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Abstract Water pollution via pharmaceutical drugs
such as paracetamol has been a highly concerning
issue, and effective measures must be taken to treat
these aquatic contaminants. Hence, the present study
explored the use of cellulose nanocrystals (CNC)
isolated from oil palm fronds (OPF), combined with
commercial activated carbon (AC) to produce OPF
CNC-AC hydrogel beads for paracetamol removal
from aqueous media. The BET analysis showed that
the OPF CNC-AC hydrogel beads possess a high BET
surface area of 85.19 m* g~'. FTIR analysis showed
several peaks had higher intensities and were slightly
shifted than those before adsorption, and the SEM
analysis confirmed these findings. Adsorption studies
were conducted to infer how solution pH, contact time,
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and initial paracetamol concentration affect the
adsorption behaviour. It was revealed that the adsorp-
tion studies of paracetamol could be achieved at 0.6 g
of adsorbent dosage, at a pH 3 with a contact time of
170 min under room temperature. Meanwhile, the
pseudo-second order kinetic model and Langmuir
isotherm model revealed the best correlation for the
adsorption of paracetamol with a . value of
21.34 mg g~ ' and Gibbs free energy of adsorption
(AG) of —10.27 kJ mol~". Thus, monolayer adsorp-
tion was thought to occur at the surface of OPF CNC-
AC hydrogel beads. This study suggests that OPF
CNC-AC hydrogel beads could be a viable adsorbent
for paracetamol removal from water used for con-
sumption, which showed an efficiency of up to 79.98%
in eliminating paracetamol dissolved in enriched
aqueous solutions.
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Introduction

First and foremost, water is ultimately the essential
compound on earth. This is due to the fact that it is
required by all plants and animals. As a result of the
growing population size and increased industrial
enterprise, the demand for clean water has increased
(Mohammed et al. 2015). However, the develop-
ment and the use of pharmaceutical compounds to
treat human and veterinary diseases have rapidly
increased, causing the water to be contaminated with
organic compounds (Chen et al. 2013). A part of these
compounds is excreted through faeces or urine from
the body. In recent years, direct discharge such as
pharmaceutical industry wastewater and indirect
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Fig. 1 Molecular structure of paracetamol
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discharge like municipal and hospital effluents have
become increasingly recognized emerging issues due
to the harmful effects of pharmaceutical compounds
on human and environmental health (Patel et al. 2019).
Lei et al. (2015) pointed out that emerging pollutants
are substances not protected by current water regula-
tions but are considered a risk
to ecosystems and human health.

Pharmaceuticals are natural or synthetic chemicals
that can be used in prescription drugs, over-the-
counter medicinal drugs, and veterinary medicines
that contain active ingredients intended to have
pharmacological effects and confer significant social
benefits (Mukoko 2016). After use, certain medica-
tions are released into the environment, while others
are discarded as unused or expired items during
manufacturing (Rogowska et al. 2019). Pharmaceuti-
cal compounds can navigate their way to wastewater
collection systems that are ultimately discharged into
wastewater facilities (Aydin and Talinli 2013; Yan
et al. 2014). As a result, residual amounts in treated
water have accumulated in drinking water (Rivera-
Utrilla et al. 2013). Even at relatively low doses, the
presence of pharmaceuticals in the aquatic environ-
ment still can affect non-target individuals and
organisms (Coimbra et al. 2018). Several studies have
stated that pharmaceutical compounds and their com-
ponents are widely found ranging from ng/L to pg/L of
concentrations in wastewater, sewage, surface water,
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groundwater, and even drinking water (Mompelat
et al. 2009; Sim et al. 2010).

Paracetamol (Fig. 1) is one of the pharmaceutical
compounds found in natural waters due to its wide-
spread consumption. Acetaminophen, often known as
paracetamol, is a non-steroidal anti-inflammatory
medicine used worldwide for pain treatment and fever
reduction (De Laurentiis et al. 2014). This antipyretic
medicine is easily and readily available even without a
medical prescription. Around 58—-68% paracetamol is
eliminated from the body when consumed in thera-
peutic dosage. Thus, paracetamol concentration may
be significant in wastewater and water supplies (de
Luna et al. 2013). This active pharmaceutical com-
pound used by both humans and animals is not fully
metabolized within their bodies. As a result, they are
excreted by urine or faeces and join wastewater as
biologically active substances along with metaboliza-
tion products (Snelgrove 2017). Thus, people are
exposed to these active pharmaceutical compounds
via their potable water or through bioaccumulation in
the food web. Paracetamol is reasonably stable at a
regular dose, but at overdoses, the concentration has
some hazards and may cause liver failure, gastroin-
testinal disease, centrilobular liver necrosis, and ulti-
mately hepatotoxic potential (Bhushan and Apte
2019). It is a common pharmaceutical that has been
found in wastewater at various concentrations all
around the world (Gracia-Lor et al. 2012). In wastew-
ater treatment plant influent samples, paracetamol was
found in the range of 1.746 43.223 ng/L. Meanwhile,
in wastewater treatment plant effluent samples, it was
found in the range of 0.025—4.319 ng/L. (Wadhah
Hassan 2017).

Effluents containing pharmaceutical compounds
should be handled properly to prevent harmful effects
on humans and the environment. Conventional
wastewater treatment plants are typically designed to
eliminate suspended solids, the need for biochemical
oxygen demand (BOD), and pathogenesis. Therefore,
they cannot eliminate pharmaceutical compounds
effectively (Mashayekh-Salehi and Moussavi 2016).
Several chemical, biological, and physical methods
can be used to extract pharmaceutical compounds
from polluted water, such as biodegradation, mem-
brane filtration, coagulation, and adsorption.
Mashayekh-Salehi and Moussavi (2016) stated that
adsorption is among the most promising strategies for
eliminating pharmaceutical compounds due to its high

potential for adsorption, low energy cost, and envi-
ronmental friendliness. The evolution of new low-cost
adsorbents derived from renewable resources has been
motivated due to the high cost and energy associated
with the manufacture and regeneration of the adsor-
bent (Mohammed et al. 2015). Some examples of
green adsorbents that have been reported are rice hulls
(Mukoko 2016), kenaf (Macias-Garcia et al. 2019),
tilia leaves (Husein et al. 2019), greenwood chips
(Liyanage et al. 2020) and corncobs (Fu et al. 2020).
Oil palm is one of Malaysia’s most substantial
commercial crops. The oil palm (Elaeis guineensis) is
widely grown as a source of oil throughout West and
Central Africa and Malaysia, Indonesia, and Thailand
(Barthel et al. 2018). The palm oil industry is among
the essential agro-industries in Malaysia, and it
produces enormous amounts of solid oil palm waste,
including oil palm fronds (OPF). Such solid wastes
have no economic value and cause a significant issue
in terms of disposal. Through the optimum utilization
of oil palm biomass, all these problems can be
reduced, and these lignocellulosic materials can be
used for great value-added products by biological,
chemical, and physical developments (Diyanilla et al.
2020). Hussin et al. (2016) have reported using
lignocellulosic biomass such as OPF as a green
adsorbent. Lignocellulosic oil palm biomass (OPB)
is abundant with carbohydrates, and they consist of
organic compounds, such as cellulose, hemicelluloses,
and lignin (Diyanilla et al. 2020; Maya et al. 2016).
Therefore, using oil palm solid waste as a low-cost
adsorbent might benefit from an economic and envi-
ronmental perspective (Setiabudi et al. 2016). A high-
value by-product can be obtained from OPB, which
can be used as energy sources, fertilizers, animal food,
furniture, and paper sectors (bin Abas et al. 2004;
Dungani et al. 2018). This situation approaches the
manufacturing of green materials that draw the
attention and curiosity of researchers to protect the
environment (Haafiz et al. 2013). According to Tan
et al. (2018), OPF has been used as a green adsorbent
for methylene blue dye removal. Recently, there was a
study of chitosan/biochar hydrogel beads on the
adsorption of pharmaceutical contaminants such as
paracetamol and ciprofloxacin (Afzal et al. 2018;
Vakili et al. 2019a). However, no comprehensive
research reported on the utilization of hydrogel beads
extracted from oil palm biomass such as OPF for the
adsorption of paracetamol in aqueous media.
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Fig. 2 The experimental flow diagram

