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A B S T R A C T   

In the present study, a hydrothermal method in a water/ethanol environment was used for the first time to obtain 
novel Cu/TiO2/Ti3C2 composites with high photocatalytic activity for the degradation of carbamazepine (CBZ) 
under simulated solar light. The Box–Behnken factorial design was coupled with Response Surface Methodology 
(RSM) for synthesis parameter optimisation. The effect of different synthesis parameters, including temperature, 
time and water/ethanol ratio, was for the first time studied in detail. The analysis of variance (ANOVA) was used 
to verify the adequacy of the proposed model. The water/ethanol ratio was the most influential parameter for 
anatase crystallite growth and the efficiency of carbamazepine degradation. The TiO2/Ti3C2 sample prepared 
under the optimised conditions (synthesis time of 17 h, temperature of 220 ◦C, and water/ethanol ratio of 58:42 
v/v) revealed almost 100% of CBZ degradation within 60 min. Furthermore, the surface modification of this 
sample with 0.25% - 1 wt% of copper resulted in improved photocatalytic activity. For TiO2/Ti3C2 modified with 
0.5% of Cu, almost complete CBZ degradation was observed in 40 min of the photodegradation process. Finally, 
the combination of the photodegradation process with the activation of peroxymonosulphate (PMS) by Cu-TiO2/ 
Ti3C2 resulted in markedly improved carbamazepine degradation and reached 100% within 20 min under 
simulated solar light irradiation. The degradation mechanism of CBZ was proposed based on trapping experi
ments, which revealed that •O2

− and •SO4
− are the main oxidising species involved in carbamazepine degradation. 

Moreover, the hybrid system exhibited high recyclability and stability during subsequent photodegradation 
cycles.   

1. Introduction 

The water demand in many places worldwide has surpassed its 
supply and continues to grow. Population growth, climate change, 
industrialisation, and destruction of the environment contribute to a 
greater demand for water (Rathi et al., 2021). Therefore, the recycling of 
water is crucial. Recently, anthropogenic activities have led to high 
levels of water resource pollution with emerging contaminants such as 
endocrine-disrupting compounds, personal care products and pharma
ceuticals, which are not biodegradable in conventional wastewater 
treatment plants. The presence of these substances and their trans
formation products in aquatic systems may cause serious environmental 

and health concerns. For example, carbamazepine (CBZ) is the most 
frequently detected pharmaceutical in water bodies. This antiepileptic 
drug is a recalcitrant compound that is not susceptible to biodegradation 
and is not efficiently removed by wastewater treatment plants (WWTPs) 
or naturally occurring photolysis process. The human body metabolises 
approximately 72% of CBZ, while 28% is unchanged and subsequently 
discharged through faeces to the environment, along with its main 
metabolites, such as 3-hydroxycarbamazepine and carbamazepine-10, 
11-epoxide, which are more toxic to daphnids than the parent com
pound (Zind et al., 2021; Gubitosa et al., 2022). Moreover, it exhibits 
high water solubility, biomagnification, and bioaccumulation in aquatic 
organisms. Mezzelani et al. (2020) observed that CBZ was the most 
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frequently detected pharmaceutical in more than 95% of Mediterranean 
mussels collected over 4 years from 14 sites along the Adriatic and 
Tyrrhenian Sea. Almeida et al. (2021) reported that CBZ, at environ
mentally relevant concentrations (up to 1 μg/dm3), may alter biological 
responses (physiological, cellular, molecular) in marine bivalves. Ac
cording to European legislation on the classification and labelling of 
chemicals (92/32/EEC), carbamazepine is classified as R52/53 sub
stance, which is hazardous to aquatic organisms and may cause 
long-term adverse effects in the aquatic environment (Zhang et al., 
2008). Furthermore, carbamazepine has been proposed as an anthro
pogenic marker for water bodies. In Germany, CBZ has been detected in 
WWTPs effluents, surface water, and groundwater at concentrations of 
1075–6300 ng⋅dm− 3, 81–1100 ng⋅dm− 3, and 1–100 ng⋅dm− 3, respec
tively. In the United Kingdom, the concentrations are found to be 
152–4596 ng⋅dm− 3, 9–327 ng⋅dm− 3, and 425–3600 ng⋅dm− 3 (Hai et al., 
2018). 

Therefore, the occurrence, fate, transformation, and transfer of the 
emerging pollutants in the environment must be identified. Moreover, a 
significant issue to address is the degradation of persistent and emerging 
contaminants by the application of advanced treatment technologies 
such as ozonation, Fenton, photo-Fenton, and photocatalysis (River
a-Utrilla et al., 2013). The selection of a treatment method depends on 
the specific characteristics of the wastewater and the physicochemical 
properties of the pharmaceuticals. It is particularly important to 
consider the potential environmental and human health impacts of each 
treatment method and select an efficient and sustainable technology. 

In this regard, photocatalysis is a significant approach as an efficient 
green remediation technology for the degradation of persistent and 
emerging organic pollutants. In this process, the generation of electrons 
and holes leads to the formation of reactive oxygen species (ROS) such as 
hydroxyl radicals (OH•), superoxide radical anions (•O2

− ), singlet oxy
gen (1O2), and hydrogen peroxide (H2O2), which can selectively or non- 
selectively oxidise and mineralise a wide range of contaminants in water 
and air (Wolski et al., 2019; Afreen et al., 2020). Among a wide group of 
semiconductor materials, titanium(IV) oxide is a commonly used pho
tocatalyst with low cost, strong oxidising potential, and chemical sta
bility (Simamora et al., 2012). Nevertheless, its activity limited to UV 
irradiation and fast charge carrier recombination enforces the search for 
alternative approaches (Dong et al., 2015). The combination of TiO2 
with highly conductive carbonaceous materials is a potential strategy to 
inhibit the fast recombination of photogenerated electrons and holes 
(Asencios et al., 2022). Among carbonaceous materials, MXenes have 
attracted attention in various fields because of their unique properties, 
including non-toxicity, excellent mechanical strength, large interlayer 
spacing, extraordinary electrical and thermal conductivity, hydrophi
licity, rich surface chemistry, and biocompatibility (Im et al., 2021; 
Zhang et al., 2020). Moreover, the in situ oxidation of MXene led to the 
formation of MXene/metal oxide composite, i.e. Ti3C2/TiO2, with inti
mate contact, which provides highly efficient charge carriers separation 
(Grzegórska et al., 2021). 

