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Abstract The industrial application of nano-photocatal-
ysts in wastewater treatment has been severely restricted
for a long time due to their difficult separation, poor
reusability, and low efficiency. In this work, a facile
strategy was proposed to enhance the photocatalytic
activity and recovery performance of Ag@AgCl
nanocatalysts. Biological veins (Bio-veins) with a unique
3D porous construction were used as carriers for the in-situ
growth of Ag@AgCl nanoparticles. Scanning electron
microscopy results showed that the Ag@AgCl
nanoparticles were uniformly loaded on the surface and
interior of the Bio-veins, and the size of the Ag@AgCl
nanoparticles immobilized on the Bio-veins (50-300 nm)
was significantly smaller than Ag@AgCl obtained by the
co-precipitation method (1-3 pum). The Bio-veins played a
vital role in the photocatalysis reaction system. The
degradation efficiency of the Ag@AgCl/Bio-veins(CI4)
was up to 3.50 times as high as pure Ag@AgCL
Furthermore, the composites also exhibited excellent
recyclability and stability under both visible and solar
light. This work provided a suitable strategy for nano-
photocatalysts for practical application and may also offer
new possibilities for the high-value utilization of biomass
materials.
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1 Introduction

With the rapid development of industry, synthetic dyes as
coloring materials have been widely applied in various
fields, such as in textile, printing, plastic, leather,
cosmetics, and photosensitive materials [1-3]. By 2020,
the global annual consumption of synthetic dyes was as
high as 7500000 tons [4]. The extensive use of dyes can
be considered a double-edged sword, adding beautiful
color in our lives while also causing considerable
environmental harm. The effective and environmental
treatment of dyestuff wastewater with a high concentra-
tion, strong toxicity, and refractory organic dyes has been
studied in detail. Currently, common methods for treating
dye wastewater mainly include coagulation, adsorption,
biodegradation, ozonation and photodegradation [5-7].
Among these, photocatalysis has shown to be promising
technique due to its environmental friendliness, simple
operation, low cost, and lack of secondary pollution
generation [8—10].

Nanostructured silver particles (Ag NPs), a type of
common noble metal particle, have attracted increasing
attention in the photocatalysis field in recent years. These
noble metal particles can efficiently absorb visible light
via the strong localized surface plasmon resonance
(LSPR) effect [11,12]. Furthermore, Ag NPs present
distinctive physico-chemical properties such as good
antibacterial activity, high electrical conductivity, excel-
lent magnetic performance, and chemical stability. Thus,
they have been widely used for disinfection and photode-
gradation [13,14]. Based on these factors, numerous
studies have indicated that nanocomposite photocatalysts
combining Ag NPs with other semiconductors, such as
clinoptilolite-supported Ag/TiO, [15], Ag@AgCl [16],
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Ag@Ag;PO, [17], and Ag/AgCl/ZnO [18], will always
possess stronger photocatalytic activities than pure Ag NP
photocatalysts. Specifically, the Ag NPs that formed on
silver chloride particles displayed outstanding visible
light response and highly enhanced photocatalytic
properties due to the LSPR of Ag. Although Ag@AgCl
semiconductor photocatalysts will exhibit excellent
catalytic performance, most Ag@AgCl semiconductors
prepared by conventional methods will be in powder
form, and powdery Ag@AgCl photocatalysts still have
several shortages that greatly limit their applications
[19,20]: (1) Specifically, the high surface energy of
powdery nano-photocatalysts will cause them to easily
agglomerate and be difficult to disperse in aqueous
solutions, thus, greatly decreasing their photocatalytic
activity and stability; (2) the separation and recycling of
micro-sized or nano-sized powdery catalysts from the
solution will be a highly difficult and high-cost process,
where the residual catalyst may lead to secondary
contamination. Considering these problems, many
researchers are trying to find suitable substrates for
immobilizing Ag@AgCl NPs.

