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Abstract
17b-estradiol (E2) is one of the environmental endocrine disruptors threatening

human health. In this paper, AgI/N-Bi2O3 composites with the different mass ratio

of AgI were used to remove E2 in water. The results showed that 40% AgI/N-Bi2O3

composite could degrade E2 by adsorption and photocatalysis synergism: 89% of

E2 was adsorbed after 30 min in the dark, and E2 was completely degraded after

only 10 min under visible light irradiation. Furthermore, the adsorption process of

E2 can be well fitted by the pseudo-second-order kinetic model and the Langmuir

model well described the E2 adsorption on the 40% AgI/N-Bi2O3 composite.

Finally, the photocatalytic degradation dates were fitted to the pseudo-first-order

kinetic model and the possible mechanism of photocatalytic degradation was pro-

posed through the capture experiments of active species and theoretical calculations.
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Introduction

Environmental endocrine disrupting chemicals (EDCs) are a class of chemicals that

interfere with the development of endocrine systems, normal metabolism and

biological behavior [1, 2]. Many natural and synthetic chemicals are regarded as

EDCs, such as bisphenol A, 17b-estradiol (E2), and 17a-ethynylestradiol. Among

them, E2 is one of the most effective natural hormones [3]. Desbrow et al. [4] found

that, when the concentration of E2 in water was greater than 0.1 ng/L, male features
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could be induced. So it is important for us to remove E2 in water. The removal rate

of E2 by biological and physical methods is low [5, 6]. Adsorption photocatalytic

synergistic degradation of pollutants is very effective [7, 8].

Semiconductor materials can be applied to many fields, including battery

preparation [9], antibiotics research [10] and photocatalytic degradation [11].

Recently, bismuth-based semiconductors have attracted much interest due to their

narrow band gaps and good photocatalytic activities.

Bi2O3 is a promising visible-light-driven photocatalyst with a narrow band gap

(2.0–3.96 eV) and has different polymorphs [12, 13]. At present, the Bi2O3 of the

alpha and beta phases are the most widely used, both of which have visible light

response [14]. For example, Bi2O3 is used to catalyze the degradation of dyes under

visible light [15, 16], and it is reported that the photocatalytic properties of Bi2O3

can be further enhanced by controlling the morphology [17, 18], element-doping

Bi2O3 [19, 20] and the formation of a heterojunction composite [21, 22].

The presence of silver materials can widen the range of visible light absorption

and absorption intensity, thereby improving the photocatalytic properties of

materials [23–26]. In this paper, according to the characteristics of Bi2O3 and

silver, the removal performance of N-Bi2O3 for E2 was improved by the formation

of a heterojunction composite. Composites of AgI/N-Bi2O3 with the different mass

ratios of AgI have been synthesized and characterized.

Experimental

Synthesis of photocatalysts

All chemicals were of analytical purity.

The N-Bi2O3 photocatalyst was prepared via a solvothermal–calcination method

according to our previous works. In a typical synthesis, 2.42 g of Bi(NO3)3�5H2Owas

dissolved in 20 mL of the solution containing 1.5 mL nitric acid under vigorous

magnetic stirring. Then, 10 mL of ethylenediamine solution was added and the

mixture solution was stirred for 30 min. Next, two drops of P123 were added and the

solutionwas stirred for another 30 min. Then, thewater bath stirring for 2 h at 80 �C to

obtain a solution containing a white precipitate. The resulting solid precursor was

washed with ultrapure water and absolute ethanol several times and dried at 80 �C for

12 h. Finally, the dried precursor powder was calcinated in a muffle furnace at 450 �C
for 3 h to produce the N-doped Bi2O3 photocatalyst and was labeled as N-Bi2O3.

The AgI photocatalyst was prepared via a typical procedure, when 3.0 mmol of

KI was dispersed in 20 mL of deionized water and 2.7 mmol, then 15 mL of

AgNO3 solution was added dropwise, and the solution was stirred for 1 h in the

dark. The resulting solid was washed with ultrapure water and absolute ethanol

several times and dried at 60 �C.
The AgI/N-Bi2O3 photocatalysts were prepared by precipitation. An amount of

0.16 g of N-Bi2O3 was dispersed in 20 mL of deionized water under stirring for

30 min, and was then put into an ultrasonic bath for 20 min to make it disperse in

water. Next, 3 mmol KI was added to the solution and stirred for 30 min to let the I-
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adsorb on the surface of the N-Bi2O3. A certain concentration of AgNO3 solution

