.@‘* ChemPubSoc
Drertd Europe

Catalysis

Chemist
SELECTV

DOI: 10.1002/slct.201904010

Metal-Ceramic Composites for Photocatalytic Oxidation of
Diclofenac in Aqueous Solution

Maria V. Sherstoboeva,” Anastasiya V. Bavykina,*® Konstantin A. Bolgaru,
Yury M. Maksimov,' Francesc Sastre,'” and Lidia N. Skvortsova®

Photocatalytic activity of metal-ceramic composites synthesized
by self-propagating high-temperature synthesis (SHS) is inves-
tigated in the processes of degradation of diclofenac (DCF).
Optical properties of the composites were studied, and the
band gaps of ceramic matrix semiconducting components
were calculated from the absorbance spectra. The effect of the
phase composition, UV irradiation duration, the nature and

1. Introduction

Water pollution problem has been jeopardizing our health for
decades. Water is being contaminated with pharmaceutical
drugs and their metabolites, coming from wastewater. These
wastes -so-called organic micropollutants (OMP)- are highly
toxic even when present at ppb levels." Currently, industrial
practices predominantly utilize Advanced Oxidation Processes
(AOP) to remove pharmaceutical residues from aqueous flows.
AOP involve highly reactive hydroxyl radicals formation. These
radicals are effective in oxidative degradation of a wide range
of organic pollutants under mild conditions,>® which can be
used for either pre- or post- water treatment. The pretreatment
comprises partial oxidation into more biodegradable product
(HCOOH, CH,O etc..) that can be further destroyed by tradi-
tional biological treatment using microorganisms. The post-
treatment is traditionally preferred; it follows up traditional
destruction methods that include ozonation to decompose
OMP into CO,, H,O and inorganic ions. The use of an easily
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quantity of the activator (H,C,0, and H,O,) on the degree of
oxidation destruction was investigated. The best catalytic
performance (98-99% DCF degradation) was achieved with the
combination of heterogeneous boron nitride and SiAION based
composites and a homogeneous photo-Fenton system. How-
ever, DCF decomposition with a minimum number of inter-
mediates was achieved using boron nitride-based composites.

recoverable and cheap heterogeneous catalyst would undeni-
ably be beneficial for this process.

Iron-based catalysts are of particular interest from the
economic and environmental points of view. The photo-Fenton
system is one of the most efficient Fe based homogeneous
systems for AOP. It comprises Fe**/Fe** +H,0, combined with
ultraviolet light, a cyclic reaction which is highly effective as a
renewable source of the hydroxyl radicals.*® However, for the
photo-Fenton system, pH range should be low (2-3) in order to
prevent Fe ions hydrolysis. This issue can be overcome by the
use of ferrioxalic system -a soluble iron complex dissolved in a
weak acidic or neutral solution.”® Moreover, ferrioxalic system
makes it possible to use softer UV radiation, since ferrioxalate
complex [Fe(C,0,);]> absorbs in the near UV radiation at
350 nm in contrast to the photo-Fenton system that has an
absorption band at 250 nm at pH 1.5. In one of the most recent
reports, the authors have shown that incorporation of Fe(lll)
complex (Fe(lll) tetra(4-carboxylphenyl)porphyrin chloride (Fe"-
TCPPCI) within the pore of zirconium based metal organic
framework (UiO-66 MOF) enhanced degradation of organic
contaminants under visible light irradiation.”” There, the
acceleration of the Fenton-like reaction under visible light
irradiation has been achieved with the help of mixed ligand
Fe"-TCPPCI, that not only played the role of a photosensitizer
but also suppressed the recombination of photo-induced
carriers over the integrated structure.

