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ABSTRACT 

In this work, the BiOClBr, as a new family of bismuth based semiconductors, was successfully 

applied to remove of cytostatic drugs from water under UV-Vis light irradiation. BiOCl, BiOBr 

and BiOClBr were synthesized using two steps solvothermal method in glycerol. The inorganic 

salts (KCl and KBr) and 1-butyl-3-metylimidazolium chloride (BmimCl) and 1-butyl-3-

metylimidazolium bromide (BmimBr) ionic liquids (ILs) were used as the source of halides for 

the photocatalysts synthesis. The as-fabricated samples were characterized by X-ray diffraction 

(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and 

UV-vis diffuse reflectance spectroscopy (DRS). The specific surface area was measured by 

Brauner-Emmett-Teller (BET) technique. Additionally, Fourier-transform infrared 

spectroscopy was used to evaluate the presence of IL on the photocatalysts surface. The 

comparison of photocatalytic activity between BiOCl and BiOClBr photocatalysts towards 5-

fluorouracil (5-FU), imatinib (IMA) and cyclophosphamide (CP) removal was conducted. The 
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highest photocatalytic activity in the cytostatic drugs degradation and mineralization was found 

using BiOClBr IL synthetized via ILs as the halogens source. The study showed that 

BiOClBr IL synthesized in the presence of ILs can be a promising material in the water 

decontamination methods.  

Keywords: BiOClBr, photocatalysis, ionic liquids, synthesis, cytostatic drugs 

1. INTRODUCTION 

Pharmaceutical and personal care products (PPCPs) have attracted significant concerns 

worldwide for their persistence and potential threat to the ecosystem and public health [1]. They 

are commonly present in water at concentrations ranging from a few ng L-1 to several µg L-1. 

Cytostatic drugs are a broad group of chemotherapy compounds mainly applied in medication 

for tumor, skin diseases and infections treatments [2]. These drugs and their human metabolites 

can directly enter into the water cycle from the hospital effluent, household and industrial 

wastewater, and drug waste disposal [2-5]. They exhibit carcinogenic, mutagenic and 

teratogenic activity and also have been recognized as low biodegradable and chemically 

unstable substances [3]. Due to these properties, cytostatic drugs are not completely removal 

by conventional wastewater treatment plants (WWTPs) [6-8]. They are continuously 

discharged to the environment with the effluents from WWTPs, and the accumulation of these 

drugs become a threat to ecosystem and living organisms [9-10]. Their removal is also a 

challenge for the water purification methods. Therefore, an effective treatment processes for 

these classes of substances is urgently needed in both scientific and industrial applications. 

Photocatalytic oxidation is one of the most promising advanced oxidation technologies 

(AOTs) able to the mineralization of persistent contaminants. The bismuth-based photocatalysis 

presents probably the most promising approach in terms of low toxicity of semiconductor and 

the availability of substrates for its preparation process. Bismuth oxyhalides (BiOX, X=Cl, Br, 
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I) are V-VI-VII ternary semiconductors compound with tetragonal matlockite structure, a layer 

structure characterized by [Bi2O2]
2+ slabs inserted between double slabs of halogen atoms. The 

engineering techniques such as microstructure modulation, heterologous hybridization and 

structural design of BiOX for efficient photocatalytic applications is crucial and attracts the 

attention of many research groups [11-13]. BiOClBr is a new family of bismuth 

semiconductors. It was reported that this family of photocatalysts exhibited a high 

photocatalytic activity under visible light toward dyes removal [14-16]. 

Ionic liquids (ILs), usually composed of asymmetric organic cations and large inorganic 

anions have attracted much attention as functional materials for controllable synthesis of 

nanostructures. They can act as a templates leading to unusual morphology of different 

materials [17-18], and they can be a source of halide atoms in BiOX preparation. Reported 

research showed that using IL as a halogen source in solvothermal synthesis resulted in more 

crystalized BiOCl [19], BiOBr [20], Bi4O5Br2 [21] photocatalysts when compared to inorganic 

salts. BiOClBr with good photocatalytic activity was obtained via solvothermal method under 

temperature 140°C for 24h. The ethylene glycol was used as a solvent, while 1-hexadecyl-3-

methylimidazolium chloride/bromide (C16mimCl/Br) was a source of halogens in reaction [22, 

23]. Alternative synthesis was proposed by Li at al., BiOCl/BiOBr were prepared in the 

solvothermal reaction with C16mimCl/Br in 0.1M mannitol in the 140°C for 24h [15]. As the 

halogen source in bismuth oxyhalides BiOX (X=Cl, Br, I) synthesis C12mimCl/Br/I [24], 

C8mimCl [19], C6mimCl/Br [24] and BmimCl/Br/I were applied [19-20, 24]. Solvothermal 

reaction were examined in a range of temperatures from 140°C to 180°C and throughout a 

varied time ranging from 6h to 24h ethylene glycol or 2-metoxyethanol was used as a solvent. 

