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The effective removal of nitrophenols from wastewater is crucial due to their high carcinogenic risk. This
research presents the development of a copper-based metal—-organic framework (HKUST-1) integrated
into a chitosan-graft-poly(acrylic acid) hydrogel. The hydrogel composite was evaluated as a catalyst for
reducing nitrophenols and dyes using sodium borohydride (NaBH4) as a reducing agent. Various
conditions were investigated for the reduction of 4-nitrophenol (4-NP) to the less harmful 4-
aminophenol (4-AP), including catalyst dosage, NaBH, concentration, initial 4-NP concentration,
temperature, and pH. The catalyst was able to completely reduce 4-NP within 25 minutes at a dosage of
3 g L™t and a NaBH,4 concentration of 300 mM. The reduction rate increased with higher temperatures,
with an Arrhenius activation energy of 54.4 kJ mol™. Common anions found in surface water, such as
Cl™, NOs~, SO4%~, and HCOs~, had a slight impact on the reduction rate of 4-NP. When tested in real

Recei th 202 . . . . .
eceived Sth January 2025 water environments, the reduction rate decreased, but complete conversion was still achieved.
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Additionally, the composite successfully reduced 100% of 2-nitrophenol, 100% of methyl orange, and

DOI: 10.1039/d5ra00081e 69% of Congo red. Overall, the hydrogel composite has shown significant potential as a catalyst for
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1. Introduction

Due to the expansion of urbanization and industrialization,
hazardous substances have been released into water environ-
ments. Nitrophenols, which are used in pesticides, explosives,
pharmaceuticals, and dyes,* are categorized as toxic pollutants
by the United States Environmental Protection Agency (US
EPA).” The discharge of nitrophenols can be harmful to human
health due to their high carcinogenic potential.® As a result,
developing effective methods for removing nitrophenols has
become a significant area of interest. Additionally, the reduc-
tion of nitrophenols yields valuable aminophenols, which are
useful in the pharmaceutical industry.

Several approaches, including photodegradation and Fenton
oxidation, have been employed to remove nitrophenols.*
Recently, 4-nitrophenol (4-NP) has been successfully reduced to
4-aminophenol (4-AP) using metal catalysts such as silver, gold,
nickel, platinum, cobalt, and copper in combination with
sodium borohydride (NaBH,) as a reducing agent.*® These
metal catalysts facilitate the electron transfer from borohydride
(BH, ) as an electron donor to nitrophenol as an electron
acceptor.® Copper (Cu) is considered a promising catalyst for the
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reducing various organic pollutants with high efficiency and easy separation through filtration.

reduction of 4-NP due to its low cost, lower toxicity, and effec-
tiveness.'®" However, the use of homogeneous catalysts is
limited because of the leaching of metal ions.

HKUST-1 is a copper-based metal-organic framework (MOF)
composed of benzene-1,3,5-tricarboxylic acid (BTC) and dimeric
cupric tetracarboxylate units. It was first synthesized at the
Hong Kong University of Science and Technology."> HKUST-1
has been utilized as a catalyst in chemical processes such as
esterification, hydrogenation, and reduction. Additionally, it
has proven to be an effective adsorbent for 4-NP with high water
stability.”® In previous studies, HKUST-1 was embedded in
functionalized SBA-15** and mesoporous silica nanospheres,*®
resulting in composite materials that exhibited high catalytic
activity for the reduction of 4-NP.

In this work, chitosan-graft-poly(acrylic acid) (CS-graft-PAA)
hydrogel was synthesized and used as an adsorbent for Cu®>" ions
due to its high adsorption capacity attributed to its multifunc-
tional groups.® To stabilize the Cu®" ions adsorbed in the
hydrogel, the Cu®" ions were converted into HKUST-1. The
HKUST-1/hydrogel composite was then used as a catalyst for
reducing 4-NP. The three-dimensional network of the hydrogel
was designed to provide excellent dispersion of the catalyst,
thereby enhancing its catalytic performance. Moreover, the
heterogeneous catalyst can be easily recovered through filtration.
Various reduction parameters were investigated, including cata-
lyst dosage, NaBH, concentration, initial concentration of 4-NP,
temperature, and solution pH. The performance of the catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme1l Chemicalstructures of CS-graft-PAA hydrogel (@) and HKUST-1 (b). (c) Schematic representation of the in situ synthesis of HHKUST-1

in the hydrogel.

was evaluated in the presence of common anions and in real
water environments. Additionally, the catalyst was tested for the
reduction reaction of 2-nitrophenol (2-NP) and two dye models—
methyl orange and Congo red. This study represents the first
example of the in situ synthesis of HKUST-1 within a Cu**-con-
taining hydrogel and demonstrates the circular reutilization of
secondary waste for catalytic reduction.