(15 mL) was added dropwise to the above solution and stirred for 1 h in the dark. The

resulting solid precursorwaswashedwith ultrapurewater and absolute ethanol several

times and dried at 60 �C for 8 h to achieve theAgI/N-Bi2O3 photocatalyst. TheAgI/N-

Bi2O3 photocatalyst with theAgImass ratio in total masses of 20, 40, 60 and 80%were

obtained by controlling the amount of AgNO3, andwere labeled as 20%AgI/N-Bi2O3,

40% AgI/N-Bi2O3, 60% AgI/N-Bi2O3 and 80% AgI/N-Bi2O3, respectively.

Characterization

The crystal structures of the sample powders were characterized by TTRIII X-ray

diffractometer (XRD; Rigaku, Japan) with Cu Ka radiation and an applied current

of 40 kV and 200 mA. The morphologies were observed on a FEI QUANTA200

scanning electron microscope (SEM; FEI, USA) and a Tecnai G2 TF30 S-Twin

field-emission transmission electron microscope (FE-TEM; FEI, Holland). The

elemental composition was analyzed using a PHI5000 Versaprobe scanning XPS

microprobe (XPS; ULVAC-PHI, Japan). Nitrogen adsorption–desorption measure-

ment at 77 K was conducted using a TriStar II 3020 (BET; Micromeritics, USA).

The surface area of the samples was obtained using the Brunauer–Emmett–Teller

plot of the N2 adsorption isotherm. The ultraviolet–visible diffuse reflectance

spectra were recorded at room temperature on a UV-240IPC spectrophotometer

(UV–Vis DRS; JEOL, Japan) by using BaSO4 as a reference. The photolumines-

cence emission spectra were collected on a F-70000 fluorescence spectro-

photometer (PL; Hitachi, Japan) with the exciting light of a wavelength of 350 nm.

Adsorption degradation measurements

An adsorption kinetic study was carried out by mixing 5 mg of the 40% AgI/N-

Bi2O3 composites and 10 mL 3 mg/L E2 solution at 298 K in an XPA-7

photochemical reactor (Xujiang Electromechanical Plant, Nanjing, China) in the

dark. The suspension solution was taken at pre-determined time intervals (2, 4, 8,

12, 21 and 30 min), filtered through a 0.45-lm filter to remove the photocatalyst

particles and subjected to subsequent HPLC (Waters, USA) analysis. The mobile-

phase composition was acetonitrile/water (55/45, v/v) at a flow rate of 0.4 mL/min.

The column temperature was 45 �C and the injection volume was 7 lL. The

following equations were used to model the adsorption kinetics of the E2:

The amount of E2 adsorbed onto photocatalysts:

qe mg/gð Þ ¼ ðC0 � CqÞV/m ð1Þ

qt mg/gð Þ ¼ ðC0 � CtÞV/m ð2Þ

The pseudo-first-order equation:

lnðqe � qtÞ ¼ ln qe � k1t ð3Þ

The pseudo-second-order equation:
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t=qt ¼ 1=k2q
2
e þ t=qe ð4Þ

qe (mg/L), qt (mg/L), C0 (mg/L), Cq (mg/L), Ct (mg/L) and m(g) represent the

amounts of E2 adsorbed at the equilibrium, the amounts of E2 adsorbed at time

t (min), the initial concentration of E2, the concentration of E2 when the adsorption

equilibrium was established, the concentration of E2 in solution at adsorption time

t (min) and the weight of the photocatalyst used, respectively. k1 and k2 are kinetics

constants.

Adsorption isotherm study also was carried out by mixing 5 mg of the 40% AgI/

N-Bi2O3 composites and E2 solution with initial concentrations of 1, 3, 5, 7 and

9 mg/L at 298 K. The concentrations of the E2 were analyzed after the adsorption

was run for 30 min. The following equations were used to model the adsorption

isotherm of E2:

The Langmuir model: 1=qe ¼ 1=qmkLCq þ 1=qm ð5Þ

The Freundlichmodel: ln qe ¼ ln kF þ lnCq=n ð6Þ

kL, kF, n and qm (mg/L) are the Langmuir constant, the Freundlich constant, the

Freundlich exponent and the maximum adsorption quantity of E2, respectively.

