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Abstract

sufficient.

Background: Photodegradation of trichloroethylene (TCE) in aqueous solution under simulated solar light irradiation
was studied under different experimental conditions to determine the reaction mechanism and kinetics that control
TCE degradation using bismuth oxybromide (BIiOBr) in the presence of sulfite. Photocatalysts were synthesized to

be more responsive to visible light under simulated solar light and particular attention was focused on the reactive
specie formed by reaction of the sulfite on the surface of BiOBr under simulated sunlight.

Result: Degradation rate of TCE was greatly enhanced by the presence of sulfite, and the enhancement increased
with sulfite dose to a maximum that was retained at higher sulfite doses. Degradation rate of TCE was also affected
by other factors, such as initial TCE concentration, BiOBr dose, and solution pH. In addition, the cycling performance
of BiOBr was examined, and the amount of TCE degraded was almost constant over increasing cycle numbers when
initial sulfite concentration was high enough to maintain a suitable sulfite concentration throughout the experiment.
When TCE was degraded by BiOBr in the presence of sulfite under simulated sunlight irradiation, the major by-prod-
uct measured was the non-hazardous chloride ion, and dechlorination efficiency was about 58%.

Conclusion: This study extended the use of a potential effective photocatalyst (BiOBr) to a semi-volatile organic
contaminant (TCE), not limited to mainly focus on organic dyes, and evaluated the use of sulfite as a hole scavenger
in order to enhance the degradation of TCE without needing to manipulate the structure of BiOBr. The active species
being responsible for TCE degradation in BiOBr/TCE/sulfite system under simulated solar light was the sulfite radical
(S037), and the photocatalytic activity of BiOBr did not decrease over a number of treatment cycles when S, dose was
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Background

Trichloroethylene (TCE) has been used as a solvent
in industrial processes, such as an intermediate in the
refrigerant manufacturing, as a degreasing solvent, and
as a spotting agent for dry cleaning [1]. It is estimated
that around 250 million pounds per year are produced in
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or imported into the United States [2]. TCE is the most
common pollutant in groundwater in the United States
due to the leaks from underground storage tanks and
improper disposal [3]. Exposure to high levels of TCE
can cause nervous system effects, liver and lung dam-
age, irregular heartbeat, unconsciousness, and possibly
death. The maximum contaminant level (MCL) for TCE
set by United States Environmental Protection Agency
(USEPA) is 5 pg/L and its concentration in discharged
wastewater should not exceed 54 pg/L [4]. Many TCE
removal techniques have been reported in the litera-
ture. These treatment processes include bioremediation,
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thermal treatment, chemical oxidation, and electro-
kinetic remediation [5-8]. Conventional treatment tech-
nologies can be effective in removing TCE from polluted
waters, but in these cases it is often transferred from one
phase to another without being destroyed. Application
of advanced oxidation processes (AOPs) is an alternative
approach to destroying recalcitrant organic compounds.
Typical AOP combinations include UV/O5; UV/H,0,,
and UV/O4/H,0O, with and without photocatalysts
[9-14]. The final products of TCE degradation by AOPs
include chloride, formic acid, dichloroacetic acid, mono-
chloroacetic acid, glyoxylic acid, monochloroacetylene,
dichloroacetylene, formaldehyde, dichloroacetaldehyde,
and oxalic acid. The TiO,-mediated photocatalytic degra-
dation of TCE has been investigated by many research-
ers and their results are summarized in Additional file 1:
Table S1. Pruden and Ollis [15] reported complete min-
eralization to HCI and CO, of TCE in aqueous solution
using illuminated titanium dioxide, and identified dichlo-
roacetaldehyde as an intermediate. Phillips and Raupp
[16] suggested that hydroxyl radical or hydroperoxide
radical initialized the photocatalytic reaction of TCE and
measured dichloroacetaldehyde an intermediate. Glaze
et al. [17] have proposed two pathways for TCE photo-
degradation; a reductive pathway involving conduction
band electrons and an oxidative pathway leading to min-
eralization. They found dichloroacetaldehyde (DCAAD),
dichloroacetic acid (DCAA), and trichloroacetic acid
(TCAA) as products. Yamazaki-Nishida et al. [3] pro-
posed a mechanism including an initial reaction with
hydroxyl radicals and monochloroacetate as an interme-
diate. Fan and Yates [2] have investigated the photooxida-
tion of TCE on TiO, using infrared spectroscopy and the
intermediate they identified was dichloroacetyl chloride
(HCL,CCOCI).

Semiconductor photocatalysts containing TiO, hold
great promise as an effective and green technologies for
addressing energy generation and environmental purifi-
cation on a global scale. However, TiO, can only respond
to ultraviolet (UV) light, which accounts for only about
4% of the solar spectrum. Its limited absorption of visible
light results from the rapid recombination of electron—
hole pairs and the wide band gap of TiO, (e.g., 3.2 eV for
anatase). To overcome this limitation, a number of strate-
gies have been applied to modify TiO,, including doping
[18, 19], sensitization [20, 21], forming heterostructures
[22], and coupling with m-conjugated architectures [23].
Also, many researchers have explored novel visible-light-
active photocatalysts such as bismuth oxyhalides (BiOXs,
X=F, Cl, Br, I) [24-29]. Bismuth-based materials could
be appropriate candidates owing to the fact that Bi 6s
in Bi(III) hybridize O 2p levels to push up the position
of the valence band (VB), thus narrowing the band gap
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to harvest visible light [24]. Published data for the pho-
toactivity of bismuth oxyhalides under visible light [30—
33] are summarized in Additional file 1: Table S2, which
includes our previous study for degradation of methyl
orange (MO) [34]. Bismuth oxyhalides is very promising
as an improved visible light-driven photocatalyst for TCE
degradation. Among BiOXs, BiOBr has a tetragonal mat-
lockite (PbFCI) structure characterized by [Bi,O,] slabs
interleaved with double Br atom slabs with an internal
electric field perpendicular to each layer, which is benefi-
cial for the generation and separation of photogenerated
electron—hole pairs [35]. BiOBr has been extensively
studied due to its unique properties and potential appli-
cations for environmental remediation. However, its
application has been limited to a few contaminants,
mainly focused on organic dyes such as MO and Rhoda-
mine B (RhB).

