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Abstract
This study demonstrates the sustainable synthesis ofmultifunctional CIS@MIL-101(Cr) composites
forwater treatment applications. The composites were prepared via hybridization of CuInS2with
MIL-101(Cr) resulting in the formation of CIS nanoplates incorporated intoMIL-101(Cr). The
composites exhibited enhanced visible light photocatalytic activity due to their lowbandgap energy
andwere tested for tetracycline photodegradation achieving a degradation efficiency of 98.8%. The
material showed high stability after four cycles, and the effects of reactive species on photodegradation
were investigated. The kinetics andmechanismof the photocatalytic process were studied, and LC-
MS analysis was conducted to identify intermediate products. These results demonstrate the potential
of usingwaste PET to create new semiconductors forwater pollution control, promoting a circular
material pathway.

1. Introduction

Tetracycline (TC) antibiotics are one of the primarily antibiotics groups used for veterinary purposes, for human
therapy and for agricultural purposes due to its broad-spectrum activity, high effectiveness, and reasonable cost
[1, 2]. However, it is linked to the difficultmetabolization of TC in the human and animal digestion system and,
therefore, excreted into the environment by human feces and animal excreta up to 50%–80% [3]. In addition,
due to their extensive usage and poor degradation, TC residues inwatersource has become a serious threat to the
environment. Tetracycline is capable of accumulating along the food chain, causing toxicity to themicrobial
community, encouraging the development, and spread of antibiotic resistance, creating threats to drinking and
irrigationwater, and disruptingmicrobial flora in the human intestine [1]. Besides, the residual concentrations
of such drugs could affect steroidogenic pathway and consequentlymay cause endocrine disruption of aquatic
species.Most of thewastewater treatment plants are not capable of effectively removing the tetracycline
antibiotics. Therefore, there is a need to develop alternative processes to remove them fromwaters. Advanced
oxidation processes by photocatalysis have been proposed as alternativemethods to ensure higher degradation
andmineralization of tetracycline antibiotics are present inwaters [2].

Copper IndiumSulfide (CIS), amember of the chalcopyrite family, is a well-known semiconductormaterial
with numerous solid phases, such as the chalcopyrite andwurtzite phases [4–7]. It is commonpractise to
manufacture CIS nanocrystals with a stable phase structure for usage as a light absorber in photocatalysis [5, 6].
Despite its positive features, such as a bandgap of 1.52 eV and low toxicity, CIS has disadvantages such as poor
surface area, low chemical stability, and aggregation during reaction processes. To circumvent these constraints,
researchers have combinedCISwith othermaterials to broaden the spectral range of activity and enhance the
light-absorbing properties of solar cellmaterials. Fakhri et al [8], for instance, integratedCISwith ZnO to extend
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the spectral range of photocatalytic activity to visible light, whereas Zhang et al [9] reported onZnS–CIS
nanocomposites, which demonstrated improved performance in the photodegradation of Rhodamine B.
Nakamura et al [8, 10] enhanced the crystallinity and energy gap of CIS by doping it onto zinc and/or altering it
with gallium and/or selenium. In addition, Florent et al [11] reported the utilization of g–C3N4films produced
on polycrystalline CIS chalcopyrite electrodes for the generation of hydrogen by photoelectrochemical water
splitting. These investigations illustrate the possibility of combiningCISwith othermaterials to improve its
photocatalytic activity in a variety of applications.

Metal–organic frameworks (MOFs) have gained significant attention as potentially usefulmaterials for a
wide range of applications, including photocatalysis [12–14]. Among them,MIL-101 (MIL,Matérial Institut
Lavoisier), specifically chromium terephthalateMOF, has been studied as a potential candidate for
photocatalysis due to its remarkablemoisture stability, significant thermal stability, ample pore volume and
surface area, and numerous unsaturated chromium sites [15–18]. Several studies have concentrated on the
integration of CISwithMIL-101(Cr) to enhance its photocatalytic efficacy. For example, Zhang et al [19]
documented the successful fabrication of ZnS-CIS nanocrystals onMIL-101(Cr)with increased Rhodamine B
(RB) photodegradation activity. The researchers ascribed the increased performance to the collaborative impact
of the composite structure of ZnS–CIS/MIL-101(Cr), which created a larger surface area for the adsorption of
RBmolecules and facilitated electron transfer betweenCIS andZnS. Similarly, Yang et al [20] reported the
synthesis of a CuInS2/MIL-101(Cr) composite for efficient photocatalytic hydrogen evolution. The authors
credit the better performance of the composite to the increased absorption of visible light and better separation
of electrons and holes, which result from the interaction betweenCuInS2 andMIL–101(Cr). These studies
highlight the potential of integrating CISwithMOFs, particularlyMIL–101(Cr), for photocatalytic applications.
The synergistic effect of the composite structure can intensify the absorption of visible light, enhance the
separation of electrons and holes, and expand the specific surface area, leading to an improvement in
photocatalytic effectiveness.

