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As a result of the growth of industrialization and urbanization, the water ecosystem is contaminated by
various pollutants, including heavy metal ions and dyes. The use of low-cost and environmentally
friendly dye adsorbents has been investigated. A hydrogel was fabricated via graft polymerization of
acrylic acid (AA) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) onto chitosan. The hydrogel
was used as a dye adsorbent and support for a zinc oxide (ZnO) powder photocatalyst. The adsorption
capacity of the bare hydrogel was greater towards cationic dyes than anionic dyes. Grafting P(AA-co-
AMPS) exhibited a 23-time increase in adsorption capacity towards crystal violet (CV) compared to
pristine chitosan. The effect of the AA—AMPS molar ratio on CV adsorption was studied. A hydrogel with
an AA-AMPS ratio of 10:1 had the highest adsorption capacity towards CV in water, removing 91% of
the dye in 12 h. The maximum adsorption capacity was 2023 mg g~. The adsorption kinetics and
isotherm were described by the pseudo-second-order model and the Langmuir model, respectively.
ZnO particles were in situ synthesized within the 10:1 hydrogel to facilitate the recovery of the

photocatalyst. The ZnO hydrogel composite could remove 95% and 92% of CV from solutions on the 1st
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Accepted 17th October 2023 and 2nd cycle, respectively. In addition, the hydrogel composite containing only 8.7 wt% of ZnO particles
effectively degraded adsorbed CV under sunlight and could be reused without requiring a chemical

DOI: 10.1039/d3ra05596e regeneration or photocatalyst recovery procedure. This hydrogel composite is an effective dual-
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1. Introduction

Wastewater contains harmful, carcinogenic, and stable organic
pollutants* that can endanger the health of living organisms if
released into the environment. Organic dyes have broad
industrial applications; nevertheless, direct dye discharge into
water causes potential toxicity and reduced photosynthetic
activity.> Organic dyes can be removed from wastewater by
various treatment methods. Commonly used methods include
adsorption,® physicochemical and membrane separation,*®
electrochemical techniques, reverse osmosis, ion exchange,
electrodialysis and advanced oxidation processes (AOPs).®
Adsorption processes have attracted a lot of attention due to
their simplicity, versatility, and low cost.

Chitosan is an abundant natural polymer. The biocompati-
bility, biodegradability, polyfunctionality, and hydrophilicity of
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functional material for the adsorption and photodegradation of dye pollutants in wastewater.

chitosan contribute to its potential as an adsorbent.” However,
it is unstable in acidic conditions and poor mechanical stability
limits its application. To overcome these drawbacks, chitosan
has been modified or composited with inorganic materials.***
Modification by crosslinking and grafting also improves the
adsorption performance of chitosan.”* For dye adsorption,
suitable functional groups can be added to chitosan by grafting
with other polymers. Polymers used in this way include poly-
acrylamide,™ poly(methacrylic acid) (PMAA),** poly(sodium 4-
styrene sulfonate) (PSSA),'® poly(acrylic acid) (PAA),"” and poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS). Micro-
spheres prepared from the graft polymerization of acrylic acid
and 2-acrylamido-2-methyl-1-propanesulfonic acid (P(AA-co-
AMPS)) onto chitosan demonstrated a high adsorption capacity
towards methylene blue (MB).”**® The presence of multifunc-
tional groups including amino (-NH,), hydroxyl (-OH),
carboxylic acid (-COOH), and sulfonic acid (-SO;H) groups in
the microspheres accounted for their excellent removal ability.
Hydrogels made from chitosan grafted with P(AA-co-AMPS) were
also used to remove MB and rhodamine B (RhB) in aqueous
solutions.?

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Another method of treating wastewater is photocatalytic
degradation. Typically, photocatalytic powders absorb energy
from UV light or sunlight, and then reactive radical species are
generated that oxidize toxic pollutants into non-toxic small
molecules.*** Zinc oxide (ZnO) is a commonly used inorganic
powder photocatalyst that exhibits high chemical stability and
photocatalytic activity at an affordable price. Although powder
photocatalysts are not easy to recover after use, supporting
materials, including synthetic or natural polymers,”? can be
impregnated with photocatalytic particles to facilitate the opera-
tion. Immobilizing photocatalysts in biodegradable natural poly-
mers can reduce the generation of secondary waste.?***

In this work, hydrogels of chitosan grafted with P(AA-co-
AMPS) were synthesized via free radical polymerization with
AA-AMPS at various molar ratios to investigate the effect of
acidic functional groups on dye adsorption. Potassium persul-
fate (KPS) and N,N-methylenebis(acrylamide) (MBA) were used
as an initiator and a crosslinker, respectively. The morphology
of the prepared hydrogels was investigated and their adsorption
performances towards cationic and anionic dyes were explored.
The effect of the AA-AMPS molar ratio on MB and CV adsorp-
tion was also studied. The most promising hydrogel was then
further investigated in various CV adsorption conditions of
contact time, adsorbent dose, pH, and initial concentration.
Adsorption kinetics and isotherms were investigated. ZnO
photocatalyst particles were synthesized and immobilized in
the chitosan hydrogel grafted with the optimal P(AA-co-AMPS).
The efficiency of photocatalytic dye degradation on ZnO and the
potential of the hydrogel as a biodegradable adsorbent sup-
porting material were studied.

