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Abstract. The removal of diclofenac (DCF) from aqueous solutions was attempted using photocat-
alytic processes, involving a series of novel photocatalysts based on ZnMe (Me: Al; Co; Ga) layered dou-
ble hydroxides (LDHs) and their derived mixed oxides. The catalysts were characterized using specific
techniques. Under solar light, ZnCo and ZnGa catalysts degraded almost completely DCF from water,
while the mineralization, expressed by total organic carbon removal, reached ~85%. The degradation
mechanisms of DCF photolysis and photocatalytic degradation under solar and UV irradiation were
investigated.

Résumé. Lélimination du diclofénac (DCF) de solutions aqueuses a été étudiée en utilisant des pro-
cessus photocatalytiques, en utilisant une série de nouveaux photocatalyseurs basés sur d’hydroxydes
doubles lamellaires ZnMe (Me : Al; Co; Ga) (LDH) et leurs oxydes mixtes dérivés. Les catalyseurs ont
été caractérisés a I'aide de techniques spécifiques. Par irradiation en lumiere solaire, les catalyseurs
ZnCo et ZnGa ont dégradé presque completement le DCF de I'eau, tandis que la minéralisation, expri-
mée par I'élimination totale du carbone organique, a atteint ~85%. Les mécanismes de dégradation
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de la photolyse du DCF et de la dégradation photocatalytique sous irradiation solaire et UV ont été

étudiés.
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1. Introduction

Environmental problems are more prevalent nowa-
days and one of the big concerns is water contam-
ination by toxic compounds. Diclofenac (DCF) is a
widely used non-steroidal anti-inflammatory drug
(NSAID) that reached a worldwide consumption of
~1000 tons per year [1]. Only a fraction of the drug
is absorbed and metabolized by humans or ani-
mals and the rest is excreted, either as metabolites
or as unchanged parent compound. Currently, DCF
residues are commonly detected in various aquatic
environments [2,3]. The extended exposure of DCE
even at very low concentrations, has impacts on both
human health and ecological safety [4]. Due to the
high toxicity, DCF has been included on the Euro-
pean Union Water Framework Directive First watch
list for emerging water pollutants so that, monitor-
ing data need to be collected to understand its to-
tal impact [5]. Based on the recent global studies, the
concentrations of DCF in water varied in the range
of ng-L™! to ug-L™! [6,7] and the drug cannot be ef-
fectively eliminated by conventional sewage treat-
ment plants [6]. Once it is released in water bodies,
the degradation of DCF is insignificant. It has been
reported that under sunlight exposure DCF is de-
composed to metabolites sought to be more harm-
ful to ecosystems and public health than DCE thus
the pollution and the toxicity of water increases [7,8].
The use of photocatalysts to remove DCF from wa-
ter is regarded as a simple and cost-effective ap-
proach in the conditions that we will be able to ex-
ploit the properties of the catalysts to enhance their
performances, but also to control the degradation
pathways [9-11]. Recently, Sarasidis et al. reported
that the DCF mineralization reached 69% on TiO,
photocatalyst after 8 h of UV-light irradiation [12],
while Salaeh et al. showed that TiO,-zeolite/H,0,
catalytic system is able to mineralize 67% of DCF
from aqueous solutions under solar light irradia-
tion [13].

So far, studies on photocatalytic degradation of
DCF have mainly focused on the removal kinet-
ics and degradation/mineralization efficiency of the
drug [12,14]. Though, to establish an effective solu-
tion for DCF degradation requires not only to design
and optimize an efficient photocatalytic formulation,
but also to look inside the photodegradation mech-
anism, with the identification of the photodegrada-
tion products, and the assessment of their possible
effects. However, considering the low concentrations,
the unknown chemical structure and fast transfor-
mation of intermediates, the accurate identification
of degradation products is, certainly, a highly chal-
lenging task [8,9].

Our previous work demonstrated that 2-D matri-
ces of layered double hydroxides (LDHs) and their
derived oxides can be designed as successful pho-
tocatalysts for the removal of toxic pollutants [15,
16]. LDHs are a class of anionic clays with formula
as [M(ID);_xM(ID) - (OH),]** (A" )4/, - mH,0, and a
controlled microstructure via regulating the nature
and ratio of M(II), M(II) of brucite-like layers and
A" intercalated anions [17]. Recently, there is in-
creasing interest to prepare efficient photocatalysts
based on Zn-rich LDHs with layers modified contain-
ing non-precious transition metals. Thus, we used
Co?* and Ga®* to partially substitute Zn®>* and AI**,
in order to increase the capability of Zn-based ma-
terials to harvest the light energy in photochemical
processes [18].

