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nversion of petroleum coke to
solid acid catalysts – effectiveness of hydrogen
peroxide and impact of silica contamination

Natalia Mariano Cabral and Josephine M. Hill *

Petroleum coke (petcoke) samples containing silica sand (SiO2) in the concentrations of ∼50 and 7 wt%

were functionalized with nitric acid and hydrogen peroxide to produce carbon-based solid acid catalysts

by converting the inherent sulfur species in petcoke to sulfonic acid sites (–SO3H). The effect of SiO2

content and functionalization agent on the physical, surface, and acidic properties of the prepared

materials were evaluated, and their catalytic activities were assessed in the esterification reaction of

octanoic acid and methanol at 60 °C, yielding 17–54% of ester after 6 h. The functionalization with H2O2

is more environmentally friendly than with HNO3 and produces more active catalysts (ester yields of 54%

and 45%, respectively). The activities of the prepared materials were more dependent on having fewer

oxygen-containing carbon groups (related to total acidity) on the surface than on a higher concentration

of sulfonic acid sites. Thus, the improved activity of the catalyst prepared with H2O2 was due to a lower

total acidity (∼1 mmol g−1) than the catalyst prepared with HNO3 (∼5 mmol g−1). The stabilities of

petcoke-derived catalysts were poor, and regeneration was not possible, which is a common problem

for carbon-based solid acid catalysts. The petcoke with a higher content of SiO2 resulted in better

esterification performance. The silica sand promoted the reduction of particle size during the ball-milling

process, leading to reduced diffusion limitations and the generation of silanol groups that are hydrogen-

bond donors, helping in the esterification reaction.
Introduction

Petroleum coke (petcoke) is a solid by-product from the rening
of crude oil and upgrading of bitumen. This carbon-rich
material (>80 wt%) also contains hydrogen, nitrogen, oxygen,
sulfur (1–8 wt%), and several trace elements,1 and is stockpiled
at a rate of ∼6 million tonnes per year globally.2 The sulfur
content limits the direct use of petcoke, and as the piles of
petcoke are open to the atmosphere, the release of pollutants –
volatile organic and aromatic compounds – to the air and
groundwater is a problem.3 Thus, researchers have been
exploring ways to valorize this feedstock, including as an
adsorbent for heavy metals sequestration,4 a precursor for the
preparation of carbon-based nanomaterials,5 supercapacitors,6

a support for photocatalysts,7 a co-gasication feed with
biomass,8 adducts in construction materials,9 and a solid acid
catalyst.10–13 While various reactants can be used to convert the
petcoke to these products, many of these reactants are not
environmentally friendly.

The sulfur species in petcoke were reported to be mainly
organic compounds, accounting for more than 90 wt% of the
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4852; Tel: +1 403 284 4519

the Royal Society of Chemistry
total sulfur, and the remaining were inorganic species
(sulfates). The organic fraction contains dominantly thiophene,
benzothiophene, and dibenzothiophene molecules (60–
80 wt%), 10–30 wt% of sulfoxide, and a minor fraction
(<10 wt%) of suldes/disuldes.12,14–16 These thiophenes have
high thermal stability, making their removal hard to accom-
plish. However, they can be converted through an oxidation
process. Strong acids are oen used as oxidizers; nitric acid, for
example, is effective at converting the inherent organic sulfur
into sulfonic acid sites (–SO3H)12,13 but releases NOx gases and
promotes SO2 formation during its decomposition in the pet-
coke functionalization process.13,17 Aer oxidation with nitric
acid, the sulfur content in petcoke was reported to decrease
around 20–40 wt% due to SO2 formation, and the sulfur species
were reported to be exclusively organic, in which 10–30 wt%
were oxidized sulfur (–SO3H), and the remaining was thio-
phenic compounds.12,13

Solid-acid catalysts from petcoke were also prepared in a two-
step process involving chemical activation with KOH and
sulfonation with H2SO4.18,19 Another study applied chemical
activation with KOH and impregnation with ammonium
heptamolybdate to enhance the mesoporosity, then used func-
tionalization with HNO3 to convert petcoke into a mesoporous
solid acid catalyst.11 These activation processes resulted in the
removal of sulfur from petcoke.20 For the conversion of other
RSC Adv., 2025, 15, 45453–45466 | 45453
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carbon materials, such as agricultural waste, researchers have
used mainly concentrated acids (e.g., H2SO4, HNO3, and H3PO4)
via a sulfonation process to introduce acidity to the surface of
the carbon material. Before the sulfonation, however, most
waste carbon feedstocks were modied with carbonization,
pyrolysis or activation.21–26 Based on sulfur conversion pathways
predicted via density functional theory (DFT) calculations, cOH
is formed and could contribute to the oxidation of sulfur in
petcoke.13 Therefore, hydrogen peroxide, which decomposes to
water, may be effective because it produces these radicals but is
less active for carbon oxidation compared to HNO3

27,28 and so
will result in fewer undesirable surface groups (i.e., carbonyl,
carboxyl, and hydroxyl).

Aside from the components within the petcoke, other
contaminants may be introduced from the extraction, process-
ing, and storage steps.29–35 Petcoke is one of many waste mate-
rials that contains silica. Agricultural waste, such as rice husk,
sugar cane bagasse, wheat husk, and corn straw, may contain
up to 50–86 wt% silica/silicon in the ash.36–39 Similar to petcoke,
the harvesting, handling, and storage processes of these agri-
cultural wastes can incorporate soil, resulting in a SiO2

concentration of 2–25 wt% in these feedstocks.38,39 Silica is
generally an inert material for many reactions but may damage
the process equipment because of its hardness. This material is
also detrimental to the valorization of other waste feedstocks,
affecting the feasibility of the pyrolysis of waste tires to value-
added products,40 and inhibiting the biogas production from
sewage sludge.41 Separation of the silica before processing the
material, however, adds complexity and cost to the overall
process, possibly negating the benets of using a waste
feedstock.

In this study, petcoke-derived solid acid catalysts were
prepared using hydrogen peroxide to access the sulfur species
and convert them to sulfonic acid sites and were characterized
with various techniques. Two batches of petcoke with different
silica contents were used to evaluate the effect of SiO2 on the
functionalization process and subsequent activity of the
produced catalysts. The reaction of octanoic acid and methanol
to produce an ester was used to evaluate the catalysts. Esteri-
cation reactions such as this one are part of the route to convert
biomass, a renewable resource, into biodiesel.

