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ARTICLE INFO ABSTRACT

Edited by Dr. G. Liu In this study, an eco-friendly and novel hydrogel based on a crosslinked polyvinyl alcohol (PVA), iota carra-
geenan (IC) and polyvinylpyrrolidone (PVP) scaffold, containing a large amount (10-50 wt%) of nanoscale palm
fronds (NPF) as additives, for water purification was demonstrated. A life cycle assessment (LCA) findings on NPF
as biomass waste incorporated into PVA_PVP_IC polymer matrix was presented, and the results highlight the
necessity of focused actions to reduce environmental impact and support the palm waste utilization in a sus-
tainable manner. The multicomponent nanocomposite hydrogels were examined as adsorbents in a system work
in batches for methylene blue (MB) and paracetamol (PCT) removal. The results show that, the presence of NPF,
which dispersed in the hydrogel PVA_PVP_IC scaffolds containing both covalent and non-covalent cross-linking
bonds, greatly enhanced the MB and PCT adsorption efficiency. A response surface methodology (RSM) model
was used to find the best operating parameters of contaminant adsorption, including time, adsorbent dose, and
starting concentration of pollutants. By using this statistical model, it was found that the optimal conditions for
the adsorption reaction to achieve the complete removal of MB are 66.7 h adsorption time duration, 98.5 mg L~*
starting concentration, and an adsorbent dose of 5.9 mg, while for the complete removal of PCT, it is 57.6 h
adsorption time duration, 80 mg L™! starting concentration, and an adsorbent dose of 6 mg. The reusability of the
nanocomposite hydrogels were tested for 5 cycles, all showed high adsorption capacity, indicating the potential
for practical application of this nanocomposite hydrogel system. This study indicates that the prepared nano-
composite hydrogel raises the standard used for treatment of wastewater and also gives a solution to protect the
environment and mitigate global warming.
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1. Introduction can break down anaerobically with bacteria where the incomplete
degradation can produce toxic amines (Weber and Wolfe, 1987).

Due to the rapid industrialization, many natural water resources Meanwhile, the water pollution as a result of the existence of pharma-

have been polluted with all kinds of contaminants including dyes, heavy
metals, pharmaceutical chemicals, pesticides and fertilizers that cause
serious health issues. One of the most industrial water pollution issues
involving dyes such as methylene blue (MB), which has carcinogenic
properties to humans (Peighambardoust et al., 2022; Toghan et al.,
2023). Additionally, this dye poses a risk for aquatic life because it
blocks sunlight’s ability to penetrate in water that may impede photo-
synthesis and limit the growth of aquatic biota. Furthermore, this dye
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ceutical residues at high concentrations is another water pollution is-
sues. In this scenario, paracetamol (PCT) was chosen as a model
medication contaminant used to treat fever and mild to moderate pain.
PCT is extremely soluble in water (Romdhani et al., 2023). In the last
three years from the beginning of Covid 19 pandemic, it was found that
the concentration of PCT residue in sewer systems was increased
because it could be excreted through the urine of humans under medical
treatment. Additionally, it is occasionally unlawfully emitted by some
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industrial manufacturers when the drugs become expired or unneeded
(Shaheen et al., 2022). Most of these organic pollutants may already be
eliminated using various physical and chemical water treatment
methods. These methods include of filtration, adsorption, photo-
catalysis, and advanced oxidation processes (AOPs) (Elessawy et al.,
2020; Pooladi et al., 2021; Rashid et al., 2021; Toghan et al., 2023; Xu
et al., 2018). The adsorption approach is more cost-effective among
these techniques because of its simplicity of usage in a large-scale setup,
and relatively low cost (Rashid et al., 2021).

Recently, researchers are paying close attention to the utilization of
natural lignocellulosic biowastes and agricultural wastes as adsorbents
in wastewater treatment (Alizadeh et al., 2022; Foroutan et al., 2017).
However, date palm is the Middle East’s most widely widespread palm
(Faiad et al., 2022). A little portion of this waste may be used as animal
feed, while most of this waste is left to decompose naturally and used as
fertilizer. Regrettably, the majority of the date palm waste is burned on
fields or dumped in landfills, which seriously pollutes the environment
in nations that produce dates. Due to the low moisture level and the
significant amount of volatile solid of date palm waste, a variety of
physiochemical and biochemical processes are available for its sustain-
able usage (Saud et al., 2023). In specific, date palm waste can be used as
an economically viable raw material for developing new adsorbent
materials for pollution remediation (Salem et al., 2021; Saud et al.,
2023; Sizirici et al., 2021; Tahir et al., 2020).

On the other hand, it has been shown that a number of environ-
mentally acceptable polymers with synthetic and natural sources may be
used to purify water. For instance, iota carrageenan (IC), which is
derived from red seaweed, each disaccharide unit contains two sulfated
groups. Owing to its natural abundance and chemical utility, it is used
widely to remove organic contaminants, including pharmaceutical
pollutants (Gouda et al., 2021a). Other examples involve the use of
polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) synthetic
polymeric materials. They have been considered as biodegradable,
water soluble and non-toxic polymers (Ghosh et al., 2022; Wu et al.,
2023). Since of its OH functional groups, PVA is commonly used to
remove different water pollutants since they have the potential to
chemically crosslink and provide extremely hydrophilic and water sta-
bility qualities. In this study, we consider the combination of PVA with
IC and PVP and create a porous and interpenetrated network that is rich
in sulfate and hydroxyl groups, which might be useful for enhancing the
capacity of adsorption (Elessawy et al., 2022; Gouda et al., 2019; Ye
et al., 2012) as well as for hosting other nanoscale adsorbents.

