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H I G H L I G H T S

• Novel Ag/AgCl/Fh photo-Fenton cat-
alysts were synthesized.

• Plasmonic Ag/AgCl particles can sig-
nificantly accelerate the redox cycling
of Fe2+/Fe3+.

• The degradation rate constant of BPA
over 6%Ag/AgCl/Fh is nearly about
5.1 times as high as that of pure Fh.

• Ag/AgCl/Fh exhibit very high photo-
Fenton catalytic activity even at pH 6.

• Mechanisms for enhanced photo-
Fenton catalytic activity of Ag/AgCl/
Fh were investigated.
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A B S T R A C T

The conventional heterogeneous Fenton reaction is often confined by the lower regeneration of Fe2+, which then
inhibits the decomposition of H2O2 and the generation of %OH. Here we propose a novel idea to significantly
accelerate the redox cycling of Fe2+/Fe3+ in heterogeneous Fenton reaction by introducing photo-generated
electrons from plasmonic particles. Towards this aim, novel plasmonic Ag/AgCl nanoparticles coated ferrihy-
drite (Ag/AgCl/Fh) have been synthesized. Compared with pure Fh, a remarkable enhancement in the photo-
Fenton degradation towards bisphenol (BPA) can be observed for all Ag/AgCl/Fh samples under visible light.
Noticeably, the rate constant of 6%Ag/AgCl/Fh is 0.0506min−1, which is about 5.1 times as high as that of pure
Fh (0.0099min−1). Moreover, the catalytic activity of 6%Ag/AgCl/Fh on the degradation of BPA remains quite
efficient with a low Fe leaching after 4 recycles. The results of the effect of initial pH indicates that Ag/AgCl/Fh
samples exhibit relatively high photo-Fenton catalytic activity even at pH 6. The electron spin resonance (ESR)
analysis reveals that %OH plays a significant role in the photo-Fenton reaction. The concentration of %OH can
even reach 267.6 μmol/L after 60min, which is much higher than that of pure Fh (69.2 μmol/L). The mea-
surement of Fe2+ concentration and the XPS Fe2p spectra of Ag/AgCl/Fh before and after the degradation of
BPA indicate the loading of Ag/AgCl can accelerate the conversion of Fe3+/Fe2+ by the photo generated
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electrons from Ag nanoparticles due to the surface plasmon resonance (SPR) effect under the visible light ir-
radiation.

1. Introduction

In recent years, homogeneous Fenton reactions have been applied in
the field of environmental remediation due to a large amount of hy-
droxyl free radical (%OH) generated in the reactions [1–8]. The oxida-
tion ability of %OH (φo= 2.73 V) is much stronger than most other
active species, such as H2O2 (φo= 1.78 V) and ozone (φo= 2.08 V),
which makes %OH powerful to degrade most organic contaminants to
the mineral end products in a non-selective way [9,10]. Conventional
homogeneous Fenton process occurs in an acidic Fe2+/H2O2 aqueous
system [2,11–13]. However, its applications are limited mainly due to
the following drawbacks: (i) low regeneration rate of Fe2+, (ii) tight
range of optimum pH (2.5–3.5), and (iii) excessive amounts of gener-
ated ferric hydroxide sludge [14,15].

In order to solve above problems, heterogeneous Fenton-like reac-
tions have been developed which show great potential to replace the
conventional homogeneous Fenton reactions [10,16,17]. Recently, a
great deal of attention has been paid to the heterogeneous Fenton-like
catalysts such as Fe3O4 [10,18], α-Fe2O3 (Liu et al., 2017), γ-Fe2O3

[19], α-FeOOH [20], β-FeOOH [21], and ZnFe2O4 [22]. Among them,
ferrihydrite (Fh) nanoparticles have attracted much research interests
recently as it is a naturally occurring Fe (III) hydroxide nanomineral
with a large specific surface area (SSA > 200m2/g) [23–26]. Never-
theless, the catalytic efficiency of the Fh nanoparticles awaits further
improvement due to the relatively low regeneration rate of Fe2+ (by
reducing Fe3+ to Fe2+) during the Fenton reaction.

