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To reclaim and utilize wastepaper (WP), a WP/acrylamide double-network hydrogel (WP/PAM) was prepared
to transform WP into efficient adsorbent for heavy metals and dye wastewater treatment. The structure and
properties of the WP/PAM were characterized systematically by scanning electron microscopy (SEM),
thermogravimetric analysis (TGA), swelling performance (SR), Fourier transform infrared spectrum (FTIR),
and X-ray photoelectron spectroscopy (XPS). Batch experiments showed that the adsorption process of
Cu() and MB followed the pseudo-second-order kinetic model and the Langmuir model. The maximum
adsorption capacities of the WP/PAM for Cu(i) and MB were 142.2 mg g~ and 1714.5 mg g~ respectively.

The adsorption mechanism of Cu(i) on the WP/PAM was related to ion exchange and complexation, while
Received 24th March 2021 MB adsorpti driven by hyd bonding and electrostatic interaction. Besides, the WP/PAM
Accepted 13th May 2021 adsorption was driven by hydrogen bonding and electrostatic interaction. Besides, the

performed well in treating simulated wastewater. The regeneration test indicated that the WP/PAM could

DOI-10.1039/d1ra02321g be successfully reused after 6 cycles. This work provided an alternative choice for the recycling of WP and
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1. Introduction

In the wake of development in urbanization and industrializa-
tion, wastewater with heavy metals or dye from different
industrial processes, such as printing, electroplating, and steel
manufacturing, has been released into the environment and
resulted in increasingly serious water pollution.”® Take dye
wastewater as an example, about 10-20% of dyes will be directly
released into water to form organic dye wastewater in the
process of dye production and use.* Meanwhile, some metallic
salts (e.g., Cu(u), Mn(u), Co(u), Ni(n)) are required as ingredients
for the synthesis of some metal complexing dyes and mordants
in the printing and dyeing processes, which is the reason that
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produced a potential adsorbent for the dye and heavy metals wastewater treatment.

printing and dyeing wastewater is usually accompanied by
heavy metal ions.> The heavy metal ions, which cannot be
collected or degraded,® would persist in the water environment,
eventually endangering human health.”® Among various
methods for treating heavy metal and dye wastewater, adsorp-
tion is widely used because of its simple operation and high
tolerance to toxic chemicals in water.>' But the relatively high
costs of adsorbents with high-efficiency cause an economic
burden to the practical application of adsorption." Hence, it is
necessary to continuously develop more efficient, stable, low-
cost, and environmentally compatible adsorbents.

Wastepaper (WP) as the main component of municipal waste
had caused considerable environmental problems.” In the
process of developing and utilizing WP, some scholars found
the pure WP could be converted into adsorbents to remove
pollutants, but the adsorption capacity was unsatisfactory.*>**
Furthermore, polyamides™ and chitosan® were adopted to
combine with WP to improve the performance for the elimi-
nation of heavy metal ions. Whereas, the application of these
composites was still limited in water pollution remediation due
to their relatively low adsorption capacity, long preparation
time, and complex preparation methods. To overcome the
drawback, WP-based composites with better adsorption ability
should be further studied and improved.

Double-network polymer hydrogel with two independent
network structures retains the advantage of traditional
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hydrogels that rich in buried water,'® and superior mechanical
properties that cause less prone to collapse than conventional
hydrogels.” It is also easy to prepare, and its monomers are
widely available. So far, there are some double-network hydro-
gels using natural polymer (e.g., cotton cloth,* rice husk,' and
straw?’) as monomers have been prepared. They possess good
potential application value in the adsorption material, because
of their low cost, simple production, and excellent removal
effect for heavy metals. WP is the most common and easily
available natural polymer in our daily life. Nevertheless, there
are few double-network hydrogels prepared by WP as monomer,
not to mention the report about its application in wastewater
treatment.

In this study, acrylamide (AM), which has the advantages of
rapid gelation through polymerization and cross-linking reac-
tion, was selected as another layer of the network to prepare
double-network hydrogel based on the WP cellulose network. It
was expected that the WP/acrylamide composite (WP/PAM)
could achieve the characteristics of rich active functional
groups, three-dimensional porous structure, large exposure of
adsorption sites, and high removal rate of heavy metals and
dyes in wastewater. The specific objectives were as follows: (1)
synthesizing and comparing the WP/PAM with different WP
content; (2) evaluating the adsorption performance of the WP/
PAM on Cu(u) and MB through batch experiments in the
single and binary system; (3) characterizing the properties of the
WP/PAM and clarifying the mechanism of the WP/PAM hydro-
gel adsorption for contaminants removal.

2. Material and methods
2.1 Materials

WP was mainly collected from common white print paper dis-
carded in the laboratory. The WP was first immersed with
glacial acetic acid (AR, 99.5%) for 0.5 h to remove impurities on
the surface (environmental temperature: >20 °C), until the WP
surface was clean and free of impurities. The WP pretreated by
glacial acetic acid was took out and cleaned it with pure water
for several times until the pH of the cleaning water was neutral.
Then, the WP was torn into uniform pieces of about 5 mm x
5 mm after natural drying for 48 h, and put the WP pieces into
a self-sealing bag and kept it in an electronic constant
temperature moisture-proof box (AD-50S ANDBON, China) for
further use. The reagents mainly include urea (AR), sodium
hydroxide (NaOH, AR), acrylamide (AM, AR), epichlorohydrin
(ECH, AR), potassium persulfate (KPS, AR), tetramethylethyle-
nediamine (TEMED, AR), N,N-methylenebisacrylamide (MBA,
AR), etc. All chemical reagents were supplied by Sinopharm
Chemical Reagent Co, Ltd. (China). In addition, all the solu-
tions involved in this work were prepared with deionized water
(18.25 MQ cm).

