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Photocatalysis is one of the promising processes for developing greener fuels. This work compares a new liquid Cd-based di
nanoparticles for photo-desulfurization of diesel. Various tools, including XRD, XPS, TEM, 1H&13C NMR, FTIR, reflectance, and photolu
used for char-acterizing the materials. Different parameters, such as irradiation type, catalyst dosage, oxidizing agents, and solven
applied. The results showed that, under visible light irradiation with a linear halogen lamp (LHL), Cd diacetate reveals promising sulfu
for 2 h compared with CdOx NPs (97.7%) for 3 h in the presence of H2O2 and acetic acid as oxidizing agents and acetonitrile as a solven
sulfur content decreased from 11500 ppm to 65 ppm (removal exceeds 99.4% for the Cd diacetate against 98.0% for CdOx NPs) 
properties (aniline point: 91.8 �C, diesel index: 79.8). The photo-luminance activity of Cd diacetate (low intensity) allows reducing 
recombination, which maintains stable photocatalytic activity with enhanced visible light elimi-nation of organosulfur compound
clean fuel production associated with pollution control. The catalyst recycling and the spontaneous regeneration of the solvent mak

attractive. Cd diacetate was successfully recycled over six cycles.
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1. Introduction

The combustion of a fuel produces intense emissions of sulfur
dioxide that, in turn, strongly impacts the environment through air
pollution and acid rains (Dharaskar et al., 2014). For these reasons,
international institutions have driven incentive politics for regu-
lating the content of sulfur compounds in fuels for transportation
and industrial uses, targeting to produce and use ultra-low sulfur
diesel (ULSD) (de Leon et al., 2019). The limit levels for S content in
the fuels depend on their use in cars, buses, ships, and industry: 10
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or 15 ppm for automotive engines and up to 500 ppm for truck and
shipping uses (de Leon et al., 2019; Zhang, L. et al., 2017a).

Hydrodesulfurization (HDS) was, for the last decades, the most
usual process for ’’sulfur cleaning’’ of fuels. However, HDS usually
requires severe operating conditions (such as elevated tempera-
tures and pressures); also, the process frequently fails to eliminate
branched refractory aromatic sulfur compounds. These different
drawbacks make HDS poorly competitive (Javadli and de Klerk,
2012). Thus, many alternative desulfurization methods have been
recently developed, such as adsorptive desulfurization (Hong et al.,
2018; Jha et al., 2019; Ullah et al., 2019) and biodesulfurization
(Chen et al., 2018; Etemadi et al., 2018). Extractive desulfurization
(EDS) has also retained great attention for the last decade (Gao
et al., 2018; Gutierrez et al., 2018). EDS was carried out using
organic solvents as extracting agents such as DMSO and DMF (Zhao
et al., 2015); however, their volatility and flammability represent
critical drawbacks that were overcome using ionic liquids (Abro
et al., 2014; Dharaskar et al., 2013; Gao et al., 2015; Ren et al.,
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2018). Oxidative desulfurization has also retained great attention
using a wide range of metal-based compounds like phosphotung-
state (Zeng et al., 2019), cerium andmolybdenum (Miao et al., 2016)
immobilized on different porous supports such as polymer (Jiang
et al., 2018), mineral phase (Jatav and Srivastava, 2019; Juliao
et al., 2019), chemically-modified silica(Hu et al., 2018), graphene
oxide (Dizaji et al., 2019) or in a liquid phase like ionic liquid/metal
ion systems (Zhang, L. et al., 2017b). In the oxidative desulfurization
process, the organic sulfur compounds are oxidized to their cor-
responding sulfones, which can be easily removed by a subsequent
step such as extraction (Hassan et al., 2013), adsorption or
decomposition methods (Ko et al., 2007; Landau et al., 2008).
Different oxidizing agents such as H2O2, ozone, t-butyl hydroper-
oxide, t-butyl hypochlorite (t-BuOCl) have been used in various
studies focused on oxidative desulfurization. H2O2 is a rather slow
oxidizing agent, but it becomes extremely active in the presence of
a catalyst (Al-Shahrani et al., 2007; García-Guti�errez et al., 2008).

Photocatalysis route is used for activating the oxidative desul-
furization of sulfur compounds from fuels (Amjed et al., 2017;
Barmala et al., 2018; Liu et al., 2018; Miao et al., 2015; Wang, X.
et al., 2014a; Zeng et al., 2017). Several heavy metals also present
interesting optical properties, such as cadmium (Seo, 2004). The
photo-catalysts that are based on Cd can be used both as solid
materials and associated with ionic liquids.

Cadmium oxide, CdO, recognized as an n-type semiconductor, is
characterized by direct band-gap energy of 2.2e2.5 eV and an in-
direct band-gap of 1.36e1.98 eV (Dong and Zhu, 2003; Grado-
Caffaro and Grado-Caffaro, 2008; Kalathur, 2005; Vinodkumar
et al., 2010).

This work describes the synthesis of novel liquid cadmium
based diacetate photo-catalyst for photo-desulfurization of sulfur-
containing diesel, by the reaction of cadmium with acetate ions,
’’controlled’’ under photo-irradiation, and constant flipping at room
temperature. The UV or sunlight irradiation ionizes the metal in
water to form hydroxide species before reacting with acetic acid to
form soluble hydrated cadmium diacetate species. The light-
induced energy induces the reactive melting of acetate and cad-
mium, with the formation of coordinating chemical bonds between
acetate and a combination of water molecules and the release of
halogen ions. Under non-controlled conditions (i.e., without irra-
diation), the residual products would be poorly soluble in water.

The photocatalytic performance is compared with the more
conventional solid CdO NPs in the desulfurization treatment of
diesel fuel (Morshedy et al., 2016). The effect of different parame-
ters such as irradiation type, catalyst dosage, oxidizing agents, and
solvent extraction on sulfur removal was investigated. The results
showed that the liquid cadmium diacetate photo-catalyst could
operate under visible light irradiation and sunlight, has higher
desulfurization activity than that of the CdOx nanoparticles, can be
recycled and reused many times to avoid secondary pollution. Cd
diacetate photo-catalyst is considered a bridge between homoge-
nous and heterogeneous catalysts. It combines the benefits of the
two types, where it has proper mixing and high catalytic efficiency
as a homogenous catalyst and quickly separation after process with
high reusability without a decrease in its activity like a heteroge-
neous catalyst. So, this is a potential catalyst for effective desul-
furization to produce clean diesel.

2. Materials and methods

2.1. Materials

Cd(NO3)2*4H2O was purchased from LOBA Chemie (Mumbai,
India). Acetic acid (99.8%, w/w), dibenzothiophene (DBT, 98%),
hydrogen peroxide (30%, w/w), acetonitrile (99.8%), and CCl4 were
supplied by Sigma-Aldrich (Dorset, UK). Ammonium hydroxide
solution (37%, w/w) and anhydrous calcium chloride were pur-
chased from Merck (Darmstadt, Germany), and toluene (99%) was
obtained from Fischer (USA). The chemicals were used as received
without treatment. Linear halogen lamp 500Watt (550 nm), Xenon
lamp 500 Watt (500 nm), ultraviolet lamp (UVC) 300 W (254 nm)
and ultraviolet lamp (UVA) 300 W (385 nm) were purchased from
Abo-Sembol Company (Cairo, Egypt e as a representative of
LightSources, Orange, CT (USA), https://www.light-sources.com).

2.2. Synthesis of photo-catalysts

2.2.1. Synthesis of mixed cadmium oxides nanoparticles (CdOxNPs)
Cadmium oxide nanoparticles were prepared at room temper-

ature by the ammonia gas diffusion method. One hundred mL of
0.1 M Cd(NO3)2*4H2O aqueous solutionwas prepared by dissolving
the salt in deionized water and heated up to 70 �C. Ammonia gas
was directly injected and diffused into the mixture by a Teflon
pipeline (5 mm internal diameter) from an ammonia bottle (stored
at 20 �C). The solution became cloudy, and then turned to a white
color; a bright white precipitate of Cd-hydroxide particles was
formed. After settling, the supernatant was decanted and filtered
on a Buchner funnel. The precipitate was repeatedly washed with
deionized water and dried at 120 �C overnight. The sample was
then removed and lightly crushed in a mortar and pestle. The oxide
catalyst CdOx nanoparticles were obtained by calcination at 500 �C
for 6 h under air atmosphere. The current method is an alternative
to the precipitation method discussed in a previous work that
consisted of using NaOH as the precipitating agent (Morshedy et al.,
2016). Although the synthesis procedures are entirely different, the
experimental conditions have been adjusted to maintain the same
amount of cadmium during the photocatalytic experiments for
both CdOx NPs and Cd diacetate, by the control of starting initial
molar ratio.

2.2.2. Synthesis of active Cd-diacetate (photo liquid)
The method for the preparation of photo-active soluble Cd

diacetate is schematized in Equations (1) and (2). A fixed amount of
Cd(NO3)2*4H2O (0.1 mol) was dissolved into 100 mL of deionized
water in a 500 mL-volume glass beaker before adding 0.2 mol of
acetic acid under continuous stirring. The reaction took place under
ultraviolet irradiation (using a 300W/254 nm lamp) for 30e40min.
The light exposure and agitation were stopped, and the solution
was left for settling for 30e40 min until obtaining a transparent
liquid. The resulting active photo liquid was stored in a dark glass
flask until photocatalytic tests.

