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ABSTRACT

This study focuses on the synthesis of activated carbon (AC) using a mix of polyethylene terephthalate (PET),
and date seeds (DS) by the optimized ZnCl -activation method for the first time. At 600 °C for 1 h utilizing an
impregnation ratio of 2:1 ZnCl : mix, the ideal AC was synthesized. The latter was submitted to identification by
N, adsorption-desorption isotherms and pore volume, XRD, FESEM, EDX, total basic and acid groups, FTIR,
and pH,, ., and the outcome suggested its mesoporous structure with an average pore size of 3.16 nm and a BET
surface area of 672.22 m*/g. This AC was tried in the dispose of dibenzothiophene (DBT) from model oil (DBT/n-
hexane), and the findings showed that the superlative elimination of DBT (95.07%) was accomplished at 35 °C
for 80 min using 0.30 g of the AC. Eliminating DBT by the AC derived from the said mix was best represented by
the Langmuir adsorption isotherm and pseudo-2"-order kinetics model. An adsorptive capacity of 23.80 mg/g was
obtained as per the Langmuir adsorption isotherm.The regenerated AC demonstrated an outstanding adsorptive
performance for DBT up to 4 cycles of reuse, signifying its high adsorption performance.

Keywords: mixed solid wastes, activated carbon, adsorptive desulfurization, adsorption isotherms and kinetics.

INTRODUCTION

Adsorption has proven its efficiency in
eliminating multiple contaminants from vari-
ous liquid phases. Due to their harmful effects
on the environment, the emission of sulfur ox-
ides (SO, ) originated by the combustion of fuel
containing S-compounds, desulfurization of
fossil fuels verified its importance in petroleum
refineries(Sadare and Daramola., 2019). The
SO_ react with atmospheric moisture to cre-
ate acidic rain, which affects vegetation along
with aquatic, animal, and human life (Saleh et
al., 2018). Both the EU and US have imposed
strict limits on the amount of organosulfur com-
pounds (OSC) level in fuels to be between 10
and 15 ppm (Moosavi and Karimzadeh, 2015).
For this reason, intense interest has been given
to find out reliable methods to lessen the content
of the OSC, namely thiophene (T), benzothio-
phene (BT), and dibenzothiophene (DBT) from
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transportation fuels (gasoline and diesel fuel)
(Saleh., 2020). Hydrodesulfurization (HDS) is
commonly employed as the standard process in
desulfurizing fuels in refineries. Nevertheless,
the need to high temperatures, pressure, and hy-
drogen intake, are the essential drawbacks of this
route(Saleh., 2020; Raut et al., 2022). As such,
alternative methods for replacing or supplement-
ing HDS have been investigated, including bio-
desulfurization (BDS), extractive desulfurization
(EDS), adsorptive desulfurization (ADS), and
oxidative desulfurization (ODS) (Dehghan and
Anbia., 2017; Ganiyu and Lateef., 2021). Among
the aforementioned routes, the ADS is one of the
most cost-effective and eco-friendly approaches
for eliminating OSC from liquid fuels. This pro-
cess is characterized by their simple operating
conditions (lower temperatures and pressures)
and the affordability of cheap and regenerable
sorbent materials. Also, most of the adsorbents
can be easily regenerated, either through thermal
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processes or solvent washing (Yaseen et al.,2021;
de la Cruz et al., 2020). To date, multiple adsor-
bents were applied in the ADS, like metal—or-
ganic frameworks (An., 2018), carbon materials
(Saleh et al., 2018; Mohammed-Taib and Fadhil.,
2021; Alhamed and Bamufleh, 2009), metal ox-
ides (Hou et al., 2018), clays (Ali., 2018), and
zeolites (Song et al., 2013). Among the carbon
derived materials that was widely implemented
in the ADS process is the AC as an outcome of its
elevated surface area besides its surface, which
owns multiple effective functional groups, which
take part in the ADS processes. Also, AC has
multiple pores with various dimensions, which
enhance the removal ability to OSC from fuel oils
(Danmaliki and Saleh, 2016; Hussein and Fadhil,
2021). The commercial AC samples are limited
in their use due to the expensive cost of their raw
precursors along with regeneration and reactiva-
tion methods. As such, bio-wastes and synthetic
wastes were widely employed in the manufac-
ture of AC. Numerous biowastes, including date
stones (DS) (Alhamed and Bamufleh, 2009), ol-
ive stones (Deng et al., 2023), sugarcane bagasse
(Tao et al., 2015), coconut shells (Keppetipola et
al., 2021), etc. were exploited as cheap sources
in synthesizing AC. On the other hand, synthetic
wastes, such as waste tires rubber (Saleh et al.,
2018; Danmaliki and Saleh., 2016), polyethylene
terephthalate wastes (Varila et al., 2017), waste
polyurethane (Arslanoglu et al., 2020), etc., were
also implemented in the creation of AC. Two
main approach were implemented in preparing
AC viz. the physical activation, which involves
the carbonization or pyrolysis of raw precursor
to strip H and O from the chemical composi-
tion of the pristine feed, followed by activating
the resultant char at elevated temperatures un-
der a flow of steam, N, air, or CO, (Ahmed and
Theydan, 2015). The second rout is the chemical
activation, which can be accomplished via im-
pregnating the precursor with multiple chemical
agents, like KOH, NaOH, H,PO,, H,SO,, ZnCl,,
etc., followed by pyrolysis and activation in a
single-step at temperatures below those required
for the physical activation (An et al., 2018). The
production of AC from different precursors to
be then implemented in the dispose of many S-
compounds, including DBT from numerous lig-
uid fuel was announced in the literature. The dis-
pose of DBT from model gasoline by the Fupa-
torium adenophorum derived AC, was examined
by Wang et al. (2014). A binary blend of DS and