Nanocellulose is a sustainable material, and it has
drawn much attention due to its extraordinary prop-
erties for various applications (Phanthong et al. 2018).
Generally, the term ‘nanocellulose’ applies to cellu-
lose materials with at least one-nanometer diameter
(Blanco et al. 2018). These single cellulose nanome-
ter-sized crystals, commonly called nanowhiskers or
nanocrystals, can be produced from different sources
(Phanthong et al. 2018). Due to their extraordinary
properties for various applications, these nanomateri-
als have increased in popularity. Recently, the
nanoscale science and engineering developments
indicate that many of the existing water quality issues
can be substantially minimized using nanocellulose
extracted from the biomass by dint of their strong
adsorption performance, higher surface area, and more
significant pollutant interaction active sites (Trache
et al. 2020). Besides, AC is a flexible adsorbent
utilized in various applications, such as environmen-
tal, industrial, and other industries, to eliminate,
recover, separate, and modify a wide range of species
in liquid and gas-phase applications with a large
surface area and high porosity (Cecen 2014).
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However, the practicality of separating nanocellu-
lose from wastewater after adsorption should be dealt
with pertinently. To the best of our knowledge, no
research studies have been performed on exploiting
low-cost OPF CNC-AC hydrogel beads as a potential
adsorbent for paracetamol removal in aqueous solu-
tions. Thus, the present research work made an effort
to tackle this challenge by incorporating cellulose
nanocrystals and AC into alginate hydrogel beads to
ease separation upon batch adsorption. In addition,
alginate-based hydrogel beads’ integral porous struc-
ture could improve its retention capacity (i.e. high
adsorption capacity) and reusability. The current study
presents the data obtained using OPF CNC-AC
hydrogel beads to retain paracetamol from aqueous
media and their recyclability. The prospective of
utilizing sustainable and viable nanomaterials in
eliminating pharmaceuticals from waterbodies would
garner immense influence for the countries where
water pollution has become a foremost environmental
concern.
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Experimental
Materials

The chemicals used in this study are glacial acetic
acid, HOAc (QR&C, Malaysia), sulphuric acid, H,SO4
(97%, QREC, Malaysia), sodium hydroxide pellets,
NaOH (QREC, Malaysia), sodium chlorite, NaClO,
(Sigma-Aldrich, United States), sodium alginate,
C¢H7NaOg (Sigma-Aldrich, United States), calcium
chloride, CaCl, (Bendosen, UK), commercial acti-
vated carbon (QREC, Malaysia) and paracetamol
(99%, Sigma-Aldrich, United States).

Cellulose nanocrystals (CNC) preparation

OPF was collected from Kuala Krai, Kelantan,
Malaysia, in 2019. The samples were cut into
1 x 1 cm size (length x width) pieces, sun-dried,
grounded into powder, and sieved into 250 pm. Then,
OPF powder was subjected to autohydrolysis, soda
pulping, pulp bleaching, and mercerization processes
to obtain pure cellulose, as shown in Fig. 2. The
autohydrolysis was carried out utilizing a 0.3 L steel
reactor. The steel reactor was loaded with 20 g of dry
powdered OPF and mixed with 160 mL of distilled
water. The reactor was airtight and heated to 180 °C
for 330 min. The reactor was cooled after thermal
heating, and the OPF pulp was filtered using Whatman
No. 1 filter paper, washed with distilled water, and
subsequently dried in a 50 °C oven for 24 h. For the
soda pulping process, the conditions used were
maintaining the process at the ratio of 1:8 (OPF:
water) with 20% active alkaline and 30% sulfidity.
The pressure was set at a range of 12-15 bar. The
process was conducted for 3 h at 170 °C. Then, the
OPF pulp was filtered, rinsed with distilled water, and
dried in the oven at 50 °C for 24 h. The pulp bleaching
process was carried out by weighing 1.5 g of soda pulp
and placing it in a round bottom flask with 125 mL of
distilled water. After that, 1 mL of glacial acetic acid
and 1 g of sodium chlorite were incorporated. With
continuous stirring, the mixture was refluxed for 2 h at
70 °C. The holocellulose was then vacuum filtered and
washed with excess distilled water after being
refluxed. Finally, the holocellulose was dried for
24 h at 50 °C in an oven. Meanwhile, 2 g of dried
holocellulose sample was utilized with 100 mL of
10% (w/v) NaOH for 30 min at room temperature

(27 £ 1 °C) for the mercerization process. After
30 min, 100 mL of distilled water was added to the
mixture, then stirred continuously at room temperature
for another 30 min. The resulting cellulose was then
vacuum filtered before being washed with 1% (w/v)
glacial acetic acid, 5% (w/v) NaOH, and excess
distilled water. Then, the cellulose was then dried for
24 h at 50 °C in an oven. Next, the acid hydrolysis
method was conducted to prepare cellulose nanocrys-
tals (Trache et al. 2017). 2.0 g of cellulose was treated
with 17.5 mL of 50% (v/v) H,SO, for 30 min at room
temperature under continuous stirring. After that, the
hydrolysis process was stopped by adding cold
distilled water. The resulted solution was centrifuged
at 7900 rpm for 10 min (4 times). The dialysis process
was carried out until pH was neutralized (attaining pH
7), and finally, the CNC samples were freeze-dried at
—48 °C for 72 h.

Synthesis of OPF CNC-AC hydrogel beads

0.2 M CaCl, solution was prepared by mixing 1.15 g
of CaCl, and 50 mL of distilled water in a 100 mL
beaker. The mixed solution was stirred until it was
completely dissolved. In order to prepare OPF CNC-
AC hydrogel beads, sodium alginate (SA) solution
was initially prepared by weighing 400 mg of SA
dissolved in distilled water. The solution was stirred
until it became viscous and transparent. Then, 200 mg
of OPF-CNC powder was added and stirred until it was
completely dissolved. Next, 200 mg of commercial
AC was added under vigorous stirring until a blackish
and well-dissolved solution was formed. The resulting
solution was added dropwise into the CaCl, solution
using a dropper to form OPF CNC-AC hydrogel
beads. The beads were gently stirred for 30 min to
harden the beads and keep the beads from sticking to
one another. After stirring, the beads were left in the
CaCl, solution for 24 h to ensure complete gelation
and the formation of stable beads. Before carrying out
adsorption studies, the beads were rinsed several times
with distilled water to remove residual CaCl, from the
surface of the beads and kept in the distilled water for
further use.