Previous research has shown that iron-ceramic composites
based on boron nitrides and silicon nitrides had high photo-
catalytic activity in the processes of degradation of phenolic
compounds -formaldehyde, oxalic acid and some dyes- due to
the formation of photoactive catalytic systems (photo-Fenton
and ferrioxalic) in the presence of activators (H,0, and
H,C,0,)."%" Moreover, when utilizing this composites, dis-
solved iron concentration in a solution does not exceed 10°
*mgL~", so there is no need in the additional step of iron
removal from thereafter.
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Diclorofenac (DCF) is included in the List of life-saving and
essential medicinal products. However, according to the Euro-
pean Environmental Agency, DCF is also being a prevalent
water pollutant."? During the last years, the concern about
DCF removal from aqueous media by different methods has
increased considerably.'*"* The research of various Fe-contain-
ing catalysts for DCF degradation under catalytic ozonation
showed that the though mineralization rate achieved ca. 75 %,
the formed intermediates are more toxic than DCF itself."s"”
High oxidation destruction of DCF with 84% rate was shown
with a heterogeneous photo-Fenton-like process with FeCeO,
catalyst."® An immobilized TiO,-based zeolite composite (TiO,-
FeZ) also showed high efficiency in removal of DCF by water
treatment with an addition of H,O, for photo-Fenton system
creation under simulated solar irradiation due to good DCF
adsorption on the catalyst."™

Herein, we further explore the advantages possessed by
metal-ceramic composites in the photocatalytic degradation of
organic pollutants and pharmaceutical residues, including DCF.
The composite materials based on nitrides of boron, silicon,
chromium, and SiAION were synthesized by self-propagating
high-temperature synthesis (SHS) technology according to
previous developed techniques.”™ SHS method involves a
formation of combustion products as the result of exothermic
reactions under burning-wave propagation towards “cold”
layers of the reagents due to heat evolution. Burning wave
derives from the local reaction initiation by a heat pulse of an
external power supply. The SHS method is one of the most
cost-effective methods for nitrides production due to low
energy cost, which also allows easy handling and single-step
synthesis process. To reduce the cost of photocatalysts and for
environmental reasons, wastes from ferroalloy industry (Yurgin-
sky Abrasive Plant, Russia) were used for composite synthesis
instead of commercial highly dispersed powders of boron,
chromium and oxides of silicon and aluminum.

The parameters affecting the degree of DCF oxidation
destruction such as the phase composition of the catalysts,
addition of H,C,0, and H,0, are investigated and the optimal
conditions for the most effective photocatalysis have been
proposed.

2. Results and Discussion
2.1. Characterization of the Composites

The phase composition of the composites, obtained by the
means of X-ray diffraction (XRD), is given in Table 1. XRD
patterns of the composites are given in Supporting Information
(SI) (Figure S1). Ceramic matrices of the composites are based
on the wide-bandgap semiconductors BN, Si;N,, Si;Al;O;N5 and
CrN. The BN composite was obtained by nitriding of ferroboron
with an additive of urea as a pore-forming agent. The SiN
composite was obtained by nitriding of ferrosilicon. The SiAION
and TiN composites are the products of ferrosilicon-aluminum
(FSA) pyrolysis. For the TiN composite metal titanium was
added. Surface morphology of the materials was investigated
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Table 1.

Composite  Phase Calculated  Main Reference

composition E, eV semiconducting  Ej eV
phase

BN a-BN,” a-Fe, 53 a-BN 4.0-5.8
FeB+ Fe,B

SiN B-Si;N,, o-Fe, 23 B-SisN, 4.0-4.52
Fe,Si,

SiAION B-Si;Al;05N;, 43 SigALONg 23-53 2
a-Fe

TiN TiN, B-Si;N, - 3.2 TiN 3.421
SisN,, Fe, Fe,Si,

CrN CrN, Cr,N 0.1 CrN 0.07-

0.09129
[a] The main phase of a composite is in bold.
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by scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (Figure S2).

2.2. Optical Properties of the Composites

Optical properties of the composites were studied by means of
the electronic absorption spectrometry (Figure 1). The spectra
show that BN composite displays the lowest absorption. The
absorption peak at 250 nm is attributed to the absorption of
unreacted ferroboron (Figure S3). The SiN and SiAION compo-
sites have the absorption peaks in the UV range of 200-
300 nm, which can be attributed to the main phases of SiN and
SiAION, respectively. Higher absorption efficiency in the UV and
visible range of 250-800 nm is demonstrated by the compo-
sites based on titanium and chromium nitrides. The higher
absorption efficiency of the composite containing titanium
nitride phase in visible spectrum can be explained by the
formation of Ti-N bond 2"

The absorption coefficient dependences on the photon
energy for the composites are shown in Figure 2. Semi-
conductors CrN and Si;N, in the composites of CrN and SiN
have indirect badgaps. There the energy change upon light

