.
Distilled water was used for the preparation of working
standard of PFOS solutions.

SA-B-CD hydrogel preparation

An amount 0.9 g of sodium alginate and 2.8 g of B-
cyclodextrin were added into 50 mL deionised water.
Then, 100 pL of epichlorohydrin and 10 mL of 0.5 M
NaOH solution was slowly added into the solution. The
mixture was shaken in a water bath for 3.5 hours at 70°C
and the obtained solution was cooled at room
temperature. To form the SA-B-CD hydrogel beads, the
mixture was extruded into 0.1 M CaCl; solution with a
20 mm syringe. The hydrogel beads were left
undisturbed in the CaCl, solution for 2 hours to solidify.
Next, the hydrogel beads were filtered and washed with
a 0.1 M HCI solution. Lastly, some of the prepared gel
beads were refrigerated at 4°C for storing purpose and
some were dried in the open air.

Characterisations of SA-p-CD hydrogel

SA-B-CD hydrogel was characterised with several high
technology instruments. Fourier emission scanning
electron microscopy (FESEM, JEOL JSM-7600F) was
used to determine the surface morphology of the
hydrogel. Fourier transform infrared spectroscopy
(FTIR, Perkin Elmer Spectrum RXI Fourier transformed
infrared spectrophotometer) was applied to test the
functional groups.

PFOS batch adsorption procedure

The adsorption procedure of PFOS on SA-B-CD
hydrogel bead were studied in batch mode experiment.
The parameters were varied according to the conditions
for the experimental study: contact time, pH of the
sample and initial concentration of PFOS solution. All
experiments are being performed at room temperature
by optimising one parameter while keeping the other
parameters constant. 10 ml of PFOS solution was placed
in a fixed volume conical flask. SA-B-CD hydrogel
beads were added to the solution with constant stirring
at a constant room temperature and shaken to establish
equilibrium. Then the adsorbent was separated through
a filter and the equilibrium concentration, Ce, of the
PFOS solution was measured using UV-Vis
spectrometer. To obtain accurate and precise result of
the experiments, the adsorption processes were repeated
three times under optimum conditions. The adsorption
capacity of PFOS from each adsorption parameter were
calculated by using Equation 1. Meanwhile, the
percentage of removal of PFOS was calculated using
Equation 2.

ge= (") x v )

m

% removal = (%) x 100% 2)

o

where Qe is the amount of the PFOS adsorbed at
equilibrium, Co is the initial concentration of a PFOS
solution, Ce is the final concentration of a PFOS
solution, m is the mass of SA-B-CD hydrogel used and
V is the volume of the sample solution.

Adsorption isotherm and Kinetics

To study the adsorption nature of PFOS onto the SA-f-
CD hydrogel, Langmuir and Freundlich isotherm
models were adapted. Their expressions are as follows:
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1/ge =1/Qmax + 1/ bQmax - 1/Ce (3)

where Ce is the liquid-phase concentrations of PFOS at
equilibrium express in mg-g?, ge is the amount of PFOS
adsorbed at equilibrium can be expressed in mg-g?,
Qmax is the maximum monolayer adsorption capacity
express in mg- g%, and b is the Langmuir constant
express in L- mg*or L-mol™. The values of Qmax and b
were calculated from the slope and intercept of the
different straight lines representing to different
temperatures [18,19]. Freundlich isotherm expression
can be defined as follows:

Inge=InKf+ (1/n) In Ce 4)

where Ce is the liquid-phase concentrations of adsorbate
at equilibrium (mg-L) and ge is the amount of solute
adsorbed at equilibrium (mg-g%). Kf and 1/n are
Freundlich constants related to capacity of sorption and
favourability of sorption, respectively. Kf (mg-g?)
(L-mg)¥" is the adsorption capacity of the adsorbent
and n indicates the degree of favourability of an
adsorption process. In addition, the sorption is
considered favourable when the value of n in the range
of 0 < n < 10. The greater value of n represents the
adsorption process is more favourable [18,20].

