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Abstract 

The reactive adsorption desulfurization is an important and efficient technology for the ultra-

deep desulfurization of gasoline. The performance of an adsorbent is vital for the efficiency of 

the reactive adsorption desulfurization process. In the case of Ni/ZnO-Al2O3 adsorbent, the 

formation of inert ZnAl2O4 spinels is commonly recognized for the deactivation of adsorbents. 

To solve this problem, in this work, TiO2 was incorporated in the Ni/ZnO-Al2O3 adsorbent by 

a wet impregnation method to inhibit the formation of spinel structures during the reaction 

and regeneration processes. The TiO2 formed a stable protection layer on the surface of Al2O3 

preventing the interaction between Al2O3 and ZnO, which inhibited the formation of ZnAl2O4 

spinel phase. The reactive adsorption desulfurization performance of the adsorbents was 

evaluated in a fixed bed reactor using thiophene in n-octane as a model fuel. Evaluation 

results indicated that the introduction of TiO2 could significantly improve the stability of the 

adsorbents during cyclic hydrothermal treatments, while the sulfur capacity slightly dropped. 

Characterization results revealed that TiO2 was homogeneously dispersed on the surface of 

Al2O3 support and the incorporation of TiO2 could maintain a certain amount of Lewis acid 

sites in the adsorbents, which are favorable for the adsorption of organo-sulfur compounds. 
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1. Introduction 

The air pollution problems which could bring environmental disasters and damages to human 

health have aroused global concern.
1-3

 Different types of techniques have been used to 

eliminate or control the air pollutants (NOx, SO2, hydrocarbon, etc.) from vehicle emissions.
4
 

The ultra-deep desulfurization technology is effectively used to remove the sulfur compounds 

from fuel oils.
5-9

 As fuel oils will remain as the main energy source for vehicles in recent 

decades,
10

 the development of efficient desulfurization technologies is still important due to 

the more stringent environmental regulations for clean fuel oils.
11,12

 Due to its advantages of 

low octane loss, low hydrogen consumption and mild operation conditions, the reactive 

adsorption desulfurization (RADS) technique has become a commercial process named as S-

Zorb to produce clean gasoline of Stage Ⅴ (less than 10 μg/g Sulfur) in China.
13-17

 

A RADS mechanism has been widely accepted for the Ni/ZnO catalyst system where the S 

atom in the organic sulfur compounds firstly reacts with Ni (active site for the catalytic 

hydrogenolysis of C-S bond) and generates Ni3S2. In the presence of H2, Ni3S2 will be 

converted to H2S and the Ni sites are restored to Ni
0
. The formed H2S reacts with ZnO which 

is the sulfur acceptor to produce ZnS.
18

 After combustion (regeneration process) in the air, 

ZnO is regenerated to complete a RADS-regeneration cycle.
19

 The study on the RADS 

reaction kinetics of Ni/ZnO based adsorbents revealed that the sulfur diffusion in ZnO was 

identified as the rate-determining step after partial sulfidation of ZnO, and the high dispersion 

of ZnO and NiO particles was favorable for the reaction.
20-22

 To enhance the dispersion of Ni 

and ZnO, different supports have been introduced into the Ni/ZnO-based catalysts, such as 

Al2O3, ZrO2, SiO2, zeolites.
23-25

 Among the supports being used, Al2O3 is the most common 

one because of its intrinsic advantages, such as high surface area, low cost and high 

chemical/mechanical stabilities, triggering extensive interests about the Ni/ZnO-Al2O3 

adsorbents. Gao et al.
26-28

 investigated the reactivity and regeneration characteristics of the 
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Ni/ZnO-SiO2-Al2O3. It was found that the inactive ZnAl2O4 spinel formed in the reduction 

and reaction processes significantly decreased the desulfurization activity of adsorbents. 

Moreover, surface Lewis acid sites increased the activity of the adsorbents because the sulfur-

containing compounds bearing lone pair electrons are adsorbed on the adsorbent via the Lewis 

acid-base interaction. 