CrN

SIAION

200 300 400 500 600 700 800
Wavelength / nm

Figure 1. Absorption spectra of iron-ceramic composites.
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Figure 2. Dependence of absorption coefficient on photon energy for the
composites with (A) indirect and (B) direct electronic transitions.

photon absorbtion by electron is accompanied by the energy
change of the crystal lattice. For the indirect electronic
transitions, the dependence of the absorption coefficient versus
photon energy is described F(R)">=f(hv) (Figure 2A). In semi-
conductors BN, TiN and Si;Al;0;N;, only photon and electron
participate in electronic transitions from valence band to
transition band when absorbing light photon; so they have
direct bandgap. The absorption edge and bandgap energy of
these semiconductors were determined using F(R)?=f(hv)
dependence (Figure 2B).

Table 1 presents calculated optical band gap (E;) values of
the studied composites, which are in the line with the literature
data of the ceramic matrix constituent phases.

According to X-ray diffraction analysis and electronic micro-
scopy, boron nitride has a-modification with hexagonal
crystalline structure (Figure S1A). The band gap values fluctua-
tion for a-BN comes from the different synthesis methods of
the composite.”? SiN composite has a narrower band gap than
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bulk silicon nitride, which is likely due to the presence of the
narrow band gap iron silicide Fe,Si, (E;~0,9 eV) in the matrix.””
The valence band of silicon nitride consists of two sub-bands.*”
It seems likely that iron silicide facilitates interband transitions
and enhances conductivity.

SiAION is a solid solution of variable composition Si.
LALONg, that is formed by the substitution of Si to Al and of N
to O in B-silicon nitride. The band gap of SiAION is strongly
dependent on stoichiometry.”® TiN composite has an absorp-
tion edge corresponding to the band gap E;=3.2 eV referring
to n-type TiN. Chromium nitride-based composite mainly
consists of two-dimensional CrN that can display the properties
of narrow band gap semiconductor.”” To sum up, the band
gap of the semiconductors incorporated in a ceramic matrix of
the composites used in the study is lower than the photon
energy of irradiated light (4.5-5.0 eV) suggesting the possibility
of the composites to be active as photocalysts.

2.3. Acid-base Surface Sites of the Composites

The composite surface active sites were investigated using
Hammett indicators following Tanabe method with spectro-
photometric  indication according to the technique
described.”” Figure 3 shows curves of distribution of surface
acid-base sites with a certain pK, value. It can be seen that the
surfaces of BN, SiN and SiAION composites were predominated
by the aprotic Lewis base sites and strong Brgnsted acid sites.
The weak Brgnsted acid sites predominated on the TiN
composite surface. The smallest amount of surface sites was on
the CrN-based composite.

The distribution of surface active sites was also determined
for the phases of ferroboron, boron nitride, metallic (carbonyl)
iron and Al,O; (Figure S4).

It can be seen that the Lewis base sites and the Brensted
protolytic sites were formed by two phases - ferroboron and
boron nitride. The strong Brgnsted acid sites with pK, 0-7 are
formed as a result of complete or partial hydration of iron,
aluminium, boron and silicon, and the weak Bronsted acid sites

A
6 —&-TiN
—=—BN
5] 1 —8—CrN

—¥—SiN
—A— SIAION

Concentration of active sites / umol g

Figure 3. Distribution of adsorption sites of the dye indicators on the
composite surface.
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(pK, 7-14) as a result of the hydration of the Lewis aprotic sites.
Metallic iron forms on its surface a weak acid site with pK, 6.4.
The surface active sites of the composites are shown in
Table S2 and the functions of the surface acidity of the
composites are shown in Table 2.

The values obtained confirm the weakly acid nature of the
materials except for the TiN-based composite.

Thus, variety of the Lewis and Brensted sites on the surface
of the composites suggests their high adsorption capacity to a
wide range of organic compounds.

2.4. Photocatalytic Activity of the Composites

Despite the fact that the composite can absorb in the visible
zone, UV irradiation was used in order to generate the classic
photo-Fenton system. The photocatalytic activity of the
composites in the process of DCF degradation (Table 3) have
shown the DCF adsorption by BN, SiN and SiAION composites
is 10-15% higher than that of the TiN and CrN ones. This may
be explained by the increase of the number of strong Brgnsted
acid sites (FeOH-H®*, BO-H®", SiO-H>*) with pK,=4.10 from 0.2
to 0.4pmol g™’ on their surfaces” Thus, the correlation
between the degree of DCF adsorption by the composites and
degree of DCF UV photodegradation is present.