In this study, we focused for the first time on the effect of the syn
thesis parameters, including temperature, time, water/ethanol ratio and 
modification with copper species on the photocatalytic degradation of 
carbamazepine in the presence of TiO2/Ti3C2 under simulated solar 
light. The Box–Behnken factorial design was coupled with Response 
Surface Methodology (RSM) for optimisation of temperature, water/ 
ethanol ratio, and hydrothermal reaction Then, ANOVA was used to 
study the statistically significant parameters and their interactions. 
Furthermore, the TiO2/Ti3C2 sample obtained under optimal conditions 
was modified with copper species to improve charge carriers separation 
and enhanced photocatalytic activity under simulated solar light. 
Among transition metals, copper is an inexpensive metal, almost 100 
times and 6000 times cheaper than Ag and Au, with excellent thermal 
and electrical conductivity (Gawande et al., 2016). Highly reactive 
copper species can promote various reactions via both one- and 
two-electron pathways, owing to their wide range of oxidation states 

(Cu0, Cu+, Cu2+, and Cu3+) (Muscetta et al., 2020). 
In addition, copper species may effectively activate perox

ymonosulphate (PMS) to produce sulphate radicals, a promising alter
native to hydroxyl radicals. The •SO4

− radicals have a higher redox 
potential (E0 = 2.5–3.1 V) than OH• (1.8–2.8 V) radicals. Moreover, 
sulphate radicals reveal a longer half-life (4 × 10− 5 s) than that of OH•

radicals (2 × 10− 5 s). Notably, during •SO4
− based oxidation processes, 

secondary oxidants such as •OH, •O2
− , and 1O2 can also be produced, 

which accelerates the degradation rate of organic contaminants (Hasija 
et al., 2022). Therefore, a promising strategy of photocatalysis assisted 
by peroxymonosulphate (PMS) activation for enhanced CBZ degradation 
is proposed in this study. 

2. Materials 

Ti3AlC2 was purchased from Luoyang Tongrun Info Technology Co. 
(China). HF (ACS reagent, 50%), ethanol (anhydrous, 99.8%), copper 
(II) nitrate trihydrate (p.a., 99–104%), potassium peroxymonosulphate 
(OXONE, monopersulphate compound), and carbamazepine (Pharma
ceutical Secondary Standard; Certified Reference Material) were pro
vided by Sigma Aldrich. Beznoquinone (reagent grade, ≥ 98%), 
ammonium oxalate (ACS reagent, ≥ 99%), isopropanol (anhydrous, 
99.5%), and tert-butanol (anhydrous, 99.5%) were supplied by Sigma 
Aldrich. Acetonitrile (HPLC grade) and H3PO4 (85%, HPLC grade) 
applied to determine the CBZ concentration by HPLC were provided by 
Sigma Aldrich. All reagents were used as received without additional 
treatment. Deionised (DI) water was used in all experiments. 

3. Methods 

3.1. Experiment design 

The statistical software Minitab version 21.1 (Minitab USA, 2021) 
was used to design and analyse the effects of various synthesis 

Table 1 
Experimental range and levels of the independent variables in the Box–Behnken 
statistical experimental design.  

Variable design Factors Coded level 

-1 0 + 1 

A Temperature (◦C) 180 200 220 
B Time (hours) 6 15 24 
C Amount of ethanol (vol%) 0 50 100  

Table 2 
The Box-Behnken design with experimental values for the independent variables 
and optimum conditions determined based on the response optimisation for CBZ 
degradation.  

Experiment symbol Coded level of variables Actual level of variables 

A B C A B C 

S1 -1 -1 0 180 6 50 
S2 + 1 -1 0 220 6 50 
S3 -1 + 1 0 180 24 50 
S4 + 1 + 1 0 220 24 50 
S5 -1 0 -1 180 15 0 
S6 + 1 0 -1 220 15 0 
S7 -1 0 + 1 180 15 100 
S8 + 1 0 + 1 220 15 100 
S9 0 -1 -1 200 6 0 
S10 0 + 1 -1 200 24 0 
S11 0 -1 + 1 200 6 100 
S12 0 + 1 + 1 200 24 100 
S13 0 0 0 200 15 50 
S14 0 0 0 200 15 50 
S15 0 0 0 200 15 50 
S16 optimum conditions 220 17 42  
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parameters on the physicochemical properties of the materials and the 
photodegradation of CBZ. A three-factor three-level Box-Behnken 
experimental design (BBD), along with RSM, was used to correlate the 
interactions among the variables and responses. Based on the BBD 
design, 15 runs were performed to obtain precise results. The co
efficients were analysed using analysis of variance (ANOVA). Each of the 
parameters was analysed on the three levels: low (− 1), high (+1), and 
centre point (0). Table 1. represents the levels and ranges of the selected 
independent variables. The Box-Behnken experimental design, with 
three independent variables, is presented in Table 2. 

