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Abstract

The hydrogenation process of nitrobenzene to aniline is one of the main methods in the chemical industry to produce
aniline with high efficiency. This research focuses on optimizing this process through system modification, which
includes implementing a recycling flow and adjusting operating conditions such as temperature and pressure. The
simulation results show an increase in the conversion of nitrobenzene to aniline by 1.44% after modification, from
96.82% to 98.26%. Although these improvements may seem small, their impact is significant on an industrial scale,
especially in reducing raw material waste and energy consumption, making it a more sustainable solution. This study
provides valuable insights for improving the efficiency of aniline processes in the context of the global chemical
industry.
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1. Introduction through the reaction of these intermediate
compounds. This process is not only efficient but
has also become a model reaction in organic
synthesis that is widely researched, considering
the importance of aniline on both laboratory and
industrial scales. As a compound with high
chemical activity, aniline is also often used as a
precursor in the synthesis of more complex
compounds, making it a key component in many
chemical reaction pathways.

Commonly used aniline production methods
in industry are by nitrobenzene hydrogenation
and phenol amination. However, more yields are
obtained when using the nitrobenzene
hydrogenation process, so it is used as a
commercial route and supplying about 85% of the
global aniline production. Aniline production can
be carried out either in gaseous or in liquid phase.
For the reactions in the vapor phase, fluidized bed
and fixed bed reactors are usually used at a

Aniline, a compound with the molecular
formula CsHsNHz2, belong to the class of organic
aromatic amines. It consists of a phenyl ring
(CéHs) linked to an amino group (—NHg2) [1].
Aniline is widely used in the chemical industry as
a raw material for making dyes, pharmaceutical
ingredients, rubber, and polymers such as
polyurethane. The hydrogenation of nitrobenzene
(NB) stands out as a widely employed model
reaction to produce aniline [2]. The proposed
mechanism  involves the  formation  of
intermediate compounds 1in the form of
nitrobenzene and phenylhydroxylamine. In
addition, this mechanism also suggests the
possibility of forming by-products such as
azoxybenzene, azobenzene, and hydrazobenzene
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10 bar with nitrobenzene conversion almost
99.9% [3-4]. Catalysts that were often used in the
nitrobenzene hydrogenation process is in the form
of metal, such as nickel (N1) and copper (Cu). The
aniline in the 1isolated species, whil having
stability in the inverted orthonated form, has a
closer energy balance. A commercial process of
highly exothermic catalytic hydrogenation of
nitrobenzene (4H000c = -544 kJ/mol) in the vapor
and liquid phases was carried out [5-6].

The nitrobenzene hydrogenation process has
undergone various developments to increase
efficiency and selectivity [7]. One approach that is
often applied is adjusting operating parameters
such as temperature, pressure, and catalyst type.
In addition, research on the integration of
recycling processes has shown that this method
can significantly reduce raw material waste and
increase conversion efficiency [8]. Therefore,
further development of this process should not
only focus on increasing yields, but also on
reducing environmental impacts and production
costs. In this research, a simulation was carried
out to evaluate the effect of system modification
on the conversion of nitrobenzene to aniline by
considering  aspects  of  efficiency and
sustainability.

2. Methods

2.1 Hydrogenation Process of Nitrobenzene to
Aniline

The nitrobenzene hydrogenation process is
one of the main methods to produce aniline, which
1s widely used in the chemical industry [9]. In this
process, nitrobenzene (CeéHsNOg2) is reduced to
aniline (CéeHsNHz2) using hydrogen gas (Hz2) and a
catalyst, such as nickel, palladium, or platinum.
This reaction is usually carried out under high
pressure and well-controlled temperatures to
maximize yield and reduce by-product formation.
This hydrogenation is the main choice due to its
high efficiency, with conversion rates of
nitrobenzene to aniline often exceeding 99% [10].
The reactor with weighed portions of the catalyst,
nitrobenzene, and methanol was purged three
times with nitrogen, then heated to the required
temperature in a nitrogen atmosphere. Then the
reactor was purged with hydrogen, constant
reaction pressure was maintained by a pressure
reducer [9].