Terephthalic acid (TPA) is an important component in the production ofMOFs.However, TPA is primarily
generated frompetroleum-based sources, which presents sustainability and environmental impact problems.
To solve this issue, researchers have investigated the use of recycled TPAproduced fromwaste polyethylene
terephthalate (PET) forMOFproduction [21–24]. Several studies have reported the successful synthesis of
MOFs using recycled TPA [25, 26]. Lo et al [27] described the facile and scalable production of nanoporous
MOFs fromPETwaste. Comparing the properties of theMOFs synthesized from recycled TPA to those
synthesized from commercial TPA, the scientists established the practicality of employing recycled TPA. The
results demonstrated that theMOFs synthesized from recycled TPApossessed comparable characteristics to
those synthesized from commercial TPA, showing the viability of employing recycled TPA as a renewable
source. The researchers demonstrated that theMOF created using recycled TPApossessed comparable
characteristics to those produced from commercial TPA, including a high surface area, significant pore volume,
and outstanding thermal stability. These experiments illustrate the viability of using recycled TPA forMOF
synthesis as a sustainable resource. By employingwaste PET and other sources of TPA, researchers can lessen
their dependency on petroleum-based supplies and contribute to amore sustainable and eco-friendlymethod of
MOF synthesis.

This investigation aimed to develop an environmentally friendlymethod for synthesizing theCIS@MIL–101
(Cr)nanoarchitecture and evaluate its ability to degrade tetracycline (TC) through photocatalysis.MIL–101(Cr)
was used as a substrate to enhance the dispersion of CIS, resulting in improved performance of bothmaterials.
The structure of the hybrid nanocomposite and its relationshipwith photocatalytic activity were discussed.
Additionally, the kinetics of TCdegradation and the photocatalytic reaction of the hybrid nanocomposite were
proposed. All in all, this research showcases the possibility of utilizingCIS@MIL–101(Cr)nanocomposites as
effective photocatalysts for the disintegration of TC and other contaminants. The use of a sustainable synthesis
approach and the enhancement of the performance of bothmaterialsmake this nanocomposite a promising
candidate for various photocatalytic applications.

2. Experimental

2.1.Materials
Polyethylene terephthalate (PET), ethylene glycol (EG, 99%), sodiumhydroxide (NaOH, 98%), sulfuric acid
(H2SO4, 98%), chromium(III)nitrate nonahydrate (Cr(NO3)3.9H2O, 99%), hydrofluoric acid (HF, 48%),
ethanol (C2H5OH, 99%), dimethylformamide (DMF, 98%), copper(I) iodide, sodiumdodecyl sulfate
(C12H25O4S), thioacetamide (CH3CSNH2, 98%), indium(III) chloride (InCl3, 98%), hydrochloric acid (HCl,
37%), 1,4–benzoquinon (BQ, 99%), tert-butyl alcohol (TBA, 99%). TPAwas recovered frompolyethylene
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terephthalate (PET) according to our previous study [24, 25]. Chemicals in theworkwere purchased by Sigma–
Aldrich and usedwithout further purification.

2.2. Synthesis of CIS
The synthesis of tetragonal chalcopyrite CIS nanoparticles via a solvothermalmethod is described. Firstly,
1.4419 g of sodiumdodecyl sulfate (5 mmol)was dissolved in 25 ml of ethylene glycol in aflask and heated at
70 °C for 15 minNext, a solution of 1mmolCuI, 1 mmol InCl3, and 5 mmol thioacetamidewas added to the
above solution, and heatingwas continued for 30 min to form a homogeneous solution. The resulting solution
was then placed in a Teflonflask in an autoclave and hydrothermally treated at 180 °C for 24 h. The formed dark
solid, CIS, was thoroughlywashedwith distilledwater and ethanol before being dried at 80 °C for 5 h.