Biomass materials have attracted the attention of
environmental experts due to their innocuity, low cost,
and renewability [21]. Many studies have successfully
loaded nanocatalysts onto various biomass materials. For
example, Gao et al. [22] used corn cob powder as the
carbon source to fabricate C/Fe;0,/Bi,O; and the
composite photocatalyst showed a high removal ability
for tetracycline. Xu et al. [23] proposed a novel pyrolysis-
loading process to load zero-valent irons on biochar,
where the obtained BC-ZVI could efficiently adsorb
As(III) and As(V). Combining the pyrolysis process with
ultrasonication, Alsaiari successfully prepared AC/TiO,
nanocomposites, and the used biomass AC was processed
from date seeds [24]. New TiO,-carbon microsphere
composite materials were synthesized by Pefias-Garzon
et al. [25] through the solvothermal procedure, presenting
good visible light degradation performance towards
diclofenac. However, the biomass materials mentioned
above were used in the form of carbon, and the prepara-
tion processes required high energy consumption and
complex operation. Until now, few researchers have
attempted to directly use natural biomass to support nano-
photocatalysts. In our previous study [26], we success-
fully loaded BiOBr nanosheets on the vein surfaces of a
natural Osmanthus tree leaf through a simple wet
dripping process. The main components of the natural
leaf veins were cellulose, hemicellulose and lignin, and
these substances were non-toxic and biodegradable.
Second, there were abundant hydroxyl (—OH) and
carboxyl (-COOH) groups in the long chains in the
molecular structures of the leaf veins, providing a benefit
to the adsorption of metal-precursor and pollutant
molecules [27,28]. Third, the leaf veins with a 3D
ramified architecture could provide plenty of space for
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the growth of the photocatalyst nanoparticles. Moreover,
the leaf veins were lightweight and flexible, enabling the
vein-based photocatalysts to float on the wastewater,
which could greatly simplify the separation and recovery
process of the nanocomposites. Using the natural leaf
veins as a photocatalyst carrier was verified to be a
feasible and promising strategy.

In this study, Ag@AgCl particle hybrid lignocellulosic
leaf veins (Ag@AgCl/Bio-veins) were prepared using a
simple in situ method. Due to the abundant functional
groups and unique 3D reticular structure of the biological
veins, the Ag@AgCl particles were uniformly distributed
and firmly immobilized on the surface and inside of the
Bio-veins, realizing the high photoactivity of the hybrid
materials. Furthermore, the lignocellulosic Bio-veins
could effectively adsorb the dye molecules, which was
also advantageous to the photodegradation of RhB.
Finally, the Ag@AgCl/Bio-veins(CI4) was composite
used to degrade RhB under natural sunlight irradiation,
showing satisfactory photodegradation efficiency. This
easily prepared, cost-effective Bio-veins based catalyst
not only displayed high photodegradation performance
but also possessed excellent recyclability and stability.

2 Experimental

2.1 Materials

AgNO;, NaCl, NaOH, isopropyl alcohol (IPA), triethanola-
mine (TEOA), and 4-hydroxy-TEMPO (TEMPO) were
obtained from Shanghai Aladdin Industrial Inc. H,O,
(3%—3.5%) was purchased from Henan Liuhe Pharmaceu-
tical Group Co. Ltd. Rhodamine B (RhB) was provided
by the Shanghai Kaifei Biomedical Technology Co. Ltd.
All reagents used in this work were used directly after
purchase and deionized water was employed in the
experiments.

2.2 Bio-veins processed from natural leaves

Figure 1 shows the synthesis of the Bio-veins and the
Ag@AgCl/Bio-veins. The Bio-veins matrices used for
immobilizing the catalyst were processed from natural
leaves, which were treated with NaOH and H,O, solution
to remove the mesophyll and pigment. The detailed
treatment process for the Bio-veins is shown in Fig. 1(a).
Leaves from Osmanthus fragrans trees were picked on
the campus of the Hunan University of Science and
Technology. First, the freshly picked leaves were cleaned
with deionized water to remove dust. Then, about 20
cleaned leaves were immersed in NaOH aqueous solution
(10 wt %, 300 mL) and boiled for 2 h. The softened
leaves were transferred to a petri dish with a small
amount of deionized water, and a clean toothbrush was
used for cleaning to remove the mesophyll, to obtain the
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naked leaf veins matrices. After rinsing in deionized
water, the wet veins were placed in H,0, solution (3.5 wt %,
200 mL) for 24 h to remove the pigment. Finally, the leaf
veins were washed thoroughly and dried for 2 h in a
freeze drier. The prepared Osmanthus fragrans leaf veins
sample was labeled as Bio-veins.

