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Efficient photo-Fenton catalysis using magnetic
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quantum dots: theoretical and experimental

investigationst
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To achieve the efficient removal of pharmaceutical wastes, novel photo-Fenton catalysts, iron-decorated
boron nitride quantum dots (Fe@BNQDs) were prepared. Fe@BNQDs were characterized using XRD,
SEM-EDX, FTIR, and UV-Vis spectrophotometry. The decoration of Fe on the surface of BNQDs
enhanced the catalytic efficiency due to the photo-Fenton process. Photo-Fenton catalytic degradation

of folic acid was investigated under UV and visible light. The influence of H,O,, catalyst dose, and

temperature on the degradation yield of folic acid was

investigated using Response Surface

Methodology. Moreover, the efficiency of the photocatalysts and kinetics was investigated. Radical

trapping experiments revealed that holes were the main dominant species in the photo-Fenton
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degradation mechanism and BNQDs played active roles because of their hole extraction ability.

Additionally, active species such as e~ and O, " have a medium effect. The computational simulation

DOI: 10.1039/d3ra00234a

rsc.li/rsc-advances

1. Introduction

The worldwide industrial revolution in the 21° century brought
a wide spectrum of problems, mainly the contamination of
water with harmful and waste materials, leading to significant
adverse effects on the environment and wildlife." Water is the
common solvent that is available in enough quantity for
industrial operations. In most pharmaceutical manufacturing,
water is in contact with drugs either as a solvent, product, and/
or for cleaning purposes.” The contaminated water comes into
contact with a river stream or underground water or remains on
the surface and then evaporates, leaving chemicals including
drugs that bind to sand particles, which again due to erosion by
rainwater re-contact with the water body.>*

In recent decades, the removal of harmful chemicals is the
research interest in academia and industry. Efforts are being
made to develop novel new materials and technologies to
remove contaminants, including physical, chemical, and bio-
logical wastewater treatments.”

Regarding photocatalytic mineralization, most researchers try
to achieve a higher rate and more efficient photocatalysts.
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was utilized to provide insights into this fundamental process, and for this purpose, electronic and
optical properties were calculated.

Heterogeneous photocatalysis uses semiconductor oxides irra-
diated with UV, near-UV, or visible light at ambient temperature
and pressure and in the presence of oxygen.***® Nano-sized
photocatalysts, specifically the zero-dimensional (0D) nano-
particles, exhibit enhanced photocatalysis efficiency compared to
their bulk equivalents. This is caused by the presence of more
active sites on the surface, enhanced electron-hole separation,
a lower recombination rate, and broad absorption in the visible
spectrum, which makes the photocatalyst harvest more energy.>*®

Advanced oxidation processes (AOPs) are a group of methods
that can produce oxidants with the use of catalysts, potent
oxidants, light, or thermal input. They are promising and strong
methods for degrading many organic compounds because they
produce strong oxidizing agents.*?

The Fenton process in AOPs is regarded as one of the most
efficient methods for degrading a wide variety of organic
compounds at ambient temperature.**** The Fenton process
involves the reaction between H,0, and ferrous ions in an
acidic aqueous solution, leading to the production of hydroxyl
radicals (‘"OH)."™ Although the reagents used in the Fenton
process are relatively safe to handle and easy to store, however,
there are some disadvantages of the Fenton reaction, such as
the limited pH range (acidic pHs) and the difficulty of regen-
eration of the catalyst. Ferrous ions must be added to the
reaction medium continuously to sustain the reaction.

To overcome the limitation of the Fenton process, light
irradiation was introduced into the Fenton system to form the
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so-called photo-Fenton process. During the photo-Fenton
process, only small amounts of H,O, and iron salt are
required.*™** However, more ‘OH is produced than by the
Fenton process or non-Fenton photo processes,** which accel-
erate the degradation rates of a variety of pollutants.

Heterogeneous photocatalysis is a good candidate to harvest
light and trigger the Fenton reaction within wider pH
ranges.'""* Numerous heterogeneous photocatalysts, including
metallic nanoparticles,’**® metal oxides,*'*** CdS*** and
carbon-based nanomaterials**** have been developed.

Boron nitride quantum dots (BNQDs) are a class of highly
fluorescent quantum dots (QDs).>*2® It has a wide band gap of
4.5 eV to 6.0 eV, which is not suitable for visible light
applications.”?"* To be utilized for solar-light applications,
a narrowing of the band gap is attempted. Angizi et al. studied
that functionalized boron nitride has an E, below 4.5 eV, and
this might depend on the functional groups of BNQDs.
Hydroxyl-functionalized BNQDs gave E, 2.3-3.6 €V, methyl
functionalized was 3.2-4.2 eV, and amine-functionalized was
3.1-4.0 eV. Thus, the functionalization of BNQDs make them
a potential tool in photocatalysis research.*>

In the present work, nanostructured Fe@BNQDs were
prepared and used to remove folic acid via photo-Fenton
degradation. A heterogeneous photo-Fenton-like process was
applied for this purpose due to the addition of H,O, and the
presence of Fe nanoparticles on BNQDs. Trapping experiments
of the reactive species (ROS) were performed to find the active
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species responsible for the degradation of folic acid. Fig. 1
shows a scheme for the preparation and application of
Fe@BNQDs.