To our best knowledge, there is no comparative study of photocatalytic activity of 

BiOXY solid solutions prepared by the solvothermal method with the BmimX ionic liquids 

used as the halogen ions precursors. 
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In this study a series of BiOX and BiOXY (X,Y=Cl, Br) were prepared via solvothermal 

process, where the BmimX was used as a source of halide atoms. The effects of the ILs on 

photocatalytic activity under solar light of as-prepared BiOX and BIOXY were examined by 

degradation of cytostatic drugs such as: 5-fluorouracil, cyclophosphamide and imatinib. The 

studied drugs are considered harmful micropollutants exhibiting a cancerogenic activity.  

The BiOClBr photocatalyst with the increased activity towards the cytostatic drugs with 

the different physicochemical properties and chemical structure was obtained. The results 

showed the photocatalytic degradation both of aromatic compound with the low adsorption 

properties (5-FU logKo/w=-0.89), aliphatic compound with chloride atoms (CF), and IMA – 

aromatic compound with relatively high adsorption possibility. Such a set of compounds with 

different physicochemical properties and significant biological activity was the first time 

studied with using BiOClBr photocatalyst. Not only the removal of model compounds from 

water but the mineralization efficiency was also considered. The adsorption and photocatalysis 

processes were studied in details. Kinetics and mechanistic studies including the identification 

of main active species contributing to the organic matter removal were also explored. 

 

2. MATERIALS AND METHODS 

Bismuth nitrate, 1-butyl-3-methylimidazolium chloride (BmimCl) and bromide 

(BmimBr), potassium chloride and bromide, glycerol were purchased from StanLab Sp. J.  

Ethyl alcohol, chloroform, tert-butyl alcohol and sodium hydroxide were obtained from POCh 

S.A, while 5-fluorouracil, imatinib, cyclophosphamide, p-benzoquinone, nitrotetrazolium blue 

chloride, terephalic acid and acetonitrile HPLC grade were purchased from Sigma-Aldrich. L-

(+) ascorbic acid was from Chempur® and Na2EDTA dehydrate was provided from Acros 

Organics. All reagents were used in analytical grade and without further purification. 

2.1. Synthesis of BiOCl(Br) 
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The BiOCl, BiOBr and BiOClBr photocatalysts were synthesized in glycerol using two steps 

solvothermal method. In typical synthesis, 8 mmol Bi(NO3)3·5H2O was dissolved completely 

in 80 mL of glycerol to obtain the homogenous solution A and 8 mmol KCl (8 mmol KBr for 

BiOBr or 4 mmol KCl and 4 mmol KBr for BiOClBr) was dissolved in 80 mL of glycerol to 

obtained the solution B. Solution B was added by drops to solution A with magnetic stirring at 

a room temperature. After further stirring for 30 minutes, the mixture was transferred into 200 

mL Teflon-lined stainless steel autoclave, which was sealed and maintained at 160°C for 16 h 

and then cooled to room temperature [25]. The obtained complex precursor was washed with 

ethyl alcohol several times and then dried under air at 80°C for 12 h. The studied photocatalysts 

were obtained via hydrolytic process from an aqueous solution of their complex precursor 

molecules. 100 mL of distilled water was added to every 0.3 g of precipitate. The suspension 

was continuously stirred at a room temperature for 2 h, and the powder was filtered and washed 

with distilled water. Finally, the photocatalyst was dried under the same conditions as 

previously obtained precipitate. The samples prepared using the method were identified as 

BiOCl, BiOBr and BiOClBr. Further BiOCl(Br) photocatalysts were synthesized via ionic 

liquids (ILs). The BmimCl and/or BmimBr were used as a halides sources instead of inorganic 

salts KCl or KBr. The photocatalysts prepared in reaction with BmimX were labeled as 

BiOCl IL, BiOBr IL and BiOClBr IL. The molar ratio of Cl/Br used to synthesis of BiOClBr 

and BiOClBr IL was 1:1. 

 

2.2 Characterization of BiOCl(Br) and BiOCl(Br) IL 

The X-ray diffraction technique (XRD) was used to identify the crystalline structure of 

photocatalysts with PANalytical X'Pert Plus diffractometer with focusing primary 

monochromator CuKα (λ = 1.54 Å) radiation. The morphology and microstructure of samples 

were investigation by field emission scanning electron microscopy with JEOL JSM-7610F FE-

SEM. The optical properties was analyzed using UV–vis diffuse reflectance spectra (DRS) 
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which were obtained by 2600 UV-VIS Spectrophotometer Shimadzu. BaSO4 was used as a 

reference. The photoluminescence spectrum (PL) was obtained by Perkin Elmer limited LS50B 

spectrophotometer in the range of 300–700 nm. The excitation wavelength was 315 nm, while 

the emission was detected up to 390 nm. Fourier transform-infrared (FT-IR) spectra were 

measured on a Bunker IFS66 spectrophotometer in the range 4600-400 cm-1 using KBr pellet 

technique. The Brunauer-Emmett-Teller (BET) specific surface areas of the samples were 

analysed by nitrogen adsorption using a Micromeritics Gemini V (model 2365) nitrogen 

adsorption apparatus. X-ray photoelectron spectroscopy with ThermoFisher Scientific Escalab 

250Xi was used to determine the composition of the photocatalysts surface.  