In this study, we present ZnMe (Me: Al; Co; Ga)
LDHs as novel and highly efficient photocatalysts for
the degradation/mineralization of DCF in water by
harvesting light energy. We compared the catalytic
performances of the LDHs-like catalysts to that of the
MMOs formed after the LDHs calcination at 750 °C.
More importantly, the origin of the photocatalytic
efficiency was explored by the investigation of the
degradation mechanisms of DCF through the iden-
tification of the major intermediates by liquid chro-
matography quadrupole time-of-flight mass spec-
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trometry (LC-MS). To the best of our knowledge, a
synergic response of the catalyst and the type of light
used for irradiation during DCF degradation in water
is reported here for the first time.

2. Material and methods
2.1. Materials

ZD(N03)2-6H20, Al(N03)3~9H20, CO(NOg)z-BHzO,
Ga(NO3)3-9H,0, NaOH, Na,COs, and diclofenac
were purchased from Sigma-Aldrich Chemical (>98%

purity).

2.2. Preparation of photocatalysts

ZnMe (Me: Co; Ga; Al) LDHs were prepared via the
co-precipitation method [17-19] at 65 °C and a con-
stant pH of 9 [15,16]. ZnAl LDHs, molar ratio of
Zn?*/A¥* = 2/1 and 3/1, were obtained by the slow
addition of an aqueous solution of Zn(NO3),-6H,0
and AI(NOs3)3-9H,O to an aqueous solution of
NaOH/Nay,CO3 and denoted as ZnAl, and ZnAls,
respectively. Next, the ZnCo catalyst was obtained
by the partial substitution of Zn?* with Co?*, when
Co(NO3)»-6H,0 was added as a source of Co®* in
the starting aqueous solutions, to reach a molar ratio
of Zn?>*/Co? = 1/1 and (Zn + Co)**/AP* = 2/1. Fur-
thermore, the ZnGa photocatalyst (Zn?*/Ga%* =3/1)
was obtained by replacing AI** with Ga3* in the clay
layers, using Ga(NO3)3-9H,O in the staring solution.
The resulting precipitates were aged for 24 h at 45 °C,
washed and dried at 90 °C. To obtain the mixed oxides
the “as synthesized” LDHs were calcined at 750 °C
for 10 h. This high calcination temperature was used
in order to obtain highly crystallized mixed oxides.
The evolved mixed oxides were denoted as following:
ZnAl,-750, ZnAl3-750, ZnCo-750 and ZnGa-750.

2.3. Characterization of photocatalysts

Structural characteristics, composition, crystallinity,
purity information and the thermal behavior of
the catalysts were investigated by X-ray Diffraction
(XRD), Energy Dispersive Spectroscopy (EDX), UV-
vis Diffuse Reflectance spectroscopy (UV-Vis DR),
Infrared Spectrometry (FTIR) and thermogravimetric
TG/DTG analysis. The chemical composition was ex-
amined using an energy-dispersive X-ray spectrom-
eter (EDX) device attached to the microscope. X-ray

diffractions were performed on a PANalytical X Pert
PROMPD diffractometer equipped with a filtered Cu
Ka radiation, A = 0.15406 nm; measurements were
done in the 20 mode using a bracket sample holder
with a scanning speed of 0.04°/4 s in continuous
mode. UV-Vis DR absorption spectra were recorded
on a Nicolet Evolution 500 UV-vis spectrometer,
equipped with a DR accessory and considering KBr
as white reference. TEM results were obtained on a
Model H-7650, Hitachi operating at 100 kV. The sam-
ples were mounted on a conducting carbon with Cu
grid mesh (150 mesh per inch) and tungsten filament
was used in the electron gun. Diffuse Reflectance
Infrared Fourier Transform spectra (DRIFT) were
measured on a Nicolet 6700 FT-IR spectrometer,
equipped with a mid-IR source (400-4000 cm™1), a
KBr-beam splitter, a He/Ne laser with a Michelson
interferometer. About 200 scans were taken with a
4 cm™! resolution. TG/DTG measurements were per-
formed on a Mettler Toledo TGA/SDTA851 thermo-
balance; samples were heated from 30 to 850 °C with
a heating rate of 10 °C/min, under O, flow.

