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n-synthesized hematite
nanocatalysts and their efficient reduction of
aromatic nitro pollutants
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Aromatic nitro compounds (ANCs) are extremely harmful environmental pollutants that cause severe

threats to the environment and human life. This is why the development of effective and non-polluting

methods for their elimination is extremely significant. In this study, hematite nanoparticles (HNPs) were

prepared using a green and eco-friendly method involving the leaf extract of Sesbania grandiflora. The

extract of the plant acted as a reducing and stabilizing agent in the formation of the nanoparticles,

making it a cost-effective and sustainable synthesis pathway. The obtained HNPs were identified by UV-

vis spectroscopy, FTIR spectroscopy, PXRD, HRTEM and EDAX analysis to ascertain the structural and

morphological characteristics of the synthesized nanoparticles. The prepared HNPs were tested as

catalysts towards the reduction of different aromatic nitro compounds. Kinetic measurements showed

that the reduction followed pseudo-first-order kinetics and that mono-nitro compounds reduced much

faster in this system than in traditional reduction systems. Moreover, the catalyst was very stable and

recyclable and could sustain high catalytic activity for up to six consecutive reaction cycles. The results

prove that green-synthesized HNPs can act as effective nanocatalysts for the removal of nitroaromatic

pollutants from contaminated water systems.
1 Introduction

In the modern era, water pollution has garnered considerable
attention, primarily owing to the presence of various pollutants,
including heavy metal ions, pesticides, dyes, plastics, and
nitroaromatic compounds.1 Among all these harmful pollut-
ants, nitroaromatic compounds have emerged as a considerable
source of contamination.2 Nitroarenes are introduced into the
environment through various routes, mainly from petroleum
products and fumes released during their combustion.3 In
particular, chemicals like TNT, manufactured for military
purposes, play a major role in environmental pollution.4 Due to
the persistence and toxic nature of aromatic nitro compounds
(ANCs), they pose a threat because of their mutagenic and
carcinogenic activities,2 which may have adverse impacts on
wildlife3 and human health.3 The challenge posed by water
pollution requires efficient approaches for transforming
harmful nitro compounds (NC) into amine derivatives.5

Aromatic amines, as products of this transformation, play
a signicant role in different industries, including the dye,
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polymer, biochemical, pharmaceutical, and pesticide indus-
tries.6 Hence, it can be concluded that the search for remedia-
tion methods for nitroarene-contaminated water also offers
prospects for exploring new industrial applications.7 The
varying challenge in water pollution due to nitro derivative
substances highlights the need for research and innovative
inputs in nding measures to effectively combat this menace.8

By concentrating efforts on modifying noxious substances such
as NCs into valuable amines, we can look forward to a cleaner
and less hazardous environment while exploiting the advan-
tages of these amines in various applications.9

A highly efficient method of transforming NCs into amines
in an aqueous medium is to use catalysts and reducing agents.10

However, the conventional routes of transforming NCs into
amines using reducing agents and catalysts face many chal-
lenges. Over the years, such routes have been characterized by
disadvantages such as toxicity, high cost, recyclability, and the
occurrence of poisoning effects.11 A more promising alternative
in the conversion of NCs to amines is the use of metal nano-
particles (MNPs) or metal oxide nanoparticles (MONPs).12 It has
been further noted that MNPs and MONPs, composed of noble
metals including Au, Ag, Pt, and Pd, display remarkable effi-
ciency in catalytic reactions.13 However, due to the high cost
involved in synthesizing these NPs, cheaper materials have been
sought. Some of the most efficient materials include 3-d tran-
sition MNPs. Not only is the cost of the materials signicantly
RSC Adv., 2026, 16, 23167–23176 | 23167
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low but also these materials display high efficiency in catal-
ysis.14 The use of thesematerials andMONPsmay greatly reduce
the volume of solvents involved in the catalytic conversion of
NC, an important consideration for sustainability.15 Despite the
variety of techniques that exist to synthesize MNPs and MONPs,
one of the most efficient synthesis routes is offered by green
synthesis, which impacts very positively on environmental
remediation.16 Among the 3-d transition metals, there is strong
industry-driven interest in determining which type of catalyst is
most effective. Among the most efficient types of selective
transformation catalysts is the iron (Fe) based one. The
synthesis of Fe particles produces a selective transformation
catalyst best utilized within a series of organic transformations
such as hydrogenation, the hydrogen transfer reaction, and the
C–C coupling reaction.17–19

