ROYAL SOCIETY
OF CHEMISTRY

Green Chemistry

View Article Online

View Journal | View Issue

Catalytic oxidative desulfurization of a 4,6-DMDBT
containing model fuel by metal-free activated
carbons: the key role of surface chemistryf
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Commercial micro/mesoporous activated carbons were utilized as metal-free catalysts for the desulfuri-
zation of a model fuel, i.e. 4,6-dimethyldibenzothiophene (4,6-DMDBT) in hexadecane under ambient
conditions. Both adsorption and catalytic oxidation were investigated as means of 4,6-DMDBT removal.
The effect of chemical modification/oxidation of the carbon surface via treatment with two different acids
(HNO= or H,SO4) aiming to introduce additional functional groups was also investigated. The catalysts
were characterized by FT-IR spectroscopy, N, porosimetry, potentiometric titration, Boehm titration, and
SEM-EDX, while adsorption and catalytic oxidation activity towards sufloxides and sulfones were assessed
by GC-MS and UV-Vis analysis. The surface chemistry of the carbons, expressed by the density of the
acidic functional groups, was found to be the most critical parameter with regard to adsorption or to
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catalytic oxidative performance. The surface modification of carbons by oxidation had a positive impact
on the catalytic oxidation activity, leading to a 100% conversion of 4,6-DMDBT towards the corres-
ponding sulfoxide and sulfone, compared to 67% with the parent non-oxidized carbon. Reusability tests
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1. Introduction

Nowadays, great interest has been focused on the mitigation of
sulfur compounds in fuels in order to comply with stringent
regulations, as they cause environmental problems and
human health issues."” According to the Environmental
Protection Agency of USA (EPA), the admissible sulfur concen-
tration in diesel fuel has been 15 ppm since 2006."" The
European Parliament and the Council of the European Union
have established in 2009 an even lower concentration of sulfur
in fuels, 10 ppm.®

The industrial process used for decades to remove sulfur
from fuels is hydrodesulfurization (HDS), a catalytic process in
which organic sulfur compounds are converted to hydrogen
sulfide and sulfur-free hydrocarbons by reaction with hydrogen
over CoMo/Al,O; or NiMo/Al,O; catalysts.”” An important
drawback of HDS is the required high hydrogen pressure,”
leading to a very costly process, especially when deep desulfur-
ization is aimed.®° Furthermore, HDS is not effective in the
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showed that the oxidation activity of the carbons can be maintained for at least 5 cycles.

removal of sulfur heterocyclic hydrocarbons such as diben-
zothiophene (DBT) and its derivatives, especially 4,6-dimethyl-
dibenzothiophene (4,6-DMDBT), which is not so reactive due
to steric hindrance effects.»*™** Within this context, the devel-
opment of more efficient and greener/sustainable desulfuriza-
tion methods which have the potential to produce extremely
ultra-low-sulfur fuels, so as to replace or complement the
HDS process, is of great importance. Adsorption,'*'?
biodesulfurization,"®"” extraction by ionic-liquids,"® photo-
catalytic oxidation'® and oxidative desulfurization (ODS)****
are some new processes that have been introduced for efficient
fuel desulfurization. Among these approaches, oxidative desul-
furization constitutes a promising method, as it is simple and
of higher efficiency compared to HDS.**** In addition, 4,6-
DMDBT is expected to exhibit higher reactivity in ODS.**?®
The ODS method involves the oxidation of the sulfur-con-
taining compounds, followed by the extraction/removal of the
oxidized products from the fuel due to their polarity. In the
ODS process, sulfur-containing compounds are oxidized
using selective oxidants such as nitric acid,>® nitrogen
oxides,”” organic hydroperoxides,*® hydrogen peroxide®*>*3°
or/and ozone®' in the presence of a catalyst to produce sulfone
compounds which can be extracted preferably due to their
increased polarity.”> The most commonly used oxidant is
hydrogen peroxide (H,0,), due to the fact that it is environ-
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mentally friendly, it has low cost and it is commercially avail-
able.? Various homogeneous and heterogeneous catalysts like
polyoxometalates (POMs),*> mono- or bimetallic alloys,**
organic acids,® ionic liquids,'®*® multi-walled carbon nano-
tubes®” and activated carbons®® have been shown to be active
in the desulfurization reactions. In particular, the latter ones
have been previously utilized as supports for active phases like
metal oxide, metal or bimetallic nanoparticles,**™** as for
example in the deposition of molybdenum cobalt nanocata-
lysts on a carbon support which led to 34% increment of
dibenzothiophene hydrodesulfurization from a model oil,
compared to pure MoCo.**

Even though carbons are often used as catalyst supports,
they can also be utilized as catalysts on their own, because of
their physicochemical properties, such as the rich surface
chemistry due to the presence of oxygen containing functional
groups, the large micro/mesopore surface area, and their rela-
tively stable structure and morphology at high temperatures
and/or various liquid reaction media.*>*” One of the most
known reactions catalyzed by carbonaceous materials, the
decomposition of hydrogen peroxide, is highly dependent on
the nature of the surface functional groups. Chemical reac-
tions on carbon’s surfaces usually follow a free radical
mechanism.”®*® The produced radicals are stabilized on the
surface of the carbon so that they can act as adsorption/oxi-
dation sites of sulfur compounds.*®>°

Despite the wide application of carbons in environment
related reactions and processes, limited investigation has been
devoted to the use of activated carbons as metal-free catalysts
in desulfurization processes and especially for ODS of 4,6-
DMDBT. In most cases, the carbons were studied as adsor-
bents for the removal of smaller DBT or other derivatives.>*°
Considering that the production of carbons with different mor-
phology, texture and surface properties can be achieved by uti-
lizing the most abundant and renewable source, biomass,>'™>*
the use of biomass derived carbocatalysts will be of great
importance towards a sustainable future. In the present study,
we examined five activated carbons, with or without prior treat-
ment with acids, for the oxidation of 4,6-DMDBT within the
process of fuel desulfurization. Emphasis was given to the
investigation of the role of carbon’s textural characteristics and
surface chemistry features towards maximization of desulfuri-
zation activity.

