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f Ag(0) nanoparticles on
quaternary ammonium functionalized
polyacrylonitrile fiber as a highly active catalyst for
4-nitrophenol reduction†

Jian Xiao, Zhiying Wu, Kunlang Li, Zibo Zhao and Chunyan Liu*

Ag(0) nanoparticles were immobilized on various pyridine salt, imidazole salt and quaternary ammonium

functionalized polyacrylonitrile fibers (PANFs) to prepare Ag(0)-immobilized fiber catalysts. The catalytic

activities of these immobilized catalysts for 4-nitrophenol (4-NP) reduction were detected. Among them,

the quaternary ammonium fiber with butyl group immobilized Ag(0) nanoparticle catalyst PANQA-C4F-

Ag(0) showed the best catalytic activity, and can effectively catalyze 4-nitrophenol (4-NP) reduction with

a high conversation rate of 99.6%. Furthermore, PANQA-C4F-Ag(0) can be easily recovered, and it was

reused 20 times with little decrease in catalytic activity and moderate Ag retention (53.5%). Notably, the

cationic groups in the functionalized fibers can stabilize Ag(0) nanoparticles through electrostatic

interactions and steric effects, and play an important role in phase transfer catalysis. Accordingly,

possible mechanisms for the 4-NP reduction catalyzed by PANQA-C4F-Ag(0) were proposed.
1. Introduction

Nitrophenol is usually used as a raw material for the prepara-
tion of pesticides and dyes.1–4 Due to its high toxicity and
difficulty in degradation, nitrophenol has become a common
organic pollutant in waste water.5–8 Notably, 4-NP is an impor-
tant kind of nitrophenol compound. It has carcinogenicity,
teratogenicity and embryonic cytotoxicity, which can damage
the blood, organs and nervous systems of animals, thereby
endangering human health.9–12 In recent years, 4-NP has been
regarded as a hazardous pollutant and toxic waste by the U.S.
environmental protection agency, and it also became one of the
68 pollutants that are prioritized for treatment in China.

According to recent research, many methods were used to
treat 4-NP sewage, including photocatalytic degradation,13,14

catalytic oxidation,15 catalytic reduction,16,17 biodegradation,18

etc. Among them, researchers discovered that 4-NP can be
reduced to less toxic 4-aminophenol (4-AP) through using
appropriate reducing agents and nano metal catalysts. There-
fore, catalytic reduction treatment of 4-NP has high value in
environmental protection.

Compared with various precious metals, silver has the
advantages of cheap and easy to obtain. Additionally, the sup-
ported Ag(0) catalysts have the advantages of high dispersion of
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Ag(0) nanoparticles, high catalytic activity and easy recovery.
Therefore, supported Ag(0) catalysts are more suitable for
catalyzing the reduction reaction of 4-NP. Recently, many
different materials including SBA-15,19 GO,20 polymers,21,22

MCM-41,23,24 magnetic Fe3O4,25,26 SiO2 (ref. 27 and 28) and
MOFs29,30 have been used as supports for preparation of
immobilized silver catalysts. These heterogeneous silver cata-
lysts have many advantages, such as high efficiency and simple
post-treatment steps. Therefore, preparation of novel hetero-
geneous Ag(0) nanoparticle catalysts has high research value.

It has been veried that quaternary ammonium salts can
effectively stabilize different metal nanoparticles.31–35 Quater-
nary ammonium salts also can stabilize Ag(0) nanoparticles
through electrostatic interactions and steric effects.36–40 In this
work, various of pyridine salt, imidazole salt and quaternary
ammonium functionalized PANFs were prepared by amination
and quaternization of PANF. Ag(I) and Ag(0) nanoparticles were
then supported into these pre-functionalized bers through
chelating by –CN in PANF and then reduction. The structures of
various functionalized bers were shown in Scheme 1. The
catalytic activities of these Ag(0)-functionalized bers were
tested, and the best ber catalyst was characterized.
2. Results and discussion
2.1 Preparation and characterization of PANF-immobilized
Ag(0) catalysts

