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1. Introduction

Catalytic reduction of aldehydic and nitro groups of
hitro-benzaldehyde derivatives by silver
nhanoparticle—containing smart alginate-poly(N-
isopropylacrylamide-methacrylic acid) microgelst

Muhammad Arif, © *2 Fatima Tahir,? Tajamul Hussain,?® Salman Alrokayan®
and Toheed Akhter © *d

Aromatic compounds containing aldehyde and nitro groups are very toxic to human health. Moreover,
complete degradation of these compounds is not possible. Therefore, these compounds are converted
into less toxic but more useful hydroxy-methyl aniline (HMA) derivatives. This conversion is performed
using a suitable catalyst and a reducing agent. Therefore, alginate-poly(N-isopropylacrylamide-
methacrylic acid) (AN-P(NIPAM-MAAc)) (AN-P(NM)) microgels were synthesized via a free radical
precipitation polymerization (FRPP) method and were used as a micro-reactor for synthesis of silver (Ag)
nanoparticles (NPs) into the polymeric network using in situ reduction methods. The synthesized AN-
P(NM) microgels and Ag-AN-P(NM) hybrid microgels were characterized through SEM, FTIR, TEM, XRD,
UV-vis spectroscopy, and EDX. Ag-AN-P(NM) exhibited temperature- and pH-responsive behavior as
well as long-term stability of Ag nanoparticles in a polymeric network of AP(NM). Catalytic reduction of
4-nitrobenzaldehyde (4NBA) was evaluated under different conditions, such as different contents of Ag-
AN-P(NM), 4NBA concentrations, temperatures, and concentrations of NaBH,4. The Ag-AP(NM) hybrid
microgels catalytically (3NBA), 4NBA, and 3,5-dinitrobanzaldehyde
(3,5DNBA) into their corresponding HA compounds in a water medium. The apparent rate constant (kop)
values for 3NBA, 4NBA, and 3,5DNBA were found to be 173 min~% 148 min™? and 119 min~%
respectively. Ag-AP(NM) exhibited outstanding catalytic efficiency, recyclability, and stability as well as
retained its performance across multiple cycles.

reduced 3-nitrobenzaldehyde

toxic nitro-benzaldehyde (NBA) derivatives into their corre-
sponding less toxic amino-benzyl alcohol (ABIA) derivatives in

Water pollution poses a significant threat to aquatic ecosystems
and human health.”* Key contributors to water pollution
include various chemical substances such as nitroarenes,>®
heavy metal ions,”® dyes,>'® pesticides," "> and aromatic alde-
hydes.’*' Among these, benzaldehyde derivatives and nitro-
arenes are the primary sources of contamination. The complete
removal of these compounds from water is an important task
for researchers. This issue can be solved by converting more
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an aqueous medium."*” Arylamines and phenol derivatives are
essential precursors for the production of dyes,®?° pharma-
ceuticals,*** polymers,*** biochemicals,*** antioxidants,*”**
and other fine chemicals.”*** An efficient approach for this
conversion is catalytic reduction using a reductant®*” along
with an appropriate catalyst and reducing agent, such as
NaBH,. Both types of heterogeneous**** and homogeneous*"**
catalysts can be employed for these reactions. However,
homogeneous catalytic systems have limitations, such as
toxicity, limited availability, high costs, and recycling difficul-
ties. Alternatively, heterogeneous catalysts face the challenge of
catalyst poisoning. Nanocatalysts have emerged as a better
solution for addressing the deficiencies of both catalytic
systems. Therefore, metal NPs have attracted attention for the
conversion of nitro-benzaldehyde (NBA) derivatives into its
corresponding  amino-benzyl  alcohol  (ABIA)  using
reductants.**™** The most efficient NPs are composed of expen-
sive metals, such as Pd,* Au,” Rh,” and Pt.” These metal NPs
are commonly employed as catalysts for these transformations

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in water. Nonetheless, the industrial use of these metal nano-
particles is hampered by the high cost of their precursor salts.
In addition, the reduction of NBA derivatives using nano-
particles relies on the presence of highly volatile H, (produced
by the reductant), which poses safety concerns. An alternative
method for this conversion reaction is transfer hydrogenation.
This method diminishes the need for H, for the conversion
reaction. However, this approach often requires organic
solvents or solvent mixtures at elevated temperatures, compli-
cating catalyst recycling after the reaction. Consequently, the
conversion of NBA derivatives into their corresponding ABA
using metal NPs has emerged as the preferred method.**-*> Both
noble (costly)**** and non-noble (cheap)®**” metal NPs can be
employed for these reaction conversions. Although NPs of
cheap metals are also explored as catalysts for the reduction of
NBA derivatives, they often face issues with instability, low
surface area, and poor recyclability. This challenge can be
tackled by utilizing cost-effective silver (Ag) nanoparticles,
which are less expensive than other noble metals. These Ag
nanoparticles demonstrate high efficiency in the catalytic
reduction of ABA derivatives with NaBH,. Ag nanoparticles can
be used to make composite materials.**** The catalytic activity
of these composites is also very interesting, but the long-term
use of these Ag nanoparticles is still an issue. This challenge
can be resolved using various supporting matrices, such as
microgels (crosslinked organic polymers),*>*” block copoly-
mers,*® ionic liquids,*” dendrimers,” and surfactants.” These
matrices are used to stabilize Ag nanoparticles and enhance
their catalytic performance. Microgels are the best of these
stabilizing matrices.