2.3 Synthesis of Ag@AgCl/Bio-veins

The Ag@AgCl/Bio-veins was prepared by impregnation—
precipitation and photoreduction methods. Figure 1(b)
shows the detailed synthesis process, where first, one
piece of Bio-veins with a dry weight of 60 mg was
immersed in 30 mL of 0.025 mol-L™! AgNO; aqueous
solution for 30 min, taken out, and immersed in deionized
water for 4 s. Then, the Bio-veins was transferred to
30 mL of 0.025 mol-L™! NaCl aqueous solution for
30 min, removed and immersed in deionized water for
4 s. The above operations were carried out in the dark at
room temperature and the four soaking steps were defined
as a cycle. To determine the optimal cycle time, samples
with different cycle times (1, 2, 3, and 4) were synthe-
sized. With an increase in cycle time, yellowish-green
Bio-veins became white, indicating that the AgCl NPs
successfully grew onto the Bio-veins. After washing with
deionized water three times, the AgCl/Bio-veins compo-
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sites were freeze-dried. Finally, the AgCl/Bio-veins compo-
sites were subjected to a 36 W ultraviolet light for 10 min
and the color changed to black, from which we could
infer that some of the Ag™ ions were successfully reduced
to Ag’. According to the impregnation cycle times, the
prepared samples were denoted as Ag@AgCl/Bio-
veins(CI1), Ag@AgCl/Bio-veins(CI2), Ag@AgCl/Bio-
veins(CI3), and Ag@AgCl/Bio-veins(CI4).

2.4 Characterization analysis

The phase structure of the as-synthesized materials was
detected by powder X-ray diffraction (XRD, Bruker D8-
Advance). Scanning electron microscopy (SEM, JSM-
7610FPlus, JEOL) was employed to observe the surface
and cross-section morphologies of the obtained photoca-
talysts. A Fourier transform infrared spectrophotometer
(FTIR, Thermo Fisher, Nicolet 6700) was employed to
characterize the functional groups of the synthesized
materials. X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha) was used to study the surface
composition and chemical states of Ag@AgCl/Bio-veins
composite in an ultrahigh vacuum electron spectrometer
(Al Ka X-ray radiation). The optical property of
synthesized materials was tested by a UV-vis diffuse
reflectance spectroscopy (DRS, UV-2550, Shimadzu).

(@)
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Fig. 1 Schematics showing the synthesis of (a) Bio-veins and (b) Ag@AgCl/Bio-veins.
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2.5 Photocatalytic activity test

For the visible photocatalytic experiments, a 300 W
xenon lamp with a long pass filter (4 > 420 nm) was used
as the visible light source. A homemade top-irradiation
double-layer quartz container was used as the photoca-
talytic reactor, and 10 mg-L~! RhB solution was employ-
ed to simulate the dye effluent. The vertical distance
between the bottom of the reactor and lamp was 20 cm,
the speed of the magnetic stirrer was maintained at
300 r'min', and the temperature of the reaction system
was kept at room temperature by using cooling recycled
water. In a typical procedure, a piece of Bio-veins loading
Ag@AgCl was placed in the reactor with 100 mL of RhB
solution. The mixture was stirred in dark conditions for
30 min to achieve adsorption—desorption equilibrium.
Then, they were exposed to the xenon lamp, at 10 min
intervals, and 5 mL of solution was sampled out by a
pipette. After centrifugation (8000 r'min~!, 5 min), about
3 mL of the sample supernatant was suctioned out and
was used to measure the residual concentration of RhB
via UV-vis absorption spectroscopy (UV-1800PC,
Shanghai Aoyi Instrument Co. Ltd).