The three-component network scaffold (PVA_PVP_IC) can be used to
create hydrogels with excellent responsiveness, softness, anti-fouling,

Table 1
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and biocompatibility (Ahmed, 2015; Correa et al., 2021; Liu et al.,
2020). These properties of the hydrogel, in combination with abundant
functional groups, can enable the prepared scaffold to be used as an
adsorbent hydrogel in wastewater purification (Bashir et al., 2020; Tran
et al., 2018). We extensively use PVA, a hydrophilic polymer, to prepare
hydrogels due to its strength, pH stability, and processibility. As it is
highly soluble in water, it is often chemically crosslinked to become a
water-resistant network structure. The second component of PVP is the
most popular pH-responsive polymer, which can offer the hydrogel
stimuli-responsive properties (Chang et al., 2023). The third component
of IC is a natural polysaccharide, which can also be used as a scaffolding
material to create hydrogel. However, to increase the adsorption capa-
bility, we further investigate the use of the PVA_PVP_IC scaffold to host
nanoscale bio-adsorbent particles derived from the waste of date palm.
Adsorbents derived from different parts of palm trees for water treat-
ment and their performance comparisons with nanocellulose are illus-
trated in Table 1.

In this study, nanoscale date palm frond (NPF) waste was chosen as
the bio-adsorbent additive, which was added to the PVA, IC, and PVP
green ternary scaffold at different loading contents to obtain a novel eco-
hydrogel adsorbent composite that can be used in wastewater treatment
depending on the concept of “waste treat waste” which combines water
treatment with solid waste management in order to improve the
development of bilateral policies in the area of sustainability and allow
treated waters to be used for various purposes. To test the removal ef-
ficiency of PVA _PVP_IC_NPF composite hydrogel, two organic com-
pounds, such as MB and PCT were chosen as model contaminants for the
batch adsorption studies. Furthermore, a possible mechanism for the
PVA _PVP_IC_NPF composite hydrogel’s adsorption of PCT and MB dye
was suggested. In addition, the response surface methodology (RSM)
model was applied to determine the ideal values of the most important
factors in the adsorption process, and reusability in adsorption was
evaluated.

2. Materials and methods
2.1. Preparation of PVA_PVP_IC_NPF nanocomposite hydrogels

2.1.1. Materials

PVA (Sigma-Aldrich, medium MW, 99 % hydrolysis), IC (Sigma-
Aldrich, USA), PVP (Acros Organics, USA), Ethanol 100 % (Sigma-
Aldrich, USA), Glutaraldehyde (GA) (25 wt% in H,0, Sigma-Aldrich,
USA)

Adsorbents derived from different palm tree waste and their removal efficiency against varying contaminants.

Adsorbent Adsorbate Efficiency Adsorption capacity (mg/  Ref.
(%) 9]
Carbon nano-crystal/ polyamide thin-film oil spill 97.45 - (Saud et al., 2023)
composite
Biochar produced from date seed biomass Pb>+ 55 - (Mahdi et al., 2018)
Date palm trunk fibers cd*+ 54.57 (Al-Ghamdi et al.,
2013)
Date palm fibers cu?t ~ 88 - (Amin et al., 2016)
As®H ~ 70
Pb*" ~ 81 -
Date seed ash B3t 47 - (Al Haddabi et al.,
2016)
Activated date pits MB 220 (Ashour, 2010)
Remazol 164
dyes
NaOH chemically modified date palm fiber phenol 86 - (Siva Kumar et al.,
2023)
(DPF600) phenol 64 15.93 (Fseha et al., 2023)
Modified date palm leaf (DPL) waste 2,4-Dichlorophenoxyacetic acid (2,4-DPA) 72.6 - (Rambabu et al., 2023)
herbicide
Nano-activated date pits organophosphate pesticide (profenofos) 100 - (Hassan et al., 2020)
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2.1.2. Method

The following procedures were used to prepare the hydrogel nano-
composite (Fig. 1); to make a clear solution, PVA was dissolved at 90 °C
in DW for two hours while being vigorously stirred. This yielded a 10 wt
percent PVA solution. By stirring 2 wt percent IC in 50 mL DW acidified
with 1 mL of acetic acid, IC clear solution was produced. By dissolving
2 wt percent of PVP in fifty milliliters of a 50:50 vol% water: ethanol
combination at room temperature. Then mixing PVA, IC, and PVP so-
lutions and stirred for 2 h to produce PVA, IC, and PVP solution. The
PVA:IC:PVP blend’s weight percentage was around 70:15:15.

The preparation of NPF was as follows. The palm frond samples were
first collected, washed, and then dried for 24 h at 60 °C. The dried palm
frond samples were subsequently shredded to fine powder then grinded
into nanoscale particles (particle size was about 600 pm) using ball
milling at 500 rpm for 15 min. For composite hydrogel preparation,
different concentrations of NPF (10-50 wt%) were added as a suspen-
sion in acetone to the PVA_PVP_IC solution, and the stirring was done to
the mixture for 2 h. The composite mixture was subsequently cross-
linked by adding 3 mL of GA, where the mixture was thorough stirring
for 10 min at 40 °C to form the nanocomposite hydrogel. The formed
hydrogel with different NPF concentrations were named PVA _PV-
P_IC_10NPF, PVA_PVP.IC_20NPF, PVA _PVP_IC_30NPF, PVA _PV-
P_IC_40NPF, and PVA_PVP_IC_50NPF, respectively.