Microgels serve as capping agents within the supporting
matrix, providing stabilization and enhancing the performance of
silver (Ag) nanoparticles.””” Consequently, composites of Ag
nanoparticles embedded in microgels have attracted considerable
attention. These nanoparticles are stabilized within the network
of microgels through donor-acceptor attraction with different
microgel functional groups.” Nonetheless, the lack of biode-
gradability in conventional microgels poses a significant chal-
lenge, which is tackled using biodegradable and nontoxic alginate
(AN).”* Methacrylic acid (MAAc)” and N-isopropylacrylamide
(NIPAM)® are used to impart pH- and temperature-responsive
properties to the microgel composites, respectively. MAAc also
facilitates the loading of Ag" ions to its maximum level, which is
then converted into Ag NPs after reduction within the micro-
gels.”*® To the best of the available literature, no studies have
reported the fabrication of Ag nanoparticles in pH- and
temperature-dependent AN-P(NM) systems for the conversion of
NBA derivatives into their corresponding ABA.

This study focuses on the fabrication, characterization, and
catalytic performance of Ag NPs encapsulated within AN-P(NM)
microgels. Several ABA derivatives were obtained through the
catalytic reduction of corresponding NBA derivatives in an
aqueous medium under mild conditions. Ag-AN-P(NM) was
applied as a catalyst in diverse reaction environments to eval-
uate the kinetic factors. Additionally, a reduction mechanism of
NBA derivatives was developed to explain the alteration of NBA
derivatives into ABA with Ag-AN-P(NM) and NaBH,.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods

2.1. Materials

Ammonium per sulfate (APS) (99%), N,N-methylene bis acryl-
amide (MBA) (99%), (N-isopropylmethacrylamide (NIPM))
(98%), sodium alginate (SAN), sodium dodecyl sulfate (SDS)
(98%), sodium borohydride (NaBH,) (98%), 3NBA (99%), 4NBA
(98%), 3,5DNBA (97%) and silver nitrate (AgNO;) (99%) were
obtained from Sigma Aldrich, Germany. During AN-P(NM) and
Ag-AN-P(NM) synthesis, and during catalysis, deionized water
(DIW) was used. A dialysis membrane was used for AN-P(NM)
and Ag-AN-P(NM) purification and was obtained from Scharlu.

2.2. AN-P(NM) and Ag-AN-P(NM) synthesis

AN-P(NM) microgels were synthesized using the FRPP method,
as shown in Fig. 1. A mixture of 0.503 g of NIPAM, 0.503 g of
sodium alginate, 0.00423 g of MAAc, 0.041 g of MBA, and 0.085 g
of SDS was prepared in 93 mL of DIW within a three-neck flask
and stirred with an increasing temperature of 343 K under
a nitrogen atmosphere. After 30 min of maintaining the
temperature, 7 mL of APS (0.08 mM) solution was poured
dropwise into the mixture with continuous stirring. The reac-
tion continued for 4 h under the same conditions. The
appearance of a milky color signified the formation of AN-
P(CM). The product was then dialyzed for four days to obtain
a pure sample.

Ag-AN-P(NM) was synthesized using an in situ reduction
approach. A 50 mL dispersion of AN-P(NM) was diluted by
adding 50 mL DIW into a three-neck flask and stirred at room
temperature for 30 min. Subsequently, AgNO; (5 mL, 1 mM) was
added and stirred for 1 h under a nitrogen atmosphere. To
reduce Ag' ions, NaBH, (5 mL, 5 mM) was introduced under the
same conditions. The color changes from milky white to yellow.
This in turn showed the formation of silver NPs. The mixture
was dialyzed for 1.5 h to ensure purification.

2.3. Characterization techniques

AN-P(NM) microgels and Ag-AN-P(NM) hybrid microgels were
characterized by applying the FTIR technique (RXI FTIR spec-
trometer) to estimate their structural hierarchies. The UV-vis
spectra of the dispersion of these products were obtained
using a UV-visible/NIR spectrophotometer (V-770, JASCO). One
drop of the sample was placed on a coated copper grid and
dried in air to record the TEM images. Then, images were ob-
tained using an FEI TECNAI microscope operating at 120 kV.
The elemental composition of AN-P(NM) and Ag-AN-P(NM) was
analyzed using a Nova-Nano-SEM microscope. XRD analysis of
the samples was carried out using a Bruker D2-Phaser instru-
ment. The characterization conditions included a scan step size
(sss) of 0.025 and a time per step (tps) of 0.4.

2.4. Reduction of NBA derivatives

3NBA, 4NBA, and 3,5-DNBA were reduced catalytically using
NaBH, with Ag-AN-P(NM) at an ambient temperature (301 K).
The catalytic reduction of 4NBA was performed under diverse
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Fig. 1 Synthesis of alginate-poly(N-isopropylacrylamide-methacrylic acid) Ag-AN-P(NM) hybrid microgels containing alginate-poly(N-iso-

propylacrylamide-methacrylic acid) AN-P(CN) and Ag nanoparticles.

reaction conditions, such as NaBH, (1.97-6.71 mM), tempera-
ture (297-313 K), Ag-AN-P(NM) dose (0.59-1.78 mg mL "), and
substrate (0.03-0.15 mM). The reduction of 3NBA and 3,5-DNBA
was also performed under similar conditions.

3. Results and discussion

3.1. AN-P(NM) microgel and Ag-AN
synthesis

-P(NM) hybrid microgel

AN-P(NM) was prepared by applying the FRPP method, as
shown in Fig. 1.** A high temperature (343 K) was used to
generate micro gelation and prevent the formation of macro
gelation.®” SDS was utilized to control the size and size distri-
bution of the micro particles. The APS solution was added
dropwise to start polymerization and control the crosslinking
density throughout the network. The Ag" ions came into the
sieves of a crosslinked network of AN-P(NM) microgels from
a water medium owing to electrostatic interaction present
between the microgel networks (negatively charged) and Ag"
ions (positively charged). These loaded ions were in situ reduced
into Ag°® atoms with NaBH,. These atoms start to coagulate in
the sieves to form a cluster in the nano-range.