To ascertain the adsorption mechanism of PFOS,
pseudo-first-order and pseudo-second-order Kkinetic
models were used. The adsorption kinetic study is
usually used to identify the adsorption rate and potential
rate-controlling of the adsorption mechanism process
[21,22]. The experimental adsorption phenomenon
ordinarily employed the pseudo-first-order which
basically focuses on the difference in equilibrium
adsorption capacity as well as adsorbed amount and
pseudo-second-order model which considering the
assumption of the rate-limiting step involves
chemisorption. Correlated to that the pseudo-first-order
and pseudo-second-order have been defined as
following equation:

In (e - at) = Inge —kt t ®)

t/gt=1/koge?+1/qe .t (6)
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where, e (mg-g!) means equilibrium adsorption
capacity, gt (mg- g%) the adsorption capacity at t
moment, k; (min) and k, (min 1) the rate constant for

pseudo-first-order kinetic model and pseudo-second
order kinetic model respectively [23, 24].

Results and Discussion

The physical characteristics of the prepared SA-g-
CD hydrogel beads

Figure 1 shows the visual image of the synthesised SA-
B-CD hydrogel beads. It reveals that the physical
appearance of the SA-B-CD hydrogel beads was clear in
colour, and each hydrogel bead's mass and diameter size
were recorded to be approximately 32 mg and 3 mm,
respectively. According to existing knowledge, no
literature has yet discussed the development of hybrid
supramolecular hydrogels by combining natural
biopolymers like sodium alginate (SA) and p-
cyclodextrin (B-CD). The incorporation of -CD into the
SA polymer matrix aims to improve the hydrogel's
properties as an adsorbent, including creating a large
porous structure, high surface area, and extensive
surface reactivity suitable for water treatment
applications. B-CD is favourable for incorporation due
to its abundance of hydrogen bond donors, which
support the formation of hydrogen bonds with alginate.
Additionally, the oxygenated functional groups, such as
carboxyl and hydroxyl groups in both alginate and f-
CD, interact with each other during the immobilisation
technique. In this work, the focus is on developing a
smart adsorbent and discussing its adsorption behaviour
for removing PFOS from aqueous environmental
samples.

Spectroscopic study of SA-B-CD hydrogel beads

Figure 2 (a) and (b) shows FTIR spectra for SA hydrogel
and SA-B-CD hydrogel beads, respectively. The
stretching of the C-O group produced a large peak in the
spectrum of SA at 1030 cm™. A sharp peak at 1261
cm?® confirmed the presence of the arabinosyl
functionality, and sharp peaks at 940 cm™ and 874 cm!
were due to the -glycosidic linkage between the
mannuronic and guluronic units in the G, M unit group
stretching vibration of SA. The sp® C-H asymmetric
stretching mode and the C-OH bending vibration were
responsible for the large peaks at 2963 cm™ and 1432
cm?®. O-H and C-O-C group stretching vibrations
resulted in large peaks at 3394 cm™and 1027 cm™. A
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prominent peak intensity at 1728 cm indicated the
monomer grafted onto the SA backbone after sodium
alginate was polymerised with B-CD. Sharp peaks at
1632 cm? and 1728 cm? were attributed to the
symmetric and asymmetric COO- group vibrations,
respectively. Most of the carboxyl group had been
successfully cross-linked with the hydroxyl group of SA
and B-CD in the system. Previous papers have shown
similar patterns, suggesting that the cross-linking and
incorporation  processes  produced  comparable
functional group interactions in both hydrogel beads
[29-33].

After incorporating B-CD, the leading functional group
observed was hydroxyl, with OH stretching strong and
broad at 3401 cm™, indicating successful binding of SA

7 -

and B-CD. The broadness might also be due to the
mixture of O-H groups in both B-CD and SA structures,
attributing to the wide and large O-H vibration. A
medium peak at 2929 cm-1 was assigned to C-H
stretching, and the band at 1720 cm™ was related to
C=0. Medium peaks of C-O stretching were observed at
1087 and 1062 cm™. The peaks at 3401, 1087, and 772
cm? in the spectrum of SA-B-CD hydrogel beads
indicated the presence of B-CD, while peaks at 946 and
864 cm* are prominent in the SA hydrogel. The peak at
1062 cm? corresponds to C-O, which might have
formed between B-CD and epichlorohydrin, aligning
with findings by Shen et al. These similarities suggest
that the cross-linking and incorporation processes
produced comparable functional group interactions in
both hydrogel beads [34-37].