The use of a plant extract as a method in green synthesis can
be thought of as exemplary, with plant extracts existing in a dual
capacity as both capping and reducing agents.20 The respon-
sible phytocompounds in the plant extracts mainly include
carbonyl (–C]O) and hydroxyl (–OH) groups, giving them the
dual capacity.21,22 This greatly reduces the cost involved when
synthesizing MNPs and MONPs.23 The green approach, though
carrying much impact, has certain minor disadvantages, like
seasonal collection of plant materials, processes being lengthy,
and variations in particle size depending on the phytochemical
composition present in the plant extract. Such considerations
remain important in the application of sustainable practice
measures.24 However, this approach can be balanced for the
fabrication process. A major step forward in enhancing the
progress of nitro to amine conversion reactions using MNP and
MONP, especially in regard to more eco-friendly synthesis
methods, appears to show promise in terms of enhanced cata-
lytic efficiency and cost-effectiveness.25 This analysis has also
been able to show the prospects offered by green chemistry in
terms of promoting sustainability in chemical reactions.26

Sesbania grandiora is a widely available plant rich in
bioactive compounds such as tannins, carbohydrates, proteins,
and alkaloids. These phytochemicals play an important role in
the formation and stabilization of nanoparticles during green
synthesis. In the present study, hematite nanoparticles (HNPs)
were synthesized using the leaf extract of S. grandiora through
a simple green synthesis approach. The catalytic efficiency of
the synthesized HNPs was evaluated for the reduction of various
aromatic nitro compounds. In addition, the recyclability and
catalytic stability of the nanoparticles were systematically
investigated to assess their potential applications in environ-
mental remediation.

2 Materials and methods
2.1 Materials

All chemicals used in this study were of analytical reagent (AR)
grade and used without further purication. Ferrous sulphate
heptahydrate (FeSO4$7H2O, 98%), sodium borohydride (NaBH4,
98%), and sodium hydroxide pellets (NaOH, 97%) were
purchased from SRL Pvt. Ltd (India). The aromatic nitro
compounds used in this study included 4-nitrophenol (4-NP,
23168 | RSC Adv., 2026, 16, 23167–23176
98%), 2-nitrobenzaldehyde (2-NB, 99%), 4-nitroaniline (4-NA,
98%), and 2,4-dinitroaniline (2,4-DNA, 98%).

2.2 Aqueous extract of S. grandiora leaf extract

The S. grandiora samples were fresh leaves collected at Nan-
jankulam, Tirunelveli, Tamil Nadu, India. The harvested leaves
were rinsed under running tap water then under deionized
water to remove dust and impurities. The leaves were dried
overnight at a temperature of 30 °C. About 70 g of dried leaves
were cut into small sizes and moved to the reaction vessel with
400 mL of triple-distilled water. The mixture was reuxed over
30 min to harvest the phytochemical compounds. Aer reux-
ing, the extract was ltered through Whatman No. 1 lter paper
to remove plant residues. The resulting ltrate was kept at 4 °C
to be used later in the preparation of nanoparticles.27

2.3 Synthesis of HNPs

The synthesis of HNPs was done by co-precipitation. First,
2.78 g of FeSO4$7H2O (0.1 M) was dissolved in 100 mL of triple-
distilled water. A 50 mL volume of this solution was added to
a conical ask and stirred magnetically at 60 °C for 1 h. Then,
15 mL of S. grandiora leaf extract was added to the reaction
mixture with continuous stirring.28–30 The color was observed to
rapidly change to brown aer a few minutes, which implied the
creation of nanoparticles. Then, 10 mL of 1 M NaOH solution
was gradually added to the solution, and the reaction was
maintained for at least an hour more to allow total precipita-
tion. The reactionmixture was le overnight in the dark at room
temperature. Centrifugation was used to collect the precipitate,
which was washed with triple-distilled water several times in
order to eliminate impurities. The pure hematite nanoparticle
product was eventually obtained by drying and calcining the
obtained product in a muffle furnace at 500 °C for 4 h.