The pHzpc (point of zero charge) of samples determination was performed in 0.01 M 

NaCl with different pH in the range between 2 and 12 adjusted by HCl or NaOH solution. 20 

mg of photocatalyst was added to 5 mL of 0.01 M NaCl with appropriate pH values [26]. The 

flasks with mixture were rapidly stirred for 24h and subsequently the final pH of the solution 

was measured by pHmeter CyberScan Ion510. A graphs were plotted between pHfinal vs pHinitial. 

The point of intersection of those pH curves was recorded as pHzpc in function of the 

photocatalysts surface. 

2.3 Photocatalytic activity  

Photocatalytic degradation of cytostatic drugs: 5-fluorouracil (5-FU), cyclophosphamide (CP) 

and imatinib (IMA) in the presence of  BiOCl(Br) and BiOCl(Br) IL were conducted under a 

150 W Heraeus medium-pressure mercury lamp irradiation. Photocatalytic tests were 

performed for 120 minutes. In the experiment 3 mg (0.5 g L-1) of photocatalyst was dispersed 

into 15 mL of 5-FU, CP and IMA solution with the initial concentration of 15 mg L-1. Before 

starting the irradiation, the contaminants and photocatalyst displayed adsorption-desorption 

equilibrium by being stirred continuously for 30 minutes. The experimental conditions were 

previously optimized based on the 5-FU. At prearranged times intervals 1 mL of suspensions 
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samples were filtered through 0.22 μm syringe filters to eliminate photocatalyst particles from 

the sample. The concentration of drugs in the samples were examined by HPLC technique. The 

physical and chemical properties of cytostatic drugs applied are listed in Table 1. 

 

Table 1. Physical and chemical properties of cytostatic drugs.  

Name 
Chemical 

structure 

Chemical 

character 
pKa LogKo/w 

Ref. 

5-Fluorouracil 

(5-FU) 
 

aromatic 

compound, 

weakly 

adsorbed 

species 

pKa1=7.5 

pKa2=9.0 
-0.89 

[26-27] 
Cyclophosphamide 

(CP) 

 

aliphatic 

compound, 

weakly 

adsorbed 

species 

pKa1=2.3 

pKa2=11.1 
0.63 

Imatinib 

(IMA) 

 

aromatic 

compound, 

adsorbed 

species 

pKa1=8.07 

pKa2=3.73 

pKa3=2.56 

pKa4=1.52 

2.89 

 

2.4. Identification of  photogenerated entities 

Chloroform, tert-butyl alcohol, L-ascorbic acid and disodium ethylenediaminetetraacetate 

dihydrate (Na2EDTA) in amount of 10 mM were used in the described photocatalytic process 

as a scavengers of  electrons (e-), hydroxyl radicals (•OH), superoxide radical (•O2
-) and holes 

(h+), respectively. The •OH generation in the presence of fabricated samples was examined by 

analyzing the fluorescence intensity of a product of reaction between terephalic acid (TA) and 

hydroxyl radicals (2-hydroxyterephalic acid). In a typical process, 15 mg of photocatalyst is 

added to 75 mL of 2∙10-3 M NaOH solution containing 5∙10-5 M TA. The obtained solution was 

stirred in the dark for 30 min before solar light illumination (Suntest CPS+ solar simulator  

equipped with cooling system and 1700W Xenon lamp as the light source). 2 mL of sample 
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was collected at 30 minutes intervals during 1 h illumination of mixture and filtered off. A 

Perkin Elmer limited LS50B spectrophotometer was used to record the fluorescence spectra of 

samples in the range 300 – 700 nm. The excitation wavelength was 300 nm. In order to evaluate 

•O2
-• generation in the presence of photocatalysts, the experiments with 4-Nitro blue tetrazolium 

chloride (NBT) were conducted. The concentration of NBT was 2.5∙10-5 M. The irradiations 

were carried out for 90 min in Suntest CPS+, taking 1.5 ml of the sample every 15 min and 

measure absorbance of NBT at 259 nm on Perkin Elmer Lambda XLS+. 

 

2.5.Analytical methods 

5-FU, CP and IMA concentration were determined with HPLC system with UV detector (Perkin 

Elmer, Series 200). The chromatographic conditions were listed in Table 2. Chromatographic 

column used in experiments was Phenomenex Kinetex C-18 column (150x4.6 mm, 2.6 µm).  

 

Table 2. Analytical parameters drugs analysis.  

Parameter 5-FU CP IMA 

Detection wavelength [nm] 266 200 302 

Flow rate [mL min-1] 0.7 0.5 1.0 

Injection volume [µm] 25 50 30 

Analysis time [min] 6 10 7 

Mobile phase 
Acetonitrile/water 

2:98 (v/v) 

Acetonitrile/water 

30:70 (v/v) 

Acetonitrile/0.1% 

formic acid water 

solution 10:90 

(v/v) 

 

The progress of the mineralization of the 5-FU, CP and IMA was monitored by measuring the 

Total Organic Carbon (TOC) and Total Nitrogen via Total Organic Carbon analyzer, Total 

Nitrogen Measuring UNIT Shimadzu.  
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3. RESULTS AND DISCUSSION 

3.1. XRD analysis  

X-ray diffraction analysis of prepared photocatalysts was used to determine the purity and 

crystallinity of samples synthesised with an inorganic salts KCl/KBr or an ionic liquids 

BmimCl/BmimBr. The intensity of reflections and sharp diffraction peaks in Figure 1a and 1b 

indicated the well-crystallized structures of all samples. Precisely, the evolution of the three 

strongest peaks is shown in the enlarged XRD patterns (Fig. 1 cd). 