Characterization

The main functional groups of OPF CNC-AC hydro-
gel beads were identified by performing an attenuated
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Fig. 3 FTIR spectra of a OPF CNC-AC hydrogel beads before
adsorption, b paracetamol, and ¢ OPF CNC-AC hydrogel beads
after adsorption

total reflection (ATR) analysis via Fourier-transform
infrared spectrometer (Model Perkin Elmer Frontier
FT-IR/NIR). A hydrogel bead was placed on the metal
plate for analysis. The spectra analyses were con-
ducted in the range of 4000 cm ™' to 400 cm ™' with a
resolution of 4.0 cm™!, and the samples were scanned
20 times. The BET surface area, total pore volume and
pore size of OPF-CNC, alginate (ALG) hydrogel
beads, and OPF CNC-AC hydrogel beads were
analyzed adopting the Brunauer—-Emmett—Teller
(BET) equation and Quantachrome NovaWin2©
software. The surface morphology study was investi-
gated using scanning electron microscopy (SEM). A
small quantity of OPF CNC-AC hydrogel beads was
placed on a carbon stud and coated by platinum (Pt).
The SEM analysis was carried out on a QUANTA FEI
650 at 200 x magnification.

Adsorption studies

The OPF CNC-AC hydrogel beads were put inside the
conical flask of 10 mg L™ paracetamol solution
(100 mL). The conical flasks were fully covered by
aluminium foil to avoid light exposure during the
experiment, and the flasks were placed on an orbital
shaker (150 rpm, 170 min). Then, the sample solu-
tions were filtered using gravity filtration, and the
concentration of filtrate was measured using a UV-Vis
spectrophotometer (Shimadzu 2600) at A = 243 nm.
Finally, the removal percentage of paracetamol was
calculated using the equation below:
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Paracetamol uptake = (COC CE) x 100 (1)
The amount of paracetamol adsorbed at equilib-
rium, q. (mg g~ '), was calculated using the equation
below:
(C, = C)V
de = [T} (2)
where C, is the initial paracetamol concentration (mg
L"), C. is the paracetamol concentration at equilib-
rium (mg L™'), V is the volume of paracetamol
solution used (L), and m is the mass of adsorbent used
(2.

The effects of pH (1-11), contact time
(10-170 min), and initial paracetamol concentration
(1-1000 mg L™") were investigated. All the experi-
ments were carried out in triplicates under identical
conditions, and the average results were reported.

Reusability study

The reusability analysis was carried out with an
optimized condition of 0.6 g of adsorbent dosage,
100 mL of 10 mg L™" of paracetamol solution at pH 3
(paracetamol solution were adjusted using 0.1 M HCI
and 0.1 M NaOH), shaken in an orbital shaker
(150 rpm, 170 min) at a room temperature. Then,
the samples were removed from paracetamol solution
through gravity filtration, and the filtrate was analyzed
by a UV-Vis spectrophotometer at A = 243 nm. The
adsorbed samples were desorbed with 5% of ethanol
under constant stirring for 6 h. The process of
adsorption and desorption were repeated for five
cycles.

Results and discussion
Characterization of hydrogel beads
FTIR analysis

The molecular structure and functional groups of an
adsorbent influence its adsorption ability (Yadav et al.
2020). Thus, FTIR analysis was carried out to
determine the functional groups of paracetamol and
OPF CNC-AC hydrogel beads before and after the
adsorption process. Figure 3 illustrates the FTIR
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Table 1 Surface and porosity parameters of OPF-CNC, ALG hydrogel beads, and OPF CNC-AC hydrogel beads obtained from BET

analysis

Samples BET surface area (m* g~')  Cumulative pore volume (cm® g=')  Average pore width (nm)
OPF-CNC 10.51 0.0067 2.5365

ALG hydrogel beads 091 0.0003 1.2481

OPF CNC-AC hydrogel beads ~ 85.19 0.0417 1.9597

spectrum of OPF CNC-AC hydrogel beads, which
shows hydroxyl, carbonyl, and carboxyl groups as the
main functional groups.

The FTIR spectrum of OPF CNC-AC hydrogel
beads before adsorption was highly comparable to that
after adsorption. Nevertheless, several peaks had
higher intensities and were slightly shifted than those
before adsorption. As observed, all spectra except
spectra (b) showed a broad absorption band at 3200 to
3400 cm™' which was due to the stretching and
bending of -OH groups in the OPF CNC-AC hydrogel
beads before and after adsorption. Joshi and Pokharel
(2013) stated that the intermolecular hydrogen bond-
ing of alcohols, phenols, and carboxylic acids caused
the -OH stretching vibration on the surface of the
adsorbent. Therefore, this confirmed free hydroxyl
groups on the adsorbent surface (Nche et al. 2017).

In addition, a peak was identified at 1618 cmlin
OPF CNC-AC hydrogel beads corresponding to the
stretching vibration of the C = O group (Nasrullah
et al. 2018). The peak at 1415 cm™' represents the
symmetric carboxylate -COO™ group stretching of
SA. This peak confirmed the complex formation of the
beads after crosslinking with Ca®" ions (Kumar et al.
2017). Then, a peak was further noticed at 1024 to
1036 cm ™' related to the -OH group (Hassan et al.
2014). It could be noticed that after paracetamol
adsorption, the intensity of this peak was significantly
increased. Also, OPF CNC-AC hydrogel beads
showed a peak at 1385 cm™' due to the = C-H
stretching of aromatic and asymmetric aliphatic alkyl
groups, including —-CH, and —CHj3 (Joshi and Pokharel
2013). The peak’s strength increased after OPF CNC-
AC hydrogel beads were modified with the commer-
cial AC, and as could be noticed, the peaks were
broader and more intense. This could suggest that the
hydrogel beads have been successfully modified.

Meanwhile, Fig. 3 also shows the FTIR spectrum of
OPF CNC-AC hydrogel beads following the

adsorption procedure, which was used to prove the
presence of paracetamol on the adsorbent surface. For
the paracetamol spectrum, there was a presence of a
peak at 1565 cm ™' due to the N-H amide II bending,
while the absorption peak of C-N (amide) stretching
appeared at 965 cm™'. Paracetamol was found to have
the vibrational peak of O—-H stretching at 3326 cm ™"
(Trivedi et al. 2015). However, the peak was not as
broad as the O-H stretching for OPF CNC-AC
hydrogel beads. As observed, a higher intensity of
adsorption peaks was noticed at 1590 to 1618 cm ™
and 1024 to 1036 cm ™" after the adsorption process.
The increase in the intensity of the peak was due to the
interaction of paracetamol molecules and OPF CNC-
AC hydrogel beads as the paracetamol molecules
interact with the beads via electrostatic interactions.

BET analysis

The surface area of the substance was determined by
using the Brunauer-Emmett—Teller (BET) technique.
The BET surface area, cumulative pore volume and
average pore width of OPF-CNC, ALG hydrogel
beads, and OPF CNC-AC hydrogel beads were listed
in Table 1. According to the table, the value of BET
surface area, cumulative pore volume, and average
pore width of OPF CNC-AC hydrogel beads was
higher than OPF-CNC and ALG hydrogel beads.
Besides, it could be noticed that the modification of
OPF CNC-AC hydrogel beads using commercial AC
improved the beads’ surface area, pore volume, and
pore width, which resulted in the structure having a
more significant pore. Therefore, the highest value of
the specific surface area and cumulative pore volume
correspond to the OPF CNC-AC hydrogel beads with
85.19 m? g_1 and 0.0417 cm? g_l, while the lowest
corresponds to the ALG hydrogel beads with 0.91
m? g~ ' and 0.0003 cm® g~
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According to the International Union of Pure and
Applied Chemistry (IUPAC), pores are categorized as
micropores (<2 nm in diameter), mesopores
(2-50 nm in diameter), and macropores (> 50 nm in
diameter) (Everett 1972). The OPF-CNC can be
classified as mesopores, while the ALG hydrogel
beads and OPF CNC-AC hydrogel beads can be
classified as micropores based on the average pore
width, which indicated that the porosity structure was
good. Thus, the paracetamol molecules can easily
penetrate the beads due to their porous structure. This
can be seen through the presence of the N element in
the cross-section of OPF CNC-AC hydrogel beads
after the adsorption of paracetamol. This proved that
the paracetamol encountered not just the surface of the
hydrogel beads but also within the cross-section of the
beads. Consequently, it seems that OPF CNC-AC
hydrogel beads can remove paracetamol from the
wastewater.