olive stones was transformed to AC to be applied
later in eradicating DBT from model liquid fuel
(Hussein and Fadhil, 2021). The conversion of
sewage sludge as well as corn straw into AC us-
ing the activation method with KOH was tried by
Zeng et al. (2018), and the prepared AC was em-
ployed in H,S elimination. Lastly, Fadhil and Ka-
reem (2021) explored the ADS of model gasoline
employing the ZnCl -activated biochar created
from a mix of DS and olive stones. Eliminating
the OSC from diverse fuel oils using the AC orig-
inated from DS was touched in the literature, as
reported by Alhamed and Bamufleh (2009) and
by Bamufleh (2009). Those authors prepared AC
from the DS via the ZnCl -activation approach,
and implementing the resultant AC in removing
DBT from model diesel. Owing to the widespread
use of polymers, the amount of waste generated
globally from polymers reached approximately
353 and 369 Mt in 2019 and 2021, respectively.
This amount is expected to increase significantly
over the next several decades, reaching 1014 Mt
in 2060 (Demiral et al 2016). Polymer wastes are
now managed mostly through incineration, land-
fills, combustion, chemical recycling, and mis-
management (Wu et al., 2023). Approximately
half of the world’s polymer wastes, are disposed
of in landfills, with the remaining 19% going
by incineration. Nonetheless, globally, only ap-
proximately 9% of garbage is recycled. Polymer-
ic wastes own the potential to be consumed by
many creatures and build up in the ecosystem,
endangering the environment and public health
(Demiral et al., 2016; Wu et al., 2023). On the
other hand, discarding bio-wastes, like DS into
the environment will also be associated with
several eco-issues, and thus threatening the envi-
ronment and public health (Fadhil and Kareem,
2021). Many methods were proposed for getting
rid of various solid wastes (waste polymers and
waste biomass). Among these methods are the
thermochemical processes, like pyrolysis and
gasification. Thermal pyrolysis aims to convert
such organic wastes into liquid, solid, and gas-
eous products. On the other hand, gasification
is used to convert such wastes into H, gas and
syngas (Fadhil and Kareem, 2021). Nevertheless,
as such wastes can be considered as significant
carbon precursors, they were implemented in the
production value-added carbonaceous materials,
such as the AC (Saleh et al., 2018; Fadhil and
Kareem, 2021; Alhamed and Bamufleh, 2009).
Thus, after reviewing the literature, we found no
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work on the exploiting of an equal mix of solid
wastes viz. the DS and PET in creating new AC
via the optimized ZnCl,-activation method. Ad-
ditionally, to the best of our knowledge, the ap-
plication of the resulting AC for extracting DBT
from model fuel has not yet been established.

Herein, the ZnCl,-activation approach was
implemented to create AC from an analogous
blend of DS and PET. After identifying the AC
by many techniques, the ADS of model fuel by
this AC was tried with optimizing the process pa-
rameters. The adsorption kinetics and isotherms
of DBT adsorption by this AC was carried out
as well. Finally, reusability of the consumed AC
was also adopted.

EXPERIMENTAL

Materials and methods

The source of PET used in this work, was
the waste water bottles. The palm date fruit was
brought form local markets, and the DS were
detached from the fruit. n-Hexane (99.0%),
Dibenzothiophene (DBT), NaOH (granulated,
98.0%), HCl (37%), ZnCl, (97.0-100.50%),
Na,S,0,-5H,0 (99.0-100.5%,), and I, solution
(0.1 N), were bought from Scharlau chemicals,
Spain. Chemicals and reagents implemented here,
were of analytical reagent (AR) grade.

Preparation of AC from mixed DS+PET

The PET bottles were rinsed with water to
remove any dirt, and then shredded into little
pieces (0.5 cm). Meanwhile, the DS were exten-
sively washed with DW to strip any unwanted
contaminants, oven-dried at 105 °C for 5 h, fol-
lowed by crushing and sieving to attain particles
of 0.25 mm size. Creating the AC was accom-
plished using an equal mixture of DS and PET
employing the ZnCl, -activation route. The said
blend of waste was mixed with aqueous solutions
of ZnCl, having various impregnation ratios (IR,
0.5—1: 3:1). The mixture was homogenized for 5
h at 300 rpm with a magnetic stirrer. Water was
stripped from the blend by drying at 105 °C. A
vertical furnace was employed in activating the
samples at 400-800 °C, 10 °C/min rate of heating
for a period between 30 to 120 min. After activa-
tion, the activated samples were soaked in 10%
HCI, rinsed with hot DW until neutralization,
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oven-dried at 110 °C till attaining a fixed mass,
and lastly preserved in a airtight container for
subsequent use (Hussein and Fadhil, 2021). The
AC yield was calculated using the following for-
mula (Fadhil and Kareem, 2021):
AC yield (%) =
Mass of AC produced (1)