2.3. Synthesis of CIS@MIL-101(Cr)
To synthesize CIS@MIL–101(Cr) composite, 0.404 g of CIS and 4 g of Cr(NO3)3.9H2Owere dispersed in 20 ml
of deionizedwater using amagnetic stirrer for 30 min, followed by sonication for 60 min to form a
homogeneous solution.Next, 1.142 g of TPA, 0.43 ml ofHF, and 25 ml ofH2Owere added to the solution, and
stirringwas continued for 30 minThe resulting solutionwas sonicated for 30 min at room temperature and then
placed in a Teflon–lined stainless–steel autoclave to enhance the attachment of thematerials. The autoclavewas
heated to 180 °C for 12 h. The resulting samplewas filtered andwashedwithDMF at 100 °C for 1 h andwith
C2H5OHat 80 °C for 12 h to completely remove impurities. Finally, the samplewas dried at 80 °C to obtain the
CIS@MIL–101(Cr) composite.

2.4. Photocatalytic activity tests
To evaluate the photocatalytic performance of theCIS@MIL–101(Cr)nanocomposite, the degradation of TC
under a 60WXenon lampwas investigated. Cut–offfilters were used to remove the light range ofλ< 420 nm
and simulate visible light. In the experiment, 50 mg of the synthesized photocatalyst was homogeneously
dispersed into a 100 ml TC aqueous solution (50 mg l−1). Before irradiating light, the suspensionwas stirred
under dark conditions for 60 min to attain an adsorption–desorption equilibrium state. After light irradiation,
2 ml of the suspensionwas taken and centrifuged. The clear solutionwas analyzed byUV–vis
spectrophotometry at themaximumabsorptionwavelength of 357 nm. The photodegradation efficiencywas
calculated using the following equation:

( ) ( )=
-

´
C C

C
Photodegradation efficiency % 100% 1o

o

where Co is the initial concentration of TC, andCt is the concentration of TC after light irradiation.
To investigate the photocatalytic degradation kinetics of theCIS@MIL–101(Cr)nanocomposite, both

pseudo–first–order and pseudo–second–order reactions were evaluated using equations (2) and (3):
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where k1 and k2 are the pseudo–first–order rate constant and the pseudo–second–order rate constant (min−1),
respectively. Trapping experiments were also conducted to determine the reactive species involved in the
photocatalytic degradation process. In each experiment, 50 mg of CIS@MIL–101(Cr)was added to 100 ml of TC
solution (50 mg l−1), followed by the addition of 2 mmof tert-butyl alcohol (TBA), 1,4-benzoquinone (BQ),
ammoniumoxalatemonohydrate (AO), or potassiumdichromate (K2Cr2O7) to the suspension. TBAwas used
for hydroxyl radical (∙OH) scavenging, while BQwas used for superoxide radical (∙O2

−) scavenging, AO for holes
(h+) scavenging, andK2Cr2O7 for electrons (e

−) scavenging.

2.5. Characterization
The synthesizedmaterials were characterized using various techniques. The crystal structures and phases were
determined by powder x-ray diffraction (XRD) using a Bruker, Germany systemwithCuKα radiation,
λ= 0.154 nm, and a scanning rate of 3°/min. The size distribution, surface, andmorphology were analyzed
using a scanning electronmicroscope (SEM–4800,Hitachi) and transmission electronmicroscope (TEM, JEM-
2100F, JEOL, Japan). Fourier transform infrared spectra (FT–IR) andRaman scatteringweremeasured using an
FT–IRAffinity–1S (SHIMADZU) andMacroRAM/Horibamodel, respectively, with a laser at 785 nm.X–ray
energy dispersion (EDX) and EDXmappingwere carried out using a JED–2300with a gold coating. Optical
characterizationswere recorded byUV–vis diffuse reflectance spectroscopy (DRS-UV) using aUV–2600
spectrophotometer (Shimadzu) and photoluminescence (PL) spectra using aCary Eclipse fluorescence
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spectrophotometer (Varian). The Brunauer–Emmett–Teller (BET) specific surface area was determined at
liquid–nitrogen temperature (77K) using theN2 adsorption–desorption technique on aChemBET–3030
system. X–ray photoelectron spectroscopy (XPS)was conducted using an ESCALab 250 spectrometer (Thermo
VG,UK).

