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Abstract

The removal of organic sulphur from liquid fuel via applicable and cheap processes is one of the
most challenging energy issues worldwide. Adsorptive desulphurization (ADS) processes can
address this issue if highly effective magnetic nanoadsorbents with favourable textural properties are
used. In this work, activated carbon produced from palm kernel shells was decorated with wire-, rod-
, and flower-like magnetic MnO> by a hydrothermal route to produce reusable magnetic
nanoadsorbents with tunable pore volume and pore diameter. The magnetic nanoadsorbents labelled
Fe30:@MnO2-w@AC, FesOs@MnO2-r@AC and Fez0:@MnO.-f@AC were characterized using
state-of-the-art spectroscopic techniques and used for sulphur removal from model and real fuels.
The results revealed that the prepared magnetic nanoadsorbents had suitable oxygen functionalities,
porous morphology and specific surface area of 480 for wire, 312 for rod, and 340 m? g for flower-
like magnetic nanoadsorbents. The newly-designed magnetic nanoadsorbents exhibited superior
sulphur removal efficiency at 100 min contact time, 35°C adsorption temperature, and 0.4 g
adsorbent dose per 40 mL of model or real fuel. Among them, a wire-like magnetic nanoadsorbent
showed 99% sulphur removal from model fuel with 530 ppm sulphur content as DBT, 97.6% and
90% sulphur removal from commercial kerosene and diesel fuels with 430 and 1050 ppm sulphur
content, respectively. The adsorption kinetics, isotherms and thermodynamics disclosed that
adsorption of organic sulphur follows the pseudo-first order kinetic model, was an exothermic, and
diffusion-controlled process. The magnetic properties enabled the nanoadsorbents to be recovered
more easily and reused at least five times.
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1. Introduction

Sulphur-containing compounds from fossil fuels have recently emerged as a disturbing
environmental concern because of the harmful emissions from diesel powered vehicles. The organic
sulphur compounds present are mainly converted into SOz, which readily dissolves in water vapour
to form sulphuric acid. The generated sulphuric acid is then changed into fine particles that can enter
human lungs and cause lung cancer [1-4]. Furthermore, the presence of sulphur compounds in
petroleum products causes corrosion problems in petroleum refinery equipment and poisons
downstream catalysts [5-8]. As a result, additional rigorous environmental rules on the allowable
sulphur limit (ppm) to lower the S content in transportation fuels are continually being introduced by
governments [9-12]. Reducing the harmful effects of sulphur emissions is often achieved through
decreasing the emission rates of SOs, and/or manufacturing ultra-low sulphur content fuels [13-15].
The traditional hydrodesulphurization (HDS) method is generally effective for open-chain and
acyclic S-compounds and less effective for benzothiophene (BT), dibenzothiophene (DBT) and their
derivatives. The HDS process requires severe conditions (temperatures up to 400°C and high
pressures up to 10 MPa) and extremely durable catalysts [16]. To achieve ultra-deep desulfurization,
various non-HDS technologies like adsorptive desulfurization (ADS), extractive desulfurization
(EDS) oxidative desulfurization (ODS) and biodesulfurization (BDS) are considered to be the most
advanced techniques [17-20]. Among the various non-HDS technologies, ADS is regarded as one of
the most promising methods and has attracted wide attention because of advantages like low cost,
mild operating conditions and low energy consumption, as there is no need for hydrogen or oxygen
inputs [21-23]. The efficiency of ADS depends mostly on the adsorbent’s textural characteristics
such as high surface area and pore volume, more mesopores and surface-active sites and good
structural strength and stability [24]. Many studies on ADS of transportation fuels have been carried
out by using activated carbon [25], mesoporous materials, zeolites [26], metal oxides [27] and
metal-organic frameworks (MOFs) as adsorbents [28].

Metal oxide-based adsorbents were studied for ADS since they possess many attractive features such
as simple synthesis routes, good structural stability and insolubility in common solvents [29, 30].
Among them, manganese dioxide nanoparticles and MnO»-based nanocomposites were concluded to
be good candidates for environmental remediation and energy storage owing to their low cost, high
surface area, eco-friendly nature and wide structural diversity, combined with ideal physical and
chemical properties [31-33]. Manganese dioxide NPs and manganese dioxide-based nanocomposites
have been synthesized via hydrothermal, thermal degradation, sol-gel, electro-deposition and
microwave-assisted routes [34-37]. Synthesizing manganese dioxide with nanowire, nanorod,

nanoflake, nanotube, nano-sheet or nanoflower morphologies, can bring the following benefits to
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nanostructured materials: increasing the specific surface area; boosting the formation of oxygen
vacancies and surface defects; facilitating mass-transfer and light harvesting; and quickening charge
transfer and improving the separation efficiency of electron-hole pairs [38-43]. Researchers have
extensively investigated MnO2 NPs and MnOz-based nanocomposites for diverse applications such
as heavy metal and organic pollutant removal, air purification and microwave absorption [42, 43].
Yaseen et al. [5] fabricated a nanoadsorbent composed of Zn- and Mn-loaded activated carbon (AC)
derived from corn cobs for the adsorptive desulfurization of model and real fuel oils. Preliminary
adsorption experiments were accomplished with 0.15 g adsorbent dosage, 2h contact time at 30°C,
which removed 95.7% of dibenzothiophene (DBT) from 10 mL model fuel containing 200 ppm
DBT, 92% and 50% sulphur removal from kerosene and gasoline fuels, respectively. Saleh et al. [6]
successfully treated activated carbon with manganese oxide to improve its surface properties for
adsorptive desulfurization. The adsorbent displayed oxygen-containing functional groups and
distinctive pore structures that enabled rapid uptake of 4.5 mg g*, 5.7 mg g* and 11.4 mg g for
simultaneous adsorption of thiophene, benzothiophene and dibenzothiophene in a batch process.
Magnetic Fes0s@MnO> core-shell nanoflower attached to Aspergillus niger carbon microtube was
designed by Yang et al. [44] as a highly efficient, recyclable and environmentally-friendly adsorbent
for the removal of heavy metals from synthetic wastewater. Due to the synergistic effects of the high
adsorption capacity of MnOz, the magnetism of FesOs and large pore size of Aspergillus niger
carbon, the adsorbent achieved an extremely high adsorption capacity of 934 mg g and a shorter
adsorption time of 5 min using 20 mL synthetic wastewater containing 1000 ppm heavy metal ions.
Maneechakr and Mongkollertlop [45] systematically investigated the adsorption behaviour of heavy
metal cations such as Cd?*, Cr®*, Pb?" and Hg?* using active MnO2-modified magnetic carbonized
biochar powder (CP-Fe) derived from palm kernel cake residue. The adsorption performance of (CP-
Fe) was efficiently improved by doping with KMnO4 (CP-Fe-Mn). The maximum adsorption
capacities (Qmax) for Cd?*, Cr®*, Pb* and Hg?" were 18.60, 19.92, 49.64 and 13.69 mg g*,
respectively.

Despite all the interest in manganese dioxide NPs and MnOz-based nanocomposites, to our best
information, the use of magnetic MnO. nanocomposites with different MnO> morphologies as
nanoadsorbent for adsorptive desulphurization of liquid fuel has not previously been reported.
Therefore in the present study, wire-, rod-, and flower-like magnetic MnO2 NPs decorated activated
carbon produced from palm kernel shells have been synthesized by a hydrothermal method and
evaluated as promising green magnetic nanoadsorbents for sulphur removal from model and
commercial fuels. In this study, we employed activated carbon as the substrate for its large specific

surface area and abundant oxygen-containing groups. Using a hydrothermal method, different
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morphologies of magnetic MnO2 NPs were deposited on the surface of the activated carbon sheets.
The magnetic property of our synthesized nanoadsorbents provides an effective approach for rapid
separation and recovery of the nanoadsorbent for recycling. The surface chemistry and crystallinity
of the prepared magnetic nanoadsorbents was studied by powder X-ray diffractometry (XRD) and by
Fourier Transformer Infrared spectroscopy (FTIR), Raman spectroscopy and energy-dispersive X-
ray analysis (EDAX) elemental mapping. Field emission scanning electron microscopy (FESEM)
was used to investigate surface morphology, while particle sizes were inspected by transmission
electron microscopy (TEM). The Brunauer-Emmett-Teller (BET) method was used to determine the
specific surface area, and the pore size distribution and pore volume of the prepared magnetic
nanoadsorbents were calculated using the Barret-Joyner-Halenda (BJH) model. Magnetic properties
were investigated by vibrating scanning magnetometer (VSM). The adsorptive desulphurization of
model and commercial fuels was carried out in a batch system using a glass reactor vessel. The ADS
process was optimized in terms of contact time, sulphur concentration, adsorbent dose, and
temperature. The optimum ADS conditions were considered for adsorptive desulphurization of
kerosene and diesel as commercial fossil fuels. Adsorption kinetics, adsorption isotherms and
adsorption thermodynamic of the prepared materials were all thoroughly investigated.

