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ABSTRACT

In this study, a photocatalyst, non-layered 2D lead molybdate nanoparticles (2D PbMoO,), was
obtained by ultrasonic stripping and dipping pulling methods and applied to photocatalytic deg-
radation of tetracycline (TC) in wastewater. The two-dimensional morphology and body-centered
tetragonal structure of 2D PbMoO, were ascertained by atomic force microscopy, X-ray diffraction
and transmission electron microscopy. The bandgap and chemical environment of 2D PbMoO, had
been ascertained by UV-Vis and X-ray photoelectron spectroscopy analysis. Photoelectrochemical
measurement experiments were used to evaluate the charge separation efficiency and charge trans-
fer process of 2D PbMoO,. The effects of some factors in the photocatalytic conditions including 2D
PbMoO, dosage, pH and initial TC concentration on the degradation were investigated. The deg-
radation efficiency of TC in different water matrix was obtained utilizing ultrapure water (UW),
artificial wastewater (AW), farm wastewater (FW) and municipal wastewater (MW). The removal
rate of TC in UW, AW, FW and MW was 96%, 94%, 91% and 88%, respectively. In UW, the degra-
dation of TC exhibited the highest rate constant (0.01977, R? = 0.99447), followed by that obtained in
AW (0.01706, R? = 0.97692), FW (0.01543, R? = 0.99692) and MW (0.01367, R* = 0.98584). Additionally,
2D PbMoO, showed high recyclability and stability. After five recycling performance, there was
still 95% of TC were eliminated. The first-order kinetic model was used to simulate the photo-
catalytic degradation of TC in the four kinds of wastewater. The work indicated that 2D PbMoO,
had promising potential for antibiotic-containing wastewater treatment.
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1. Introduction

Since the advent of tetracycline in 1948, it had been
widely used in clinical treatment and farm prevention due
to their low-cost, ease of use, and low side effects [1,2]. At
present, different concentrations of tetracycline (TC) antibi-
otic residues had been detected in samples of farm manure,

* Corresponding authors.

farmland soil and rivers. A high level of TC had been
detected in Huangpu River Basin and Pearl River Delta in
China, ranging from 53.5 ng L™ to 16 ug L™ [3,4]. TC and
a large number of organic pollutants were detected in 139
major rivers in the United States [5]. The average level of TC
in surface and groundwater resources near animal farms in
Tehran, Iran was between 5.4-8.1 ng L™ [6]. In the analysis
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of effluent from waste-water treatment plants in hospitals
and pharmaceutical factories in India, extremely high con-
centrations (mg L™ range) broad-spectrum antibiotics were
detected.

The unmetabolized TC in the environment that acted
as an external factor, breaking the original biological envi-
ronment and indirectly endangering human health. The
environment with low concentration levels of TC could
induce genetic mutations in bacteria, resulting in the forma-
tion of TC resistant bacteria [7]. TC affected its growth and
development by inhibiting enzymes in animals and plants
[8,9]. In addition, TC residues in the food pose a potential
risk to human health affected the normal growth and devel-
opment of the human body, leading to liver and kidney
poisoning, hemolytic anemia, discoloration of teeth, nails
and sclera [10,11]. More seriously, it was easy to enter the
fetus through the placenta and cause fetal malformation
due to their high biological activity [12]. Therefore, it was
of great significance to conduct a comprehensive study to
develop novel, efficient and sustainable technologies for
removing TC and their derivatives from the environment.

Traditional methods, such as physical adsorption and
biodegradation, couldn’t remove TC effectively from waste-
water [13,14]. Currently, the use of photocatalysis to effi-
ciently degrade TC was a hot topic for environmentalists
[15,16]. Photocatalysis degradation technology was that
semiconductors produce strong oxidizing free radicals
under the excitation of light, which could convert contami-
nants into simple and nontoxic molecules, such as (hydroxyl
radical (OH"), sulfate radical (SO;”) and superoxide rad-
ical (O;"), etc.). However, the mechanisms and application
of 2D PbMoO, photocatalytic degradation TC under sun-
light need further investigation to guide engineering appli-
cations. Therefore, this paper discusses non-layered 2D
PbMoO, which was synthesized to degrade TC in ultrapure
water (UW), artificial wastewater (AW), municipal waste-
water (MW), and farm wastewater (FW) under simulated
sunlight. This study was mainly aimed to (1) investigate the
performances of non-layered 2D PbMoO, catalyst for deg-
radation of TC in wastewater, (2) evaluate the conditions
for TC efficient degradation with the catalyst, (3) study the
catalytic stability of non-layered 2D PbMoO, and deter-
mine the possible mechanism including the dominating
reactive species during the photocatalytic process.