Different of PANF-immobilized Ag(0) catalysts have been
successfully prepared by chelation of various functionalized
RSC Adv., 2022, 12, 1051–1061 | 1051
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Scheme 1 Various PANF-immobilized silver catalystsa. a PANTAF is tertiary amine functionalized PANF; PANPYF is pyridine functionalized fiber;
PANIMF is imidazole functionalized fiber; PANPYSF is pyridine salt functionalized fiber; PANIMSF is imidazole salt functionalized fiber; PANQA-C3F,
PANQA-C4F, PANQA-C5F, PANQA-EBF, PANQA-C7F, PANQA-C9F, PANQA-C10F and PANQA-C12F are ammonium functionalized fibers. PANTAF-Ag(0),
PANIMSF-Ag(0), PANPYSF-Ag(0) and PANQAF-Ag(0) are the corresponding fiber-supported Ag(0) nanoparticle catalysts.
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View Article Online
PANFs and AgNO3. The functionality of tertiary aminated ber
support was accurately quantied by acid–base titration. The
functionalities of PANIMF, PANPYF, PANQAF, PANIMSF and
PANPYSF were estimated by w%/[M � (1 + w%)]� 1000, whereM
is the molecular weight of corresponding moieties and w% is
the weight gain of pre-functionalized PANFs including PANF,
PANTAF, PANIMF and PANPYF. Additionally, the functionalities
of Ag(0) nanoparticles functionalized PANFs were exactly
measured by inductively coupled plasma optical emission
spectrometry (ICP-AES). The measured functionality of silver-
functionalized PANFs were 5.946–21.700 � 10�3 mmol g�1,
which veried that Ag(0) nanoparticles were successfully
immobilized into surface of bers. The results of functionality
of different bers are shown in Table 1.

Fourier transform infrared spectroscopy (FTIR) was used to
investigate the ber structures. The FTIR spectra of PANF,
PANTAF, PANQA-C4F and PANQA-C4F-Ag(0) are shown in the Fig. 1.
The strong adsorption peak at 2243 cm�1 was owned to the
stretching vibration of C^N. Compared with PANF, the
adsorption peak of C^N in the functionalized bers were
weakened but did not disappear, showing that the functional-
ized steps did not damage the skeleton structure of PANF (curve
1052 | RSC Adv., 2022, 12, 1051–1061
a). The original ber has an adsorption peak at 1734 cm�1

which is attributed to the stretching vibration of C]O in
methoxycarbonyl. Aer modication, PANTAF has new adsorp-
tion peak at 1670 cm�1 which is attributed to C]O stretching
vibration in carbamoyl, suggesting that the amide was gener-
ated by aminolysis of methoxycarbonyl and cyano groups
(curves a, b). Each functionalized ber has an adsorption peak
at 3000–3500 cm�1, which is contributed to the stretching
vibration of N–H in the amide (curve b–d). Moreover, the FTIR
spectrum of PANQA-C4F is similar to that of PANTAF because the
quaternary ammonium groups do not have characteristic IR
absorption (curve c). Furthermore, compared with PANQA-C4F,
the spectrum of PANQA-C4F-Ag(0) did not change signicantly,
indicating that PANQAF canmaintain the integral structure aer
modication (curve d).

The X-ray diffraction (XRD) was utilized to detect the crystal
structure of the bers and the XRD spectra of PANF, PANQA-C4F-
Ag(0) are shown in Fig. 2. Both original ber and functional
ber have two strong diffraction peaks at 17.0� and 29.5�, which
are attributed to the (1 0 0) and (1 1 0) crystallographic planes of
hexagonal lattice of PANF (curve a–c). Moreover, the weak peak
at 2q¼ 38.1� are attributed to (1 1 1) facets of Ag(0) nanoparticle,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The functionalities of the various functionalized fibers

Entry
Functionalized
bers

Amount of functionality
(mmol g�1) Entry Functionalized bers

Amount of functionality
(10�3 mmol g�1)

1 PANTAF 1.985 14 PANTAF-Ag(0) 6.296
2 PANIMF 1.010 15 PANQA-C3F-Ag(0) 7.222
3 PANPYF 1.214 16 PANQA-C4F-Ag(0) 5.946
4 PANQA-C3F 1.883 17 PANQA-C4F-Ag(0) 17.892
5 PANQA-C4F 1.757 18 PANQA-C4F-Ag(0) 28.775
6 PANQA-C5F 1.432 19 PANQA-C5F-Ag(0) 8.610
7 PANQA-EBF 1.523 20 PANQA-EBF-Ag(0) 12.010
8 PANQA-C7F 1.664 21 PANQA-C7F-Ag(0) 9.260
9 PANQA-C9F 1.304 22 PANQA-C9F-Ag(0) 8.980
10 PANQA-C10F 1.288 23 PANQA-C10F-Ag(0) 13.89
11 PANQA-C12F 1.310 24 PANQA-C12F-Ag(0) 21.700
12 PANIM-C4F 0.869 25 PANIM-C4F-Ag(0) 9.800
13 PANPY-C4F 1.064 26 PANPY-C4F-Ag(0) 13.900

Fig. 1 The FTIR spectra of (a) PANF, (b) PANTAF, (c) PANQA-C4F and (d)
PANQA-C4F-Ag(0).

