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Highlights 

 The Fe-ZnO catalyst is reusable without prior regeneration steps. 

 Synergistic effect of Fe and ZnO facilitate the removal of sulphur. 

 High sulfur removal without altering the hydrocarbon structure. 

 Synthesis of Fe-ZnO using sol-gel technique without the use of surfactants. 

 

 

Abstract 

In this study, Fe-ZnO catalyst synthesized via modified sol–gel technique with different Fe 

doping ratio (2, 3, and 5) wt % was explored for oxidative desulfurization (ODS) of model 

fuel. The sol-gel technique was adopted without the use of surfactants. The catalysts were 

characterized by several means of characterization techniques (TGA, XRD, FTIR, N2- 

physisorption, XPS, FESEM-EDX and NH3-TPD). The characterization results clearly 

showed that sol-gel technique is a suitable method to synthesize highly crystalline metal 

oxide materials with smaller particle size, higher surface area and tunable acidic properties. 

The ODS reaction conditions and Fe metal loading were found to influence the 

dibenzothiophene (DBT) removal efficiency. The catalytic ODS data showed that Fe-ZnO 

with 5 wt % of  Fe catalyst is capable in total removal of DBT within shorter reaction time 

under mild reaction conditions in the presence of H2O2 as an oxidant. The catalyst is reusable 

for six consecutive cycles of reaction without regeneration steps and the characteristic of 

spent catalyst was confirmed with XRD and FTIR analysis. The close catalytic cycle 

involving H2O2 as an oxidant was shown through proposed mechanistic pathway.  

 

Keywords: Oxidative Desulfurization; Fe-ZnO; Sol-Gel; Fuel; Hydrogen Peroxide 
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1. Introduction 

 

Desulfurization techniques were developed since the early 40’s where 

hydrodesulfurization (HDS) procedure was adopted through the use of  Co-Mo or Ni-Mo 

catalysts[1]. The HDS process involved high pressure and temperature that contributed to 

higher operating cost. Besides, it is a non-selective process and its limited capability in 

removing refractory sulfur compounds such as dibenzothiophene and 

benzonaphthothiophenes that exist in the fuel which reduced the possibility to obtain ultra-

low sulfur fuel, i.e. Euro V with less than 10 ppm of sulfur [2]. Later on, several techniques 

for diesel desulfurization were suggested to enhance the performance of the sulfur removal 

such as bio-desulfurization [3-5], extractive desulfurization [6], alkylation based 

desulfurization [7], selective adsorption and oxidative desulfurization [8, 9]. Each 

aforementioned techniques possess own advantages and weaknesses. For example, it is 

impossible to achieve ultra-low level of sulfur by using either extractive or adsorptive 

desulfurization alone [10]. Thus, the combination of the techniques is preferred and one of 

them is two-step process involving oxidative desulfurization (ODS) followed by extraction of 

oxygenated sulfur using polar solvent. On top of that, ODS is capable in removing the widest 

possible sulfur compounds due to the nature of reaction as well as the ability to operate under 

mild operating conditions with the presence of green oxidants [11, 12].  

Common oxidants utilized for ODS are hydrogen peroxide (H2O2) and tertiary butyl 

hydroperoxide (TBHP) either alone or combined with acid such acetic acid, benzoic acid, 

formic acid, or butanoic acid [13]. The usage of acid is not preferable since it will reduce the 

quality of fuel. Besides, there are several solid catalyst that have been tested for ODS reaction 

such as heteropoly acid, either alone or supported [14-16], and metal oxides, i.e. oxides of 

(Mo, Mn, Sn, Fe, Co, Zn) metals [17-19]. However, most of it either involved complex and 
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multistep synthesis method or unrecyclable. Nevertheless, the well-studied metal oxides 

material such as zinc oxide and iron oxide that were synthesized using relatively simple, fast 

and environmental friendly technique can be fine-tuned and suitable criteria for catalytic 

purpose can be obtained. Iron oxide for example, has the ability to activate a considered clean 

oxidant such as H2O2 that produced active superoxide/peroxide species [20] while the ZnO 

was reported for adsorptive desulfurization by Adeyi et al [21]. They found that ZnO is able 

to remove the sulfur content without changing the main hydrocarbon structure where non-

sulfur-containing crude fuel oil mass remains unchanged. Thus, the combination of 

adsorptive capability of zinc oxide and oxidant activated by iron oxide will enhance the 

possibility in efficient removal of refractory sulfur compound through ODS technique. 

Indeed, there is no available report on utilizing mixed iron-zinc oxide catalyst for ODS 

reaction. In addition to that, iron-zinc oxide material was reported in the literature to have 

both hydrophobic-hydrophilic characteristic [20]. Therefore, it has a great potential to act like 

phase-transfer catalyst, in which it is further important for the reaction that consists of 

immiscible H2O2 containing H2O and hydrocarbon solution.  