2. Materials and methods
2.1. Chemicals

TC (standard), absolute ethanol, dimethyl sulfoxide
(DMSO), ethylenediaminetetraacetic acid (EDTA), isopropyl
alcohol (IPA), MoO,, PbCl,, p-quinone; 1,4-benzoquinone
(PBQ) were purchased from Shanghai Yuanye Bio-
Technology Co., Ltd. The AW was prepared from glucose,
sodium nitrate, potassium dihydrogen phosphate, ammo-
nium chloride, urea and the concentrations of the compo-
nents were as follows: 5 mg L total phosphorus, 51 mg L~
total nitrogen, 60 mg L™ total organic carbon [17]. MW
was obtained in a sewage treatment plant in Changsha
(Hunan, China). FW was acquired on a farm in Changsha
(Hunan China). AW, MW, and FW were filtered by using a
0.22 um filter before use.

2.2. Synthesis of non-layered 2D PbMoO,

MoO, (4 g) powder was mixed into 50 mL of etha-
nol solution and then treated with an ultrasonic cleaner
(SB-5200DTD Scientz Beijing China) at 300 W for 120 min.
Then, centrifuged at 3,000 rpm for 20 min (H/T18MM Herexi
Hunan China), the superabundant was collected as it con-
tained a-molybdenum oxide and labeled as solution A.
The sample containing 1 mM PbCl, was prepared as solu-
tion B. 2D PbMoO, was achieved by mixing solution A with
a small amount of solution B (1 mL of B in 8 mL of A). After
centrifugation at 8,000 rpm for 20 min, the precipitate was
taken as a 2D PbMoO, nanosheet [18,19].

2.3. Material characterization

Atomic force microscopy (AFM) was carried out using
a Bruker Dimension Icon (Madison, Wisconsin, USA) AFM.
X-ray photoelectron spectroscopy (XPS) was conducted
on a Thermo Fisher Scientific (Escalab 250Xi, Waltham,
Massachusetts, USA) instrument equipped with a monochro-
mated Al K-a source. X-ray diffraction (XRD) patterns of the
2D nanosheets were collected using a Bruker D8 (Madison,
Wisconsin, USA) with monochromatic Cu Ka as a radia-
tion source. High-resolution transmission electron micros-
copy was conducted on a FEI Tecnai™ G20 (Oregon, USA).
The UV-Vis diffuse reflectance spectroscopy was carried out
using an Agilent Cary 5000-UV/Vis/NIR (California, USA)
spectrophotometer equipped with an integrating sphere.
The analysis range was from 200 to 800 nm, and BaSO, was
used as a reflectance standard.

2.4. Photoelectrochemical measurements experiments

The electrochemical experiments were conducted on a
CHI660E electrochemical workstation (Shanghai Chenhua
Co., China). The PbMoO, film electrodes on ITO served
as the working electrode, while a platinum maturated cal-
omel electrode and a carbon electrode were employed as
the reference electrode and counter electrode, respectively.
Na,SO, (0.5 M) was used as the supporting electrolyte and a
power of 300 W xenon lamp acted as a visible-light source.
The photocurrent response of 2D PbMoO, was realized
using an operating voltage of 0 V at room temperature.