2.2. Characterization of NPF and nanocomposite hydrogels

The produced NPF powder and the PVA_PVP_IC_NPF hydrogels un-
derwent some basic characterization, including Fourier Transform
Infrared (FTIR, Shimadzu FTIR-8400 S- Japan). Using scanning electron
microscopy (SEM) Model: JEOL 6360LA), the morphologies of the palm
frond nanoparticles and nanocomposite hydrogels were examined.
Bettersize Instruments Ltd was used to measure the size distribution of
the NPF. A Malvern Nanosizer zeta potential was used to measure the
zeta potential for hydrogel samples.

2.3. Swelling capacity

In this experiment, a beaker containing a known volume of dried
nanocomposite hydrogel was filled with various volumes of DI water at
room temperature. The weight of the swelled hydrogel was determined
for the swelling test at various intervals (the test was ended when the
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sample weight reached a consistent value). After the enlarged hydrogel
was taken out, a paper towel was used to remove any remaining water
from the hydrogel’s surface. After that, a digital balance was used to
weigh the hydrogel (W), and the equilibrium swelling ratio (Se) was
computed using the subsequent relation:

Se(%)= [(W¢-Ws)/Wq] x 100 @

2.4. Evaluation of the adsorption efficiency

A batch equilibration method was utilized to conduct the adsorption
results. A range of MB and PCT concentrations (50-150 mg L) were
used. The main characteristics of the MB and PCT molecules are shown
in Table S1 (Supplementary Data). The pH values of the solutions were
changed using 0.1 M NaOH and 0.1 M HCL. Using the UV-visible spec-
troscopy, the concentrations of MB and PCT in the solution were
measured at wavelengths of 650 nm and 245 nm, respectively. The
following formulas were used to determine the adsorbed quantities

:ﬁv
m

(2

t

g =Gy ®
m

where q; and q. (mg g~1) are the amounts of the MB or PCT molecules
adsorbed per unit weight of the nanocomposite hydrogel at time t and
equilibrium, respectively; The MB or PCT concentrations at the start
time, time t, and equilibrium time are represented by the values Co, Ct,
and C, (mg L’l)., respectively. V (L) is the volume of MB or PCT solution;
m (g) is the mass of nanocomposite hydrogel. Removal efficiency (R%)
was calculated according to the following equation:

R% =

Co—C;
N 1
c 00 4

0
The pH value was set at 7 and the adsorption period was varied

within a range of 2 h to 48 h and temperatures 25-45 °C for kinetics,
isotherm and thermodynamics studies.

C AT
’! grinding
Dl it Palm frond Palm frond  NPF suspension PVA_PVP_IC
palm frond fine powder Nano-particles in acetone  polymeric blend
600pm
Crosslinked with GA
<
PVA_PVE_IC_NP¥ Stirred for 2h

nanocomposite hydrogel

Fig. 1. Fabrication procedures to prepare PVA_PVP_IC_NPF nanocomposite hydrogel.
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2.5. Adsorption process optimization

We aimed to use a response surface methodology model (RSM) to
create a link between the components and the related attributes in order
to improve the adsorption process. The response surface approach’s
selected matrix, after 17 trials, complied with the Box-Behnken design
(Box and Behnken, 1960; Marton et al., 2022). As shown in Table S2 for
MB and PCT pollutants, three variables were employed to assess the
adsorption performance: A (time, min.), B (starting concentration, mg
L1, and C (adsorbent dosage, mg), at three levels of —1, 0, and 1.
Design-Expert, 13.0.9.0 software from STAT-EASE, INC were used.

2.6. Regeneration and recycling

To examine the ability of the nanocomposite hydrogel to regenerate,
1 g of PVA_PVP_IC_NPF nanocomposite hydrogel was added to a conical

(a)

——PVA_PVP_IC ——PVA_PVP_IC_10NPF == PVA_PVP_IC_20NPF
—— PVA_PVP_IC_30NPF —— PVA_PVP_IC_40NPF == PVA_PVP_IC_50NPF

N T~

Transmittance %

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber /em™1

(©)
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flask containing 25 mL of 50 mgL™' MB solution and another one
containing 25 mL of 50 mg L™ PCT solution. The mixture was shaken at
150 rpm for 48 h. After the adsorption process, the nanocomposite
hydrogel was separated by filtration, then the mixture of hydrogel with
100 mL of ethanol and 10 mL of 0.1 M NaOH solution was sonicated for
12 h. Subsequently, the regenerated hydrogel was filtered, washed and
then dried at 40°C for 4 h for the reuse study. The concentration of the
filtered fluid was also measured. For typical regeneration process, the
above procedures were repeated five times to treat the spent hydrogel.

2.7. Life cycle assessment

The current study’s Life Cycle Assessment (LCA) was carried out
within the framework of the ISO 14040 standard. OpenLCA 1.9, an
open-source program, was used to perform the LCA. The databases
Ecoinvent 3.4 and Agribalyse 3.0 were utilized, and the data was

25 Diam um Percent
0.000-0.020| 0.00
0.020-0.050 | 0.00
204 0.050 - 0.100 | 100.00
0.100-0.200| 0.00
0.200-0.500 | 0.00
15 0.500 - 1.000 | 0.00
1.000 - 2.000 | 0.00
2.000 - 5.000 | 0.00
10 5.000- 10.00 | 0.00
10.00-20.00| 0.00

Diff%

000 002 004 006 008 010 012 014 016 0.18
d/um

(b)

(d)

Fig. 2. (a) SEM image of NPF nanoparticles, (b) particle size distribution of NPF after grinding. (c) FTIR spectra, (d) SEM image of the PVA_PVP_IC_50NPF nano-

composite hydrogel.
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interpreted using the ReCiPe 2016 (Marton et al., 2022) Midpoint (H)
approach. Both the external data and the energy consumption came
straight from the development that was done. It was taken into
consideration to incorporate the impact of palm debris, which were
burned when they weren’t mixed into hydrogel. For the purposes of this
LCA analysis, the processing of one kilogram of waste biomass from
palm fronds was chosen as the functional unit. The system boundary did
not include the transportation of palm waste; instead, it included the
amount of energy and water needed to produce the NPF in a lab setting.
As a result, the examination of the raw palm waste’s reception through
the grinding process’ completion is included in the LCA scope. The
primary LCA study outlined the grinding of raw palm waste as one of the
primary unit processes. Producing NPF from raw date palm waste is
depicted in Fig. S1 (supplementary information) in with the associated
input and output components.