For the purpose of improving the regeneration rate of Fe2+, recently
many studies have focused on introducing semiconductors to the photo-
Fenton system, such as BiVO4@Fh [23], Fe3O4@rGO@TiO2 [10], SiO2/
Fe3O4/C@TiO2 [9], and BiOIO3/Fe2O3 [27]. The photogenerated
electrons from these semiconductors accelerate the conversion of Fe3+/
Fe2+, which then promote the decomposition of H2O2 into %OH. These
studies enlighten us that introducing in-situ generated electrons to the
heterogeneous Fenton catalysts might be an effective strategy for en-
hancing their photo-Fenton reactivity.

In recent years, the Ag/AgX (Cl, Br, I) catalysts have become the
focus of research in the field of photocatalysis because of the surface
plasmon resonance (SPR) effect under visible light [28–39]. These
photocatalysts can nearly absorb entire visible light and generate
electrons and holes through the collective oscillations of the surface
electrons [40]. However, pure Ag/AgCl composites usually aggregate to
micrometer-scale particles size, resulting in low surface areas and high
recombination rate of the photo generated charge carriers [41]. In this
regard, we propose that combining Ag/AgCl with Fh may achieve ex-
citing novel composites with high photo-Fenton reactivity, as the gen-
erated electrons from Ag/AgCl can help in reducing Fe3+ on Fh, and Fh

may have a tailoring effect on Ag/AgCl to inhibit its aggregation (be-
cause of the large surface areas and plenty of reactive surface sites of
Fh).

In this study, we have synthesized Ag/AgCl/Fh heterogeneous
photocatalysts via a multistep route by loading the different content of
Ag/AgCl on the surface of Fh. The structural and photoelectrochemical
characteristics of Ag/AgCl/Fh samples have been studied. The obtained
Ag/AgCl/Fh catalysts exhibited remarkably enhanced photo-Fenton
catalytic activity for the degradation of BPA under visible light. It may
result from the SPR effect of Ag nanoparticles and the fast carrier
transfer between the active materials in the composites.

2. Experiment

2.1. Materials

Fe (NO3)3·9H2O (AR), AgNO3 (AR), NaCl (AR), NaOH (AR), HCl
(AR), and hydrogen peroxide (30 wt%) were obtained from Shanghai
Chemical Reagent Corporation, China. Bisphenol A was purchased from
Macklin Reagent Company. Benzoic acid (99.5%) and p-hydro-
xybenzoic acid (99%) were obtained from Aladdin Industrial
Corporation (Shanghai, China). All labware were cleaned by soaking
overnight in dilute HCl solution and washed in ultra-pure water
(> 18MΩ/cm) before experiments.

2.2. Synthesis of Fh

Two-line Fh was synthesized as follows: 50mL Fe (NO3)3·9H2O
(1mol/L) and 30mL NaOH (4mol/L) were simultaneously dropped
into a beaker with vigorous stirring, and the final pH was adjusted to
7.0 [42]. After stirring for 2 h, the mixture was centrifuged and washed
with ultra-pure water and alcohol for 5 times. After being freeze-dried,
the material was ground to sieve through a 200-mesh sieve.

2.3. Synthesis of Ag/AgCl/Fh

According to Gamage McEvoy et al. [43], and with a slight mod-
ification, Ag/AgCl/Fh were prepared via an impregnation-precipita-
tion-photo reduction method. As shown in Scheme 1, an appropriate
amount of AgNO3 (0.016, 0.047, 0.094, and 0.157 g) and Fh powder
(1 g) were added to 20mL ultra-pure water. The mixture was sonicated
for 30min and then stirred for 30min to disperse the Ag+ on the sur-
face of Fh thoroughly. After that, 20mL excess NaCl solution
(9.26–92.6 mM) was dropped slowly into the mixture solution, which
can induce the precipitation of deposited AgNO3 into AgCl completely.
After stirring for 30min, 10mL methanol (as a hole scavenger) was

Scheme 1. Schematic illustration for the preparation of Ag/AgCl/Fh.
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added to the above solution. Subsequently, the resulting suspension was
placed under irradiation of a 300W mercury lamp (BL-GHX-V,
Shanghai Depai Biotech. Co. Ltd., China) for 1 h. The obtained pre-
cipitates were washed with ultra-pure water and alcohol for 5 times,
and then freeze-dried. According to the weight ratio of added Ag to Fh,
the samples are labeled as 1%Ag/AgCl/Fh, 3%Ag/AgCl/Fh, 6%Ag/
AgCl/Fh, and 10%Ag/AgCl/Fh, respectively.