CdðNO3Þ2:4H2O þ 2H2O /
hy

Cd2þ þ 2NO�
3 þ 3H3O

þ

þ 3OH�/CdðOHÞ2 þ 2HNO3 þ H2O (1)

CdðOHÞðOHÞ2 þ nH2O

þ 2 CH3COOH/
hy

n ðH2OÞ,,CdðOOCH3Þ2 (2)

2.3. Characterization of the photo-catalysts

The synthesized materials were characterized using different
analytical tools (depending on the physical state of the photo-
catalyst: either liquid or solid-state). Powder X-ray diffraction
(XRD) experiments were conducted at room temperature for the
fresh catalyst using a Bruker AXS-D8 Advance XRD spectrometer
(Karlsruhe, Germany). The patterns were recorded using Cu Ka
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radiation (k ¼ 0.15405 nm) and scanning the 2q angle from 10 to
70� (scanning speed: 0.4�/min). Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) characterizations
were obtained using an SDT-Q600 V20.5 Pouild 15 (TA Instruments,
New Castle, DE, USA). Textural properties (surface area and pore
volume) were determined from nitrogen adsorption-desorption
isotherms deduced from linear BET plots using Quantachrome
Nova 3200 instrument (Boynton Beach, FL, USA). The accuracy in
simulated isotherm curves exceeded 99.7%. The samples were
degassed at 120 �C for 2 h under vacuum before analysis. Degassing
conditions were selected based on DSC-TGA results to remove
interstitial water without affecting the inter-layer water and pre-
serving the gel-like structure of parental Cd(OH)2. The scanning
electron microscope for the prepared samples using SEM model
Quanta 250 FEG (Field Emission Gun), FEI, Thermo Fisher Scientific,
Hillsboro, OR, USA attached to EDX unit (Energy Dispersive X-ray
Analyses), with accelerating voltage 30 K.V., magnification 14X up
to 100000. The morphological, as well as microstructural features
of the prepared oxide, were monitored using a high-resolution
transmission electron microscope (HRTEM, Model JEM-2100 F,
JEOL, Tokyo, Japan). A small amount of sample was dispersed in
10 mL ethanol and then sonicated for 15 min. A few drops from the
suspension were placed on a covered copper grid before being
analyzed. Raman spectroscopy was performed at room tempera-
ture using SENTERRA Dispersive Raman Microscope (Bruker, Bill-
erica, MA, USA) equipped with an Nd diode, a YAG laser operating
at a wavelength of 532 nm, with spectrum range between 500 and
2000 cm�1. 13C NMR spectra were recorded using DMSO as the
solvent on a Bruker High-Performance Digital FT-NMR spectrom-
eter Avance III 400 MHz (Bruker, Billerica, MA, USA). Elemental
analysis was performed with a Vario EL III Germany element
microanalyzer (Elementar Analysensysteme GmbH, Langensen-
bold, Germany). Cadmium content was directly determined in Cd
diacetate solutions by atomic absorption spectrometry (Savant AA
spectrometer, GBC Scientific Equipment, Braeside, Australia). The
sulfur content in the samples before and after treatment was
determined using a Spectro Phoenix II X-ray fluorescence analyzer
(Ametek Process Instruments, Pittsburgh, PA, USA). The tolerance of
the X-ray fluorescence device was ±3 ppm. The experiments were
systematically triplicated (both for desulfurization properties and
for material characterization). The photoluminescence character-
istics were determined at room temperature using a spectrofluo-
rometer (JASCO FP-6500, Jasco International CO., Ltd., Tokyo, Japan)
with an excitation wavelength set at l ¼ 300 nm. X-ray photo-
electron spectroscopy (XPS) was collected on the K-Alpha spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA) with
monochromatic X-ray Al Ka radiation (binding energy, BE, up to
1350 eV). The spot size was 400 mm. Measurements were per-
formed under a pressure of 10�9 mbar. For the survey spectrum, the
energy step was 200 eV and 50 eV for high-resolution spectra
(HRES).

2.4. Activity measurements

Desulfurization experiments were carried out in a double-
jacketed photo-reactor running on batch mode. The total capacity
of the reactor was 200 mL. A water-cooling system controlled the
temperature during the photo-reaction. The desulfurization pro-
cesses started by loading both the photo-catalyst (either the photo
liquid Cd-diacetate or CdOx NPs) and the feedstock into the reactor.
It is noteworthy that the two solutions (meaning feedstock and
photo liquid Cd diacetate) are immiscible. Batch experiments were
simply carried out by equilibrating equal volumes of the two so-
lutions in stoppered glass bottles using a magnetic stirrer; the
concentration of the photo-catalyst was 8.8 � 10�3 M. The whole
system was then exposed to the irradiation source to initiate the
process (Morshedy et al., 2016). Blank experiments without photo-
catalysts and irradiation were systematically carried out: for
example, the specific absorption of sulfur in Cd diacetate did not
exceed 12% while for CdOx, the sorption did not exceed 3.5% in the
dark. Four different irradiation modes were tested: (a) a linear
halogen lamp and a Xenon lamp for visible light (power: 500 W),
and (b) two ultraviolet sources (power: 300 W). Both the feedstock
and oxidized products (collected after substrate desulfurization)
were treated by solvent extraction (in a jacketed mixer-settler
batch apparatus) under vigorous agitation for 45 min. The extrac-
tion temperature was adjusted to 50 ± 1 �C (using an ultra-
thermostat). After settling for 45 min, the two phases (feed or
sample and solvent) were separated. The solvent was removed
from the raffinate phase bywashing several times with hot distilled
water. The raffinate was then dried over anhydrous calcium chlo-
ride. The solvent was eliminated from the extract phase by distil-
lation under reduced pressure (Morshedy et al., 2016). The yield of
desulfurization was calculated by comparison of initial and final
sulfur compounds on the diesel phases. It is noteworthy that the
two solutions (feedstock and photo liquid Cd diacetate) are
immiscible.

The heterogeneous photo-catalyst (Cd diacetate) was regener-
ated after each catalytic step before being reused. After each
oxidative desulfurization (ODS) run, the photo-liquid phase was
distilled in an oil bath at 110 �C to remove impurities (residual H2O2
and water). Then, the photo-liquids were further dried at 100 �C
under vacuum to remove the trace amounts of water; then, it was
regenerated by re-extraction in carbon tetrachloride to remove the
traces of oxidation products of sulfur compounds in the photo-
liquid phase. The spent catalyst after being reused six times was
forwarded to the recovery stage. The spent catalyst was washed
using benzene, followed by rinsing with ethanol and distilled wa-
ter. The cleaned catalyst was dried and then re-analyzed by FTIR:
the FTIR fingerprint of treated catalyst revealed identical to the
profile of the freshly prepared catalyst. The material is efficiently
and readily regenerated; this makes the overall process easy and
competitive.

The efficiency in the desulfurization and regeneration can be
improved using a solvent extraction step after oxidation operation.
Another test was performed using acetonitrile for evaluating the
beneficial effect of this complementary step. The solvent/feed ratio
(S/F) was varied between 1:1 and 4:1. The extraction process was
carried out in a double-jacketed reactor under mechanical stirring
(at 500 rpm) at the temperature of 50 �C. The reaction time was set
at 45 min; after a settling time of 45 min, the phases were sepa-
rated: the diesel fraction was washed with hot distilled water and
dried with CaCl2 for 24 h. The characteristics of the diesel samples
were recorded (i.e., recovery yield, sulfur content, refractive index,
density, aniline point, and diesel index).

2.5. Characterization of diesel fuel

The feed and the treated diesel fuel were characterized using the
standard methods established by ASTM (American Society for
Testing and Materials). Table AM1 (see Additional Material Section,
AMS) summarizes these methods.

The analysis of DBT organic phase was performed by gas chro-
matography (GC) using an Agilent 7890 AGC equippedwith a flame
ionization detector (FID) and a capillary column (Agilent 19091Z-
530, 100 m� 250 mm� 0.5 mm). Analyses were performed using N2
as the carrier gas; the injector and detector temperatures were set
to 100 �C and 310 �C, respectively. The temperature of the column
was varied between 200 �C and 250 �C for 45 min (temperature
ramp: 10 �C/min). Perkin Elmer gas chromatograph occupiedwith a



flame photometric detector (GCeFPD) was used for the analysis of
both products and reactive species of sulfur compounds in diesel
fuel during the process. A capillary column MXT-1 packed with
thin-film 0.25 mm of polymethylpolysiloxane, the column length
30 m, and internal diameter 0.25 mm. The initial temperature is
70 �C and the final temperature is 300 �C with a heating rate of 5�/
min. The injector and detector temperatures were 300 �C for both.
The used mobile phase (carrier gas) is helium with a flow rate of
2 ml min�1. The identification of the sulfur compounds was ach-
ieved by using some standard sulfur compounds (as thiophene,
benzothiophene and dibenzothiophene) besides the help of the
previous literature using the same column and same detector.