The reflections observed for BiOCl IL were narrower and more intense than those found in 

diffraction pattern of BiOCl (ICCD 01-085-0861), indicating that the first set was better 

crystallized than second one. The results are in accordance with the previously reports showing, 

suggesting  the BiOCl materials obtained via IL were well crystalized and high purity [19, 29-

30]. In both cases, the samples were the pure BiOCl phase. 

 

 
 

a) b) 
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Figure 1. XRD patterns of synthesized photocatalysts a) with inorganic salts and b) ionic liquid 

as a halogen source and shifts of diffraction peaks in c) BiOClBr and d) BiOClBr IL in selected 

2ɵ 

 

The XRD pattern of BiOBr and BiOBr IL implied, that this studied samples were Bi4O5Br2 

(ICDD 01-071-3449) crystal phase. Synthesis bismuth oxybromide from KBr not allowed to 

obtained BiOBr phase in proposed conditions. Preparation this type photocatalysts via BmimBr 

resulted that BiOBr (ICCD 01-081-8953) phase was in residual amount and the main phase was 

Bi4O5Br2. Moreover, the reflections and diffraction peaks broadening found for BiOBr and 

BiOBr IL indicated very small crystallites in both samples.  

XRD pattern of a multicomponent sample BiOClBr shown in Fig 1b exhibited a diffraction 

peaks characteristic for the pure BiOCl (ICDD 01-085-0861) and BiOBr (ICDD 01-081-8953). 

The peaks broadening for samples BiOClBr prepared by the reaction with KCl/KBr were higher 

than those obtained for BiOBrCl IL. The used of BmimBr and BmimCl in fabrication of 

BiOClBr IL allowed to prepare the more crystalized material than BiOClBr. In BiOClBr IL 

photocatalyst bromine atoms (rBr– = 0.196 nm) with large atom diameter incorporated into the 

c) d) 
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crystallographic lattice with chlorine atoms (rCl– = 0.181 nm) with relatively low diameter. 

This phenomena was found as diffraction peaks shift in XRD pattern for the sample. 

 

3.2. UV-vis diffuse reflectance spectroscopy  

The UV-vis diffuse reflectance spectra (DRS) of the prepared photocatalysts are shown in Fig 

2a. BiOCl and BiOCl IL mainly showed absorption in the UV region with absorption edge at 

around 350 nm as illustrated Fig 2a. Ability of light absorption in the visible region is marginal, 

but BiOCl IL had a slightly better absorption in this region than BiOCl [31]. The UV-vis/DRS 

spectra of BiOBr and BiOBr IL were characteristic for Bi4O5Br2 crystal phase as it was found 

in XRD analysis [32-33]. BiOClBr absorbed light more intensively than BiOClBr IL in all 

regions. 

 

 

 
Fig. 2. a) UV-vis diffuse reflectance spectra of BIOXY and b) Kubelka-Munk transformation 

of prepared photocatalysts.  

 

According to the DRS analysis after Kubelk-Munk transformation the band gaps of the BiOCl, 

BiOCl IL, BiOBr, BiOBr IL, BiOClBr and BiOClBr IL were respectively 3.35, 3.25, 2.86, 2.91, 

3.08, 3.14 eV. Eg values were similar to that from literature reports [14-15, 31, 33-34]. 

Photocatalyst BiOCl fabricated with ILs were characterized by slightly better absorption and 

a) b) 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


12 
 

narrower band gaps. This observation has been confirmed by other research groups [22-23, 35-

37]. They showed that the Eg value of BiOCl prepared in reaction with KCl was slightly higher 

than that obtained for sample prepared with C16mimCl. However, the introduction of bromine 

by BmimBr into BiOBr and BiOClBr caused the broaden of Eg [14]. To our best knowledge, 

up till now there have been any Bmim IL used to preparation of BiOBr and BiOClBr.  

 

Table 1. Values of energy band gap, specific surface area (SBET) and pore size. 

Photocatalyst Eg [eV] 
SBET 

[m2 g−1] 

Total pore 

volume  [cm3/g] 

BiOCl 3.35 90.8 0.043 

BiOCl IL 3.25 54.7 0.026 

BiOBr 2.86 49.2 0.024 

BiOBr IL 2.91 79.3 0.038 

BiOClBr 3.08 65.6 0.032 

BiOClBr IL 3.14 57.9 0.029 

 

3.3. BET analysis 

The specific surface area and pore average diameter of as prepared photocatalysts are listed in 

Table 1. In the literature, the specific surface areas of flower-like BiOCl were reported as 1.84 

– 18.04 m2 g−1 [37-40], while Bi4O5Br2 formed structure 3D with specific surface area of 23.9 

- 62.25 m2 g−1 [24, 32, 41-42]. The surface of BiOClBr was synthesized by the solvothermal 

method under different conditions (solvent, temperature, synthesis time) and reported in the 

literature in the range of 2.01-14.16 [43-46]. In all cases, the surface of reported photocatalysts 

was much smaller than those obtained in this study. The large specific surface area and porosity 

were the result of the use of glycerol as a solvent in sample preparation, while the presence of 

ILs in synthesis increased (BiOCl IL) or decreased (BiOBr IL and BiOClBr IL) their values. 