Experimental
Materials and methods

Materials. The delayed petcoke (PC) from the oil sands
industry used in this work was supplied by Suncor Energy Inc.,
Alberta, Canada. The two batches contained different levels of
silica. The batch with the higher ash content (∼50 wt%) is
referred to as PCSi, while the batch with the lower ash content
(∼7 wt%) is referred to as PC. Before any experiments, samples
from both batches were ground and sieved into particles in the
range of 20–100 mm. Nitric acid (HNO3, 70 wt%, Sigma-Aldrich),
hydrogen peroxide (H2O2, 30% w/w, VWR Chemicals BDH), and
hydrochloric acid (HCl, 37 wt%, Sigma-Aldrich) were used to
prepare petcoke-derived acid catalysts. Methanol (MeOH, HPLC
$ 99.9%, Sigma-Aldrich) and octanoic acid (OA, 99%, Thermo
45454 | RSC Adv., 2025, 15, 45453–45466
Scientic) were the reactants for the esterication reaction. A
commercial solid-acid catalyst, Amberlyst-15 ion exchange resin
(Thermo Scientic), was also tested for comparison to the
petcoke-derived catalysts. A 0.1 N standard solution of sodium
hydroxide (NaOH, J. T. Baker-Avantor), a 0.01 N standard solu-
tion of hydrochloric acid (J. T. Baker-Avantor), and phenol-
phthalein (1% w/v in 95% v/v Alcohol, RICCA Chemical
Company) were utilized in the titration experiments to quantify
total acidity.

Preparation of petcoke-derived solid acid catalysts. Before
any treatment, PC and PCSi were wet ball milled using a Plan-
etary Ball Mill (Pulverisette 6, Fritsch), with 5 mm zirconia balls
at 300 rpm for 4 h at a sample-to-ball mass ratio of 1 : 25 (4 g of
sample: 100 g of ZrO2 balls) and 25 mL of isopropanol. The
samples were dried in a vacuum drying oven at 65 °C to remove
the isopropanol and named BPC and BPCSi, respectively. The
ball-milled samples were functionalized with nitric acid as
previously reported.12,13 In a round-bottom ask, 5 g of BPCSi
were mixed with 50 mL of HNO3 and stirred at 600 rpm during
reuxing at 90 °C for 8 h. Then, this mixture was ltered using
a 0.22 mm membrane lter, and the solid was washed with
reverse osmosis water and a 0.6 wt% HCl solution. Aer that,
the solid was dried in a vacuum oven at 65 °C overnight to
remove moisture and HCl, producing the BPCSi-HNO3 catalyst.
Functionalization with hydrogen peroxide was done for both
BPCSi and BPC, and involved mixing 5 g of ball-milled petcoke
with 50 mL of 30% w/w H2O2 followed by stirring at 600 rpm at
room temperature for 20 h. The ltration, washing, and drying
processes were conducted as previously described, producing
the BPCSi-H2O2 and BPC-H2O2 materials.

Characterization. Thermogravimetric analysis (TGA, SDT
Q600, TA Instruments, New Castle, DE, USA) was performed to
determine the ash content and check the thermostability of the
samples. Approximately 15 mg of material was heated under an
air ow of 50 mL min−1 from ambient temperature to 750 °C at
20 °C min−1 and held at this temperature for 30 min. The
structural properties of petcoke-derived catalysts were investi-
gated by X-ray diffraction of powder samples (XRD, D8
Advanced ECO, Bruker, Bilerica, MA, USA), collected using
a CuKa X-ray source, l = 0.15418 nm, 2q angles between 5 to
75°, 40 kV, and 25 mA. The samples were analyzed as received
and loaded into a 25 mm polymethyl methacrylate (PMMA)
sample holder. Chemical composition (CHNS) was determined
by ultimate elemental analysis using a Flash 2000 CHNS
analyzer (Thermo Scientic, Waltham, MA, USA). The
morphology of the surface was investigated by scanning elec-
tron microscopy (SEM, Phenom Pro X, Thermo Fisher Scientic
Phenom-World BV) at an acceleration voltage of 15 kV. Nitrogen
adsorption and desorption isotherms were collected by N2

physisorption at −196 °C using a Tristar II Plus analyzer
(Micromeritics Instrument Corporation, Norcross, GA, USA),
and the non-local density functional theory (NLDFT) model was
used to determine surface area and pore volume. All samples
were degassed at 150 °C under vacuum overnight before the
analysis.

Surface functional groups on the samples were identied
using a Fourier Transform Infrared (FTIR, Nicolet iS50, Thermo
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fisher Scientic, Waltham, MA, USA) spectrometer with atten-
uated transmission reectance (ATR). The spectra were
collected in the wavenumber range of 4000–400 cm−1, at
a resolution of 4 cm−1 and 128 scans. Additional surface anal-
ysis was performed by X-ray photoelectron spectroscopy (XPS,
Kratos Axis Spectrometer, Kratos Analytical Limited, Man-
chester, UK) with monochromatized Al Ka (hn = 1486.71 eV).
Surface elemental compositions of the samples were obtained
from the survey spectra, considering major elemental peaks.
The peak tting of components in the C 1s and S 2p narrow-
scan spectra was done using CasaXPS (Version 2.3.22PR1.0,
Casa Soware Ltd, Teignmouth, UK), in which each component
represents different chemical bonds. The peaks in the narrow
scan spectra were tted according to chemical and physical
constraints.16,42 For the C 1s tting, the constraints applied were
the same FWHM for all peaks (0.8–1.8 eV), with peak position as
reported in literature,13,43–45 with a shi of ±0.3 eV for each
component. While the tting of peaks for the S 2p narrow scan
followed the approximate 2 : 1 relative area of the spin–orbit
doublets (2p3/2 and 2p1/2) for each species, separated by 1.18–
1.2 eV with equal FWHM (1.2–1.6 eV), and peak position as re-
ported in literature.44–51 The total acidity (number of total
surface acidic groups) on the petcoke-derived catalysts was
determined using a modied Boehm titration method. A
mixture of 0.05 g of sample and 5 mL of a 0.1 N NaOH standard
solution was oscillated in a shaker at 25 °C, 250 rpm for 24 h.
Then, 1 mL of this solution was ltered and back-titrated with
a 0.01 N standard solution using phenolphthalein as indicator.