Photocatalytic activity measurements

In order to clarify the adsorption removal rate and the photodegradation removal rate,

we have taken 30 min as the dark adsorption time before the photocatalytic reaction.

The photocatalytic degradation experiments were conducted in an XPA-7 photo-

chemical reactor with the quartz tubes around the lamp. The exciting light was

generated by a 500-WXe lamp and a 420-nm cutoff filter (cutting off the UV light) to

obtain visible light. In each test, 5.0 mg photocatalyst was added to a quartz tube with

10.0 mLof E2 solution (3 mg/L). Prior to the irradiation, the solutionwas stirred in the

dark for 30 min to establish the adsorption equilibrium. Then, under the visible light

irradiation, the quartz tube was taken out at given time intervals and the residual

concentration of E2was determined. The degradation efficiency of E2was as follows:

Removal rate of E2 %ð Þ ¼ ðC0 � CÞ=C0 � 100% ð7Þ

Adsorption removal rate %ð Þ ¼ ðC0 � CqÞ=C0 � 100% ð8Þ

Photocatalysis removal rate %ð Þ ¼ ðCq � CÞ=C0 � 100%; ð9Þ

where C (mg/L) is the concentration of E2 in solution at irradiation time t (min).

A pseudo-first-order kinetic model was used to evaluate the photodegradation

efficiency, and the degradation kinetics constant, k, was obtained, as in Eq. (10):

ln C=Cq

� �
¼ � kt ð10Þ
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Results and discussion

Characterization

In order to investigate the chemical composition and phase structure of the

photocatalysts, they were characterized by XRD. As shown in Fig. 1, the diffraction

peaks of pure N-Bi2O3 at the 2h values of 26.9�, 27.3�, 45.1�, 46.3�, 52.4�, 57.8�,
57.9� and 59.0� were observed, and matched well with the (111), (120), (023),

(041), (-321), (024), (051) and (150) crystal planes of a-Bi2O3, respectively (JCPDS

No. 41-1449), and at 2h values of 30.7� matched well with the (008) crystal plane of

Bi5O7NO3 (JCPDS No. 51-0525). This indicated that pure N-Bi2O3 was a mixed-

crystal consisting with the two a-Bi2O3 and Bi5O7NO3 phases. In other words, N

replaces some of the O atoms in the Bi2O3 lattice, entering the crystal phase [27].

Meanwhile, the diffraction peaks of pure AgI at the 2h values of 22.3�, 23.7�, 25.3�,
32.7�, 39.2�, 42.6�, 45.6�, 46.3�, 71.0� and 76.1� were observed, which matched

well with the (100), (002), (101), (102), (110), (103), (200), (112), (300) and (302)

crystal planes, respectively, of the AgI standard card (JCPDS 09-0374). Further-

more, no other diffraction peaks were observed, indicating the high purity of the

samples. For the AgI/N-Bi2O3 composites, the diffraction peaks of AgI become

stronger with increasing the mass ratio of AgI from 20 to 80%, while the

characteristic peaks of N-Bi2O3 were decreased in intensity. That is, the AgI was

successfully loaded onto the N-Bi2O3 surface to form the AgI/N-Bi2O3

photocatalysts.

XPS measurement was carried out to examine the surface chemical states and

compositions of the elements in the 40% AgI/N-Bi2O3 photocatalyst. Figure 2a

shows a typical XPS survey spectrum of the 40% AgI/N-Bi2O3 photocatalyst, in

which all the peaks can be assigned to the Bi, O, N, Ag, I and C elements, and C was

the external carbon introduced by the instrument calibration. Figure 2b shows high-

resolution XPS spectra of Bi 4f. The Bi 4f7/2 peak at 158.8 eV and Bi 4f5/2 at

164.2 eV can be observed with a separation of 5.4 eV, which was a characteristic of

Fig. 1 XRD patterns of the
photocatalysts with different
mass ratios of AgI

123

Enhanced degradation of 17b-estradiol by AgI/N-Bi2O3… 7121



Bi3? according to the previous report [25, 28]. Figure 2c presents the high-

resolution O1s spectrum, which can be deconvoluted into three peaks, namely

oxygen in the lattice (Bi–O–Bi) at 528.6 eV, oxygen in the lattice (Bi–O) at

531.0 eV and oxygen in the lattice (N–O) at 530.1 eV [29]. Figure 2d shows high-

resolution XPS spectra of I 3d, in which the I 3d5/2 peak at 619.2 eV and the I 3d3/2
peak at 630.8 eV can be observed, a characteristic of I- according to the previous

reports [30]. Figure 2e shows high-resolution XPS spectra of Ag 3d, in which the

Ag 3d5/2 peak at 368.2 eV and the Ag 3d3/2 peak at 374.0 eV can be observed, a

characteristic of Ag? according to the previous reports [30]. Figure 2f shows a weak

