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Abstract Some adsorbent hydrogels made of natu-
ral polymeric materials have not yet met the needs for
a high level of wastewater purification. In the present
study, a novel and environmentally friendly process
is described for the production of natural cellulose-
based metal oxide nanoparticle hydrogel beads. Recy-
clable adsorbent components include wastepaper-
derived cellulose fiber, metal oxide nanoparticles and
polyvinyl alcohol was synthesized, the WCF/PVA
MO NP hydrogel beads were synthesized by using
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cross-linking agents (Ca2+, boric acid and NaCl), and
were analyzed by evaluating their ability to remove
the acid red 18 (AR18) from aqueous solution. The
WCF/PVA MO NP was characterized by FESEM,
XRD, EDX, BET, and FTIR. The results revealed that
the metal oxide nanoparticles distributed on external
and internal channels of the 3D fiber network of WCF
with strongly covalent/non-covalent cross-linking
bonds would facilitate mass diffusion and enhance
the interaction between AR18. The results shown
that more than 87.62% of ARI18 was removed and
adsorption capacity was 88.65 mg-g~' under opti-
mized conditions ([AR18]: 10 mg-L_l; [adsorbent]:
0.55 g~L'1; pH: 3; Time: 46 min). Results shown that
the adsorption kinetics fit the pseudo-second-order
model (0.99), and the adsorption isotherms fitted to
Langmuir isotherm model (0.99).
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Introduction

Hydrogels are considered an effective material that is
applicable in different applications which are ongoing
interest for scientists working in water purification
(Araki 2021). Hydrogels exhibited a desirable, porous
polymeric network with many interior and exterior
channels and surfaces held together by either physi-
cal or chemical cross-linking (Li et al. 2022b). There
are multifarious hydrophilic functional groups such as
carbonyl, hydroxyl, etc. (Li et al. 2022a). They have
been a popular topic when developing novel adsor-
bents that are able to remove pollutant from aqueous
solution rapidly; these hydrogels can successfully be
prepared from various sources (Abe and Yano 2011;
Mondal et al. 2022).
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Among the biopolymers, cellulose is the most
multitudinous material on the earth, therefore, hav-
ing promising potential in the preparation of hydrogel
(Alizadeh-Sani et al. 2021; Jiang et al. 2022). Cellu-
lose consists of a chain of p-(1 — 4)-linked D-glucose
units that featured strong mechanical or chemical
properties (Siripongpreda et al. 2021). With its abun-
dant functional groups in their backbone and hydro-
philic characteristics, cellulose would be considered
a promising adsorbent hydrogel for purifying aqueous
solutions from organic pollutants (Lyu et al. 2021).
There is abundant biological/chemical/biomass, and
waste sources as the precursor for the fabrication of
cellulose (Joshi et al. 2015; Xie et al. 2021).

The capability of cellulose for water reabsorbing
and retention capacity as the hydrogel and adsorbent
material are limitations (Chen et al. 2017). Here, to
overcome these problems, the WCF blended with
Polyvinyl Alcohol (PVA) to form hydrogel beads
to improve their chemical and physical stabilities
(Dai et al. 2018). Hence, in this study, incorporating
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metal oxide nanoparticles into WCF/PVA hydrogel
beads (WCF/PVA MO NP hydrogel beads) could
be added as additional active metal-acid sites to
relieve consumed functional groups, which can be
carried out to remove the pollutants such as dyes
from aqueous solutions (Alibak et al. 2022; Kumar
et al. 2013). Recent studies play a role about adsorp-
tion process progress and cellulose compounds such
as carboxymethyl cellulose, which are environmen-
tal compound can be used as a suitable hydrogel to
remove dyes from wastewater (Chen et al. 2019;
Lin et al. 2017; Wang et al. 2021, 2022) also, in
the recent research a cellulosic adsorbent named a
super adsorbent which have a acceptable ability in
macromolecules pollutants (Peng et al. 2016).
Organic dyes are used in various industries
such as the textile (Beh et al. 2020; Sillanpia
et al. 2021), solvent industry, foods, drugs, plastic,
inks, varnishes, paints, paper, wood, leather, rub-
ber, and cosmetics (Dalvand et al. 2016; Mirzadeh
et al. 2014; Wang et al. 2020). Synthetic dyes such
as Acid Red 18 (AR18) are usually considered not
biodegradable due to their complex aromatic struc-
tures, making them stable to light, heat, and oxi-
dizing agents (Hamidi et al. 2022). In recent years,
diverse biological and physicochemical approaches
have been used to remove the dyes from aqueous
solutions (Azari et al. 2020; Bazrafshan et al. 2016,
2013; Gholami-Borujeni et al. 201 1a, b).
Adsorption is one of the most significant and
cost—benefit approaches for removing dyes such as
AR18, which is widely distributed in the environ-
ment and soluble in aquatic solutions (Shirmardi
et al. 2012). Meanwhile, biologically based adsor-
bents are acceptable because they do not add sec-
ondary pollution to the environment (Ashrafi et al.
2013; Hashemkhani et al. 2022; Sani et al. 2022).
However, the preparation of cellulose from some
resources is not cost-effective. The cellulose fibers
can be extracted effectively from wastepaper as a
raw carbon source with a simple and cost-effective
method (Kord Mostafapour et al. 2022; Shadkam
et al. 2021). Therefore, this research study aimed
for sustainable production of cellulose-based hydro-
gel beads by recycling wastepaper utilizing sacri-
ficial cross-linking agents for efficient removal of
AR18 from aqueous solution. In the present study,
unlike other studies that have used a prepared
and purchased cellulose, recycled cellulose from

waste newspaper was used as the base of the green
adsorbent.