2. Experimental methods
2.1 Materials and reagents

Five commercial activated carbons, obtained from Cabot Norit
activated carbon and CPL activated carbons, were chosen to be
tested as carbocatalysts: (i) Norit SX-PLUS, (ii) Norit
SAE-SUPER, (iii) Norit D-10, (iv) Norit SAE-2, and (v) CPL. 4,6-
DMDBT (4,6-dimethyldibenzothiophene), hexadecane, com-
mercially available 30% wt% H,0,, methanol, HNOj;, and
H,S0,4 99.999% purity were purchased from Sigma Aldrich.
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2.2 Modification of the carbon catalyst

The SX PLUS carbon was chemically treated either with HNO;
or H,S0,, targeting to modify its surface chemistry.

2.2.1. Oxidation with HNO;. For the preparation of the
HNO; oxidized activated carbon sample, 10 g of the activated
carbon SX PLUS was oxidized in a 70% HNO; solution
(100 mL) for 4 hours under vigorous stirring at room tempera-
ture. The excess of acid and the possibly formed soluble pro-
ducts upon the oxidation process were removed by filtration
and extensive washing of the carbon sample in a Soxhlet
apparatus, until constant pH.* The obtained material was oven
dried at 60 °C for 24 h. This carbon sample was named SX
PLUS N-ox.

2.2.2. Oxidation with H,SO,. The H,SO, modified activated
carbons were prepared by oxidizing 10 g of the activated
carbon with concentrated H,SO, (100 mL) at 60 °C for 4 hours
under stirring. The oxidized carbons were recovered by fil-
tration, washed thoroughly in a Soxhlet apparatus until con-
stant pH and dried at 60 °C for 24 h.>® This sample is referred
to as SX PLUS S-ox.

2.3. Materials characterization methods

2.3.1. Textural/porosity characterization of activated
carbons. The textural characterization of the activated carbons
was carried out by measuring the N, adsorption/desorption
isotherms with an AS1Win (Quantachrome Instruments, FL,
USA) porosimeter. In a typical measurement, 0.05 g of the acti-
vated carbon were initially outgassed under vacuum at 150 °C
overnight, followed by determination of the N, adsorption and
desorption isotherms at —196 °C. The BET surface area was
calculated from the isotherm data using the Brunauer,
Emmett and Teller (BET) equation, while the pore size distri-
bution curves were estimated using the DFT method.’®”

2.3.2. pH measurement. The pH of the activated carbons
provides information about the acidity and basicity of their
surface. For the pH measurement, 0.4 g of the carbon was
added to 20 ml of deionized water and the suspension was
kept under magnetic stirring at room temperature for about
24 hours to achieve equilibrium. The pH of the solution was
then measured using a CRISON basic-20 pH meter.

2.3.3. Boehm titration. The oxygen containing groups
located on the surface of the activated carbons were deter-
mined by Boehm titration. This method relies on the different
acidity of the surface groups, where each group is neutralized
with a different reagent of similar activity.”® In particular,
sodium bicarbonate (NaHCO;) neutralizes only carboxyls
belonging to the strong acidic groups on the carbon surface.
Sodium carbonate (Na,CO;) neutralizes carboxyls and lactones
and sodium hydroxide (NaOH) neutralizes carboxyls, lactones
and phenols belonging to the weaker acidic groups. The deter-
mination of the basic surface groups was performed with
hydrochloric acid solution, HCL.>® In a typical measurement,
1 g of sample was placed in 50 ml of 0.05 N solution of each
base (NaOH, NaHCO;, Na,CO;) or the acid (HCI) in sealed
conical flasks under stirring for 24 h at ambient temperature.

This journal is © The Royal Society of Chemistry 2019
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Then, the solution was filtered, and the specific volume of the
filtrate was titrated. Thus, the excess base or acid in the solution
was neutralized with HCI or NaOH, respectively. The numbers
of total surface acidic and basic sites, as well as the content of
carboxylic, phenol and lactone groups, were thus determined.

2.3.4. Potentiometric titration. Potentiometric titration
measurements were carried out with a Mettler Toledo T50
automatic titrator. In a typical measurement, 0.1 g of activated
carbon was placed in a conical flask with 50 mL KNO; solution
(0.1 mol L") under stirring for 24 h, at 25 °C. The solution
was then titrated with NaOH solution (0.1 mol L") under a N,
atmosphere over a wide pH range. The total surface charge, Q
(mmol g™ "), was calculated as a function of pH from the fol-
lowing equation:*

_ Ca—Cg+[OH] — [H']
B w

Q

where C, and Cg (mol L™") are the acid (HCI) and base (NaOH)
concentrations (mol L"), respectively, [H"] and [OH ] are the
equilibrium concentrations of these ions (mol L™") and W is
the concentration of the solid (g L™).

2.3.5. Point of zero charge. A certain volume of 0.01 M
NacCl solution was placed in titration vessels at constant temp-
erature (25 °C) and 0.05 g of activated carbon was added to
each vessel. The pHjnita Of the dispersions was adjusted to
values between 3 and 9 (3, 5, 7, 9) and the suspensions were
allowed to equilibrate, under stirring, for 48 h. The final pH
was measured and was plotted for each dispersion against
the initial pH. The pH at which the curve crossed the line
PHinitial = PHina Was taken as the point of zero charge (PZC).*°

2.3.6. Fourier transform-infrared spectroscopy (FTIR).
Fourier transform-infrared (FTIR) spectra (10 scans per
measurement) were recorded on a PerkinElmer 2000-FTIR
spectrophotometer (Dresden, Germany) in the wavenumber
range of 4000-450 cm ™", by applying the KBr-pellet technique.

2.3.7. Energy-dispersive X-ray spectroscopy (EDX). Elemental
analysis was performed by EDX using a scanning electron
microscope, model Zeiss Supra 55VP, Jena, Germany.