The following mechanism of DCF adsorption has been
proposed taking into account the nature of active surface sites
of metal-ceramic composites (Eqs. (1-4)):

/SIO-H>" 4 C,,H,,CI,NO,” — /SiO-H...C;,H,,CI,NO, (1)
/BO-H*" + C,,H,,CI,NO,~ — /BO-H...C;,H;,Cl,NO, )
JFeOH-H>* + C;,H,,Cl,NO,~ — /FeOH-H...C;,H,,C,NO,  (3)

JAIOH-H*" 4 C,,H,,CI,NO,” — /AIOH-H...C;,H,,C,NO,  (4)

Table 2. Optical properties of the composites and constituent semi-
conducting phases.

Composite BN SiN SiAION TiN CrN

HO 4.2 4.3 34 7.8 4.7

Table 3. Adsorption degree (%) and the degree of DCF photodegradation
(%) over metal-ceramic composites under different conditions (DCF
concentration is 25 mg |, H,C,0, concentration is 5-10~° M, H,0,
concentration is 1-10~* M, catalyst weight is 100 mg, solution volume is
10 ml, UV irradiation duration is 30 min).

Composite w(Fe), Adsorption UV UV/ UV/H,C,0,/
% H,C,0, H,0,

No compo- - 6 31 32 34
site

BN 5-35 36 89 91 89
SiN 4-34 31 60 69 65
SiAION 1.6-2.5 32 58 61 72
TiN 2.0-4.7 19 59 60 76
CrN - 17 43 69 77
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Thus, the correlation between the degree of DCF adsorp-
tion by the composites and degree of DCF UV photodegrada-
tion is present.

In order to enhance the DCF degradation using in-situ
formed homogeneous catalyst, H,C,0, and H,C,0,/H,0, were
added to the solution along the composite. There. the partially
dissolved metal iron phase offers the right conditions for the
ferrioxalic system and photo-Fenton process to generate ‘OH
radicals.

It is seen from the results shown in Table 3, that the degree
of DCF degradation under UV radiation with and without the
addition of H,C,0, is similar within the experimental errors for
all the composites. This indicates a prevailing role of heteroge-
neous photocatalysis in the process DCF degradation. However,
with chromium nitride-based composite and addition of
H,C,0,, the degree of DCF degradation increased up to 25%,
suggesting homogeneous catalysis. A possible explanation is
that a photoactive complex [Cr(C,0,);]> generating OH
radicals (Egs. (5-10)), similar to ferrioxalate complex [Fe
(C,0,);), is being formed in a solution in the presence of
H2C204.[28]

[Crlll(czo‘l)sr” + hv — [Cr"(CZO4)z(CzO4F)}37 )

[Cr'(C,04),(G04")) + 0o+

2H,0 — [C"(C,0,),(H,0),] + (6)
G0, +0,

C,0,~ — CO,"” +CO, (7)
C0,+0,” — CO,+0, (8)
Cr** + 0, + 2H" — Cr*"H,0, 9)
Cr*" +H,0, — Cr¥" + OH + OH~ (10)

The combined peroxide/ferrioxalate system (UV/H,C,0,/
H,O,) resulted in a slight increase of the degree of DCF
degradation in the presence of the most composites studied
here that indicates a small role of a photo-Fenton process.

In order to confirm the participation of a composite matrix
in photocatalysis, a hot filtration test was performed. The
catalyst was removed from the reaction solution by filtration
after 10 min of irradiation while the solution continued being
irradiated. After 15 min, the composite was added back to the
reaction solution, and the photocatalytic process was contin-
ued for 10 min more. The DCF concentration was determined
every 5 min by spectrophotometry.