2.4. Photocatalytic activity evaluation

The photocatalytic activity of the studied materi-
als was tested for DCF photodegradation in aque-
ous medium. In a typical experiment, the catalyst
(1 g/L) was dispersed in a DCF solution with a con-
centration of 0.025 g DCF/L and stirred in the dark
to reach adsorption equilibrium, and then the re-
action was started. For this, the catalyst/DCF aque-
ous medium was irradiated with an Unnasol US 800
solar simulator, 250 W, equipped with visible block-
filters, such that both solar and UV-light energy were
used for irradiation. The reactions were carried out
in 200 mL reactor and the reaction temperature was
maintained at 25 °C by circulating water. At selected
time intervals, 2 mL of the suspension was withdrawn
and centrifuged to remove the catalyst.

2.4.1. Evaluation of %DCF removal by UV-Vis ab-
sorption spectroscopy

The DCF concentration in the supernatant solu-
tions was monitored by a UV-Vis spectrophotome-
ter at maximal absorption band of 276 nm for the
UV driven tests and at 236 nm for the solar driven
tests, due to the shift of the absorption band, when
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Figure 1. X-ray diffraction patterns of: (a) ZnAly, (b) ZnCo, (c) ZnAls, (d) ZnGa, (e) ZnAl,-750, (f) ZnCo-
750, (g) ZnAl3-750, (h) ZnGa-750; (1) ZnAl,Oy4, (@) CoAl;Oy4, (*) ZnGay04 and (") ZnO.

different intermediates are produced during the pho-
todegradation process.

2.4.2. Evaluation of %DCF mineralization by TOC
analysis

Total Organic Carbon (TOC) measurements were
done with Shimadzu TOC-Vcph. We obtained the
TOC values by measuring the TC (total carbon) and
the IC (inorganic carbon) and subtracting the IC con-
centration from the TC concentration. The TC and IC
analysis were performed at the beginning and at the
end of the test. In this way, the TOC initial and TOC
final (after 4 h of irradiation) were determined. The
mineralization yield was calculated as the difference
between TOC initial and TOC final divided by TOC
initial.

2.4.3. Evaluation of DCF removal process by LC-MS
analysis

Liquid chromatography quadrupole time-of-
flight mass spectrometry (LC-MS) was employed for
the identification of the photodegradation products
resulting from DCF decomposition. We used the
method and parameters described by Alvarez-Martin
et al. [20], and they are presented in Section S1.

3. Results and discussions

3.1. Characterization of the photocatalysts

The EDX results (see Supplementary Figure S2) show
that the catalysts have a high Zn content equal of
50 + 5 wt%. Meanwhile, besides Zn, only Co, Al, Ga
and O are detected. The XRD patterns of the studied
photocatalysts are shown in Figure 1. As seen, the
“as-synthesized” LDHs show (see Figure 1a-d) a high
crystallization degree due to the strong diffraction
peaks that define the typical characteristics of the
LDHs-like phase (ICDD file no. 22-700) [17] with a
series of sharp and symmetric basal reflections of
the (003), (006), (101) planes at 11.7°, 23.6°, 34.1° and
broad, less intense, reflections for the nonbasal (012),
(015), (018), (110) planes around 34.7°, 39.2°, 46.9°,
60.6°. The interlayer distance was calculated using
the (003) basal reflection from 11.7° and the value is
~0.76 nm for all the synthesized LDHs. This indicates
the presence of CO%‘ as interlayers anion in the LDH-
type catalysts [17].

