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KEYWORDS Abstract In this work, polydopamine (PDA) was used to facilitate the reduction of silver nitrate
Polydopamine; (AgNO3) to silver nanoparticles (AgNPs) and the simultaneous loading on waste silk fabrics (PDA-
Nanosilver; SF/AgNPs). The removal activity of the obtained composite PDA-SF/AgNPs on different dyes in
Waste silk; the presence of hydrogen peroxide (H,O,) and potassium peroxymonosulfate (PMS) was compared.
Dye removal; The effects of reaction temperature, H,O,/PMS dosage, dye concentration, composite dosage, elec-
Potassium peroxymonosul- trolyte concentration and time in two catalyst systems on the dye removal were discussed. The
fate; results showed the dye removal of Telon Red A2R reached 81% and 95% in 30-50 min in PDA-
H,0, SF/AgNPs-H,0, and PDA-SF/AgNPs-PMS system, respectively. Quenching experiments demon-

strated that -OH, -O; and SOj- were produced during the degradation process, and the possible
degradation pathway of Telon Red A2R were analyzed by HPLC-MS. In addition, the kinetic study
indicated that the removal of dye followed quasi-second-order adsorption kinetics. These findings
suggest that fabric-based composites have great potential and applications in catalysis and treat-
ment of wastewater.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In recent years, pollutants in the environment have increased as a
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all human activities generate wastewater (Babuponnusami and
Muthukumar, 2014; Chaari et al., 2019; Y et al., 2018). The pollutants

. BN in these wastewaters, such as industrial dyes and toxic additives, seri-
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attracted a lot of attention (Mia et al., 2019; Zhang et al., 2014; Liu
et al., 2021). Various technologies have been used to treat pollutants
in water, including adsorption, biological treatment, photocatalytic
treatment and advanced oxidation techniques, such as Fenton and
Fenton-like reactions, which are usually used to degrade dyes in water
(Brillas et al., 2009; Feng et al., 2021). For the oxidative treatment of
wastewater, chemical, photochemical and electrochemical methods are
commonly used to generate hydroxyl radicals in situ to oxidize organic
pollutants in water to achieve the removal of pollutants. The -OH and
SO%- generated by H,O, and potassium peroxymonosulfate (PMS)
under certain conditions can oxidize organic matter indiscriminately
and rapidly (Hong et al., 2022; Lai et al., 2020; Guan et al., 2020).

Nanosilver has a surface plasmon resonance effect (SPR), i.e. the
surface valence electrons are collectively oscillated under the action
of external fields such as light/heat, in which the nanosilver surface
generates electron-hole pairs (¢ - h™). And e and h™ are involved
in surface catalytic reactions with oxygen in water as well as water
through electron transfer to produce superoxide anion radicals O5-
and -OH, respectively, thus achieving the treatment of organic matter
(Lu and Zhou, 2022; Rahn Kim et al., 2008; Udomkun et al., 2022).
The synthesis of nanosilver mainly includes physical, chemical and bio-
logical methods. In recent years, due to the call for green chemistry and
environment, as well as energy saving and emission reduction, the
green preparation methods of nanosilver emerged. Researchers used
lemon extract, biological flocculant and kapok fabric as reducing
agents for the green synthesis of nanosilver particles (Eze et al.,
2022; Kolya et al., 2019; Muthulakshmi et al., 2017; Divakar and
Rao, 2017). Compared with other biomaterials, plant extracts are more
widely available and convenient to use, making them suitable for large-
scale preparation of nanomaterials.

Mussel-inspired polydopamine (PDA) has been proved to function
as a universal adhesive layer on a variety of substrate surfaces and
nanoparticles (Cui et al., 2018; Wang et al., 2019); this coating can
form hydrogen electrostatic attraction, bond association, chelation
and covalent bond with other matrix materials and possesses great
potential in secondary functionalization. According to the formation
mechanism of the PDA proposed in the existing literature, the joint
action of covalent bond and non-covalent bond is one of the most
comprehensive explanations (Guo et al., 2020; Xue et al., 2015;
Wang et al., 2017). At the same time, some functional groups of
PDA (such as amino and phenolic hydroxyl) can promote the reduc-
tion of metal ions. PDA is widely used as coating or binding layer in
microbiology, catalysis and wastewater treatment due to its excellent
properties (Cui et al., 2021; Tu et al., 2022). And in view of the serious
global pollution situation and some advantages of nanosilver treat-
ment of wastewater pollution, we speculate that nanosilver composites
can be used as a research object to solve the problem of environmental
pollution. However, Fenton reagent is easy to bring about secondary
pollution, and nanosilver is difficult to be recycled. Loading nanosilver
with certain substrate for wastewater treatment is a good solution. As
a natural fibre with excellent properties and high added value in the
textile field, silk has become a highly selective substrate for the prepa-
ration of functional textiles. Moreover, with the industrial use of silk, a
large amount of waste silk is generated during the production process
or after dyeing, and the modification of silk is imperative (Zhou and
Zhang, 2022; Cao and Wang, 2017). Therefore, combining silver
nanoparticles with waste silk into a new material is a feasible way.
AgNPs are easily detached from the surface of silk fibers due to the
poor adhesion between AgNPs and fibers. In recent years, in situ
growth of AgNPs on the fiber surface has been developed as a simple
and effective strategy to reduce silver ions (Ag ") adsorbed on the fiber
surface are directly reduced to form AgNPs by using eco-friendly
biopolymers or natural plant extracts (e.g., catechol, polyphenols) as
reducing agents (He et al., 2023; Hu et al., 2021; Chitichotpanya and
Chitichotpanya, 2017). In addition, silk has better anti-mold properties
than cotton, viscose and wool fibers (Zhang et al., 2019). It can effec-
tively avoid the interference of mold microorganisms in the wastewater
treatment process.

