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nation of nitroarenes using
cellulose filter paper-supported Pd/C by filtration
as well as sealed methods†

Dmitry Olegovich Bokov,a Mustafa Z. Mahmoud,bc Gunawan Widjaja,de

Wanich Suksatan,f Supat Chupradit,g Usama S. Altimari,h Hussein Ali Hussein,i

Yasser Fakri Mustafa j and Milad kazemnejadi *k

A reductive filter paper for selective nitro reduction has been prepared bymodification of a pristine cellulose

filter paper by Pd/C nanoparticles, as a portable catalyst. The reaction was performed in two different set-

ups including (i) filtration and (ii) sealed systems, in the presence of ammonium formate and ex situ

generated hydrogen gas reducing agents, respectively. In the sealed system in the presence of H2 gas,

the halogenated nitroarenes were completely reduced, while in the filtration system, different derivatives

of the nitroarenes were selectively reduced to aryl amines. In both systems, the reduction of nitroarenes

to aryl amines was performed with high efficiency and selectivity, comparable to a heterogeneous

system. Reaction parameters were comprehensively designed using Design Expert software and then

studied. The properties of the catalytic filter paper were studied in detail from the points of view of

swellability, shrinkage, reusability, and stability against acidic, alkaline, and oxidative reagents.
Introduction

The nitro group is one of the most versatile moieties in organic
synthesis, mostly due to its conversion to primary and
secondary amines.1,2 Aryl amines play vital roles in the forma-
tion of pharmaceutical and numerous biologically active
molecules and are key precursors/intermediates for the
synthesis of agricultural chemicals, polymers, medicines, and
dyes.3 Kadam and Tilve reviewed the recent advancements in
methodologies for the reduction of nitroarenes with differen-
tiation of various reducing agents.4 The selectivity of the catalyst
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for transfer hydrogenation of the nitro group is an important
factor from the point of view of industrial applications, envi-
ronmental protection, easy work up, purity of products, and
cost-effectiveness because the reduction of nitroarenes creates
six different products including oxime, azo, nitroso, amine,
hydrazine, and diazine oxide (Scheme 1).5 In addition, in multi-
substituted nitroarenes containing several reducible groups
such as iminium, nitrile, and olen bonds, the selectivity of the
catalyst is of high importance.

The selectivity of the catalyst is also important in reducing
the nitro compounds in the homogeneous solution phase,
because solvents such as ethanol and methanol in the presence
of Pd can be converted to an alkylating agent (with the forma-
tion of acetaldehyde and formaldehyde) and give mono-
alkylated and dialkylated products.1 In addition, the formation
of reduced by-products for the halogenated nitroarenes was
another challenge that occurs by Pd/C catalyst in the presence of
a reducing agent.6

Various catalytic systems have been reported for the transfer
hydrogenation of nitro groups, including sulde/carbides,7,8

nitrides and borides,9 metals, metal oxides,10,11 and functional
carbon materials so far.12 Palladium supported on carbon (Pd/C)
Scheme 1 Six possible products from the reduction of nitrobenzene.5

RSC Adv., 2022, 12, 10933–10949 | 10933

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra01151d&domain=pdf&date_stamp=2022-04-06
http://orcid.org/0000-0002-0926-7428
http://orcid.org/0000-0002-5424-9640
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01151d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012018


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
16

/2
02

5 
12

:5
6:

33
 P

M
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
has a special place in organic synthesis and transfer hydroge-
nation of various reducible functional groups.13 Also, Pd/C has
been used to eliminate bromate in water,14 N-formylation of
amines,15 Stille16 and Suzuki17 couplings, and aerobic esterica-
tion of alcohols.18

Pd/C NPs are widely used in nitro reduction in the presence
of various H-sources, that could point to some examples: (1) Pd/
C with ammonium formate or hydrazine hydrate,6,19 (2) Pd–C
with polymer-supported formate,2 (3) Pd/C with ammonium
formate/silica,20 (4) CoFe2O4@Pd/activated carbon nano-
composite/NaBH4,21 and (5) Pd/CNS (carbon nanospheres)
under microwave irradiation.17 In addition, various reducing
agents including hydrogen gas, NaBH4, silyl hydrides, hydra-
zine hydrate, in situH2 generation, direct metal, MPV type redox
processes using organic reducing agents (transfer hydrogena-
tion), light induced photo catalysis (photocatalytic hydrogena-
tion using a hole scavenger), biotic reduction, and
electrocatalytic hydrogenation accompanied by water oxidation
were used for transfer hydrogenation of nitro groups.4 Recently,
Goyal et al. reported using MeOH as a H2 source for Pd/C
catalyzed N-methylation of nitroarenes.22,23 Formate ion has
attracted the attention of many researchers in this eld due to
its ease of use, safety, high selectivity, cost-effectiveness, envi-
ronmental friendliness, and excellent performance. There are
various reports for the application of formate to transform
hydrogenation of various functional groups, especially in the
form of polymer supported.2,3,24

In addition, a green way to perform transfer hydrogenation
under a H2 atmosphere is the ex situ production of H2 in
a sealed tube by the reaction of an acid with a metal. The
Skrydstrup group developed a two-chamber H-tube reactor to
perform the reactions under ex situ generated gases.25 Carbon-
ylation,26 hydrogenation of unsaturated bonds,27 preparation of
vinyl arenes,28 and arene cyanation29 were some of the reactions
developed by the Skrydstrup group via ex situ generated CO2, H2,
ethylene, and HCN gases, respectively. In this paper, we will
show the successful performance of this system in the reduction
of nitro groups in the presence of ex situ generated H2 gas using
a novel catalyst.

Although heterogeneous catalysts have advantages such as
easy work-up, recoverability, etc., their catalytic activity is lost
during successive cycles.30 In addition, contamination with raw
materials requires frequent and tedious washing, as well as
incomplete recovery from the reaction medium which are some
of the drawbacks associated with heterogeneous catalysts,
which causes their catalytic activity to decrease over time, and
limits their application in the case of very small nanoparticles
such as Pd/C. In this way, developing green approaches is now
a mandatory prerequisite for the synthetic organic chemists.

A smart strategy to address the mentioned drawbacks asso-
ciated with the heterogeneous systems is to design a portable
system by immobilizing the small nanoparticles on a lter
paper. Numerous reports of manipulation and use of lter
paper as a catalyst in various reactions are available. The use of
lter paper in organic synthesis is an intelligent strategy for
solid phase synthesis that has advantages such as clean work-
up.31 Due to the high ability to manipulate and modify
10934 | RSC Adv., 2022, 12, 10933–10949
a cellulose paper, it has attracted a lot of attention from scien-
tists in various elds in order to achieve different goals.32 In the
eld of organic chemistry, modications have been used to
convert cellulose paper into a catalyst as a suitable substrate.
Cellulose has been known as a powerful solid support in
organic synthesis.33 Previously, a modied porous
microstructure-cellulose paper by methacryloxy groups (via
a silane coupling method) was used as a support for the
immobilization of lipase enzymes (due to hydrophobic inter-
action). The resulting paper showed noteworthy catalytic
activity towards nonaqueous transesterication reaction in both
batch and ow modes by immersion of the modied FP in the
solution.34 Ag NP-loaded lter paper was developed by Mourya
et al. as a catalytic system for nitro reduction, cascade reaction,
and degradation of methyl orange, which was prepared by
dipping the FP into hydrophobic monodispersed AgNO3 solu-
tion.35 Also, AgNPs, AuNPs, and Ag–Au bimetallic nano-alloy
deposited onto a cellulose solid support were used for cata-
lytic reduction of p-nitroaniline.36 Cellulose paper is also
a suitable substrate for the in situ preparation of nanoparticles.
For example, Ni37,38 or Co39 nanoparticles were prepared by
electrostatic interactions in cellulose paper coated with a thin
layer of chitosan. For this purpose, metal ions were adsorbed on
chitosan-coated lter paper and then reduced by NaBH4 solu-
tion and nally metallic nanoparticles are formed.37–39

In another report, a 3-mercapto-propanoic acid-modied
cellulose lter was utilized as an adsorbent for the efficient
removal of arsenate from drinking water through a batch or
semi-continuous membrane separation process.40 A dispersion
of Pd NPs in ammonium salts of polystyrenes could be effi-
ciently immobilized on the surface of a lter paper using
heating along with dicarboxylic acid or halide anions. By
dipping one piece of the resulting modied lter paper to the
reaction mixture, it was efficiently used for sequential cross-
coupling and hydrogenation reactions.31 The electrostatic
interaction between ionic ammonium groups in Pd@HPS-
NR3

+Cl� (HPS ¼ hyperbranched polystyrene) NPs with surface
hydroxyl groups in cellulose was responsible for this strong
immobilization.31 Wei et al. developed an Fe-tannin-framework
ink coating to prepare a cellulose-derived catalyst using
commercial cellulose lter paper as a carbon source. The
resultant Fe3C/Fe–N–C catalyst was used for oxygen reduction
under alkaline conditions.41 Moreover, the Au NP-loaded lter
paper composite presents high surface enhanced Raman (SERS)
efficiency, which provides real-time monitoring of chemical
reactions.42 The paper was fabricated by the dip coating process
using concentrated gold NP suspensions in toluene. Super-
hydrophobic paper with high self-cleaning properties,43 paper-
based electrodes,42 Ag-doped cellulose lter paper as a wound
dressing agent,44 and superhydrophobic cellulose paper for
water drop energy harvesting32 are some recent advances over
manipulation of cellulose lter paper and its application in
various elds of science.