The enhanced surface area and the appropriate pore size of photocatalysts can facilitate to the 

adsorption and transfer of pollutants molecules to active sites thus improving the photocatalytic 

efficiency. 
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3.4. SEM analysis 

SEM images (Fig. 3ab) of BiOCl and BiOCl IL samples showed that they were microsphere-

like. Both photocatalysts were built from several dozen of thin nanosheets, although, BiOCl IL 

sheets were less close-packed. This findings was confirmed by BET surface analysis (Table 1). 

BiOBr crystallites (Fig. 3cd) were composed of massive interleaving nanosheets but much 

thicker and with more blurry shapes than BiOBr IL. BiOBr IL nanoparticles were a flower-like 

shape with relatively high and thin nanosheets. The specific surface area of BiOBr IL sample 

was 1.6 times higher than BiOBr. Furthermore, BiOClBr and BiOClBr IL (Fig. 3ef) are 

hierarchical microspheres constructed by numerous two dimensional interlaced nanosheets with 

thickness of 10-20 nm and 5-15 nm for BiOClBr and BiOClBr IL, respectively.  

The average diameters of photocatalyst particles were in the range of 0.5-1 (BiOBr), 1-1.8 

(BiOCl IL), 1-2 (BiOCl), 1.4 – 1.89 (BiOClBr), 2.28 – 2.75 (BiOClBr IL) and 2.91 - 3.13 µm 

(BiOBr IL).  

 

   

   
Fig. 3. SEM image of synthesized photocatalysts.  

 

b) BiOCl IL 

a) BiOCl c) BiOBr  

d) BiOBr IL  f) BiOClBr IL 

e) BiOClBr 
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3.5. FT-IR analysis  

In the Fig S3. the FT-IR spectra of samples obtained via KCl/KBr and ILs were presented. In 

the all spectrum of the as-prepared photocatalysts peaks corresponded to the bonds vibration 

associated with water molecules adsorbed (ca. 1380 cm-1) and of the organic contaminants 

adsorbed on the surface of photocatalytic materials. A strong absorption band at ca. 530 cm-1 

can be attributed to the Bi-O symmetric starched mode, which confirms the formation of BiOCl 

(BiOBr) [35-36, 47]. No characteristic peaks of imidazolium C-H stretching of the IL were 

observed in FT-IR spectra. It can be assumed that the ILs were completely removed from the 

surface of the material by washing with deionized water and alcohol. FT-IR analysis was 

consistent with the results obtained from XPS measurements. 

 

3.6. XPS analysis  

In order to investigated the surface composition and chemical states of BiOClBr and BiOClBr 

IL, X-ray photoelectron spectroscopy (XPS) measurement was performed. The survey in Fig 

4a showed the presence of the Bi, O, Cl and Br peaks which confirmed the compositions of 

sample BiOClBr IL with the  Cl/Br ratio of 1:1.  

The peak for N 1s, typically located at 405 eV, was not observed. This suggests  that  ILs were 

completely removed from the surface of the studied sample. The same finding was observed 

for the other samples synthesized via ILs  (BiOCl IL, BiOBr IL). In the Fig. 4b XPS spectra of 

Bi 4f regions from the surface of the BiOClBr IL was shown. In the high-resolution spectrum 

(Fig. 4b) two strong peaks at binding energies of around 165.2 eV and 158.7 eV were assigned 

to the Bi 4f7/2 and Bi 4f5/2 respectively, which is characteristic of the Bi3+ in bismuth oxyhalides. 

In the Fig. 4c the O1s spectrum was shown which can be fitted into two peaks. The main peak 

at 526.7 eV was attributed to the Bi-O bond in [Bi2O2]
2+ slabs of BiOClBr IL structure.  
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The other peak at 530.9 eV is mainly attributed to H2O or OH- adsorbed at the surface. The 

peaks with binding energies of 197.4 eV and 199.9 eV (Figure 4d) were referred to the Cl 2p3/2, 

Cl 2p1/2 and confirmed monovalent chlorine state. The Br 3d XPS spectra presented in Figure 

4e exhibit two main peaks with BE 68.1 eV and 69.9 eV, corresponding to Br 3d5/2 and Br 3d3/2, 

respectively.  

Both halogens peaks were assigned at monovalent oxidation state. The results for BiOCl, BiOBr 

and BiOClBr were similar. 

The XRD and XPS results confirmed that the BiOClBr IL sample is solid solutions and 

imidazolium ionic liquids used as a halides sources were removed from the surface of BiOClBr 

IL. 

 

 

 

a) b) 
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Fig 4. High resolution spectra XPS of BiOClBr IL: a) Total survey, b) Bi 4f, c) O 1s, d) Cl 2p 

and e) Br 3d.  