In this work, PDA was grafted onto the surface of waste silk by
rapid oxidative polymerization, and then silver nanoparticles were
reduced in situ on the waste silk fibers, which can effectively recover
nanosilver and solve the waste problem of waste silk at the same time.
Under two different catalyst systems, PDA-SF/AgNPs-H,0, and
PDA-SF/AgNPs-PMS, the toxic aromatic dyes can be removed. The
surface morphology and chemical composition of the resulting com-
posites were characterized by scanning electron microscopy (SEM),
energy spectroscopy (EDS) and Fourier transform infrared spec-
troscopy (FT-IR). The effectiveness of the catalytic performance of
this two catalyst systems was evaluated under the influence of dye con-
centration, temperature and electrolyte.

2. Materials and methods

2.1. Materials

Waste silk fabric (SF, 8.0 g/m?, Jiangsu HuajiaGroup, China),
dopamine hydrochloride (Yuanye Biotechnology Co. Ltd.,
Shanghai, China), 30% hydrogen peroxide (H,O,, Sinopharm
Reagent), potassium peroxymonosulfate (PMS) were pur-
chased from Shanghai Macklin Biochemical Technology Co.
Ltd., China). Telon Red A2R was provided by Dystar (Shang-
hai) Trading Co., Ltd. Silver nitrate (AgINOs), isopropyl alco-
hol (IPA), p-benzoquinone (BQ), methanol (MeOH),
Rhodamine B (RhB), Direct dark brown ME (ME), Methylene
blue (MB), sodium perborate tetrahydrate (NaBOj3-4H,0),
tetrabutylammonium hydrogensulphate (TBAHS), acetonitrile
and anhydrous ferric chloride (FeCls) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd., China.
All the chemicals were of analytical reagent grade and used
without further purification.

2.2. Preparation of PDA-SF

The waste silk was first washed with a mixture of Na,CO5 and
soap flakes in water, then air dried under natural conditions.
(2) g/L dopamine hydrochloride and 2.0 mmol/L FeCl;-6H,O
were dispersed in 100 mL of deionized water. 1 g of waste silk
fabric was added to the dopamine solution and placed in a
shaking water bath for 10 min, followed by the addition of
9.0 mmol/L NaBO;-4H,O. The final solution was stirred at
50 °C for 40 min. The obtained PDA-grafted waste silk fabric
(PDA-SF) was rinsed and dried at 60 °C.

2.3. Preparation of PDA-SF/AgNPs

The PDA-SF prepared above was added to a conical flask con-
taining 10.0 mmol/L (0.17 g) AgNOs; in bath ratio of 1:100
and reacted at 35 °C for 6 h. The resulting PDA-SF-AgNPs
were rinsed three times with deionized water and dried at
60 °C. The preparation process is shown in Fig. 1.

2.4. Material characterization

Fourier transform infrared (FTIR) spectroscopy was per-
formed wusing a Nicolet-5700 FTIR spectrometer (Mas-
sachusetts, USA) on pristine and nanosilver-loaded SF. The
samples to be tested were cut into powder and sampled with
potassium bromide. The scan range was 600-4000 cm ™' and
the scan time was 32 times. The surface morphology of all
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SF (before and after PDA grafting and nanosilver loading) was
analyzed using a benchtop scanning electron microscope
(Hitachi Ltd., Tokyo, Japan) at an accelerating voltage of
15 kV. Energy dispersive spectroscopy (EDS) was performed
using a Bruckner axis EDS analyzer fitted with a SEM. In
order to determine the surface enhanced Raman scattering
properties of the PDA-SF-AgNPs, Raman testing of nanosil-
ver modified silk was carried out. Various composites of
appropriate size were taken and fixed on slides with double-
sided tape and the Raman signals of the samples were tested
by confocal Raman spectroscopy (LabRam HR Evolution,
HORIBA Jobin Yvon S.A.S.,France) with an excitation wave-
length of 532 nm. The crystal phase composition was also
characterized by powder x-ray diffraction (XRD, Rigaku
Smart Lab SE, Japan) using Cu Ko radiation (1.5418 A). Nar-
row scan spectra of C 1s, N 1s, O 1s and Ag 3d were fitted
using x-ray photoelectron spectroscopy (XPS, Thermo Scien-
tific K-Alpha, USA) as well as Avantage XPS software. The
UV absorption spectra of Telon Red A2R solution was
obtained at 529nm on a UV-Vis spectrophotometer
(TU1900, Beijing, China). The dye degradation products were
determined by HPLC-MS (Agilent HPLC 1260, USA). The
chromatographic separations were performed on hypersil col-
umns, ODS (250 x 4.6 mm i.d.). Acetonitrile and 1 mmol/L
aqueous tetrabutylammonium hydrogensulphate (TBAHS)
(10:90, v/v) was used as eluent A against pure acetonitrile as

eluent B. The velocity of flow remained 1 mL min~'.