In the present work, Fe-ZnO is formulated as a new catalyst for ODS catalytic 

reaction. The sulfur removal efficiency has been tested using simulated fuel oil solution made 

of dibenzothiophene (DBT) dissolved in n-heptane. For record, many simulated ODS studies 

reported in literature had utilized n-heptane as model hydrocarbon [22, 23]. The aim of the 

present work is to develop a reusable heterogeneous catalyst that performs high sulfur 

removing efficiency without affecting the hydrocarbon molecular structure.  

 

2. Experimental 

 

2.1 Materials 
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Zinc acetate dihydrate (99.5 %), iron (III) nitrate nanohydrate (98.8 %) and oxalic 

acid (99.5 %) supplied by Friendemann Schmidt Chemical were used for the catalyst 

preparation. The simulated fuel oil was made of n-heptane and dibenzothiophene, DBT (98 

%) (R&M chemicals). Hydrogen peroxide 30% in H2O (Merck) was used as oxidizing agent. 

 

2.2  Catalyst Preparation 

 

 Fe-ZnO nanoparticles with different Fe loading (2, 3 and 5 wt %) were prepared using 

a modified sol-gel method. Prior to the synthesis, the calculated amount of zinc acetate, iron 

nitrate and oxalic acid were dissolved in ethanol with 100, 20, 50 mL respectively. Then, the 

prepared zinc acetate solution was heated under reflux oil bath at 70 ± 5 oC controlled by a 

temperature controller for 30 minutes with vigorous continuous stirring. Iron precursor was 

added drop-wise into Zn solution followed by drop-wise addition of oxalic acid until the gel 

is obtained. The resulted gel is stirred continuously for 1 hour before being filtered, washed 

with acetone and water, followed by drying at 100 oC for 4 hours. Finally, the product was 

calcined under static air at 450 oC for 30 minutes. 

2.3  Catalyst Characterization 

 

 The thermogravimetric analysis (TGA) (METTLER TOLEDO) was used to study the 

thermal behavior of the prepared catalysts. X-ray diffraction (XRD) (Rigaku, Miniflex II) 

patterns were recorded from 10o to 80o with a scanning rate of 0.2°/s. FTIR spectrometry 

(Perkin-Elmer, Spectrum 100) was used to identify the functional group over the range of 

400-4000 cm-1. Specific surface area of the synthesized sample was analyzed using Micromeretics 

Asap 2020. The morphology of catalyst produced was observed using Field Emission 
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Scanning Electron Microscopy (FESEM) (JEOLEVO-50, Japan) equipped with Energy 

Dispersive X-Ray analysis (EDX). The surface analysis of the Fe-ZnO samples was carried 

out using ULVAC-PHI Quantera II (Ulvac-PHI, INC.) X-ray photoelectron spectrometer, 

using monochromatic Al-Kα (hv = 1486.6 eV) as the excitation source. In details, wide scan 

analysis was performed using a pass energy of 280 eV with 1 eV per step and narrow scan 

was performed using a pass energy of 112 eV with 0.1 eV per step. Prior to de-convolution, 

charge correction was performed at C 1s by setting binding energies of C-C and C-H to 284.8 

eV. Thermo TPDRO 1100 instrument was used to analyze acidic properties of prepared 

catalysts using NH3-TPD methods. Approximately, 50 mg of sample was placed in a reaction 

tube and treated for 1 h at 200 °C under a nitrogen flow of 20 mL/min. Then, the sample was 

dosed with NH3, again at 20 mL/min. After dosing, the samples were cooled to 50 °C then 

heated up to 900 °C at 10 °C/min, under helium flow of 20 mL/min. 

 

2.4  Catalytic reaction 

 

In a typical run, solution containing 2000 ppm dibenzothiophene (DBT) in n-heptane 

was used as a simulated solution of fuel oil. The oxidative desulfurization experiment was 

performed in a three-necked 250 mL round-bottomed flask equipped with a condenser fitted 

with magnetic stirrer and immersed in an oil bath controlled by a temperature controller 

(Scheme 1).  (H2O2, 30 % in H2O) as oxidant and calculated amount of catalyst. The catalyst 

and H2O2 were introduced once the temperature attained at 80 oC under atmospheric pressure 

for a time period of 1 hour at high stirring rate of 700 rpm. The reaction solution was sampled 

at specific sampling time. The liquid sample was then transferred to a separating funnel 

followed by the addition of extraction solvent (acetonitrile) and mixed thoroughly. The 
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hydrocarbon layer of simulated oil solution is then separated subjected to qualitative and 

quantitative analysis. 

 

2.5  Analysis of product 

 

The hydrocarbon part of liquid reaction after extraction was subjected into two 

different analysis methods for the purpose of validation and verification. In this case, the 

routine and main technique used to determine the efficiency of DBT removal was gas 

chromatography (GC) (Agilent Technologies 7693) equipped with a flame ionization detector 

(FID) and DB-Wax capillary column (60 m, 0.25mm, 0.25 μm). Helium was used as a carrier 

gas with flow rate of 1.3 mL/min. The oven was held at 80 oC for 2 minutes while the injector 

and detector temperature were maintained at 250 °C. The removal percentage of DBT is 

calculated based on equation 1 [24]. Average relative standard deviations (RSD) for all 

catalytic data are found to be less than 5 %. 