2. Experimental and methods

2.1. Materials

All the chemicals and reagents used in this work were of analytical grade 97-99% purity, so they
were not purified further. Milli-Q water (resistivity greater than 18.2 MQ.cm) was used during the
synthesis steps. Potassium permanganate (KMnOs) (99%), manganese sulphate monohydrate
MnSO4.H,0 (99%) were purchased from Sigma Aldrich. Iron chlorides FeCls.6H.O (97%) and
FeCl>.4H20 (99%) were purchased from Fluka and Glentham, respectively. Hydrochloric acid (37
wt%) and ammonia solution (25 wt%), and n-decane (GC grade) were purchased from Merck.

2.2. Synthesis of FesOs NPs

A coprecipitation route was used to synthesize the FesO4 NPs [46]. In a typical reaction, 9.46 mmol
of FeCl2.4H,0O and 18.92 mmol of FeCls-6H.O were dissolved in 60 mL distilled water and
ultrasonicated for 30 min at 50°C in N2 atmosphere. Later, 35 mL ammonia solution (25 wt%) was
injected into the reaction flask over 90 min to maintain slow coprecipitation throughout FezO4 nuclei
formation. In order to grow FesO4 particles with a spherical shape and control the particle size, the
pH value of the reaction solution was kept within a range of about 10-12. After completing the
addition of ammonia solution, the reaction mixture was continuously ultrasonicated for another 60
min at 50°C in N2 atmosphere to complete the FesO4 NPs growth. The black as-prepared products

were separated by a small magnetic bar, washed several times with distilled water/ethanol mixture
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and then dried at 50°C for 9h in vacuum. Finally, the black dried particles (32-46 nm size, see Fig.
Sla in supporting information file) of FesO4 NPs were obtained.

2.3. Preparation of MnO2 nanopatrticles with different morphologies

Wire-, rod- and flower-like MnO2 NPs were synthesized following certain methodologies [42, 47, 48,
]. The wire-like MnO2 was synthesized as follows: 1.5 g KMnOs and 0.275 g MnSO4.H.0 were
dissolved in 80 mL deionized water. After stirring for 30 min, the mixture was transferred into a 100
mL Teflon-lined autoclave and the reaction proceeded for 24h at 240°C. Thereafter, the product was
washed several times with deionized water and absolute ethanol and separated by centrifuge (10000
rpm). The collected solid labelled MnO.-w NPs was dried for 24h at 60°C, and then sealed for
further use and characterization.

The rod-like MnO2 NPs labelled MnO2-r was synthesized as follows: 0.3214 g KMnO4 was dissolved
in 30 mL deionized water, and 0.7 mL of 37 wt% HCI were added to the mixed solution. After
stirring for 30 min, the mixture was transferred to a 100 mL Teflon-lined autoclave and reacted for
12h at 140°C. Later, the product was collected, and the next steps were the same as for MnO2-w NPs.
The flower-like MnO2 NPs labelled MnO.-f was synthesized as follows: 0.51 g KMnO4 was first
dissolved in 35 mL deionized water, and 0.7 mL of 37 wt% HCI was then added dropwise. After
stirring for 30 min, the mixture was transferred to a 100 mL Teflon-lined autoclave and reacted for
6h at 110°C. The rest of the procedures were the same as for MnO2-w NPs.

2.4. Preparation of wire-, rod-, and flower-like magnetic MnO2 nanoparticles

Wire-, rod- and flower-like magnetic MnO. nanoparticles NPs were synthesized following a typical
reaction procedure [44]. The Fez0s@MnO2-w NPs was synthesized as follows: 0.3 g FesOs NPs
previously prepared, 1.5 g KMnOs, 0.275 g MnSO4.H20, and 0.7 mL of 37 wt% HCI were uniformly
dispersed in 80 mL of deionized water and ultrasonicated for 30 min using a probe sonicator.
Thereafter, the mixture was transferred into a 100 mL Teflon-lined autoclave and reacted for 24h at
240°C. Finally, the FesO4@MnO-w precipitate was collected by magnet and washed with ethanol
and water several times, followed by freeze-drying under vacuum for 24h for further use and
characterization.

The FesOs@MnO2-r NPs was synthesized as follows: 0.3 g FesO4 NPs, 1.5 g KMnOs and 0.7 mL of
37 wt% HCI were uniformly dispersed into 80 mL of deionized water and ultrasonicated for 30 min
using a probe sonicator. The mixture was then transferred into a 100 mL Teflon-lined autoclave and
reacted for 12h at 140°C. The Fes04s@MnO:-r precipitate was collected by magnet and washed with
ethanol and water several times, followed by freeze-drying under vacuum for 24h for further use and

characterization.
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The Fes04@MnO.-f NPs was synthesized as follows: 0.3 g FesOs NPs, 1.5 g KMnOg4 and 0.7 mL of
37 wt% HCI were uniformly dispersed in 80 mL of deionized water and ultrasonicated for 30 min
using a probe sonicator. The mixture was transferred into a 100 mL Teflon-lined autoclave and
reacted for 6h at 110°C. Finally, the FesOs@MnO--f precipitate was collected by magnet and washed
with ethanol and water several times, followed by freeze-drying under vacuum for 24h for further
use and characterization.

2.5. Preparation of activated carbon from palm kernel shells

The palm kernel shells PKS were locally collected to be used as the precursor for the activated
carbon production via physicochemical approach (see Fig.1) [49, 50]. The collected PKS were
thoroughly cleaned using deionized water, then crushed into powder using a grinding machine and
dried at 100°C in an oven. The dried PKS were thermally carbonized under N> flowrate at 500°C and
heating rate of 10°C min in a calcination furnace for 2h to remove the small amount of organic
molecules. Thereafter, to improve the specific surface area, the pre-carbonized PKS were chemically
activated by dipping in 20 wt.% KOH aqueous solution and then stirred vigorously for one day to
ensure complete infiltration. Subsequently, the mixture was annealed at 900°C for 2h under N2 flow.
The product was crushed using a mortar and pestle, washed with 1M HCI and rinsed with excess of
deionized water to obtain a neutral pH. The cleaned sample was oven-dried at 100°C for 24h to
remove any internal moisture, then weighed. kept in a vial and labelled as porous activated carbon
(PAC) for further use and analyses.

2.6. Preparation of wire-, rod-, and flower-like FesOs@MnO2 decorated activated carbon

In a typical reaction, the as-prepared PAC powder (1 g) was re-dispersed in 60 mL deionized water
ultrasonically for 90 min. Then, Fes0s@MnO2-w (15 wt%) was added to the dispersion and the
system was ultrasonicated for another 60 min. The mixture was then transferred to a 100 mL Teflon-
lined autoclave and maintained at 100°C for 5h. After cooling to room temperature, the obtained
magnetic nanoadsorbent, labelled Fe30s@MnO-w@AC, was washed with deionized water,
collected by magnet, and then dried in a vacuum oven at 35°C for 12h. The FesOs@ MnO2-r@AC
and Fe304@ MnO.-f@AC magnetic nanoadsorbents were prepared by following the same procedure
as for Fes04@ MnO2-w@AC.
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Fig. 1. Hydrothermal synthesis of magnetic nanoadsorbents.

2.7. Materials characterization

The newly-synthesized magnetic nanoadsorbents were characterized by FTIR Spectroscopy on a
model Shimadzu 8400 spectrophotometer in the 400-4000 cm™ range, and elemental mapping
analysis was done by energy-dispersive X-ray spectroscopy (EDAX) (ZEISS Sigma 300). Raman
spectra of the nanoadsorbents were monitored in the region of 100-3600 cm™. The crystalline
structures of the synthesized materials were examined by X-ray powder diffractometry (XRD)
(Shimadzu XRD-6000) using Cu Ko radiation (A = 1.5406 A), 10°-80° 20, and 5 degrees/s scan rate.
The crystallite size (D) of the prepared materials was calculated from the width of the most intense

peak using the Debye-Scherrer equation (Eg. 1) [53].

K2
XRD ™ B cos@

(1)

where K is a constant related to the crystallite shape (K = 0.9), 0 is the Bragg angle and f is the
contribution of the crystallite size to the full width at half maximum (FWHM) of the corresponding
diffraction peak in radians.