2.5. Adsorption experiments

The adsorption test of PDA-SF/AgNPs on the Telon Red A2R
dye solution was carried out according to the following proce-
dure. 0.1 g of PDA-SF/AgNPs was added to 50 mL of conical
flasks with different dye concentrations under shaking condi-
tions. The reaction was carried out at 40 °C for 40 min. The
changes in the concentration of Telon Red A2R dye under dif-
ferent initial dye concentration were subsequently quantified
by UV-Vis spectrum and standard curve of absorbance versus
Telon Red A2R concentration.

2.6. Catalytic activity of PDA-SF/AgNPs

The catalytic properties of the synthesized PDA-SF/AgNPs
composites were investigated using Telon Red A2R solution
as a model contaminant. Under general conditions, 50 mL of
dye solutions (20 ~ 100 mg/L) were treated with PDA-SF/
AgNPs-H,O,/PMS (0.1 ~ 10.0 mmol/L) at specific
temperatures (30 ~ 80 °C). The absorbance at the maximum

35°C, 6h

PDA-SF/AgNPs {{} Active species | Original dye ™ Residual liquid

Preparation process of PDA-SF/AgNPs.

absorption wavelength of the dye was determined by UV-Vis
spectrophotometer and the corresponding dye residuals were
calculated according to equation (1):

co-C

Removal rate = x 100% (1)
where C is the residual dye concentration at the specified time,
and C is the initial concentration of dye. Control experiments
were carried out using H,O,/PMS, SF, PDA-SF and PDA-SF/
AgNPs to investigate the adsorption and catalytic properties
of two catalyst systems.

In addition, in order to determine the recoverability and
reusability of the PDA-SF/AgNPs composites, the repro-
ducibility of the composites under optimal conditions was
investigated. The recovered composite was washed three times
with ethanol and ultrapure water prior to the next catalytic
test.

3. Results and discussion

3.1. Characterisation of PDA-SF|/AgNPs composites

Polydopamine (PDA) was used to self-polymerize and graft
onto the surface of the waste silk, and then Ag™ was reduced
to AgNPs by PDA as well as the reduction groups on the silk
surface, such as amino and hydroxyl groups (Zhang et al.,
2022), so as to realize the multilayer loading of nanosilver on
the surface of silk. Changes in the surface morphology of the
waste silk after different treatment are shown in Fig. 2. The
pristine waste silk (SF) (Fig. 2a) shows a randomly overlap-
ping network of fibers with a smooth surface. However, uni-
form clustered layers can be observed in PDA-SF (Fig. 2b),
indicating that PDA is successfully grafted onto the fibre sur-
face by rapid oxidative polymerization. After the addition of
silver nitrate reaction, it can be found that there are a large
number of nanosilver particles on the surface of PDA-SF/
AgNPs (Fig. 2c), and it is obvious that the treated silk has
an uneven clustered and mostly laminated surfaces. Therefore,
it can be concluded that silver nanoparticles were successfully
prepared and loaded onto the silk surface to form the required
composite. Fig. 2d shows the PDA-SF/AgNPs after use. It can
be seen that the prepared materials did not change significantly
on the surface of silk fibers before and after use, and the
AgNPs remained firmly loaded on the PDA-SF surface, indi-
cating that the PDA-SF/AgNPs have good stability. TEM
analysis was performed to accurately investigate whether Ag
NPs were synthesized as well as the shape. In the TEM images,
it can be seen that the nanosilver has spherical structure of
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Fig.2 SEM images and EDS of (a, g) SF, (b, h) PDA-SF, (c, i) PDA-SF/AgNPs and (d) PDA-SF/AgNPs after use, TEM images of Ag

NPs at different magnifications (e, f) and (j) elemental mapping of PDA-SF/AgNPs.

particles (Farhadi et al., 2022; Jayarambabu et al., 2023). In
addition, as shown in Fig. 2e-2f, TEM analysis revealed the
presence of active substance PDA on the surface of AgNPs
in the figure.

EDS analysis was carried out to further confirm the
changes in the chemical composition of the fabric surface
before and after treatment (Fig. 2g-2i). The surface elemental
composition of the pristine and functionalized silk fabric is
shown in pie charts. It can be concluded that the surface ele-
mental N/C ratio of the treated fabric was significantly smaller
than that of the pristine sample (Xie et al., 2021); proving that
we have realized the modification of silk by PDA. After the
addition of nanosilver loading, the elemental silver content
ratio (1.39%) can be observed in the PDA-SF/AgNPs, indicat-
ing both the successful preparation of nanosilver and loading
on the surface of the silk fibers. Accordingly, the EDS results
proved that PDA was successfully modified the waste silk by
self-polymerization and AgNPs were successfully prepared.

The chemical structure of SF, PDA-SF and PDA-SF/
AgNPs were studied by FTIR spectroscopy. The characteristic
absorption peak at 3276 cm~' corresponds to the stretching
vibration of —OH (An et al., 2020). The absorption peak
observed at 1697 cm ™' can be attrlbuted to the C = O stretch-
ing vibration (Wang et al., 2019), and the double absorption
peak in the range 16501500 cm ™' corresponds to the bending
vibration of the N-H bond. These peaks are visible in SF as
well as in the prepared PDA-SF/AgNPs. It can be seen from
Fig. 3a that the intensity of characteristic peaks on the SF sur-
face decreased to different degrees after the silk was treated
with PDA and loaded with Ag, mainly due to the SF surface
was additionally covered. However, the characteristic peaks
of Ag were not clearly observed in the FTIR spectra of

PDA-SF/AgNPs, which may be due to the relatively small
amount of Ag. However, a decrease in the peaks of PDA-
SF/AgNPs compared to PDA can be found, which laterally
indicates the growth of AgNPs on the PDA-SF surface
(Fig. 3a in the attached figure is a partial magnification of
the wavelength 1750500 cm™"). Fig. 3b shows the Raman pat-
tern of the prepared composite. When the nanosilver was syn-
thesized in situ on the PDA surface, the peaks of PDA can also
be detected After the modification of silver nanoparticles, two
distinctive characteristic peaks are observed at 1400 cm ™! and
1574 cm™! (marked by * in the Fig. 3b), which correspond to
the stretching and deformation vibrations of PDA catechol
groups, respectively.

