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Abstract: The reactive adsorption desulfurization (RADS) of a model gasoline n-hexane containing
thiophene was carried out with a NiO/ZnO-Al2O3-SiO2 adsorbent in N2 and H2, respectively.
A declining RADS trend has been observed in N2, without the presence of H2, indicating that NiO is
sulfurized and exhibits activity for RADS. TPR and XPS results presented NiO in the adsorbent is hard
to be reduced because of the powerful interaction between NiO and the support. The sulfurization
of NiO into NiSx is a primary condition for the RADS process, the same as the presulfurization of
hydrotreating catalyst, while metallic Ni is an intermediate reduction product of NiSx. Results of
a low RADS temperature at 300 ◦C, much lower than the reduction temperature of NiO, suggest that
NiO plays an important role. Based on assumption of NiO as the main active component, the RADS
could reduce the reaction temperature and energy consumption significantly. The participation of
hydrogen and n-hexane in pretreatment conducted at 420 ◦C contributes to the activation of adsorbent.
Also, these methods of pretreatment improved the desulfurization performance under the reaction
temperature of 300 ◦C.
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1. Introduction

Stringent environmental regulations have forced refineries to develop new process for deep
desulfurization of fossil oil [1]. The reactive adsorption desulfurization process (RADS) is an effective
measure of ultradeep desulfurization of fossil fuel [2,3]. The S Zorb process, invented by Concoco
Philips Petroleum Co., proposes an effective way for producing ultralow-sulfur diesel and gasoline at
a comparably low H2 pressure (0.7–2.1 MPa). The adsorbent used in the process consists of Ni/NiO and
ZnO, which remove the sulfur atoms from organic compounds containing sulfur. Sulfur atoms from
sulfur compounds are adsorbed into the adsorbent and react with the adsorbent, and the hydrocarbon
part of the molecule is released back into the product stream [4–7].

Many publications discussed the mechanism of RADS over Ni/ZnO-based adsorbent [8–13].
Babich and Moulijin [14] first proposed a mechanism of RADS over Ni/ZnO-based adsorbent. They
presented that NiO would be reduced to metallic Ni or Ni0 with the presence of H2. Then, sulfur
atoms will react with Ni0 atoms and lead to the formation of NiSx. The formed NiSx will be
in situ reduced to Ni0. Meanwhile, released H2S will react immediately with ZnO to form ZnS.
Whether NiSx can be converted to Ni0 by H2 determines the stability of the effect of sulfur removal
of sorbents. Huang et al. [15] proposed a reaction mechanism of RADS processes carried out in
different atmospheres and the role of H2 in the desulfurization process over Ni/ZnO. They found
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that hydrogen can effectively stimulate the sulfur transfer during reactive adsorption desulfurization
of oil product over Ni/ZnO. In the case of the RADS process, NiO could be sulfurized into Ni3S2 or
NiSx although presulfurization is not employed. Bezverkhyy [16] found that, in the case of Ni/SiO2,
a relatively slower bulk transformation into Ni3S2 always follows after a rapid surface reaction.
Okamoto claimed that Ni3S2 is a stable state of nickel sulfide [17]. The reason may be that Ni3S2 is
favorable in the H2 atmosphere. The formation of NiS can hardly happen before sulfur contained
in the nickel sulfide is transmitted into ZnO. Ni3S2 is probably more stable than NiS under current
circumstance [18]. In another publication of Bezverkhyy [19], their results indicated that surface
ZnS layer was formed firstly, and the kinetics of sulfidation at different steps were dependent on
the reaction conditions, and the first one is fast sulfur chemisorption. NiO/ZnO adsorbents can be
spent in the RADS process of thiophene without reductive pretreatment by hydrogen [18]. It was also
mentioned that hydrogen pretreatment hardly had effect on desulfurization. Tang et al. [13] studied
the powerful metal–support interactions (SMSI) between nickel and zinc oxide particles of Ni/ZnO
catalyst. They reduced NiO/ZnO catalyst in a temperature range from 350 ◦C to 500 ◦C, and found
that the reduction peak of NiO in the NiO/ZnO sample shifted to 370 ◦C, which suggests that NiO in
NiO/ZnO-Al2O3-SiO2 adsorbent is hard to be reduced under lower reaction temperature.