3. Results and discussion

3.1. Characterization of samples
Figure 1 illustrates the x–ray diffraction (XRD) patterns of CIS,MIL–101(Cr), andCIS@MIL–101(Cr). TheCIS
samplewas synthesized via solvothermal treatment at 180 °C, and exhibits intense diffraction peaks at 27.98°/
29.10°, 32.55°, and 50.32°/54.96° degrees 2θ, which can be indexed as (112), (103), and (204/224) and (116/
312) planes reflections of the chalcopyrite tetragonal structure (JCPDS cardNo 85-1575). TheXRD spectra of
MIL-101(Cr) exhibited diffraction peaks at 2θ= 3.29°, 4.83°, 5.81°, 8.52°, 9.04°, and 10.65°, which
corresponded to the crystal planes of (311), (400), (511), (822), (753) and (1022) inMIL–101(Cr), respectively
[27]. The presence of small peaks near 2θ= 25.2° and/or 27.9° confirmed the effective elimination of excess
terephthalic acid crystals from the pores ofMIL–101(Cr) [28, 29]. TheXRDpatterns of the hybrid substance
indicated that themajor peaks of bothMIL–101(Cr) andCIS remained detectable, but their peak intensities were
weakened as a result of the emergence of defects and the notable decline of the lattice structure after the CISwas
added onto the surface and into the pores of theMIL–101(Cr) framework.

Figure 2 illustrates the Fourier transform infrared (FT–IR) spectra ofMIL–101(Cr) andCIS@MIL–101(Cr).
TheO–C–Ostretching vibrationwas assigned to the characteristic peak at 1619 cm−1. TheC=Cvibrationwas
represented by the extension peaks of 1518 cm−1 and 1399 cm−1.Moreover, the bonds in the aromatic ringwere
attributed to the vibrationalmodeswithin the range of 600 to 1600 cm−1, such as 1171, 1017, 887, and 750 cm−1

[29, 30]. Another notable peak at around 580 cm−1 was associatedwith theCr–Ostretchingmode, indicating
the successful bonding between themetal ion (Cr3+) and (–COO) groups of TPA. Themain peaks ofMIL–101
(Cr)were still observable in theCIS@MIL–101(Cr) composite [31]. The presence of characteristic peaks of
individual components in the spectrumof the composite partly proved their combination, each of themwas not
eliminated during the reaction.

Figure 3 presents the Raman spectra of the pristine CIS,MIL–101(Cr), andCIS@MIL–101(Cr)
nanocomposite, whichwere utilized to confirm their crystal structures. The Raman spectrumof the nanohybrid
substance exhibited the characteristic bands ofMIL–101 porousmaterial [32]. In pure CIS, a chalcopyrite phase
was noticeable at 291 cm−1, and it was linked to the A1main vibrational band symmetry that arose from the
vibration of sulfur anions in the linear planewith copper and indium cations of the initial CIS structure.
Remarkably, as the CIS content loaded onMIL–101(Cr) varied, the peak intensities gradually reduced in
comparison to those of the original CIS andMIL–101(Cr), suggesting the presence of a strong interaction
betweenCIS andMIL–101(Cr).

Figure 1.XRDpatterns ofMIL–101(Cr), CIS andCIS@MIL–101(Cr).
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Figure 2. FT–IR spectra of (a)MIL–101(Cr) and (b)CIS@MIL–101(Cr).

Figure 3.Raman spectra of (a)AIS and (b)MIL–101(Cr) and (c)CIS@MIL–101(Cr) samples.