To further demonstrate the successful preparation of PDA-
SF/AgNPs, the crystal structure and crystal orientation of the
composites were characterized using XRD. Fig. 4a shows the
XRD patterns of SF, PDA-SF and PDA-SF/AgNPs. Four
characteristic peaks are observed at 20 = 37.47°, 44.67°,
64.94° and 77.69°, corresponding to the (111), (200), (220)
and (311) planes of face-centred cubic silver, respectively.
The peak corresponding to the (111) plane is more intense
than those in the other planes, indicating that the (111) plane
is dominant. These XRD results showed that nanosilver was
successfully formed by in situ reduction of PDA and loading
of waste silk.

Fig. 4b shows the presence of Ag, C, N and O on the sur-
face of the prepared PDA-SF/AgNPs composite. The narrow
sweep spectrum of Ag 3d (Fig. 4c) shows that the two peaks
of 367.3eV and 373.3 eV are attributed to Ag 3ds;, and Ag
3ds, respectively, which are typical binding energies for
metallic Ag, indicating the loading of silver nanoparticles on
the surface of PDA-SF. As shown in Fig. 4d, the peaks of C
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1 s for the PDA-SF/AgNPs are split into four signals including Zhang et al., 2022). The C 1 s spectra signal at 284.7 eV was
284.7eV (C-C), 286.2eV (C-O/C-N), 287.93eV (N-C = O) ascribed to C—C which was derived from the benzene rings
and 289.04 eV (C(O)O) (Li et al., 2022; Zhou et al., 2020; of PDA and the original silk. The peak at 286.2 eV belongs
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to C-N derived from the amino group in the PDA side chains
and the C-O in the phenolic hydroxyl groups of PDA. The
peak at 287.93 eV belongs to N-C = O derived from to the
original silk (Zangmeister et al., 2013). As shown in Fig. 4e;
the peak at 399.9 eV was derived from imino groups in PDA
(C—-N). There was a significant peak at 400.4 eV (C-N = 0),
which was due to the crosslinking interaction between PDA
and silk fibers (Wang et al., 2012; Duan et al., 2020). As for
the O 1 s spectrum of PDA-SF/AgNPs (Fig. 4f), there were
four types of O binding appeared at 533.2e¢V (O-C = O),
532.5eV (C-0), 531.8eV (C-N = 0), 531.4¢eV (C = 0),
respectively, and the peak at 533.2 eV assigned to O-C = O
group, which originated from the PDA (Duan et al., 2020).
And the peak at 532.5eV (C-O) may be influenced by the
Ag metallisation process (He et al., 2023; Saidin et al., 2013).
The XPS results clearly demonstrate the successful deposition
of the PDA coating and the formation of silver nanoparticles,
together with the preparation of the PDA-SF/AgNPs
composites.

3.2. Catalytic oxidation performance

In order to investigate the catalytic oxidation performance of
PDA-SF/AgNPs-H,0, and PDA-SF/AgNPs-PMS systems
for the dye, We explored at a Telon Red A2R concentration
of 80 mg/L. We determined the reaction time to be 40 min
and took 3 mL of liquid at 2 min intervals during the first
10 min and measured the absorption intensity at 529 nm.
From Fig. 5, when the PDA-SF/AgNPs oxidation system
was placed in dye solution, the absorption intensity at
529 nm decreased rapidly with time, indicating that the pre-
pared PDA-SF/AgNPs composite has significantly enhanced
catalytic oxidation activity for organic pollutants. Telon Red
A2R was decolorized obviously in the first 10 min, and the
removal rates were up to 76% and 92% in PDA-SF/AgNPs-
H,0, and PDA-SF/AgNPs-PMS system, respectively. In addi-
tion, since the decoloration of dyes may be affected by differ-
ent factors, the type of dye adsorption was explored for this
reason. The corresponding kinetic equation can be described
as follows.
The pseudo-first-order kinetic equation:

In (sz - er) =In QZE - Aﬂ T (2)
Pseudo second-order kinetic equation:
1/Q,=1/Q, +1/k:0; A3)
a

Telon Red A2R(80 mg/L)
~——0 min

1.2

———2 min

~—30 min
35 min
N\ 40 min

Absorbance (a.u.)

0.0 4

300 400 500 600 700
Wavelength (nm)

where Q, is the equilibrium adsorption capacity, Q, is the
adsorption capacity at time ¢ in the presence of PDA-SF/
AgNPs-H,O, and PDA-SF/AgNPs-PMS, and k; and k, are
the rate constants. As shown in Fig. 6, it is clear that the linear
regression for the two catalytic systems both fit well to the
pseudo-second-order kinetic model with rate constants of
0.9970 and 0.9984. The main reason for the enhanced catalytic
activity of PDA-SF/AgNPs composites is the synergistic effect
of waste silk fabric, PDA layer and silver nanoparticles.