Despite advances in this eld, the use of modied lter
papers by reaction mixture ltration has not been studied. The
main goal of the present work was the introduction of “potable
catalysts” based on cellulose lter paper via ltration of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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reactants. In this way, the cellulose lter paper was modied
with Pd/C nanoparticles that its application in reduction of
a variety of substrates and functional groups in the presence of
ammonium formate is well known.2,6,17,19–21 In this work, Pd/C
nanoparticles were immobilized on a pre-silylated lter paper.
Ammonium formate was used as the H-source in the reaction
mixture (Scheme 2).

Our studies on the resulting catalytic lter paper also showed
that in the presence of ex situ generated H2 gas in a sealed two-
chamber H-tube system, the halogenated nitroarenes were
reduced entirely. Therefore, by changing the reducing agent,
the lter paper has the ability to selectively reduce different
functional groups.
Results and discussion

Scheme 3 shows two different routes for the preparation of
FP@Si@Pd/C catalytic lter paper. Given that Pd interacts
strongly with oxygen atoms,45 both methods are highly reliable
Scheme 2 Two setups for the (a) selective reduction of nitroarenes by
genated nitroarenes via the ex situ generated H2 gas in a sealed tube (m

Scheme 3 General schematic view for the preparation of FP@Si@Pd/C

© 2022 The Author(s). Published by the Royal Society of Chemistry
for immobilizing Pd/C on the cellulose lter paper. In route a,
the pre-prepared Pd/C was immobilized in one step on the
silylated cellulose lter paper. Route b consists of two steps of
immobilizing activated carbon on the silylated lter paper and
then immobilizing Pd on the activated carbon. Although both
methods can be used for the preparation of the catalytic lter
paper, in this paper, route a was used for the sake of easier
workup, greater repeatability, and a higher Pd loading
percentage.
Paper characterization

The catalytic lter paper 4 was also characterized by different
analyses at each stage, and aer conrmation, the synthesis
steps were continued. Filter papers 2–4 as well as unmodied
(pristine) lter paper were characterized by the ATR-IR tech-
nique (ESI, Fig. S1†). The presence of strong vibrations at
780 cm�1 and 1073 cm�1 was related to the symmetric and
asymmetric Si–O–Si stretching vibrations, respectively,46 which
conrms the successful silylation of the lter paper. The
the filtration method (method A), and (b) complete reduction of halo-
ethod B) on FP@Si@Pd/C catalytic filter paper.

catalytic filter paper (4) via two different routes.

RSC Adv., 2022, 12, 10933–10949 | 10935

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01151d


Table 1 Elemental analyses of the silylated filter paper resulting from ICP as well as EDX analyses

Element

CFP SiCFP(aq)
a SiCFP(vap)

b

ICPc (wt%) EDXd (wt%) ICPc (wt%) EDXd (wt%) ICPc (wt%) EDXd (wt%)

C — 51.36 — 48.60 — 48.09
O — 48.64 — 34.96 — 34.18
Si — — 14.68 11.36 12.90 11.96
Cl — 0.00 — 5.08 — 5.77

a Cellulose lter paper silylated from aqueous solution of CPTES as a soaking method. b Cellulose lter paper silylated from the chemical vapor
deposition method for 6 h time interval. c Resulted from ash of the silylated lter paper. d Mean of 5 points.

Fig. 1 EDX spectra of (a) activated carbon, (b) Pd on activated carbon
(Pd/C), (c) activated carbon-immobilized cellulose filter paper (FP@C),
and (d) Pd on activated carbon-immobilized cellulose filter paper
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immobilization of activated carbon on the silylated lter paper
was also conrmed by the presence of the characteristic peaks
related to CO2H (carboxylic acid) as well as strong vibrations of
C]C (corresponding to benzene rings) at 1760 cm�1 and 1440–
1640 cm�1 in lter paper 3, respectively (Fig. S1-e†).

Although several methods have been used to silylate cellu-
lose, silylation of a cellulose lter paper has not been speci-
cally reported. In this paper, inspired by previously reported
methods on cellulose,46,47 the cellulose lter paper was
successfully silylated with a high wt% Si. Silylation of a lter
paper was performed using both aqueous solution and chem-
ical vapor deposition (CVD) methods and studied by EDX (mean
of 5 points) as well as ICP analyses. ICP analysis was performed
aer preparation of ash from the lter paper at 500 �C.
According to the results, % wt Si in the silylated lter paper by
aqueous solution and CVD was equal to 14.68% wt and
12.90% wt respectively by ICP analysis, respectively (Table 1). As
shown in Table 1, the results of ICP and EDX were so close to
each other, which conrms the accuracy of the results and the
subsequent silylation successfully. Despite the similarity of the
results of both CVD and immersion method (solution), the lter
paper was silylated by the immersion method due to advantages
such as room temperature, simple work up, cost-effectiveness,
etc. In the CVD method, different exposure times of 2, 6, 8,
and 12 h were studied, among which the highest (3-chlor-
opropyl)triethoxysilane (CPTES) loading occurred at 6 hours
and the loading rate did not increase signicantly aer that.
The loading rates at the exposure times of 2, 6, 8, and 12 h were
equal to 7.14, 12.77, 12.76 and 12.80% wt, respectively. It seems
that aer 6 hours the surface becomes saturated and cannot be
loaded more by CPTES.

In the next step, in order to ensure the successful immobi-
lization of Pd/C on the lter paper, the lter paper was placed
on a glass funnel and washed 3 times, each time with 10 mL of
absolute ethanol, and the remaining solution (ltrate) was
analyzed by ICP-MS analysis. No trace of any metal (including
Pd and Si) was observed in the results, which reects the stable
immobilization of the activated carbon through the ether bond
according to what is shown in Scheme 3. The results of ICP
analysis showed that 9.45% wt Pd was loaded on one lter paper
with a diameter of 5.5 cm and a weight of about 120 g m�2.

Fig. 1 shows the EDX analysis of various steps in the
synthesis of the catalytic lter paper. The results showed high
purity of the lter paper and its successful silylation with
10936 | RSC Adv., 2022, 12, 10933–10949
11.36 wt% Si (ESI, Fig. S2-b†). The presence of oxygen in the
EDX spectrum of the activated carbon indicates the hydroxyl
and carboxylic acid functions in the structure of activated
carbon, completely consistent with the FTIR spectrum of the
activated carbon (ESI, Fig. S1†).

Fig. 1b shows the preparation of Pd/C with 10.22 wt% Pd. No
impurities due to the presence of other elements in the Pd/C
structure were observed according to the corresponding EDX
spectrum. Fig. 1c shows the immobilization of the activated
carbon on the lter paper (route b, Scheme 3). Successful sily-
lation of the lter paper as well as Pd/C led to its subsequent
successful immobilization on the lter paper in route
b (Scheme 3).

As shown in Fig. 1, 9.3% wt Pd was loaded on a 5.5 cm
diameter lter paper (Fig. 1d). The X-ray diffraction pattern of
the lter paper at different stages of the preparation conrms
the modications at each stage, in full agreement with EDX and
FTIR analyses (Fig. 2). Activated carbon was characterized by
two peaks at 2q ¼ 24.0� and 44.1� with an amorphous structure,
in agreement with the literature (Fig. 2a).48 The Pd crystalline
pattern was detected by ve characteristic peaks at 2q ¼ 41.9�,
48.0�, 68.1�, 82.2�, and 88.1� corresponding to (111), (200),
(220), (311), and (222) planes respectively, completely in agree-
ment with the reported Pd NP crystal structure (Fig. 2b).45

Reduction of AC corresponding peak intensity was a strong
proof for the successful supporting of Pd on the activated
carbon. The mean particle size of the Pd/C NPs was calculated
from the Pd(111) peak using Scherrer's equation:49
(FP@Si@Pd/C) prepared via route b presented in Scheme 3.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01151d


Fig. 2 XRD pattern of (a) activated carbon, (b) Pd on activated carbon
(Pd/C), (c) pristine cellulose filter paper, (d) activated carbon-immo-
bilized cellulose filter paper (FP@C), and (e) Pd on activated carbon-
immobilized cellulose filter paper (FP@Si@Pd/C). Symbol representa-
tion: rectangle: carbon phases; star: silica phases; circle: cellulose
phases; rhombic: Pd NP phases.