The lattice constant a was calculated by using the following relation (Eq. 2):

a:dhkl\/h2+k2+l2 (2)

where d the interplanar distance for the plane hkl. The degree of crystallinity (Dx) was calculated

using the following formula (Eq. 3) [42]:

Dif fraction peak intensity

Crystallinity % = x 100 3)

Total intensity
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The crystalline phases were identified by comparison with the Joint Committee on Powder
Diffraction Standards (JCPDS) database.

Field Emission Scanning Electron Microscopy (FESEM) (Model: ZEISS Sigma 300) was used to
scan the surface morphology of the prepared materials. The particle size was also determined by
Transmission Electron Microscopy (TEM) (JEOL, JEM-2100F, 200 kV). The Brunauer-Emmett-
Teller (BET) method and Barrett-Joyner-Halenda (BJH) model were used to determine the specific
surface area, pore size distribution and pore volumes of the synthesized materials. The magnetization
measurements were made under ambient conditions using a vibrating scanning magnetometer (VSM)
(Cryogenic Limited PPMS) under an applied field of 1-5 KOe.

2.8. Adsorptive desulfurization experiments

Batch adsorptive desulphurization experiments were conducted by adding specific amount of the
prepared magnetic nanoadsorbents with different morphologies to a glass reactor vessel containing
530 ppm sulphur as DBT dissolved in 40 mL n-decane as model fuel. The reactor contents were
stirred using mechanical stirrer with 300 rpm and 35°C until it reached equilibrium. The
nanoadsorbent was separated from the adsorbate by a magnet and the final concentration of DBT in
the adsorbate was analyzed for sulphur content using XOS Sindie 7039 XRF Trace Sulphur Fast
Batch Testing Fuel Analyzer at the Petroleum Research Centre, Ministry of Oil Iraq. The ADS
performance of the nanoadsorbents was evaluated by optimizing experimental parameters like DBT
concentration, adsorbent dosage, contact time, and adsorptive temperature. The real oil samples
(kerosene and Diesel fuel) were desulfurized applying the optimized set of parameters used in the
ADS of the model oil. All the experiments were performed in triplicate and average values were
recorded along with the corresponding relative standard deviations. The net adsorption (%) and the
adsorption capacity (mg g) were calculated using Eqgs. (4) and (5), respectively.

i Ce

%DBT Adsorption =

X 100 4)

l

w
where Cj and C. show initial and equilibrium concentration of DBT (mg L™), V shows the volume

i

Adsorption capacity (q,) = ExV (5

of the model oil in litre, and W represents adsorbent dose (g).

3. Results and Discussion

3.1. FTIR, XRD and Raman measurements

The FTIR spectroscopy was used to identify the surface functional groups of the prepared pristine
wire-, rod-, and flower-like MnO2 NPs, their magnetic counterparts (Fig. 2a), and magnetic
nanoadsorbents Fes0s@MnO2-w@AC, FesOs@MnO2-r@AC, and Fes0s@MnO.-fF@AC (Fig. 2Db).
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All of the prepared materials feature distinct bands between 450-650 cm™ related to the vibrations of
the manganese-oxygen bond within the manganese dioxide component and the Fe-O bond within the
magnetite one. The moderately-intense bands between 1500-1650 cm™ and 1100-1200 cm
correspond to the bending vibrations of the O-H group (in absorbed water) joined with manganese
ions [6]. The more intense broad band around 3100-3408 cm™ is attributable to the O-H stretching
vibration of the absorbed water molecules [14, 15]. The presence of water molecules within the NPs
might be due to the high surface area of the nano-sized manganese dioxide. FTIR spectra of the
prepared magnetic nanoadsorbents presented bands between 1129-1171 cm™, 1534-1627 cm™ and
3353-3439 cm™ were attributed respectively to the -C-OH (stretching), carboxylic acids, lactonic
groups and alcoholic surface functional groups of the activated carbon. The bands in the range of
555-635 cm™ corresponded to the Mn-O and Fe-O stretching vibrations, which confirmed the

deposition of magnetic manganese dioxide on the surface of activated carbon.
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Fig. 2. FTIR spectra of (a) MnO2 and Fes0s@MnO2 NPs with different morphologies; (b)
Fe30:@MnO2-w@AC, Fes0:@MnO2-r@AC, and Fes04@MnO.-F@AC magnetic nanoadsorbents.

Powder X-ray diffraction patterns of the prepared materials were measured to find crystalline phases,
crystallite sizes and % crystallinity. The prepared wire- and flower-like MnO2 NPs revealed identical
XRD patterns (see Fig. 3a), corresponding to the standard 6-MnO2 (JCPDS No. 52-0556), which
belongs to the birnessite (Ko.27Mn02.0.54H20) type MnO; [51]. The rod-like MnO2 NPs presented
sharp and intense XRD patterns, belonging to the body-centred tetragonal phase (space group 14/m)
of the standard a-MnO. (JCPDS No. 44-0141) [52]. The sharp and intense peaks in the diffraction
pattern of rod-like MnO2 NPs implied that the a-MnOz nanorods had good crystallinity. Unlike using
post-treatment at high temperature (500°C) in the study by Wang et al. [53], the prepared MnO2 NPs

with different morphologies were not subjected to calcination in this study. However, similar crystal
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phase composition but poorer crystallinity was observed in our work. This is attributed to the
calcination at high temperature, which could smooth the surface of the adsorbent and improve the
crystallinity but reduce the specific surface area. Notably, without calcination at high temperature,
birnessite-type MnO. was formed for the wire- and flower-like samples, which are different from the
results of Wang et al.

The crystal phase structures of the prepared FesOs NPs as well as wire-, rod-, and flower-like
Fe304@MnO; are shown in Fig. 3b. The diffraction peaks located at 30.1°, 35.4°, 39.3°, 43.1°, 53.4°,
57.1°, and 62.5° were respectively attributed to (220), (311), (222), (400), (422), (511), and (440)
crystal planes of the cubic inverse spinel FesO4 NPs. The XRD pattern showed good consistency
with that of pure FesO4 (JCDPS 85-1436) [54]. The XRD patterns for wire-, rod-, and flower-like
Fe30s@MnO; exhibited the same crystalline phase with poorer crystallinity as for the pure a- and d-
MnO2 NPs, with the existence of diffraction peaks of pristine Fe3Os. The newly-synthesized
Fe30:@MnO2-w@AC, Fes0:@Mn0O.-r@AC, and FesOs@MnO2-F@AC magnetic nanoadsorbents
featured new XRD diffraction peaks at 23° and 43° (see Fig. 3c) belonging to (002) and (100)
crystal planes of coherent and parallel stacked graphitic sheets (Graphite PDF 26-1079) of the
annealed activated carbon [55].

Raman spectroscopy is a powerful technique for determination of the structural defects in the crystal
structure of our magnetic manganese dioxide-decorated activated carbon. The Raman spectra of
Fe30:@MnO2-w@AC, Fes0:@MnO2-r@AC, and FesOs@MnO-F@AC magnetic nanoadsorbents
(Fig. 3d) feature two characteristic bands, respectively denoted as the D-band and G-band,
belonging to annealed activated carbon. The D band at 1345 cm™ is due to the disordered graphite
structure which relates to defects of the graphitic regions that exist in annealed activated carbon
derived from palm kernel shell. The G band at 1593 cm™ indicates the presence of sp? carbon
network structure which is composed of either C=C chains or aromatic ring structures [55]. In
addition, the Raman spectrum presented peaks at 280, 410, 510, 580 and 620 cm™ belonging to
vibrational modes of Mn-O bonds of o and 6 MnO2 NPs [56]. The typical vibrational modes assigned
to magnetite (FesOa) are situated at 670 cm™ correlate to the A1g mode; 538 and 306 cm™ correspond
to the Tog mode of Fe-O bonds of FesOs NPs [57]. Moreover, the measured Ip/lg values of 0.768,
1.015, and 0.868, for Fez;04@MnO2-fF@AC, Fes0.@MnO2-r@AC, and FesOs@MnO2-w@AC,
respectively showed that the annealed activated carbons retained their graphitic character after
decoration with different forms of magnetic manganese dioxide.

3.2. Surface studies and elemental compositions of the prepared materials

Surface morphologies of the hydrothermally prepared pristine MnO2 NPs and magnetic

nanoadsorbents were investigated by FESEM and TEM techniques, while the elemental
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compositions were determined by EDAX elemental mapping spectroscopy. The EDAX elemental
mapping results (see Fig. 4a-c) for the prepared Fes04@MnO2-w@AC, Fes04@MnO2-w@AC, and
Fe30s@MnO,-w@AC magnetic nanoadsorbents indicated a good dispersion of Fe, O, and Mn
elements over activated carbon and the larger amount of Mn element was observed in the magnetic
nanoadsorbent with wire-like morphology (Fig. 4a).

