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ABSTRACT
p-ISSN: 1608-9391 The increasing need for environmentally friendly methods
e -ISSN: 2664-2786 to reduce sulfur content in transportation fuels has motivated

the search for efficient and low-cost adsorbents. This study
aims to synthesize a novel activated coke (AC) from a
combination of atmospheric residue (ATR) from the Al-Kasik

Article information refinery and polypropylene (PP) waste collected from a cement

factory. The co-carbonization process was carried out at
Received: 20/ 7/ 2025 400 °C for 1 hour, followed by chemical activation using
Revised: 1/ 10/ 2026 potassium hydroxide (KOH). The resulting activated coke was
Accepted: 19/ 10/ 2025 characterized using X-ray diffraction (XRD), nitrogen

adsorption—desorption at 77K, field emission scanning
electron microscopy (FESEM), and energy-dispersive X-ray
spectroscopy (EDX) to evaluate its crystallinity, surface area,
DOI: 10.33899/rsci.v35i2.63627 pore structure, morphology, and elemental composition. The
optimized AC exhibited a surface area of 220.96 m?/g and an
average pore width of 2.95nm, indicating a mesoporous
structure. The adsorptive performance of the AC was tested
using a model fuel containing dibenzothiophene (DBT)
dissolved in hexane. A removal efficiency of 97.62% was
achieved under optimal conditions (0.3 g of AC at 30 °C for 80
minutes). The adsorption process followed the Freundlich
isotherm model and pseudo-second-order kinetics. Moreover,
the AC demonstrated good reusability, retaining 88.13%
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INTRODUCTION

Liquid fuels comprise a diverse array of sulfur (S) compounds (thiophenes, thiols, sulfides, and
disulfides), which are highly problematic due to their significant contribution to sulfur oxide (SOx)
emissions during combustion (Suhs et al., 2021). Emissions of SOy contribute to acid rain and air
pollution, resulting in detrimental impacts on ecosystems and human health. Additionally, the
presence of sulfur compounds in petroleum distillates can cause poisoning and deactivation of
catalytic converters in vehicles, as well as induce corrosion in refinery equipment (Chen et al., 2021).

The oil refining industry commonly employs hydrodesulfurization (HDS) to reduce sulfur
levels in transportation fuels. However, this process requires severe operating conditions—high
temperatures and elevated hydrogen pressures (Moreira et al., 2017; Lv ef al., 2022)—and remains
inefficient in achieving ultra-low sulfur levels, particularly for refractory aromatic sulfur compounds
such as thiophenes and their derivatives. As an alternative, adsorptive desulfurization (ADS) is
considered a simple, efficient, and cost-effective technique that operates under mild conditions (Saha
et al., 2021). It offers significant advantages, including hydrogen-free operation, low energy
requirements, and the ability to selectively remove resistant sulfur compounds (Moreira et al., 2017).
The effectiveness of this method largely depends on selecting an appropriate adsorbent with a strong
affinity for aromatic sulfur species.

Various adsorbents have been studied in the ADS, including alumina, metal oxides, silica gel,
carbon materials, and metal-loaded carbons (Hussein and Fadhil, 2021). Among these, activated
carbon (AC) stands out for its large surface area, tunable porosity, surface functional groups, and
reusability (Fadhil ef al., 2020). AC has been prepared from numerous raw materials such as date
stones (Alhamed and Bamufleh, 2009). PET waste (Fadhil et al., 2020), tire rubber (Danmaliki and
Saleh, 2016), mixed biowastes (Fadhil and Kareem, 2021), asphalt (Abdulhamid ez al., 2023), and
atmospheric residue (ATR) (Hasan and Fadhil, 2023) for DBT removal from model fuels.

However, to date, no studies have reported the synthesis of AC derived from coke produced via
co-pyrolysis of atmospheric residue (ATR) with waste polymers such as polypropylene (PP),
followed by chemical activation, for the purpose of DBT removal. Furthermore, limited information
exists regarding the isothermal and kinetic behavior of such adsorbents in ADS applications. In this
context, the present study aims to: Synthesize activated coke (AC) from coke derived through the
thermal co-pyrolysis of ATR and polypropylene (PP) waste, followed by chemical activation using
KOH; characterize the physical and chemical properties of the synthesized AC using techniques such
as XRD, nitrogen adsorption—desorption, BET surface area, FESEM, and EDX; Investigate the
adsorptive performance of the AC in removing dibenzothiophene (DBT) from a model fuel solution
under optimized conditions; analyze the adsorption mechanism through isotherm modeling and
kinetic studies to understand the interaction behavior between DBT and the AC surface; evaluate the
reusability of the AC over multiple adsorption—desorption cycles to assess its stability and practical
applicability.