This study extends the use of a potential effective pho-
tocatalyst (BiOBr) to a semi-volatile organic contami-
nant (trichloroethylene or TCE), and evaluates the use
of sulfite as a hole scavenger in order to enhance the
degradation of TCE without needing to manipulate the
structure of BiOBr. When the sulfite ion is added to a
solution, acid—base reactions can form bisulfite (HSO3")
and sulfurous acid (H,SO;). The total concentration of
these species will be identified as S;y. The sulfite radical
is produced by reaction of S, with a hole or an aqueous
hydroxide radical and is an active specie that can react
both as an oxidant and a reductant. It can be applied to
effectively degrade organics such as phenol, chlorproma-
zine, olefins, and polyunsaturated fatty acids [36-39].
Previous studies showed that sulfite radical formed by
UV irradiation of S;, was effective in degrading trichloro-
ethylene [40], and vinyl chloride [41].

In summary, the objectives of this study were to (1)
evaluate the effectiveness of photocatalytic degrada-
tion of TCE using BiOBr with addition of sodium sulfite
(Na,SO;) under simulated solar light; (2) examine the
effects of the process variables such as S;, dose, pho-
tocatalyst dose, pH, and initial TCE concentration; (3)
assess the cycling performance of the photocatalyst
(BiOBr) by repeating the photodegradation experiment;
and (4) study the photocatalytic reaction mechanism
for TCE photocatalytic degradation by BiOBr with S},
addition.

Materials and methods

Materials

Bismuth nitrate pentahydrate (Bi(NO,);-5H,0,>98.0%),
commercial TiO, nanopowders, (P25), hexane (95%),
sodium chloride (>99.5%) were obtained from Sigma-
Aldrich and potassium bromide (KBr) was obtained from
Beantown Chemical Inc. (New Hampshire, US). Sodium
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sulfite anhydrous (Na,SO;, 98.0%) and sodium nitrate
(NaNOg, FCC purified) were purchased from Mallinck-
rodt Chemicals. The chemical used as a target organic
compound was trichloroethylene (>99.5%, ACS rea-
gent, Sigma-Aldrich). All aqueous solutions were pre-
pared using deionized deoxygenated water (DDW) in
anaerobic chamber (Coy Laboratory Products) that was
filled with nitrogen gas (99.99%). DDW was prepared by
deoxygenating 18 MQ-cm deionized water with 99.99%
nitrogen for 2 h and then stored in anaerobic chamber.
Stock solutions of chlorinated organic was prepared daily
by diluting them in methanol (99+%, HPLC grade, Fisher
Scientific). TCE stock and standard solutions were pre-
pared in glass vials (nominally 20 mL) and closed using
butyl rubber septa and aluminum caps. A volume of 10 puL
of a methanolic stock solution of TCE was spiked using
a gas-tight syringe into a batch reactor (41.6+0.1 mL,
nominally 40 mL, a quartz vial) containing photocatalysts
and S;y. The reactor was filled in a way that eliminated
headspace, but some headspace formed after sampling.
The standard concentration of a target organic, TCE
was desired to be 0.25 mM in a reactor. To confirm the
effectiveness of solar light-driven advanced reduction
process (SARP) using BiOBr and S}y, batch experiments
at six different conditions were first conducted as con-
trols. The controls are as follows: (1) TCE + water +no
light, (2) TCE+ water+light, (3) TCE+S;y+no light,
(4) TCE 4+ Sy +light, (5) TCE + BiOBr + no light, and (6)
TCE+ BiOBr +light. From the results of controls at six
different conditions, TCE loss due to sorption (reactor
wall, septa) or volatilization will be evaluated and TCE
degradation with the addition of S;, alone under simu-
lated solar light without photocatalyst will be estimated.

Analytical methods

To measure TCE concentration, a 10-uL. aqueous sample
was rapidly transferred using a gas-tight syringe into a
GC amber vial (nominally 2 mL) containing 1 mL hex-
ane. After shaking at 250 rpm for 30 min, the GC vial was
transferred into a GC autosampler. TCE was analyzed
using an Agilent Technologies 7890A gas chromatograph
(GC) equipped with a micro-electron capture detector
(LECD) with a DB-1 column (Agilent Technologies J&W
123-1035, length 30 m, LD. 0.320 mm, and film thickness
5.0 um). The amount of each injected samples was 0.1 pL
with a split ratio of 10:1. The oven temperature program
began at 40 °C, which was held for 5 min, was increased
at 10 °C/min to 150 °C, was held for 3 min, was increased
at 25 °C/min to 230 °C and was held for 2 min. The tem-
peratures of the injector and detector were 210 °C and
280 °C, respectively. Helium was used as a carrier gas
with a flow rate of 45 mL/min and nitrogen was used as a
makeup gas with a flow rate of 20 mL/min. A Dionex IC
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2000 ion chromatograph was used to measure concen-
trations of chloride and sulfite ions. Carbon dioxide was
measured by a GC with a thermal conductivity detector
(GC/TCD). Surface morphology of photocatalyst was
characterized before or after irradiation using a scanning
emission microscope (SEM) (Quanta 400 SEM, FE], Inc.)