2. Experimental
2.1 Materials

Chitosan (molecular weight 50 000-190 000 Da, 75-85% deacety-
lated), AA (99%), AMPS (99%), reactive orange 16 (RO16), direct
yellow 50 (DY50), orange G (OG), brilliant green (BG), and reactive
black 5 (RB5) were purchased from Sigma-Aldrich (USA). MB
(95%), CV (88%), malachite green (MG), and Congo red (CR) were
from Loba Chemie (India). RhB was from UNILAB (Philippines).
MBA (98%) was supplied by Fluka (USA). KPS (99.0%) was from
VWR (USA). Sodium hydroxide (NaOH, 99%) was purchased from
Ajax Finechem (Australia). Zinc acetate dihydrate (ZnAc,, 99.0%)
was from EMSURE (USA). All chemicals were used as received.

2.2 Synthesis of hydrogels

Chitosan-based hydrogels were prepared with AA-AMPS feed
molar ratiosof 1:5,1:1,5:1,10:1 and 1:0. Free radical graft
copolymerization of chitosan with partially neutralized AA and
AMPS was conducted as follows: the desired amount of AA was
dissolved in 25 mL of NaOH aqueous solution. The molar
concentration of NaOH was fixed at 80% of the molar concen-
tration of AA. The desired amount of AMPS and 0.45 g of chi-
tosan were added to the solution and stirred for 20 min. The
total weight of the feed monomers was fixed. MBA (0.1 mol% of
the sum of moles of AA and AMPS) and KPS (0.1 mole% of the

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

sum of moles of AA and AMPS) were then added. The mixture
was stirred for 30 min, purged with nitrogen, and the reaction
was then conducted at 50 °C for 90 min. The obtained rubbery
gel was thoroughly washed with deionized water before being
dried in an oven at 50 °C until a constant weight was achieved.

2.3 Synthesis of ZnO/P(AA-co-AMPS) hydrogel composite

The hydrogel fabricated with an AA-AMPS molar ratio of 10 : 1 was
immersed in water until absorption equilibrium was reached. The
swollen hydrogel was transferred to 5 mol% ZnAc, solution and
gently shaken at 100 rpm for 16 h at room temperature. The
hydrogel was then soaked in 10 mol% NaOH aqueous solution
and heated at 60 °C for 1 h. The hydrogel composite was soaked in
water for 24 h to remove unreacted ZnAc, and excess NaOH and
then dried in an oven at 60 °C until completely dry.

2.4 Batch adsorption experiment

A batch experiment was used to determine the adsorption capacity
of fabricated hydrogels towards the cationic dyes MB, RhB, MG, CV,
and BG, and the anionic dyes RB5, OG, CR, DY50, and RO16. The
adsorption experiment was performed for 24 h using a hydrogel
dose of 0.05 g in 50 mL of 1000 mg L™" aqueous dye solution at
ambient temperature. The concentration of the dye solution after
adsorption was determined by UV-Vis spectrophotometry.

To investigate the effect of the AA-AMPS ratio on MB and CV
adsorptions, 0.05 g of each preparation of the hydrogel was
soaked in 50 mL of 1000 mg L™ aqueous dye solution for 24 h.
To optimize the CV adsorption conditions of the hydrogel
fabricated with an AA-AMPS molar ratio of 10: 1, 0.01-0.07 g of
the hydrogel was soaked in 50 mL of CV aqueous solution at
initial concentrations of 10-4000 mg L™", in the pH range of
2.0-10.0, for 1-24 h, at ambient temperature. Solution pH was
adjusted using 0.1 M HCI or 0.1 M NaOH solutions.

The amount of dye adsorbed at different times (g, mg g~ ') and
removal efficiency (R, %) were calculated using eqn (1) and (2),
respectively.

(Co—-C)xV
=~ = 1
qt m (1)
R= GG % 100% ()

0
where C, and C, (mg L") are the initial dye concentration and
the dye concentration at a certain time, respectively. V and m
represent the solution volume (L) and the weight (g) of the
hydrogels, respectively.