2.2 Preparation of WP/PAM

The preparation of cellulose solvent according to Zhang's
work:** NaOH/urea aqueous solution with a mass ratio of 7 : 12
was prepared and pre-cooled at 0 °C for 1 h.
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The brief preparation process was shown in Fig. S1.1 Here
were the details: different quantities (1, 2, 3, and 4 g) of pre-
treated WP were immediately added into the NaOH/urea
aqueous solution with stirring strongly for 5 min to result
viscous WP solution with mass fraction of 1 wt%, 2 wt%, 3 wt%,
and 4 wt%. Afterwards, 6 mL cellulose solution was mixed with
2 mL AM solution (0.014 mol), then 0.0484 g MBA (crosslinking
agent for AM), 0.3 mL ECH (crosslinking agent for WP), 0.0272 g
KPS (initiator for AM), and 0.1 mL TEMED (catalyst) were added
successively. After mixing evenly, the resulting mixture was
poured into a glass culture dish immediately and covered with
the 9 cm Petri dish cover, then reacted at 60 °C for 2 h to form
hydrogel. The thickness of the product was about 1 mm. Finally,
the resulting hydrogel was divided into uniform pieces with
a knife, washed alternately with deionized water and anhydrous
ethanol until the pH was neutral, then kept at 60 °C for 24 h in
a vacuum oven to gain the dried WP/PAM. To be clear, WP/PAM
prepared from 1 wt% WP solution was defined as the 1 wt% WP/
PAM, the same is true for preparation of the 2, 3, and 4 wt% WP/
PAM. The prepared WP/PAM were sealed into self-sealing bags
and stored in an electronic moisture-proof box (AD-50S AND-
BON, China) for further use. The cost analysis was given in ESI
(ESI, Text S1).1

In order to obtain the hydrogel based on WP with the best
adsorption performance for Cu(u) and MB, the effect of WP
content (1, 2, 3, and 4 wt%) on the adsorption behavior was
investigated by comparison.

2.3 Characterization of WP/PAM

Put a certain amount of dry hydrogel into deionized water until
the swelling equilibrium was reached. Wiped the surface water
of the wet hydrogel with filter paper, then weighed it. The
swelling ratio (SR) of the WP/PAM was calculated by the
following eqn (1):*?

mp —my

SR = (1)

my
where m, and m, (g) were the weight of dried and swollen
samples, respectively.

The porosity of the WP/PAM was measured by liquid
replacement method.” First, the dried WP/PAM was weighed,
then immersed in ethanol solution for 24 h, and the saturated
WP/PAM was weighed again after the removal of the excess
ethanol. The porosity (%) of the WP/PAM was calculated by the
following eqn (2):

. mp—my )
Porosity = v x 100% (2)
where m, (g) were the weight of the WP/PAM after immersion in
ethanol, p was the density of ethanol and V was the volume of
the WP/PAM.

The morphology was analyzed by scanning electron micro-
scope (SEM, JEOL JEM-2100F, Japan). The thermogravimetric
analysis (TGA, TGA5500, USA) was carried out using a ther-
mogravimetric analyzer in a nitrogen atmosphere, with
temperatures ranging from room temperature to 600 °C and
a heating rate of 10 °C min~". The isoelectric point of the WP/

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PAM pH value (pHpzc) was analyzed via ApH drift (see in Text
S27).'® The WP/PAM were analyzed before and after Cu(u) and
MB adsorption by the Fourier transform infrared spectrum
(FTIR, Bruker Vertex 70, Germany) in the wavenumber range of
400 to 4000 cm ™" and an X-ray photoelectron spectroscopy (XPS,
ThermoFischer ESCALAB Xi+, USA). The change in performance
of the WP/PAM after storage was measured by comparing the
removal efficiency of Cu(ir) and MB by the WP/PAM after storing
16 months.

2.4 Batch adsorption experiments

Dissolving 3.8020 g Cu(NOs), - 3H,O (AR) in a 1000 mL volumetric
flask to obtain the Cu(n) stock solution (1000 mg L) and the
required Cu(u) concentration through appropriate dilution of the
stock solution. MB was directly dissolved in different concen-
trations of deionized water to prepare MB solution. In this work,
the concentration of Cu(un) and MB were measured by an atomic
absorbance spectrometer (ASAP 2020 Plus, Micromeritics) and
a UV-2550 spectrophotometer (AOE, China) at 664 nm, respec-
tively. The adsorption capacity at equilibrium (Q., mg g~ ") was
calculated by the following eqn (3):

Qe = V(CO - Ce)/m (3)

where V (L) and m (g) represented the volume of the adsorbate
solution and the dosage of the WP/PAM, respectively. C. and C,
(mg L") were the equilibrium concentration and initial
concentration of adsorbate, respectively.