Fig. 5a-f illustrates the FESEM micrographs and TEM images of the pristine MnO2 and magnetic
MnO2 NPs with different morphologies. The MnO2> NPs with different morphologies (Fig. 5a,c,e)
and their magnetic counterparts (Fig. 5b,d,f) were easily distinguished by their distinctive shapes.
The FESEM micrograph of 6-MnQO> nanowire (Fig. 5a) revealed long and crossed nanowires (28.04
nm wire diameter), while the TEM image of magnetic 6-MnO nanowire (Fig. 5b) confirmed the
coating of single wire-like MnO with Fe3Os NPs. The FESEM micrograph (Fig. 5c) showed a
smooth and uniform structure for a-MnO- nanorods with average length and diameter of about 180
nm and 25 nm, respectively. The TEM images (Fig. 5d) for magnetic a-MnOz nanorods clearly
displayed a uniform coating of single rod-like MnO2 by Fe3O4 NPs. For flower-like 8-MnO2, FESEM
(Fig. 5e) revealed spherical shape (370-500 nm flowers estimated size) featuring flower petals
interleaved with thin nanoplates (thickness 8-10 nm and length 37-45 nm), each of which appeared to
grow perpendicularly from the inner core [58]. The TEM analysis (Fig. 5f) for magnetic 5-MnO>
nanoflowers indicates a typical hierarchical structure of flower-like MnO, coated with FesO4 NPs.
The FESEM micrographs of the hydrothermally
Fe30:@MnO2-w@AC, Fe30:@MnO2-r@AC, and FesOs@MnO-T@AC are presented in Fig. 6a-f.

The FESEM micrograph of undecorated activated carbon (Fig. 5a) showed a rough surface of

synthesized magnetic nanoabsorbents

graphitic carbon sheets, while the wire- and rod-like magnetic MnO; decorated with activated carbon
i.e. Fes04s@MnO-w@AC and Fes0s@MnO.-r@AC (Fig. 5b,ef) displayed numerous well-
distributed wires and rods on the surface of activated carbon. Homogeneously and densely attached
flower-like magnetic MnO2 NPs on the surface of activated carbon were observed in the FESEM
micrographs (Fig. 5¢ and d) for Fe304@MnO2-f@AC magnetic nanoadsorbent.

Table 1. Physical parameters of the prepared wire-, rod-, and flower-like magnetic MnO2 NPs.

Parameters Fes04@MnO2-w | Fes0s@MnO2-r | Fes0s@MnO,-f
Crystallite size (Dsem) Nm 28.83 40.04 34.85
Crystallite size (D1em) nm 27.33 43.8 34.08
Average crystallite size (Dxrp) nm 8.735 34.343 22.653
Specific surface area (Sger) m? g 96 100 112

Pore volume (Vp) cm® gt 0.3850 0.2006 0.3519
Mean pore diameter (Dp) nm 8.26 2.80 5.88
Saturation magnetization (Ms) emu g* 21.87 24.15 20.46
Remanence (MR) emu g* 1.45 3.90 3.460
Coercive field (Hc) KOe 1.008 0.712 0.58
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1 Table 2. Physical parameters of the prepared FesOs@MnO.@AC with different morphologies.
Parameters | AC Fe:04@MnO2-w@AC | Fes04:@MnO2-r@AC | FesOs@MnO2-f@AC
Seer m? gt 596 480 312 340
Vpcmig! | 0.1248 0.3526 0.2010 0.3338
Dp nm 2.214 10.5 3.35 4.26
Ms emu g* 18.37 21.50 17.35
Mg emu g* 1.950 3.150 2.552
Hc KOe 0.020 0.0223 0.0220
Seet: Specific surface area; Ms: Saturation magnetization; Vp: pore volume; Mgr: Remanence; Hc:
Coercive field; AC: Activated carbon; Dp: pore diameter
2
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Fig. 4. EDAX elemental mapping images of (a) Fes0s@MnO2-w@AC, (b) Fes0s@MnO2-r@AC,
and (c) Fez0s@MnO2-f@AC magnetic nanoadsorbents.
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Fig. 5. FESEM micrographs: (a) MnO2-w NPs, (c) MnO2-r NPs, and (e) MnO2-f NPs; TEM images:
(b) Fes02@MnO2-w, (d) FesO4s@MnO2-r, and (f) Fes04@MnO2-f magnetic NPs.
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Fig. 6. FESEM micrographs: (a) undecorated activited carbon, (b) Fes0s@MnO2-w@AC, (c) and (d)
Fe304@MnO2-FT@AC, (e) and (f) Fes0s@MnO2-r@AC magnetic nanoadsorbents with different

magnifications.
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3.3. BET analysis

Brunauer-Emmett-Teller (BET) method was used to find the specific surface area Sger, while the
pore volume Vp and pore size Dp of the magnetic nanoadsorbents were determined via the Barrett-
Joyner-Halenda (BJH) model. The N, adsorption-desorption isotherms and pore size distribution
curves of the various nanomaterials are shown in Fig. 7a-i. According to the IUPAC classification,
all the wire-, rod-, and flower-like magnetic MnO2 NPs exhibited type IV isotherms with a typical Hs
type hysteresis loop (see Fig. 7a,b,c) occur between (P/Po= 0.3-0.99), indicating mono and
multilayers adsorption over a mesoporous solid [54, 59]. The calculated Sget values (see Table 1) for
the wire-, rod- and flower-like magnetic MnO2 NPs were 96, 100 and 112 m? g, respectively. The
values of the pore volume and mean pore diameter were 0.3850, 0.2006, and 0.3519 cm® g and
8.26, 2.80, and 5.88 nm, respectively (see Fig. 7d). The N2 adsorption-desorption isotherms and pore
size distribution curves of the activated carbon produced from palm kernel shell as well as the newly-
synthesized Fe30s@MnO2-Ww@AC, Fe304:@Mn02-r@AC, and Fes0s@MnO2-fF@AC magnetic
nanoadsorbents are shown in Fig 7e-i. The N2 adsorption-desorption isotherm (see Fig. 7e) of
undecorated AC revealed a type | & IV isotherm with an Hs hysteresis loop at relatively low pressure
P/P, and high N, adsorption capacity (435 cm?® g?) indicating a micro-mesoporous structure with
pore diameters between 1.22-2.214 nm, total pore volume of 0.1248 cm® g* and Sger of 596 m? g
Whereas the newly-synthesized Fes0:@MnO2-w@AC, Fez;0s@MnO2-r@AC and FezOs@MnO2-
f@AC magnetic nanoadsorbents revealed type IV isotherms with Hs type hysteresis loops (see Fig.
7f-h) at relatively high pressure P/Po, and N2 adsorption capacities of 293, 254 and 240 cm® g*,
respectively. The calculated Sger values (see Table 2) were 480 m? g for Fes0s@MnO2-w@AC,
312 m? g for Fes0:@MnO2-r@AC, and 340 m? g for Fes0s@MnO2-f@AC, while the pore
volume and pore size values (see Fig. 7i) were 0.3526 cm®g* and 10.5 nm, 0.2010 cm® g* and 3.35
nm, and 0.3338 cm® g and 4.26 nm, respectively. However, these new textural properties may be
due to partial hydrothermal anchoring of magnetic MnO> of different morphologies over activated
carbon surface. Thus the designed nanopores of our novel Fes04s@MnO2-w@AC, Fe30s@MnO;-
r@AC, and Fes0s@MnO-F@AC magnetic nanoadsorbents are expected to facilitates the sulphur

adsorption from commercial fuel due to high specific surface area and sufficient volume adsorbed.
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Fig. 7. N2 adsorption-desorption isotherms: (a) FesOs@MnO2-w NPs, (b) FesOs@MnOz-r NPs, (c)
Fe304@MnO»-f NPs, (e) activated carbon, (f) Fes0s@MnO2-w@AC, (g) Fes0:@MnO-r@AC, and
(h) Fes0s@MnO.-f@AC; the corresponding diameter distribution plots are labelled (d) and (i),

respectively.