3.2.1. Effect of temperature on decoloration

The effect of reaction temperature on the treatment of Telon
Red A2R dye with PDA-SF/AgNPs-H,0,/PMS system was
investigated. The reaction conditions were set as follows: C
(Telon Red A2R) = 80 mg/L, m (PDA-SF/AgNPs) = 0.10 g,
t = 40 min, c (H,0, /PMS) = 0.5 mmol/L, and
T = 30 ~ 80 °C, and the experimental results are shown in
Fig. 7. It is evident from Fig. 6a that the removal rate of the
reaction system changes little within the set temperature range.
For PDA-SF/AgNPs-H,0, system, compared with 30 °C, the
dye removal rate increased more significantly at 40 °C, reach-
ing 70.56%, and then further increased at 80 °C (75.42%). For
PDA-SF/AgNPs-PMS system, Fig. 6b shows that the removal
rate of the whole system reached the highest point at 50 °C
(95.28%), followed by a slight decrease in dye removal rate
with the increase of temperature, which may be due to a small
amount of desorption of dye on the surface of the PDA-SF/
AgNPs composite when the temperature is too high. In addi-
tion, high temperature will decompose PMS to some extent,
affecting the action of SOj- radicals, the possible action mech-
anism of free radicals is shown in 3.2.2. Considering energy
saving, 40 °C and 50 °C were chosen as the optimal tempera-
tures for dye decoloration in PDA-SF/AgNPs-H,O, and
PDA-SF/AgNPs-PMS system, respectively.

3.2.2. Effect of H>O, and PMS concentrations on decoloration

The initial temperature of PDA-SF/AgNPs-H,0, and PDA-
SF/AgNPs-PMS systems was set at 40 °C and 50 °C, respec-
tively, the initial concentration of dye was 80 mg/L, and the
PDA-SF/AgNPs mass was 0.10 g. The effects of hydrogen per-
oxide (H,0,) and PMS concentration (0.1-10.0 mmol/L) on
the decolorization of Talon red A2R dye were investigated.
Fig. 8a shows the rate of dye removal in PDA-SF/AgNPs-
H,0, system increased when the H,O, concentration was
increased from 0.1 mmol/L to 0.5 mmol/L, and the dye
removal rate reached the maximum (66.5%) at 40 min. With

12 Telon Red A2R(80 mg/L)
“1 ——0min

309

<

o

-

0.6

=

=

=4
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<03

0.0 4
300 400 500 600 700

Wavelength (nm)

Fig. 5 Oxidative degradation on Telon Red A2R dye by (a) PDA-SF/AgNPs-H,O, and (b) PDA-SF/AgNPs-PMS system.
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Fig. 7  Effect of reaction temperature on decoloration of Telon Red A2R in PDA-SF/AgNPs-H,0, (a) and PDA-SF/AgNPs-PMS

systems (b).
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Fig. 8 Effect of H,O, /PMS concentration on Telon Red A2R decoloration in PDA-SF/AgNPs-H,0, (a) and PDA-SF/AgNPs-PMS

system (b).

the increase of H,O, concentration, AgNPs can be fully con-
tacted with H,O, to produce a large amount of -OH radicals
for dye decoloration. The relevant reactions are shown in the
first two equations below. As the concentration of H,O, fur-
ther increases, there is a slight decrease in the removal rate
of the dye. This may be due to the fact that the concentration
of H,O, is too high, the radicals produced have not yet reacted
with the dye, and radicals are consumed with each other,
which weakened the decoloration ability of the whole system.
The reaction is shown in the following equations (Ershadi
Afshar et al., 2018; Patil et al., 2018; Ai et al., 2014). The

results show that when the dosage of PDA-SF/AgNPs was
fixed, H,O, concentration has a great influence on the decol-
oration ability of PDA-SF/AgNPs-H,0O, system.

AgNO; + PDA-SF — PDA-SF/AgNPs 4)
H,0, — 2-OH (5)
OH + H,0, — HO,-+ H,O (6)
HO,-—H" + -O," (7)
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HO, + -OH — H,0 + O, (8)

At a PMS concentration of 0.5 mmol/L, the removal rate of
PDA-SF/AgNPs-PMS system can reach 95% at 40 min
(Fig. 8b). In the low concentration range of 0.1-0.5 mmol/L,
the generation of free radicals was driven exclusively by the
PMS concentration. With the increase of PMS concentration,
a certain dose of PDA-SF/AgNPs can fully activate PMS, pro-
ducing a large number of reactive free radicals for Telon Red
A2R decoloration. The color removal rate of Telon Red A2R
has no significant change (96%) when PMS concentration is
greater than 0.5 mmol/L. This is because a certain amount of
free radicals required for the composite is already sufficient
for dye decoloration at a certain dye concentration. The rele-
vant reaction mechanism is shown as follows (Liu et al.,
2022; He et al., 2022; Li et al., 2022).