Figure 4. SEM images of (a)CIS, (b)MIL–101(Cr) and (c)CIS@MIL–101(Cr) samples.
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Themorphology of theMIL–101(Cr), CIS, andCIS@MIL–101(Cr) samples was evaluated by SEMandTEM
(figures 4 and 5, respectively). The SEM image in figure 4(a) displays the typical flowerlike hierarchical structures
pristine CIS. Following the combination of CISwithMIL–101(Cr), themorphology of theCISflowerlike
microspheres with a diameter of 0.5–1.0 μmremained unchanged, whichwere formed to clusters were also
observed (figure 4(c)), indicating the incorporation of theCIS structures intoMIL–101(Cr)material, inwhich
had 0,4–0,6 μmparticles. Transmission electronmicroscopy (TEM)was employed to examine the sample
structure further, the contours in these sample are corresponding to the surface combination betweenCIS and
nanoparticlesMIL–101(Cr). In the figure 5(c), the darker regions on themicrograph can show to the loading of
high–density CIS, indicating thatMIL–101(Cr) particles were successfully attached toCIS sheets via
hydrothermal ‘one pot’ synthesis.

Additionally, the x–ray energy dispersion (EDX) spectrum and elementmapping of theCIS@MIL–101(Cr)
nanocomposite are shown infigure 6, where the analysis revealed the presence of Cr, C,O, Cu, In, and S
elements in amolar ratio of Cu, In, and S approximately 1:1:2, respectively, indicating the stoichiometric
composition of CuInS2.

TheN2 adsorption–desorptionmethod at 77Kwas used to determine the pore size and specific surface area
of theCIS,MIL–101(Cr), andCIS@MIL–101(Cr) samples, as presented in figure 7. It was observed that the
isothermofMIL–101(Cr)was of type I, while that of CIS@MIL–101(Cr)was of type III. TheN2 adsorption
capacity was high at the low-pressure region, and the hysteresis was ofH3 type, indicating that bothmaterials
weremesoporous [33]. The surface area, pore volume, and pore size ofMIL–101(Cr)were found to be
1873 m2 g−1, 0.97 cm3 g−1, and 2.06 nm, respectively (see table 1). However, after combiningwithCIS, the
surface area and pore volume significantly decreased to 1211 m2 g−1 and 0.64 cm3 g−1, respectively. This could
be attributed to the nonporous nature of the inner CIS chalcogenide and its higher density. Notably, the pore size
of the CIS@MIL–101(Cr)nanocomposite was found to be 2.34 nm, similar to that of pureMIL-101(Cr) crystal.
This indicated that the coating of nanospheres on the surface ofMIL–101(Cr) providesmore surface-active sites
for the adsorption and catalysis of reactantmolecules.

X–ray photoelectron spectroscopy (XPS)was used to identify the elements and their oxidation states present
in theCIS@MIL–101(Cr) sample (figure 8). TheXPS full scan spectrum (figure 8(a)) revealed the presence of C,
O, S, Cr, In, andCu in the sample. TheC1s spectra ofMIL–101(Cr) andCIS@MIL–101(Cr) could be resolved
into four peaks at 284.8, 286.4, 288.8, and 290.3 eV, representing theC=C/C–C,C=O,C–O, andO–C=O
bonds, respectively [34]. TheO1s spectra of the two samples exhibit three peaks at 530.7 eV, 532 eV, and
533.2 eV, corresponding to oxygen in the crystal lattice betweenmetal and oxygen (Cr–O), O–C=O, and
chemisorbed oxygen species [35]. Themain peaks at 577.4 eV (Cr 2p1/2) and 587.4 eV (Cr 2p3/2) infigure 8(d)
confirm the existence of Cr3+ inMIL–101(Cr) andCIS@MIL–101(Cr) [36]. The binding energy peaks of Cu+ at
932.6 and 952.4 eV, assigned toCu 2p1/2 andCu 2p3/2 (figure 8(e)), were observed in bothCIS andCIS@MIL–
101(Cr) samples, with amaximum separation energy level of 19.8 eV [37]. No peak of Cu2+was observed,
indicating the reduction of Cu2+ to Cu+ during the synthesis process [38]. The binding energies at 445.6 eV and
453.2 eV, attributed to In 3d5/2 and In 3d3/2, respectively (figure 8(f)), confirm the presence of In3+. The binding
energies of S 2pwere detected at 162.4 eV (S 2p3/2) and 163.6 eV (S 2p1/2), with amaximum separation of 1.2 eV,
indicating the presence of S2− due to its different bindingwithCu and In, respectively [37].