Fig. 3 High resolution XPS analysis (energy corrected, normalized) of Pd
on activated carbon-immobilized cellulose filter paper (FP@Si@Pd/C).
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d
�
Å
�
¼ kl

b cos q

where k is a constant equal to 0.9, l is the wavelength of the X-
ray used (1.54056 Å), b is the broadening of the diffraction line
measured at half of its maximum intensity in radius, and q is
the Bragg diffraction angle (angle at position of peak
maximum). According to Scherrer's equation, the average
particle size of Pd/C NPs was calculated to be 2.6 nm.

The presence of peaks appearing at 2q ¼ 14.1�, 16.2�, and
22.2� indicates the crystalline structure of the cellulose lter
paper, in full accordance with the literature (Fig. 2c).39 The X-ray
diffraction pattern resulting from the immobilization of amor-
phous activated carbon on the cellulose paper shows the pres-
ence of both carbon and cellulose phases with the
corresponding peaks, which reects the lack of structural
deviation of cellulose as well as the activated carbon. The
presence of an amorphous peak at 2q ¼ 7.9� corresponds to
amorphous silica immobilized on the cellulose bers (Fig. 2c).50

The X-ray diffraction pattern in the nal lter paper also
includes the presence of all phases of carbon, cellulose, silica
and Pd NP, which conrms the success immobilization of all
groups on the cellulose surface (Fig. 2d).

To determine the oxidation state of the Pd sites supported on
the activated carbon in FP@Si@Pd/C, high resolution Pd 3d XPS
analysis was performed. As shown in Fig. 3 two characteristic
peaks at 337.2 eV and 342.6 eV were assigned to Pd 3d5/2 and Pd
3d3/2 related to Pd2+ respectively, in agreement with the
© 2022 The Author(s). Published by the Royal Society of Chemistry
literature.5 Also, the energy band gap equal to DE ¼ 5.4 eV
conrms the oxidation state of +2 for the Pd sites.2,5,19 Based on
the previous reports, Pd supported on activated carbon contains
a mixture of Pd2+ as well as Pd(0), mostly Pd2+.51,52

The as-prepared Pd/C NPs were also studied by XPS analysis
in the Pd-3d range binding energies. The results showed
a mixture of Pd(0) and Pd(+2) oxidation states for Pd/C, in full
agreement with the previous reports (ESI, Fig. S3†).51,52 As
shown in the gure, the Pd centers were mostly in the zero-
oxidation state, which, aer immobilization on the silylated
lter paper, oxidize to the +2 state mostly (Fig. 3). According to
the observations and studies on the NaBH4-mediated prepara-
tion of Pd/C NPs, two reasons can be given for the mixture of
Pd(0) and Pd(+2) oxidation states in Pd/C: (1) in these methods,
Pd2+ salts (Pd(OAc)2, PdCl2, etc.) were used to coordinate Pd on
AC, so all Pd centers are initially Pd2+, and (2) considering that
a mixture of Pd2+ and Pd0 oxidation states was observed in
FP@Si@Pd/C, it seems that the immobilization of Pd/C on the
silylated cellulose lter paper caused surface oxidation due to
air exposure aer reduction.

The high resolution Pd 3D XPS spectrum of FP@Si@Pd/C
also shows the Pd(0) sites with the corresponding binding
energies at 335.3 eV and 340.5 eV with an energy band gap of
DE ¼ 5.2 eV, in agreement with the literature.2,19

SEM images from the plain, silylated and modied lter
paper with Pd/C also show well the preparation of lter paper 4,
in accordance with other analyses. As shown in Fig. 4a, the
cellulose bers in the plain lter paper has a diameter of about
17 mm, which aer silylation reaches about 22 mm (Fig. 4b). In
addition, the density of the cellulose bers was slightly
increased and the amount and diameter of the porosities were
reduced. Also, the plate-shaped areas (non-brous areas)
represent the cross-linked cellulose bers resulting through
silica groups. Immobilization of Pd/C on the silylated cellulose
bers results in clearer cubes (related to Pd/C sites) in the FE-
SEM image of FP@Si@Pd/C, indicating the successful immo-
bilization of Pd/C on the cellulose bers (Fig. 4c). Fig. 4d shows
the separately prepared Pd/C with an average diameter of
3.5 nm. No considerable agglomeration was found in the TEM
image of the Pd/C, reecting its stability and high dispersion
ability.
RSC Adv., 2022, 12, 10933–10949 | 10937
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Fig. 4 FESEM images of (a) pristine cellulose filter paper, (b) silylated FP,
and (c) FP@Si@Pd/C. (d) TEM image of the separately prepared Pd/C.

Table 3 Swelling measurements of the plain, silylated, FP@C, and
FP@Si@Pd/C

Solvent

Swelling (g mL�1) of lter paper

Plain Silylated FP@C FP@Si@Pd/C

H2O 8.8 10.0 14.5 14.0
H2O : MeOH 11.2 15.2 19.8 19.1
DMF 13.3 14.0 19.0 17.6
EtOH 6.8 9.1 14.5 13.5
MeOH 7.5 9.6 15.2 13.7
DMSO 14.2 15.7 18.8 17.2
Toluene 0.6 0.6 1.9 1.0
Acetic acid 5.9 7.2 8.7 8.2
Acetone 1.5 3.0 4.5 4.4
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The porosity and surface area of the plain and modied
lter papers were studied by the BETmethod. The results show
that the Pd/C was successfully immobilized on the lter paper.
According to the results of BET presented in Table 2, the
plain lter paper has a specic surface area and a pore size of
1.5 m2 g�1 and 8.64 mm respectively, which aer silylation
reach 1.68 m2 g�1 and 6.45 mm. Unlike nanoscale compounds,
increasing the surface area of bulk particles indicates func-
tionalization.53,54 Immobilization of the AC causes a signi-
cant increase in specic surface area up to 3.75 m2 g�1 and
a signicant decrease in pore size up to 1.54 mm. Pd/C
immobilization on the cellulose bers provides a smaller
surface area compared to AC immobilization on the cellulose,
indicating successful Pd loading on carbon. The average pore
size was almost the same as before and was equal to 1.55 mm
(Table 2, entry 4).

Given that the nitro reduction will be done by the ltration
setup, the amount of swelling of the lter paper by the reaction
solvent is a critical parameter. Accordingly, the most suitable
solvent is that preferably has the highest swelling rate and also
provides satisfactory efficiency for the nitro reduction. Table 3
shows the results of swelling measurements for the plain, sily-
lated, FP@Si@C, and FP@Si@Pd/C lter papers.

Silylation of the surface of the lter paper signicantly
increased the swelling, which was higher for protic solvents
than for polar ones. Possible cross-linking between the cellulose
bers results in a rigid structure and greater stability than in the
plain lter paper. Cellulose bers have intermolecular- and
intramolecular H-bonding interactions. By silylation of these
Table 2 Surface characteristics of the plain cellulose FP, FP@Si–Cl,
FP@C, and FP@Si@Pd/C

Entry Sample
Specic surface
area (m2 g�1)

Average pore
size (mm)

1 Plain cellulose FP 1.55 8.64
2 FP@Si–Cl 1.68 6.45
3 FP@C 3.75 1.54
4 FP@Si@Pd/C 3.05 1.55

10938 | RSC Adv., 2022, 12, 10933–10949
chains, many of these hydrogen bonds are broken, providing an
intermolecular hydrogen bond with the solvent molecules and
consequently increasing the swelling rate in the protic solvents.
As shown in Table 3, the amount of swelling in polar solvents
such as DMSO and DMF has decreased compared to the amount
in the silylated lter paper; however, for protic solvents, the
reduction in swelling was slightly lower than for the silylated
lter paper. The highest swelling was measured for FP@Si@Pd/
C in H2O : MeOH equal to 19.1 mL g�1.
Optimization studies over the reaction parameters