2.5. Photocatalytic degradation of TC

All the degradation experiments were performed in
a 250 mL quartz beaker with a photochemical reactor
(CEL-HXF300 Education Au-Light, Beijing, China) equipped
with a 300 W xenon lamp. The desired amounts of TC were
added in UW, AW, FW, and MW to prepare TC wastewa-
ter. The initial pH of the solution was regulated by the addi-
tion of 0.1 M NaOH or 0.1 M HCL In each experiment, a
certain amount of the photocatalyst was added into 50 mL
of TC solution. The suspension was stirred by a magnetic
stirrer, and the reaction was performed in a batch mode
operation at room temperature. The influence of operational
parameters was consecutively studied including irradia-
tion time (0-120 min), 2D PbMoO, dosage (30-150 mg L),
initial pH (3-11) and TC concentration (50-250 mg L).
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Five cycles of photocatalytic degradation of TC were
conducted in selected conditions to assess the possibility
of recycling of the 2D PbMoO,. After each run, 2D PbMoO,
powder was collected from the TC solution by centrifuga-
tion and washing process. After five cycles, the obtained
catalyst was dried for observing the XRD and XPS patterns.
A specific amount solution of EDTA, DMSO, PBQ and IPA
was injected into the photocatalytic reaction solution to
investigate the contribution of each radical on TC degrada-
tion, respectively. After that, the high-performance liquid
chromatography (HPLC) was used to detect TC concentra-
tion. All of the experiments were performed in triplicate,
and the average values were used as results.

2.6. Analytical methods

The concentration of TC in wastewater was detected at
360 nm using a HPLC system (Agilent 1200, California, USA).
The mobile phase was 0.05 M phosphate buffer at pH 2.3
(80%) and acetonitrile (20%) with a flow rate of 1.0 mL min~!
[20]. The removal efficiency of TC was expressed using the
following equation:

C
Removal efficiency = C—' x100% (1)

0

where C; and C, were the concentrations of TC before and
after the photocatalytic reaction, respectively.

2.7. Identification of degradation intermediates

The degradation intermediates products of TC were
determined by liquid chromatography-mass spectrometry
(LC-MS)/MS system. In the process of photocatalysis, sam-
ples were taken at time 0, 45, and 120 min, and centrifuged
at 12,000 rpm to completely remove the photocatalyst. The
centrifuged sample filtrated with a 0.45 um Millipore filter to
remove impurities. The mobile phase was a mixture of 0.1%
(v/v) acetonitrile and formic acid. The elution procedure was
set as follows: from 90% formic acid and 10% acetonitrile
to 10% formic acid and 90% acetonitrile within 10 min and
maintained 4 min. Then, the eluent quickly adjusted to 0%
formic acid and 10% acetonitrile and maintain for 2 min. MS
was performed by operating in the positive ionization mode
using electrospray ionization, and MS was scanned by mass
between m/z 200-500[21,22].

3. Results and discussion
3.1. Characterization of 2D PbMoO,
3.1.1. Atomic force microscopy

AFM was used to investigate the thicknesses and lat-
eral dimensions of the 2D PbMoO, nanosheets. As shown
in Fig. la, the 2D PbMoO, nanosheets had an average
thickness (T ) of ~1.5 nm. Fig. 1c reveals that the aver-

age lateral sizes (Lavemge) of 2D PbMoO, nanosheets were
approximately 25 nm. The T and L values obtained

average average

for both 2D molybdenum oxide and 2D PbMoO, nanosheets
also lead to aspect ratios (L /T ) of ~ 16, which

average' ~ average

was similar to another reported values obtained for the

exfoliated 2D PbMoO, nanosheets using the same method
[23]. The 2D sheets have a large surface area and high
mechanical stiffness [24]. Moreover, as illustrated by Fig. 1b,
the 2D PbMoO, nanosheets had step-rich surfaces, which
could enhance the reaction active sites and dangling bonds.

3.1.2. X-ray diffraction

The XRD pattern of PbMoO, is demonstrated in Fig. 2.
In the prepared 2D PbMoO, sample the XRD pattern was
consistent with the diffraction pattern of PbMoO, crystal
observed in the body-centered tetragonal structure (scheelite
type) (JCPDS card number 44-1486) [25]. The diffraction
peaks at 32.9°, 29.5°, 27.5° and 17.9° could be assigned to the
(200), (004), (112) and (101) atomic planes of PbMoO, crystal-
lographic phase. For the crystal arrangement of the PbMoO,,
four equivalent oxygen atoms surrounded a molybdenum
atom to compose [MoO,]* tetrahedrons which were linked
via Pb*" [26]. The sharp diffraction peaks and relative inten-
sities indicated that the PbMoO, was well-crystallized and
had an ordered structure at a long-range. The results showed
that the prepared samples were all tetragonal molybde-
num-lead type structures, and there was no impurity peak
was observed in the XRD pattern, indicating the example had
high purity.