Esterication reaction. The esterication reactions between
octanoic acid and methanol were performed in a 100 mL two-
neck round-bottom ask connected to a reux condenser. The
system was heated in a water bath and constantly stirred at
850 rpm. For a typical run, the methanol to octanoic acid molar
ratio used was 10 : 1 (∼23.0 g of MeOH and ∼10.0 g of OA),
mixed with ∼0.5 g of catalyst (5 wt% of OA) for 6 h at 60 °C.
Periodically (every 30 min to 90 min then every 60 min), 0.2 mL
samples were withdrawn from the mixture and ltered with
a membrane lter (0.22 mm, nylon) to remove the solid catalyst.
Once withdrawn, the solution cooled to room temperature at
which the rates of the heterogeneous and homogeneous reac-
tions were negligible. A fraction of the withdrawn sample (44 mL
of solution) was diluted in 10 mL of methanol and quantied by
gas chromatography with Flame Ionization Detection (GC-FID,
8860 GC-FID, Agilent Technologies, Santa Clara, CA, USA)
using a DB-FATWAX UI (polyethylene glycol-type, 30 m ×

0.25 mm × 0.25 mm) capillary column. The temperature
program of the GC consisted of 0.5 min at 50 °C, then a ramp of
40 °C min−1 to 200 °C, holding for 2 min. Helium (He) was used
as the carrier gas, in which an aliquot of 1 mL of each sample was
injected in the split mode (ratio of 100 : 1), with an inlet
temperature of 250 °C. The detector mode was at a constant
makeup ow of 25 mLmin−1 of He, 450 mLmin−1 of air, and 40
mL min−1 of hydrogen (H2). The samples were analysed in
triplicate, and the error of the analysis was estimated to be <1%.
The only chemicals identied by GC-FID were octanoic acid
(OA) and methyl octanoate (MOA).
© 2025 The Author(s). Published by the Royal Society of Chemistry
The ester yield was calculated based on the following
equation:

Ester Yieldð%Þ ¼ ½MOA�actual
½MOA�theoretical

� 100% (1)

where [MOA]actual is the concentration of methyl octanoate
formed and [MOA]theoretical is the theoretical maximum
concentration of ester, which is equal to the initial concentra-
tion of octanoic acid. The initial turnover frequencies (TOF),
which represent the catalyst activity per site, were calculated as
follows:13

TOF
�
h�1� ¼ k � ½OA�0 � V

mcatalyst � ½�SO3H� (2)

where k is the pseudo rst-order rate constant (h−1), [OA]0 is the
initial concentration of octanoic acid (mmol mL−1), V is the
total volume of the reaction solution (mL), mcatalyst is the mass
of catalyst utilized in the reaction (g), and [−SO3H] is the
concentration of sulfonic acid sites on the catalyst surface
(mmol g−1). Eqn (3) shows the pseudo rst-order model, which
assumes a constant methanol concentration and negligible
reverse reaction rate:10,52

[OA] = [OA]0e
−kt (3)

where [OA] is the concentration of OA (mmol mL−1) at time t (h)
and k is the rate constant (h−1) for the pseudo rst-order model,
in which all assumptions were satised with the conditions
applied at the initial stages of the reaction.

Catalyst reuse and regeneration. To evaluate the stability of
the catalysts, a reuse experiment was performed with the spent
catalyst recovered aer the rst reaction cycle. Aer the reac-
tion, the catalyst was ltered, washed with methanol to elimi-
nate any chemical adsorbed on the surface of the material, and
dried overnight in the fume hood. Then, the catalyst was used
again for the esterication reaction under the same conditions
previously described.

For the regeneration of catalysts, the procedure wasmodied
from the literature.53 The deactivated material (aer the rst
cycle) was washed with methanol and acetone. Then, the cata-
lyst was immersed in 50 mL of 1 M H2SO4 solution for 24 h and
stirred at room temperature. Aer that, the catalyst was ltered
and washed with reverse osmosis water until the residual
solution reached pH 7. The samples were dried in a vacuum
oven at 60 °C overnight before being used in the esterication
reaction once more.
Results and discussion
Esterication reaction

Fig. 1 shows the catalytic activity of the petcoke-derived solid
acid catalysts prepared by chemical treatment with nitric acid or
hydrogen peroxide in the esterication reaction of octanoic acid
and methanol. Each ester yield data point is an average of 3
runs, and the error bars represent one standard deviation.
Without functionalization, PCSi, and the ball-milled sample
(BPCSi) were inactive for the esterication reaction, and the
RSC Adv., 2025, 15, 45453–45466 | 45455
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Fig. 1 Esterification of octanoic acid using petcoke-derived catalysts.
Reaction conditions: MeOH :OA molar ratio = 10 : 1, 5 wt% of catalyst
(based on the weight of octanoic acid), 60 °C, 800 rpm.
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ester yield obtained in both cases (1.5%) were lower than the
blank test (4.4%). The blank test results indicate that there was
a relatively slow homogeneous reaction occurring. The lower
yield obtained in the presence of PCSi and BPCSi can be
explained by the adsorption of the product, from the homoge-
neous reaction, on the oxygen-containing carbon groups (i.e.,
hydroxyl and ether groups) on the surface of petcoke.13

Aer chemical treatment, the activity improved in the order
of samples BPC-H2O2 < BPCSi-HNO3 < BPCSi-H2O2, with ester
yields aer 6 h of 17%, 45%, and 55%, respectively. All prepared
materials had a lower yield than the 65% yield obtained with the
commercial Amberlyst-15 catalyst. Ester yields negatively
correlate with the number of oxygen-containing carbon
Fig. 2 Esterification of octanoic acid using fresh catalyst, spent catalyst (
(A) and BPCSi-H2O2 (B). Reaction conditions: MeOH :OA molar ratio =