3.2. Characterizations

The functional hierarchy in the network of AN-P(NM) microgels
and Ag-AN-P(NM) hybrid microgels was identified using the
FTIR technique, as shown in Fig. 2(A). A broad peak appeared at
3308 cm ™' in AN-P(NM) and Ag-AN-P(NM) hybrid microgels,
indicating the presence of -OH and -NH, groups in their
networks. These groups have a high affinity for water molecules.
Some amounts of water molecules were also present in the

8582 | RSC Adv, 2025, 15, 8580-8593

network. Therefore, a broad peak with high intensity was ob-
tained. The peak intensity was greater in AN-P(NM) compared to
Ag-AN-P(NM), resulting in AN-P(CM) having a greater affinity
towards water molecules than Ag-AN-P(NM). This is because
some space is occupied with Ag nanoparticles in Ag-AN-P(NM),
while more empty space is available in AN-P(NM). The C=0
group peaks appeared at 1625 cm ™' in Ag-AN-P(NM) and AN-
P(NM). These peaks were present at the same position, which
indicated that all loaded Ag" ions shifted completely into Ag®
after the in situ reduction approach. The intensity of all peaks of
Ag-AN-P(NM) was slightly less than that of the peaks of AN-
P(NM) owing to less availability of space for water molecules
after insertion and formation of Ag NPs in the network of AN-
P(NM).*

The composition of elements in the network of AN-P(NM)
and Ag-AN-P(NM) was analyzed using the EDX, as shown in
Fig. 2(B) and (C), respectively. The percentage composition of
each element is shown in Fig. 2(B and C). Both spectra of AN-
P(NM) and Ag-AN-P(NM) indicate that oxygen (O) and carbon
(C) were present in the network of AN-P(NM) and Ag-AN-P(NM).
However, Ag NPs were detected exclusively in the Ag-AN-P(NM)
spectrum, as shown in Fig. 2(C). These results confirm that Ag
NPs exist only in Ag-AN-P(NM) and not in AN-P(NM).

The degree of crystallinity in AN-P(NM) and Ag-AN-P(NM)
was identified using the XRD technique, as depicted in
Fig. 2(D). The XRD spectrum of AN-P(NM) showed a broad peak,
indicating that the AN-P(NM) was not crystalline in nature.
Sharp peaks were obtained in the spectrum of Ag-AN-P(NM),
which showed that crystallinity was present in Ag-AN-P(NM)
owing to the existence of Ag NPs in the structure of AN-P(NM)
microgels. In this way, the XRD spectra of AN-P(NM) and Ag-

© 2025 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/d5ra00713e

Open Access Article. Published on 19 March 2025. Downloaded on 4/1/2026 8:22:49 AM.

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

(cc)

Paper

Transmittance (%)

—— Ag-AN-P(NM)
—— AN-P(NM)
3500 3000 2500 2000 1500 1000 500
Wavenumber (nm'l)
4000 4
(1
0,
30004 Elements Wt.%

C 68.41

Counts
()
S
=)

O 26.74
1000

2.04

2
Energy (keV)

Fig. 2
of AN-P(NM) and Ag-AN-P(NM).

AN-P(NM) indicated the presence of Ag NPs in AN-P(NM). The
Ag NPs of Ag-AN-P(NM) exhibit a face-centered cubic structure,
as indicated through high-intensity peaks. These peaks were
detected at 26 angles of 37.88°, 44.25°, 64.54°, and 77.68°, cor-
responding to the [111], [200], [220], and [311] crystal planes,
respectively. Similar peaks with similar positions of Ag nano-
particles were observed by Begum et al.** and Siddiq et al.,** and
they reported that the Ag nanoparticles have a face-centered
cubic shape.

The existence of Ag NPs in the sieves of the network of AN-
P(NM) microgels was studied using a UV-vis spectrophotom-
eter. For this performance, the dispersion of both AN-P(NM)
and Ag-AN-P(NM) was run in a UV-vis spectrophotometer, and
the obtained spectra of both are shown in Fig. 3(A). No clear
peak was obtained in the spectrum of AN-P(NM), while a clear
peak was present in the Ag-AN-P(NM) spectrum at 402 nm
owing to the surface plasmon resonance (Aspg) of Ag NPs, which
were present only in Ag-AN-P(NM) but not in AN-P(NM). The
single peak of Aspr indicated that the Ag nanoparticles are
spherical.**

The Ag NP stability in the network of AN-P(NM) microgels
was checked by storing the dispersion of Ag-AN-P(NM) hybrid
microgels in the dark and running their spectra after an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(A) FTIR spectra of AN-P(CN) and Ag-AN-P(CN), (B and C) EDX results of AN-P(NM) and Ag-AN-P(NM), respectively, and (D) XRD spectra

interval. The obtained UV-vis spectra of Ag-AN-P(NM) hybrid
microgels are illustrated in Fig. 3(B). No change was noted in
the peak of Agpr in the spectra of Ag-AN-P(NM) even after 7
weeks, which indicated that the Ag NPs were stabilized in the
polymeric network for a long time.