In our previous studies, a series of Ni/ZnO-Al2O3 adsorbents were prepared by a 

homogeneous precipitation method and a cation-anion double hydrolysis (CADH) method.
29-

31
 In all these adsorbents, the formation of the inert gahnite phase (such as zinc aluminate) 

during the reaction was commonly observed, leading to the decrease of activity and 

fragmentation of adsorbents, which could not be overcome by simply changing the 

preparation methods.
32

 The current adsorbents regeneration process can remove the carbon 

deposits and convert the ZnS into ZnO via burning in the air. But the formation of the spinel 

phase is irreversible and the burning process would also promote the formation and growth of 

spinels, especially under steaming conditions of the regeneration process.
33

 Besides, for the 

preparation of industrial adsorbents, to achieve a stable adsorption performance, the 

adsorbents are usually prepared by the kneading method followed by an aging process to 

reduce the initial activity, which requires a hydrothermal treatment under the high-

temperature steaming conditions.
34

 The high-temperature steaming conditions in the aging 

process would also promote the formation of spinel phase.
35

 Meng et al.
23

 found that the 

presence of ZnAl2O4 could reduce the reducibility and activity of the adsorbents, and the high 

stability of spinel renders it difficult to be removed once it formed. Moreover, the spinel 

formation also deteriorated the mechanical strength of the adsorbents.
36

 After deactivation, the 

difficulties and high cost for recycling result in the fact that most of the spent adsorbents are 

buried directly, which would cause soil and water pollution.
37

 Hence, from the sustainable 
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development point of view, it is highly desirable to develop stable RADS adsorbents via cost-

effective approaches. 

In order to inhibit the formation of the ZnAl2O4 phase, it is a wise way to weaken the 

interaction between ZnO and Al2O3 by introducing a promoter into the adsorbent.
38,39

 Titania 

has been a common chemical material used as a promoter for the alumina supported catalysts, 

the synergetic effect of TiO2-Al2O3 could promote the dispersion of active species and restrain 

the interaction between active species and Al2O3.
40,41

 Ni/TiO2-Al2O3 catalysts were 

synthesized for methane decomposition using a co-precipitation method, the incorporation of 

TiO2 effectively reduced the formation of nickel aluminate (NiAl2O4) and the carbon 

deposition was greatly inhibited.
42

 In hydrodesulfurization reactions, TiO2-Al2O3 based 

catalysts also show unique advantages, TiO2 promoted the formation of empty orbitals in 

multilayered MoS2, resulting in the strong sulfur adsorption capacity of the catalyst. The Ti
3+

 

species formed by the partial reduction or sulfidation of TiO2 can act as a promoter for the 

MoS2 phase.
43,44

 A series of Mo/TiO2-Al2O3 catalysts were prepared by Segawa et al. via the 

chemical vapor deposition of TiCl4, and Mo/TiO2-Al2O3 exhibited higher activity than the 

Mo/Al2O3 or Mo/TiO2 catalysts in the ultra-deep hydrodesulfurization reaction.
45-47

 This was 

attributed to the coverage of Al2O3 by TiO2 layer, decreasing the interaction between Mo and 

the support and promoting the sulfidation of Mo species. In another report, by using TiO2-

Al2O3 binary supports for the Ni/Mo-based catalysts, the hydrodesulfurization activity of the 

catalysts was improved due to the enhanced hydrogenation activity by the existence of TiO2.
48

 

In recent studies, highly ordered NiMo/TiO2-Al2O3 hydrodesulfurization catalysts were 

prepared via evaporation-induced self-assembly method.
49,50

 Their results demonstrated that 

the introduction of TiO2 into the supports prevented the formation of strong Mo-O-Al 

linkages which promoted the formation of “Type II” Ni-Mo-S phase and enhanced the activity 

of the catalysts. Inspired by the promotion effect of TiO2, it can be envisaged that the 
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formation of spinel structures in adsorbents may be effectively inhibited by introducing TiO2 

into the Ni/ZnO-Al2O3 adsorbents. The incorporation of TiO2 into Al2O3 will construct a TiO2 

protection layer between ZnO and Al2O3, which would isolate the ZnO from Al2O3. The 

inserted TiO2 would competitively react with Al2O3 to form Ti-O-Al bonds, inhibiting the 

formation of Zn-O-Al bonds. 