The hydrogenation process of nitrobenzene
to aniline is a reaction that involves a transition
metal catalyst to speed up the reaction. Catalysts
based on noble metals such as Rhodium (Rh) in
alkaline media provide high efficiency with
selectivity reaching 98% [11]. Another alternative
is a cheaper cobalt-based catalyst, as described
which demonstrated long-term stability under
harsh operating conditions [12]. Additionally,

Low-temperature hydrogenation with a nano-Pd
catalyst allows a significant reduction in the
formation of by-products, making the process
more environmentally friendly [13].

The reaction mechanism involves several
steps, including the formation of intermediate
compounds such as nitrosobenzene (CeHsNO) and
phenylhydroxylamine (CéHsNHOH). These two
compounds are then further reduced to aniline as
the final product. However, under certain
conditions, by-products such as azobenzene,
azoxybenzene, and hydrazobenzene can also be
formed due to reactions between these
intermediate  compounds [2].  Controlling
parameters such as temperature and pressure is
very important to direct the reaction towards the
main product, namely aniline, and minimize the
formation of by-products. The chemical reaction
[15] is (Figure 1):

CeéHsNOz2 ) + 3H2 ) — CsHsNHz2 ) + 2H20 ¢ (1)

2.2 Methods to Conversion Improvement of
Aniline Production

One method used to increase conversion in
aniline production is by adding a recycling flow to
the nitrobenzene hydrogenation process. In this
system, part of the reactor output product
containing unreacted nitrobenzene will be
separated and returned to the reactor for further
reactions [16]. This approach ensures that almost
all of the nitrobenzene can be converted to aniline,
thereby minimizing waste of raw materials and
increasing the overall efficiency of the process.
This recycling process also allows for more flexible
adjustments to reactor operating conditions, such
as setting the hydrogen to nitrobenzene ratio,
which has a direct impact on selectivity and final
aniline yield.

In addition to adding a recycling flow,
increasing the reactor temperature is also an
effective method for maximizing conversion. An
increase in temperature accelerates the rate of the
hydrogenation reaction, allowing nitrobenzene to
react more quickly with hydrogen gas [17]. The
process of aniline production from nitrobenzene
hydrogenation before modification is reacting
nitrobenzene and hydrogen in reactor with a
temperature of 240 °C and a pressure of 2.3 atm
to produce mixed aniline. The results of

NO, NH;

+ 3H, T'b + 2H,0

Nitrobenzene Aniline

Figure 1. Hydrogenation of nitrobenzene [14]
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hydrogenation will be cooled with a cooler until
the temperature reaches 40 °C with a pressure of
1.96 atm. Mixed aniline will be separated
according to the phase in the separator with
temperature and pressure but so that hydrogen
will form with the vapor phase which will be
disposed of as an excess compound and aniline +
water mixture in the vapor phase. The mixture of
aniline and water will be heated with a heater
until the temperature reaches 130 °C with a
pressure of 1.62 atm and separated by a separator
and produces the main product in the form of
aniline and a by-product in the form of water
vapor.

The methods of maximizing and optimizing
product yield, product selectivity, and/or reactant
conversion against independent variables and
operating conditions (reactor pressure, reactor
temperature, and reactor mole ratio) [18]. In
general, the process of aniline production from
nitrobenzene hydrogenation is the reaction of
nitrobenzene and hydrogen (high temperature)
and then the reaction results will be separated
according to the type of material and phase of the
mixture by heating or by separation. Controlling
the partial pressure of hydrogen during the
reaction can minimize unwanted side products
[19]. Involves modifying the reactor geometry to
increase mass transfer, thereby speeding up the
reaction rate without affecting the quality of the
primary product [20].