Preparation of BiOBr

For the synthesis of bismuth oxybromide (BiOBr), 0.98 g
bismuth (III) nitrate pentahydrate and 0.729 g hexadecyl-
trimethylammonium bromide were dissolved in 30 mL
ethylene glycol. The solution was then put into a 50 mL
Teflon-lined autoclave and heated at 160 °C for 12 h.
The obtained product from the autoclave was washed
with water and dried. Surface characterization of BiOBr
sample that can absorb light in the visible region and its
photocatalytic activity for degrading methyl orange were
confirmed in our previous studies [34, 42] and some
results were summarized in this work. The X-ray power
diffraction (XRD) pattern of BiOBr sample indicated high
crystallinity with diffraction peaks indexed to the tetrag-
onal structure of BiOBr (JCPDS File No. 73-2061) [42].
The major diffraction peaks located near to 26 =32° were
deconvoluted to two peaks, which matched to (012) and
(110) facets of BiOBr phase. Scanning electron micro-
scope (SEM) images showed that BiOBr had a three
dimensional hierarchical microspherical structure (see
Additional file 1: Fig. S1). The microspheres were made of
densely stacked thin microplates formed from the layered
structure of the bismuth oxyhalide, and interconnected
to form larger aggregates. In addition, the Brunauer—
Emmett-Teller (BET) surface area of the BiOBr sample
was measured to be 22 m?/g. The light absorption of pure
BiOBr was located in the UV range and the calculated
conduction band and valence band positions were 0.27 V
and 3.09 V vs. NHE, respectively. X-ray photoelectron
spectroscopy (xps) was used to study the surface com-
positions and chemical states of BiOBr samples and the
survey spectra showed the presence of Bi, O, Br and C in
BiOBr samples. It was reported that the Bi 4f spectra of
BiOBr can be split into two parts where the binding ener-
gies are located at 159.4 eV and 164.8 eV that correspond
to Bi 4f,,, and Bi 4f;,, respectively, and it indicates the
existence of Bi>* of the BiOBr samples [42].

Photocatalytic degradation experiments

A solar light-driven advanced reduction process (SARP)
was evaluated by studying the abilities of various photo-
catalysts with or without S}y, to degrade TCE in anaero-
bic condition. The solution containing photocatalyst was
prepared in DDW and mixed for 1 h before being trans-
ferred into a 40 mL-quartz vial. The standard dose of
photocatalyst in a reactor was 1 g/L. 10 puL of TCE stock
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solution was added into a reactor to yield a concentration
of 0.25 mM. Prior to irradiation, the reactor solution con-
taining TCE and photocatalyst with or without S, was
magnetically stirred in the dark for 1 h to ensure adsorp-
tion/desorption equilibrium. The simulated solar light
source was purchased from Abet Technologies (model
11002 Sunlite) and included a 100 W Xr arc lamp/reflec-
tor. The distance and orientation between light source
and reactor was kept constant in all batch experiments,
and one quartz reactor was used in all batch tests.

Batch kinetic tests were conducted for TCE degra-
dation using photocatalysts (titanium-doped bismuth
oxyhalides, Ti-BiOX, X=Cl, Br and pure bismuth oxy-
halides), but the photocatalyst alone was not effective in
degrading TCE. The effectiveness of four different pho-
tocatalysts (BiOBr, Ti—-BiOBr, BiOCl, and Ti-BiOCl)
with and without addition of S, was investigated in
preliminary experiments (see Additional file 1: Fig. S2).
As shown in Additional file 1: Fig. S2, the photocatalyst,
BiOBr with the addition of S}, showed the greatest TCE
removal (78%).

The effect of pH on TCE degradation was studied in a
series of batch experiments in which a solution contain-
ing BiOBr and S|, was prepared in a glass beaker and the
desired initial pH (pH,) was obtained by adding 6 N HCl
or 1 N NaOH. The solution was transferred into a quartz
vial right after reaching to a desired pH and the vial was
capped before the TCE stock solution was injected using
a gas-tight syringe. Experimental conditions of batch
tests are shown in Additional file 1: Table S3.

Results and discussion

Figure 1 shows TCE concentrations in controls with open
symbols indicating the absence of solar light and closed
symbols indicating its presence. The presence or absence
of solar irradiation had little effect on loss of TCE, which
indicates that the process was not photoactive. Although
the initial TCE concentrations changed a little, the slopes
were similar whether Sy, or BiOBr were present. The lack
of effect of these variables indicates that the small losses
of TCE were due to physical processes such as sorption
or volatilization. Figure 2 compares the photocatalytic
ability of TiO, (P25) and pure BiOBr for TCE degrada-
tion with addition of S}, under simulated solar light. The
degradation efficiency ((1 — C¢/C,) * 100 (%)) for BiOBr
reached 78% after 210 min irradiation, whereas it reached
15% after 240 min for P25. Pseudo-first-order rate con-
stants were calculated as 0.008 (min~!) and 0.0007
(min™?) for BiOBr and P25, respectively.