MATERIAL AND METHODS

Precursors and chemicals

The ATR used in the preparation of the AC was kindly provided by the Alkasik refinery, north
of Iraq. At the same time, the PP waste consisted of packing bags from the cement industry, which
were collected from a cement factory located north of Iraq. Chemicals, like KOH (pellets, 99%), were
implemented as the activator for the preparation of AC, HCI (37.0 wt.%), and iodine (12, solution, 0.1
N). Na2S203.5H>0 (99.0-100,5%) was used in specifying the iodine number (IN) of the resulting
samples of AC. Finally, dibenzothiophene (DBT) and n-hexane (99.0 %) were used in the preparation
of the model oil used in this work. All chemicals were of analytical reagent (AR) grade and were
used as received, sourced from Scharlau Chemicals, Spain.
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Synthesis of AC

The raw materials utilized in the synthesis of the AC were the atmospheric residue (ATR) and
polypropylene (PP) waste. Initially, the ATR and PP waste were cut into approximately 1 cm-sized
pieces. Next, they were mixed and loaded into a fixed-bed stainless steel pyrolysis reactor. The reactor
was externally heated using an electric furnace and equipped with a condenser to collect condensable
vapors, a receiving vessel immersed in an ice bath to gather the condensed liquids, and a thermocouple
to monitor the pyrolysis temperature. To ensure an inert atmosphere, nitrogen gas was purged through
the system for 10 minutes prior to heating. The pyrolysis process was then carried out at 400°C for
75 minutes, resulting in a solid residue (coke) that served as the precursor for the subsequent
activation process. The obtained coke was first pulverized and sieved to obtain particles of 60 mesh
size.

For the preparation of activated coke, 5.0 g of the sieved coke was immersed in aqueous KOH
solutions at varying mass ratios (KOH: coke = 0.5:1 to 2.5:1). To ensure thorough impregnation, the
KOH-coke mixtures were stirred at 250 rpm for Sh and then allowed to stand for 24h. The
impregnated samples were then dried in an oven at 105 °C for 5h. The thermal activation was
conducted in a muffle furnace at varying temperatures (550—-850 °C) and activation times (0.5-2.0 h)
with a constant heating rate of 10 °C/min. After activation, the AC samples were allowed to cool to
room temperature and subsequently treated with 0.1 M hydrochloric acid to neutralize any residual
KOH. The samples were then repeatedly rinsed with hot distilled water until the pH of the washings
was neutral. Finally, the washed AC samples were dried at 105 °C for 10 h and stored in sealed
containers for further characterization and application (G. Li ef al., 2016) [14]. Quantification output
of the resulting AC was carried out as follows:

Yield of AC (%) = Mass of the resultant AC (g) % 100 %
ield o 0) = —Vass of coke utilized ®

Identification of the AC

The specific surface area, pore volume, and pore diameter of the resulting activated coke (AC)
were determined based on nitrogen (N2) adsorption—desorption isotherms measured at 77 K using a
BELSORP MINI II surface area and porosity analyzer (Japan). The Brunauer—-Emmett-Teller (BET)
method was applied to quantify the specific surface area of the synthesized AC. Prior to measurement,
the sample was degassed at 120 °C for 6h to remove any adsorbed impurities. The crystalline phases
of the prepared AC were characterized using powder X-ray diffraction (XRD) with a Malvern
Panalytical diffractometer (UK). The surface morphology was investigated by field-emission
scanning electron microscopy (FESEM) using a TESCAN Mira instrument (Czech Republic).
Elemental composition analysis of the AC was conducted using energy-dispersive X-ray
spectroscopy (EDX) with an Oxford Instruments system (UK). Finally, the iodine number (IN) of the
produced samples was determined following the GB/T 12496.8-2015 standard method (Zhang et al.,
2022)
The ADS runs of DBT over the AC