From the review presented above, there is a good deal of conflict about the desulfurization
mechanism of NiO based adsorbents. The hydrodesulfurization (HDS) catalysts are commonly sulfide
Ni-Mo/Al2O3 and Co-Mo/Al2O3. Presulfurization is an essential process for activation of HDS
catalyst in the oxidic form. In presulfurization, a sulfurizing agent such as organic polysulfide is used
to sulfurize the pre-loaded catalyst in a reactor [20]. This rises a question whether NiO could act alone
as the active component for RADS. The presulfurization process of hydrotreating catalyst showed
that NiO could be sulfurized alone to form NiSx. Wang [21] compared a presulfurized NiO/γ-Al2O3

catalyst with NiSO4/γ-Al2O3 catalysts with different nickel loadings, and found that NiSO4 can be
partially self-sulfided to NiSx by hydrogen. They considered that NiSx species was a real active
component in the HDS reaction. This is very similar to the reaction of NiO with thiophene to form
NiSx in RADS process.

In this work, the RADS of a model gasoline, n-hexane containing thiophene, was conducted
over the NiO/ZnO-Al2O3-SiO2 adsorbent in N2 and H2, respectively. The reduced and unreduced
adsorbents were respectively characterized by XRD, TPR, and X-ray photoelectron spectroscopy (XPS).
Desulfurization performance at lower temperature was also researched. After the evaluation of RADS
experiments and characterization of adsorbents, various pretreatment experiments were conducted to
study the activation of adsorbents and the effects of pretreatments on RADS process.

2. Results and Discussion

2.1. RADS Performance under Different Atmospheres

In a first approach, the adsorption performances of three conditions were shown in Figure 1.
The H2 reducing pretreatment method has a H2 flow rate of 140 mL/min under 2.0MPa and
a temperature of 440 ◦C for 2 h. The other two experiments did not employ the H2 reducing
pretreatment. H2 or N2, as carrier gas, was introduced into the reactor together with model gasoline,
respectively. Experiments designed for this comparison were carried out with the same model
components and reaction temperature. Under these conditions, the RADS performances, expressed as
mL of gasoline per g of sorbent, are shown in Figure 1. From this figure, it is evident that samples in
N2 displayed a declining sulfur removal trend with the volume of effluent gasoline.
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Figure 1. Desulfurization performance of reduced and unreduced adsorbent under different atmospheres.

The declining trend using N2 as carrier gas disclosed that the sulfurization of NiO could happen
without the presence of H2. In another word, the sulfur atom is captured from the thiophene molecule
and is fixed by the sorbent without H2. Small amount of hydrocarbons will form carbon deposit on
the surface of the adsorbent, which is a reason of the drop of the sulfur removal. Figure 1 shows that
the sulfur removal rate still keeps at 25% in nitrogen atmosphere after treating model gasoline about
120 mL-G/g-A. Though the sulfur removal rate is much lower compared to which in H2 atmosphere,
NiO shows considerable activity in the reaction with thiophene in N2.

Figure 1 presents that the sulfur removal ratio in H2 is much higher than that in N2. However,
the H2 reduced adsorbent does not have any advantage over the unreduced adsorbent. This is in
agreement with the observations by Huang [17]. There is no evidence of a breakthrough in H2, even
when the test is progressed to a volume of 120 mL-G/g-A. As H2 can considerably improve the effect
of desulfurization, desulfurization performance in H2 is much better than that in N2. The presence
of hydrogen obviously reduces the formation of surface carbon deposits during the desulfurization
process [22–24].

2.2. XRD Characterization

Figure 2 shows the XRD patterns of used adsorbents under different RADS conditions. According
to the patterns, ZnS characteristic diffraction peaks appeared in all cases. The mobility of sulfur from
NiSx to ZnO is the main reason of the formation of ZnS. The peaks of ZnS in N2 cases also proved
that the desulfurization process could happen in N2. Another phenomenon is that Ni0 could not be
detected by XRD in all cases. These results suggest that there should be another active component
playing an important role in RADS besides Ni0.
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Figure 2. X-ray photoelectron spectroscopy (XPS) analysis of adsorbents after reaction.

