¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2020.25866

201 (2020) 356-368
October
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ABSTRACT

In this study, hierarchical bismuth oxyhalide BiOl, ,Cl  , was successfully synthesized and adopted for
the adsorption and vis-photocatalytic removal of aquatic dyes. The morphology and physiochemical
properties of BiOI .Cl . were investigated by Fourier-transform infrared spectroscopy, UV-visible,
diffuse reflectance spectroscopy, scanning electron microscopy, transmission electron microscopy,
X-ray diffraction, Brunauer-Emmett-Teller. Three metachromatic dyes, Rhodamine B (RhB),
Methylene blue (MB), and Congo red (CR)were selected as targets due to their photosensitivity.
Several crucial factors concerning temperature, pH, material dosages, and scavengers were
elucidated. The as-prepared BiOI .Cl . exhibited sound adsorption capability for the three dyes,
with the removal rate reaching 90.0%, 79.0%, and 83.2% for RhB, MB, and CR, respectively,
after 120 min reaction, which could be well-fitted by the pseudo-second-order kinetics and the
Langmuir model. Due to the promising performance of BiOI .Cl ., the removal of selected dyes
was significantly enhanced under visible light irradiation. While the adsorption capacity of RhB
and MB was decreased by 17.39% and 18.99%, respectively, the differential removal behaviors were
observed in photocatalysis over the pH range of 2.0-10.0. The Langmuir-Hinshelwood (L-H) model
for photochemical systems was established and verified for various conditions. Through scavenger
study, the major reactive species for the degradation of the selected dyes using BiOI ,Cl , under
visible light are h* and *O* instead of *OH. This study provides potential insight into the removal of
aquatic dyes using simultaneous adsorption and photochemical treatment under solar light.
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1. Introduction

Water pollution has become a global concern nowadays
since many toxic pollutants are constantly finding their way
into water resources [1,2]. Among the residual emerging

* Corresponding author.

organics in the environment, organic dyes, extensively used
in printing, textile, and related biological industries, have
been exhibiting high toxicity and potential carcinogenic
effects, resulting in the deterioration of aquatic ecosystems
by reducing the penetration of sunlight and oxygen [3,4].
Potential treatments have been adopted aiming at removing
dyes from wastewater, such as adsorption [5], coagulation
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[6], biological treatment [7], membrane filtration [8], and
oxidation [9]. Among these, adsorption and advanced oxi-
dation processes have been demonstrated as the preferred
technologies.

Owing to the photosensitivity of organic dyes, photocatal-
ysis has been actively performed as an alternative method for
dye-decontamination [10]. TiO, is usually adopted as a typ-
ical semi-conductive catalyst in the photocatalytic reactions
due to its good performance and nontoxicity [11]. However,
the large bandgap of TiO, (3.2 eV) restricts its potential use
under visible light irradiation, as only a small UV fraction
(about 2%-3%) of solar light can be utilized. Bismuth com-
posites have been demonstrated to be promising materials
for photodegradation under visible light irradiation, and
research concerning BiMO, (M =V, W), BiFeO,, and Bi, .FeO,,
has been conducted on organic pollutants degradation and
water splitting due to their unique and excellent character-
istics [12-15].

Recently, bismuth oxyhalides (BiOX, X = Cl, Br, and I)
have been admitted as excellent adsorbents and photocata-
lysts for the removal of organic pollutants in water [16-20].
The band gaps of BiOX can be within 1.7-3.4 eV by varying
the halides and the composition ratios of the two halides
(BiOX, Y, ) [21]. Owing to the high separation rate of pho-
to-induced electron-hole pairs, the past 10 y have wit-
nessed tremendous efforts in utilizing BiOCl as a promising
catalyst for photocatalytic applications under visible light
irradiation, including pollutants removal, N, fixation, CO,
reduction, and water splitting [22, 23]. On the other hand,
BiOI displays good efficiency in catalysis among BiOX
materials due to its narrowest band gap and lower energy
threshold [24]. Since the energy threshold and the separation/
recombination rate of electron-hole pairs constitute the effi-
ciency of visible light-driven reactions, materials synthesized
by BiOCl, and BiOI have been widely adopted in the removal
of organic dyes in water and air [17,25,26]. While most of the
photocatalytic oxidation reactions based on BiOX usually
need several hours or more for pollutants removal, and most
of the studies mainly focused on single photocatalytic prop-
erties in organic pollutants decontamination, limited studies
have been undertaken on simultaneous adsorption perfor-
mance, resulting in inadequate investigations concerning the
performance of metachromatic dyes in heterogeneous photo-
catalytic reactions. Therefore, further discussion combining
integrated adsorption—photocatalysis system should be con-
cerned and has potential possibility for textile dyes removal.

