Journal of Environmental Chemical Engineering 10 (2022) 108624

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier.com/locate/jece

Check for

Optimized removal of antibiotics over Cdg s5Zng s5S/NiCo-LDH : |t
Constructing a homojunctions-heterojunctions composite photocatalyst

Wanyue Dong ‘ > Tao Cai“’, Longlu Wang, Chuangwei Liu, Hui Chen®", Wenlu Li*",

Yutang Liu®"™"", Xinnian Xia®

& College of Environmental Science and Engineering, Hunan University, Lushan South Road, Yuelu District, Changsha 410082, PR China
b Key Laboratory of Environmental Biology and Pollution Control (Hunan University), Ministry of Education, Lushan South Road, Yuelu District, Changsha 410082, PR

China

€ School of Resource & Environment and Safety Engineering, University of South China, Hengyang 421001, PR China
4 College of Electronic and Optical Engineering & College of Microelectronics, Nanjing University of Posts and Telecommunications, Nanjing 210023, PR China
€ Key Lab for Anisotropy and Texture of Materials (MoE), School of Materials Science and Engineering, Northeastern University, Shenyang 110819, PR China

f College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, PR China

ARTICLE INFO ABSTRACT

Editor: Dr. G. Palmisano

Keywords:

Photocatalytic degradation
Tetracycline hydrochloride
Norfloxacin

Cdo.5Zno 58

NiCo-LDH

A unique sheet-particle composite structure was constructed via loading NiCo-LDH as a co-catalyst onto the
twinning Cdo 5Zng sS nanocrystals with inner homojunctions, which benefits to exposing more active sites. The
photocatalytic performance of as-prepared catalysts was estimated by the degradation of norfloxacin (NOF) and
tetracycline hydrochloride (TC-H) under visible light irradiation. The maximum removal rate of the selected CZS-
NiCo8 towards TC-H and NOF over was about 88% and 73%, respectively. Compared with TC-H, the degradation
of NOF is more affected by the adsorption of CZS-NiCo8. A series of photoelectric tests demonstrated that the
surface type-II heterojunctions were formed between CdgsZnosS and NiCo-LDH, due to the enhanced light-

harvesting property as well as the optimized photo-generated carrier transit. The radical trapping experiments
and ESR results proved that h* and-O3 were the main active radicals in the degradation of both TC-H and NOF.
This work provided some ideas for the design of photocatalysts to remove antibiotics.

1. Introduction

Nowadays, the issue of migration and accumulation of drug residues
in the environment has received high attention. As a major portion of
medical drug usage, 100,000-200,000 tons of antibiotics are consumed
annually [1]. Commonly, antibiotics have a limited biodegradability
and fail to be completely eliminated via conventional water treatment
technologies, posing potential threats to human health and even the
ecological environmental systems [2,3].

Thus, many technologies have been developed to remediate water
bodies contaminated by antibiotics. Conventional methods, like mem-
brane filtration, adsorption and biodegradation, are often difficult to
meet the demands in terms of cost and efficiency [4,5]. Advanced
oxidation technologies, including fenton reaction, electro-catalysis and
photo-catalysis, have been widely used for eliminating antibiotics pol-
lutants in recent years[6]. In photocatalytic degradation technologies,
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the conversion from light energy to chemical energy that can take effect
at normal temperatures and pressures is made use of, which is consid-
ered to have broad development prospects[7,8].