HSOs™ + -OH — SOs-~ + H,0 (9)
2805~ =280, + O, (10)
SO, + H,0 —-OH + HSO," (11)
HSOs~ —H" + SOs > (12)
3805 2 + H,0 — 2.0, + 380, 2 + 2H* (13)

3.2.3. Effect of dosage of PDA-SF/AgNPs on decoloration

The dosage of PDA-SF/AgNPs composite is also an important
factor affecting the color removal rate under certain dye con-
centration conditions, because AgNPs can act as a “bridge”
to participate in dye decoloration. The influence of PDA-SF/
AgNPs-H,O, and PDA-SF/AgNPs-PMS system on the color
removal rate under different PDA-SF/AgNPs dosage is shown
in Fig. 9. From Fig. 9a, for PDA-SF/AgNPs-H,0, system, a
small dosage of PDA-SF/AgNPs (0.05 g) is not very effective
for the decoloration of Telon Red A2R. When the dosage of
PDA-SF/AgNPs was increased to 0.1 g, the removal rate of
the dye could be increased by about 20%. This is due to the
increase in the dosage of composite material, which improves
the contact area between dyes and composite material,
increases the generation of free radicals, and thus improves
the color removal rate. When the dosage of PDA-SF/AgNPs
was further increased to 0.2 g, there is another significant rela-
tive increase in the dye removal rate, and then there was no sig-
nificant change in the final removal rate of the dye when the

a Z
—o—0.05¢g
1.0 \ ——0.10g
0.8 4
51
Q06
S}
0.4
0.2 4
/F T
60 0 10 20 30 40

Time (min)

dosage continued to increase. It can be judged that there was
an optimum dosage of the composite (0.2 g) in the system
when the dye removal rate basically reached the highest point
and the PDA-SF/AgNPs composite was highly utilized. For
PDA-SF/AgNPs-PMS system (Fig. 9b), the final color
removal rate reaches 80% when the dosage of PDA-SF /
AgNPs is low (0.05 g), while the final removal rate of the
dye reaches 95% when the dosage of PDA-SF /AgNPs is
increased to 0.1 g, and then the final removal rate of the dye
does not change significantly when the dosage of the composite
is increased again. This is due to the fact that the amount of
the added composite is already sufficient to meet the demand
of the dye, and a good synergistic reaction has been formed
among the composite material, nanosilver and dye. Once the
composite was added, the nanosilver could adsorb the dye
tightly to the material, and nanosilver activated PMS to pro-
duce SOjradicals and immediately interacted with surround-
ing dyes to promote the decoloration of the dye.

3.2.4. Effect of electrolyte concentration on decoloration

In the practical production and life application, there are var-
ious electrolytes in the dye wastewater besides the dye itself,
including NaCl, Na,SO4, Na,COs;, etc., which have an effect
on the dye removal effect. For example, CI™ can capture
hydroxyl radicals (Khattri and Singh, 2009). NaCl was used
as a typical electrolyte and the influence of NaCl concentra-
tions on the decoloration effect of dyes was investigated.
Fig. 10 shows the presence of electrolytes has limited influence
on the decoloration of Telon Red A2R, probably due to the
complex structure of Telon Red A2R. The dye itself can react
with the system, and the limited electrolyte has no significant
impact on the internal and external reactions of the dye. This
also indicates that the whole decoloration system is relatively
stable and free from external influences.

3.2.5. Effect of reaction time on decoloration

The relevant reaction conditions were set as follows: Cy (Telon
Red A2R) = 80 mg/L, m (PDA-SF/AgNPs) = 0.20 g/0.10 g,
T = 40 °C/50 °C, C (H,O,/PMS) = 0.5 mmol/L. The absor-
bance value of the dye solution was measured every 2 min in
the first 10 min, and the experimental results are shown in
Fig. 11. It can be seen that the first 10 min is the critical stage
of the whole decolorization reaction. For PDA-SF/AgNPs-
H,O, system, the decoloration rate of Telon Red A2R could
reach 81.45% at 50 min, and PDA-SF/AgNPs-PMS system
could reach 94% at 30 min, achieving a good oxidative degra-

——0.05¢g

0.8

0.6

C/Cy

0.4

0.2 1

0.0

Time (min)

Fig. 9  Effect of PDA-SF/AgNPs dosage on A2R dye removal in PDA-SF/AgNPs-H,0, (a) and PDA-SF/AgNPs-PMS systems (b).
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Fig. 10  Effect of electrolytes on Telon Red A2R degradation in PDA-SF/AgNPs-H,0; (a) and PDA-SF/AgNPs-PMS systems (b).
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Fig. 11

dation effect. By prolonging the reaction time, the residual dye
concentration and the dye decoloration rate changed little, and
the overall removal rate did not change significantly. It can be
assumed that prolonging the reaction time will not significantly
increase the dye removal rate. This is because under a certain
dye concentration, the system consisting of added PDA-SF/
AgNPs and oxidizing agent is already fully utilized. We
hypothesize that by increasing the reaction time, a small
amount of dyes adsorbed on the composite will be desorbed,
thus affecting the oxidative decoloration of dyes. Therefore,
for subsequent experiments, 50 min and 30 min of reaction
time were selected for the dye decoloration by PDA-SF/
AgNPs-H,0, and PDA-SF/AgNPs-PMS systems,
respectively.

3.2.6. Effect of different systems on decoloration

Fig. 12 shows the decoloration of Telon Red A2R for 40 min
of reaction using differen systems. The removal rates of Telon
Red A2R were 10.61%, 4.70%, 7.75%, 13.71%, 57.81%,
30.55%, 61.86%, 81.45% and 95.28% in the presence of
H,0,, PMS, SF, PDA-SF, PDA-SF/AgNPs, AgNPs
+ H,0,, AgNPs + PMS and PDA-SF/AgNPs-H,0,/PMS
systems, respectively. The above results indicated that the
nanosilver particles deposited on the surface of PDA-SF fabric
can significantly increase the oxidative decoloration rate of
Telon Red A2R by the oxidant. This can be mainly attributed
to adsorption of dyes by PDA-SF/AgNPs and electron trans-
fer of nanosilver itself can generate under certain photothermal
conditions, which enhances the free radical generation of the
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09
&
@
2
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2
i3
o
2
< 03

0.0 4
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Effect of reaction time on Telon Red A2R decoloration in PDA-SF/AgNPs-H,0,; (a) and PDA-SF/AgNPs-PMS system (b).

oxidant (Wang et al., 2020), thus enabling more effective oxi-
dization and decolorization of dyes.