This work aims to propose a new method to inhibit the spinel formation in Ni/ZnO-Al2O3 

based RADS adsorbents via TiO2 addition. The TiO2 modified Al2O3 support was synthesized 

by the wet impregnation method and used for the preparation of Ni/ZnO-Al2O3 based 

adsorbents via a heterogeneous-grinding method. The performance of the adsorbents was 

evaluated in the RADS reaction using a model fuel and compared with the adsorbents 

prepared without TiO2. 

2. Results  

2.1 Reaction Adsorption Desulfurization (RADS) Performance of Adsorbents 

In order to eliminate the influence brought by reaction products (ZnS, NiSx, etc.), we chose 

the fresh TiO2 modified and unmodified adsorbents (supports) with a Zn/Al molar ratio of 1:1 

to undergo the cyclic hydrothermal treatments, which can clearly reveal the promotion effect 

of TiO2 addition. The adsorbents were donated as ‘Ti-a-b-c’ and ‘C-a-b-c’, where ‘Ti’ 

represents TiO2 modified, ‘C’ represents unmodified, ‘a-b’ indicates the molar ratio of Zn to 

Al, and ‘c’ indicates the cycles of the hydrothermal treatment. The ‘S’ was attached behind 

the name of adsorbents to present the corresponded supports. Figure 1 shows the sulfur 

adsorption breakthrough curves and the breakthrough sulfur capacities of the fresh adsorbents 

and the adsorbents after 3 cycles of hydrothermal treatment, respectively. As can be seen, the 

fresh unmodified adsorbent exhibited a better RADS activity and a higher sulfur capacity than 

the fresh TiO2 modified adsorbent. After three cycles of hydrothermal treatment, the TiO2 
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modified adsorbent exhibited a higher sulfur capacity than the unmodified one, indicating the 

higher stability of the former. The breakthrough sulfur capacity (at 10 ppm Sulfur) of the TiO2 

modified adsorbent decreased from 10.5 mg·g
-1

 to 7.8 mg·g
-1 

which is above 2-fold that of the 

unmodified adsorbent (3.8 mg·g
-1

) after 3 cycles of hydrothermal treatment. The ZnO 

conversion revealing the ZnO transformation extent is another important indicator of the 

catalyst activity and stability. The ZnO conversion at the breakthrough point for the fresh 

TiO2 modified adsorbent (7.04%) is slightly lower than that of the unmodified one (7.62%). 

Although both adsorbents exhibit a decrease in their ZnO conversion which was caused by the 

hydrothermal treatments, the TiO2 modified one retained 74.1% of its ZnO conversion in the 

fresh state, while the unmodified one only maintained 31.4% of its fresh ZnO conversion. 

These results clearly indicated that the stability of the adsorbent could be significantly 

enhanced by modifying the Ni/ZnO-Al2O3 adsorbent with TiO2. 

2.2 Crystalline Structure 

X-ray fluorescence (XRF) spectra results shown in Table S2 show that the bulk atomic molar 

ratio of the TiO2 modified adsorbents (Zn: Ti: Al = 1.22: 0.18: 1.00) is close to the set ratio 

(Zn: Ti: Al=1.00: 0.15: 1.00), thus indicating that most of the introduced TiO2 was kept in the 

bulk structure without significant loss during the preparation process. The PXRD patterns of 

the TiO2 modified and unmodified adsorbents are shown in Figure 2. All fresh adsorbents 

contain hexagonal wurtzite (ZnO, JCPDS card No. 01-079-2205) and cubic NiO (JCPDS card 

No. 01-078-0429) phases, and there are no obvious characteristic reflections of TiO2 phase in 

the TiO2 modified adsorbents, indicating that the TiO2 is highly dispersed. For the unmodified 

adsorbents, the intensities of characteristic reflections assignable to cubic gahnite (ZnAl2O4, 