SEM analysis

The SEM micrographs for surface morphology and
cross-section of ALG and OPF CNC-AC hydrogel
beads (before and after adsorption) are shown in
Fig. 4. All samples displayed a wrinkled morphology.
For ALG hydrogel beads, the cross-section showed a
smoother surface compared to OPF CNC-AC hydro-
gel beads. As observed, the surface of the beads
changed from smooth to rougher when CNC was
added (Supramaniam et al. 2018). CNC added further
undulations and folds to the surface of the beads,
thereby expanding the surface area and increasing the
binding sites available for the adsorption studies
(Mohammed et al. 2015). Besides, the surface of
OPF CNC-AC hydrogel beads was rough and uneven
with irregular pores. The cross-sectional image clearly
showed that the modified beads exhibit several pores
of various shapes and sizes and have a highly
interconnected irregular large space (cavities) (Nas-
rullah et al. 2018). Therefore, this loose arrangement
and surface pores facilitate molecular diffusion and
supply enough free space for molecules, enabling
paracetamol adsorption. Many contaminants can be
adsorbed by the porous beads, which have a high
surface area. Javadian et al. (2015) stated that the
adsorbent’s surface area is directly proportional to the
adsorption efficiency. The higher the surface area, the
higher the adsorption efficiency. Meanwhile, after
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Fig. 4 SEM images of a cross-section of ALG hydrogel bead, »
b and d surface morphology of OPF CNC-AC hydrogel beads
(before and after adsorption), ¢, and e cross-section of OPF
CNC-AC hydrogel beads (before and after adsorption) at
200 x magnification

adsorption, the paracetamol molecules fill most of the
available pores within the OPF CNC-AC hydrogel
beads. Therefore, the surface of cross-sectional OPF
CNC-AC hydrogel beads became saturated compared
to before adsorption.

Effect of various parameters influencing
paracetamol adsorption

Effect of pH

Figure 5 illustrates the effect of pH on percentage
removal and adsorption capacity (q.) of paracetamol
by OPF CNC-AC hydrogel beads. The effect of pH on
paracetamol adsorption was investigated between pH
1 and 11. Mohd et al. (2015) reported that pH
variations impact the adsorbent’s surface chemistry
due to the dissolution of functional groups. The
figure shows that as paracetamol solution became
more basic, the percentage removal was decreased.
The highest percentage removal was at pH 3 with
79.98 £ 0.58% and adsorption capacity, q. of
1.33 4 0.01 mg g~ ' while the lowest was at pH 1
with 51.19 + 0.30% and q. of 0.85 & 0.01 mg g ".
At pH 1, the size of the beads reduced and became
smaller as the paracetamol solution was too acidic.
Thus, the beads’ efficiency was also reduced, resulting
in the lowest percentage removal of paracetamol.

At an acidic solution with a pH value between pH 2
and 4, paracetamol exists in its neutral state. However,
the negative charge of activated carbon neutralized
most all the negatively charged surface with
hydrochloric acid (Mohd et al. 2015). Hence, the
repulsion between the neutral adsorbent molecule and
the positively charged AC surface was considerably
reduced and advocated an effective paracetamol
removal. Ferreira et al. (2015) stated that an effective
paracetamol removal might be due to the highest
electronic charges of neutral paracetamol molecule
found in the C = O group that could be attracted to the
positively charged adsorbent’s surface.
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Fig. 5 Percentage removal and effect of pH on paracetamol by OPF CNC-AC hydrogel beads at 27 + 1 °C

Fig. 6 Percentage removal and effect of contact time on paracetamol by OPF CNC-AC hydrogel beads at 27 + 1 °C
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Fig. 7 Percentage removal and effect of initial paracetamol concentration by OPF CNC-AC hydrogel beads at 27 £ 1 °C

Meanwhile, in a basic solution, the loading capac-
ities were decreased, which could be attributed to two
aspects; adsorbate ionization and the charges surface
of AC at that pH (Sikarwar and Jain 2014). According
to the earlier studies, the surface of the AC is
negatively charged. Thus, both adsorbent and adsor-
bate have a negative-negative charge that repels
toward each other, and this clarified why the percent-
age removal of paracetamol was reduced in a basic
solution (Mohd et al. 2015). Besides, the other reason
was due to the anionic charges involved in basic
solutions where pH greater than pKa (Ferreira et al.
2015). As previously stated, the pKa value of parac-
etamol is around 9.38 (Mashayekh-Salehi and Mous-
savi 2016). Paracetamol often exists as a neutral
molecule at pH 2, but as it gets closer to its pKa, about
half of it ionizes and becomes an anionic molecule. It
was reported that paracetamol molecules have a higher
density charge in basic solutions and the negatively
charged solid sample repelled this charge. Based on
the findings, the optimum pH of OPF CNC-AC
hydrogel beads was found to be at pH 3.

Effect of contact time

The relationship between contact time, ., and
percentage removal of paracetamol by OPF CNC-
AC hydrogel beads is shown in Fig. 6. The effect of
contact time was studied, ranging from 10 to 170 min
to find the minimum time for OPF CNC-AC hydrogel
beads to adsorb 10 mg L™ of paracetamol. It was
noted that as contact time increased, there was an
increase in the percentage removal as well as the q.
until the equilibrium was attained. As could be seen in
the figure, the highest percentage removal of parac-
etamol was observed at 170 min with 79.98 + 0.21%
and g value of 1.33 + 0.004 mg g~ .

Meanwhile, in the first 70 min, both the percentage
removal and . increased sharply and then further
increased, reaching a nearly constat equilibrium at
130 min. The g, values of paracetamol adsorbed by
OPF CNC-AC hydrogel beads rose from 0.279 to
1.333 mg g~ ', increasing contact time from 10 to
170 min. Because of enough adsorption sites on the
adsorbents, paracetamol was readily adsorbed at the
initial stage. According to Yamuna and Namasivayam
(1993), this trend might be described because many
unoccupied active sites were available for adsorption
at an early stage. However, the excess unoccupied
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sites were challenging to occupy after a certain period
because of the repulsive forces between solute
molecules on solid and bulk phases.

Effect of initial paracetamol concentration

Figure 7 illustrates the q. and the effect of initial
paracetamol concentration on the amount of parac-
etamol adsorbed. The amount of paracetamol
adsorbed was greatly influenced by the initial concen-
tration. The percentage removal decreased, and the q.
increased as the initial concentration of paracetamol
increased due to the concentration gradient’s increas-
ing driving force (Hu et al. 2018). Based on the figure,
the highest percentage removal of paracetamol onto
OPF CNC-AC hydrogel beads was found at 1 mg L™
with 99.00%, while the lowest was at 1000 mg L~}
with 12.30 £ 0.56%.