Parameters including Pd/C loading on one lter paper, reaction
temperature, and number of ltrations were designed and
studied by Design Expert soware (ESI, Fig. S4–S6, and Tables
S1–S3†). Fig. 5 shows some of the tests performed in accordance
with the designed experiments by Design Expert soware.
Examination of the effect of different solvents showed that
DMSO, MeOH : H2O mixture, and PEG-200 had the highest
efficiencies (96%, 98% and 95%, respectively) and selectivity
between the solvents tested. Due to the presence of several OH
groups as well as polar silica groups in the cellulose bers, it
causes stronger interactions between protic and polar solvents
with the cellulose bers and consequently their better diffusion
in the lter paper. CH3CN, THF and H2O had the lowest effi-
ciency among the studied solvents (Fig. 5a). The amount of Pd
loaded on the surface of the lter paper was also an effective
parameter on the reduction of nitrobenzene. For this purpose,
different amounts of Pd/C were immobilized on the lter paper,
and then the nitrobenzene reduction efficiency was studied.
The highest efficiency was obtained at 9.45% wt Pd on a lter
paper, and at higher and lower values, the efficiency decreased
(Fig. 5b). Also, the highest efficiency was obtained at room
temperature, and at reux temperature, the efficiency decreased
slightly (Fig. 5c). H2 gas and ammonium formate as hydrogen
sources produced the highest possible efficiency (Fig. 5d). In
this study, H2 gas was generated ex situ by the reaction of Zn
with HCl in a completely different set-up (Scheme 2). The effect
of other reducing agents is shown in Fig. 5d.

Aer nding the best conditions to reduce nitro compounds,
different derivatives of aryl nitro were reduced by both ltration
and sealed-tube methods. Table 4 shows the results of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optimization of parameters of nitrobenzene reduction to aniline in method A. (a) Solvent effect (5.0 mL, FP4 9.45 wt% Pd loading,
ammonium formate (10.0 mmol), R.T.), (b) Pd loading amount (g/1.14 g, MeOH : H2O (1 : 1, 5.0 mL), ammonium formate (10.0 mmol), R.T.), (c)
solvent temperature (FP4 9.45 wt% Pd loading, MeOH : H2O (1 : 1, 5.0 mL), ammonium formate (10.0mmol)), (d) reducing agent (10.0mmol, FP4
9.45 wt% Pd loading, MeOH : H2O (1 : 1, 5.0 mL), R.T.); to study the temperature effect, the reaction set-up was performed on a water bath. *
Heating was applied on a temperature-controlled water bath. **H2 gas was applied to the system according tomethod B presented in Scheme 2,
***1,1,3,3-tetramethyldisiloxane (TMDS); ****polymethylhydrosiloxane (PMHS).
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ltration method. The remarkable point was the selective
reduction of the nitro group in the presence of substitutions
such as OMe (Table 4, entry 2), OH (Table 4, entry 3), halogen
Table 4 Reduction of nitroarenes over FP@Si@Pd/C catalytic filter
paper 4 in the presence of ammonium formatea

Entry R Product Time (min)/cycles Con.b (%) Sel.c (%)

1 H 6a 190/4 98 99
2 4-MeO 6b 190/4 95 98
3 4-OH 6c 190/4 78 92
4 4-Me 6d 190/4 94 99
5 4-Cl 6e 190/4 85 94
6 4-Br 6f 190/4 85 96
7 4-I 6g 190/4 95 98
8d 4-CN 6h 140/3 98 95
9 2-Pyridyl 6i 190/4 94 99
10 3-NO2 6j 140/3 95 97
11 4-COMe 6k 140/3 99 96
12 4-CO2Me 6l 140/3 98 96
13 3-NH2-4-Cl 6m 245/5 94 95

a Reaction conditions: Ar–NO2 (1.0 mmol), FP4 9.45 wt% Pd loading,
MeOH : H2O (1 : 1, 5.0 mL), ammonium formate (10.0 mmol), R.T.,
consecutive ltration of the mixture. b Conversion based on GC
analysis. c Selectivity towards the preparation of aniline derivatives.
d No reduction for the cyano group (4-(aminomethyl)aniline) was
observed.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(Table 4, entries 5–7), and CN (Table 4, entry 8). Also, the
selectivity for all derivatives was calculated between 92% and
99%. As shown in Table 4, most of the derivatives reached the
highest possible efficiency during 4 consecutive ltrations.
Electronic effects showed that the presence of electron with-
drawing substitutions in aryl nitro improves the reduction
efficiency. This effect was observed on 6h and 6j–6l products. As
will be shown in mechanistic studies, this effect can be attrib-
uted to the presence of several anionic intermediates in the
reduction mechanism.

Next, the reduction of nitro compounds was also studied in
the presence of H2 gas in a sealed system (Scheme 2). The
results are summarized in Table 5. A noteworthy point in this
study was the simultaneous reduction of halogen substitution
in halogenated nitroarenes, despite the fact that the H2 gas
pressure also appears to be low in this system. On the other
hand, the reduction of nitrorenes bearing nitrile (7f), hydroxyl
(7c), and MeO (7b) was done quite selectively as the ltration
method. The results gave high to excellent efficiency for all
derivatives, both electron donor and withdrawing groups.
Chemoselectivity

In order to study more accurately and extensively the selectivity
of the lter paper towards the reduction of nitroarenes, the
chemoselectivity in both ltration and sealed tube methods on
different di-substituent derivatives was studied. As shown in
Table 6, the reduction selectivity of different nitrorenes with
different reducible substitutions including nitrile, olen,
halogen, oxime, and hydroxyl was studied by both methods. In
general, in the ltration method in the presence of ammonium
formate as a reducing agent, a high selectivity was observed for
the reduction of the nitro group in the presence of the
RSC Adv., 2022, 12, 10933–10949 | 10939
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Table 5 Reduction of nitroarenes over FP@Si@Pd/C catalytic filter
paper 4 in the presence of ex situ H2 gas generated

a

Entry (R)X P. Time (h) Con.b (%) Sel. (%)

1 H 7a 8 96 98
2 4-MeO 7b 9 94 98
3 4-OH 7c 9 75 96
4 4-Me 7d 8 90 99
5c 4-Cl 7e 7 92 98
6c 4-Br 7e 7 90 97
7c 4-I 7e 7 90 97
8d 4-CN 7f 6.5 95 96
9 2-Pyridyl 7g 6.5 94 99
10e 3-NO2 7h 5 98 97
11 4-COMe 7i 6 96 96
12 4-CO2Me 7j 6 97 96
13 3-NH2-4-Cl 7k 7 94 98

a Reaction conditions: in a COware, H-tube26 at room temperature, one-
side: Ar–NO2 (1.0 mmol), FP4 9.45 wt% Pd loading MeOH : H2O (1 : 1,
5.0 mL); one-side: granular Zn (4.0 mmol), HCl 4 M (4.0 mL).
b Conversion based on GC analysis. c Aniline was prepared selectively
(complete reduction of nitro and halide groups). d 4-
Aminobenzonitrile was the major product. e 1,3-Diaminophenol was
the major product.

Table 6 Chemoselectivity behavior of FP@Si@Pd/C catalytic filter paper
grorupsa

a Reaction conditions: method A: substrate (1.0 mmol), FP4 9.45 wt% Pd
R.T., 190 min (4 consecutive ltration of the mixture). Method B: In a CO
9.45 wt% Pd loading MeOH : H2O (1 : 1, 5.0 mL); one-side: granular Zn (4

10940 | RSC Adv., 2022, 12, 10933–10949
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mentioned reducible substituents, and the nitro group can be
selectively reduced to amine without interference of CN, OH,
olen, halogen and oxime functional groups. The results also
showed that under these conditions, the CN functional group
was also selectively reduced to 1�-amine in the presence of
olen (Table 6, g), oxime (Table 6, h), and hydroxyl functional
groups (Table 6, f). However, in the presence of H2 gas in the
sealed tube method, it was shown that the catalytic lter paper
has the ability to reduce groups including nitrile, olen,
halogen, and oxime, and among them, acts selectively for
nitrile, olen, halogen, and hydroxyl groups. As shown in Table
6, in the presence of the oxime functional group in 4-((hydrox-
yimino) methyl) benzonitrile (Table 6, h), the selectivity was lost
and a mixture of reduced products containing (h1) and (h2) was
obtained. The lter paper under a H2 atmosphere has a selec-
tivity of X¼NO2>¼> CN > N¼ –OH. As a result, by changing the
reducing agent, a wide range of products can be selectively
achieved from the reduction of nitro compounds (in the ltra-
tion method) or the reduction of aryl nitrile, styrene derivatives,
and aryl halides (in the sealed method in the presence of H2