Aniline (Vapour)

j t Nitrobenzene

T-01

Hydrogen

T-02

Aniline (Liquid)

3. Result and Discussion

3.1 Process Flow Diagram of Hydrogenation
Nitrobenzene to Aniline

Figure 2 and Figure 3 illustrate the aniline
production process. The process is carried out by
mixing nitrobenzene and hydrogen. Where
hydrogen is obtained from outside air. The
conditions of nitrobenzene and hydrogen need to
be adjusted to operating conditions before
entering the reactor, where the conversion reactor
conditions operate at a temperature of 240°C and
a pressure of 2.3 atm. After entering the reactor,
two phases will be formed, aniline vapor and
aniline liquid phases. Aniline liquid comes out as
condensate and the aniline vapor is reprocessed to
obtain the main product. The aniline vapor then
enters the cooler to be cooled until the
temperature drops to 10 °C before entering the
distillation column. The distillation column
operates at a pressure condition of around 2 atm.
Then it produces hydrogen and condensate, a
mixture of aniline and steam. The mixture of
aniline and steam is heated with a heater to reach
a temperature of 170 °C before entering the
second distillation column. In this distillation
column, the main product will be formed in the
form of aniline and the side product will be in the
form of water vapor. From this process, aniline
production results were obtained with a
conversion mole fraction of 97%.

Hydrogen Stream (Side Product)

Aniline+Stream
(High Temp)

Aniline+Stream

H-01

Aniline (Product)

Figure 2. Unmodified process flow diagram of aniline production

oo ly——
NitroBenzene

INPUT
GRV-100
—O—l:
reactor
Hydrogen Aniline Liquid
INPUT ouT

Stream
V-101

Aniline+Hot

Qheater Stream

Aniline+Stream
E-101 Aniline

Figure 3. Unmodified process simulation using Aspen HYSYS
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Figure 4 and Figure 5 illustrate the
production process of modified aniline. This
process adds a recycling process. The process is
carried out by mixing nitrobenzene and hydrogen.
Where hydrogen is obtained from outside air. The
conditions of nitrobenzene and hydrogen need to
be adjusted to operating conditions before
entering the reactor, where the conversion reactor
conditions operate at a temperature of 215 °C and
a pressure of 1 atm. After entering the reactor,
two phases will form, namely the aniline vapor
phase and the aniline liquid phase. The aniline
liquid comes out as condensate and the aniline
vapor is reprocessed to obtain the main product.
The aniline vapor then enters the cooler to be
cooled until the temperature drops to 10 °C before
entering the distillation column. The distillation
column operates at a pressure condition of around
0.7 atm. Then it produces hydrogen and
condensate, in the form of a mixture of aniline and
steam. Because there is a recycling process cycle,
the hydrogen produced is recycled by adjusting
the operating conditions to suit the operating
conditions of the first distillation column, namely
hydrogen pressure conditions of 0.7 atm. This

Hydrogen (Recycle)

recycling cycle will increase the amount of
mixture between aniline and steam formed. The
mixture of aniline and steam is heated with a
heater until it reaches a temperature of 130°C
before entering the second distillation column. In
this distillation column, the main product will be
formed in the form of aniline and the side product
will be in the form of water vapor. From this
process, aniline production results were obtained
with a mole fraction conversion of 98%. This
result improves better than the unmodified
process.

3.2 Mass Balance and Energy Balance

The results of the mass balance and energy
balances of the aniline production of unmodified
process through the hydrogenation process are
presented in Tables S1 and S2 (Supporting
Information).

3.2 Thermodynamics Consideration

Hydrogenation reaction is as follow:
CeéHsNOz2 @ + 38H2@ — CeHsNHa g + 2H20 (g

C-01
Aniline (Vapour)

j t Nitrobenzene

T-01

Hydrogen

T-02

Aniline (Liquid)

Crude
aniline

Hyd .
vdrogen Stream (Side Product)

Aniline+Stream
(High Temp)

S-02

Aniline+Stream

H-01

Aniline (Product)

Figure 4. Process flow diagram of modified process of aniline production
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Figure 5. Aspen HYSYS simulation of modified process of aniline production
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For the determination of the nature of the
reaction (exothermic/endothermic) and the
direction of the reaction (reversible/irreversible),
it is necessary to calculate the standard heat of
formation (AH:f°) at 1 bar and 298 K of the
reactants and products. The value of AH#® and
AG¢f° can be seen in Table 1 [21].