Normally, NiO could be reduced at about 290 ◦C. Moreover, Shamskar et al. [25] found that
the reduction temperature of NiO-Al2O3 catalyst would increase with the calcination temperature
increasing. When calcination temperature is over 600 ◦C, the reduction temperature of NiO-Al2O3

catalyst is over 700 ◦C. For the adsorbent in this study, the temperature of calcination is 500 ◦C,
indicating that the reduction temperature may be over 600 ◦C. Zielinski [26] attributed the peak
existing between 300–500 ◦C to the reduction of nickel oxide which is not bound with the support,
referring to it as “free” NiO, and the reduction peak existing between 500–800 ◦C to nickel that had
already bound with the support forming NiAl2O4. In XRD patterns, the absence of SiO2 or Al2O3

peaks indicate that both of them are in amorphous states in the sorbents. SiO2 was used to dilute the
effect of the formation of NiAl2O4. The reason behind this is possibly that SiO2 has a dilution effect on
the active sites of Al2O3. With an excess amount of SiO2 loaded on the support, the acidity decreases
as a result. This implies that SiO2 could strengthen the adsorption of the sulfur compounds.

As is shown in Figure 2, Ni and Zn elements exist in the form of metallic oxides. The diffraction
peaks (2θ = 43.2◦, 75.5◦) are attributed to NiO in fresh or reduced sorbents, confirming an existence of
“free” nickel oxide. There is no evidence in the positions (2θ = 44.5◦, 76.1◦) where Ni locates.

According to this phenomenon, it seems that NiO may not be reduced to Ni under our
experimental condition. Tang characterized reduced and unreduced NiO/ZnO sorbents by XRD
in his survey and reached a similar conclusion [13]. Moreover, the result of Ryzhikov’s [18] research on
the effect of hydrogen pretreatment on desulfurization shows that despite any improvement, such
process of hydrogenation may lead to the formation of Ni-Zn alloys, which in some extend declines
the sulfur removal ratio. Also, NiO should be considered as a probable active component.

2.3. EDS Results

Figure 3 presents the EDS results by which we could investigate whether surface element
distributions could be changed after reduction and desulfurization.
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Figure 3. EDS analysis of surface element distributions of adsorbents before and after reaction.

In Figure 3, the contents of sulfur increase by 6.55 wt% and 5.60 wt% on unreduced and reduced
spent sorbents in hydrogen, respectively. Both of them are higher than that appeared of spent sorbent
in nitrogen. This result matches well with the desulfurization effect shown in Figure 1. The contents of
carbon increase by 4.34 wt% after the reaction on unreduced sorbents applied in N2, slightly higher than
3.79 wt% and 3.61 wt% on unreduced and reduced sorbents in hydrogen. For one thing, this contrast
means that hydrogen could obviously inhibit the formation of surface carbon. For another thing,
hydrogen pretreatment may attribute nothing to promote the desulfurization ability of adsorbents.

2.4. H2-Temperature Programmed Reduction (TPR) Characterization

Figure 4 presents the H2-TPR profiles of ZnO-Al2O3-SiO2 support (a), NiO (b) and fresh
adsorbent (c). The support has a very weak H2 consumption signal at the temperature ranging
from 450 to 650 ◦C. For NiO, there’s a sharp hydrogen consumption peak at about 290 ◦C. For the fresh
adsorbent, the reduction peak of nickel oxide in NiO/ZnO-Al2O3-SiO2 adsorbent is shifted to 520 ◦C.
According to Tang’s research [13], the powerful metal–support interactions (SMSI) between nickel and
zinc oxide particles of Ni/ZnO could raise the reduction temperature of nickel oxide in NiO/ZnO
to 370 ◦C, implying that there is a powerful interaction between nickel oxide and the support. This
probable interaction may make NiO much more difficult to be reduced. It can be inferred from the
profiles that NiO contained in the fresh adsorbent seems unlikely to be reduced to Ni0 at 420 ◦C.
Considering the excellent performance of desulfurization in our study, NiO may play the role of an
active component in place of nickel.
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Figure 4. H2-TPR (temperature programmed reduction) of support (a), NiO (b) and fresh adsorbent (c).

