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Abstract

The adsorption and photocatalytic degradation abilities of bismuth catalyst
(BiOClyzslo25) in water are tested under simulated solar light by using
p-hydroxyphenylacetic acid (p-HPA) as chemical pollutant. On the basis of the strong
adsorption of p-HPA on the catalyst surface, this work aims to investigate the
interfacial mechanism in the heterogeneous system through adsorption/desorption
experiments by using competitive-anion desorption with phosphate anions. The key
factors affecting the degradation kinetics of p-HPA such as pH and dissolved oxygen
concentration are investigated. We find that solution pH significantly affects the
adsorption and degradation rates depending on the zeta potential of catalyst and
molecular form of p-HPA. p-HPA shows maximum adsorption at pH 4.5 and faster
degradation rate at pH 3.0. Dissolved oxygen concentration is a key factor affecting
pollutant removal because of the formation of hydroperoxide/superoxide radical anion
couple (HO,®/O,®"). These radicals, which are the main reactive species involved in
the reaction after irradiation of catalyst, are detected using competition-kinetics

approach and selective radical probes.

Keywords: photocatalytic  degradation, adsorption, interfacial reactivity,

hydroperoxide/superoxide radical anion.



1. Introduction

In recent years, advanced oxidation processes (AOPs) have been proposed as
alternative methods to the removal of persistent organic pollutants in different
environmental media [1-3]. Generally, AOPs can achieve recalcitrant pollutant
destruction when biological treatments for endocrine disrupting chemicals [4, 5],
pharmaceuticals, and personal care products [6, 7] are unfeasible. Main oxidation
processes are usually performed based on the in situ production of highly reactive
species such as hydroxyl (HO¢) and sulfate radical (SO4°"), which can oxidize organic
pollutants in aqueous solutions [1, 2]. In the last two decades, different AOPs on the
basis of iron activation under the dark [8, 9], UV light [10], and/or in the presence of
radical precursors [11] have been proposed, demonstrating their efficiency for organic
pollutant reduction. Heterogeneous semiconductor photocatalysis is also one of the
most promising oxidation processes. Under irradiation, electron (e—) and hole (h+)
pairs can be produced in conduction and valence bands, leading to the formation of
reactive oxygen species (ROS) such as HO® or HO,®/O,*" (pK, = 4.88) [12]. Among
different photocatalysts, TiO, and modified TiO, materials have received considerable
attention due to their chemical stability and high efficiency under UV light
degradation of pollutants present in gas and liquid phases [13-17]. Subsequently,
photocatalytic properties of new materials such as hierarchical bismuth-related
catalyst especially BiOX (X = ClI, Br, 1), have been investigated [18, 19]. BiOX has

internal structure of Bi,O, layers interleaved by double slabs of X atoms, which



provide a sufficient space to polarize related atoms and orbitals, facilitating the
separation of electrons and holes [20]. BiOX particles have tunable activation
wavelength and oxidation abilities with different band gaps. Thus, composite catalysts
such as BIOCI/BiOl or BIiOBr/BiOl can optimize the advantages of these

photocatalysts, showing potential degradation abilities on various pollutants [20-23].

Pharmaceuticals in water have emerged as one of the most urgent issues due to
their massive use and potential chronic health effects [24, 25]. Pharmaceutically
active compounds have been detected in sewage treatment plants, surface water, and

even in drinking water at a concentration of ng to ug per L [5, 26].

In this study, p-hydroxyphenylacetic acid (p-HPA), which is one of
pharmaceutical compound and pesticide intermediates that are widely detected in
olive oil extraction and wine distillery processes, is chosen as the model pollutant.
p-HPA is a priority phenolic pollutant present in wastewaters from some
agroindustrial plants [27]. In the last two decades, the removal of p-HPA by using
UV/H,0,, Fenton [27], pyrylium salt-photosensitized degradation [28], zero-valence
iron catalytic degradation [29], electrochemical reaction [30, 31], and catalytic wet air

processes [32] have been investigated.