 

3.7. Effect of pH on photocatalyst surface 

The pHzpc value is an important property of the photocatalysts and relating to the phenomenon 

of adsorption of the pollutants. The pHzpc was examined for BiOCl IL and BiOClBr IL and its 

value was 5.78 and 5.58, respectively (Fig S1). At a pH below pHzpc the photocatalyst surface 

is positively charged, while it is negatively charged above pHzpc. The pH value of photocatalyst 

mixed with 5-fluorouracil, cyclophosphamide and imatinib during photodegradation 

c) d) 

e) 
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experiments varied from 5.26 to 4.86. This indicated that the surface was positively charged 

throughout the irradiation. 

Additionally, 5-FU (pKa1=7.5; pKa2=9.0) and CP (pKa= pKa1=2.3 pKa2=11.1) in mixture 

existed mainly in the neutral form, while IMA was the cation protonated at nitrogen in 

piperazine ring located at the end of the large molecule of studied drug. The localization of 

positive electric charge did not affect the IMA adsorption on the photocatalysts surface. 

 

3.8. Photocatalytic activity 

The photocatalytic activity of fabricated photocatalysts in degradation of three cytostatic drugs: 

5-FU, CP and IMA was investigated. Due to the similar crystal phase, the effects of BiOCl and 

BiOClBr on cytostatic drugs removal under UV-Vis light irradiation were compared. Photolysis 

of used model micropollutants in experimental pH were negligible . The kinetics data of drugs 

photodegradation correlated well with the pseudo-first order model (Table 4).  

In the Fig 5 the variations of concentration of 5-FU (a), CP (b) and IMA (c) in the function 

irradiation time in the presence of 0.5 g L-1 photocatalyst: BiOCl, BiOCl IL, BiOClBr and 

BiOClBr IL were shown. In case of 5-FU drug adsorption at the surface of the all studied 

photocatalysts was very low and independent of the preparation procedure. After 90 min of 

irradiation, 5-FU was totally degraded over BiOCl, while the process lasted 120 min for BiOCl 

IL. In the case of BiOClBr 5-FU the removal was complete after 90 and 120 min for sample 

fabricated with ILs and KCl/KBr respectively. BmimX used as a halogen source in the 

photocatalyst preparation resulted in a 2 times decreased of BiOCl IL activity in drug 

degradation process compared to BiOCl, while the activity of BiOClBr IL increased 1.4 times 

for BiOClBr. This indicated that ILs improved the photocatalytic activity of samples BiOClBr 

IL prepared by the solvothermal method, while the results for BiOCl are challenging to interpret 
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due to the 1.6 higher surface area with active centers of the BiOCl compared to the surface of 

BiOCl IL. 

 

Table 2. Comparison of the photocatalytic performance of BiOX with reaction rate constants 

(k) for model micropollutants under artificial solar light.  

Photocatalyst 

5-FU CP IMA 

k 

min-1 
R2 

k 

min-1 
R2 

k 

min-1 
R2 

BiOCl 0.0361 0.9917 0.0011 0.9966 0.0313 0.9942 

BiOCl IL 0.0247 0.9938 0.0011 0.9966 0.0403 0.9962 

BiOClBr 0.0216 0.9925 0.0075 0.9992 0.0479 0.9954 

BiOClBr IL 0.0569 0.9935 0.0164 0.9918 0.0486 0.9994 

 

The adsorption of CP on the surface of all samples was negligible. The rate of CP decomposition 

was higher over BiOClBr than BiOCl, independently of the sample preparation method. After 

120 min of irradiation 79% and 58% of CP was degraded under BiOClBr IL and BiOClBr, 

respectively. ILs used for the preparation of photocatalyst improved BiOClBr activity towards 

CP. CP removal under BiOCl and BiOCl IL was lower when compared to BiOClBr and reached 

in the same time only 12%. Photocatalytic decomposition rate of CP was not elevated by the IL 

applied to BiOCl fabrication, while this rate was 2.2 times faster for BiOClBr prepared with the 

IL. The results also indicated that under experimental conditions CP is a more resistant 

compound than 5-FU in photocatalysis under BiOClBr IL. 

IMA was adsorbed at all samples with the increase trend in the following order BiOCl ≈ BiOCl 

IL < BiOClBr IL < BiOClBr. It was observed (Fig 5c), that after 120 min of UV-Vis light 

irradiation IMA was completely removed by using the all of studied photocatalysts. 

Furthermore, the apparent rate constants k of BiOClBr IL and BiOClBr was significantly higher 

than that of the single halogen BiOCl sample.  
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Fig. 5 Photocatalysis decomposition a) 5-fluorourail, b) cyclophosphamide, c) imatinib in 

presence of prepared photocatalysts under solar light irradiation.  

 

The results clearly indicated that the BiOClBr IL prepared using BmimCl and BmimBr as the 

source of halogens demonstrated the best activity toward all studied cytostatic drugs 

degradation under UV-Vis light. They resistivity in photocatalytic process was in the following 

order CP > 5-FU > IMA. BiOCl and BiOCl IL samples demonstrated the similar activity 

b) a) 

c) 
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towards CP and IMA degradation or lower activity of BiOCl IL than BiOCl for 5-FU oxidation. 

