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Photocatalytic degradation of
3-monochloropropane-1,2-diol

In aqueous solutions by selenium
doped boron carbide nanoparticles

Mahin Velayati®?, Tahereh Rohani Bastami®, Reza Kazemi Oskueel**, Simin Nazarnezhad®’,
Seyedeh Faezeh Taghizadeh', Hamid Ahmadpourmir!, Hossein Ahmadzadeh®~ &
Ramin Rezaeel™*

3-monochloropropane-1,2-diol (3-MCPD) belongs to the chloropropanols family and it is a thermal
processing contaminant that exerts renal and reproductive toxicities. This work aimed to synthesize
boron carbide (B,C) nanoparticles (NPs) and Se-doped B,C-NPs (Se@B,C-NPs) using the sol-gel
approach. The photocatalytic activity of these NPs in removing 3-MCPD from aqueous solutions, was
investigated based on changes in 3-MCPD levels as determined by UV-Vis spectrophotometry and
liquid chromatography-tandem mass spectrometry (LC-MS/MS). Also, a pilot cytotoxicity evaluation
was performed using MTT assay following treating human foreskin fibroblasts (HFFs) for 48 and 72 h
with the two NPs. X-ray diffraction (XRD) and Field emission scanning electron microscopic (FE-SEM)
analysis of the NPs confirmed that Se@B,C-NPs had crystalline structures with spherical morphology.
Also, treatment with Se@B,C-NPs under optimum conditions (for 60 min at pH 7), effectively reduced
3-MCPD levels (by ~ 83%), which was greater than that observed for B,C-NPs (by ~51%). Moreover,
MTT results showed that these NPs at levels applied in the present work, did not produce significant
toxicity. Based on our findings, Se@B,C-NPs can be considered a promising tool for mitigating
3-MCPD levels in aqueous solutions.

Keywords 3-monochloropropane-1,2-diol (3-MCPD), Biocompatibility, Boron carbide nanoparticles (B,C-
NPs), Photocatalytic degradation

Isomers of chloropropanediols are found in various foods containing hydrolyzed protein, such as condiments
and salty foods!. Alpha-chlorohydrin or 3-monochloropropane-1,2-diol (3-MCPD) is a contaminant resulting
from the thermal processing of food and a by-product of processing or purifying edible oils and fats at high
temperatures (>200 °C, Table 1)% At high temperatures, fatty compounds such as glycerols, acyl glycerols, and
phospholipids react with hydrochloric acid to form 3-MCPD?. Members of the chloropropanol family have been
identified in various foods*-. Furthermore, low concentrations of chloropropanols were reported in drinking
water from the UK®.

Drinking water from water purification plants might be contaminated with 3-MCPD due to application
of epichlorohydrin-linked cationic polymer resins!®!!. In the paper industry, some types of epichlorohydrin-
based wet-strength resins used in the paper and cellulose casings contain 3-MCPD. In this context, polyamide
epichlorohydrin (PAE) is added to paper food packaging materials to improve their wet strength. PAE is
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IUPAC name and synonyms Chemical formula Structure

OH
3-Chloropropane-1,2-diol
a-Chlorohydrin, a-Glycerol chlorohydrin, a-Monochlorohydrin, 3-MCPD CH3CH(OH)CHZOH Cl \)\/ OH

Table 1. Chemical structure of 3-MCPD.

often produced from epichlorohydrin and 3-MCPD is a by-product of epichlorohydrin; slow hydrolysis of
epichlorohydrin has been observed in aqueous media!2.

Untoward health effects of 3-MCPD include neurotoxicity, nephrotoxicity, and reproductive toxicity
and it is regarded as a 2B-group carcinogen for humans by the International Agency for Research on Cancer
(IARC)'. 3-MCPD is found in both free and esterified forms and the European Food Safety Authority (EFSA)
considers a tolerable daily intake (TDI) of 2 pg/kg BW/day for 3-MCPD and its fatty acid esters.

Advanced oxidation processes (AOPs) have been extensively studied for removing organic pollutants from
water sources'>!®. AOPs include photochemical reactions such as photocatalysis, photo-Fenton reactions,
electrochemical reactions such as electro-Fenton, and physical approaches such as ultrasound, which act
based on producing active free radicals'”. These free radicals have great oxidizing power and can destroy and
mineralize organic pollutants. The photocatalytic approach to decompose harmful organic contaminants in
water has received considerable attention because of its highly environmentally friendly and low-cost nature. In
this method, semiconductors with a high photocatalytic activity that are activated by a light source, are used!®1.

Nanoparticles (NPs) can be prepared using various chemical, physical, and biological methods?*!. Chemical
and physical methods include, but are not limited to, hydrothermal??> plasma? microemulsion** sol-gel®
sonochemical®®pulsed laser?” solvothermal®® and electrochemical methods. In recent years, researchers have
taken advantage of green chemistry to synthesize NPs. The green synthesis method is eco-friendly, non-toxic,
cost-effective, fast, and high-yielding, and most importantly, it uses biodegradable materials.

Boron carbide (B,C) is a p-type, metal-free semiconductor used in the photocatalytic process®; it is one
of the hardest materials due to the existence of characteristic B-C, and B-B bonds. B,C has high electrical
conductivity and chemical stability while exerting low toxicity, and it is costly to prepare®'. Furthermore, B,C has
a low bandgap, exhibiting strong visible light absorption and high oxidation resistance®?. Doping with metals,
non-metal and metal oxides fundamentally improves a photocatalyst’s physical and chemical properties and
thus, its photocatalytic performance®*3*. Non-metallic materials have favorable redox potential and good charge
mobility, they are able to reduce electron-hole pair recombination, and they exert acceptable chemical stability,
all improving photocatalytic reactions®. Selenium doping with NPs enhances the NPs' photocatalytic activity
by modifying the electronic band structure or creating intermediate energy levels*®. Despite considerable
efforts made to reduce 3-MCPD levels in different matrices®”*® based on the literature, there is no report on the
potential photocatalytic activity of Se-doped B,C-NPs (Se@B,C-NPs) for the removal of 3-MCPD and other
pollutants such as dyes from aqueous solutions.