Our previous studies have proven that sulfite radi-
cal is an effective specie for TCE degradation [40].
Sulfite radicals are usually created upon the photolysis
of S;y under middle UV light. Sulfite radical exhibits
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Fig. 1 TCE concentrations in controls. Conditions:
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an optical absorption centered at 250 nm, £=1380
Lmol'em™ and its absorption spectrum tail extends
to 400 nm [43, 44]. The sulfite radical formation could
occur in different ways: (1) S, could directly absorb
solar light and produce the radical by direct photolysis
(SO;*” +hv— SO;™ +e,,) or (2) sulfite radical could
be formed by the reaction of S, with the hydroxyl
radical that is produced in the valence band of BiOBr
(SO4*™ + OHyp — SO; +OH™), or (3) sulfite radical
could be formed by direct reaction with photoinduced
holes (SO3%~ + h\j;B — SO3 7). However, results in
Fig. 1 indicate that little degradation occurs in S;y solu-
tions irradiated by simulated solar light, so production
of radicals by direct photolysis of S;y is unlikely. Pure
P25 has a wide band gap, so it will not absorb much
visible light, which will result in production of few
hydroxyl radicals, leading to low levels of TCE oxida-
tion. The band gap (3.2 eV) of TiO, means that its
excellent photocatalytic activities are only achieved
when illuminated by ultraviolet light. It is known that
solar light includes 4% of UV light [45] so that TiO, can
absorb some UV photons when irradiated with solar
light. The decrease of TCE concentration observed
with P25 in Fig. 2 could be attributed to photocataly-
sis associated with absorption of UV photons in simu-
lated solar light spectrum, but it could also be due to
sorption onto P25 particles. Although BiOBr has a nar-
row band gap (~2.82-2.87 eV) and absorb visible light
[46], BiOBr did not result in effective TCE degradation
without S}y, (Fig. 1). As shown in Fig. 2, when S}, was
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Fig. 2 Comparison of photocatalytic activity of TiO, (P25) and BiOBr
to degrade TCE with addition of S, under simulated solar light (a)
and SEM image of pure BiOBr (b). Conditions: [TCE],=~0.25 mM,
[SO3Z’JO= 25 mM, BiOBr or TiO, =1 g/L, and the solution pH was not
buffered

added to the system of BiOBr/TCE (photocatalyst/con-
taminant) with simulated sunlight irradiation, TCE was
effectively degraded.

Effect of sulfite dose

First, the effect of Sy dose on TCE degradation in the
system of BiOBr/TCE under simulated solar light was
investigated (Fig. 3a). In all experiments, initial TCE
concentration and BiOBr dose were 0.25 mM and 1 g/L,
respectively. Sy, dose was varied from 0 to 50 mM. When
Spy dose was increased from zero to 1.25 mM the per-
centage of TCE removal increased rapidly, but above
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1.25 mM the removal was constant (Fig. 3b). Therefore,
it appears that a S;,//TCE molar ratio around 5 is required
to provide sufficient S}, to degrade TCE. Here, the per-
centage of TCE removal was calculated by Eq. (1):

Removal efficiency = (Co - Ct,fma]) /Co x 100 (%),

(1)

where Cy (mM) and C,g.,, (mM) present the TCE con-
centration at £=0 and t =t respectively.

In addition, the pseudo-first-order rate constants were
calculated using TCE concentrations and a first-order
decay model (— Ln(C,/C,) =kt), where C, (mM) and C,
(mM) represent the TCE concentration at t=0 and any
time, ¢, and k is the rate constant. The rate constants were
determined to be 0.0011, 0.0043, 0.0187, 0.0151, 0.0178,
and 0.0257 (min ') with increasing Sy, doses. At low Sy,
doses, the rate constant very rapidly increased till Sy,
dose is 1.25 mM, but at higher sulfite doses its increase
was reduced.

At higher S}y, concentration constant TCE removal effi-
ciency could be due to light absorption of by-products
from S;y; degradation. As they accumulate, there will be
less light available at the surface of the photocatalyst to
produce active species for TCE reduction. Absorbance
of S;y solutions varies with pH and concentration with
absorbance increasing at wavelengths below 250 nm
[47, 48]. UV—-vis absorption spectra of different solu-
tions containing TCE, BiOBr and S, were measured
(Fig. 4). Although measurement of absorbance at high Sy,
dose is unreliable, higher S, concentration (10 mM vs.
2 mM) absorbed more light in the range between 230 and
250 nm, and a noticeable peak occurred after a period
of irradiation. Additionally, absorbance of S}, was char-
acterized at different S, doses and irradiation times in
experiments on MO degradation (Additional file 1: Fig.
S3). For a mixture of MO and TiO, with simulated solar
light irradiation, a peak was observed at 243 nm that
not found in solutions of MO alone and its magnitude
increased with irradiation time. The MO peak at 464 nm
decreased with irradiation time, indicating that MO was
being transformed into a product that absorbs at 243 nm.
This supports our hypothesis that higher Sy, doses lead to
higher concentrations of products that absorb more light.
These products may adsorb on the surface of the photo-
catalyst and affect surface chemistry, possibly by limiting
the production of photoinduced electrons and holes.

Figure 3c shows the relationship between initial deg-
radation rates and S, doses. Initial rates (r;) were calcu-
lated as the product of the first-order rate constant and
initial concentration, using TCE concentrations up to
60 min. The fitted model equation in Fig. 3¢ was ry=ax/
(b+x), where x is S, dose (mM) and calculated param-
eters were a=0.0055 (mM/min) and »=0.42 (mM).



Jung et al. Environ Sci Eur (2020) 32:8

Page 6 of 15

a
1.2
—— SlV 0 mM
1.0 —=— Sy 0.25 mM
—— S|V 0.75 mM

—— S|y 1.25mM
$— A Sy 6.25mM
—— Sy 25mu
—7~— S|y 50 mM

0.8

0.6 1

Normalized TCE concentration (C/C)

The percentage of TCE removal

b
100
L =
=
80
s
< 60
©
=
=
n 40
-
® n
20 1
0

0 10 20 30 40 50 60
S|y dose (mM)

(mM), a=0.0055 (mM/min) and b=0.42 (mM)

0.4 4
0.2 1
0.0 T T T T v v
0 50 100 150 200 250 300 350
Time (min)
— C
<
:g_: 0.008
£
=
£
» 0.006 1
2
©
S
S [ ]
'g 0.004 1
©
]
o
o
Q
T 0.002 1
w
o
-
= 0.000
£ 0 10 20

S|y dose (mM)

Fig. 3 Effect of S, dose on TCE degradation in BiOBr/TCE/S,, (photocatalyst/contaminant/reagent) system under simulated sunlight (a), the
relationship between S,, dose and the percentage of TCE removal at t=t;,, (b), and the relationship between S, dose and initial degradation rates
(ry) (c). Conditions: [TCE],=~0.25 mM, BiOBr dose=1 g/L, and no pH control. The fitted model equation in cis ry,=a * x/(b+x), where x is S, dose

30 40 50 60

Initial degradation rates increased rapidly at very low S}y,
dose, but became constant at higher doses. This confirms
that S, dose does not have an appreciable effect when it
is above some minimum value. However, when the S}y,
concentration is low enough, it can control rates of TCE
degradation. The results shown in Fig. 3 confirm that S}y,
is required to form the reactive specie that is involved in
the photocatalytic degradation of TCE.