3.2. Preparation of MXene – Ti3C2Tx 

First, 10 g of Ti3AlC2 was gradually added to 100 cm3 of HF. The 
suspension was mixed for 24 h at room temperature. The sample was 
then centrifuged and washed with DI water until the pH of the washing 
solution was neutral. 

3.3. Synthesis of TiO2/Ti3C2 composite 

In a typical procedure, 0.4 g Ti3C2Tx was dispersed in water (60 cm3), 
a water-ethanol mixture (1:1 v/v), or ethanol. The mixture was soni
cated for 10 min to obtain a homogeneous dispersion and then mixed for 
another 30 min. The suspension was transferred to a Teflon-lined 
stainless-steel autoclave reactor and held in an oven for 6, 15, or 24 h 
at 180, 200, or 220 ◦C, according to the parameters summarised in Ta
bles 1 and 2. 

3.4. Preparation of Cu-deposited TiO2/Ti3C2 composites 

The TiO2/Ti3C2 composites were modified with Cu particles using 
the one-pot synthesis method, as presented in Fig. 1. In the first step, 0.4 
g Ti3C2Tx was dispersed in 60 cm3 of a water/ethanol mixture (58:42 v/ 
v). Then, a proper volume of Cu(NO3)2⋅3 H2O aqueous solution corre
sponding to 0.25 wt%, 0.5 wt% and 1 wt% of Cu was added. Next, the 
sample was sonicated for 10 min and mixed for 30 min. The suspension 
was transferred to a Teflon-lined stainless steel autoclave reactor and 
held in an oven for 17 h at 220 ◦C. 

3.5. Characterisation methods 

The prepared materials were characterised using X-ray powder 
diffraction (XRD). This technique was used to determine the composi
tion of the prepared photocatalysts and the crystallite size. XRD patterns 
were obtained with a powder diffractometer Rigaku Intelligent X-ray 
diffraction system SmartLab (Rigaku Corporation, Tokyo, Japan) with 
Cu Kα radiation, and in the 2θ range from 5◦ to 80◦, with a speed of 
2◦min− 1 and a step of 0.01◦. UV–vis reflectance spectra of the powdered 
photocatalysts were recorded using a Thermo Scientific Evolution 220 
spectrophotometer (Waltham, MA, USA). BaSO4 was used as the 

reference material. Absorbance was recorded in the wavelength range of 
200–800 nm. The Brunauer-Emmett-Teller (BET) surface area was 
determined using a Micromeritics Gemini V analyser (Norcross, GA, 
USA) in liquid nitrogen. Before the measurements, the powder samples 
(approximately 0.1 g) were degassed at 200 ◦C for 2 h under constant 
nitrogen flow. Scanning electron microscopy (SEM) was used to deter
mine the morphologies of the prepared composites. The SEM images 
were obtained using an SEM microscope (FEI Quanta FEG 250). Trans
mission electron microscopy (TEM) analyses were conducted using a 
Thermo Fisher (formerly FEI) Titan Themis G2 200 Probe Cs Corrected 
Scanning Transmission Electron Microscope (STEM). Photo
luminescence (PL) spectra were recorded on a spectrofluorometer Shi
madzu RF-6000 (Kyoto, Japan). A 150 W Xenon lamp with an excitation 
wavelength of 300 nm was used as the excitation source. XPS analyses 
were performed using a multi-chamber UHV PREVAC system. The 
photoelectron excitation source was an X-ray tube VG Scienta SAX 100 
with an aluminum anode equipped with a monochromator VG Scienta 
XM 780, emitting radiation with the characteristic line of Al Kα and an 
energy of 1486.6 eV. Spectral deconvolution was performed using 
CasaXPS Version 2.3.25 PR1. Electrochemical measurements were per
formed using an Autolab Potentiostat/Galvanostat Autolab (model 
PGSTAT204). The photocatalytic materials were placed on carbon 
screen-printed electrodes with an Ag reference electrode. The electrolyte 
solution (0.5 M Na2SO4) was purged with Ar for 10 min prior to the 
measurements. Electrochemical impedance spectra (EIS) Nyquist plots 
were recorded in the range of 105 Hz to 0.1 Hz with an AC voltage 
amplitude of 0.01 V. Mott Schottky plots were registered for the applied 
frequency of 1000 Hz in the potential range from − 1.5–0 V. The tran
sient photocurrent response of the photocatalysts was recorded at a light 
on/off interval of 25 s at 0 V vs. Ag under 372 nm LED light 
illumination. 

3.6. Photocatalytic activity 

In a typical procedure, a photocatalyst suspension (2 g/dm3) was 
prepared in a carbamazepine solution (14 mg/dm3) in a 25 cm3 glass 
reactor with a quartz window. The suspension was aerated throughout 
the experiment. Prior to photodegradation, the suspension was mixed in 
the dark for 30 min to achieve adsorption-desorption equilibrium. 
Subsequently, the photocatalytic experiment was performed using a 
300 W Xenon lamp emitting simulated solar light irradiation. The 
spectrum of the used Xe lamp is presented in Fig. S1 in Supporting 
Materials. The reaction temperature was maintained at 20 ◦C. The 
samples were collected at 0, 20, 40, and 60 min of the process. 
Furthermore, the photocatalyst was separated from the solution using a 
0.2 µm syringe filter. The progress of pollutant photodegradation was 
analysed using reverse-phase high-performance liquid chromatography 
(HPLC) (Shimadzu UFLC LC-20AD (Kyoto, Japan) with a photodiode 
array detector (Shimadzu SPD-M20A). Measurements were performed 
at 45 ◦C under isocratic flow conditions of 1.5 cm3⋅min− 1. The volume 

Fig. 1. Schematic representation of the synthesis procedure.  
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composition of the mobile phase was 39.5% acetonitrile, 60% water, 
and 0.5% orthophosphoric acid. Determination of CBZ concentration 
was performed using the C18 column, with the injection volume of 
10 μL, and the detection wavelength was set at 285 nm. The mean 
retention time of CBZ was 4.6 min. The calibration curve for the 
determination of CBZ concentration is presented in Fig. S2 in Supporting 
Materials. 