Table 1 shows the molar ratio between the biva-
lent and trivalent cations of the LDHs layers obtained
from EDX and the “a” and “c” parameters that define
the LDH structure [17,21]. The presence of Ga®* into
the LDHs layers is revealed by the increase of the “a”
parameter, due to the larger ionic radius of Ga®>* than
that of AI3* (0.62 vs 0.53 A). On the other hand, Zn%*
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and Co?* possess similar ionic radius (0.74 vs 0.745 A)
hence the “a” parameter of ZnCo and ZnAl, has sim-
ilar values. The cobalt content was clearly confirmed
by EDX (Figure S2) and is consistent with the con-
tent of the Co(NO3)2-6H» 0 from the starting solution.
The thermal treatment at 750 °C gives rise to the de-
struction of the LDHs-like network and the forma-
tion of the mixtures of mixed oxides (MMOs) where
the characteristic diffractions (see Figure le-h) of
(') ZI'IA1204, (@) COA1204, (*) ZnGa204 and (A) y4110)
are clearly assessed. DRIFT results (see Figure S3)
show that all the LDHs-like catalysts have CO%‘ as
anions in the interlayers with the intense vibration
band at 1360 cm™! and less intense vibration band
at 1510 cm™!, corresponding to the CO;~ symmet-
ric and antisymmetric bending vibrations, respec-
tively [16]. The broad absorption band, which may
be associated to the O-H stretching of the hydroxyl
groups from the brucite-like layers and physisorbed
interlamellar water [17] is clearly observed within
(3000-3500) cm™!. The small broad shoulder cen-
tered around 1640 cm™! is assigned to H-O-H bend-
ing vibration of interlayer water molecules. The cor-
responding vibrations of the Me-O and O-Me-O (Me:
Zn, Co, Al, Ga) were observed in the low wavenum-
ber region inside the range (800-400) cm™! [17,22].
Therefore, the results of XRD, DRIFT and EDX anal-
yses point out that ZnAl, ZnCo and ZnGa catalysts
are highly crystallized LDH-like structures with CO3~
as main anion of the interlayers. The morphological
characteristics of the LDHs-like catalysts can be seen
in the TEM images in Figure 2a,b. It shows the pres-
ence of irregularly aggregated and interconnected
nanoplates with an average size of 90 nm. These fea-
tures are typical for the LDHs materials [16,17]. After
calcination at 750 °C it can be seen (Figure 2c,d) that
for the derived MMOs the particles become smaller,
with a size of around 50 nm.

To get more insight into the transformation of
the LDHs to MMOs we examined the results of the
TG-DTG analysis given in Supplementary Figure S4.
Firstly, the mass loss is described by the three stages.
The first mass loss, from room temperature to ap-
proximately 230 °C, is mainly assigned to the removal
of the interlayer and weakly adsorbed water. The sec-
ond stage of mass loss, which occurs in the temper-
ature range 200-340 °C, is showing the dehydroxy-
lation of the LDHs lattice, while the third loss is re-
vealing that the MMOs crystallized in the tempera-

Table 1. Chemical composition and the lattice
parameters of the studied photocatalysts

LDHs M?2t/M3" Lattice parameters (A)**
a c

ZnAl, 1.75 3.056 22.5

ZnCo 1.8 3.064 22.5

ZnAls 2.7 3.068 22.65

ZnGa 3.1 3.112 22.86

*The molar ratio between the bivalent and triva-
lent cations in the LDHs layers, from EDX.

**a = 2d110 and ¢ = 3d003 are the unit lattice
parameters.

ture range 430-800 °C. This revealed that the LDH-
like catalysts progressively lost the physisorbed wa-
ter, then the interlamellar water and further the wa-
ter from the dehydroxylation of the layers, along with
the charge compensating anions. This led to the col-
lapse of the layered structure of LDHs and the for-
mation of the Zn-rich solid solutions of MMOs-like
catalysts. Secondly, the DTG profiles indicate three
weight losses with features that revealed that the
temperature ranges for the removal of interlayer wa-
ter and dehydroxylation of the lattice are shifted to
lower temperature for ZnCo and ZnGa in comparison
to ZnAl, and ZnAls, respectively.

Further, the optical responses of the catalysts is
studied by UV-Vis DR (see Figure 3). The LDHs-like
catalysts have a lower absorption in the UV region
compared to that of the derived MMOs that show a
distinct wide absorption in the Vis region, well above
420 nm that agrees to previous results [23,24]. For
ZnCo the band centered at about 520 nm is similar to
that observed in the UV-visible spectrum of octahe-
drally coordinated Co®*. According to Ulibarri et al.
this band is assigned to the *T14(F) — *T14(P) transi-
tion of octahedrally coordinated Co?* from the LDH
layers [25]. For the mixed oxides obtained after the
calcination, the intense band around 360 nm might
be attributed to the Zn-O charge transfer band in
the mixture of ZnO and ZnAl,O4 or ZnGa, Q4 [22].
Furthermore, Figure 3b shows that ZnAl,-750 and
ZnAls-750 absorbed only in UV region though ZnCo-
750 and ZnGa-750 absorbed in the visible region well
above 500 nm with the absorption edge that shifts to
longer wavelengths.
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Figure 2. Typical TEM images of ZnCo (a,b); ZnCo-750 (c,d).