3. Results and discussion

3.1. Characterization of photo-catalysts

3.1.1. Thermal analysis
The synthesis procedure for CdOx nanoparticles consists of two

steps: (a) the formation of Cd(OH)2, followed by (b) the calcination
of the metal hydroxide at 500 �C. The TGA and DTG analyses of
Cd(OH)2 shows a marginal loss of water (less than 0.3% of total
weight) till a temperature of 110 �C (Figure AM1a, see Additional
Material Section, AMS): this is expected since the metal hydroxide
was dried at 120 �C during the synthesis, the uptake of water before
TGA measurements was negligible. Above 120 �C and up to 380 �C,
the weight decreases by 13.4% (total loss: 13.7%). This step in the
process corresponds to a steep DTA peak at 232 �C. This step is
usually associated with the loss of water in the crystal lattice due to
the conversion of Cd(OH)2 into CdOx. Thomas and Abraham
observed similar trends for the TG analysis of Cd(OH)2 as a pre-
cursor of CdO (Thomas and Abraham, 2015). Based on the respec-
tive chemical formula, the weight loss should be close to 13.5%; this
is consistent with the measured loss of weight. Between 380 �C and
1000 �C, the mass of the product remains constant, while the DTG
linearly decreases and reaches a minimum at around 928 �C. Above
1000 �C, the weight decreases due to the volatilization of CdOx
(Manjunatha et al., 2012). The same thermal analysis was per-
formed on CdOx NPs (Figure AM1b, see AMS). A first weak weight
loss (about 0.3%) occurs below 150 �C due to water release; below
1000 �C, the total weight loss does not exceed 1.8%. Above 1000 �C,
the vaporization of CdOx NPs occurs. In the thermal degradation of
CdOx NPs prepared by the sol-gel method, Vadgama et al. reported
two phases (Vadgama et al., 2017): (a) first, the removal of adsorbed
water, followed by (b) a progressive loss of weight up to 950 �C
(which represents up to 10%).

On the DTA profiles, the peaks (or poorly resolved shoulders)
below 200 �C, which are associated with the loss of adsorbed water,
are endothermic. Above 200 �C, exothermic peaks appear; they
correspond to the phase transition between the metal hydroxide
and the oxide phase.

3.1.2. XRD analysis
The XRD pattern of CdOx NPs is shown in Figure AM2 (See

AMS); the material was produced by annealing Cd(OH)2 at 500 �C
for 6 h. The pattern shows five main reflections centered around
2q ¼ 33.04�, 38.33�, 55.33�, 65.98�, and 69.31� corresponding to
(111), (200), (220), (312) and (222) planes, with a lattice constant
ao ¼ 4.6920 Å. This structure is identified as mixed-phase of the
cubic phase of CdOx (JCPDS 00-001-1049) (Magdalane et al., 2016;
Reddy et al., 2018; Tadjarodi and Imani, 2011b) and CdO2 (00-039-
1221), the two phases were also confirmed through XPS analysis
(section 3.1.8.).The absence of any additional peaks confirms the
high purity CdOx NPs. It is noteworthy that the five planes appear
under the form of split peaks. This may be attributed to the
formation of two phases. This is consistent with the TEM obser-
vation that shows two phases or morphology of crystals (see sec-
tion 3.1.4.). In the case of pyridine-capped CdOx crystals (which
have some hexagonal nanostructures), the planes were also iden-
tified at very close values of 2q (Anandhan et al., 2019).

3.1.3. Textural characteristics of CdOx NPs e BET analysis
Figure AM3 (See AMS) shows N2 sorption/desorption isotherms

and BJH analysis of textural properties. A (weak) hysteresis gap is
observed between sorption and desorption isotherms; this is
typical of Type IV isotherm, as defined by Brunauer (though the
general shape of the profiles approaches the Type II isotherm). The
material has a low specific surface (i.e., SBET ¼ 11.2 m2 g�1). The
order of magnitude of the specific surface area means that this
surface area is essentially due to the external surface of micro-/
nano-particles. The small total pore volume of the metal oxide
confirms the poor intrinsic porosity: Vp ¼ 0.02235 cm3 g�1.
Figure AM3b shows a tri-modal distribution of pores corresponding
to 2.5 nm, 3.4 nm, and 5.6 nm (with a long tailing). These textural
properties are ’’lower’’ than those reported by Reddy et al. (i.e.,
SBET¼ 50.8 m2 g�1; Vp¼ 0.032 cm3 g�1; rp¼ 38.2 nm) (Reddy et al.,
2018). The as-prepared CdOx photo-catalyst is micro-porous.

3.1.4. Morphological characteristics of CdOx NPs e SEM and TEM
analysis

The SEM images (Figure AM4, See AMS) shows CdOx NPs have a
wide distribution in size and shape; the particles are irregular and
granular; they aggregate to form larger objects (size up to 50 mm):
size distribution ranges between a few mm to 50 mm at the
macroscopic scale. The TEM images on dispersed nanoparticles
show specific dispersion in size and the shape of nanocrystals
(Figure AM5; See AMS): most of the nano-objects show face-
centered cubic crystalline structures, with size below 20 nm
(Reddy et al., 2018; Thomas and Abraham, 2015). The relevant XRD
signals correspond to the f.c.c. CdOx crystals (XRD card). Hexagonal
objects are also identified; they may be correlated to the splits
observed on the XRD pattern (Figure AM2). Anandhan et al. re-
ported similar hexagonal sheets when CdOx nanostructures were
prepared in the presence of pyridine as the capping agent
(Anandhan et al., 2019). In some cases, some aggregates are formed,
probably due to the melting of adjacent crystals during the calci-
nation step.

3.1.5. Optical absorption e diffuse reflectance spectroscopy
The UVevisible diffuse reflectance spectra of the two photo-

catalysts are reported in Fig. 1. They show very similar shapes,
with a translation to higher reflectance for CdOx NPs compared
with Cd diacetate. Two small peaks are observed in the visible
wavelength range (at 296 nm and 338 nm). However, the most
significant variation appears in the range 460e540 nmwith a sharp
increase in the reflectance for the two photo-catalysts; a weak
shoulder is also observed at 520 nm. It is noteworthy that this edge
is at a significantly higher wavelength than for other CdOx cata-
lysts: Reddy et al. reported a sharp variation of absorbance at
370e380 nm (Reddy et al., 2018). A little (blue) shift toward lower
wavelengths is detected for Cd diacetate compared with CdOx NPs.
The direct band-gap (DBG) is calculated from Fig. 2: (F(R) hʋ)2 is
plotted vs. hʋ according to the Kubelka-Munk function equation,
and the X-axis intercept of the tangent gives the DBG. For CdOx, the
DBG is close to 2.50 eV while for Cd diacetate, the value is a little
lower (i.e., 2.42 eV). These values are lower than the DBG of com-
parable materials reported in the literature with CdO-based photo-
catalysts: above 3 eV for CdO-doped ZnO films (Vinodkumar et al.,
2010), 2.52 eV for CdO nanocrystals (Ghoshal et al., 2009), 2.61 for
CdO (Reddy et al., 2018). The nano-morphotype of CdO catalysts



Fig. 1. Diffuse reflectance spectroscopy - UVevisible absorption spectra of CdOx NPs
and Cd diacetate.

Fig. 2. Optical band gap energies for CdOx NPs and Cd diacetate photocatalysts.

Fig. 3. IR spectra of as-prepared CdOx NPs and freshly synthesized Cd diacetate liquid.
influence their direct gap energy (Thomas and Abraham, 2015). The
DBC is the reciprocal of the absorption band of the photo-catalyst
and helps in determining the optimum light source for produc-
tive photocatalytic activity (in addition to other parameters
intrinsically set by the substrate).

3.1.6. Catalyst photoluminescence (PL)
The ability of the material to promote photo-activated chemical

reactions can also be documented by analyzing the photo-
luminescence of the sample. Figure AM6 (See AMS) shows the PL at
room temperature of CdOx NPs, with an excitation wavelength:
l ¼ 300 nm. The major peak of luminescence appears at l: 469 nm,
with additional weak bands (shoulders) at l: 420 nm, 439 nm,
452 nm, 482 nm, and 492 nm. This is in the blue region of the light
spectrum, consistently with the observations of optical absorption
(Section 3.1.5.). Under an emission wavelength of 353 nm, Reddy
et al. found a significant peak at 486 nm (Reddy et al., 2018), this
peak is broad due to the convolution of different signals corre-
sponding to different transitions. Cuba et al. deconvoluted the PL
bands to identify different transitions and wavelengths (i.e.,
430 nm, 455 nm, and 483 nm) for CdOx before and after annealing
treatment at different temperatures (Cuba et al., 2018). Ashoka et al.
reported a significant band at 483 nm under an excitation wave-
length of 450 nm (Ashoka et al., 2010). Thomas and Abraham
showed that the wavelength of the major photoluminescent peak
decreases with excitation wavelength (in the range 350e450 nm)
and is strongly controlled by the morphology of CdO crystals
(Thomas and Abraham, 2015). Besides, the photoluminescence in-
tensity decreases with the excitation wavelength.

The electrons in the valence band move first to the conduction
band, before being stabilized by the photo-emission. The PL in-
tensity increases with increasing the number of emitted electrons
resulting from the rapid recombination between excited electrons
and holes, which, in turn, reduces the photo-activity of the catalyst.
The wavelength of emission is directly correlated to the energy
band-gap due to the recombination of a photo-generated hole with
an electron occupying the oxygen vacancy (Nezamzadeh-Ejhieh
and Banan, 2011). The PL intensity of the CdOx catalyst was very
low compared to the literature data. This means that the recom-
bination of hþ and e� at the surface of the catalyst is slower, and
then the catalytic activity is enhanced (Morshedy et al., 2016). The
direct comparison is made difficult by different excitation wave-
lengths; however, the difference in the order of magnitude is suf-
ficient to demonstrate the activity of CdOx NPs. This probably
means that the recombination of hþ and e� is slow; this will un-
doubtedly affect the photocatalytic activity of CdOx NPs.