Fig. 2 The XRD spectra of (a) PANF, (b) PANQA-C4F-Ag(0) and (c)
PANQA-C4F-Ag(0)-20.

Table 2 The elemental analysis data

Entry Fiber

Elemental analysis data

C (%) H (%) N (%)

1 PANF 66.19 5.98 24.38
2 PANTAF 58.69 7.17 20.65
3 PANQA-C4F 51.42 6.59 15.88

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 7
/1

9/
20

25
 9

:1
1:

04
 A

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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
which indicates that the Ag(0) nanoparticle was successfully
supported into ber (curve b). Noteworthily, the characteristic
diffraction peak of silver still exists in the recycled catalyst,
© 2022 The Author(s). Published by the Royal Society of Chemistry
which proves that the Ag(0) nanoparticles in PANQA-C4F-Ag(0) do
not lost seriously aer 20th runs (curve c).37

The elemental analysis (EA) was used to determine the
composition of elements of different bers and the EA data of
PANF, PANTAF, PANQA-C4F and PANQA-C4F-Ag(0) are shown in
Table 2. Compared with original ber, PANTAF has less C and N
contents and higher H content, the reason is that the immo-
bilized CONHCH2CH2CH2N(CH3)2 moiety has lower C and N
contents and more H content (entries 1 and 2). PANQA-C4F has
lower C, H, and N contents than PANTAF because of the
increased proportion of Br (entry 3). The C, H and N contents of
PANQA-C4F-Ag(0) slightly increased because Br� was partially
replaced by NO3

� (entry 4). EA data proves that ber has been
successfully immobilized.

The X-ray photoelectron spectroscopy (XPS) was applied to
detect the chemical properties of the surface of PANQA-C4F-
Ag(0), and the result is shown in Fig. 3. The survey spectrum
of PANQA-C4F-Ag(0) has obvious peaks of Ag, Br, N, O and C
(Fig. 3a). The peaks at 373.4 and 367.4 eV correspond to Ag 3d3/2
and Ag 3d5/2 of Ag(0), respectively, proving that the Ag(0)
nanoparticles have been successfully modied into the ber
(Fig. 3b).37 Additionally, the corresponding Br 3d spectrum of
PANQA-C4F-Ag(0) has a peak at 67.7 eV, which can be attributed
to the Br� in PANQA-C4F-Ag(0) (Fig. 3c). Moreover, there are two
peaks at 402.3 and 399.5 eV corresponding to N 1s XPS spec-
trum of PANQA-C4F-Ag(0), which can be owned to the O]C–N
and C–N bonds of the PANQA-C4F-Ag(0), respectively (Fig. 3d).
Furthermore, the peak at 529–535 eV was attributed to the O 1s
in PANQA-C4F-Ag(0) (Fig. 3e). The peaks at 288.2, 286.4 and
4 PANQA-C4F-Ag(0) 53.90 7.17 16.81

RSC Adv., 2022, 12, 1051–1061 | 1053
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Fig. 3 (a) XPS survey spectrum of PANQA-C4F-Ag(0), (b) Ag 3d spectra of PANQA-C4F-Ag(0), (c) Br 3d spectra of PANQA-C4F-Ag(0), (d) N 1s spectra
of PANQA-C4F-Ag(0), (e) O 1s spectra of PANQA-C4F-Ag(0) and (f) C 1s spectra of PANQA-C4F-Ag(0).
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284.8 eV corresponding to C 1s XPS spectrum of PANQA-C4F-
Ag(0) owes to the N–C]O, N–H and C^N bonds, respectively
(Fig. 3f), and the peaks at 980 eV corresponds to C (KLL) Auger
electron spectrum (Fig. 3a). XPS spectra further veries the
successfully immobilization of PANQA-C4F-Ag(0).41

Scanning electron microscopy (SEM) images was used to
observe the microscopic appearance of the ber surfaces, so the
SEM spectra of various functionalized PANFs are shown in
Fig. 4. The functionalized bers has slightly rough surface
under 20 000�magnication, conrming that its structure was
almost not damaged (Fig. 4b–d). Compared with fresh PANQA-
1054 | RSC Adv., 2022, 12, 1051–1061
C4F-Ag(0), the PANQA-C4F-Ag(0) reused twenty times was not
signicant broken under 20 000� magnication, conrming
that PANQA-C4F-Ag(0) can be recycled multiple times because of
its good strength (Fig. 4e).