3. Results and discussion
3.1. Characterization of NPF and nanocomposite hydrogel

Samples of palm fronds were collected from a nearby date palm
plantation and the compositions of a typical dried date palm frond are
cellulose (27.3 %), hemicellulose (0.7 %), while lignin (8.4 %). Most of
the oxygen functional groups are found in the components of hemicel-
lulose and cellulose (Ahmad et al., 2012) which have a favorable impact
on the cation adsorption process. However, the SEM image of NPF in
Fig. 2a shows that, the palm frond samples after grinding are nanoscale
particles, with a particle size distribution (determined by the Bettersize
Instruments Ltd) illustrated in Fig. 2b.

The properties of PVA_PVP_IC nanocomposite hydrogel containing
different weight ratios of NFP were first investigated using FTIR to
investigate the material’s functional groups, where the results are shown
in Fig. 2c. The PVA_PVP_IC and PVA PVP_ICNPF hydrogels’ FTIR
spectra display a board band in the range of 3078-3470 cm ™}, which is
indicative of the PVA’s stretching -OH groups (Gouda et al., 2022). With
the increase of the NPF content, this band was shifted to a higher
wavenumber, suggesting that NPF had completely dispersed into the
polymeric scaffold. In addition, the intensity of the peak decreased with
increasing the NPF content from 10 % to 50 %. It can be explained as the
hydrogel with more OH functional groups can easily absorb the water
molecule onto its surface (Khiewsawai et al., 2023). Furthermore, two
bands overlap at around 2900 cm™! became apparent, which can be
explained as the result of the C-H stretching from the polymer scaffold
and the oxygen functional groups of PVA, IC, and PVP (Gouda et al.,
2020a). The IC component exhibited distinctive bands at 845, 805, and
930 cm™', while the bands between 900 and 1200 cm™! could be
attributed to IC’s sulfonic groups (Gouda et al., 2020b).

The SEM morphology, as illustrated in Fig. S2, demonstrated that the
composite hydrogels for all samples had an open-framework structure
that is microporous, facilitating the easy absorption of PCT and MB
molecules on the hydrogel’s internal active sites. Additionally, it was
observed that the hydrogel’s structure became more compact as the NPF
content increased. Meanwhile, as seen by the SEM image displayed in
Fig. 2d for the PVA PVP_IC_50NPF sample, the structure resembles
slender threads connecting one another throughout the entire network.

From the previous it was concluded that the cross-linking process for
making a relatively homogeneous nanocomposite network, which in-
volves both chemical and physical interactions between NPF and the
PVA_PVP_IC polymeric matrix, has successfully taken place, as evi-
denced by the FTIR analysis and by the observation of morphology. The
resulting nanocomposite hydrogel provides both adsorbent character-
istics as well as good mechanical stability and strength. Similar systems
with good absorption properties and resilience to deterioration and
durability have been demonstrated before (Gouda et al., 2021b; Gupta
et al., 2024).
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3.2. Swelling capacity

One key element influencing the effectiveness of adsorption is the
hydrogel adsorbent’s swelling capacity. The significant swelling capac-
ity can improve the removal effectiveness by expanding the surface area
that is available for adsorption (Khiewsawai et al., 2023). The results are
shown in Fig. 3a. In PVA_PVP_IC_10NPF, its swelling ratio is signifi-
cantly higher than that of PVA_PVP_IC (without NPF). This is because
the presence of NPF enhance the hydrophilicity of the system due to the
increase of the hydroxyl groups of cellobiose units in NPF (Salunkhe and
Schuman, 2021).

Interestingly, the swelling ratio of PVA PVP_IC_NPF hydrogels de-
creases with increase of the NPF amount (above 10 wt%) due to the
increasing degree of crosslinking in hydrogel (Olad et al., 2020). This
support the interactions (both physical and chemical) between NPF and
polymer scaffold. At 40 wt% of NPF, the system shows a low swelling
ratio, indicating that the NPF particles probably fill the hydrogel pores
and create a compact and condensed structure, which was evident from
TEM images (Fig. S2), and that reduces the swelling capacity signifi-
cantly (Spagnol et al., 2012). It is also interesting to see that after
immersing all hydrogels in distilled water, their swelling ratios increase
significantly at first. After a rapid increase, the swelling ratio diminishes
and only exhibits a gradual increase for each sample until a value of
equilibrium has been achieved. It is found that the PVA_PVP_IC sample
reaches the equilibrium after 10 h approximately, whereas it takes about
15 h for all nanocomposite hydrogels to reach their equilibrium values.

