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The properties of alumina modified with sulfate (AI-S) and phosphate (AI-P) and Mo catalysts 
supported on modified alumina (Mo/AI-P and Mo/AI-S) were characterized by IR, XRD, DRS, 
ESR, temperature-programmed sulfidation (TPS), and the oxygen chemisorption. Catalytic activi- 
ties of Mo/AI-P and Mo/AI-S were evaluated in the thiophene HDS reaction. The point of zero 
charge (PZC) of the modified alumina and the amount of Mo adsorbed on modified alumina decreased 
with increasing modifier content. The bonding mode of sulfate on alumina changed with increasing 
sulfate content. The decrease in the PZC of AI-P and in the number of the adsorption sites for Mo 
anions on A1-P facilitated the formation of polymolybdate on Mo/AI-P. The sulfidation of Mo 
catalyst was also promoted in Mo/A1-P. The catalytic activity in the thiophene HDS reaction of 
phosphate-modified catalysts was higher than that of Mo/AI203 when the phosphate content was 
less than 5 wt%. Bulk MoO 3 was formed more easily in Mo/A1-S than in Mo/AI-P. The suppression 
of the sulfidation of Mo/AI-S may be explained by the formation of bulk MoO 3 and the presence 
of the S ~ O  group. The HDS activity of sulfate-modified catalysts was lower than that of Mo/AI203, 
regardless of the sulfate content. © 1992 Academic Press, Inc. 

INTRODUCTION 

Alumina has been used as a support for 
hydrodesulfurization (HDS). The interac- 
tion between Mo and alumina is known to 
influence the structure and activity of HDS 
catalyst based on Mo (1-3). The strong in- 
teraction between Mo and alumina facili- 
tates the formation of a monolayered rather 
than a multilayered Mo structure, resulting 
in higher dispersion of Mo on the support 
(I). The interaction between Mo and alu- 
mina may decrease the HDS activity be- 
cause of the potential suppression of the 
molybdate sulfidation (2). On the other 
hand, Mo sulfide that interacts strongly with 
alumina has a lower intrinsic activity as 
compared with weakly interacting Mo sul- 
fide (3). 

The interaction between Mo and alumina 
is the result of a reaction between Mo anion 
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and the basic (protonated) hydroxyl groups 
on the alumina surface during the catalyst 
preparation (4-6). The molybdate adsorp- 
tion on the alumina surface might occur by 
the decomposition of the adsorbing mole- 
cules/ion and physisorption on coordina- 
tively unsaturated (cus) AI +3 sites (4, 5). It 
is therefore suggested that the interaction 
between Mo and alumina may be affected 
by the surface properties of alumina. Re- 
cently, a number of reports about the ,/- 
alumina/electrolyte interface suggested that 
the electrical properties of the alumina sur- 
face may be regulated by changing parame- 
ters such as the solution pH and temperature 
and the kind of ionic dopants (6-I0). More 
specifically the effect of ions such as F - ,  
C1-, Na ÷ , Li +, and Mg 2÷ on the electrified 
interface of y-alumina in aqueous electro- 
lytes containing molybdate species has been 
thoroughly investigated (10-13). Despite 
the report that phosphate affects both the 
adsorption of anionic Mo species (14, 15) 
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TABLE 1 

The Specific Surface Area of Modified Alumina 

Support Area (m2/g) Support Area (m2/g) 

AI203 220 - -  - -  
A1-P(1) 195 A1-S(I) 190 
A1-P(3) 180 A1-S(3) 180 
A1-P(5) 162 A1-S(5) 175 
AI-P(10) 149 A1-S(10) 151 

and the properties of calcined and sulfided 
Mo/A1203 catalyst (16-19), phosphate is 
known to have a beneficial effect on HDS 
(20-22). This beneficial effect of the phos- 
phate is attributed to the increase of the Mo 
dispersion (20), less deactivation (21), or the 
increase in the amount of the octahedral Co 
or Ni (20, 22). For a better understanding 
concerning the role of phosphate, it is neces- 
sary to investigate the calcined and sulfided 
state of Mo catalyst supported on the alu- 
mina modified with the phosphate (Mo/ 
AI-P). 