3.1.3. X-ray photoelectron spectroscopy

The XPS was used to research the binding energies and
chemical environment of the 2D PbMoO, nanosheets, and
the results are presented in Fig. 3. Mo 3d,, peak was at
232.53 eV and Mo 3d,, peak was at 235.73 eV, Mo® oxida-
tion state was existed in 2D PbMoQO, [27]. The O 1s patterns
of XPS mainly had two peaks around 530.93 and 530.38 eV.
The peak 530.93 eV should correspond to Mo = O and
Pb-O bonds and could be allocated to the oxygen species
involved in metal oxide chemical bonds in the sample. The
Pb 4f XPS spectrum of 2D PbMoO, (Fig. 3d) showed double
peaks at 143.68 and 138.78 eV, represented Pb 4f_  and Pb

5/2

4f , respectively [28,29]. These peaks indicated the Pb-O

712

bond emerging from Pb* ions of PbMoO, [30].

3.1.4. Transmission electron microscopy

The TEM images of the synthesized sample are shown
in Fig. 4. From Figs. 4a and b (from high to low magnifica-
tion) it could be obtained that the sample morphology with
length from 60 to 100 nm. Fig. 4c presents that the lattice
fringe spacing of the synthesized sample was 0.33 nm. Fig.
4d is an electron diffraction diagram of the prepared exam-
ple, that had many bright spots indicating the PbMoO, was
a single crystal. Based on the above results, the sample char-
acterization of the catalyst obtained in this work was consis-
tent with the previously reported results, suggesting it was
no-layered 2D PbMoO, [31].

3.1.5. Ultraviolet—visible

The bandgap of the 2D nanosheets was determined
by integrating sphere supported UV-Vis spectroscopy. As
Fig. 5a shows because the 2D PbMoO, nanosheet had a
wider bandgap, absorbance started from a lower wavelength
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Fig. 1. AFM characterization of the 2D PbMoO,, (a) frequency histogram of the observed thickness, (b) corresponding thickness pro-
file, (c) frequency histogram of the observed lateral sizes, and (d) AFM image of the nanosheet.

region at 380 nm. It had been suggested that molybdate had
a direct band structure [30]. Here the band gap value of the
2D PbMoO, nanosheet was calculated to be 1.93 eV by the
following formula:

(ahv) = A(hv-E ) @)
where E_ was the bandgap, A was a proportionality constant,
hv was photon energy, and a was an optical absorption
coefficient. As Fig. 5b shows the XPS valence band (VB) spec-
trum revealed that the VB position for 2D PbMoQO, resides at
3.3 eV. The trap states in the XPS VB spectrum of 2D PbMoO,
nanosheets could be observed, which were caused by oxy-
gen vacancies [32]. The existence of trap states effectively
reduces the bandgap of 2D PbMoO, and effectively shifted
the photo-response towards the visible range.

3.1.6. Photocurrent measurement

Among the experimental conditions under visible
light irradiation, the critical factor for the photocatalyst to
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times.
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Fig. 3. XPS spectra of the catalyst before and after used five times: (a) survey spectrum of the sample, (b) Mo 3d, (c) O 1s, and (d) Pb 4f.

degrade organic contaminants was the effective separation
of holes and photoelectrons. The interfacial charge transfer
dynamics of the 2D PbMoO, was evaluated by employing
the photocurrent-time measurement (Fig. 6). As displayed
by Fig. 6, 2D PbMoO, could produce transient photocur-
rent responses obviously. And when the light turned on,
the photocurrent intensity kept at a relatively high value.
However, when the light turned off the value rapidly
decreased to zero. The results indicated that 2D PbMoO,
had a strong ability in charge separation.

3.2. Effects of adsorption and photodegradation

It was meaningful to study the effects of light conditions
and adsorption for the photocatalytic efficiency. As shown
in Fig. 7, the photocatalytic degradation efficiency of TC was
74% in the TC and 2D PbMoO, mixed solution and xenon
lamp systems. The concentration of TC in the TC and 2D
PbMoO, mixed solution did not change after 120 min under

dark conditions, indicating that 2D PbMoO, will not adsorb
TC. In addition, the concentration of TC in the TC solu-
tion and xenon lamp systems did not change significantly
after 120 min under the irradiation of visible light, indi-
cating that TC could not be degraded by visible light. The
above results validated that the effects of adsorption and
photodegradation on the photocatalytic degradation of TC
could be excluded, thus providing higher accuracy for the
experimental data.