45456 | RSC Adv., 2025, 15, 45453–45466
functional groups on the petcoke-derived catalyst surface,13

which might explain the poorer performance of BPCSi-HNO3.
The performance of the high silica-containing petcoke was over
three times better than that of the petcoke with a lower silica
content. Table S1 summarizes other recent studies on waste-
derived carbon-based solid acid catalysts, with a series of
materials prepared via the extensively studied sulfonation with
sulfuric acid (H2SO4),10,22–24,26 applied in the esterication reac-
tion of octanoic or oleic acid with methanol. The difference
between these carboxylic acids is their carbon chain length –

oleic acid has 18 carbons and octanoic acid has only 8 carbons.
The reactivity of these molecules, under the same conditions,
decreases with the growth of the carbon chain due to steric
hindrance.54 So, a material that is active for the esterication of
oleic acid should be more active for the reaction with octanoic
acid. The estimated TOF for BPCSi-H2O2 (308 h−1) and BPCSi-
HNO3 (192 h−1) were higher than the other waste-derived
materials (between 1.3–68 h−1) and Amberlyst-15 (6 h−1). The
fact that higher yields were reported for these catalysts21–24,26

suggests that an excess of catalyst was used in the experiments.
In addition, the reaction conditions were different with higher
temperatures,21–23 and a higher excess of alcohol.10,22,23

Comparing the TOFs, the activity per site of the –SO3H groups
originated from the inherent sulfur species in petcoke is better
than that on the surface of Amberlyst-15, and that generated
from sulfonated waste-derived carbon materials.

Even though the chemical functionalization of petcoke with
hydrogen peroxide produced a more active material than the
nitric acid treatment, the catalyst stability was not improved
(Fig. 2 and S1). All samples, including Amberlyst-15, were
deactivated aer the rst cycle. The deactivation was more
pronounced for the petcoke-derived solid acid catalysts, for
which the ester yields decreased to 10–15%. This loss in activity
could be due to the partial deactivation of acid sites or the
leaching of sulfonic acid sites into the solution.53,55 The
reuse curve), and catalyst after regeneration with H2SO4: Amberlyst-15
10 : 1, 5 wt% of catalyst, 60 °C, 800 rpm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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performance of the regenerated catalysts is shown in Fig. 2. The
deactivation of the Amberlyst-15 was reversible, and the
majority of the activity could be recovered aer acid treatment
(Fig. 2A). The BPCSi-H2O2 catalyst, however, was irreversibly
deactivated, consistent with leaching of sulfonic acid sites (–
SO3H) to the reaction solution. These results are consistent with
those of other waste-derived carbon-based materials (Table S1).
Sulfonated activated carbon from coffee residue25 and from
spent coffee grounds26 lost∼70% of their initial activity aer the
5th and 4th cycle, respectively, which is comparable with the
loss for BPCSi-HNO3 and BPCSi-H2O2 aer the 2nd use. Again,
the reaction conditions and amounts of catalyst used were
different in each study. Catalysts that are more porous may have
active sites that take longer to diffuse through the material and
into solution, as well as more active sites per mass of catalyst.
For example, the loss of activity for the higher porosity materials
(i.e., activated carbon) made from potato peel,22 ginger straw,23

and garlic peel24 was lower (∼30% of the initial ones) aer 4 to 5
cycles, but still signicant. The sulfonated activated carbon
produced from corn cob,21 with the highest porosity and initial
–SO3H concentration, had the lowest loss in activity of only 9%
Table 1 Surface area, pore volume, and ash content of petcoke before
and after functionalization with different agents

Sample

N2 physisorption

Ash
(wt%)

Surface area
(m2 g−1)

Pore volume
(cm3 g−1)

PCSi 1 0.008 47.5
BPCSi 23 0.068 48.2
BPCSi-HNO3 20 0.084 37.7
BPCSi-H2O2 26 0.082 44.7
PC 1 0.004 6.9
BPC 2 0.008 10.5
BPC-H2O2 2 0.007 14.2

Fig. 3 Characterization of bulk and surface properties of petcoke-derive
(PDF-5+ card of quartz). The peaks at 21° and 26.6° of PCSi, BPCSi-HNO3,
peaks; (B) ATR-FTIR spectra of high silica petcoke before and after func

© 2025 The Author(s). Published by the Royal Society of Chemistry
aer 8 cycles. The higher TOF observed for BPCSi-HNO3 and
BPCSi-H2O2 may originate from the faster detachment of –SO3H
groups from the surface for these lower porosity materials
(Table 1). The rate of the homogeneous reaction contributes to
the overall activity of the system but is not considered in most
studies. In this study, it is not known if the sulfonic acid sites
catalyze the esterication of octanoic acid before detaching
from the surface. While the sites are not stable in methanol
(leaching tests), in the presence of the reactant (octanoic acid),
the material may act as a solid acid catalyst.

Catalysts properties: differences between functionalization
with HNO3 and H2O2

The XRD patterns and FTIR spectra of petcoke before (PCSi) and
aer functionalization with HNO3 and H2O2 are shown in Fig. 3.
In the XRD analysis, a broad peak at 2q z 25.0°, characteristic
of petcoke, and corresponding to the graphite C (002) plane, is
evident. In addition, several sharp peaks at 2q = 21°, 26.6°,
36.6°, 39.6°, 40.4°, 42.6°, 45.6°, 50.2°, 55.1°, 60.0, and 67.9° are
present, which are attributed to the crystalline structure of SiO2.
Moreover, PCSi and BPCSi-H2O2 samples have a peak at
2q = ∼12°, which is characteristic of the kaolinite mineral
structure (Al2Si2O5(OH)4).56–58 This mineral is usually present in
silica sand composition56 and has been reported as one of the
minerals in Alberta oil sands.58 The relative intensities of these
peaks between samples are consistent with the ash values
shown in Table 1, which contains the physical properties of the
materials. Due to the high intensity of the SiO2 diffraction
peaks, it was not possible to observe any differences in the
structure of the petcoke-derived catalysts aer chemical
functionalization. These results are consistent with previous
ndings59 where a blend of petcoke and SiO2 with a carbon-
to-silicon elemental ratio of 1 : 1 had only SiO2 peaks in the
XRD pattern.