In batch experiments, conical flask containing 50 mL Cu(i)
or MB solution oscillated at 170 rpm under the required
conditions. The adsorbent dose (0.25-1.5 g L™"), pH (2-6 for
Cu(n); 2-9 for MB), contact time (0-180 min), and initial
concentration (0-2000 mg L™ " for Cu(m);>* 400-2000 mg L™ for
MB) on the adsorption process were investigated. The pH was
adjusted by 0.1 M HNO; and 0.1 M NaOH.

The competition effect between Cu(u) and MB was tested in
two systems. In one of the systems, the effect of MB concen-
tration (0-200 mg L") on the adsorption capacity of the WP/
PAM on Cu(n) was investigated when the concentration of
Cu(i) was 40-100 mg L™". In the other system, the effect of Cu(m)
concentration (0-100 mg L") on the adsorption capacity of the
WP/PAM on MB was investigated when the concentration of MB
was 400-700 mg L™,

The amount of adsorbent used in this work represented the
amount of dry hydrogel. The dry hydrogel was weighed quan-
titatively and put into deionized water for full swelling before
adsorption. The thickness of the swollen hydrogel was about 2
mm. All the experiments were performed in triplicate.

2.5 Desorption and regeneration of the WP/PAM

To assess the regeneration of the WP/PAM in Cu(u) and MB
adsorption-desorption process, the used WP/PAM were eluted
and regenerated with 1.0 M HCI solution and 0.1 M NaOH
solution, respectively. Firstly, the WP/PAM after adsorption of
Cu(u) and MB was separated from the supernatant by filtration,
then 50 mL 1.0 M HCI solution was added and the desorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was completed by shaking at 170 rpm for 3 h. Afterwards, the
WP/PAM was placed in 50 mL 0.1 M NaOH solution for 3 h for
activation treatment. Finally, the material was washed with
deionized water to neutral and left to use. The cyclic adsorption
of Cu(u) and MB on the regenerated material was investigated
under the original experimental conditions.

The desorption efficiency (ngq, eqn (4)) and the cyclic
adsorption capacity (7., eqn (5)) were calculated by follows:

na (%) = (Qu/Qc) x 100% (4)
Ne (0 ”) = Qe(n)/Qe(nfl) x 100% [5)

where Qq (mg g~ ') was the maximum amount of Cu(u) or MB
desorbed by the WP/PAM, n was number of cycles.

2.6 Simulated printing and dyeing wastewater treatment

A series of simulated wastewater samples were prepared
respectively by the deionized water, the tap water from the
laboratory, and the Xiangjiang River water (Fig. S2, Changsha,
Hunan province, China) with the addition of MB and some
common metallic salt mordants (CuSO, (AR), CoCl, (AR), MnCl,
(AR), and NiCl, (AR)). Captured by 3 g L™' WP/PAM, the MB
concentration was monitored on a UV-2550 spectrophotometer
by full-spectrum detection, and the heavy metals concentrations
were analyzed by an inductively coupled plasma-mass spec-
trometry (ICP-MS7700, Agilent Technologies, USA) after
digestion.

3. Results and discussion
3.1 Effect of WP content

The adsorption capacities of the WP/PAM prepared with
different WP contents on Cu(u) and MB were shown in Fig. S3.}
When the WP content increased from 1 wt% to 2 wt%, the Q.
value for Cu(n) on the WP/PAM increased from 107.1 mg g~ ' to
121.6 mg g~ " and the Q. value for MB increased from 942.9 mg
¢ ' t0 958.4 mg g~ . The increase of WP content brought more
hydroxyl groups resulted in the enhancement of the interaction
between the WP/PAM and the adsorbate molecules.?® However,
as higher WP contents the decreasing on the adsorption was
observed, by reason that larger number of WP fiber blocked part
of the pore network and limited the molecular diffusion and
transfer of pollutants,”® in agreement with what was shown in
Fig. S41 and the measured WP/PAM porosity (Table S1t). As
shown in Fig. S4(a)-(d),T with the increase of WP content, it was
obvious that the cellulose composition in the prepared WP/PAM
increased in the prepared WP/PAM. Under the irradiation of
SEM (Fig. S4(e)-(h)t), the changes of pores in the WP/PAM was
more visually seen. When the WP content increased, the pore
size became smaller and the laminated waste paper fiber
structure began to appear at a WP content of 3 wt%. It can also
be seen from Table S17} that with the increase of WP content, the
porosity of the WP/PAM increased at first and then decreased.
Among them, the porosity of 2 wt% WP/PAM was the highest
(98.1%), which further explained why 2 wt% WP/PAM had the
best adsorption performance. Moreover, the p-values (1.51 X
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10" for Cu(m) and 0.00508 for MB) < 0.05 also revealed that the
WP content in the WP/PAM had a significant difference in the
adsorption effect of Cu(u) and MB. Consequently, the 2 wt%
WP/PAM was taken as the optimal ratio to carry out the
following experiment.