3.2. Photocatalytic degradation/mineralization
of DCF in water

Under irradiation by simulated solar light, the effi-
ciency of the degradation/mineralization of DCF in
water is shown in Figure 4A. Results show that all cat-
alysts have the capability to degrade more than 90%
of DCE

Among these, ZnCo and ZnGa show the best
activity reaching 96% and 95% DCF degradation.
The mineralization yields, investigated by TOC mea-
surements, were 77% and 67% for ZnAlz and ZnAly,
respectively, indicating that the DCF mineralization
increased with the increase of Zn content. Further,
DCF mineralization increases with the introduction

of Co and Ga in the LDHs layers up to 84% and 86%,
respectively, with ZnGa and ZnGa750 highly active
in both s synthesized and the calcined form, respec-
tively. This clearly shows that the LDHs composition
is dominantly responsible to establish a performant
photocatalyst for the removal of DCF from water.

Table 2 shows the results of the best performing
catalysts in comparison to that obtained on other
catalytic systems reported in the last years [11,12,
26-34]. It is noticed that the catalysts studied in this
work are highly performant for DCF removal from
water as demonstrated by the high photodegrada-
tion/mineralization yields obtained under solar light
irradiation.
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Figure 4. % DCF removal from aqueous solution after irradiation for 4 h by (A) solar light; (B) UV light.
(@) ZnAly, (b) ZnAl,-750, (c) ZnCo, (d) ZnCo-750, (e) ZnAl(3/1), (f) ZnAl3-750, (g) ZnGa, (h) ZnGa-750,

(k) P25, (j) g-C3N4, (1) blank.

Furthermore, the modification of the catalyst
structure by calcination reveals that the capability of
the MMOs to mineralize DCF is lower in compari-
son to that of the LDHs-like catalysts. The chemical
composition of the LDHs and their derived MMOs is
slightly similar. Thus, we can assume that the catalyst

structure is a key factor for establishing the catalyst
ability to mineralize DCF under irradiation by solar
light. Catalysts as P25 and g-C3H,4 were also tested in
this study, but their performance in DCF photocat-
alytic degradation is inferior to that of LDHs based
catalysts. It is also important to note that in the ab-
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Table 2. Comparison of some recent results of the DCF photocatalytic degradation/mineralization in water

Photocatalyst Dose, Irradiation source DCEF initial, % DCF removal, Ref.
g/L mg/L Phot? or TOCP
HApT (TiO; based 4g XX-15 BLB UV lamp, 5 98%/24 h-Phot [26]
catalyst) 1.80 mW/cm?
TiO, Not given 0.7 kW UV lamp, 50 80%/3 h-Phot [27]
A =254 nm, 2 mW-cm 2
CQDs/BiOCOOH 0.6 350 W Xe-lamp, 4 98%/1 h-Phot [28]
1.15mW-cm™2, A > 420
CQDs-C3N4 0.2 300 W Xe lamp, 150 + 10 100%/1 h-Phot [29]
5 mW/cm, A > 400 nm
N, S, C-ZnO + K»S,0g4 0.44 UV mercury vapor lamp 20 98%/2 h-Phot [30]
and H2 02
TiO2,-Sn0O, 0.8 UVlamp 20 90%/5 h-TOC [31]
Fe304/Ti,Oy-activated 1.5 UV photoreactor 4.7 96%/2 h-Phot [35]
carbon fiber
Mg-SiTi 0.7 125 W Hg lamp, A <420 nm 20 50%/1 h-Photo [32]
TiO, 0.5 24 WUV lamp 2 70%/4 h-TOC [12]
7Zn/Al-La mixed 1 20 W black light fluorescent, 50 88%/3 h-Phot [33]
oxides A = 365-465 nm
Zn0O-WO3 0.8 Visible light, 400 W 20 76%/4 h-TOC [11]
ZnGa 1 250 W solar lamp 25 86%/4 h-TOC This study
ZnCo 1 250 W solar lamp 25 84%/4h-TOC  This study

aphot = photodegradation; "TOC = mineralization.