2.4. Characterization

XRD patterns were obtained using a Bruker D8 ADVANCE X-ray
diffractometer (Karlsruhe, Germany) equipped with Cu K-alpha radia-
tion (40 kV, 40mA). The scanning electron microscopy (SEM) images
were recorded by a field emission scanning electron microscopy (Carl
Zeiss SUPRA55SAPPHIR). Transmission electron microscopy (TEM)
images were acquired using FEI Talos F200S instrument at an accel-
eration voltage of 200 kV with energy dispersive X-ray spectroscopy
(EDS) for the determination of metal composition. The UV–vis diffuse
reflectance spectra (DRS) were recorded on a UV–vis spectrometer
(Shimadzu UV-2550) using BaSO4 as an absorbance standard. X-ray
photoelectron spectroscopy (XPS) analyses were carried out by a
Thermo Fisher Scientific K-Alpha spectrometer. All the binding energies
were referenced to C1s peak at 284.80 eV of the surface adventitious
carbon. The AgCl photoanode and Pt sheet were used as the working
electrode and counter electrode respectively. X-band ESR spectra were
recorded by a Bruker EMX-10/12 microspectrometer at 90 K. The op-
erating frequency and power are 9.43 GHz and 19.83mW, respectively.
All the measurements were carried out in the presence of 300W xenon
lamp. Samples were placed into NMR tubes and cooled to 90 K by the
use of liquid nitrogen stream for measurements.

2.5. Photo-Fenton catalytic experiments

The degradation of BPA by the obtained materials was monitored in
a photochemical reaction instrument (PCX50A Discover, Beijing
Perfectlight Technology Co., Ltd, Beijing, China). A 5W LED lamp
(148.5 mW/cm2) was used as a cold light source. Details of the LED
Lamps and photographs of the photo-Fenton experimental setup were
provided (Figs. S1 and S2, and Table S1). The initial pH (pH=3) was
adjusted by 0.2mol/L HNO3 and NaOH. Before irradiation, a mixture of
50mL BPA (30mg/L) solution and 50mg catalyst was vigorously
stirred in the dark for 30min to reach the adsorption–desorption
equilibrium between the samples and BPA. At a given time interval, the
suspension was collected, and filtered with 0.22 μm membrane filters.
The experiments were conducted in duplicate and the error bars were
added in the figures.

The concentration of the filtrates was quantitatively analyzed using
an HPLC (Agilent 1260) equipped with a Luna 5μ C18 column
(150mm) and a UV absorbance detector. The mobile phase is acet-
onitrile and water (40:60, v/v) with a flow rate of 0.5 mL/min and an
injection volume of 50 μL. The analysis wavelength was selected as
276 nm, which was determined using the UV–vis absorption spectrum
of BPA (Fig. S3). The total organic carbon (TOC) was measured by using
a Shimadzu TOC-V total organic carbon analyzer. The total Fe ions
leaching was determined by atomic absorption spectrophotometry
(AAS, PerkinElmer AAnalyst 400, America). The concentration of H2O2

was calculated by adding 3mL of K2TiO(C2O4)2 (10mM in 2.4M
H2SO4), which formed an orange complex (pertitanic acid) with max-
imum absorption at 400 nm. The concentration of pertitanic acid was
measured via UV–vis spectroscopy [23,44].

The concentration of Fe2+ on the surface of as-prepared samples
was measured according to the method of Xu et al. 2017 [23] with some
modifications, which was according to a common method for the
measurement of Fe(II) in the iron ore. At a given time interval, the
suspension in the photo-Fenton reaction was centrifuged and the su-
pernatant liquid was removed immediately. After that, 1 mL 6M

hydrochloric acid was added to dissolve the catalysts totally. At the
same time, 0.2 g Na2CO3 was added to produce inert gases (e.g., CO2) to
protect Fe2+ being oxidized to Fe3+. Then 2mL 10M NH4F was
dropped to remove the interference of Fe3+. After that, the con-
centration of Fe2+ was measured via UV–vis spectroscopy by adding
1mL CH3COONH4−CH3COOH buffer solution (pH 4.2) and 1mL 0.5%
(m/v) o-phenanthroline with a maximum absorption at 510 nm.