 

  (%) =
𝐶0 − 𝐶𝑡

𝐶0
× 100                                         (1) 

 

Where C0 is the sulfur (DBT) initial concentration in the simulated oil solution and  

Ct is the sulfur concentration of the oil phase after reaction time (t).  

 

In addition to GC-FID analysis, the hydrocarbon solution after reaction was also subjected to 

ATR-FTIR (Perkin-Elmer, Spectrum 100) in order to qualitatively determine and validate the 

presence of oxygenated sulfur (sulfoxide and sulfone) compound. 

 

2.6  Analysis of H2O2 remain after reaction 
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 The amount of unreacted H2O2 for selected reactions was analytically determined by 

the titration technique of aqueous phase of extracted simulated oil solution after reaction 

against potassium permanganate solution of known normality (N). Specifically, 1 mL of the 

reaction product solution is transferred to a conical flask, then the solution was diluted with 

10 mL of deionized water followed by the addition of diluted sulfuric acid (1:5 sulfuric acid 

to water ratio). Finally, the solution was titrated with potassium permanganate solution (0.1 

N). The used volume of the potassium permanganate was measured when the colour of the 

solution become faint pink. 

The following relation (equation 2) is used to determine the unreacted H2O2 volume: 

 

𝑁1  𝑉1 =  𝑁2  𝑉2                  (2) 

 

 

Where N1V1, is normality and volume of potassium permanganate respectively, N2V2 is 

normality and volume of reaction solution.  

 

2.7  Catalyst reusability 

 

After the completion of the reaction, the reaction solution above the solid catalyst was 

completely decanted. Then, a fresh solution of the required volume of n-heptane containing 

DBT was added and the reaction was repeated in the presence of similar amount of newly 

added H2O2 solution.  

In order to analyze any possibility of metal components leach-out into the reaction 

medium, the decanted liquid was analyzed for possible leached metals using ICP-MS Agilent 

7500 series. The amounts of metal leach-out can be calculated and compared to the actual 

amount of metal available in catalyst prior to the reaction. 
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3.  Results and Discussion  

3.1  Catalyst Characterization  

3.1.1.  Thermal stability (TGA–DTG) 

The thermal stability of ZnO and 5 wt % Fe-ZnO nanoparticles was studied using 

TGA–DTG analysis. Fig. 1 (a and b) shows the resultant curves for both ZnO and 5 wt% Fe-

ZnO prepared samples using the similar method. The DTG displayed first endothermic peak 

below 160 oC that corresponds to the evaporation of remaining water. The second peak is 

ascribed to the thermal decomposition of oxalate for the ZnO and 5 wt % Fe-ZnO.  

The TGA curves of the samples showed that there were two different stages of weight 

loss for the complete decomposition of zinc oxalate. The first weight loss of approximately 

15 % and 20 % for ZnO and 5 wt % Fe-ZnO respectively occurs between 110 and 160 oC. 

This weight loss was attributed to the removal of water from zinc oxalate dehydrate, which 

has a reported theoretical water content of approximately 14 %. The second stage of heating 

from 360 to 420 oC resulted in a larger weight loss of approximately 42 % and 39 % for ZnO 

and 5 wt % Fe-ZnO respectively. The weight loss can be attributed to the complete 

decomposition of zinc oxalate dihydrate into zinc oxide, which is close to the theoretical 

value [19, 20]. The difference in weight loss between ZnO and 5 wt % Fe-ZnO samples is 

due to the thermal decomposition of the additional iron nitrate in the doped ZnO [21]. No 

further weight loss was observed by TGA at temperature higher than 410 oC. This 

temperature is the point at which the thermal analysis of ZnO and 5 wt % Fe-ZnO oxalate 

dihydrate has been completed. 
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3.1.2. X-ray Diffraction (XRD) 

Fig. 2 shows the X-ray diffraction patterns of ZnO and ZnO doped with different Fe 

loading (2, 3, and 5 wt %). Three main diffraction peaks were observed at 31.7o, 34.4o, and 

36.4o that correspond to polycrystalline wurtzite structure of ZnO for all samples with 

diffraction data also showed good agreement with ICDD powder diffraction file for ZnO (No-

10800075). The ZnO structure does not change after doping with (2, 3 and 5 wt %) Fe, 

suggesting the formation of single phase Fe-ZnO material. The diffraction spectrums of the 

doped Fe-ZnO samples did not show any existence of Fe2O3. This might be a result of the 

high dispersion of Fe3+ into the lattice of ZnO crystal or due to the small amount of Fe3+ used 

in doping [25, 26]. 