In addition, the g, of paracetamol increased with an
increasing initial concentration of paracetamol from
0.165 to 20.51 + 0.93 mg g~'. Tsai et al. (2009)
stated that this could be ascribed to the higher mass
transfer of paracetamol molecules to the given mass of
adsorbent. The existence of more adsorption sites on
the AC than the solute molecules in solution may
result in an increased adsorption rate at lower parac-
etamol concentration (Mukoko 2016). At the same
time, a lower adsorption rate was observed at a higher
paracetamol concentration. This is because the num-
ber of paracetamol molecules is elevated at a greater
concentration level than the number of adsorption sites
available. Furthermore, the paracetamol molecules
aggregate at a higher concentration, generating a slow
adsorption process. Mashayekh-Salehi and Moussavi
(2016) reported a similar finding in their analysis of
dried pomegranate wood’s ability to remove parac-
etamol from aqueous solutions.

50

40 y =0.0468x + 2.4659 /
R’=0.9970 -

r r r I r r r I r
0 200 400 600 800 1000
Ce(mg L'1)

Fig. 8 Langmuir-1 isotherm plot of paracetamol adsorption
onto OPF CNC-AC hydrogel beads at 27 £+ 1 °C

Adsorption isotherms

Adsorption isotherm models are commonly used to
determine the maximum retention capacity and
describe the processes and mechanism of adsorption
(Ferchichi and Dhaouadi 2016; Yadav et al. 2020).
Various equilibrium isotherms have been suggested
with different models to describe the adsorption
procedure, such as Langmuir, Freundlich, Temkin,
and Dubinin-Radushkevich. The models demonstrate
the relationship between the quantity of adsorbent
adsorbed and the adsorbate concentration that
remained in the medium at equilibrium (Mohd et al.
2015).

Langmuir isotherm

Langmuir isotherm is first defined by Langmuir
(1918). It is modelled on the assumption that mono-
layer adsorption occurs at homogeneous sites and
adsorbent surfaces, with no additional adsorption
occurring at sites of adsorption once they have been
occupied. The Langmuir equation is given as:

Table 2 Langmuir

parameters of OPE CNC- Linear Langmuir isotherms Ki (L gf') ar, (L mgfl) Jmax (Mg gfl) R?

AC hydrogel beads by Langmuir-1 0.4055 0.0190 21.3420 0.9970

linear regression method Langmuir-2 16.9492 2.8051 6.0423 0.9940
Langmuir-3 16.0101 1.2067 13.2677 0.5555
Langmuir-4 6.3093 0.3723 16.9468 0.5555
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Table 3 Comparison of monolayer adsorption capacities of paracetamol on different adsorbents

Adsorbent Maximum Initial Solution Contact Solution References
adsorption concentration of pH time temperature
capacity (mg paracetamol (h) °C)
gh (mg/L)
Babassu coconut mesocarp  65.29 50 2.0 4.0 + 25 (Ferreira et al. 2015)
AC
Spent tea leaves AC 59.17 10 3.0 1.0 + 30 (Wong et al. 2018)
Commercial AC 25.25 100 2.0 2.0 40 (Mohd et al. 2015)
OPF CNC-AC hydrogel 21.34 10 3.0 2.8 + 27 Present work
beads
Oxidized AC from coconut 16.80 1000 7.0 - + 25 (Bernal et al. 2017)
shell
Rice husk AC 14.88 100 2.0 1.7 + 27 (Nche et al. 2017)
Primary sludge charcoal 12.33 100 6.9 72.0 25+2 (Coimbra et al. 2019)
Polymeric resin Sepabeads 8.25 100 - 33 25 +2 (Coimbra et al. 2018)
P. oceanica 1.64 100 5.7 24.0 + 25 (Ferchichi and Dhaouadi
2016)
Dehydrated sewage sludge 0.96 100 5.7 24.0 + 25 (Ferchichi and Dhaouadi
2016)
“ — 7 specifies the relevant information was not stated in the references
C__1 Ce (3) Langmuir — 4 : ge _ K, —ayq. (8)
Ge  qmaxKr  Gmax Ce

where q is the adsorbate amount adsorbed per unit
adsorbent weight (mg g~ "), g, 1s the maximum
adsorption capacity (mg g~ '), C. is the equilibrium
liquid phase concentration (mg L™ "), K and a; are the
Langmuir isotherm constant (L mgfl) (Soto et al.
2011). The qmax Was computed using the equation
below (Goel et al. 2015):

s = (1) )

Additionally, the Langmuir isotherm model could
be transformed into four distinct forms of linear
expressions (Goel et al. 2015).

g (@) (%)

Langmuir —1: —=(—| + | —]C. 5
8 qe Kr K; G)
2= () (7))
Langmuir —2 : —=|— )+ |—||— 6
8 qe <KL L e ()

K 1
Langmuir—S:qe:<—L>—<—>
ar, ay,

A dimensionless constant separation factor (Rj)
may show the fundamental characteristics of a Lang-
muir isotherm (Chuein et al. 2021; Langmuir 1918):

1 9)

Rp=—"
1 +K.C,

where C, is the initial concentration (mg L"), while
the type of isotherm could be indicated by the value of
RL.

Ry value indicates the adsorption to be either
irreversible adsorption (Rp = 0), favourable adsorp-
tion (0 <Rp < 1), linear adsorption (R = 1), or
unfavourable adsorption (Rp > 1) (Hamad et al.
2010). Table 2 summarizes the relevant parameters
from linear Langmuir isotherms, and Fig. 8 shows the
Langmuir-1 isotherm plot of paracetamol adsorption
on OPF CNC-AC hydrogel beads.

The Langmuir parameter, a; and the maximum
monolayer adsorption capacity, qmax for Langmuir-1
was 0.019 L mg~" and 21.342 mg g™, respectively.
Goel et al. (2015) reported that as the value of aj,
increases, the adsorption process on the adsorbent
becomes greater. The calculated Ry values were in the
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range of 0.0500-0.9814, which has been depicted in
Fig. S1. However, the value was still within the range
0 < R < 1, which indicated that the nature of the
adsorption mechanism was favourable.

In addition, the Langmuir-1 isotherm model dis-
played the best fit for the adsorption of paracetamol
onto OPF CNC-AC hydrogel beads with the highest
R? value of 0.9970. Thus, this demonstrates paraceta-
mol’s monolayer adsorption onto OPF CNC-AC
hydrogel beads, and the Langmuir-1 isotherm model
more suitably describes this adsorption process. Sim-
ilar findings were reported in rice hull (Mukoko 2016),
Neptune grass, and dehydrated sewage sludge (Fer-
chichi and Dhaouadi 2016), proving that paracetamol
adsorption occurred on homogeneous sites. The com-
parison of q,,x of paracetamol adsorption pertaining
to various adsorbents is summarized in Table 3. The
comparative analysis with other adsorbents revealed
that OPF CNC-AC hydrogel beads employed in this
study have higher adsorption capacity than most of the
other adsorbents, which could be due to the availabil-
ity of high concentration of adsorption sites and the
porosity of alginate-based hydrogel beads. According
to Blanco et al. (2018), nanocelluloses are utilized as a
novel type of biobased adsorbent that is particularly
effective for environmental clean-up. This is because
nanocelluloses have excellent mechanical properties
and can attach practically any desired functional group

due to their large surface area, ability to hold a
significant amount of water, and the reactive surface of
side groups of -OH (Habibi 2014).

Apart from that, the Langmuir-1 isotherm model
can be used to calculate the Gibbs free energy of
adsorption (AG) to determine whether an adsorption
process favours chemisorption or physisorption
(Raghav and Kumar 2018). For example, Gibbs free
energy could be calculated using the equation below
(Mouni et al. 2018):

AG = —RT InK;, (10)

where R is the universal gas constant (8.314 J K™' -
mol™Y), T is the temperature (K), and Ki is the
Langmuir isotherm constant.