gas).
The difference in selectivity betweenmethods A and B can be

directly attributed to the set-up reaction in the two methods.
The fact that the reducing agents in the two methods A and B
were different, as well as the difference in the reduction
potential of different functional groups, has led to high selec-
tivity observed for the reduction of compounds. These factors
in method A and method B towards the reduction of various functional

loading, MeOH : H2O (1 : 1, 5.0 mL), ammonium formate (10.0 mmol),
ware, H-tube26 at room temperature, one-side: Ar–NO2 (1.0 mmol), FP4
.0 mmol), HCl 4 M (4.0 mL).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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have caused that in the simultaneous presence of two reducible
functional groups, the reduction of one group was done selec-
tively. In method B, where the reduction takes place in a sealed
system in the presence of H2 gas, the conditions were also
provided for the reduction of functional groups such as alkene,
aryl halide, nitrile and oxime. For h and i compounds, since the
stoichiometric amount of the reducing agent (H2 gas) was not
used, a mixture of products h1, h2 and h3 as well as i1, i2, and i3
was obtained for the method B. In method A, due to the use of
weaker ammonium formate reducing agent (under atmospheric
pressure), it provides milder conditions for the reduction. The
results of this study show that the ltration method can be used
for the selective reduction of the aryl nitro in the simultaneous
presence of oxime, hydroxyl, alkene, nitrile, and halide func-
tional groups. However, in method B (under the sealed condi-
tions under H2 gas), alkene and aryl halide groups can also be
reduced. Another important factor that should be considered
was the simultaneous presence of two reducible functional
groups on the benzene ring (bi-functional substrates). Due to
the difference in the reduction potential of different functional
groups, simultaneous reduction of two different functional
groups was done competitively. By reduction of one functional
group on the substrate, it becomes an electron donor group,
which can reduce the reactivity of the second functional group
relative to the reducing agent.
Control experiments

In order to ensure that the catalytic activity of the lter paper
is unique, the catalytic activity of different materials used in
the synthetic path of the catalytic lter paper was evaluated in
the reduction of nitrobenzene to aniline. Table 7 shows the
effect of the catalytic activity of Pd/C, FP@Si@C, FP@Si, FP,
and AC as individual catalysts for both set-ups of ltration
and sealed systems in the presence of ammonium formate
and ex situ H2 generated respectively. Under identical condi-
tions (the same as FP@Si@Pd/C lter paper), Pd/C nano-
particles produced only 65% and 70% conversion for methods
A and B, respectively (Table 7, entry 1). In addition, the
selectivity was signicantly reduced, which was greater for
Table 7 Control experiments in the presence of Pd/C (10% wt), FP@Si@
nitrobenzene to anilinea

Entry Catalyst

Method A

t. (min) C. (%

1b Pd/C (10% wt) 190 65
2c FP@Si@C 190/4 7
3c FP@Si 190/4 5
4c Cellulose lter paper 190/4 N.R.
5b Activated carbon 190 N.R.

a General reaction conditions: nitrobenzene (1.0 mmol), MeOH : H2O (
addition of 100 mg of the catalyst and stirred at room temperature. In o
were performed under a nitrogen atmosphere. c The reactions using lte
inlet pressure. Other reactions were performed in a 10 mL round botto
The loading of Pd (mmol/95 cm2) was about 1.0 � 0.3.

© 2022 The Author(s). Published by the Royal Society of Chemistry
method B. No signicant efficiency was observed for
FP@Si@C, FP@Si, FP, and AC (Table 7, entries 2–5). The
results well demonstrate the unique catalytic activity of
FP@Si@Pd/C in the presence of ammonium formate and H2

reducing agents as well as the vital role of Pd centers in the
reduction of nitro compounds. Due to the lack of the catalytic
activity for FP@Si@C, it was proved that Pd centers act as the
catalytically active centers.

Also, the results showed superior activity to reduce nitro-
arenes to aryl amines to the Pd-modied cellulose powder. Pd-
supported peruorohexyl modied cellulose catalyzed the
reduction of nitrobenzene to N-phenylhydroxylamine (not to
aryl amine) in the presence of NaBH4.55 In another report,
hydrogenation of nitroarenes to aryl amines was catalyzed by
cellulose supported Pd NPs for 5 h in the presence of a H2

atmosphere,56 in which the reduction efficiency decreased from
99 to 90% aer 5 consecutive runs. In these non-magnetic
heterogeneous systems, the catalyst recovery needs centrifuga-
tion or tedious ltration that causes the loss of the catalyst in
each run. Also, contamination of NPs needs tedious and
consecutive washing that leads to loss of catalyst mass.

Next, the effect of how to set up the reaction was studied. For
this purpose, in the rst set up, (1) the lter paper was cut into
very small pieces and then used as a heterogeneous catalyst in
the reaction mixture, and (2) in the second method, one lter
paper was cut into pieces and suspended in the reaction
mixture.

The results are summarized in Table 8. The set-ups are also
applied for both ammonium formate and H2 reductants (Table
8). Considering the listed advantages for the ltration method,
both methods created less efficiency than the ltration method.
The results showed that the most effective setup to take
advantage of the catalytic properties of the lter paper was its
set-up as a lter paper on a glass funnel and the successive
passage (ltration) of the reaction mixture.

It was also shown that in terms of how to set up the reaction,
there was a signicant difference between the cut paper and
adding it to the reaction mixture or suspending it, and the
efficiency for setup 1 was much better than that for setup 2 for
C, FP@Si, and cellulose filter paper as the catalyst for the reduction of

Method B

) S. (%) t. (min) C. (%) S. (%)

80 8 70 65
— 8 19 —
— 8 12 —
— 8 N.R. —
— 8 N.R. —

1 : 1, 5.0 mL), R.T. b The reaction was performed heterogeneously by
rder to evaluate the experiments under the same conditions, reactions
r papers (entries 2–4) were performed on a water bath with 1.0 bar N2
m balloon stirred with a magnetic stirrer bar under a N2 atmosphere.

RSC Adv., 2022, 12, 10933–10949 | 10941
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Table 8 Examination of two other setups over the efficiency of
nitrobenzene to anilinea

Set-up

Reductant

Ammonium formate H2 (g)

t. (min) C. (%) S. (%) t. (min) C. (%) S. (%)

Set up 1 190/4 75 98 8 80 95
Set up 2 190/4 45 95 8 60 92

a Reaction conditions: Reduction of nitrobenzene to aniline was
performed according to the reported procedure presented in Tables 4
and 5, except the setup of the reaction (i.e. how to use the catalytic
lter paper 4 in the reaction). Setup 1: the catalytic lter paper with
5.5 cm diameter was cut into small 1 cm-square pieces and added to
the reaction mixture like a heterogeneous catalyst. Setup 2: catalytic
lter paper with 5.5 cm diameter was cut into 8 conical pieces with
a size of a 2.75 cm trim and held suspended by a clamp inside the
reaction mixture.
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both reductants (methods A and B). In addition, the setup could
be upgraded for continuous ow reaction systems than the
present batch reaction.
Fig. 6 (a) EDX analysis and (b) FESEM analysis of FP@Si@Pd/C after 4
Studies of reusability and stability

Due to the claim of portable application of the lter paper, it
should be used many times. For this purpose, in the nitro
benzene reduction to aniline, the catalytic lter paper was
recovered and reused 4 consecutive times for both ltration and
sealed system methods. As shown in Table 9, the efficiency loss
in each cycle was very small and aer 4 consecutive times, only 4
and 6% loss was observed for methods A and B, respectively. A
noteworthy point was the lack of selectivity drop during
successive cycles, which is of great importance in reduction
reactions. However, the rate of efficiency declined during
successive cycles that could be attributed to the reduction of the
lter paper quality and the reduction in swellability (according
to the results of leaching and swellability of the lter paper that
will be discussed in the next section).

The recovered lter paper was studied by EDX and FESEM
analyses, to evaluate its structure and morphology respectively.
As shown in Fig. 6, the lter paper not only retains the
Table 9 Reusability evaluation of the catalytic FP@Si@Pd/C over the
reduction of nitrobenzene to aniline usingmethod A as well as method
Ba

Entry

Method A Method B

t. (min)/NOFb C. (%)
S.
(%) t. (min)/NOFb

C.
(%)

S.
(%)

1th cycle 190/4 98 99 8 96 98
2th cycle 190/4 96 99 8 94 98
3th cycle 190/4 96 99 8 93 98
4th cycle 190/4 95 99 8 90 98

a In all experiments only one lter paper was used. b Number of
ltration.

10942 | RSC Adv., 2022, 12, 10933–10949
percentage composition of its elements, but also has exactly the
samemorphology as the freshly prepared paper. The lter paper
owes this preservation of structure and properties to the
successful silylation and immobilization of Pd/C on the cellu-
lose bers.