To quantify the production of %OH in the process of Fenton-photo
catalysis, a probe reaction was conducted by oxidizing benzoic acid
(BA) to p-hydroxybenzoic acid (p-HBA) [45,46]. Joo et al. [45] found
that only 10mM BA can capture more than 99% %OH even in the
presence of 5mM Fe2+ with negligible oxidation of p-HBA. Therefore,
the concentration of BA was chosen as 10Mm, and the initial pH value
of the solution was 3. The p-HBA was also quantitatively analyzed using
the Agilent 1260 HPLC equipped with a Luna 5μ C18 column (250mm).
The mobile phase was a mixture of acetonitrile and 0.1% trifluoroacetic
acid aqueous solution (35:65, v/v) at a flow rate of 1mL/min, with the
detection wavelength at 255 nm [45,47]. The detection limit of p-HBA
is 0.1 μM.

3. Results and discussion

3.1. Structural characterization

The XRD patterns of Ag/AgCl, Fh, and Ag/AgCl/Fh were in-
vestigated (Fig. 1). AgCl shows four distinct reflections at 27.8°, 32.2°,
46.2°, and 54.8°, which can be ascribed to the (1 1 1), (2 0 0), (2 2 0),
and (3 1 1) diffraction planes, respectively, well consistent with the
crystalline phase of cubic AgCl (JCPDS 31-1238). The reflection at 38.1°
(1 1 1) can be assigned to the reduced Ag nanoparticles (JCPDS 04-
0783). The patterns of all Ag/AgCl/Fh samples show two broad re-
flections at 35° and 63°, consistent with that in a previous report for 2-
line Fh [42], indicating that the incorporation of Ag/AgCl doesn’t have

Fig. 1. XRD patterns of Ag/AgCl/Fh with various Ag contents.
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a noticeable effect on the crystal structure of Fh.
The morphologies of Ag/AgCl, Fh, and 6%Ag/AgCl/Fh were ex-

amined by SEM (Fig. 2). Fh presents the aggregation of nanoparticles.
The SEM image of Ag/AgCl shows that Ag nanoparticles with diameters
in the range of 5–50 nm are deposited on the surface of agglomerate
AgCl. As for 6%Ag/AgCl/Fh, AgCl uniformly disperses on the surface of
Fh without aggregation and presents a cube-like morphology with a size
of about 500 nm. Some tiny nanoparticles, which can be attributed to
the Ag nanoparticles, are distributed on the surface of the Ag/AgCl.

The microstructural and morphological details of 6%Ag/AgCl/Fh
were further observed by TEM and HRTEM (Fig. 3). The lattice fringes
show the interplanar spacing of 0.201 and 0.234 nm, which are corre-
sponded to the (2 0 0) and (0 0 6) lattice plane of Ag nanoparticles,
while 0.278 nm is indexed to the (2 0 0) plane of AgCl. These results
further confirm the existence of Ag nanoparticles on the surface of AgCl.
The EDS mapping shows that the Fe, O, Ag and Cl elements of 6%Ag/
AgCl/Fh are well distributed in the region.

The DRS spectra of Fh, Ag/AgCl, and Ag/AgCl/Fh were also col-
lected (Fig. 4). The DRS spectrum of Ag/AgCl presents a broad band at
400–600 nm, which might be resulted from the SPR effect of Ag na-
noparticles [48,49]. Pure Fh exhibits absorption over the whole visible
region. After loading Ag/AgCl on the surface of Fh, the DRS spectral
intensity of Ag/AgCl/Fh increased with increasing Ag/AgCl content.

The XPS measurements were carried out to elucidate the chemical
state of the elements on the surface of the 6%Ag/AgCl/Fh (Fig. 5). The
narrow region spectra for Fe 2p3/2 (Fig. 5a) are composed of three
peaks at 710.2, 711.3 and 713.4 eV, which are attributed to the binding
energies of Fe(III)–O in Fh [25,50]. The O 1s spectrum (Fig. 5b) is fitted
with two peaks located at 529.6 and 531.2 eV, which correspond to the
“O” atoms in oxide and hydroxyl, respectively [51]. The Ag 3d region
(Fig. 5c) has two distinct peaks, which can be further divided into four
peaks at 367.1, 368.0, 373.1, and 374.0 eV, respectively. The peaks at
367.7 and 373.7 eV are attributed to Ag+, while those at 368.1 and
374.1 eV correspond to metallic Ag0 [52,53]. Besides, the spectrum of
Cl 2p (Fig. 5d) can be fitted with two peaks at 197.2 and 198.9 eV,
which can be assigned to Cl 2p3/2 and Cl 2p1/2 in AgCl, respectively

[54]. The XPS analysis further confirms the presence of Ag0 in the
6%Ag/AgCl/Fh composites.