Standard heat of reaction (AHR®) calculation:
AHgr® = ZAHf product - XAH¢° reactant

= (AH® CeHsNHz+ AH® H20) - (AH® CsHsNO2 +
AH¢° H2)

= (86.86 + (-241.80)) — (67.60 + 0) = -222.55 kd/mol

Based on the calculations that have been made,
we get the value AHRr® = -222.55 kd/mol (negative
value) so the reaction is exothermic.

Gibbs energy (AGt°) calculation:

AG°= ZAGt°® product - XAG° reactant

= (AGt® CeHsNHz2+ AGt® H20) - (AG® CesHs5NO2 +
AGt° Hz)

= (166.69+ (-228.60)) — (158.00+ 0) = -219.91
kd/mol

Equilibrium constant (K2) in the standard state
AG® = —RTInkK
AGP®  219910]/mol

InK, = —— =

M2 = T RT T 8314 )/mol x 298 K
InK, = 88.760

K, = 448594

Equilibrium constant (K1) at T= 240 °C

K; —AHR°/1 1
Int = (z-=)

K, R \T, T,
Where, K is equilibrium constant at 25 °C, Kz is
equilibrium constant at operating temperature,
T11s standard temperature (25 °C), T is operating
temperature (240 °C), R is ideal gas constant,

AHR® 1s standard heat of reaction at 25 °C.

N 222550]/mol( 1 1 )
1448594 ~ 8314)/mol. K\513K 298K
L
lnm— —37.646
L

44725%x 1077 = ————
4.48594

K; = 2.00633 x 10716

Table 1. The value of AH# and AG{ of
compounds [21].

Compounds  Molecular AH® AG
Formula  (kdJ/mol) (kdJ/mol)
Nitrobenzene CeHsNOq 67.60 158.00
Hydrogen He 0 0
Aniline CsHsNHz 86.86 166.69
Water H20 -241.80 -228.60

Since the value of the equilibrium constant is
relatively large, the reaction is irreversible, that
is, to the right.

The  process of  hydrogenation  of
nitrobenzene to aniline is exothermic, with energy
released during the reaction. The optimally
controlling the reaction temperature can increase
conversion efficiency without triggering the
formation of side products [22]. The important
role of enthalpy and entropy in reaction stability,
especially at low pressure [23]. DFT (Density
Functional Theory) based thermodynamic
simulations can predict ideal conditions for
producing aniline with a selectivity level of up to
99%, making it easier to optimize on an industrial
scale [24].

3.3  Process Modification for Increasing
Conversion of Nitrobenzene.

Increaseing conversion in the nitrobenzene
hydrogenation process is carried out using a
series of tools such as reactor, separators, cooler
and heater to achieve high conversion (Table 2).
First, the reactant input will enter the CRV-100
(Reactor) to react and form aniline, then aniline
gas flows. After that, it will be burned with E-100
(Cooler) and flowed for discount into top product
and bottom product through 2 Separators: V-100
and V-101, with interheater: E-101. The hydrogen
output from the V-100 Separator is recycled and
put back into the V-100. In the non-modified
design, the nitrobenzene conversion reached 97%,
while after process modification the nitrobenzene
conversion reached 98%.

An increase in temperature accelerates the
rate of the hydrogenation reaction, allowing
nitrobenzene to react more quickly with hydrogen
gas [17]. The process of aniline production from
nitrobenzene hydrogenation before modification
1s reacting nitrobenzene and hydrogen in reactor
with a temperature of 240 °C and a pressure of 2.3
atm to produce mixed aniline. The process of
aniline production from nitrobenzene
hydrogenation after modification 1s reacting
nitrobenzene and hydrogen in reactor with a
temperature of 215 °C and a pressure of 1 atm to
produce mixed aniline.