3.2 Characterization of 2 wt% WP/PAM

The SEM of 2 wt% WP/PAM was depicted in Fig. 1(a). It was
obvious that the freeze-dried WP/PAM presented a 3D porous
network structure cross-linked by bundles of paper fibers and

> ;
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SEM HV: 20.0 kV WD: 27.40 m

SEM MAG: 200 x Det: SE 200 ym

(©)
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PAM. The chemical crosslinking network effectively exposed
a large number of active sites, promoting the mass transfer of
Cu(n) and MB and enabled the removal of contaminants. The
EDS result (Fig. 1(b)) further revealed that the synthetic material
contained not only the characteristic elements of WP solution
such as C, O, and Na, but also N elements peculiar to PAM,
which confirmed the successful composite of WP and AM. The
specific surface area and porous ratio of the WP/PAM were given
in Table S21 and discussed in ESI (Text S3).T

Element
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Fig.1 The (a) SEM, (b) EDS, (c) SR, (d) TGA, (e) FTIR of the 2 wt% WP/PAM.
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Fig.2 (a) Effect of pH (b) zeta potential of the WP/PAM at different pH values. (dosagecyu: 0.7 g L™, dosageps): 0.4 g L% Corcuqy: 100 mg L7,

Comp): 600 mg L~% 180 min; temperature: 25 °C).

The swelling curve of the WP/PAM was observed in Fig. 1(c).
The swelling equilibrium was reached within 30 min and SR
was 66.75, which evinced excellent water absorption perfor-
mance compared with other hydrogels.”””® The excellent
swelling properties of the WP/PAM would account for the loose
double-network structure and rich hydrophilic groups such as
hydroxyl groups.” Besides, amine groups on the PAM network
were also reported as potential hydrogen bonds, which made
hydrogel more likely to absorb abundant water in a short time,
could facilitate the contaminants to enter into the hydrogel and
be adsorbed.*

Thermal characteristics of the prepared 2 wt% WP/PAM were
presented in Fig. 1(d). Based on the TG-DTG curve, the degra-
dation of the WP/PAM could be divided roughly into two main
stages. At first, when the temperature was below 200 °C, there
was a 22.345% weight loss because of the loss of water in the
WP/PAM.** Then the WP/PAM lost 40.280% weight in the
second stage, part of which corresponded to the pyrolysis of
oxygen-containing groups (e.g., carboxyl and epoxy groups) and
the release of CO,, CO, and steam when the temperature rose
from 200 °C to 407.72 °C.”” when the temperature was greater

140
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& L
40
20 - - - Pseudo-first-order model
[ Pseudo-second-order-model
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1 1 1 1 1 1 1 1 1 1
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Fig. 3 The pseudo-first-order (a), and the pseudo-second-order
(dosage(cu):0.7 g L, dosages:0.4 g L; Corcupy: 100 mg L™, Come):
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than 407.72 °C, the thermal cracking of cellulose and PAM
network structure of the WP/PAM would account for the further
weight loss.** In addition, it could be seen from Fig. 1(d) that the
WP/PAM behaved steadily at the temperature required in this
experiment (15-35 °C).

As depicted in Fig. 1(e), there were the characteristic peaks of
paper fiber network'*** and PAM network:**** the bands at 3613
and 3176 cm ™! was defined as the stretching vibration of ~OH;
the C-O-H and C-O-C stretching vibration appeared at 1454
and 1320 cm ™, respectively; the bands at 1171 and 1115 cm ™"
related to sugar structure was attributed to C-O stretching
vibration. The absorption peaks at 1681, 1565, and 1405 cm ™~ *
were ascribed to the C=0 of amide stretching vibration peak,
the N-H bending vibration, and the C-N stretching vibration,
respectively. For the WP/PAM, all the above characteristic
absorption peaks of paper fiber and PAM could be clearly
observed, proving that the grafting copolymerization reaction
was successful.

XPS analysis about the WP/PAM was discussed in Section
3.4.1 XPS spectra.

1600
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400
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(b) kinetic models of Cu() and MB adsorption on the WP/PAM
600 mg L% 180 min; temperature: 25 °C).
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In order to verify the performance of the WP/PAM stored in
an electronic moisture-proof box, the adsorption capacity of the
WP/PAM stored after 16 months on Cu(u) and MB was
compared, and the results were shown in Table S3.7 As could be
seen from Table S3,} the adsorption property of the WP/PAM for
Cu(n) and MB still retained more than 98.5% after 16 months of
storage.

3.3 Adsorption of Cu(u) and MB by 2 wt% WP/PAM

3.3.1 Effect of adsorbent dosage. It was conducive to
obtaining the balance between removal efficiency and material
cost to study the effect of adsorbent dosage. As shown in
Fig. S5,T the removal rate of the WP/PAM on 100 mg L' Cu(n)
gradually increased to 100% with the increase of the WP/PAM
dosage from 0.25 to 0.75 g L™ '. Moreover, the 500 mg L™ * MB
had been completely removed even when the dosage was only
0.5 g L™". These proved the WP/PAM had an excellent and
efficient ability to remove pollutants. However, as the WP/PAM
dosage continued to increase, there will be more idle adsorption
sites which reduced the adsorption capacity of per unit mass of
the WP/PAM for Cu(u) and MB.* Based on revenue maximiza-
tion and convenience, 0.7 ¢ L' and 0.4 g L™ " were selected as
the optimal dosage for Cu(u) and MB, respectively.