 On the contrary, the XRD peaks of Fe-ZnO were found broad in correlation with the 

undoped ZnO peaks, suggesting that the Fe doping into the lattice of ZnO inhibited the 

crystallization of samples that resulted to lattice disorder and stresses. This phenomenon 

happened because of the difference in ionic sizes of the Fe3+ (0.067 nm) and Zn2+ (0.083 nm) 

ions [27].  In case of 5wt  % Fe-ZnO., two additional peaks were observed at 35.3o and 42.9o 

in the diffraction pattern and identified as α-Fe2O3 peaks [28]. A small shift was observed in 

the position of main peak (1 0 1) to the lower side of 2θ value due an increase in the radius of 

Fe+3 compared to Zn+2, signifying the substitution of Fe atoms over Zn atoms. Similar 

observation was observed on other transition metals (Mn, Cu, and Ni) doped ZnO as reported 

by Ekambaram et al., and Dinesha et .al [29, 30].  

The Scherer’s formula [31] was used to calculate the mean crystallite size of the Fe-

ZnO nanoparticles which was observed to be decreased from 36 to 16 nm due to an increase 

in the Fe percentage in sample as specified by Muneer et al [32]. 
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3.1.3  BET Surface Area  

BET surface area of Fe-ZnO is increased by increasing the amount of loaded Fe (Table 1). 

The observed trend is in good agreement with the crystallite size calculated from XRD data where 

smaller ZnO particles were obtained with presence of higher Fe loading. Scherer’s formula was 

used to calculate crystallite size [33].    

 

D =
K λ

βCOSѲ    
     ….  ….  …     (3)                    

Where D is crystallite size, k is shape factor or Scherer constant (0.89), λ is the X-ray 

wavelength for Cu kα, β is the peak broadening at half maximum and θ is the Bragg angle. 

The N2 adsorption–desorption isotherms for ZnO and Fe-ZnO samples are shown in 

Fig. 3 all the nitrogen adsorption-desorption isotherms of the samples are found to be of Type 

IV in nature as per the IUPAC classification and exhibited a H4 hysteresis loop, which is 

typical of mesopores solids; consisting of larger mesopores [34, 35]. 

 

 

 3.1.4  Fourier Transform-Infra Red (FTIR) 

Fig. 4 shows the FTIR results for ZnO and Fe-ZnO. The band at 3419 to 3438 cm-1 

agrees to the stretching vibration of –OH bond. These stretching vibrations classify the water 

molecule on the surface of sample [36]. This can be due to the formation of metal hydroxides 

as an intermediate compound before the formation of ZnO. The C=O stretching peak between 

1550 and 1690 cm-1 and the asymmetric stretching of the C–O between 1300 and 1390 cm-1 

are also evident [31]. The band observed in 3d at 2345 cm-1 is  attributed to C=O stretching 

mode, which is possibly due to the absorption of CO2 from air by the metallic cation [37, 38]. 

The absorption band observed at 420–430 cm-1 in FTIR spectra is associated with the 

vibrational mode characteristic of Zn–O bonding [39]. In addition, the spectrum of Fe–O 
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nanoparticles was exhibited of vibration at 660-670 cm-1 and that is similar with Madejová 

study [40].  

 

 

3.1.5  Field Emission Scanning Electron Microscope with EDX (FESEM-EDX) 

Surface morphology of ZnO and Fe-ZnO with different Fe loading are illustrated in 

Fig. 5. It can be seen from the micrograph that Fe-ZnO shows similar morphology as ZnO. 

Although all set of catalysts show sphere in-shape, the sphere particle for doped samples are 

closely connected as straight line-structure. On top of that, close observation on each sphere 

particle disclosed similar trend of particle size which further support the BET and XRD data.  

 

Energy dispersive X-ray (EDX) analysis was conducted on the Fe-ZnO samples to 

determine the wt % of the Fe in the samples respectively. It is evident that the doped Fe into 

ZnO results is in good agreement with theoretical wt % of the Fe content in the samples. The 

percentage composition of each element quantified using EDX analysis is shown in Table 2. 

 

3.1.6  X-Ray Photoelectron Spectroscopy (XPS) 

 Fig. 6a elucidated the presence of hematite (α-Fe2O3) in all Fe-ZnO samples. The XPS 

peak assignment of hematite phase was based on Fe (2p3/2) and Fe (2p1/2) peaks observed at 

range of 710 eV and 724 eV respectively [16, 41]. The presence of clear satellite peak around 

719 eV justify the availability of Fe3+ species; whereas the occurrence of Fe2+ is negligible 

due to unobservable of satellite peak correspond to Fe2+ at 715 eV. Besides, unavailability of 

metallic Fe is confirmed by close observation at 706 eV of Fe (2p3/2), which is the signature 

peak of Fe0 [42] thus confirming the XRD data that only Fe2O3 is present in all Fe-ZnO (2, 3, 

5 wt %) loading catalyst. The high resolution spectra of the Zn species in the Fe-ZnO 
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catalysts (2, 3, 5 wt %) loading (Fig.6b) show a characteristic binding energy at ∼1021 eV 

(Zn 2p3/2) that correspond to Zn2+ bonded to O in ZnO. The slight shift in peak position 

towards higher energy can be attributed to the introduction of Fe into ZnO. The 

deconvolution of O 1s peak of all the Fe-ZnO samples (Figures 6c1, 6c2, and 6c3) revealed the 

presence of three oxygen species. The lower binding energy (∼529 eV) can be assigned to O-

Zn or O-Fe whereas the peak at ∼531eV corresponds to Zn–OH or Fe-OH bonds. The 

existence of different M-OH bonds or chemisorbed water is less significant since very low 

intensities were observed at binding energy of ~532.4 eV [43].  