The low specific surface area of CdOx has a limited impact on
CdOx NPs in the case of photocatalytic reaction; indeed, the critical
parameter is the recombination of electrons between excited states
and holes in the ground state. This is measured by the band-gap,
which is undoubtedly more favorable for photo-liquid catalyst
compared with CdOx NPs.

Figure AM6 (see AMS) also shows the PL spectrum for Cd
diacetate. It is noteworthy that the peak shifts toward higher
wavelengths (i.e., visible lights) with: (a) a broad maximum at
around 550 nm and (b) an additional weak and broadband at
697 nm. This wide range of wavelengths is especially essential for
practical application since it fits even better to the visible spectra of
sunlight. The lower PL intensity means again that the recombina-
tion of hþ- e� is slow, meaning good photocatalytic activity.
3.1.7. FTIR analysis
Fig. 3 compares the FTIR spectra of CdOx NPs and Cd diacetate.

Generally, the spectrum of CdOx NPs is less resolved than that of Cd
diacetate; this is consistent with previous observations
(Mazaheritehrani et al., 2010). The broadband centered around



Fig. 4. Raman spectra of a) as-prepared CdOx NPs and b) freshly synthesized Cd
diacetate photocatalysts and spent photocatalyst.
3430 cm�1 is assigned to eOH stretching vibration, hydroxyl
groups, and H-bonded vibrations. For CdOx NPs, a peak is observed
at around 1630 cm�1. This could be attributed to traces of nitrogen-
based compounds: since ammonia was used for synthesizing the
precursor (Cd(OH)2). A large unresolved band is observed between
1500 cm�1 and 700 cm�1: a weak shoulder is detected around
1400 cm�1 (Mazaheritehrani et al., 2010). For Cd diacetate, the
higher resolution facilitates the discussion. Significant peaks are
observed at 1720 cm�1 (carboxylic acid, C]O stretching),
1637 cm�1 (HeOeH bending), 1390 cm�1(carboxylate, OeH
bending) and 1270 cm�1 (CeO stretching) (Ito and Bernstein,
1956; Sutton et al., 2015). The small peak at 1020 cm�1 is
assigned to eCH3 rocking vibration while the shoulder at 620 cm�1

is attributed to the wagging vibration of COO- involved in the
interaction with a metal cation (Patil et al., 1968). The peak
appearing at 822 cm�1 is assigned to CeH bending vibration (Bedre
et al., 2012). This series of bands and vibrations confirms the sug-
gested formation of Cd diacetate.

3.1.8. XPS analysis of mixed CdOx NPs
X-ray photoelectron spectroscopy was studied to determine the

surface oxidation states and to understand the conversion of cad-
mium precursor to cadmium oxide species. Figure AM7a showed
the spectrum of the complete survey of the prepared sample, which
reverses the presence of different cadmium and oxygen species. As
shown in Figure AM7 b, the O 1s peak was deconvoluted into two
peaks at binding energies 528.6 and 531.45 which corresponding to
CdOx and CdO2& Cd(OH)2 respectively (Majumder et al., 2019). The
oxidation states of the Cd in the prepared sample were further
analyzed using the XPS measurement. The Cd 3 d core-level spec-
trum is composed by a spin-orbit doublet at 404 eV (Cd 3d5/2) and
412 eV (Cd 3d3/2). The high-resolution spectrum of Cd 3d5/2 and
3d3/2 peaks reveals the presence of Cd in divalent- and tetravalent
oxidation states. The peaks at 405.5 and 412.2 eV (Majumder et al.,
2019) are ascribed to the CdO, while those at 404.7 and 411.4 eV are
the characteristic peaks of Cd(OH)2. The tetravalent oxidation state
of Cd is identified at 403.8 and 410.5 eV (Achary et al., 2014). The
obtained XPS data is in good agreement with the XRD pattern,
which indicates the presence of mixed oxide phases of cadmium
oxides. From the fitting of the spectrum, it results that the Cd 3d5/2
component is located at 405.89 eV, and the spin-orbit splitting is of
6.74 eV. These results indicate that the NPs are composed by single
CdO-related phase, as no traces from secondary phases such as
CdO2 or Cd(OH)2 have been detected. Figure AM7c shows the
deconvoluted peaks of Cd 3d5/2 and Cd 3d3/2. The observed peak of
Cd 3d5/2 was deconvoluted to three peaks located at 403.8 eV,
404.7 eV, and 405.5 eV (Khallaf et al., 2011), which assigned to
CdO2, Cd(OH)2 and CdOx species respectively. The three peaks
deconvoluted from Cd 3d3/2, which located at 410.5, 411.4, and
412.2 eV (Majumder et al., 2019), maintain a fixed binding energy
difference (~6.7 eV) from the corresponding Cd 3d5/2(Khallaf et al.,
2011). The revealed data exported from XPS analysis was an
agreement with the XRD pattern, which indicates the presence of
mixed oxide phases of cadmium oxides.

3.1.9. Raman analysis
Fig. 4a shows the Raman spectra at room temperature of CdOx

NPs; the spectrum shows poor information: CdOx is poorly active in
Raman spectroscopy (Kaviyarasu et al., 2014; Popovic et al., 1991).
Two broad peaks are detected at 270 cm�1 and 942 cm�1; they
probably represent the convolution of different peaks. Albada et al.
observed two peaks around 942 cm�1 in the case of di-copper
bridging with hydroxyl groups (in scaffold amino acids bridged
with copper) (Albada et al., 2007). Smaller peaks are detected at
550 cm�1 and 715 cm�1. Cuba et al. observed two peaks at 355 cm�1
and 480 cm�1 that they precisely attributed to CdOx bands (Cuba
et al., 2018); other detected peaks were assigned to impurities
and residues produced during CdOx synthesis. Fig. 4b shows the
Raman spectra for Cd diacetate freshly prepared and after being
used. Numerous bands are observed (Krisnamurthy, 1962):

(a) broadband (3400-3200 cm�1), which is assigned to water
molecules.

(b) broadband between 2900 cm�1 and 2800 cm�1, which is
assigned to a series of CeH stretching vibrations,

(c) eight sharp peaks at 1710 cm�1 (C]O), 1430 cm�1 (CH3
deformation), 1080 cm�1 (CeC stretching), 866 cm�1 (CeC
stretching), 815 cm�1 (H-bending band) (Priebe et al., 2006),
615 cm�1 (COO deformation), 450 cm�1 (COO in-plane
rocking) and 64 cm�1 (lattice signal) (Adar, 2016).

After being used, the Cd diacetate photo-catalyst shows roughly
the same peaks; however, many new peaks appear, probably
associated with the presence of products of oil/fuel desulfurization.
3.1.10. NMR spectroscopic analysis of Cd diacetate
Figure AM8 (see AMS) shows the 13C NMR spectrum of Cd

diacetate. Typical peaks of CH3 and C]O groups are identified at
20.9 ppm and 175 ppm, respectively. A small broad peak is detected
close to 40 ppm: this band corresponds to the convolution of 7
peaks in the range 37.85e39.11 ppm. Figure AM9 (see AMS) shows
the 1H NMR spectrum of the photo-catalyst: 2 peaks at 1.87 ppm
and 11.11 ppm are observed; they are attributed to the two methyl
groups (Singlet, 6H) and the eOH group (broad singlet, 1H),
respectively (Hatada et al., 1981; Kamide and Okajima, 1981;
Kowsaka et al., 1986). These (eOH) groups mean that a water



Fig. 5. Effect of the light source on sulfur removal (%) using CdOx NPs and Cd diacetate
photocatalysts ([sulfur]: 11500 ppm; for liquid photocatalyst: identical volume of
diesel and molar Cd(CH3COO)2 solution; for Cd NPs: the solid/liquid ratio was set to
7 g L�1; reaction time: 3 h at room temperature, using different irradiation systems;
agitation speed: 500 rpm; separation: 45-min settling time or filtration, respectively)
Note: these data are representing the effective effect of light irradiation (the specific
adsorption effect of the catalytic phase is not taken into account in the removal
efficiency).
molecule is present in the structure of cadmium diacetate. Both 13C
and 1H NMR confirm that hydrated cadmium diacetate is the main
constituent of the photo-catalyst.

3.1.11. Elemental analysis of Cd diacetate
The expected formula of the photo-catalyst is represented by

Cd(CH3COO)2*H2O (i.e., CdC4H8O5). The C, H, O, N analysis of the
sample (where N is not detected, and O is obtained by difference to
100% weight fraction) gives the following weight percentages for C,
H, O: 19.56%, 3.28%, and 32.05%, respectively. Cadmium content was
analyzed by atomic absorption: the corresponding weight fraction
is 45.11%. These values are very close to theoretically calculated
values: 19.33%, 3.24%, 32.19%, respectively and 45.23% for Cd.
Elemental analysis confirms the expected structure deduced from
other analytical procedures.

3.1.12. General comparison of the characteristics of the photo-
catalysts with comparable materials

Table AM2 (see AMS) reports some examples of CdOx-based
photo-catalysts obtained with different methods (Ashoka et al.,
2010; Dong and Zhu, 2003; Ghoshal et al., 2009; Gulino et al.,
2003; Ranjbar and Morsali, 2011; Tadjarodi and Imani, 2011a, b;
Varghese et al., 2007; Yakuphanoglu, 2010; Zhang andWang, 2008;
Ziabari and Ghodsi, 2011). The procedure used for synthesizing
CdOx NPs (i.e., ammonia gas diffusion) produces nanoparticles
among the smallest in the panel reported in the table; their crys-
tallinity differs from the crystalline forms of other catalysts. The
energy gaps (Eg) are of the same order of magnitude than for the
other materials, and the emission peaks are among the highest
wavelengths (i.e., closer to visible spectrum).