For the cycling tests, all of the conditions and
parameters were consistent with the above experiment.
After every photocatalytic reaction, the leaf-shaped
Ag@AgCl/Bio-veins photocatalyst was taken out by a
tweezer and washed alternately with deionized water and
absolute ethanol three times to remove the attached
undegraded RhB. After freeze drying for 2 h, the recycled
photocatalyst was used directly for the next photocatalytic
cycle experiment.

For the solar photocatalytic experiments, a piece of
hybrid Ag@AgCl/Bio-veins(CI4) composite was put into
a beaker with 100 mL of RhB (10 mg-L™'). Then they
were placed in the sun from 9:00 am to 14:00 pm, where
the outdoor temperature ranged from 20 to 26 °C. In
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addition, the intensity of sunlight on the test days were
measured and recorded by an optical power meter
(PM120D, Thorlabs, America). The lowest value of light
intensity was 11.77 mW-cm 2 and the maximum value
was 20.83 mW-cm 2.

3 Results and discussion

3.1 Characterization of the photocatalysts

3.1.1 Crystalline structure

The XRD patterns of the as-prepared products are shown
in Fig. 2, and as shown in Fig. 2(a), the broad peaks in
Bio-veins situated at 20 = 17.0° and 26 = 23.0° are
assigned to cellulose I of cellulose and lignin. For pure
AgCl, a series of peaks at 26 = 28.0°, 32.3°, 46.4°, 55.0°,
57.7°, 67.7° and 76.8° are well indexed to the (111),
(200), (220), (311), (222), (400), (331) and (420) faces of
the three dimensional face-centered cubic phase of AgCl
(JCPDS No. 31-1238) [29]. All of these peaks are also
present in the Ag@AgCl/Bio-veins(CI4) composite,
demonstrating that the AgCl NPs successfully grow on
the Bio-veins matrices and the introduction of Bio-veins
does not affect the crystalline structure of AgCl. In
addition, a weak peak located at 26 = 38.5° is also
observed, corresponding to the (111) plane of metallic Ag
(JCPDS No. 04-0783). This indicates that some of the
Ag" ions in the AgCl particles are successfully converted
into Ag NPs [30]. We also find that the intensities of the
peaks at 17.0° and 23.0° decrease with an increase in
circulation time (Fig. 2(b)), likely because the Bio-veins
surface is covered by a large quantity of Ag@AgCl NPs.
The XRD results indicate that the as-fabricated composite
photocatalytic materials contain crystalline AgCl as well
as Ag.
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Fig.2 XRD patterns of (a) Bio-veins, AgCl, Ag@AgCl/Bio-veins(CI4) composite, and (b) Ag@AgCl/Bio-veins(CI1, CI2, CI3,

CI4) composites.
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3.1.2  Morphology structure

SEM was applied to observe the internal structure of Bio-
veins and to investigate the morphologies of the
Ag@AgCl NPs. As shown in the first row of Fig. 3, the
naked Bio-veins possess a distinctive branching structure,
where the surface of the dendritic fiber is flat and smooth.
After the in-situ synthesis process, cubic-like Ag@AgCl
NPs are successfully grown on the fiber face of the Bio-
veins (second row in Fig. 3). With increased soaking
cycle time, the Ag@AgCl NP loading amount conti-
nuously increases, and the Ag@AgCl NPs are spread
evenly on the fibers without any agglomeration. Through
careful contrast and analysis of the SEM images of the
Ag@AgCl/Bio-veins composites with pure Ag@AgCl
(Figs. 3(i-k)), we find a significant difference between
the sizes and shapes of the Ag@AgCl NPs. The size of
the Ag@AgCI NPs fixed on the Bio-veins (50-300 nm) is
significantly smaller than pure Ag@AgCl (1-3 um). The
composition of the Ag@AgCl/Bio-veins(CI4) composite
was assessed by EDS. As shown in Fig. 3(1), we further
confirm that the composite contains C, O, N, Ag, and Cl
elements. By comparing the cross-sectional micrographs
of the blank Bio-veins and Ag@AgCl/Bio-veins(CI4)
composite (Figs. 3(m—p)), we find that the Ag@AgCl
nanocomposites also grow on the inner microfibril walls
of the Bio-veins, and the microstructures of the Bio-veins
are well-maintained. In this study, the Bio-veins as stable