sence of the catalyst, the DCF degradation in water
is less than 2%. Supplementary Figure S5 shows the
UV-Vis spectra profiles for the photodegradation
of DCF in water under solar light for the studied
catalysts. The profiles have particular features sug-
gesting that each catalyst promoted specific DCF
degradation pathways. Next, the % removal of DCF
from water in the presence of ZnLDH, under irra-
diation by UV-light is given in Figure 4b. As shown,
under simulated UV light, the catalysts’ efficiency
was lower, with a maximum of TOC value of 61%
for ZnAl,, while ZnCo and ZnGa degraded 67% and
65%, while the mineralization yield of DCF was 54%.
This reveals that besides the catalyst properties, the
type of light energy used for irradiation (solar or UV)
might further impact the intermediate products of
the DCF removal pathways.

3.3. Mechanism of DCF photocatalytic degrada-
tion in water

It is generally accepted that a photodegradation pro-
cess occurs due to the adsorption of the pollutant
molecules on the surface of the catalyst, followed by
the formation of the oxidative species induced by
the migration of light-generated electron-hole pairs.
The elimination of the organic compounds by pho-
tocatalysis is the result of the oxidation properties of
photocatalytically generated reactive species (RSs),
such as h*, «OH and O,e. These species interact
with the adsorbed pollutant molecules, transforming
them into products [36,37]. Nevertheless, the contri-
bution of each RS is still unclear and dependent on
the type of the pollutant [36,37]. In the case of DCF
photodegradation, the obtained results suggest that
two processes might take place, having a synergetic
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effect over the removal process: photosensitization
(see (1)-(6)) and photooxidation (see (7)—(11)). These
events are presented in Figure 5 and they are initi-
ated by photosensitization, that means the light in-
teraction with DCE or by the interaction of DCF with
the solid catalyst, hence, photooxidation. Hence, the
photosensitization process of DCF starts under so-
lar irradiation, when the excited (DCF*) transfers its
electrons onto the conduction band of the catalysts,
promoting the formation of the oxidized species (1)—

(6).

DCF + LDHs — DCF/LDHs (1)
DCF/LDHs + hv — DCF*/LDHs 2)
DCF*/LDHs — DCF** + LDHs(egg)  (3)
LDHs(egg) + 0z — 05~ + LDHs (4)
DCF** — products (5)
DCF** + 05~ — products (6)
DCF/LDHs +hv — DCF/LDHs
x (ecp +hyp) @)
DCF/LDHs(hyy) + H,0 — DCF/LDHs
+OH"+H" ®)
OH" + DCF — products 9)
DCF/LDHs(ecg) + 02 — DCF/LDHs + 05~ (10)
O™ + DCF — products 11)

When the excitation source interacts directly with the
LDH composite, a transfer of electrons from the va-
lence band to the conduction band is initiated, with
the generation of electron-hole pairs. These species
will further lead to the formation of strongly su-
peroxide and oxidizing hydroxyl radicals which will
participate in the DCF removal process (7)—(11). In
brief, the generation of the high reactive «OH and
O35~ species would be dominantly responsible for
DCF photodegradation from water in the presence of
the catalyst. Based on the above, we further selected
ZnCo as one of the best performant catalysts to study
the mechanistic degradation pathways and to iden-
tify the degradation products. The identification of
degradation products was challenging and was per-
formed by HRMS analysis. These results were corre-
lated with the UV-Vis degradation profiles as seen
in Figure S5. Retention times and the molecular for-
mula of the degradation intermediates with the cor-
responding the m/z values are given in Supplemen-
tary Table S6.