3.2. Evaluation of photocatalytic activity on model oil and diesel
fuel

3.2.1. Influence of the radiation source
The first step in the study consisted of testing the activities of

the two catalysts in the dark. This experiment is a kind of control
test for carefully identifying the effect of irradiation (in the next
steps). The reaction was performed in a double-jacketed reactor
(volume: 200 mL) connected to a cooling water system. After 24 h
of reaction, the photo-catalyst was separated from diesel by phase
separation (liquid photo-catalyst) or filtration (Cd NPs), and the
residual amount of sulfur in the diesel phase was quantified by X-
ray fluorescence spectrometry (Morshedy et al., 2016). Figure AM10
(see AMS) compares the removal efficiencies for the two systems:
low desulfurization activities are observed. However, even in the
dark, liquid photo-catalyst is more efficient than Cd NPs. The
equilibrium is reached within 30 min of contact; Cd NPs remove
only 5.4% of sulfur while the yield reaches 12.2% for the Cd diacetate
system. It is noteworthy that the systems have substantially
different kinetic profiles. For Cd NPs, 65% of total removal occurs
within 5 min and almost 93% after 15 min, while for the Cd diac-
etate system, the yield does not exceed 41% and 61% of total
removal, respectively. The 15e25 min reaction time is more active
for Cd diacetate. The pseudo-first-order rate equation can be used
for approaching the kinetic reaction parameter. The slope of the
linear section of the plot of ln (C(t)/C0) vs. time gives the apparent
rate coefficient: 4.2 � 10�3 min�1 and 2.6 � 10�3 min�1 for Cd
diacetate and CdOx NPs, respectively. Also, the characterization of
the diesel after-treatment shows that: (a) the aniline point was
almost unchanged (slightly increasing from 74 �C to 75 �C for CdOx
NPs and 76 �C for Cd diacetate), and (b) the diesel index remained
close to 54.5 (55.2 for CdOx NPs and 56.0 for Cd diacetate).

In a second step, the same experimental procedure is used for
investigating the effect of irradiation mode on diesel
desulfurization. The reaction time was set to 3 h. Four different
types of lamps were tested: (a) two visible light lamps (xenon lamp
and linear halogen lamp, LHL), and (b) two UV lamps (near visible
irradiation, i.e., UVA lamp; and far UV lamp; i.e., UVC lamp). The
radiation power was kept constant at 500 W for visible lamps and
at 300 W for UV lamps. The experiments were performed with
different powers; the volume of treated solutions was propor-
tionally adjusted. Fig. 5 compares the desulfurization efficiencies
for the two photocatalytic systems. It is remarkable that for UV
irradiation (lirrad. � 400 nm; UVA: 400-315 nm and UVC: 280-
100 nm), the desulfurization yield was similar to the levels reached
in the dark (i.e., 5.3e5.5% and 12.1e12.5% for CdNPs and Cd diac-
etate, respectively). This conclusion is consistent with the proper-
ties observed in diffuse reflectance studies: the reflectance sharply
increases above 450 nm. Barmala et al. reported similar trends for
the photo-oxidation of dibenzothiophene (DBT) on carbon nano-
tubes/titania composites under visible irradiation light (Barmala
et al., 2018).

Under visible light irradiation, the desulfurization efficiency
slightly increases for CdOx NPs: up to 6.9% and 8.2% for Xenon
lamps and LHL, respectively. The benefit of visible light exposure is
much more significant for Cd diacetate photo-catalyst; the yields
are more than doubled: 20.5% and 25.8% for Xenon lamps and LHL
lamps, respectively. This result is consistent with diffuse reflectance
observations: Cd diacetate profile is shifted toward the visible re-
gion with lower energy demand compared to Cd NPs. The prefer-
ence for LHL lamp, compared to Xenon lamp, is directly associated
with: (a) the diffuse reflectance characteristics of the photocatalytic
systems (respective shifts of their DRS spectra), and (b) the irradi-
ation range of the lamps (wavelength, 500e550 nm for LHL lamp
and 420e500 nm for Xenon lamp). It is noteworthy that the pho-
toluminescence spectra (Figure AM6, see AMS) shows broadband
between 400 nm and 500 nm.

The treatment hardly changes the aniline point and the diesel
index from 74 �C to 78.8 �C with Cd diacetate under LHL irradiation
(only 75.6 �C for CdOx NPs) while the diesel index increases up to
60.3 (compared with 54.5 and 55.7 for raw diesel and after CdOx
NPs treatment, respectively).

For both Cd diacetate and Cd NPs, the LHL irradiation appears to
be more efficient than Xenon lamp (and UV systems); however, the
DRS characteristics of Cd diacetate make the photocatalytic even



more effective in photo-desulfurization. The catalytic activity is not
only due to the metal but also its chemical state: acetate groups
change the DRS properties and photocatalytic efficiency. Chong
et al. reported the contribution of acetate groups for reducing the
band-gap and then on the shift of the wavelength toward higher
values (visible regions) (Chong et al., 2019). Moreover, the disper-
sion of the Cd complex in the diesel phase under agitation may
allow a better availability of catalytic sites. Further studies are
performed using visible irradiation lamps.
3.2.2. Influence of volume ratio between liquid photocatalytic phase
and diesel

Fig. 6 shows the effect of the dosage of Cd diacetate on diesel
desulfurization under visible irradiation (Xenon and LHL lamps);
the volume ratio between liquid photo-catalyst phase and diesel is
varied (i.e., VP/D: 1/1, 2/1, 3/1 and 4/1). The diesel desulfurization
yield is compared with the efficiency of the photo-catalyst (i.e., Cd
NPs (Morshedy et al., 2016)). As expected from the previous section,
the results obtained with both solid and liquid photo-catalysts
confirm that the LHL lamp is more efficient than the Xenon lamp:
the DRS properties of the photo-catalyst and the wavelength range
of the respective lamps justify this result. The efficiency profiles
follow the same trend (parallel curves with a shift of about 5%e3%
efficiency). It is noteworthy that the removal of sulfur increases
with increasing the amount of photo-catalyst from 1/1 to 2/1 vol
ratio; however, above this limit ratio, increasing the amount of
liquid photo-catalyst does not improve the efficiency of the process.
This is consistent with previous results obtained on Cd NPs
(Morshedy et al., 2016): increasing the amount of catalyst does not
improve reaction performance above a limit value. A high con-
centration of catalytic sites increases the numbers of absorbed
photons, but this photon absorption tends to reach an equilibrium.
Zhao et al. observe similar trends while increasing the amount of
CdOx in the reactor for ultrasound photocatalytic oxidative desul-
furization of diesel (Zhao et al., 2018). Best experimental conditions
correspond thus, for molar Cd diacetate solution, to a 2/1 vol ratio
between the aqueous and the organic phases. The aniline point and
the diesel index are hardly changed by the amount of Cd diacetate
and by the type of lamp: the variations do not exceed 2e3%.
Fig. 6. Effect of (Cd(CH3COO)2 and CdOx NPs)/diesel feed stock on sulfur removal
([sulfur]: 11500 ppm; for liquid photocatalyst: variable volume ratio of molar
Cd(CH3COO)2 solution/diesel (1:1 to 4:1); for Cd NPs: the solid/liquid ratio was set to
7 g L�1; reaction time: 3 h at room temperature, under visible irradiation: Xenon or
LHL lamp; agitation speed: 500 rpm; separation: 45-min settling time or filtration)
Note: here the sulfur removal efficiency takes into account the contributions of both
photocatalytic activity and adsorption.
3.2.3. Effect of oxidizing agent H2O2

The photocatalytic oxidative desulfurization is enhanced while
oxidative conditions are improved: the presence of oxygen favors
the photo-oxidation of DBT under visible light using CNT/Titania
composite (Barmala et al., 2018). The addition of hydrogen peroxide
is a widespread process for improving the performance of diesel
desulfurization. Indeed, H2O2 is readily available (standard com-
mercial product), ’’infinitively’’ solubility in water, with high rate
effectiveness for (oOH) free radical production and well-known
reactivity for ’’attacking’’ most organic substances (Amjed et al.,
2017; Jiang et al., 2018; Keynejad et al., 2017; Wang et al., 2018;
Zhang, L. et al., 2017a; Zhao et al., 2018). Fig. 7 compares the
desulfurization yield (sulfur elimination efficiency) for both Cd
diacetate and Cd NPs under visible light irradiation (LHL lamp) the
use of different experimental conditions (volume ratio Cd diac-
etate/feed/H2O2 for liquid photo-catalyst, Fig. 7a; the presence of
H2O2 (30%, w/w) and acetic acid for Cd NPs, Fig. 7b). Fig. 7a shows
that the introduction of H2O2 improves the efficiency of diesel
desulfurization when using Cd diacetate. In the absence of the
oxidant, sulfur removal reaches 31.2% (see Section 3.2.2.); in the
presence of the oxidant (Cd diacetate/diesel/H2O2: 2/1/1) the effi-
ciency increases up to 43.2%; however, while increasing the dosage
of H2O2, the efficiency of sulfur removal stabilizes around 42.8%.
The introduction of H2O2 improves the formation of free hydroxyl
radicals (oOH), which, in turn, enhances sulfur oxidation. However,
Fig. 7. Effect of oxidizing conditions (H2O2 dosage, acetic acid presence) on sulfur
removal using (a) Cd diacetate (Cd diacetate/Feed/H2O2 (30%) ¼ 2:1:1 to 2:1:3), and (b)
CdOx NPs (Feed/H2O2 (30%)/AcOH ¼ 1:1:1) ([sulfur]: 11500 ppm; for liquid photo-
catalyst: variable volume ratio of molar Cd(CH3COO)2 solution/diesel; for Cd NPs: the
solid/liquid ratio was set to 7 g L�1; reaction time: 3 h at room temperature, under
visible irradiation: LHL lamp; agitation speed: 500 rpm; separation: 45-min settling
time or filtration).