2.4 Characterization techniques

A set of sophisticated methods of analysis was used to system-
atically characterize the synthesized HNPs in terms of their
structural, optical andmorphological characteristics. UV-visible
spectroscopy (PerkinElmer Lambda 25) was performed to
determine the absorbance spectrum in the wavelength range of
200–800 nm. A SHIMADZU IR Tracer-100 spectrometer was used
at the wavelengths of 4000–400 cm−1 with the KBr pellet tech-
nique to conduct Fourier transform infrared (FTIR) spectros-
copy. This was analyzed to determine the functional groups and
molecular vibration of the synthesized HNPs as well as to
establish their chemical composition. X-ray diffraction (XRD)
served to determine the crystalline structure and phase purity of
the product using a Bruker ECO D8 ADVANCE diffractometer.
The diffraction patterns were documented within the 2–70° 2
theta range to determine crystallinity and structural parame-
ters. High-resolution transmission electron microscopy
(HRTEM) was employed to discover the surface morphology,
particle size, and microstructure of the HNPs with a JEOL JEM-
2100 Plus instrument (JEOL, Japan). Using this method, the
morphology of the particles and their size distribution were
observed in a detailed manner. The textural properties,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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including surface area and pore diameter, were assessed by
using an Anton Paar Quantachrome Autosorb iQ surface area
analyzer.

2.5 Reduction of ANC

The study of the reduction kinetics of HNPs was carried out
using different ANCs, such as 4-NP, 2-NB, 4-NA, and 2,4-DNA.
Initially, 1 M solutions of different ANCs were prepared in
50 mL of SMF using TDW. At the same time, 1 M solutions of
NaBH4 were prepared in 10 mL of SMF. The initial stage of the
study was centred on evaluating different mol% of HNPs
equivalent to ANC in order to determine optimal conditions for
achieving the maximum reduction conversion percentage at
room temperature (38 °C). The major kinetic effort in this paper
was the reduction of ANC with HNPs compared to the reduction
kinetics of ANC by NaBH4 under similar ambient conditions.
Time-dependent methods were employed for 10 minutes to
evaluate the efficacy of the reductions. Besides these efforts, this
study researched the reusability of HNPs and their continued
reduction activity on ANC, with a focus on the pragmatic
applications of these materials in environmental remediation
Fig. 1 Eco-friendly HNPs synthesized using the S. grandiflora leaf extract
analysis; and (d) PXRD analysis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
and chemical synthesis. This comprehensive investigation
provides valuable insights into the effectiveness of HNPs in
catalytic reduction processes, pointing out their potential
applications in various chemical transformations.
3 Result and discussion
3.1 Characterization of HNPs

Primarily, the synthesis of HNPs performed with S. grandiora
was validated by the color change from yellow to brown within
2 min. This change in color, which is quite rapid, manifests
a clear indication of the synthesis taking place. The UV-visible
absorption spectrum of the synthesized HNPs is presented in
Fig. 1a. The spectrum exhibits characteristic absorption bands
at approximately 207 nm, 332 nm, and 382 nm, indicating the
formation of iron oxide nanoparticles. The absorption band
observed around 207 nm can be attributed to Fe–O charge
transfer transitions within the iron oxide lattice. The additional
absorption peaks at 332 nm and 382 nm are associated with
electronic transitions related to Fe–O bonds in the hematite
structure. These absorption features arise due to electronic
: (a) UV-vis absorbance spectrum; (b) band gap using Tauc plot; (c) FTIR

RSC Adv., 2026, 16, 23167–23176 | 23169
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excitation from the valence band to the conduction band of the
semiconductor material. Furthermore, the optical band gap of
the synthesized HNPs was estimated using the Tauc plot
method, as illustrated in Fig. 1b. The calculated band gap value
was found to be approximately 2.1 eV, which is consistent with
previously reported values for HNPs.31,32

The functional groups found in the leaf extract of S. grandi-
ora as well as in the synthesized HNPs were studied thoroughly
using FTIR spectroscopy, as depicted in Fig. 1c. Analysis of the
FTIR spectrum of the leaf extract of S. grandiora revealed the
presence of particular bands around 3392, 1600, 1415, 1292,
and 1057 cm−1. On the other hand, the FTIR spectrum of the
HNPs possessed bands around 3430, 1623, 1133, 539, and
454 cm−1. Observation of the spectrum of the leaf extract
conrmed that the broad peak observed around 3392 cm−1 is
attributable to the –OH stretching frequency of alcohol func-
tional groups. Furthermore, the appearance of the band at
1600 cm−1 indicates C]O stretching, which is typical of
carbonyl groups. In addition, the peak present at 1415 cm−1 is
due to the –OH bending of the alcohol group. Moreover, the
C–N stretching of an amine group is indicated by the band at
1292 cm−1. The peak attributed to the C–O–C stretching vibra-
tion of an ester functional group is present at 1057 cm−1.
Furthermore, the FTIR spectrum of the HNPs indicates the
existence of a characteristic peak at 3430 cm−1 related to the –