JCPDS card No.00-001-1146, 2θ= 44.83
o
, 59.2

o
 and 65.20

o
) raised with the increasing cycles 

of hydrothermal treatment. In contrast, the peak intensities of ZnAl2O4 in the TiO2 modified 

adsorbents are much lower than those in the unmodified ones. To support the results revealing 
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the interactions between ZnO and Al2O3 leading to the stability enhancement by TiO2 addition, 

the TiO2 modified and unmodified adsorbents with Zn/Al molar ratios of 1:2 and 1:4 were 

tested by cyclic hydrothermal treatments (shown in Figure S2 and S3). The peak intensities of 

ZnAl2O4 raised with the increase of the Al2O3 amount which may be due to the higher 

dispersion of ZnO caused by the increase in Al2O3 content, promoting the interactions 

between ZnO and Al2O3. While the TiO2 modified adsorbents still exhibited lower peak 

intensities for the ZnAl2O4 phase than the unmodified ones. These results directly prove that 

the addition of TiO2 in the ZnO-Al2O3 based adsorbents could effectively impede the 

interaction between the sulfur acceptor (ZnO) and the support (Al2O3) to form the inactive 

ZnAl2O4 spinel, which partially explains the high activity and large sulfur capacity of the 

modified adsorbents after hydrothermal treatments. 

UV-vis spectra of TiO2 modified and unmodified supports are shown in Figure 3. The peaks 

at 280 nm and 314 nm could be attributed to the existence of ZnAl2O4.
51

 The peak at 320 nm 

is due to the O
2-→Ti

4+
 charge transfer transition corresponding to the excitation of electrons 

from the valence band (having the O 2p character) to the conduction band (having the Ti 3d 

character), which is the characteristic of anatase phase.
52

 For the fresh supports, there are no 

discernable peaks assignable to ZnAl2O4. While after the hydrothermal treatments, the peak 

intensities corresponding to ZnAl2O4 in the unmodified supports increased with the 

hydrothermal treatment cycles. However, there are no discernable ZnAl2O4 peaks in the TiO2 

modified supports, evidencing the high stability of the TiO2 modified samples which is 

consistent with the PXRD results. 

2.3 Morphology and Textural Properties 

Figure 4 and 5 show the SEM and EDS-mapping images of both TiO2 modified and 

unmodified supports. In both supports, the ZnO particles were homogeneously dispersed on 
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the Al2O3. For the TiO2 modified support, the Ti species are also homogeneously dispersed on 

the Al2O3. Considering there are no obvious peaks of titania in the PXRD patterns of TiO2 

modified adsorbents (shown in Figure 2), the introduced TiO2 may be present as highly 

dispersed TiO2 species and covered the alumina surfaces after calcination.
53

 

Figure 6 shows N2 sorption isotherms of the unmodified and TiO2 modified adsorbents with a 

Zn/Al molar ratio of 1: 1. All samples display typical type IV adsorption isotherms with an H-

3 hysteresis loop, indicating the existence of a mesoporous structure.
54

 The textural properties 

of the adsorbents are summarized in Table S3. For the fresh adsorbents, compared with the 

unmodified adsorbents, the TiO2 modified one has a lower specific surface area which may be 

due to the partial blocking of the pores by TiO2, and this may also be a reason for the lower 

activity of fresh TiO2 modified adsorbent in the RADS reaction (shown in Figure 1).
53

 With 

increasing the cycles of hydrothermal treatment, the specific surface areas of both unmodified 

and TiO2 modified adsorbents decreased, which may be due to the formation of spinel, 

sintering and collapse of pore structure. However, the addition of TiO2 could inhibit the 

formation of ZnAl2O4 spinel and enhance the pore structure stability during hydrothermal 

treatments. The TiO2 modified samples exhibit less reduction of the surface area. In 

comparison, the unmodified adsorbent lost 21% of its specific surface area after three cycles 

of hydrothermal treatment, while the specific surface area of the TiO2 modified sample 

reduced by 17%. Increasing the Al2O3 amount in the adsorbents could increase the specific 

surface area and enhance the dispersion of ZnO and NiO (Figure S8 and Table S3). However, 

this will also promote the formation of spinel under the reaction/regeneration conditions, 

which imposed a deleterious effect on the stability and activity of adsorbents. Moreover, the 

stability enhancement brought by the introduced TiO2 is more pronounced. 
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2.4 State of TiO2 and Surface Acidity 