The surface morphologies of AN-P(NM) and Ag-AN-P(NM)
were identified using the SEM technique. The surface of AN-
P(NM) is porous and rough, as shown in Fig. 4(A and B). The
confirmation of the existence of Ag NPs in AN-P(NM) was done
with the help of TEM images. The morphology and size of the Ag
NPs were also determined through TEM analysis, as shown in
Fig. 4(C) and (D). The shape of the Ag NPs was not perfectly
spherical. A similar spherical shape was indicated by the UV-vis
spectrum of Ag-AN-P(NM) and was obtained from the TEM
images. 16.23 £ 5.12 nm was the diameter of Ag NPs, which
were present in the network of AN-P(NM) microgels.

The stimuli-responsive behavior of microgels on the Aspr
(localized surface plasmon resonance) of Ag NPs was investigated.
The effect of temperature on the Aspr shift of Ag NPs owing to the
deswelling and swelling properties of the microgels is presented
in Fig. 1S(B),t while the effect of pH is shown in Fig. 1S(B).T
Fig. 1S(A)f demonstrates that Ag nanoparticles encapsulated
within AN-P(NM) are stable across various temperatures.

RSC Adv, 2025, 15, 8580-8593 | 8583
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Fig. 3 UV-vis spectra of (A) AN-P(NM) and Ag-AN-P(NM), and (B) Ag-AN-P(NM) after different time intervals.

The effect of temperature on the value of Asprs of Ag NPs
encapsulated in AN-P(NM) was studied, as depicted in
Fig. 1S(A)T at a slightly acidic pH (pH 6.5). The data obtained
show that the Ag NPs remained stable across a wide range of
temperatures (294-314 K). The Aspg value shifted from 398 nm
to 418 nm as the temperature increased, which can be

attributed to shifts in the value of the refractive index and
interparticle distance. No significant red shift was observed
when the temperature increased from 294 to 306 K, but
a pronounced red shift occurred as the temperature increased
from 306 K to 314 K. It was noted that the volume phase tran-
sition temperature (VPTT) value of AN-P(NM) was about 305 K.

Fig. 4

8584 | RSC Adv, 2025, 15, 8580-8593

(A and B) SEM results of AN-P(NM) and (C and D) TEM images of Ag-AN-P(NM).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Below this temperature (VPTT, T < 305 K), the shrinkage of AN-
P(NM) was minimal, but it became more pronounced as the
temperature exceeded 306 K. This deswelling behavior led to an
increase in the refractive index of the Ag nanoparticles encap-
sulated within the AN-P(NM) microgels, resulting in a red shift
in the Agpr. Li et al® also reported that the Agpr of NPs in
microgels showed red shifting along with a hyperchromic effect
on increasing the temperature (293 K to 323 K).

The effect of pH on the Agpr value of Ag-AN-P(NM) was also
investigated. At a low pH (pH > pKa of MAAc), the Agpgr value
appeared at shorter wavelengths, whereas a red shift in Agpg Was
observed as the pH increased. This red shift is attributed to the
stimuli-responsive nature of AN-P(NM). The Aspg shifted from
397 nm to 422 nm as the pH increased from 2.2 to 9.3. At a low
pH, the carboxylic groups in AN-P(NM) remain protonated,
causing the microgels to exist in a deswelling state. In this state,
microgels provide limited space for the Ag NPs in their network.
Under these conditions, the surface electrons of the Ag NPs are
confined to a smaller surface area, leading to faster oscillation
and requiring higher energy (shorter wavelength) for resonance.
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At a high pH, the carboxylic groups in the AN-P(NM) microgels
are deprotonated (-COO™), resulting in electrostatic repulsion
between the negatively charged carboxylate ions. This causes
the microgels to swell, creating more space for the oscillation of
surface electrons. Consequently, the oscillation speed
decreases, requiring lower energy (longer wavelength) for
coupling with the oscillating surface electrons of the Ag NPs.
Therefore, Aspr of AZ NPs encapsulated in AN-P(NM) microgels
shifts to lower energy (higher wavelength) as the pH increases.
Additionally, the shifting can be influenced by the aggregation
of Ag nanoparticles within the microgels, as the nanoparticles
can move from one sieve to another within the swollen microgel
network. Red shifting with a hypochromic effect was reported
by Farooqi et al.®*® as the pH of Ag-P(NIPAM-MAA) increased.
However, further study is necessary to completely understand
the essential reasons for this behavior.

3.3. Catalytic activity

The analytic activity of Ag-AN-P(NM) hybrid microgels is studied
for the reduction of both nitro and aldehyde groups containing
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Fig. 5 Controlled experiments for reduction: (A) conditions: [4NBA] = 0.049 mM and Ag-AN-P(NM) = 1.48 mg mL™t in the absence of NaBH,;
(B) conditions: [NaBH4] = 2.66 mM and [4NBA] = 0.049 mM in the absence of Ag-AN-P(NM); (C) conditions: [4NBA] = 0.049 mM, AN-P(NM) =
148 mg mL~?, and NaBH4 = 2.66 mM; and (D) conditions: [4NBA] = 0.049 mM, Ag-AN-P(NM) = 1.48 mg mL~?, and [NaBH4] = 2.66 mM.
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aromatic compounds. For this purpose, a reduction of 4NBA
was used as a model for catalytic performance.