Figure 1. Physical appearance of synthesized SA-B-CD hydrogel beads.

— SA hydrogel SA-B-CD hydrogel
b)
)
3750 3250 2750 2250 1750 1250

Figure 2. FTIR spectra of (a) SA hydrogel (b) SA-B-CD hydrogel.

750
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Surface morphology of SA-B-CD hydrogel

Figure 3(a) shows the FESEM morphologies of SA-p-
CD hydrogel beads before PFOS adsorption, revealing
notable surface coverage. The porosities of these beads
are clearly visible under different magnifications in
Figure 3a (i) and (ii). The FESEM images display a
rough and irregular morphology with many wrinkles and
non-smooth surfaces, indicating the presence of
functional groups on the surface of the SA-B-CD
hydrogel. These features suggest that the SA-B-CD
hydrogel beads have superior adsorption sites for PFOS
penetration. In contrast, Figure 3(b) shows the FESEM

morphologies the SA hydrogel beads typically exhibited
a smoother surface with fewer irregularities and less
pronounced porosity. This difference in surface
morphology is significant, as the presence of -CD in the
hydrogel matrix introduces additional functional groups
and porosity, enhancing the adsorption capacity and
efficiency of the hydrogel beads. The rough and
wrinkled surface of the SA-B-CD hydrogel provided
more active sites for PFOS binding compared to the
smoother surface of the SA hydrogel, making the former
a more effective adsorbent for PFOS removal.

(i)

Figure 3. Surface morphologies of (a) SA-B-CD hydrogel beads under magnifications of (i) 2,5000 (ii) 50,000 and
(b) SA hydrogel beads under magnifications of (i) 2,5000 (ii) 50,000.

Adsorption experiment of PFOS: Effect of initial
concentration

Figure 4 shows the graph that studies the relationship
between adsorption capacity and the percentage removal
of PFOS at various initial concentrations. The initial
concentration of PFOS varied from 0.5 ppm to 10.0 ppm
to determine the ability of the adsorbent to capture
PFOS. Although the studied concentrations are above
the permitted limit (70 ng/L), this approach was chosen
to thoroughly test the adsorption capability of the beads.
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This study served as a preliminary investigation,
demonstrating the potential of the beads for PFOS
adsorption and providing a basis for further
optimisation. Future work can refine the adsorption
process to ensure effectiveness at environmentally
relevant PFOS concentrations. [39,40]. From Figure 4,
the removal uptake of PFOS on SA-B-CD had gradually
increased from 0.5 mg/L to 10 mg/L with the maximum
adsorption capacity from 0.00079 mg/g to 0.05676
mg/g. Moreover, the highest percentage removal of
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PFOS using SA-B-CD hydrogel beads can be observed
at 10.0 ppm, where the percentage removal of PFOS
reached 72.76%. However, the lowest initial
concentration for the elimination of PFOS is when the
initial concentration used was 0.5 ppm at 16.67% of
removal. These observations could be attributed to the
active sites of the adsorbent, which become more
accessible to PFOS at higher concentrations [41].
Additionally, the removal efficiency might be due to the
high availability of adsorption sites on the SA-B-CD
surface. This surface provides additional penetration

sites and functional groups, such as oxygen-containing
functional groups, including hydroxyl and carbonyl, for
PFOS adsorption. As a result, this increases the
hydrophobicity, electrostatic interactions, and hydrogen
bonding between PFOS and the adsorption surface of the
SA-B-CD hydrogel [42, 43]. Consequently, the
equilibrium adsorption capacity of SA-B-CD hydrogel
beads increased as the initial concentration of PFOS
escalated. Hence, 10 ppm of PFOS was used as the
optimal initial concentration for further adsorption
studies.
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Figure 4. Effect of initial concentration on the percentage removal and adsorption capacity, ge of PFOS. Adsorption
condition: 1280 mg SA-B-CD hydrogel beads in 10 mL of PFOS solution, pH of 3, contact time of 30
minutes, stirring rate of 250 rpm and conducted at room temperature.