The unmodified (C-1-1-0-S and C-1-1-3-S) and TiO2 modified (Ti-1-1-0-S and Ti-1-1-3-S) 

supports were characterized with Raman spectroscopy to detect the state of Ti in the TiO2 

modified supports. Both the TiO2 modified and unmodified supports have the characteristic 

peaks of ZnO located at 99, 333 and 437 cm
-1

(Figure 7).
55

 Besides, there is a peak at 146 cm
-1

 

that appears in the Raman spectrum of the TiO2 modified support, which reveals the presence 

of anatase phase.
56

 As shown by SEM and EDS-mapping (shown in Figure 5), the TiO2 was 

highly dispersed on the Al2O3 surface; the TiO2 as anatase formed protection layer, which 

could inhibit the formation of ZnAl2O4 spinel phase by preventing the interaction between 

ZnO and Al2O3 during RADS reaction and regeneration processes. 

FT-IR spectra of unmodified and TiO2 modified adsorbents are shown in Figure 8a and 8b. 

The peaks at 940 and 1380 cm
-1 

are attributed to the Zn-O bond vibration.
57,58

 The weak 

shoulder at 1100 cm
-1 

corresponds to Al-O vibration typical for γ-alumina, which is confirmed 

by the presence of the peak at 1630 cm
-1

.
59,60

 The broad band at 3200-3700 cm
-1 

is the 

stretching vibration band of -OH bonded to Al
3+

. No band assigned to Ti-O-Al bond at 1128 

cm
-1 

is found in the spectra of TiO2 modified adsorbents, suggesting no strong interactions 

between TiO2 and γ-Al2O3.
61

 The FT-IR results combined with PXRD (Figure 2) and XRF 

(Table S2) suggest that the TiO2 is evenly spread over the γ-Al2O3 and inhibited the 

interactions between ZnO and γ-Al2O3. 

The Py-IR spectra of unmodified and TiO2 modified adsorbents are depicted in Figure 8c and 

8d. The Lewis acid sites are identified by the presence of the bands at 1450 (υ19b), 1490 (υ19a) 

and 1610 (υ18a) cm
-1

, while the peak at 1578 cm
-1 

is attributed to the interaction between α-

pyridine and -OH on the adsorbent surface.
62

 The amount of Lewis acid sites for the 

unmodified and TiO2 modified adsorbents after cyclic hydrothermal treatments are 
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summarized in Table S4. For the fresh adsorbents, the Lewis acid amount of unmodified 

adsorbent was higher than that of the TiO2 modified one. This may be due to the formation of 

the anatase layer which partly blocked the pores and covered the defects on the surfaces. With 

increasing the cycles of hydrothermal treatment, the Lewis acid amounts of both unmodified 

and TiO2 modified adsorbents changed. For the unmodified adsorbent, the amount of Lewis 

acid sites decreased by 35.48% after the first cycle of the hydrothermal treatment and almost 

remained the same in the following cycles. This may be caused by the pore structure 

destruction or sintering and the formation of ZnAl2O4. However, the TiO2 modified adsorbent 

exhibited better hydrothermal stability; the amount of Lewis acid sites decreased by 23.81% 

after the first cycle of hydrothermal treatment. It is quite interesting to note that, the amount 

of Lewis acid sites started to raise with the increase of the hydrothermal treatment cycles. The 

Lewis acid amount recovered 14.29% in cycle 2, and dramatically increased to 3.1 mmol·g
-1 

which is 32.26% higher than that of the fresh TiO2 modified adsorbent in cycle 3. This may be 

attributed to the formation of new acid sites resulting from the structural rearrangement during 

the hydrothermal treatments. Since the Lewis acid sites are beneficial for the adsorption of 

thiophene bearing lone pair electrons,
63

 the higher concentration of Lewis acid sites in TiO2 

modified sample after 3 cycles of hydrothermal treatment may be partially responsible for the 

improved RADS performance as compared to the unmodified one.
23

 