3.3. Influence of 2D PbMoO, dosage on the TC degradation

The effect of 2D PbMoO, dosage on TC degradation in
the scope of 30 to 150 mg L™ was investigated. Fig. 8a reveals
that the degradation efficiency enhanced with increase-
ment of the photocatalyst dosage till the peak (about 95%)
appeared at around 90 mg L™ and then began to reduce.
The improvement of TC removal was benefited from the
rise in active sites raised by the amount of the catalyst [32].
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Fig. 4. TEM characterization of 2D PbMoQO,. (a and b) High and low magnification, (c) lattice fringe spacing and (d) electron diffraction.
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Fig. 5. (a) Tauc plot of 2D PbMoO, and (b) the XPS valence graphs of 2D PbMoO, nanosheets.

0, 10

0ns
0,05 4

0, (0

(a)

Photon energyieV)

250

2000 4

Intensity{a.u.)

1 CH =

Sl =

(b)

N |93V

Binding energy(eV)

T T
e

1



308 Z.P. He et al. | Desalination and Water Treatment 209 (2021) 302-315

2

Current density(uA/em®)

0. 10

. 05

i, Ok

0, 05 T T T T T T T T
RO ({LH] 120 140 164 180 200 220

Irradiation(sec)

Fig. 6. Transient photocurrent responses of the 2D PbMoO,.

However, the degradation efficiency of TC was reduced due
to the agglomeration of the catalyst and the scattering of
light, when the catalyst dosage was too high. The agglom-
eration could not only decline the available catalyst surface
for photon absorption but also decrease the active sites of
the catalysts [33]. The reductive effect of light could pro-
mote sedimentation or dispersion of light thus reduced the
availability of light [34].

3.4. Effect of initial pH value on the TC degradation

The pH value of aqueous solution usually played an
important role in TC photocatalytic degradation, as it had
a strong influence on the surface property of photocat-
alyst and the stability of TC. As depicted in Fig. 8b, when
pH increased, the degradation rate increased and then
decreased, the highest TC degradation was (95%) at pH =9.0.
On one hand, it was reported that TC was more stable in
acidic conditions than in alkaline conditions [35,36]. On
the other hand, the pH value of the solution could largely
affect the surface property of photocatalyst and control the
surface charge. When pH lower or higher catalyst’s pH_,
it would protonate or deprotonate, which had an associa-
tion of the adsorption of TC [37]. According to reported lit-
erature, the reactive species that degraded TC in solution
was strongly influenced by OH" [38]. As proposed by Wang
[33], the production of OH* on 2D PbMoO, was enhanced
by OH". Integrating the above analyses, the increase of pH
value in solution would improve the generation of OH",
accelerating the degradation of TC. While pH continued
to increase, some chromogenic products were produced
during the degradation, which inhibited the transmittance
of sunlight thus decreased the degradation efficiency [39].

3.5. Influence of initial TC concentration on TC degradation

The effect of initial TC concentration on the TC degra-
dation was evaluated. As shown in Fig. 8¢, the degradation
rate declined with the increase of initial TC concentration.
After being irradiated for 120 min, 97.1%, 95.2%, 94%, 90%
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Fig. 7. Degradation of TC under different conditions.

and 86% of TC were degraded in the solution with the initial
concentrations of 50, 100, 150, 200 and 250 mg L, respec-
tively. It was well known that at low substrate concentra-
tion, the photolytic reaction was controlled by the kinetic
regime, but at high concentration, the process was controlled
by mass transfer lowering the reaction rate. In addition, in
high initial TC concentration solution, TC molecules would
absorb photons, hindering the arrival of photons to the
photocatalyst surface [40], as well as increase the internal
optical density, preventing light from passing through the
solution [41], resulting in a decline in photocatalytic rate.
Moreover, in higher initial TC concentration solution, more
TC molecules were adsorbed on the surface of the catalyst,
leading to the lack of any direct contact between TC mole-
cules and OH" or h', thus prevented the reaction between
them. The above results also could be owed to the fact that
in all solutions, the number of reactive radicals generated
was equal under the same conditions. Therefore, at lower
TC concentrations TC molecules were a trend to react with
radicals. These results were similar to those obtained by
Chen et al. [42] and Ahmadi et al. [43], who concluded that
with visible-light irradiation the TC photocatalytic removal
rate decreased with the increase of TC initial concentration.