3.1.7  Temperature Programmed Desorption (NH3-TPD)  

The NH3-TPD test was used to obtain the quantitative amounts of acid sites for ZnO 

and ZnO doped with Fe at three different weights loading respectively. The distribution peak 

is classified into (T<200 °C) as weak, (200 °C - 400 °C) as medium, and (T>400 °C) as 

strong acid sites [44]. The result of the NH3-TPD test indicated an increase in the acidic sites 

of ZnO doped with Fe as compared to ZnO (Fig. 7 and Table 3). Indeed, similar trend is 

observed by increasing the Fe doping, which increases the availability and strength of 

adsorption sites. 

 

3.2  Catalytic Testing  

 

3.2.1  Effect of Fe metal loading on Fe-ZnO catalyst  

Fig. 8 shows the effect of Fe-ZnO with different iron loading on the DBT removal 

efficacy. Synergistic effect between Zn and Fe was observed in improving removal of DBT, 

in which both single ZnO and Fe2O3 gave lower DBT removal. The efficiency of sulfur 

removal was found to increase by increasing the Fe content and it is believed due to the 

availability of Fe=O catalytic sites that are responsible in activating iron superoxide for 

oxidation reaction. Even XPS analysis of all samples illustrates the presence of oxygen boded 
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iron that is more significant for 5 wt% Fe loading catalyst. Besides, the efficiency of Fe-ZnO 

is further improved by adsorptive capability of ZnO that assist in increasing the possible 

contact between DBT with catalyst active sites. Indeed, the introduction of Fe particles to 

ZnO resulted in creating smaller particles with an average crystallite size of 16 nm when 

compared to the initial ZnO particles size (36 nm) and thus will contribute to the increment of 

the contact surface area of the catalyst, which subsequently increasing the sulfur removal 

efficiency. It is important to note here that the catalytic data only showed limited DBT 

removal in the absence of catalyst. The DBT removal efficiency increases with the increase 

of doping ratio due to higher acidic sites as observed from the NH3-TPD analysis. Interaction 

between H2O2 and acidic sites of the catalyst improves the electrophilic attack of H2O2 on 

DBT as weak nucleophile, forming intermediary per-oxometallic complex on the catalyst 

surface.  

 

3.2.2  Effect of reaction time 

The catalytic data in Fig. 9 clearly show that the DBT removal efficiency increases 

with an increment of reaction time. However, insignificant sulfur removal was witnessed 

after 60 minutes of reaction time exceeding to longest tested time; 240 min. It is anticipated 

that at prolong reaction time more than 60 min, it does not have much effect on the 

proportion of desulfurization due to the degradation of most oxidant. Quantitative analysis 

through titration method discovered that most of H2O2 were utilized after reaction, either 

through selective utilization or unselective utilization due to (i) decomposition to oxygen and 

water, (ii) hydrogenation to water and (iii) direct non-selective formation of water [44].  

 

 

3.2.3  Effect of reaction temperature 
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  Fig. 10 shows that the sulfur removal efficiency is affected by reaction temperature. 

An increase in reaction temperature from 30 to 80 oC will increase removal efficiency of 

sulfur from the simulated oil till it reaches 68.2 ±3.1 % at 80 oC. The maximum operation 

temperature chosen was 80 oC due to the fact that the simulated fuel oil (n-heptane) is 

evaporated at higher temperatures. Besides, high temperature will initiate non-selective 

decomposition of H2O to produce O2 and H2O, subsequently suppress the oxidation 

capability [45-47]. Availability of the H2O2 throughout the reaction is crucial since it will 

form an active species which is capable of oxidizing sulfur to sulfoxide and sulfone. Similar 

range of temperature is operated by other catalytic systems and it mainly due to the similar 

reason. Indeed, comparable trend of sulfur removal efficiency with increament of reaction 

temperature was observed [47, 48]. It can be stated that increasing the temperature will 

increase the internal energy between the molecules and that will enhance the rapid molecular 

movement, which will result in increasing the removal efficiency.  

 

3.2.4  Effect of oxidant concentration 

Fig.11 shows the effect of the oxidizing agent (H2O2) to sulfur content ratio (O/S) on 

the separation efficiency. The results show that the removal efficiency increases by 

increasing the O/S ratio until O/S of 4 mol ratios is reached, which is higher than the reaction 

stoichiometry with maximum DBT removal of 92.7 ± 3.7 % as shown in equation 3. 