2.5 Water absorption test

To measure water absorption capacity (WAC), dry samples were
immersed in water for 24 h. The weight change of the hydrogels
was measured, and WAC was calculated according to eqn (3).
VVS - Wo

— (3)

WAC =
Wo

where W, and W; (g) are the weights of the hydrogel before and
after water immersion, respectively.
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Scheme 1 Synthetic route and possible chemical structure of P(AA-co-

2.6 Photocatalytic degradation test

The efficiency of photocatalytic degradation on the in situ
synthesized ZnO particles was studied using a hydrogel

31004 | RSC Adv, 2023, 13, 31002-31016

PAMPS)-grafted chitosan hydrogel.

composite dose of 0.05 g/50 mL of CV aqueous solution ata Cy =
10 mg L. After adsorbing CV for 24 h, the hydrogel composite
was placed under a UV light source (39 mW c¢cm ™ 2) and natural

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of chitosan (a) and P(AA-co-AMPS)-chitosan
hydrogels at AA-AMPS ratios of (b) 1:5,(c)1:1,(d)5:1,(e) 10: 1, and (f)
1:0.

sunlight (11 am-2 pm, Songkhla Province, Thailand), while
soaking in water. The colors of the hydrogel composite before
and after the photocatalytic degradation of the adsorbed dye
were compared. The next cycle was repeated without further
purification. At least three replicates were studied for each
experiment.

2.7 Characterizations

Fourier transform infrared (FTIR) spectrometry (Tensor 27,
Bruker, Germany) between 4000 and 600 cm™ ' in attenuated
total reflection mode was used to produce FTIR spectra that
were processed by Opus 7.0 software. The concentration of dye
solutions after adsorption was determined by using UV-Vis
spectrophotometry (Agilent 8453, USA). Scanning electron
microscopy (SEM, Quanta 400, FEI) was used to examine the
morphology of fully swollen hydrogels. Samples were frozen in
liquid nitrogen, dried under vacuum, and coated with gold.
Chemical compositions were analyzed by energy-dispersive X-
ray spectroscopy (EDS) coupled with SEM. The morphology of
in situ synthesized ZnO particles in the 10:1 hydrogel matrix
was studied using a transmission electron microscope (TEM,
JEM-2010, JOEL). The X-ray diffraction (XRD) patterns of the
10:1 hydrogel and the ZnO/hydrogel composite were collected
on an EMPYREAN X-ray diffractometer (PANalytical, United
Kingdom) using Cu-Ka radiation. The thermal stability of the
hydrogels and the hydrogel composite were evaluated by ther-
mogravimetric analysis (TGA) (STA7200, Hitachi, Japan) in the
temperature range of 35-650 °C at a heating rate of 10 °C min "
under nitrogen gas.

3. Results and discussions
3.1 Synthesis of hydrogels

Chitosan-based hydrogels were prepared with five different AA-
AMPS feed molar ratios. A possible chemical structure of these
hydrogels is proposed in Scheme 1.*° Pale yellow gels were
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obtained with very high yields, with the 1:5 P(AA-co-AMPS)
yielding 74% and the other four ratios yielding 91-98%. Graft-
ing percentage (G, %) was determined gravimetrically and
calculated using eqn (4):

Mgrafted copolymer — Mchitosan

x 100%
(4)

Grafting percentage (%) =

M chitosan

The grafting percentages of the 1:5,1:1,5:1,10:1and 1:
0 P(AA-co-AMPS) chitosan hydrogels were 1550, 2060, 2000,
2210, and 2140%, respectively.

In the FTIR spectrum of chitosan (Fig. 1(a)), the broad
absorption band located at 3000-3500 cm ™' was attributed to
O-H and -NH, groups. The band near 2862 cm™ ' was ascribed
to C-H stretching vibrations. The bands at 1649 and
1547 cm ™' corresponded to the C=O0 stretching vibration of
amide and the N-H bending vibration, respectively.>® In the
FTIR spectra of hydrogels (Fig. 1(b)-(f)), the stretching
vibrations of O-H at 3000-3500 cm ' were significantly
enhanced due to the presence of the O-H groups of chitosan
and AA. The band at 2930 cm™* was due to -CH, groups
formed by the copolymerization of AA and AMPS. The bands
at 1023 and 617 cm ™ * were ascribed to the valent oscillation of
the S-O bond and the valent symmetric oscillation of the SO,
group of AMPS.>*?°

The effect of the AA-AMPS ratio on the morphology and
porosity of the hydrogels was observed under SEM. The micro-
graphs showed variations in the pore size of the hydrogels
(Fig. 2). At low AA content, the pores were very large compared
with the samples that had higher AA content. Increasing the AA
content decreased pore size and increased the uniformity of the
pore-size distribution. This result was probably due to the
reduced steric hindrance between repeating units of the poly-
mer chains when AA content was higher. The smaller functional
groups would promote closer hydrogen bonding, stronger
interactions between interconnected porous structures, and
higher crosslinking density.>'*

The AA-AMPS ratios affected water absorption of the
hydrogels. The highest WAC (707.36 g g~ ') was obtained from
the 1:5 hydrogel (Fig. 3). However, the structural integrity of
this sample was low compared with the other fully swollen
hydrogels. This result was consistent with the thinner cell wall
and the larger pore size of the 1 : 5 hydrogel. The hydrogels with
smaller pores, absorbed less water but were more mechanically
stable.