Effect of pH

Figure 5 illustrates the effect of the pH of PFOS solution
varied from 3 to 8 while others were kept constant.
Based on the graph, the elimination of PFOS was shown
to be substantially reliant on the pH of the PFOS solution
throughout this study. The percentage removal and the
adsorption capacity of PFOS using SA-B-CD hydrogel
beads decreased as the pH value increased. The result
shows that since the adsorption of PFOS is pH
dependent, the removal efficiency of PFOS by SA-B-CD
hydrogel influenced the adsorption to be most
favourable to achieve at lower pH compared to higher
pH [44]. In comparison, adsorbent-analyte interaction

decreases at higher pH, resulting in a lower percentage
of PFOS removal. These explanations can be seen in
Figure 5, where at pH 3, the percentage removal of
PFOS was the highest at 39.47%, while at pH 8, the
percentage removal of PFOS was the lowest at 24.55%
[45]. This may be because the acid dissociation constant
(pKa) for PFOS was -3.27. Since PFOS's pKa value is
less than 1, it mainly resided in the solution as an anion.
In the adsorption process of PFOS, electrostatic
attraction plays a significant role [46,47].

Thus, in most cases, PFOS exist as anions, while the
active binding site of SA-B-CD hydrogel beads used as
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adsorbents exist as cations. However, adsorbents and
analytes will have negatively charged surfaces at a
certain high pH (higher than the pKa value of PFOS).
This effect causes electrostatic repulsion, which
hampers adsorption since the contacts between the
analyte and the active binding sites of the adsorbents are
weakened under these conditions, making the adsorption
process more reversible [48]. Increased pH can result in
a minor decrease in PFOS adsorption due to enhanced
electrostatic interaction between PFOS and the
adsorbents [49]. At pH 5 and 6, the percentage removal
of PFOS increased slightly compared to pH 4, as the

optimum pH for PFOS adsorption was pH 5.5, before
decreasing at pH 7. However, the adsorption capacity at
pH 5 to 11 gradually decreased which may be due to the
hydroxide ion dominating the hydrogen bonding
interaction with the adsorbent [50]. Therefore, the
adsorption capacity at pH 3 was used for further study.
The determination of the ionisation degree and
speciation of the analytes, as well as the surface charge
of the adsorbent, were necessitated by pH optimization.
Hence, pH 3 has been selected as the optimum pH for
the next adsorption investigation.

100 0.057

9

80 L 0.056
- >
S 70 =
3 3
3 60 - L 0055 S
e 2
s 3
50 g
(=]
g 8
8 40 . 0054 S
& e o £

30 X 2

20 L 0.053

10 1 —e— Percentage removal ge

0 : : 0.052

2 4 8 10

pH of PFOS solution

Figure 5. Effect of pH on the percentage removal (%) and adsorption capacity, e (mg g*) of PFOS. Adsorption
condition: 1280 mg SA-B-CD hydrogel beads in 10 mL of 10.0 ppm PFOS solution, contact time of 30
minutes, stirring rate of 250 rpm and conducted at room temperature.

Effect of contact time

To predict the adsorbent's efficiency and feasibility in
removing PFOS from aqueous solution, the reaction
contact time was used as one of the parameters to
calculate the efficiency of the SA-B-CD hydrogel beads
to remove the PFOS pollutant [51]. This parameter was
used to study the relationship between the reaction
contact time with the adsorption of the SA-B-CD
hydrogel beads for PFOS removal. Figure 6 below
shows the relationship between contact time and the
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percentage of removal and adsorption capacity of PFOS
from the aqueous solution. The graph reported that the
highest percentage of PFOS removal was at 60 minutes,
with 61.81% removal, while the lowest percentage
removal of PFOS recorded was at 10 minutes, with
40.64% removal efficiency. The percentage removal of
PFOS increased gradually as the contact time with SA-
B-CD hydrogel increased, which may be due to the
significant number of active binding sites available on
the adsorbent. These sites can interact with more PFOS
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as the contact time increases. The active adsorption sites
tend to saturate with PFOS over time [52]. This might be
due to the abundance of hydroxyl groups (-OH) on the
outer surface of B-CD, which can form hydrogen bonds
with PFOS or other functional groups within the
hydrogel, enhancing the interaction and adsorption
capacity.