2𝐻2𝑂2 + 𝐶12𝐻8𝑆 
∆
→

𝑐𝑎𝑡.
 𝐶12𝐻8𝑆𝑂2 + 2𝐻2𝑂                                       (3) 

 

Further increase in the oxidant content will result in decreasing the DBT removal 

efficiency. An increased of H2O2 mol ratio could cause unproductive decomposition of H2O2 

to O2 and H2O and that will definitely reduce the oxidation efficiency. Besides, the presence 
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of water produced in high quantity will affect the oxidation process. It is important to 

highlight that during the oxidation process, few bubbles were observed when fresh catalyst is 

immersed in the DBT solution, indicating the presence of O2 gas originated from 

decomposition of hydrogen peroxide. The amount of H2O2 calculated at the end of the 

reaction showed almost total used of H2O2. 

 

 

3.2.5  Effect of catalyst mass 

 

Fig.12 .illustrates that the DBT removal efficiency is increased by increasing the 

catalyst weight loading and reaching the maximum removal percentage of 92.6 ± 3.2 % when 

the weight of the catalyst is 50 mg. Further increase in the catalyst weight resulted in decline 

of the DBT removal efficiency; up to 66.8 ± 2 % at a catalyst weight of 75 mg. This decrease 

in efficiency is attributed to an agglomeration and aggregation effect, which reduced the 

number of active sites on catalyst surface hence reducing the effective surface area. Besides, 

the presence of Fe in relatively high amount will trigger the unproductive decomposition of 

H2O2.  

. 3.2.6 ODS reaction at optimize reaction condition 

 In order to improve the removal of DBT, the optimization of reaction parameters is 

carried out in the presence of most active catalyst, 5 wt % Fe-ZnO.  It was established that the 

total removal of DBT can be achieved by performing the reaction at optimized conditions of 

80 oC for 60 minutes with O/S 4 mol ratio of H2O2 and 50 mg weight of catalyst.  

 Catalytic activity comparison with other heterogeneous catalyst is crucial in order to 

evaluate the ODS efficiency of newly develop Fe-ZnO catalytic material. For that reason, the 

catalytic reaction rate needs to be calculated. In this case, the catalytic reaction rate (𝑣t) is 



17 
 

calculated based on the equation 4 stated by W. Zhang et al [49] and it was defined as the 

mass of sulfur converted per unit mass of catalyst per unit time (mg S mg−1 min−1). 

 

𝑣𝑡 =  
𝑀𝑆

     𝑡 ∗ 𝑀𝑐𝑎𝑡    
                               (4) 

 

Where 𝑣t is the catalytic reaction rate, Ms is the mass of the sulfur converted within the 

reaction time of t, and Mcat is the mass of a catalyst. 

Based on the ODS catalytic data using Fe-ZnO catalyst, the catalytic reaction rate (𝑣t) 

is calculated for the reaction carried out at 80 oC for 60 minutes with O/S 4 mol ratio of H2O2 

and 12.5 mg weight of catalyst, in which produced 92.7 % DBT removal. Thus, provides the 

𝑣t value of 2.47 mg S mg−1 min−1. It was important to note that the 𝑣t obtained from this 

study is comparable or higher than most related works. For example, Zhang et al [45] with 

HPW/ZrO2-SiO2 catalyst only produced 0.033 mg S mg-1 min-1 whereas only 0.007 mg S mg-

1 min-1 𝑣t obtained by Caero et al [50] for the ODS reaction in the presence of Mo oxides on 

alumina catalyst.  

 

3.3  Catalyst Reusability Study 

The catalyst reusability study was carried out under the optimized reaction conditions. 

The catalyst after reaction was recovered through decantation. Then, the decanted catalyst is 

used for the new reaction with the addition of the same amount of H2O2 and simulated oil 

solution followed by catalytic reaction under similar conditions. The present work proved the 

fact that the investigated catalysts can be recycled at least up to 6 cycles with an 

unremarkable decrease in activity as shown in Fig.13. 
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The reusable trend observed for Fe-ZnO catalyst is supported by the characterization of 

spent catalyst through XRD and FTIR analysis. It can be seen from XRD diffractogram (Fig 

14) and FTIR spectrum (Fig. 15) that the spent catalyst had retained XRD pattern of fresh 

catalyst in which it is confirmed that the characteristic of catalyst remain unchanged after 

ODS reaction. In specific, in (Fig. 14) the presence absorption bands in the region 1170–878 

cm−1  becomes stronger due to organics capping of iron [37]. 

 

In addition, Table 4 shows the N2 physisorption results of spent catalyst. The 

reduction in the efficiency is mainly ascribed as the reduction of the active sites on the 

catalyst surface. The rate reduction is possibly due to the formation of ‘ash layer’ that 

contributed to shrinking catalyst core thus it provides lower surface area for the reaction [51]. 

 

 The stability of Fe-ZnO catalyst in ODS reaction is further supported by ICP-MS 

analysis of liquid sample after reaction. Agilent 7500 series was employed to calculate the 

amount of metal leach-out and compared to the actual amount of metal available in catalyst 

prior to the reaction. Only 0.8 % of Fe and 1.2 % of Zn were lost after 6 cycles of reaction.  