The S-containing model oil (DBT in n-hexane, 500 mg/L) used in this study was prepared by
dissolving DBT in n-hexane. From this model, additional working solutions (10-100 mg/L) were
created to prepare a calibration plot with a correlation coefficient (R?) of 0.9992, after measuring the
absorbance of the generated DBT solutions at the maximum wavelength (325 nm) (Moosavi et al.,
2012). Assessing the ADS effectiveness of the as-created AC to the ADS of DBT from model oil in
a batch mode, 25 mL of the sulfurized fuel was mixed with a predefined amount of the AC in a 100
mL conical flask, connected to a condenser to prevent n-hexane loss by evaporation. The AC-
sulfurized fuel mixture was shaken at 250 rpm on a heater-stirrer fitted with an adjustable temperature
controller. After the ADS process, the AC particles were stripped from the sulfurized model through
centrifugation at 5000 rpm for 5 minutes, followed by the quantification of the remaining DBT in the
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sulfurized fuel at equilibrium by measuring its absorbance at 325 nm (Moosavi et al., 2012). The
absorbance of each sample was measured twice, and the reported value was the mean + SD.

Determining the ADS% of the AC besides its adsorptive capacity (qe, mg/g) was made, as per
Eq.(2) and Eq.(3), respectively.

(Co-Ce)
ADS (%)= ——— F100 oo, @)
Co
(C0-Ce)
Q- $100 oo 3)
Co

where, C, and C. demonstrate, respectively, the initial and equilibrium concentrations of DBT,
whilst V (L) and W (g) refer, respectively, to the volume of DBT and amount of the AC used in the
adsorption runs.

RESULTS AND DISCUSSION
Optimization of AC preparation
The output of coke produced by the thermal decomposition of mixed ATR-PP waste at 400 °C
for 75 minutes and a heating speed of 10 °C/min amounted to 20.0 wt.%. As mentioned previously,
the KOH-activation approach was followed in synthesizing the AC from this coke via the optimized
procedure, as presented in Fig. (1: a, b, and ¢).
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Fig. 1 (a, b, and c): Effect of the activation conditions on the output and IN of the resulting AC.
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It is well known that the amount of the activator included in the chemical activation plays a
potential role in the AC output and porosity. It is evident from Fig. 1(a) that the production of the AC
declined with the utilization of more amount of the activator (KOH), probably attributable to the
extensive diffusion of KOH into the coke matrix (Li ef al,2017), leading to a reduction in the C-
content of native coke in the form of CO, CO», and CH4. Consequently, the output of the resultant
AC decreased (Wang and Liang, 2020). Conversely, it was observed that increasing the KOH amount
from 0.5:1 to 1:1 enhanced the porosity of the produced AC, as measured by the IN. This conclusion
pertains to the formation of a novel porous structure in the resultant AC, arising from the generation
of gases and other substances from the C-skeleton of coke due to the influence of KOH. However,
KOH concentrations above 1:1 reduced the IN of the resultant AC, presumably due to the conversion
of micropores within the AC structure into larger pores, resulting from the collapse of the walls that
separate the micropores (Li et al.,; Wang and Liang, 2020).

Ascending the temperature of activation from 550 “C to 850 °C was accompanied by a decrease
in the AC output, as demonstrated in Fig. (1: b). This result can be attributed to the additional
gasification processes of the coke at elevated temperatures, in the presence of a substantial quantity
of KOH, which accelerates these reactions, leading to a reduction in the AC yield (Kumar ef al.,
2022). Conversely, raising the activation temperature from 550 “C to 750 "C was associated with an
enhancement in the IN of the resulting AC samples. This outcome is most likely attributable to the
fact that the increase in temperature, in conjunction with the existence of an adequate quantity of
KOH, boosts the gasification reactions of the pritine coke, resulting in the formation of a more
developed porous structure. Despite this, raising temperatures to >750 °C resulted in a decrease in
the IN. This was due to the growth of micropores into bigger pores, which was induced by the
deterioration of the micropore partition walls, which ultimately resulted in a decrease in the IN
(Patra,et al 2021) .