In order to study the catalytic activity of Pd centers on the
surface of the lter paper as a heterogeneous catalyst, the Pd
centers were poisoned with an excess amount of Hg(0).57 For
this purpose, the catalytic lter paper in ethanolic solution of
metallic mercury (0) (240 mmol) was shaken in a Petri dish for
2 h and then used in the nitrobenzene reduction to aniline in
the presence of ammonium formate aer complete drying. The
results did not show any catalytic activity for 190 min (four
consecutive ltrations) on the lter paper. Therefore, the results
showed that the catalytic lter paper acts heterogeneously and
the reactions take place specically on the Pd catalytic centers.
Also, due to the complete stop of the reaction, no Pd leaching
took place on the lter paper.

The hot ltration test also conrmed the previous results
and the lack of metal leaching from the lter paper. As shown in
Scheme 4, in the nitrobenzene reduction by method A, the
catalytic lter paper was removed aer 2 consecutive ltrations,
and then the reaction was stirred in the absence of the lter
paper for 2 h with a magnetic stirrer. The results didn't show
any reaction progress aer this time which conrms lack of any
metals into the reaction mixture.

Due to the fact that the lter papermust be used several times,
continuous wetting–drying affects the properties of the lter
paper, especially its swelling rate.58 For this purpose, the swelling
rate of the lter paper during successive cycles in MeOH : H2O
(1 : 1) was studied. Chemical modications on cellulosic brous
have been shown to affect their % swelling.59,60 However, no
consecutive recycle tests over the reduction of nitro benzene to
aniline (in method A).

Scheme 4 Hot filtration test on the FP 4.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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signicant reduction in swelling amount was observed in the
lter paper for 6 consecutive wetting–drying cycles. This can be
due to the presence of silica groups in the cellulose structure,
which can act as a cross-linker between cellulose bers, and also
the presence of activated carbon with high water adsorption
capability.54,61 Assuming that the CPTES group was attached to
cellulose only through one of the methoxy groups, the other two
groups have the potential to interact and subsequently crosslink
between the cellulose bers. This was also one of the reasons for
the high swelling rate observed for solvents aer silylation
(Fig. 7). Therefore, this slight decrease in swelling could also be
due to a change in the amount of crosslinking between the
chains due to a change in the brous structure of the polymer
during successive wetting–drying. Another factor was the closure
of larger pores during re-wetting, which are unable to reopen and
can cause surface tension forces.58 The results were completely
consistent with the previously published reports on the swell-
ability of cellulose paper aer drying.59 However, the slight
decrease in leaching has also been responsible for the slight
decrease in nitro reduction efficiency. Re-measuring the diameter
of the lter paper showed no signicant shrinkage (diameter
reduction of 1 mm) and the diameter of the lter paper aer 5
consecutive wetting–drying cycles was 5.3 cm.

In order to ensure the absence of any metal leaching from the
surface of the lter paper, its leaching was studied in various
acidic, alkaline, and oxidative environments. As shown in Table 10,
NaOCl, HNO3 (1 N), HCl (1 N), NaOH (1 N), and H2O2 37%
Table 10 Elemental composition study of FP@Si@Pd/C filter paper agains
well as EDX (mean of 5 points) analysesa

Entry Sample Reagent

1 Residue (ICP analysis) NaOCl
2 HNO3 (1 N)
3 HCl (1 N)
4 NaOH (1 N)
5 H2O2 37%
6 FP@Si@Pd/C (EDX analysis) NaOCl
7 HNO3 (1 N)
8 HCl (1 N)
9 NaOH (1 N)
10 H2O2 37%

a For each reagent, 5 mL was used and the analyses were performed aer

Fig. 7 Swellability and shrinkage measurements of FP@Si@Pd/C in
MeOH : H2O (1 : 1, v/v) for 6 consecutive drying–wetting cycles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
solutions were ltered through the FP@Si@Pd/C, and then both
lter papers and the ltrate were studied by EDX and ICP analyses,
respectively. The lter paper was completely stable against oxida-
tive and alkaline environments, so that no leaching of Pd nor Si
metals was observed in the ltrate. On the other hand, the EDX
results obtained from the lter paper aer exposure to thesemedia
also conrmed the composition of the elemental percentage of the
lter paper the same as the freshly prepared lter paper. In acidic
environments, the lter paper was also relatively stable. However,
some leaching was observed in the presence of HNO3 and HCl,
which was higher for HNO3. The results revealed that FP@Si@Pd/
C lter paper could be used as a promising catalyst in all acidic,
alkaline, and oxidative environments.

In order to ensure the effect of the presence of Pd/C as well as
silica groups in cellulose bers on the reduction of shrinkage
and swelling aer successive wetting–drying, in a separate
analysis, plain and silylated lter papers were also subjected to
successive wetting and drying in EtOH : H2O solvent and their
swelling rate was measured at each stage.

In accordance with the published articles, the plain lter
paper undergoes a lot of shrinkage at each stage, and at the end
of successive wetting–drying cycles (5 consecutive cycles) the
paper undergoes about 7 mm decrease in diameter, and the
swelling rate at 13.3 mL g�1 reaches 8.6 mL g�1.

But for the silylated lter paper, the amount of shrinkage was
equal to 2 mm and the amount of swelling reduced to 12, which
was insignicant. Surface silylation stops the shrinkage and
subsequently preserves swelling by creating a possible cross-
linking (ESI, Fig. S7†).

Finally, the effect of pH on metal leaching from the lter
paper was studied. For this purpose, using HCl and NaOH
solutions, the lter paper leaching was measured at a pH in the
range of 1–14. The results were shown in terms of Pd% wt
leached from the lter paper (Figure S8†). In each reaction,
5 mL of each prepared pH was ltered 5 times and then the
reaction mixture was studied by atomic absorption analysis for
Pd leaching. The maximum amount of Pd leaching at pHs 1,2
was equal to 9.45% wt Pd (approximately equal to the total
amount of Pd loaded on the lter paper). The leaching amount
t acidic, basic, and oxidative reagents by ICP (from residue of filtrate) as

EDX or ICP analysis (% wt of element)

C Pd Si O

— 0 0 —
— 3.88 3.45 —
— 2.68 1.89 —
— 0 0 —
— 0 0 —
53.52 9.31 14.54 22.63
59.57 3.75 7.18 28.50
54.73 7.27 10.90 24.10
53.50 9.27 14.62 22.61
53.71 9.22 14.39 22.68

10 consecutive ltrations at room temperature.

RSC Adv., 2022, 12, 10933–10949 | 10943
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Scheme 5 Two plausible reaction mechanisms for the nitrobenzene reduction by (a) sealed (method B) and (b) filtration methods (method A).
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was decreased at pH 2 and 3 equal to 9.4 and 8.8% wt Pd. At pH
4 to 14, no leaching was observed, indicating the relative
stability of the lter paper in acidic media and high stability in
alkaline environments. According to the results, the catalytic
lter paper prepared in this study can be used in mild and
acidic environments with condence.
Mechanism studies

According to the previously reported mechanisms of nitro
reduction on a heterogeneous system,5,12,20,62 a possible mech-
anism for the reduction of nitroarenes was presented by both
methods A and B in the presence of ammonium formate and H2

gas, respectively. In the presence of a catalytic amount of Pd/C,
ammonium formate undergoes decomposition to CO2, NH3 and
H2.20,63 This type of hydrogenation reaction was typically per-
formed in a solvent by stirring a heterogeneous mixture until
the reaction was complete. The formate ion could be adsorbed
on the Pd/C surface in the rst step of the mechanism
(Pd(HCOO�)ad).64,65 In the ltration method, protons are rst
adsorbed on the Pd centers in the presence of the formate group
at Pd/C sites (Pd (H�) intermediate).