Suppose the value of AG is around -20 kJ mol ™' or
less negative. In that case, the adsorption process
follows the physisorption mechanism, whereas if the
AG is around -40 kJ mol™' or more negative, the
adsorption process follows the chemisorption mech-
anism (Tan et al. 2018). In this study, AG was found to
be-10.27 kJ mol ", Thus, as indicated by the negative
value of AG, it was proven that the surface of OPF
CNC-AC hydrogel beads physically and sponta-
neously adsorbed paracetamol molecules.

Table 4 Isotherm Model Parameters Temperature at 27 £ 1 °C
parameters values of
paracetamol adsorption Langmuir Qmax (mg g~ 1) 21.3420
e O O e
27 + 1 °C a (L mgfl) 0.0190
Ry 0.0500-0.9814
R? 0.9970
AG (k] mol™h) —10.2654
Freundlich Kg (mg g") 1.2395
n 2.2538
R? 0.9947
Temkin Br (L mg™") 1.9737
Kt 9.2378
AHy (kJ mol ™) —1.2637
R? 0.8890
Dubinin-Radushkevich Jmax (Mg g_l) 10.0072
B (mol® kI7?) 0.0310
E, (k] mol™") 40161
R? 0.8402
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Freundlich isotherm

Freundlich model demonstrates that adsorbate mole-
cules form multilayers on the adsorbent surface during
heterogeneous adsorption, and the interactions
between adsorbate molecules are not negligible
(Wong et al. 2018). According to Haitham et al.
(2019), this model allows for reversible adsorption and
is not limited to monolayer formation. Freundlich
isotherm model can be expressed into the equation
below (Freundlich 1906):

1
Ing, = InKp +—InC, (11)
n

where C, is the equilibrium liquid phase concentration
(mgL™h), q. 1s the adsorption capacity at equilibrium
(mg g_l), KE is the Freundlich isotherm constant (L
mg "), and 1/n is the heterogeneity factor; n is the
constant for intensity.

The intercept and slope of the Freundlich plot are
used to derive the values of Ky and n. Oladipo et al.
(2014) stated that if the value of n is between
1 < n < 10, it is referred to as favourable adsorption,
whereas n > 10 is attributed to more vigorous adsorp-
tion intensity.

The Freundlich linear plot’s R was discovered to
be 0.9947. The values of Kg and n were 1.2395 and
2.2538, respectively, indicating that the adsorption of
paracetamol onto OPF CNC-AC hydrogel beads was
favourable. Mukoko (2016) reported that if n is
between 2 and 10, thus it suggests good adsorption.
Besides, a greater n value represents the paracetamol
molecules, and OPF CNC-AC hydrogel beads create a
stronger connection. Table 4 summarizes the isotherm
parameters values, and the linearized plot of Fre-
undlich isotherm is shown in Fig. S2.

Temkin isotherm

Temkin isotherm model defined the effects of indirect
adsorbate—adsorbate interactions (Dada et al. 2012).
According to this model, the biosorption heat of
molecules on the layer decreases linearly rather than
logarithmically as coverage increases. The Temkin
equation is given as (Martins et al. 2015):

qe = BTanT + BTll’lCe (12)

where K refers to the Temkin isotherm equilibrium
binding constant, By is the Temkin isotherm constant

associated with adsorbate—adsorbate interaction and
adsorption heat AHt can be found using the following
Eq. 13.

_ —RT
" AHy

Br (13)
with R is the universal gas constant of 8.314 J mol ™" -
K~ and T is the temperature (K) (Olgun and Atar
2009).

The adsorption heat, AHr, is vital in determining if
the adsorbent acts as physisorption or chemisorption.
Table 4 shows the Temkin constant, Bt and Kt
computed from the ge vs In Ce plot in Fig. S3. As seen
in the table, physisorption was the primary adsorption
process since the calculated AHr value was seen to be
—1.2637 kJ mol ™', greater than —20 kJ mol ™' (Tan
et al. 2018). Besides, the equilibrium data of parac-
etamol adsorption onto OPF CNC-AC hydrogel beads
did not fit well since the R> value, 0.8890, was lower
than the correlation coefficient obtained for the
Langmuir isotherm model.

Dubinin-Raduskevich isotherm

Dubinin-Radushkevich isotherm model may be used
to calculate the adsorbent’s maximum adsorption
capacity and the adsorption energy per unit of the
adsorbate (Luo et al. 2016). Rieman and Walton
(2013) reported that the physical or chemical adsorp-
tion process was determined by the value of sorption
energy, E,. The Dubinin-Raduskevich isotherm con-
stant was calculated using the following formula
(Dubinin et al. 1947).

Ing, = Inqumax — [ié’z (14)

where B is the constant of Dubinin-Radushkevich
isotherm associated with adsorption energy (mol®
kJ™2), Qmax i the maximum adsorption capacity (mg
g~ '), and € represents the Polanyi potential given by:

e

EzRTln(l +Ci) (15)

The mean free energy adsorption E, can be
identified from the Dubinin-Radushkevich isotherm
B, derived in Eq. (15):

1
V2B
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Table 5 The pseudo-first and pseudo-second order kinetic models for the adsorption of paracetamol onto OPF CNC-AC hydrogel

beads
Initial paracetamol Qeexp (Mg First-order kinetic model Second-order kinetic model
concentration (mg L_l) g_l) > >

qe,uial (mg k1 | R ch qe.cial (mg k2 (g] | R ch

g) (min™") (%) g) mg— min~) (%)
10 1.3390 24811 0.0292 09299 60.31 1.8126 0.0089 0.9946 25.01

The adsorption process follows the chemisorption 140
mechanism when the sorption energy value is between e
8 and 16 kJ mol™' while the process corresponds to 1204 .
. . . —1 y=0.5517x +34.2683 "
physisorption when the E, is less than 8 kJ mol™ . The R =0.9946 . "
100 1 e . "

Dubinin-Radushkevich isotherm model is portrayed in
Fig. S4. As shown in Table 4, the E, value was
4.0161 kJ mol ™", suggesting that the physical adsorp-
tion dominates the adsorption of paracetamol onto
OPF CNC-AC hydrogel beads. However, the equilib-
rium data of the adsorption did not match well with the
Dubinin-Radushkevich isotherm model. Therefore, all
the isotherm models are listed in the given order
according to the linear regression correlation coeffi-
cient (R?): Langmuir R* (0.9970) > Freundlich R?
(0.9947) > Temkin R? (0.8890) > Dubinin-
Radushkevich R? (0.8402).

Thus, when comparing all four isotherm models, it
can be concluded that the overall results showed the
adsorption process of paracetamol onto OPF CNC-AC
hydrogel beads was best described by the Langmuir
isotherm model, with an R? value is near to the unity.

Adsorption kinetics

The kinetics of adsorption is to establish the time
course of paracetamol uptake on the CNC-AC hydro-
gel beads. Several kinetic models have been proposed
to investigate the controlling mechanism of adsorbate
adsorbed by an adsorbent. Adsorption kinetics are
classified into two models; the adsorption diffusion
(intra-particle diffusion model) and adsorption reac-
tion models (pseudo-first order, pseudo-second order
and Elovich kinetic model), which include mechanism
and rate control step details (Oladipo et al. 2014). By
combining the adsorption kinetic data with various
kinetic models, the rate and mechanism of paraceta-
mol adsorption onto OPF CNC-AC hydrogel beads
can be identified. Pseudo-first order model, pseudo-
second order model, Elovich model and intraparticle

@ Springer
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Fig. 9 Pseudo-second order kinetic model plot for the
adsorption of paracetamol onto OPF CNC-AC hydrogel beads
at27 £ 1°C

diffusion model are the four most commonly used
kinetic models. However, only the intraparticle diffu-
sion model describes the diffusion mechanism of an
adsorbate. According to Fig. 6, the CNC-AC hydrogel
beads’ relatively fast initial adsorption rate may
probably be due to their three-dimensional structure
and possibly due to the relatively large specific surface
area, which provided a high density of surface
adsorption sites.