The surface area and pore volume were calculated from N2

physisorption experiments. Aer the functionalization of PCSi,
d samples. (A) XRD patterns of catalysts and reference pattern for SiO2

and BPCSi-H2O2 samples were truncated to enhance visibility of minor
tionalization with different agents.

RSC Adv., 2025, 15, 45453–45466 | 45457
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there was an overall increase in the surface areas and pore
volumes of the prepared samples (BPCSi-H2O2 and BPCSi-
HNO3), but these materials are much less porous than activated
carbon. The decrease in ash content (Table 1 and Fig. S2) for
BPCSi-HNO3 (38%) when compared to PCSi (47.5%) was likely
due to the removal of some mineral impurities during the
treatment with nitric acid,13 which is reinforced by the absence
of a diffraction peak at 2q = ∼12° for this sample. In contrast,
no signicant change in ash content was detected for BPCSi-
H2O2 (45%). Overall, there were not many differences between
the physical properties of BPCSi-HNO3 and BPCSi-H2O2, so the
better activity for the latter is related to its chemical properties.

The S/C and O/C ratios were calculated using the ultimate
elemental analysis of the catalysts (Table S2) – the PCSi sample
had an S/C of 0.073 and O/C of 0.03. Aer functionalization with
both hydrogen peroxide and nitric acid, there was a slight
decrease in S/C ratio to 0.062 and 0.071 for BPCSi-HNO3 and
BPCSi-H2O2, respectively. Themajor change was in the O/C ratio
of BPCSi-HNO3 that increased to 0.47, while that of BPCSi-H2O2

increased only marginally from 0.03 to 0.06. Aer the func-
tionalization with HNO3 and H2O2, the concentration of oxygen
was expected to increase due to the formation of sulfonic acid
sites and other oxygen-containing carbon functional groups,
consistent with the increased O/C ratio for both samples.

The chemical states of functional groups aer HNO3 and
H2O2 functionalization were investigated by FTIR (Fig. 3B) and
Fig. 4 Narrow scan XPS spectra for pristine high-silica petcoke (PCSi) and
A, C, E) and S 2p (right-B, D, F).

45458 | RSC Adv., 2025, 15, 45453–45466
XPS (Fig. 4). The FTIR spectrum of PCSi had a band centered at
1600 cm−1 associated with poly-aromatic rings of hydrocarbon
molecules and bands between 900–600 cm−1, which correspond
to aromatic hydrogen.10 Aer functionalization, the infrared
spectra of BPCSi-HNO3 and BPCSi-H2O2 had absorption bands
at 1670, 1720, and 1780 cm−1 assigned to C]O stretching of –
COOH, C–O, and C]O groups,60,61 and vibration in the region of
1280–940 cm−1. Although these spectra have intense bands at
∼1030 cm−1 and ∼1200 cm−1, which are related to the S]O
stretching vibration of sulfonic groups,12,13,18 the –SO3H forma-
tion could not be conrmed using only the FTIR technique.
Silica has Si–O–Si vibration absorption between 1200–
1000 cm−1 62,63 that overlaps with the sulfonic acid functional
group. The FTIR spectrum of silica is shown in Fig. S3, con-
rming that the peaks between 1200–1000 cm−1 in the FTIR
spectra of BPCSi and the functionalized materials are mainly
due to the presence of SiO2. Also, aer ball-milling treatment,
the peak intensity of Si–O–Si stretching vibration increased
when compared to PCSi (Fig. S3). This behaviour has also been
reported for biochar made from sugarcane bagasse and wheat
straw aer ball-milling and is associated with the high silica
content of these materials.64 The acid-treated catalyst (BPCSi-
HNO3) had themost intense bands of C]O stretching as well as
bands at 1340 cm−1 and 1530 cm−1 associated with NO2

stretching modes, indicating the presence of nitro groups.13

Moreover, the FTIR results suggested that this material has
after ball-milling and functionalization with HNO3 and H2O2 C 1s (left-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Narrow scan XPS spectra of N 1s for PCSi and petcoke-derived
solid acid catalysts.
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more oxygen-containing groups on its surface than BPCSi-H2O2,
which may explain the poorer activity of BPCSi-HNO3.

The surface properties of the petcoke-derived catalysts were
also analyzed by X-ray photoelectron spectroscopy (XPS). The
surface elemental composition was calculated in weight
percentage from the survey spectra (Fig. S4), and the results are
shown in Table S3. In addition to carbon, oxygen, nitrogen, and
sulfur, two other elements were detected on the surface of
petcoke-derived samples: silicon and aluminium. PCSi con-
tained 16.6 wt% Si. Aer treatment, BPCSi-HNO3 had an
increase in the nitrogen content, as expected, and an increase in
the O/C ratio (from 0.50 to 0.76) while the S/C ratio did not
signicantly change. The signicant decrease in the Si/C and Al/
C ratio aer acid functionalization is consistent with mineral
impurity removal (i.e., lower ash content, Table 1). The petcoke
functionalization with hydrogen peroxide, on the other hand,
resulted in a material (BPCSi-H2O2) with a lower sulfur content
on the surface, demonstrated by the decrease in S/C ratio. This
decrease is likely due to partial oxidative desulfurization
promoted by H2O2 during preparation,65,66 and an increase in
the O/C ratio (from 0.50 to 0.89). The greater O/C ratio for
BPCSi-H2O2 was associated with the higher SiO2 content in this
sample, as demonstrated by its ash percentage and more
intense peaks in FTIR related to Si–O–Si vibration (Fig. 3B). In
addition, the higher Si/C and Al/C ratios for this sample were
related to a reduction in the carbon content aer functionali-
zation, and not to mineral removal.