So far, a diverse range of photocatalysts have been elaborately
designed to maximize the conversion and utilization efficiency of solar
energy in environmental applications, especially visible-light-driven
photocatalysts [3,7]. As a kind of homogeneous solid solution sulfide,
Cd; _xZnyS was first proposed by Reber’s group to improve the catalytic
activity of CdS, which also showed advantages including an enhanced
stability as well as a tunable band gap in the next few decades [9,10].
However, limited by its intrinsic properties, the photocatalytic activity
of pristine Cd;_xZn,S is still restricted by the rapid charge recombina-
tion[11]. Guo et al. synthesized Cd;_xZn,S solid solution with a
nano-twin structure, during which the alternating zinc blende/wurtzite
(ZB/WZ) homojunctions were induced into a single nanocrystal, and the
photocatalytic hydrogen production was dramatically improved
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[11-13]. Besides introducing homojunctions inside the Cd;_xZn,S,
many studies also confirm that by constructing hetero-structures with
co-catalysts, kinetics could be boosted for photo-induced carriers
[14-16], including metal-free materials, transition metal materials, and
noble metal elements. Hence, it is fascinating to integrate hetero-
junctions and homojunctions into a two-component composite photo-
catalyst [11,15-20].

Layered double hydroxides (LDHs) are a kind of layer-structured
semiconductors that are usually composed of two or more different
MY and M™ metallic cations, which are evenly distributed in the hy-
droxide layers and octahedrally surrounded by oxo-bridges as well as
hydroxyl groups [21,22]. Because the kinds and content of metallic
cations are adjustable, LDHs have a flexible light response wavelength
range and are extensively studied in the photocatalytic field. According
to reports, many LDHs such as ZnCr-LDH[23], CoAl-LDH[24-26], CoZ-
nAl-LDH[27,28], and NiFe-LDH[29-32] etc. are used as co-catalysts in
various photocatalytic reactions.

Recently, a few studies on the construction of homojunction-
heterojunction-coupled photocatalysts were reported [16,33-35], most
of which are twin crystal Cd;_xZn,S bases and play a part in photo-
catalytic hydrogen production. At present, few studies have been done
to apply this photocatalyst design concept to the degradation of organic
pollutants. Herein, NiCo-LDH was creatively loaded on twinned
CdosZngsS  nanoparticles to  structure a  heterojunction-
homojunction-coupled composite photocatalyst, which exhibited an
enhanced photon-generated carrier separation and transfer ability
compared with that of pristine CdysZngsS. Meanwhile, through this
nanosheet-nanoparticle construction, the morphology and structure of
the Cdo 5ZngsS/NiCo-LDH (CZS-NiCo) composite photocatalyst were
optimized. Tetracycline hydrochloride (TC-H) and norfloxacin (NOF)
were selected as targeted pollutants to evaluate the photo-degradation
capability of CZS-NiCo photocatalysts. The influence of photocatalyst
dose, initial concentration, and initial solution pH of TC-H and NOF on
the photocatalytic performance of CZS-NiCo8 was discussed, respec-
tively. Free radical capture experiments and ESR technique confirmed
that the holes and superoxide radicals were dominant active species
during the photo-degradation of both TC-H and NOF, and possible
mechanisms of the enhanced photocatalytic degradation activity were
then proposed.

2. Experimental section
2.1. Chemicals

All chemicals used in this work were described in Text S1, Sup-
porting Information.

2.2. Synthesis of photocatalysts

2.2.1. Synthesis of twinned Cdy 5Zng sS nanocrystal

The twinned CdgsZngsS nanocrystals were synthesized through a
hydrothermal method according to our previously reported methods
(Text S2, Supporting Information) [36-40].

2.2.2. Synthesis of twinned Cdy 5Zng sS/NiCo-LDH composite catalyst
0.2 g of Cdg 5Zng s5S was put in 20 mL of H20 and stirred for 30 min.
Meanwhile, 0.5 M mixed solution containing Co(NO3), 6 H>0 and Ni
(NO3)206 H20 and 1 M NaOH solution were prepared. When Cd 5Zng 5S
particles were dispersed uniformly, a certain volume of Ni** + Co?*
precursor solution was added dropwise into the mixed solution and
continued stirring for 30 min. Then, 1 M NaOH was added slowly to form
NiCo(OH); on the surface of Cdg 5Zng sS particles and keep stirring for 2
h. The volume of 1 M NaOH was 1.5 times than that of Ni2™ + Co%*
precursor solution. Subsequently, the mixture was transferred to a
Teflon-lined stainless-steel autoclave and maintained at 100 °C for 24 h.
The as-prepared sample was centrifuged and washed three times with
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deionized water and ethanol, after which it was dried in an oven at 70 °C
for 8 h before collecting [21,22]. CZS-NiCo photocatalysts with different
LDH loads were prepared, the molar ratio nyjco-Lpu: Ncdo.5zn0.55= 4%,
8%, and 15%, labeled as CZS-NiCo4, 8, and 15, respectively. The syn-
thesis procedure of CZS-NiCo samples is depicted in Scheme 1.