Transmission electron microscopy (TEM) was applied to
observe the particle size of the Ag(0) nanoparticles in the PANQA-

C4F-Ag(0). The TEM images of PANQA-C4F-Ag(0)-98 : 1 (the molar
ratio of the quaternary ammonium group to the Ag(0) nano-
particle in the catalyst PANQA-C4F-Ag(0) is 98 : 1) under different
magnications are shown in Fig. 5. The particle size of Ag(0)
nanoparticle is about 20–30 nm in fresh PANQA-C4F-Ag(0), and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The SEM images of (a) PANF, (b) PANTAF, (c) PANQA-C4F, (d) PANQA-C4F-Ag(0) and (e) PANQA-C4F-Ag(0)-20. Top row 200�, middle row
2000� and bottom row 20 000� magnification.
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the size of Ag(0) nanoparticles in PANQA-C12F-Ag(0) is about 10–
25 nm, indicating that the ber catalyst with hydrophobic
aliphatic chains is benecial to stabilize Ag(0) nanoparticles
(Fig. S1†). The size of Ag(0) nanoparticles in PANQA-C4F-Ag(0)
used 20 times is still less than 100 nm, suggesting that the
nano-sized Ag(0) functionalized ber catalyst was successfully
prepared and has good recyclability.

The thermal stability of PANF, PANTAF, PANQA-C4F and
PANQA-C4F-Ag(0) were detected by thermogravimetry analysis
Fig. 5 The TEM images of PANQA-C4F-Ag(0)-98 : 1, (a) the fresh fiber ca

© 2022 The Author(s). Published by the Royal Society of Chemistry
(TGA) (Fig. 6). All of the functionalized bers exhibit lower
thermal weight loss and excellent stability under 200 �C, indi-
cating that the ber catalyst is suitable for general conditions of
many reactions (Fig. 6b–d).
2.2 Catalytic activity of PANF-supported Ag catalysts

2.2.1 Catalyst activity of the functionalized bers. Various
of ber-supported Ag(0) nanoparticle catalysts were used to
catalyze the reduction of 4-NP, and the results are shown in
talyst and (b) the fiber catalyst used 20 times.

RSC Adv., 2022, 12, 1051–1061 | 1055
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Fig. 6 The thermal stability of (a) PANF, (b) PANTAF, (c) PANQA-C4F and
(d) PANQA-C4F-Ag(0).
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Table 3. Functionalized bers with similar quaternary ammo-
nium salt/silver ratios according to close to 300 : 1, 200 : 1,
100 : 1, 60 : 1 are classied into groups one (entries 1–3), group
two (entries 4–6), group three (entries 7–12) and group four
(entries 13–15), respectively, and the catalytic activities of these
ber catalysts have been detected. The result shows that the
quaternary ammonium ber with butyl group immobilized
Ag(0) nanoparticles catalyst PANQA-C4F-Ag(0) showed the best
catalytic activity (entries 2, 4, 8 and 13). Compared with PANTAF-
Ag(0), PANQA-C4F-Ag(0) has higher catalytic activity, which
proves that introduction of quaternary ammonium groups
improves the catalytic activity of the ber catalyst (entries 2, 3, 4,
Table 3 The catalytic activities of different fiber catalysts for the reduct

Entry Catalyst
The content of
Ag(0) (10�3 mmol g�1)