3.3. Adsorption properties

The adsorption of Telon Red A2R dye molecules by catalyst is
a prerequisite for the oxidative decoloration of dyes by oxi-
dants H,O, and PMS. Therefore, adsorption tests were carried
out to better understand the oxidative decoloration of Telon
Red A2R by oxidants using PDA-SF/AgNPs composite as cat-
alyst. Fig. 13 shows the dye removal rates of different concen-
trations of Telon Red A2R solutions adsorbed by the prepared
composites. When PDA-SF/AgNPs were added to the dye
solution, there was a significant increase in the dye removal
rate in the first 4 min. This was mainly attributed to the
PDA layer of the composite and the action of the silver
nanoparticles. PDA has abundant phenolic hydroxyl and ben-
zene ring structures, resulting in electrostatic interactions and
n-1 stacking between the PDA layer and dye molecules. Due
to electronic interactions, silver nanoparticles can also adsorb
dye molecules (Cui et al., 2018; Jana et al., 1999).

3.4. Reusability of PDA-SF/AgNPs

The stability and recyclability of the composites are potentially
essential factors in wastewater treatment applications in gen-
eral. Fig. 14 shows the reusability of PDA-SF/AgNPs compos-
ites for oxidative decoloration of Telon Red A2R dye in the
presence of oxidants in the system. After five cycles of reuse,
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Fig. 12 Degradation rate curves of Telon Red A2R with different types of materials (a) and comparison before and after degradation
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Fig. 13 Adsorption properties of PDA-SF/AgNPs composites.

although the catalytic performance of PDA-SF/AgNPs
decreased slightly with the increase of the number of runs,
the reused composites still showed high activity and could
decompose nearly 70% of Telon Red A2R in five cycles
(PDA-SF/AgNPs-H,0,) and remove 90% of Telon Red
A2R in one hour in the fifth cycle (PDA-SF/AgNPs-PMS),
indicating the high reusability and significant catalytic activity
of the prepared composites of H,O, and PMS oxidation
systems.

80.78
80 4 78.29 77.61 75.96

70.56

60

40 4

Removal (%)

204

1 2 3 4 5

Cycle number

3.5. Potential mechanisms and pathways for dye degradation

In addition, in order to explore the reactive groups of PDA-
SF/AgNPs-H,0,/PMS, isopropyl alcohol (IPA), p-
benzoquinone (BQ) and methanol (MeOH) were used as scav-
engers of ‘OH, -O; and -OH/SOj-. As shown in Fig. 15a, the
degradation efficiency of Telon Red A2R varied less in the
presence of BQ, with an inhibition rate of only 14% when
the quenching reaction proceeded to 60 min, while the degra-
dation efficiency decreased significantly after the addition of
IPA (inhibition rates of about 30%). The results indicated that
-O5 and -OH were the main active species. In particular, -OH
played a more important role than -Oj, indicating that -OH
is the main active species in the degradation of Telon Red
A2R solution. As shown in Fig. 15b, the degradation efficiency
of Telon Red A2R varied less in the presence of BQ and IPA
(inhibition rates of about 10% and 15%), while the degrada-
tion efficiency decreased significantly after the addition of
MeOH (inhibition rates of about 30%). The results indicated
that SO3- was the main active specie. Therefore, it can be fur-
ther verified that the content of OH- and SOj- in the system has
an important effect on the degradation of dyes.

Telon Red A2R has two sulfonic acid groups. Moreover,
sulfonic acid being a strong electron withdrawing group, it
should enhance dye decolorization. Zimmerman et al
(Zimmermann et al., 1982; Patel et al., 2013) observed that
such groups on phenyl ring of dye molecule also accelerated
the decolorization process. Two such electronegative sub-
stituents (sulfo groups) existing on phenyl ring of Telon Red

b 100
TS o4y MO om
804
&
o 604
e
g
=
S 404
o
@
=
204
0 T + + T T
1 2 3 4 5
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Fig. 14  Cyclic decoloration performance of (a) PDA-SF/AgNPs-H,0, and (b) PDA-SF/AgNPs-PMS systems.
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Fig. 16 Proposed degradation pathway of Telon Red A2R by PDA-SF/AgNPs-H,0,/PMS system.

A2R can accelerate decolorization, presumably because azo
group render more accessible to free electron. Various mecha-
nisms for azo dye degradation by microorganisms have been
proposed. All these, generally follow two main routes as pro-
posed by several studies: symmetrical or asymmetrical cleavage
of azo bonds (Lopez et al., 2004; Hong et al., 2007). Based on
the identification of the 1ntermed1ates, it is clear that Telon
Red A2R has symmetric cleavage during the degradation pro-
cess (Fig. 16). In consequence of the HPLC-MS analysis (inset
in Fig. 16), we proposed four intermediary products of Telon
Red A2R degradation at m/z = 110, 128, 208 and 288, respec-
tively, indicating that Telon Red A2R was successfully
degraded. The degradation pathway of Telon Red A2R by
PDA-SF/AgNPs-H,0,/PMS system was also proposed.