To identify the true substance that showed catalytic activity,
some controlled experiments were conducted. In the first case,
1.48 mg mL ' of Ag-AN-P(NM) was placed into 3.5 mL of 4NBA
(0.09 mM) solution, and the spectrum was run for 30 min, as
shown in Fig. 5(A). The decline in the peak was not observed,
which showed that the Ag-AN-P(NM) hybrid microgel did not
reduce to the 4NBA in the absence of reductant (NaBH,). In the
second case, 1.5 mL of NaBH, (6.21 mM) was placed into 2 mL
of 4NBA (0.09 mM), and the spectrum was observed. The results
showed that no reduction occurred with NaBH, alone, as shown
in Fig. 5(B). This revealed that NaBH, alone did not reduce the
4ANBA. In the third case, 1.5 mL of NaBH, (6.21 mM) and
1.48 mg mL ™" of AN-P(NM) were added into 2 mL of 4NBA (0.09
mM) and run for 30 min, as illustrated in Fig. 5(C). A reduction
was not observed, which indicated that the AN-P(NM) microgel
did not act as a catalyst. In the last case, 1.48 mg mL™ " of Ag-AN-
P(NM) and 1.5 mL of NaBH, (6.21 mM) were added into 2 mL of
4NBA (0.09 mM) solution, and the spectrum was run for 10 min,
as shown in Fig. 5(D). This time, the peak height shifted from
276 nm to a longer wavelength (290 nm) with a higher peak
height and then began to decrease continuously. Simulta-
neously, a new peak appeared at 238 nm, which revealed the
shifting of 4NBA into 4ABA, as shown in Fig. 5(D). After 8 min,
no further decline in the peak was observed, which indicated
that the reduction of 4NBA was completed. This reduction
clearly indicated that Ag-AN-P(NM) showed catalytic activity
owing to the presence of Ag nanoparticles only, and reduction
occurred only along with NaBH,. In the structure of 4NBA, two
(nitro and aldehyde) groups were present, which were reduced
during this catalytic reduction reaction. The reduction of the
aldehyde group is easier than the nitro group. Therefore, alde-
hyde groups were reduced first, followed by nitro groups.
During the reduction of the aldehydic groups, the wavelength of
the substrate shifted towards a longer wavelength along with
higher intensity, while this peak decreased continuously during
the reduction of the nitro groups. Initially, the value of A, of
4ANBA appeared at 276 nm. When the reduction of 4NBA started,
Amax increased to 290 nm, which finally decreased, while a new
peak appeared at 238 nm owing to 4ABA.

3.3.1. Kinetic study. To study the chemical kinetics of the
catalytic reduction of 4NBA, a pseudo-order kinetic equation
was used. The reduction was performed in the presence of Ag-
AN-P(NM) along with an excess amount of NaBH, compared
to the concentration of 4NBA. The apparent rate constant (ko)
value was determined by applying eqn (1):

lnj%’)= ot + C, (1)
where A;, A, and ¢ represent the absorbance value at any time
(#), the initial absorbance value, and any time of the catalytic
reduction reaction, respectively. k., and C are the apparent rate
constant and the intercept, respectively. The value of k., was
obtained from the slope of a graph plotted between In(4,/A,) and
time. The relationship of In(4,/A,) with time is divided into three
portions. In the first portion, the value of In(A,/4,) did not
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change with respect to time, which is called the induction
period (¢;,), and it is a characteristic of heterogeneous catalysis.
The second portion in which In(4,/A,) linearly decreased with
time is called reaction time (t.). This is the time during which
the 4NBA is converted into 4ABA. After ¢, the In(4,/A,) value
becomes constant with time, which is called the completion
time (¢.,). This is the time in which all molecules of 4NBA are
converted into 4ABA. The t.. was used for the calculation of the
slope, which is equal to the k., value.

According to Beer-Lambert law, the absorbance value is
directly related to the concentration of the substance. During
the catalytic reduction, the concentration of 4NBA was first
converted into 4-nitrobenzyl alcohol (4NBIA), which was indi-
cated by shifting the peak from 276 nm to 296 nm. During the
reduction of nitro-groups, the peak height of 4NBIA decreased,
and a new peak appeared at 238 nm.*” The catalytic reduction of
aldehydic groups was very fast. Therefore, this reduction was
not used for the chemical kinetics. More studies are required to
be conducted on this conversion of aldehydic groups into
alcoholic groups with respect to reaction kinetics. The reduc-
tion rates of these reactions were studied using the absorbance
of 4NBIA (296 nm). The decline in the absorbance of 4NBIA
during reduction was used to calculate the k., value.

The catalytic reduction of 4NBA was performed under
different reaction conditions, such as the concentrations of
4NBA, NaBH,, catalytic dose, and temperature. The reduction of
4NBA was performed by varying the concentration of NaBH,
from 1.97 mM to 6.71 mM while keeping the other parameters
constant (4NBA concentration = 0.049 mM, Ag-AN-P(NM) =
1.48 mg mL ', and temperature = 301 K). The graph between
In(A/A,) vs. reduction time for 4NBA under different concen-
trations of NaBH, is shown in Fig. 2S(A).T In(4/A,) value
decreased gradually as the reduction time increased. The values
of k., were determined from the linear decline portion of this
graph, as depicted in Fig. 2S(B).T