In the present study, the surface proper- 
ties of the alumina modified with phosphate 
and sulfate were investigated by IR and 
PZC measurements. The Mo/AI-P and Mo/ 
A1-S catalysts were characterized by DRS, 
XRD, ESR, TPS (temperature-programmed 
sulfidation), and oxygen chemisorption and 
their catalytic activities were determined us- 
ing the HDS of thiophene as a probe re- 
action. 

EXPERIMENTAL 

Preparation of Mo Catalysts 

,/-Alumina (Strem Chem. Co.) was used 
for the preparation of modified alumina. The 
pore volume and surface area of the pure 
alumina were 0.25 cm3/g and 220 m2/g, re- 
spectively. The modified alumina was pre- 
pared by impregnating ̀ /-alumina with aque- 
ous solutions of phosphoric acid (Hayashi 
Co.) or ammonium sulfate (Tokyo Kasei 
Co.), drying it at 393 K for 6 h, and calcining 
at 773 K for 6 h. The surface areas of modi- 
fied aluminas are listed in Table 1. The Mo 

catalyst was prepared by the incipient wet- 
ness method with ammonium heptamolyb- 
date (Strem Chem. Co.). After impregna- 
tion, the Mo catalyst was dried at 373 K for 
6 h and calcined at 773 K for 6 h. The Mo 
content in the catalysts was 10 wt%. 
AI-M(x) denotes the modified alumina, with 
M representing the kind and x the content 
(wt%) of modifier, either PO 4 or SO 4. 

Point of Zero Charge (PZC) and Mo 
Uptake Measurement 

The PZC of modified alumina was deter- 
mined by a drift method (11). The pH's of 
several samples of deionized water were ad- 
justed to various pH values with HNO 3 or 
NH4OH. Samples of modified alumina (0.2 
g) were poured into these solutions (25 ml). 
The final pH's were measured after 24 h. 
The difference between initial pH and final 
pH, ApH, was obtained. Plots of ApH vs 
initial pH of modified alumina were made 
and the PZCs of modified alumina were de- 
termined as the point at which ApH was 
equal to zero. 

Adsorption experiments were performed 
in aqueous Mo solution of which the Mo 
concentration and pH were 1 mg Mo/cm 3 
and 6.0, respectively. Ammonium heptamo- 
lybdate was used for the preparation of Mo 
solution. A total of 0.2 g of modified alumina 
was poured into 25 ml of aqueous Mo solu- 
tion and left for 24 h. The amounts of Mo 
anion adsorbed on the modified alumina 
were determined by measuring the differ- 
ence between initial and final Mo concentra- 
tion in Mo solution. Mo concentration in 
solution was measured by AA (atomic ab- 
sorption: Varian Aerograph Co. Model 575). 

IR 

The IR spectra of the samples were re- 
corded in transmittance mode with an IR 
spectrophotometer (Bomem Inc., Michel- 
son-102). The resolution was 4 cm -1 and 
the scan number was 64. A self-supporting 
wafer was prepared by pressing 15 mg pow- 
dered sample at 15,000 psi and was loaded 
on a sample holder of the IR cell. After the 
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sample was evacuated at 10 4 Tort  at 773 K 
for 2 h and then cooled to room temperature 
in vacuo, the IR spectra of the calcined state 
were recorded. Pyridine was adsorbed on 
the wafer at 423 K for 1 h and evacuated at 
423 K and 10 -4 Tort for 2 h. The IR spectra 
were recorded at room temperature. 

DRS 

The diffuse reflectance spectra of the cal- 
cined Mo catalysts were recorded using a 
diffuse reflectance spectrometer (Shimazu 
Co.) in the 200-400 nm range. MgO was 
used as a reflectance reference. 

XRD 

The XRD spectra of the calcined Mo cata- 
lysts were recorded using an X-ray diffrac- 
tometer (Rigaku Co.) equipped with a Cu 
X-ray tube. The tube voltage and current 
were 35 kV and 15 mA, respectively. 