3. Discussion 

The highly dispersed TiO2 on the γ-Al2O3 was verified based on the results shown above (see 

Figure 2 and 5, Table S2) which is in line with the study of Zhang et al.
61

 In addition, the 

Raman spectra (Figure 7) confirmed the existence of anatase TiO2 on the support surface with 

good stability; no formation of new compounds after three cycles of hydrothermal treatment 

was observed. Based on the above results, a schematic illustration explaining the role of TiO2 

in inhibiting the ZnAl2O4 formation is presented in Figure 9. As both the γ-Al2O3 (the pseudo-
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boehmite was transformed to γ-Al2O3 after calcination) and ZnAl2O4 have a similar space 

group (Fd-3m), it is easy for the Zn
2+

 (in adjacent ZnO) to diffuse into the tetrahedral sites of 

γ-Al2O3 during the RADS reaction and regeneration process. A thin layer of TiO2 covered on 

the γ-Al2O3 surface would isolate ZnO from the direct contact with γ-Al2O3, and then weaken 

the interaction between Zn
2+

 and Al
3+

 to prevent the formation of ZnAl2O4 structure. Along 

with hindering the formation of the ZnAl2O4, the TiO2 protection layer could also be 

beneficial for the maintenance of the pore structure of the γ-Al2O3. The destruction of pore 

structures during high-temperature reaction-regeneration cycles caused by the agglomeration 

or Al-O-Al breakage and sintering of ZnO was a common problem, which resulted in the 

decrease of the specific surface area of adsorbents.
64,65

 This problem was also observed in the 

unmodified adsorbents in this work (the specific surface area decreased by 20.96% after 3 

cycles of hydrothermal treatment). The TiO2 modified adsorbent exhibited higher pore 

structure stability with the protection from TiO2 on the surface even though the pore structure 

was partially blocked by the TiO2. The difference in pore structure stability was more evident 

with the increase of the Al content. As shown in Table S3, the surface area of sample C-1-4-3 

decreased by 46.93%, while for sample Ti-1-4-3 decreased only by 14.02% after 3 cycles of 

hydrothermal treatment. This may be due to the TiO2 coverage on the γ-Al2O3 surface, 

hindering the collapse of pore structures and retarding the growth or reconstruction of γ-Al2O3 

crystals that can result in the formation of new Al-O-Al bonds. Moreover, all spectroscopy 

results indicated no formation of new bonds or phases during the cyclic hydrothermal 

treatments, implying that the TiO2 protection layer could not only effectively prevent the 

formation of ZnAl2O4 but also maintain stable during the reaction and regeneration processes. 

Thus, it will not cause the formation of Ti-O-Zn bonds and adverse effect on the activity of 

ZnO. Besides, although there is no evidence of Ti-O-Al formation during the reaction and 

hydrothermal treatments, the possibility for its formation can’t be completely excluded.
47,66

 

There are a certain amount of defects on the surface of γ-Al2O3, which are associated with the 
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exposed O vacancies and unsaturated coordinated Al
3+

 sites. As has been shown in Figure 7, 

the peak intensity of the anatase phase became more intense with the increase of hydrothermal 

treatment cycles, indicating the growth of anatase crystals. As a result, the possibility of Ti-O-

Al formation is increasing during the growth or reconstruction of the TiO2 layer as the 

coordination unsaturated (CUS) Al
3+

 sites on the γ-Al2O3 surface are close to the TiO2 layer 

(see Figure 9). The formation of Ti-O-Al could be in competition to the formation of Zn-O-Al 

(or Al-O-Al) by occupying the unsaturated coordinated Al
3+

 sites, which could enhance the 

stability of the adsorbent.
67

 The high structural stability of the TiO2 modified adsorbent 

ensured that the ZnO can react with sulfur by preventing the formation of ZnAl2O4, thus 

achieving the superior activity of ZnO after the hydrothermal treatment cycles as compared 

with the unmodified one. 