Table 2. Conversion of nitrobenzene to aniline
before and after process modification

Nitrobenzene
Process Type .
conversion
Before Modification 97%
After Modification 98%
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Modification of the nitrobenzene
hydrogenation process involves innovation in the
reactor and the use of new technology to increase
efficiency. The use of a catalyst-coated reactor can
increase the contact area between the catalyst
and the raw material, thereby increasing
conversion [25]. The efficiency of product
separation using a hybrid membrane system that
better separates aniline from water [26]. The use
of graphene-based catalysts with transition metal
doping can minimize the formation of by-
products, providing economic benefits on an
industrial scale [27]. Increasing energy efficiency
in heating and cooling systems in the process flow
can reduce energy consumption by up to 10% [28].
Emphasized the importance of controlling the
pressure of recycled hydrogen to maintain
reaction stability and increase selectivity up to
98% [29].

4. Conclusion

Benzene hydrogenation is generally carried
out using a reaction system in a reactor and
separated using a separator. After modifying the
nitrobenzene hydrogenation process system in the
manufacture of aniline by providing a recycling
process and changing operating conditions,
changes in operating conditions can affect the
product conversion results. Fluid circulation,
reduced heat and pressure are known to increase
the aniline conversion yield. This is proven by
simulations after modification with reduced heat
and pressure, as well as the addition of a recycling
process. The general process simulation results
produce an aniline conversion of 97%, while the
conversion results from the simulation results
after modification can reach 98%. From the
comparison of these two results, conversion after
reducing temperature and pressure, as well as
adding a recycling process, can Iincrease
conversion by 1%. This increase certainly has a
quite good impact on the scale of industrial
production. Although these modifications are not
significant, they can improve overall process
efficiency and provide economic benefits by
reducing raw material waste and energy
consumption, making it a more sustainable
solution in aniline production.

CRedit Author Statement

Author Contributions: A. N. Rohmabh:
Conceptualization, Methodology, Resource, Data
Curation, Writing, Software, Formal Analysis,
Review and  Editing; A. R. Palupi:
Conceptualization, = Methodology, = Resource,
Writing, Supervision, Writing Draft, Review and
Editing, Projects Administration; A. N. H. M.
Manulang: Writing Draft, Review and Editing ; H.
D. B. Erawati: Writing Draft, Review and Editing,

Visualization. All authors have read and agreed
to the published version of the manuscript.

References

[1] Anjalin, M., Kanagathara, N., & Suganthi, A.R.,
B. (2020). A brief review on aniline and its
derivatives. Material Today: Proceedings, 33,
4751-4755. DOI: 10.1016/j.matpr.2020.08.358.

[2] Zhang, Q., Bu, J., Wang, J., Sun, C., Zhao, D.,
Sheng, G., Xie, X., Sun, M., & Yu, L. (2020).
Highly efficient hydrogenation of nitrobenzene to
aniline over Pt/CeO2 catalysts: The shape effect of
the support and key role of additional Ce3+ sites.
ACS Catalysis, 10. DOI:
10.1021/acscatal.0c02730.

[3] Couto, C.S., Madeira, L.M., Nunes, C.P., Aratjo,
P. (2015). Hydrogenation of Nitrobenzene over a
Pd/A1203 Catalyst - Mechanism and Effect of the
Main Operating Conditions. Chemical
Engineering and Technology, 38(9), 1625-1636.
DOI: 10.1002/ceat.201400468.

[4] Grisales Diaz, V.H., Willis, M.J. (2022). Multi
objective optimization of aniline and hydrogen
production in a directly coupled membrane
reactor. International Journal of Hydrogen
Energy, 47(19), 10483-10499. DOLI:
10.1016/j.ijhydene.2022.01.128.

[6] Keypour, H., Noroozi, M., Rashidi, A., & Shariati
Rad, M. (2015). Application of Response Surface
Methodology for Catalytic Hydrogenation of
Nitrobenzene to Aniline Using Ruthenium
Supported Fullerene Nanocatalyst. Iranian
Journal of Chemistry and Chemical Engineering,
34(1), 21-32. DOI: 10.30492/ijcce.2015.126717.