2. Experimental section

2.1. Instrumentation

The surface morphological,
quality, and structural properties of the synthesized Fe@BNQDs
were characterized and studied utilizing field-emission scan-
ning electron microscopy (FE-SEM) (SEM 4500-Quanta FEI,
USA); the chemical composition of the synthesized nano-
structures was measured by energy-dispersive X-ray spectros-
copy (EDX) performed in FE-SEM, X-ray powder diffraction
(XRD) was used to measure crystal structure using X'Pert PRO
(PANalytical, Netherlands) using Ka for copper element (Cu Ko
= 1.5406 A at 40 kv, 30 mA) in the 26 range of (20° to 70°) and
the rate of scanning was 1° min ", respectively. FTIR spectra
were recorded using (Thermo Scientific, USA). For monitoring

chemical composition, crystal

the photodegradation process, absorbance spectra were recor-
ded on a Lambda 25 PerkinElmer UV-Vis spectrophotometer
(PerkinElmer, USA).

2.2. Chemicals

All chemicals used were of analytical grade and used as
purchased without further treatment. Boric acid, iron(m)
nitride, sodium oxalate, potassium bromate, and hydrogen

ammonia =
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Fig. 1 A schematic diagram demonstrates the preparation and application of Fe@BNQDs.
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peroxide were obtained from CARL ROTH GmbH (Karlsruhe,
Germany). Ammonia at 25% was purchased from Merck
(Darmstadt, Germany). Isopropyl alcohol was purchased from
Fluka AG in Sigma Aldrich (Steinheim, Germany). Ascorbic acid
was purchased from Scharlau Chemicals (Barcelona, Spain) and
folic acid was purchased from UNI-CHEM (China) chemicals.

2.3. Synthesis of iron-decorated boron nitride quantum dots
(Fe@BNQDs)

First, boron nitride quantum dots (BNQDs) were prepared using
the hydrothermal method.*® For every 0.3 g boric acid, 10 mL
ammonia 25% was added. The mixture was mixed on
a magnetic stirrer for half an hour, then the solution was placed
in a Teflon-lined autoclave and heated in an oven for 24 hours at
200 °C. The resulting solution was clear and gave fluorescence
with blue-green emission under the UVA light. The solvent was
then evaporated, yielding white powder. After this step, for each
gram of BNQDs, 2.02 mL of 0.1 M Fe(NOj3);-9H,0 was added
with continuous stirring, and then the solution was placed in
a microwave oven at 900 W for 20 minutes. The resulting
particles were put in a muffle furnace at 750 °C for roughly one
hour, Fig. 1 shows the steps in the synthesis of Fe@BNQDs.
Finally, the powder was purified, washed several times with
deionized water, dried, and used in photodegradation
applications.

2.4. Computational study

The ab initio calculations were performed on a plane-wave basis
using DFT's pseudopotential methods. All computations were
performed using the CASTEP and Dmol® codes in Material
Studio version 2017. We applied non-local-functional general-
ized gradient approximation (GGA) meta-GGA* and hybrid
functional including (Becke-3 Parameter-Lee-Yang-Parr)
B3LYP* and (Heyd-Scuseria-Ernzerhof) exchange-correlation
functional HSE06.

Each exchange-correlation (XC) functional was computed
using a kinetic energy cut-off: 500 eV at norm-conserving
pseudopotentials. The Brillouin zone integration was per-
formed using a 4 x 4 x 4 k-point Monkhorst-Pack grid and the
self-consistent field (SCF) tolerance was 2 x 10 ° (eV per atom).
The calculated lattice parameter and band gap values in (eV) are
shown in Tables S2 and S3,7 respectively. Fig. 6A and B show the
band structure and the total density of state for the Fe@BNQDs
photocatalysts. Hybrid functional B3LYP offered better results
and was consistent with the observed data, giving the E, of
about 1.839 eV and 2.295 €V as direct and indirect band gaps,
respectively. In addition, this method was used to analyze the
band structures and densities of states.