In method B, the Pd(H�) intermediate was created by ex situ-
H2 generated by the reaction of Zn with HCl (Scheme 5). Due to
the strong interaction of Pd with O, nitro groups are adsorbed
on the catalyst surface by oxygen (intermediate III). Then, in the
presence of ammonium formate (method A) or hydrogen gas
(method B), intermediate IV is formed.66–69 Studies from the
control experiments have shown that the reaction denitely
takes place on the Pd centers and also the reductant was
a mandatory reagent for the nitro reduction (Scheme 5).
Conclusion

Transfer hydrogenation of nitroarenes was performed on
a portable catalytic lter paper in the presence of ammonium
10944 | RSC Adv., 2022, 12, 10933–10949
formate as well as H2 gas as two individual protocols. In the
presence of ammonium formate, the reaction was performed by
several consecutive ltrations of the reaction mixture, for the
rst time. In the presence of ex situ-H2 generated gas in a sealed
two-chamber H-tube system, the halogenated nitroarenes were
reduced entirely. Hydrogenation of olens, and nitrile reduc-
tion to amine could also be performed by the present protocol.
High selectivity and efficiency were obtained for a wide variety
of nitroarenes in the presence of both ammonium formate and
H2 gas. In the ltration method, the nitro group can be selec-
tively reduced to amine without interference of CN, OH, olen,
halogen, and oxime functional groups. The lter paper under
a H2 atmosphere had a selectivity of X ¼ NO2> ¼> CN > N ¼
–OH. The results showed that the most effective setup to take
advantage of the catalytic properties of the lter paper was its
set-up as a lter paper on a glass funnel and the successive
passage (ltration) of the reaction mixture. The results from
leaching, swellability, pH tests, and recyclability studies on the
lter paper conrm its stability in order to be used several
times. Another advantage of the catalytic lter paper as
a portable catalyst was its possibility to be used in industry even
by non-experts. In method B, it was shown that catalytic lter
paper can also be used as a heterogeneous catalyst and its
presence in the reaction mixture causes it to be catalyzed. The
results revealed that FP@Si@Pd/C lter paper could be used as
a promising catalyst in all acidic, alkaline, and oxidative
environments.

Experimental section
Instrumentation

A circle folded Whatman cellulose lter paper (Whatman 1201-
320) grade 1V, with 0.2 mm thickness, 32 cm diameter, 8–10
micron, 150 s/100 mL speed (Herzberg) with a basic weight of
120 g m�2, was purchased from Sigma for preparation of the
catalytic lter paper. Functionalized (acid treated) activated
© 2022 The Author(s). Published by the Royal Society of Chemistry
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carbon (mesh size �100) was purchased from LobalCheme
(Mumbai, India). An Orbital Shaker, 10 mm Orbit from
BTLabSystems, was used for shaking of the samples. The reac-
tion setup was equipped with a low pressure N2-inlet (0–1 bar) V-
121K091 R-21 regulator (inlet connection W2432), to control the
ltration rate (contact time duration). FTIR as well as ATR (in
the case of lter papers) spectra were recorded on a JASCO FT/IR
4600 spectrophotometer. The NMR (1H and 13C) spectra were
recorded using a Bruker AVANCE III 300 MHz spectrometer in
deuterated solvents including CDCl3 and DMSO-d6. TMS was
used as an internal standard. ICP analyses were performed on
a NexION 2000B ICPmass spectrometer. Crystal structure of the
samples was studied by X-ray diffraction (XRD) patterns of the
samples on a Rigaku Smart-Lab X-ray diffractometer with Cu Ka
(l ¼ 1.5418 nm) radiation. Morphology of the samples was
studied by the eld emission scanning electron microscopy
(FESEM) technique using Tescan MIRA3 apparatus. Elemental
analysis of the samples was performed using EDX spectroscopy
on a JEOL 7600F eld emission scanning electron microscope,
equipped with a spectrometer of energy dispersion of X-ray
from Oxford Instruments. Experimental design for the statis-
tical studies over the effective parameters on the nitro reduction
as well as subsequent regression analyses of the experimental
data was performed using Design-Expert statistical soware
version 11, Stat-Ease Inc., Minneapolis, MN, USA. Gas chro-
matography analyses were performed on a YL 6100 gas chro-
matograph system (GC) with a CBP5 column (Shimadzu 30 m �
0.32 mm � 0.25 mm). The conversion and selectivity of the
products were determined using GC soware (Autochro-3000).

Selectivity of the products (Table 6) was measured by gas
chromatography. For each experiment, the resulting mixture
(0.2 mL) was injected to GC instrument and then the selectivity
of the products was calculated by the following equation:70

Selectivity ð%Þ ¼ GC peak area of a selected product

GC peak area of all products
� 100
Silylation of cellulose lter paper (FP@Si)

For the silylation of cellulose FP, two protocols could be used:
(1) Silylation of cellulose lter paper was inspired by the work

of Chantereau et al.46 in water. The plain lter paper (Whatman
1201-320, grade 1V, with 0.2 mm thickness, 32 cm diameter, 8–
10micron, 150 s/100mL speed (Herzberg) with a basic weight of
120 g m�2) was soaked in a basicied (with NH3 solution, pH ¼
9.0) aqueous solution of (3-chloropropyl)triethoxysilane (340
mM). The setup was shaken for 24 h at room temperature to
complete adsorption/deposition of CPTES on the FP. Then, the
paper was freeze-dried for 24 h and stored in a desiccator with
P2O5 before use.

(2) In the second protocol, a simple chemical vapor deposi-
tion was performed according to a previously reported protocol
with somemodications.47 This method was used to expose CFP
to the CPTES vapor in the absence of any catalyst at an elevated
temperature. 25 mL of CPTES was added to a closed chamber
bearing an open vessel holding the CPTES. Then, a plain CFP
© 2022 The Author(s). Published by the Royal Society of Chemistry
was placed on a porous lter paper and the temperature was
adjusted to 215 �C. The test was repeated at three different time
intervals of 2, 6, 8, and 12 h. The cellulose lter papers treated
by vapor deposition were marked as SiCFPvap.

Preparation of activated carbon-supported Pd

Carbon-supported palladium (Pd/C) was prepared by a previ-
ously reported liquid-phase reduction with slight modica-
tion.52 Briey, in a round-bottom ask, functionalized carbon
(0.4 g) was dispersed in 100 mL of deionized water. Then, the
pH of the solution was adjusted to 11 using ammonia solution
(28–30 wt%) to get a net negatively charged carbon surface. The
reaction mixture was stirred for 2.0 h at room temperature. To
prepare Pd/C particles with 10 wt% Pd loadings, 19% wt
(NH3)4Pd(NO3)2 was added to the mixture, and the mixture was
stirred for 24 h. Subsequently, aqueous reducing agent solu-
tions (excess amounts) including formaldehyde (37 wt%, 3 mL)
and NaBH4(aq) (0.5 mmol in 5 mL, freshly prepared) were added,
respectively at room temperature. The rst reductant was added
instantly, and the reaction mixture was stirred for 1 h at 80 �C.
Then, NaBH4 solution was added dropwise for 5.0 min and the
reaction mixture was stirred at room temperature for 1 h. The
resulting Pd/C product was separated by centrifugation (20 000
rpm), and washed with deionized water several times, and then
dried at 80 �C in a vacuum oven.

Preparation of FP@Si@Pd/C catalytic lter paper via route A

Pd/C was immobilized on the silylated lter paper in one step.
In a 10 cm diameter glassy Petri dish, Pd/C (200 mg) was
dispersed to 15 mL of ethanolic ammonia solution. The pres-
ence of ammonia also helps to neutralize the acid produced
during CPTES coupling to the hydroxyl groups in the cellulose
bers. Then, the silylated cellulose lter paper with 5.5 cm
diameter was slowly inserted into the Petri dish. In order to
immobilize the Pd/C into the lter paper, the Petri dish was
shaken for 48 hours at room temperature. FP@Si@Pd/C cata-
lytic lter paper was dried and stored in a vacuum desiccator
containing P2O5 as a desiccant and dehydrating agent.

Immobilization of activated carbon on the silylated FP
(FP@Si@AC) and the preparation of FP@Si@Pd/C catalytic
lter paper via route B

To immobilize AC on the silylated lter paper, 200 mg of AC was
dispersed in 15mL of ethanolic ammonia solution and added to
a 10 cm diameter glassy Petri dish. Then, the silylated cellulose
lter paper with 5.5 cm diameter was slowly inserted into the
Petri dish. In order to immobilize the AC into the lter paper,
the Petri dish was shaken for 48 hours at room temperature.
FP@Si@C lter paper was dried at 45 �C in a vacuum oven. To
coordinate Pd ions with 10 wt% Pd loadings into the FP@Si@C
lter paper, 19% wt (NH3)4Pd(NO3)2 aqueous solution was
added to the Petri dish, and then the FP@Si@C lter paper was
inserted to the dish. The dish was shaken for 24 h at room
temperature. Subsequently, aqueous reducing agent solutions
(excess amounts) including formaldehyde (37 wt%, 3 mL) and
NaBH4(aq) (0.5 mmol in 5 mL, freshly prepared) were added,
RSC Adv., 2022, 12, 10933–10949 | 10945
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respectively at room temperature to the dish. The rst reductant
was added instantly, and the reaction mixture was shaken for
4 h. Then, NaBH4 solution was added dropwise for 5.0 min to
the reaction mixture at room temperature and then shaken for
1 h. The mixture containing FP@Si@Pd/C catalytic lter paper
was shaken for an additional 12 h at ambient temperature. The
resulting FP@Si@Pd/C lter paper was separated and washed
with deionized water and cool EtOH several times, and then
dried at 45 �C in a vacuum oven.