Figure 9 shows theUV–Vis diffuse reflectance spectra (UV–DRS) of theCIS,MIL–101(Cr), andCIS@MIL–
101(Cr) samples. TheMIL–101(Cr) sample demonstrated two regions of absorption in theUV–vis DRS
spectrum: one in the visible light range (440 nmand 590 nm) and the other in the ultraviolet range
(230–280 nm) [39]. The absorption spectrumof theCIS sample showed a broad range of light absorption
covering both the ultraviolet and visible regions [40]. TheCIS@MIL–101(Cr) composite showed an improved

Figure 5.TEM images of (a)CIS, (b)MIL–101(Cr) and (c)CIS@MIL–101(Cr) samples.
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capacity for absorbing visible light. The bandgap energies of the CIS,MIL–101(Cr), andCIS@MIL–101(Cr)
samples were determined using the Tauc plot [41]. To estimate the band gap energies of the samples, a linewas
drawn tangent to the curve intersecting hν in the graph (αhν)2 versus hν. The bandgap energy of CIS andMIL–
101(Cr)was about 1.12 eV and 2.31 eV, consistent with the report of Yanhong et al [42]. Sample CIS@MIL–101
(Cr) had low band gap energy at 2.02 eV allowed the demonstration of photocatalytic activity under light
irradiation.

The charge transfer rates of the CIS,MIL–101(Cr) andCIS@MIL–101(Cr) samples were determined by
Electrochemical impedance spectroscopy (EIS). Infigure 10(a), theNyquist plot of the CIS sample shows the
smallest semicircle, confirming the fastest charge transfer rate [43, 44]. TheCIS@MIL–101(Cr) sample has a
Nyquist plot with a smaller semicircle than that of theMIL–101(Cr) sample indicating an improved charge
transfer rate. This resultmay be due to the strong interaction between theCIS andMIL–101(Cr)phases [45–47].

Figure 6.EDX spectrum and elementalmapping images of CIS@MIL–101(Cr) sample.
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Figure 10(b) shows the photoluminescence (PL) spectra of the CIS,MIL–101(Cr), andCIS@MIL–101(Cr)
samples. The PL spectrumof theMIL–101(Cr) sample exhibited awide and intense emission band due to rapid
electron–hole recombination [40]. The emission intensity of the CIS@MIL–101(Cr) sample was observed to
decrease, suggesting a notable decrease in electron–hole recombination. Furthermore, the peak observed at
436 nm in the original CIS sample shifted to 440 nm in theCIS@MIL–101(Cr) sample, which can be attributed
to the trapping of electrons by the defect sites [40].

Figure 7.Nitrogen adsorption–desorption isotherms (a) and pore size distribution (b) of CIS,MIL–101(Cr) andCIS@MIL–101(Cr)
samples.

Table 1.Textual characteristics of CIS,MIL–101(Cr) andCIS@MIL–
101(Cr).

Sample SBET (m
2/g) Vpore (cm

3/g) DBJH (nm)

CIS 10.7 0.06 —

MIL–101(Cr) 1873 0.97 2.06

CIS@MIL–101(Cr) 1211 0.64 2.34
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3.2. Photocatalytic activity tests
The photodegradation of tetracycline byCIS,MIL–101(Cr), andCIS@MIL–101(Cr) samples were investigated
(figure 11(a)). The concentration of TCdid not change significantly (2.5%) after 5 h of visible light irradiation
without photocatalyst. The tetracycline adsorption efficiency in the dark after 60 min for CIS,MIL–101(Cr), and
CIS@MIL–101(Cr) samples was 11.2%, 50.2%, and 46.5%, respectively. After 5 h of visible light irradiation, the
removal efficiency of tetracycline for CIS,MIL–101(Cr), andCIS@MIL–101(Cr) samples was 75.1%, 78.0%, and
98.2%, respectively. The improved tetracycline removal efficiency of theCIS@MIL–101(Cr) composite sample
compared toCIS andMIL–101(Cr) samples could be explained by the decreased recombination of electrons and
holes, and a larger surface area of the compositematerial. Thesefindings suggest that the presence ofMIL–101
(Cr) enhanced the separation efficiency of the photogenerated electrons and holes inCIS and also increased its
capacity for tetracycline adsorption.