The tting of peaks for the XPS narrow scan spectra are
shown in Fig. 4 and were used to determine the oxidation states
of carbon and sulfur in the samples. The C 1s spectra (Fig. 4A, C,
and E) contained ve peaks for the PCSi sample, centred at
284.9 eV, 284.4 eV, 285.8 eV, 287.0 eV, and 288.7 eV corre-
sponding to sp3 carbon, sp2 carbon, carbon hybridized with N
and S, C–O, and C]O,13,43–45 respectively. Aer functionalization
with HNO3 and H2O2, one additional peak was detected
centered at ∼290 eV corresponding to p–p* transition (O]C–
O), indicating the addition of oxygen-containing carbon groups
on the surface. The percentage of carbon in the C–O bond
changed from 5.6% for PCSi to 3.4% for BPCSi-HNO3, and 7.1%
for BPCSi-H2O2. The C]O bond content increased from 3.8% in
petcoke (PCSi) to 10.7% for BPCSi-HNO3 and 5.4% for BPCSi-
H2O2 (Table S4). The sulfur species are shown in Fig. 4B, D, and
F, and the PCSi S 2p spectrum was tted into four peaks, cor-
responding to two different species. The peaks centred at
163.9 eV and 165.0 eV are attributed to C–S–C (2p3/2 and 2p1/2,
respectively), characteristic of sulfur in the thiophene struc-
ture,46,47 while the peaks at ∼169 eV and 170 eV are the binding
energy of SO4

2− species related to metal sulfates in petcoke.48–50

Aer functionalization, the sulfate peak disappeared, and two
additional peaks at 167.7 eV and 168.8 eV related to –SO3H
groups44,45,51 appeared in the S 2p high-resolution spectra of
BPCSi-HNO3 and BPCSi-H2O2. This result conrmed that
hydrogen peroxide can access and convert the inherent sulfur
species in petcoke into sulfonic acid sites, in the same way as
has been demonstrated for nitric acid.12 Even though BPCSi-
HNO3 had a higher concentration of oxygen groups, as
demonstrated by elemental analysis, the XPS spectrum was not
© 2025 The Author(s). Published by the Royal Society of Chemistry
signicantly different from BPCSi-H2O2. The main difference
was in the C]O intensity, which is higher for the former in
accordance with the FTIR results.

The N 1s narrow scan spectra of PCSi and chemically treated
samples are shown in Fig. 5. Before (PCSi) and aer function-
alization with hydrogen peroxide (BPCSi-H2O2), the amount of
nitrogen on the surface was ∼1 wt% (Table S3), and one broad
peak centered at ∼400.0 eV can be seen and is reported as N–O,
pyrrolic or pyridinic structures.67,68 The nitric acid treatment
resulted in the increase of nitrogen content on the surface
(3.6 wt%) due to the formation of nitro groups (–NO2) demon-
strated by the additional peak at the binding energy of 405.5
eV13,68 and conrmed by the FTIR results of the BPCSi-HNO3

samples (Fig. 3B).
The number of total surface acidic groups on the samples

was calculated using the Boehm titration method, and the
concentration of sulfonic acid sites was estimated based on the
XPS results, as shown in Table 2. Initially, PCSi had no sulfonic
acid sites on the surface, based on XPS, and a low total acidity of
0.30 mmol g−1. Aer the ball milling treatment, the total acidity
of the resulting sample (BPCSi) increased to 0.67 mmol g−1.
This increase in the total acidity was due to the exposure of
silanol groups (Si–OH) on the surface of silica sand, which is
a common effect when in contact with water69 – isopropanol
applied in the ball-milling process is hygroscopic. The ATR-
FTIR spectra of BPCSi (Fig. S5B) had a band at ∼3450 cm−1

attributed to the vibration of Si–OH groups.70 Functionalization
with nitric acid generated a catalyst (BPCSi-HNO3) with an
increased total acidity of ∼5 mmol g−1 and a 0.14 mmol g−1

concentration of –SO3H sites. The petcoke functionalization
with hydrogen peroxide resulted in a material (BPCSi-H2O2)
with a much lower total acidity (1.29 mmol g−1), and a lower
density of sulfonic acid sites (0.09 mmol g−1).

The XPS C 1s and S 2p narrow scan spectra of the spent
catalysts produced from a high-silica petcoke are shown in
Fig. 6. Aer use, the sulfonic acid sites on the surface of BPCSi-
RSC Adv., 2025, 15, 45453–45466 | 45459
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Table 2 Acidity and turnover frequency (TOF) of Amberlyst-15, petcoke, and functionalized petcoke

Sample

Acidity (mmol g−1) Fresh catalyst Reused catalyst

[–SO3H]a Totalb Ester yieldc (%) TOF (h−1) Ester yieldc (%)

Amberlyst-15 4.70f 4.70f 64.5 6 44.8
PCSi 0 0.30 � 0.14 1.5 —d —e

BPCSi 0 0.67 � 0.06 -e —d —e

BPCSi-HNO3 0.14 5.01 � 0.21 45.1 192 16.1
BPCSi-H2O2 0.09 1.29 � 0.26 54.2 308 17.2
PC 0 0.24 � 0.04 —e —d —e

BPC 0 0.33 � 0.06 -e —d —e

BPC-H2O2 0.20 0.97 � 0.04 17.3 42 —e

a Estimated from XPS spectra. b Estimated by Boehm titration. c Aer 6 h. d Not calculated for materials without –SO3H acidity. e Not determined.
f From the product data sheet of the manufacturer. In Amberlyst-15 all the acidity is attributed to acid sulfonic acid groups.
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HNO3-spent were completely gone, as demonstrated by the
absence of –SO3H peaks in the narrow scan S 2p spectra of this
sample (Fig. 6B) and a decrease in the sulfur content on the
surface of this catalyst from 2.5 wt% in the fresh sample to
0.6 wt% in the spent material (Table S5), demonstrating the
complete leaching of –SO3H sites during the esterication
reaction. The BPCSi-H2O2-spent, on the other hand, still pre-
sented peaks at ∼168.0 eV and ∼169.0 eV corresponding to
sulfonic acid sites. However, the total sulfur concentration
decreased considerably from 1.4 wt% to 0.7 wt% (Table S5), also
indicating leaching of the active sites, but not completely as for
BPCSi-HNO3-spent. For comparison, the density of sulfonic acid
Fig. 6 Narrow scan XPS spectra for spent catalysts prepared from a hig

45460 | RSC Adv., 2025, 15, 45453–45466
sites in the fresh sample was 0.09 mmol g−1, which decreased to
0.03 mmol g−1 for the spent material. The C 1s narrow scan
spectra of the spent samples were similar to the fresh ones, and
the distribution of functional groups did not signicantly
change (Table S6).