1 PANQA-C3F-Ag(0) 7.222
2 PANQA-C4F-Ag(0) 5.160
3 PANTAF-Ag(0) 6.296
4 PANQA-C4F-Ag(0) 9.100
5 PANQA-C5F-Ag(0) 8.610
6 PANQA-C7F-Ag(0) 9.260
7 PANTAF-Ag(0) 15.480
8 PANQA-C4F-Ag(0) 17.892
9 PANQA-EBF-Ag(0) 12.010
10 PANQA-C9F-Ag(0) 8.980
11 PANQA-C10F-Ag(0) 13.890
12 PANIMS-C4F-Ag(0) 9.800
13 PANQA-C4F-Ag(0) 28.760
14 PANQA-C12F-Ag(0) 21.700
15 PANPY-C4F-Ag(0) 13.900
16c PANTAF 6.296
17c PANQA-C3F-Ag(0) 7.222
18c PANQA-C4F-Ag(0) 9.100
19c PANQA-C5F-Ag(0) 8.610
20c PANQA-C7F-Ag(0) 9.260
21c PANQA-C10F-Ag(0) 13.890
22c PANQA-C12F-Ag(0) 21.700

a General conditions: 0.5 mol% catalyst, 50 eq. NaBH4, 40 mL, 1 mmol L�1

for 6 h. b The yields were detected by the standard curve method of UV sp

1056 | RSC Adv., 2022, 12, 1051–1061
8 and 13). Through adjusting the ratio of quaternary ammo-
nium salt group and Ag(0) nanoparticle in ber PANQA-C4F-
Ag(0), we found that the ber PANQA-C4F-Ag(0) has the best
catalytic activity when the ratio of quaternary ammonium salt
group to silver is close to 100 : 1 (98 : 1) (entry 8). Additionally,
different bers are used to adsorb 4-NP without NaBH4, the
result shows that ber catalysts with short fatty chains have
better adsorption effect. The reason can be explainer that 4-NP
has good hydrophilicity under alkaline conditions, it is not
conducive to the enrichment of 4-NP when the surface layer of
the ber is too hydrophobic (entries 16–22). Above experiments
can explain why the PANQA-C4F has the best catalytic activity.
Through the above discussion, the catalyst PANQA-C4F-Ag(0)-
98 : 1 (the ratio of quaternary ammonium salt to Ag(0) nano-
particle is close to 98 : 1) was selected for subsequent
experiments.

2.2.2 4-NP reduction catalyzed by PANQA-C4F-Ag(0). The
conditions of 4-NP reduction reaction catalyzed by PANQA-C4F-
Ag(0) were then optimized, and the results are shown in Table
4. Using different amounts of catalyst to catalyze the 4-NP
reduction, the optimized removal rate reaches 99.6% when the
catalyst loading is 1 mol% and 1.5 mol% (entries 5–7). In
addition, the low (50 eq.) or high (200 eq.) dosage of NaBH4 is
not conducive to the progress of the reaction, and the best usage
of NaBH4 is 100 eq. (entries 3, 5 and 8). The 4-NP conversion rate
is low when there is no Ag(0) nanoparticles in the ber (entry
13). Neither high nor low temperature is not conducive to the
reaction, and the best temperature is 25 �C (entries 8–10).
Additionally, corresponding control experiments were con-
ducted. The PANQA-C4F-Ag(0) shows adsorption rate of 18.9%
ion of 4-NPab

The content of
QA (mmol g�1)

The ratio of
QA to Ag Conv. (%)

1.883 261 : 1 23.4
1.757 296 : 1 24.9
1.985 311 : 1 13.5
1.757 193 : 1 36.5
1.432 166 : 1 8.5
1.664 180 : 1 12.3
1.985 128 : 1 16.2
1.757 98 : 1 62.1
1.523 127 : 1 3.5
1.304 145 : 1 4.6
1.288 93 : 1 33.2
0.869 89 : 1 17.7
1.757 61 : 1 51.2
1.310 60 : 1 6.7
1.064 77 : 1 0.3
1.985 311 : 1 N. R.
1.883 261 : 1 21.2
1.757 193 : 1 27.8
1.432 166 : 1 7.1
1.664 180 : 1 8.9
1.288 93 : 1 5.7
1.310 60 : 1 2.3

4-NP (aq), and the reaction was carried out in a single neck ask at 25 �C
ectroscopy. c General conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The catalytic activities of PANQA-C4F-Ag(0) in the different reaction conditions for the reduction of 4-NP

Entry Catalyst Catalyst loading
Dosage of
NaBH4 Temp. (�C) Time (min)

Removal rate
(%)