The effect of the activation which demonstrates period on the output and IN of the resultant AC
is illustrated in Fig. (1: c), that increasing the activation period resulted in a decrease in the AC output.
This reduction in the AC output occurred as a consequence of the harsh decomposition of virgin coke
that occurred at high temperatures, as well as the presence of a significant quantity of KOH ( Kumar
et al ,2022) . The IN of the resultant AC, on the other hand, was enhanced as the period of activation
prolonged from 30 to 60 minutes. Nevertheless, activating the samples for periods beyond 60 minutes
resulted in a decrease in the IN. This was most likely caused by the disintegration of the generated
microporous composition of the developed AC into broader porous ones( Patra,er al 2021).

Identification of the ideal AC

The activated coke (AC) prepared through the chemical activation of coke obtained via the
thermal carbonization of a mixture of ATR and polypropylene (PP) waste at 750 °C for 1 h, using a
1:1 KOH-to-coke impregnation ratio and a heating rate of 10 °C/min, was identified as the optimal
sample. Accordingly, this sample was subjected to detailed characterization using multiple analytical
techniques to evaluate its crystalline structure, morphology, and textural properties. The N>
adsorption—desorption isotherms Fig. (2: a) were used to determine the specific surface area, average
pore diameter, and total pore volume of the synthesized AC. The isotherm exhibited Type IV behavior
with an H4 hysteresis loop, indicating the presence of a mixed microporous—mesoporous structure
(daSilva et al., 2022). The BET specific surface area (SAger) of the AC was found to be 220.96 m?/g,
with an average pore diameter of 2.95 nm, confirming its mesoporous nature (Figure 2b).

Additionally, the BJH surface area was measured at 45.60 m*/g. From the comparison of the
SAger and BJH values, it was estimated that micropores accounted for approximately 79.36% of the
total surface area, whereas mesopores contributed 20.64%. These results confirm that the prepared
AC possesses a hierarchical pore structure comprising both micro- and mesopores.



140 Muntaha H. Yaqoob and Abdelrahman B. Fadhil
120 T T T T 0.040
BET Surface Area = 220.96 m2/g (@) L(b) ' ' ' '
Total pore volume = 0.1630 cmslg h 0.035
100 ~ Average pore diameter = 2.95 nm

- Langmuir Surface Area = 280.32 mzlg 0.030
=] _ 2 iﬁ
— 80 o t-Plot Surface Area = 200.21 m"/g ./.' p 0.025 -
& BJH Surface Area = 45.60 m2ig ._._._._._--—l":,l/ -
o .—I-I-’_!-/—l—l—l—l—l—l" En_ 0.020 - h
§ 604 T 4 >
<, o T 0.015- -
> /ﬁ

a0d" 1 0.010 1

1T
0.0054| = E
i
20 1 0000 {m MR mm SN g g4, 4
L] L] L] L]
0.0 0.2 0.4 0.6 0.8 1.0 -0.005 T T T T T

4000 T T T T T T

Intensity (counts)

10 20 30 40 50 70 80

2theta (degree)

60

Fig. 2(a, b and c): The adsorption-desorption isotherms of N, gas and XRD patterns of the produced
AC.

Following Fig. (2: ¢), the XRD patterns of the as-created AC showed two wide, distinct peaks,
the first was noticed at 20 = 26°, while the second was found at 20 =43°. These bands correspond to
the diffraction planes (002) and (100), respectively, suggesting that the structure of the produced AC
is primarily amorphous (Kumari et al., 2022).
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Fig. (3): FESEM photos and EDX mapping of the resulting AC.

The SEM photos of the resulting AC at various magnifications are displayed in Fig. (3: a).
These images exposed that the AC surface was uneven and rough, with some visible grains.
Additionally, it was noted that its surface had round-shaped voids, in addition to pores and cracks of
various shapes and sizes. Consequently, the adsorption effectiveness increases as a result of the
occurrence of these cavities and voids, which facilitate the access of adsorbate molecules to the AC
pores (da Silva et al., 2022). The elemental analysis outcomes deduced from the EDX studies of AC
revealed that C (94.08%) was the most abundant element, followed by O (4.79%) Fig. (3: b).

The elemental analysis mapping of the created AC also indicated the existence of a trace
quantity of K, ensuring that KOH was completely consumed when real coke was converted into AC
(Kumari et al,2022).