[6] Fukui, M., Koshida, W., Tanaka, A., Hashimoto,
K., Kominami, H. (2020). Photocatalytic
hydrogenation of nitrobenzenes to anilines over
noble metal-free TiO2 utilizing methylamine as a
hydrogen  donor. Applied Catalysis B:
Environmental, 268. DOI:
10.1016/j.apcath.2019.118446.

[7] Damara, L.G.A. (2017). Aniline Plant from
Nitrobenzene Through Hydrogenation Process
Capacity 35000 Tons. Undergraduate Thesis,
Sebelas Maret University.

[8] Pujosaputra, C. (2022). Pre-Design of an Aniline
Plant from Vapor Phase Nitrobenzene
Hydrogenation with a Capacity of 86,000
Tons/Year. Undergraduate Thesis, The Islamic
University of Indonesia.

[9] Brovko, R.V., Mushinsky, L.S., Latypova, A.R.,
Sulman, M.G., Matveev, V.G., & Doludaa, V.Y.
(2021). Evaluation of nitrobenzene hydrogenation
kinetic particularities over mono and bimetallic ni
containing hypercrosslinked polystyrene.
Chemical Engineering Transactions, 86, 883-888.
DOI: 10.3303/CET2186148.

Copyright © 2025, ISSN: 3032-7059



[10]

[11]

(12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

Journal of Chemical Engineering Research Progress, 2 (1), 2025, 138

Diaz, V.H. G.,, & Willis, M.J. (2022).
Multiobjective optimization of aniline and
hydrogen production in a directly coupled
membrane reactor. International Journal of
Hydrogen Energy, 47(19), 10483-10499. DOI:
10.1016/j.ijhydene.2022.01.128.

Liu, B., Wang, Y., Huang, N., Lan, X, Xie, Z.,
Chen, J. G., Wang, T. (2022). Heterogeneous
hydroformylation of alkenes by Rh-based
catalysts. Chem., 8(10), 2630-2658. DOI:
10.1016/j.chempr.2022.07.020.

Qi, H., Wang, X., Lei, M., Fan, W., Huang, S., Zhu,
L., Tang, H. (2024). Highly efficient catalytic
hydrogenation of nitrobenzene on cobalt-
immobilized nitrogen-doped carbon: A dual-sites
synergistic effect between cobalt single atoms and
cobalt nanoparticles. Chemical Engineering
Journal, 500. DOI: 10.1016/j.cej.2024.157057.

Mikheenko, I.P., Bennett, J.A., Omajali, J.B.,
Walker, M., Johnson, D.B., Grail, B.M., Pascua,
D.W., Moseley, J.D., Macaskie, L.E. (2022).
Selective hydrogenation catalyst made via heat-
processing of biogenic Pd nanoparticles and novel
‘green’ catalyst for Heck coupling using waste
sulfidogenic bacteria. Applied Catalysis B:
Environmental, 306. DOI:
10.1016/j.apcatb.2021.121059.

Sanchez, A.P., Garcia, Y.P., Cruz, L.L.B., Veliz,
M.I.L.R. (2024). Simulation and conceptual
design of an aniline production process from
catalytic hydrogenation of nitrobenzene in
ChemCAD. Revista Ingenio, 7(2), 1568-175. DOI:
10.18779/ingenio.v712.873.

Ullmanns. (2012). Encyclopedia of Industrial
Chemistry. Interscience Encyclopedia, Inc.: New
York.

Javaid, A., Bildea, C.S. (2017). Design and control
of an integrated toluene aniline production plant
a preliminary study. International Journal of
Chemical Engineering and Applications, 8(4),
267-271. DOI: 10.18178/ijcea.2017.8.4.668.

McCullagh, A.M., Davidson, A.L., Ballas, C.E.,
How, C., MacLaren, D. A., Boulho, C., Brennan,
C., Lennon, D. (2024) The application of an
alumina-supported Ni  catalyst for the

hydrogenation of nitrobenzene to aniline.
Catalysis Today, 442. DOLI:
10.1016/j.cattod.2024.114933.