Hence, in the present study, we synthesized hierarchical
BiOI .Cl . using the solvothermal method, innovatively
proposed a method that combined adsorption and
photocatalysis to remove three organic metachromatic
dyes: Rhodamine B, Methylene blue, and Congo red,
which are commonly used in the chemical and textile
industries. Multiple characterizations including Fourier-
transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Brunauer—-Emmett—Teller
(BET) and UV-visible (UV-vis) were applied to evaluate the
physicochemical performance of BiOI ,Cl .. The application
of BiOI Cl , in dye-adsorption was investigated in regard
to the adsorption kinetics, isotherms and the pH effect.
Furthermore, the photocatalytic degradation of the three

dyes in aqueous solution by BiOI ,Cl . were evaluated under
simulated solar irradiation, and crucial factors including the
effect of catalyst loading, pH variation, and the active species
identification were elucidated. The related kinetic model,
including the simultaneous adsorption and photocatalysis
was established and tested with the catalytic mechanism
proposed for the photocatalytic process.

2. Material and methods
2.1. Chemicals

Bi(NO,),"5H,0, KI, KCl, Rhodamine B, Methylene blue,
and Congo red were purchased from Kelong Chemical
Reagent Co., (Chengdu, China). All other chemical reagents
were analytical grade and used without further purifica-
tion. The typical solutions used were prepared using Milli-Q
water system (18.2 M Qcm™).

2.2. Synthesis of BiOI, ,Cl, , BiOI, and BiOCI

0.5

The BiOI Cl ,; was synthesized in the modified pro-
cedure reported in previous studies [17]. Briefly, 8.731 g
Bi(NO,),-56H,0 was dissolved in 180 mL ethylene gly-
col under intense stirring for 30 min to obtain solution A.
Then, 1.494 g KI and 0.672 g KCl was dissolved in 180 mL
water to obtain solution B, respectively. Afterwards, solu-
tion B was added rapidly into the solution A under intense
stirring for 2 h at the ambient temperature. The resulting
mixture was calcined at 180°C for 24 h in a stainless-steel
autoclave equipped with a teflon lining. Finally, the prod-
ucts BiOI Cl,, was separated and washed three times with
ethanol and water, then dried at 60°C, in a vacuum drying
oven until use. For comparison, the BiOI and BiOCl was syn-
thesized with the same procedure, using 2.989 g KI (for BiOI)
and 1.344 g KCl1 (for BiOCl).

2.3. Characterization

Concentrations of Rhodamine B, Methylene blue,
and Congo red were measured at 554, 664, and 488 nm,
respectively, with a UV-vis spectrophotometer (MAPADA,
UV-1800PC, China). The crystal structural characterization
of BiOI,.Cl , was conducted by powder XRD spectrome-
try using an Empyrean diffractometer advance instrument
between 10° and 80° (20) (PANalytical B.V, Holland). To
determine the morphology of the as-prepared samples, SEM
measurements were run using a JSM-7500F (JEOL, Japan) at
20 kV. A JW-BK122F specific surface area analyzer (JWGB,
China) was adopted to measure the specific surface area
and pore distribution of the catalysts using the nitrogen
adsorption—-desorption with BET analysis. The FTIR spec-
trometer results were obtained using a Nicolet iS10 FTIR
spectrometer (Thermo Scientifc, United States), in the range
of 400-4,000 cm™ wavenumbers. By using the UV-vis spectro-
photometer (MAPADA, UV-1800PC, China), the UV-vis dif-
fuse reflection spectra (DRS) for the samples were obtained.