To the best of our knowledge, in this study for the first time, Se@B,C-NPs were synthesized by the sol-gel
method at low temperature, and its efficiency for removal of 3-MCPD from aqueous solution under visible light,
was investigated. To have an insight into potential cytotoxicity of the synthesized NPs, the viability of human
foreskin fibroblasts (HFFs) was assessed following 48- and 72-hour treatment using MTT (3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyl tetrazolium bromide) assay.

13,14

Materials and methods

Chemicals

3-monochloropropane-1,2-diol (3-MCPD), sodium selenite (Na,SeO,), polyvinyl alcohol (PVA), and boric acid
(H,BO,, BA) were procured from Merck (Germany).

Synthesis of B,C-NPs

B,C-NPs were synthesized from polyvinyl borate (PVBO) precursor. The PVBO precursor was produced by
the condensation reaction of PVA as a carbon source and BA (PVA (O-H group): BA molar ratio 4.2:1). For
the synthesis of PVBO precursor, first, PVA (solution A: 2.74 g of PVA +100 mL of distilled water (PVA is not
soluble in cold water and it was dissolved in distilled water by stirring and heating in a water bath at 80 °C
to facilitate the dissolution of PVA in water)) and BA (solution B: 0.86 g of BA+30 mL distilled water) were
prepared; then, solution B was added dropwise to solution A at 80 °C while stirring. In the continuation, PVBO
precursor as a white gel was produced and heated until the water was completely evaporated. Next, the PVBO
precursor was kept in an oven at 120 °C for 4 h. Then, the resulting white gel was powdered using an agate mortar
and pyrolyzed to produce B,C-NPs. At the end, the produced PVBO powder was placed in alumina crucibles,
calcinated at 400 °C in the air for 2 h, and then, heat-treated at 1300 °C for 4 h in Ar flow (5 °C /min), yielding
a black powder of B,C-NPs*.

Synthesis of Se@B,C-NPs

Synthesis of Se@B,C-NPs followed a process similar to that used for pure B,C-NPs synthesis; however, Se@B,C-
NPs synthesis was carried out at a lower temperature. First, PVA was prepared as stated above. Then, 0.112 g
sodium selenite was added to the PVA solution and the resulting suspension (Se-PVA suspension) was stirred
for 1 h. Next, BA solution was prepared as shown above and added dropwisely to the Se-PVA suspension at

Scientific Reports |

(2025) 15:23561 | https://doi.org/10.1038/s41598-025-08909-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

80 °C, yielding PVB/Se precursor as a white gel. Then, the white gel was dried at 120 °C for 4 h, powdered, and
calcined at 800 °C for 2 h (in air, 5 °C/min). Finally, a black powder of Se@B,C-NPs was achieved*’. The protocol
employed for the synthesis of the NPs is illustrated in Fig. 1.

Characterization of B,C-NPs and Se@B,C-NPs

Different techniques were used to characterize the synthesized Se@B,C-NPs. X-ray diffraction (XRD) analysis
was done by Rigaku D/max-250 to examine the crystalline nature of the synthesized materials. Structural and
bonding properties of NPs were analyzed based on Fourier transform-infrared (FT-IR) spectra recorded by a
Shimadzu IRPrestige-21 spectrometer. The surface morphology of NPs was assessed through Field emission
scanning electron microscopic (FE-SEM) and the percentage of the elements was determined using the
Energy-dispersive X-ray spectroscopy (EDX) examination, using Hitachi-SU8010. The Transmission Electron
Microscopy (TEM, JEOL JEM-2000EX) was implemented for determining the shape and size of NPs. The zeta
potential (ZP) and Dynamic Light Scattering (DLS) were examined by Particle Size Analyzer (Horiba, SZ-100).
Inductively Coupled Plasma optical emission spectroscopy (ICP-OES) measures and identifies elements in
NPs. Thermogravimetric analysis (TGA) of the PVBO precursor was carried out from room temperature up to
1100 °C at a heating rate of 10 °C/min in the air atmosphere, using NETZSCH STA449. The UV-visible diffuse
reflectance spectroscopy (UV-Vis/DRS) spectra were obtained to analyze the optical attributes of NPs. Also,
to ascertain the charge carrier separation, the samples’ photoluminescence (PL) spectra were obtained using a
fluorescence spectrophotometer (F-2700, Hitachi) at room temperature.

Assessment of photocatalytic activity of the NPs for removal of 3-MCPD from aqueous
solution

Photolysis

In the present work, a control group that underwent photolysis only (i.e. was not treated with the NPs) was
considered to assess the effect of the catalysts. In these experiments, degradation of 3-MCPD (100 ug/mL, pH
7) after 60 min of LED light irradiation (SMD LED, 50 W) at room temperature, was examined using UV-Vis
spectroscopy.

Photocatalytic process

The photocatalytic activity of the synthesized B,C-NPs and Se@B,C-NPs was investigated at the optimized
conditions (catalyst dose 50 mg, pH 7, and LED light irradiation intensity 50 W). To achieve this goal, 50 mg
of the catalyst was dispersed into 50 mL aqueous solution of 3-MCPD (making a 100 pg/mL stock solution,
reaching pH 7). Then, the mixture solution was stirred in the dark at room temperature for 45 min to achieve
adsorption and desorption equilibrium. Then, it was exposed to visible irradiation light (i.e. SMD LED) with
continuous stirring for 60 min. During this interval, every 15 min, 2 mL of the NPs-treated 3-MCPD solution
was centrifuged at 12,000 rpm for 10 min and the absorbance of the clear solution was measured by UV-Vis
spectroscopyl. In the pH study, the initial pH was adjusted with NaOH solutions. Furthermore, 3-MCPD level

PVA (aq) 1. Na,Se0(aq)
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2. H;BO;(aq) /
7= A
M’T\\d)\ —
gel
L0 .