In this paper, BiOCly7sloos is used to remove p-HPA in solution. Particular
attention is given to the interfacial mechanisms and role of adsorption on the
photoinduced p-HPA degradation in the presence of catalyst. Moreover, the effect of

solution pH and dissolved oxygen are elucidated using chemical-competition
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approach.

2. Materials and methods

2.1. Chemicals

BiOCly 7slg2s catalyst was synthesized following the previously reported
procedure [23] and was stored in the dark before use. p-HPA, potassium iodide (KI),
1,4-benzoquinone (BQ), isoproponal (IPA), and Sodium dihydrogen phosphate
(NaH2PO,) were obtained from Sigma-Aldrich, France. HCIO,4, and NaOH were used
to adjust the solution pH. All chemicals were used without further purification, and

milli-Q water was used to prepare solution.

2.2. Irradiation setup and experimental procedure

Photocatalytic degradation experiments were performed in a homemade
photoreactor placed in a cylindrical stainless steel container. Four fluorescent light
bulb lamps (Philips TL D15W/05) were separately placed in four different axes.
Meanwhile, the photoreactor, which is a water-jacketed Pyrex tube with 2.8 cm
internal diameter, was placed at the center of the setup. Irradiation with the
predominant wavelength between 300 nm to 500 nm was used to simulate solar light.
The emission spectrum (Figure S1) reaching the solution was determined using an

optical fiber coupled with a CCD spectrophotometer (Ocean Optics USD
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2000+UV-VIS) calibrated using a DH-2000-CAL Deuterium Tungsten Halogen
Reference Lamp. Energy has been normalized to actinometry results by using
paranitroanisole/pyridine actinometer [33]. At the wavelength range of 300-500 nm, a

total flux of 1451 W m 2 reaching the solution was determined.

Solutions were magnetically stirred with a magnetic bar during irradiation, and
the total volume of the solution was 100 mL. p-HPA adsorption on bismuth catalyst
was investigated in the dark with continuous magnetic stirring. All experiments were
carried out at room temperature (293 + 2 K) by using a circulating cooling water
system. An aliquot of solution (1 mL) was withdrawn from the reactor at fixed
interval times. In addition, the catalyst solid was removed by 0.2 um PTFE filters
before analysis. Prior to the use of PTFE filter, control experiments were performed,
showing that no adsorption of p-HPA was observed on these filters. Experiments were
performed using p-HPA at 50 uM and BiOClg7slo.25 catalyst at 0.3 g L. The effect of
dissolved oxygen on p-HPA degradation and radical species involvement were carried
out by bubbling N, or O, for 20 min before catalyst addition and all throughout the

experiment with and without light.

2.3. Analytical procedure

The concentration of remaining p-HPA in the aqueous solution was determined
by an alliance high-performance liquid chromatography (HPLC) equipped with a

photodiode array detector (Waters 2998, USA) and Waters 2695 Separations Module.
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The flow rate was 0.15 mL min?, the injection volume was 50 uL, and the mobile
phase was a mixture of water with 0.1% H3PO, and methanol (65/35, v/v). The
column was a Nucleodur 100-3 CI18 of 150%2.0 mm, with particle size of 3 um.
Under these conditions, p-HPA was detected at 274 nm, and retention time was 6.7
min. BQ concentration was determined by HPLC-UV by using the same column and
mobile phase with a detection wavelength set at 245 nm. The retention time of BQ

was 4.9 min.

UV-visible (UV-vis) spectra were recorded with a Cary 300 UV-vis
spectrophotometer. The pH values of the solutions were measured using a CyberScan
510 pH meter. Mineralization of p-HPA solution was determined by total organic
carbon (TOC) analysis (5050A, Shimadzu, Japan). The limit of detection and limit of
quantification have been determined to be 17 and 50 pgC L, respectively,

considering the signal-to-noise ratio.