Materials and methods
Sample analysis and chemicals

All chemicals which were used in this work were of
analytical reagent grade (AR) and did not have any
further purification. In this study, Double distilled
water (Milli-Q Millipore 18.2 MQ cm™! conductivity)
was used for the preparation of a stock solution of The
AR18 dye (molecular formula, C,yH;;N,Na;0,,S;,
MW: 604.4766 g/mol, assay:~99%, A,,,=507 nm)
which was purchased from Sigma-Aldrich (NEW
COCCINE C.I. 16255) of 1000 mg/L concentration
and other solution. Stock solutions of AR18 were pre-
pared by dissolving 1 g of AR18 in 1L Double dis-
tilled water without any pH adjustment. We collected
newspapers from one commercial office. The other
reagents utilized throughout this study were analytical
grade. A portable pH meter (Kent EIL, 7020) Model
was used to measure pH values in the aqueous phase.
Batch equilibrium adsorption experiments were per-
formed using 50 mL of the AR18 solution. After the
adsorption process, the adsorbent was separated from
the samples by centrifugation (5000 rpm and 15 min)
(LC-8 Lab Centrifuge). Finally, the filtrate samples
were analyzed by UV-vis spectrophotometer (Perkin
Elmer Lambda 25) at 507 nm (Heibati et al. 2015a).
The pH of WCF/PVA MO NP hydrogel beads at the
point of zero charges (pHpzc) was determined based
on the literature using NaCl 1 M (Dalvand et al.
2016). Also, because NaOH in the presence of CO,
can be changed to Na,CO;, to prevent Na,CO; inter-
vention in the results, 0.8 M Ba(OH), was added to
NaOH solution (Edzwald and Association 2011).

Synthesis
Wastepaper derived cellulose fibers (WCF) extraction

A paper shredder (Kores 827) was used to cut waste
newspapers into small pieces (I mmx1 mm). To
remove the ink, oil, and dye in the paper; NaOH 5%
by weight and sodium bicarbonate 3% by weight was
used at 80-65 °C in two stages separately. A What-
man 40 filter and double-distilled water (5 times)
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were used for the first rinse. In the next step, to
remove the remaining paint and oil fixed on cellulose
fibers, 200 ml of sodium bicarbonate 3% was added
to the doughy solution and placed on the magnetic
stirrer for 2.5 h at 50-80 °C. For the second rinse, the
final cellulose fibers were rinsed well (8 times) with
double distilled water until pH adjusted between 7
and 7.5. Finally, to remove any moisture on cellulosic
fiber, an oven was carried out (MEMERT) at 180 °C
for 3 h. Then the dried cellulosic fiber was transferred
to a desiccator (Dehghani et al. 2016).

Metal oxide nanoparticles (MO NP) synthesis

To increase the adsorption capacity, several metal
nitrate salts were used, including Fe (NO;);-9H,0,
Co (NO3),-6H,0, Mn (NO;),-4H,0, and Sr (NO;),.
For the first, in the separate 25 mL volumetric flasks,
0.5M,0.5M, 0.3 M, and 0.7 M of Co (NO;),-6H,0,
Fe (NO;);-9H20, Mn (NO;),-4H,0 and Sr (NO3),,
respectively were prepared, and these solutions were
mixed for 10 min (100 rpm). Then, 0.66 M EDTA
(C,oH;6N,0g) and 1.89 M citric acid (CcHzO,H,0)
were prepared separately in 25 mL volumetric flasks
and mixed with metals solutions with molar ratios
of 1/1.3/1, respectively. Then, by adding ammonia
25%, the solution’s pH was adjusted to 6. Then, a pre-
pared solution based on a sol-gel method should be
placed on a magnetic stirrer at 95 °C for 3 h until a
gel-like substance is observed. The gel-like substance
of MO NP is transferred to an oven 450 °C for 8 h
(the specific flow hot rate was 5 °C-min~") to create a
solid-like substance. After this step, the solid formed
should be put at ambient temperature for 10 min,
transferred back to the oven, and again set the oven
temperature at 800 °C for 6 h (specific flow hot rate
was 5 °C-min~!). Finally, the product dried at ambient
temperature.

WCF/PVA MO NP hydrogel beads preparation

To prepare the hydrogel beads, 100 mL of Polyvi-
nyl alcohol (PVA) solution (7% w/w) was magneti-
cally stirred at 75 °C for 8 h. Then, WCF (2 g) was
added to the PVA solution and stirring continued for
45 min (the ratio of WCF/PVA by considering weight
was %). After cooling the WCF/PVA solution to room
temperature, MO NP powder (0.3 g) was added to the
WCEF/PVA solution and magnetically stirred for 4 h.
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To establish a connection between the solution’s
various components, WCF/PVA MO NP Hydrogel
Beads solution was injected into the linking solution.
The linking solution included 50 mL calcium chloride
(5% w/w)50 mL sodium chloride (0.5% w/w), and
50 mL saturated boric acid at pH 4. To inject WCF/
PVA MO NP Hydrogel Beads solution, a peristaltic
pump with a fixed flow rate (15 mL/h) was used (the
distance between the surface of the linking solution
and peristaltic pump should be adjusted on 12 cm).
After several hours, the beads-like shapes created
in the linking solution were kept for 60 h. Then, to
remove the linking solution from the adsorbent beads,
the adsorbent was rinsed several times with dou-
bled distilled water and passed through Whatman
paper 0.45 pm. Finally, the prepared hydrogel beads
were kept at freezer —55 °C on the freezer (CARLO
ERBA, ULT-388) and pressure adjusted on 3.5 Pas-
cal; after 36 h, WCF/PVA MO NP Hydrogel Beads
were ready for our experiments in dye removal. The
general schematic of the synthesis process is shown
in Graphical Abstract.

Characterization of WCF/PVA MO NP hydrogel
beads

Instrumental analysis

Surface characteristics and morphology of the WCF/
PVA MO NP hydrogel beads were investigated by
scanning electron microscopy (SEM, MIRA3-XMU)
before and after AR18 dye adsorption. Adsorbents
were coated via gold then accelerating voltage of
20 kV was used to observe. Also, to detect the spatial
distribution of various elements in the adsorbents, for
this purpose element mapping (MAP) was performed
by a wavelength dispersive X-ray spectroscopy
(WDS) method. To identify the functional groups of
WCF/PVA MO NP hydrogel beads before and after
ARI18 dye adsorption, Fourier Transform Infrared
(FTIR) spectrometer (Perkin-Elmer, Spectrum RX I)
was used. This study determined the crystallographic
structure of WCF/PVA MO NP hydrogel beads by
using X-ray diffraction analysis (XRD) (XRD Philips
PW1730), it should be noted that a nickel-filtered Cu
Ka at wavelength of 0.154 nm radiation beam in the
range 4 to 77° 20 for 2 h by considering scanning
rate of 0.5°/min at room temperature at a voltage of
45 kV and the current of 20 mA were used to record
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the XRD spectra. To carry out surface area analysis,
we used Brunauer—-Emmett-Teller (BET), which was
performed on a PMIs Automated BET Sorptometer
(SSA-4300, Beijing Builder, Inc., Beijing, China).
For this analysis, neutral gases should be used in the
tests of this analysis.