Fig. 8. Effect of reaction time on sulfur removal (%) using Cd diacetate photocatalyst
(Cd diacetate/Feed/H2O2 (30%) ¼ 2:1:1: conditions; room temperature; settling time:
45 min; under LHL irradiation).

Fig. 9. Effect of solvent/feed ratio on sulfur removal (Cd diacetate/Feed/H2O2

(30%) ¼ 2:1:1; room temperature; stirring speed: 500 rpm; settling time: 45 min;
under LHL irradiation; separation at room temperature with Solvent/feed ratio: 0.5:1
to 4:1).
an excess of oxidant can also contribute to the partial scavenging of
hydroxyl radicals (Morshedy et al., 2016). Similar trendswere found
for the photocatalytic desulfurization of coal using ZnO nano-
catalyst (Amjed et al., 2017). Zhao et al. reported that the optimum
ratio was close to 1 between diesel feed and H2O2 when using
mechanical stirring (Zhao et al., 2018); using ultrasound for pro-
cessing the reaction does not require adding H2O2: they explain
that ultrasound accelerates the chemical reactions and,/or en-
hances the formation of radicals. On the other side, they reported
that an excess of hydrogen peroxide (compared to fuel and sulfur
contaminants) might cause side reactions, and then possible
poisoning of the surface of catalysts.

Fig. 7b shows the effect of hydrogen peroxide on diesel desul-
furization using Cd NPs: the feed/H2O2 ratio is set to 1:1. The sulfur
removal increases from 13.7% to 17.3%. Based on the results ob-
tainedwith Cd diacetate, another experiment was carried out in the
presence of acetic acid (Feed/H2O2/AcOH ¼ 1:1:1) to evaluate the
influence of the counterpart of Cd in the Cd diacetate photo-
catalyst. Morshedy et al. already reported the importance of ace-
tic acid on photocatalytic desulfurization (Morshedy et al., 2016),
they suggest that the presence of acetic acid introduces new radi-
cals and,/or other oxidizing species. In the present case, the
complementation of the reactive media with AcOH allows
increasing sulfur removal up to 35.3%. This increase means that
though the desulfurization activity remains lower than for Cd
diacetate (reference value: 43.2%), the photocatalytic activity of Cd
NPs/H2O2 was doubled. The photocatalytic desulfurization takes
advantage of both hydroxyl (oOH) radicals and peracetic acid rad-
icals (resulting from activation of acetic acid with H2O2 under
irradiation) for promoting the oxidation of sulfur compounds
(Morshedy et al., 2016).

The introduction of H2O2 improves aniline point and the diesel
index up to the optimum volume ratio 2:1:1 ratio for Cd diacetate
system reaching values as high as 84 �C and 66.7, respectively.
Above this volume ratio, the characteristics of desulfurized diesel
remain unchanged.

In conventional photocatalytic processes, oxidized sulfur com-
pounds are readily eliminated either by sorption on the surface of
the used photo-catalyst (Gao et al., 2019; Liu et al., 2018; Zhang, W.
et al., 2017) or by solvent extraction (Dharaskar et al., 2018;
Morshedy et al., 2016). Practically, under selected experimental
conditions, the biphasic liquid system ’’Cd(CH3COO)2/diesel/H2O2
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shows higher sulfur removal than the heterogeneous system ’’CdOx
NPs/diesel/H2O2/AcOH’’. These results confirm the promises of
liquid Cd diacetate for photocatalytic desulfurization of diesel.

It is noteworthy that the conditions selected for the comparison
of the two systems are substantially different. Despite the excess of
the oxidizing agent in the case of CdOx NPs compared with photo
liquid catalyst, the efficiency is much higher for Cd diacetate hy-
drate catalyst. This is another evidence of the superiority of the
photo liquid catalyst against conventional CdOx NPs.

3.2.4. Desulfurization kinetics
The desulfurization kinetics are represented on Fig. 8 under

optimized experimental conditions (LHL lamp irradiation; volu-
metric ratio Cd diacetate/diesel/H2O2: 2:1:1; agitation speed:
500 rpm; [S0]: 11500 ppm; room temperature). Two steps charac-
terize the kinetics: (a) fast initial step within the first 30 min of
contact (about 77% of total sulfur removal), and (b) a much slower
step, from 15 min to 2 h or contact.

Pseudo-first order rate equation (PFORE), pseudo-second-order
rate (PSORE), and Langmuir-Hinshelwood (LSH) equations have been
unsuccessfully tested for modeling the kinetic profiles. The PFORE was
appropriate for the modeling of the sorption of the thiophene com-
pounds on TiO2/SiO2 under irradiation (Miao et al., 2015), and the
photo-oxidation of dibenzothiophene on CNT/titania composites
(Barmala et al., 2018). In the dark, the kinetic profile for sulfur removal
was also controlled by a pseudo-first-order rate (see Section 3.3.1.).
Here the coexistence of different mechanisms (sorption, photo-
oxidation) and reagents (diesel, hydrogen peroxide) does not allow
readily modeling kinetic profiles.

A contact time of 2 h is sufficient for achieving the equilibrium with
a sulfur removal close to 43%. The aniline point and the diesel index
increase with reaction time and reach up to 84 �C and 66.7,
respectively.

3.2.5. Solvent extraction
A goodmethod for increasing the desulfurization rate consists of

introducing a complementary solvent extraction step (Jiang et al.,
2020). This step can be performed using acetonitrile at controlled
temperature (i.e., 50 �C). Fig. 9 explores the effect of varying volu-
metric ratios between acetonitrile and reagent media (including Cd
diacetate phase, diesel feed, and H2O2). The addition of the aceto-
nitrile phase strongly increases desulfurization efficiency: from 43%
(see Section 3.3.4.) to 67% (at 0.5:1 volumetric ratio) and progres-
sively up to 98.5% (at 2:1 volumetric ratio). Previous investigations
showed that the application of acetonitrile directly on the feedstock



only removed a weak fraction of sulfur (about 36%) because of the
presence of refractory divalent sulfur compounds (Morshedy et al.,
2016). However, after the oxidation of the sulfur compounds with
CdOx NPs or Cd diacetate hydrate, in the presence of oxidizing
agents, acetonitrile removes the most polar sulfur compounds; the
removal of tetravalent and hexavalent sulfur compounds is
confirmed by FTIR analysis on a real feedstock. Increasing the
volumetric ratio does not change the desulfurization yield. The
aniline point and the diesel index also reach an optimum at 91 �C
and 76.1, respectively.

With a 4:1 volumetric ratio between the solvent phase and the
suspension of CdOx NPs (at a dosage of 7 g L�1, in amixture of diesel
feed, H2O2, and acetic acid), the desulfurization yield (i.e., 97.7%)
comes closer to the performances reached with Cd diacetate.

The successful oxidation of sulfur-based compounds enhances
the global desulfurization yield. Under selected experimental con-
ditions, very high levels of desulfurization can be reached with
excellent properties of treated diesel (in terms of both aniline point,
about 91 �C, and diesel index, about 76). Cadmium diacetate shows
higher desulfurization performance; this confirms the promising
concept of this active liquid photo-catalyst.

3.2.6. Sunlight induced photocatalytic desulfurization
The competitiveness (and finally, its potential application) de-

pends on cost parameters, especially energy consumption. The re-
sults obtained at preceding sections have demonstrated the
superiority of visible light for the desulfurization of diesel. This is an
essential criterion since it is possible to directly test the reaction
under sun exposure (replacing LHL lamp with sun exposure for
decreasing operational costs). The average intensity of the solar
energy, which depends on localization and season, has been eval-
uated to 1371 Wm-2 (Morshedy et al., 2016). Table 1 summarizes
the characteristics of the treated diesel using either CdOx NPs or
cadmium diacetate systems under optimized conditions (contact
time: 5 h). Other experimental conditions consist of:

Cd diacetate system: Cd diacetate/Feed/H2O2 (30%) ¼ 1:2:1 and
solvent/feed ratio ¼ 2:1

CdOx NPs: dosage ¼ 7 g L�1; Feed/H2O2 (30%)/AcOH ¼ 1:1:1: and
solvent/feed ratio ¼ 4:1

The process includes the acetonitrile extraction step. Though the
two systems show high desulfurization performance, Cd diacetate
shows superior efficiency (99.4% against 98.0% yields). Residual
amounts of sulfur in treated diesel reach 234.6 ppm for CdOx NPs
and much lower concentration for liquid photo-catalyst (with a
residual concentration close to 65 ppm). These values remain
Table 1
Rate of diesel fuel desulfurization under sunlight exposure, with subsequent solvent
extraction.