From the Figure 4, it is seen that the removal of the
composites from a solution results in the rate reduction of the
DCF oxidation degradation, and the reaction rate is increased
again after placing the catalyst back within the reaction
mixture. This phenomenon indicates the involvement of the
composite matrix in the photocatalytic process, thus confirm-
ing the heterogeneous nature of the process. When the
composite is being removed from the solution, the DCF

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Dependence of the degree of DCF photocatalytic destruction on
time when a composite is removed from a reaction solution (from t=10 min
until t=25 min) during UV irradiation.

oxidation proceeds under homogeneous catalysis accompanied
by the negligible dissolution of the phase of metallic iron or
chromium nitride Cr,N when initially being in contact with a
solution and generation of hydroxyl radicals "OH according to
Egs. (11-14):

[Fe(H,0)]** + hv — Fe*" + HO® + H* (11)
[Fe(OH)]** + hv — Fe** + HO" (12)
[Fe(OOC-R)|2* + hv — Fe*" + CO, +R® (13)
[Cr(H,0)P" + hv — Cr** + HO® + H*Y (14)

As a result, the activity of metal-ceramic composites in
photocatalytic DCF degradation is defined by the combination
of heterogeneous and homogeneous catalysis.

The investigation of the effect of UV radiation duration on
the degree of DCF degradation (Figure 5) has shown that the
DCF destruction with most composites achieves ca. 90% after
40 min except for CrN composite for which it does not exceed
50%. The low degree of DCF degradation (ca. 35 %) when there
is no composite in a solution indicates high photocatalytic
activity of the metal-ceramic composites.

It should be noted that the degree of DCF degradation
with the boron nitride-base composite (BN composite) achieves
80% after 15 min of irradiation (Figure 5). Then, the degrada-
tion rate declines. In this regard, we studied the possibility for
increasing the degree of degradation and improving energy
efficiency by decreasing the exposure time down to 15 min by
enhancing a role of homogeneous catalysis. For this reason,
H,O, was added to a reaction solution to produce the photo-
Fenton system that generates hydroxyl radicals *OH. The results
of the investigation of the DCF oxidation degradation with the
composites and H,0O, addition (Table 4) have shown a consid-
erable increase of the degree of DCF degradation when H,0, is
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Figure 5. The effect of UV radiation duration on the degree of DCF
degradation with and without the composites in a solution. Only UV light
was used, no additions of H,0, or C,H,0,.

Table 4. The effect of H,0, concentration on the degree of DCF
degradation (%) over metal-ceramic composites under photo-Fenton
conditions (DCF concentration is 25 mg | ', catalyst weight is 100 mg,

solution volume is 10 ml, UV irradiation duration is 15 min).

Composite UV, without H,0, (UV + H,0,) Giizop Mol 17!
1-107* 2:1073

BN 77 78 98

SiN 49 65 75

SiAION 45 81 99

TiN 56 74 92

CrN 24 73 77

added to a solution. Moreover, a tenfold increase in H,O,
concentration results in the almost total degradation of DCF
with the composites based on boron nitride, titanium nitride
and SiAION (BN, SiAION and TiN composites). This confirms that
the enhancement efficiency of photocatalytic DCF oxidation
destruction with H,0, addition is connected with the partic-
ipation of hydroxyl radicals *OH generated in a photo-Fenton
reaction.

The possibility of decreasing the UV irradiation duration by
increasing the catalyst amount was also investigated.

The results of the effect of the composite (TiN) weight on
the degree of DCF degradation (Figure 6) show that increasing
the catalyst weight in the range of 100 to 500 mg leads to a
small increase (ca. 15%) in the degree of DCF degradation.
Further increasing of composite added to the reaction, up to
500 mg does lead to an increase of the DCF degradation. We
found an optimal point for this reaction of 300 mg of
composite. Same dependences have been obtained for other
composites (Table S3).

The role of adsorption of DCF by the catalysts was
investigated by infrared (IR) spectroscopy. For this purpose, IR
spectra of the composites were recorded before and after DCF
photocatalytic degradation in the range of 400-4000 cm™' on
Thermo Scientific Nicolet 6700 FT-IR Spectrometer (Thermo
Scientific, USA) (Figure 7).

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. The effect of weight of TiN composite on the degree of DCF
degradation under UV irradiation; experimental error does not exceed 7 %.
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Figure 7. IR-spectra of DCF and CrN composite before and after photo-
ctalytical degradation of DCF.