The NaBH, content effect on &, is illustrated in Fig. 2S(B).}
The value of k., was first increased to some extent as the NaBH,
concentration increased but decreased on further increasing
the NaBH, concentration. The value of k., increased from 0.399
to 2.738 min~ ' by increasing the concentration of NaBH, from
1.973 to 5.127 mM. Further increasing the concentrations of
NaBH, decreased the value of k,,. The distance between the
reactant (NaBH,) and the surface of the Ag nanoparticles
decreased as the content of the reactant increased. Therefore,
NaBH, rapidly reached the Ag nanoparticle surface as the
concentration increased, resulting in a decrease in the value of
tin. Therefore, the reduction rate initially increased with an
increase in NaBH,. These k., values increased to 5.127 mM of
NaBH,. The H, molecules (produced from NaBH,) occupied
mostly the surface of Ag NPs. Therefore, the availability of the
Ag nanoparticle surface decreased to 4NBA. Therefore, the
reduction rate of 4NBA decreased upon further increasing the
NaBH, concentration. This indicated that both H, and 4NBH
were adsorbed on the Ag nanoparticle surface for catalytic
reduction.®® Complete details of the reduction of 4NBA under
different concentrations of 4NBA, catalytic dose and concen-
tration of NaBH, are illustrated in Table 1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Catalytic reduction conditions of 4NBA along with induction time (t;,), apparent rate constant (kop), completion time (t.o) and half-life
period (t1/,) at different concentrations of 4NBA, NaBH4 Ag-AN-P(NM) dose, and temperature

Reaction condition ~ NaBH, (mM)  Ag-AN-P(NM) (mg mL™")  4NBA (mM) T (°C) &, (min) t, (min) ko (min™") &, (min)
NaBH, 1.97 1.48 0.049 28 13 19 0.40 1.73
2.66 1.48 0.049 28 5 9 0.93 0.75
3.55 1.48 0.049 28 5 8 1.14 0.61
4.34 1.48 0.049 28 3 6 1.19 0.58
5.13 1.48 0.049 28 3 5 2.74 0.25
5.92 1.48 0.049 28 4 8 0.78 0.89
6.71 1.48 0.049 28 4 9 0.55 1.26
Ag-AN-P(NM) 3.55 0.59 0.057 28 13 22 0.28 2.47
3.55 0.89 0.057 28 7 12 0.74 0.94
3.55 1.19 0.057 28 4 8 0.90 0.77
3.55 1.48 0.057 28 3 6 1.14 0.61
3.55 1.78 0.057 28 2 4 1.48 0.47
4NBA 3.55 1.48 0.03 28 4 11 0.37 1.87
3.55 1.48 0.04 28 4 9 0.54 1.28
3.55 1.48 0.05 28 3 6 1.14 0.61
3.55 1.48 0.07 28 4 8 0.79 0.88
3.55 1.48 0.1 28 6 12 0.47 1.47
3.55 1.48 0.12 28 6 12 0.44 1.57
3.55 1.48 0.15 28 6 13 0.36 1.92
Temp. 3.55 1.48 0.057 297 3 9 0.98 0.71
3.55 1.48 0.057 301 2 7 1.15 0.60
3.55 1.48 0.057 305 1 6 1.27 0.55
3.55 1.48 0.057 309 2 7 1.14 0.61
3.55 1.48 0.057 313 2 7 1.10 0.63

The reduction of 4NBA was also performed at different
concentrations of 4NBA. For this purpose, the 4NBA concen-
tration was changed from 0.03 mM to 0.15 mM while keeping
the concentration of NaBH, and the catalyst constant at
3.55 mM and 1.5 pM, respectively. The rate of 4NBA reduction
was increased by increasing the 4NBA concentration from 0.03
to 0.05 mM. The distance between the Ag nanoparticle surface
and 4NBA decreased with an increase in concentration. There-
fore, more 4NBA molecules rapidly reached the Ag nano-
particles through the crosslinked network and converted
rapidly into the product. Therefore, the value of k., increased
while t;,, decreased with an increase in concentration. The
reduction rate decreased by increasing the content from 0.05 to
0.15 mM. As we know, the number of collisions increases as the
concentration increases. Therefore, the number of collisions
increased as the content increased from 0.05 to 0.15 mM.
Therefore, the diffusion rate of reactants across the crosslinked
network decreased, resulting in a decrease in the reduction rate.
The relation between In(4,/4,) and reduction time at various
4NBA concentrations is shown in Fig. 3S(A),T and the relation of
kop with 4NBA concentration is depicted in Fig. 3S(B).T The ko,
value for the 4NBA reduction increased by increasing the
concentration of 4NBA from 0.03 to 0.05 mM and then
decreased by increasing the content from 0.05 to 0.15 mM, as
shown in Fig. 3S(B).T This reduction behavior of 4NBA also
indicated that both reactants (4ANBA and H,) were adsorbed on
Ag nanoparticles during the conversion of the 4NBA into
4ABA.*»

The effect of the catalytic dose on the reduction rate of 4ANBA
was also studied. For this purpose, the dose of the Ag-AN-P(NM)

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

hybrid microgel was altered from 0.59 to 1.78 mg mL ™" while
keeping the other parameters constant (4NBA = 0.049 mM,
NaBH, = 3.55 mM, and temperature = 301 K). The k,, value
increased continuously as the Ag-AN-P(NM) content increased.
The content of Ag NPs increased as the content of Ag-AN-P(NM)
increased. Therefore, the surface of the Ag nanoparticles
increased because of increasing their content. Hence, more
reactant molecules can come and adsorb on the Ag NP surface
and rapidly convert into the product. The k,}, values of 4ANBA
reduction reactions were obtained from the graph that was
plotted between In(4,/4,) and Ag-AN-P(NM) content, as depicted
in Fig. 6(A). The relationship between the Ag-AN-P(NM) dose
and k,p is shown in Fig. 6(B). This graph showed that the value
of kop increased linearly with the Ag-AN-P(NM) dose. The Ag-AN-
P(NM) concentration increases, resulting in an increase in the
Ag nanoparticle surface area (owing to an increase in the Ag NP
content in the medium). Therefore, the active sites increased
with an increase in the Ag-AN-P(NM) dose, and the reduction of
4NBA occurred rapidly. A similar increase in the catalytic effi-
ciency of hybrid microgels with a catalytic dose was reported by
Ahmad et al.* for the reduction of nitroarenes.