The existence of Lewis acid sites could provide empty orbitals on the adsorbent surfaces 

which could promote the adsorption of sulfur (bearing lone pair electrons) in the organic 

sulfur molecules (such as thiophene) and then facilitate the reaction. The Lewis acid sites on 

the γ-Al2O3 surface originate mainly from the CUS Al
3+

 sites caused by the -OH removal and 

phase transformations during the calcination process.
59,68,69

 In the unmodified adsorbent, the 

Lewis acid amount decreased by 35.48% after the first cycle of hydrothermal treatment. Two 

main reasons for this result are suggested: (1) the interaction between Zn
2+

 and surface CUS 

Al
3+

 sites generating the ZnAl2O4 spinel phase (see results presented in Figure 2 and 3); as a 

result, the empty orbital of the CUS Al
3+

 was filled, causing the loss of Lewis acidity; (2) the 

agglomeration (see in Table S3) and reconstruction of the support surface led to the formation 

of new Al-O-Al bonds and the loss of CUS Al
3+

 sites from the surface. However, the Lewis 

acid amount recovered slightly (3.22%) after three cycles of hydrothermal treatment, which 

may be due to the dissociation of the γ-Al2O3 surface structure under the high-temperature 

steaming environment. During the hydrothermal treatments, a dissolution-recrystallization 
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process would occur on the surface of γ-Al2O3. The H2O would dissociate and interact with 

the surface Al
3+

 by inserting H
+
 into the Al-O-Al to form Al-OH that can result in the 

formation of defects and CUS Al
3+

 after dehydration.
70

 This process could partially recover 

the acidity of the adsorbent, but could not reverse the decreasing trend of the Lewis acid 

amount. For TiO2 modified adsorbent, the initial Lewis acid amount (2.1 mmol·g
-1

) was lower 

than that of the fresh unmodified one (3.1 mmol·g
-1

), but the TiO2 modified adsorbent showed 

a lower decrease of Lewis acid amount (-23.81%) than the unmodified adsorbent (-35.48%) 

after the first hydrothermal treatment cycle. The TiO2 protection layer impeded the formation 

of Zn-O-Al bonds which could maintain the Lewis acid sites on the surface. However, the 

coverage of the TiO2 layer also blocked parts of the pores and restrained the exposure of the 

Lewis acid sites. Moreover, the underlying formation of Ti-O-Al would further decrease the 

total amount of Lewis acid sites on the surface. With increasing the hydrothermal treatment 

cycles, the new acid sites generated by TiO2 offset the loss of Lewis acidity caused by TiO2 

coverage and Ti-O-Al formation which was not detected. As a result, the Lewis acid amount 

in the sample after three cycles of hydrothermal treatment was even 32.26% higher than that 

in the freshly TiO2 modified adsorbent. This is because the hydroxyl ions and H
+
 formed 

during hydrothermal treatments would not only affect the γ-Al2O3 but also the TiO2. As been 

recognized previously, the hydrothermal treatment would also promote the intergrowth 

(crystallization) or reconstruction of the TiO2 (anatase) layers,
71

 similar to what would happen 

to γ-Al2O3, the H
+
 may also break the Ti-O-Ti(Al) and the hydroxyl ions may coordinate with 

the unsaturated Ti cations. As a consequence, the growth process will inevitably produce new 

or break Ti-O-Ti (Al) bonds and expose coordinatively unsaturated Ti cations (5 or 4 

coordinated) with the dissociation of hydroxyl ions or Ti-O-Ti (Al) cleavage,
67

 the 

unsaturated Ti cations would be the new Lewis acid sites.
53,72

 Besides, the flexible chemical 

valence state of Ti would also be helpful for producing more Lewis acid sites on the surface. 