During BiOClg75lo25 photocatalytic degradation process under simulated solar
light, the transformation products of p-HPA were detected by GC-MS (7890A/5975C,
Agilent, USA). Products were extracted from the aqueous solution with CH,Cl, by
solid-phase extraction. GC-MS was equipped with a HP-5MS polysiloxane polymer
column (30 m x 0.25 mm x 0.25 pum) with helium as the carrier gas at a flow rate of
1.0 mL min*. The column temperature was set at 100 °C, held for 2 min, and
increased at a rate of 15 °C/min until it reached 300 °C. The injector and interface

temperature were both set at 280 °C. An electron impact ionization was used for MS



measurement in full scan mode (m/z = 50 to 600). Moreover, the MS source settings
are as follows: ionization voltage, 70 eV; electron multiplier voltage, 1 kV; source
temperature, 230 °C; quadruple temperature, 150 °C; and vacuum degree, 6.0x10 °

Torr.

Total p-HPA was determined as the sum of p-HPA present in the aqueous
solution and adsorbed on the catalyst surface, which was determined after desorption
experiments. Desorption of p-HPA was performed by adding 500 pL of 2 mM sodium
dihydrogen phosphate solution to 500 pL of the sample. Solution was filtered after 5

min to remove the catalyst particles and was analyzed by HPLC-UV.

2.4. Catalyst characterization

X-ray photoelectron spectroscopy (XPS) spectra were recorded with a
PerkinElmer PHI 5000C ESCA system equipped with a hemispherical electron energy
analyzer. The Mg Ka (hv = 1253.6 eV) anode was operated at 14 kV and 20 mA. The
carbonaceous C 1s line (284.6 eV) was used as the reference to calibrate the binding
energies (BEs). The UV-vis diffuse reflection spectra (DRS) were obtained for the
samples using a Scan UV-vis spectrophotometer (Thermo Nicolet Evolution 500
UV-vis) equipped with an integrating sphere assembly, and BaSO, was used as

reflectance sample.



3. Results and discussion

3.1. Physicochemical properties of BiOCly 751025 catalyst

The physicochemical properties of BiOClg 75lg 25 catalyst are summarized in Table
S1. Catalyst is synthesized through a precipitation method in ambient pressure,
following the procedure reported in a previous work [23]. The BiOCly7slo2s crystals
show flower-like morphology with larger surface area and higher total pore volume
than those of BIiOX catalyst [21, 34]. These results facilitated the adsorption of
p-HPA molecules on the surface and the supply of abundant active sites for oxidation
ability. Introduction of | onto the BiOCI crystalline lattices induces the formation of
heterojunction and decreases the recombination rate of hole-electron pairs. By
contrast to BiOCI alone, the band gap of BiOClg 75lo 25 is adjusted to 2.12 eV, which is
suitable for the utilization of simulated solar light (A > 300 nm) (Figure S2). To
further investigate the surface chemical compositions of BiOClg 7slo25 samples, we
conducted XPS studies, and the spectra are illustrated in Fig. 1. As shown in Fig. 1A,
the sample is composed of C, Bi, O, Cl, and | atoms. Their corresponding
high-resolution XPS spectra are shown in Figs. 1B—F, respectively. Fig. 1B displayed
the C peak fixed at 284.6 and 281.39 eV, which can be attributed to the adventitious C
on the sample surface from the solvent and XPS instrument [34, 35]. Fig. 1C shows
that two strong peaks with BEs of 164.42 and 159.11 eV correspond to Bi 4fs;, and Bi
4f7p, indicating that the main chemical state of Bi element is trivalent [36]. The O 1s

spectrum is shown in Fig. 1D, which can be fitted by three peaks at the BEs of 530.61,



531.85, and 532.83 eV. The peak at 530.61 eV is characteristic of Bi—O binding
energy, and the two remaining peaks with higher BEs than the first peak can be
assigned to adsorbed H,O or surface hydroxyl groups on the surface of sample [37].
Cl 2p32 and CI 2p;/, peaks at 197.95 and 199.6 eV BEs indicate that the valance state
of chlorine element is —1 in the sample (Fig. 1E) [38]. As shown in Fig. 1F, the | 3d
peaks are divided into two peaks at approximately 630.63 and 619.21 eV,
corresponding to | 3ds;, and | 3ds,, respectively. This result indicates that the valance
state of | is —1 [38]. Therefore, we can argue that BiOClgslp2s sample is well

constructed with correct chemical composition and valance state.