2.3. Photocatalytic degradation tests

The photocatalytic activity of the samples was evaluated by the
degradations of TC-H and NOR under visible light irradiation. A 300 W
Xe lamp with a 420 nm cut-off filter was employed as the light source. In
each batch of tests, photocatalysts of a certain quality were dispersed in
an aqueous solution containing TC-H (50 mL, 50 mg/L) or NOF (50 mL,
5 mg/L). Before light irradiation, the suspension was stirred in the dark
for 60 min to gain an adsorption-desorption equilibrium between model
compounds and photocatalyst surface. During light irradiation, 1.0 mL
of reaction solution was extracted at certain time intervals, which was
then percolated through a Millipore-filter with 0.22 um apertures to
remove the residuals. The corresponding concentration of TC-H and
NOF was determined via a UV-vis spectrophotometer at their maximum
absorption wavelength (356 nm for TC-H and 273 nm for NOF, respec-
tively). The degradation efficiency could be calculated as follows:

1

Removal efficiency(%) = <l - g—0> x 100%

Where Cy is the initial concentration of TC-H or NOF, and C; stands
for the residual concentration of them during reactions.

Particular characterization methods and detailed parameters of
photo-electrochemical examinations are displayed in Text S2 and S3 of
Supporting Information.

3. Results and discussion
3.1. Characterization of nanostructured photocatalysts

3.1.1. XRD analysis

Fig. 1 presents the X-ray diffraction (XRD) patterns of the samples
obtained. The slight loading of NiCo-LDH didn’t obviously affect the
XRD pattern of CdgsZngsS [41,42], which meant that the
nano-twinning characteristic of CdysZngsS was not easily destroyed
during this process due to the relatively mild loading conditions.
Whereas, in the expanded pattern in Fig. 1a, with an increased loading,
two diffraction peaks at 19.2°and 38.2°are observed in CZS-NiCol5[21,
22], which could be ascribed to planes (001) and (101) of NiCo-LDH. In
addition, the separately synthesized Cdg 5Zng 5S and NiCo-LDH are also
analyzed in Fig. 1b. The diffraction peaks of the obtained NiCo-LDH at
19.1°, 32.9°, 38.2°and 51.8°can be indexed to the (001), (100), (101)
and (102) planes of both B-Co(OH); (JCPDS No. 30-0443) and p-Ni
(OH), (JCPDS No. 14-0177), because they are of similar hexagonal
structures [43,44]. In the same way, CdgsZngsS exhibited a mixed
crystal phase of both cubic zinc-blende (ZB) ZnS (JCPDS No. 05-0566)
and hexagonal wurtzite (WZ) CdS (JCPDS No. 41-1049), which was due
to its solid solution feature, as is mentioned in our previous studies [36,

Scheme 1. The synthesis procedure of CZS-NiCo composite samples.
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Fig. 1. XRD patterns of as-prepared CZS-NiCo samples (a), pristine Cdg sZng sS and NiCo-LDH (b).

37].