The formation of hydrogen bonds can increase the
effective surface area by providing additional binding
sites. Thus, the longer the time for the hydrogel beads to
come in contact with PFOS the more interaction of
PFOS has with the binding sites, resulting in higher
adsorption of PFOS. Hence, the percentage removal of
PFOS increased as contact time increased [53].

100 0.06
90 —@— percentage removal ge -
- 0.05 %
80 - o
< S
S 70 =
= I 0.04 =
3 60 = J ?
: . :
2 50 - L 003 S
[ e 3]
2 _— c
g 40 | ° S
S L 8
S 30 - 002 £
Q 3
20 <
F 0.01
10 4
0 T T T T T T 0
0 10 20 30 40 50 60 70

Contact time (min)

Figure 6. Effect of contact time on the percentage removal and adsorption capacity, g. of PFOS. Adsorption
condition: 1280 mg SA-B-CD hydrogel beads in 10 mL of 10.0 ppm PFOS solution, pH of 3, stirring rate

of 250 rpm and conducted at room temperature.

Adsorption isotherm study

Langmuir and Freundlich isotherm models were used to
examine the relationship between the quantity of PFOS
adsorbed onto SA-B-CD hydrogel beads and its
equilibrium concentration in an aqueous environment.
Moreover, both models represented the connection
between the quantity of PFOS adsorbed by the adsorbent
and the final amount of PFOS concentration in the
solution once the system reaches equilibrium at a
constant temperature. Figure 7 below shows the graph of
the Langmuir isotherm model and the Freundlich
isotherm model for the adsorption of PFOS. As seen
from the adsorption data, the R? value obtained for the
Langmuir isotherm model was 0.987, while the R? value
obtained for the Freundlich isotherm model was 0.671.
Since R? for the Langmuir isotherm is higher than the

Freundlich isotherm model, the Langmuir isotherm
model was suitable for describing the adsorption study
for the PFOS removal experiment [44, 53]. The results
suggested that the Langmuir isotherm model is more
favourable for the adsorption process of PFOS on the
SA-B-CD hydrogel surface that occurred at the
monolayer adsorption sites and exhibit a homogenous
morphology with a finite number of adsorption sites on
SA-B-CD surface [54]. Hence, the findings can be
concluded that the experimental data was perfectly
suited to the Langmuir isotherm model for the
adsorption of PFOS compared to the Freundlich
isotherm model, which is in good agreement with the
results reported by Elanchezhiyan et al. for the
adsorption of PFOS onto the surface magnetic Zr-
MnFe,0,@rGO nanohybrid [55].
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Figure 7. Graph of a) Langmuir isotherm b) Freundlich isotherm model for the adsorption of PFOS

Table 1. Adsorption isotherm parameters
Isotherm Parameter
Langmuir B (L/mg) -0.421

gm (mg/g) 0.019

R? 0.987
Freundlich k 0.002
n 0.494
R? 0.671
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Adsorption Kinetic study

The adsorption kinetic model was used to explore the
adsorption mechanism and potential rate control to
determine the rate of PFOS adsorption into the binding
sitte of SA-B-CD hydrogel. Pseudo-first-order and
pseudo-second-order were applied as adsorption kinetic
models to describe this study's adsorption rate. The
pseudo-first-order and pseudo-second-order equations
are shown in Equation 5 and Equation 6, respectively
[56]. Figure 8 below shows the best-fit line graph of the
pseudo-first-order kinetic and pseudo-second-order
kinetic for the adsorption of PFOS. Meanwhile, Table 2
lists the adsorption kinetic parameters for both pseudo-
first order and pseudo-second order kinetic parameter
that includes the obtained R? rate constant, (k), and
adsorption capacity of PFOS at equilibrium. From the