2.5. X-Ray Photoelectron Spectroscopy (XPS) Characterization

XPS spectra was adopted to characterize fresh, reduced and used adsorbents, shown in Figure 5.
All XPS spectra were calibrated with the C1s peak at 285.4 eV [27]. According to Figure 5, zinc, nickel,
and sulfur elements are at the 2p energy level. After the desulfurization, sulfur and carbon elements
can be probed on the surface of adsorbents. It indicates that sulfur elements are adsorbed well and
carbon deposits are generated on the surface of the adsorbents. For the adsorbents which have been
used in nitrogen, the weak peak of sulfur shows the poor desulfurization performance in N2.
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Narrow XPS spectra of sulfur, carbon, nickel, and zinc are shown in Figure 6. Figure 6a shows
narrow XPS spectra of C1s. The C1s peaks of adsorbents after desulfurization are much stronger
than the reduced adsorbent C1s peak, which indicates the formation of carbon deposits. However,
compared with the peaks in Figure 5, the peak of C1s is not obvious. It means that there are not many
carbon deposits on the surface, which is consistent with EDS results.
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Figure 6. XPS spectra of Ni and Zn elements (a) C; (b) S; (c) Ni; (d) Zn.

For Sulfur XPS spectra in Figure 6b, peaks of 162.4 eV and 163.6 eV are attributed to the peaks
of S2p spectra of ZnS and NiS, respectively, which proves the existence of intermediate species
NiSx [28,29]. According to Babich and Moulijin’s mechanism, the transient state NiSx will react with
H2 immediately, therefore, the peaks of NiSx cannot be detected in XRD results.

Normally, XPS spectra of Nickel-containing compounds consist of a main photo-peak as well as
an associated satellite peak. The latter always locates at a binding energy which is 6 to 8 eV higher than
the main peak. Figure 6c presents Ni2p3/2 photo-peaks of the Ni-containing compounds. In the figure,
the Ni2p3/2 spectrum 852.5 (±0.2) eV of nickel metal is not detected for the four adsorbents [30].
This indicates that NiO is hard to be reduced by hydrogen. Peaks of 855.1 eV and 861.5 eV of the
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fresh adsorbents are attributed to the main peak and the satellite peak of the Ni2p3/2 spectra of NiO,
respectively. The peaks centered at bind energy of 873.0 eV and 879.7 eV are attributed to Ni2p1/2
spectra of NiO [31]. In the XPS spectra of spent adsorbent, a peak at bind energy 853.3 eV appears
after desulfurization in both nitrogen and hydrogen, corresponding to Ni in the sulfided form NiSx.
Besides, small increments of binding energy of Ni2p3/2 photo-peaks are observed for the reduced
and spent adsorbent. This suggests the enhancement of the chemical interaction between NiO and the
support ZnO-Al2O3-SiO2.

Figure 6d shows the Zn2p spectra of different adsorbents. The peak at bind energy of 1022.1 eV
in fresh adsorbent is assigned to Zn2p3/2, and the peak at bind energy of 1045.25 eV is attributed to
Zn2p1/2. After desulfurization, the bind energy of Zn 2p increases 1.2 eV, indicating that sulfur atom
reacted with ZnO to form ZnS. Moreover, for S 2p spectra (Figure 5), the peak at 162.4 eV is attributed
to ZnS group, also indicating sulfur atom transfers to ZnS from ZnO.

2.6. RADS Performance at Different Temperatures

Figure 7 is a comparison of the desulfurization effects of unreduced adsorbents at 420 ◦C, 400 ◦C,
350 ◦C, and 300 ◦C. The former two reactions have little difference on sulfur removal rate from the
beginning to the end, mainly because a 20 ◦C temperature difference does not impact RADS greatly.
The reaction at 350 ◦C performs a reduction of sulfur removal at the beginning, and then keep a high
sulfur removal rate as the former two reactions. It suggests that the reaction temperature may affect
the activation of adsorbent at the beginning of RADS.