3.2 Adsorption performance of the 5:1 hydrogel towards
various dyes

In this study, the 5:1 hydrogel was used as a representative
adsorbent. The adsorption of cationic dyes was superior (Fig. 4)
due to the strong electrostatic interactions between carboxylic
acid and sulfonic acid groups of the hydrogel and cationic dyes.
The adsorption capacities towards MB and CV exceeded 860 mg
¢~ '. The anionic dye adsorption capacities of this hydrogel were
between 3 and 45 mg g~ .

RSC Adv, 2023, 13, 31002-31016 | 31005
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Fig.2 Micrographs show SEM cross-sections of chitosan-based hydrogels P(AA-co-AMPS) at AA-AMPS ratios of (@) 1:5,(b) 1: 1, (c) 5:1, (d) 10:
1, and (e) 1: 0. The histogram shows the average pore size and pore size distribution of the hydrogels.

3.3 Effect of AA-AMPS ratio on MB and CV adsorption by
hydrogel

As the 5:1 hydrogel demonstrated higher adsorption capacities
towards MB and CV, these two dyes were chosen to study the
effect of the AA-AMPS ratio on dye adsorption. All hydrogels
demonstrated comparable adsorption capacities of approxi-
mately 800 mg g~ ' towards MB—about 24 times the adsorption
capacity of pristine chitosan (Fig. 5). The influence of AA and
AMPS contents on MB adsorption was also found to be negli-
gible in a previous study that used P(AMPS-co-AA) particles as
adsorbents.” The effect of the AA-AMPS ratio in the hydrogel

31006 | RSC Adv, 2023, 13, 31002-31016

was more pronounced in CV adsorption. The adsorption
capacity towards CV increased with increments of AA content.
As the total weight of the feed monomers was fixed, the hydrogel
with a higher AA content had a higher total number of moles of
monomers. Therefore, the enhanced adsorption performance
was due to the increase in the number of negatively-charged
functional groups. The 10:1 hydrogel exhibited the highest
adsorption capacity of 1032 mg g~ '—about 23 times that of
chitosan. The adsorption capacity of 1:5 hydrogel was not re-
ported as the hydrogel broke into small pieces during stirring,
possibly due to the low degree of crosslinking. This result was in
good agreement with the water absorption test, in which the

© 2023 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/d3ra05596e

Open Access Article. Published on 23 October 2023. Downloaded on 6/10/2026 4:07:45 PM.

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

(cc)

Paper

800 +

600

4004

200+

Water adsorption capacity (g/g)

[

Gel 10:1 Gel 1:0

Gel 5:1
Adsorbent

Fig. 3 Water absorption capacity of chitosan-based P(AA-co-AMPS)
hydrogels with various AA—AMPS ratios.
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Fig. 4 Adsorption capacity of chitosan-based P(AA-co-AMPS)
hydrogel with an AA—AMPS ratio of 5: 1 towards various anionic and
cationic dyes. (C, = 1000 mg L™, dose = 0.05 g/50 mL, ambient
temperature, contact time = 24 h, unadjusted pH).

WAC of the 1:5 hydrogel was excessive. The low adsorption
capacity of the 1 : 0 hydrogel was possibly due to the low WAC of
the hydrogel.

3.4 Effect of contact time on CV adsorption

Because the 10:1 hydrogel had the highest CV adsorption
capacity, it was used for subsequent experiments. The adsorp-
tion rate of CV on the 10 : 1 hydrogel was initially fast due to the
large number of adsorption sites, which quickly combined with
CV in solution. As contact time progressed, more adsorption
sites became occupied, and the electrostatic repulsion between
adsorbed and unadsorbed CV molecules increased, the rate of
adsorption slowed (Fig. 6).>* The hydrogel removed 91% of CV
in 12 h and reached equilibrium at about 16 h. The adsorption
capacity and removal efficiency at equilibrium were 1032 mg
g~ and 94%, respectively.
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Fig. 5 Adsorptions of methylene blue (MB) and crystal violet (CV) by
chitosan-based hydrogels containing P(AA-co-AMPS) at various AA—
AMPS ratios. (C, = 1000 mg L%, dose = 0.05 g/50 mL, ambient
temperature, contact time = 24 h, unadjusted pH).
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Fig. 6 Adsorption of CV at various contact times of a chitosan-based
P(AA-co-AMPS) hydrogel with an AA-AMPS ratio of 10:1. (C, =
1000 mg L™, dose = 0.05 g/50 mL, ambient temperature, unadjusted
pH).