x 100
Mass of mixed DSPET used

Analysis and characterization
of AC from mixed DS+PET

The N, adsorption-desorption isotherms (77
K) were utilized to examine the sample’s surface
area and porosity on a BELSORP MINI II, Japan
surface area and porosimetry analyzer. The BET
(Brunauer-Emmett-Teller) method was implement-
ed to specify the total surface area of the AC in the
provided pressure range (0.005 < p/po <0.05). The
surface texture besides the microstructure of micro-
porous AC, were examined using Field Emission
scanning electron microscopy (FESEM, Tescan
Mira Fesem, Czech Republic). Meanwhile, an el-
emental analysis of the AC was performed utilizing
the energy-dispersive analysis X-ray (EDX) tech-
nology. A Malvern panalytical X-ray diffractometer
(UK) with a Cu-Ka radiation at 4 = 0.15418 nm
was employed in specifying the crystal structure of
the as-created AC. The most effective surface ef-
ficient groups on sorbent surfaces were identified
using an FTIR spectrophotometer (JASCO V-630,
USA). Samples were diluted with KBr, and the
spectra were collected at 4004000 cm™'. The AC’s
iodine number (IN) was determined using GB/T
12496.8-2015 (Zhang et al.,2018). The AC surface
groups (acid and basic) were quantified by titration
with a solution of NaOH or HCI (Boehm, 2002).
Lastly, the pHP,, . of the AC surface was specified
as well (Yagmur and Kaya, 2021).

Preliminary adsorption studies

The stock solution of DBT (500 mg/L) was
first prepared through dissolving the required
mass of DBT in a 1L of the solvent (n-hexane).
A 250 mL round bottom flasks were implemented
batch mode adsorption examinations of DBT for
a temperature-controlled stirrer bath. From the
stock solution, solutions of multiple concentra-
tions were prepared, and their absorbance were
specified to prepare the standardization curve.
The solutions’ absorbance was measured at the
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proper wavelength (4 = 325 nm) (Hussein and
Fadhil, 2021; Moosavi and Karimzadeh, 2015). A
constant weight of the AC was mixed with 25 mL
of the model, followed by shaking at 35 °C at 150
rpm until reaching equilibrium. Centrifugation was
implemented to strip the AC particles from DBT
solution for 5 min at 5000 rpm. The residual con-
centrations of DBT was measured photometrically
on a double-beam UV-Vis spectrophotometer (Shi-
madzu, UV-Visible-160, Japan) at the specified
4, Trials were completed in triplicate, and their
outcomes were presented as the mean SD. The
adsorption process was expanded to examine the
effect of pollutant starting concentration (25-200
mg/L), mass of AC (0.05-0.50 g), operational tem-
perature (1545 °C), and the adsorption duration
(5-120 min) on the ADS% of DBT from the mod-
el. Eq.(2) was employed in specifying the adsorp-
tion capacity of the AC to DBT, while Eq.(3) was
followed on determining the ADS%.

_ (Co B Ce) 4
QGe=—" (2)
ADS (%) = wx 100 3)

(o]

where: C and C, denote respectively the initial
and equilibrium concentrations of the
DBT (mg/L), whereas V, and W, are vol-
ume of pollutant used in the adsorption
experiment and mass of AC implemented.

Reusability experiments

Regenerating the AC specimens consumed
upon stripping DBT from the model was accom-
plished through placing the collected specimens
into a Soxhlet extractor so as to eliminate the
adsorbed DBT employing n-hexane as a solvent,
followed by drying the regenerated AC at 105 °C
for 2 h. After drying, the AC was finally reactivat-
ed at 500 °C for 30 min to be reemployed later in
the ADS process for several cycles (Mohammed-
Taib and Fadhil, 2023).

RESULTS AND DISCUSSION

Effect of preparation conditions
on ACyield and porosity

The optimized protocol was followed to syn-
thesize AC samples from mixed DSPET using
ZnCl, as an activator. In this regard, the effect of

the IR of ZnCl,, temperature of activation, and
period of activation, on the yield and IN of the
AC samples, were inspected. Fig. 1a depicts the
IR influence of ZnCl, on the AC yield. This fig-
ure showed that with the increase of the IR of the
activator, the AC output decreased. Such findings
belong to the fact that increasing the activator IR
will remove further volatile substances, including
H,0, CH,, CO, CO,, tar, and aldehydes from the
precursor structure may be as an outcome of the
degradation, dehydration, and condensation reac-
tions of the mix (Nayak and Pal, 2020). Such re-
actions may result in facilitating the condensation
reactions of aromatic between neighboring mole-
cules, leading to further gasification of the precur-
sor structure besides a decline in AC yield (Nayak
and Pal.,2020, Olorundare et al., 2014). Synthesis
of AC from biochar from mixed date seeds and
olive stones (Fadhil and Kareem, 2021), liquefied
wood (Liu et al., 2016), and peat (Varila et al.,
2017) by the ZnCl,-activation disclosed similar
findings. Microporous structure of the AC can be
expressed by the IN. As per Fig. 1a, a positive in-
crease in the IN of the AC samples was observed
with rising the IR of ZnCl, from 0.5:1 to 2:1. This
outcome can be ascribed to the additional releas-
ing of the volatile substances (H,0, CH,, CO,
CO,, aldehydes, tar, etc.) from the carbon frame-
work of the raw feed, resulting in the creation of
novel micro-porous carbon (Xia et al., 2014). The
IN decreased when the IR surpassed 2.0 might be
due to the probability of pore obstruction caused
by devolatilizing of tarry materials besides other
volatiles generated upon the carbonization reac-
tion (Mohammed-Taib and Fadhil, 2023; Hussein
and Fadhil, 2021). Comparable outcomes have
also declared by several authors during the cre-
ation of AC samples from different precursors us-
ing the ZnCl, -activation route (Mohammed-Taib
and Fadhil, 2023; Fadhil and Kareem, 2021; Hus-
sein and Fadhil, 2021).