3.2. Photo-Fenton degradation of BPA

To validate the photo-Fenton catalytic activity of Ag/AgCl/Fh
samples, several photo-Fenton catalytic experiments were examined by
the degradation of BPA (Fig. 6). Except for the blank, all of the ex-
periments were conducted by adding 10mM H2O2. According to the
results, lower than 10% BPA can be removed in the dark (Fig. 6a), in-
dicating relatively poor adsorption efficiency of BPA on the as-prepared
catalysts. After being irradiated, negligible degradation efficiency is
obtained by visible light alone. The degradation rate of BPA for pure
H2O2 in the dark is about 7.0%, which has no obvious changes after the
irradiation of visible light (Fig. S4). The reason may be that H2O2 can
weakly absorb visible light (Fig. S5) and the main contribution of the
degradation of BPA is the weak oxidation capacity of H2O2 [55]. As for
Fh, about 54.0% degradation and 39.5% TOC removal rates of BPA
(Fig. 6b) are reached. After loading with Ag/AgCl, the degradation ef-
ficiency of BPA first increases with increasing the content of Ag/AgCl,
and then it begins to decrease as the content of Ag/AgCl exceeds 6%.
More specifically, 95% BPA can be degraded in 30min by 6%Ag/AgCl/
Fh, but only 32.7% BPA is degraded by pure Fh. After 60min, the de-
gradation rate of BPA can even reach 100% (92.0% for TOC removal
rate) by 6% Ag/AgCl/Fh.

The degradation kinetics of BPA were fitted with the pseudo-first-
order equation (with the obtained linearly dependent coefficients all
over 0.97). The apparent rate constants are determined from the re-
gression curves of −ln(C/C0) versus irradiation time (Fig. 6c), in which
the value of the rate constant (Kapp) is equal to the corresponding slope
of the fitting line. The Kapp of 6%Ag/AgCl/Fh is 0.0506min−1, about
5.1 times as high as that of pristine Fh (0.0093min−1). This result
proves that modification of Fh with an appropriate amount of Ag/AgCl
can significantly increase the photo-Fenton catalytic activity towards
BPA.

To test the stability of the catalysts, Fe ions leaching during the

Fig. 2. SEM images of Fh, Ag/AgCl, and 6%Ag/AgCl/Fh.
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reaction was also measured (Fig. 6d). Apparently, the Fe leaching
concentrations of Ag/AgCl samples are lower than that of pure Fh in the
whole process. Fe leaching increases with reaction time for all samples

and then begins to decrease after 30min, which can be also observed in
Chen and Zhu [56]. They demonstrated that during the degradation of
Orange II, some acidic intermediates could form in solution to induce
the Fe3+ leaching from the catalysts. Similarly, some acidic inter-
mediates could form in the degradation of BPA [57,58]. These acidic
intermediates acid and Fe3+ may from complex, leading to Fe leaching
from the catalyst. Afterwards, the Fe-complexed intermediates acid
could be mineralized through the photo-Fenton reaction [59]. Finally,
the dissolved Fe3+ could go back to the surface of catalysts. After
60min, the concentration of Fe3+ is only 0.221mg/L for 6%Ag/AgCl/
Fh and 0.449mg/L for pure Fh, indicating that Ag/AgCl can enhance
the stability of Fh. Usually, the higher concentration of dissolved Fe can
lead to higher catalysis efficiency for homogeneous Fenton catalysis.
However, 6%Ag/AgCl/Fh exhibits higher degradation efficiency to-
wards BPA as compared with pure Fh, which further proves the sy-
nergistic reaction between Ag/AgCl and Fh in the process of photo-
Fenton catalysis.

The decomposition of H2O2 was also collected during the photo-
Fenton catalysis (Fig. S6). H2O2 can hardly be decomposed in the ab-
sence of catalysts. The addition of Fh can evidently accelerate the de-
composition of H2O2, and Ag/AgCl/Fh shows even better decomposi-
tion rate of H2O2. Nearly 98.1% H2O2 can be decomposed by the 6%Ag/
AgCl/Fh. The enhancement of H2O2 decomposition rate may be as-
cribed to the high conversion rate of Fe3+ to Fe2+ due to the photo-
generated electrons from Ag nanoparticles under the irradiation of
visible light, which will be discussed in detail below.