2. Experimental
2.1 Chemicals

4-NP (98%) was sourced from Acros Organics (Belgium). 2-NP
(99%), chitosan (50 000-190 000 Da), and acrylic acid (AA, 99%)
were purchased from Sigma-Aldrich (USA). BTC (98%) was ob-
tained from TCI (Japan). Copper(u) nitrate trihydrate
(Cu(NO3),-3H,0, 99.5%), NaBH, (95%), and Congo red were
supplied by Loba Chemie (India). Methyl orange was acquired
from Carlo Erba Reagents (Thailand). Potassium persulfate
(99%) was purchased from VWR (Thailand). N,N'-Methyl-
enebis(acrylamide) (MBA, 98%) was acquired from Fluka (USA).

2.2 Preparation of HKUST-1 composite

The CS-graft-PAA hydrogel was synthesized following previously
reported procedures.*® Initially, partial neutralization of 10.00 g
of AA was conducted using a sodium hydroxide solution. Then,

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.45 g of chitosan, 0.02 g of MBA, and 0.04 g of potassium
persulfate were added to the solution. The mixture was stirred
and purged with nitrogen. Polymerization took place at 50 °C
for 2.5 hours. Afterward, the hydrogel was cut into small pieces,
thoroughly washed with water to remove residual chemicals,
and then dried in an oven.
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Fig. 1 ATR-FTIR spectra of CS-graft-PAA and HKUST-1 composite.
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HKUST-1 was synthesized in situ within the hydrogel as
follows: first, 3.77 g of Cu(NO3),-3H,0 was dissolved in 151 mL
of deionized water. The hydrogel (9.97 g) was immersed in the
Cu*" solution for 5 hours. The hydrogel was taken out and
immersed in a 200 mL solution of BTC for 12 hours. The molar
ratio of BTC to Cu(NO3),-3H,0O was 1.2. Finally, the hydrogel
was removed from the BTC solution and washed with water. The
resulting composite was then dried in an oven.
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2.3 Catalytic reduction experiment

A typical catalytic reduction experiment for 4-NP was conducted
as follows: a composite catalyst (1-3 g L™') was added to
a solution of 4-NP (10-20 mM). The mixture was stirred for 30
minutes to reach adsorption-desorption equilibrium. The
reduction reaction was initiated by adding a 300 mM NaBH,
solution. At specific time intervals, samples were withdrawn
from the solution, diluted with deionized water, and then
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Fig.2 FESEM images at (a) 5000 and (b) 80 000 x magnifications. (c) Elemental mappings and (d) compositions of CS-graft-PAA hydrogel and

HKUST-1 composite (80 000x).
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analyzed using ultraviolet-visible (UV-vis) spectroscopy. The
conversion of 4-NP to 4-AP was calculated using the absor-
bances at times 0 (4,) and ¢ (4;) using eqn (1).

Ay — A,

0

Conversion(%) = x 100 (1)

Additionally, the catalytic performance of the catalyst was
evaluated in the presence of 5 mM common anions and in
actual water environments. The pond water used in the exper-
iments was collected from a wastewater treatment pond at Khon
Kaen University. The reduction of other organic pollutants was
monitored at their respective maximum wavelengths.