A grinding l Pyrolyzed % w
—— < ——— ¥

¢ 800°C,2h il

SEOENT = 25 - g/

Se@B,C-NPs = PVBO

Fig. 1. Schematic synthesis of Se-doped boron carbide nanoparticles (Se@B,C-NPs). PVA Polyvinyl alcohol,
PVBO Polyvinyl borate, aq Aqueous solution. This Figure was created with BioRender.com.

Scientific Reports |

(2025) 15:23561 | https://doi.org/10.1038/s41598-025-08909-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

before and after treatment with NPs (at the 60th min) was measured by Liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis (as described in 2.6.).

Assessment of the roles of reactive species and holes in photocatalysis
The role of the reactive species superoxide (° O3), hydroxyl (OH® ), and holes (h*) in the observed removal of
3-MCPD, was assessed using selective scavengers 1,4-benzoquinone (BQ), isopropyl alcohol (IPA), and sodium

hydrogen carbonate (NaH), respectively, under optimal conditions*2.

LC-MS/MS analysis of 3-MCPD

LC-MS/MS condition

The liquid chromatography (LC) was performed using a Shimadzu (Shimadzu, Japan) system equipped with a
Kromasil 100-5 C18 column (150 mm x 4.6 mm, 3 pm). The temperature of the column was set at 30 °C. Mobile
phase included 95% CH,OH and 0.1% formic acid (phase A), and 5% water with 0.1% formic acid (phase B). The
flow rate and injection volume were 0.25 mL/min and 7 pL, respectively.

The LC-MS/MS analysis was performed in negative ionization mode (ESI-) using Q1M1 scan mode on an
AB Sciex 3200 QTRAP instrument. The gas pressure (N,, purity > 99.98%) was 30 psi. The quantifier ion was m/z
155.3, corresponding to the formate adduct [M +HCOO] - of 3-MCPD. This ion provided the highest sensitivity
and selectivity for quantification. Results were analyzed using AB Sciex Analyst software (version 1.6.3).

LC-MS/MS analysis specifications

The linear dynamic range (LDR) of the analysis was determined using four concentrations of 3-MCPD (6.25,
12.5,25, and 50 ug/mL) prepared in distilled water and injected into the LC-MS/MS apparatus. A linear standard
curve (Fig. 2) was obtained within the concentration range of 6.25-50 pg/mL for 3-MCPD. From the regression
analysis, the following linear equation was obtained: y=375.66x + 12,572, with R? equal to 0.9745, indicating a
linear relationship between 3-MCPD concentration and the area under the peak?.

Assessment of NPs cytotoxicity using MTT assay
The MTT assay is the most well-known test used for cell viability evaluation. This colorimetric assay is based on
the activity of mitochondria, breakdown of yellow tetrazolium crystals by the enzyme succinate dehydrogenase
and formation of insoluble purple crystals®’. Only living cells with active mitochondria can convert the MTT
solution into the water-insoluble purple formazan precipitate’®. To evaluate the potential cytotoxic properties of
the prepared B,C-NPs and Se@B,C-NPs, this assay was performed on human foreskin fibroblasts (HFFs). This
cell.

line was purchased from the Pasteur Institute (Tehran, Iran). The cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% v/v antibiotic (penicillin/
streptomycin) (PAN-Biotech, Minneapolis, MN, USA) and incubated in a humidified atmosphere (37 °C and
5% CO,). Briefly, 5x 103 cells per well were seeded in a 96-well microliter plate. HFFs were treated with NPs at
a concentration range of 15.6-1000 ug/mL for 48 and 72 h. Afterwards, 10 pL of MTT solution was added to
each well to reach a final concentration of 0.5 mg/mL and incubated for 3-4 h. Then, the culture media were
gently removed and replaced with 100 pL of dimethyl sulfoxide (DMSO, Sigma-Aldrich) to dissolve the purple
formazan crystals, and the plates were incubated in the dark for 20 min. Finally, cell viability was calculated
by measuring the absorbance of each well at 570 nm and 690 nm using a microplate reader (Epoch, BioTek,
Westmont, IL, USA)*!. Data was analyzed using one-way analysis of variance (ANOVA) by GraphPad Prism
Software (Ver. 10.3.0).
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Fig. 2. Standard curve plotted for 3-MCPD prepared in distilled water.
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Results

FT-IR analysis

FT-IR analysis was performed to confirm the formation of PVBO precursor, B,C-NPs, and Se@B,C-NPs.
According to the FT-IR spectrum of PVBO (Fig. 3a), the main absorption bands were observed at 1123, 1285,
1335,1425,1735,2940,and 3437 cm™ !, which is in line with a previous study’s findings on B,C*. The transmittance
at 3437 cm™! corresponds to the stretching vibrations of O-H, which were lower than that recorded for PVA
(Fig. 3a). This result suggests the conversion of the OH group in esterification and the existence of unreacted OH
groups. The transmittance at 1285 and 1123 cm™! was attributed to stretching bonds of B-O-C, confirming the
occurrence of PVA chain cross-linking with BA. The transmittance at 1285, 1335, 1425, 1735, and 2940 cm™ L'was
ascribed to the bending band of C-H, stretching bands of B-O, C=0, C-H, and O-H, respectively. In addition,
the absorption band at 1198 cm™! (Fig. 3a (BA spectrum)) confirmed the deformation of the B-OH band, which
disappeared in PVBO spectrum. A schematic presentation of the esterification reaction suggested by Fathi et al.
is given below*.