OH stretching group. Signicantly, the peaks at 539 and
454 cm−1 are indicative of the Fe–O stretching band,33 which is
crucial for conrming the evidence of iron oxide in the NPs. The
–OH and C]O functional groups serve as both reducing and
stabilizing (capping) agents during the synthesis of HNPs. This
was clearly identied by the decrease in transmittance, which
suggests that the HNPs were formed through the interaction of
the carbonyl and alcohol functional groups in the S. grandiora
leaf extract. Furthermore, the absorption bands observed at
539 cm−1 and 454 cm−1 correspond to Fe–O stretching vibra-
tions, conrming the formation of iron oxide nanoparticles.
From this FTIR spectrum, we can conrm that phyto-
compounds such as tannins, proteins, carbohydrates and
alkaloids were present in the S. grandiora leaf extract.29

An XRD analysis of the HNPs was meticulously performed
utilizing Cu-Ka radiation, as depicted in Fig. 1c. The examina-
tion showed clear peak values that matched the 2q angles at
24.13°, 33.15°, 35.62°, 40.86°, 49.45°, 54.08°, 57.55°, 62.45°, and
64.04°. These peaks were associated with their respective Miller
indices as (012), (104), (110), (113), (024), (116), (018), (214) and
(300), respectively.34 These peaks match well with the standard
diffraction pattern of a-Fe2O3 (hematite) according to JCPDS
card no. 33-0664, conrming the successful formation of crys-
talline hematite nanoparticles. Hematite possesses a rhombo-
hedral crystal structure with space group R-3c. The mean
crystallite size was calculated employing the Debye–Scherrer
equation to assess the structural properties of the synthesized
NPs.

D = Kl/b cos q
23170 | RSC Adv., 2026, 16, 23167–23176
Here, D represents the mean crystallite dimension, K signies
the Scherrer constant which has a xed value of 0.9, l represents
the value of wavelengths associated with a particular X-ray that
was used, b denotes the full width at half maximum (FWHM) of
the diffraction peak, and q corresponds to the Bragg's diffrac-
tion angle. The average crystallite size calculated using the
Debye–Scherrer equation was found to be approximately
44.01 nm. This value aligns with that established in prior
research.35–37

The morphology of the HNPs was thoroughly studied using
HRTEM analysis, and their morphology is illustrated in Fig. 2.
The HRTEM images clearly show different detailed features, as
seen in Fig. 2a–d at various magnications. The HNP mostly
possesses a spherical morphology along with different poly-
disperse forms, as illustrated in Fig. 2c. Calculation of the d-
space values from the SAED pattern was followed by compar-
ison with the reference data from JCPDS card number 33-0664.
This analysis not only validated the results but also conrmed
the crystalline nature and lattice plane indexing of the HNPs
(Table S1). The planes of the d space are depicted in Fig. 2e,
providing further insight into the structural characteristics of
the HNPs. These particular shapes have well-established sizes
with an average diameter of 32.18 nm (Fig. 2f), which is
extremely close to the average value attained for the crystalline
particle size using XRD. Furthermore, the distance between the
two points within the lattice was measured to be 0.24359 nm,
which closely reects the average d-space value for plane (020)
obtained using XRD analysis.

The elemental compositions of the HNPs were also thor-
oughly analyzed using the EDAX technique, as shown in Fig. 2g.
In the analysis, the key elements identied are Fe, O, C, and Cu.
The carbon detected can be attributed to the phytochemical
materials incorporated within the HNPs, while the copper grid
utilized in the HRTEM analysis was present as the copper for
this result. The elemental composition indicates that iron
constitutes approximately 44.55% of the HNPs, with oxygen also
making up around 36.69%, as clearly seen in Fig. 2g.