2.4 Characterizations

The surface morphology of the HKUST-1 composite was exam-
ined using a field emission scanning electron microscope
equipped with an energy-dispersive X-ray spectroscope (FESEM-
EDS, Helios NanoLab G3 CX, FEI, Australia). The functional
groups present in the CS-graft-PAA and HKUST-1 composite
were analyzed using a Bruker attenuated total reflection Fourier
transform infrared spectrometer (ATR-FTIR, Tensor 27, Ger-
many). Thermal analysis was performed under a nitrogen
atmosphere using a thermogravimetric analyzer (TGA, STA7200,
Hitachi, Japan) with a heating rate of 10 °C per minute. An X-ray
diffractometer (XRD, EMPYREAN, PANalytical, United
Kingdom) was used to examine the crystallinity of the samples.
A UV-vis spectrophotometer (Agilent 8453, USA) was used to
analyze the concentration of 4-NP and other pollutants. Liquid
chromatography-mass spectrometry (LC-MS, Waters, Xevo TQ-
XS, USA) was performed for mass analysis. The method
utilized a gradient of methanol and a 2.5 mM ammonium
acetate solution, with a flow rate of 0.3 mL per minute. The
electronic properties of the HKUST-1 composite were studied
using an X-ray photoelectron spectroscope (XPS, PHI5000 Ver-
saProbe II, ULVAC-PHI, Japan).

3. Results and discussions
3.1 Preparation of HKUST-1 composite

The CS-graft-PAA hydrogel was first synthesized via free radical
grafting of AA onto chitosan, using MBA as a crosslinking agent.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Survey XPS spectra of CS-graft-PAA hydrogel and HKUST-1 composite and (b) Cu 2p spectra of HKUST-1 composite.

Subsequently, an in situ synthesis of HKUST-1 was conducted
within the hydrogel. The chemical structures of the CS-graft-PAA
hydrogel and HKUST-1 are shown in Scheme 1(a) and (b),
respectively. Moreover, the schematic representation of the in
situ synthesis of HHKUST-1 in the hydrogel is provided in
Scheme 1(c). As a result, the yellow color of the hydrogel
changed to blue. Both the pristine hydrogel and the HKUST-1
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Fig.4 (a) TGA thermograms and (b) XRD patterns of CS-graft-PAA and

HKUST-1 composite.
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composite were characterized using ATR-FTIR, FESEM with
EDX, XPS, and TGA.

Fig. 1 illustrates the FTIR spectra of the pristine hydrogel and
the composite. The pristine hydrogel displays characteristic
bands for N-H bending and in-plane CH, bending or scissoring
of MBA at 1554 cm ™ and 1403 cm ™", respectively.’” Addition-
ally, the O-H bending of a primary alcoholic group in chitosan
is evident at 1057 cm ', along with the -CH, stretching
observed at 2936 cm '.'® For the composite, bands corre-
sponding to the aromatic C=C and COO™ of BTC in HKUST-1
are located at 1622 cm™ ' and 1707 cm ™ *, respectively.'®

Fig. 2(a)-(d) present FESEM images with elemental
mappings and compositions of the pristine hydrogel and the
HKUST-1 composite. The non-uniform size and irregular shape
of HKUST-1 possibly result from competitive covalent bonding
between Cu(NOj3), and CS-graft-PAA and BTC." The elemental
mapping indicates that carbon, oxygen, and Cu are dispersed
throughout the composite surface, with the weight percentage
of Cu determined to be 62.0%.

The survey XPS spectra of the pristine hydrogel and the
HKUST-1 composite are presented in Fig. 3(a). For the pristine
hydrogel, the C 1s peak and the O 1s peak, originating from
chitosan and PAA, appear at 284.3 eV and 532.4 eV, respectively."®
The Cu 2p spectrum confirms the presence of HKUST-1 in the
composite. As illustrated in Fig. 3(b), the 953.0 eV and 933.2 eV
peaks corresponded to the Cu 2p,, and Cu 2p;), levels, respec-
tively. Each peak has been deconvoluted into two forms of copper
ions: monovalent (Cu*) and divalent (Cu®").>° These results indi-
cate the existence of both Cu*>*/Cu”®* paddle-wheel arrangements
and Cu'/Cu®" paddle-wheel defects.?* Additionally, a small Cu**
shake-up satellite peak is observed at 944.1 eV.**

TGA thermograms of the pristine hydrogel and the
composite are shown in Fig. 4(a). Below 120 °C, both samples
exhibit slight weight loss due to the loss of absorbed water. The
pristine hydrogel displays a complex thermogravimetric profile,
with a primary weight loss occurring around 450 °C, attributed
to the decomposition of poly(acrylic acid) within the hydrogel.*
The HKUST-1 composite shows thermal stability up to approx-
imately 200 °C, followed by a sharp weight loss at 300 °C, which
is attributed to the transformation of Cuz(BTC), to CuO.>* The
content of HKUST-1 in the hydrogel was calculated based on the
difference in residual weights, yielding a value of 11.2%.