H
c|>H OH o—l—cz—)—
2 I H, | H H H>

H
oo Son * €

In the FT-IR spectrum obtained for B,C-NPs (Fig. 3b), the peaks remarked at 420-520 cm™! were attributed
to the C-B-C bonds, and the peaks at 690, 838, 1231, and 1570 cm~! were assigned to the stretching band of
B-C, and the peak at 1683 cm™! was attributed to the asymmetrical stretching of B-C. The transmittance peaks
for B-C and C-B-C bonds indicated the complete reaction between BA and PVA, proving the formation of the
B,C structures. These values agree with those reported by Aydin and Tuncer for B,C*. Se@B,C-NPs spectrum
(Fig. 3¢) indicates that the stretching bonds of B-C were shorted and shifted by the interaction of B and C with
Se. The peaks belonging to the B,C bond demonstrated that Se-doped PVBO was converted to Se@B,C-NPs at
a relatively low heat treatment temperature®’.

Thermal gravimetric analysis (TGA)

The TGA analysis focuses on the relationship between the weight changes and the temperature*®. Figure 4
displays the TGA thermogram of PVBO. TGA findings were similar for PVBO and PVBO/Se. It was observed
that the dehydration of PVBO commenced at 310 °C. This temperature is higher compared to the decomposition
temperatures of PVA (250 °C) and BA (110 °C), implying that the formation of B-O-C bonds in the PVBO
significantly enhances its thermostability?®. Additionally, the weight losses above 400 °C were attributed to
removing the polymer side groups, followed by the breakdown of the precursor backbone. Based on these
findings, PVBO precursor underwent pyrolysis at temperatures above 400 °C. Therefore, a heat treatment at
400 °C in air for 2 h was applied to the precursor, followed by pyrolysis at 1300 °C in Ar flow for 4 h for B,C-NPs
synthesis® and at 800 °C in air for 2 h for Se@B,C-NPs synthesis.

X-ray diffraction (XRD) spectra

The crystalline nature of the synthesized NPs was analyzed using XRD patterns. XRD patterns of B,C-NPs (at
both 400 °C and 1300 °C) and Se@B,C-NPs (800 °C) (Fig. 5) showed successful synthesis of B,C-NPs and Se@
B,C-NPs. The NPs prepared at 400 °C showed an amorphous structure but B,C-NPs were not formed; however,
at 1300 °C in Ar flow, B,C-NPs were synthesized with a crystalline structure and thus, this condition was chosen.
As Fig. 5 shows, no peak was observed for B,C-NPs. The XRD pattern exhibits pronounced peaks confirming the
crystalline nature of B,C-NPs (1300 °C) and Se@B,C-NPs. The diffraction peaks (B,C-NPs 1300 °C spectra) at
28 of 19.67°, 22.04°, 23.47°, 31.02°, 34.97°, and 37.82° matched with (101), (003), (012), (110), (104), and (021)
crystalline planes, respectively. These particular peaks were indexed to a rhombohedral phase of B,C-NPs (JCPD
#35-0798). Also, a broad diffraction peak was observed at 26 around 25° which was assigned to the amorphous
carbon phase®'. The Se@B,C-NPs (800 °C) spectra, in addition to B,C-NPs peaks, depict peaks of Se at 26 of
23.63°, 29.42°, 41.67°, 43.46°, 44.82°, and 49.63° which matched with (100), (101), (110), (102), (111), and (201)
crystalline planes, respectively (JCPD # 05-0362). Furthermore, the average crystallite size of B,C-NPs and Se@
B,C-NPs was about 30 and 22 nm, respectively, as calculated using Scherer’s equation (Eq. 1)*2.

D= k A/ B cosf (1)

D: crystalline size (nm)
A:0.154 nm
B: FWHM = Full Width at Half Maximum
0: Bragg angle (degree)

FE-SEM/ particle size analysis (PSA)/ EDX/ inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis

The surface morphology and size distribution of the NPs were examined using FE-SEM /PSA/EDX analysis.
The resulting images are displayed in Fig. 6 a,b,c,d,e,f). The FE-SEM/PSA carried out for B ,C-NPs and Se@
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Fig. 3. FT-IR spectrum of (a): BA (pink spectrum), PVA (purple spectrum), and PVBO (green spectrum), (b)
B,C-NPs, and (c) Se@B,C-NPs. PVA Polyvinyl alcohol, PVBO Polyvinyl borate, and BA boric acid (H,BO,).
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Fig. 4. Thermal gravimetric analysis (TGA) curve of PVBO precursor.
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Fig. 5. X-ray diffraction (XRD) pattern of B,C-NPs (400 °C in air flow (pink spectrum)), B,C-NPs (1300 °C in
Ar flow (blue spectrum)), and Se@B,C-NPs (800 °C in air flow (green spectrum)).
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Fieldemission scanning electron microscope, PSA Particle size, EDX Energy-dispersive X-ray spectroscopy.
(W(%) Weight%, and A(%) Atomic percent).

B,C-NPs showed spherical morphology with an average size of 33 and 15 nm, respectively (Fig. 6a,b,c,d). Also,
EDX analysis indicated the presence of elements C and B in B,C-NPs, and C, B, and Se in Se@B,C-NPs structure
as shown in Fig. 6e,f which was in line with a previous report®®. Figure 7a-e shows the mapping analysis of
Se@B,C-NPs where the presence of Se in NPs was confirmed. Further, Se level analyzed by ICP-OES in doped
samples, is reported in Table 2.
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Fig. 7. Mapping analysis of Se@B,C-NPs (a) original FE-SEM image; (b) boron element, (c) carbon element,
(d) selenium element, and (e) all elements.

Sample Se amount (mean +SD%) | LOD (pg/mL)*
Se@B4C-NPS (5%) | 0.3+£0.01 0.0094

Table 2. ICP-OES analysis of se level in se@B,C-NPs. *LOD Limit of detection.