2.4. Adsorption and catalytic oxidation experiments

2.4.1. Adsorption of 4,6-DMDBT. The adsorption of 4,6-
DMDBT was carried out at 25 or 60 °C in batch experiments
that were run in triplicate. An amount of carbon (0.025 g) was
added to conical flasks containing 10 ml of a 4,6-DMDBT solu-
tion in hexadecane with different initial concentrations, from
10 to 80 ppmw of sulfur. The hermetically sealed conical
flasks were placed in a shaking bath for 48 h at constant temp-
erature. After the equilibrium time (evaluated from kinetic
studies), the remaining concentration of 4,6-DMDBT was
determined by using a UV-vis spectrophotometer (Hitachi
U2000) at a wavelength of 313 nm using a quartz cuvette. The
removal percentage (R%) of 4,6-DMDBT was calculated by the
equation:

Co—C
R% = -2 ~° x 100.
Co
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where C, and C, (ppmw of sulfur) are the initial and the equili-
brium concentrations, respectively.®*

Kinetic experiments were performed by dispersing 0.01
g L™ of carbon in 20 mL of 4,6-DMDBT solution in hexade-
cane (C, = 20 ppmw of S), under stirring at 60 °C for different
intervals of time.®” For each separate experiment, filtration
through a 50 pm pore size membrane was performed and the
4,6-DMDBT concentration was measured by using a UV
spectrophotometer as mentioned above.

The experimental results were fitted by Lagergren’s pseudo-
first order kinetic model,®® given by the equation

In(ge — q:) = In ge — kst

where ¢, and g, are the amounts of 4,6-DMDBT (mg g )
adsorbed at time ¢ and at equilibrium, respectively and k; is
the rate constant of the pseudo-first order adsorption process
(min™"), as well as by the pseudo-second order kinetic
model,** given by the following equation in linear form, where
k,, the rate constant (g mg™" min™"):

t 1 1
o kgl gt

2.4.2. Catalytic oxidation of 4,6-DMDBT/oxidative desulfur-
ization. The model 4,6-DMDBT solution in hexadecane was of
20 ppmw concentration in sulfur. In a 50 ml round-bottom
flask with a reflux condenser, 0.025 g of the carbon catalyst
were weighed, and then 10 ml of the model solution and 1 ml
H,0, (30 wt%) were added. The catalytic reactions were con-
ducted at 60 °C for 24 h, under mechanical stirring. After the
reaction, the mixture was filtered and the residual amount of
4,6-DMDBT in the solution was determined using UV-Vis spec-
troscopy at A = 313 nm.

The liquid products were also analyzed by GC-MS on a
7890A/5975C system by Agilent (electron energy 70 eV, helium
flow rate: 0.7 cc min™", Column: HP-5MS 30 m x 0.25 mm ID x
0.25 pm). Identification of mass spectra peaks was performed
by the use of the scientific library NIST11s. Extraction solu-
tions of the spent samples were also analyzed with the same
instrument.

3. Results and discussion

3.1. Characterization of activated carbon

The porosity characteristics and surface chemical features of
the different activated carbons were initially determined and
correlated with the adsorption and catalytic oxidation of 4,6-
DMDBT. The N, adsorption-desorption isotherms of all the
carbon samples (Fig. slat) showed a bimodal type of shape
based on IUPAC classification.®® At low relative pressures,
there is a clear typical type I adsorption isotherm for all parent
commercial carbons, revealing the abundance of micropores.
At intermediate and higher relative pressures, the adsorption
isotherms tend to adopt a type IV shape with the corres-
ponding hysteresis loop, which was more pronounced for the
CPL and SAE SUPER carbons, due to capillary condensation in
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narrow slit-shaped mesopores.®®®” The pore size distribution
curves (Fig. s1b¥) revealed that there is a relatively narrow dis-
tribution in the low micropore range, i.e. <1 nm, and a broader
distribution for pores >1 nm, except for the case of CPL which
showed a relatively narrow distribution between 1 and 2 nm.
The BET surface area values and porosity parameters for the
activated carbons are presented in Table s1.f It is seen that
CPL (1702 m* g~ ') presented the highest surface area, followed
by SX PLUS (1280 m* g~'), SAE SUPER (1182 m* g~ "), and SAE2
(892 m* g7'), while D10 showed a relatively low surface area
(515 m* g™ "). The total pore volumes (Table s17) were found to
follow the same trend as the SSAggr. The values of the micro-
and meso-pore volume are shown in Fig. 1a (also listed in
Table s17). CPL revealed also the highest ratio of mesopore to
micropore or total pore volume, while SX PLUS the lowest.
Considering that the molecular size of 4,6-DMDBT is 0.59 X
0.89 nm,” it could be expected that micropores of <1 nm, as
well as bigger micropores and small mesopores (up to ca.
2-3 nm), would play an important role regarding the adsorp-
tion and oxidation activity of the carbons.

The surface chemistry characteristics of the activated
carbons are reported in Table s2.f From the surface pH
measurements, it can be seen that D10, SAE SUPER, and SAE 2
activated carbons possess a relatively basic surface, SX PLUS
almost neutral, while CPL exhibits a more acidic nature. The
results from the point of zero charge (pzc) determination
(Fig. s27) are in-line with the proton binding curve potentio-
metric titration results (Fig. s31). The most interesting obser-
vation can be derived from the ratio of acidic to basic groups,
with CPL having only acidic groups, followed by SX PLUS
(0.70), while SAE SUPER has the lowest ratio (0.08). The calcu-
lated density of acidic surface functional groups (dasrg) and of
the basic (dpsrg) per surface area is presented in Fig. 1b. The
Boehm titration results revealed mainly two kinds of oxygen
functional groups on carbon’s surface, i.e. lactonic and pheno-
lic, while no carboxyl groups were detected. The amount of
each type of group (mmol g~') as well as their density per
specific surface area unit (umol m™2) is collected in Table s2.}
SX PLUS shows the highest number of lactones, while SAE2
the highest amount of phenol groups.