Effect of BiOBr dose

The effect of BiOBr dose on TCE degradation in the sys-
tem of BiOBr/TCE with sulfite under solar light is shown
in Fig. 5a. BiOBr dose was varied at 0.5 g/L, 1 g/L, and

2 g/L, while sulfite dose was constant at 25 mM. Fig-
ure 5 shows rapid initial decreases in TCE concentration,
which is consistent with other reports for TCE degrada-
tion by BiOBr or BiOI [45, 49]. Zhang et al. have studied
TCE degradation using nanofibers of bismuth oxyhalides,
and found that TCE concentration rapidly decreased
within the first 15 min of irradiation and eventually TCE
concentration decreased by 31.3% in 90 min for pure
BiOBr [45]. TCE removal rate gradually decreased with
increasing irradiation time (Fig. 5), which is similar to
that reported by Zhang et al. TCE removal rate increased
with increasing BiOBr dose. When the first-order rate
model was applied to the experiments shown in Fig. 5a,
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Fig. 4 UV-Vis absorption spectra of solution under simulated
solar light. Conditions: [TCE],=0.245 mM, BiOBr dose=1 g/L, Sy,
dose=2mMor 10 mM

estimated rate constants were 0.006, 0.018, and 0.036
(min~?) with increasing BiOBr dose (Fig. 5b).

Effect of initial TCE concentration

Figure 6a shows the effect of initial TCE concentra-
tion on TCE degradation. Initial TCE concentrations
ranged from 0.05 to 0.5 mM, while the molar ratio of Sy,
dose to initial TCE concentration and BiOBr dose were
fixed at 40, and 1 g/L, respectively. A molar ratio of 40
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is equivalent to an initial S}, concentration of 10 mM,
which is shown in Fig. 3 to provide sufficient Sj, to
degrade TCE. As initial TCE concentration increases
from 0.05 to 0.25 mM the first-order rate constant, k.
very rapidly decreased from 0.0815 (min') to 0.009
(min~!) (Fig. 6b), and TCE concentrations were not
detectable in 180 min at [TCE];=0.05 mM and 0.1 mM.
As initial TCE concentration increases from 0.25 to
0.5 mM, k,, increased a little by 1.4 times (Fig. 6b). This
indicates that at higher TCE concentrations a first-order
model adequately describes degradation kinetics, since
the rate coefficients are constant. The higher rate coef-
ficients at lower TCE concentrations may be caused by
non-degradative TCE losses as shown in Fig. 1.

The rate of TCE degradation appears to slow at longer
times with C;=0.25 mM or 0.5 mM. Since a S;,//TCE
molar ratio of 5 should be sufficient to degrade TCE as
shown in Fig. 3, such behavior would not be expected.
However, it could be the result of production of more
by-products of Sy, degradation that hinder TCE photo-
degradation by limiting the production of photoinduced
electrons and holes by absorbing light or by other means.

Effect of pH

The solution pH in a system with 1 g/L BiOBr and
10 mM S;y ranged between 8.5 and 8.7 without pH
control. As shown in Fig. 7, TCE degradation rate
did not show any noticeable trend with solution pH.
At five different initial pH values (2.98, 5.45, 7.3,
10.46, and 8.6) TCE degradation rate was the great-
est at pH 5.45. At pH 8.6 TCE removal percentage at
t=180 min and first-order rate constant were the
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Fig. 5 Effect of photocatalyst (BiOBr) dose on TCE degradation in BiOBr/TCE/S,, system under simulated sunlight (a) and the pseudo-first-order rate
constant dependent on the BiOBr dose (b). Conditions: [TCE],=~0.25 mM, [5032’](): 25 mM, and the solution pH was not buffered
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Fig. 7 Effect of pH on TCE degradation in BiOBr/TCE/S,, system under simulated sunlight (a) and the percentage of TCE removal at t=180 min and
the pseudo-first-order rate constant dependent on initial solution pH (pHy) (b). Conditions: [TCE]y=~0.25 mM, [SO;*"],=10 mM, BiOBr=1 g/L,

smallest among experiments at five different pH val-
ues. Estimated pseudo-first-order rate constants were
0.018, 0.035, 0.015, 0.009, and 0.030 (min~!) with
increasing pH, values (2.98, 5.45, 7.3, 8.6, and 10.46)
(Fig. 7b). The solution pH was generally lower at the
end of the experiment compared to the start of the
experiment (see Additional file 1: Fig. S7), but the mag-
nitude of change was not great. It has been reported
that pH decreases during TCE degradation by a simi-
lar photocatalyst (BiOCI) under UV light and this was
explained by H' generation during TCE degradation.
In our study, at pH,=5.45 the solution pH decreased

to 2.82 in 300 min. The concentrations of species pro-
duced from Sy, by acid—base reactions (SO;2~, HSO;™,
and H,SO;) will change with pH. At weakly acidic pH
(~pHy=5.45), HSO;~ will be the dominant specie. The
greatest TCE degradation found at pH,=5.45, which
indicates that bisulfite ion also participates to form
active radicals.