For the band edge study in the vacuum, we did not use the
frozen core approximation, the full simulation was carried out
with the Fe@BNQD (100) slab model with a lattice parameter of:
a = b= 3.8 A and ¢ = 17.98 A in order to avoid the effect of
interaction between layers, including 8 atoms. The calculation
was carried out using the Dmol® code for the work function
calculation, The (GGA) was applied to treat correlation effects
and electron exchange in the (PBE) formulation, and the basis

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

set was determined as the double-numerical plus polarization
(DNP) for this job. To improve the results, a 0.005 Ha Fermi-
smearing with a 4.6 real space cutoff was used. For the geom-
etry optimization, and work function, respectively, convergence
tolerance of 10-5 Ha, 0.002 Ha, and 0.005 was used. The k-
points were set at 4 x 4 x 1. The optical properties of
Fe@BNQDs can be illustrated from the complex dielectric
function, ¢(w) = &1(w) + iey(w), which is related to the interaction
between photons and electrons. The momentum matrix
elements between the occupied levels in the VBM and the
vacant levels in the CBM were utilized to calculate the imaginary
part 2(w). The Kramer-Kronig equation can then be applied to
derive the real part 1(w) of the dielectric function from 2(w). All
others, including the electron energy-loss spectrum, optical
conductivity, extinction coefficient, and reflectivity, can be
determined from 1(w) and 2(w).

2.5. Photo-Fenton activity

The photocatalytic activity of Fe@BNQDs was evaluated
through the degradation of folic acid under 5 W of the blue LED
(Light Bulb LED GU10 5W 400Lm Grow, GREENICE Co.,
Madrid, Spain). An ultraviolet water sterilization lamp 220-
240 V 50/6 Hz (UVCD215 TS 6 W) was used as a source of UV
irradiation. Prior to illumination, according to Table 1,
Fe@BNQDs along with H,O, were dispersed into 25 mL of the
solution containing the test compound, and then magnetically
stirred in the dark for 60 min to establish an adsorption-
desorption equilibrium. At predetermined intervals, 3 mL of the
suspension was taken and centrifuged at 8000 rpm for 6 min to
remove Fe@BNQDs. Then, the absorbance spectra of the folic
acid in the supernatants were analyzed using a UV-Vis spec-
trophotometer at 282 nm. The initial concentration was kept
constant at 15 ppm.

To determine the ROS, isopropyl alcohol (IPA) was used as
the "OH (hydroxyl radical) scavenger, ascorbic acid as ‘O,
(superoxide radical) trapping species, sodium oxalate and
potassium bromate were added as scavengers for h" and e,
respectively.?®3¢-3°

3. Result and discussion

3.1. Characterizations of Fe@BNQDs

The FTIR spectra were used to investigate the formation of
BNQDs and then the formation of Fe@BNQDs. Fig. 2A shows
the FTIR spectra of BNQDs and Fe@BNQDs, respectively. The

Table 1 Levels of the parameters studied in BBD statistical

experiments

Levels
Independent +1
variable Unit —1 (low) 0 (middle) (high)
Fe@BNQDs ¢/100 mL H,O 0 0.05 0.1
H,0, M 0 0.2 0.4
Temperature °C 20 30 40

RSC Adv, 2023, 13, 6779-6792 | 6781
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Fig. 2 XRD and FTIR pattern of the fabricated Fe@BNQDs: (A) FTIR of BNQDs and Fe@BNQDs, (B) XRD of BNQDs and Fe@BNQDs.
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peaks at 457.86 ! 506.33 ' and 545.75 !

assigned for BNQDs.* The peaks at 642.35 cm ' and
693.19 cm ', are assigned to B-O bond vibrations.*"*> Another
peak was observed at 781.11 cm ™" due to the amorphous nature
of BNQDs and the B-N-B bending mode.*****® The peak at
924.75 cm ™! is for the B-N-O vibration mode.*>* The peaks at
1022.77 em™ ', 1093.4 cm ™', 1194.87 cm ™', and 1234.03 are
similar to the related results of BNQDs elsewhere.****4648
Moreover, two peaks at 2261.93 cm ™' and 2358.83 cm ™" resul-
ted from the bending vibration of B-H. The presence of oxygen
functional groups is clear from the FTIR spectra of both BNQDs
and Fe@BNQDs. The broad peak at 1450 cm ' is due to the
bending mode of B-OH*! and the stretching mode of B-N.** In
addition, a peak at 2498.22 cm ' and a broad peak at
3207.55 cm™ " have resulted from the stretching vibration mode
of B-OH and B-NH,. #4649

Compared with the FTIR spectrum of Fe@BNQDs, there
were some additional signals after BNQDs were decorated with
Fe atoms; the bands at 547.09 cm ™" have resulted from the Fe-N
stretching mode,™ and 642.8 cm ™' is ascribed to the Fe-O
stretching vibration mode,*** the bands at 1633.46 cm ™" and
3220.28 cm ™" correspond to Fe-OH bending and stretching
vibration, respectively.>*>*