3.5 Kinetics of CV adsorption

To investigate the adsorption process of CV on the hydrogel, the
pseudo-first-order (eqn (5)) and pseudo-second-order (eqn (6))
kinetics models were used:

In(ge — q)) =Ing. — kit (5)
t 1 1

— = +—t 6
q: k2CIe2 qe ( )

where g. and g, were the dye adsorbed (mg g™ ') at equilibrium
and at different times; k, and k, were the rate constants of the
pseudo-first-order model, and the pseudo-second-order model,
respectively.*

Fig. 7(a) and (b) show the pseudo-first-order linear fitting
and the pseudo-second-order linear fitting, respectively. The
kinetics parameters are listed in Table 1. The correlation

RSC Adv, 2023, 13, 31002-31016 | 31007
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Fig. 7 Pseudo-first-order linear fitting (a) and pseudo-second-order

linear fitting (b) of CV adsorption of a chitosan-based P(AA-co-AMPS)

hydrogel with an AA—~AMPS ratio of 10 : 1. (C, = 1000 mg L™, dose =
0.05 g/50 mL, ambient temperature, unadjusted pH).

Table 1 Kinetics parameters

Kinetics parameters

Experiment Ge,exp (mg gfl) 1032
Pseudo-first-order Gecart (Mg g71) 1515

ky (min™) 0.0059

R? 0.9218
Pseudo-second-order Gecat (mg g™ ") 1250

k, (g mg " min ™) 3.408 x 10°°

R 0.9839

coefficient of the pseudo-second-order model was closer to 1.0
and higher than that of the pseudo-first-order model, indicating
that the adsorption rate was controlled by chemisorption. In
addition, the calculated g, value was closer to the experimental
g value for the pseudo-second-order model. It was worth noting
that the pseudo-second-order rate constant (k,) of this hydrogel
was relatively lower than that of several hydrogel adsorbents for
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Fig. 8 Adsorption capacity and removal efficiency of a chitosan-
based P(AA-co-AMPS) hydrogel with an AA-AMPS ratio of 10:1
towards aqueous crystal violet at (a) various doses (C, = 1000 mg L%,
V =50 mL, ambient temperature, contact time = 24 h, unadjusted pH)
and (b) at various pH values. (C, = 1000 mg L™, dose = 0.05 g/50 mL,
ambient temperature, contact time = 24 h).

CV, such as modified rice bran/alginate hydrogel beads (5.69 x
10~* g mg~" min~"),* husk of agarwood fruit/sodium alginate
hydrogel (1.92 x 107" g mg™" min™"),” and cellulose/
carrageenan magnetic hydrogel microbeads (6.8x 107° g
mg~ " min~").%®

3.6 Effect of hydrogel dose on CV adsorption

As the adsorbent dose generally affected the efficiency of dye
removal, the effect of the 10 : 1 hydrogel dose on CV adsorption
was investigated. At a low dose of 0.01 g per 50 mL of CV
solution, the adsorption capacity was only 322 mg g ' and the
removal efficiency was 6% (Fig. 8(a)). Upon increasing the
hydrogel dose up to 0.05 g per 50 mL of CV solution, the
adsorption capacity and removal efficiency increased due to the
increase in the active sites to the dye molecules. At a dose of
0.07 g, the removal efficiency reached 98%, while the adsorption
capacity decreased to 723 mg g~ . The decrease in the adsorp-
tion capacity was attributed to the limited number of dye
molecules. Therefore, further studies were conducted with
0.05 g of hydrogel per 50 mL of CV solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Adsorption capacity at various initial CV concentrations of
a chitosan-based P(AA-co-AMPS) hydrogel with an AA-AMPS ratio of
10:1. (Dose = 0.05 g/50 mL, ambient temperature, contact time =
24 h, unadjusted pH).