HSO3™ + hf; — SO3~ + HT 2)

This might explain why the greatest change in pH
was observed in the experiment with the greatest TCE
removal.
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Cycling performance to degrade TCE

Cycling performance was evaluated through batch
kinetic experiments. When BiOBr dose was 1 g/L and Sy,
dose was 2 mM or 10 mM, TCE concentrations rapidly
decreased at the beginning of the experiment and remov-
als reached 72-73% after 90 min in the 1st cycle (Fig. 8).
At the beginning of each cycle, 10 pL of the same TCE
stock solution used in the first cycle was injected to the
reactor. This increases the TCE concentration by approx-
imately 0.25 mM. Initial TCE concentrations (C;) for
each cycle were calculated by adding 0.25 mM to the final
concentration measured in the previous cycle. When
Syy dose was 2 mM, the amount TCE degraded was
0.0070, 0.0058, and 0.0045 mmol for the 1st, 2nd, and 3rd
cycle, respectively (Fig. 8a). When S, dose was 10 mM,
the amount of TCE degraded was 0.0068, 0.0079, and
0.0065 mmol at each cycle (Fig. 8b). As shown in Fig. 3,
TCE degradation was almost the same at if S;,, doses was
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Fig. 8 Effect of S, dose on cycling performance of BiOBr
in degrading TCE in the presence of S, under simulated
sunlight. Conditions: a S, dose=2 mM, b S, dose =10 mM,
[TCE],=~0.25 mM, BiOBr=1 g/L, and the amount of TCE injected
at each cycle increased TCE concentration by ~0.25 mM. In all
experiments, the solution pH was not controlled
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greater than or equal to 1.25 mM. As shown in Fig. 8a, b,
TCE degradation was similar during the 1st cycle, regard-
less of S}y, dose, because there was sufficient Sy, dose to
degrade the amount of TCE present initially. However, at
the lower S}y, dose (2 mM), the amount of TCE degraded
decreased at 2nd and 3rd cycle (Fig. 8a). Whereas at the
higher Sy, dose (10 mM), the amount of TCE degraded
TCE increased a little or was constant (Fig. 8b).

Figure 9 shows TCE degradation only when TCE is
injected at the start of a cycle (Fig. 9a) and when Sy, and
TCE are injected together (Fig. 9b). Initial concentra-
tions of TCE and Sy, for the first cycle were 0.1 mM and
4.0 mM (S;/TCE=40). When S}, was not added at the
start of the cycle, the S;,/TCE molar ratio would be 20
and 13.3 for the second and third cycles, respectively.
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Fig. 9 Effect of S, reinjection on cycling performance of BiOBr
in degrading TCE in the presence of S, under simulated sunlight.
Conditions: TCE alone (a) and both TCE and S, (b) was reinjected
at 2nd and 3rd cycle. [TCE],=~0.1 mM, [SO;*"],=4 mM, and
BiOBr=1 g/L.a The amount of TCE injected at the start of each
cycle increased the concentration of TCE by 0.1 mM. b The amount
of TCE and S, injected at the start of each cycle increased their
concentrations by 0.1 mM and 4 mM, respectively. In all experiments,
the solution pH was not controlled
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Therefore, the S;,,/TCE ratio was well above 5, which was
identified previously as the minimum for complete TCE
removal. This is confirmed in the results shown in Fig. 9a,
where the amount of TCE degraded did not decrease
with increasing cycle, which indicates that the capabil-
ity of a photocatalyst, BiOBr did not decrease (Fig. 9a).
When S;,, was added at each cycle (Fig. 9b), the amount
of TCE degraded did not increase, rather it decreased.
As shown in Fig. 3, increasing S;, dose would not be
expected to enhance TCE degradation rate, if it were
above a S,/ TCE ratio of 5.

Figure 10 shows the effect of initial TCE concentra-
tion on cycling performance of BiOBr. Initial TCE con-
centration at t=0 was 0.1 mM and 0.25 mM, in Fig. 10a,
b, respectively. At the start of the second cycle, the
same concentrations of TCE were added, resulting in
higher concentrations than at £=0. S, dose was 40
times higher than the initial molar TCE concentration
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Fig. 10 Effect of initial TCE concentration on cycling performance

of BiOBr in degrading TCE in the presence of S, under simulated
sunlight. Conditions: BiOBr dose=1 g/L, a [TCE];=~0.1 mM,
[S0,%71y=4 mM at t=0 min, b [TCE],=~0.25 mM, [SO,*7],=10 mM
at t=0min, and the amounts of TCE and S,, injected increased their
concentrations by 0.1 mM, and 0.25 mM, respectively
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in both experiments. When initial TCE concentration
was 0.1 mM (Fig. 10a), the amounts of TCE degraded
in 90 min were 0.0032 mmol and 0.0033 mmol, for
the 1st and 2nd cycle, respectively. When initial TCE
concentration was 0.25 mM (Fig. 10b), the amount
of TCE degraded over 120 min in the first cycle was
0.0065 mmol, which was estimated by linear interpola-
tion, and the amount degraded over 120 min in the sec-
ond cycle was 0.0043 mmol. It seems that the capability of
BiOBr to degrade TCE decreased slightly, but this could
be explained by the higher TCE concentration at the start
of the second cycle compared to the initial concentra-
tion for the first cycle. Additional file 1: Table S4 shows
the pseudo-first-order rate constants estimated in batch
tests shown in Figs. 8, 9, 10. Generally, k., decreased
with increasing cycle numbers. Figure 11 shows the rela-
tionship between initial TCE concentration and the first-
order rate constant (k) using initial TCE concentration
measured at the start of each cycle (Cy (). As shown
in Fig. 11, first-order TCE degradation rate coefficients
generally decreased with increasing initial TCE concen-
tration (Cy ), with the decrease being most severe
at lower concentrations as observed in Fig. 6. In these
experiments, a constant amount of TCE was injected at
every cycle, regardless of the concentration of TCE in the
reactor at the end of the previous cycle. When 2nd and
3rd cycles started, the TCE concentrations were higher
than that at t=0 because some TCE remained at the
end of the cycle. The decrease in TCE degradation rate
constant (see Additional file 1: Table S4) with increasing
cycle numbers was probably the result of increasing ini-
tial TCE concentrations, not the result of a decrease in
the photoactivity of BiOBr.
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Fig. 11 The relationship between initial TCE concentration (Cq_¢qe)
and the pseudo-first-order rate constant of TCE degradation.
These data were obtained from the experiments that study cycling
performance of photocatalysts shown in Figs. 8,9, 10
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Reaction mechanism