The crystal structure of the product was analyzed using
powder XRD spectra. Fig. 2B shows the XRD pattern of BNQDs;
the diffraction peaks of 26 (theta) equal to 14.77°, 16.12°, 25.12°,
26.27°, 30.52°, 31.52°, 34.02°, 35.42°, 38.02°, 38.92°, 40.37°,
40.72°, 41.37°, 42.97° can be indexed to the corresponding
crystal planes 111, 020, 202, 122, 222, 113, 213, 322, 313, 422,
242 that match from the JCPDS card (no. 40-65-373).%° Another
peak at 28.02° is related to the face 002.%

Fig. 2B displays the XRD pattern of Fe@BNQDs, the peaks are
located at 26 (theta) equal to 14.62° (boron nitride, BN, and
Fe;B),”” 24.15° (Fe,B),”® 26.4° (BN), 27.93° (BN Fe,B),”® 33.1°
(Fe3B),”” 35.62° (Fe,B),*® 40.83° (BN and FeNj ¢),”® 43.35° (BN,
Fe,N),% 44.4° (BN) 49.48° (Fe,B),*® 54.1° (Fe;B),”” 54.93° (BN),
55.48° (BN), 57.62° (Fe;B),” 62.45° (Fe,N),* 64° (Fe,N),* 71.93°
(BN, Fe,N),* these data match with those obtained from the
JCPDS cards (no. 96-101-1241,°* no. 96-201-6174,% no. 96-101-

6782 | RSC Adv, 2023, 13, 6779-6792

0603,% and 96-101-0332 (ref. 64)). The other two peaks, 25.35°
(BN) and 30.33° (BN and Fe,N)*® are found in other ref. 65 and 66.

An XRD pattern was used to measure the crystallinity index
(C1),2#67%8 which was found to be 68.8 for BNQDs before deco-
ration with Fe and 76.6 for Fe@BNQDs. It is worth mentioning
that CI was measured from the ratio of the integrated area of all
crystalline peaks to the total integrated area under the XRD
peaks. The FTIR spectra were characterized to investigate the
formation of BNQDs and then the formation of Fe@BNQDs.

The detection of oxygen, iron, nitrogen, and boron is shown in
Fig. 3B, which corresponds to the EDX spectra of the Fe@BNQDs
sample. It is worth mentioning that the presence of oxygen is due
to the hydroxyl functionalized on the surface, which makes
nanoparticles soluble in water.*>” However, the high content of
oxygen that appeared in the EDX map (Fig. 3B) is due to the
hydrophilic nature of BNQDs, which is due to the functionalized
hydroxyl groups on its edge.?**”*>”* Fig. 3A shows the morphology
of Fe@BNQDs as imaged by SEM. It can be clearly seen that
sphere-like nanostructures were prepared with sizes between 60
and 65 nm. In addition, the Scherrer equation and the
Williamson-Hall (W-H) equation were applied to measure the
average particle size, and it was found that the average particle
size of Fe@BNQDs was about 26 nm according to the Scherrer
equation and 31 nm according to the W-H equation.

3.2. Photocatalytic degradation

Fe@BNQDs were prepared and subjected to the heterogeneous
photo-Fenton process. To study the effects of H,O,, Fe@BNQDs,
and temperature, the design of the experiment (DOE) and
statistical analysis were performed. All the operational variables
and their levels applied for designing the experiment are
summarized in Tables 1 and 2.

Response surface methodology (RSM) is a statistical analysis
method that utilizes the experimentally obtained quantitative
data and, from the design of the experiment and based on
practical data, develops the regression equation, which is
beneficial for the optimization and prediction of the effect of
operating parameters and conditions in the photo-Fenton
degradation process.””?

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) SEM images of Fe@BNQDs and (B) EDX spectrum and total map of the elemental ratio of FE@BNQDs.

Table 2 Central composite design matrix Box—Behnken design BBD with fitted and observed values®

Fe@BNQDs % of degradation, % of degradation,

Run order (g/100 mL) H,0, (M) Temp. (°C) observed fitted

1 0 0 30 0 —1.684
2 0.1 0 30 1.77 1.143
3 0 0.4 30 0 0.344
4 0.1 0.4 30 6.38 7.781
5 0 0.2 30 0 1.278
6 0.1 0.2 20 9.58 9.235
7 0 0.2 40 0 0.062
8 0.1 0.2 40 3.93 2.369
9 0.05 0 20 0.7 1.248
10 0.05 0.4 20 12.2 10.719
11 0.05 0 40 0.58 2.344
12 0.05 0.4 40 1.805 1.540
13 0.05 0.2 30 6.12 5.162
14 0.05 0.2 30 4.72 5.162
15 0.05 0.2 30 5.2126 5.162
16 0.1 0.2 30 4.6 5.732

“ pH was kept constant at 7, and 1 hour photodegradation all Fef@BNQDs samples were adsorption-desorption equilibrated for one hour in the
dark, and the light source was blue LED light 5 x 1 W.