 

3.4 Stability of fuel   

The ability to remove the sulfur compound without altering the hydrocarbon structure 

is crucial in preserving the quality of fuel thus detail analysis on chromatogram of liquid 

hydrocarbon had been discovered and it confirmed the fact that Fe-ZnO catalyst is not 

affecting the main structure of the treated oil. In specific, Fig. 16 (a, b, c) compares the GC 

analysis graphs of the pure n-heptane and simulated oil before and after oxidation process. 

The figure shows clearly that the composition of the n-heptane was not changed after the 

oxidation process. 
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Besides, Fig.17 shows the ATR-FTIR spectra comparison between the DBT and 

oxidized DBT. Both compounds show almost identical bands, except that the two new bands 

with a strong intensity at  nearly 925 cm−1 that can be assigned as the asymmetrical and 

symmetrical stretching vibration modes of sulfoxide [52] and medium band 1046 cm-1 

corresponds to the S=O bond of sulfone [11, 53, 54]. Thus confirmed that the oxidation 

process successfully occurred and producing oxygenated sulfur compound. 

 

 

3.5 Mechanistic study 

 

The Fe-ZnO catalyst has shown to be efficient and reusable in removal of DBT 

compound. Thus, the possible catalytic pathway is proposed in (Scheme 2). It is believed that 

the reaction is initiated by nucleophilic attack of H2O2 by the Fe=O bond of Fe-ZnO catalyst 

surface, which had generated active intermediate iron peroxides. Then, nucleophilic attack of 

the sulfur atom with higher electron density in dibenzothiophene on iron peroxide is 

conducted to form sulfoxide and regenerated Fe=O where the sulfoxide later undergoes 

further oxidation by using iron peroxide that converts it to a corresponding sulfone and 

regenerated Fe=O for close cycle of reaction. The propose mechanism demonstrate that the 

presence of active Fe=O sites are important for an efficient ODS reaction. Thus, 5 wt % Fe-

ZnO with bigger surface area, smaller crystallite size and higher amount of Fe justify the 

availability of more Fe=O sites compared to analogue catalyst with lower Fe loading.  

4. Conclusions 

The presence of sulfur compounds in the crude oil and its refinery products can 

massively affect the quality of the refinery products and its price. Besides that, the presence 
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of these compounds have huge environmental impact with all its known forms such as 

sulfates in atmosphere that can results in acid rain, sulfates (SO4
2-) in water and sulfur dioxide 

from fuel combustion. The elimination of the sulfur compounds from the crude oil and its 

refinery products is an essential process due to its economic and environmental impact. In 

this study, intrinsically safe Fe-ZnO catalyst has been successfully synthesized and used in 

sulfur removal process through oxidative desulfurization reaction and H2O2 as green oxidant. 

The catalyst was prepared through modified sol-gel method without the use of surfactants and 

structurally tested by XRD, FTIR, N2-physisorption, FESEM-EDX and NH3-TPD. It was 

observed that the effect of increasing Fe doping concentration had produced Fe-ZnO with 

smaller crystallite size, higher surface area and increases the acidic active sites. It then 

provided synergistic effect in efficient removal of sulfur containing compound through ODS 

reaction. The Fe3+ was proposed to be responsible in activating the oxidant whereas the ZnO 

is believed to assist in adsorption thus it increases the probability of sulfur removal. The 

heterogeneous nature of catalyst was confirmed through catalytic reaction, characterization 

and leaching test of spent catalyst without additional catalyst regeneration steps. Besides, the 

hydrocarbon was verified to be stable under tested reaction conditions.  
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Fig. 1 TGA-DTG graphs for (a) ZnO, (b) 5 wt % Fe-ZnO 
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Fig. 2 XRD diffractogram of (a) ZnO, (b) 2 wt % Fe- ZnO, (c) 3 wt % Fe-ZnO, (d) 5 wt % 

Fe-ZnO. 

 

 

 

Fig. 3. N2 adsorption-desorption isotherm of (a) ZnO, (b) 2 wt % Fe- ZnO, (c) 3 wt % Fe-

ZnO, (d) 5 wt % Fe-ZnO. 
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Fig. 4 FTIR spectra of (a) ZnO, (b) 2 wt % Fe- ZnO, (c) 3 wt % Fe-ZnO, (d) 5 wt % Fe-ZnO. 
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(a) (b) 

  

(c) (d) 

Fig. 5. FESEM micrographs of (a) ZnO, (b) 2 wt % Fe- ZnO, (c) 3 wt % Fe-ZnO, (d) 5 wt % 

Fe-ZnO. 
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Fig. 6 (a) Fe 2p XPS of Fe-ZnO containing different amounts of Fe, (b) Zn-2p peaks of Fe-

ZnO containing various amounts of Fe, (c1, c2, c3) in comparison of O 1s XPS peaks Fe-ZnO 

with different containing amounts of Fe.  