3.3. VSM measurements

In this work, FesOs NPs were incorporated with different morphologies of MnO2 NPs in order to
ensure the recyclability of our newly-synthesized nanoadsorbents. Therefore, the magnetic hysteresis
loops were analyzed by a vibrating sample magnetometer (VSM) at room temperature; the results are
shown in Fig 8 and the collected magnetic parameters are listed in Table 1. For the magnetic MnO>
NPs with different morphologies, the saturation magnetization Ms was still very high after FezOa
NPs incorporation (see Figs. S1b and S2 in supporting information file). The Ms value for FesOs NPs
was 63.56 emu g, while the values for wire-, rod- and flower-like Fes0s@MnO, NPs were 21.87,
24.15 and 20.46 emu g, respectively. The VSM magnetization curves (see Fig. 8) of our newly-
synthesized Fe30s@MnO2-w@AC, Fes0s@MnO2-r@AC and Fe3:0s@MnO2-f@AC  magnetic
nanoadsorbents confirmed soft superparamagnetic properties with minimal remanence Mr and
coercivity Hc (see Table 2), with saturation magnetization Ms values of 18.37, 21.50 and 17.35 emu
g, respectively. The reduction in the saturation magnetization of the prepared magnetic
nanoadsorbents may be attributed to the diamagnetic feature of activated carbon and/or the presence
of a magnetically dead or antiferromagnetic layer on the surface of the activated carbon [60].
However, it has been reported that a minimum saturation magnetization of 16.3 emu g is required
for effective magnetic separation, thus our prepared magnetic nanoadsorbents with saturation
magnetization higher than this threshold should be useable for magnetic separation from an aqueous
mixture when an external magnetic field is applied [61].
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Fig. 8. VSM magnetization curves of the prepared magnetic nanoadsorbents.

3.4. Adsorptive desulphurization performance of the prepared magnetic nanoadsorbents

To investigate the effectiveness of the prepared Fes;Os@MnO2-w@AC, Fes0s@MnO2-r@AC and
Fe304@MnO,-F@AC magnetic nanoadsorbents in the ADS of liquid fuels, a range of concentrations
of DBT dissolved in n-decane as model fuel were used. The ADS performance of the prepared wire-,
rod-, and flower-like magnetic MnO> NPs before anchoring on activated carbon was first evaluated.
However, ADS process conditions such as temperature, DBT concentration, adsorbent dose and
contact time were studied in detail. Fig. S3 shows the effect of using different doses (0.1-0.4 g per 40
mL; i.e. 1-10 g L) of FesOs@MnO2-w magnetic NPs on the sulphur removal from model fuel
containing 1330 ppm sulphur as DBT, at 35°C adsorption temperature and 100 min contact time. The
sulphur removal efficiency remarkably increased from 25.6% to 60.9% as the dose increased from
0.1 to 0.4 g. Therefore 0.4 g per 40 mL was considered as an appropriate adsorbent dosage to
complete the study.

Different DBT concentrations (530, 830, and 1330 ppm) were used to study the ADS performance of
the prepared Fez0s@MnO2-w, Fe30s@MnO2-r, and Fes0s@MnO»-f magnetic NPs at 35°C, 100 min
contact time and 0.4 g adsorbent dose. The ADS results showed a noticeable decline in sulphur
removal efficiency upon using 830 and 1330 ppm DBT concentrations (see Fig. S4, S5, and Fig. 9a).
This decline might be explained by the fact that as DBT concentration increased, the driving force
for the diffusion of DBT molecules into the adsorbent pores increased [5]. Consequently, saturation
of the adsorbent active sites by adsorbed DBT became faster, which might account for the reduction
in DBT adsorption with concentration. Thus, 530 ppm was considered as the optimal DBT
concentration in the next experiments. The calculated sulphur removal efficiencies using 530 ppm

DBT concentration, 0.4 g adsorbent dose, 35°C adsorption temperature and 100 min contact time
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were 81.16% for Fes04@Mn0O2-w, 68.7% for Fes0,@MnO,-r and 41.6% for FesOs@MnO2-f (see
Fig. 9b).

Different temperatures (25, 35, 45 and 60°C) in the ADS of a model fuel containing 530 ppm sulphur
content as DBT; 0.4 g adsorbent dose and 100 min contact time were used. The results revealed a
slight increase in the sulphur removal from 79.21 to 81.16% for FesOs@MnO2-w, from 66.47 to
68.73% for FesO4s@MnOz-r, and from 39.93 to 41.61% for Fes0s@MnO.-f upon temperature
increase from 25 to 35°C (see Fig. 10a). At elevated temperatures (45 and 60°C), an obvious
decrease in the sulphur removal efficiency was observed. The reduction in the DBT adsorption above
35°C may correlate with the increasing molecular kinetic energy, in turn weakening the attractive
interactions between DBT molecules and the adsorbent active sites. Therefore, 35°C adsorption
temperature, 530 ppm DBT concentration and 0.4 g adsorbent dose were chosen as the ADS process

conditions to be implemented in the upcoming experiments.
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Fig. 9. Sulphur removal efficiency: (a) FesOs@MnO2-w using model fuels with different DBT
concentration; (b) Fes04s@MnO2-w, Fes04@MnO.-r, and FesOs@MnO2-f using model fuel with 530
ppm DBT concentration. ADS conditions: 0.4 g adsorbent dose, 35°C adsorption temperature, and

100 min contact time.
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Fig. 10. Sulphur removal efficiency: (a) FesOs@MnO2-w, Fes0s@MnO2-r, and Fes0s@MnO2-f
using model fuel with 530 ppm DBT, 0.4 g adsorbent dose, 100 contact time and different adsorption
temperatures; (b) Activated carbon AC, Fe30s@MnO-w@AC, Fes0s@Mn0O2-r@AC and
Fe30s@MnO,-f@AC using model fuel with 530 ppm DBT, 0.4 g adsorbent dose, 35°C, and 100
min contact time.

The Fes0s@MnO2-w@AC, Fe3:0s@MnO2-r@AC, and FesOs@MnO-f@AC  magnetic
nanoadsorbents were utilized in the ADS of n-decane containing 530 ppm DBT as model fuel under
optimized ADS process conditions. Undecorated activated carbon made from palm kernel shells was
also tested for comparison. The graphical results (see Fig. 10b) indicated poor ADS performance
(43% sulphur removal) by undecorated AC, while the sulphur removal efficiencies were 99%, 95%,
and 93% for Fe30s@MnO2-w@AC, FesOs@MnO2-r@AC and Fez0s@MnO,-f@AC magnetic
nanoadsorbents, respectively.

However, the novel magnetic nanoadsorbents showed promising ADS performance using DBT in n-
decane as model fuel, but its industrial potential could not be assessed until its possible use in
commercial fuel was investigated. Therefore, kerosene with 430 ppm and diesel fuel with 1050 ppm
total sulphur content supplied by North Refineries Company were used as commercial fuels. The
parent wire-, rod-, and flower-like magnetic MnO, NPs were first tested using the optimized ADS
conditions i.e. 35°C adsorptive temperature, 0.4 g adsorbent dose per 40 mL of real fuel, and 100
min contact time. The results displayed in Fig. 11a reveal weak sulphur uptakes by FesOs@MnO2-w,
Fe30:@MnO2-r, and Fe30.@MnO»-f using kerosene and diesel fuel. The undecorated activated
carbon shows poor ADS performance 33.64% with kerosene and 18.38% sulphur removal with
diesel fuel. Whereas, our new FesOs@MnO2-w@AC, Fes0s@MnO2-r@AC, and Fes0Os@MnO;-
f@AC magnetic nanoadsorbents exhibited excellent sulphur removal efficiencies, i.e. 97.6%, 93%,
and 91.6%, respectively when commercial kerosene fuel (430 ppm sulphur content) was used (see
Fig. 11b). On the other hand, when commercial diesel fuel (1050 ppm sulphur content) was used, the
sulphur removal efficiencies were 51.6% for FesOs@MnO2-w@AC, 43.5% for FesOs@MnO;-
r@AC, and 33% for Fes0s@MnO,-F@AC in optimum conditions (see Fig. 12a). The existence of
more complex aromatic sulphur compounds, such as benzothiophene, dibenzothiophene, 4-methyl
dibenzothiophene, 2,4-dimethyl dibenzothiophene, 4,6-dimethyl dibenzothiophene, 2-dimethyl
dibenzothiophene, and 2,4,6-trimethyl dibenzothiophene in diesel oil may increase the steric
hindrance due to the alkyl side-chains, resulting in an overall reduction in ADS efficiency.
Nonetheless, it was noted that higher doses of the new magnetic nanoadsorbents resulted in an
improvement in ADS from 51.5% to 90% sulphur recovery for Fes0s@MnO2-w@AC, from 43.5%
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to 83.6% for Fes04@MnO2-r@AC and from 33% to 75% for FesOs@MnO-fF@AC when the
adsorbent doses increased from 0.4 to 0.8 g per 40 mL of tested diesel fuel (see Fig. 12b).
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Fig. 11. Sulphur removal efficiencies: (a) Fes0Os@MnO2-w, Fe304s@MnO.-r and Fes04s@MnO2-f
using commercial kerosene and diesel fuel with 430 ppm and 1050 ppm total sulphur content; (b)
Fe30s@MnO-w@AC, Fez0s@MnO2-r@AC and FezOs@MnO2-FT@AC using commercial kerosene
fuel. ADS conditions: 0.4 g adsorbent dose, 35°C adsorption temperature and 100 min contact time.
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Fig. 12. Sulphur removal efficiency: (a) FesOs@MnO2-w@AC, Fe30:@MnO2-r@AC, and
Fe304@MnO2-FT@AC using commercial diesel fuel (1050 ppm sulphur content); (b) FesOs@MnO»-
W@AC, Fe30s@MnO2-r@AC, and FesO4s@MnO2-T@AC using commercial diesel fuel (1050 ppm
sulphur content) and different adsorbent doses at 35°C adsorption temperature and 100 min contact
time.