For the photodegradation process coupled with PMS activation, after 
reaching the adsorption-desorption equilibrium, 0.5 mM of PMS was 
added to the photoreactor. The samples were collected at 0, 5, 10, 20, 
30, 40, and 60 min of the process. Subsequently, after photocatalyst 
separation, 200 μL of methanol was added to each sample to quench the 
generated radical species. 

Furthermore, trapping experiments were performed to analyse the 
mechanism of the CBZ degradation. Benzoquinone was used as a su
peroxide anion radicals scavenger, ammonium oxalate as holes scav
enger, isopropanol as a hydroxyl radicals and sulphate radicals 
scavenger, and tert-butanol as a hydroxyl radicals scavenger. The con
centration of the scavengers was 10-times higher than that of the CBZ in 
the solution. 

4. Results and discussion 

4.1. Box–Behnken design (BBD) and characteristic of TiO2/Ti3C2 
composites 

Firstly, a three-factor three-level Box-Benkhen design (BBD) was 
developed to optimise the synthesis parameters and describe the pho
tocatalytic degradation of carbamazepine in an aqueous solution. Car
bamazepine is a persistent pharmaceutical compound not susceptible to 
biodegradation. Therefore, in this study, we investigated the effect of 
photocatalyst synthesis parameters on carbamazepine degradation to 
propose a highly efficient advanced treatment process. 

The results obtained from the 15 experiments planned using the BBD 
are presented in Table 3. The responses were the efficiency of carba
mazepine degradation (%), TOC removal efficiency (%), BET-specific 
surface area (m2/g), and average anatase crystallite size (nm). Accord
ing to the results presented in Table 3, polynomial equations in an un
coded form showing the empirical relationship between the responses 
(CBZ degradation, TOC removal, BET surface area, and crystallite size) 

and independent variables were determined. 
The surface area of a photocatalyst is an important factor affecting 

the efficiency of the photocatalytic degradation process. A higher spe
cific surface area with more reactive sites and a shorter migration dis
tance may reduce the recombination rate of photogenerated electron- 
hole pairs (Isac et al., 2022). Furthermore, materials with higher sur
face areas exhibit better adsorption properties (Danish et al., 2021). 

The polynomial equation representing the empirical relationship 
between the BET surface area and the independent variables is shown in 
Eq. 1. The coefficient of determination (R2) of the model was 0.88.  

BET surface area (m2/g) = – 400 + 4⋅23⋅A – 3⋅55⋅B + 1⋅386⋅C – 0⋅00984⋅A2 +

0⋅0643⋅B2 – 0⋅00004⋅C2 + 0⋅0055⋅A⋅B – 0⋅00731⋅A⋅C + 0⋅01902⋅B⋅C      (1) 

The highest surface areas of 50.6 m2⋅g− 1, 57.6 m2⋅g− 1, and 
69.6 m2⋅g− 1 were noticed for samples S4 (T220/EtOH-H2O/24 h), S7 
(T180/EtOH/15 h) and S12 (T200/EtOH/24 h), respectively. By ana
lysing the 3D surface plots presented in Fig. 2, an increase in the BET 
surface area with an increase in the synthesis time and amount of 
ethanol used as a reaction medium was observed. The BET surface area 
increased with an increase in the hydrothermal reaction temperature to 
200 ◦C, and decreased above this temperature. The ANOVA results and 
Pareto chart in Table S1 and Fig. S3 in the Supporting Materials show 
that the amount of ethanol (C) had the highest influence on the BET 
surface area. Only for this variable, the p-value was lower than the 
significance level (p ≤ α), and exceeded the red vertical line (2.571) in 
the Pareto chart. 

Crystallite size is also one of the parameters involved in controlling 
photocatalytic activity. The crystallite size was calculated based on the 
XRD analyses presented in Fig. S4 in Supporting Materials. For all the 
obtained samples (S1-S15), the characteristic signals for both the 
anatase and MXene phases were identified. The main signals at 8.9◦, 
18.3◦, 27.6◦, and 60.6◦ were assigned to the (002), (004), (006), and 
(110) planes of MXene, respectively, and at 25.3◦, 48.0◦, 53.8◦, and 
55.0◦ to the (101), (200), (105), and (211) planes of anatase, respec
tively. The largest anatase crystallite size was observed for the samples 
prepared in water as a reaction medium (S5, S6, and S10) and the 
smallest was obtained with the addition of ethanol, which enabled the 
control of anatase particle nucleation and growth (samples S1, S7, and 
S11) (Dudziak et al., 2021). 

The polynomial equation representing the empirical relationship 

Table 3 
Box-Behnken experimental results: carbamazepine degradation (%), TOC removal (%), specific surface area (m2/g), and average anatase crystallite size (nm) of 
anatase TiO2 particles.  