Since mg L level concentration of dyes are diffusely
emerging in wastewater outlets, relatively higher concen-
trations were adopted for the selected targets to exhibit the
excellent performance for the adsorption and photocata-
lytic process, in order to make the initial concentration of
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the three dyes in the precise detection range of the UV-vis
spectrophotometer. In a typical adsorption experiment,
0.025 g of prepared sample was added to a 50 mL of solu-
tion containing 10 mg L™ Rhodamine B, Methylene blue,
and 80 mg L Congo red, respectively. The experiments
were carried out in an orbit shaker with continuous mix-
ing at 200 rpm in a temperature-controlled environment.
Afterwards, a 4.0 mL sample was withdrawn and filtrated
using a 0.22 pm filter before concentration detection.

The photocatalytic activities of the synthesized sam-
ples were evaluated for the degradation of Rhodamine B,
Methylene blue, and Congo red solutions under visible light
irrigation at ambient temperature. Typical experiments were
carried out in a double-walled reactor (diameter 14.0 cm,
height 10.0 cm) with water bath. A 500 W Xenon lamp with
a 420 nm cutoff filter was adopted as the light source, which
was positioned 30 cm above the glass reactor to trigger the
photocatalytic reaction. The light intensity was controlled
and all the suspensions were magnetically stirred for 5 min
in the dark before the irradiation, in order to compare the
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Fig. 1. XRD patterns of BiOI, BiOCl, and BiOI ,Cl, ..

degradation effect between adsorption and photocatalysis.
The solution pH was adjusted using 0.1 M NaOH and HCl to
the regulated value when it was needed. Triplicate tests were
conducted and the average values with the standard devia-
tions are presented.

3. Results and discussion
3.1. Characterization of the synthesized samples

XRD was applied to characterize the chemical composi-
tion and crystalline structure of the synthesized BiOI .CI ..
The patterns of the samples are presented in Fig. 1. Itis clearly
shown that BiOX can be indexed to the tetragonal phase
structure BiOI (JCPDS card NO.10-0445) and BiOCI (JCPDS
card NO.06-0249), indicating a high purity of the products.
Moreover, the XRD peaks of the BiOl .Cl . sample is weaker
and broader than the pure BiOI and BiOCl, demonstrating
a smaller particle size and lower crystallinity to a certain
extent [27]. The major peaks are positioned at 20 =11.1°, 25.8°,
29.9°, 32.0°, and 32.6°. The shift of the (001), (101), (102), and
(110) planes are strong evidence in determining the interca-
lated layer products [28].

Fig. 2 shows the SEM and TEM images of the synthe-
sized BiOI .Cl .. Clearly, the prepared BiOI ,Cl . is dom-
inated with the hierarchical nanoplates [28]. The size of
BiOI,,Cl,, spreads from 100 to 200 nm. The image reveals
the nanoplates of the samples with ordered lattice fringes
and interplanar spaces. The formation of a 2-dimension
nanoplates structure can be ascribed to the internal struc-
ture of BiOI .Cl ., where the [Bi,O,]*" layers are interleaved
by two slabs of X~ atoms, leading to the anisotropic growth
at a certain axis [29].

The nitrogen adsorption—desorption test was conducted
using the BET method, with the results presented in Fig. 3.
The inset shows the BJH pore size distribution for the prepared
samples. BiOI ,Cl , has a large surface area (44.94 m? g') and
pore volume (0.454 cm® g), which is consistent with the
results of SEM. Fig. 3 identifies the as-prepared sample as
type V with an H3 hysteresis loop, suggesting mesoporous
features [30]. It is demonstrated that a greater specific

Fig. 2. SEM and TEM images of BiOI .Cl, ..
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Fig. 4. UV-vis diffuse reflectance spectra and band gaps (E,) of
as-prepared samples.

surface area and pore volume of photocatalysts can favor the
sorption of substrates and supply a higher surface density of
the active sites, leading to an enhancement of the adsorption
and photocatalytic performance [27].

The optical property is an important indicator for
semiconductor photocatalysts. In order to compare the
relevant photacatalytic performance, the UV-vis-DRS of
the as-prepared BiOl, BiOCl, and BiOI .Cl , is presented in
Fig. 4. As can be seen, all the three materials have responses to
the visible light. For a crystalline semiconductor, the optical
absorption near the band edge follows Eq. (1) [31]:

1
ahv = A(hv - Eg)A 1)
where a is the adsorption coefficient, A is a constant,
hv stands for the photon energy, and E, is the band gap
energy. In this study, the band gaps of BlOI BiOCl, and
BiOI,.Cl,, are obtained as 1.73, 3.33, and 1.78 eV, respec-
tively, frdm the intercept of the tangents to the plots [32].
It can be seen that BiOI ,Cl , shows a relatively smaller
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Fig. 5. FTIR spectra of synthesized BiOI ,Cl
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Fig. 6. FTIR spectra of the as-prepared BiOI .Cl , before and after
adsorption of the three dyes.