Batch adsorption experiments

All adsorption experiments were carried out in a
batch manner to study the effect of parameters includ-
ing pH (2-10), adsorbent dosage (0.1-1 g L"), initial
AR18 concentration (10-250 mg L_l), and contact
time (0-90 min) on adsorption of AR18 onto WCF/
PVA MO NP hydrogel beads. All experiments were
performed at 150 rpm on a shaker (Lab Companion
SK-300 Benchtop Shaker). The AR18 stock solution
was prepared with a concentration of 1000 mg L7!;
1 g of AR18 powder dissolved in distilled water.

To adjust the solution’s pH, sodium hydrox-
ide (NaOH) 0.1 N and hydrochloric acids (HCI)
0.1 N were used. All the experiments were car-
ried out in triplicate. The concentration of AR18,
which adsorbed per unit mass of the WCF/PVA MO
NP hydrogel beads (q,) was calculated by using the
following mass balance equation (Eq. 1), and the
removal efficiency was calculated by using the fol-
lowing Eq. (2):

(C, - C )V
g = SN n
w
. (C[ - Ce)
Removal efficiency (% ) = —< x 100 2)

i

where C; is the initial concentration of AR18 and C,
is residual concentrations of AR18.

Experimental design, data analysis, and process
optimization

This study used response surface methodology-based
central composite design (RSM-CCD) to model and
optimize the AR18 adsorption process by WCF/PVA
MO NP hydrogel beads. The experimental central
composite design (CCD) matrix, with the not codified
values for all factors presented in Table S1 (See Sup-
plementary materials).

Statistical significance of the fitted quadratic
models, influential factors, and their interactions on
response was also analyzed using analysis of variance
(ANOVA) tests (P<0.05), R?, and linear regression
model. The experiments were designed and ana-
lyzed by R software, version 3.6.0 (Missouri, USA),
and OriginPro 2017 software. Before determining
each parameter’s full effect, a full factor study (effect
study) was carried out and analyzed with linear
regression.

Results and discussion

Characterization of WCF/PVA MO NP hydrogel
beads

FE-SEM/EDX-mapping

The cellulose fiber extracted from wastepaper as an
ideal host to distribute metal oxide particles using
PVA as a stabilizer to control the growth of nanopar-
ticles for reducing aggregations and deactivation were
demonstrated by performing FE-SEM images (Fig. 1a
and Supplementary Fig. 1). The wastepaper-derived
cellulose fibers (WCF) exhibited a lot of networks of
fibers with various size from 25 to 60 nm (the size
of fiber’s networks determined by Image] program
(Abramoff et al. 2004)). Moreover, most WCFs have
depicted a fiber length from a few mm to even longer.
The metal oxide nanoparticles gradually developed
and distributed on external and internal channels of
the 3D fiber network without significant aggrega-
tion (Fig. 1b). The —OH surface groups of WCF/MO
NP hydrogel beads composite as nucleation sites for
metal oxide NPs, the cross-linking reaction between
the surface of composite and cross-linking reagent
during the beads-like composite process, and there
is intermolecular H- bonding in crystalline areas of
WCF networks could be considered as main reasons
for uniformly distributed and non-agglomerated MO
NP on extracted cellulose fibers. It is important to
note that the distributed MO NP on WCFs are pre-
sented as white dots (Fig. 1c and d). Moreover, it can
be seen that the MO NP remained well intercalated
and distributed on the fiber and layer structure of
WCF/MO NP hydrogel beads after the AR 18 adsorp-
tion process (Fig. le and Supplementary Fig. 1). The
3D interconnected network and mainly micro-porous
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Fig.1 SEM images of pure WCF/PVA MO NP hydrogel beads (a, b, ¢, d) and WCF/PVA MO NP hydrogel beads after adsorption

of AR18 dye (e, f, g, h)

structure on the interior channel networks of WCF/
MO NP hydrogel beads would improve the oppor-
tunity of interaction between the AR 18 and the
Interface of WCF/MO NP hydrogel beads, hence,
empowering its adsorption capacity (Fig. 1f, g and
h). Generally, the MO NP that exists in the WCF/
MO NP hydrogel has a specific and orderly pore size
distribution and is placed on the long cellulose fibers,
which makes them a suitable site for AR 18 molecule
adsorption.

The distribution and quantity of elementals in
WCF/MO NP hydrogel beads were further carried out
by using EDX-mapping analysis (Fig. 2). Moreover,
the percentage of elements in WCF/MO NP hydrogel
beads from the EDX technique are provided in the
Tables inserted in Fig. 2c, d. The carbon content from
WCF and PVA is successfully extracted as 55.9% w.t
of WCF/MO NP hydrogel beads. Interestingly, the
higher oxygen of content that is beneficial for adsorp-
tion process is provided from the distribution of metal
oxide NPs onto WCF. The content of metal oxide
was in agreement with the synthesis phase. Further-
more, the EDX—mapping analysis was carried out
for WCEF/MO NP hydrogel beads after adsorption of

@ Springer

AR 18. As can be seen from the Tables Inserted in
Fig. 2c, d, after the adsorption process, the content of
all elements (except carbon) was slightly increased
to some extent, corresponding to the ion exchange in
the adsorbate solution through the adsorption process.
It is important to note that after the AR 18 adsorp-
tion process, Fig. 2a shows that the adsorbent was
relatively stable, and its morphologies were slightly
affected by the adsorption. After adsorption, the pores
of WCF/MO NP hydrogel beads are covered by a thin
layer of dye that also agrees with observed morphol-
ogy changes after dye adsorption (Re).