The study was applied by utilizing the widely used Box- determine the photocatalysis degradation yield.*”*”> The BBD
Behnken design (BBD). The main advantage of the BBD study is was performed for three independent variables, including H,0,
that it reduces the total number of experiments required to concentration, Fe@BNQDs dose, and temperature. The

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2023,13, 6779-6792 | 6783
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observed dependent variable was the degradation percentage of
folic acid. Three levels were determined for each independent
variable, as shown in Table 1. A total of 16 runs were assigned
and then analyzed.

The results of the ANOVA for photodegradation efficiency
and the RSM model fitting of folic acid removal using
Fe@BNQDs are presented in Table S1.f The ANOVA analyses
were based on the F-test method and p-values. For data
manipulation, the proposed parameter was deemed significant
at a 95% confidence interval.”*”* The lack of fit (LOF) is another
parameter used to determine the validity of the model, which
exhibits and determines the random error in the achieved data.
LOF is supposed to be not significant in a reliable model; here,
LOF has avalue of 8.21 as an F-test and 0.111 as a p-value, which
is not significant, so the model is reliable.

From the ANOVA results shown in Table S1,f it can be
concluded that the overall regression is significant with a p-
value of 0.027. Regarding the regression equation with linear,
square, and interaction terms for all selected parameters, the
results show that Fe@BNQDs dose and H,O, are affecting the
percentage of degradation linearly with p-values of 0.026 and
0.014, respectively, but there is no significant effect when the
parameter values are squared. In addition, the interaction
between the peroxide concentration and temperature gives
a significant result with a p-value of 0.024. It can lead to the
conclusion that the terms are affecting the degradation yield
linearly.

The regression coefficients were determined, and the results
were analyzed using Minitab software version 17. The quality of
the fit for the model was expressed from the p-value and
correlation coefficient (R*) of 91.41%. The calculated coefficient
from the quadratic regression equation is shown in Table S1.7
The magnitude and sign of the coefficients represent the
influence of each parameter over the response. According to the
coefficient presented from the quadratic regression model, the
term with the highest coefficient is for the Fe@BNQDs dose
with a value of 192.879, which means it is a dominant factor in
the overall responses. The positive value of the coefficient
means a synergetic effect; however, the negative value of the
coefficient means an antagonistic effect. Specifically, the inter-
action term of temperature and H,0O, concentration by a factor
of —1.284 shows the most antagonistic effect on the degrada-
tion of Fe@BNQDs, which have a significant p-value of 0.024.

The observed degradation percentage of folic acid varied
between zero degradation in the absence of a photocatalyst and
12.2% in the presence of a photocatalyst after one-hour irradi-
ation by a LED-5 W visible lamp, and the model prediction was
matched with the experimental results satisfactorily. Control
experiments were performed using Fe ions alone along with
peroxide and without BNQDs and the result was zero degrada-
tion, BNQDs as photocatalysts were also tested and they were
not active under visible light; in addition, another experiment
for Fe@BNQDs was carried out in the dark, and the result
showed no degradation. Thus, we can conclude from these
experiments that Fe@BNQDs are responsible for and are
involved in photo-Fenton degradation.

6784 | RSC Adv, 2023, 13, 6779-6792
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3.2.1 Kinetic study and efficiency of photocatalysis. To
study the kinetics of photodegradation, first, the best experi-
ment was selected, which is run number 10 in Table 2. The
experiment was conducted under the same conditions and
radiation source. The rate of folic acid degradation was esti-
mated by examining the degradation at 282 nm. To determine
the order of degradation, the log-log graphical method, and the
integral and deferential rate laws were applied. The goodness of
the kinetic order can also be evaluated by the correlation coef-
ficient (R*) when the value of R” is close to unity.>**7° It appears
that the degradation at peak 282 nm is the first order with an R
value of 0.998 compared to the second order, which is 0.97, as
shown in Fig. 4A and B, the same procedure was repeated when
irradiating with UV light, as shown in Fig. 4C and D, respec-
tively. The result shows that the degradation percentage after
one hour of irradiation was tripled in the case of 35% degra-
dation with UV light. As regards the rate constant, degradation
that occurred under irradiation with UV light was 12.77 folds
faster than that with visible light, with rate constants equal to
6.4 x 10~* min~" and 0.0082 min " for visible light and ultra-
violet, respectively.