findings for both kinetic models, the R2 value belonging
to the pseudo-first second order had a higher value than
the pseudo-first order, which was 0.9900 and 0.9879,
respectively. Hence, the results suggested that the
pseudo-second-order model was more fitted and suitable
to illustrate the adsorption of PFOS on the SA-B-CD
hydrogel beads as per the study reported by Guo et al.
[44]. The experimental data obtained was fitted and
correctly followed the theory as the result showed that it
was fitted to pseudo-second pseudo-second-order
kinetic model and assumed that chemical sorption or
chemisorption is the rate-limiting step for this adsorption
study [57-59]. It also helped to predict the behaviour
over the whole adsorption range. Hence, it could be
concluded that pseudo-second-order is the most suitable
to describe the adsorption process.

Table 2. Adsorption kinetic parameters

Kinetic Model

Pseudo-first order

Pseudo-second order
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0 . A . A . .
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i . o
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Contact time (min)

Parameters
k1 (1/min) 0.020
ge (Mg/g) 0.032
R? 0.987
k2 (g/mg min)  2.043
de (Mg/g) 0.053
R? 0.990
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Figure 8. Graph of a) pseudo-first order b) pseudo-second order kinetic model for adsorption of PFOS.

Characterization of SA-B-CD hydrogel after PFOS
adsorption experiment: FTIR analysis

According to Figure 9, the hydroxyl (OH) group exhibits
a strong and broad stretching peak at 3420 cm™. A

medium stretching peak for the C-H group is observed
at 2931 cm. The weak stretching peak at 1717 cm™ is
attributed to the C=0 group. The sulfonate (S=0) group
shows a medium and sharp stretching peak at 1220cm™.
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Medium and sharp peaks for C-O stretching are
observed at 1080 cm™ and 1065 cm. A weak stretching
peak for the C-F group is identified at 1036 cm™. The C-
O stretching functional group exhibited a weak peak at
950 cm?. A strong and sharp peak at 772 cm®
corresponded to C-H bending [61]. The peaks at 3420
cm, 1080 cm, and 772 cm™ shown on the spectrum
for SA-B-CD hydrogel beads after adsorbing PFOS
indicated the presence of B-CD, while the peak at 950
cm signified SA. The peak at 1065 cm corresponds to
the C-O group formed between B-CD and

epichlorohydrin. After the adsorption of PFOS, the peak
for O-H stretching shifts slightly, and its intensity
increased, making the peak stronger and sharper [62,
63]. Additionally, some bands observed in the spectrum
of SA-B-CD hydrogel beads after PFOS adsorption were
not present in the spectrum before adsorption, as in the
medium and sharp bands for the S=O group at 1220 cm"
! and the medium band for the C-F group at 1036 cm™.
The band at 1080 cm™, produced by the interaction of -
CD with epichlorohydrin, also remains evident [64].

(b)

4000 3700 3400 3100 2800 2500

2200 1900 1600 1300 1000 700

Wavenumber (cm-1)

Figure 9. FTIR spectra of (2) SA-B-CD hydrogel (b) SA-B-CD hydrogel loaded PFOS.

Surface morphology
Due to the adherence of PFOS on the surface of the SA-

B-CD hydrogel beads, the porosities of the SA-B-CD
hydrogel beads after adsorption of PFOS were visibly
minimized under different magnifications, as seen
Figure 10 (e), (f), (9) and (h). It proved a successful
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adhesion of PFOS on the surface sites of SA-B-CD
hydrogel beads, which were most likely via hydrophobic
and electrostatic interactions. Aside from that, Figure 10
shows the surface of SA-B-CD hydrogel beads appearing
rougher after the adsorption of PFOS compared to before

the adsorption.
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Figure 10. Surface morphologies of SA-B-CD hydrogel beads after adsorption of PFOS under magnifications of

(a)15,000 (b) 25,000 (c) 50,000 and (d) 100,000.