FT-IR analysis

The FT-IR spectra of WCF/PVA MO NP hydro-
gel beads before and after the adsorption of red
dye acid 18 are shown in Fig. 3a. Identification of
factor groups in the composition was performed
by FT-IR spectrum. The vibration peak is about
3300 cm™!, representing O-H stretching vibration
(Maiti et al. 2020). The peak of about 2872 cm™!
is related to the aliphatic CH stretching vibrations,
and 1424 cm™! may be related to C-H bending
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Fig. 2 Low magnification FE-SEM image (a), EDX elemental
maps of WCF/PVA MO NP hydrogel beads (b), corresponding
EDX spectrum of WCF/PVA MO NP hydrogel beads before

vibrations (Thombare et al. 2023; Wang et al.
2019). The stretching C-O peak is formed in 1300
to 1000 cm™!. Therefore, the peaks in 1034 cm™!
and 1149 cm™' are related to the stretching vibra-
tion of C-O, C-O-C, and C-OH of ether and alco-
hol groups, respectively. The peak of 1630 cm™! is
also related to the O—H molecule of water absorbed

1100 d After Adsorption
1000 Elements Wep A%
c 49.03 63.78
900. o 31.99 31.25
a0 DKo Mn 2.80 0.80
Fe 7.11 1.99
700 Co 6.51 1.73
Sr 256 0.46
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adsorption of AR18 (¢), and corresponding EDX spectrum of
WCEF/PVA MO NP hydrogel beads after adsorption of AR18
(@)

by cellulose (Atykyan et al. 2020; Jin et al. 2015).
In the FTIR spectrum of the samples after AR18
adsorption, in addition to the cellulose-related
peaks mentioned above, a bending vibration of NH
related to the structure of red acid 18 is observed at
1531 cm™!, which indicates the adsorption of dye by
WCEF/PVA MO NP hydrogel beads (Jin et al. 2015).
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Fig. 3 FTIR analysis of a

WCF/PVA MO NP hydro-
gel beads before and after
ARI18 adsorption (a) BET
analysis (b) adsorption/des-
orption analysis (c)
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BET test

The adsorption mechanism in the first stage is a
monolayer. It then changes to multilayer due to the
non-uniformity of the adsorbent surface and the
interaction of gas molecules with each other. The
adsorbent surface was confirmed according to per-
formed BET analysis. The BET adsorption theory
was proposed for multilayer adsorption conditions
to correct the flaws of the Langmuir theory (Ebadi
et al. 2009). The results of the BET test in Fig. 3b
show that WCF/MO NP hydrogel beads possessed
a high specific surface area (22.536 m?/g) and pore
volume (0.053 m?/g), indicating its porous structure
in SEM and uniformly distribution of MO NP and
strong cross-linking on the WCF support. Moreo-
ver, based on the International Union of Pure and

@ Springer

Applied Chemistry (IUPAC) (Sotomayor et al.
2018), type IV adsorption—desorption isotherms
with hysteresis are achieved by WCF/MO NP
hydrogel beads (Fig. 3c), reflecting the presence of
both micropore (~1.85 nm) and mesopores (~3.52,
and 6.94 nm). Interestingly, the co-existence both of
micropores and mesopores would provide adequate
space for the mass transport of dye molecules and
high accessibility of active sites for dye molecules
that reside in micropore structures. If the P/P ratio is
low, it is similar to the type IV isotherm. But, when
this ratio is very large, the material has very nar-
row capillary pores, which increases the adsorption
rate significantly. The obtained result suggests that
the co-intercalation of PVA/WCF and cross-linking
agents in WCF/MO NP hydrogel beads regulated
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Fig. 4 XRD patterns of WF/PVA MO NP hydrogel beads
before and after AR18 adsorption

the interconnect pore structures and accessibility of
active site of the as-synthesized hydrogel beads.

XRD patterns

The X-ray diffraction analysis was conducted to
investigate the crystallographic structure of WCF/
PVA hydrogel beads containing MO NP (Fig. 4).
A broad range of diffraction peaks was revealed
at 20=15.32, 19.57, 22.59, 26.45, 27.28, 30.20,
35.92, 38.61, 54.91, 57.51, 60.31, 63.02, 70. 62 and
74.3° which confirmed the crystal plane of Fe,0O;
and Co;0, NPs in the composite MO NP structure
(see Table S2). The diffraction peaks appearing at
20=27.82° and 20=19.57 and 26.45° are exclu-
sively related to Fe,O; and Co;0,, respectively.
Likewise, the diffraction peaks related to MnO, and
SrO appeared at 26=35.55, 40.04, 43.36, 51.92,
57.35, 60.61, 62.81, 70.35, 71.37, and 75.74° and
20=32.85, 38.7, 46.95, and 58.4°, respectively. All
resulting diffraction peaks agree with the reported
patterns including Joint Committee on Powder Dif-
fraction Standard (JCPDS): 039-1346 (Fe,05),
JCPDS: 073-1701 (Co;0,), JCPDS 44-0141(MnO,)

and JCPDS 00-006-0520 (SrO), indicating high
purity of the crystal system (Athar 2013; Chaugule
et al. 2019; Wang et al. 2014; Wu et al. 2011). WCF/
PVA MO NP hydrogel beads showed nearly the simi-
lar XRD pattern before and after adsorption of AR18
dye. As provided in the Table S2, for the composite
metal oxide nanoparticles consisting of MnQO,, Fe,O;,
Co;0, and SrO compounds, the XRD peaks corre-
sponded to their expected confirmed values by the
Expert program demonstrating the obvious crystallin-
ity of metal oxide species. Miller indices of (1-10),
(110), and (200), which were also employed in the
French (2014) study, are the primary intensity con-
tributors to the three major peaks (French 2014).

The formation principle of the prepared hydrogel
beads

The prepared hydrogel was first made by distribut-
ing MO NP into wastepaper-derived cellulose fibers
(WCF) by means of one-step mixing with PVA as a
cross-linker and then slowly dripping the mixed solu-
tion into the bath of cross-linking agents. As well
known, PVA is a hydrophilic polymer that is expect-
antly applied as cross-linking between the WCF and
PVA due to plentiful hydroxyl groups producing inter
and intra-chain Hydrogen bonding and van der Waals
forces. Figure 5a presented the repeating unit of cel-
Iulose (French 2017), As shown in Fig. 5a, the cross-
linking occurs between OH groups in PVA and the
carboxymethyl or dicarboxylic groups on WCF as a
result of H-bonding. However, PVA’s hydrophilicity
reduces mechanical properties because of high water
absorption, restricting its applicability as an adsor-
bent or catalyst. The modification of cross-linking
the PVA chains could be reduced water absorption.
Hence, In the second step, the mixture of WCF-MO
NP-PVA is immersed in cross-linking solutions,
including calcium chloride (CaCl,), NaCl, and over-
saturated H;BO;. The H;BO, is hydrolyzed to yield a
Borate ion that then reacts with PVA and WCF. Due
to the existence of free hydroxyl groups in PVA and
WCEF, it is expected that the cross-linking reaction
of borate ion with PVA and WCF would happen; the
cross-linking mechanisms are shown in Fig. 5b. The
ascribed peaks at 1424 cm™! and 1149 cm™! assigning
to the bonds B—O and B—-O-C respectively (Fig. 3a).
Moreover, boron atom containing empty p orbitals
are considered as electrophilic that could be attract
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Fig. 5 The formation principle of the WCF/MO NP hybrid
beads