XRD was used to examine the crystallinity of the pristine
hydrogel and the HKUST-1 composite. As shown in Fig. 4(b), the
XRD pattern of the pristine hydrogel was broad between 15-45°,
which was due to a random crosslinking network.** No sharp
characteristic peaks of HKUST-1 at 16.1°, 16.9°, 18.8°, 19.5°,
21.3°, 22.8°, 25.2°, 26.1°, 30.3°, and 33.8° were observed for the
composite.” This could be attributed to the relatively low HKUST-
1 content and the peak overlap with those of the pristine
hydrogel.

3.2 Reduction of 4-NP

3.2.1 Effect of catalyst dosage. The HKUST-1 composite was
evaluated as a catalyst for reducing 4-NP in the presence of an
excess of the reducing agent, NaBH,. Fig. 5(a) shows the UV-vis
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Fig.5 (a) UV-visible absorption spectra of the reduction of 4-NP to 4-
AP using HKUST-1 composite over time. The inset shows the change
of color after reduction. (b) MS spectra of the solution of 4-NP and
NaBH, at different time intervals.

absorption spectra of 4-NP solutions with NaBH, and the
composite catalyst over time. In the mechanism of the catalytic
reduction reaction, NaBH, undergoes hydrolysis, leading to an
increase in the solution pH. In an alkaline medium, 4-NP is
converted into its corresponding 4-nitrophenolate ion.*® As the
reaction progressed, the intensity of the peak at 400 nm, cor-
responding to 4-nitrophenolate, decreased, and a peak at
300 nm, associated with 4-AP, gradually increased. The pres-
ence of isosbestic points at 280 nm and 316 nm indicates that
no side reactions occurred during the reduction of 4-NP to 4-
AP.”” An LC-MS analysis was performed to confirm the reduc-
tion of 4-NP to 4-AP. Fig. 5(b) presents the MS spectra of the
solution containing 4-NP and NaBH, in the presence of the
composite catalyst at two different time intervals: at the
beginning of the reaction (after 15 seconds) and after 40

© 2025 The Author(s). Published by the Royal Society of Chemistry
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minutes. Initially, a prominent peak with a mass-to-charge ratio
(m/z) of 138.0, corresponding to the molecular weight of 4-NP,>
was observed. Additionally, a small peak with an m/z of 107.9,
corresponding to the molecular weight of 4-NP, appeared due to
a rapid reduction that occurred during sample preparation
before the injection into the instrument. After 40 minutes of
reduction, only one peak corresponding to 4-AP was detected.
The mechanism proposed for the reduction of 4-NP using the
HKUST-1 composite can be described as follows: both 4-NP and
BH, are adsorbed onto the surface of the HKUST-1 composite
through pi-pi stacking interactions. The BH, ions then bind to
the Cu active sites, forming Cu-based hydride complexes. These
hydride complexes subsequently transfer electrons to 4-NP to
form 4-AP, which is later desorbed from the catalyst."> Addi-
tionally, the influence of catalyst dosage on the reduction of 4-
NP was studied. As shown in Fig. 6, only 3% of 4-NP was reduced
when only NaBH, was used. The reduction rate was significantly
enhanced in the presence of both NaBH, and the composite
catalyst. The rate increased with higher catalyst dosages due to
a greater number of available active sites.”® At a catalyst dosage
of 3 g L™, 4-NP was completely reduced after 25 minutes.