Dynamic light scattering (DLS)/ zeta potential (ZP) measurement

The stability and size of B,C-NPs, and Se@B,C-NPs, were respectively measured by ZP and DLS analysis
(Fig. 8a,b,c,d). The ZP measures the charge on the surface of NPs*. In the present study, the ZP of B ,C-NPs, and
Se@B,C-NPs was —40 mV and - 51.60 mV, respectively (Fig. 8c,d). Also, according to the DLS analysis, the B,C-
NPs, and Se@B,C-NPs showed a size of 111+5.55 nm and 134 +6.04 nm, respectively, and with a polydispersity
index (PDI) of about 0.21 and 0.32, respectively.

Transmission electron microscopy (TEM) images
The morphology and particle size distribution of Se@B,C-NPs are shown in Fig. 9a,b. TEM image highlights the
monotonous spherical morphology with a proximate diameter of 10.40 nm for Se@B,C-NPs.

UV-visible diffuse reflectance spectroscopy (UV-Vis/DRS) and photoluminescence (PL)
spectra

The optical properties of the synthesized NPs were investigated using UV-Vis/DRS. The UV-Vis/DRS findings
are shown in Fig. 10. All synthesized samples had an absorption edge at about 700 nm (Fig. 10a), and this feature
can enhance the photocatalytic properties of the NPs under visible light. The bandgap energy of the NPs was
calculated through Eq. 2.

(F(R)h)™ = A(hv — Ey) (2)
A: Constant
R: Reflection coefficient
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Fig. 9. TEM images (a) and PSA (b) of Se@B,C-NPs.

hv: Photon energy
The variation of (F(R)hv )" vs. hv is exhibited in Fig. 10b. The bandgap energy values for B,C-NPs and

Se@B,C-NPs were 1.57 eV and 1.46 eV, respectively. Interestingly, the bandgap of the synthesized nanomaterials
was similar, confirming that B,C-NPs and Se@B,C-NPs had formed heterojunctions. The recombination rate
of photogenerated electrons and holes plays an essential role in photocatalytic yield. The major issue with NPs
is that the photo-generated electrons and holes possibly recombine, however, this can be overcome by the
formation of heterojunctions between NPs and metals. Hence, to assess the formation of heterojunctions, PL
spectra were recorded”. Figure 10c displays the PL spectra of B,C-NPs and Se@B,C-NPs. Compared with B,C-
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Fig. 10. UV-visible diffuse reflectance spectroscopy (UV-Vis/DRS) (a), bandgap energy (b), and
Photoluminescence (PL) spectra (c) of B,C-NPs, and Se@B,C-NPs.

NPs, Se@B,C-NPs showed a lower emission intensity which reflects significantly lower recombination of the
electron-hole pairs°®.

Photocatalytic activity of B,C-NPs and Se@B,C-NPs for removal of 3-MCPD from aqueous

solution

In Fig. 11a, UV-Vis spectrophotometric analysis of 3-MCPD following exposure to visible light (in the absence
of the NPs), is presented. The 3-MCPD solution has an absorption peak of 278 nm. Results showed no obvious
decrease in 3-MCPD concentration, indicating that the degradation of 3-MCPD did not happen under visible
light only. Next, the synthesized B,C-NPs and Se@B,C-NPs were used as photocatalysts. The removal rate of 3-
MCPD was calculated by Eq. 3*!, and the results are shown in Fig. 11b,c.

Ao — Ay
— X
0

Degradation (%) = 100 (3)

A, and A;: 3-MCPD concentration at 0 and 60 min, respectively.

The photodegradation rate of 3-MCPD for B,C-NPs and Se@B,C-NPs was 51% and 83% respectively as
determined using UV-Vis spectrophotometry. Also, the analyte’s level was determined using LC-MS/MS
and results showed that treatment with B,C-NPs and Se@B,C-NPs under light exposure caused 56% and
88% reduction in 3-MCPD concentration. Both methods confirmed the reduction (at comparable rates)
in the concentration of 3-MCPD. Therefore, our experiments confirmed that Se doping in B,C increased its
photocatalytic efficiency.

Figure 11c displays the 3-MCPD-absorbing performance of Se@B,C-NPs in the dark (66% as determined by
UV-Vis spectra and 73% as determined by LC-MS/MS analysis). This is probably due to the unique structure of
Se@B,C-NPs that provides a large surface area.
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Fig. 11. The diagram of photolysis of 3-MCPD under visible light (a), the diagram of degradation of 3-MCPD
by B,C-NPs (b), and Se@B,C-NPs (c) under optimal conditions (“Main solution” is the prepared 100-pg/mL
stock solution of 3-MCPD), “Dark” represents absorbance following treatment with the NPs in the dark and
“60 min” shows absorbance following treatment with the NPs under visible light).

Influence of NPs concentration

Photocatalytic activity is directly related to a catalyst dosage as with increasing levels of a catalyst higher
degradation is expected®. This occurs as higher levels of a catalyst provide greater levels of free radicals required
for the degradation process. However, once the optimum limit is reached, increasing the amount of catalyst does
not speed up the process; this takes place as light penetration becomes difficult and renders most of the catalyst
surface inactive®®*. In this study, we observed that increasing the concentration of Se@B,C-NPs led to a higher
photocatalytic degradation potential. As seen in Fig. 12a, the maximum degradation of 3-MCPD (i.e. 83%), was
achieved with of 50 mg of Se@B,C-NPs in 60 min.