Sample no. Sample 
label 

BET surface area 
(m2/g) 

Anatase crystallite 
size 
(nm) 

Efficiency of degradation 
(%) 

Degradation rate constant (min− 1‧ 
10− 2) 

TOC removal (%) 

S1 T180/EtOH-H2O/6 h 34.1 12 66 1.84 ± 0.09 9.2 
S2 T220/EtOH-H2O/6 h 42.6 13.5 83 2.93 ± 0.12 16.4 
S3 T180/EtOH-H2O/ 

24 h 
38.1 13 88 3.54 ± 0.05 18.3 

S4 T220/EtOH-H2O/ 
24 h 

50.6 17 95 4.86 ± 0.07 21.2 

S5 T180/H2O/15 h 24.3 18 57 1.46 ± 0.06 3.7 
S6 T220/H2O/15 h 29.1 24 84 2.77 ± 0.08 11.0 
S7 T180/EtOH/15 h 57.6 13 48 1.11 ± 0.05 9.2 
S8 T220/EtOH/15 h 33.2 15 83 2.68 ± 0.09 12.8 
S9 T200/H2O/6 h 37.2 19 79.5 2.57 ± 0.04 7.3 
S10 T200/H2O/24 h 30.3 25 81 2.63 ± 0.05 17.3 
S11 T200/EtOH/15 h 42.9 11.5 50 1.19 ± 0.07 10.1 
S12 T200/EtOH/24 h 69.6 13 52 1.28 ± 0.03 13.5 
S13 T200/EtOH-H2O/ 

15 h 
38.3 13 97 5.34 ± 0.09 22.4 

S14 T200/EtOH-H2O/ 
15 h 

42.4 13 96.5 5.21 ± 0.13 22.9 

S15 T200/EtOH-H2O/ 
15 h 

39.5 13 97 5.39 ± 0.11 23.8 

S16 T220/EtOH-H2O/ 
17 h 

38.2 18 99.5 6.56 ± 0.13 25.2  
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between the anatase crystallite size and the independent variables is 
shown in Eq. 2. 

The coefficient of determination (R2) of the model was 0.98. ANOVA 
results and a Pareto chart (Table S2 and Fig. S5 in the Supporting Ma
terials) showed that the amount of ethanol (C and C2), temperature (A), 
and time (B) had the highest impact on the crystallite size.  

Crystallite size (nm) = 44⋅8 – 0⋅369⋅A – 0⋅262⋅B + 0⋅017⋅C + 0⋅00116⋅A2 +

0⋅00015⋅B2 + 0⋅001535⋅C2 + 0⋅00264⋅A⋅B – 0⋅001100⋅A⋅C – 0⋅00233⋅B⋅C(2) 

As presented in Fig. 3, the average anatase crystallite size was 
positively correlated with the hydrothermal reaction temperature, time, 
and ethanol concentration. It was found that a longer time and higher 
temperature facilitated the anatase grain growth. In contrast, the 
average crystallite size decreased with increasing ethanol concentration. 
The presence of ethanol suppressed the hydrothermal oxidation of 
Ti3C2Tx. Furthermore, according to Zhang et al. (2017), without 
ethanol, TiO2 nuclei readily grow into TiO2 grains because of complete 
contact with water. Furthermore, the presence of ethyl alcohol resulted 
in steric hindrance, limiting grain growth and leading to the formation 
of smaller anatase nanoparticles. 

The DR/UV–vis spectra of the selected TiO2/Ti3C2 composites are 

presented in Fig. S6 in Supporting Materials. All samples showed a 
characteristic absorption band for TiO2 in the range of 200–350 nm. The 
significant increase in the absorption in the range of 400–800 nm may 
be attributed to the presence of MXene and its full-spectrum absorption. 

Finally, scanning electron microscopy (SEM) images of the TiO2/ 
Ti3C2 composites synthesised under different conditions are shown in  
Fig. 4. The layered structure of MXene was preserved after the sol
vothermal treatment. The MXene surface was uniformly covered with 
fine TiO2 nanoparticles. Furthermore, increasing the synthesis temper
ature led to complete coverage of the MXene sheets with the TiO2 
agglomerates. 

The polynomial equation representing the empirical relationship 
between CBZ degradation (%) and the independent variables is pre
sented in Eq. 3. The coefficient of determination (R2) of the model was 
0.87.  

CBZ degradation (%) = –667 + 6⋅56⋅A + 6⋅32⋅B + 0⋅29⋅C – 0⋅0148⋅A2 – 
0⋅10001⋅B2 – 0⋅00933⋅C2 – 0⋅0142⋅A⋅B – 0⋅00231⋅A⋅C + 0⋅0004⋅B⋅C     (3) 

By analysing the 3D surface plots (Fig. 5), it can be observed that the 
efficiency of CBZ degradation increased with an increase in the synthesis 
temperature. An opposite effect was observed for the amount of ethanol 
in the reaction environment. The addition of ethanol improved the 
photocatalytic activity; however, above the optimal amount of ethanol, 
the degradation efficiency decreased. Based on 15 experiments, the 

Fig. 2. 3D surface plots showing the effects of (a) temperature and synthesis 
time, (b) amount of ethanol and temperature, and (c) amount of ethanol and 
synthesis time on the BET surface area development. 

Fig. 3. 3D surface plots presenting the effects of (a) temperature and synthesis 
time, (b) amount of ethanol and temperature, and (c) amount of ethanol and 
synthesis time on TiO2 crystallite size. 
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highest photocatalytic activity towards CBZ degradation was observed 
for sample S15 (T200/EtOH-H2O/15 h), synthesised at 200 ◦C for 15 h 
with an ethanol/water ratio of 50:50 v/v. The degradation of CBZ 
reached 97% within 60 min under simulated solar light irradiation. 
ANOVA results and Pareto chart (Table S3 and Fig. S7 in the Supporting 
Materials) showed that the amount of ethanol (C2) and temperature (A) 
had the highest impact on the photocatalytic CBZ degradation. Only for 
these two variables, the p-value was lower than the significance level 
(p ≤ α) and exceeded the red vertical line, indicating a minimum 

statistically significant effect (2.571) in the Pareto chart. 
To further improve CBZ degradation, optimisation of the response 

was performed, and the synthesis parameters were predicted to be 
220 ◦C, 17 h, and a water–ethanol mixture with a ratio of 58:42 v/v. 
Furthermore, to confirm the predictions, the photocatalyst was syn
thesised under these conditions. The photocatalytic activity experiment 
confirmed that the degradation was the highest among all analysed 
samples for this composite, reaching nearly 100% within 60 min of 
irradiation. 