Possible chemical interaction of PFOS and SA-B-CD
hydrogel

The fluorocarbon part of PFOS holds hydrophobic,
lipophilic, and nonpolar properties. In contrast, the other
part of the PFOS containing the sulfonate group has
hydrophilic and lipophilic properties which resulted in
the molecule’s addition of polarity. A strong
hydrophobic effect on the chain of C-F of PFOS
occurred when the PFOS was adsorbed onto the
adsorbent of SA-B-CD hydrogel beads due to the
hydrophobicity properties of B-CD on its structure.
Hassan et al. stated that the hydrophobic interaction was
the most prevalent mode of PFOS sorption when the
fluorinated chain of PFOS interacted with the
hydrophobic sites of the hydrogel. When the
hydrophobic sites of B-cyclodextrin had promoted the
hydrophobic effect, the removal efficiency and the
adsorption capacity of PFOS were induced [60].
Furthermore, during such a penetration phenomenon,
the electrostatic repulsions between the anionic nature of
PFOS and the negatively charged SA-B-CD hydrogel
surfaces can be overcome through hydrophobic

interactions between fluorinated chains [64]. The
adsorption phenomenon depends on the functional
groups of the SA-B-CD and C-F chain length, which has
been increased by the hydrophobic effect between PFOS
and SA-B-CD hydrogel. [65-66]. On the other hand,
sodium alginate and B-cyclodextrin also abundantly
contain hydroxyl and carboxyl, influencing the
adsorption efficiency of the PFOS on SA-B-CD hydrogel
concerning electrostatic and hydrogen bonds interaction
between them [67-68]. Hence, it has been proven that
surface complexation and electrostatic interaction have
been the reason for PFOS molecules to entrap to the
surfaces of adsorbents [69]. The chemical interaction
between SA-B-CD hydrogel adsorbent and PFOS offers
a favourable interaction, including electrostatic,
hydrogen bonding, and hydrophobic interactions for
efficient removal. It is due to incorporating all
constituents, including sodium alginate and f-
cyclodextrin, into a single functionalised adsorbent that
leads to substantial and strong chemical interaction
between PFOS and SA-B-CD hydrogel adsorbent [70].
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Figure 11. Possible interaction mechanism between PFOS with SA-B-CD hydrogel beads.

Conclusion
The SA-B-CD hydrogel has been substantially
developed using a crosslinking immobilization reaction
involving several biopolymers. This approach results in
the formation of hydrogels with notable features such as
great morphology, a high surface area, a stable structure,
and excellent physical properties. The effectiveness of
the production of the SA-B-CD hydrogel adsorbent was
confirmed by FTIR spectroscopy. Based on the FTIR
spectra, the peak band for O-H stretching slightly
shifted, and its strength appeared to be enhanced,
indicating that the SA-B-CD hydrogel beads had
absorbed PFOS, causing the peak to become stronger
and sharper. Besides, the rough surface of SA-B-CD
hydrogel beads indicated that the PFOS had successfully
adsorbed onto the surfaces which can be confirmed by
using FESEM. Furthermore, the porosities of the SA-p-
CD hydrogel beads seemed to decrease after the
adsorption as fewer pores were seen on the surfaces than
before the adsorption of PFOS was done. All the data
obtained from the experiment using these parameters
showed a matching hypothesis with the reference
journals that studied the adsorption of PFOS. The
findings show the optimum sorption at equilibrium
conditions was attained through a batch adsorption
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experiment for PFOS by using 1280 mg dose of SA-f-
CD hydrogels beads at 70°C, contact time of 30 minutes,
apH of 5.5, 10 mL of 10.0 ppm of solution, and 250 rpm
stirring rate. In addition, the adsorption Kinetic study
showed that the pseudo-second-order model was chosen
to describe the adsorption experiment of PFOS on the
SA-B-CD hydrogel beads. However, the Langmuir
adsorption isotherm study best fits the isotherm model
with a higher R? value reported, explaining the
adsorption of PFOS. Therefore, this work demonstrated
the development of hydrogel as a successful
supramolecular adsorbent that was able to remove PFOS
at the highest percentage removal of 84.72 % and
adsorption capacity of 0.0764 mg/g after incorporating
B-CD to alginate properties when all the operational
parameters were used.
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