3.2. Desulfurization - adsorption and catalytic oxidation
results for the commercial carbons

The 4,6 DMDBT (20 ppmw of sulfur) adsorption results in hex-
adecane as a solvent in the dark, at 60 °C, without H,O, are
presented in Fig. 2a. SX PLUS showed by far the best perform-
ance, achieving 60% removal while the lowest adsorptive capa-
bility was observed for the carbon with the lowest surface area
and pore volume, D10. On the other hand, the activated
carbon CPL with the highest BET surface area exhibited a
moderate adsorption efficiency. Furthermore, SX PLUS and
SAE SUPER have a similar surface area, but the former showed
substantially higher adsorption of 4,6-DMDBT. It can thus be
concluded that the BET surface area of the carbons is not the
sole critical parameter that would define the adsorption per-
formance. If one considers the correlation between the size of
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Fig. 1 Micro- and mesopore volumes (a), the density of acidic and basic
surface functional groups per Sger (b), and the distribution of the acidic
groups (c).

4,6-DMDBT and the size of the pores, it appears that the
carbons with a higher abundance of smaller micropores, i.e.
with a size of <1 nm, such as SX-PLUS, SAE-2 and SAE SUPER,
are more efficient possibly due to increased confinement
effects due to size similarity.

With regard to the effect of the functional groups and corre-
lation with the surface pH, SX PLUS and CPL provided a
neutral/slightly acidic pH, compared to SAE-2 and SAE SUPER
which were basic, and furthermore, they exhibited the highest
ratio of acidic to basic surface groups, i.e. 1.0 for CPL and 0.7
for SX PLUS. In order to further investigate the possible com-
bined effects of the surface area and acidic sites, the density of

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Adsorptive and catalytic removal (conversion of 4,6-DMDBT) (a),
and correlation between the adsorption capacity and the density of the
acidic surface functional groups per unit surface area (dasrg) of the acti-
vated carbons (b); adsorption tests: 25 mg carbon, 10 ml hexadecane,
20 ppmw of sulfur, T = 60 °C, t = 24 h, catalytic tests: the same as the
adsorption tests plus 1 ml H,O, solution.

the acidic surface functional groups, per surface area unit, was
estimated and it was plotted against the removal efficiently
(Fig. 2b). As can be seen in Fig. 2b, the maximum adsorption
capacity increases with the increment of the density of acidic
surface functional groups (dasgg) up to an optimum value fol-
lowed by a decrement upon further increase of djsrg. This fact
can be assigned to an enhanced steric effect when the active
surface functional groups are close to each other, as well as to
a blockage of the pores’ entrance by adsorbed molecules, hin-
dering the penetration of other molecules towards the active
adsorption sites at the interior of the pores. This behavior leads
to the suggestion that the density and dispersion of the active
sites may be an important parameter for the adsorption
efficiency of the carbons. However, when comparing the pro-
perties and performance of SX PLUS and CPL, it can be seen
that the former contains a high portion of lactones while pheno-
lic groups are predominant in the latter (Fig. 1c). This may also
lead to the assumption that the more acidic lactones compared
to phenols are more prone to interact with 4,5-DMDBT, consid-
ering also the relatively (i.e. compared to pyrrole for example)
moderate Lewis basicity strength and enhanced aromatic stabi-
lization of DMDBT. Overall, it can be suggested that both the
type of acidic functional group and their density are key factors
towards increasing the adsorption efficiency of the carbons.
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Moreover, the Langmuir®® and Freundlich® isotherms were
fitted to the experimental results, as presented in Fig. s4,7 and
models’ parameters are presented in Table s3.¥ Both models
exhibit relatively good fitting indicating the initial monolayer
formation of sorbed 4,6-DMDBT as well as the formation of
secondary layers, due to the presence of meso/macroporosity
as well as due to the inhomogeneity of the adsorption sites.
The models’ parameters are presented in Table s3,f from
where it is seen that SX PLUS presented the highest adsorption
capacity between all carbons.

The potential of fuel desulfurization via catalytic oxidation
was investigated by the use of H,0, as the oxidation agent
with the parent commercial activated carbons as catalysts
(Fig. 2a). Control oxidation experiments were initially per-
formed without any activated carbon, showing negligible con-
version of 4,6-DMDBT. The catalytic oxidation tests (use of
H,0, in the dark) supported further the superior performance
of SX PLUS, with the difference from the second performing
sample (SAE 2) to be more pronounced in comparison with
the adsorption tests. The 60% adsorptive removal of 4,6-
DMDBT for SX PLUS was increased by 28% for the catalytic
removal with the same carbon in the presence of H,0, (with
the rest of the conditions being the same), showing the clear
additional benefits of oxidation. An interesting observation is
related to the observed decrease of 4,6-DMDBT removal by
adding H,O, for the three basic carbon catalysts, i.e. D-10, SAE
2 and SAE SUPER (Fig. 2a).

3.3. Effect of oxidation reaction parameters

The effect of different parameters ie. catalyst’s dose, reaction
temperature, and H,0, relative amount, on the catalytic oxi-
dation was also studied, using SX PLUS being identified above
as the most efficient. As mentioned above, no conversion of
4,6-DMDBT was observed in the presence of H,O, without
using carbons at 60 °C, showing that the activated carbon actu-
ally acts as a catalyst in the reaction.”” The 4,6-DMDBT
removal efficiency with different amounts of catalysts is shown
in Fig. 3a. It is observed that by increasing the amount of car-
bocatalyst, the removal extent is enhanced. More than 90%
removal is achieved by a relatively low amount of carbon
(100 mg). 25 mg can be assumed as the optimum one, since
the removal extent by a further increase of the carbon amount
is minimal.