Outcomes from the Brunauer–Emmett–Teller (BET) analysis
were utilized to determine the average diameter of both the
surface and pores of the HNPs as described graphically in Fig. 3.
The type IV isotherm with an H3 hysteresis cycle gives a clear
indication that HNPs have a mesoporous property. The HNPs
have an average surface area approximated at 28 ± 1 m2 g−1,
a value greater than that of commercial Fe2O3. Moreover, the
large average pore diameter of 17.7 nm supports the HNPs
having a mesoporous property.38,39 The appearance of a hyster-
esis cycle along with a large surface area and large pore diam-
eter can support and improve their potential as a catalyst for
various environmental remediation applications.
3.2 Kinetic reduction study of ANC

3.2.1 Catalytic dosage. The dosage or amount of the cata-
lyst is a signicant factor in the reduction process. An appro-
priate dosage of the catalyst must be utilized as it greatly
inuences the efficiency of the reduction process, dictating the
manner in which the molecule is reduced. A perfect balance in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HRTEM images of HNPs at different magnifications: (a) 200 nm; (b) 50 nm; (c) 20 nm; (d) 2 nm; (e) SAED pattern; (f) particle size
distribution histogram; and (g) EDAX analysis of HNPs.
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terms of dosage is vital to signicantly enhance the reduction
process. To determine the reduction for a catalytic dosage of
ANC, a reduction study was performed with a 1 M solution of 4-
NP. As shown in Fig. 4 and Table 1, the optimal catalytic amount
for the reduction of ANC is well dened. The information shown
in Table 1 indicates that with a 6.25 mol% catalyst dosage of
HNPs, a higher rate of conversation is obtained compared to
a 0.0625 mol% or 0.625 mol% catalyst dosage. On the basis of
the above data, a constant catalyst dosage of 6.25 mol% is
© 2026 The Author(s). Published by the Royal Society of Chemistry
obtained and established as the xed catalyst dosage for the
subsequent reduction kinetics studies.

3.2.2 Reduction of ANC. The systematic reduction of ANC
was performed using an optimized catalyst dosage with a xed
characteristic wavelength of ANC. In this work, the time-
dependent method (10 min) of UV-vis spectroscopy using
a PerkinElmer Lambda 25 instrument was utilized to closely
monitor the progression of the reaction. This study compared
the reduction of ANC by the standard reducing agent, NaBH4, to
RSC Adv., 2026, 16, 23167–23176 | 23171
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Fig. 3 N2 adsorption–desorption isotherm of HNPs. (Inset shows BJH pore size distribution curve).

Table 1 Effect of HNP catalyst dosage (mol%) on the observed Kob and
percentage conversion of ANCs to the corresponding AACs under
identical reaction conditions. (Conditions: ANC = 2 mmol and temp =

38 °C)

Entry
HNP loading
(mol%)

Kob × 10−3

(min−1)
Conversion
to AAC %

1 0.0625 mol% 8.8 16.65
2 0.625 mol% 19.01 28.6
3 6.25 mol% 178.98 83.95

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

30
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the performance of the green-synthesized HNPs. The reduction
of ANC was rst conducted with NaBH4 using an optimized
dosage of HNP. Approximately 2 mL of the 1 M ANC (2 mmol)
compound was placed in a cuvette together with the standard
1 mL of 1 M NaBH4. The reaction was permitted to continue for
10 minutes. Following this, a similar procedure was employed
to reduce the ANC using the HNP catalyst. Aer the 10 min
reaction period, the ANC were reduced and successfully
synthesized into aromatic amine compounds (AAC). Aer the
reduction process, the loaded HNP catalyst was carefully
removed by centrifuging the reaction solution at about
2000 rpm to separate the HNPs as residue. The resulting
centrifuged solution contains AAC. The resulting AAC products
Fig. 4 Catalytic dosage: (a) absorbance vs. time and (b) ln(A/Ao) vs. time

23172 | RSC Adv., 2026, 16, 23167–23176
were meticulously scanned between 200 and 800 nm to identify
signicant shis in absorption maxima or the formation of new
peaks indicative of amine compounds. The characteristic peak
(conditions: ANC = 2 mmol and temp = 38 °C).