TCE degradation can be explained by three possibilities: (1)
reaction with hydroxyl radicals or photoinduced holes; (2)
reaction with sulfite radicals, or (3) reaction with photoin-
duced electrons or hydrated electrons. Under simulated
solar light, electrons in the valence band (VB) of BiOBr can
be excited up to a higher potential edge (~0.27 €V), leaving
a photoinduced hole (Eq. (3)). The holes in the valence band
of BiOBr can oxidize water or hydroxide ion to produce
hydroxyl radicals (Eq. (4)) (OH-/OH™,+2.18 V). Both the
hydroxyl radical and the hole could oxidize TCE and yield
TCE degradation products (Egs. (5) and (6)). The photoin-
duced hole or the hydroxyl radical could also react with
Sy to form the sulfite radical (Egs. (7) and (8)). The sulfite
radicals could then react to degrade TCE (Egs. (8) and (9)).
The electron raised to the conduction band (Eq. (3)) or by
Sy direct photolysis (Eq. (10)) could react from the solid or
after release to the solution then can reduce TCE (Egs. (11)
and (12)).

BiOBr + solar light — BiOBr (ecy + hi’z)  (3)
hig + H,O — OH + H* (4)

TCE + OH — degradation products (R1) (5)
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TCE + hy;y — degradation products (R2) (6)
"OH + SO32~ — SO3~ + OH~ (7)

hiz + SO3*~ — SOz~ + TCE
— degradation products (R3) (8)

TCE + SO3™ — degradation products (R4)  (9)

SO3*™ +hv— SO3™ + exq” (10)
TCE + ecy — degradation products (R5) (11)
TCE + ey~ — degradation products (R6) (12)

Based on this discussion, possible photodegradation
reactions of TCE over BiOBr photocatalyst are depicted
in Scheme 1. TCE can react with hydroxyl radicals (R1)
or photoinduced holes (R2), and with sulfite radical pro-
duced by reaction with hydroxyl radical or with holes (R3
and R4). Also, the photoinduced electrons can directly
react with TCE (R5) or hydrated electrons resulting from
S;v photolysis can reduce TCE (R6).

To determine the responsible species for TCE degra-
dation, a series of trapping experiments were conducted

BiOBr

TCE

Degraded products (R2)

5032'

Scheme 1 Schematic diagram of TCE degradation on the surface of BiOBr photocatalyst with addition of Sy, under simulated sunlight irradiation

TCE products (R1)

\\ 4

OH*" TCE

Degraded products (R5 or R6)

s°’."

Degraded
g Degraded products (R3)

SOz™

SO (S0s*/S0s%, 0.75 eV)

OH’ (oH*/OH, +2.18 eV)
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using potassium iodide (KI) as a hole scavenger, iso-
propanol (IPA) as hydroxyl radical (OH) scavenger and
sodium nitrate as hydrated electron (e,,) scavenger. The
conditions in batch experiments using scavengers are
shown in Additional file 1: Table S3, Fig. S8 and Fig. S9.
Figure 12 compares TCE degradation rates with addition
of different scavengers (KI, IPA, and nitrate) for possible
active species (h*, OH, and e,,). The doses of BiOBr dose
and S;; were 1 g/L and 10 mM, respectively. Presence of
scavenges had little effect on TCE removal, especially at
early times. However, at the end of the experiment TCE
concentration was slightly lower in the presence of KI and
nitrate, and slightly higher in the presence of IPA. The
scavengers probably had little effect because sulfite reacts
rapidly with hydroxyl radicals and TCE reacts rapidly
with aqueous electron, so they can compete effectively
with the scavengers. According to NDRL/NIST data
base [50] on the rate constants, average rate constants
with hydroxyl radical for I”, IPA, and SO32’ were 1.1E10,
1.6E9, and 5.1E9 (M~ ! s71) and the rate constant between
aqueous electron and TCE was 1.9E10 (M~! s!). Con-
sidering the concentrations of reagents, sulfite will have
higher rates of reaction with hydroxyl radicals than the
scavengers. When the rates are similar, the presence of a
scavenger could have some effect, but not a dramatic one.
If the reactions occur on the surface, the lack of effect of
the scavengers could be due to their adsorbing less effec-
tively on the surface than sulfite and TCE.