3.7 Effect of pH on CV adsorption

As solution pH affects the surface charge and active sites of the
adsorbent along with the degree of ionization and structure of
the adsorbate, CV adsorption on the 10: 1 hydrogel was inves-
tigated in the pH range of 2.0 to 10.0. The pH of the prepared CV
solution was 4.3 and this was adjusted using 0.1 M HCl or 0.1 M
NaOH solutions. In a strong acidic condition (pH = 2.0),
adsorption capacity was low because the hydrogel network
contracted, which prevented the adsorption of dye.** At pH 4.3,
a sharp increase in adsorption capacity and removal efficiency
was observed (Fig. 8(b)). Since the pK, of AMPS = 1.5 and that of
AA = 4.2," the sulfonic acid groups (-SO;H) of PAMPS and
carboxyl groups (-COOH) of PAA were ionized at pH above 4.2.'®
Therefore, electrostatic interactions with the protonated amine
group of CV were stronger. A slight increase in capacity was
observed at pH 6.0. Above pH 6.0, adsorption capacity
decreased. The decrease in capacity could be attributed to
a decrease in CV cationization, which reduced electrostatic
interactions. Similar findings were reported in MB adsorption
on chitosan-g-P(AA-co-AMPS).>°

3.8 Effect of initial concentration of CV on adsorption and
adsorption isotherm

A contact time of 24 h was allowed to elapse to ensure that
adsorption reached equilibrium. Adsorption capacity increased
with increments of initial concentration from 10 to 3000 mg L™"
(Fig. 9). At these concentrations, the number of available
adsorption sites for bonding was greater than the number of
dye molecules.” The maximum adsorption capacity was
2023 mg g . The decrease in adsorption capacity at the initial
concentration of 4000 mg L™ resulted from the saturation of
active sites on the hydrogel surface.** The interaction between
CV and the hydrogel was investigated using the Langmuir and
Freundlich isotherm models. The Langmuir isotherm model
describes the formation of a monolayer adsorption on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Linear Langmuir isotherm (a) and linear Freundlich isotherm
(b) of CV adsorption of a chitosan-based P(AA-co-AMPS) hydrogel
with an AA-AMPS ratio of 10:1. (Dose = 0.05 g/50 mL, ambient
temperature, contact time = 24 h, unadjusted pH).

a homogenous surface. The Freundlich model, on the other
hand, assumes that adsorption sites are heterogenous. The
stronger adsorption sites are occupied first, and as the coverage
of the adsorbent surface increases, adsorption affinity

Table 2 Adsorption isotherm parameters

Isotherm model Isotherm parameters

Langmuir dm (mg g™ 2500
Ky (Lmg ™) 0.0054
R? 0.1550
R 0.9666

Freundlich Ky (mg g™ 18.0185
1/n 0.7799
R 0.8899

“ Calculated at the CV concentration of 1000 mg L.

RSC Adv, 2023, 13, 31002-31016 | 31009
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Table 3 Comparison with various adsorbents for CV

Adsorbent Gmax (Mg g™ ") Ky (L mg™) References
Polyaniline@TiO, 80 0.004 43
Pp(NIPAM-co-MAA1.0)/b-CD0.4 1253.7 0.0136 44

Gum arabic-cl-poly(acrylamide) nanohydrogel 90.9 0.047 45
Rarasaponin-bentonite-activated biochar composite 518.6 0.0741 46
Hydroxypropyl-p-cyclodextrin—polyurethane magnetic nanoconjugates 1269 — 47

Zeolitic imidazolate framework-9 (Z9-600) 26.8 — 48
Modified rice bran/alginate hydrogel beads 454.55 0.011 36

Husk of agarwood fruit/sodium alginate hydrogel 370.37 0.022 37
Cellulose/carrageenan magnetic hydrogel microbeads 217.1 0.0159 38
P(AA-co-AMPS)-grafted chitosan hydrogel 2023 0.0054 This study

decreases, resulting in multilayer adsorption.”” The Langmuir
and Freundlich isotherm models can be expressed as eqn (7)
and (8), respectively:

quLCe
e = ¢ 7
= 17KC )
ge = KeCe'" (8)

where C, (mg L") is the concentration of CV at equilibrium. g,
(mg g ") is the Langmuir maximum adsorption capacity at
equilibrium and K, (L mg ') is the Langmuir isotherm
constant. Ky (L mg ') is the Freundlich isotherm constant, and
n is the heterogeneity factor.

The linear Langmuir isotherm and linear Freundlich
isotherm of CV adsorption are shown in Fig. 10(a) and (b),
respectively. The adsorption isotherm parameters are summa-
rized in Table 2. The correlation coefficient of the Langmuir
model was closer to 1.0 and higher than that of the Freundlich
model, suggesting that the Langmuir model better described
the adsorption of CV on the 10:1 hydrogel. The theoretical
maximum adsorption capacity (¢may) Of this hydrogel was

2500 mg g~ ', which is higher than many other values reported
for CV adsorbents (Table 3).

In addition, the separation factor, Ry, of the Langmuir model
was calculated using eqn (9):

1

Rl=—
YT 1EKG

(9)
where K (L mg™") is the Langmuir isotherm constant, and C,
(mg L) is the initial dye concentration.