Influence of pH

In this study, the degradation efficiency of 3-MCPD (100 pg/mL) using Se@B,C-NPs (50 mg) increased with
increasing pH, reaching its maximum at pH 7 and decreasing afterward (Fig. 12b). The initial pH of the
3-MCPD solution was 2.3; at this pH, no degradation was observed. When pH reached 7, an improvement in
degradation was observed, which could be due to the interaction between OH™ ions and 3-MCPD molecules in
a basic medium, resulting in the creation of a charge difference between Se@B ,C-NPs and 3-MCPD molecules,
consequently, the Columbic attraction increases the interaction between the photocatalyst and 3-MCPD. For the
pH value of 9, a possible explanation is that OH™ ions can interact with holes and become deactivated in basic
conditions.

Influence of irradiation source

The light source is an essential part of photocatalytic degradation®. First, UV-Vis/DRS analysis was performed,
and based on the obtained data, the bandgap energy was calculated using the Tauc equation. The bandgap energy
values for B,C-NPs and Se@B,C-NPs were respectively 1.57 eV and 1.46 eV, implying that these NPs are active
in the visible region, so, an LED light was chosen as the light source. However, to confirm the proper choice of
LED as the light source, the photocatalytic process was also performed under UVA light (11 W). Figure 12¢
shows that the maximum degradation percentage was 25% under UVA light and 83% under visible light. This
result was consistent with findings of UV-Vis/DRS and bandgap energy. Besides, the photocatalytic process was
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Fig. 12. The impact of catalyst dosage (a), initial pH (b), and light source (c) on degradation percentage.

performed for 120 min, and results showed that after 60 min, no degradation occurred. Therefore, the optimal
time was determined to be 60 min.

Roles of reactive species and holes in photocatalysis

We observed that the photocatalytic activity of Se@B,C-NPs was reduced in the presence of scavengers BQ and
IPA, with TPA inducing the greatest effect. However, in the presence of NaH, the photocatalytic function was
not affected (Fig. 13). The IPA and BQ induced a decrease in 3-MCPD degradation efficiency, indicating the

contribution of reactive species OH® and ° Oy to the degradation of 3-MCPD, with OH® potentially having
a greater effect.

NPs cytotoxicity against HFFs

The effects of different concentrations of B,C-NPs and Se@B,C-NPs on HFFs viability are shown in Fig. 14. For
both NPs, cell viability decreased with increasing doses following both 48 and 72 h exposure. B,C-NPs had IC50
values of 741.1 ug/mL and 681.7 pg/mL after 48 and 72 h treatments, respectively. At both treatment periods,
Se@B,C-NPs at concentrations > 250 ug/mL significantly reduced cell viability compared to the control group.

Discussion

The presence of 3-MCPD in a variety of food products and water resources is of concern due to its adverse
health effects. Therefore, in the present study, we aimed at removing 3-MCPD from aqueous solution based on
potential photocatalytic activity of B,C-NPs and Se@B,C-NPs. In a previous study, utilizing inorganic adsorbent
materials (a synthetic magnesium silicate and a calcinated zeolite), 40% of palm oil 3-MCPDE was mitigated®’.

Another report indicated the efficiency of Metal-Organic Frameworks (MOF) and natural clays for 3-MCPD
removal from edible oils*®.
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Fig. 13. Percentage of 3-MCPD degradation induced by Se@B,C-NPs in the presence of 1,4-benzoquinone
(BQ), isopropyl alcohol (IPA), and sodium hydrogen carbonate (NaH), in comparison to a no-scavenger group.

In our study, for the first time, we synthesized Se@B,C-NPs at lower temperatures than pure B,C-NPs and
assessed its potential to remove 3-MCPD from aqueous solution by the photocatalytic process. According to
the literature on the synthesis of B,C-NPs*** in this work, pyrolysis of polyvinyl borate (PVBO) precursor
at 400, 500, 650, 700, and 800 °C in air for 2 h and then heat-treatment at 1300 °C for 4 h in Ar flow, was
considered. The XRD patterns displayed that pyrolysis at 400 °C in air and heat-treatment at 1300 °C in Ar
flow produced a crystalline structure, while under other conditions, the synthesized NPs were amorphous. In
addition, TGA analysis showed that the initial calcination temperature was 400 °C. When B,C-NPs were doped
with Se, a crystalline structure was obtained under pyrolysis with air at 800 °C, in the absence of Ar flow. FT-IR
confirmed the successful formation of PVBO from PVA and BA. The XRD patterns showed that the crystalline
structure of B,C-NPs was retained in Se@B,C-NPs after Se incorporation. In addition, in the XRD pattern of
Se@B,C-NPs, there was no evidence of B,O, peak at 20=25°, indicating that Se can act as a catalyst and reduce
the reaction temperature and time because compared to pure B,C-NPs, Se@B,C-NPs were synthesized with a
high crystalline structure at 800 °C within 2 h. The calculated crystallite sizes of 30 nm and 22 nm respectively
for B,C-NPs and Se@B,C-NPs, further confirmed the successful synthesis of the NPs. Therefore, this analysis
confirmed that temperature plays an important role in determining the structural integrity, stability, and
functional properties of NPs. The temperature of NPs synthesis process affects the nucleation rate and growth
kinetics and can influence the shape and size of NPs. Higher temperatures may lead to increased kinetic energy,
resulting in faster growth rates and potentially larger particle sizes. They can also affect the crystallinity and
stability of NPs and the catalytic activity of NPs can be temperature-dependent®’. Higher temperatures may
enhance reaction rates but can also lead to deactivation or sintering of the catalyst®?. FE-SEM/TEM images
showed the successful anchoring of Se onto B,C-NPs without causing significant changes in their morphology.
Also, Se@B,C-NPs had a narrower particle size distribution and smaller mean particle size than B,C-NPs which
is consistent with a previous report on doping Se with NiO-NPs®. The doping-induced reduction of particle
size increases the surface area, thus enhancing photocatalytic activity®*; the present work showed similar results
in terms of photocatalytic activity. DLS analysis indicated stable dispersions which are crucial for practical
applications. According to the DLS analysis, B,C-NPs, and Se@B,C-NPs showed a size of 111£5.55 nm and
134+6.04 nm, respectively. With a uniform distribution, EDX analysis confirmed the presence of C, B, and
Se in NPs. Se@B,C-NPs with a narrow bandgap energy of about 1.46 eV showed their suitability in absorbing
light in the visible range. The difference in particle size measured by XRD and DLS is due to the difference in
the measurement principles of the two methods®®. DLS is a physical, non-destructive, and rapid method used
to determine the size distribution of particles in solution. It is a measurement of the hydrodynamic diameter of
particles in suspension. The size obtained by this method can be larger than that obtained by other techniques
such as FE-SEM because the hydrodynamic diameter (size) in colloidal solutions includes the particle core, the
adsorbed solvent layer, and any particle aggregation®® while the XRD analysis determines the phase of crystals
and the size of crystals®’; therefore, the size obtained by DLS is expected to be larger than the size obtained by
XRD. It should also be noted that particle aggregation in the suspension used in DLS can lead to greater particle
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Fig. 14. The viability (%) of HFFs treated with various concentrations (15.6-1000 pg/mL) of B,C-NPs and
Se@B,C-NPs when compared to the control (untreated) group after (a) 48 and (b) 72 h of exposure. Columns
represent mean + standard deviation (SD) of three replicates. Two-way ANOVA was used to make comparisons
between each group and the control (untreated) group. *p <0.05, **p <0.01, and ***p <0.001 reflect a significant
difference as compared to the control (untreated) group.