3.3.2 Effect of pH. As reported, the pH of most wastewater
containing heavy metals is extremely acid, and the pH of the
solution could affect the form of pollutants in the solution and
the charge transferred on the interface of the pollutant/
adsorbent, thus affecting the removal efficiency.***” To facili-
tate the better function of the WP/PAM, the wastewater needs to
be adjusted to an appropriate pH before the adsorption reac-
tion. Therefore, it is necessary to explore the optimal pH value
for the adsorption reaction. Fig. 2(a) illustrated that the
adsorption efficiency of the WP/PAM on Cu(u) and MB depen-
ded on pH.

When the solution pH was 2, the removal of Cu(u) and MB by
the WP/PAM was not ideal. It might be due to the positive
charge on the surface of WP/PAM (Fig. 2(b)), which enhanced
the positive charge characteristics of the surface, resulting in
the electrostatic repulsion to Cu(u) and cationic dyes (MB) with
positive charge.*® Besides, the solution contained abundant H"
could compete with pollutants for adsorption sites, resulting in
weak adsorption of pollutants by the WP/PAM at this pH.*
Simultaneously, low pH condition reduced the swelling ability
of the WP/PAM, led to less removal of pollutants by the hydro-
gel.> When pH increased to 3-6 < pH,,. = 7.35, the surface of
the WP/PAM was still positively charged (Fig. 2(b)), but the
adsorption efficiency increased rapidly until it reached satura-
tion state. It indicated that electrostatic interaction was not the
main adsorption mechanism. As the pH continued to rise, the
removal of MB by the WP/PAM would not be affected, and
reversely, the precipitation of Cu(u) would affect the adsorp-
tion.*® Therefore, the WP/PAM had acceptable removal capac-
ities on Cu(u) and MB under pH 3-6 and pH 3-9, respectively.
For convenience, most experiments in this work were per-
formed without adjusting the pH of the pollutant solution.
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Table 1 The kinetic constants of Cu(i) and MB adsorption on the WP/
PAM

Model Parameters Cu(u) MB
Pseudo-first-order Ky (min™1) 0.1103 0.0521

Qe ca1 (mg g™ 121.2 1437.1

R 0.9600 0.9873
Pseudo-second-order K, (g mg~ ' min~') 1.217 x 10~> 3.875 x 10>

Qe ca (mg g™ 132.2 1653.6

R 0.9944 0.9980

3.3.3 Adsorption kinetic. Adsorption kinetics was often
employed to describe the adsorption process and to assess the
efficiency of the WP/PAM. As depicted in Fig. 3(a) and (b), the
WP/PAM showed fast adsorption efficiency on Cu(u) and MB,
which all reached 50% in just 15 min and then reached equi-
librium in about 60 min. The high water-absorption and
permeability of the WP/PAM were conducive to the diffusion
and adsorption of pollutants, which would account for the rapid
adsorption phenomenon.® In order to further explore the
adsorption behavior of the WP/PAM for Cu(u) and MB, pseudo-
first-order (eqn (6)), and pseudo-second-order (eqn (7))'**'were
respectively employed to fit the adsorption process of the WP/
PAM on Cu(u) and MB. The fitting curves were exhibited in
Fig. 3(a), (b), and (c), the correlation coefficient (R*) and fitting
parameters were given in Table 1.

r= 0l — X (6)
K07t
Qt - HTzQel (7)

where Q, (mg g~ ') was the adsorption capacity of the WP/PAM
on Cu(n) and MB at reaction time ¢ The K; (min™"), and K, (g
mg~ " min~") were the adsorption equilibrium rate constants of
the pseudo-first-order, and pseudo-second-order model,
respectively.

Obviously, the higher R* value (R* > 0.99) in the pseudo-
second-order model evinced that the adsorption behavior of
the WP/PAM on Cu(un) and MB was related to chemical
adsorption.* The K, < 1 indicated that the reaction between the
WP/PAM and Cu(u) and MB were rapid.* Besides, the Q. values
obtained by the pseudo-second-order model were 132.2 mg g~ *
for Cu(un) and 1653.6 mg g~ ' for MB, respectively, which were
near to the experimental values (139.5 mg g~ ' for Cu(u) and
1705.5 mg g~ ' for MB).

3.3.4 Adsorption isotherm. Studying the adsorption
isotherm could evaluate the surface properties and adsorption
properties of the WP/PAM and understand the adsorption
mechanism better. The curves fitted according to isothermal
models were exhibited in Fig. 4," and relevant parameters were
provided in Table 2.

The Langmuir model:

Qe = QmKLCe/(l + KLCe) (8)

The Freundlich model:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The isotherm constants of Cu(i) and MB adsorption on the WP/PAM

Cu(u) MB
— Model Parameters 15°C 25°C 35°C 15 °C 25°C 35°C
-
Langmuir parameters Om (mgg™ 130.4 142.2 145.3 1677.7 1714.5 1734.9
K (L mgfl] 0.1356 0.1767 0.4046 1.3847 0.9662 2.0530
R? 0.9849 0.9935 0.9949 0.9979 0.9662 0.9708
Freundlich parameters Ky (mgg™) 88.1 99.2 108.1 1533.3 1593.4 1621.3
n 17.11 18.32 21.16 72.31 79.24 78.56
Ry® 0.5807 0.5816 0.5761 0.8141 0.7617 0.9014
Dubinin-Radushkevich parameters Om (mgg™) 126.4 138.6 143.3 1672.6 1707.4 1730.5
E (K molfl) 20.88 24.35 25.98 10.20 8.573 15.90
R’ 0.9923 0.9197 0.9649 0.9300 0.9891 0.9064

0. = KpC,'" (9) where Qy, (mgg™ ') and C. (mg L") were the maximum capacity
and the equilibrium concentration of pollutants, respectively.
The D-R model: Ky (L mg™), Kr (mg g "), n, and Kpr (mol®> k] %) were the
Langmuir constant, the Freundlich constants and the Dubinin-
In Qc = In O — Kpre® (10)  Radushkevich constant, respectively. R = 8.314 (Jmol " K™'), T
(K) represented the temperature and E (k] mol™ ') was the free
e = RTIn(1 + 1/C,) (11) .

energy of the reaction.