1 PANQA-C4F-Ag(0) 0.1 mol% 50 eq. 25 360 3.7
2 PANQA-C4F-Ag(0) 0.5 mol% 50 eq. 25 360 62.1
3 PANQA-C4F-Ag(0) 1 mol% 50 eq. 25 360 97.2
4 PANQA-C4F-Ag(0) 1.5 mol% 50 eq. 25 360 99.1
5 PANQA-C4F-Ag(0) 1 mol% 100 eq. 25 90 99.6
6 PANQA-C4F-Ag(0) 0.5 mol% 100 eq. 25 90 97.7
7 PANQA-C4F-Ag(0) 1.5 mol% 100 eq. 25 45 99.6
8 PANQA-C4F-Ag(0) 1 mol% 200 eq. 25 150 99.6
9 PANQA-C4F-Ag(0) 1 mol% 100 eq. 15 150 97.9
10 PANQA-C4F-Ag(0) 1 mol% 100 eq. 35 110 99.6
11a PANQA-C4F-Ag(0) 1 eq. — 25 360 27.8
12a PANQA-C4F-Ag(0) 1 eq. — 35 360 18.9
13 PANQA-C4F 1 eq. 100 eq. 25 600 14.1
14ab PANQA-C4F-Ag(0) 1 eq. — 25 360 n.r

a The pH value of the 4-NP solution is pH ¼ 10. b 100 eq. NaBF4 was added in the reaction system.
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and 27.8% for 4-NP at 25 �C and 35 �C, which proves that high
temperature is not conducive to the accumulation of 4-NP on
the surface of the ber and reduces the catalytic activity of
PANQA-C4F-Ag(0) (entries 11 and 12). However, when 100 eq.
NaBF4 existed in reaction system, the adsorption capacity of
PANQA-C4F-Ag(0) for 4-NP decreased signicantly, which indi-
cates that competing anions (BF4

�) in solution can interfere
with the enrichment of 4-NP on the ber(entry 14), and indi-
rectly explains why the catalytic efficiency of PANF decreases
when the amount of NaBH4 is too much (entry 8). In summary,
the reaction could reach the highest removal rate of 99.6%
under the conditions of 1 mol% catalyst loading, 100 eq.
NaBH4, 25 �C and 90 min (entry 5).

2.2.3 Reaction kinetic of PANQA-C4F-Ag(0) for 4-NP. The
reaction kinetic of 4-NP reduction catalyzed by PANQA-C4F-Ag(0)
has been tested. As shown in Fig. 7, the catalysis process con-
ducted slowly within the beginning to 10 min, which can be
explained that the 4-NP hardly enrich from the solution to the
surface of the ber within short time. The conversion rate of 4-
NP catalyzed by PANQA-C4F-Ag(0) increased rapidly within
10min to 45min, and then leveled off aer 45min. The reaction
can reach the highest conversion rate of 4-NP (99.6%) at 25 �C.
The UV spectra of the 4-NP under different reaction time are
shown in Fig. 7b. It can be observed that the absorption peak at
400 nm corresponding to 4-NP decreases signicantly as time
goes by.

Furthermore, the reaction process can be regarded as a rst-
order kinetic reaction, and the related equations are shown in
eqn (1) and (2).
© 2022 The Author(s). Published by the Royal Society of Chemistry
dCt/dt ¼ �kappt (1)

ln(Ct/C0) ¼ ln(At/A0) ¼ �kappt (2)

where kapp is the apparent rate constant (10
�3 min�1). The plots

of ln(Ct/C0) vs. time are shown in Fig. 7c, and the kapp of the
reaction can be calculated to be 55.5 (10�3 min�1), suggesting
that the PANQA-C4F-Ag(0) has good catalytic activity.

2.2.4 Reusability experiment. Reusability is an important
factor in evaluating the performance of heterogeneous catalysts.
The reduction of 4-NP was chosen as a model reaction to detect
the recycle ability of the catalyst PANQA-C4F-Ag(0). As shown in
Fig. 8, aer the catalyst was used 20 times, the conversion rate
of 4-NP was higher than 99%. As shown in Fig. S3,† the reaction
kinetic of 4-NP reduction catalyzed by PANQA-C4F-Ag(0)-20 has
been tested, the reaction kinetic curve reaches equilibrium
within 90 minutes. The functionality of Ag in PANQA-C4F-Ag(0)-
20 detected by ICP-AES is 9.579 � 10�3 mmol g�1, which is
moderately lower than that of fresh catalyst PANQA-C4F-Ag(0)-20
(17.892 � 10�3 mmol g�1). The excellent catalytic activity of 4-
NP reduction and themoderate Ag-retention (53.5%) shows that
the PANF-supported Ag(0) nanocatalyst has moderate stability
and reusability.