Front. Chem. Sci. Eng. 2023, 17(7): 906-917

carriers play a very important role, and could not only
immobilize the Ag@AgCl NPs effectively and prevent
their aggregation, but also affect the morphology and
structure of the particles. The Ag@AgCl NPs that grow
in situ on Bio-veins surfaces exhibit a larger surface area
and better dispersion, which is favorable for the higher
photocatalytic activity of the Ag@AgCl/Bio-veins.

3.1.3 FTIR, DRS, and XPS spectroscopy

The FTIR spectra of the blank Bio-veins and Ag@AgCl/
Bio-veins(CI4) composite are depicted in Fig. 4. For the
Bio-veins (Fig 4(a)), the peaks at 3331 and 1593 cm™! of
the samples are closely linked to stretching vibration of
internal H,O molecules and surface O-H groups. The
absorption peak located at 2913 cm™' is attributed to the
C—H stretching vibrations [31], and the absorption band
around 1419 cm™! corresponded to the CH, bending
vibrations [32]. The absorption peaks positioned at 1263,
1222, and 1024 cm™' are derived from the —COO
vibrations and C—O-C [33]. Compared to the blank Bio-
veins, the Ag@AgCl/Bio-veins(CI4) composite shows
almost the same infrared spectrum, demonstrating that
neither the impregnation-precipitation process nor the
photoreduction process would change the structure of the
Bio-veins. Besides, no AgCl absorption bands are
observed, possibly resulting from the low content and
homogeneous distribution of AgCl on the Bio-veins.

pure Ag@AgCl, (1) EDS plane scan spectrum of CI4, the cross-sectional SEM images of (m, n) blank Bio-veins, and (o, p)
Ag@AgCl/Bio-veins(CI4).
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Fig. 4 (a) FTIR spectra and (b) DRS spectra of blank Bio-veins and Ag@AgCl/Bio-veins(CI4). XPS spectra of (c) survey scan,

(d) Ag 3d and (e) CI 2p of Ag@AgCl/Bio-veins(CI4).

The UV-vis DRS of the blank Bio-veins and
Ag@AgCl/Bio-veins(CI4) composite are presented in
Fig. 4(b). For the blank Bio-veins, we observe a high
sensitivity in the ultraviolet light region, with a relatively
weak absorption within the visible light range. That is
largely due to the special biomass components (cellulose,
lignin, and hemicellulose) which could efficiently adsorb
UV light. For the Ag@AgCl/Bio-veins(CI4) composite, a
new broad adsorption peak (450 to 650 nm) appears and
the intensity of the visible light absorption peak increases
significantly. This phenomenon can be ascribed to the
LSPR effect of Ag, which is consistent with the results of
previous similar studies [34].

The XPS spectra were performed to clarify the
composition and valence state of the surface element in
the Ag@AgCl/Bio-veins(CI4). As shown in Fig. 4(c), Ag,
Cl, C, and O elements appear in the full scan spectrum of
the tested sample. In Fig. 4(d), two peaks observed at
367.93 and 373.92 eV can be identified as Ag 3ds;, and
Ag 3d,,, which are characteristic of Ag" in the AgCl
particles, and the peaks at 368.18 and 374.12 eV are
assigned to metallic Ag [35]. The spectrum of Cl 2p is
given in Fig. 4(e), two peaks at 198.14 and 199.87 eV are
clearly identified from the Cl 2p core level spectra,
confirming the presence of CI™ in AgCl [36]. The XPS
results are in good agreement with the XRD results,
further proving the co-existence of Ag with AgCl in the
Ag@AgCl/Bio-veins.