As presented in Fig. 1b, a decrease in the AC
yield was noticed with ascending temperature
of activation from 400 °C to 800 °C, because of
several reactions may occur to the impregnated
samples, including breakdown, devolatilization,
and dehydration (Varila et al., 2017). Such re-
sults were in line with those announced by several
investigators upon the creation of different AC
samples from various precursors by the ZnCl,-ac-
tivation method (Hussein and Fadhil, 2021; Liu et
al., 2014). The increase in temperature during ac-
tivation led to a more efficient removal of volatile
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Figure 1. Effect of the preparation conditions of AC on its yield and its ADS performance

substances, and thus caused an increase in the IN
of the AC because of the formation of a new mi-
croporous structure (Liu et al., 2014). The maxi-
mum was observed with the AC sample activated
in 600 °C, while samples activated at temperatures
above 600 °C exhibited lower IN due to the disin-
tegration of micropores walls, as well as the con-
version of micropores into bigger pores (meso and
macropores) (Danmaliki and Saleh, 2016; Liu et
al., 2014). Our findings were in agreement with
those established by other authors upon creating
various samples of the AC from multiple raw ma-
terials via the ZnCl,-activation (Hussein and Fad-
hil, 2021; Danmaliki and Saleh, 2016; Liu et al.,
2014)

Several durations (30—120 minutes) were ex-
amined to realize its impression on both the AC
yield and IN. Fig. 1c exhibited that time possessed
an undesirable effect on the AC yield. The longer
activation period increased dryness of the feed,
and lessened the yield (Mohammed-Taib and
Fadhil, 2023; Liu et al., 2016). As a result of the
additional dehydration of the material, prolong-
ing the period of activation led to the formation
of additional micropores in the AC frame, which
increased the IN (Mohammed-Taib and Fadhil,
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2023; Hussein and Fadhil, 2021). Beyond the typ-
ical period of activation, the IN dropped, because
micro-pores expanded or altered into bigger pores
(Demiral et al., 2016). The attained result was
consistent with those reported by other authors
(Mohammed-Taib and Fadhil, 2023; Ganiyu and
Lateef, 2021; Hussein and Fadhil, 2021).

The AC characterization

The ideal sample of the AC created at the
optimum experimental conditions of 2:1 ZnCl.:
feed, 600 °C, and 60 min, was thoroughly iden-
tified diagnosed by numerous techniques to ex-
amine its texture, morphological, and amorphous
features. Fig. 2a displays the N, adsorption-de-
sorption isotherms in addition to the pore size
distributions for the AC. The isothermal profile of
the AC displayed in Fig. 2a can be categorized as
Type IV along with H, hysteresis as an outcome
of the filling of micropores at a low relative pres-
sure (P/P ). This conclusion was made based on
the mismatch between the both isotherms. Also,
at a P/P_ value above 0.4, the AC exhibited a
small hysteresis loop, indicating the presence of
wider microporosity and mesoporosity. When the
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ratio of P/P_ exceeds 1.0, the empty spaces be-
tween the AC particles will be occupied by mol-
ecules of N, and thus raised the adsorbed volume
(Neme et al.,2022). In accordance to the results
shown in Table 1, the as-created AC exhibited a
specific surface area (SA ) of 672.22 m*/g. By
comparison, the synthesized AC exhibited a BJH
surface area of 297.30 m?%g and an average pore
width of 3.16 nm (Fig. 2b). The ratio of meso-
porosity in the AC as per the BJH surface area
was 55.77%. Thus, it can be said that the structure
of the as-prepared AC contains both micropores
and mesopores. The AC samples developed from
various feedstocks and prepared via the ZnCl,-
activation route showed similar ADS activity
for DBT from model fuel. Wild mustard stems-
derived mesoporous AC had a SA . of 1280.0
m?*/g and an average pore size of 3.69 nm. This
mesoporous AC exhibited an excellent ADS% of
DBT from model fuel (96.02%)( Mohammed-
Taib and Fadhil., 2023). The biochar derived by
thermal pyrolysis of mixed DS and olive stones,
was activated with ZnCl, and the produced AC
had a SA of 936.48 m*/g with an average pore
size of 2.53 nm. This AC also exhibited an ef-
fective efficiency toward the ADS of DBT from
model oil (Fadhil and Kareem, 2021). In another
study, AC synthesized by the ZnCl,-activation of
mixed DS and olive stones possessed a SA . of
1389.90 m*g with an average pore size of 1.21
nm, and showed an energetic activity in the ADS
of DBT from fuel (Hussein and Fadhil, 2021). As
such, it is possible to say that the ADS of DBT
from transportation fuel requires an AC with a
well-developed porous structure besides high
SA,.,. Fig. 2c shows the FESEM image of the
AC synthesized by the ZnCl,-activation of mixed
DSPET. The AC exhibited a rough and irregular
surface. Also, some grains besides round-shaped
cavities could be seen at its surface. Irrespective
of the variation in pore size, the ZnCl, -activa-
tion of the mix at the given IR led to create pores
with a different shapes and sizes. Holes and in-
terior surface area are essential prerequisites for
AC to be considered a highly effective adsorbent,
especially for adsorption in the liquid phase.
Therefore, it is possible to say that the occurrence
of such cavities will make the penetration of the
pollutant molecules inside them easier, contrib-
uting to a better adsorption efficiency. The EDX
profile of the as-prepared AC (Fig. 2c) revealed
that the AC was chiefly composed of C and O. The
high C% in the AC revealed that the activator had