2.2.5 Ag(0) nanoparticles stabilized by functionalized ber.
Preventing agglomeration of Ag(0) nanoparticles is a main
factor in improving ber-supported Ag(0) catalyst activity. As is
mentioned above, the catalytic activity of quaternary ammo-
nium ber with butyl group immobilized Ag(0) nanoparticles
catalyst PANQA-C4F-Ag(0) are better than that of PANTAF-Ag(0),
because the steric and electrostatic effects of the quaternary
RSC Adv., 2022, 12, 1051–1061 | 1057
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Fig. 7 (a) Catalysis kinetic of PANQA-C4F-Ag(0) for the reduction of 4-NP at room temperature, (b) UV spectra of reaction system at different
times, (c) the plot of ln(Ct/C0) vs. time.

Fig. 8 Reusability experiment of PANQA-C4F-Ag(0)-98 : 1a. a Reaction
conditions: 4-NP (1.00 mmol L�1, 40.0 mL), 1.0 mol% PANQA-C4F-
Ag(0)-98 : 1, 25 �C. The yield was obtained by UV-visible
spectrophotometer.

Scheme 2 The stabilization of Ag(0) through steric effect and elec-
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ammonium salts in bers are more conducive to stabilizing the
nanoparticles. As shown in Scheme 2, the halogen ions can
stabilize the Ag(0) nanoparticles through chelation, and the
butyl chains in the quaternary ammonium salt group can
disperse the Ag(0) nanoparticles through steric effect.
1058 | RSC Adv., 2022, 12, 1051–1061
2.2.6 The possible mechanisms of ber-catalyzed 4-NP
reduction. The possible mechanisms are proposed and shown
in Scheme 3. In the rst step, 4-NP can be easily enriched into
cationic microenvironment on the surface of the bers due to
the electrostatic attraction. However, the PANQA-C4F-Ag(0) with
low Ag(0) nanoparticle loading and too high quaternary
ammonium salt functionality has lower catalytic activity, which
trostatic of quaternary ammonium salts functionalized fiber.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 PANQA-C4F-Ag(0) catalyzed reduction of 4-NP.
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can be explained by that the 4-NP is bound to the surface of ber
and cannot move freely, and the low-density silver catalytic sites
cannot catalyze the conversion of more reactants. Therefore,
compared with the PANQA-C4F-Ag(0)-61 : 1, PANQA-C4F-Ag(0)-
193 : 1 and PANQA-C4F-Ag(0)-296 : 1, the PANQA-C4F-Ag(0)-98 : 1
has best catalytic activity. In the second step, 4-aminophenol (4-
AP) is reduced to Ag (0) nanoparticles and corresponding anions
return to the surface of ber. The proposal mechanism diagram
proves that the cationic microenvironment on the surface of the
ber can promote the reaction.
2.3 Comparison of PANQA-C4F-Ag(0) with other catalytic
systems

Compared with other catalysts for 4-NP reduction, ber-
supported Ag(0) nanoparticle catalyst PANQA-C4F-Ag(0) shows
moderate performance. The result was shown in Table S1.† The
4-NP reduction catalyzed by PANQA-C4F-Ag(0) has the advantages
of high conversion rate and good cycle performance.
Fig. 9 The picture of reaction system before and after reaction. (a)
Before reaction, (b) after reaction.

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

Different Ag(0) nanoparticle functionalized ber catalysts were
successfully prepared. Screened by 4-NP reduction, the quater-
nary ammonium ber with butyl group immobilized Ag(0)
nanoparticles catalyst PANQA-C4F-Ag(0) was chosen as the
optimal catalyst for subsequent experiments. PANQA-C4F-Ag(0)
can efficiently catalyze the reduction of 4-NP under room
temperature with high conversion rate of 99.6%, which proves
that PANQA-C4F-Ag(0) has application value in the nitrophenol
wastewater treatment. Additionally, possible catalytic mecha-
nisms based on the ber microenvironment was proposed.
Furthermore, the catalytic activity of PANQA-C4F-Ag(0) for the
reduction of 4-NP decreased little aer 20 times of use, which
show its good reusability and practical application potential
(Fig. 9).
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