E, than BiOCl and close similarity to BiOI, demonstrat-
mg superior photocatalytic property under visible light
irradiation.

FTIR spectra was applied to investigate and compare
the functional groups on BiOI, BiOCl, and BiOI Cl ..
As shown in Fig. 5, characteristic absorption peaks at
528; 1,375; and 1,650 cm™ are observed in BiOl. The peak
at 528 cm™ is associated with the Bi-O stretching mode,
while the absorption peaks at 1,375 and 1,650 cm™ could
be assigned as the asymmetry and symmetric stretching
vibration peaks for Bi-I band [33]. Similar characteristic
peaks emerge at 1,116 and 1,628 cm™ for the Bi-Cl band in
the BiOCl structure. The band at 3,435 cm™ for BiOI ,CI .
and BiOCl is the stretching and flexural vibration of O-H
in the free water, and the same characteristic peaks at 1,375
and 1,650 cm™ demonstrate the coexistence of BiOI [34].
Besides, no insignificant change is observed between the
fresh and used adsorbent illustrated in Fig. 6, indicating the
physical adsorption of BiOI ,CI, ..
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3.2. Adsorption performance
3.2.1. Surface adsorption kinetics

The adsorption kinetic results are illustrated in Fig. 7a.
BiOI.Cl,, shows high adsorption capacities for the three
dyes, with the removal rate reaching 90.0%, 79.0%, and 83.2%
for RhB, MB, and CR, respectively, after 120 min contact. The
adsorption process can be divided into a quick step and a sta-
ble step. Rapid removal was observed during the first 10 min
due to the large amounts of available adsorption sites on the
surface of BiOI ,Cl , and the higher concentration gradient
of the adsorbates. It has been demonstrated that strong inter-
actions between the adsorbate and adsorbent gave rise to a
higher adsorption efficiency in a short time [35]. Afterwards,
the adsorption sites are gradually saturated, with removal
efficiency remaining stable until equilibrium.

Pseudo-second-order models expressed in Eq. (2) were
adopted to illustrate the kinetics for the adsorption of the
three dyes using BiOI ,CI, .:

~(k0) g

t
— 2
0 Q )

where Q, is the adsorption capacity at time t (mg g™); Q, is
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138.89 mg g for RhB, MB, and CR, respectively (shown in
the inset of Fig. 7a).

3.2.2. Effect of initial pH

Since most of the metachromatic dyes exhibit different
properties and spectroscopy with pH variation, the influ-
ence of the initial pH on the adsorption was investigated.
As an acidic indicator, Congo red can get sharp color tran-
sition under acidic conditions, hence, pH 8.0, 10.0, and 12.0
were selected as evaluated conditions, while the entire pH
range was adopted for Rhodamine B and Methylene blue.
As shown in Fig. 8, with pH increased from 2.0 to 10.0,
the adsorption capacity for RhB and MB was decreased by
17.39% and 18.99%, respectively, while a stable adsorption
performance (maximum adsorption capacity of 139.5 mg g
at pH 10.0) was obtained for CR. It can be explained by the
isoelectric point of BiOI ,Cl ., and the protonated/deproton-
ated properties of the selected dyes.

Table 1
Kinetic parameters using pseudo-second-order model for
adsorption of the three dyes on BiOI .Cl