Fig. 4. SEM images of S13 (T200/EtOH-H2O/15 h) (a), S10 (T200/H2O/24 h) (b), S4 (T220/EtOH-H2O/24 h) (c), S12 (T200/EtOH/24 h) (e), S16 (T220/EtOH- 
H2O/17 h) (f), and 0.5% Cu-S16 (Cu-modified T220/EtOH-H2O/17 h) (g). 
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The progress in the photodegradation process also reflects the min
eralisation of organic compounds to CO2 and H2O. This process may be 
evaluated by the determination of the total organic carbon (TOC) 
removal after the degradation process. The polynomial equation repre
senting the empirical relationship between TOC removal after the pho
tocatalytic process (%) and the independent variables is shown in Eq. 4. 
The coefficient of determination (R2) of the model was 0.98.  

TOC removal (%) = –535⋅7 + 5⋅084⋅A + 2⋅467⋅B + 0⋅617⋅C – 0⋅01204⋅A2 – 
0⋅02397⋅B2 – 0⋅003617⋅C2 – 0⋅00597⋅A⋅B – 0⋅000925⋅C – 0⋅00367⋅B⋅C   (4) 

Based on the 3D surface plots presented in Fig. 6, it can be observed 
that the reduction in TOC concentration, similar to the photocatalytic 
activity, increased with increasing synthesis temperature and time. 

The amount of ethanol in the synthesis above the optimal value 
caused a decrease in TOC removal after the photocatalytic process. The 
ANOVA results and Pareto chart (Table S4 and Fig. S8 in Supporting 
Materials) showed that the amount of ethanol (C2) had the greatest in
fluence on TOC removal, followed by synthesis time, and temperature. 
For these variables, the p-value was lower than the significance level 
(p ≤ α) and exceeded the red vertical line (2.571) in the Pareto chart. 

4.2. Characterisation of Cu-modified TiO2/Ti3C2 composites 

In the next step, the sample synthesised under optimised conditions 
(sample S16 with a synthesis time of 17 h, temperature of 220 ◦C, and 
water/ethanol ratio of 58:42 v/v) was modified with different amounts 
of Cu in the range from 0.25 wt% to 1 wt%. 

The BET surface areas of the composite materials in the series Cu-S16 
were similar and equalled 40–41 m2⋅g− 1, slightly higher than that of 
pure S16 sample (38.2 m2/g). The band gap energy of the S16 composite 
was 3.14 eV, and similar values (Table 4) were obtained for Cu-modified 
samples, as presented in Table 4. 

Based on the XRD analysis, only the signals corresponding to TiO2 
and Ti3C2 were noticed, as presented in Fig. 7. Any copper species were 

Fig. 5. 3D surface plots presenting the effects of (a) temperature and synthesis 
time, (b) amount of ethanol and temperature, and (c) amount of ethanol and 
synthesis time on CBZ degradation (%). 

Fig. 6. 3D surface plots presenting the effects of (a) temperature and synthesis 
time, (b) amount of ethanol and temperature, and (c) amount of ethanol and 
synthesis time on TOC removal. 

Table 4 
The anatase crystallite size, BET surface area, and band gap energy for Cu-S16 
composites.  

Sample Crystallite size 
(nm) 

BET surface area 
(m2/g) 

Band gap 
(eV) 

0.25% Cu-S16 19 41.2 3.13 
0.5% Cu-S16 17 40.9 3.10 
1% Cu-S16 17 40.3 3.09  
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detected in the composite materials. It may be related to the low amount 
of Cu in the composite structure or suggests that copper was uniformly 
distributed on the TiO2/Ti3C2 surface. Because the radius of Cu2+

(0.087 nm) is considerably larger than that of Ti4+ (0.0745 nm) and 
there is a large difference in the valence state, copper should not replace 
titanium in the crystal lattice (Yan et al., 2015). 

Furthermore, SEM-EDS analysis confirmed the presence of copper on 
the Ti3C2/TiO2 composite surface, as shown in Fig. S9 in the Supporting 
Materials. The copper content for the 0.5% Cu-S16 sample was about 
0.51 wt% (0.19 at%), which is consistent with the amount used for 
modification. TEM images are presented in Fig. 8. The formation of 
small TiO2 nanoparticles on the MXene surface was visible. Based on the 
TEM with the corresponding SAED pattern, d-spacing values equalled 
0.35 nm and 0.234 nm were ascribed to the anatase (101) and Ti3C2Tx 
(103) planes, respectively (Verma et al., 2017; Huang et al., 2022). 