The effect of temperature was also investigated by carrying
out catalytic experiments at three different temperatures, 25,
60 and 90 °C and the results are shown in Fig. 3b. From 25 to
60 °C, a clear improvement in the removal efficiency can be
observed from ~39% to ~76%. This can be linked to a variety
of factors, like activation of the acidic surface functional
groups and increase of the thermodynamics of the system,
resulting in enhanced mass transfer (diffusion inside the
pores towards the active sites) and decrement of adsorption/
decomposition activation energy. In contrast, a further temp-
erature rise to 90 °C had a negative effect, decreasing the
removal performance to ~47%. This can be assigned to an
increase of the hydrogen peroxide decomposition rate, which
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Fig. 3 The effect of the amount of the catalyst (SX PLUS) on 4,6-
DMDBT removal; T = 60 °C, t = 24 h, 20 ppmw of sulfur in 10 mL of hex-
adecane + 1 mL of H,O,; (a), the effect of temperature on 4,6-DMDBT
removal; 20 ppmw of sulfur in 10 mL of hexadecane + 1 mL of H,O,, t =
24 h (b), and the effect of H,O,; 25 mg of catalyst, 20 ppmw of sulfur in
10 mL of hexadecane + x mL of H,O, + y mL of water where x + y =
1mL T=60°C, t=24h(c).

may also lead to undesirable secondary species other than the
targeted hydroxyl radicals. Besides, oxidation of useful com-
ponents in the fuel may also occur at elevated temperatures.
This result is in agreement with other research results reported
in the literature for the same desulfurization via adsorption/
oxidation methods.**’°7> In view of these results, the
optimum reaction temperature was set at 60 °C.

The results of the effect of the amount of H,O, on the
removal of 4,6-DMDBT are shown in Fig. 3c. It is observed that
by increasing the volume ratio, and therefore the molar ratio
of H,0,, the removal percentage of 4,6-DMDBT is enhanced
during the catalytic oxidation. The maximum removal was for
1 mL of H,0, solution (25 mg SX PLUS, 20 ppmw of sulfur
PLUS) and the results are consistent with the literature.”” An
important conclusion was gained for the test in which only
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one 1 mL of water was used (no H,O, addition); the removal
efficiency was limited to ~44%, a value even lower than the
maximum adsorptive removal without hydrogen peroxide
(adsorption tests, Fig. 2a). This is strong evidence that the
presence of water has a negative impact on the removal of 4,6-
DMDBT from hexadecane (or a real fuel) by blocking/hinder-
ing the active adsorptive/reactive centers.

The above experiments (referring to the results of Fig. 3)
were also carried out in the dark in order to explore if the pres-
ence of ambient light has an effect of the adsorption/oxidation
capability. The catalytic oxidation removal under ambient light
exposure was 10% higher than that in the dark. This can be
linked either to the fact that the light plays a positive role in
the reactive and/or adsorptive sites or that light power can
enhance the formation of reactive oxygen species during the
decomposition of H,O, on the carbon’s surface. These two
aspects will be discussed herein after in more detail.

3.4. Reusability cycles

To investigate the possibility of regeneration and reusability of
the catalyst, the carbocatalyst SX PLUS was washed with water
and methanol (dried for 2 h at 60 °C) after the oxidation
experiments, in order to remove any product or reactant from
its surface. From the results presented in Fig. 4, a small
decrease of 4.5% in the removal efficiency occurred after the
first cycle of reuse, while after 5 cycles the removal efficiency
loss was not higher than 10.8%. It can be concluded that the
catalytically active sites are maintained during reaction/regen-
eration. It is worth mentioning that the removal extent (~63%)
even after 5 cycles is higher than the maximum adsorptive
capability of the rest of the commercial carbons tested
(Fig. 2a).

3.5. Adsorptive/catalytic performance of oxidized carbons

Taking into account the high adsorption and catalytic oxi-
dation efficiency of the parent commercial SX PLUS carbon,
this carbon was further used to investigate the effect of chemi-
cal modification of its surface by increasing the density of the

4.5% 10.8 %

% Conversion

2 3
Cycles of reuse

Fig. 4 Reusability cycles of the catalytic desulfurization capability of SX
PLUS; 25 mg carbon, 10 ml hexadecane, 20 ppmw of sulfur, 1 ml H,O,
solution, T = 60 °C, t = 24 h.
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acidic surface functional groups. To this end, two different
counterparts of modified SX PLUS were prepared. The first one
was obtained after treatment with HNOj3, herein-after referring
to as SX PLUS-Nox, while for the second one H,SO, was used,
with the prepared sample named SX PLUS-Sox. The catalytic
oxidation results of the HNO; and H,SO, oxidized counter-
parts, as well as of the adsorption data (included for the sake
of comparison), are presented in Fig. 5. A significant increase
of the removal efficiency via catalytic oxidation can be
observed for both treated SX PLUS samples, reaching 100%
removal, being an additional indication of the positive effect
of the surface acidity on the catalytic oxidation by activated
carbons as metal-free catalysts. A small positive effect can also
be identified in the adsorption removal, verifying further the
enhanced interaction between 4,6-DMDBT and the surface
acidic sites of carbon.

3.6. Characterization of oxidized carbons

The porosity characteristics of the parent and oxidized SX
PLUS carbons are shown in Table 1. Both the BET surface area
and total pore volume were decreased upon oxidation. The
decrement of the Sggr was slightly more pronounced after
treatment with HNO; (—27%) rather than after H,SO, treat-
ment (—22%). Similar trends of decrease upon oxidation were
found for the pore volumes. It is worth pointing out that

Catalytic Removal [ % ]

catalysis
[ ]
SXPLUS
Activated Carbons

SXPLUS-Nox  SXPLUS-Sox

Fig. 5 Comparison of 4,6-DMDBT adsorptive and catalytic oxidation
removal for the parent commercial activated carbon SX PLUS and its
counterparts oxidized by HNOsz (SX PLUS-Nox) and H,SO, (SX
PLUS-Sox); adsorption tests: 25 mg carbon, 10 ml hexadecane,
20 ppmw of sulfur, T = 60 °C, t = 24 h, catalytic tests: the same as the
adsorption tests plus 1 ml H,O, solution.