3.4. Thermodynamic aspects

To examine the effect of temperature on the reduction rate of
4NBA, the reduction reaction was carried out at different
temperatures while keeping other parameters constant. To
evaluate the k,, values at different temperatures, a plot of In(4,/
A,) versus time at different temperatures is presented in
Fig. 7(A). The found values of k., for the 4NBA reduction at
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Fig. 6 Catalytic reduction of 4NBA: (A) effect of the amount of the catalyst [conditions: Ag-AN-P(NM) = 0.59-1.78 mg mL™?%, [ANBA] =
0.049 mM, and [NaBH4] = 3.55 mM] (B) graph between k., and catalytic dose.

diverse temperatures are summarized in Table 1. Fig. 7(B)
shows the influence of temperature on k,p. A graph of In k., vs.
1/T is plotted to calculate the Arrhenius parameters, as shown in
Fig. 7(C). This figure demonstrates that the reduction rate of
4NBA in the Ag-AN-P(NM) dispersion follows the Arrhenius
trend at temperatures ranging from 297 to 313 K. Notably, these
temperature values lie under the VPTT of AN-P(NM), but devi-
ations were observed after 305 K because of the shrinkage
behavior.”

The k,p, initially increased from 0.976 to 1.273 min ™" as the
medium temperature increased from 297 to 305 K during the
reduction of 4NBA. This increase in k., with increasing
temperature is attributed to a higher proportion of reactants
with kinetic energy (Ey) = activation energy (E,). As the medium
temperature increased, the E, of the reactants surpassed E,,
enabling them to diffuse more rapidly across the polymeric
structure of Ag-AN-P(NM). Consequently, higher &, values were
observed, which was consistent with typical Arrhenius behavior
in the 297-305 K range. However, a fall in k,, was observed
beyond 305 K. This behavior of Ag-AN-P(NM) is attributed to the
deswelling nature of AN-P(NM), which decreases the accessi-
bility of reactants to the Ag NP surface. Consequently, k,
reduced further as temperature increased owing to deswelling
behavior till 313 K. A similar reduction trend for 4NiA was
described by Shahid et al.**> using Ag-P(NIPAM-AAmM-MAA).

Using eqn (2), the value of E, was determined with the slope
obtained from the 1/T vs. In k., plot, while the pre-exponential
factor (A) was found from the intercept, as shown in Table 2.

E, (1
In kop = R (?) +1n 4, 2)
where A represents the pre-exponential factor and E, is the
observed activation energy for the reduction reaction using an
Ag-AN-P(NM) catalyst. The activation entropy (AS*) and activa-
tion enthalpy (AH*) for these reduction reactions were deter-
mined using Eyring eqn (3). To calculate these parameters,

8588 | RSC Adv, 2025, 15, 8580-8593

a plot of In(ko,/T) versus 1/T was generated, as shown in

Fig. 7(D).
kop AH" (1 kg\ AS®
n(7) =% () m(3)+ %

where & and kg represent the Planck's constant and Boltzmann's
constant, respectively, and 6.63 x 107** Js and 1.38 x 10>
JK™* are their values, respectively. The R indicates the general
gas constant. The E,, AH*, A, and AS* values for 4ANBA reduction
with Ag-AN-P(NM) at various temperatures are presented in
Table 2.

The activation enthalpy (AH*) was found to be positive
(22.529 k] mol '), indicating that the formation of the activated
complex during the catalytic reduction of 4NiA is an endo-
thermic process. The activation entropy (AS*) value of
—0.582 k] mol " K" indicates that the reduction of 4NBA using
Ag-AN-(NM) is more suitable at higher temperatures.

(3)

3.5. Proposed reduction mechanism

The catalytic reduction behavior of 4NBA under various
concentrations of NaBH, and 4NBA with Ag-AN-P(NM) indi-
cated that the catalytic reduction of 4NBA followed the Lang-
muir Hinshelwood mechanism, as shown in Fig. 8. According to
this mechanism, BH, ions (produced from NaBH,) were
diffused along with 4NBA molecules into the network of Ag-AN-
P(NM). The diffused BH, " ions produced H, that is attached to
the Ag nanoparticle surface. Similarly, 4NBA molecules were
also diffused and adsorbed on the Ag nanoparticle surface. H,
molecules interacted with the 4NBA molecules on the surface of
the Ag NPs, which acted as an electron conveyor belt, first
reducing the 4NBA into 4-nitrobenzylalcohol (4NBIA) and then
reducing 4ABIA into 4ABIA. In this reaction, 4NBA acted as an
electrophilic species, while BH,  ions acted as nucleophilic
species. The BH,  ions transfer their electrons to 4NBA through
the Ag nanoparticle surface along with hydrogen.*® Hydride

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Catalytic reduction of 4NBA under different temperatures (297-313 K) illustrated as follows: (A) time vs. In(A//A,) under different
temperatures [conditions: 4NBA concentration = 0.049 mM, [NaBH4] = 3.55 mM, and Ag-AN-P(NM) = 1.48 mg mL™Y], (B) ko Vs. temperature, (C)

Arrhenius, and (D) Eyring plot.