size values. In this study, TEM analysis showed that the size of Se@B,C-NPs was 10.40 nm which was in the

range of 1-100 nm.

Recently, B,C-NPs have been used to remove pollutants from aqueous solution. For example, the efficacy of
nanostructured B,C for removal of the organic dyes methylene blue and synazol yellow was shown®'. Since the
recombination rate of photogenerated electrons and holes considerably affects photocatalytic productivity, the
formation of heterojunctions between B .G metals, non-metals, and composites can improve their photocatalytic
properties. Doping semiconductors with transition metals and non-metals is used to capture the electrons
produced by light irradiation to reduce the possibility of electron-hole recombination; hence, in this work, we
doped B,C with Se to improve its photocatalytic activity. Table 3 displays similar studies on the photocatalytic
activity of different NPs doped with Se against organic pollutants. So far, no study has reported doping B,C-NPs
with metals or non-metals, nevertheless, the following studies reported B,C doping with composites: it was
explored that coupling B,C and silver ferrite (AgFe,O,): (B,C/AgFe,O, composite) could be used to remove
Cr (VI) ions®. This study reported that during the photoreduction process, the poisonous Cr (VI) ions are
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transformed into less harmful Cr (III) by the radicals produced, and removed from the aqueous solution. In
another study, B,C/SnO, NPs were used to remove dyes such as Novacron red Huntsman (NRH) and methylene
blue®. Moreover, BiOI/B,C photocatalyst was used to remove bisphenol §°.

Sample Organic pollution | Irradiation time (min) | n (%) Ref
Se-doped nickel oxide NPs MB 200 76 03
Se-doped TiO,/ TiO, RhB 300 91.3/60.3 | 7!
Se-doped ZnO NPs TB 360 89.2 72
Se-doped Zn$S/ ZnS NPs TB 180 99/ 38 73
Se-doped SiO, nanocomposite | MG 40 97 74
Se@B,C-NPs/ B,C-NPs MB 60 83/51 | This work

Table 3. The enhanced photocatalytic activity of Se-doped NPs for degradation of organic pollutants.Se
Selenium, NPs Nanoparticles, MB Methylene blue, TB Trypan blue, RhB Rhodamine B, MG Methyl green.

In a previous attempt to remove 3-MCPD via photolysis under UV irradiation, it was indicated that in the
absence of H,0, essentially no chemical loss was observed within 15 min at pH 5 ''. Nevertheless, the addition of
H,0, resulted in photochemical formation of hydroxyl radicals that react with 3-MCPD. Our study also showed
that visible light-only irradiation could not degrade 3-MCPD in the absence of NPs. In photolysis, photons break
down compounds and the interaction between these photons and the target molecule leads to the destruction
of the molecule. Our study shows that utilization of NPs could result in pronounced photocatalytic activity
against 3-MCPD. This difference could be due to variations in experimental conditions, such as light source,
3-MCPD concentrations, and use of NPs. Additionally, doping with Se in our study might have contributed to
enhanced photocatalytic activity. To understand the photocatalytic reaction mechanism of Se@B,C-NPs which
has a heterostructure, it is essential to find the position of the valence band (VB) and conduction band (CB).
The actual band position can be estimated by identifying the flat-band potential calculated using the electro-
negativity of the semiconductor’”. The potentials of the conduction band (CB) and valence band (VB) at the
point of zero charge is calculated using the following Eq.”:

Evse = X —Eo+ 0.5Eg (4)
ECB = EVB — Eg (5)

Where X is the electronegativity of semiconductors according to Pearson (1987)77. Additionally, Eg refers to
the band gap energy, and E indicates the energy of free electrons relative to the standard hydrogen electrode
(4.5 eV). For B,C-NPs, the X was 4.628 eV and the Eg and E. were —0.657 eV and 0.913 eV, respectively.
The X for Se@B,C-NPs was 4.818 eV and the E, and E,, were —0.412 eV and 1.048 eV, respectively. The
corresponding band gap energies for B,C-NPs and Se@B,C-NPs were 1.57 eV and 1.46 eV, respectively. Further
details on the band gap calculation for B,C-NPs and Se@B,C-NPs are given in Sect. 3.7. The interaction of Se
doping with B,C-NPs influences the charge transfer pathway, suppressing recombination for photogenerated
charges. Mechanistically, electrons move towards the CB to produce photocatalytic activity, but it is possible for
B,C-NPs that some excited electrons return to the VB without participating in the photocatalytic process, i.e.
the electron-hole recombination occurs and induces low photocatalytic efficiency. In a study using Se-doped
g-C,N, nanosheets, it was reported that some excited electrons were stuck in Deep Traps (DTs), making them
inactive and do not allow them to participate in the photocatalytic activity. In comparison, following Se doping,
some Shallow Traps (STs) are created near the CB, and this phenomenon contributes to improved photocatalytic
performance. After excitation, the STs capture electrons that are moving towards the VB, thus hindering the
recombination of charge carriers®.