© 2026 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/d5ra09934j


Table 2 UV-vis characteristic absorption peaks of ANCs and their
corresponding AACs, showing the fixed monitoring wavelengths used
for reduction studies and the spectral shifts confirming nitro-to-amine
conversiona

ANC lmax (nm) Monitoring l (nm) AAC lmax (nm)

4-NP 316 (1.64) 316 4-AP 290 (0.34)
4-NA 231 (0.22) 413 1,4-DAB 224 (0.17)

413 (0.35)
2-NB 247 (5.88) 247 2-AB 220 (0.38),

277 (1.6)
2,4-DNA 264 (1.63) 336 1,2,4 TAB 221 (0.18),

266 (0.21),
336 (4.67) 335 (0.20)

a (): Absorbance value. 4-AP: 4-aminophenol. 1,4-DAB: 1,4-
diaminobenzene. 2-AB: 2-aminobenzaldehyde. 1,2,4 TAB: 1,2,4
triamine benzene.

Table 3 Kinetic reduction data for ANCs by HNPs

ANC Kob × 10−3 (min−1) NaBH4 Kob × 10−3 (min−1) HNPs

4-NP 173 179
4-NA 26.0 256
2-NB ND 576
2,4-DNA ND 18.4

a ND: Not determined. TON (Turn over number) = Yield%/mol% of catal

Fig. 5 Schematic of the reduction mechanism of ANC by phytochemic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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values for both the ANC and the resultant reduced AAC are
summarized in Table 2 and illustrated in Fig. S1. Upon the
addition of NaBH4, only nitrophenolate formation was
observed,40,41 with no conversion to the corresponding amine,
as clearly shown in Fig. S13.

3.2.3 Kinetic study. In this study, pseudo rst-order
kinetics were employed to investigate the reduction ANC
using HNPs.42 The observed rate constant (Kob) for the reduction
process was determined using the following equation.

ln(At/A0) = Kobt

In this equation, At and A0 are the absorbance measured at
dened time points and the initial absorbance, respectively.
The constants Kob and C refer to the observed kinetic rate
constant and the intercept derived from the regression plot,
aTON NaBH4 T1/2 min HNPs T1/2 min

% Of conversion

bNaBH4 HNPs

13.4 4.01 3.87 80.6 84.0
15.1 26.7 2.71 28.0 94.4
14.2 ND 0.97 27.3 88.4
1.8 ND 37.7 28.1 11.4

yst. b Led to formation of nitrophenolate only.

al-assisted HNPs.
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respectively. The value of Kob was obtained from the slope of the
corresponding graph of ln (At/A0) against t. A comparative
analysis was conducted to evaluate the reduction efficiency of
ANC using HNPs in comparison to standard NaBH4. The rate
constants and detailed kinetic data for the reduction processes
are summarized in Table 3. The kinetic analysis showed that
HNPs exhibit a higher reduction efficiency for mono-nitro
compounds than for di-nitro compounds. Though the reduc-
tion rate with HNPs for di-nitro compounds is relatively slower,
it has a higher rate constant than that of NaBH4.

It is important to note that, for 4-NP reducibility, the rate
observed with HNPs is comparable to that of NaBH4 but with
a signicantly higher conversion rate. Additionally, for 2-NB
reducibility, HNPs possess a higher maximum rate constant
and improved conversion percentage when compared to
NaBH4. The 4-NA compound showed the highest rate constant
and conversion rate among the standard NaBH4 and other
Fig. 6 Recyclability of the HNP catalyst for the reduction of 4-NP,
where the first cycle is taken as 100% activity.

Table 4 Literature comparison of the reported catalysts for the redu
conversion time, and apparent pseudo-first-order rate constants (Kob) u

Catalyst Substrate Reductant Catalyst loading (mg) Te

Ag NPs 4-NP NaBH4 NM 38
Fe3O4@Ag 4-NP NaBH4 0.4 38
Au/BIF-20 4-NP KBH4 5 38
Ag/P-4A-zeolite 4-NP NM NM N
Ag-PNA-BIS-2 4-NP NaBH4 280 38
C–Ni/350 4-NP NaBH4 0.5 38
Fe3O4–Ni/C 4-NP NaBH4 0.5 38
C–Ni/700 4-NP NaBH4 0.5 38
Fe3O4@guar gum/Ag
nanocomposite

4-NP NaBH4 3 38

Au NPs 4-NAI NaBH4 590 38
Se-p-C3N4/Cu (80) 4-NP NaBH4 80 75
Ag NPs 4-NP NaBH4 NM N
ZnO NPs 4-MNB NaBH4 10 25
HNPs 4-NP Nil 20 38

a NM: Not mentioned. 4-MNB: 4-methoxynitrobenzene. 4-NAI: 4-nitroanis

23174 | RSC Adv., 2026, 16, 23167–23176
ANCs evaluated in this reduction study. The rate constants for
the reduction of these ANCs using both HNPs and NaBH4 are
clearly illustrated in Fig. S2, S3 and S5–12.