nucleophilic hydroxyl groups of WCF/PVA, suggest-
ing the formation of cross-links. Moreover, the phys-
icochemical interaction of Ca>* with the carboxylate
groups exist in the hydrogel beads could be created an
additional cross-linking point. Hence, as well known,
the cross-linking plays a significant role in the forma-
tion and enhancement of the properties of superab-
sorbent hydrogel beads. Due to various cross-linking
and unequal reaction speed rates between the surface
of WCF/MO NP and PVA and mixture solutions, MO
NP could be generated and distributed in hydrogel
beads after adding metal precursors into the WCF-
PVA solution. The PVA would slowly react with the
CaCl,/H;BOj; cross-linking liquid, and then plentiful
nanostructures of fiber mesh were made on the inner
and outer surface of hydrogel beads. Thus, a uniform
distribution of MO NP displayed from nanoscale to
submicron scale (Fig. 3c) on the outer and interior of
surface hydrogel beads. The multi-porous structures
and distribution of MO NP on the WCF’s interior and
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exterior channel surface would assist in increasing the
opportunity of interactions between the cationic acid
red 18 and the adsorbent-adsorbate interface. Hence,
the adsorption capacity could be promoted and the
recycling process could also be possible using these
hydrogel beads.

Optimization of ARIS removal from aqueous solution
using WCF/PVA MO NP hydrogel beads

Effect of pH on adsorption behavior The efficient
adsorption process occurs when the ion structure
converts to molecule structure; this is possible by
the pH adjustment (Edzwald and Association 2011).
The variation of the pH of the solution can result in a
change in the surface charges of the adsorbent and the
ionization degree of the solution adsorbate (Rahmani
et al. 2018). As can be seen from Fig. 6¢, d, and e,
the amount of adsorbed capacity of WCF/PVA MO
NP hydrogel beads was maximum at pH of 3 and then
further decreased with increasing values of pH to 10.
It can be safely assumed that this occurrence might
be caused by the following two points (Edzwald and
Association 2011). The protonation of the carbonyl
and/or hydroxide groups at the surface of WCF/PVA
MO NP hydrogel beads under an acidic situation
could be responded to due to the attraction electro-
static between protonated functional groups and nega-
tive centers of the AR18. Moreover, the active sites of
M (MO NP)-C of the adsorbent could be considered
additional sites for adsorption of AR18.

On the one hand, the protonated process of the
adsorbent surface is reduced as pH increases, corre-
sponding to electrostatic repulsions between OH™ or
carboxylate anions obtained from the ionization of
the carboxyl groups and negative sites of dye mol-
ecules, which in turn retards the extent of diffusion
and adsorption process thereby (Zhang et al. 2018).
Moreover, the increased OH™ ions under alkaline pH
could strongly compete with the anionic dye of mol-
ecules for the surface of hydrogel beads.

Effect of contact time on adsorption behavior One of
the main parameters that can affect adsorption is con-
tact time because contact time increases allows it to
sift more molecules (Arora et al. 2019). The effect of
contact time on AR18 removal was shown in Fig. 6a,
b, and e. It was observed that the amount of removal
of AR18 increases when contact time increases. After
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several minutes AR18 is adsorbed quickly, and with
time its adsorption process reaches equilibrium after
46 min. The AR18 adsorption equilibrium time was
about 46 min by WCF/PVA MO NP hydrogel beads,
removing 87.62% of the initial dye concentration at
the WCF/PVA MO NP hydrogel beads surface for
ARI18 adsorption and over time, as more and more
adsorbent sites are filled AR18 molecules.

Effect of adsorbent dosage on adsorption behav-
ior Sorbent doses play a critical role in adsorption
because more adsorbent dosages bring together pores
and more sorption positions (Rejek et al. 2021). To
determine the effect of WCF/PVA MO NP hydrogel
beads dosage on adsorption, 0.1 to 1 g-L~! were added
to 10 mg-L~! solution of AR18 dye. It was shown
that removal of AR 18 increased from 87.62 to 95.3%
with the increase in the amount of WCF/PVA MO
NP hydrogel beads from 0.1 to 1 g-L™!, because by
increasing adsorbent dosage, the porous sites increase
so more dye molecules were adsorbed. (Fig. 6b and
¢). Adsorption capacity depends on the presence of

CO (mglL)

pH
Slice at Adsorbent = 0.55, Conc = 130

(d), pH and Contact time (e)) on AR18 removal (%) and f
adsorption capacity of WCF/PVA MO NP hydrogel beads

vacant sites initially, when an adsorbent has a lot of
porous, its vacant site can adsorb pollutant molecules
more than an adsorbent which has a few porous (Zare
et al. 2015).

Effect of initial dye concentration on adsorption
behavior This is normal because sorption efficiency
decreases with increasing initial concentration. After
all, more dye concentration has more molecules that
can occupy pores of sorbent sooner. So in adsorption,
when pollutant concentration is low, the sorbent can
work for more quantity of dye wastewater (Wong et al.
2018). As shown in Fig. 6a and d more adsorption
capacity occurred when the initial concentration was
10 mg L', and in high concentrations such as 250 and
130 mg L', low efficiency was observed.

Equilibrium capacity The equilibrium adsorption
isotherm of AR18 by WCF/PVA MO NP hydrogel
beads under optimum experimental condition (pH = 3;
Dosage=0.55 g L~!; and contact time =45 min) were
investigated as shown in Fig. 6f. Firstly, the elimi-
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nation rate of AR18 by WCF/PVA MO NP hydro-
gel beads increases linearly (first order) with AR 18
concentration, then becomes to mixed order at higher
AR18 concentration and leads to reach maximum
adsorption capacity (88.65 mg g~') at the initial con-
centration of 60 mg L~!, proceeding beyond it at a
constant rate (zero-order) (Spagnoli et al. 2017). This
means that the presence of a direct correlation of the
amount of AR18 adsorbed with AR18 concentration
until the reaching maximum adsorption capacity.