The effect of temperature (25-45 °C) on the swelling ratio of
PVA_PVP_IC and PVA_PVP_IC NPF hydrogels have also been investi-
gated. The results are shown in Fig. 3b, where the swelling ratio of the
hydrogel increases slightly as temperature rises. The explanation behind
this phenomena is the low segmental mobility of the hydrogel chains at
low temperatures, resulting in low swelling ratios. As the temperature
rises, the hydrogel’s swelling ratio rises due to the enhanced mobility of
the polymer chains and the water molecules’ rapid diffusion into the
hydrogel scaffold (Mahdavinia et al., 2016).

3.3. Evaluation of the adsorption efficiency

At solution pH equal to 7 and adsorption time duration equal to 48 h
with a pollutants initial concentration of 100 mg L7, a batch adsorption
process was conducted to investigate the effect of NPF at different
concentrations in the PVA_PVP_IC hydrogel on the adsorption efficiency
against MB and PCT. The results are shown in Fig. 4a & b, where the
hydrogels’ adsorption capacity is seen to increase with the NPF content
up to 30 wt% and then decrease with higher NPF contents (i.e., 40 wt%
and 50 wt%). The improved generation of hydrogen bonding and elec-
trostatic attraction forces between the oxygenated groups in the PVA,IC,
PVA_NPF composite system and the functional groups in MB and PCT
may be responsible for the increase in adsorption capacity with NPF
concentration (< 30 wt%). The decrease in the adsorption capacity with
NPF content (>30 wt%) can be explained by the decrease in swelling
ratio of the system and thus the reduction of active surface area for
adsorption (Olad et al., 2020; Spagnol et al., 2012). Therefore, the
PVA_PVP_IC_30NPF hydrogel nanocomposite was selected as the best
sample for examining the optimum condition for adsorption, kinetics,
isotherm and thermodynamics studies. In all samples, the removal ef-
ficiency is found to increase dramatically at first, and then increase
gradually to reach an equilibrium value (after 24 h for PCT and 36 h for
MB). At the equilibrium state, a balance between desorption and
adsorption of PCT or MB cations is taking place.

The solution’ pH value also can play a significant role affecting the
interaction between the adsorbent and adsorbate. This is because the pH
value can influence the surface charge of both scaffolding material and
contaminants in solution (the species can be protonated and deproto-
nated with pH changes). The effect of solution pH on the surface
chemistry of the prepared nanocomposite hydrogel was thus
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Fig. 3. (a) Swelling ratio % and, (b) effect of temperature on PVA_PVP_IC_NPF nanocomposite crosslinked hydrogels containing different concentrations of NPF at

10, 20, 30, 40, and 50 wt%.

investigated in the pH range from 2 to 12, where the zeta potential re-
sults are shown in Fig. 4c. It seen the nanocomposite hydrogels contain
many negatively charged groups, and the zeta potential value becomes
more negative with higher NPF content at higher pH value. In this case,
the removal efficiency of organic cations is expected to increase when
the pH increases. That was confirmed experimentally using the
PVA_PVP_IC_30NPF nanocomposite hydrogel. The results are shown in
Fig. 4d. It is seen that by increasing the solution pH from 2 to 12, the
removal efficiency of MB by the PVA _PVP_IC_30NPF nanocomposite
hydrogel increases. The explanation for this phenomenon might be that
many hydronium ions surround the hydrogel surface at low pH values,
and these ions can compete with MB cations. On the other hand, by
increasing the pH, the carboxylic, sulfate and hydroxyl groups in the
hydrogel of the nanocomposite can be ionized, which enhances the
electrostatic contact between the MB cations and the hydrogel surface.
However, for PCT, the adsorption process is found to decrease once pH
increases above 7. This may be because the pKa value for PCT is 9.38.
Thus, the "OH groups can react with hydrogen ions that have been
produced from PCT molecules at high solution pH levels, decreasing the
surface’s positive charge (Jozaghkar et al., 2022). In other words, at
basic solution pH, dissociation of PCT molecules can occur (Fig. S3b in
supplementary information), resulting in a rise in anionic species that
push away the hydrogel nanocomposite’s negative charge, reducing
adsorption. This is seen in Fig. 4d, where the PCT uptake decreases at
higher pH values. For the PVA_PVP_IC_30NPF nanocomposite hydrogel,
the pH value of 7 appears to be the optimum condition for removing
PCT, while the pH value of 12 seems to be the most effective condition
for removing MB.

In order to determine the adsorption mechanism (chemisorption or
physisorption), the PVA_PVP_IC_30NPF scaffold was investigated before
and after MB and PCT adsorption by using FTIR analysis. By comparing
the three spectra before and after adsorption, as shown in Fig. 54, it was
noticed that there was a little change in the peaks. This means that
chemical bonds were formed within the adsorption process. The change
in the peak intensity can be attributed to the electrostatic interaction
between the pollutants cationic molecules and "OH ions that accumu-
lated on the hydrogel surface. Consequently the adsorption of MB and
PCT molecules on the PVA_PVP_IC_30NPF scaffold surface can result
from a number of intermolecular interactions, whereas the electrostatic
interaction and the Van der Waals force was likely to occur thus causing
the adsorption on hydrogels to become physical adsorption. Further-
more, it is possible that the MB and PCT molecules will combine with the
hydrogel’s functional groups through hydrogen bond, and n—= stacking
between benzene rings, resulting to chemisorption. The likely

interactions are shown in Fig. 4e.