29 
 

 

Fig .7 NH3-TPD analysis of (a) ZnO, (b) 2 wt % Fe- ZnO, (c) 3 wt % Fe-ZnO, (d) 5 wt % Fe-

ZnO. 

 

Fig. 8. Effect of Fe loading (2, 3, 5 wt %) on efficiency of DBT removal. Reaction 

conditions: n-heptane containing DBT solution, 12.5mg catalyst, O/S 2 mol ratio, 60 minutes, 

80 oC, 700 rpm. 
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Fig. 9. Effect of reaction time on efficiency of DBT removal. Reaction conditions: n-Heptane 

containing DBT solution, 12.5 mg 5 wt % Fe-ZnO catalyst, O/S 2 mol ratio, 80 oC, and 700 

rpm.  

 

 

Fig. 10 Effect of reaction temperature on efficiency of DBT removal. Reaction conditions: n-

Heptane containing DBT solution, 12.5mg 5 wt % Fe-ZnO catalyst, O/S 2 mol. ratio, 60 

minutes, 700 rpm, at different temperature (30, 40, 50, 60, 70 and 80 oC). 
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Fig. 11 Effect of O/S mol. ratio on efficiency of DBT removal. Reaction conditions: n-

Heptane containing DBT solution, 12.5 mg 5 wt % Fe-ZnO catalyst, 60 minutes, 80 oC, 700 

rpm and O/S (2, 3, 4, 5, 6, and 10) mol ratio. 

 

Fig. 12 Effect of catalyst mass on efficiency of DBT removal.  Reaction conditions: n-

Heptane containing DBT solution, O/S 2 mol ratio, 60 minutes, 80 oC 700 rpm, 5 wt % Fe-

ZnO, (6.25, 12.5, 25, 50, 62.5, 75 mg) of catalyst.  
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Fig. 13 Catalyst reusability study. Reaction Conditions: n-Heptane containing DBT solution, 

50 mg of 5 wt % Fe-ZnO catalyst, O/S 4 mol ratio, 60 minutes, 80 oC and 700 rpm. 

 

Fig. 14. XRD of (a) fresh b) spent catalyst 
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Fig. 15. FTIR spectra of (a) fresh (b) spent catalyst 

 

 
 

Fig. 16 (a) n-heptane, (b) (n-heptane + DBT) before ODS, (c) (n-heptane + DBT) after ODS 
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Fig. 17 (a) (n-heptane +DBT) simulated solution before ODS, (b) (n-heptane + DBT) 

simulated solution after ODS and before extraction, (c) (n-heptane + DBT) simulated solution 

after ODS and extraction. 
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Scheme.1. Catalytic testing reactor set-up. (1) Temperature controller, (2) water condenser, 

(3) round bottom flask, (4) Oil Bath and (5) Heating plate with stirrer controller (6) Iron 

stage. 
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Scheme.2. Propose reaction mechanism for DBT removal using H2O2 as oxidant and Fe-ZnO as 

catalyst. 
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Table 1 
BET surface area and crystallite size of ZnO and Fe-ZnO (2, 3, 5 wt %) Fe loading. 

 

Catalyst BET Surface  

area (m2/g)  

Pore Volume 

(cm3/g) 

*Crystallite size 

(nm) 

ZnO 17.58 0.079 36 

2 wt % Fe-ZnO 28.06 0.171 28 

3 wt %  Fe-ZnO  37.76  0.222 20 

5 wt %  Fe-ZnO 41.85 0.308 16 

*Estimated using Scherer’s formula [31];  

 

Table 2 

Energy Dispersive X-ray analysis of Fe-ZnO (2, 3, 5 wt %) Fe loading. 

 

Catalyst 

EDX (Wt. %) 

Zn  O  Fe 

 2 wt % Fe- ZnO 78.93 19.20 1.87 

 3 wt % Fe-ZnO  77.43 20.12 2.46 

 5 wt % Fe-ZnO  76.88 18.92 4.20 
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Table 3 

NH3-TPD analysis for (a) ZnO, (b) 2 wt % Fe-ZnO, (c) 3 wt % Fe-ZnO, (d) 5 wt % Fe-ZnO. 

 

Catalyst               Amount of acid sites (µ mol g-1 ) NH3 Contribution of 

strong acidic site 

(%) 
T < 200°C 200 °C< T  

< 400 °C 

T > 400 °C  

Weak Medium Strong Total  

ZnO 297.3 - 144.7 442.0 32.7 

2 wt % Fe- ZnO 263.2 - 421.6 684.8 61.5 

3 wt % Fe-ZnO 245.9 - 567.4 813.3 69.8 

5 wt % Fe-ZnO 152.3 - 1138.4 1290.7 88.2 

  

Table 4  
BET Surface area and pore volume of fresh and spent 5 wt % Fe-ZnO catalyst. 

  

Catalyst 

 

BET Surface area (m2/g)  Pore Volume 

(cm3/g) 

 

Fresh 41.85 0.308  

Spent – after 1 ODS cycle 42.45  0.178   

Spent - after 6 ODS cycle 31.83 0.124  

 

 