3.2. Generation of reactive species

Reactive species generated under BiOClgpslp2s catalyst irradiation were
determined using competition-kinetics approach with specific scavengers in the

solution. IPA, KI, and BQ are taken as HO® (K =1.9x10° Mt s [39], h* [40],

IPA,HO®

and HO,*/0,*™ (k__ . =9.0x10® M* s7%) [41] scavengers, respectively. The addition

BQ,05”

of 1 mM IPA by using 0.3 g L™* of catalyst do not modify the degradation rate of
p-HPA under irradiation at pH 3.0 (Fig. S3), indicating that HO® is not generated
during irradiation of BiOCly 75lo 25 catalyst. The effect of KI addition was investigated
at pH 4.5 due to the anion exchange with CI" and consequent modification of catalyst
occurring at pH 3.0 [42]. The presence of 1 mM of KI (Fig.S4) strongly inhibits the

adsorption of p-HPA due to the electrolyte changed surface charge of BiOClg slg.25
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catalyst. As a matter of fact, if we compare the concentration of remaining p-HPA in
the solution in the presence and absence of KI (85% and 58%, respectively, as shown
in Fig S4), then we can argue that the difference (approximately 27%) corresponds to

the p-HPA adsorbed on the catalyst surface after 60 min in the dark. Under irradiation,
a similar value for the pseudo-first-order kinetic constant of p-HPA degradation (k)
is determined without and with Kl (0.020 and 0.019 min™?, respectively), indicating
that the valance band holes are not the main active species responsible for p-HPA
removal. When 1 mM of BQ (HO,*/O,*" scavenger) is added in the solution, p-HPA
adsorption (first 60 min) is not modified. However, no degradation is observed under
irradiation (Fig. 2). This experiment indicates that the generated HO,®/0,*" (pK, =
4.88) under catalyst irradiation drives the p-HPA degradation, which is in agreement
with the results of previously reported works [23]. To further investigate the
degradation mechanism and catalyst surface implication, we followed the
concentration of BQ during the adsorption and photodegradation steps (Fig. S5).

Although no adsorption is observed for the first 60 min in the dark, BQ disappears

under irradiation, indicating the formation of HO,*/O,*" species in the solution.

3.3. Effects of pH on p-HPA adsorption and photocatalytic degradation

p-HPA adsorption on the catalyst surface and photocatalytic degradation in
aqueous solution were investigated at different pH values (Fig. 3). The adsorption of

p-HPA is strongly related to the molecular form of p-HPA (pKa = 4.5 and pKy, =

11



10.5) and the surface zeta potential of BiOClg 75125 catalyst [43].

Moreover, the zeta potential of BiOClg 75l 25 Was tested as a function of pH, as
shown in Fig. S6. As shown in this figure, the point of zero charge of BiOClg75lg.25 IS
located at approximately pH 1.6, indicating that within our experimental pH range,
the zeta potential of BiOClg 7slo.25 is always negative. K. Li et al. [44] and G. Li et al.
[45] obtained similar results in their studies. This result indicates that in solutions,
electrostatic attraction occurs between the positively charged p-HPA and negatively
charged BiOClg 75125, inducing a strong adsorption of p-HPA on the catalyst surface
[46]. Similar trend is observed for Rhodamine B, which has one carboxyl group [46,
47]. Table 1 summarizes the pseudo-first-order decay of p-HPA at different pH values,
as well as zeta potential of BiOClg 75lp25. At pH 3.0, p-HPA is in molecular form, and
the zeta potential of BiOCly 7slp.25 is =8 mV. Thus, when the solution pH decreases at
3.0, the H3O" ions compete with p-HPA molecules to the adsorption onto the
negatively charged catalyst surface. At natural pH (4.5), p-HPA is 50% under
molecular and anionic forms, and adsorption is not modified by the presence of other
external ions. The zeta potential of BiOClg 75125 at pH 4.5 is more negative compared
with the zeta potential at pH 3.0. Moreover, p-HPA adsorption is higher showing at 80%
remaining in the solution after 1 h in the dark at pH 3.0 than at 60% at the pH 4.5.
With increased pH to 7.5 and 9.5, p-HPA is under anionic form, the zeta potential of
BiOClg 751025 is more negative with value lower than —38 mV. At pH 7.5 and 9.5, the