Although BPCSi-H2O2 had a lower concentration of –SO3H
sites than BPCSi-HNO3, the former had a higher activity per site
(TOF) of 308 h−1 versus 192 h−1 for the nitric acid catalyst. The
lower activity of BPCSi-HNO3 can be attributed to its higher total
acidity, which includes contributions from acidic oxygen-
containing carbon groups such as lactonic and carboxylic
functionalities,71 as demonstrated by the FTIR bands at 1670,
h-silica petcoke C 1s (left-A and C) and S 2p (right-B and D).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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1720, and 1789 cm−1 (Fig. 3), as well as a small contribution of
the silanol groups. The oxygen-containing carbon groups
hinder the reaction by promoting the adsorption of reactants
and products through hydrogen bonding interactions, particu-
larly with methanol, octanoic acid, and the ester formed,
causing steric hindrance.13,72,73 In addition, the TOF calculation
was done in terms of the sulfonic acid site concentration only,
because these oxygen-containing carbon groups present weak
acidity that cannot protonate the carboxyl group of the octanoic
acid, which is the rst step of the reaction. This protonation
requires strong Brønsted acid sites; therefore, only –SO3H
groups are considered truly active sites for the reaction.55,74–78

Therefore, the functionalization with hydrogen peroxide
resulted in a more active catalyst than the functionalization
with nitric acid because of the formation of fewer oxygen-
containing carbon groups on the surface of BPCSi-H2O2 when
compared to BPCSi-HNO3. This observation supports the
hypothesis that enhancing the activity of petcoke-derived cata-
lysts is highly dependent on a reduction in the number of
oxygen-containing carbon groups formed during material
preparation. Specically, these groups seem to negatively
inuence the catalyst activity to a much greater extent than the
positive effect of a higher concentration of sulfonic acid sites.
Ideally, to achieve even better catalytic performance with these
petcoke-derived materials, it is desirable to keep the total
acidity as low as the one obtained for BPCSi-H2O2, while
promoting the formation of additional –SO3H groups. The
maximum possible concentration of sulfonic acid sites was
calculated to be 0.83 mmol g−1, assuming that all sulfur in PCSi
was converted to –SO3H. Thus, there is potential for improve-
ment, as only about 10% of this maximum value has been
achieved with BPCSi-H2O2.
Catalyst properties: effect of initial SiO2 content on the
petcoke feedstock

The presence of silica in the petcoke feedstock arises from
different stages of production, processing, and handling.
During the coking step, the equipment used (siliceous refrac-
tory linings) and silica-based additives applied in the process
might contribute to the silica content in the nal product.34,35

More than likely, however, the major contribution comes from
handling and storage. Petcoke is largely stockpiled in an open
eld,29–31 in direct contact with the ground. If the storage area is
rich in silica sand, and precautions are not taken, SiO2 can get
mixed with petcoke. The area from which the petcoke used in
this study was obtained (Fort McMurray – Alberta, Canada) is
abundant in silica sand.79 So, a batch of petcoke from the
bottom of the pile can have a much higher fraction of sand
mixed with it.

The esterication results (Fig. 1) showed that BPCSi-H2O2,
generated from a feedstock containing a higher silica content
(PCSi), was much more active than BPC-H2O2. Both samples
were prepared in the same way, and silica (SiO2) is generally
chemically inert at the reaction conditions used in this study.80

Thus, the results suggest that while the SiO2 component does
not directly catalyze the esterication reaction, it contributes to
© 2025 The Author(s). Published by the Royal Society of Chemistry
enhancing the activity of the resulting catalyst. To investigate
how silica sand is affecting the overall performance of petcoke-
derived samples in the esterication reaction, the structural
properties of hydrogen peroxide-treated materials were inves-
tigated by XRD (Fig. 3). PC has the characteristic broad peak at
2q= 25° related to graphite C (002), and a sharp peak at 26.6° 2q
corresponding to microcrystals of SiO2. Aer ball milling and
H2O2 functionalization (BPC-H2O2), the SiO2 crystalline struc-
ture, as well as the kaolinite characteristic peak, became more
evident and reect the increase in the ash content from 6.9 wt%
for PC to 14.2 wt% for BPC-H2O2 (Table 1), suggesting that part
of the carbon is decomposed during the chemical functionali-
zation process. The difference between the XRD patterns of
BPC-H2O2 and BPCSi-H2O2 is mainly the intensity of SiO2 peaks,
which does not explain the better performance of the latter.

The ultimate elemental analysis of PCSi and PC (Table S2)
revealed similar S/C (0.073 and 0.076, respectively) and O/C
(0.03 and 0.01, respectively) ratios for both samples, corrobo-
rating the existence of SiO2 as a physical mixture in PCSi. The
surface chemical groups of PC and BPC-H2O2 were investigated
by FTIR-ATR (Fig. S5) and XPS C 1s and S 2p high-resolution
spectra (Fig. S6). The functional groups existing on the
surface of the materials before and aer functionalization with
hydrogen peroxide were the same as those of PCSi and BPCSi-
H2O2, respectively. Even the distribution of carbon species (sp2

C, sp3 C, C–N/C–S, C–O, C]O, and p–p*) and sulfur species (C–
S–C, C]S, –SO3H, and SO4

2−) in Table S4 were quite similar for
BPC-H2O2 and BPCSi-H2O2, suggesting that SiO2 has no inu-
ence on the oxidation pathway of petcoke. Aer functionaliza-
tion with hydrogen peroxide, the S/C ratio decreased and the O/
C, Si/C, and Al/C ratios increased for both BPCSi-H2O2 and BPC-
H2O2 (Table S3).