the adsorption capacity at equilibrium (mg g™); k is the rate Dyes C, (mg L) k Q, (mgg™)
parameters of the pseudo-second-order. RhB 10 0.0166 17.86
As sumn.larlze.d in Table 1, the results indicate that MB 10 0.0218 15.27
the adsorption fits excellently to the pseudo-second- CR 80 0.00095 138.89
order kinetics model with Q obtained as 17.86, 15.27, and . :
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Fig. 7. (a) Photocatalytic and adsorption capacities for three dyes using BiOI ,Cl . (inset: adsorption fitted by the pseudo-second-
order kinetic model). Effect of catalyst dosages on the photocatalytic degradation of (b) RhB dye, (c) MB dye, and (d) CR dye (catalyst
dosage =0.500 g L!, RhB=10 mg L', MB=10 mg L/, CR=80 mg L™).
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According to a previous study, the pKas value of RhB,
MB, and CR are, respectively, 3.2, 3.8, and 4.1 [36-38],
while in this study, the isoelectric point of BiOI Cl .
is obtained as 5.6 V (illustrated in Fig. 9 through Zeta
potential detection) [39]. It is deduced that when the
pH is below 5.6, the synthesized BiOI ,Cl , is positively
charged. Due to the electrostatic characterization of
RhB in various pH conditions, the maximum adsorption
capacity is observed at pH 4.0, which is quite different
with MB and CR. For MB, protons tend to compete for
the adsorption sites on the functional groups of BiOI Cl .
at lower pH, while the positively charged surface ligands
decreased with the pH increasing, reducing the interaction
between the adsorbing material and the targets. Since CR
and BiOI ,Cl ., remained negatively charged from pH
8.0 to 12.0, the adsorption capacity for CR was basically
unstable with little variation observed.
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Table 2

Fitting parameters of Freundlich and Langmuir models for three dyes

Dyes Kinetic models Parameters

RhB Freundlich y =0.3391x + 3.0406, R*=0.9299, n =2.95, K. = 20.92
Langmuir y=0.0194x + 0.0269, R*=0.9886, q,=37.17, K, = 1.39

MB Freundlich y=0.4417x +2.4382, R*=0.9774, n =2.26, K, =11.45
Langmuir y=0.0652x +0.0308, R*=0.9968, q,=32.47, K, =0.47

CR Freundlich y=0.2257x + 4.276, R*=0.9105, n = 4.43, K_=71.95
Langmuir y=0.0147x + 0.006, R*=0.9577, q, = 166.67, K, =0.41

3.2.3. Surface adsorption isotherms

The results of the isotherms models for the removal of
the selected dyes using the synthesized BiOI ,Cl , are evalu-
ated with several experiments. 0.025 g BiOI .Cl , were added
to 50 mL solution containing different concentrations of
dyes were performed to evaluate Freundlich and Langmuir
adsorption models, calculated by following equations
(Egs. (3)—(4)), respectively, and shown in Fig. 10, with the
fitting results summarized in Table 2. Compared to the
Freundlich model, the adsorption of the three dyes are pref-
erably fitted by the Langmuir model with a higher correla-
tion coefficient, suggesting that the monolayer sorption on
the surface of BiOI ,Cl . is more pronounced.

InQ, =InK, + 11an 3)
n

1 1 1 1

STt )
Qe KLQO Ce QU

where K, and #n™' is the Freundlich constants corresponding
to adsorption capacity and intensity, respectively, C, (mg L™)
and Q, (mg g') are the equilibrium concentration and the
amount of dyes adsorbed, respectively, Q, is the maximum
adsorption capacity in theory; K, is the Langmuir constant
responding to adsorption energy.

3.2.4. Adsorption thermodynamics

To evaluate the thermodynamics for the adsorption of
the organic pollutants, relevant experiments at 303, 313, and
323 K were conducted. The results reveal that increasing
temperature showed promotion of the adsorption capacity
of MB and CR, while insignificant variation was observed
for RhB as shown in Fig. 11. Based on the results obtained,
the thermodynamic parameters were evaluated for each
compound by the following equations with AH®, AS°, and
AG° summarized in Table 3:

Ik = AS°  AH )
R RT
AG® = AH° — TAS® (6)

In our study, the AG®° values calculated for the three
dyes adsorption are all negative, indicating the sponta-
neous and feasible process in water treatment. For MB and
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Fig. 11. Effect of the reaction temperature on the adsorption of
the selected dyes using BiOI ,Cl  (catalyst dosage = 0.500 g L,
RhB =10 mg L, MB =10 mg L™, CR =80 mg L7, T =303 K).

CR, the positive AH® and AS° values confirmed the endo-
thermic nature for the adsorption process and the increas-
ing randomness at the solid-solution interface. However,
for RhB, the negative AH® indicated that the adsorption was
an exothermic reaction. Since the AG®° value was basically
unchanged in the temperature range 303-323 K, it is deduced
that the temperature influence on the adsorption experiment
is limited, which is in accordance with previous studies con-
cerning dye-adsorption [5].