After photocatalysis, the characteristic DCF absorption
peaks were weak or absent in the IR spectra of BN, SiAION and
TiN composites that may indicate the degradation of large part
of DCF in a solution. After photocatalytic experiments with the
silicon nitride-base composite, a shoulder emerged in the
infrared range of 1100-900 cm™', which can be attributed to
the aromatic C-H in-plane and out-of-plane bending vibrations
from molecule DCF. In the IR spectra of CrN composite, some
weak peaks emerged in the range of 1400-800 cm™', which is
typical for asymmetric and symmetric vibrations of C-O group
of the carboxylate ion from molecule DCF. These results
confirm that DCF and its intermediates hardly adsorbed by the
composites while being considerably destroyed in the reaction
solution.

2.5. DCF Intermediates

In order to assess how complete the DCF photocatalytic
destruction over metal-ceramic composites, the reaction sol-
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utions were analyzed by reversed phase high-performance
liquid chromatography (RP-HPLC).”>~ 3" The DCF peak on the
chromatograms has decreased more than 10 times (Figure S5),
in particular in case of SiIAION and TiN composites, upon UV
irradiation for 30 min of the combined heterogeneous photo-
Fenton system (Cy,0,=2-10" M). However, four new peaks of
degradation products emerged in a chromatogram at A=
250 nm in the range of t7;=2-5 min. It is obvious (Figure S5)
that more complete and deep degradation of DCF achieves
with a composite based on boron nitride.

2.6. Stability of the Composites

The stability was estimated of the most active composites BN
and SiAION in the process of DCF degradation. The results of
catalyst testing in repetitive cycles are shown in Figure 8. The
degradation rate of DCF was found to be gradually decreased
after repetitive cycles. However, the catalytic activity remained
at high level (more than 90%) during first three cycles. After
three cycles, the DCF degradation rate was decreased more
considerably for SIAION sample. This may be connected with
less Fe content in SiAION sample in comparison to BN
composite, which is being leached out of the ceramic matrix
decreasing the activity of photo-Fenton process.

According to XRD analysis, the diffractograms of BN
composite remained practically identical after five cycles of
oxidative DCF degradation to the original one (Figure S6). A
peak of metallic iron slightly decreased, and a small peak of
adsorbed DCF degradation intermediate (Peak at 21 26, marked
with an arrow) appeared on the BN diffractogram. After five
repetitive catalytic experiments of SIAION composite, a diffrac-
tion peak of metallic Fe notably decreased and the ratio of
SiAION diffraction peaks was changed (Figure S7). This may be
caused by deviation in the composite stoichiometry.

3. Conclusions

Diffusion reflection spectroscopy has shown that the compo-
sites materials based on nitrides of silicon, titanium, boron and

—m— BN
—4— SIAION
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Figure 8. The rate of DCF degradation after several photocatalytic experi-
ments.
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chromium, and SiAION can be used in heterogeneous photo-
catalysis for DCF degradation. This composites materials and
absorb UV radiation (E;=0.1-5.3 eV). Moreover, iron-ceramic
catalysts together with H,C,0, and H,0, creates conditions for
homogeneous catalysis with the participation of ferrioxalate [Fe
(C,0,)51*7, chromium oxalate [Cr(C,0,);]*” and a Fenton reagent
(UV/Fe(ll,IN)/H,0,) producing hydroxyl radicals. A correlation
between DCF physisorption activity of the composites and the
degree of photodegradation under UV radiation has been
observed. The role of heterogeneous photocatalysis under UV
irradiation has been shown by the separation of a catalyst from
a solution. High efficiency of DCF oxidation destruction with
the iron-ceramic composites has been resulted from the
combination of heterogeneous and homogeneous catalysis.
The most favorable condition for DCF decomposition is the
combination of heterogeneous catalysis using the composites
based on boron nitride and SiAION with good adsorption
activity and the homogeneous photo-Fenton system (c(H,0,) =
2-102moll™", 7,y =15 min) that reduced the DCF in 98 %.

Summary Information

The Supporting Information (SI) file presents the following
information: a method of synthesis of metal-ceramic compo-
sites in more detail, an analytical technique for DCF control,
description of photocatalytical experiments, XRD data for
investigation of phase composition and stability of photo-
catalysts, and electron microscope images of composite sur-
face. Also, Sl includes a description of experimental investiga-
tion of surface acid-base sites of the composites, optical
properties and RP-HPLC chromatograms for DCF photocatalyt-
ical degradation products.
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