completely carbonized the original feed through
removing its volatile materials and forming car-
bon with a highly porous structure. These results
are compatible with the SA . and FESEM image
of the AC. Also, elements belong to the activator
(Zn and Cl) could not be detected in the EDX map
of the AC, assuring that it was entirely consumed
upon the carbonization of the parent feed into AC.
Besides, the occurrence of O in the composition of
AC demonstrates that its surface will contain nu-
merous oxygenated functional groups, which help
remove DBT from liquid fuel.

The FTIR measurements of the AC developed
from mixed DSPET (Fig. 2d) exhibited the occur-
rence of many functional groups on its surface,
like the that broad at 3423 cm!, which repre-
sents the stretching vibration band of O-H group
in various oxygenated compounds, including
H,O, Ph-O-H, RC=0-O-H, and R-O-H (Xiong
et al.,2021). The absorption peak between 2922
cm ' and 2852 cm™! ascribe to the (C—H) stretch-
ing vibrations in CH, and CH, groups (Wang et
al., 2014). The stretching mode of the C=0 group
in esters, acids or lactones is that peak noticed at
741 cm ! (Wang et al., 2014; Guo et al., 2020).
The C=C group stretching vibration in an aro-
matic skeleton can be expressed by the peak seen
at 1854 cm ' (Wang et al., 2014). The C-O group
stretching vibration can be assigned by the peak
noticed at 1392 cm™! (Guo et al., 2020), while the
stretching mode of vibration of the C-O-C bond
could be presented by the bands seen between
1008 cm™" and 1249 cm™' (Wang et al., 2014).

Finally, the distinguishing peak detected at
620 cm™' may ascribe to the bending mode of
vibration of the C—H group (Guo et al., 2020).
The adsorptive ability of the AC on eliminating
multiple pollutants via various axillary processes
will be enhanced by the presence of multiple ef-
fective groups on the AC surface. Fig. 2e, which
depicts the XRD pattern of the AC showed the
existence two broad peaks at 26 = 22.50° and 20
=43.40, which are respectively assigned to (002)
and (100) reflections, and corroborate the amor-
phous and graphitic nature of the AC adsorbent.
Titration was used to determine the total acid and
basic groups on the AC surface, which were de-
termined to be 0.3160 and 0.0511 (mmol/g), re-
spectively. Such results indicate that the surface
of the AC originating from mixed DSPET, has an
acidic character. Our finding was comparable to
those announced for AC samples prepared through
the ZnCl,-activation route (Hussein and Fadhil,
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2021). The pH,,, . (point of zero charge) is a crucial
element because of its significance in the adsorp-
tion process of different contaminants by diverse
adsorbents. It demonstrates the pH value at which
the total charge on the surface of a given adsorbent
is zero. The pH of the as-obtained AC was 5.80,
which aligns with the results of the surface groups,
confirming that the surface of the AC is acidic.

The ADS experiments

An investigation was conducted to examine
the impact of the working variables on DBT strip-
ping from the model utilizing the AC developed
from the said mix of wastes. The initial concentra-
tion influence of DBT on the adsorptive capacity
of the AC (q,, mg/g) besides the ADS% from the
fuel is presented in Fig. 3a. The latter implied that
increasing the DBT initial concentration from 25
mg/L to 200 mg/L raised the q, value from 2.20
mg/g to 16.0 mg/g as an outcome of increasing
the number of DBT species per mass unit of AC,
casing improved interactions between the DBT
molecules and the AC particles (Hussein and

20— T T T T T T T T 90

il L) W .
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Fadhil, 2021). Furthermore, raising the sorbate
starting concentration will provide the required
motivation to minimize resistance between the
DBT liquid phase and the AC solid phase (Mo-
hammed-Taib and Fadhil, 2023). As seen in Fig.
3a, the ADS% of DBT decreased as the DBT ini-
tial concentration increased. This behavior can be
clarified by the fact that the number of energetic
positions accessible to DBT adsorption remains
unchanged while the number of DBT species
grows with increasing the DBT concentration.
Consequently, the ADS% will decrease as the ac-
tive sites are gradually depleted (Yaseen et al.,
2021). Multiple dosages (0.05-0.50 g) of the AC
were tried to explore the influence of this param-
eter as a consequence of its potential effect on
DBT removal. The experiments were conducted
applying the conditions described in Fig. 3b leg-
end. The attained outcomes suggested that rising
the AC dose from 0.05 g to 0.35 g resulted in an
increase in ADS% from 55.42% to 92.21%. The
elevated ADS% of DBT with increasing the AC
dosage may be explained by the fact that a greater
number of AC particles are present with using

% (b) .