3.3. Photocatalytic degradation of the three dyes under simulated
visible light

To evaluate the photocatalytic performance of BiOI .Cl
the degradation of the three dyes under simulated visible
light irradiation (A > 420 nm) is displayed in Fig. 7. Since the
most significant adsorption was observed in the initial stage,
all the suspensions were magnetically stirred for 5 min in the
dark before the irradiation. Compared to the adsorption pro-
cess in Fig. 7a, the removal efficiency is obviously enhanced
in the coupled system. RhB, MB, and CR were photode-
graded completely in 30, 60, and 90 min, respectively.

Photocatalysis using semiconductors mainly relies on the
excitation transition of electrons after illumination to form
a highly active electron-hole pair, which can react with the
OH- and H,0O adsorbed on the surface of the semiconduc-
tor, leading to the free radicals formation. Besides, the deg-
radation performance of selected dyes is also effected by
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the generation of active species and surface transfer of the
charge carriers, which are cooperatively determined by the
electronic structure and surface properties [40]. In the mor-
phology analysis of the obtained samples above (Fig. 2), the
presence of thin nanoplates could contribute to the excellent
photocatalytic performance, attributed to the high light utili-
zation efficiency [41].

3.4. Effect of catalyst loading in photocatalytic degradation

In this section, various dosages of BiOI ,Cl , at 0.025,
0.050, 0.075, and 0.100 g were used for the degradation of
the organic dyes. As shown in Figs. 7b—d, the rate of degra-
dation was obviously enhanced with the increasing catalyst
amounts due to the more active sites on the composites [42].
It has been demonstrated by previous studies that an opti-
mal dosage exists in heterogeneously photocatalytic reac-
tions, which can be attributed to the light scattering of the
catalyst, however, in this study, a similar phenomenon was
not observed [43].

3.5. Effect of pH in photocatalytic degradation

It was demonstrated that pH can affect the photocatalytic
degradation concerning the concentration and reactive
oxygen species (ROS). Previous studies have reported that

Table 3
Adsorption thermodynamics parameters of the three dyes on
BiOI ,Cl .

the degradation of RhB decreased with increasing pH when
using BiOl as a photo catalyst, due to the scavenging effect of
hydroxyl radicals by H' [42]. Compared with BiOI and BiOCl,
the prepared BiOI ,Cl _ has a lower hydrogen evolution rate
from the deionized water. In this study, the pH effects on the
degradation of selected dyes using BiOI .Cl ., were evaluated,
and the results are shown in Fig. 12. It is observed that the
removal efficiency of the selected dyes exhibits particular
performance in the range of pH 2.0-10.0. RhB degradation
is independent of pH, while inhibition was obtained for MB,
and slightly promotion was observed in the photocatalytic
removal of CR. This could be attributed to the systematic
impact caused by the deprotonation-protonation ratio for
the selected organics, the surface charge of BiOI ,Cl , and
the ROS, regarding the pH variation [44]. The synthetic effect
could vary for the characteristics of selected dyes adsorbed
on the surface of the catalyst as well as the photocatalytic
preference in the bulk solution. Differing from the decrease
in single adsorption, the pH independence of RhB under
visible light irradiation indicates that the introduction of the
vis-light photons has a crucial influence on the reactions [45].
It is demonstrated that increasing pH could promote ROS
generation through vis-light photocatalytic degradation,
which can play a supplementary role for RhB removal [46].
The removal rate of MB decreased with the pH increasing
from 2.0 to 10.0, which was in accord with the adsorption
process. As discussed in the previous section, both MB and
the surface of BiOI .Cl , were protonated with a positive
charge when the pH is below 4.0, while the deprotonation
of MB emerged in the range of 4.0-6.0, leading to the
optimal removal rate of MB due to the preferred electrostatic