Kinetic study The adsorption behaviors of AR18 on
the WCF/PVA MO NP hydrogel beads at given time
intervals were further investigated by performing
kinetic models. From Fig. 7, it is clear that the adsorp-
tion capacity increased continuously as the adsorption
time increased and finally reached the equilibrium
within 45 min, indicating the fast and stable adsorb-
ing performances of AR18 molecules on WCF/PVA
MO NP hydrogel beads due to abundant, varied and
most stable actives sites on the surface of the adsor-
bent (Table 1). This occurrence originated from vari-
ous cross-linking and Lewis’s acid sites on the surface
of the adsorbent (Liu et al. 2016, Mahvi and Dalvand
2020, Noorimotlagh et al. 2019).

Interestingly, the pseudo-first-order (PFO), pseudo-
second-order (PSO), Elovich, and intraparticle diffu-
sion models were carried out to evaluate adsorption
kinetics (Ruthven 1984; Vargas et al. 2012):

ln(qe - q,) =Ing, — K;t 3)

f_o Lt ,

9, Kq; qe @)
1 1

q, = Eln(aﬁ)+ﬁlnt )

g, = K" (6)

where q, and q, are the amounts of adsorbed AR18
molecules on the WCF/PVA MO NP hydrogel beads
at the optimum condition (mg g~'), t describes the
contact time (min), K, is the PFO kinetics model con-
stant (min™), K, is the PSO kinetics model constant
(g mg™! min7!). a, describe the initial adsorption
rate (mg g~' min~!), and B is the desorption constant
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(g mg~!) represents the chemisorption process rate.
Kd (mg g~! min®) is the rate constant of the intra-
particle diffusion model.

According to calculated results (Fig. 7 and
Table 2), it is confirmed that the experimental
data for describing the adsorption process fitted
well with the PSO model due to the higher corre-
lation of coefficient (R?) and lower Error Analysis
(Aq) compared to the PSO, Elovich, and intrapar-
ticle models. Chemisorption might be considered
as a rate-determining step in the adsorption pro-
cess (Re). Generally, WCF/PVA MO NP hydrogel
beads had a three-dimensional meso/microporous
inner structure, facilitating the diffusion of AR18
molecules to the inner structure. In turn, the space
of the network of hydrogel beads was increased,
resulting in higher/faster adsorption capacity
of AR18 by WCF/PVA MO NP hydrogel beads.
Incorporating MO NP into hydrogel beads exhib-
ited excellent physical, chemical, and mechanical
properties. Due to existing the plentiful exter-
nal active binding sites that originated from the
incorporation of MO NP and the distribution of
multiple (and abundant) functional groups such
as hydroxyl, carboxyl, epoxide, and aldehyde on
the surface derived from applying multiple cross-
linking reagents, WCF indicates excellent coordi-
nation with MO NP and thus generates excellent
hydrogel beads.

Isotherm study

The Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) isotherms were performed to
evaluate the interaction between ARI18 molecules
and adsorbent and further investigated the adsorption
mechanisms. These models (as brings in Eq. 7 (Lang-
muir model) (Langmuir 1918), 9 (Freundlich model)
(Freundlich 1906), 10(Temkin) (Temkin 1940), and
11(D-R model) (Dubinin 1960)) were successfully
fitted into the experimental data:

_ QmaxKa Ce
=17k )

where ¢, is the amount of dye at equilibrium (mg
g™, g, is dye concentration at equilibrium (mg
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Fig. 7 linear (a—d) and non-linear (e) curves of the kinetic models of AR18 adsorption on the WCF/PVA MO NP hydrogel beads
under the optimized condition

g1, K, is Langmuir constant (L mg™"), and C, is
Langmuir adsorption capacity (mg L~!). Further-
more, to determine the nature of the adsorption

process, a dimensionless constant called equilibrium
parameter (R;) (see Table 2) was used in the follow-
ing Eq. (8) (Weber and Chakravorti 1974).
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Table 1 ANOVA test for CCD modelling and results of process optimization

ARI18~ DF SS MS F-value p value
Model Statistics
Model FO 4 9587.4 2396.85 42.0581 2.778e—13
Model PQ 2 1120.0 559.98 9.8261 0.0003778
Residual 37 2108.6 56.99
Lack of fit 18 1167.1 64.84 1.3086 0.2828385
Pure error 19 941.5 49.55
R? 0.8355
R% 0.8088

Coeff. SC Std. Err t value p value Sig
Parameters Statistics
Constant 47.6449 1.4805 32.1816 <2.2e-16 Hokk
pH —26.5734 3.0819 —8.6224 2.216e—10 Hokk
Dose 11.4481 3.0819 3.7146 0.0006689 Hokk
Time 15.9949 3.0819 5.1899 7.833e—06 Hokk
Initial concentration —22.4691 3.0819 —7.2906 1.166e—08 wAk
pH*pH —16.7895 5.1286 —3.2737 0.0023065 ik
Time*Time —13.8779 5.1286 —2.7060 0.0102391 *
Factor Value Unit
Optimization process
pH 3.00 *
Initial concentration 10 mg.L™!
Dose 0.55 gL7!
Time 46 min
Efficiency 87.62 %
R = 1 the absolute temperature (K), and by is the heat of

L71+kK,0, ®) adsorption (J mol™!).

where C, is the Initial concentration of ARIS8
(mg L™ and K, is Langmuir adsorption con-
stant (L mg~!) Where the adsorption is irrevers-
ible (R =0), and linear when (R;=1), favorable
(0<Ry <1), unfavorable (R; > 1).