90 + 25 mL of 200 ppm DBT/hexane
0.25 g of AC ; 35 °C ;120 min

0.0 0.1 02 03 0.4 0.5
Dosage of AC (g)

()

25 mL of 200 ppm DBT/hexane -
0.35 g of AC

20 40 60

T T
80 100 120

Time (min)

Figure 3. Effect of the adsorption parameters on the ADS % of DBT by the AC
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further dosages of AC, leading to a higher SA and
more active sites accessible to adsorb the DBT
species from the fuel (Yaseen et al., 2021). Try-
ing dosages above 0.35 g exhibited no influences
on the ADS of DBT as the system was attained
equilibrium. Other researchers have announced
comparable consequences (Mohammed-Taib and
Fadhil, 2023; Fadhil and Kareem, 2021, Hussein
and Fadhil, 2021). Four different temperatures (15
°C,25 °C,35 °C, and 45 °C) were tried in exam-
ining the temperature’s effect on the ADS% of
DBT from the fuel. The trials were completed un-
der the parameters specified in the legend of Fig.
3c. The outcomes offered in Fig. 3¢ indicated to
an increase in the ADS% of DBT with the rise of
temperature because of the increase in entropy of
the system, which promotes collisions between
the species of DBT with the AC particles (Ma et
al., 2017). Maximum ADS% was noticed at 35
°C, while higher temperature caused a diminish in
the ADS% of DBT. Furthermore, when the system
temperature rises, the solution viscosity decreases,
and consequently improves collisions between the
two phases (Yaseen et al., 2021; Hussein and Fad-
hil., 2021). Besides, the ADS% enhancement with
expanding temperature clarifies that DBT adsorp-
tion by the said AC is endothermic. Temperature
beyond 35 °C dropped the ADS% of DBT may be
due to higher temperature may weaken the attrac-
tion forces between the activate sites on the AC
surface and the DBT species, leading to a lower
ADS% (Ma et al., 2017).

Time intervals between 5 and 120 min were
examined to assess the contact time influence on
the ADS% of DBT form the fuel, with applying
the optimal working conditions found earlier, as
offered in Fig. 3¢c. Longer contact time between
the two phases resulted in a greater removal
DBT by the AC. Also, high uptake of the DBT
was observed after 60 minutes of the process,
suggesting that ADS process is spontaneous. In
the initial steps of the ADS process, the latter
was rapid as an outcome of the larger surface
area of the AC surface, which is beneficial in
receiving more species of the DBT species. Af-
ter a certain duration, equilibrium was attained
due to the occupation of most of the vigorous
positions of the AC surface by the DBT spe-
cies. Thus, adsorbing more DBT species will be
rendered. This could result in a repulsive force
between the adsorbate on the surface of AC and
adsorbate in the fuel phase (Mohammed-Taib
and Fadhil, 2023; Shah et al., 2015).
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Isothermal studies of the ADS process

Analyzing the adsorption isotherms of the ad-
sorbate adsorption by an adsorbent surface assist in
identifying the adsorption mechanism(Fadhil and
Kareem, 2021). As a result, the Langmuir (Fig. 4),
Freundlich (Fig. 4), and Temkin (Fig. 4) isotherms,
were applied to explore the DBT sorption on the
AC from the said mix of waste. The linear form of
this Langmuir isotherm is given in Eq.(4):

Ce_ 1 LG
de CImKL Am

where: g, — represents the amount of DBT need-
ed to form a complete monolayer cover-
age (mg/g) on the AC surface, while K/
is the Langmuir constant. Theoretically,
monolayer adsorption onto a solid surface
is suggested by the Langmuir model. The
lessening of interactions between pollut-
ant species is also indicative of the ef-
ficiency of the active sites in adsorption
(Yaseen et al., 2021).

“4)

The Langmuir constants, namely q_ and K
were respectively resulted from the slope and in-
tercept of the plot, while the dimensionless sepa-
ration factor (R,) was determined using the fol-
lowing formula:

1

R,=——
L7146k,

)

The adsorbate’s affinity for the adsorbent sur-
face can be expressed by this factor. This compo-
nent also suggests several instances of the adsorp-
tion process, e.g., the adsorption will be prefer-
able when 0 <R, <1.If R > 1, the adsorption will
be unprofitable.