E—=1 / V2Kpr (12) As displayed in the Fig. 4(a) and (b), when Co(cy(m) and Coqus)

© 2021 The Author(s). Published by the Royal Society of Chemistry

raised, the Q. increased and moved towards a plateau eventu-
ally, illustrating that increasing the C, of the pollutant was

RSC Adv, 2021, 11, 18131-18143 | 18137
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Table 3 Comparison of removal of Cu(i) and MB by cellulose based hydrogels

Qm (mg g ")
Cellulose based hydrogel Solution conditions Cu(u) MB Ref.
Cotton 25°C,6 h 138.9 18
Microcrystalline cellulose powder Room temperature, 8 h 52.3 30
Eucalyptus wood 30°C,4h 16.7 46
Carboxymethyl cellulose 25°C,24 h 357-526 35
Bagasse 25 °C 37.2 47
Sugarcane bagasse 30°C,pH =9 632.9 48
Pineapple peel 30 °C 172.4 27
WP 25°C,3 h 142.2 1714.5 This study

conducive to improving the driving force of the solid-liquid
interface (ie., ion exchange, electrostatic interaction, and
chemical association) until the adsorption reached saturation.**
Comparing the R* under three temperatures, it was noticeable
that the systems of the WP/PAM adsorption for Cu(u) and MB
followed the Langmuir model. It meant that only monolayer
adsorption occurred on the WP/PAM, once a molecule was
adsorbed, the adsorption site became unusable.** What's more,
the E value of Cu(u) adsorption process calculated in D-R model
was 20.88-25.98 k] mol™" beyond the E range of chemical
interaction (8-16 k] mol ") (Fig. 4(c) and (d)), suggesting that
the WP/PAM had physical interaction with Cu(u) in addition to
chemical interaction.*

The Q,, values obtained by the Langmuir model at 25 °C were
142.2 mg g~ for Cu(n) and 1714.5 mg g~ " for MB, respectively,
which were near to the experimental values (139.5 mg g~ for
Cu(n) and 1705.5 mg g ' for MB). Furthermore, higher
temperature was conducive to the improvement of Q. It might
illustrate that the adsorption of the WP/PAM with Cu(un) and MB
were endothermic reaction and the affinity of the WP/PAM for
Cu(un) and MB were reinforced at higher temperatures. To
revealing excellent adsorption capacity of the WP/PAM more

Fig. 5

18138 | RSC Adv, 2021, 11, 18131-18143

intuitionally, the comparison of the adsorption capacity of the
WP/PAM and other cellulose-based hydrogels on Cu(ir) and MB
was listed in Table 3.

3.3.5 Competitive effect between Cu(n) and MB. Cu(u)
usually existed together with MB as a mordant in printing and
dyeing wastewater,® so it was necessary to discuss the compe-
tition effect between Cu(n) and MB in a single and binary
system. As depicted in Fig. 5(a) and (b), it was noticeable that
when the concentration of one adsorbate increased in binary
solution, the Q. of another adsorbate gradually decreased
compared with that in the single system which show in Fig. 5(a)
and (b) for Cu(u) and MB, respectively. The results verified that
Cu(u) and MB would compete for the same active site of the WP/
PAM in the binary system, resulting in insufficient effective
adsorption sites for Cu(u) and MB.* From the details in the
Fig. 5(a), the Q. of Cu(u) decreased slightly when MB concen-
tration increased. As the Cocu(m) was 100 mg L%, the Q. value of
Cu(u) decreased from 142.9 to 110.5 and then decreased to
102.1 mg g " with Cypup) increased from 0 mg L' to 100 mg L™
and then increased to 200 mg L™, respectively. Whereas, while
the Co(cum) raised from 0 to 50 mg L' and then raised from 50
to 100 mg L™ " in the solution containing 700 mg L™" MB, the

The adsorption capacity of (a) Cu(i) and (b) MB in single and binary systems (dosage:0.7 g L™%; 180 min; temperature: 25 °C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 XPS spectra of (a) the WP/PAM before and after Cu(i) and MB adsorption, (b) Cu 2p, (c) S 2p, (d) N 1s and (e) O 1s.

loss of Q. (for MB) on the WP/PAM were 29% and 52%,
respectively (Fig. 5(b)). Compared with the fact that there was
a slight loss of Cu(u) removal when the concentration of MB
increased, the 29% and 52% loss of MB removal indicated that
Cu() was more inclined to adsorb on the WP/PAM than MB in
the binary system.