3.6. Identification of reactive species

In order to identify the reactive species during the
photocatalytic degradation and investigate the corre-
sponding photocatalytic mechanism, EDTA, IPA and
PBQ were applied as the scavengers of h*, OH* and O;",
respectively. As depicted in Fig. 8d, when PBQ was added
to the solution, the TC degradation rate was significantly
depressed revealing that a great amount of O;~ were par-
ticipated in the TC degradation processes. After IPA was
added to the solution, the photocatalytic degradation effi-
ciency of TC did not change significantly, indicating that
OH" plays an unimportant role during the TC degradation
process. When EDTA-2Na was added to the solution, the
photocatalytic degradation efficiency of 2D PbMoO, to TC
was 58%. Thus, the trapping experiments illustrated that
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Fig. 8. Effect of reaction conditions on the removal efficiency of TC (a) the dosage of 2D PbMoO, ([TC] =150 mg L; pH 9; lamp power:
300 W), (b) initial pH ([TC] =150 mg L™'; [PbMoQO,] = 90 mg L; lamp power: 300 W), (c) initial TC concentration ([PbMoO,] =90 mg L™
pH 9; lamp power: 300 W), and (d) quencher ([TC] = 150 mg L™; [PbMoO,] = 90 mg L; pH 9; lamp power: 300 W).

O,-, OH* and h* each could contribute to TC photocata-
lytic degradation and O;~ played the most important role
in the process. It was known that the major procedure of
photocatalytic reaction occurred on the surface of photo-
catalyst [44]. The surface of 2D PbMoO, would produce e
and h* when excited with visible light. Subsequently, the
O, adsorbed on the surface of 2D PbMoO, captured the
excited electrons thus O;~ yielded, which was the main oxi-
dizing species to degrade TC [45]. These conclusions were
well agreed with the results obtained from the active spe-
cies trapping experiment. Based on the above results the
process of TC photocatalytic degradation could be written
as follows:

Photocatalyst + Visible light > e™ +h” 3)
h"+H,0—-O0OH"+H @)
e +0, >0 ©)

OH"

2

+TC — Degradation product (6)

3.7. Preliminary analysis of possible pathways for tetracycline
degradation

It was meaningful to understand the degradation path-
way of 2D PbMoO, photocatalytic degradation of tetra-
cycline. The intermediate product of TC was analyzed by
LC-MS. The MS spectrum and possible structural infor-
mation were shown in Fig. S1. According to the results
of LC-MS and previous literature, the possible degrada-
tion pathway of 2D PbMoO, photocatalytic degradation
of TC was proposed as illustrated in Fig. 9. TC could be
transformed to TC 1 (m/z = 461) and TC 2 (m/z = 477) by
hydroxylation process [21]. Furthermore, TC 1 might be
oxidized to form the quinone products with TC 3 and TC
4 (m/z = 415) [46]. Similarly, it had been reported that origi-
nal TC molecules could lose the N-methyl group to generate
TC 5 (m/z = 417). TC 5 was continuously attacked by active
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radicals and changed to TC 6 (m/z = 374, not detected in
this study). Because of the strong oxidizing active species,
the carboatomic ring in TC 6 could be cleavage to generate
TC 7 (m/z = 277) [47]. On the other hand, TC 8 (m/z = 427)
could be formed by the dehydration of TC [48]. The genera-
tion of TC 9 (m/z = 362) could be ascribed to the acylamino
and the loss of the N-methyl group in TC 8. And the TC
10 (m/z = 318) arose from TC 9 which through a ring-open-
ing reaction [49]. Accompanied by the continuous effect
of active species, TC 10 could be further oxidized to TC 11
(m/z = 274). In brief, the above transformation intermediates
were eventually be oxidized into CO, and H,O.