According to the Freundlich model, multi-
layer adsorption on the solid surface occurs. It
also posits that the solid surface is heterogeneous,
with different-affinity active spots appearing on
the material surface (Xia et al., 2014).The linear
form of this isotherm is given in Eq. (6):

1
Inq, =InKg +ElnCe 6)

where: n and K, are the Freundlich constants,
which respectively signify the adsorption
intensity and capability. The Freundlich
constants viz. n and K, can be deduced
from the slope and the intercept of the lin-
ear plot. The value of n, which indicates
the adsorption favorability. It suggests
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Figure 4. Adsorption isotherms of DBT by the AC

that when n >1.0, the adsorption will be
profitable onto a solid surface.

The Temkin model, which asserts that the heat
of adsorption declines as the surface of the adsor-
bent is covered adsorbate species, may reflect the
interaction between the adsorbent and adsorbate
irrespective of the extremely high and low con-
centrations (Yaseen et al., 2021). The linear form
of this isotherm is given in Eq. (7):

RT

RT
qe=TanT +TInCe (7)

where: K, and b indicate respectively the equi-
librium binding constant (L/g) and the
heat of adsorption (J/mol). The slope and
intercept of the Temkin linear plot will
yield B and K values.

According to the results offered in Table 1,
the Langmuir model had higher R? values than
the Freundlich and Temkin models. Furthermore,
the q_ value for the Langmuir model was higher
than those found for K and B, indicating that the
Langmuir model can better explain DBT adsorp-
tion by the derived AC than the Freundlich and
Temkin models. The results above confirmed that
adsorbing DBT by surface of the AC happens in
a monolayer. Furthermore, because adsorption

occurs onto active sites with the same energy,
interactions between the DBT molecules are hin-
dered (Deb et al., 2021).

Kinetics and thermodynamic
studies of the ADS process

Aside from the equilibrium time, the effi-
ciency of the adsorption process can be further
explained by understanding the adsorption ki-
netics besides describing the rate of adsorption
onto the adsorbent surface (Ibrahim et al., 2022).
Consequently, three well-known models viz. the
pseudo-1t-order model, pseudo-2"-order mod-
el, and the intra-particle diffusion model, were
applied to analyze DBT adsorption data by the
produced AC, in order to figure out the stages
governing the adsorption of DBT on the AC. The
DBT adsorption on the aforementioned AC was
performed at three different temperatures (288
K, 298 K, and 308 K). The data collected were
examined using the linear forms of those mod-
els. The correlation coefficient (R?), q, (mg/g),
k, (min"), and k* values for the pseudo-1*-order
and pseudo-2M-order models were calculated
from the plot slope and intercept, respectively.
According to the results in Table 2, the R* value
for the pseudo-2"-order model was above that
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Table 1. Values of the adsorption isotherms constants for DBT adsorption

Langmuir constants

Freundlich constants

Temkin constants

R? q,, (mg/g) K, R, R? n (mg/g) K. R? B A

0.9846 23.80 0.0367 0.1199 0.9590 0.5727 0.4949 0.8572 0.9963 0.1175
belongs to the pseudo-1*-order model, showing AS, AH,
that the former model can accurately represents In(K. ) = R RT (8)
the DBT adsorption by the so-prepared AC. Fur- q
thermore, the q, value for the pseudo-2"-order (C—e> =K, 9
model was closer to that derived from the ad- €
sorption isotherm. Weber’s intra-particle diffu- AG, = —RT InK (10)

sion model was also tried to analyze the DBT
experimental adsorption data. This model can
predict processes and rate-controlling phases
that influence DBT adsorption kinetics. Because
none of the regression plots pass through the
origin, it is clear from Fig. 4, which depicts The
intra-particle diffusion model, that this model
cannot be used solely to describe the rate-lim-
iting step of DBT adsorption by the derived AC
(Yaseen et al., 2021; Fadhil and Kareem, 2021).

The thermodynamic parameters AH, AS, and
AG, were have also calculated based on the ad-
sorption outcomes of DBT on the AC. In addition
to spontaneity, these functions may offer insights
into the adsorption process, such as exothermicity
or endothermicity, possible increase or decrease
in disorder at the solid/liquid interface (Hussein
and Fadhil, 2021). These functions can also be
exploited to explain the adsorption mechanism.
These functions for DBT adsorption by the AC
were calculated at three different temperatures,
288 K, 298 K, and 308 K. The following equa-
tions were employed in calculating AH _, AS , and
AG, of DBT adsorption on the AC:

where: K indicates the equilibrium constant.
Plotting In K vs 1/T yields a straight line.
The slope of this linear plot gives AH®,
while AS® can be deduced from the inter-
cept following the van’t Hoff equation.