ESR 

The ESR spectra of the Mo catalysts sul- 
tided at 673 K for 2 h were taken at room 
temperature using an ESR spectrometer 
(ER 200D-SRC, Bruker Co.), which has a 
single cavity and was operated in X-band 
microwave frequency (9.45 GHz). a,a-Di- 
phenyl-/3-picrylhydrazyl (DPPH) has been 
used to calibrate the g factor. An in situ 
ESR quartz reactor with a side-arm tube 
was designed to avoid air contact (23). To 
remove physisorbed species, sulfided cata- 
lysts were evacuated at 10-1 Torr for 10 min 
at room temperature. 

Oxygen Chemisorption 

An oxygen chemisorption experiment on 
sulfided Mo catalysts was performed by a 
dynamic adsorption method using a GC 
equipped with TCD. The catalyst sulfided at 
673 K for 2 h was flushed for 0.5 h and cooled 
to 303 K in N 2 . A pulse of a known volume 
of oxygen was introduced by a six-port 
valve until the peak area of the oxygen ef- 
fluent had a constant value within 1%. 

Temperature-Programmed Sulfidation 

The samples were calcined at 773 K for 2 
h and cooled to room temperature with He. 
Calcined samples were exposed to the sul- 
tiding gas (20 cm 3) until the signal was stabi- 
lized. The sulfiding gas was composed of 
4% H2S, 16% H 2, and 80% He. After the 
stabilization was reached, the samples were 
heated to 1073 K with a rate of 10 K min -1. 
The effluents were analyzed by mass spec- 
trometer (VG Quadrupoles Co., SX-300). 
This experimental method was recently ap- 
plied to study the sulfidation process of the 
HDS catalyst (24, 25). 

Thiophene Hydrodesulfurization 

The Mo catalysts were presulfided by 
heating 0.2 g of samples to 673 K in N 2 for 
0.5 h. Subsequently they were sulfided with 
a mixed flow (40 cm3/min) of 10% HzS 

(Matheson CP grade) and 90% H2 (Mathe- 
son UHP grade) for 2 h. The sulfided cata- 
lysts were flushed with N 2 for 0.5 h and 
cooled to the reaction temperature (573 K). 
The flow rate of thiophene (99% +, Aldrich) 
was 6.55 x 10 -5 mol/min and the mole ratio 
of Hz/thiophene was I8. Steady state was 
achieved after 2 h. Reaction products were 
analyzed by GC (Varian Aerograph Co. 
Model 920) equipped with OV-101 column. 

RESULTS 

PZC and Mo Uptake Measurement 

The PZC of pure alumina was found to be 
at pH 8.3 as shown in Fig. 1. The PZC of 
alumina modified with sulfate rapidly de- 
creased to 6.1 when 1 wt% of sulfate was 
added and then slowly decreased to 3.4 with 
increasing sulfate content to 10 wt%. The 
PZC of alumina modified with phosphate, 
on the other hand, decreased slowly to 6.5 
with increasing phosphate content to 10 
wt%. The amounts of Mo uptake on modi- 
fied alumina were found from adsorption ex- 
periments. Typical results are shown in Fig. 
2. The amount of Mo uptake on pure alu- 
mina was found to be equal to 4.02 Mo wt% 
and it decreased with increasing modifier 
content. 
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Fro. 1. The PZCs of alumina modified with various 
contents of modifier: (a) A1-S and (b) AI-P. 

IR 

The 1R spectra of AI -S  are shown in Fig. 
3. An IR band at 1383 cm -1 was observed 
when AI-S(1) was calcined at 773 K, which 
may be assigned to the asymmetric stretch- 
ing band of  the S = O  group (26-28). An- 
other IR band at 1330 cm 1 appeared and its 
intensity increased with increasing sulfate 
content. 

The IR spectra of pure alumina and AI -S  
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FIG. 2. The Mo uptake on alumina modified with 
various contents of modifier: (a) AI-S and (b) A1-P. 