XPS analysis was performed to identify the oxidation states of the 
elements and are presented in Fig. 9. The Ti 2p 3/2 components at 
455.2 eV, 456.5 eV, 457.9 eV, and 459.5 eV correspond to Ti bound to 
C, Ti(II), Ti(III) and Ti(IV), respectively (Zhu et al., 2016). For the O 1 s 
region, peaks at 530.7 eV and 532.3 eV are ascribed to Ti–O–Ti in TiO2 
and Ti-OH, respectively. The OH terminates on the surface of Ti3C2 
(Ding et al., 2019). The C 1 s spectrum was deconvoluted into nine peaks 
fitted at 282 eV, 284.4 eV, 285 eV, 285.6 eV, 286.2 eV, 287 eV, 
287.9 eV, 289.1 eV, and 289.8 eV. These peaks were assigned to the 

Ti-C, C––C, C-H, C-C, C-OH, C-O-C, C––O, C-F, and O––C-O bonds, 
respectively (Ahmed et al., 2016; Kalambate et al., 2020). XPS analysis 
revealed the presence of copper (0.1 at%) in the composite material. The 
peak was deconvoluted for two signals at 932.3 eV and 934.1 eV cor
responding to Cu(0) and/or Cu(I), and Cu(II), respectively. Only based 
on the XPS spectrum in the Cu 2p region, it is difficult to distinguish 
between metallic Cu and Cu(I) due to the similar BE values (Biesinger 
et al., 2010; Shaaban and Li, 2022). The prevailing quantity of Cu(0)/Cu 
(I) over Cu(II) indicates the partial self-reduction of copper on the 
MXene surface without an external reducing agent. This phenomenon 
occurs due to the strong reductive activity of low-valence Ti(II) and Ti 
(III) species and the presence of negatively charged terminal groups 
(Wang et al., 2023; Zou et al., 2016). Similarly, a self-reduction process 
on the Ti3C2Tx surface was observed for Ag, Au, Ni, and Cu (Li et al., 
2022; Zhou et al., 2022; Zhang et al., 2016; Li et al., 2018). 

The photoluminescence spectra are presented in Fig. 10. The spectra 
show a broad band between 400 and 650 nm, with a maximum photo
luminescence intensity at 460 nm. The incorporation of copper into the 
composite material led to a decrease in photoluminescence. Further
more, the highest decrease was observed for the 0.5% Cu-S16 sample, 
possibly due to the lowest recombination of photoexcited charge car
riers, thus improving photocatalytic efficiency. Meanwhile, for the 
sample modified with 1% of copper, the PL peak intensity was stronger 
than that of the sample modified with 0.5% of copper, indicating that an 

Fig. 7. DR/UV–vis spectra (a) and XRD diffractograms (b) of the S16 (T220/EtOH-H2O/17 h) and Cu-modified T220/EtOH-H2O/17 h samples with different 
amounts of copper. 

Fig. 8. TEM images and SAED pattern of 0.5% Cu-S16 sample.  
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excessive amount of Cu negatively affected the charge carriers separa
tion. Excessive Cu agglomerates can form new recombination centres for 
photogenerated charge carriers. 

Electrochemical impedance spectroscopy is a suitable method to 

characterise the charge transfer resistance. The EIS Nyquist plots of the 
prepared materials are presented in Fig. 11a. The diameter of the 
semicircle in the EIS Nyquist plot correlates with the charge transfer 
resistance and separation efficiency of the photogenerated electron-hole 
pairs at the interface between the material and the electrolyte solution. 
It can be seen that the 0.5% Cu-S16 sample showed the smallest 
impedance arc radius compared with the other Cu-modified samples and 
pure TiO2/Ti3C2. This is related to the excellent electronic conductivity 
of Cu, and enhancement in the Cu-modified composite conductivity 
compared to pure TiO2/Ti3C2. The direct contact between deposited Cu 
species and TiO2/Ti3C2 results in efficient photogenerated charge car
riers separation, faster and easier electron transfer and lower electron- 
hole recombination rate (Vattikuti et al., 2018). Similar effect was also 
confirmed in previous studies for Cu-TiO2 (Hua et al., 2016) and 
Cu-BiVO4 (Wu et al., 2022). A lower resistance is correlated with a 
higher photocurrent response for samples modified with copper. For 
both samples, a photocurrent was instantly generated once the light was 
turned on. The photocurrent response of the composite modified with 
copper was improved compared to TiO2/Ti3C2 sample (Fig. 11b). The 
photocurrent density for 0.5% Cu-S16 was 12.76 μA/cm2, while for S16 
was 3.46 μA/cm2, which was above 3.5 times greater for 
copper-modified TiO2/Ti3C2. The higher the photocurrent, the higher is 
the charge carriers separation efficiency (Shen et al., 2018). In the 
five-cycle measurement, similar photocurrent values were obtained for 
each switch on/off cycle, showing the excellent reproducibility of the 
materials. According to the Mott Schottky plot (Fig. 12), the conduction 

Fig. 9. XPS spectra of Ti 2p (a), C 1 s (b), O 1 s (c), and Cu 2p (d) regions for sample 0.5% Cu-S16.  

Fig. 10. Photoluminescence spectra of Cu-modified composite materials.  
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band, which is almost equal to the flat band potential for n-type semi
conductors, was determined at − 1.21 V versus Ag and converted to 
− 0.41 V versus NHE. 

The photocatalytic activity of the prepared samples was investigated 
in reaction of carbamazepine degradation, as presented in Fig. 13. Pure 
sample S16 (T220/EtOH-H2O/17 h) synthesised under optimal condi
tions was compared with those modified with different amounts of 
copper from 0.25 wt% to 1 wt%. The incorporation of copper led to an 
increase in the photocatalytic activity of the composite. The optimal 
amount of copper was about 0.5 wt%. For this sample, 100% of CBZ was 
degraded within 60 min under simulated solar light. Compared with the 
S16 sample, the constant rate for the 0.5%-S16 sample increased from 

Fig. 11. EIS Nyquist plots (a) and photocurrent density (b) of prepared materials.  

Fig. 12. Mott Schottky plot for 0.5% Cu-S16 composite.  

Fig. 13. CBZ degradation efficiency for samples modified with various copper 
amounts under UV–vis irradiation. 