3.1.2. XPS analysis

The elemental composition, chemical state, and binding energy shift
of the as-prepared samples were analyzed via X-ray photoelectron
spectroscopy (XPS). The spectra of the overall survey scan of
Cdg 5Zng 5S, CZS-NiCo8 and NiCo-LDH are shown in Fig. 2a. Compared
to Cdg sZng 5S, the signs of Ni and Co element were observed in CZS-
NiCo and the intensity of O 1s was increased, indicating the integra-
tion of Cdg 5Zng 5S with NiCo-LDH. As is shown in Fig. 2b and c, the main
peaks at 1021.58 and 1044.53 eV were ascribed to Zn 2p3, and Zn 2p; 2
in Cdg.5Zng5S[41]; likewise, the XPS peaks appeared at 404.48 eV and
411.23 eV, which were assigned to Cd 3ds/; and Cd 3ds/». It was iden-
tified that both Cd and Zn were of a valence of + 2, and slight shifts
towards a higher binding energy were observed in CZS-NiCo8 compared
to Cdp s5ZngsS. In S 2p spectrum (Fig. 2d), the peaks could be divided
into two parts corresponding to S 2ps,, (161.03eV) and S 2p;,
(162.23 eV), which are characteristic peaks of $% in CdgsZngsS [15],
while the binding energy of S 2p;/2 in CZS-NiCo8 also shifted (2pi /2,
163.13 eV), which might be due to the formation of S-metal ions[41].

The Co and Ni spectra of CZS-NiCo8 and NiCo-LDH are shown in Fig. 2e
and f, respectively, both of which are composed of two spin-orbit dou-
blets and satellites[45]. In detail, as is shown in Fig. 2e, the peaks at
780.86 and 796.13 eV were assigned to the 2ps3,» and 2p; 2 orbit of
Co>*, respectively, while those peaks at 783.11 and 798.52 eV were
assigned to the 2p3/» and 2p; 5 orbit of Co?*. The analogous feature of
mixed-valence state is also exhibited in Ni spectra (Fig. 2f), the peaks at
857.07 and 874.57 eV corresponded to 2ps,» and 2p; 2 orbit of Ni®,
and those peaks at 855.48 and 873.16 eV are attributed to 2p3,» and
2p1,2 orbit of Ni?" The binding energy of both Ni 2p and Co 2p shifted
positively than that of pure NiCo-LDH, suggesting that both of them had
transferred to higher-valence states [16,46-49]. Considering that all
metal species showed negative charges together with S, it could be
speculated that electrons tended to transfer from the Ni and Co atoms of
NiCo-LDH to S of Cdg 5Zng sS [47,49-51]. From the above analysis, the
binding energy of all the main elements in the composite was changed,
which might be because the interaction between CdgsZngsS and
NiCo-LDH had simultaneously altered their electron density, confirming
that NiCo-LDH had been successfully loaded on the surface of
Cd0_5Zno.5S.
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Fig. 2. XPS spectra for survey (a), Zn 2p (b), Cd 3d (c), S 2p (d), Co 2p (e) and Ni 2p (f).
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Fig. 5. Photocatalytic degradation of TC-H (a) and NOF (c) by as-prepared samples, and corresponding time-change UV-vis spectra for TC-H (b) and NOF (d)

degradation by CZS-NiCo8.

shown in Fig. S4c, with the increasing dose of CZS-NiCo8 catalyst, the
NOF removal rate rises from 45.1% to 55.3%, while slightly declines
when the catalyst is continuously added. Although more catalysts could
theoretically provide more active sites, NOF molecules tend to be
adsorbed on the surface of the CZS-NiCo8 catalyst, as is mentioned
above, which could hinders the reaction of the catalyst with HO to form
free radicals, thus the NOF removal efficiency could not be further
improved by adding more catalysts. Besides, the existence of catalyst
particles also lowered solution transparency and light interception at the
same time [69,70].