3.2 Photocatalytic performance research under visible light

As a common synthetic dye, RhB was employed to
evaluate the photocatalytic performance of the different
materials under visible irradiation, and the obtained data
are presented in Fig. 5. As reported in Fig. 5(a), in the
blank control experiment, the concentration of RhB
barely decreases without adding any photocatalyst,
indicating that the self-degradation of RhB could be
ignored and it would not affect the photocatalytic
experiment. After adding the Ag@AgCl/Bio-veins(Clx)
composite photocatalysts, the concentration of the RhB
solution decreases significantly. Furthermore, as the value
of soaking time (x) increases from 1 to 4, the degradation
efficiency of the composites greatly increases from 78.9%
to 99.7%. This may be down to the growing number of
Ag@AgCl NPs on the Bio-veins with increased soaking
time, which is consistent with the SEM results. Thus, the
Ag@AgCl/Bio-veins(Cl4) composite is considered to be
the most appropriate photocatalyst in this work. To
determine the different roles of Ag@AgCl and Bio-veins
in the composite materials, the photocatalytic activities of
pure Ag@AgCl, blank Bio-veins, and Ag@AgCl/Bio-
veins(CI4) are compared in detail (Fig. 5(b)). For the
blank Bio-veins, 26% of RhB is removed in 30 min in the
dark experiment, confirming the good adsorption
performance toward RhB. For pure Ag@AgCl (6.0 mg,
which is the same weight of Ag@AgCl loaded on the
Ag@AgCl/Bio-veins(CI4) composite), RhB is degraded,
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Fig. 5 (a) Degradation of RhB using Ag@AgCl/Bio-veins(CLx) composites; (b) curves of RhB relative to the concentration with the
addition of blank Bio-veins, Ag@AgCl and Ag@AgCl/Bio-veins(CI4); (c) kinetic curves for RhB photodegradation by different
samples; (d) optical absorption of the RhB solutions during the degradation process.

but the degradation efficiency is only 28.47%. By
contrast, the Ag@AgCl/Bio-veins(CI4) composite dis-
plays considerably higher visible photocatalytic activity,
the RhB removal efficiency is as high as 99.7%. The
excellent photocatalytic activity of the Ag@AgCl/Bio-
veins(CI4) composite could be explained in two aspects:
(1) the good adsorption properties of the Bio-veins, and
(2) the improved photocatalytic activity of the Ag@AgCl
NPs loaded on the Bio-veins.

The photodegradation processes of RhB could be
evaluated by the pseudo-first-order kinetic model [37]:

In(C,y/C) = kt, (1)
where C, and C denote the concentration of RhB in the
solution before and after reacting for # min, and & (min~!)
is the degradation rate constant. From Fig. 5(c), we find
that all of the kinetic linear fitting curves of RhB
degradation fit well with a linear behavior, which means
that the photo-degradation processes of RhB by all
materials could be explained by the pseudo-first-order
kinetic model. The degradation rate constant (k) values

were obtained from the slopes of the above lines. We find
that the Ag@AgCl/Bio-veins(CI4) exhibits the maximum
photodegradation rate of 95.1 x 10 min~' among all
samples, which is 59.44 times and 36.58 times higher
than the blank Bio-veins (1.6 x 107> min™") and pure
Ag@AgCI (2.6 x 1073 min™"), respectively. In contrast to
other AgCl-based catalysts (Table 1), the Ag@AgCl/Bio-
veins(CI4) in this study also demonstrates its outstanding
photocatalytic performance.

Furthermore, the real-time changes of the RhB solution
absorbance after adding the Ag@AgCl/Bio-veins(CI4)
composite were also studied. The results are shown in
Fig. 5(d), where the characteristic peak located at 1 =
553 nm is assigned to RhB. The peak intensity decreases
gradually with increasing visible light irradiation time and
nearly disappears after 60 min. Furthermore, no other
adsorption peaks appear within 200 to 800 nm, which
signifies that RhB in the solution is completely degraded.