3.4 Adsorption mechanism

3.4.1 XPS spectra. XPS characterization of the WP/PAM was
performed before and after Cu(u) and MB adsorption to further

© 2021 The Author(s). Published by the Royal Society of Chemistry

clarify the interaction mechanism between adsorbate and the
WP/PAM and the results were placed in Fig. 6. After adsorption,
Cu 2p (Fig. 6(b), Cu 2p;»: 952.72 eV and Cu 2p;,: 933.37 eV) and
S 2p (Fig. 6(c), 164.18 eV) characteristic peaks appeared on the
wide scan XPS of the WP/PAM (Fig. 6(a)),*”*® indicating Cu(u)
and MB were successfully captured by the WP/PAM. It could be
further seen from Table 4 that the Na element could not be
detected on the WP/PAM after Cu(u) adsorption, certified that
the WP/PAM had ion exchange with Cu(n).** Besides, the
increased relative content of the N element in the WP/PAM after

RSC Adv, 2021, 11, 18131-18143 | 18139
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Table 4 The element content ratio (%) of the WP/PAM before and
after Cu(n) and MB adsorption

C O N Na Cu S
WP/PAM 60.39 27.98 6.95 4.68 — —
WP/PAM-Cu 66.65 25.05 6.57 — 1.73 —
WP/PAM-MB 69.24 18.51 9.44 0.80 — 2.01

the adsorption of MB was observed because of the N in the MB
constituent element, which equally confirmed the successful
adsorption of MB on the WP/PAM.>>%

Refer to N 1s (Fig. 6(d)), there was no significant change in
the binding energy between the WP/PAM (399.49 eV) and the
WP/PAM-Cu (399.54 eV), showed that the nitrogen containing
functional group did not participate in the Cu(u) adsorption
process.** This was due to the fact that the lone pair electrons of
nitrogen atoms in the amide group were occupied and could not
be contributed to adsorbate.’ While the binding energy of the
WP/PAM-MB decreased slightly from 399.49 eV to 399.24 eV,
indicating that the WP/PAM had electrostatic interaction with N
element in MB, increasing the density of the nearby electron
cloud.*>*

The O 1s of the WP/PAM (Fig. 6(e)) could fit three peaks with
binding energies of 532.71, 531.50, and 530.95 €V, contributed
to C-O-H, C-0O-C, and C=0, respectively.>>*® After reacted with
Cu(u), the binding energy of C-O-H and C=O0 had an increase
from 532.71 eV to 533.06 and 530.95 to 531.42 eV, respectively. It
was an indication that the density of the electron cloud around
the O atom in C-O-H and C=O reduced. The phenomenon
enabled Cu(n) and oxygen-containing functional groups to form
Cu-O through complexation reaction.** As for the WP/PAM-MB,
the C-O-H peak originally located at 532.71 eV had moved to
a higher binding energy (532.81 eV), demonstrating that C-O-H
was involved in the MB adsorption, which was in accordance
with the results reported previously.”” Combined with the
analysis of N 1s, it was reasonable to conclude that it was the
C-O-H in the WP/PAM had electrostatic interaction with N in
MB.*® As a result, XPS results revealed that the adsorption
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mechanism of the WP/PAM for Cu(un) mainly involved
complexation and ion exchange, and the adsorption process for
MB was mainly controlled by electrostatic interaction, which
were consistent with the results®>®

3.4.2 FTIR spectra. Compared with the WP/PAM (Fig. 7(a)),
the C-O-H, C-O-C, and C-O stretching vibration were weak-
ened after Cu(u) absorption, indicating that the cellulose
network was involved in the adsorption process.*® Moreover,
a new absorption band was observed at 1603 cm ', suggested
that the oxygen-containing functional group on the WP/PAM
formed a bridge carboxylate with Cu(u).** The C=O at
1681 cm ™! was shifted to 1669 cm ™', which could be attributed
to the formation of complexes between carboxyl groups in
surface and Cu(u) in the solution.*”” These revealed that the
Cu(n) adsorption process on the WP/PAM involved complexa-
tion,*” which was in accordance with the XPS analysis.

In the case of MB, new peaks appeared at 1338, 1219, 1173,
1133, and 881 cm ™', pertain to the C-N, AR-N, C=S, C-S con-
nected to the benzene ring, and C-H near the benzene ring,
respectively.®>* After reacting with MB, the C-N on the WP/PAM
was shifted from 1405 to 1396 cm™*, which was consistent with
previous studies.®® It was reported that MB is a cationic dye,
which could utilize the N atom of the C-N group and S atom of
the C-S group as hydrogen bond acceptor to form an intermo-
lecular hydrogen bond with H atom of the hydroxyl in the WP/
PAM.**® The C=O0 at 1681 cm ™" was shifted to 1669 cm ™" after
adsorption, which was caused by the reaction between nega-
tively charged groups in the composite matrix with the unsat-
urated dimethylamine groups of MB and the formation of
hydrogen bonds according to Gomes et al.** and Abdel et al.*”

Fig. 8 provided a brief illustration of the adsorption
mechanism.

3.5 Desorption and regeneration of the WP/PAM

The reusability of the WP/PAM was also an important index to
evaluate the material practicability. It could be seen in Fig. S6
and Table S41 that the WP/PAM hydrogel presented good stable
adsorption performance and reusability. After 6 adsorption—
desorption cycles, the loss of removal rate of the WP/PAM for

Transmittances (%)

1250

1000 750

Wavenumbers (cm™)

Fig. 7 FTIR spectra of the WP/PAM (a) before, (b) after Cu(i) and (c) after MB adsorption.