9. = K;C,”" ©)
where K is Freundlich constant (mg g (L mg_l)l/"
and n is adsorption intensity:
RT
9e =7 In (K;C,) (10)
T

where K, is Temkin constant (L.mg~!), R is the
universal gas constant (8.314 J mol™! K‘l), T is

@ Springer

q. = gyexp(—Kpge?) (11)

It is plain that the experimental data fitted well
with the Langmuir model due to the high correla-
tion coefficient, as shown in Fig. 8 and Table 2. It is
suggested that the adsorption of AR18 molecules by
WCF/PVA MO NP hydrogel beads was monolayer,
and the interaction between AR 18 molecules was
significantly weak. It is important to note that the cal-
culated Langmuir constant (K;) was relatively large
in comparison to reported values (Czepirski et al.
2000) (0.34 mL mg_l), confirming a strong interac-
tion/binding between AR 18 molecules and WCF/
PVA MO NP hydrogel beads. In addition, the favora-
bility of the adsorption process of WCF/PVA MO NP
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Table 2 Isotherm, kinetic, and thermodynamic model’s parameters for AR18 adsorption on WCF/PVA MO NP hydrogel beads

under the optimized condition

Models Parameters ARI18
Values
Isotherm
Langmuir Q,, (g™ 98.65
K, (L mg™) 0.34
Ry 0.01-0.041
Slope 0.01006 +2.95
Intercept 0.03006
R? 0.9948
Pearsons’ r 0.9974
Freundlich n 2.45
Kp (L mg™) 27.07
Slope 0.40916+0.0351
Intercept 3.29703 £0.0765
R? 0.95769
Pearsons’ r 0.97862
Temkin B, 19.14
K; (L mg™) 451
Slope 19.25333+1.5853
Intercept 28.74936 +3.4582
R? 0.96091
Pearsons’ r 0.98026
Dubinin and Radushkevich E (kJ mol™") 1654.67
D (mol ™ kJ%) 0.00000018
Slope —1.8278E—7 +£4.03999E—-8
Intercept 4.24+0.117
R? 0.7733
Pearsons’ r —0.8793
Kinetic
First-order kinetic kl(min_l) 0.08
q. (AR18/g) 19.46
Slope —0.04892+0.02373
Intercept 1.56912+0.78718
R? 0.51509
Pearsons’ r -0.7177
Second-order kinetic k2(z/mg ™! min~") 0.00663
ge (AR18/g) 19.55
Slope 0.05493 +0.0017
Intercept 0.22378 +0.0817
R? 0.9947
Pearsons’ r 0.9973
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Table 2 (continued)

Models Parameters ARI18
Values
Intraparticle diffusion Kdif(g/mg™"' min~0) 1.27
C —-8.00

Slope 1.80747 +0.36437

Intercept 3.68129+£2.17752

R? 0.8311

Pearsons’ r 0.9116
Elovich B (gmg™) 327

o (g mg~! min~") 1.09

Slope 2.83521+0.29848

Intercept 5.42623 +1.06552

R? 0.9575

Pearsons’ r 0.97855
Temperature In kd AS°(kJ/mol.K) AG°(kJ/mol) AH°(kJ/mol) qe
Thermodynamic
283 °K 3.231 -7.6142 17.37
293 °K 3.3476 0.0604 —8.1547 —137.51 17.347
303 °K 3.5186 —8.8639 17.172
313°K 3.6092 —-9.3922 16.98

hydrogel beads was demonstrated by R; between 0
and 1 and adsorption intensity (ng) greater than 1.

The adsorption capacity of the AR 18 molecules
by the WCF/PVA MO NP hydrogel beads was lied
on the occupancy of active sites over (or inner) the
channel surface of WCF/PVA MO NP hydrogel
beads by the AR18 molecules through the adsorption
process. It has to be ensured that the distribution of
functional groups along with their physical stability
of them and also the incorporation of MO NP into
inner/outer channels of the surface of WCF/PVA MO
NP hydrogel beads that both of them serve adsorbed
sites actively, generated more opportunity of the
interaction of AR 18 molecules and thereby enhanc-
ing adsorption of AR 18 on the WCF/PVA MO NP
hydrogel beads. It confirmed that the agglomerative
and cooperative phenomenon played a main role in
AR18 adsorption by multiple cross-linking of WCF/
PVA MO NP hydrogel beads.

Thermodynamic study The adsorption process of

AR18 on the WCF/PVA MO NP hydrogel beads was
further investigated at different temperatures, which
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is determined based following equations (Bazrafshan
et al. 2015):

AG® = —RTLnK® (12)
qe AS®  AHO

1 (—) =20 _or 13

"\ ce R RT (3)

AG° = AH? — TAS (14)

where AG® is Gibbs free energy, R is gas constant
(8.314 J mol™! K7, T is the temperature in kelvin
degrees, K° is the thermodynamic equilibrium con-
stant, C, is the residual concentration of the absorbed
substance in the solution (mg L71), AH is the
enthalpy changes and AS® shows the entropy changes.

As shown in Fig. 9, and Table 2, the Gibbs Free
energy (AG®) of the adsorption process is nega-
tive and increases as reaction temperature increases.
It is confirmed that the AR18 adsorption on WCF/
PVA MO NP hydrogel beads token place spontane-
ously and exogenically. On the one hand, the adsorp-
tion process by WCF/PVA MO NP hydrogel beads
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Fig. 8 linear (a—d) and non-linear (e) curves of the isotherm models of AR18 adsorption on the WCF/PVA MO NP hydrogel beads

under the optimized condition

will release more energy for the adsorption of AR18
molecules due to multi-active sites and cross-linking
functional groups. As presented in Table 2 the AG®
has a negative value, so the reaction is very spontane-
ous, and therefore highly favorable, also this negative

value confirmed that AS° (Entropy) is greater than
AH° (Enthalpy). Moreover, it is important to note
that the adsorption process as temperature increases
is more profitable due to not only significantly releas-
ing the H* from functional groups and cross-linking
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Fig. 9 Linear (a) and Non-linear (b) curves of the thermodynamic parameters of AR18 adsorption on the WCF/PVA MO NP hydro-

gel beads under the optimized condition

reagents, particularly the COOH- and OH- but also
the cooperative interaction of multi-functionality of
functional groups and active site of WCF/PVA MO
NP hydrogel beads with AR18 molecules, enhancing
their kinetic energy.

The adsorption mechanism of prepared hydrogel
beads

It is not usually binding a specific functional group
to cellulose when target molecules have not suf-
ficiently reacted with hydroxyl groups. Therefore,
we can attach various reactive groups to cellulose
hydrogel beads that exhibit great reactivity or selec-
tivity toward the desired molecule. We performed
this action on the WCF/MO NP hydrogel beads after
extracting cellulose from wastepaper by adding cross-
linking agents (or electrophilic reagents), converting
WCF/MO NP into desired, various, and multifunc-
tional groups of hydrogel beads. Moreover, intro-
ducing MO NP into hydrogel beads could be created
additional active sites that have synergetic effects on
active metal—acid sites.

The extraction of wastepaper to gain pure cellu-
lose by NaOH and sodium bicarbonate has attached
oxirane moieties to the cellulose backbone and
leads to activate hydrogel beads. The oxirane groups
bound to the WCF/MO NP hydrogel beads might
bind with hydroxyl groups or —-NH (or —SO3) of the
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neighboring AR18 molecules, which can lead to
adsorbing the AR1S.