3.4. Optimization

The adsorption processes of the PVA_PVP_IC_30NPF nanocomposite
hydrogel were optimized utilizing Box-Behnken design analysis. Three
factors were chosen: the amount of adsorbent, the duration of the pro-
cess, and the starting concentration of the pollutant (the process tem-
perature was fixed at 25 °C). Quadratic dependency was assumed to
represent the statistical link between the variables and the responses,
namely removal % (Y), using the following equations:

Yup = 94+12.33A-9.5B+12.08 C+8.5AB-4.85AC+3.00BC-4.43A%-
1.58B2%-10.92C> 5)

Yper = 89+19.36A-6.62B+12.99 C+5.5AB+7.23AC-
1.75BC—15.51A%+1.51B2-12.76C> 6)

where A, B, and C are the experimental variables of the contact duration,
starting MB or PCT concentration, and adsorbent dosage respectively
(Table S3 and Table S5).

The findings of the Box-Behnken design analysis are presented in
Fig. 5, which show a type of interaction that exists between the response
(removal percentage) and the tested variables presented in 3D plots. For
MB and PCT, it seems that removal effectiveness increases with
increasing contact duration and adsorbent dosage, but falls with rising
starting concentrations from 100 to 150 mg L. The findings show that
the MB or PCT cations were adsorbed externally during the first stage of
adsorption, when the rate of adsorption rose quickly.

For assessing the statistical significance of the quadratic response
surface model, the common ANOVA approach was adopted. The high
coefficient of determination R? (0.9862) for MB and (0.9994) for PCT
(Tables S4 and Table S6) of the quadratic model suggests that it fits the
experimental data well (Foroutan et al., 2023a). According to the re-
sults, it was also found that the chosen quadratic model is significant
because the obtained p values for MB and PCT are all less than 0.0001
(Foroutan et al., 2021) in addition the lower P-value indicated that, the
adsorption duration time, the starting concentration of the pollutant and
the amount of adsorbent had a significant effect on the removal %.
Following this study, the ideal circumstances seemed to be as follows;
66.7 h adsorption time duration, 98.5 mg L™ starting concentration,
and adsorbent dose of 5.9 mg to achieve the complete removal of MB
(Fig. S5a); and 57.6 h adsorption time duration, 80 mg Lt starting
concentration and adsorbent dose of 6 mg for the complete removal
PCT.
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Additionally, based on the perturbation plot, which facilitates
comparing the impacts of every element at a specific location in the
design space. Plotting the elimination percentage involves varying one
element over its range while maintaining constant values for all other
parameters. As seen in Figs. S5b & c, the reference point was placed at
the midpoint (coded 0) of each component. However, the factor’s high
slope or curvature indicates that the reaction is sensitive to it. The
insensitivity to changes in that specific element is indicated by a
comparatively flat line. While the factors of adsorption time duration
and adsorbent dose have a high effect on the removal efficiency (when
they increase, the removal efficiency increases). It was also observed
that the removal efficiency increases with increasing MB or PCT starting
concentration before falling at high concentrations.

3.5. Adsorption kinetics, isotherm and thermodynamics

Using kinetic models (as illustrated in Table S7 in supplementary
information file), we attempted to obtain a better comprehension of the
adsorption process against MB and PCT using different starting con-
centrations of 50, 100, and 150 mg L™}, and at pH of 12 for MB and pH
of 7 for PCT and temperature 25 °C, with 6 mg of PVA_PVP_IC_30NPF
scaffold and solution volume of 50 mL. It was found that the MB
adsorption reached equilibrium at 36 hr., and for PCT was 24 hr. The
pseudo-first-order and pseudo-second-order models were used to fit this
kinetic data; the corresponding plots and related parameters are shown
in Table 2, Fig. S6 and Fig. S7. The findings show that the pseudo-
second-order kinetic model well describes the adsorption process,
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Table 2

The kinetic and isothermal models parameters for MB and PCT adsorption onto PVA_PVP_IC_30NPF nanocomposite hydrogel at pH of 12 for MB and pH of 7 for PCT
and temperature 25 °C; with 6 mg of the hydrogel and solution volume of 50 mL.

Starting concentrations (mg/L)

50 100 150

MB PCT MB PCT MB PCT
Qe,exp (ME/g) 410 402 561 742 783 951
Pseudo—1% order
Qercal (Mg/g) 586 768 1824 788 761 1497
k; (min1) 0.146 0.18 0.151 0.083 0.138 0.085
R? 0.95 0.86 0.77 0.89 0.97 0.65
Pseudo—224 order
Qe cal (Mg/g) 430 405 558 740 782 958
ko (min~1) 0.002 0.002 0.0014 0.0011 0.0012 0.001
R? 0.95 0.98 0.91 0.91 0.99 0.96
Intraparticle diffusion
ki1 18.19 8.12 18.2 18.4 25.42 23.7
ki 2 18.19 7.4 13.06 10.8 8.4 12.2
ki3 3.23 6.7 7.77 8.1 7.4 4.39
Temperature °C

25°C 35°C 45°C
MB PCT MB PCT MB PCT

Langmuir isotherm
qm (mg/g) 724.6 1063 892 1121 1000 1198
ki(L/mg) 0.73 0.26 1 0.34 1.24 0.42
RL 0.014 0.037 0.01 0.028 0.008 0.023
R? 0.995 0.997 0.998 0.999 0.995 1
Freundlich isotherm
Kr(mg/g) 382.76 326.9 455.02 381.9 514.04 412.9
n 7.74 3.35 7.37 3.16 7.52 2.9
R? 0.994 1 1 0.998 1 0.996
Dubinin-Redushkovic isotherm isotherm isotherm
E (kJ/mol) 15,500 12,900 14,900 12,913 13,800 12,451
B (molz/J2) 2.07E-9 2.9E-9 2.25E-9 3E-9 2.63E-9 3.2E-9
R? 0.995 0.999 0.999 0.999 0.988 0.997
Temkin isotherm
br (kj/mol) 39.76 13.02 30.86 11.77 33.41 12.44
A7 (L/®) 693.96 4.24 242.47 4.42 965.2 7.82
R? 0.995 0.998 0.997 0.989 0.996 0.995
AG (kJ/mol) —6951.88 —10,433 —8311.38 —12,430 —9613.37 13,447
AH (kJ/mol) 32,713 34,631
AS (J/mol.K) 133.4 151.7