The ADS studies of DBT

The ADS of DBT was examined in relation to different sorbent dosages (0.05-0.40 g). With
the increment of the adsorbent dosage, the ADS performance of DBT is enhanced, as shown in Fig.
(4), since with the increment of the AC dosage, more accessible surface area and sites will be available
for the effective adsorption of DBT (Nawar ef a/ ,2025). The ADS% of DBT rose from 60.12% to
98.89 % when the AC mass increased from 0.05 g to 0.30 g. Increasing AC dosages beyond 0.30 g
resulted in minimal ADS% of DBT owing to the aggregation of AC particles, which reduced the
surface and sites available for DBT elimination (Nawar et al ,2025).
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Fig. 4: Influence of variables on the AE% of DBT over the resulting AC.

The temperature effect on the ADS performance of DBT over AC was studied at 10, 20, 30, 40,
50, and 60 °C, using the conditions demonstrated in Fig. (4b). The outcomes presented in this figure
indicate that the adsorption of DBT increases with temperature, suggesting that the adsorption of
DBT over the as-produced AC is endothermic. The ADS% rose from 91.44% to 98.89% as the
adsorption temperature increased from 10°C to 30 °C. The increase in adsorption with increasing
temperature indicates that DBT removal by the AC involves both physical and chemical sorption
(Fengyang et al., 2020). Nonetheless, temperatures above 30 “C decreased the ADS% of DBT, likely
owing to weakened attraction forces between the DBT species and surface effective groups on the
AC surface, resulting in reduced ADS performance of DBT (Abdelho et al. ,2005). For commercial
applications, determining the time it takes to reach equilibrium is crucial. Consequently, as previously
mentioned, DBT extraction by the created AC was evaluated at different intervals, ranging from 10
to 180 minutes, while maintaining the other settings constant. Rapid DBT exclusion over the
as-developed AC was raised within the first five minutes of the elimination process, as shown in
Fig. (4) After 30 minutes, the highest ADS was reached, and DBT deletion did not improve as a result
of achieving equilibrium. These results were in line with those of other researchers (Bamufleh, 2009;
Lietal., 2017).

As shown in Fig. (4: d), the initial DBT concentration was determined by adjusting the DBT
concentration from 50 g/L to 300 mg/L while maintaining other parameters. The amount of DBT
absorbed (qe, mg/g) increased as the concentration increased. An increase in the molecular diffusion
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driving force may be responsible for this result, which would enhance the interactions between the
sorbate species (DBT) and the unfilled energetic sites on the AC surface (Bamufleh, 2009). When
DBT was removed from several model oils using a variety of adsorbents, the results obtained were
consistent with those published by previous authors (Alhamed and Bamufleh, 2009; Bamufleh, 2009).

Conversely, Fig. (4: a) demonstrates that as the original DBT concentration increased, the
ADS% of DBT decreased. The specific amount of AC needed in the adsorption process represents
the limited number of available adsorption sites, which is responsible for this outcome. Consequently,
a large concentration of adsorbate causes considerable congestion at the adsorption sites, which
reduces the effectiveness of pollutant removal (Bamufleh, 2009).

Modelling of DBT adsorption isotherms and kinetics by the AC

Practically, the isotherm equation relates the concentration of adsorbate in solution to its
adsorbed quantity on the sorbent’s surface at equilibrium (Mguni,2024). Two prominent
mathematical models, viz. the Langmuir and the Freundlich isotherms, were employed to match the
adsorption curves of DBT by the as-produced AC across a range of concentrations (50-300 mg/L) at
30 °C. Non-linear plots of the Langmuir isotherm (Eq. (4)) and the Freundlich isotherm (Eq. (5)) were
applied to express DBT adsorption over the said AC.

KLCe

Qo= el (4)
KLCe

Ge=  KiC™ (5)

Where K1, Kr, and n are, respectively, the Langmuir constant, contaminant adsorption capacity,
and factor of homogeneity. (Table 1) presents the values associated with these constants, along with
the values of the correlation coefficient (R?). Following the R? values, the Freundlich isotherm was
more compatible in expressing the adsorption of DBT on the said AC than the Langmuir isotherm.
This outcome demonstrates a multi-layer coverage of DBT over the as-created AC surface.
Additionally, it suggests that the surface of the produced AC is heterogeneous (Nayyef and Fadhil,
(2023).