Another reactive group over WCF/MO NP hydro-
gel beads is carbonyl moieties confirmed with FTIR
spectra (Fig. 3a). it can react with -NH groups of
AR18 molecules to form imines (3Re), which could
be reduced to amines to raise the chemical stability
of linkage between WCF/MO NP hydrogel beads and
ARI18 molecules.

It is important to note that AR18 molecules could
easily penetrate into WCF/MO NP hydrogel beads
and build bonds with hydroxyl groups via complexa-
tion between the MO NP and the lone pair of elec-
trons of N/O electrostatic interaction or ion exchange
between anionic ARI18 molecules and protonated
groups. Additionally, the WCF/MO NP hydrogel
beads can be included reactive species at their active
sites, such as acid, bases, and nucleophiles. For exam-
ple, the H moieties and O™ on the surface of WCF/
MO NP hydrogel beads could serve as active acid
sites and nucleophilic sites for successfully adsorbed
AR18 dyes from an aqueous solution. Interestingly,
the sum of —OH groups of PVA and WCF have the
chance to be coupled with MO NP as confirmed from
FTIR result and created metal-ligand active sites
that are available to bind with dyes molecules which
finally results in enhanced AR18 sorption. Moreo-
ver, the couples —OH groups of PVA and WCF with
MO NP before participating it’s in the adsorption of
AR18 are not created an accessible site to interact
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Table 3 Comparison

. Adsorbent Isotherm Kinetic qm (AR18/g) Ref
between maximum
adsorption capacities WCF/PVAMONP  Langmuir PSO 88.65 This study
for AR18 removal from hydrogel beads
aqueous solution by variant Cobalt/carbon Langmuir PSO 42.5 Han et al. (2018)

adsorbents reported in the

literature Activated charcoal Freundlich PSO 10.752 Chaleshtori et al. (2017)
PSAC Langmuir PSO 34.247 Saratale et al. (2016)
ACW Langmuir PSO 30.3 Heibati et al. (2015b)
ACP Freundlich PFO 3.91 Heibati et al. (2015b)
MQAS-WB Langmuir PSO 20.61 Zhang et al. (2018)

with water molecules and thereby reducing moisture
sorption.

Some comments and suggestions from earlier
reported to hydrogel bead recovery

The adsorption capacity of the AR18 dyes by the
WCF/PVA MO NP hydrogel beads in this study was
remarkably higher than in reported studies, as shown
in Table 3. The as-prepared hydrogel beads indicate
multi and various functional groups that generated
appropriate bonds with dye molecules and WCF/
PVA MO NP hydrogel beads, suggesting a promis-
ing adsorbent for cleaning wastewater from cationic
pollutants.

Figure 10 shows the results after each cycle. The
removal efficiency of the first two cycles remains
high, which is 95.3% and 92.16%, respectively. After
the fifth cycle removal percentage reached 74.36%,
which was an excellent efficiency; after the fifth usage
of cellulosic adsorbent, the optimum condition was
considered. After the sixth cycle, the removal effi-
ciency was lower than 70% and decreased efficiency
as the number of cycles increased.

In this study, the WCF/PVA MO NP hydrogel
beads were recovered at least six recyclable cycles
under hydrochloric acid treatment, as can be seen in
Fig. 10. When the adsorption process reached equi-
librium, the volume of used acid that needed to be
reached a high regenerated adsorption capacity of
WCF/PVA MO NP hydrogel beads was exceeded
that that major experimental AR18 solution. How-
ever, it could be considered as a secondary pollut-
ant for the aqueous environment, no important what
type of eluents were carried out for desorption. This
condition is become worse for hydrogel beads due to

Effeciency (%)

Cycle1 Cycle2 Cycle3 Cycle4 Cycle5 Cycle6
Cycles

Fig. 10 Reusability of the WCF/PVA MO NP hydrogel beads
for AR18 removal

softly and super-hydrophobically properties. Hence,
in this study, an aqueous solution of HC1 0.1 N was
used to perform the desorption tests and then evalu-
ate the recovered adsorption capacity of the WCF/
PVA MO NP hydrogel beads under shaking at
250 rpm for 2 h. many reports widely evaluate the
recovery ability of hydrogel adsorbents but neglect-
ing the releasing of eluents into the environment
might be adverse effects during desorption experi-
ments (Re4). As prepared and developed, hydrogel
beads in this study demonstrated a high adsorption
capacity and can be tightly trapped the pollutant in
its body to reduce the potential risk to the environ-
ment, suggesting that minimizing the potential risk
to the environment was more important than that
high ability of recovery and regeneration.
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Conclusions

The development of novel hydrogel beads with 3D
polymer networks that PVA cross-links and then
boron and calcium mixed cross-linker agents and
MO NP distribution have been successfully pre-
pared. Considering their advantages, such as low
cost, non-toxicity, multifarious porous structure,
multitudinous active groups from Bronsted and
Lewis acid-sites to active metal-acid sites, bio-
compatibility, strongly mechanical features (which
ascribed to inherent good strength of WCF and their
interactions with cross-linking agents), and fast
equilibrium period of contact reaction time, it is not
surprising that these hydrogel beads have demon-
strated a rapid and high adsorption capacity and in
particular, their good adsorbing potential for AR18
molecules from aqueous solution. Accordingly,
the adsorption of AR18 on the surface of hydrogel
beads is significantly affected by pH, where ideal
adsorption occurs at pH 3. Introducing MO NP to
the WCF can enhance the characteristics and/or
functionalities of the prepared hydrogel beads and
mechanical strength or chemical stability. In addi-
tion, MO NP could introduce additional active
metal-acid sites and can even enhance the density
of functional groups at the interior/or exterior of
the hydrogel beads. The experimental data were fit-
ted well with Langmuir and pseudo-second-order
models. The spontaneous, exothermic, and chem-
osorption characteristics of the adsorption process
are confirmed based on negative values of AG® and
fitted experiments with Langmuir isotherm, respec-
tively. In conclusion, the hydrogel beads and their
prepared approach used in this study could also
serve as a cost-effective, recyclable, recovery capa-
bility, and stable polymer for developing advanced
adsorbent-based polymer and/or polymer-inorganic
composites with promising properties.
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