Table 1 Porosity characteristics of SX PLUS and its counterparts oxi-
dized by HNO3z and H,SO4 (in parenthesis the % differences for the oxi-
dized samples compared to SX PLUS)

Activated
carbons Sper, Mg Viey, cm® 871 Vi, cm® @7 Vi, cm?® g7°
SX PLUS 1280 0.95 0.35 0.60

SX PLUS-Nox 929 (—27%)  0.67 (=30%) 0.25 (—30%)
SX PLUS-Sox 1012 (-21%) 0.74 (—22%) 0.28 (—20%)

0.42 (—29%)
0.46 (—23%)
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Fig. 6 The amounts of the acidic and basic surface functional groups
of the parent commercial SX PLUS and its counterparts oxidized by
HNO3 and H,SO,.

although the oxidized counterparts showed inferior porosity
characteristics in comparison with the parent SX PLUS, their
adsorptive performance was superior, a fact that confirms a
more crucial role of carbon’s surface chemistry against
porosity.

The surface pH as well as the amount of acidic and basic
surface groups of the SX PLUS carbons is shown in Fig. 6,
while the densities per surface area unit can be seen in
Table s4.F The general observation is that the amount of the
acidic surface groups was increased upon oxidation and the
amount of the basic surface groups was decreased, thus result-
ing in a decrease of surface pH. The increment of the acidic
groups was substantially more pronounced in the case of SX
PLUS-Nox, while the decrement of the basic groups was more
pronounced for SX PLUS-Sox. Boehm titration experiments
(results not shown) revealed that the phenol groups were
totally eliminated, lactones were increased, and carboxylic
acids were formed by the oxidative treatment.

With regard to the correlation between adsorptive/catalytic
performance and the surface acidity, the above derived
volcano-type trend between adsorption of 4,6-DMDBT and the
density of surface acid groups (Fig. 2b) was found valid also
for the parent SX PLUS and its oxidized counterparts, since SX
PLUS-Nox showed a significantly higher daspg but a slightly
lower adsorption performance compared to SX PLUS-Sox. On
the other hand, in the case of catalytic oxidation performance,
both treated carbons reached the maximum removal
efficiency, as shown in Fig. 5, at least for the experimental con-
ditions used in this study.

3.7. Effect of contact time - kinetics of the 4,6-DMDBT
removal

In order to examine the effect of the adsorption/oxidation reac-
tion time on the removal efficiency of the carbon catalysts, the
remaining sulfur in the solution, expressed as C/C,, was
plotted against the contact time and the derived curves are pre-
sented in Fig. 7. A different 4,6-DMDBT removal rate can be
observed between the adsorption and the catalytic oxidation
process. In the adsorption experiments, 4,6-DMDBT removal
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Fig. 7 Kinetic experiments for the adsorptive and catalytic oxidation
removal of 4,6-DMDBT with the parent commercial SX PLUS activated
carbon and its oxidized counterparts.

increased rapidly in the first 5-10 min followed by a gradual
equilibration and a plateau after ca. 50 min, for both the
parent SX PLUS and the two oxidized counterparts. The
pseudo-first and the pseudo-second order kinetic models in
their linear form were applied for the fitting of the experi-
mental results. The linear fitting curves and the corresponding

initial
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kinetic parameters are shown in Fig. s5 and Table s5,f respect-
ively. The pseudo-second kinetic model found to fit better the
adsorptive removal results, as concluded by the R* values pre-
sented in Table s5,f indicative of a physical adsorption onto
the carbon surface, results consistent with findings by other
researchers.”>”*

The kinetic experiments of the 4,6-DMDBT catalytic oxi-
dation showed that 100% removal was achieved for the SX
PLUS-Nox and SX PLUS-Sox carbons within 10 and 16 min,
respectively. Interestingly, more than half of the 4,6-DMDBT
was converted within less than 2 min. Since two separate
slopes were observed (a steep one for 0 to 2 min and one for 2
to 10 or 16 min), it can be suggested that initially the catalytic
oxidation/removal occurs on the large internal surface of the
micropores where the majority of the active sites exist, and is
being enhanced by the favorable confinement effects due to
size similarity, as discussed above. As the micropores are filled
by the first reactant molecules, in combination with the
decrease of the concentration and abundance of H,0,, the
reaction takes place at the meso/macropore and external
surface of the carbons at lower rates. This theory can be sup-
ported from the fact that the catalytic oxidative removal
follows both the pseudo-first and the pseudo-second order
kinetics (Table s5t), although with a slightly better fitting
indicative of an oxidation process.>>%"%7>

The importance of the oxidation treatment and enrichment
of the carbon’s surface with acidic groups can be also con-
cluded from the fact that in the case of pristine SX PLUS, 4,6-

spent

1713 \
1368 1335
1314 I
1031
SX PLUS SX PLUS-Nox 1059 || SX PLUS-Sox
1500 1000 1600 1200 1600 1200 .
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)
d SX PLUS e SX PLUS-Nox

initial

initial

Fig. 8 FTIR (a—c) and of EDX (d and e) spectra for the parent and oxidized SX PLUS carbon samples before and after the catalytic oxidation of 4,6-

DMDBT.
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DMDBT was not completely eliminated (Fig. 7). Taking also
into account that the adsorptive performance between the
parent and the oxidized SX PLUS carbons is more or less
similar, then it can be further suggested that the formed
acidic groups, Z.e. carboxyls and lactones, have a higher impact
on the oxidation mechanism of 4,6-DMDBT than on just
increasing the chemical interaction/sorption.