With respect to the degradation efficiency, the sample was
irradiated for 24 hours each time. From Fig. S1,T it can be
concluded that the efficiency was 77.1% after 24 hours of irra-
diation of folic acid with Fe@BNQDs using 5 W of blue LED
light. The efficiency dropped to 58.5% for the next 24 hours, and
then to 36.36% for the next 24 hours. The photocatalyst was
then dried and activated at 150 °C for two hours and then used
in photodegradation for the next 24 hours. The efficiency was
found to increase to 58.61%.

3.2.2 Effect of initial pH on photocatalysis. The photo-
catalytic degradation of folic acid over Fe@BNQDs at five
different pHs was studied. Fig. 5C illustrates the effect of
different initial pHs on the photocatalytic efficiency. The results
showed that the pH of the solution had a great influence on the
photodegradation of folic acid over Fe@BNQDs. In general, as
the pH of the solution increases, the degradation efficiency
decreases, and the best degradation yield was at an acidic
medium pH = 3, where 24.5% was removed, and at a very basic
solution pH = 11, the photocatalyst was inactive. As a general
rule, the electrostatic effect influences the adsorption and
desorption between the surface of the photocatalyst and target
molecules; therefore, an oppositely charged photocatalyst and
pollutants cause attraction. Accordingly, the point of zero
charge, pHpyc (isoelectric point pH) plays an important role in
determining the critical value and magnitude of the charge held
between the photocatalyst and pollutants during the photo-
catalytic processes,'””’® the oxide-containing photocatalysts
are amphoteric in nature, and they turn to an acidic or basic
surface as in the following eqn (1) and (2):

Photocatalyst-OH + H" —
photocatalyst-OH,", pH < pHpzc (1)

Photocatalyst-OH + OH™ —
photocatalyst-O~ + H,O, pH > pHpzc  (2)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Based on this information, it could be deduced that the
initial pH determines the attraction or repulsion between the
surface of the photocatalyst and pollutants. At pH values lower
than pHpyc, the photocatalyst surface is positively charged, so,
it is able to attract negatively charged molecules. At pH equal to
PHpzc, there is no charge on its surface, while at pH greater than
PHpzc, the surface of the photocatalyst is negatively
charged.”®”””® Regarding the folic acid degradation over
Fe@BNQDs, the acidic medium pH 3 was optimum, it can be
concluded that the pH 3 is close to the pHp,c of Fe@BNQDs; as
aresult, the surface is positively charged, which is able to attract
the negatively charged folic acid molecule. As has been seen in
trapping experiments, which confirms that the h" plays a major
role in the photodegradation process of folic acid over
Fe@BNQDs.

3.3. Photo-Fenton mechanism and scavenger trapping
experiments

The progress of the photocatalytic reaction and mineralization
of chemical waste was attained by the transfer and transition of
active species h', e”, ‘0,7, and "OH. Which made it possible to
confirm the major active radical species that take part in the
photodegradation process and the photocatalyst reaction
mechanism. As shown in Fig. S3,f it can be seen that the
degradation of folic acid was hardly affected by isopropyl
alcohol (IPA), while the degradation percentage declined
significantly with the addition of Na,C,0, and decreased in the
presence of ascorbic acid and KBrO;. Accordingly, the results
indicated that the degradation percentage lowered in the pres-
ence of h', 7, and "0, trapping species, indicating thath”, ™,
and O, " were responsible for folic acid degradation over
Fe@BNQDs PC. The addition of IPA to the photocatalytic reac-
tion was not significant, which demonstrates that Fe@BNQDs
are inert for the production of OH /°OH due to the position of
the band edges.

Regarding the band structure of the prepared photocatalyst,
first UV-visible absorption spectra were recorded both in water
and the DMF solvent, as shown in Fig. 5A, then a Tauc plot was
plotted, and the results were in good agreement with those from
the theoretical DFT calculation.”®*® The E, of Fe@BNQDs was
evaluated from the Tauc plot and it was estimated to be 2.39 eV.
From the optical absorption spectra in Fig. 5A, we found that
the Fe@BNQDs showed optical absorption that extended more
into the visible region, which indicates more energy harvesting.

To elucidate the energy level (band edges) of the prepared
nanostructured photocatalysts, photo redox potential was
calculated, as shown in Fig. 5D. Eyg was estimated to be
1.855 eV and Ecg —0.535 eV. The potentials of Fe@BNQDs were
measured using the Mulliken electronegativity rules:**3781-8¢

As presented in Fig. 5D, the energy of the valence band
maximum Eyg of Fe@BNQDs was estimated to be 1.855 eV,
which is more negative than that of (OH /"OH) (1.99 eV versus
NHE); as such, the hole (h*) at VBM is unable to oxidize OH™ to
produce the hydroxyl radical ("OH); simultaneously, the CBM
potential was measured to be —0.535 eV versus NHE, which is
less positive than that of 0,/O0," —0.33 €V versus NHE,**** as
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such, the electron at the CBM band edge can react with O, to
form O, "; these results are in good agreement with the scav-
enger test, which strongly indicates that h* and superoxide O,"~
radical are both the active species involved in the photo-
degradation of folic acid over Fe@BNQDs.