Moreover, the present study of the role of scavengers in the photocatalytic function showed the generation of
both hydroxyl and superoxide anion radicals. These superoxide anion radicals can indirectly produce hydroxyl
radicals which are the main factor in the degradation of 3-MCPD and help to further degrade the chemical.

Figure 15 depicts a schematic presentation of possible mechanisms underlying the photocatalytic function
of Se@B,C-NPs. When B,C-NPs are exposed to visible light and the photon energy (hv) is >Eg, electrons
occupying the VB are induced to an empty CB. This leads to the formation of electron-hole (e”/h*) pairs (Eq. 6).
The e™/h* pairs are transferred to the surface of B,C-NPs and initiate a redox reaction. Then, hydroxyl radicals
are formed via a reaction of h* with water and hydroxide ions (Egs. 7 and 8), and finally, superoxide anion radical
is generated via a reaction of e ~ with oxygen (Eq. 9). Hydroxyl and superoxide radicals attack 3-MCPD on B,C-
NPs surface and form intermediate degradation products (Eq. 12). The C-Cl bond in 3-MCPD is relatively weak,
making it susceptible to hemolytic cleavage after radical formation. In this step, 3-MCPD radical might release
a chlorine radical (C1°) and form a reactive alkene or alcohol intermediate (Eq. 13). The allylic radical can
react with molecular oxygen (O;) to form Peroxyl radicals (ROO°) which may lead to further degradation and
breakdown of 3-MCPD into smaller organic acids, aldehydes, or CO, (Egs. 14 and 15)7®,

hy (Visible) + Se@ ByC — NPs — Se@B4C' — NPs ( hifg +ecp ) (6)

Se@ B4C — NPs (hif5) + HyO — Se@ BsC — NPs+ H* + OH"~ (7)
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Fig. 15. A schematic depiction and proposed mechanism of photocatalytic activity of Se@B,C-NPs. DTs Deep
Traps, STs Shallow Traps, NPs Nanoparticles, B ,C-NPs boron carbide nanoparticles, and Se@ B ,C-NPs Se-
doped B,C-NPs.

Se@ B4C — NPs (hirp) + OH™ — Se@ BiC — NPs+OH' 8)
Se@ ByC' — NPs (egp ) + 02 — Se@ BiC' — NPs+ Oy )
‘0, +2HY - H,0, (10)

H:02 + hv (Visible) — 2 OH® (11)

3— MCPD+ OHr °O; — 3 — MCPD radical + H20 (12)
3 — MCPD radical — Allylic radical + CI° (13)

Allylic radical + Oz — Peroxyl radical (ROOO) (14)
Peroxyl radical (ROOO) — CO2 + H20 + mineral acids (15)

In our study, Se@B,C-NPs showed greater photocatalytic activity against 3-MCPD than B,C-NPs. The
degradation yield was investigated by UV-Vis spectrophotometry and LC-MS/MS analysis, which confirmed
decreased concentrations of 3-MCPD in water. Our in vitro assessments demonstrated that HFF cells viability
upon 48 and 72-h exposure to Se@B,C-NPs at 125 pg/mL, was >80%. While treatment with B,C-NPs had
an IC50 of 741.1 ug/mL in HFF cells. In a previous study, Singh et al. revealed B,C-NPs biocompatibility at
levels up to ~800 pg/mL in HEK-293 cells®!. In another study, an IC, 202.525 mg/L was reported for B,C-NPs
against HPAEpiC cells”®. As shown in Fig. 14, at concentrations greater than 250 ug/mL, Se@B,C-NPs showed
toxic effect towards HFFs cells. Thus, application of these materials should be considered with caution at these
concentrations, however, due to lack of information on large scale usage of NPs imposing cytotoxicity, more
assessments need to be performed in this regard.

Conclusion

In conclusion, this study successfully synthesized and characterized Se@B ,C-NPs, we have demonstrated the
potential of these NPs for effective photocatalytic removal of 3-MCPD from aqueous solution. In this work,
we synthesized Se@B,C-NPs at low temperatures and in a short time compared to B,C-NPs. FT-IR, FE-SEM/
EDX XRD, DLS, PZ, and UV-Vis/DRS data was used to characterize the synthesized particles. The structural
characterization confirmed the successful integration of Se into B,C-NPs which occurred with significant
impacts on the XRD pattern, PL, and morphology determination. TEM analyses revealed the spiral structure
of B,C-NPs which remained unchanged after doping. The photocatalytic studies highlighted the synergistic
effect of Se@B,C-NPs and visible radiation in reducing the concentration of 3-MCPD. The photodegradation
rate of 3-MCPD for B,C-NPs and Se@B,C-NPs was 51% and 83% respectively as determined using UV-Vis
spectrophotometry. Also, the analyte’s level was determined using LC-MS/MS, and results showed that treatment
with B,C-NPs and Se@B,C-NPs under light exposure caused respectively, 56% and 88% reduction in 3-MCPD
concentration. Moreover, treatment of human foreskin fibroblasts (HFFs) for 48 and 72 h with Se@B,C-NPs at
levels > 250 ug/mL markedly diminished cell viability.
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