Comparing the number of total surface acidic groups and
the density of sulfonic acid sites (Table 2) of the hydrogen
peroxide-treated samples, BPC-H2O2 showed a total acidity of
0.97 mmol g−1 and sulfonic acid sites concentration of
0.20 mmol g−1. The BPCSi-H2O2 sample had values of
1.29 mmol g−1 and 0.09 mmol g−1 (total and –SO3H, respec-
tively). The total acidity, which is mainly related to the oxygen-
containing carbon groups, of both samples is similar, and the
density of sulfonic acid sites is twice as high for BPC-H2O2.
From these results, it was expected that the activity of this
catalyst would be much higher than BPCSi-H2O2. On the
contrary, the TOF of BPCSi-H2O2 is sevenfold better than BPC-
H2O2 (308 h−1 compared to 42 h−1, respectively). Although the
concentration of sulfonic acid sites in BPC-H2O2 is higher than
in BPCSi-H2O2, normalization by the SiO2 content in each
sample (ash% in Table 1) yields comparable values, indicating
that the presence of silica did not signicantly affect the
resulting concentration of sulfonic groups. Also, the reuse test
of BPC-H2O2 (Fig. S1), XPS S 2p spectrum of the spent catalyst
(Fig. S7), and sulfur content on its surface (Table S5) showed
a leaching of –SO3H groups aer the rst cycle. The fresh
catalyst had a sulfur content of 3.0 wt% that decreased to
1.9 wt% in the spent material, representing a signicant loss in
sulfonic acid site concentration that resulted in a density of
0.06 mmol g−1 in BPC-H2O2-spent – much lower than the
RSC Adv., 2025, 15, 45453–45466 | 45461
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Fig. 7 SEM images PCSi (A), BPCSi (B), BPCSi-H2O2 (C), PC (D), BPC (E), and BPC-H2O2 (F). Brighter particles are silica sand (SiO2).
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0.20 mmol g−1 in the fresh material (BPC-H2O2). If all the
sulfonic acid sites were on the surface of BPC-H2O2 and were
leached to the reaction solution, this material would have
a higher activity than BPCSi-H2O2 – considering the higher
sulfonic acid sites density of the former. Therefore, a fraction of
–SO3H groups in the BPC-H2O2 samples was likely to be inac-
cessible for the reaction of octanoic acid molecules. Comparing
the total acidity of the BPCSi (0.67 mmol g−1) and BPC
(0.33 mmol g−1), however, the presence of a higher content of
SiO2 generates more silanol groups that have a weak acidity,
behaving as hydrogen-bond donors81,82 that facilitate the
protonation of the octanoic acid and methanol, but the silanol
groups alone were not active in the esterication reaction, as the
ester yield of BPCSi aer 6 h was only 1.5% (Fig. 1). Therefore,
the hydrogen-bond donation effect of silanol groups alone
could not be responsible for such a difference in the perfor-
mance between BPCSi-H2O2 and BPC-H2O2.

The SEM images of PCSi, BPCSi, BPCSi-H2O2, PC, BPC, and
BPC-H2O2 are shown in Fig. 7. Initially, PCSi and PC were sieved
into particles of 20–100 mm (Fig. 7A and D, respectively). Aer
the ball-milling process, a signicant reduction of particle size
was noticeable for the feedstock containing a higher silica
content (Fig. 7B and C). This effect was not observed at the same
level for BPC and BPC-H2O2 (Fig. 7E and F). The production of
smaller particles can also be conrmed by the increase in
surface area (SA) aer ball-milling and functionalization (Table
1) of PCSi (SA= 1 m2 g−1) to BPCSi-H2O2 (SA= 26 m2 g−1), while
the transformation of PC to BPC-H2O2 did not impact the
surface area (∼1 m2 g−1). Silica is a hard material that enhances
the efficiency of ball-milling10,64,83 by promoting particle size
reduction, which may also explain the improved activity of
45462 | RSC Adv., 2025, 15, 45453–45466
BPCSi-H2O2, as smaller particles are associated with reduced
diffusion limitations.84 Therefore, the promotional effect of
SiO2 in petcoke-derived solid acid catalysts was attributed to
a combined effect of enhancing particle size reduction during
mechanical treatment (ball milling) and formation of silanol
groups that act as hydrogen-bond donors for the reactants,
helping the catalysis – effects that are less pronounced in
samples with a small content of SiO2.

Although the stability of petcoke-derived solid acid catalysts
was limited, valuable insights were gained regarding the func-
tionalization of petcoke with hydrogen peroxide and nitric acid.
These ndings can be applied broadly to the production of
carbon materials, enabling tailored control of surface oxygen-
containing groups to meet specic application requirements.
If a higher degree of oxidation is required on the surface, HNO3

can be applied, while H2O2 will generate fewer oxygen-
containing carbon groups on the surface. Moreover, the leach-
ing of sulfonic acid sites observed for these materials is
promoted by water in solution. Hence, applying these catalysts
to gas-phase reactions, such as dehydration, may offer
improved site stability. Additionally, the SiO2 promoting effect
emphasizes the importance of considering the impact of feed-
stock contamination on the valorization of waste materials. In
the context of petcoke catalysts, the observed effects were
advantageous for a better activity, however, this outcome may
not necessarily apply to other catalytic systems.
Conclusions

Hydrogen peroxide was used to oxidize inherent sulfur species
in petcoke, producing sulfonic acid sites (–SO3H) that act as
© 2025 The Author(s). Published by the Royal Society of Chemistry
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active groups for esterication. Hydrogen peroxide is a more
environmentally friendly functionalization agent than HNO3.
The H2O2-prepared catalyst (BPCSi-H2O2) achieved a 54% ester
yield, higher than BPCSi-HNO3 (45%), though both were less
active than the commercial Amberlyst-15 catalyst (65%).
Petcoke-derived catalysts were unstable and not regenerable,
a common issue for carbon-based solid acid catalysts. BPCSi-
H2O2 had fewer oxygen-containing carbon groups (∼1 mmol
g−1) than BPCSi-HNO3 (∼5 mmol g−1), which improved its
activity. Despite a lower –SO3H concentration (0.09mmol g−1 vs.
0.14 mmol g−1), BPCSi-H2O2 had a higher TOF than BPCSi-
HNO3 (308 vs. 192 h−1). Increasing sulfonic acid site concen-
tration while minimizing oxygen-containing carbon groups
could enhance catalyst performance.

A higher initial SiO2 content in petcoke helped improving
the catalytic performance, as silica reduced particle size during
ball milling and generated more silanol groups that helped the
catalytic process. The promoting effect of SiO2 illustrates the
importance of not overlooking impurities in the feedstock when
working with waste-derived materials, because they can play an
important role in the overall process.
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