Characterization Diesel CdOx (time:10.00 a.m. -
3.00pm)

(raw) CdOx Cd diacetate

Yield (wt. %)a e 80.78 80.02
Refractive index @ 20 �C 1.4866 1.4570 1.4560
Density @ 20 �C (gm/cm3) 0.8575 0.8242 0.8200
Sulfur content (ppm) 11500 234.6 65.5
S Removal (wt. %) e 98.0 99.4
Aniline point (�C) 74.0 91.4 91.8
Diesel index 54.5 77.8 79.8

a The weight of the extracted phase from acetonitrile solvent and it is equal to
(the weight of the product after solvent extraction step) divided over (the weight of
original feedstock) X 100.
higher than the requested levels for use for road transport and
domestic fuel use (i.e., 10e15 ppm), but this can be considered a
competitive pre-treatment, especially while using Cd diacetate
system.

3.2.7. Regeneration of the used solvent
To reduce the operational costs, it is necessary for evaluating the

possibility to regenerate and recycle the solvent phase (acetoni-
trile). This regenerationwas carried out by atmospheric distillation.
The quality of the regeneration of the solvent was measured by the
values of its refractive index (RI) and its density along with three
successive recycling steps. Table AM3 reports the characteristics of
the treated diesel (for both CdOx NPs and Cd diacetate systems) and
the properties of the solvent at each step. These results confirm the
high stability of the solvent and treatment performances and the
high effectiveness of the global process.

3.2.8. Sustainability and reusability issues on CdOx NPs
The photo-desulfurization of diesel produces sub-products such

as sulfoxides and sulfones (Ali et al., 2006; Duarte et al., 2011; Zhao
et al., 2018), which, in turn, contribute to catalyst poisoning (Wang
and You, 2016), this is especially important in the case of a het-
erogeneous catalyst such as CdOx NPs. Using a homogeneous sys-
tem like Cd diacetate is advantageous for preventing this
inactivation by sub-product deposition. The presence of such
compounds is confirmed by EDX analysis. TEM images show a
substantial change in themorphology of the spent catalyst after the
desulfurization process (Figure AM11, see AMS). Figure AM12 (see
AMS) shows the comparison of the FTIR spectra of the feed, the feed
after CdOx NPs photocatalytic desulfurization, and finally, after
solvent extraction. Briefly, sulfones and sulfoxides are expected to
appear at 1295 cm�1 (asymmetric S]O stretching vibration) and
1147 cm�1 (symmetric S]O stretching vibration) (Morshedy et al.,
2016). Here, this is confirmed by the appearance of two peaks at
1273 cm�1 and 1138 cm�1 after photocatalytic desulfurization.
These two peaks are disappearing after solvent extraction: aceto-
nitrile efficiently removed the sub-products of the desulfurization
process (sulfones and sulfoxides). A small shift is observed for the
CH3 bending vibration (from 1365 to 1378 cm�1), together with the
disappearance of the peak at 1514 cm�1 (assigned to C]C bonds).
These changes may be explained by the breaking of some of these
bonds during photocatalysis or by the removal of relevant mole-
cules during the solvent extraction step (Sae-Ma et al., 2010).

The significant advantage of using Cd(CH3COO)2 in the desul-
furization process consists of the possibility to reuse the catalyst
without loss in photo-activity compared with the solid photo-
catalyst (i.e., CdOx NPs). Indeed, the decrease in desulfurization
activity is much faster on solid catalyst due to the progressive
deposition of sulfur compounds on the surface of the material. Also,
besides the complementary extraction process reveals more effi-
ciency for liquid photo-catalyst (Cd diacetate). Fig. 4 b shows the
Raman analysis for the spent Cd based diacetate and it was identical
to the freshly prepared sample confirming the molecular structure
for the used catalyst after the process.

3.2.9. Regeneration of Cd(CH3COO)2 and CdOx NPs
The aqueous phase containing the liquid photo-catalyst (Cd

diacetate) was recycled eight times. The refractive index (RI) was
tested after regeneration to ensure the activity and purity of photo-
liquid; the reference value for Cd(CH3COO)2*H2O RI is 1.3435. This
value remains stable for five cycles. After the fifth cycle, the RI
slightly increases (up to 1.3436, 1.3437, and 1.3439, at the sixth,
seventh, and eighth cycles, respectively). In the case of the soild
heterogeneous photo-catalyst, spent CdOx NPs were regenerated
using three successive washing steps with benzene followed by



ethanol and demineralized water. The washed catalyst was dried
and finally calcined at 500 �C to ensure the removal of adsorbed
sulfur.

Cd(CH3COO)2*H2O could be reused seven times with a little
decrease in photo desulfurization activity (about 1.7% decrease in S-
removal efficiency after seven cycles) (Fig. 10). This stability in-
dicates that Cd(CH3COO)2*H2O has an excellent recycling perfor-
mance. While increasing the number of cycles, the S-removal
decreased from 98.5% to 95.1%; this may be attributed to the
accumulation of some sulfur compounds in the Cd(CH3COO)2*H2O
layer after seven cycles (Table 2).
3.3. Tentative mechanisms involved in the photo-oxidation of sulfur
compounds from diesel

To understand the mechanism, some tests should be achieved:

a) The radicals trapping test

The radicals trapping test was carried out to understand the
photocatalytic mechanism. Three separate photocatalytic experi-
ments containing three different scavengers are checked to identify
the source of active species in the reaction. Isopropyl alcohol (IPA) is
a quencher for oOH free radicals, p-benzoquinone (p-BQ), is a
quencher for holes and ammonium oxalate is a quencher for su-
peroxide radicals (Pelaez et al., 2016; Torki and Faghihian, 2017).

Figure AM13 (see AMS) confirms that the DBT is completely
Fig. 10. Effect of catalyst recycling on desulfurization efficiency: (a) Cd diacetate, (b)
CdOx NPs (Reaction Conditions: light: LHL; reaction time: 2 h; room temperature;
Cd(CH3COO)2/Feed/H2O2; 2:1:1 and S/F ¼ 2:1; for CdOx NPs: catalyst dosage: 7 g L-1;
Feed/H2O2/AcOH ¼ 1:1:1; and S/F ¼ 4/1).
convertedwithout scavenger by using both catalysts (CdOx NPs and
Cd diacetate) separately. In the case of IPA, the rate of conversion
decrease for both catalysts, but the little increase for diacetate
compared to CdOx NPs is due to not only the holes of Cd diacetate
plays a role but also, due to its activity acting as a solvent. The same
as in the case of p-benzoquinone but, the rate of conversion is very
low, which ensures the vital role of holes to convert the DBT and
also to cause the dissociation of hydrogen peroxide via the elec-
trons in the conduction band during excitation. The concentration
of DBT after each test is measured on the UV-spectrophotometer
model V-570 manufactured by JASCO (Japan). While in the case
of ammonium oxalate scavenger, the conversion is complete for the
two catalysts. These results prove that both hþ and oOH free radical
play an essential role in the reaction while O2

�� superoxide radicals
have no role.

The rate of extraction and oxidation of DBT during the desul-
furization of model oil (500 ppm of DBT) by photo liquid Cd diac-
etate was investigated by GC analysis. Retention times for DBT and
DBT sulfone were determined through GC analysis of standard so-
lutions of DBT and DBT sulfone in toluene. Sulfur-based com-
pounds, including DBT (present in the fuel) and DBT sulfone
(oxidized product of the desulfurization process), were extracted
from the photo liquid layer using toluene before being analyzed by
GC. Figure AM14 (see AMS) shows an illustration of the kinetics of
DBT oxidation to DBT sulfone. Besides, Figure AM15 (see AMS) il-
lustrates both products and reactive species of sulfur compounds in
diesel fuel during the process by using GC-FPD analysis for I) Diesel
feedstock, II) Diesel feedstock after photo-catalytic oxidation with
using Cd(CH3COO)2 as the liquid photo-catalyst, and III) After sol-
vent extraction of II) with acetonitrile CH3CN. The Figure confirms
the following:

I) Discuss nearly all of the sulfur compounds present in the
diesel feedstock, which will be removed after photocatalytic
oxidation under visible light by using Cd diacetate at opti-
mum condition followed by the solvent extraction step by
CH3CN.

II) shows a significant part of the sulfur compounds such as
(DBT) and its derivatives especially (MDBT), (DMDBT) and
(TMDBT) has been decreased to a lower level as identified by
comparing their peak before and after catalytic photo-
oxidation, while the other part was converted into oxidized
corresponding sulfone like DBTO2, MDBTO2, DMDBTO2 and
TMDBTO2 as indicated by the occurrence of new peaks at
higher retention time (Ma et al., 2002; Otsuki et al., 2000).

III) proves the absence of oxidized sulfone (more polarized) after
the solvent extraction step. Low detected insoluble sulfone
derivatives appear at higher retention time (Shiraishi et al.,
2002). FBD identification of standard sulfur compounds
was listed in Table AM5 (see AMS).

b) Confirmation of the generation of oOH free radicals during the
photocatalytic oxidative reaction.

As literature, terephthalic acid is inactive fluorescent reacted
with the oOH radicals, which generate from the reaction to produce
2-hydroxyterephthalic acid, which is a fluorescent active molecule
(l at ~425 nm) Scheme 1.

To detect the oOH radicals, terephthalic acid was used as a probe
molecule. In a typical run, 0.35 g of CdO NPs catalyst was added in
50 ml aqueous solution of (0.002 g, 0.5 mmol terephthalic acid and
0.002 g, 2 mmol of NaOH), 500 ppm of DBT and 0.02 mol of
hydrogen peroxide. The mixture was kept under magnetic stirring
in the dark for 1 h. Then, it was irradiated with a linear Halogen
lamp (visible light), and CdONPswas separated by centrifugation. A



Table 2
Optimization of the global process of photocatalytic desulfurization of diesel sample.