Table 5 
CBZ degradation rate constant and mineralisation measured as TOC removal 
efficiency.  

Sample CBZ degradation rate constant (min− 1‧10− 2) TOC removal 
(%) 

Photolysis 0.2 ± 0.03 0 
S16 6.6 ± 0.19 25.2 
0.25% Cu-S16 7.2 ± 0.34 42.3 
0.5% Cu-S16 9.0 ± 0.15 61.5 
1% Cu-S16 7.6 ± 0.20 46.4 
Photolysis + PMS 4.9 ± 0.17 2.1 
S16 + PMS 8.3 ± 0.16 27.8 
0.5% Cu- 

S16 + PMS 
33.5 ± 1.54 65.3  

Fig. 14. CBZ degradation efficiency for processes with and without 
PMS addition. 
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6.0 min− 1‧10− 2 to 9.0 min− 1‧10− 2 (see in Table 5). Moreover, the TOC 
removal efficiency increased from 25% to 61%. 

In the next step, the photodegradation process in the presence of 
0.5% Cu-S16 was combined with PMS activation. The results are shown 
in Fig. 14. It can be seen that PMS may be activated by light irradiation. 
The rate constant for photolysis with PMS increased from 0.2 min− 1‧ 
10− 2 to 4.9 min− 1‧10− 2, compared with photolysis. A synergetic effect of 
the combination of the photocatalytic process and PMS activation for the 
degradation of CBZ was observed. The rate constant increased from 
9.0 min− 1‧10− 2 for 0.5% Cu-S16 without PMS to 33.5 min− 1‧10− 2 for 
0.5% Cu-S16 with PMS (Table 5). It can be explained by the fact that 
some transition metal ions, such as copper, can induce the generation of 
reactive sulphate radicals by coupling with PMS. 

To verify the mechanism of CBZ degradation by 0.5% Cu-S16 in the 
presence of PMS, trapping experiments using radical scavengers were 
performed. As shown in Fig. 15, superoxide anion radicals (•O2

- ) and 
sulphate radicals (•SO-

4) were the main reactive species involved in the 
efficient photodegradation process. 

The stability and recyclability of the 0.5% Cu-S16/PMS system were 
evaluated in the four subsequent photodegradation cycles (Fig. 16). It 
can be observed that 0.5% Cu-S16/PMS may be effectively reusable, 
with nearly 100% degradation of CBZ within 20 min after the fourth 
cycle. Moreover, the XRD and FTIR analyses confirmed no changes in 
the material structure after the degradation processes (Fig. 17). 

According to the Mott Schottky plot and band gap determined from 
the Kubelka Munk function, the conduction and valence bands were 
determined as − 0.41 V and 2.69 V, respectively. As presented in Fig. 18 
the prepared photocatalyst can easily reduce oxygen to superoxide 
radicals (− 0.18 V vs. NHE). According to XPS analysis, copper exists in 
two oxidation states: Cu(I) and Cu(II). Both of these species can activate 
PMS (Zhu et al., 2021). The following reactions may occur during PMS 
activation by Cu(II), which is considered a direct one-electron transfer 
reaction:  

Cu2+ + HSO5
- → Cu3+ + •SO4

- + OH-                                               (5) 

Meanwhile, in the case of Cu(I), there are two possible routes: one- 
electron oxidation of Cu(I) or two-electron oxidation of Cu(I) to pro
duce Cu(II) or Cu(III), respectively (Wang et al., 2020; Ding et al., 2022).  

Cu+ + HSO5
- → Cu2+ + •SO4

- + OH-                                                (6)  

Cu+ + HSO5
- → Cu3+ + SO4

2- + OH-                                                 (7) 

Previous studies show that activating PMS using Cu (II) to generate 
ROS is difficult because this reaction is thermodynamically 

Fig. 15. Degradation of CBZ in the presence of scavengers for 0.5% Cu- 
S16/PMS. 

Fig. 16. CBZ degradation efficiency in the 4 subsequent cycles for 0.5% Cu- 
S16/PMS. 

Fig. 17. The XRD diffractograms (a) and FTIR spectra (b) of fresh and used 0.5%Cu-S16 composites.  
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unfavourable. Moreover, the degradation rate of pollutants by Cu(II) is 
slow, and the time is relatively long (Zhang et al., 2022). Furthermore, 
Cu(I) may effectively activate PMS to generate highly active radicals and 
promote the rapid decomposition of pollutants, owing to its stronger 
electron donation capacity. 

5. Conclusions 

In this work, the temperature, water/ethanol ratio, and hydrother
mal reaction time were optimised using the Box- Behnken method to 
maximise carbamazepine photodegradation efficiency under simulated 
solar light. ANOVA was used to study the statistically significant pa
rameters and their interactions. According to the RSM and ANOVA an
alyses, the optimum synthesis conditions were 220 ◦C, 17 h, and 
58:42 v/v water/ethanol ratio, and the most important parameter 
affecting the synthesis of the highly photocatalytic active TiO2/Ti3C2 
composite material was the water/ethanol ratio. The optimised TiO2/ 
Ti3C2 sample exhibited the highest CBZ photodegradation efficiency, 
and complete CBZ degradation was observed within 60 min under 
simulated solar light irradiation. 

Further analysis revealed that modification with copper species led 
to markedly improved photocatalytic activity, and the optimal copper 
content was 0.5 wt%. The combination of the photocatalytic process 
using the 0.5% Cu-S16 sample with PMS (0.5 mM) activation led to 
complete CBZ degradation within 20 min of irradiation under simulated 
solar light. The superoxide anion radicals and sulphate radicals were the 
main reactive species involved in the degradation process. 
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