Similarly, the influence of initial pH on the degradation of NOF is
depicted in Fig. S4c, the best removal efficiency of 10 mg/L NOF with
5 mg of CZS-NiCo8 catalyst was obtained at pH = 5, while significantly
reduced under extremely acidic (pH = 3) and alkaline (pH = 11) con-
ditions. It could be ascribed to the fact that OH" ions would compete with
anion NOF for active sites on the catalyst surface. As NOF molecules
could have three forms at different pH values, namely cation form (pH <
5.46), neutral molecular (5.46 < pH <7.47) and anion form (pH > 7.47)
[711, on the premise of considering the stability of catalysts, the elec-
trostatic properties of NOF can be tuned by properly adjusting pH, thus
promoting the degradation of NOF through CZS-NiCo8 catalyst.

3.3. Photoelectrical properties

3.3.1. Energy band structures

The optical absorption of as-prepared samples was measured via
UV-visible diffuse reflectance spectroscopy (DRS). As is displayed in
Fig. 6a, NiCo-LDH presented a wide range (wavelength 200-800 nm) of
light absorption, which might be related to its dark green color.

Compared with pristine CdgsZngsS, it was observable that the light
absorbance of CZS-NiCo samples was gradually elevated across the
wavelength range of 500-800 nm along with NiCo-LDH loading amount
[35]. An enhanced light absorption is beneficial for stimulating more
photo-induced carriers to carry out redox reactions on the surface of the
photocatalysts. Meanwhile, it can be inferred from the almost un-
changed absorption edges that NiCo-LDH was loaded on the surface of
Cdg 5Zng 5S rather than doped into crystal lattices. Similarly, it can be
seen from the above XRD patterns. The band gap energy of NiCo-LDH
and Cdg 5Zng 5S was calculated via Kubelka-Munk plots (Fig. 6b). The
band gap of CdysZnpsS and NiCo-LDH was 2.49 eV and 2.10 eV,
respectively, which was consistent with previous reports [22,35]. To
illustrate the structure of the heterojunctions, a Mott-Schottky (MS) test
was used to determine the flat band of Cdgs5ZngsS and NiCo-LDH. In
Fig. 6c and d, the values obtained are — 0.66 V and — 0.80 V vs. SCE in a
0.5 M NaySO4 solution, corresponding to CdgsZngsS and NiCo-LDH,
respectively, both of which were determined to be n-type semi-
conductors due to the positive slopes. Generally, the CB of an n-type
semiconductor is 0.1 or 0.2 V more negative than its flat-band potential.
Hence, the CB of CdgsZngsS and NiCo-LDH can be calculated as
—0.66V and —0.80V vs. NHE according to the formula Enpg
= Eag/agct + 0.1976. From the above results, both the CB and VB po-
tentials of Cdg 5Zng 5S was more negative than that of NiCo-LDH, which
is in accordance with the band matching mode of type-II
heterojunctions.

3.3.2. Charge transfer dynamics
The separation and transfer of the photo-generated carrier was
revealed via a series of photochemical measurements. Fig. 7a shows the
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Scheme 2. Photocatalytic mechanism for the degradation of TC-H and NOF pollutants over the CZS-NiCo8 type-II heterojunction system.

mass spectral analysis of the liquid samples taken during the photo-
catalytic degradation of TC-H with CZS-NiCo8, from which the m/z
value of the recognizable possible intermediates was labeled and cor-
responding molecular formulae as well as structures are listed in
Table S4[75]. Since the hydroxyl, double bond, and amino groups in
TC-H are vulnerable to being attack by reactive radicals, the proposed
degradation pathways are shown in Fig. S8. The two main degradation
products, TC 1 and TC 2 with the same m/z value (m/z = 461), are
generated through the hydroxylation and carboxylation of TC-H,
respectively. TC 3 (m/z = 459) is a quinone product generated via the
oxidation of-O3, and TC 4 (m/z = 417) is obtained by breaking the C-N
bond in TC-H to lose two methyl groups. When TC 1 was further
oxidized, a dehydrogenation reaction occurred, during which TC 5
(m/z = 459) was produced [77]; on the other hand, TC 4 underwent
deamidation, during which the products TC 6 (m/z = 357) and TC 7
(m/z = 401) were produced. TC 5-7 again went through a series of ring
opening, demethylation, deamination and carbonyl oxidation reactions
to obtain smaller molecular structure products TC 8 (m/z = 283), TC 9
(m/z = 242), TC 10 (m/z = 147), etc.