Table 3 displays the AH°, AS°, and AG®
data for DBT adsorption on the AC, revealing
that the adsorption was endothermic. This result
was reached based on the AH® value (9.51 kJ/
mole), demonstrating that the DBT adsorption
by this AC is temperature-dependent and en-
dothermic. This outcome was anticipated due
to the increased adsorption of DBT by the AC
when the temperature rose from 288 K to 308
K. Furthermore, the DBT adsorption by the de-
rived AC was spontaneous due to the -ve values
of AG® at different temperatures. As per litera-
ture, when the values of AG® are in the range of
(-20 to 0.0 kJ/mol), the adsorption is physical,
but values in the range of (-400 to -80 kJ/mol)
suggest chemisorption(Dutta et al.,2022). As
the AG® values for the DBT adsorption by the
AC ranged from -2.56 to -3.46 kJ/mol, it can be

Table 2. The kinetics models values for the adsorption of DBT

T=288K
Psedue-1st-order Psedue-2"-order Intra-particle diffusion
R? q, (mg/g) K, R? q, (mg/g) k, R? C K,
0.9698 2.12 0.0009 0.9999 13.51 0.0481 0.5267 6.06 0.8241
T=298 K
Psedue-1s-order Psedue-2"-order Intra-particle diffusion
R? q, (mg/g) k, R? q, (mg/g) k, R? C K,
0.9537 2.20 0.0010 0.9999 13.88 0.0405 0.5236 6.23 0.8307
T=308 K
Psedue-1st -order Psedue-2nd -order Intra-particle diffusion
R? q, (mg/g) k, R? q, (mg/g) K, R? C Ky
0.9000 2.33 0.0009 0.9999 14.47 0.0505 0.5151 6.37 0.8352
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Table 3. Thermodynamic functions values for DBT adsorption by the AC

Temperature (K) AG® (kJ. mol') AS° (kJ.mol". K') AH°(kJ. mol )
288 -0.0474 0.0650 18.80
298 -0.0552 - -
308 -1.357 - -

said that DBT adsorption by the AC is physical,
which accomplished via the electrostatic attrac-
tion and H-bonding (Dutta et al., 2022).

Comparison of the ADS performance

Table 4 compares the ADS% and ¢, (mg/g) for
DBT by AC generated from the aforementioned
blend of solid wastes with those achieved by other
adsorbents in the literature. The AC prepared here

had an ADS% and ¢, value comparable to other
adsorbents announced in the literature, and in
some cases better. The differences in the ADS%
and q_ value of DBT adsorption by various adsor-
bents can be attributed to a variety of parameters,
including the adsorbent’s S4,,., pore width, total
pore volume, and the number of acidic or basic
groups on its surface. These factors along with the
volume of the DBT solution used besides the type
of mechanism engaged in the adsorption process

Table 4. Comparison between the ADS % of the AC and other adsorbents

Initial Conc. Dosage | Temperature | Time ADS q,

Adsorbent of S-compound |  (g) °C) min) | (%) | (mglg) Ref.
AC from corn cobs 200 mg/L DBT 0.015 30 120 - 19.10 (Yaseen et al., 2021)
AC from wild mustard (Mohammed-Taib
stems 200 mg/L DBT 0.40 30 30 96.02 | 71.42 and Fadhil, 2023)
A(_) from_ biochar from 200 mg/L DBT 0.30 50 2 90.01 41.66 (Fadhil and Kareem,
mixed biowastes 2021)
AC from mixed 200 mg/LDBT | 0.30 40 60 | 92.86 | 4524 | (Husseinand Fadhi,
biowastes 2021)
Leaf of Punica 1000 mg/L DBT 1.0 30 60 70.55 55.55 (Sadare and Daramola,
granatum 2019)
AC from palm shell 10 mg/L DBT 0.10 25 35 91.50 2.75 (Anisuzzaman, 2017)
AC from mixed DSPET 200 mg/L DBT 0.35 35 80 95.07 | 23.80 This study
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Figure 5. Reusability cycles of the AC
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all have an impact on the ADS% and ¢, value of
DBT by any specific adsorbent.

Regeneration and reusability studies

The exhausted specimens of the AC were gath-
ered so as to assess the possibility of regenerating
and reusing of the AC due to the importance of this
issue from an economical point of view. The ex-
hausted AC specimen was placed into a Soxhlet ex-
tractor to strip the adsorbed DBT from the AC em-
ploying n-hexane as the solvent. After eliminating
the DBT from the AC, the latter was implemented
in the ADS of DBT under the previously reported
typical conditions after drying at 105 °C for 2h
(Hussein and Fadhil, 2021). In each reusability
cycle, this process was repeated. The results offered
in Fig. 5 revealed that extending the reusability cy-
cles resulted in a modest decrease in DBT R%. The
ADS% of DBT amounted to 97.22% in the 1% cycle
compared to 89.21% in the 5%, indicating that the
AC surface still has accessible locations suited to
eliminate DBT molecules. As a result, the obtained
results suggested that the AC developed from the
said blend of solid wastes is a good adsorbent for
purifying transportation fuels from S-compounds.

CONCLUSIONS

The utilization of an equal mixture of DS and
PET wastes led to synthesize an AC with a rea-
sonable surface area and mesoporous structure
through the ZnCl -activation process. The so-pre-
pared AC had a BET surface area of 672.22 m?/g
and a mean pore width of 3.16 nm. Adsorbing DBT
from a model oil was made by employing the as-
created AC showed the highest ADS% (95.07 %)
using 0.30 g of the AC at 35 °C for 80 min with a
23.80 mg/g adsorptive capacity. The AC produced
from the suggested precursor best manifested
that the DBT adsorption followed the Langmuir
adsorption isotherm and pseudo-2"-order kinet-
ics model. The effectiveness of the produced AC
was demonstrated by the regenerated AC activity,
which showed an outstanding adsorptive perfor-
mance for DBT up to four cycles of reuse.
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