The effectiveness of the studied magnetic nanoadsorbents in ADS of organic sulphur was compared
to those described in similar studies. Table 3 shows the ADS’s optimum conditions for sulphur

removal over various adsorbents as well as the newly-designed magnetic nanoadsorbents utilized in

this work.
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Table 3: Selected adsorbents for removal of sulphur from model and diesel fuels.

Adsorbent S. content (ppm) | Time (min) | Temp. (°C) | Dose (g) | Sulphur removal | Ref.
MnO@AC 50 as DBT 90 25 0.05 80% [62]
ASS Diesel: 1390 100 35 18 33% [63]
Zn-AC 200 as DBT 120 30 0.15 95.7% [5]
CoCu-AC Model diesel: 50 | 100 25 0.25 87% [64]
FeO-Z 2700 as SOz 28.5 25 100 80.3% [65]
MnO;-CeO2 1000 as SOz 300 400 0.15 0.289gg* [7]
MnO2-NaY 1000 as SOz 300 400 0.15 0.209gg* [7]
Fes0:@MnO2-w@AC | 530 as DBT 100 35 0.4 99% This
Fes04@MnO2-r@AC 95% work
Fes0:@MnO2-F@AC 93%

AC: activated carbon, ASS: activated sewage sludge FeO-Z: modified zeolite with iron oxide nanoparticles

3.5. Adsorption kinetics and evaluation
To gain knowledge of the ADS performance of our magnetic nanoadsorbents, the adsorption kinetics
were investigated by employing the pseudo first-order [66], pseudo second-order [67] and intra-

particle diffusion models [68], respectively given by Egs. 6-8.
In(qe — q¢) =Ingqe — kqt (6)

t 1 N t o
qc k29* e

1
qe = kiatz+C  (8)

where g indicates the adsorption at time (t) and e is the equilibrium adsorption capacity (mg g1).
The adsorption rate constants for the pseudo first-order, pseudo second-order and intra-particle
diffusion models are respectively represented by ki (min™), ko (g mg™* min') and ki (mg g™ min®?).
The adsorption kinetics experiments were studied at 35°C and 0.4 g/40 mL adsorbent dose to find
the adsorption equilibrium time at fixed initial DBT concentration. The equilibrium time was
determined to be 100 min and no significant changes in the adsorption capacities were observed after
that time (see Fig. S6). For the pseudo first-order (PFO) kinetic model (Eg. 6), the adsorption rate
constant (ki) and the amount of adsorbate at equilibrium (ge) can be obtained from the slope and
intercept of the linear plot shown in Fig. 13a and b. According to the coefficient of determination
(R?) values listed in Table 3, it can be concluded that the kinetics data for the wire-, rod-, and flower-
like Fes0s@MnO2 NPs as well as the newly-synthesized magnetic nanoadsorbents are very well
fitted by a pseudo first-order model. Furthermore, the experimental adsorption capacity (ge exp.) is
also in a very good agreement with the calculated adsorption capacity (ge cal.) obtained from the
pseudo first-order model. This suggests that the overall sulphur adsorption is most likely to be a mass
transfer-controlled process [1].

In the case of pseudo second-order (PSO) kinetic model (Eqg. 7), three steps are presupposed: firstly,
the DBT molecules diffuse through the external film surrounding the adsorbent; then they diffuse
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into the adsorbent pores; and ultimately they adsorb into the active sites via chemisorption [69]. The
adsorption rate constant (k2) and the amount of adsorbate at equilibrium (ge) can be calculated from
the slope and intercept of the linear plot shown in Fig. 13c and d. However, there was significant
divergence between experimental and calculated adsorption capacities of DBT, and the R? values
were slightly lower than those for the pseudo first-order model (see Table 4). The k; values obtained
from PFO modelling were higher than the k> values obtained from the PSO model. This indicates
that DBT removal by the prepared magnetic nanoadsorbents is more likely to occur via physisorption
than chemisorption process.

To study the diffusion mechanism of DBT molecules into the adsorbent pores, the intra-particle
diffusion model (Eq. 8) was used. According to this model, if intra-particle diffusion is involved in
the adsorption process, then the plot of the (q:) adsorbed at time t versus t%° should be linear and pass
through the origin (C = 0), where the parameter C represents the boundary layer effect (surface
sorption) contribution [70]. As shown in Fig. 13e and f, as well as the values of kig, C, and R? in
Table 4, the regression line does not exactly pass through the origin (C = 0) which indicates that
intra-particle diffusion may not be the only rate-controlling step and other processes might be
involved, i.e. some degree of boundary layer (surface sorption) control of the adsorption rate of DBT
over magnetic nanoadsorbents [68]. However, the efficiency of the sulphur removal depends mainly
on the adsorbent’s textural properties such as surface area, pore volume, pore diameter and
mesoporosity [71]. As shown in section 3.4, our novel magnetic nanoadsorbents with different MnO>
morphologies (wire, rod and flower) exhibited diverse ADS performances toward organic sulphur
compounds in both model and real fuels. The sequence of our magnetic nanoadsorbents from the
highest to the lowest efficiency in sulphur removal under optimum conditions was as follows:
FesOs@MnO2-w  and Fe3Os@MnO2-w@AC > FesOs@MnO2-r and FesOs@MnO2-r@AC >
Fe30:@MnO,-f and Fes0s@MnO-fF@AC. The surface analysis revealed that the magnetic
nanoadsorbents with wire-like morphology i.e. Fes0s@MnO2-w and FesOs@MnO2-w@AC had
respectively Sget values of 96 and 480 m? g%, pore volume values of 0.3850 and 0.3526 cm?® g%, and
pore diameter values of 8.26 and 10.5 nm, which were all higher in comparison with other magnetic
nanoadsorbents having rod- and flower-like morphologies (see Table 1 and 2). The adsorption
kinetics study clearly reveals that the Fe30:@MnO2-w and FesOs@MnO2-w@AC magnetic
nanoadsorbents have the highest adsorption rate constants and were fitted very well by the pseudo
first-order model (see Table 4). Furthermore, the results obtained from the intra-particle diffusion
model (see Table 5) showed that Fes0.@MnO2-w and Fez04@MnO.-w@AC have the highest kig
and the lowest C values among other magnetic nanoadsorbents under study. This demonstrates that
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the intra-particle diffusion i.e. diffusion of DBT molecules into adsorbent pores has a predominant
effect on the sulphur removal efficiency, while boundary layer (surface sorption) effect comes next.
However, the adsorption Kinetics data obtained from the intra-particle diffusion model for
Fe3s0s@MnO2-r, Fe30s@MnO2-r@AC, FesOs@MnO2-f, and Fe30s@MnO2-fT@AC magnetic
nanoadsorbents showed higher values for the C parameter in comparison with Fez0s@MnO,-w and
Fe304@MnO2-w@AC. This indicates that the adsorption process of DBT by these nanoadsorbents

involves multiple steps.
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Fig. 13. Pseudo first-order kinetics (a and b); pseudo second-order kinetics (c and d); intra-particle
diffusion (e and f) for the adsorption of DBT over wire-, rod-, flower-like Fes0s@MnO. NPs and
Fe304@MnO2-w@AC, Fes04@MnO.-r@AC and FesO4@MnO2-fF@AC magnetic nanoadsorbents.

Table 4: Kinetic parameters for DBT adsorption on wire-, rod- and flower-like FesOs@MnO2 NPs,

and magnetic nanoadsorbents.