3.2.4 Proposed reduction mechanism. The catalytic
reduction activity of the HNPs on the ANCs follows the Lang-
muir–Hinshelwood mechanism, as illustrated in Fig. 5, without
any external hydrogen source.43–45 Initially, the ANC molecules
are adsorbed onto the active surface sites of the HNPs, which
mostly consist of Fe3+ ions along with trace amount of Fe2+

ions.46,47 Subsequently, an active hydrogen atom and electron48

were transferred to the NO2 group from phytocompounds such
as tannins (polyphenolic compounds), which were bound to the
surface of the HNPs during the fabrication process.49 During the
transfer process of electron and hydrogen to the O- atom in the
nitro group were assist by the Fe3+ ions in the HNPs. This results
in the formation of hydroxylamine from the nitro group. At this
stage, an additional H-atom is attached to the nitrogen atom,
creating a quaternary nitrogen atom. This is subsequently fol-
lowed by the elimination of a water molecule, creating the
AAC50–53 molecule, and the catalyst is ready for reuse with the
formation of Fe3+ ions.

3.2.5 Catalyst recyclability. The recyclability of the HNPs
was analyzed in consideration of the reduction studies con-
ducted. In this context, the recyclability efficiency of HNPs was
checked during the reduction reaction with 4-NP for a total of
eight cycles. Aer concluding each reduction reaction, the
particles were centrifuged at around 2000 rpm for the separa-
tion of the particles from the reaction mixture. The particles
were then rinsed thoroughly with TDW and dehydrated at 80 °C
in a convection oven for complete removal of particles before
the next cycle. It is evident, as depicted in Fig. 6 and S4, that the
catalyst retained high activity for the rst six cycles, aer which
a gradual decrease in activity was observed. It is important to
realize, however, that as the cycle count went beyond six, there
was also a decline in the reducing capacity of the materials,
which fell to ∼20% for the HNPs. This decline resulted from
ction of ANCs, highlighting catalyst loading, reaction temperature,
nder different reaction conditionsa

mp. (°C) Kob × 10−3 (min−1) Conversion time (min) Reference

91.2 35 55
66 6 56
140 16 57

M 64 NM 58
90 180 59
106.8 20 60
49.8 20 60
19.8 20 60
69 60 61

162.5 60 54
51.3 60 62

M 159.7 15 63
26.8 120 64
179 10 Present work

ole.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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organic compound formation, oxidation of NPs in air, or loss of
catalyst material during recycling.54

% of recycle ability ¼ % of conversion ability of n time

% of conversion ability of 1 cycle
� 100

3.2.6 Catalytic activity comparison. In this context, the
catalytic performance of HNPs was rigorously assessed and
compared with those of a range of other catalysts, as listed in
Table 4 below. The table present the conversion rates for 4-NP to
4-AP. According to the obtained results, the HNPs exhibit
a competitive catalytic performance compared with previously
reported catalysts. This superiority can be credited to reasons
such as their striking catalytic activity, stimuli-responsive
nature, excellent reusability, and exceptional stability.
4 Conclusion

In summary, hematite nanoparticles were successfully synthe-
sized using an environmentally friendly green synthesis
approach employing the S. grandiora leaf extract. The plant
extract served as both a reducing and stabilizing agent during
nanoparticle formation. The synthesized nanoparticles were
thoroughly characterized using UV-vis spectroscopy, FTIR, XRD,
HRTEM, EDAX, and BET analyses. The prepared HNPs exhibi-
ted excellent catalytic performance in the reduction of various
aromatic nitro compounds, following pseudo-rst-order reac-
tion kinetics. Additionally, the catalyst demonstrated good
stability and recyclability over multiple reaction cycles. The
results indicate that green-synthesized HNPs have signicant
potential as efficient nanocatalysts for environmental remedi-
ation applications.
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