3.4. DCF photodegradation pathways

3.4.1. DCF photolysis degradation pathway under so-
lar light irradiation

Prior to the photocatalytic tests, a blank test was
carried out, when the DCF solution was irradiated
by solar light, in absence of any solid catalyst. The
results obtained by UV-Vis analysis (see Figure 6a)
show that only 2% of DCF was degraded after 4 h of
solar irradiation. Using LC-MS analyses, 21 degrada-
tion intermediates are identified, which are shown
in Figure 6b and further described as S1 group in
Supplementary Information, Table S6. At the end of
the photocatalytic test (4 h solar irradiation), the LC-
MS analysis revealed the only 11 products were still
present in water, belonging to carbazoles and qui-
nine imines classes. This finding agrees to the results
reported by Alharbi et al. showing that, under solar
light, DCF is decomposed to highly toxic organic
compounds which are stable in water [38]. These
intermediates and the degradation pathway are pro-
posed in Figure 7. The first path involves the ring
hydroxylation and the ring closure [13] which can
start with DCF or P16 (m/z 252), its decarboxylated
intermediate. Considering the first route, the 2-[2-
(2',6'-dichloroanilino)-5-hydroxyphenyl]acetic acid
(P10, m/z 312) is oxidized to 2-(1-(5-oxo-cyclohexa-
1,3-dienyl-2-(2’,6'-dichloro-phenylimino)acetic acid
(P12, m/z 310), which by losing the carboxylate ion
leads to compound P13 (m/z 282). This structure
undergoes further oxidation to compound P14 (m/z
280), which is a stable quinine imine intermedi-
ate [39]. The second path implies the elimination of
a chlorine atom from DCF or product P16, followed
by the ring closure, giving rise to the formation of
carbazole products [40] identified in Figure 7 as P17
(m/z 215), P18 (m/z 211), P19 (m/z 227). Further-
more, we identified the formation of products be-
longing to the quinine imine class [41,42] denoted as
P12, P13, P14 (m/z 310, 282, 280), the dechlorination
products P1 (m/z 261), P2 (m/z 238) and hydroxy-
lation/oxidation compounds as P16, P20 (m/z 268),
P21 (m/z 266).

3.4.2. DCF photocatalytic degradation pathway on
ZnCo catalyst under solar light irradiation

The DCF degradation pathways with ZnCo cata-
lyst and under solar light irradiation was further in-
vestigated. The results of UV-Vis correlated with the
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Figure 5. The proposed mechanism for the photocatalytic mineralization of DCF under solar light by
combining the photosensitization and photooxidation processes.
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Figure 6. (a) UV-Vis profiles of DCF photolysis and (b) the corresponding % LC-MS products signal
obtained under irradiation by solar light in the absence of catalysts (blank test); the products identified
at the end of the catalytic test are marked within rectangles.

LC-MS observations are shown in Figures 8a and b, These results show that DCF degrades in the pres-
respectively. ence of the catalyst and solar light irradiation into
thirty intermediates, but at the end of the reaction,
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0f 0.025 g/L; the products identified at the end of the catalytic test are marked within rectangles.

only four major products are identified by LC-MS as
mlz 179, m/z 140, m/z 168, m/z 118, highlighted
in Figure 8b with rectangles. The identified interme-
diates are described in Supplementary Table S6 as
group S3. Taking into account these intermediates,
the hypothetical degradation pathways of DCF in wa-
ter, in the presence of the ZnCo catalyst and solar
light irradiation is proposed in Figure 9. Firstly, it
assumes the ring closure of DCF and the formation
of the decarboxylated intermediate P9 (m/z 252).
It suggests further the generation of carbazole com-
pounds which are described as system S2 in Ta-
ble S6 and include: P5, (m/z 259), P6, (m/z 241), P7,
(m/z238), P8, (m/z225) and P10, (m/z 215), respec-
tively. Next steps show the NH-cleavage [38,40] as
well as the ring opening when (1Z)-1-propene-1,2,3-
tricarboxylic acid (P27, m/z 174), malic acid (P28,
m/z 134), succinic acid (P29, m/z 118) and hexanoic
acid (P30, m/z 116) are identified. Finally, these small
molecules could be completely mineralized to CO,
and H,O.

3.4.3. DCF photocatalytic degradation pathway on
ZnCo catalyst under UV light

Under UV light and in the presence of the cata-
lyst, the DCF photodegradation profile shows simi-
lar UV-Vis spectra as the standard DCF solution (see

Figure 10a). This indicates that, besides the derived
metabolites, DCF is also present in the aqueous solu-
tion during the irradiation and at the end of the pho-
tocatalytic test. This is further confirmed by LC-MS
results revealing the formation of a high number of
intermediates, as well as the presence of DCE as de-
scribed in Figure 10b.