Taylor, C.J., Pomberger, A., Felton, K.C.,

Grainger, R., Barecka, M., Chamberlain, T.W.,
Bourne, R.A., Johnson, C.N., Lapkin, A.A. (2023)
A brief introduction to chemical reaction
optimization. Chem. Rev., 123(6), 3089-3126. DOI:
10.1021/acs.chemrev.2¢c00798.

May, A.S., & Biddinger, E.J. (2020). Strategies to
control electrochemical hydrogenation and
hydrogenolysis of furfural and minimize
undesired side reactions. ACS Catalysis, 10,
3212-3221. DOI: 10.1021/acscatal.9b05531.

(20]

(28]

(29]

Gopi, R., Vinoth, T., Angkayarkan, V.M., Anand,
R. (2022). A  critical review of recent
advancements in continuous flow reactors and
prominent integrated microreactors for biodiesel
production. Renewable and Sustainable Energy

Reviews, 154, 111869. DOI:
10.1016/j.rser.2021.111869
Yaws, C.L. (1999). Chemical Properties

Handbook. New Yeark: McGraw-Hill.

Marella, R.K., Madduluri, V.R., Lakkaboyana,
S.K., Hanafiah, M.M., & Yaaratha, S. (2020).
Hydrogen-free hydrogenation of nitrobenzene via
direct coupling with cyclohexanol
dehydrogenation over ordered mesoporous
MgO/SBA-15 supported Cu nanoparticles. RSC
Advances, 10(64), 38755—38766. DOI:
10.1039/d0ra06003h

Qu, Y., An, H.,Zhao, X.,& Wang, Y. (2024).
Insight into the roles of HEPES and ethanol in
one-pot preparation of ZrO2@Pt catalyst for
efficient selective hydrogenation of nitrobenzene.
Chemical Engineering Journal, 496. DOI:
10.1016/j.cej.2024.153949

Pandey, M., Jadav, D., Manhas, A., Kediya, S.,
Tsunoji, N., Kumar, R., Das, S., Bandyopadhyay,
M. (2022). Synthesis and characterization of
mononuclear Zn complex, immobilized on ordered
mesoporous silica and their tunable catalytic
properties. Molecular Catalysis, 525. DOI:
10.1016/j.mcat.2022.112365

Gao, X., Lin, Z., Li, T., Huang, L., Zhang, J.,
Askari, S., Dewangan, N., Jangam, A., & Kawi, S.
(2021). Recent Developments in Dielectric Barrier
Discharge Plasma-Assisted Catalytic Dry
Reforming of Methane over Ni-Based Catalysts.
Catalysts, 11(4), 455. DOI:
10.3390/catal11040455

Wang, H., Shi, F., Pu, M., & Lei, M. (2022).
Theoretical Study on Nitrobenzene
Hydrogenation by N-Doped Carbon-Supported
Late Transition Metal Single-Atom Catalysts.
ACS Catalysis, 12(18), 11518-11529. DOI:
10.1021/acscatal.2¢02373

Musavuli, K.C., Engelbrecht, N., Everson, R.C.,
Modisha, P., Kolb, G., Zapf, R., Hofmann, C., &
Bessarabov, D. (2023). Experimental Evaluation
of a Coated Foam Catalytic Reactor for the Direct
CO2-to-Methanol Synthesis Process.
ChemEngineering, 7(2), 16. DOI:
10.3390/chemengineering7020016

Tavana, M., Dashtebayaz, M. D., Gholizadeh, M.,
Ghorbani, S., Dadpour, D. (2024). Optimizing
building energy efficiency with a combined
cooling, heating, and power (CCHP) system
driven by boiler waste heat recovery. Journal of
Building Engineering, 97. DOILI:
10.1016/j.jobe.2024.110982

Kumar, A., Awasthi, M.K., Sheet, N., Kharde,
T.A., Singh, S.K. (2023). One-pot upcycling of
waste plastics for selective hydrogenproduction at
low-temperature. ChemCatChem, 15, 1-10. DOI:
10.1002/cctc.202300574

Copyright © 2025, ISSN: 3032-7059