Table (1): Constants of the adsorption isotherms of DBT over the AC.

Langmuir isotherm Freundlich isotherm
R? Ky (L/g) Qu (mg/g) R? Ky (mg/g)/(mg/L)"" n (mg/g)
0.9576 0.1308 26.37 0.9827 5.04 2.27

The kinetics studies aid in explaining the mechanism as well as the rate of sorbate adsorption
by a given sorbent Nayyef and Fadhil, (2023). The most prevalent models of adsorption kinetics,
namely the pseudo-lst-order (PFO), pseudo-2"-order (PSO), and intraparticle diffusion (IPD)
models, were examined to express the DBT adsorption data. The non-linear models of PFO, PSO,
and IPD models adopted in describing DBT adsorption data are respectively given in Eq. (6), Eq. (7),
and Eq. (8)

q=qee*t (6)
k2qe?

Qt = e (7)
1+k2qet
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Where, q: (mg/g), ki, ko, Kiq, and C are respectively the amount of DBT adsorbed at a given
time (min), the PFO rate constant, the PSO rate constant, the intra-particle diffusion rate constant,
and a constant related to the thickness of the boundary layer. It was observed that the IPD was not
suitable for expressing the adsorption of DBT by the said AC, as its curve didn’t pass through the
origin, indicating that it is not the only rate-determining step of DBT adsorption. (Table 2), which
demonstrates the values of the kinetic constants, shows that the PSO was better expressed for DBT
adsorption over the produced AC. These conclusions were based on the R? value, which was greater
than that of the PFO. Another clue supporting this conclusion was the value of q: (mg/g), which was
higher than that obtained for the PFO. Consequently, the limiting step for DBT adsorption could be
chemisorption, rather than physical diffusion (Al-Laylaa et al., 2024).

Table 2. Constants of the adsorption kinetics models of DBT over the AC.

PFO PSO IPD

R? q: (mg/g) | ki R? qc k2 (L/mg) | Rz Kia C
(L/mg) (mg/g)

0.7970 10.52 0.3145 0.9923 12.69 0.1325 0.6139 1.14 4.50

3.5 The AC regeneration trials

The AC specimens included in the study were gathered for purposes of rejuvenation and recycling.
The exhausted AC was placed in a Soxhlet system to take out DBT using n-hexane as the solvent.
Following drying of the regenerated AC at 100 °C for 2 h, the desiccated AC was incorporated into
the adsorption trials of DBT at the previously established operational conditions. This procedure was
reiterated in every reusability round. Based on Figure 5, the findings revealed a minor reduction in
the ADS% of DBT with an increase in reusability sessions. The ADS% was 97.62% in the initial
reusability run. However, it decreased to 88.13% in the 5™ run, indicating that the AC surface still
possesses a sufficient number of operating positions ready to eradicate DBT.

100 4

[=2] (-]
o o
1 1

AE of DBT (%)
-y
o

20

1 2 3 4 5

Number of Reusability Cycles

Fig. (5): Effect of reusability runs on the ADS% of the regenerated AC.

CONCLUSIONS

The study presents significant theoretical and practical implications by demonstrating that
activated coke synthesized from a blend of the ATR and PP waste via co-pyrolysis and KOH
activation can serve as an efficient and environmentally friendly adsorbent, particularly in
desulfurization applications. The findings highlight that the optimal sample, produced at 750°C for
one hour with a 1:1 KOH-to-coke ratio, exhibits a high specific surface area and a hierarchical porous
structure with a dominant micro porous fraction. This mixed microporous—mesoporous architecture
enhances the accessibility and diffusion of adsorbate molecules, making the material particularly
effective for removing bulky organic sulfur compounds, such as DBT. The study highlights the
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potential for converting industrial waste into valuable materials, thereby contributing to both
sustainability and cost-effectiveness. However, several limitations exist, including that the adsorption
performance was primarily evaluated for a single sulfur compound, which may not fully represent its
effectiveness across a broader range of pollutants. Furthermore, further research is recommended to
evaluate its performance in dynamic systems and its application at an industrial scale.
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