To evaluate the long-term stability of 6%Ag/AgCl/Fh, the repeat-
ability experiments of BPA degradation were further conducted

Fig. 3. (a) TEM images, (b) EDS mapping images of Ag, Cl, Fe, and O elements, (c) and (d) HRTEM images of 6%Ag/AgCl/Fh.

Fig. 4. UV–vis diffuse reflectance spectra of Ag/AgCl/Fh with various Ag
contents.
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(Fig. 7a). The photo-Fenton catalytic activity of 6%Ag/AgCl/Fh on the
degradation (100% for degradation rate) and mineralization (53.7% for
TOC removal rate) of BPA remains quite efficient with a low Fe leaching
of 0.334mg/L after 4 recycles, indicating good stability of 6%Ag/AgCl/
Fh. The slight decrease of the photo-Fenton catalytic performance may
be attributed to the loss of the catalysts during the recovery process of
the catalysts via centrifugation and the partial deactivation of the cat-
alyst after several reuses [60]. The XRD patterns of 6%Ag/AgCl/Fh
before and after 4 recycles were collected (Fig. 7b), which show no
obvious changes, again indicating good structural stability of the
composite.

3.3. Regeneration of Fe2+

To verify the redox cycling of Fe2+/Fe3+ in the photo-Fenton re-
action, the concentration of Fe2+ on the surface of as-prepared samples
during the degradation of BPA was measured (Fig. 8a). Few Fe2+ can be
detected on the surface of catalyst for the pure Fh sample during the
photo-Fenton reaction. After loading the Ag/AgCl on the surface of Fh,
the concentration of Fe2+ increases evidently, indicating the introduced
Ag/AgCl can accelerate the reduction from Fe3+ to Fe2+ by the photo-
generated electrons under visible light. Moreover, the concentration of
Fe2+ increases evidently in the first 30min and then decreases for all
samples, which may be attributed to the presence of H2O2 in the re-
action system. The abundant H2O2 can oxidize the reduced Fe2+ to

produce %OH, resulting in the regeneration of Fe3+. This curve trend of
Fe2+ concentration can be also observed in other researches [23] [61].
Moreover, we also investigated the XPS spectra for Fe 2p on the surfaces
of and 6%Ag/AgCl/Fh before and after the first and fourth degradation
of BPA (Fig. 8b). No peaks for Fe2+ can be observed in the XPS spectra
of fresh 6%Ag/AgCl/Fh catalyst. However, significant Fe2+ signals with
the binding energy of 709.3 eV [50,62] appear both in XPS spectra of
the catalysts after the first and forth degradation of BPA. In addition,
the ratio of Fe2+ for the first reaction sample and the forth reaction
sample are 0.25 and 0.27, respectively. It indicated the redox cycling of
Fe3+/Fe2+ could be achieved in the photo-Fenton reaction. The above
results demonstrate that the reduction of Fe3+ to Fe2+ could be ac-
celerated by the photo-generated electrons from Ag/AgCl under visible
light.

3.4. Effect of initial pH

The influence of initial pH on the degradation of BPA was in-
vestigated at pH 3, 4, 5 and 6 (Fig. 9). The degradation efficiency of
BPA is the highest at pH 3 and decreases with rising initial pH. When
the initial pH varies from 3 to 6, the degradation rate of BPA decreases
from 95.0% to 54.3% in 30min, with the TOC removal rate decreasing
from 89.3% to 43.7% in 60min. The main reason for the decrease of
photo-Fenton catalytic activity may be due to the decrease of %OH
oxidation potential with increasing pH. The oxidation potential of %OH

Fig. 5. XPS spectra of 6%Ag/AgCl/Fh sample: (a) Fe 2p, (b) O 1s; (c) Ag 3d, and (d) Cl 2p.
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ranges from 2.65 to 2.80 V at pH 3 and decreases to 1.90 V at pH 7
[23,63], which means that the oxidation ability of %OH is stronger at
near-acidic pH than at neutral pH. These observations are very con-
sistent with those in previous studies [3,23,64]. On the other hand, the
Fe leaching is relatively high at a low pH, which is beneficial for the
Fenton reaction [27]. However, it should be stressed that at pH 6,

which is very close to neutral pH, almost complete degradation could
still be achieved within 60min, although it takes longer reaction time
than at pH 3. The results implies that the as-prepared samples still
exhibit relatively high photo-Fenton catalytic activity at high pH value.