The H2 treatments in reduction and reaction processes would reduce the surface of TiO2 and 
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produce Ti
(4-δ)

. Afterward, the regeneration process (calcination) would oxidize the Ti
4+

 to a 

higher state (Ti
(4+α)

); both Ti cations exhibit Lewis acidity which would be helpful for the 

adsorption of organic sulfur compound.
53,73

 

4. Conclusions 

In this work, a series of TiO2 modified Al2O3 supports were synthesized by the wet 

impregnation method and used in the preparation of Ni/ZnO-Al2O3 adsorbents via a 

heterogeneous-grinding method. Both the TiO2 modified and unmodified adsorbents were 

evaluated in the RADS reaction using a model fuel with a high sulfur concentration (500 

ppm). 

By incorporating TiO2 in the ZnO-Al2O3 support to form a thin anatase protection layer, the 

formation of the ZnAl2O4 spinel phase was effectively inhibited which significantly improved 

the stability of the final adsorbents. By generating new Lewis acid sites, the TiO2 modified 

adsorbent maintained a good adsorption ability for organic sulfur compounds in feeds, which 

enhanced the catalytic activity of the adsorbent. After 3 cycles of hydrothermal treatments, the 

breakthrough sulfur capacity (at 10 ppm Sulfur) of the TiO2 modified adsorbent kept at 7.8 

mg·g
-1 

which is two times higher than that for the unmodified adsorbent (3.8 mg·g
-1

), even 

though the initial sulfur capacity of the fresh TiO2 modified one is slightly lower than that in 

the unmodified one.  

Hence, to modify the ZnO-Al2O3 supports by the TiO2 protection layer is a viable strategy to 

inhibit the formation of inactive spinel structures and improve the stability of the RADS 

adsorbent. 
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Figure 1. RADS breakthrough (10 ppm) (a) curves and (b) sulfur capacities of TiO2 modified 

and unmodified adsorbents with a Zn/Al molar ratio of 1:1. 
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Figure 2. Powder X-ray diffraction (PXRD) patterns of (a) TiO2 modified and (b) unmodified 

adsorbents with Zn/Al molar ratio of 1:1. 
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Figure 3. UV-visible spectra of TiO2 modified and unmodified supports with a Zn/Al molar 

ratio of 1:1. 
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Figure 4. SEM and EDS-mapping images of unmodified supports. 

 
 

Figure 5. SEM and EDS-mapping images of TiO2 modified supports. 
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Figure 6. N2 adsorption-desorption isotherms and PSD curves of (a) and (b) unmodified 

adsorbents, respectively and (c) and (d) TiO2 modified adsorbents, respectively with a Zn/Al 

molar ratio of 1:1. 
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Figure 7. Raman spectra of TiO2 modified and unmodified supports with a Zn/Al molar ratio 

of 1:1. 
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Figure 8. FT-IR spectra of (a) unmodified adsorbents, (b) TiO2 modified adsorbents and Py-

IR spectra of (c) unmodified adsorbents, (d) TiO2 modified adsorbents with a Zn/Al molar 

ratio of 1:1. 
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Figure 9. Graphical representation of TiO2 layer inhibiting the formation of ZnAl2O4 spinel. 
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Table 1. RADS performance of TiO2 modified and unmodified adsorbents with a Zn/Al molar 

ratio of 1:1 at the breakthrough point (10 ppm Sulfur). 

Samples Breakthrough time/ h Sulfur capacity/ mg·g
-1

 ZnO conversion (%) 

Ti-1-1-0 7.00 10.5 7.04 

Ti-1-1-3 5.18 7.8 5.22 

C-1-1-0 8.10 12.1 7.62 

C-1-1-3 1.95 3.8 2.39 
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An anatase protection layer is introduced into the Ni/ZnO-Al2O3 adsorbents via the wet 

impregnation method to inhibit the formation of inert ZnAl2O4. The modified adsorbents 

show high stability and good desulfurization activity compared with the unmodified 

adsorbents. The TiO2 protection layer also provides a certain amount of Lewis acid sites to 

enhance the adsorption ability of organic sulfur compounds.  

 

Keywords:  Ni/ZnO-Al2O3 adsorbents; Reactive adsorption desulfurization; Stability; 

ZnAl2O4 spinel; TiO2. 
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