according to the surface kinetic model’s determination coefficient R2. In
addition, when the experimental adsorption capacity value were
compared to those calculated using different model, the pseudo-second-
order model generated values that were in good agreement with the
experimental results, while the pseudo-first-order model produced
values that were found to be considerably different from the experi-
mental ones. We contend that the chemisorption process is the rate-
limiting phase since the adsorption process closely adhered to the
pseudo-second-order model (Alizadeh et al., 2024). In this process, the
adsorbent surface’s adsorption sites’ accessibility is the determining
factor to affect the rate of adsorption for MB and PCT by PVA PV-
P_IC_30NPF. Furthermore, as illustrated in Fig. S8, the linear fitting re-
sults of the adsorption process are consistent with the intraparticle
diffusion model. It was noticed that, two stages of the adsorption process
were carried out for MB and PCT at low concentrations. The first stage’s
high fitting slope suggests that the adsorbent boundary layer is diffusing
quickly. It appears that the adsorption mechanism is complex since the
reduced effectiveness in the second stage matches the lower diffusion
rate into hydrogel grains. On the other hand, for high starting concen-
tration of MB and PCT, the adsorption process’ linear fitting can be
divided into three steps as shown in Fig. S8a. First, at high concentra-
tion, the molecules are transported in the bulk solution. Second, by
either a diffusion process at the boundary layer or a diffusion of charged
molecules from the bulk solution to the hydrogel’s exterior surface, the
charged molecules can enter the pores and/or intraparticle active sites of

the hydrogel. Third, the charged molecules can diffuse through the pores
of the hydrogel and undergo a chemical binding reaction before reach-
ing the equilibrium. The slope of the liner fitting (k) indicates the rate of
diffusion; a higher k value indicates a faster diffusion process. Therefore,
kl > k2 > k3 suggested that the available free path for diffusion
decrease and the pore size decrease, which in turn caused the diffusion
process’s rate to drop. In earlier research, the interpretation of this
phenomenon was also documented (Cheng et al., 2013).

The Freundlich, Langmuir, Temkin, and Dubinin-Redushkovic
isotherm models were used to assess the absorbency of PVA _PV-
P_IC_30NPF scaffold to remove MB and PCT cations from wastewater at
different temperatures and starting concentrations to explain how the
material and adsorbent adsorption interactions might occur (Fig. S9).
The Langmuir model assumes that adsorption solely occurs on the sur-
face and that there is no contact between adsorbents. This allows the
model to explain the experimental data throughout a wide concentration
range. On the other hand, the Freundlich model (model multilayer
adsorption), which assumes that adsorption takes place at irregularly
dispersed adsorption sites on the medium’s surface (Akpomie and
Conradie, 2023; Chen et al., 2023). In Table 2, it is seen that all R? values
for Langmuir and Freundlich models are near to 1 or equal 1, so both
model can represents the adsorption data. From the Langmuir model
analysis, we estimated the maximum adsorption capacity values (qm)
again MB and PCT, respectively, at varying temperatures. From the
perspective of physics, we favor the Freundlich model, where a
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heterogeneous chemisorption process takes place. This mechanism is
more consistent with the kinetic model of intraparticle diffusion and the
finding that MB and PCT molecules mostly adsorbed onto PVA_PV-
P_IC_30NPF hydrogel scaffold through the inner surface.

The average energy (€) for the adsorption of MB and PCT cations was
found to be 80,443 and 77,047 kJ. mol’l, respectively, using the
Dubinin-Redushkovic isotherm model. These values of € are greater
than 8 kJ mol ™}, confirming the presence of chemical bonds during the
adsorption process (Foroutan et al., 2023b), and that was compliance
with the data from the Temkin isotherm, as the values of At and b
parameters showed that the chemosorption can also play a role in the
MB and PCT removal using PVA_PVP_IC_30NPF hydrogel scaffold.

The influence of temperature on MB and PCT adsorption into
PVA_PVP_IC_30NPF hydrogel scaffold was investigated and the findings
are illustrated in Table 2. By rising temperature from 25-45 °C, the
adsorption efficiency of MB and PCT increased from 66.5, and 89 % to
82, and 95.1 %, respectively. The increase in the adsorption efficiency
with rising temperature can be caused by the increasing of activation
energy that increase the activation of chemical bonding between the MB
or PCT and scaffold. Thermodynamics parameters (Gibbs free energy:
AG, entropy: AS, and enthalpy: AH) were calculated using Egs. (7)-(9)
to determine the type of adsorption process (endothermic or exothermic
process) (Peighambardoust et al., 2024).

Kp = g—z @)

AG =-RT In Kp (8)
AS AH

InKp = - R®T 9

R is the universal gas constant, T is the temperature in Kelven, Kp is
the equilibrium constant of the adsorption process. AG values for MB
and PCT were determined to be negative, confirming the spontaneity of
the reaction. It should also be noted that the positive values of AH for
MB and PCT adsorption process confirmed that the process is endo-
thermic and chemical bonds occurred between pollutants molecules and
the scaffold (Foroutan et al., 2023b) and its magnitude confirming its
chemisorption nature whereas the AH values are >200 kJ mol ! (Tran
et al.,, 2021). AS values for adsorption were positive, indicating a
random collisions between absorbent and MB or PCT molecules.