Fig. 2 XPS survey spectra of 40% AgI/N-Bi2O3 (a), Bi 4f spectra (b), O 1s spectra (c), I 3d spectra (d),
Ag 3d spectra (e), and N 1s spectra (f)
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peak of N 1s in the binding energy of 397.4 eV caused by the N atom in NO3-.

Therefore, the XPS results further confirms the coexistence of N-Bi2O3 and AgI in

the AgI/N-Bi2O3 heterostructure.

The morphology and surface structure of N-Bi2O3, AgI and the AgI/N-Bi2O3

photocatalysts with the different mass ratios of AgI were studied by SEM. It can be

seen in Fig. 3a that the morphology of N-Bi2O3 was an irregular sheet structure.

Figure 3f shows the morphology of AgI, and it can be seen that AgI was tanhe

irregular cluster, composed of small particles. Figure 3b–d shows the morphology

of 20% AgI/N-Bi2O3, 40% AgI/N-Bi2O3 and 60% AgI/N-Bi2O3, and it can be seen

that the N-Bi2O3 surface of nanosheets become rougher when covered by the

continuously growing AgI particles. Figure 3e shows the morphology of 80% AgI/

N-Bi2O3, and it can be seen that the nanosheet structure disappeas completely,

because the AgI content was very high and the sheet structure was completely

wrapped by AgI to form the larger particles, further indicating that the photocatalyst

was AgI/N-Bi2O3.

From the TEM images in Fig. 4a, b, we can see that the AgI was composed of

small particles and the N-Bi2O3 was in sheets. The TEM of the 40% AgI/N-Bi2O3

photocatalyst are shown in Fig. 4c, from which it can be seen that the AgI particles

were deposited on the surface of the N-Bi2O3 sheets. This proves that the composite

of the AgI/N-Bi2O3 was successfully prepared.

N2 adsorption–desorption isotherms were calculated to investigate the surface

area and pore structures of the obtained 40% AgI/N-Bi2O3. As shown in Fig. 4d, the

isotherms belong to type IV with an H3 hysteresis loop, a characteristic of

Fig. 3 SEM images of photocatalysts: N-Bi2O3 (a), 20% AgI/N-Bi2O3 (b), 40% AgI/N-Bi2O3 (c), 60%
AgI/N-Bi2O3 (d), 80% AgI/N-Bi2O3 (e), and AgI (f)
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mesoporous materials. The BET surface areas of 40% AgI/N-Bi2O3 were estimated

using N2 isotherms to be 6.63 m2/g, and the average pore size was calculated to be

10.75 nm.

The UV–Vis DRS of the samples were investigated to probe their optical

properties. As shown in Fig. 5a, N-Bi2O3 shows absorption edges at about 440 nm,

and the AgI/N-Bi2O3 photocatalysts with the different mass ratio of AgI show

absorption edges greater than 440 nm, while the intensity of the absorption peak

also increased with the increase of the AgI mass ratio. The results shows that AgI

can improve the visible light utilization of the materials and improve their

photocatalytic activity.

The optical absorption performance of a semiconductor is evaluated based on

band gap energy (Eg), which was evaluated using Eq. (11):

ahm ¼ k hm�Eg

� �n=2
; ð11Þ

where a, h, m, k and Eg represent the absorption coefficient, Planck constant, light

frequency, a constant and band gap energy, respectively. The absorbance (A) of the

photocatalyst is proportional to its absorption coefficient (a), and he value of n

Fig. 4 TEM images of AgI (a), N-Bi2O3 (b), 40% AgI/N-Bi2O3 (c) and N2 adsorption–desorption
isotherm curves of 40% AgI/N-Bi2O3 (d)
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depends on the characteristic of the transition in a semiconductor, being 1 for Bi2O3

[31] and 1 for AgI [32].