3.4. Computational simulation

To gain a better understanding of the prepared nanomaterials,
theoretical calculations were performed. The perfect band gap
is a direct gap semiconductor of 1.839 eV at the X point and an
indirect band gap of 2.295 eV at the M point at the Valance Band
Minimum (VBM) to the G-R at the Conduction Band Maximum
(CBM), as shown in Fig. 7A. The band gap of the Fe@BNQDs
was observed to decrease after decorating with Fe atoms, from
3.79 eV to 2.39 eV for Fe@BNQDs. It is obvious from Table S3,+
which reports E, the most XC functionals that exhibit better
agreement with the experimental results are B3LYP, therefore,
the B3LYP functional was used to interpret, discuss, and
analyze the band structure and density of states as it gives
correct and sufficient data.

The partial density of state (PDOS) of the electronic levels of
Fe@BNQDs is plotted in Fig. 6B. It can be noted that the Fermi
level is close to VBM. As regard to Fe atoms, the d-orbital
showed a high DOS that covers the Fermi level at the valence
band, which appears as two broad peaks within the range of
(—2.98 to 0.55 eV), which explains that most of the DOS of Fe
atoms are located at the 3d-orbital. The bottom of the conduc-
tion band consists of mixed 4p and 3d-orbitals with medium
intensity at 2.99 eV, Fig. 6B. With respect to boron atoms, they
have one broad peak near VBM at —1.83 eV and another peak at
—3.94 eV, both belonging to 2p orbitals. Regarding CBM, there
are three peaks that belong to 2p-orbitals within the range of
(2.34 to 6.48). As for nitrogen atoms, one peak overlaps with the
Fermi level at VBM, and one peak is observed at —1.74 eV; at
CBM, a peak is observed at 2.82 eV, which belongs to the 2p-
orbital with a high DOS and the 2s-orbital with a lower DOS.
It can be seen from Fig. 6B that the s-orbitals for Fe, B, and N
atoms have a minimum contribution to DOS at VBM and CBM.

As shown in Table S2,t the optimized lattice parameter and
bond length for Fe @BNQDs and hexagonal boron nitride (h-BN)
were computed utilizing PBE exchange functionals.”®®*”® It is
reported that the total volume of the cell increased after the
insertion of the Fe atom and that the overall structure changed.
That has an effect on the B-N bond length and the shape of the
cell.

To investigate the electronic density available on elements in
the ground and excited states of Fe@BNQDs, first, a single sheet
of Fe@BNQD 1.5 nm was optimized. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) were calculated using the DFT/GGA/PBE
Dmol® code. As illustrated in Fig. 6C, the electron density at
the hydroxyl group of BNQDs in HOMO (ground state) is
concentrated at the Fe atom in LUMO (excited state), implying
that the OH™ functional groups at the edges of the BNQDs inject
electrons to the Fe atom and are thus most are involved in the
photocatalysis process.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In this study, we characterized the structural stability of the
Fe@BNQDs photocatalyst at high temperatures using thermo-
dynamic parameters. The standard statistical thermodynamic
functions: Gibbs free energy, heat capacity, entropy, and
enthalpy for Fe@BNQDs were provided from the vibrational
harmonic frequencies in the temperature range of 25-1000 K, as
shown in Fig. S2.1 In general, it can be noticed that these
thermodynamic functions are increasing with temperature
except for Gibbs free energy;*** Gibbs free energy is negative at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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825 K, so that, the formation of Fe@BNQDs is only achievable at
elevated temperatures. At this point, the value of entropy is 466
cal mol ' K" and the enthalpy is 379 kcal mol ' K.

It is well known that one of the crucial characteristics for
semiconductors to function as photocatalysts is the position of
the valence and conduction band edges. It establishes the
photochemical reaction's thermodynamic limit, which is
carried out by photogenerated electrons and holes. In general,
the conduction band and valence band margins of the photo-
catalyst should be between the redox potentials of the reactants.
The band edges in a vacuum were calculated, as shown in Fig. 7,
the band edge calculations illustrated that the Fe@BNQDs is an
efficient visible-light-driven photocatalyst for the degradation of
organic wastes and it may be suitable for water splitting and
CO, reduction as well.