Similarly, some major degradation products were labeled in the mass
spectrometric analysis on the liquid samples during the degradation of
NOF with CZS-NiCo8 (Fig. S7), and the corresponding molecular
formulae and molecular structures are collated in Table S5 [70,78-80].
The inferred degradation pathways of NOF are shown in Fig. S9, the
piperazine group in the oxidized NOF is destroyed, obtaining the
ring-opening product NOF 1 (m/z=350), and NOF 2 or NOF 3
(m/z = 322) was generated due to the loss of a carboxyl group in NOF 1,
which was then converted to NOF 4 (m/z = 242) through a series of
defluorination and quinolone ring destruction processes. Meanwhile,
NOF could also first experience defluorination to form NOF 5
(m/z = 302). NOF 6 (m/z = 233) was yield due to ring-opening and
demethylation reactions on NOF 4 and NOF 5, which underwent some
deamidation, decarboxylation and ring-opening to form
simpler-structural products such as NOF 7 (m/z =217) and NOF 8
(m/z = 105). These intermediates will eventually be mineralized to CO»
and H»0, as well as other inorganic and harmless substances containing
nitrogen and fluorine.

3.5. The reusability of photocatalyst

As another important index to evaluate the practicability of catalysts,
the reusability of CZS-NiCo8 was evaluated in four reaction cycles. After
each cycle, the catalysts were collected through sedimentation and
centrifugation, and fresh TC-H or NOF solution was added for the next
cycle. As is shown in Fig. S10a and b, both the removal rate of NOF and
TC-H decreases after four times of utilization. Thus, the XRD patterns
(Fig. S10c and d) were used to reveal the changes of CZS-NiCo8 before
and after reaction. It is observed that the tiny characteristic peaks
belonging to NiCo-LDH disappeared when CZS-NiCo8 was used, while
the main characteristic peaks were unchanged, implying that the shed-
ding of the co-catalyst NiCo-LDH might occur during the reaction. In

Table S1, the element ratio measurement through EDS spectrum shows
that the atomic ratio of Ni and Co has declined after the degradation of
TC-H and NOF, which is consistent with the XRD pattern results. While,
in the EDS mapping images (Fig. S11), it is observed that the overall
dispersion density of catalysts increases, indicating that such aggrega-
tions could also influence the activity of the catalysts. The element loss
condition was investigated with ICP-OES[81], and the element residual
concentration of CZS-NiCo8 in TC-H and NOF solutions is depicted in
Fig. S12 and Table S6. Therefore, in the next phase of research, we need
to pay attention to optimizing preparation methods and improving the
reusability of catalysts. Besides, due to the adsorption capacity of
CZS-NiCo8 for pollutants, the blockage of the active sites by pollutants
and their intermediates is more likely to happen [66].

4. Conclusion

In this study, by fabricating the CZS-NiCo composite photocatalysts,
we realized the synergistic effect of homojunctions and heterojunctions,
as well as the optimization effect of morphology on catalytic reactions.
Except the inner homojunctions possessed by twining CdgsZngsS
nanocrystals, type-II heterojunctions were formed between Cdg 5Zng sS
and NiCo-LDH. The loading of NiCo-LDH improved the degradation of
both TC-H and NOF, as it not only promoted the separation and transfer
of photo-generated carriers, but also enhanced the adsorption capacity
of the photocatalysts. TC-H and NOF have different structural and
chemical properties, which leads to their different interactions with the
catalyst in the degradation reaction. The capturing experiments and ESR
tests confirmed that h™ and -O3 were main active radicals in the photo-
degradation of antibiotic pollutants. This research has revealed the
associated photophysical and photochemical processes underlying the
above phenomenon, which also provides some reference for the removal
of antibiotics.
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