Table 2 E,, AH*, AS*, and A for 4NBA reduction with Ag-AN-P(NM)

Kinetics/thermodynamic

parameters Value

E, (k] mol ™) 25.031

A (min™") 2.492 x 10*
AH* (k] mol ™) 22.529

AS* (k] mol " K1) —0.582

from BH, attacks the carbon of the aldehydic group, and
oxygen of this aldehydic group attacks the proton of water,
resulting in the formation of product a, as shown in Fig. 8. In
the next step, a hydride from BH, ™ is attached with oxygen and
proton with other oxygen atoms of the nitro group to form
product b. Then, proton shifting occurs, and a water molecule
eliminates the formation of products c and d, respectively. The
oxygen of the d intermediate attaches to a proton and hydride
with nitrogen to form e and then product f with a similar
attachment of atoms. This product (f) detached from the Ag NP
surface and moved across the network to the bulk medium.*

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

3.6. Reduction of others

The reduction of 3NBA and 3,5DNBA was also performed under
similar conditions. The UV-vis spectra are depicted in Fig. 4S(A
and B).t The values of k,}, for their reduction were achieved by
applying a pseudo first order kinetic equation. The catalytic
reduction rate indicated that the reduction order of these
compounds is as follows: 3NBA > 4NBA > 3,5DNBA. The catalytic
reduction rate of 3NBA was found to be greater than that of
4NBA and 3,5DNBA. Basically, the electrons are shifted from
BH,~ to reductant (NBA derivatives) through the surface of the
metal nanoparticles. This electron transporting has occurred
rapidly on these compounds, which have more electron defi-
ciencies. In 4NBA, which was first converted into 4NBIA, the
structure of 4NBIA has electron donating (-CH,OH) and elec-
tron withdrawing (-NO,) groups opposite to each other. In
addition, these are present in 1st and 4th positions. Therefore,
electronic clouds are easily transferred from -CH,OH to -NO,
compared to the 1st and 3rd positions, as shown in 3NBA (the
1st and 3rd positions of the benzene ring are not involved in the
resonance). Therefore, 3NBA reduced more rapidly than 4NBA,
while 4NBA reduced more rapidly than 3,5DNBA owing to fewer
reduction (-NO,) groups in its structure. In the case of 3,5DNBA,
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NaBH, + 4H,O ——>

Fig. 8 Reduction mechanism of 4NBA derivatives.

the two -NO, groups were reduced simultaneously, while only
one -NO, group for 4NBA and the reduction of two -NO, groups
took more time than one -NO, group. This is why 4NBA reduced
more rapidly than 3,5DNBA.*

3.7. Catalytic activity comparison

The catalytic performance of Ag-AN-P(NM) was compared with the
others, as summarized in Table 3. The results indicate that Ag-AN-
P(NM) stands out as the best catalyst owing to its high catalytic
activity, stimuli-responsive performance, reusability, and excep-
tional stability. Although other catalysts may exhibit one, two, or at
most three of these properties, the Ag-AN-P(NM) hybrid microgel
system integrates all these advantages. Consequently, it emerges
as the most effective choice for catalytic reduction reactions.

3.8. Recycling

The recycling ability of Ag-AN-P(NM) was evaluated using the
reduction of 4NBA as a model. After completing each reaction
cycle, the Ag-AN-P(NM) was recovered through centrifugation.

Table 3 Catalytic performance comparison with other systems

View Article Online

Paper

OH

The recovered catalytic content was then reused for the
reduction of 4NBA under identical conditions. The k,;, value for
each cycle was determined, and the percentage catalytic efficiency
of Ag-AN-P(NM) was calculated using the following equation:

kob(nth cycle)

——=x100. (4
kon(1st cycle) x 4)

Percentage catalytic efficiency(%) =

The percentage of catalytic performance of the Ag-AN-P(NM)
system across multiple recycling cycles is shown in Fig. 9. No
significant decline in activity was noted with an increasing
number of cycles, with the system retaining 91% of its catalytic
efficiency even after four cycles. The slight reduction in activity is
likely due to minor losses of catalysts during the centrifugation
and decantation steps involved in the recycling process. Post-
reuse characterization of Ag-AN-P(NM) using FTIR and XRD
techniques, as depicted in Fig. 5S(A) and (B),T respectively,
revealed identical peaks, confirming that the recycled material
remained Ag-AN-P(NM).

Catalysts NPs stability Effect of temperature (7) Maximum kup, (min™") References
Ni-RGO No — 0.013 94
Ag-P(NIPAM-AA) Yes — 0.415 95
P(NIPAM)@Ag-P(HEMA) Yes T = 21-30 0.127-0.232 89

Ag NPs No — 0.011 96
Ag-P(NIPMAM-MAA) Yes — 0.9907 51
Ag-AN-P(NM) Yes T =24-32 0.57-0.95, max = 1.34 Present work
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Fig. 9 Catalytic activity during recycling [conditions: [4NBA] = 0.049 mM, Ag-AN-P(NM) = 1.48 mg mL™%, and [BH, 7] = 3.55 mM].

4. Conclusion

AN-P(NM) system was synthesized using a free radical precipi-
tation polymerization method in water. Ag NPs were then
successfully incorporated into AN-P(NM). The Ag-AN-P(NM)
showed both temperature and pH-responsive behavior owing
to NIPAM and MAA, respectively. The Ag-AN-P(NM) showed
outstanding catalytic efficiency for the reduction of nitro-
benzaldehyde derivatives and rapidly converted them into
their corresponding amino-benzyl alcohol under mild condi-
tions in an aqueous environment. Both (-NO, and -CHO)
groups of nitro-benzaldehyde derivatives are reduced stepwise.
The -CHO group was first reduced, followed by the -NO,
groups. Furthermore, the Ag-AN-P(NM) catalytic system
demonstrated excellent recyclability, and only a slight reduction
in efficiency over repeated use was achieved.
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