The stability and the reuse of a photocatalyst can be
regarded as the critical factors in large-scale applications.
The durability of the Ag@AgCl/Bio-veins(CI4) was
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tested through repeat cycle experiments, and the results
are exhibited in Fig. 6. The photoactivity of the
Ag@AgCl/Bio-veins(CI4) decreased slightly after five
successive cycles (Fig. 6(a)). The slight decrease may be
down to two aspects, namely, (1) the inevitable loss of
Ag@AgCl particles from the Bio-veins in the reaction
and recovery processes, (2) gradual photocorrosion of the
AgCl, where a large number of Ag’ species formed on
AgCl during the degradation process. The XRD pattern of
the Ag@AgCl/Bio-veins(CI4) composite after the
reaction could well prove the change in the phase
structure of the photocatalyst. As shown in Fig. 6(b), new
obvious characteristic peaks at 38.6°, 44.8°, and 64.9°
appear, which are ascribed to Ag (JCPDS No. 04-0784).
In addition, no Ag@AgCl powder was found to fall from
the Bio-veins during the reaction or recycling processes.
Thus, we can confirm that the Ag@AgCl NPs combine
steadily with the Bio-veins.

3.3 Photocatalytic performance research under sunlight

An outdoor photocatalytic experiment under solar light
irradiation was conducted to assess the practical
application value of the composite. The optimal
composite (Ag@AgCl/Bio-veins(CI4)) was used as the
photocatalyst in this experiment. The same leaf-shaped
composite was re-used for three consecutive days, the
corresponding experimental results are recorded in Fig. 7.
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As we expected, the self-degradation of RhB under
sunlight within 5 h was rather low. The RhB self-
degradation rate values are all lower than 3% for the three
consecutive days, which is negligible. It is satisfying that
the Ag@AgCl/Bio-veins(CI4) composite also exhibits
high photocatalytic efficiency and stability under
sunlight, which is beneficial for practical applications. In
addition, compared to the powdery Ag@AgCl, the
recycling process of the Ag@AgCl/Bio-veins after the
reaction is much easier, energy-saving and time-saving.
Based on the aforementioned advantages, the
Ag@AgCl/Bio-veins shows decent potential in the field
of wastewater treatment.

3.4 Photodegradation mechanism

Radical capture experiments were conducted to determine
the reactive radicals which greatly contribute to the
photodegradation of RhB. In particular, 10 mmol-L™! of
IPA, TEOA and TEMPO were used as scavengers for the
‘OH, -0, and h" radicals, respectively [43]. As reported
in Fig. 8, the efficiency of RhB degradation is almost
invariable after adding IPA. By contrast, the addition of
TEMPO and TEOA has a great influence on the photo-
degradation process, and the degradation efficiency drops
from 99.7% to 51.24% and 18.44% after adding TEMPO
and TEOA, respectively (Fig. 8(b)). These experimental
data manifest that O, and h* are the primary active

Table 1 Performance of different Ag@AgCl-based composites for the photodegradation of RhB under visible light

Photocatalyst Photocatalyst form  Catalyst dosage/ (L") RhB concentration/(mg-L™')  Degradation/%  Time/min Ref.
AgCl/TiO,/fly-ash Granule 1 12.5 180 94.96 [38]
(Ag@AgCl)-Fe;0,RGO Powder 2 10 120 97.9 [39]
Ag@AgCI-TiO,/FAC Powder - 2 120 96.68 [40]
Ag@AgCl-PU/SF Slice 1 10 120 97 [7]
Ag/AgCI@ZIF-8 Powder 0.5 10 90 99.12 [41]
Ag/AgCI/NC Powder 0.4 10 60 >95 [42]
Ag@AgCl/Bio-veins(CI4) Slice 0.7 10 60 99.7 This work
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Fig. 6 (a) Cycling experiments of the Ag@AgCl/Bio-veins(CI4); (b) XRD patterns of the Ag@AgCl/Bio-veins(CI4) before and

after the cycling experiments.
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Fig. 7 (a) Photos of the reaction system before and after degradation under sunlight; (b) photocatalytic degradation curves of

Ag@AgCl/Bio-veins(CI4) for RhB in three consecutive days.
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Fig. 8 (a) Curves of RhB relative concentration with the addition of different scavengers; (b) the degradation percentage of RhB by
the Ag@AgCl/Bio-veins(CI4) composite after the introduction of different scavengers.

species in the photodegradation process of RhB.