Fig. 6. (a) Degradation, (b) mineralization, and (c) apparent rate constants of BPA on different samples under visible light irradiation. Inset of (c): pseudo-first order
kinetics for the photocatalytic degradation of BPA on these samples; (d) total dissolved iron concentration. [Catalyst dosage]= 1 g/L; [BPA]=30mg/L;
[H2O2]=10mM; pH=3.

Fig. 7. (a) Stability test of 6%Ag/AgCl/Fh. [Catalyst dosage]=1 g/L; [BPA]=30mg/L; [H2O2]= 10mM; pH=3; (b) XRD pattern of 6%Ag/AgCl/Fh before and
after 4 recycles.
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3.5. Effect of the initial H2O2 and catalyst dosage

The H2O2 dosage is an important parameter in the heterogeneous
photo-Fenton reaction. The photo-Fenton catalytic efficiency increases
with increasing the initial H2O2 from 4 to 10mM (Fig. S7a), which
results from the increase of %OH generated from the decomposition of
H2O2. With further increasing the initial H2O2 to 12mM, the increase of
the removal rate is negligible, which may be ascribed to that the re-
dundant H2O2 may react with %OH to hinder the photo-Fenton reaction.
Also, the effect of 6%Ag/AgCl/Fh dosage on the degradation of BPA
were also studied (Fig. S7b). When the dosage of 6%Ag/AgCl/Fh in-
creases from 0.5 to 1.5 g/L, the degradation rate of BPA firstly increases
and then decreases slightly as the catalyst dosage reaches 1.5 g/L. The
results may be due to the high turbidity with the high catalyst dosage
that would obstruct the penetration of light.

3.6. Effect of the irradiation time by a mercury lamp

To verify the impact of the ratio of reduced Ag nanoparticles, dif-
ferent 6%Ag/AgCl/Fh samples were synthesized at different irradiation
time (0.5, 1, 2, and 3 h) using a mercury lamp and their photo-Fenton
catalytic performances were tested by the degradation of BPA (Fig. 10).
The XRD patterns of these samples were also collected (Fig. 10a). The
reflection area of Ag (1 1 1) and AgCl (2 0 0) are selected to compare the
change of the relative amount of Ag to AgCl at different irradiation time
indirectly. Noticeably, the SAg/SAgCl intensity ratio increases from 0.147
to 0.254 with increasing irradiation time, suggesting more Ag nano-
particles are reduced. The degradation rate of BPA increases slightly
with the increase of irradiation time over 6%Ag/AgCl/Fh. The Kapp

value for the system of 3 h irradiation over 6%Ag/AgCl/Fh is
0.538min−1, which is only a little higher than that of 1 h irradiation
over 6%Ag/AgCl/Fh (0.506min−1) (Fig. 10b). These results indicates
that the increase of Ag nanoparticles could enhance the photo-Fenton
catalytic activity of the composites due to the higher utilization of
visible light; however, the increase of Ag nanoparticles through
prolonging light irradiation is limited. Therefore, taking the production
costs into account, the irradiation time for the reduction of Ag nano-
particles was chosen as 1 h in this work.

3.7. Analysis of active free radicals

The ESR with 5, 5-dimethyl-1-pyrroline N-oxide (DMPO) was fur-
ther acquired to probe the reactive oxygen species produced on the
surface of 6%Ag/AgCl/Fh under light irradiation (Fig. 11). No signals
for DMPO−%O2

− are observed in the methanol dispersion of 6%Ag/
AgCl/Fh, no matter whether the reaction is conducted in darkness or
under the irradiation of light. Four characteristic peaks with an in-
tensity ratio of 1:2:2:1 are observed in the aqueous dispersion of 6%Ag/
AgCl/Fh after the irradiation of a xenon lamp for 5min, indicating that
%OH can be generated and plays an important role in the photo-Fenton
reaction [28,65].

To provide direct evidence for the existence of %OH. The con-
centrations of %OH in the heterogeneous photo-Fenton reaction were
measured using BA as an %OH probe (Fig. 12). The concentrations of %
OH increases obviously after loading Ag/AgCl, suggesting that the
combination of Ag/AgCl with Fh could accelerate the generation of %
OH. Noticeably, the %OH concentration of 6%Ag/AgCl/Fh reaches
267.6 μmol/L, which is much higher than that of pure Fh (69.2 μmol/
L).