The R, value indicates the tendency of the adsorption
process to be irreversible (R, = 0), favorable (0 < Ry, < 1), linear
(R, = 1), or unfavorable (R, > 1)."* The Langmuir isotherm Ry,
value of 0.1550 indicated a favorable adsorption. The K; value is
related to the affinity of binding sites and is independent of
gmax- The relatively low Kj, value of the 10: 1 hydrogel suggests
a low affinity for CV (Table 3).

3.9 ZnO/P(AA-co-AMPS) 10 : 1 hydrogel composite

Fig. 11(a) and (b) show photographs of the 10 : 1 hydrogel and
Zn0/10: 1 hydrogel composite. After the in situ synthesis of
ZnO particles, the transparent hydrogel became partially

NI = @ K

Fig. 11 Photographs of (a) 10 : 1 hydrogel and (b) ZnO/10 : 1 hydrogel composite, (c) and (d) TEM micrographs (magnification 150kx) of ZnO
particles, and (e) SEM-EDS cross-section micrograph and the corresponding elemental maps of ZnO/10 : 1 hydrogel composite.
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Fig.12 SEM-EDS micrographs and the corresponding elemental maps of ZnO/10 : 1 hydrogel composite (a) outer surface and (b) cross-section.

white and opaque except in the outer area of the sample.
Fig. 11(c) and (d) show TEM micrographs of ZnO particles in
the 10:1 hydrogel matrix. The particles were well dispersed,
and agglomerations were small. The average size of the
particles was 16.91 + 1.41 nm but the shape of the particles
was not uniform. SEM-EDS (Fig. 11(e)) of the ZnO/10:1
hydrogel composite showed that the porosity of the hydrogel
was maintained after the in situ synthesis of ZnO. In order to
observe the distribution of ZnO particles, the image was taken
at low magnification. The elemental mappings confirmed that
Zn was evenly distributed and fully covered the surface of cell
walls. Zn and O elements almost completely replaced C. SEM-
EDS micrographs were further analyzed at higher magnifica-
tion (Fig. 12) to determine the % element ratio which was
summarized in Table 4. The results show that a very low
content of Zn was observed on the outer surface of the
hydrogel which was consistent with the clear layer as observed
in Fig. 11(b). However, a much higher content of Zn was
observed in the cross-section area indicating a dense incor-
poration of ZnO particles inside the hydrogel matrix. Na was
detected on both the outer surface and the cross-section area,
which was the residue of the precipitation.

Fig. 13(a) depicts XRD patterns of the 10:1 hydrogel and
Zn0/10:1 hydrogel composite. The hydrogel showed a small
broad peak at 20.1°, corresponding to the amorphous structure
of PAA.* The hydrogel composite showed additional peaks of
the hexagonal phase of the wurtzite structure of ZnO at 30.9°,
33.6°, 35.4°, 46.7°, 55.7°, 62.0°, 65.2°, 67.0°, and 68.2° (JCPDS
card no. 36-1451).*° The XRD analysis confirmed the successful
conversion of Zn>" ions to ZnO particles in the hydrogel matrix
with high purity.

TGA thermograms of the 10:1 hydrogel and ZnO/10:1
hydrogel composite showed a continuous weight loss from 35 to
350 °C due to the loss of absorbed water molecules and the
degradation of polymeric hydrogel via thermal scission of
pendant groups, crosslinks, and backbones (Fig. 13(b)).*"**
However, the initial degradation temperature of the hydrogel
composite was higher than that of the bare hydrogel (336 °C vs.

© 2023 The Author(s). Published by the Royal Society of Chemistry

357 °C). The temperature shift indicated an increase in thermal
stability. Moreover, because ZnO is stable at high temperatures,
the thermal stability of the hydrogel composite could be used to
determine the amount of ZnO incorporated in the hydrogel. The
residual weight of the samples at 650 °C indicated the
percentage of polymer char. Therefore, the 8.7% difference
between the residual weight of the bare 10 : 1 hydrogel and that
of the Zn0O/10:1 hydrogel composite could be attributed to
ZnO0.