18140 | RSC Adv, 2021, 11, 18131-18143

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra02321g

Open Access Article. Published on 19 May 2021. Downloaded on 4/1/2026 10:34:32 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Adsorption
H
WP A/ PAM chains
segment V= /
)V OH
o A WP chains

m

PAM
segment

Fig. 8 Adsorption mechanism of the WP/PAM on Cu(i) and MB.

——» Complexation

Cun@ MB FLLLrY

w Electrostaticinteraction
wi Hydrogen bonding

Ion exchange o

View Article Online

RSC Advances

Table 5 Parameters before and after manipulation of printing and dyeing wastewater prepared by deionized water, tap water, Xiangjiang river

Sample prepared by Sample prepared by tap Sample prepared by
deionized water water Xiangjiang river
Parameters Before After Before After Before After
pH 4.64 7.46 5.51 7.63 5.40 7.18
Pollutants (mg L) MB 505.35 3.85 495.45 5.40 491.28 5.12
Cu(u) 125.60 0.45 114.78 0.45 115.55 0.45
Cof(u) 54.67 0.16 51.92 0.17 57.36 0.15
Mn () 35.84 0.33 35.09 0.27 34.84 0.28
Ni(n) 20.07 0.73 22.89 0.74 22.35 0.83

Cu(u) could be negligible, while the adsorption and removal rate
of MB could still reach more than 82% with high concentration
(600 mg L~ "). Additionally, the WP/PAM could be separated
directly from wastewater by natural settling. The recovery
method with easy to operation and low loss presented a great
potential of the WP/PAM in wastewater treatment.

3.6 Treatment of simulated printing and dyeing wastewater

The parameters of simulated wastewater before and after
treatment were summarized in Table 5. The pH of the simulated
printing and dyeing wastewater were acidic, because the metal
salts (i.e., CuSO,4, CoCl,, MnCl, and NiCl,) added to the simu-
lated wastewater belong to strong acid and weak base salts.
When they dissolved in water, hydrolysis occurred to generate
weak electrolyte hydroxides and H', resulting in acidic solution.
The reason why the pH of the treated simulated wastewater
reached neutral was that due to the adsorption of WP/PAM, and
the corresponding hydrolytic equilibrium shifted, resulting in
the decrease of H' in the solution. Therefore, the pH of the
solution increased after the WP/PAM reacted with metal ions.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Furthermore, captured by 3 g L' WP/PAM, the ion concentra-
tions of wastewater were basically lower than the limit of
industrial wastewater discharged in China (Cu(u): 0.5 mg L™,
Co(n): 1.0 mg L™, Ni(u): 1.0 mg L™" and Mn(n): 2.0 mg L™ 1).
After the treatment, incineration and landfill were considered
as the disposal methods of the adsorbed WP/PAM. In general,
the WP/PAM showed good potential for treating MB industrial
wastewater containing heavy metal ions.

4. Conclusions and outlook

In this study, the double-network hydrogel based on WP cellu-
lose was successfully synthesized, which could effectively
remove Cu(un) and MB. The WP/PAM presented a 3D porous
network structure cross-linked by bundles of paper fibers and
PAM, which effectively exposed a large number of active
adsorption sites. In addition, the WP/PAM had excellent
swelling properties (SR = 66.75), which promoted the mass
transfer of Cu(u) and MB on the WP/PAM. The excellent struc-
tural properties of the WP/PAM played a favorable role in the

RSC Adv, 2021, 11, 18131-18143 | 18141
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adsorption of Cu(u) and MB. Batch experiments showed that the
adsorption process of Cu(u) and MB was more consistent with
the pseudo-second-order kinetic model and the Langmuir
model. At 25 °C, the maximum adsorption capacities of the WP/
PAM for Cu(n) and MB obtained by Langmuir model fitting were
142.2 mg g ' and 1714.5 mg g~ ', respectively. The competitive
adsorption experiments between Cu(u) and MB showed that
Cu(u) was more inclined to adsorb on the WP/PAM than MB.
The adsorption mechanism analysis results indicated that the
adsorption mechanism mainly included ion exchange,
complexation for Cu(u), while electrostatic interaction and
hydrogen bonding for MB. Besides, the WP/PAM can effectively
handle simulated wastewater containing Cu(u) and MB. This
study provides a new way for recycling of WP and a valuable
reference for its application in wastewater treatment.

However, there were still shortcomings and areas for
improvement in our work. In order to apply the WP/PAM better
into practical wastewater treatment, it is necessary to study the
effect of different sources of WP on the adsorption performance
of WP/PAM, more simplified synthesis steps and more
economical amounts of regeneration solution to ensure lower
costs. The adsorption behavior and the adsorption mechanism
of the WP/PAM on other heavy metal mordants also need to be
explored in more depth. In the future, an adsorption tower will
be prepared for research on the practical application. The
equipment will include a storage tower (filled with water to
ensure the expansion effect), adsorption tower, regeneration
device, etc. Some important details, such as how these devices
can be properly assembled and placed in the adsorption tower
to make the treatment process simple and efficient, the
replacement period of the WP/PAM, and the more economical
way of waste disposal, will be the direction and focus of our
future work.
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