The fact suggested that the mechanism of studied drugs degradation was different. 

 

3.9. TOC and TN removal  

The ability of photocatalysts to mineralized 5-FU, CP and IMA were evaluated by variation in 

concentration of TOC and TN after 2h of irradiation. The results presented in Table 3 indicated 

that BiOClBr prepared with or without ILs used, characterized better photocatalytic activity in 

mineralization of drugs than BiOCl and BiOCl IL with single halide. Both BiOClBr and 

BiOClBr IL removed TOC and TN, however the mineralization was more advanced under 

sample prepared with the ILs. In the presence of BiOClBr IL the mineralization reached 24.5, 

15.6 and 39.3% of TOC removal for 5-FU, CP and IMA, respectively. The production of 

gaseous nitrogen was higher under BiOClBr for 5-FU (9.4%) and CP (13.9%) than BiOClBr 

IL, while for IMA the situation was different and in the presence of BiOClBr IL TN (16.4%) 

was removed at a higher efficiency than in the presence of BiOClBr (13.6%). Obtained nitrogen 

removal by BiOClBr was probably synergistic effect of metallic Bi, Bi4O5Br2 and BiOCl phase 

presence in the photocatalyst.  In 5-FU and CP solution, the equilibrium between TOC and TN 

removal under BiOClBr IL was shifted towards the removal of TOC, while under BiOClBr 

towards TN removal. The mechanism of IMA mineralization was different, and TOC and TN 

removal increased under BiOClBr IL compare to the mineralization of the drug under BiOClBr.  

The results indicated that the synthesis BiOClBr IL via ILs produced a photocatalysts with a 

higher ability to mineralize the micropollutants and to remove the nitrogen as a N gaseous 

products form water, which is very beneficial for the environmental applications. 
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Table 3. Total organic carbon and total nitrogen removal [%]. 

Photocatalyst 
5-FU CP IMA 

TOCrem TNrem TOCrem TNrem TOCrem TNrem 

BiOCl 2.3 0 0 0 28.5 7.0 

BiOCl IL 10.1 0 0 0 29.2 6.6 

BiOClBr 19.8 9.4 0 13.9 33.1 13.6 

BiOClBr IL 24.8 5.0 15.6 2.9 39.3 16.4 

rem - removal 

 

3.10. Mechanism of photocatalytic decomposition of studied drugs  

The mechanisms of cytostatic drugs degradation were studied under the BiOClBr IL with the 

highest photocatalytic activity. In the Fig. 6a were shown the results of photocatalytic 

decomposition of 5-FU, CP and IMA in the presence of Na2EDTA, t-butyl alcohol, ascorbic 

acid and chloroform used as a holes, •OH, •O2
-• and e- scavengers, respectively. The degradation 

of 5-FU was significantly decelerated in presence the of Na2EDTA, while the addition 

of ascorbic acid inhibited this process in 44%. Tert-butyl alcohol and chloroform influence was 

negligible the process. The result suggested that 5-FU using BiOClBr IL was decomposed 

mainly by h+ and next by •O2
-. The experiments with photocatalytic oxidation of terephalic acid 

and NBT (Fig. S2) confirmed the lack of •OH radicals generation and presence of •O2
- in system 

with BiOClBr IL. The finding was agreement with the literature reports, suggesting that 

photocatalyst BiOX generated h+ and •O2
- [21]. 

CP decomposition performed in the presence of selected scavengers showed that •O2
-, h+, and 

e- were participated in the degradation of CP under BiOClBr IL. The •O2
- was capable of reacting 

with a variety of substrates owing to its anionic, radical, and redox nature, although the 

nucleophilic and reducing electron transfer processes appear to be the predominate reaction 

pathways [48]. Due to CP is a chloroorganic oxyphosphorous derivative (Table 1) the 

nucleophilic reaction with •O2
-• is possible as well as the reduction by electrons [49-50] as 

presented below: 
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RCH2Cl + •O2
- → RCH2OO• + Cl-     (1) 

RCH2Cl + 2e- + H+ → RCH3 + Cl-   (2)  

These products, could be produced by the electron reduction as was reported in literature [51]. 

The CP byproduct with [M+H]+ = 227 in the effluents after UV/TiO2 treatment and its structure 

suggested that CP was transformed by the electron-reduction process. In our study the presence 

of [M+H]+ = 227 in the mixture after photocatalysis using BiOClBr IL was also confirmed by 

LC-MS. 

IMA decomposition was intensively inhibited primarily by L-ascorbic acid (•O2
- scavenger) and 

in secondly by Na2EDTA (h+). There were no verity in removal efficiency of the micropollutant 

in the presence of  tert-butyl alcohol and chloroform into the system.  