Fig. 8. (a) Concentration of Fe2+ on the surface of as-prepared samples during the photo-Fenton reaction. [Catalyst dosage]= 1 g/L; [BPA]=30mg/L;
[H2O2]=10mM; pH=3; (b) XPS spectra for Fe 2p on the surfaces of 6%Ag/AgCl/Fh before and after the first and fourth degradation of BPA.

Fig. 9. Effect of pH on degradation and mineralization (Insert) of BPA on
6%Ag/AgCl/Fh under visible light irradiation. [Catalyst dosage]=1 g/L;
[BPA]= 30mg/L; [H2O2]=10mM.

Y. Zhu et al. Chemical Engineering Journal 346 (2018) 567–577

574



3.8. Photo-Fenton catalytic mechanism

As demonstrated above, Ag/AgCl/Fh photocatalysts have a high
photo-Fenton catalytic activity for degradation of BPA, and the possible
mechanisms for the enhancement in photo-Fenton catalytic activity of
Ag/AgCl/Fh are schematically illustrated (Scheme 2). Under visible
light irradiation, AgCl cannot be stimulated on account of the wide
band gap of 3.25 eV [66]. However, according to many previous studies
[34,67–69], Ag nanoparticles can absorb visible light and produce
electron–hole pairs because of their SPR effect. The energy of the ex-
cited hot electrons can reach 1.0–4.0 eV for the Fermi level of noble
metal [28,70]. Thus, the excited electrons have enough energy to
transfer from Ag nanoparticles to the conduction band (CB) of AgCl,
even though the CB of AgCl (0.08 eV) (Fig. S8) is lower than the Fermi
energy of metallic Ag. As a result, the photogenerated electrons and

holes are spatially isolated, which significantly inhibit their undesirable
recombination. The photo generated electrons will further transfer from
the CB of AgCl to the surface of Fh to participate in the conversion of

Fig. 10. (a) The XRD patterns of 6%Ag/AgCl/Fh under different UV irradiation time; (b) degradation and apparent rate constants (Insert) of BPA on different samples
under visible light irradiation. [Catalyst dosage]= 1 g/L; [BPA]= 30mM; [H2O2]=10mM.

Fig. 11. DMPO spin-trapping ESR spectra recorded with 2%Ag/LDH in me-
thanol dispersion (for DMPO−%O2

−) and aqueous dispersion (for DMPO−%

OH) under irradiation of xenon lamp.

Fig. 12. The concentration of %OH in the heterogeneous photo-Fenton reaction.
[Catalyst dosage]=1 g/L; [BA]= 10mM; [H2O2]=10mM.

Scheme 2. Possible photocatalytic mechanism.
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Fe3+ to Fe2+. Subsequently, Fe2+ reacts with H2O2 to produce %OH and
can be oxidized to Fe3+ simultaneously. Therefore, the electrons from
Ag nanoparticles can accelerate the redox cycling of Fe2+/Fe3+ in
heterogeneous Fenton reaction. The produced %OH have remarkable
efficiency for the degradation and mineralization of BPA. On the other
hand, Many previous researches [33,43,71,72] pointed out that a cer-
tain amount of photogenerated holes originating from Ag may transfer
to the surface of AgCl, thereby resulting in the oxidation of Cl– to %Cl.
As %Cl is a kind of reactive radical species, it should be able to oxidize
the surface-adsorbed BPA and hence be reduced to Cl− atoms again.
The resultant %Cl may react with Ag+ to form AgCl, maintaining the
stability of the as-prepared materials [67]. Possibly the production of
%Cl may also contribute to the enhanced degradation of BPA.

4. Conclusion

Plasmonic Ag/AgCl nanoparticles coated Fh with high photo-Fenton
catalytic activity were successfully synthesized via a depos-
ition–precipitation-photo reduction method. The photo-Fenton cata-
lytic activities of Ag/AgCl/Fh composites for the degradation towards
BPA are improved evidently compared with pure Fh. The concentration
of dominant radicals (%OH) can even reach to 267.6 μmol/L after
60min, which is much higher than that of pure Fh (69.2 μmol/L). The
loading of Ag/AgCl can accelerate the redox cycling of Fe2+/Fe3+ by
the photo generated electrons from Ag nanoparticles due to the SPR
effect under the visible light irradiation. On the other hand, Fh has a
tailoring effect on Ag/AgCl to inhibit its aggregation. Therefore, more %
OH can be produced to attack the organic compounds. This study will
motivate new developments in plasmonic photo-Fenton catalyst meth-
odology and promote their practical application in environmental re-
mediation.
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