In our previous study by Wei et al. [34], batch kinetic
experiments were conducted with BiOBr under aero-
bic conditions to determine if oxidizing radicals such

Page 12 of 15

as SO, and SO; were important in MO photodegra-
dation. SO, and SO; are known to be produced from
S;v and oxygen via a free radical chain mechanism. As
shown in Fig. 13, TCE degradation rate was not greatly
affected by the presence of oxygen. The rate constant
was estimated to be 0.0212 (min~') in a N,-filled envi-
ronment and 0.015 (min~!) in an aerobic environment.
The small change in the rate constant for TCE degrada-
tion in the presence of oxygen does not support they
hypothesis that SO, and SO; are important species
for TCE degradation.
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Fig. 13 Effect of the presence of oxygen on TCE degradation
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It is known that abiotic TCE reductive dechlorination
can lead to complete conversion to non-toxic byproducts
like acetylene, without the accumulation of less chlorin-
ated compounds such as DCEs, and VC, etc. [51]. In our
previous study on TCE degradation in solutions of Sy
irradiated by UV light, TCE was almost completely trans-
formed to chloride ion when sufficient S}, was present
[40]. Figure 14 shows concentrations of TCE, S}, and
chloride ion over irradiation time. As shown in Fig. 14,
92% of initial TCE was degraded after 300 min of simu-
lated sunlight, when the concentrations of BiOBr and S}y
were 1 g/L and 10 mM. Rates of TCE removal and chlo-
ride formation decreased over the first 120 min. How-
ever, some TCE was removed between 120 and 300 min,
while no chloride was produced. If it is assumed that all
of the initial TCE was completely degraded and formed
chloride ion, approximately 0.48 mM of chloride ion
would be produced. To quantify the extent of dechlorina-
tion, a dechlorination efficiency (Ry,,) was defined as the
fraction of chlorine atoms in TCE that was degraded that
were converted to chloride ions (Rye,=(Ccy o+ — Cq,
at £ = 0/(Cay, initiat ek = Ca, final Tcp))» Where Cey ¢ ¢ is the
chloride ion concentration at specific time (mM) and
Cel, initial Tce and Cey gna1 TcE are the chlorine concentra-
tions (mM) in initial and final TCE, respectively [40].
Ry, was measured as 59% after 120 min and 57% after
300 min. Li et al.,, have studied TCE degradation prod-
ucts by UV photolysis in an aerobic environment. They
demonstrated that chloride ions were a major end prod-
uct and various intermediates including formic acid,
di- and mono-chloroacetic acids [22]. If TCE undergoes
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Fig. 14 Normalized concentration of TCE or S,, species, and
formation of chloride ion. Conditions: [TCE],=~0.16 mM,
[5032‘]0: 10 mM, BiOBr=1 g/L, and the solution pH was not
buffered
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oxidation in the presence of O, it could produce CO, as
a final product with various intermediates. In this study,
CO, was detected by gas chromatography with TCD
detector after acidifying water sample using 10% H;PO,.
The peak areas of CO, measured for samples taken at
t=0, 20, 60, and 120 min were much less than that of
aerated deionized water and the peak area of the sample
taken at £=300 min was similar to that of aerated ion-
ized water sample. This shows that little if any CO, was
formed during TCE degradation in the BiOBr/TCE/Sy,
system under simulated sunlight.

We believe that the active species being responsible
for TCE degradation in BiOBr/TCE/Sy, (photocatalyst/
contaminant/reagent) system under simulated solar
light is the sulfite radical (SO3"). This is based on the fact
that BiOBr alone did not degrade TCE efficiently and
that insufficient doses of S}y, limited TCE removal in the
presence of BiOBr and light. Our previous study found
that the sulfite radical was the active specie for methyl
orange degradation in the BiOBr/MO/S}y, system under
visible light [34]. Furthermore, it was also reported that
hydrated electrons and sulfite radicals were active spe-
cies for TCE degradation with UV-L irradiation [40].
This study showed that scavengers of hydrated electrons
did not affect removal of TCE, but did affect the extent
to which chloride was produced. This indicates that TCE
was being removed by reaction with the sulfite radical
and that the product of this reaction was being dechlorin-
ated with hydrated electrons. Finally, it can be concluded
that the active specie for TCE degradation is produced
from S}y, on the surface of BiOBr when irradiated by sim-
ulated sunlight. Furthermore, significant TCE degrada-
tion was found at weakly acidic pH, which supports the
belief that bisulfite also provides the active specie in the
Siy-promoted photodegradation process.

Conclusion

Photocatalytic degradation of TCE under simulated
solar light using BiOBr nanocomposites was assisted by
S;v additions. The remarkable feature is that the active
specie for TCE photodegradation is most likely sulfite
radical (SO3°) produced on BiOBr surface by solar irra-
diation. TCE degradation rate was enhanced by increas-
ing S;y dose till the S;,/TCE molar ratio approached 5.
TCE degradation rate was also affected by other experi-
mental parameters such as initial TCE concentration,
BiOBr dose, and solution pH. The maximum TCE deg-
radation rate was obtained at pH 5.45. A reaction mecha-
nism for TCE degradation over BiOBr was proposed to
be as follows: (1) reaction of TCE with hydroxyl radicals
or photoinduced holes; (2) reaction with sulfite radi-
cal produced by Sy reaction with hydroxyl radical or
holes, and (3) reaction with photoinduced electrons or



Jung et al. Environ Sci Eur (2020) 32:8

hydrated electrons. A series of trapping experiments
were conducted to determine the responsible specie for
TCE degradation in BiOBr/TCE/Sy system. It was found
that the scavengers have little effect on the extent and
rate of TCE degradation. This was assumed to be due to
less effective adsorption of scavengers on the photocata-
lyst surface than sulfite and TCE. Finally, analysis of deg-
radation products showed that TCE was converted to a
non-hazardous chloride and the photocatalytic activity
of BiOBr was not affected over a number of treatment
cycles when sufficient doses of S;,, dose were present.
Although sulfite-enhanced photocatalysis using BiOBr
for TCE degradation has been successfully demonstrated
in this work, various parameters present in water envi-
ronment that can inhibit or enhance recombination of
photoelectrons and holes were not investigated. Further
investigations on the effect of dissolved anions including
Cl~, SO,>~, NO,~, HCO;™, PO,*~ and humic acid or dis-
solved trace metal cations (e.g., Cu®*, Fe**, etc.) on TCE
removal in the system of photocatalyst/TCE/reagent are
recommended.
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