Dyes T(K) AG® AH® AS° attraction and following radical reactions between MB and
(KJ mol™) (KJ mol™) (J mol* K) BiOI ,Cl , [47]. Of note, the photochemical degradation of
CR shows a slight promotion with the pH increasing from 8.0
RhB 5.4 —-6.64 -3.
305 >49 6.6 380 t010.0, indicating that the emerging ROS in the bulk solutions
313 -5.45 1 . : .
play an efficient role compared to the single adsorption of
323 —541 CR. The results demonstrate that the BiOI ,Cl , maintained a
MB 303 271 30.76 110.47 good stability for photocatalytic performance under various
313 -3.82 pH conditions.
323 —4.92
CR 303 -3.52 20.18 78.22 3.6. Recyclability of catalyst to degrade the three dyes
313 —4.30
3 5.09 In order to evaluate the reusability of BiOI ,Cl , sample,
- the catalyst was collected by filtration from aqueous solution,
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Fig. 12. Effect of pH on the photocatalytic degradation of (a) RhB dye (10 mg L), (b) MB dye (10 mg L), and (c) CR dye (80 mg L,
catalyst dosage =0.500 g L, RhB=10 mg L', MB=10 mg L', CR=80 mg L™).
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washed by ethanol and ultrapure water, then reused for deg-
radation tests. Fig. 13 shows four recycling runs of the three
dyes degradation, it was noticeable that the regeneration effi-
ciency (defined as (1-C,/C,)) remained about 80% even after
four cycles. The removal of RhB, MB, and CR were decreased
16.91%, 14.61%, and 14.41%, respectively. This activity
decrease in the regeneration efficiency is possible due to the
remarkable amounts of both dye molecules and by-products
are adsorbed on the surface of catalyst, then the catalytic sur-
face activity and the rate of mineralization are limited [48].
Overall, the BiOI .Cl , catalyst showed good stability and
potential for repeated use.

3.7. Kinetic analysis

According to the previous studies, the Langmuir-
Hinshelwood (L-H) kinetics model has been widely used to
describe the heterogeneous catalytic oxidation of dissolved
organic compounds, and is expressed as below [49]:

dC _ kKC
= )
dt  1+KC
where C is the concentration for the organic dyes, K is the

equilibrium constant for the adsorption, and k is the rate
constant.
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In our study, Eq. (7) could be modified to Eq. (8) based on
the studies of Asenjo et al. [49] and Li and Chen [50]:
C" =(n-1)k,, +Cy"

®)

app

where C; (mmol L™) is the initial concentration of the organ-
ics, k, is the apparent rate constant for the system, and n
represents the order of the reaction.

The fitting results for the kinetic analysis of the dye-
degradation are illustrated in Fig. 14, with the k, and n
values summarized in Table 4 under the various conditions.
The correlation coefficients of R? indicate that Eq. (8) can
well-simulate the degradation of the three organic dyes. It
is deduced that the fitting results concerning catalyst dosage
and pH are in accordance with the results obtained in the
previous section.

3.8. Active species generated in the photocatalytic process and
photocatalytic mechanism. of BiOI, .C,

Previous studies have demonstrated that several ROS
would exist in the photocatalytic reactions including the
superoxide radical (*O,"), holes (h"), electrons (e"), hydroxyl
radicals (*OH), and single oxygen ('O,). Hence, various
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Fig. 13. Reusability of the BiOI,,Cl . samples to degrade (a) RhB dye (10 mg L), (b) MB dye (10 mg L), and (c) CR dye (80 mg L™,
catalyst dosage =0.500 g L', RhB=10 mg L', MB=10 mg L-", CR=80 mg L™).
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Table 4
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Fitting parameters for the selected organic compounds degradation using Langmuir-Hinshelwood model under various conditions

Dyes Initial pH Dosage (g L) n ko (mg'™ L*1 min™) R?
RhB 5.2 0.125 1.778 0.01247 0.9863
5.2 0.250 1.815 0.037 0.9971
5.2 0.375 1.8017 0.0545 0.9994
5.2 0.500 1.367 0.0886 0.9627
MB 6.3 0.125 6.6613 2.38E-6 0.9995
6.3 0.250 2.863 0.004074 0.9996
6.3 0.375 2.756 0.008054 0.9827
6.3 0.500 1.8873 0.0353 0.9992
CR 6.9 0.125 4.609 1.55E-08 0.9273
6.9 0.250 3.248 2.08E-06 0.9912
6.9 0.375 2.079 0.000502 0.9959
6.9 0.500 2.089 0.001308 0.9740
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Fig. 15. Scavenging effects on removal of the three organic dyes by the Vis/BiOI .Cl ., systems (catalyst dosage = 0.500 g L7;
[scavenger] = 100 mM; (a) RhB =10 mg L, pH="5.2; (b) MB =10 mg L, pH =6.3; (c) CR=80 mg L, pH =6.9).