Figure 8.XPS spectra of CIS,MIL–101(Cr) andCIS@MIL–101(Cr) samples. (a) Survey spectrum, (b)C1s, (c)O1s, (d)Cr 2p, (e)Cu
2p, (f) In 3d and (g) S 2p.

Figure 9.UV–VisDRS spectrum (a) and bandgap estimation (b) of CIS,MIL–101(Cr) andCIS-MIL–101(Cr) samples.

9

Mater. Res. Express 10 (2023) 085506 HVTNguyen et al



The study examined the impact of the initial tetracycline concentration and catalystmass on the effectiveness
of tetracycline removal utilizingCIS@MIL–101(Cr) as the catalyst. As shown infigure 11(b), as the initial
tetracycline concentration increased from30mg l−1 to 90 mg l−1, the tetracycline adsorption efficiency on
CIS@MIL–101(Cr) samples decreased. Specifically, the tetracycline adsorption efficiency at concentrations of
30 mg l−1, 50mg /L, 70 mg l−1 and 90 mg l−1 onCIS@MIL–101(Cr) samples were 54.8%, 46.5%, 38.6% and
34.1%, respectively. The tetracycline removal efficiency onCIS@MIL–101(Cr) samples after 5 h of visible light
irradiationwere 98.8%, 98.2%, 92.9% and 82.1% at concentrations of 30 mg l−1, 50 mg l−1, 70 mg l−1 and
90 mg l−1, respectively. As the initial concentration of tetracycline increased, the efficiency of its degradation
decreased. This can be attributed to the higher production of intermediate compounds during the process of
photodegradation, which compete with tetracyclinemolecules. Infigure 11(c), the dose of CIS@MIL–101(Cr)
photocatalyst was found to affect the efficiency of tetracycline degradation. In particular, a decrease in catalyst
concentration from0.5 g l−1 to 0.2 g l−1 resulted in a decrease in tetracycline removal efficiency from98.7% to
92%after 300 min of light exposure. This decrease is due to the decrease in the catalystmass and the ratio of
active sites, resulting in a decrease in catalytic activity. The stability of tetracycline removal efficiency over
CIS@MIL–101(Cr)was also investigated overmultiple reaction cycles (figure 12). The results showed that the
tetracycline removal efficiency remained almost unchanged after 4 cycles of reaction, indicating the high
stability of photocatalytic activity over CIS@MIL–101(Cr) and its potential for reuse.

Figure 10.Electrochemical impedance spectroscopy (a) and Photoluminescence spectra (b) of CIS,MIL–101(Cr) andCIS@MIL–101
(Cr) samples.
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Figure 11.Photodegradation of TCusing (a) pristine CIS,MIL–101(Cr) andCIS@MIL–101(Cr), (b)CIS@MIL–101(Cr) on various
TC concentrations (30–90 ppm), (c)CIS@MIL–101(Cr)with different amounts, (d)CIS@MIL–101(Cr)with various quenching
radical agents (TBA,AO, BQandK2Cr2O7).

Figure 12. Stability of catalytic activity over CIS@MIL–101(Cr) at different cycles of reaction.
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3.3. Kinetics andmechanismof the photocatalytic process
The pseudo–first and second–order reactions of tetracycline degradation usingCIS,MIL–101(Cr), and
CIS@MIL–101(Cr) photocatalysts were characterized, as shown in figure 13. The tetracycline degradation on
CIS,MIL–101(Cr), andCIS@MIL–101(Cr) photocatalysts followedfirst-order kinetics with equations
y= 0.00434x (R2= 99.05), y= 0.00292x (R2= 99.35), and y= 0.01085x (R2= 99.63), respectively. The R2

values for all the graphswere higher than 0.99, indicating good agreement with the first–order kineticsmodel.
On the other hand, the second-order kineticsmodel had lower R2 values for CIS,MIL–101(Cr), andCIS@MIL–
101(Cr) photocatalysts, with equations y= 1.861× 10–4x (R2= 98.86), y= 1.7087× 10–4x (R2= 99.56), and
y= 2.4× 10−3x (R2= 78.39), respectively. The results suggest that the tetracycline degradation using
photocatalysts follows pseudo-first-order kinetics, and theCIS@MIL–101(Cr) photocatalyst is not suitable for
the pseudo–second–order reaction.