The proposed pathways are depicted in Figure 11
and include hydroxylation, dehydrogenation, decar-
boxylation, dechlorination and ring closure and fur-
ther a N-H cleavage step. Therefore, under UV-light
irradiation and in the presence of the catalyst, the
formation of carbazoles e.g.: P1 (m/z 259), P2 (m/z
241), P4 (ml/z 225) P5 (m/z 278), P8 (m/z 215)
and quinine imine e.g.: P14 (m/z 310), P15 (m/z
282), P17 (m/z 280) structures were detected as in-
termediates and labeled in the Supplementary Ta-
ble S6 as group S2. Furthermore, the N-H cleavage
leads to the formation of smaller molecules e.g.: N-
(2,6-dichlorophenyl) formamide (P18, m/z 190), 2,6-
dichlorohydroquinone (P19, m/z 179), chloroben-
zene (P25, m/z 112). The identified products at the
end of the photocatalytic test are highlighted in Fig-
ure 9b within rectangles. These products are present
in the aqueous media together with DCF that is only
partially mineralized.
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Figure 9. Proposed pathways for the mechanism of DCF photodegradation on ZnCo catalyst under

simulated solar light irradiation.
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These results demonstrate that LDHs-like cata-
lysts with tailored chemical characteristics can cre-
ate synergistic effects in the presence of solar light
irradiation and can act as highly efficient photo-
catalysts for the complete removal of emerging wa-
ter pollutants, like DFC as well as their metabolites.
Furthermore, the high efficiency of these photocata-
lysts is also highlighted by the low solid/liquid ratio
required, e.g. of only 1 g/L. This can lead to drug
mineralization within mg (milligram) range (0.025 g
DCEF/L) suggesting that a very low amount of the cat-
alyst will be capable to decontaminate large amount
of wastewaters contaminated with DCE Hence, is of-
fering a viable solution for large scale decontamina-
tion of DCF from aqueous media. In this regard, it
should be noted that the reported concentrations of
the specific pollutants in wastewater effluents and
freshwater rivers or canals are in the pug (microgram)
or even ng (nanogram) range [43].

3.5. Catalyst stability

To evaluate the catalyst stability, ZnCo composite
was chosen as reference and used for 4 consecutive
tests, in the same conditions. Between each test, the

catalyst was recovered, washed and reused. The data
in Figure 12 shows that the catalysts were proven to
show a high catalytic activity.

4. Conclusions

This study provides new insights into the solar-light-
driven photocatalysis with LDH-type structure and
ZnMe (Me: Al; Co; Ga) composition. These compos-
ites are showing superior or comparable activity for
degrading DCF from water in comparison with the
state of the art reported so far. The LDHs photocat-
alysts were synthesized by simple and cost-effective
route and their structural features were investigated
using the combination of SEM/EDX, XRD, FTIR, TG-
DTG, TEM and UV-Vis DR techniques. Further, by ex-
posing the synthesized LDHs to controlled thermal
treatment, the corresponding mixed oxides (MMOs)
were obtained. When tested for photodegradation of
DFC in water, it was observed that the photocatalyst
structure plays a key role in the mineralization pro-
cess of DFC under solar light irradiation. The inser-
tion of Co?" within the structure and the presence
of hydroxylated layers in the LDH structure, favored
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Figure 11. Proposed pathways for the mechanism of DCF photodegradation on ZnCo catalyst under

irradiation by simulated UV-light.

higher mineralization degrees than their MMOs cor-
respondents. The DFC photolysis, photodegrada-
tion and photo-mineralization pathways were thor-
oughly elucidated using a combination between UV-
Vis spectroscopy, TOC and LC-MS techniques. These
results were deeply exploited for the identification of
the resulted degradation intermediates. The degra-

dation pathways of DCF could be elucidated by con-
sidering the catalyst response as a function of the
type of light used for irradiation. The best results, e.g.
96% photodegradation with ~85% mineralization of
DFC, were obtained by using only 1 g ZnCo LDH-type
photocatalyst per 1 L of DFC aqueous solution and
solar light irradiation, thus indicating that a perfor-
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mant and economically viable technology for large
scale decontamination of polluted aqueous environ-
ments can be developed.
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