more negative surface charge causes electrostatic repulsion, so p-HPA adsorption
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decreases. As shown in Fig. 3, fast degradation is observed at pH 3.0 under irradiation,
consistent with previously reported results. Thus, under acidic solutions, pollutant
photodegradation in aqueous solution by BiOX catalyst is also faster [48, 49]. Two
main factors can induce this result; one is the different forms of main active species
HO,®/0,* (pK, = 4.88), and the other one is the form of p-HPA (pK, = 4.5) present
in the solution, both of which are closely related to pH. Furthermore, more negative
charged surface will restrict the migration of electrons to the surface of catalyst and
formation of superoxide radicals. Thus, combined with the conclusion in our previous
studies [23], we can argue that p-HPA has higher reactivity with radicals HO,* under

its molecular form than with O,°*".

3.4 Interfacial mechanism under irradiation

To investigate the role of catalyst surface on the p-HPA degradation under
irradiation, we performed different experiments in the presence of H,PO, ", which can
compete with p-HPA for adsorption on the catalyst surface. In the presence of 2 mM
H,PO, in solution, relatively no adsorption of p-HPA is observed in the dark for 1 h.
Moreover, degradation under irradiation is strongly inhibited (Fig. 4A). This effect
suggests that p-HPA degradation occurs mainly on the catalyst surface. Experiments
to assess the role of catalyst surface on the possible adsorption of p-HPA are shown in
Fig. 4B, in which BQ that was used as HO,*/O,* scavenger was added in the solution.

BQ does not affect the p-HPA adsorption on the catalyst surface. As a matter of fact,
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for the first 30 min in the dark, approximately 15% of p-HPA are adsorbed on the
catalyst surface with and without BQ. However, when light is turned on, relatively no
degradation can be observed in the presence of BQ. Degradation inhibition suggests
that the adsorption on the catalyst surface and generation of reactive species such as
HO,°®/0,*", which are formed by dissolved oxygen with the generated electron in the
valence band, are the main processes responsible for p-HPA degradation in the
solution. At the same time, this figure indicated that the adsorbed p-HPA molecules
are gradually degraded to some by-products. Possible implication of H,PO,; on
hydroxyl radical quenching is negligible under adopted experimental conditions. As a
matter of fact, considering the low second-order rate constant between H,PO, and
HO® in the solution (~2 x 10* M™ s™) [50] and concentration adopted for the
desorption experiment (2 mM), we can find that this reaction is few orders of

magnitude lower than the reaction between HO® and p-HPA in the solution.

3.5 Effect of dissolved oxygen

Effect of dissolved oxygen on p-HPA degradation during the photocatalytic
degradation process was investigated by supplying proper gases, that is, oxygen and
nitrogen, to the reaction solutions 20 min before and during the experiments.
Although no significant differences in the adsorption of pollutants on the catalyst are
observed, p-HPA degradation is accelerated with the increase in oxygen concentration

(Fig. 5). As a matter of fact, the pseudo-first-order degradation constant is increased
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from (2.4 + 0.5) x 10 min! in N, saturated to (2.4 + 0.2) x 10 min* in O,
saturated solutions. This trend indicates that oxygen plays a key role in the
photocatalytic degradation process mainly through the formation of HO,°/O,*"

species.

3.6 TOC removal efficiency and main intermediate product

One of the most important parameters indicating complete mineralization of
organic pollutants is TOC quantification. In addition to p-HPA degradation,
mineralization is another important factor to estimate the removal ability of a catalyst.
During irradiation, in the presence of BiOClg 5o 25 catalyst, the TOC changes i) in the
solution and ii) after desorption, as shown in Fig. 6. TOC trend in the solution and
after desorption of samples from the catalyst suggest that p-HPA and its by-products

can be adsorbed on the catalyst surface.