The band gap energies of N-Bi2O3, AgI and 40% AgI/N-Bi2O3 were estimated to

be about 2.83, 2.79 and 2.71 eV from the plot of (Ahm)2 versus energy (hm) in

Fig. 5b, respectively. The results show that the band gap of the composited AgI/N-

Bi2O3 decreased compared to the two pure photocatalysts.

The relative band positions of N-Bi2O3 and AgI were investigated by the

following empirical formulae:

EVB ¼ v�Ec þ 0:5Eg ð12Þ

ECB ¼ EVB�Eg ð13Þ

In these equations, v is the absolute electronegativity of the semiconductor, and

the values of Bi2O3 and AgI are 6.23 [32] and 5.48 eV [25], respectively. Ec is the

energy of free electrons on the hydrogen scale (about 4.5 eV) and Eg is the band gap

energy of the semiconductor. EVB and ECB stand for the valence band (VB) and

conduction band (CB) edge potential, respectively. Consequently, the ECB of

N-Bi2O3 and AgI were calculated to 0.31 and - 0.41 eV ,respectively, and the EVB

of N-Bi2O3 and AgI were 3.14 and 2.38 eV, respectively.

In order to study the recombination ability of the photogenerated electrons and

holes, the solid fluorescence spectrum was used to characterize the material [22],

and the results are shown in Fig. 6. With the increased content of AgI, the

absorption peak decreased gradually, suggesting that the addition of AgI can inhibit

the photogenerated electron–hole recombination, and improve the photocatalytic

performance of the materials.

Fig. 5 Uv-vis adsorption spectra of photocatalysts with different mass ratios of AgI (a) and the plots of
(Ahm)2 versus energy (hm) for the band gap energy of the photocatalysts (b)
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Adsorption degradation experiments

Adsorption kinetics study

The results of the study of the adsorption kinetics of E2 are illustrated in Fig. 7. The

adsorption amount of E2 is shown in Fig. 7a and it can be seen that the adsorption

balance can be established in about 30 min for the removal of E2 over the 40% AgI/

N-Bi2O3 and the amounts of E2 adsorbed at the equilibrium qe is 5.23 mg/g. The

pseudo-first- and pseudo-second -rder kinetic models were used to analyze the

adsorption data based on Eqs. (3) and (4). The constant k1 of the pseudo-first-order

was 0.211 based on the intercepts of the plots of ln(qe - qt) versus t (Fig. 7b) and

the constant k2 of the pseudo-second-order was 0.076 based on the intercept of plots

of 1/qt versus t (Fig. 7c). At the same time, the correlation coefficients for the

pseudo-first- and pseudo-second-order kinetic models were 0.988 and 0.996. These

results demonstrate that the adsorption process of E2 on the 40%AgI/N-Bi2O3

photocatalyst can be well filled by the pseudo-second-order kinetic model.

Adsorption isotherm study

The influence of the initial concentration of E2 solution on the adsorbing capacity is

shown in Fig. 8a. The adsorbing capacity of the 40% AgI/N-Bi2O3 photocatalyst

increased with the increased initial concentration of E2 solution. The Langmuir and

Freundlich equations are commonly used to study adsorption isotherms. According

to Eqs. (5) and (6), the modeled results are shown in Fig. 8b, c. The Langmuir

constant rate kL was 7.69 based on the slope of the plots of 1/qe versus 1/Cq

(Fig. 8b), and the Freundlich constant kF was 6.46 based on the intercept of the plots

of ln qe versus In Cq (Fig. 8c). In addition, the correlation coefficients for the

Langmuir and the Freundlich equations were 0.989 and 0.982. The result was that

the Langmuir equation can be used to describe the adsorption process of E2 on the

40% AgI/N-Bi2O3 photocatalyst. However, the Freundlich model was not

suitable for the E2 adsorption on the 40% AgI/N-Bi2O3 photocatalyst.

Fig. 6 PL spectra of
photocatalysts with the different
mass ratios of AgI
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Photocatalytic degradation experiments

The adsorption capacity and catalytic performance of N-Bi2O3, AgI and AgI/N-

Bi2O3 composite photocatalysts for E2 were studied. Firstly, as Fig. 9a shows, the

E2 was only slightly degraded without photocatalysts, indicating that the photolysis

of E2 could be ignored. It can also be clearly observed that the removal ratio of E2

was significantly increased using 40% AgI/N-Bi2O3 as the photocatalyst compared

to pure AgI and pure N-Bi2O3. To further study the photocatalytic activity of the

photocatalyst, the photocatalytic degradation data were fitted to a pseudo-first-order

kinetics model and the k values calculated based on Eq. (10). The results shown in

Fig. 9b illustrate that the reaction kinetics of the photocatalysts could be well fitted

by the pseudo-first-order rate model. The calculated k values of AgI, N-Bi2O3 and

40% AgI/N-Bi2O3 were 0.0638, 0.0293, 0.2014 min-1, respectively. The rate

constants of 40% AgI/N-Bi2O3 were 3.16 and 6.87 times of AgI and N-Bi2O3,

respectively.