In optoelectronic fields, such as photocatalysis, the optical
characteristics of semiconductor materials are of utmost
significance since they can explain the behavior of the photo-
catalyst during photochemical interactions. The spectra of
Fe@BNQDs as a function of photon energy ranging from 0.01
up to 60 eV are shown in Fig. 8. The extension of electrical
transport to large (optical) frequencies is the optical conduc-
tivity; this quantitative evaluation is contact-free and mostly
responsive to charged responses. Fig. 8A shows the optical
conductivity spectra; the maximum optical conductivity
regarding the UV visible region is shown at 3.2 eV.

Another important optical characteristic is the electron
energy loss function. The energy loss experienced by rapid
electrons moving through a substance is described by the loss
function. The surface plasmon resonance is linked to the loss
function's peaks, Fig. 8B shows the loss function spectra; there
are no peaks observed in the UV visible area, therefore, we can
say that this photocatalyst has an absent plasmonic effect. The
dielectric function plays a significant role in explaining how
radiation behaves inside a photocatalyst. The imaginary portion
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Fig.7 Bandgaps and band-edge positions with respect to the vacuum
level and NHE for the Fe@BNQDs. EVB (red bar) and ECB (blue bar) of
the Fe@BNQDs photocatalyst in vacuum and experimental; along with
the potentials of CO, reduction, water splitting, and photodegradation
processes at normal hydrogen electrode (NHE) scale at pH = 0.
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(F) absorption.

of the dielectric function is related to the band structure and
absorption characteristics of the photocatalysts. The dielectric
function demonstrates what a passing light beam or other
electric fields would do to a photocatalyst. The complex
dielectric function's imaginary part ¢,(w) denotes the quantity
of absorption in a material, while its real part ¢;(w) denotes the
polarization of the photocatalyst caused by the propagating
light. Fig. 8C shows the dielectric function spectra, the two
major peaks are observed at 3.2 and 11.8 eV. The frequent inter-
band transitions between VBM and CB are represented by the
imaginary dielectric function, which is a significant quantity.
Fe@BNQDs have a first peak that is caused by the optical
transition according to the band gap value, which is 2.4 eV,
followed by two further peaks. The reflectivity spectra, shown in
Fig. 8D, exhibit the optical reaction of the systems to the inci-
dent light. In terms of reflectivity, a lower energy bandgap
results in a higher ¢(0) value and hence a higher reflection
coefficient, and vice versa, the reflectivity of Fe@BNQDs is more
significant in the infrared to the UV region.

The refractive index explains how interactions with photo-
catalysts alter light waves (amount of light reflected or bent).
The imaginary part, which is called the extension coefficient of
the refractive index, indicates the reduction of an electromag-
netic wave moving through a photocatalyst, whereas, the real
part measures the phase velocity of the electromagnetic wave in
a medium. The real and imaginary components of the refractive
index are connected by the complex dielectric function; Fig. 8E
shows refractive index spectra. Fe@BNQDs exhibit a high value

6788 | RSC Adv, 2023,13, 6779-6792

of the extension coefficient at the infrared region and a decrease
in the visible and UV regions, while the real part has a low value
in the infrared, then increases in the visible region and
decreases again at the UV region. Reflectivity refers to the ratio
of the amount of light that strikes a substance to the amount of
light that is reflected from it. By synchronizing the electric and
magnetic fields at the surface, it is possible to obtain the
reflection coefficient for the basic case of normal incidence onto
a plane surface. The absorption coefficient offers useful infor-
mation when the UV-Vis energy is applied to achieve optimum
efficiency, and absorption coefficient spectra are shown in
Fig. 8F; in general, Fe@BNQDs exhibit good adsorption in the
UV visible region, which is of interest in photocatalysis.®*****”

4. Conclusions

A novel magnetically-separable and visible-light-driven photo-
Fenton catalyst (Fe@BNQDs) was synthesized and character-
ized. Fe@BNQDs indicated efficient degradation of folic acid.
The RSM based on BBD was employed to demonstrate the
degradation efficiency of folic acid under the influence of three
variables, including Fe@BNQDs dose, H,0, concentration, and
temperature. According to the ANOVA and regression coeffi-
cients, the results showed that the effect of the operating vari-
able is a linear positive p-value of 0.013, and the effect of H,0,
and temperature interaction was a negative p-value of 0.024.
The photocatalytic efficiency tests revealed that the Fe@BNQDs
have good stability; the experiment lasted for 96 hours under
irradiation. Trapping performed to

experiments were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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investigate the active species and possible mechanisms
involved in photodegradation over Fe@BNQDs. Analysis of the
results shows that the Fe@BNQDs are inert toward the
production of the 'OH radical, and the active species are h", e,
and O,". A theoretical study was performed on the basis of the
DFT framework, regarding the electronic structure. The B3LYP/
DFT hybrid function gives a better result and is closer to the
experimental value.
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