Pseudo-first order

In general, Lagergren (1898) established a simple
kinetic model for predicting the surface adsorption
rate, known as pseudo-first order. This model
describes a reaction in which the adsorption rate is
influenced by the diffusion phase (Hu et al. 2019). For
example, the following equation expresses the pseudo-
first order equation:
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ki
log(q. — q1) = logq. — (m>t (17)

where q, and q, is the amount of solute adsorbed per
unit weight of adsorbent at equilibrium (mg g~ ') and
at any time (min), while k; is the pseudo-first-order
rate constant for the kinetic model (minfl).

k, and the adsorption amount, g .y could be
determined using the slope and intercept of log (q. —
qo) versus t (min). The pseudo-first order plot of OPF
CNC-AC hydrogel beads is shown in Fig. S5, whereas
the values of their corresponding parameters are
tabulated in Table 5.

Apart from that, the models’ applicability in
determining their parameters was assessed using the
determination coefficient values (Rz) and normalized
standard deviation (Aq,). The Aq, was determined to
aid in selecting the best-fitting model, as it represents
the fit between anticipated and experimental adsorp-
tion capacity data (Tan et al. 2018). The Aq. (%)
values were calculated according to the equation
below (Spessato et al. 2019):

Z[(Qe,exp - Qacul) /qe,exp]z
N—1

Aq.(%) = 100 x \/ (18)
where (e exp and g, refer to the experimental and
calculated amounts of the paracetamol adsorbed at
equilibrium onto OPF CNC-AC hydrogel beads (mg
g~ 1), respectively. Meanwhile, N corresponds to the
number of adsorption assays.

y =0.3966x - 0.7194
R =0.9911

ﬁ‘c’a
(2]
£ .
o 06 .
0.4 /
n /
0.2 //
—
20 25 30 35 40 45 50 55

Int

Fig. 10 Elovich kinetic model plot for the adsorption of
paracetamol onto OPF CNC-AC hydrogel beads at 27 + 1 °C

From Table 5, the R? value of pseudo-first-order,
which was 0.9299, was lower than those found in
pseudo-second-order, with a much higher normalized
standard deviation value of 60.31%. Thus, the adsorp-
tion of paracetamol onto OPF CNC-AC hydrogel
beads was not compatible with the pseudo-first order
model. A similar finding was reported by Mukoko
(2016) on the adsorption of paracetamol, ibuprofen,
and aspirin.

Pseudo-second order

The pseudo-second order kinetic model is widely used
to study solid to liquid adsorption (Tan et al. 2018).
According to Ho and McKay (1998), the rate-limiting
step could be chemisorption due to the solution’s
removal was most likely due to the physical interac-
tion between two phases. The pseudo-second order
equation is written as follows:

t t 1
I 19
9 9. kg (19)

where ky(g mg~' min™") is the pseudo-second order

adsorption’s rate constant. From the slope and inter-
cept of t/q, versus t (min) plot, the pseudo-second order
rate constant, k, and g, could be derived.

Figure 9 shows the pseudo-second order plot for the
adsorption of paracetamol by OPF CNC-AC hydrogel
beads, while Table 5 shows the value of their
corresponding parameters. It was noticed that the
pseudo-second order kinetic model showed an

1.4 4
./.J,I/I
1.24
1o -/././I/./.
o
w0 0.8
o)
E
o° 0.6
0.4 /
yd
[
0.2
T ¥ T ¥ T ¥ T d T
2 4 6 8 10 12 14

t1/Z (min1/2)

Fig. 11 Intra-particle diffusion model plot for the adsorption of
paracetamol onto OPF CNC- AC hydrogel beads at 27 + 1 °C

@ Springer



1600

Cellulose (2022) 29:1583-1607

Table 6 The intra-particle diffusion constants and linear regression coefficients at 10 mg L™" paracetamol concentration

Initial paracetamol concentration (mg K, ; (mg R? K> (mg R? K, 3 (mg R?
LY ¢! min—"2) ¢! min—1"2) g min—"2)
10 0.1297 0.9982 0.0614 0.9980 0.0415 0.8952

excellent fit with an R* value of 0.9946 and a lower
Aq, value of 25.01%. Apart from that, g, ., obtained
from this model agreed well with g p,, indicating that
the pseudo-second order kinetic model better
described the adsorption of paracetamol by OPF
CNC-AC hydrogel beads. Furthermore, the g ¢, value
of 1.8126 mg g~ ' was relatively comparable with Tan
et al. (2018). Similar findings for the adsorption of
organic compounds like dyes, herbicides, oils, and
organic substances from aqueous solutions also have
been successfully utilized using this approach (Ho
2006).

Elovich kinetic model

According to the Elovich kinetic model, the
chemisorption agrees with the adsorption activity of
gases on a solid surface (Tan et al. 2018). The linear
equation model is shown below (Chien and Clayton
1980):

q:r = %ln(ﬁd) + %ln(t) (20)
where [} refers to the constant rate related to coverage
surface and activation energy of chemisorption (g
mg ") while o represents the initial rate of adsorption
(mg g~ ' min™ ).

In this model, the values of o and [ differ as to the
initial pharmaceutical concentration function. There-
fore, the slope and intercept of the linear plot of q,
versus In t (Fig. 10) can be used to compute the values
of o and P.

Even though the adsorption of paracetamol onto
OPF CNC-AC hydrogel beads was excellently suited
in Pseudo-second order, the Elovich kinetic model was
the most appropriate equation since it characterized
the adsorption behaviour in a way that corresponded to
the nature of chemisorption (Tan et al. 2018). As
observed, Elovich kinetic model does not offer a good
R2, which was 0.9911 with o and B values of
0.0647 mg g~ min~" and 2.5214 g mg ™',

@ Springer

respectively. As a result, it is possible to explain that
the adsorption mechanism of paracetamol onto OPF
CNC-AC hydrogel beads did not involve chemisorp-
tion. A similar result was obtained by Dutta et al.
(2015), who also studied the adsorption of paraceta-
mol by using tea waste-derived AC.

Intra-particle diffusion

This model was suggested by Weber Jr and Motris
(1963), assuming the adsorption process occurs when
adsorbate molecules diffuse or disperse into the
adsorbent pores. In comparison to other models,
intra-particle diffusion is the best suitable kinetic
model for defining the mechanism of diffusion and
rate-controlling phases in the adsorption process (Tan
et al. 2018). The intra-particle diffusion equation is
shown below:

qr = kp,itl/2 +C (21)

where k;; is the intra-particle diffusion rate constant
(mg g~' min"?), and C stand for intercept related to
the boundary layer effect (mg g~ '). The gradient and
intercept of the linear plot of g, versus t'/* (min'"?) can
be used to compute the k;, and C values.

de Luna et al. (2013) reported that a complex
mixture of chemisorption and intra-particle transport
could be the rate-limiting step. However, the velocity
may be limited by surface diffusion and equilibrium
adsorption at different phases, resulting in a multi-
linearity in the intra-particle diffusion (Qiu et al.
2009). Figure 11 illustrated the intra-particle diffusion
plot and the rate constant ki, ; (i = 1, 2, 3) are presented
in Table 6.