Pseudo first order kinetics Pseudo second order Kinetics

Adsorbent geexp | ki gecal. | R? k2 gecal. | R?
(mg/g) | (min™) | (mg/g) (9/mg. min) | (mg/g)

FesOs@MnO2-w 47.8 0.0231 49.50 0.995 | 0.0183 64.51 0.932
FesOs@MnO2-r 38.1 0.0317 40.91 0.982 | 0.0138 64.51 0.932
Fes0s@MnO»-f 28.1 0.0154 | 25.20 0.938 | 0.0348 26.45 0.950
Fes0s@MnO2-w@AC | 43 0.03857 | 46.57 0.990 | 0.0145 73.52 0.963
Fe3:04s@MnO2-r@AC 42.1 0.03005 | 45.49 0.977 | 0.0115 76.92 0.937
Fes:04s@MnO2-fT@AC 40.9 0.02906 | 44.94 0.956 | 0.0094 81.96 0.938

Table 5: Intra-particle diffusion model calculations for DBT adsorption on wire-, rod- and flower-

like Fes04@MnO, NPs, and magnetic nanoadsorbents.

Intra-particle diffusion model

Adsorbent kid (mg g min®%) | C R?

Fes04@MnO2-w 3.729 0.5019 | 0.9971
Fes04@MnO2-r 3.308 0.7055 | 0.9673
Fes04@MnO»-f 2.085 0.9471 | 0.9224
Fes04@MnO2-w@AC | 4.557 0.4339 | 0.9507
Fes04s@MnO2-r@AC | 4.330 0.6397 | 0.9550
Fes04s@MnO2-f@AC | 4.303 0.7551 | 0.9782

3.6. Adsorption isotherms
The nature of adsorption of our magnetic nanoadsorbents was examined by utilizing the obtained
adsorption data to various isotherm models, such as the Langmuir, Freundlich, and Temkin models
using Egs. 9-11 , respectively [72].

C, 1 N C,

—€ _ _€ 9
de qum am ( )
1
Ing, =Inkp + Eln Ce (10)

RT RT
qezB—TlnkT+B—TlnCe (11D

where C. is the adsorbate concentration at equilibrium, ge is the adsorption capacity (mg g?), gm is
the maximum monolayer coverage capacity (mg g?') and k. is the Langmuir constant, which
describes the relative affinity of the adsorbate. The adsorption capacity in the Freundlich model is

denoted by kr while the adsorption intensity is represented by n. For the Temkin model, kt is the
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equilibrium binding constant (L g*) and Br is a constant associated with the heat of sorption (kJ mol-
1. The Langmuir model (Eq. 9) can precisely describe the monolayer adsorption (homogeneous
surface) onto an adsorbent's surface with a finite number of adsorption sites. This model implies that
there is uniform adsorption energy on the surface and that the adsorbate does not transmigrate in the
plane of the surface [8]. The Langmuir isotherms of the prepared wire-, rod and flower-like
Fe30:@MnO; as well as the newly-synthesized Fe30s@MnO.-w@AC, Fez0s@MnO2-r@AC and
Fe30s@MnO,-fF@AC magnetic nanoadsorbents are shown in Fig. 14ab, and the calculated
parameters are provided in Table 6. The constant R. presented in Table 5 is a dimensionless
separation factor describing the adsorption mechanisms, which may be unfavourable (R > 1), linear
(RL = 1), favourable (0 < RL < 1) or irreversible (R. = 0) [6]. However, the data acquired from
Langmuir isotherm analysis show that the adsorption mechanism is favourable for all the synthesized
materials with Rp values less than unity. The fitting lines in Fig 14a reveal that the adsorption of
DBT by wire-, rod- and flower-like FesOs@MnO, does not perfectly obey the Langmuir model
especially with R? values far from unity. Whereas the Langmuir isotherms for the magnetic
nanoadsorbents particularly Fes0s@MnO-w@AC and Fe30s@MnO-fF@AC, confirmed the
existence of homogeneous domains, uniform energies, and monolayer coverage with coefficient of
determination R? values close to unity [67].

The Freundlich model (Eq. 10) describes the adsorption as a heterogeneous system. The Freundlich
constants n and ke can be calculated from the slope and intercept of the plot of In ge versus In Ce (see
Fig. 14c and d). The obtained n values were larger than unity, highlighting that the adsorption of
DBT over our magnetic nanoadsorbents could be multilayer physical adsorption, while the R? values
close to unity indicate the validity of the experimental data with the Freundlich isotherm model [73].
The Temkin model implies that the heat of adsorption of DBT molecules drops linearly as the
coverage of the adsorbent surface increases, and that adsorption is characterized by a uniform
distribution of binding energies, up to a maximum value. The results shown in Fig. 14e and f and
Table 6 indicate that DBT adsorption on our magnetic nanoadsorbents has the most exothermic
energy (see Bt values in Table 6), suggesting that the most thermodynamically-favourable
interaction occurs with these magnetic nanoadsorbents [25]. However, according to the R? values,
the overall data fits follow the sequence: Freundlich model > Langmuir model > Temkin model. The
higher R? values for Freundlich model than the other models reveal the porous and heterogeneous

nature of our magnetic nanoadsorbents.
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Fig. 14. DBT Adsorption isotherms: (a and b) Langmuir, (c and d) Freundlich and (e and f) Temkin

Table 6: Langmuir, Freundlich and Temkin parameters for adsorption of DBT on the prepared

magnetic nanoadsorbents.

Langmuir isotherm Freundlich isotherm Temkin isotherm
Adsorbent Om ke R? RL ke n R? kr Br R?
(mg/g) | (L/mg) (mg/g) (L/mg) | kj/mol
Fes0s@MnO2-w 90.01 | 119.61 | 0.739 | 0.0095 | 1.58 | 1.41 | 0.987 | 0.130 14.77 0.878
Fes0s@MnO2-r 70.42 | 151.76 | 0.910 | 0.0031 | 1.42 | 156 | 0.982 | 0.068 14.50 0.951
Fes0:@MnO2-f 75.75 | 105.17 | 0.882 | 0.0024 | 3.10 | 1.86 | 0.946 | 0.079 17.68 0.915
Fes0s@MnO2-w@AC | 75.18 | 82.37 | 0.984 | 0.4952 | 0.965 | 1.14 | 0.993 | 0.631 7.63 0.889
Fes04s@MnO2-r@AC | 4291 | 41.26 | 0.831 | 0.1444 | 1.688 | 1.53 | 0.976 | 0.517 7.09 0.880
Fes04s@MnO2-f@AC | 77.51 | 103.47 | 0.977 | 0.1183 | 0.984 | 1.20 | 0.992 | 0.228 10.48 0.945
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3.7. Adsorption thermodynamics

Thermodynamic parameters for adsorption of DBT on the new FesOs@MnO2-w@AC,
Fe304@MnO2-r@AC and FesOs@MnO2-F@AC magnetic nanoadsorbents were determined using
experimental data obtained at different temperatures. Equilibrium adsorption constant ke can be

calculated via the expression in Eq. 11:

_ 9
ke=g (D

Gibbs free energy AG (kJ mol™?) is expressed by Eq. 12:
AG = —RTInk, (12)
where R is the gas constant, T is the absolute temperature and k is the equilibrium constant which

varies with temperature as in Eq. 13:

lk—AS AH 13

where AS and AH are the entropy and enthalpy of adsorption, respectively [74].

The linear plots of In ke versus 1/T (see Fig. S7) for the DBT adsorption on the prepared magnetic
nanoadsorbents indicate that the adsorption enthalpy and entropy changes were independent of
temperature. The AH and AS were respectively calculated from the slopes and intercepts of these
plots, and the obtained parameters are shown in Table 7. The adsorption of DBT from model oil was
thermodynamically favourable and exothermic as indicated by the negative values of AG and AH at
specific temperatures i.e. 25°C and 35°C [75]. However, a temperature above 45°C i.e. 60C°, renders
the adsorption less favourable and shows an endothermic behaviour as indicated from the positive
values of AG. Consequently, our prepared magnetic nanoadsorbents can perform ADS better at
temperatures below 45°C. The negative values for AS indicate a decrease in the randomness upon
DBT adsorption over the adsorbent surface. Furthermore, the calculated values of AG, AH, and AS
confirm that the DBT adsorption is more favourable over Fez;Os@MnO2-w@AC than on
Fe30:@MnO2-r@AC and Fe30:@MnO.-fF@AC magnetic nanoadsorbents. This is in very good
agreement with the ADS results (see section 3.4) in the case of model and commercial fuel. The
obtained AH values for our magnetic nanoadsorbents show that DBT-adsorbent interaction can be
considered as enthalpy-driven, so the change in temperature can affect the adsorption process.
However, the greater AH value for DBT adsorption may represent more unfavourable subsequent
desorption. A subsequent desorption is necessary for regeneration and recycling of adsorbents. The
thermodynamic studies demonstrated that our magnetic nanoadsorbents could be regenerated easily

by a slight increase in temperature.
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The values of activation energy for the DBT adsorption on the prepared magnetic nanoadsorbents
were calculated using the Arrhenius equation (Eq. 14) and Kinetic data were obtained from the

pseudo-first order model.