Based on the optimal conditions of CIS@MIL–101(Cr)photocatalysts, we investigated the effects of reactive
species (∙OH, ∙O2

−), holes (h+) and electrons (e−). Radical scavengers such as tert-butyl alcohol (TBA), 1,4–
benzoquinone (BQ), ammoniumoxalatemonohydrate (AO), and potassiumdichromate (K2Cr2O7)were used
to capture reactive species ∙OH, ∙O2

−, h+ and e−, respectively. Infigure 11(d), it can be seen that tetracycline
removal efficiency reached 98.2%without the use of reactive radical scavengers. However, whenK2Cr2O7, AO,
andBQwere added, only 89.7%, 81.8%, and 62.5%of tetracycline were removed after 300 min of light
irradiation. In contrast, after adding TBA, the removal efficiency of tetracycline reached 95.56% after 300 min of
reaction. Therefore, the degradation efficiency of TCwas significantly reduced and inhibitedwhenK2Cr2O7,
AO, andBQwere added, indicating that e−, h+ and ∙O2

−were the dominant reactive species, and ∙O2
− played the

most important role in the photodegradation of tetracycline onCIS@MIL–101(Cr)photocatalyst.
The intermediate products of TCphotodegradation overCIS@MIL–101(Cr)were analyzed by liquid

chromatography–mass spectrometry (LC-MS) (figure 14), and the photodegradationmechanismwas proposed
as follows: under the effect of the CIS@MIL-101(Cr) photocatalyst, a superoxide anion radical (∙O2

−) attacks
several active sites onTC, generatingmultiple random fragmentation directions (seefigure 15). These directions
include the separation of hydroxyl, amine, and amide groups, as well as ring fragmentation. In the initial
pathway, the removal ofN–dimethyl and amide groups, alongwith the opening of the ring, produced a product
that exhibited peaks atm/z= 354, 278, and 138. Another ring-opening process resulted in peaks atm/z= 288,
244, 215, and 148, 84, which correspond to compounds obtained by cleaving the ring, alongwith hydroxylation
and oxidation. The smaller intermediate product (peaks at 117, 88, and 73)was completely degraded toCO2 and
H2Ounder visible light irradiation.

4. Conclusions

In conclusion, this study successfully demonstrated the synthesis of CIS@MIL–101(Cr)nanocomposites using
waste PET as a sustainable route formaterial synthesis. The structural and physical properties of the
nanocomposites were characterized, including the integration of CuInS2withMIL–101(Cr) and the
determination of a lowband gap energy for photocatalytic activity under high visible light. The photocatalytic
activity of the CIS@MIL–101(Cr)nanocomposites towards the degradation of tetracycline was found to bemore

Figure 13. (a) First–order and (b) second–order kinetics of CIS,MIL–101(Cr) andCIS@MIL–101(Cr) photocatalytic degradation.
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efficient and durable compared to pureCIS nanoparticles. The degradation efficiency of TC reached 98.2% after
5 h of visible light irradiation. The photocatalyticmechanismwas proposed based on the analysis of intermediate
products usingHPLC–MS. The study also investigated the effects of various factors such as initial TC
concentration, catalyst dosage, and reactive species on the degradation efficiency of TC.Moreover, the study of
the photocatalytic activity revealed the kinetics andmechanism of the degradation process and the effects of
reactive species, holes, and electronswere investigated using radical scavengers. The kinetics of the
photocatalytic reactionwas found to follow first–order kinetics, and the effects of reactive species were
investigated using radical scavengers. The reactive species ∙O2

−, h+, and e−were found to be the dominant
species responsible for the photocatalytic degradation of TC. These findings provide insights into the
development of new and sustainable routes formaterial synthesis and the potential application of CIS@MIL–
101(Cr)nanocomposites in environmental remediation.

Figure 14. LC–MSanalysis of the intermediate product from the TCphotodegradation over CIS@MIL–101(Cr) catalyst.

Figure 15.Possible pathway of the TCphotodegradation over CIS@MIL–101(Cr).
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