3.8. Characterization of the carbons after reaction

In order to examine the surface chemistry alterations and the
possibility of strongly sorbed reaction products on the carbon
catalysts’ surface, FTIR spectra analysis was conducted
(Fig. 8a—c). The comparative study of the parent and oxidized
SX PLUS samples, as well as of the corresponding carbons
after exposure to 4,6-DMDBT, shed light on the chemical inter-
actions between 4,6 DMDBT and the catalysts’ surface func-
tional groups and on the related oxidation mechanism. In all
spectra, the bands presented at about 1610-1630 cm™" can be
attributed to C-C stretching vibrations of the aromatic rings.
The bands at 1100-1150 cm™" can be attributed to C=0 and
O-H bonds of alcoholic, phenolic and carboxyl oxygen groups
while the peak at about 1700-1725 cm™" can be attributed to
C=O0 stretching vibrations of the carboxyl groups. For the
modified activated carbons, (SX PLUS-Nox and SX PLUS-Sox)
prior to the exposure to 4,6-DMDBT in hexadecane, an increase
in the intensity of the bands at 1720 and 1100 cm™" was pre-
sented, representing carboxylic acids and lactones, due to
their oxidation with HNOj; or H,SO, acids.

The bands at 1330-1370 cm™', which appeared on the
spectra for the carbons after catalytic oxidation tests and after
heating to 280 °C to remove the solvent, can be attributed to
the sulfur compounds formed on the carbon surface, ie. to
sulfoxides, sulfones or sulfonic acid. The sulfones are speci-
fied by absorption at 1300-1350 cm™ ' and 1120-1160 cm™".
The bands at 1166, 1076 and 1020 cm™" are characteristic of
the molecular vibrations of C-S bonds. The increase in inten-
sity of the bands at 1730 cm™" may be due to hydrogen bond
interactions of the 4,6-DMDBT oxidation products with car-
boxyl groups.

The FTIR results indicated that 4,6-DMDBT was oxidized
onto the carbon surface to the corresponding sulfones, sulfox-
ides or/and sulfonic acids as well as that these products were
strongly adsorbed on the carbon’s surface. Besides, EDX ana-
lysis, presented in Fig. 8d and e, supported further the FTIR
results and proved the presence of sulfur on the surface of the
carbocatalysts’ after the catalytic experiment. The slight
decrease of oxidation/removal performance observed in the re-
usability tests can be linked to the formation and strong reten-
tion of these sulfur compounds which were not totally
removed/desorbed by washing from the active sites.

3.9. UV-Vis and GC-MS analysis of the liquid products and
extracts from the used catalysts

At the end of the catalytic oxidation tests, the hexadecane solu-
tion was spectroscopically (UV-vis) analyzed, while the oxi-
dation products accumulated on the carbons’ surface were

This journal is © The Royal Society of Chemistry 2019
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extracted with methanol for analysis. Methanol was selected
because it is a polar solvent and could dissolve the formed sul-
fones and sulfoxides, compounds with enhanced polarity. The
UV-Vis spectra of the liquid phase as well as the spectrum of
the methanol extract after a catalytic oxidation experiment
with SX PLUS-Nox as a catalyst are shown in Fig. s6.f In the
spectra of the reaction product, the intensity decrement of the
bands attributed to 4,6 DMDBT was obvious (Fig. s6at), while
in the spectrum of the methanol extract (Fig. s6bt), new peaks
appeared corresponding to 4,6-DMDBT derived sulfoxides and/
or sulfones.”® From the spectra it can be concluded that the
oxidation products were accumulated/strongly sorbed on the
carbon surface after the oxidation of 4,6-DMDBT.

The liquid phases were also analyzed by GC-MS. From the
results presented in Fig. 9a, the decrease of the peak’s inten-
sity corresponding to 4,6-DMDBT (at a retention time of
31.996 min) by the use of the parent activated carbon SX PLUS
and the disappearance of this peak for SX PLUS-Nox and SX
PLUS-Sox verify the UV-Vis analysis results and the obtained
high or 100% removal of 4,6-DMDBT (Fig. 5 and 7). GC-MS
analysis of the extracts of the used carbon with another polar
solvent (acetonitrile) also showed the presence of 4,6-DMDBT
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Fig. 9 GC-MS analysis of the initial/reactant solution of 4,6-DMDBT in
hexadecane, of the liquid phase of the catalytic oxidation experiment
with the parent SX PLUS and oxidized counterparts SX PLUS-Nox, and
SX PLUS-Sox (a), and of the extract of the used SX PLUS catalyst with
acetonitrile (b).
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products, such as sulfone and sulfoxide, as can be seen in
Fig. 9b.

3.10. Mechanistic insights

From the above results it can be suggested that the aromatic
ring of 4,6-DMDBT interacts with the carbon surface through
the n—n stacking and/or through the donor acceptor mecha-
nism, and these interactions are responsible for the high
adsorptive capability of the studied activated carbons. The

100

a oo N o ©
o o o o
1 1 1 1

% Conversion

0 % methanol
5 % methanol
104 10% methanol

SX PLUS SXPLUS-Nox SX PLUS-Sox

Activated carbons

Fig. 10 Effect of MeOH on catalytic oxidation/removal of 4,6-DMDBT
with the pristine and oxidized SX PLUS carbons (25 mg carbon, 10 ml
hexadecane, 20 ppmw of sulfur, 1 mL H,O; solution, T = 60 °C, t = 24 h).
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activity of the carbons as oxidation catalysts is associated with
the concentration of oxygen surface functional groups, i.e. lac-
tones or/and carbonyl groups.®® These surface groups can also
be responsible for the strong retention of the formed oxidation
products, like sulfoxide and sulfones. The most crucial and
still not clearly elucidated aspect is the catalytic role of the
carbon surface. The major and most well-established pathway
is that the above functional groups on the carbon’s surface cat-
alyze the decomposition of H,0, to free radicals such as "OH
or ‘OOH, which are powerful oxidants for the oxidation of
sulfur compounds to their corresponding sulfoxide and/or sul-
fones. These radicals can also be responsible for the formation
of active molecular oxygen anions that also can act as an
oxidant of 4,6-DMDBT. And all these reactions occur inside the
micropores of carbon that act as “microreactors”.