3.8. Stability and recyclability

The stability and reusability of 2D PbMoO, photocat-
alyst were essential to make the degradation more econo-
mical. The reusability of 2D PbMoO, was examined by
repeating the TC photocatalytic degradation for five con-
secutive cycles (Fig. 9). After five cycle experiments, the
catalyst still possessed a high photocatalytic activity for
TC degradation, and the degradation rate was 95%, only
reduced 1%, manifesting the catalyst had excellent stabil-
ity. The stability of the photocatalyst was further confirmed
by the XRD pattern (Fig. 2) and XPS spectra (Fig. 3) of the
used 2D PbMoOQO, (five times). Figs. 2 and 3 demonstrate

b

o
T TC 5 miz=417 “TC 6 miz—374
o o 2] = o (a1 [+ = Ok b o
TC m/z—=445 TC 1 miz=461
o o O o o o 0 O - o
TC 8 m/z=427 TC Im/z=415
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TC 9 m/z=362 TC 10 m/z=318

Fig. 9. Proposed degradation pathway of TC.

oM

Z.P. He et al. | Desalination and Water Treatment 209 (2021) 302-315

that the XRD patterns and XPS spectra of the recycled 2D
PbMoO, were very similar to those of original 2D PbMoO,
before reaction. In addition, a slight shifting of Pb 4f peaks
was found after recycling suggested there were a very
small amount of Pb* was generated on the surface of the
catalyst. The above results indicated that 2D PbMoO, holds
extraordinary stability for the degradation of TC.

3.9. Effect of different water matrix on TC degradation

In order to evaluate the effect of different water matrix
on 2D PbMoO, photocatalytic degradation of TC, four dif-
ferent water were conducted experiments. As shown in
Fig. 10, among different initial TC concentrations in the same
water matrix, the low-concentration TC solution had the
highest degradation efficiency. The degradation efficiency
of TC in different water matrices: UW > AW > FW > MW.
Despite the different water matrix, 2D PbMoO, still exhib-
ited higher photocatalytic degradation activity. When the
TC concentration in the four different water substrates
was 50 mg L7, it showed good degradation effect, and the
removal rates were 96%, 94%, 91% and 88%, respectively.

TC had the highest photocatalytic degradation efficiency
in UW. On the one hand, it is due to less suspended solid
particles in the solution. On the other hand, no impurities
affected the activity of the photocatalytic material in the

I{ 7 |l|.1.-'s E??
» | | |
TC 2 m/z=477
— ]'I:()"’(_LO':
TC 4 m/z=415
—_— —_—

TC 11 m/z=274



Z.P. He et al. / Desalination and Water Treatment 209 (2021) 302-315 311

solution. In addition, the organic carbon, organic nitrogen,
NO;, PO; and NH; present in AW could react with active
species and inhibit the photocatalytic degradation of TC
[50]. The reduction of the efficiency of photocatalytic deg-
radation of TC in FW was mainly due to the high concentra-
tion of chemical oxygen demand, ammonia nitrogen concen-
tration and total phosphorus concentration [51]. Similarly,
the characteristics of MW were a mainly dark color, turbid-
ity, high content of organic matter and inorganic salts, etc.
The visible light reaching the surface of the photocatalyst
could be reduced in dark and turbid sewage. High concen-
trations of organic matter may compete for active species
with TC, which would reduce the photocatalytic degrada-
tion efficiency of TC [52]. There had more types of inor-
ganic anions and inorganic cations in MW than the above
sewage, and most of the anions can act as quenchers. The
inorganic cations in MW would change the inherent visco-
elasticity of nonionic and ionic surfactants at the interface
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Fig. 10. Cycling runs for TC degradation with 2D PbMoO,.

Table 1
Analysis different water matrices on the kinetic of TC degradation

between catalyst surface and bulk solution, thus affecting
the adsorption of pollutants [53].

3.10. Kinetic study of TC degradation by 2D PbMoO,

To assess the effect of the different water matrix on TC
degradation, experiments were carried out four with differ-
ent water matrices, that is, UW, AW, FW, and MW (Fig. 10).
Although the water matrix was different 2D PbMoO, dis-
played the highest activity when TC concentration was
50 mg L. The removal rate of TC in UW, AW, FW, and MW
were 96%, 94%, 91%, and 88%, respectively. The Kinetic
study for TC photocatalytic degradation in the indiffer-
ent matrix was acquired through the pseudo-first-order
kinetic model, which was written as follow:

~In—t=k @)

t
0

where t was a time (min), k was the degradation kinetic con-
stant (min™), C; was the initial TC concentration (mg L),
and C, was the concentration of TC at time t (mg L™).
The relevant results of the analysis are stated in Table 1.
According to the calculated regression coefficient (R?), the
degradation process followed the pseudo-first-order kinetic
model well. Degradation of UW exhibited the highest rate
constant (0.01977 min™) followed by AW (0.01706 min™),
FW (0.01543 min™) and MW (0.01367 min™) when TC
concentration was 50 mg L.