As indicated in previous studies [44,45], AgCl can be
considered a wide bandgap semiconductor (about 3.25
eV) and difficult to be excited by visible light, thus,
single AgCl materials will not be suitable as
photocatalysts. However, after the photoreduction process
under UV light irradiation, some of the Ag® ions are
reduced to Ag’ in the AgCl material. The surface
polarization behavior of the AgCl NPs could be
terminated by CI7, leading to the negatively charged AgCl
NPs. Attributing to the LSPR effect of the Ag NPs, the
Ag@AgCl particles possess a strong visible light
response and could be considered an efficient
photocatalyst. According to the experimental results and
analysis, a plausible photocatalytic mechanism for RhB
by using Ag@AgCl/Bio-veins was proposed. As depicted
in Fig. 9, first, the visible or solar light is absorbed by the

Ag NPs and e /h™ pairs are produced on the Ag surface.
Because of the strong LSPR effect of Ag NPs and the
polarization of the AgCl NPs, photogenerated electrons
are transferred from Ag NPs to the conduction band (CB)
of AgCl NPs. Then, the ¢ in the CB of AgCl could
capture O, molecules to create superoxide radical (-O,"),
and positively charged holes transfer from Ag to the AgCl
NPs, and Cl ions are oxidized to C1° atoms. Both the
‘0,” and CI° atoms would further participate in the
degradation process of the RhB molecules, and the RhB
molecules are decomposed into inorganic small
molecules such as CO, and H,O. The reaction processes
are written as Egs. (2)—(8).

A" (LSPR) 2 Ag(e”) + Ag(h*) Q)
Ag(e™)+AgCl - Ag+AgCl(e) 3)
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COLH,0
ClY
RhB

Fig. 9 Schematic illustration of the Ag@AgCl/Bio-veins photocatalytic mechanism.

AgCl(e™) + 0O, —» AgCl+-0,” 4)
Ag(h")+AgCl — Ag+AgCl(h") (5)
AgCl(h*)+Cl” — AgCl+CI° (6)
-0,” +RhB — CO, + H,0 (7
CI’+RhB — CO, +H,0 8)

In addition, the Bio-veins also plays a vital part in the
photocatalytic process of RhB. First, the Bio-veins as a
carrier could effectively immobilize the Ag@AgCl NPs,
preventing their aggregation. Second, the existence of
Bio-veins could also affect the crystal appearance and
crystallite size of the Ag@AgCl NPs. Third, the special
microporous surface topography and abundant functional
groups of the Bio-veins (hydroxyl, carbonyl, and
aromatic rings) [46,47] not only promote RhB adsorption,
but also provide more active sites for photocatalytic
degradation. All of these are useful for the improvement
of photocatalytic activity.

4 Conclusions

A novel Ag@AgCl/Bio-veins composite photocatalyst
was synthesized using a facile impregnation-precipita-
tion-photoreduction method. The Ag@AgCl NPs were
uniformly and firmly anchored to the Bio-veins matrix.
Compared to the pure Ag@AgCl NPs and Bio-veins, the
Ag@AgCl/Bio-veins composite materials showed signifi-
cantly higher photocatalytic activity for the degradation
of RhB. Active radical experiments revealed that both
‘O,” and h" were the major active species for the
photodegradation of RhB, and a plausible photocatalytic
mechanism was proposed. Moreover, with a macroscopic

fiber substrate, the recycling process of the Ag@AgCl/
Bio-veins after reaction was much easier to implement
and showed better energy savings. After removal from the
solution by tweezers, the Ag@AgCl/Bio-veins was
reused five times with no obvious loss in photodegra-
dation activity, indicating the excellent stability and
reusability of the Ag@AgCl/Bio-veins. In summary, as a
type of promising candidate for easy-to-recover photoca-
talyst, it was worth of research, and this synthesis
procedure provided a new idea and approach for the
preparation of nano-photocatalysts supported on biomass
templates.
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