Parameter CdOx NPs Cd diacetate photo-liquid

Desulfurization
Operating
Parameters

Irradiation mode Linear halogen lamp LHL, 500 W Linear halogen lamp LHL, 500 W
Irradiation time 3 h 2 h
Processing time 45 min for Settling 45 min for Settling
Catalyst dosage/Feed 7 g L�1 (2:1) (v/v)
Oxidizing agents Feed/H2O2/AcOH (1:1:1) Feed/Cd diacetate/H2O2 (1:2:1)
Solvent(CH3CN)/Feed ratio 4/1 2/1
Solvent extraction conditions (50 �C) Mixing (45 min) at 500 rpm Settling

(45 min)
Mixing (45 min) at 500 rpm Settling
(45 min)

Treatment performance - Quality of treated
diesel

Yield (wt. %)* 82.75 81.21
S removal (%) 97.7 98.5
Refractive index (20 �C) 1.4575 1.4569
Density (20 �C) (gm/cm3) 0.8289 0.8278
Aniline 90.80 91.00
Diesel Index 75.49 76.07
Limit recycling number for
desulfurization

6 times (97.7 / 93.2) 8 times (98.5 / 95.1)

Recycling of acetonitrile Effective (at least 2 cycles) Effective (at least 2 cycles)

* The weight of the extracted phase from acetonitrile solvent and it is equal to (the weight of the product after solvent extraction step) divided over (the weight of original
feedstock) X 100.

Scheme 1. The reaction of terephthalic acid with the hydroxyl radicals.
spectrofluorometer analyzed the supernatant. The same experi-
ment is repeated except CdOx NPs was replaced by 40 ml of Cd
diacetate photo-liquid.

Figure AM16 (see AMS) shows zero fluorescence intensity at the
beginning of the experiment. However, the fluorescent intensity
appears for the two photo-catalysts ensuring the presence of 2-
hydroxyterephthalic acid at 425 nm (Pi et al., 2016; Sher Shah
et al., 2014). This experimental result proves that the two cata-
lysts generate oOH free radicals in the reaction.

Depending on the previous experiments, Figure AM17 (see
AMS) shows a tentative scheme describing the catalytic process of
photo-chemical desulfurization. Photo-catalyst can absorb photons
at fixed wavelength; peripherical excited electrons move from the
ground state (LUMO) to the conduction band (HOMO) leaving
charged holes (hþ) in the valence band (Eq. (3)) (Morshedy et al.,
2016):

Photocatalyst þ hn / (hþ) þ (e-) (3)

The holes act as an oxidizing agent that takes part in the
oxidation reactions of sulfur compounds (Eq. (4)).

Photocatalyst (hþ) þ Sulfur present in diesel fuel /
Photocatalyst þ Oxidation products (4)

The addition of H2O2 generates (oOH) free radicals (Eqs. (5) and
(6)), which directly oxidize the sulfur compounds in the diesel
feedstock (Eq. (7)).

H2O2 þ hn / 2 oOH (5)

Photocatalyst (e�) þ H2O2 / oOH þ -OH (6)

oOH þ Sulfur present in diesel fuel / Oxidation products (7)

In the presence of acetic acid, part of (oOH) free radicals convert
acetic acid to peracetic acid (Eq. (8)). This conversion is enhanced
by the presence of the catalyst. This strong oxidizing agent en-
hances the rate of sulfur oxidation (Eq. (9)) (More and Gogate, 2019;
Tumula et al., 2012):

oOH þ CH3COOH / [CH3COOO*H] (8)

[CH3COOO*H] þ Sulfur present in diesel fuel / Oxidation
products (9)

These polar compounds can easily remove through the solvent
extraction step (Morshedy et al., 2016).
3.4. Suggested optimum process for desulfurization of diesel using
CdOx NPs and Cd diacetate photo-catalysts

Table AM4 in the additional material section, containing the
recent research of photocatalytic oxidative desulfurization (Juliao
et al., 2019; Keynejad et al., 2017; Morshedy et al., 2016; Wang, C.
et al., 2014b; Zhao et al., 2018; Zhu et al., 2015; Zhu et al., 2014),
including desulfurization rates and other vital parameters. While
Table 2 summarizes the best experimental conditions for the global
photocatalytic desulfurization process using either CdOx NPs or Cd
diacetate photo liquid and the relative treatment performances.
The photo-liquid catalyst (Cd diacetate) shows very promising
perspectives for diesel desulfurization, especially compared with
CdOx NPs. The photocatalytic activity of Cd-based structures
mainly depends on the excitation-relaxation action of the most
outer shell electron of Cd atom. However, the attached atoms to the
Cd may play a crucial role in improving its photocatalytic perfor-
mance. In the case of using the Cd acetate compound, as a photo-
catalyst, the acetate group could take part in the photoactivity.
Notably, the valency electrons of C and O atoms could be excited by
absorbing the illuminating irradiation forming new centers of



electron-hole pairs. Therefore, an increased photocatalytic attack
by Cd acetate toward the proposed substrate could be energetically
undertaken. Additionally, the acetate group has a high electron
density due to the presence of 2 carbon and 2 O atoms. Thus, the
overlap between the electron clouds of these four atoms and the
valence band electrons of the Cd atom could significantly reduce its
bandgap. Moreover, this overlap could, in turn, result in the delay of
recombination between the excited electrons (highest occupied
molecular orbitals, HOMO) of Cd and its generated holes (lowest
unoccupied molecular orbitals, LUMO), this was confirmed by PL
study Figure AM6 in the additional material section. This higher
efficiency can be explained by the double effect of the immiscible
liquid in terms of solvent extraction facilities but also by the pres-
ence of lone pairs on acetate groups that act as electron scavenger
or trapper. A similar interpretation was already reported for the
enhancement of the photocatalytic activity of TiO2 nanoparticles by
impregnation with ionic-liquid (Hu et al., 2010), and BiPO4/ionic
liquid system (Jing et al., 2015; Lv et al., 2015).

The two catalysts have a limited impact on the metal content in
the treated oil (at least considering Cd). Indeed, CdOx NPs can be
readily recovered from treated feedstock by filtration. The collected
particles were treated with acetonitrile during the solvent extrac-
tion step and then carefully washed (i.e., 4 times) with deminer-
alized water. After centrifugation, the solid was dried using CaCl2
salt. In the case of a photo liquid catalyst, the immiscibility of the
two phases limits the release of Cd into the treated feedstock.
Complementary analyses, performed on diesel feedstock before
and after treatment with CdOx NPs and photo-liquid catalyst,
included acid mineralization (sulfuric acid/nitric acid mixture)
under microwave irradiation (ASTM 874), and Cd quantification
using atomic absorption spectroscopy (Analytik Jena Zeenit 700 P,
Jena, Germany). These experiments show that both feedstock and
the diesel desulfurized with photo-liquid catalysts are free from Cd,
while the treatment with CdOx NPs induces the release of cadmium
(about 60 mg in 30 mL of diesel sample; i.e., concentration close to
2 mg L�1). This confirms the superiority of photo-liquid immiscible
catalysts in terms of cadmium release compared with more con-
ventional CdOx NPs.

4. Conclusions and future prospects

A promising innovative catalyst was synthesized under the
immiscible liquid form (Cd diacetate) for the photocatalytic
desulfurization of sulfur-containing diesel; its performances were
compared to mixed-phase CdOx NPs. The choice of Cd based
structures as photo-catalyst is due to several reasons that are
related to both costs and specific features of Cd as an element. First,
the Cd precursors are of low-cost materials. Thus, the fabrication of
photo-catalyst based on Cd is a cost-effective solution. The second
reason is that Cd is an effective photo-catalyst in the region of
visible light. Therefore, low operational costs can be provided
through the designated process for Cd-based photo-catalysts.

Several techniques were used for characterizing the materials in
terms of structure and texture, chemical properties, photo-
luminescence activity. Testing their efficiencies for photocatalytic
removal of sulfur shows that visible light is sufficient for achieving
good desulfurization. The effect of a series of parameters (dosage,
presence of acetic acid for CdOx NPs, oxidizing agents such as H2O2)
was investigated to define optimal conditions for photocatalysis.
Visible light is sufficient for achieving high rates of removal; this
makes the process competitive. In a second step, a solvent extrac-
tion process was introduced in the global process for improving the
yield of desulfurization. Very high levels of decontamination are
achieved: higher than 99.4% for Cd diacetate under sunlight, higher
than the levels reached with CdOx NPs. The properties of treated
diesel (aniline point close to 91.8 �C, and diesel point higher than
79.8) confirm the capacity of the system to produce high-quality
fuels. Another advantage concerns the recycling of the catalyst:
liquid photo-catalyst allows maintaining high levels of efficiency
for more prolonged use than solid nanoparticles. Indeed, the liquid
photo-catalyst requires a lower solvent/feed ratio compared to
CdOx NPs. The solvent is readily regenerated, and the easy recycling
of both photo-catalyst makes the process very promising, using
sunlight as the irradiation contributes to the competitiveness of the
process. This research probably provides new potential routes for
Cd-based catalysts synthesis in the photocatalytic oxidative
desulfurization domain. Where, the desulfurization process is
simple and readily used without precipitation, separation, calci-
nation steps, and the easy separation is favored by the immiscibility
of the photo liquid catalyst with the oil feedstock. Therefore, this
work is promising and can be applied in the development of the
diesel desulfurization process.
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