3.2.2 Effect of NaBH, concentration. The effect of NaBH,
concentration on the reduction of 4-NP was investigated. As
shown in Fig. 7(a), the reduction rate increased with higher
concentrations of NaBH,. The reduction of 4-NP is considered
to be pseudo-first-order since there is an excess of NaBH,
present. Consequently, the apparent rate constant (k,p,) was
determined using the following equation:*

A
In A—(’) = —Kappt (2)

Asillustrated in Fig. 7(b), the k,pp, value increased with rising
NaBH, concentrations and eventually leveled off at 300 mM.
This indicates that a NaBH, concentration of 300 mM is suffi-
cient for the reduction of 4-NP and was therefore used in
subsequent investigations.
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3.2.3 Effect of 4-NP concentration. The catalytic efficiency
of the HKUST-1 composite was examined at initial concentra-
tions of 4-NP ranging from 10 to 20 mM. As shown in Fig. 8, at
the lower concentration of 10 mM, the reduction occurred
rapidly, completing within 20 minutes. However, as the initial
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concentration of 4-NP increased, the reduction rate declined.
This decrease is attributed to the high competition among 4-NP
molecules for the limited active sites available on the catalyst.
Additionally, the adsorption of either 4-NP or its reduction
product, 4-AP, on the catalyst's surface could hinder the
approach of borohydride ions.* Despite the slower reduction
rate at 20 mM, a 100% conversion was still achieved within 80
minutes.

3.2.4 Effect of pH. The influence of pH on the reduction of
4-NP was studied within a range from 3 to 9. Fig. 9 illustrates
that the reduction rate decreased as the pH value increased.
Additionally, the conversion slightly dropped from 100% to
94% when the pH was raised from 3 to 9. The catalyst displayed
high efficiency at lower pH levels. The hydrolysis of NaBH,
involved two steps: hydrolysis of water molecules (eqn (3)) and
hydrolysis of borohydride ions (eqn (4)).**

H,0 < H* + OH™ (3)

H+ + BH47 + 3H20 «> H3BO3 + 2H2 (4)

The hydrolysis of borohydride ions occurs more slowly than
the hydrolysis of water molecules, making it the rate-
determining step in the reaction. At lower pH values, protons
in solution readily bond with the hydrogen atoms in borohy-
dride ions, resulting in a faster hydrolysis of the borohydride
ions and an accelerated reduction of 4-NP.** Under alkaline
conditions, the available protons for reactions were reduced;
therefore, the hydrolysis rate decreased. A similar observation
has been reported for the catalytic reduction of 4-NP using
heterostructured gold-magnetite nanocatalysts.*

3.2.5 Effect of temperature. The effect of temperature on
the reduction of 4-NP was investigated. Fig. 10 demonstrates
that as the temperature increases, the reduction rate also
increases due to a higher diffusion rate of the reactants.'® To
calculate the Arrhenius activation energy (E,), a plot of 1/T
against In k,,, was constructed. As shown in the inset of Fig. 10,
E, was calculated from the slope of this plot and found to be
54.4 k] mol . It has been noted that the activation energy for
diffusion-controlled reactions is typically below 20 k] mol ™,
while that for reaction-controlled processes is higher.** There-
fore, the reduction of 4-NP using the HKUST-1 composite can be
classified as a reaction-controlled process, where the rate-
determining step involves the electron transfer between 4-NP

Table 1 Comparison with other monometallic MOFs-based catalysts for the reduction of 4-NP

Catalyst Reaction condition [4-NP]J; [catalyst]; [NaBH,| Performance conversion; time References
Co-BDC 20 ppm; 5 mg; 0.13 mM 99.25%; 2 min 33
Carbonized Fe-BDC 20 ppm; 5 mg/4 mL; 0.5 M 100%; 4 min 34
NH,-MIL-101(Fe) 20 ppm; 0.5 g L% 0.5 M 100%; 4 min 35
HKUST-1@SBA-15C (1/8) 0.09 mM; 1 mg; 30 mM 100%j 7.5 min 14
HKUST-1@MSN-NH,, ~50 uM; 2.5 g L™ 30 mM 100%; 10 min 15
C-HK(Cu) 2 mM; 0.1 gL' 40 mM ~65%; 40 min 36
HKUST-1/hydrogel 15 mM; 3 g L™'; 300 mM 100%; 25 min This work
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NP] = 15 mM; [NaBH4] = 300 mM; [anion] = 5 mM. (b) Point of zero
charge plot of HKUST-1 composite.

and the catalyst.* The catalytic performances of other mono-
metallic MOF-based catalysts for 4-NP reduction are summa-
rized in Table 1. The HKUST-1 composite demonstrated
performance comparable to that of the other catalysts, even
when evaluated at a higher concentration of 4-NP.