The potential mechanisms for dye degradation by PDA-SF/
AgNPs-H,O,/PMS system is put forward and shown in

Fig. 17. There is a metal-like chelation between AgNPs and
dyes (Sabouri et al., 2022), which enables dye molecules to
tightly surround AgNPs. AgNPs itself can promote hydrogen
peroxide and PMS to produce -OH, O;- and SOy, so that
the generated free radicals can react with dyes around AgNPs,
thus achieving the effect of dye oxidative degradation. Here
the AgNPs act as a bridge for the reaction.

3.6. Decoloration of different dyes by PDA-SF|AgNPs-H>0,
and PDA-SF/AgNPs-PMS

In order to investigate the oxidative decoloration performance
of the two systems PDA-SF/AgNPs-H,O, and PDA-SF/
AgNPs-PMS for different dyes, the final color removal rates
of different dyes under the same conditions were also investi-
gated in this work. The decoloration rates of Telon Red
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Fig. 18 Decoloration performance of (a) PDA-SF/AgNPs-H,0, and (b) PDA-SF/AgNPs-PMS systems for different dyes.

Table 1 Comparison on the dye degradation property of PDA-SF/AgNPs with materials in previous studies.
Material Reducing agent Reaction Dye Time Degradation Dye Reference
condition concentration percentage
AgNPs Azadirachta PMS 5x10°-5M  32min  84% AO10 (Nagar and
indica Devra, 2019)
BiOBr/AgNW/CF EG Xenon light 10 mg/L 90 min  97% RhB (Wang et al.,
2023)
C/PDA/Ag/AgCl PDA Xenon light 50 mg/L 180 min  95% RB-19 (Ding et al., 2018)
Ag/AgCl/CeO, decorated ZnCl, Xenon light 20 mg/L 75min  95.2% MB (Guan et al.,
cotton fabrics 2020)
Ag-doped g-C5Ny4-TiO, - Visible light 5 mg/L 150 min  94.5% MO (Li et al., 2023)
Ag-doped-ZnO/CaO Caccinia uv 10°-5 M 100 min  90% MB (Sabouri et al.,
macranthera 2022)
Ca-ALG/MgO/Ag NaBH,4 NaBH,4 50 mg/L 340 min  95% Direct Red  (Albalwi, 2022)
83
Cu/Ag/Zn Aqueous leaf NaBH,4 0.04 mM 360 min  50.7% Eosin (Kunwar et al.,
yellow 2023)
Ag@GCN Ocimum uv 10 mg/L 120 min  76% RB (Dabhiya et al.,
tenuiflorum 36% XO 2023)
Ag/Fe;0,@h-BN = H,0, 10 mg/L 40min  99.5% MO (Xin et al., 2023)
MB
RhB
PDA-SF/AgNPs PDA H,0, 80 mg/L S0 min  82% Telon Red  this work
PMS 30min ~ 95% A2R

A2R, Rhodamine B (RhB), Direct dark brown ME (ME),
Methylene blue (MB) dyes in PDA-SF/AgNPs-H,O, and
PDA-SF/AgNPs-PMS systems are shown in Fig. 18.

Fig. 18a-18b show the comparison of the degradation rates
of the two systems for different dyes, and it can be seen that

the two systems have different effects on different dyes, which
may be due to the different damage occurring inside the struc-
tures of different dyes by OH- and SOj-. It was shown that the
PDA-SF/AgNPs + H,O, and PDA-SF/AgNPs + PMS sys-
tems attacked the dyes with different intensities, resulting in
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different degrees of dye bond breakage. In conclusion, these
two systems have various effects on different dyes, with
removal rates of up to 87% for MB (PDA-SF/AgNPs
+ H,0,) and 80% for RhB (PDA-SF/AgNPs + PMS), which
are universal for the oxidative degradation of dyes of different
structures. In addition, the effect of PDA-SF/AgNPs was com-
parable or even better than that of the reported similar type of
catalytic composites (Table 1). Compared with some studies
using chemical reducing agents, PDA used in this study has
advantage of being green and environmentally friendly. In
addition, the prepared PDA-SF/AgNPs have more desirable
effect on the concentration up to 80 mg/L of Tenon red under
the synergistic effect of H,O, and PMS, and it can be found
that the prepared PDA-SF/AgNPs have good recycling perfor-
mance compared with nanomaterials based on the cyclic stabil-
ity test and SEM images (Fig. 1d).

4. Conclusion

In this study, the loading of silver nanoparticles on polydopamine-
modified waste silk was successfully achieved. It was shown that the
nanosilver could be firmly loaded onto the silk surface with essentially
no loss before and after use. There is a good synergistic effect among
dyes, silver nanoparticles and oxidants, and the oxidanst can generate
-O,, ‘OH and SOy with the promotion of nanosilver to achieve the cat-
alytic degradation of the dye. The results demonstrate that PDA-SF/
AgNPs-H,0, and PDA-SF/AgNPs-PMS systems have good reusabil-
ity and stability. However, the two systems showed different degrada-
tion effects for different dyes. After different factors were explored, the
two systems could finally obtain more than 82% and 95% degradation
rates for Telon Red A2R, and the synthesized PDA-SF/AgNPs com-
posite has a good application prospects for catalytic oxidation of
dye pollutants in wastewater.
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