3.11. Summary of photocatalytic degradation performance of lead
molybdate

A comparison between the degradation performance
of 2D PbMoO, nanosheets observed in this work and a
selection of previous reports on lead molybdates with dif-
ferent morphologies are summarized in Table 2. As demon-
strated in the table, higher catalysts dosages in most of the
reported, which was not suitable for large-scale applications

Water matrix TC (mg L) Regression equation k, (min™) R? t,, (min)
Uuw 50 y=0.01977x + 0.83267 1.977 x 1072 0.99447 35.05
100 y=0.018x + 0.69 1.8x 102 0.95005 38.50
150 y=0.01727x + 0.446 1.727 x 102 0.96745 40.13
AW 50 y=0.01706x + 0.67933 1.706 x 102 0.97692 40.62
100 y=0.01573x + 0.53733 1.573 x 102 0.98069 44.06
150 y =0.01463x + 0.47933 1.463 x 102 0.97854 47.37
FW 50 y =0.01543x + 0.55 1.543 x 1072 0.99692 4491
100 y =0.01446x + 0.47467 1.446 x 1072 0.99585 47.93
150 y=0.0132x + 0.44187 1.32 x 1072 0.99285 52.50
MW 50 y =0.01367x + 0.498 1.367 x 1072 0.98584 50.69
100 y=0.0129x + 0.442 1.29 x 102 0.99351 53.72
150 y=0.01196x + 0.36133 1.196 x 1072 0.9937 57.94

t,, = 0.693/k,.
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Table 2
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Summary of photocatalytic degradation performance of different morphology of PbMoO,

Morphology Target Recommended operating Degradation References
conditions effect

Dendritic nanostructures RhB 4.43 mg L™ 0.5 g L™; 500 W Xe lamp 100%, 100 min [54]

Nanoparticles coatings TC10mg L™ 2.85 g L; 35 W Xe lamp 55%, 180 min [55]

Spherical nanoparticles RhB 10 mg L™ 1gL™; 300 W Xe lamp 90%, 120 min [45]

Spherical nanoparticles RhB 20 mg L™ 0.2 g L7'; Visible light 90%, 165 min [56]

2D nanosheets TC 150 mg L™ 0.09 g L1; 300 W Xe lamp 90%, 120 min Present work

in real life. Additionally, PbMoO, was only suitable for the
photocatalytic degradation of low concentrations of pollut-
ants in previous reports. In contrast, 2D nanosheets had a
higher surface area and more reactive active sites on their
surface, which significantly improves their photocatalytic
activity. 2D morphology of PbMoO, had the advantages
of high efficiency and low dosage for photocatalytic deg-
radation and was very suitable for the treatment of TC in
sewage. This shows the superiority and importance of 2D
PbMoO, nanosheets in the photocatalytic degradation of
organic pollutants, compared with other nanomorphology
of this crystal.

4. Conclusion

The no-layer 2D PbMoO, had been successfully syn-
thesized and applied for the degradation of TC in UW,
AW, FW and MW under simulated solar irradiation. TC
(50-150 mg L") was almost eliminated in 120 min. TC deg-
radation rate was improved by the increase of the catalyst
dosage when it was lower than 90 mg L and decreased
when the usage was above that. The photocatalytic process
was pH-depended, and the most favorable pH value was 9.
2D PbMoO, was appropriate for photodegradation of TC
in water, especially at low TC concentration. In the photo-
catalytic process, O, radicals played a leading role in the
degradation of TC. 2D PbMoO, had excellent stability even
after five successive runs. In summary, 2D PbMoO, was a
promising photocatalyst for oxidation technology in water/
wastewater treatment due to its applicability in high deg-
radation efficiency, catalyst stability, and reusability. It
could be employed as a post approach in conventional
wastewater treatment to reach the reuse of the water as it
could efficiently remove contaminants, and consequently
prevents them from entering the environment.
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