3.2.6 Effect of anions. The effectiveness of the HKUST-1
composite catalyst was evaluated in the presence of common
anions found in surface water, including CI~, NO;~, SO,>~, and
HCO; . The concentrations of these anions were 5 mM to
mimic the sewage water.”” As shown in Fig. 11(a), the presence
of these anions slightly decreased the reduction rate; however,
complete conversion was still observed within 40 minutes. The
point of zero charge (PZC) of the HKUST-1 composite was
determined using a pH drift method. Fig. 11(b) illustrates that
the PZC was found to be 6.25. Under unadjusted pH conditions
(pH = 5), the HKUST-1 composite was protonated and positively
charged. The anions competed with nitrophenolate for
adsorption on the positively charged surface of the catalyst,
which resulted in a delay in the reduction process.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environment. Condition: [cat] =3 g LY [4-NP] = 15 mM; [NaBH4] =
300 mM.

3.2.7 Evaluation in actual water environments. The cata-
Iytic efficiency of the HKUST-1 composite catalyst was also
assessed in real water environments. As displayed in Fig. 12,
the conversion rate decreased with lower water purity. Factors
such as the hydrophobicity of the water samples, their charge,
and the presence of donor atoms influenced the reduction
reaction.*® Despite these variations, complete reduction was
still achieved when tested in wastewater, indicating the prac-
ticality of the catalyst.

3.3 Reductions of other organic pollutants

The composite catalyst was also evaluated for the reduction of
2-NP and two azo dye models: methyl orange and Congo red.
As displayed in Fig. 13(a), the absorbance of 2-NP at 415 nm
declined over time. The UV-vis spectra for methyl orange are
presented in Fig. 13(b). A reduction in the peak intensity at
465 nm of methyl orange, along with an increase in the peak
intensity at 247 nm corresponding to sulfanilic acid (the
reduction product), confirmed the occurrence of the reduction
reaction.*” The UV-vis spectra depicting the reduction of
Congo red are illustrated in Fig. 13(c), where the peak intensity
at 498 nm diminished over time due to the cleavage of the azo
group, resulting in the formation of aromatic amines.** The
decrease in the peak intensity was not attributed to the dye
adsorption as the adsorption-desorption equilibrium was
established before initiating the reduction process using
NaBH,. Fig. 13(d) shows the conversion rates of 4-NP, 2-NP,
methyl orange, and Congo red over time. The reduction of 2-
NP was slightly slower than that of 4-NP, with complete
reduction achieved within 40 minutes. Furthermore, the
composite catalyst successfully reduced 100% of methyl
orange and 69% of Congo red. The k,p;, values for the reduc-
tions of 4-NP, 2-NP, methyl orange, and Congo red by the
composite catalyst were 0.1008, 0.0845, 0.414, and 0.245,
respectively (Fig. 13(e)).
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4. Conclusions

In this study, we demonstrated the reutilization of Cu**-adsor-
bed hydrogel as a catalyst for the reduction of 4-NP to 4-AP. The
Cu®* ions adsorbed in the hydrogel were transformed into
HKUST-1 through an in situ synthesis process. The synthesis of
HKUST-1 was characterized by FTIR, FESEM, and XPS analyses.
TGA determined that the HKUST-1 content in the hydrogel was
11.2%. The HKUST-1 composite completely reduced the 4-NP
solution within 25 minutes. The reduction rates increased at
elevated temperatures, with the activation energy calculated to
be 54.4 k] mol~". When compared to other MOF-based catalysts

6982 | RSC Adv, 2025, 15, 6974-6983

for 4-NP reduction, the performance of our composite catalyst
was competitive, even when evaluated at a higher concentration
of 4-NP. Furthermore, the catalyst proved effective under
ambient conditions, achieving a complete conversion of 4-NP.
Finally, the composite catalyst demonstrated its capability to
reduce other target organic pollutants, including 2-NP, methyl
orange, and Congo red, and it could be easily separated via
filtration.
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