  

  

   
  

Fig. 6. a) Effects of reactive species on photocatalytic degradation of 5-fluorouracil, 

cyclophosphamide and imatinib over BiOClBr IL; b) Stability study for photodegradation of 5-

FU, CP and IMA and SEM pictures after decomposition of c) 5-FU, d) CP and e) IMA over 

BiOClBr IL.  

a) 

d) e) c) 

b) 
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The results indicated that studied cytostatic drugs were degraded under BiOClBr IL by different 

mechanisms. The 5-FU was the most reactive with photogenerated h+, while IMA was mainly 

degraded by •O2
-. In CP removal h+ and •O2

-• participated with the similar extent, but in contrast 

to 5-FU and IMA, the electron reduction of CP was also possible.  

The differences between the TOC and TN removal during 5-FU and IMA oxidation can be 

explained by the fact, that h+ mainly participated in the organic matter oxidation, while •O2
- can 

react with nitrogen located in the aromatic rings of IMA and likely oxidized it to N gaseous 

products. 

 

3.11. Stability of BiOClBr IL 

The stability and reusability of the BiOClBr IL for photocatalytic degradation of 5-FU, CP and 

IMA were examined. The photocatalyst were reused four times for the photocatalysis under the 

same reaction conditions. The results are shown in Fig. 6b. The degradation efficiency of 

BiOClBr IL decreased by 9, 6 and 5% for 5-FU, CP and IMA respectively. Furthermore, SEM 

images revealed that nanoparticles of BiOClBr IL maintained the structure of the flower-like 

microspheres and the damages of nanosheets were almost invisible after 4 cycles (Fig. 6 cde). 

These observations suggest that BiOClBr IL has good photostability.  

 

4. Conclusions  

In this work, a series of BiOCl, BiOBr and BiOClBr were synthesized using a two steps 

solvothermal reaction in glycerol where inorganic salts (KCl, KBr) or ILs (BmimCl, BmimBr) 

were used as a source of halides. All samples, except BiOBr, were assembled into regular 

flower-like microspheres while BiOBr was the hierarchical material without distinguished 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


24 
 

individual nanosheets. A possible formation mechanism of the flowerlike microspheres is 

proposed and illustrated at Fig. 7. 

 

 

Fig. 7. Schematic illustration of proposed formation mechanism of BiOX flowerlike 

microstructures.  

 

At the beginning the reactants were ordered into micelles as a consequence of the ionic liquid 

based on imidazolium cations aggregations behavior into micelles in the solutions. The reaction 

between ordered reactants formed BiOX nuclei in the micelle centre. These nuclei gradually 

grew into nanosheets embedded in the micelles to form aggregates and then self-assembled into 

flowerlike microspheres. Close nearness of imidazolium cations and, consequently, chemical 

interactions between the obtained nanosheets and Bmim+, bends nanosheets. The flowerlike 

BiOX microspheres were obtained after washing out the Bmim cations. In this process, BmimX 

functioned as an halogen source and template and solvent and was essential for the structure of 

BiOBr and BiOClBr. Further work is still needed to investigate the exact growth mechanism. 

The proposed method of the synthesis allowed to obtain BiOCl phase, BiOClBr solid solution 

and Bi4O5Br2 phase. The XPS and FT-IR analysis confirmed the complete removal of BmimX 

ILs form surface of the photocatalysts. Bismuth-based photocatalyst BiOClBr prepared via ILs 

was more efficient for degradation of studied cytostatic drugs under UV-Vis irradiation. The 

BiOClBr IL sample was also characterized the highest drugs mineralization, while BiOClBr 
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was more effective in N gaseous products production. The efficiency and rate of drugs removal 

increased in the following order: CP < 5-FU < IMA. The drug’s degradation mechanism in the 

presence of BiOClBr IL was also evaluated. Their degradation mechanism was different: 5-FU 

was mainly oxidized by h+, IMA by •O2
-, while CP was degraded by h+ and •O2

- and 

photogenerated e- could also participate in this process. Our findings are very promising for the 

applications of the bismuth based photocatalysts in the water treatment and grant a new 

perspective on the cytostatic drugs degradation mechanism.  
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SUPPLEMENTARY DATA 

 

 
 

 
Fig S1. pHzpc of a) BiOCl b) BiOCl IL and c) BiOClBr IL 

 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


34 

Fig S2. Photocatalytic reaction of  NBT. 

Fig S3. Differences FT-IR spectra of as-prepared photocatalysts. 
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PL spectra analysis 

To investigate the effect of ionic liquid used in synthesis on the separation and generation 

efficiency of photogenerated electrons and holes and in consequence photocatalytic activity 

BiOX and BiOXY samples were characterized by means of PL spectra and results are shown 

in Fig. 4. As shown Fig. S4 PL intensity difference between BiOCl and BiOCl IL was not 

observed.  PL intensity of BiOBr was significantly lower than BiOBr IL. According to XRD 

analysis BiOBr samples containing mostly Bi2O5Br2 which has more oxygen vacancy than 

BiOBr. It was observed by Vanheusden group [52] that stronger PL intensity can comes from 

a higher concentration of oxygen vacancy and owing to this more efficient photocatalytic 

activity could be achieved. The shape of BiOClBr and BiOClBr IL spectra showed higher 

similarities to BiOCl than BiOBr. BiOClBr showed lower peak intensity than BiOClBr IL 

suggesting that has more oxygen vacancy than BiOClBr.  
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Fig. S4. Photoluminescence spectra of prepared photocatalysts.  
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