] l [ I _ l  _ t  
1700 1600 1500 1400 1300 1200 1100 

W a v e n u m b e r  (cm -1) 

Fro. 3. IR spectra of alumina modified with sulfate: 
(a) AI-S(1), (b) A1-S(2), (c) A1-S(3), (d) AI-S(4), (e) 
AI-S(5), and (f) A1-S(10). Pretreatment condition: 
evacuated at 773 K and for 2 h. 

upon the adsorption of  pyridine are shown 
in Fig. 4. Three IR bands at 1446, 1490, 
and 1620 cm -1 were assigned to pyridine 
adsorbed on the Lewis acid sites on alumina 
(29). The IR band at 1594 cm -1 indicates 
physisorbed pyridine. The IR bands of  pyri- 
dine adsorbed on AI-S(1) and AI-S(5) were 
similar to those on pure alumina. A new IR 
band at 1549 cm -1 appeared in AI-S(10), 
indicating the presence of pyridine adsorbed 
on the BrCnsted acid site (29, 30). The IR 
spectrum of pyridine adsorbed on AI-P(10) 
was similar to that adsorbed on alumina as 
shown in Fig. 4(e). The IR band at 1549 
cm 1, which was observed in AI-S(10), did 
not appear. 

DRS 

Figure 5 shows the DRS spectra of  the 
Mo catalysts calcined at 773 K. Two bands 
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Fro. 4. IR spectra of pyridine adsorbed on modified 
alumina: (a) pure alumina, (b) A1-S(1), (c) A1-S(5), (d) 
A1-S(10), and (e) A1-P(10). Pretreatment condition: 
pyridine was adsorbed at 423 K for 2 h followed by the 
evacuation at the same temperature for 2 h. 

nate f rom crystalline MoO 3 (33), were ob- 
served in Mo/A1-S(10) with an intensity 
higher than that of  Mo/A1-P.  Bulk MoO 3 
was formed more easily on A1-S than on 
A1-P. 

ESR 

The ESR spectra  of Mo catalysts  sulfided 
at 673 K for 2 h are shown in Fig. 6. ESR 
band I (g = 1.93) has been assigned to Mo +5 
coordinated to oxygen,  which is stabilized 
to alumina (34, 35), while ESR band II  (g = 
2.02) has been  assigned to Mo species in 
sulfur environments  such as thio-Mo +5 spe- 
cies located at the edge sites of  MoS 2 phase  
(34) or the bulk defects in a MoSz-like phase  
(36). The intensities of  ESR band I of  sul- 
tided Mo/A1-S and Mo/A1-P were  weaker  
than that of  sulfided Mo/AI203 . The inten- 
sity of  ESR band I decreased  considerably 
when 1 wt% of sulfate or phosphate  was 
added. When the content  of  modifier was 

were  observed  at 220 and 260 nm in Mo/ 
A1203. In Mo/A1-S a new band appeared 
at 320 nm and its intensity increased with 
increasing sulfate content  as shown in Fig. 
5(A). The band at 220 nm has been  assigned 
to the tetrahedral  Mo species while the band 
at 320 nm has been  assigned to the octahe- 
dral Mo species (16, 31, 32). The band at 
320 nm also increased with increasing phos- 
phate  content  in M o / A I - P  as shown in Fig. 
5(B). 

XRD 

There  was no evidence for bulk MoO3 in 
Mo/AI203 , nor did the XRD patterns of  bulk 
MoO 3 appear  in the Mo/A1-P sample with a 
phosphate  content  below 5 wt%. In Mo/ 
A1-P(10) weak XRD pat terns appeared  
around 20 = 26 ° assigned to bulk MoO3 (33). 
The XRD pat terns due to bulk MoO 3 began 
to appear  around 20 = 26 ° in M o / A I - S  with 
a sulfate content  of  5 wt%. The XRD pat- 
terns around 20 = 29 ° and 47 °, which origi- 
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FIG. 5. DRS spectra of Mo catalysts calcined at 773 
K: (A) (a) Mo/AI203 ; (b) Mo/A1-S(I); (c) Mo/A1-S(2); 
(d) Mo/A1-S(3); (e) Mo/A1-S(4); (f) Mo/A1-S(5); and 
(g) Mo/A1-S(10). (B) (a) Mo/A1203; (b) Mo/A1-P(1); 
(c) Mo/A1-P(2); (d) Mo/AI-P(3); (e) Mo/A1-P(4); (f) 
Mo/A1-P(5); and (g) Mo/AI-P(10). 
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Fro. 6. ESR spectra of Mo catalysts sulfided at 673 
K: (a) Mo/A1203, (b) Mo/AI-P(1), (c) Mo/A1-P(5), (d) 
Mo/A1-P(10), (e) Mo/A1-S(1), (f) Mo/A1-S(5), and (g) 
Mo/A1-S(10). 
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FIG. 7. The amount of oxygen chemisorbed on Mo 
catalysts sulfided at 673 K: (a) Mo/A1-S and (b) Mo/ 
AI-P. 