For the RADS process which happened at 300 ◦C, the curve decreases first and then increase. This
special trend does not accord with the usual decreasing activity found in most of RADS processes.
Especially, at 300 ◦C, the strong rising trend of desulfurization capacity is observed after the volume of
feed reaching 22 mL-G/g-A. This phenomenon inspires us to design three experiments to pretreat the
adsorbents used in the experiments at 300 ◦C.
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2.7. Effects of Pretreatments on RADS Performance

Figure 8 investigates the influence of different pretreatment methods of adsorbent on sulfur
removal at 300 ◦C. Different pretreatment methods were compared to each other. For example,
the black line (case A) presents the sulfur removal of the adsorbent pretreated in H2 for 2 h at 420 ◦C
in advance. The red line (case B) is the sulfur removal of the adsorbent pretreated in H2 along with
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n-hexane at 420 ◦C for 2 h. The blue line (case C) means the adsorbent was pretreated for 2 h in H2

along with model gasoline at 420 ◦C for 2 h.
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Figure 8. Desulfurization curves of unreduced adsorbents under different conditions: (A) pretreated
for 2 h in H2 at 420 ◦C; (B) pretreated for 2 h in H2 along with n-hexane at 420 ◦C; (C) pretreated for 2 h
in H2 along with model gasoline at 420 ◦C (D) without pretreatment at 420 ◦C reaction temperature.

In Figure 8, some differences on the initial sulfur removal of various pretreated adsorbents
are observed. The process of reaction can be divided into two parts at the point 8 mL-G/g-A.
During the part after this point, there seems no difference in the sulfur removal capacity between the
pretreated adsorbents adopted in case A, B, C, and adsorbents without any pretreatment in case D.
Compared the sulfur removal rate of adsorbents without pretreatment at 300 ◦C shown in Figure 7
with the desulfurization performance of case A at the same reaction temperature, a positive effect
of pretreatment in hydrogen for 2 h on sulfur removal should be convincing. However, during the
process before the feed reaching 10 mL-G/g-A, the sulfur removal rate indicated by the curve of case
A is slightly lower compared with which of case D. Interestingly, with the participation of n-hexane
during the process of pretreatment, the drop of sulfur removal at the beginning of RADS that occurs
in case A disappears in case B and C. The function of n-hexane is considered while discussing the
various results of different types of pretreatments in case A, B, and C at the beginning of the process.
It is assumed that n-hexane reacts with the adsorbent, during which some carbon-metal bond is
formed. This type of bond may promote the electric charge transfer on the surface of adsorbent.
As a result, the desulfurization capacity of the adsorbent is enhanced regardless of the much lower
reaction temperature.

From the analyses above, it can be concluded that the participation of hydrogen and n-hexane
during the process of pretreatment conducted at 420 ◦C both contribute to the improvement on sulfur
removal rate under the reaction temperature of 300 ◦C. The activation mechanism of the pretreatments
on adsorbents will be researched in our future work.
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3. Materials and Methods

3.1. Adsorbent Preparation and Feedstock Properties

All chemicals used for preparation of adsorbents are of analytical grade. In this study, the feedstock
is prepared by adding thiophene to sulfur-free n-hexane with a sulfur concentration of 800 ppmw.
The support ZnO-Al2O3-SiO2 was prepared by the co-precipitation method. A mixed solution of
Al(NO3)3·9H2O and Zn(NO3)2·6H2O is added into a mixed solution of Na2SiO3·9H2O (0.2 mol/L) and
Na2CO3 (0.2 mol/L) at a rate of 15 mL/min under 20 ◦C, followed by aging in the same environment
for 2 h. In the first 50 min of the aging process, the supernatant is replaced with the same volume of
water. After filtration treatment, about 3.5 L of deionized water is used to wash the precipitation until
the pH of suspension ranges from 5.5 to 6.0. Then the residue will be dried at 120 ◦C in atmosphere
for 12 h, followed by calcination at some temperature in a muffle roaster for 4 h. The preparation of
support ZnO-Al2O3-SiO2 is finished.