These results also suggest that BiOClg 75lg 25 catalyst can decompose by-products
to CO, and H,O. After 2 h of irradiation, the TOC removal percentage is
approximately 45% and is not significantly changed after 3 h. This result suggests that
some by-products can be still adsorbed on the catalyst surface, occupying the
adsorption site. This result integrates the interfacial mechanism explained in section
3.4. However, after 5 h of irradiation, complete p-HPA degradation is observed. This
result suggests that some by-products still adsorbed on the catalyst surface are not

degraded. HO,*/O,*" couple seems to be less reactive on the by-products than on
15



p-HPA. p-HPA by-products that are generated during the photocatalytic process are
detected by GC-MS after solvent extraction. 4-Hydroxybenzyl alcohol and
p-hydroxybenzaldehyde are identified as main intermediates (Table S2) on the basis

of molecular mass and data obtained from literature [28, 32].

4. Conclusion

The adsorption and photocatalytic degradation of p-HPA by BiOClyzslo.2s
catalyst in water is investigated. Interfacial-mechanism experiments reveal that
photocatalytic p-HPA degradation occurs mainly on the catalyst surface. pH strongly
affects the adsorption percentage and degradation rate by changing the surface charge
of catalyst and molecular form of p-HPA. The concentration of dissolved oxygen is a
key parameter necessary to generate HO,®°/O,°", which is the main active species
responsible for pollutant degradation. BiOCly 75lo25 catalyst shows promising p-HPA
removal abilities. However, some photogenerated by-products that are still adsorbed
on the catalyst surface seems to be not degraded. This photocatalyst that generates
mainly HO,*/O,* is very promising. Indeed, this process can be applied and has
strong implication in the treatment of polluted media, in which hydroxyl radical

should be strongly scavenged by organic matter or inorganic constituents.
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Table 1 Zeta potential of BiOCly 75lg 25 catalyst, p-HPA molecule form and pseudo first-order
reaction constant under different pH

Zeta Pseudo first-order reaction
pH ) p-HPA "
potential constant (min™)
3.0 ~—8mV molecular form 2.24 x 1072

50/50 molecular and S
4.5 (natural pH) ~—2l mV L 1.80 x 10
anionic forms

75 <-38mV anionic form 1.47 x 1072

9.5 <-38mV anionic form 1.47 x 102
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Figures Caption

Figure 1: XPS spectra of BiOCly 751025 sample: (A) survey spectra, (B) C 1s, (C) Bi

4f, (D) O 1s, (E) Cl 2p and (F) 1 3d.

Figure 2: p-HPA concentration decrease with (o) and without (@) BQ addition.
Adsorption experiments were performed in the dark. Conditions: [p-HPA] = 50 uM,

[BiOClgsl025] = 0.3 g L%, [BQ] =2 mM and pH = 3.0.

Figure 3: Time evolution of p-HPA concentration under dark and light experiments at

different pH values. Conditions: [p-HPA] = 50 uM, [BiOClgzslo25] = 0.3 g L™

Figure 4: (A) Effect of NaH,PO, addition on the p-HPA adsorption (first 60 min in
the dark) and on p-HPA concentration in solution after photocatalytic experiment. (B)
p-HPA concentration in solution in the presence and absence of BQ before and after
desorption experiments performed with NaH,PO,. Conditions: [p-HPA] = 50 uM,
[BiOClgslos] = 0.3 g L%, [BQ] = 1 mM, [NaH,PO,] = 2 mM and pH = 3.0. Total
p-HPA concentration (p-HPA:) corresponds to the sum of p-HPA in solution

(p-HPAq) + concentration of p-HPA adsorbed on the surface of the catalyst.
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Figure 5: (A) Effects of dissolved oxygen in the photocatalytic degradation of p-HPA

by BiOC|0,75|0_25. Conditions: [p-HPA] =50 MM, [BiOC|0.75|o_25] =0.3 g L_l, pH =3.0

Figure 6: TOC concentration in solution and total (in solution + adsorbed) as function
of time. Irradiation starts after an equilibrium of 1 h in the dark. Conditions: [p-HPA]

=50 },lM, [BiOC|o_75|0_25] =0.3 g L71 and pH = 3.0.
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