targeted quenchers were selected and adopted to identify
the ROS in our system. In this section, 100 mM p-benzo-
quinone (BQ, a quencher of *O,"), EDTA(a quencher of h*),
sodium azide (NaN,, a quencher of 'O,, k=1 x 10° M s™),
t-butyl alcohol (TBA, a quencher of "OH, k=6 x 108 M s7!)
and potassium iodide (KI, a quencher of e”) were used
in the decontamination of the selected dyes [51-55]. As
shown in Fig. 15, when NaN, and TBA were added, insig-
nificant inhibition was observed, and limited inhibition
emerges for BQ quenching especially for CR degradation.
Nevertheless, with the addition of EDTA and KI as scaven-
gers, the degradation was dramatically suppressed for the
three compounds. Of note, a similar desorption uptrend
was observed for degradation of the three dyes once
EDTA was dosed after 5 min adsorption, which might be
attributed to the depletion of the active adsorption sites by
the competition effect of EDTA. Hence, it can be deduced
that the degradation of RhB, MB, and CR under visible
light primarily proceeded by h*, e7, and *O;, rather than
*OH or 'O, [56,57].

Based on the above results and analysis, the degradation
mechanism of the selected dyes by BiOI .Cl , under visible
light irradiation is illustrated in Fig. 16. Under visible light
irradiation, the dyes adsorbed on the catalyst are regarded

as sensitizers and stimulated to generate electrons (e”) that
subsequently transfer to the recombination of the electrons
and holes, and several ROS are produced and react with the
organics. The electrons in the CB of BiOI .Cl, can reduce the
O, adsorbed on the surface of the BiOI ,Cl, nanorods to *O,”
through one electron reducing reaction [58]. The adsorbed
molecular oxygen on the BiOI .Cl , captures the electrons
in the CB forming active *O,,, which acts as an oxidant.
Normally, both *O,” and h* can degrade the pollutants, and
whether oxidation occurs indirectly by *O,” or directly by h*
appears to depend on the target substrates [27]. However,
the photo-generated holes could also lead the generation of
*OH radicals due to the redox potential difference between
Bi**/Bi** and *OH/OH- [59]. The oxidation potential of
BiOI,.Cl, is 1.78 eV, which indicates that the holes cannot
oxidize water molecules adsorbed on the surface of BiOI .Cl, .
and generate *OH (2.7 V) [58], deducing that *OH is not a
major active specie in our coupled system.

Based on the photodegradation performance of the three
dyes, the mechanism is summarized in the following equa-
tions (Egs. (9)—(12)) [60].

BiOI,.Cl, , + hv — BiOI, .Cl,,(e” +h") )
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Fig. 16. Proposed mechanism for dyes degradation using
BiOI, ,Cl, , under visible light irradiation.

BiOI,,Cl,;(e")+H,0 — "OH + BiOI,,Cl,, + H (10)
BiOI,.Cl s(e") +adsorbed O, — O, + BiOI ,Cl 11)
Adsorbed dye +h (12)

‘O, — products - CO,+H,O

4. Conclusions

The hierarchical nanoplate BiOI ,Cl , was successfully
synthesized by a solvothermal method with narrow band
gap of 1.78 eV, and high adsorption capacities for RhB, MB,
and CR were obtained and fitted by pseudo-second-order
kinetics and the Langmuir models. Compared to single
adsorption, significant enhancement was achieved for the
coupled process under visible light irradiation. Temperature
showed limited effect on the adsorption, while an integrated
impact was observed in various pH conditions especially for
photocatalytic removals due to the characteristics of surface
charge, deprotonation/protonation, and the reactive spe-
cies. Increasing catalyst dosages exhibited promotion for
the dye-degradation. By using the Langmuir-Hinshelwood
(L-H) model, the kinetics concerning k,,, were well-fitted
and calculated under various conditions. The major reactive
species were verified as h* and O; through quenching stud-
ies with a degradation mechanism proposed for the coupled
process. However, further studies are still needed to evaluate
the mineralization and photochemical properties change for
the residual metachromatic dyes in aquatic environments.
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