Solutions of Ni(NO3)2 were mixed with the above support and stirred for two hours. And then,
a solution of anhydrous sodium (0.2 mol/L) was added into the mixed solution at a rate of 15 mL/min
under 20 ◦C. Then an excessive dose of Na2CO3 was added into the solution which converted Ni2+

into corresponding deposits followed by a two-hour stirring. Next the emulsion was filtrated with
deionized water until the filter liquid displayed as neutral. The filter cake left was dried at 120 ◦C
before calcinated in a muffle oven at 500 ◦C for 2 h. After cooling to the normal temperature, the filter
cake was ground to 120 mesh. Finally, the preparation of adsorbents was finished.

3.2. Characterization of Adsorbents

A Bruker D8 Advance X-ray diffractometer (Bruker, Karlsruhe, Germany) is used to characterize
the crystalline structures of the adsorbents through X-ray diffraction (XRD) with a Cu Kα = 0.154 nm
monochromatized radiation source, operating at 40 kV and 100 mA. Autochem II 2920 (Micromeritics,
Norcross, GA, USA) is used to detect the Temperature programmed reduction (TPR) of adsorbents. And
the multi-function photoelectron spectrometer (ESCALAB 250Xi) (Thermo Fisher Scientific, Waltham,
MA, USA) is deployed to characterize the X-ray photoelectron spectroscopy (XPS). An EDXA energy
dispersive spectrometer (EDS) (EDAX Inc., Mahwah, MA, USA) is used to characterize the elements
distributions of adsorbents.

3.3. Sulfur Adsorption Experiments

The desulfurization experiments were carried out in a continuous micro fixed-bed reactor [22–24].
A total of 3 g of adsorbent in the oxidized form was loaded into the reactor per run. The sorbent was
reduced by hydrogen at a flow rate of 140 mL/min under 2.0 MPa and 440 ◦C for 2 h followed by the
pumping of the model fuel. The desulfurization products were collected periodically in a beaker to
analyze sulfur content. The various experimental conditions are showed in Table 1.

Table 1. Experimental conditions of desulfurization process.

Reduction
Temp. /◦C 440

Hydrogen pressure/MPa 2.0
Reduction time/h 2

Adsoption
desulfurization

In H2

Temp. /◦C 300, 350, 400, 420
Hydrogen pressure/MPa 2.9

Weight hourly space velocity (WHSV)/h−1 9.9
H2 volume/Gasoline weight (mL/g) 70

In N2

Temp. /◦C 420
Nitrogen pressure/MPa 2.9

Weight hourly space velocity (WHSV)/h−1 9.9
N2 volume/Gasoline weight (mL/g) 70
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The sulfur removal efficiency is defined as the following equation [32]:

Rs(%) =
C0 − Ct

C0
× 100 (1)

where Rs is the sulfur removal efficiency in the fuel (%), C0 is the sulfur concentration of feedstock
(µg/g), Ct is the sulfur content of product at any time (µg/g).

The sulfur concentrations of model gasoline are characterized by an Antek 9000 total sulfur
analyzer (Antek, North Arlington, TX, USA).

4. Conclusions

The RADS process was conducted over the NiO/ZnO-Al2O3-SiO2 sorbent, and the effect of
reaction atmospheres are discussed and compared. The RADS process could happen in N2 without the
presence of H2, which proves that NiO performs as an active RADS component. XRD, TPR, and XPS
results showed that strong metal–support interactions between NiO and the support are formed.
This makes NiO more difficult to be reduced. The desulfurization performance of the adsorbent at
300 ◦C indicated that NiO could also perform a good desulfurization ability, and the formation of NiSx
may promote the desulfurization process on the surface of the adsorbent. At last, the activation
performances of different pretreatment on RADS process were evaluated. The participation of
hydrogen and n-hexane in pretreatment conducted at 420 ◦C could active the adsorbent in the
beginning of RADS and improve the sulfur removal rate under the reaction temperature of 300 ◦C.
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