Secondly, the photocatalytic properties of AgI/N-Bi2O3 composites with

different mass ratios of AgI were compared. As Fig. 9c shows, the E2 reached

the adsorption equilibrium in the dark for 30 min, and the adsorption removal rates

of 20% AgI/N-Bi2O3, 40% AgI/N-Bi2O3, 60% AgI/N-Bi2O3, 80% AgI/N-Bi2O3 and

AgI were 9, 89, 25, 51 and 10%, respectively. Also, under visible light irradiation

Fig. 7 Experimental data of the adsorbed amounts of E2 on the 40% AgI/N-Bi2O3 photocatalyst versus
time (a), the linear fit pseudo-first-order kinetic model (b) and the pseudo-second-order kinetic model (c)
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for 10 min, the removal rates of E2 were 57, 100, 90, 97 and 48%, respectively. E2

was rapidly degraded by visible light irradiation after adsorption on the catalyst. It

can be seen that 40% AgI/N-Bi2O3 had a strong adsorption capacity for E2. As

Table 1 shows, the specific surface area of 40% AgI/N-Bi2O3 was the largest in all

the materials, which would help to provide more active sites. The chemical force

between Ag? of AgI/N-Bi2O3 and phenolic hydroxyl of E2 may enhance the

adsorption of E2 compared with N-Bi2O3 [33]. Therefore, the chemical force and

specific surface area may be the factors affecting adsorption performance.

Furthermore, broadening the range of visible light absorption was also the reason

for the improvement of the photocatalytic performance. Thus, the 40% AgI/N-Bi2O3

composite was selected as the optimized material.

In order to investigate the photochemical stability of the 40% AgI/N-Bi2O3, the

recycling experiments were carried out for the photodegradation of E2, and the

results are shown in Fig. 10a. In addition, the photocatalysts after the photocatalytic

reaction of four cycles was examined by XRD and XPS, as shown in Figs. 8b and

10c. From Fig. 10a, we can see that the removal rate of E2 over the 40% AgI/N-

Bi2O3 photocatalyst decreased from 100 to 95.8% after four cycles. As shown in

Fig. 10b, the diffraction peaks at 2h values of 38.1�, 64.5� and 77.5� were observed
in the 40% AgI/N-Bi2O3 photocatalyst after four cycles, which belong to the

characteristic peaks of Ag (JCPDS 04-0783). The results show that part of the AgI

Fig. 8 The result of the initial concentration on adsorbed E2 (a), linear fitting of experimental data using
the Freundlich (b) and Langmuir (c) sorption isotherms
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in the 40% AgI/N-Bi2O3 photocatalyst were reduced to Ag after four cycles.

Figure 10c, d shows that the Ag 3d5/2 was shifted to the higher binding energy

region by 0.2 eV, and the Ag 3d3/2 was shifted to the lower by 0.4 eV after four

cycles, and peaks at 368.6 and 374.6 eV were observed, which belong to the Ag.

This proved again that part of the AgI were reduced to Ag in the 40% AgI/N-Bi2O3

photocatalyst after four cycles.

Fig. 9 Photocatalytic degradation of E2 with different photocatalysts (a), the corresponding fitted plots of
pseudo-first-order kinetics (b) and photocatalytic degradation of E2 with different mass ratios of AgI (c)

Table 1 Specific surface area of

photocatalysts
Semiconductor Specific surface area (m2/g)

N-Bi2O3 2.84

20% AgI/N-Bi2O3 3.69

40% AgI/N-Bi2O3 6.63

60% AgI/N-Bi2O3 4.50

80% AgI/N-Bi2O3 3.78

AgI 1.80
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Photocatalytic mechanism

Usually, the active species including superoxide radical (�O2
-), holes (h?), and

hydroxyl radical (�OH) has strong oxidation ability in the photocatalytic degradation

process. In order to investigate the active species generated over 40% AgI/N-Bi2O3,

trapping experiments were performed. 4-benzoquinone (BQ), ammonium oxalate

(AO) and isopropyl alcohol (IPA) were applied as h? scavengers, �O2
- scavenger

and �OH scavenger, respectively [34]. As seen in Fig. 11, the addition of all the

scavengers made the degradation efficiency of E2 decrease. Especially, the presence

of BQ made the removal rate of E2 significantly decrease, which indicated that �O2
-

was the main active species, while h? and�OH also played important roles in the

photocatalytic reaction.