The graph plot was not linear, and it was made up of
three stages with varying slopes with a Aq. value of
12.12%. As observed, the constant rate of the intra-
particle diffusion model for three distinct stages was in
the order of k;; > k,» > k3. Nevertheless, in the
first stage, the plot did not cross the origin. It is
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claimed that intra-particle diffusion is the only rate-
limiting step when the linear plot of q, versus t'?
(min'?) passes through the origin. However, the
current study did not encounter such a phenomenon.
In the first stage, the transport of the adsorbate
molecules occurs from the bulk phase to the outer
surface of the hydrogel beads, which is caused by rapid
adsorption, while in the second stage, the adsorbate
moves within the adsorbent’s pores (Macias-Garcia
et al. 2019). In the initial stage, the bead surface was
comparatively unoccupied, where the paracetamol
molecules that approached the surface of the beads
could instantly get adsorbed onto the surface sites. A
linear relationship of g, versus t"> was observed in the
initial adsorption stage, affirming the presence of a
diffusion-controlled transport mechanism in paraceta-

mol adsorption onto OPF CNC-AC hydrogel beads.

According to the second stage, this period relates to
the intra-particle diffusion and the combination of
paracetamol molecules with the OPF CNC-AC’s

internal adsorption sites. Meanwhile, the third stage
depicts the ultimate equilibrium. The distribution
tends to reduce due to the reduced adsorbate concen-
tration; adsorption occurs within the adsorbent, and
paracetamol molecules have a limited number of
adsorption sites to choose from (Macias-Garcia et al.
2019). It was evident that after the initial stage of
paracetamol adsorption, the experimental data did not
follow the initial trend due to the occupancy of
adsorption sites by the already adsorbed paracetamol
molecules. Hence, the adsorption rate declined con-
siderably, suggesting the adsorption rate in the latter
stage was not diffusion-controlled, rather a binding-
controlled process. Similar findings in the adsorption
of paracetamol were reported by Wong et al. (2018)
and Al-Khateeb et al. (2014).

Therefore, based on the linear regression correla-
tion coefficient (R?) and the normalized standard
deviation (Aq,) values, the adsorption of paracetamol
onto OPF CNC-AC hydrogel beads follows pseudo-
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Fig. 13 Reusability cycles of OPF CNC-AC hydrogel beads

second order and intra-particle diffusion kinetic mod-
els since both models contributed the highest R* and
the lowest Aq, values.

Paracetamol adsorption mechanism by OPF CNC-
AC hydrogel beads

Figure 12 illustrates the mechanism of adsorption of
paracetamol molecules onto OPF CNC-AC hydrogel
beads surface. The adsorption of pharmaceutical
substances from an aqueous phase on activated carbon
was predominantly due to the interactions between
functional groups in the adsorbate structure and groups
on the adsorbent surface (Bernal et al. 2017).
According to Terzyk (2001), aromatic compounds
from aqueous solutions can get adsorbed on activated
carbon by three distinct mechanisms: dispersive ©
electron interactions, formation of hydrogen bonds,
and electrostatic interactions. However, m-m interac-
tions appear to be the primary mode of adsorption
since the oxygen functional groups can build Lewis
acid-base complexes, or hydrogen bonds are lower on
activated carbons with changed surface chemistry
(Terzyk 2001).

As earlier noted, electrostatic interactions between
adsorbent and adsorbate strongly influence the adsorp-
tion process of pharmaceutical substances such as
paracetamol (Bernal et al. 2017). As a result, changes
in the pH of the medium might induce alterations in
the adsorbate structure and physicochemical proper-
ties of activated carbon. According to Spaltro et al.

@ Springer

(2021), at pH < pHp,., the adsorbent surface is
positively charged, favouring anionic species adsorp-
tion. In contrast, when the adsorbent is negatively
charged, cationic species adsorption is favoured when
pH > pHp,c.

Paracetamol is a weak electrolyte. It can exist in
ionized (a base) and non-ionized (an acid) forms,
relying on the solution pH. The OPF CNC-AC
hydrogel beads have a positively charged surface at
pH 3, whereas paracetamol is neutral (undissociated).
At this point, adsorption would be primarily accom-
plished by m-m interactions between 7 electrons of the
paracetamol molecules’ aromatic ring and 7 electrons
of the activated carbon (Spaltro et al. 2021). Apart
from that, hydrogen bonding also can occur. The
surface of the OPF CNC-AC hydrogel beads is
negatively charged at pH 7, and paracetamol is mostly
undissociated. Thus, the dominant interactions would
be those of m-w interactions between the aromatic rings
rather than electrostatic interactions (Spaltro et al.
2021). Meanwhile, at pH 11, the surface of the OPF
CNC-AC hydrogel beads also is negatively charged,
and paracetamol is mostly ionized (deprotonated).
Repulsive electrostatic interactions were involved,
resulting in the percentage removal of paracetamol
due to the weaker interactions between the surface of
the adsorbent and the anionic paracetamol molecules
(Mohd et al. 2015). Furthermore, at higher pH, there is
competition for adsorption between paracetamol and
OH™ onto the adsorbent, contributing to lower
adsorption capacity (Dutta et al. 2015).

Reusability

In determining the efficiency of adsorbents in practical
applications, reusability is also an essential factor to be
considered. As shown in Fig. 13, the OPF CNC-AC
hydrogel beads can be recycled up to five times after
the desorption step. Even though the adsorption ability
decreased with increasing cycles, the percentage
removal of paracetamol was only reduced by
16.57% after five cycles. Fan et al. (2019) stated that
some active sites were destroyed during elution or
because some adsorption sites remained occupied in
the subsequent cycles. The desorption by 5% ethanol
also did not complete the recovery of paracetamol ions
from the adsorbents, resulting in decreasing percent-
age removal in second, third, fourth and fifth cycles
(Vakili et al. 2019b). Besides, during subsequent
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sorption and desorption processes, the adsorbent
particles may decompose, thus causing the sorption
site to decrease (Daneshvar et al. 2017).

In addition, OPF CNC-AC hydrogel beads showed
an excellent result, with 79.98% of paracetamol
removal used during the first cycle. However, the
percentage removal was reduced to 63.41% during the
fifth cycle. Thus, the findings revealed that the OPF
CNC-AC hydrogel beads could be reused up to five
times, indicating that this adsorbent has strong recy-
clability, is easily regenerated, and has the potential in
wastewater treatment.

Conclusion

In this study, the hydrogel beads were successfully
developed from OPF-CNC and commercial AC to
remove paracetamol. The OPF CNC-AC hydrogel
beads depended on operational parameters like pH,
contact time and the initial paracetamol concentration.
The Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich models were used to evaluate the
equilibrium adsorption of paracetamol onto OPF
CNC-AC hydrogel beads, and the results showed that
the Langmuir-1 model suited the experimental data
better. The negative value of AG proved that parac-
etamol molecules were spontaneously adsorbed onto
the surface of OPF CNC-AC hydrogel beads, and the
physical adsorption dominates the adsorption process
as was suggested by the adsorption energy determined
by the Dubinin-Radushkevich isotherm model. The
pseudo-first order, pseudo-second order, Elovich
kinetic, and intra-particle diffusion models were used
to analyze the adsorption kinetics. It was revealed that
the adsorption of paracetamol onto OPF CNC-AC
hydrogel beads follows the pseudo-second order
model, with the R? higher than 0.99. Besides, the
hydrogel beads showed good reusability in at least five
successive adsorption/desorption cycles. Thus, OPF
CNC-AC hydrogel beads may well be used as a
promising low-priced, eco-friendly adsorbent to
remove paracetamol from wastewater.
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