One important factor that can verify the efficiency of adsorbent is its
adsorption capability. The capacity and industrial applicability are
important aspects to take into account. Table S8 lists the adsorption
capacities of several green hydrogel composite used as absorbers for the
removal of organic cations in comparison to the absorbers utilized in this
investigation. The findings demonstrate that the PVA_PVP_IC_30NPF
scaffold has a greater adsorption capacity than many of the absorbers
utilized to remove those contaminants. As a result, the hydrogels that
are generated can be used as suitable absorbers to extract various cations
pollutants from aqueous systems.

3.6. Reusability test

The reusability and structural stability of the PVA_PVP_IC_30NPF
hydrogel were evaluated during five adsorption-desorption cycles with
a starting concentration of 50 mg L™, pH 12 for MB and pH 7 for PCT,
and temperature 25 °C. It is discovered that even after this continuous
usage, the removal efficiency declining by less than six percent for MB
and less than five percent for PCT as shown in Fig. 6. This performance is
highly encouraging for the actual use of this hydrogel nanocomposite for
industrial water filtration.

3.7. Life cycle assessment (LCA)

Despite the fact that natural fillers in polymeric matrixes possess
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industrial relevance, an examination must be conducted to confirm the
environmental effects of the industrial waste utilized and all associated
procedures. Therefore, life cycle assessment (LCA) is a useful tool for
confirming the environmental impact of materials, assessing the sus-
tainable application of date palm frond waste into the PVA_PVP_IC
hydrogel matrix, and assessing the impact of the nanocomposite
hydrogel adsorbent under environmental categories. As a result, the
performance of the PVA_PVP_IC hydrogel was compared to the hydro-
gels matrix containing 10-30 wt% NPF. Furthermore, waste incinera-
tion is the most popular method of managing residues for wood waste
which was taken into consideration to account for the situation in which
the NPF was absent from the polymer matrix (Nabavi-Pelesaraei et al.,
2017). As aresult, a percentage dependent on the quantity of NPF added
to the hydrogel matrix was taken into consideration to look into the
process’s effects on the environment. While a lesser amount of burned
residue was taken into consideration for hydrogels containing NPF, all
residue for PVA_PVP_IC was thought to be burned in order to generate
energy (Rigamonti et al., 2020). The LCA results taking into account the
most affected environmental categories such as water depletion, ozone
depletion, fossil fuel depletion, and agricultural land occupation which
are displayed in Fig. 7. Regarding the fossil depletion depicted in Fig. 7a,
a reduction was noted as the amount of NPF in the blend polymer matrix
increased. This observation may be related to the complex procedure
involved in the creation of the hydrogels. Additionally, palm waste
management can have a big impact because, when using conventional
vehicles, waste transportation also burns fossil fuels. Consequently,
compared to other environmental categories, the observed reduction
was not as significant. However, as seen in Fig. 7b & c, the most affected
categories were ozone depletion and agricultural land occupancy, since
these categories are closely linked to the management of palm waste,
they were severely impacted. Additionally, burning this palm waste
produces a fair amount of gasses, which contribute to ozone depletion.
For the water depletion category, an increase is associated with palm
waste reevaluation and the increasing of water used during hydrogels
preparation Fig. 7d.

4. Conclusions

A new hydrogel adsorbent nanocomposite for organic pollutants was
demonstrated. This system is based on a crosslinked PVA, PVP, and IC
infused with different ratios of nanoscale palm frond (NPF) particles.
This nanocomposite hydrogel system was tested for the removal of MB
and PCT cations at different concentrations, pH values and tempera-
tures. Based on experimental results, the adsorption mechanism was
found to be dominated by the electrostatic interactions, and chemical
bonding occurred between the cationic groups of MB or PCT and the
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Fig. 7. LCA results of PVA_PVP _IC hydrogels adsorbent without and with NPF with highlighting the environmental impacts: a) fossil depletion; b) agricultural land

occupation; ¢) ozone depletion; d) water depletion.

anionic groups of polymeric blend and NPF in the composite. By
employing the RSM to optimize the removal efficiency of a hydrogel
with 30 wt percent NPF. The complete removal efficiency could be
reached for both pollutants at an adsorption time duration of 66.7 hr,
98.5 mg L~! starting concentration, and an adsorbent dose of 5.9 mg for
the MB removal; an adsorption time duration of 57.6 h, 80 mg L™*
starting concentration, and an adsorbent dose equal to 6 mg for the PCT
removal. The analysis of PVA_PVP_IC_30NPF hydrogel absorbance using
several kinetic models helped to clarify the removal mechanism, which
confirmed the role of the physical and chemical sorption between the
hydrogel and MB or PCT molecules. The Freundlich, Langmuir, Temkin,
and Dubinin-Redushkovic isotherm models confirm the presence of a
chemisorption process along with a physisorption process during the
adsorption process of MB and PCT. However, according to the thermo-
dynamics results, the adsorption process for both pollutants onto the
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tested scaffold is spontaneity, endothermic, and a random collisions
process. Five consecutive cycles of absorption and desorption were
conducted to demonstrate the hydrogel containing 30 wt% of NPF has a
good adsorption/desorption capability. The LCA demonstrated many
environmental advantages as a result of the hydrogel composite’s
reduced polymer demand and decreased volume of date palm frond
waste that would otherwise be incorrectly disposed of in the environ-
ment and have an adverse effect on the ecosystem. Based on the "wastes-
treat-wastes" strategy, this study demonstrates how waste-derived ma-
terials may be used in wastewater treatment to meet sustainability and
efficient waste/water management objectives.
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