Based on the above experimental results, a possible photocatalytic mechanism is

as illustrated in Fig. 12. When the 40% AgI/N-Bi2O3 photocatalyst was irradiated

by visible light, both AgI and N-Bi2O3 could be excited, and electrons and holes

located at CB and VB of AgI and N-Bi2O3, respectively. The CB position of AgI

(- 0.41 eV) was more negative than the standard redox potentials of O2/�O2
-

(0.13 eV) [35], indicating that electrons on the CB of AgI could be captured by the

Fig. 10 Recycling photodegradation of E2 over 40% AgI/N-Bi2O3 (a), XRD patterns of 40% AgI/N-
Bi2O3 before and after recycling photocatalytic reaction (b), and XPS Ag 3d spectra of 40% AgI/N-
Bi2O3, before (c) and after (d) recycling photocatalytic reactions
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absorbed O2 to generate reactive �O2
-. However, the ECB of N-Bi2O3 (0.31 eV) was

higher than E (O2/�O2
-) and the �O2

- could not be produced on the CB of N-Bi2O3.

The ECB of N-Bi2O3 (0.31 eV) was higher than ECB of AgI (- 0.41 eV), so the

electrons on the CB of N-Bi2O3 would transfer to the VB of AgI, and recombine

with the holes on the VB of AgI. Ag? combined with the electrons on the CB of N-

Bi2O3 and was reduced to Ag. These led to the electrons on the CB of AgI and the

holes on the VB of N-Bi2O3 becomnig well separated. The VB of N-Bi2O3

(3.14 eV) was higher than E (�OH/OH- = 2.68 eV) [35], so the photo-generated

holes on the VB of N-Bi2O3 could oxidize OH
- to yield �OH. Finally, �OH,�O2

- and

h? could degrade pollutants altogether. The possible reactions in the photodegra-

dation process of E2 were as follows:

Fig. 11 Effect of different
reactive species scavengers on
the photodegradation of E2 over
40% AgI/N-Bi2O3

Fig. 12 The possible photocatalytic mechanism of the 40% AgI/N-Bi2O3 photocatalyst
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N-Bi2O3 þ hm ! N-Bi2O3 e�ð Þ þ N-Bi2O3 hþð Þ

AgIþ hm ! AgI e�ð Þ þ AgI hþð Þ

AgI e�ð Þ þ O2 ! �O�
2

�O�
2 þ 2Hþ ! H2O2

H2O2 þ e� ! OH� þ �OH

N-Bi2O3 hþð Þ þ OH�=H2O ! �OH

�O�
2 þ E2 ! Degradation products

�OHþ E2 ! Degradation products

N-Bi2O3 hþð Þ þ E2 ! Degradation products

AgI hþð Þ þ E2 ! Degradation products

Conclusion

In this work, AgI/N-Bi2O3 composites with different mass ratios of AgI were

successfully prepared by a precipitation method. The crystal phase, surface

chemical states and compositions, morphology and optical properties of AgI/N-

Bi2O3 were investigated in detail. The results showed that the composite of AgI and

N-Bi2O3 would enhance the visible light utilization, increase the specific surface

area and reduce the combination of electron–hole pairs, and these would enhance

the activity of the AgI/N-Bi2O3 composite. The 40% AgI/N-Bi2O3 composite could

degrade E2 by the adsorption and photocatalysis synergism: 89% of E2 was

adsorbed after 30 min in the dark, and E2 was completely degraded after only

10 min under visible light irradiation. Part of the AgI was reduced to Ag in the 40%

AgI/N-Bi2O3 photocatalyst after four cycles of photodegradation. The possible

photocatalytic mechanism has also been discussed according to the band gap

energy, conduction band position, valence band position and active species. It was

proved that 40% Ag/N-Bi2O3 was an effective photocatalyst for the degradation of

E2.
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