Ink = E“+1 A 14

where Ej, is the activation energy of the adsorption process, which can be obtained from the slope of
the linear plot of In k versus 1/T (see Fig. S8), and A is the Arrhenius constant. All the calculated
values were less than 40 kJ/mol (see Table 7), indicating that DBT adsorption by the magnetic
nanoadsorbents occurred more readily, and that their adsorption processes were physical adsorption
[76].

Table 7: Thermodynamic parameters for the adsorption process of DBT over the newly-prepared

magnetic nanoadsorbents.

Adsorption thermodynamic parameters

Adsorbent T°C(K) | AH kJ/mol | AS J/k/imol | AG kJ/mol | Ea kd/mol
Fes04@MnO2-w@AC | 25(298) | -103.27 -317 -8.70 12.40

35 (308) -317 -4.57

45 (318) -317 -2.35

60 (333) -317 2.40
Fes04s@MnO2-r@AC | 25(298) | -63.52 -200 -3.70 25.06

35 (308) -200 -1.08

45 (318) -200 0.32

60 (333) -200 3.32
Fes04s@MnO2-fT@AC | 25(298) | -52.47 -169 -1.89 28.13

35 (308) -169 -0.31

45 (318) -169 1.50

60 (333) -169 4.04

3.8. Proposed mechanism for adsorption of DBT

The batch ADS experiments (Section 3.4), adsorption Kinetics (Section 3.5), adsorption isotherms
(section 3.6), and thermodynamic studies (Section 3.7), along with structural characterization
(Sections 3.1-3.3), suggested that Fes0s@MnO2-w@AC, FesOs@MnO2-r@AC, and Fez0s@MnO»-
f@AC were effective magnetic nanoadsorbents for capturing organic sulphur from model and real
fuels. Undecorated activated carbon had poorer ADS efficiency than the decorated ones i.e.
Fes0s@MnO-w@AC, Fe30:@MnO2-r@AC, and FesOs@MnO2-f@AC; this implies that the
incorporation of wire-, rod- and flower-like magnetic MnO, had created new active sites, which
enhanced the adsorption of organic sulphur from model and real fuels. However, the kinetic studies
and adsorption isotherms showed that the adsorption of DBT onto Fes04@MnO2-w@AC with wire-
like morphology depended primarily on DBT diffusion into the adsorbent pores. The BET studies for
Fe304@MnO,-w@AC showed a mesoporous structure with ink-bottle and slit-shaped pores [77]; the
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calculated Sget value was 480 m? g, pore volume 0.3526 cm? g and mean pore size 10.5 nm. The
size of a DBT molecule (0.8 nm) is smaller than the pore diameter of Fez0s@MnO2-w@AC. The
large specific surface area for wire-like magnetic nanoadsorbent provides more binding sites with
ink-bottle and slit-shaped pores, thus allowing more DBT molecules to preferentially adsorb [78].
The smooth surface of the rod-like and the spherical shape with flower petals of the flower-like
magnetic nanoadsorbents were less favourable for DBT removal than the wire-like morphology. The
adsorption isotherms and thermodynamics for wire-like magnetic nanoadsorbent confirmed both
mono- and multilayer DBT adsorption with minimum activation energy.

For flower-like 6-MnO., FESEM (Fig. 5e) revealed spherical shape (370-500 nm flowers estimated
size) featuring flower petals interleaved with thin nanoplates (thickness 8-10 nm and length 37-45
nm), each of which appeared to grow perpendicularly from the inner core

Hence, the selective adsorption of DBT from fuels by the magnetic nanoadsorbents would be
influenced by three key factors. Firstly, the size of DBT molecule is smaller than the adsorbent’s
pore diameters making it more easily trapped in the adsorbent. Secondly, the higher dipole moment,
molar mass and aromaticity of DBT result in stronger van der Waals interactions with the magnetic
nanoadsorbents. Thirdly, the higher basicity of DBT causes stronger acid-base interactions with
magnetic manganese dioxide (Lewis acid) on the adsorbent surface [79]. A proposed mechanism is
illustrated in Fig. 15.

% van der Waals interactions
* Acid-base (Metal-Sulphur) interactions

\ N oo by - Vi Y ~
% «+ DBT diffusion into adsorbent pores and trapping

Magnetic MnO; NPs

Fig. 15. Proposed mechanism for adsorption of DBT over synthesized magnetic nanoadsorbent

3.9. Regeneration and reusability

From the technological perspective, the useable lifetime of the nanoadsorbent is an essential
parameter. Hence, the reusability of the best magnetic nanoadsorbent i.e. Fes0s@MnO2-w@AC was
determined using model fuel under the optimized ADS process conditions. The regeneration process
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for the spent magnetic nanoadsorbent was done by Soxhlet extraction. Since chlorinated solvents are
powerful in dissolving oil-based and organic substances [80], 150 mL dichloromethane (DCM) was
utilized in the regeneration stage. The reusability of Fes0s@MnO.-w@AC magnetic nanoadsorbent
(0.4 g) was studied over five cycles. After each run, the spent nanoadsorbent was regenerated by
washing with DCM for 24h, followed by removing the residual solvent molecules on the adsorbent
surface by drying at 100°C.

The first run with fresh magnetic nanoadsorbent showed 99% DBT removal after 100 min contact
time (see Fig. 16). The DBT removal efficiency dropped to 97% after the first regeneration i.e. the
second run, while a greater decline to 89% DBT removal was found when the adsorbent was reused
for the fifth time (run no. 6). The progressive decrease in DBT removal efficiency may be due to
some structural variations or loss of active sites during the regeneration process. Nevertheless, the
high ADS performance (89%) of FesOs@MnO2-w@AC magnetic nanoadsorbent after five times

reuse make it a promising candidate for large-scale fuel processing without undue process costs.
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Fig. 16. (a): Reusability of Fes0s@MnO.-w@AC magnetic nanoadsorbent using model fuel, (b):
FESEM micrograph of the fresh nanoadsorbent, (c): FESEM micrograph of the reusable
nanoadsorbent after five cycles.

4. Conclusion

The present work reported the design and preparation of new magnetic nanoadsorbents with different
morphologies and study of their performance in the ADS of model and commercial fuels under mild
operating conditions. The hydrothermally synthesized magnetic nanoadsorbents were wire-, rod-,
and flower-like Fes0s@MnO,-decorated activated carbons made from palm kernel shells. Structural
characterization using FT-IR, XRD, EDAX elemental mapping, FESEM and TEM techniques
confirmed the successful loading of wire-, rod- and flower-like FesOs@MnO; onto the AC. BET
studies confirmed that the decoration process altered the porosity of the activated carbon, and that the
newly-prepared magnetic nanoadsorbents had a mesoporous structure as well as high Sger suitable
for the adsorption of organic sulphur from model and real fuels. The adsorption kinetics of DBT by
the prepared magnetic nanoadsorbents indicate a close match with the PFO Kinetics, while adsorption
isotherms analysed by Langmuir, Freundlich and Temkin models showed a surface with mono- and
multilayer adsorption. Moreover, the intra-particle diffusion revealed that other mechanisms may
play a role in the adsorption process, along with a mass-transfer mechanism. The adsorption
thermodynamics demonstrated that the ADS process using our novel materials was
thermodynamically favourable and exothermic in nature. The ADS experiments with model fuel
revealed that the new magnetic nanoadsorbents performed best at 25-35°C adsorption temperature,
0.4 g adsorbent dose, 530 DBT concentration and 100 min contact time. The maximum DBT
removal from model fuel was 99% for FesOs@MnO2-w@AC, 95% for Fes04@MnO2-r@AC and
93% for FesOs@MnO2-fT@AC. The ADS results for commercial kerosene were 97.6% for
Fe30:@MnO2-w@AC, 93% for Fes0s@MnO2-r@AC, and 91% sulphur removal for Fez0s@MnO-
f@AC. The ADS results for commercial diesel fuel were 90% for FesOs@MnO2-w@AC, 83.6% for
Fe30:@MnO2-r@AC, and 73% sulphur removal for FesOs@MnO2-f@AC under optimized ADS
process conditions. Thus, utilizing these magnetic nanoadsorbents for sulphur removal could be
technologically applicable, with the advantage of reusability for five times.
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