The performance of the hydrogel composite towards the
photocatalytic degradation of adsorbed dye was studied
under natural sunlight and artificial UV light. After 3 h under
sunlight (Fig. 14(a)), the color of the hydrogel composite had
changed from dark purple to almost colorless and whitish,
indicating that the adsorbed dye molecules had been
degraded. Under UV lamps (Fig. 14(c)), photocatalytic degra-
dation took longer (6 h) due to the much lower power of
irradiation. Although the photocatalytic degradation could
not be quantitatively analyzed due to the irregular sample
shapes, the reusability of the hydrogel composite was tested
for adsorption and photocatalytic degradation. During pho-
tocatalytic degradation, the hydrogel composite
immersed in water to remove photodegraded products and

was

simultaneously regenerate the hydrogel composite, thus no
solvent desorption or washing step was required. In the first
cycle, the hydrogel composite removed ~95% of the dye from
the solution by adsorption process (Fig. 14(e)). In the second

Table 4 Corresponding elemental weight percentages of ZnO/10:1
hydrogel composite

Weight%
Element Outer surface Cross-section
C 37.6 23.6
(0] 43.9 29.5
Zn 1.5 33.7
Na 17.0 13.2

RSC Adv, 2023, 13, 31002-31016 | 31011
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Fig. 13 XRD patterns (a) and TGA thermograms (b) of 10 : 1 hydrogel
and ZnO/10 : 1 hydrogel composite.

cycle, the removal percentage of the sample regenerated by
sunlight slightly decreased to 92% whereas the removal
percentage of the sample regenerated by UV light decreased to

Cycle 1 ( 4:
i J_ {’;l_ ':"}'.‘
d ZE =

Cycle 2

Removal (%)

View Article Online

Paper

90%. The reduction in removal efficiency was due to the
accumulation of degraded products on the surface of the
hydrogel composite that hindered the activities of the free
radical species.?*¢

Fig. 14(b)-3 h shows that, in the second cycle, the adsorbed
dye was almost completely degraded by sunlight, however, the
hydrogel composite was obviously less opaque. In the case of
UV light, the darker color of the hydrogel composite was
observed in the second cycle compared with the first cycle at
the same irradiation time (6 h) (Fig. 14(c)-6 h and (d)-6 h).
These results indicated that ZnO particles disappeared during
irradiation and thus, the degradation performance of the
photocatalytic degradation of CV was reduced due to the loss
of ZnO particles. It has been reported that ZnO particles could
undergo hydrolyzation and were dissolved into Zn>** ions.*” In
this work, the ZnO leaching increased with an increased
exposure time. Besides, the loss of ZnO particles was probably
due to the very small size of particles compared with the pore
size of the hydrogel. This limitation will be our further study
by reducing ZnO leaching by producing strong interactions
between polymers and ZnO particles and using a powerful
light source to decrease exposure time. Although the photo-
catalytic efficiency decreased and the reusability of the
hydrogel composite was low, the adsorption efficiency of the
hydrogel itself containing 2210% of grafting chitosan
remained satisfactory. This composite material is easy to use,
especially in material handling. The problem of photo-
catalytic powder recovery is avoided.

The proposed mechanism of photocatalytic degradation of
CV adsorbed in the hydrogel composite is shown in Fig. 15.
When ZnO photocatalyst particles were exposed to light, they
gained energy and generated electrons (e”) in the conduction
band (CB) and holes (h") in the valence band (VB). These e~ and
h' further reacted with oxygen (O,) and water (H,0) molecules,
respectively, producing superoxide radical anions O,"~ and
hydroxyl radicals ("OH) which decomposed CV molecules into
non-toxic small molecules.

e SUN mUuVv
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Fig. 14 Photocatalytic degradation of CV adsorbed in ZnO/10 : 1 hydrogel composite under sunlight (a) cycle 1 and (b) cycle 2 and UV lamps (c)
cycle 1 and (d) cycle 2, and (e) removal efficiency of the hydrogel composite. (Irradiation time is as indicated.)
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Fig. 15 The proposed photocatalytic degradation mechanism of CV by ZnO encapsulated in 10 : 1 hydrogel.

4. Conclusions

P(AA-co-AMPS)-grafted hydrogels were successfully synthesized
via free radical polymerization with high yields (>90%). Grafting
P(AA-co-AMPS) enhanced the adsorption capacity of chitosan,
and the hydrogels showed superior adsorption capacity towards
cationic dyes compared to anionic dyes. The effect of AA and
AMPS contents on adsorption was observed in CV adsorption.
The 10:1 hydrogel removed 91% of CV in 12 h and reached
equilibrium after 16 h. The maximum adsorption capacity of
this hydrogel towards CV was 2023 mg g, which is higher than
the reported values of most other CV adsorbents. The adsorp-
tion kinetics and adsorption isotherm were described by the
pseudo-second-order Kkinetics model and the Langmuir
isotherm model, respectively. ZnO particles incorporated in the
10:1 hydrogel by in situ synthesis yielded a stable hydrogel
composite with photocatalytic properties. The hydrogel
composite could almost completely photodegrade adsorbed CV
dye under sunlight in less than 3 h. The adsorption capacity of
the hydrogel composite in the 2nd cycle remained higher than
90% but photocatalytic degradation decreased. This composite
material could be used for wastewater treatment, adsorbing,
and degrading dye pollutants without requiring a photocatalyst
recovery procedure.
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