General procedure for nitro reduction catalyzed by
FP@Si@Pd/C catalytic lter paper by the ltration protocol

As a typical procedure for the FP@Si@Pd/C-catalyzed nitro
reduction, in a glassy vacuum Erlenmeyer ask (100 mL) Ar–
NO2 (1.0 mmol) and ammonium formate (10.0 mmol) were
dissolved in a solution of MeOH : H2O (1 : 1, 5.0 mL) at room
temperature. The modied folded lter paper (circle with
5.5 cm diameter and 0.2 mm thickness), FP@Si@Pd/C, was
placed on a glass funnel (as shown in Scheme 2), all on
a vacuum Erlenmeyer ask. Also, the vacuum Erlenmeyer ask
was equipped with a low pressure N2 inlet (1.0 bar, V-121K091 R-
21 regulator (inlet connection W2432)) to control the ltration
rate. The reaction mixture was poured on the lter paper at
once, in one step, so that the entire surface of the lter paper
was covered by the reaction mixture (the reaction mixture rose
to near the edge of the lter paper). At each ltration, the
reaction progress was monitored by TLC and GC. In each
ltration cycle, a glass plate was placed (sealed) on the funnel to
avoid solvent evaporation. Aer reaction completion, the lter
paper was washed with 10mL of hot absolute ethanol. Scheme 2
shows the general schematic of the setup for the reaction of the
nitro reduction. The reaction time was accurately calculated
using a stopwatch and only during the contact of the reactants
with the lter paper (ltration time only). For each ltration, the
time was calculated immediately aer pouring the reactants on
the lter paper and the time was stopped aer the ltration was
completed. The next cycle was repeated in the same way. Due to
the constant pressure in Erlenmeyer, the ltration follows
a constant mean time.

General procedure for nitro reduction catalyzed by
FP@Si@Pd/C catalytic lter paper by ex situ H2 production in
a H-tube

In a COware, H-tube,26 FP@Si@Pd/C catalytic lter paper (FP4
9.45 wt% Pd loading) was placed in the bottom of the one-side
of the H-tube as a U-shape. One-side of the H-tube containing
the lter paper 4 was charged with Ar–NO2 (1.0 mmol) and
MeOH : H2O (1 : 1, 5.0 mL); the other-side was charged with
granular Zn (4.0 mmol) and HCl 4 M (4.0 mL). The mixture
above the paper was stirred mechanically using a mechanical
stirrer that passed through the plastic cap of the H-tube. The
mixture was stirred under completely sealed conditions at room
temperature. To monitor the reaction progress, in each stage,
the tap between the two sides of the H-tube was closed, and the
progress of the reaction was monitored by GC or TLC. Upon the
reaction completion, the lter paper was removed using
10946 | RSC Adv., 2022, 12, 10933–10949
forceps, and washed with 10 mL of hot absolute ethanol, and
then the resulting residue was added to the reaction mixture to
accurately determine the reduction efficiency (due to possible
contamination of the FP by reactant and/or product(s)) (Scheme
2). Then, the FP4was stored and dried at 45 �C in a vacuum oven
for the next use.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors are grateful for the nancial support provided by
the Shiraz University.
References

1 M. O. Sydnes and M. Isobe, One-pot reductive
monoalkylation of nitro aryls with hydrogen over Pd/C,
Tetrahedron Lett., 2008, 49, 1199–1202.

2 K. Abiraj, G. R. Srinivasa and D. C. Gowda, Hydrogenation of
aromatic nitro compounds using polymer-supported
formate and Pd-C, Synth. Commun., 2005, 35, 223–230.

3 B. Desai and T. N. Danks, Thermal-and microwave-assisted
hydrogenation of electron-decient alkenes using
a polymer-supported hydrogen donor, Tetrahedron Lett.,
2001, 42, 5963–5965.

4 H. K. Kadam and S. G. Tilve, Advancement in methodologies
for reduction of nitroarenes, RSC Adv., 2015, 5, 83391–83407.

5 D. Xu, M. Xiong and M. Kazemnejadi, Efficient reduction of
nitro compounds and domino preparation of 1-substituted-1
H-1,2,3,4-tetrazoles by Pd (ii)-polysalophen coated magnetite
NPs as a robust versatile nanocomposite, RSC Adv., 2021, 11,
12484–12499.

6 F. Li, B. Frett and H. Y. Li, Selective reduction of halogenated
nitroarenes with hydrazine hydrate in the presence of Pd/C,
Synlett, 2014, 25, 1403–1408.

7 A.-M. Alexander and J. S. Hargreaves, Alternative catalytic
materials: carbides, nitrides, phosphides and amorphous
boron alloys, Chem. Soc. Rev., 2010, 39, 4388–4401.

8 F. Cao, R. X. Liu, L. Zhou, S. Y. Song, Y. Q. Lei, W. D. Shi,
F. Y. Zhao and H. J. Zhang, One-pot synthesis of owerlike
Ni7S6 and its application in selective hydrogenation of
chloronitrobenzene, J. Mater. Chem., 2010, 20, 1078–1085.

9 N. Perret, A. M. Alexander, S. M. Hunter, P. Chung,
J. S. J. Hargreaves, R. F. Howe and M. A. Keane, Synthesis,
characterisation and hydrogenation performance of ternary
nitride catalysts, Appl. Catal., A, 2014, 488, 128–137.

10 D. Wu, J. Ran, S. Zhong, M. Wen, J. Zhou, Q. Zhu and Q. Wu,
FeNi3/NiFe-mixed metal oxide heterostructured nanosheets
for catalytic nitro-amination, ACS Appl. Nano Mater., 2021,
4, 7739–7745.

11 D. Formenti, F. Ferretti, F. K. Scharnagl and M. Beller,
Reduction of nitro compounds using 3d-non-noble metal
catalysts, Chem. Rev., 2018, 119, 2611–2680.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra01151d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
16

/2
02

5 
12

:5
6:

33
 P

M
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
12 J. Song, Z. F. Huang, L. Pan, K. Li, X. Zhang, L. Wang and
J. J. Zou, Review on selective hydrogenation of nitroarene
by catalytic, photocatalytic and electrocatalytic reactions,
Appl. Catal., B, 2018, 227, 386–408.

13 Z. Mao, H. Gu and X. Lin, Recent advances of Pd/C-catalyzed
reactions, Catalysts, 2021, 11, 1078.

14 Y. T. Chiu, H. Wang, J. Lee and K. Y. A. Lin, Reductive and
adsorptive elimination of bromate from water using Ru/C,
Pt/C and Pd/C in the absence of H2: A comparative study,
Process Saf. Environ. Prot., 2019, 127, 36–44.

15 Y. Zhang, H. Wang, H. Yuan and F. Shi, Hydroxyl group-
regulated active nano-Pd/C catalyst generation via in situ
reduction of Pd(NH3)xCly/C for N-formylation of amines
with CO2/H2, ACS Sustainable Chem. Eng., 2017, 5, 5758–
5765.

16 L. S. Liebeskind and E. Peña-Cabrera, Stille couplings
catalyzed by palladium-on-carbon with CuI as a cocatalyst:
Synthesis of 2-(40-Acetylphenyl) thiophene, Org. Synth.,
2003, 77, 135.

17 S. Supriya, G. S. Ananthnag, V. S. Shetti, B. M. Nagaraja and
G. Hegde, Cost-effective bio-derived mesoporous carbon
nanoparticles-supported palladium catalyst for nitroarene
reduction and Suzuki–Miyaura coupling by microwave
approach, Appl. Organomet. Chem., 2020, 34, e5384.

18 M. Caporaso, G. Cravotto, S. Georgakopoulos,
G. Heropoulos, K. Martina and S. Tagliapietra, Pd/C-
catalyzed aerobic oxidative esterication of alcohols and
aldehydes: a highly efficient microwave-assisted green
protocol, Beilstein J. Org. Chem., 2014, 10, 1454–1461.

19 X. Chen, X. Y. Zhou, H. Wu, Y. Z. Lei and J. H. Li, Highly
efficient reduction of nitro compounds: Recyclable Pd/C-
catalyzed transfer hydrogenation with ammonium formate
or hydrazine hydrate as hydrogen source, Synth. Commun.,
2018, 48, 2475–2484.
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