In order to conclude if the catalytic capability can be linked
to the formation of free radicals, methanol was used as a sca-
venger (Fig. 10). In the presence of methanol, the conversion/
removal percentage of 4,6-DMDBT was decreased for all
carbons. In the case of SX PLUS-Sox, the decrement of the
removal was 40% by the addition of 10% methanol per volume
of the solvent. This removal efficiency is even lower from the
measured adsorptive performance of this sample, a fact that
suggests the blockage of both adsorption and catalytically
active sites. This can be assigned to the water moieties, which
remain adsorbed on the surface of the carbon by polar forces
or/and hydrogen bonds, forming a film that hinders the inter-
action with 4,6-DMDBT (Fig. 11a). This is in perfect agreement

(<]
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o HO : ]
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agueous
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Carbon-catalyst (AC) redox cycle via H,O, decomposition

AC-OH + Hy0, —> AC-OOH +H,0

AC-OOH + H,0, —>AC-OH +H,0+0,

active oxygen species formation
H,0, — HOO™ + H*
HOO™ + O, — HOO + O,
HOO + 'OH— H,0+0,

Carbon-catalyst (AC) redox cycle via H,0, decomposition
AC +H,0, >ACT + HO +OH
ACt +H,0,—AC +HT+'00H
‘'OH +'O0OH — H,0+0,

Fig. 11 All the proposed interactions, mechanisms, and reactions (a—e) during the catalytic oxidation of 4,6-DMDBT by the acidic activated porous

carbon-catalyst.
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with the above presented results when pure water was added,
leading to a decrement of the oxidation/removal efficiency.
The negative effect upon methanol addition may be attributed
to the reaction of methanol with the free radicals, which are
generated by the decomposition of hydrogen peroxide on the
surface of the activated carbon,’®”””® and these reactions are
shown in Fig. 11. Additionally, methanol reacts faster with free
radicals (kyeors/'OH = 1.109 M~' s7') than with H,0, (kuo0,/
MeOH = 2.7103 M™' s7'). Therefore, it is concluded that acti-
vated carbon acts as a catalyst in the decomposition of H,0,,
via free radical formation that contributes to 4,6-DMDBT oxi-
dation. However, for both the adsorptive and catalytic oxi-
dation tests, the decrement of removal due to antagonistic
adsorption between 4,6-DMDBT and MeOH, or as mentioned
above due to the occupation of the active sites by MeOH (as by
water), cannot be excluded.

Since hydrogen peroxide can undergo a fast decomposition
in the presence of activated carbon, the most crucial aspect is
the simultaneous presence of 4,6-DMDBT and H,O, inside the
pores in order for all the consecutive reactions to occur
(Fig. 11a). The presence of water in a high amount can
decrease the reaction kinetics by blocking/occupying the
adsorption/reaction sites. The oxidation of 4,6-DMDBT under-
goes through a redox cycle of carbon with the participation of
superoxide anionic radicals and H,O, (Fig. 11b). Analogous
redox cycle based catalytic oxidation pathways were reported
for metal oxides.”® In general, peroxide has a triple role. The
first one is to activate carbon’s surface (Fig. 11c), the second to
act as a pool of molecular oxygen (Fig. 11d), and the third to
participate in the formation of superoxide anionic radicals
(Fig. 11e).

In more recent publications, free radical species
('OH/'OOH) have been postulated as the main intermediates
in the reaction mechanism, whose formation would take place
through an electron-transfer reaction similar to the Fenton
mechanism, with AC and AC" as the reduced and oxidized
catalyst states. The recombination of free radical species
(OH/'OOH) in the liquid phase and/or onto the activated
carbon surface will produce water and oxygen according to
reactions in Fig. 11. When 4,6-DMDBT is adsorbed on the
surface of activated carbon, in which also H,0, is decomposed
into radicals H' and HOO", the latter reacts with O, to super-
oxide, which further oxidizes 4,6-DMDBT to sulfoxides and/or
sulfones. It is also feasible that the free ‘OH or "OOH radicals
attack directly and oxidize 4,6-DMDBT.

4. Conclusions

In the current work, we presented the potential use of acti-
vated carbons not only as adsorbents of sulfur compounds but
also as metal-free oxidation catalysts for the desulfurization of
fuels via oxidation of 4,6-DMDBT to the corresponding sul-
fones and sulfoxides in a reusable manner and under ambient
conditions. The comparison of five commercial porous
carbons revealed that the removal capability depends predomi-
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nately on the density of acidic surface functional groups, while
the adsorption is governed by the formation of donor-acceptor
complexes between the adsorbent and the adsorbate. Further
chemical modification of the carbon’s surface via treatment/
oxidation with HNO; or H,SO, was also investigated. In both
cases, the basic surface groups were decreased, the phenolics
were eliminated, while the lactones were increased, and car-
boxyl groups were formed. The modification with the former
acid had a more pronounced effect on the formation of acidic
groups and induced faster catalytic oxidation/removal kinetics,
while treatment with the latter acid led to a significant
decrease of the basic sites and to the highest adsorptive capa-
bility. Although the oxidation of carbons had a relatively mod-
erate negative effect on porosity characteristics, the oxidized
counterparts showed a 100% desulfurization capability, a
value being 33% higher compared to the performance of the
parent non-modified commercial carbon, confirming the pre-
dominant role of the surface chemistry. In addition, it was
shown that the abundance of micropores with a size of <1 nm
is beneficial for the adsorptive/catalytic reactivity due to con-
finement effects considering the similar size of 4,6-DMDBT.
The reaction of 4,6-DMDBT in the presence of H,0O, led to the
formation of the corresponding sulfoxide and sulfone, as a
result of the formation of superoxide and free "OH and ‘'OOH
radicals upon the decomposition of H,0, on the carbocatalyst
surface. These results can boost the research activities and
exploitation of activated porous carbons, without the use of
any external metals with redox activity, as highly efficient
green catalysts in oxidative deep desulfurization of fuels or
other related processes.
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