820 K as shown in Fig. 8(c). There were two 
contradictory reports that H20 production 
and H2S consumption occur simultaneously 
(24) and that H20 production occurs follow- 
ing onset of the signal of H2S consumption 

above 1 wt%, the intensity of ESR band I 
slightly decreased. The intensity of ESR 
band I in Mo/A1-S was weaker than that of 
ESR band I in Mo/A1/P. 

Oxygen Chemisorption 

Figure 7 shows that the amount of oxygen 
chemisorbed on Mo/A1-S and Mo/A1-P sul- 
tided at 673 K decreased with increasing 
modifier content. The amount of oxygen 
chemisorbed on Mo/A1-S was less than that 
of oxygen chemisorbed on Mo/At-P. 

Temperature-Programmed Sulfidation 

The TPS spectra of Mo/A1203 are shown 
in Fig. 8. There are two regions of H2S con- 
sumption: below 500 K (region I) and above 
600 K (region II). H2S production accompa- 
nied by a H 2 consumption occurred between 
500 and 600 K. H20 production began to 
occur at 550 K and reached a maximum at 
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FIG. 8. TPS pattern of Mo/AI203: (a) H2S, (b) H2, 
and (c) H20. The arrow indicates the intensity of H2S 
pressure when 100% of H2S was consumed during TPS. 
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FIG. 9. TPS patterns (H2S) of Mo catalysts: (A) (a) 
Mo/AIzO3; (b) Mo/A1-S(1); (c) Mo/A1-S(2); and (d) 
Mo/A1-S(3); (e) Mo/A1-S(4); (f) Mo/AI-S(5); and 
(g) Mo/A1-S(10). (B) (a) Mo/A1-P(1); (b) Mo/A1-P(2); 
(c) Mo/A1-P(3); (d) Mo/A1-P(4); (e) Mo/AI-P(5); and 
(f) Mo/A1-P(10). 

(37). The H20 signal, which remained above 
950 K without a concurrent change in the 
HzS and H2 signals, originates from the de- 
hydration of alumina, because the sample 
was calcined only at 773 K before TPS. The 
color of the Mo catalyst changed from yel- 
lowish-white to grayish black due to the ad- 
sorption of HzS during stabilization at room 
temperature. The HzS adsorbed on the Mo 
catalyst desorbed below 373 K without H20 
production. 

Figure 9 shows the variations of the par- 
tial pressure of HzS during TPS of the Mo 
catalysts. In Mo/A1-P the amount of H2S 
consumption in region II decreased with in- 
creasing phosphate content. Also the tem- 
perature of the maximum H2S production 
peak decreased from 550 to 480 K as phos- 
phate content increased to 5 wt% as shown 
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FIG. 10. The maximum temperature of H2S produc- 
tion vs the modifier content: (a) Mo/A1-S and (b) Mo/ 
AI-P. 

in Fig. 10. Although the amount of HaS con- 
sumption in region II also decreased with 
sulfate content, the maximum H2S produc- 
tion peak temperature shifted from 550 to 
590 K when pure alumina was modified with 
10 wt% of sulfate. 

HDS Activity 

The activities in the thiophene HDS with 
Mo/A1-S and Mo/AI-P are shown in Fig. 
11. The HDS activity of Mo/A1-P samples 
with less than 5 wt% phosphate was higher 
than that of Mo/A1203, while the HDS activ- 
ity of Mo/AI-P(10) was lower than that of 
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FIG. 11. The thiophene HDS conversion of Mo cata- 
lysts: (a) Mo/A1-S and (b) Mo/A1-P. 
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Mo/Al203 . The HDS activity of Mo/A1-S 
was lower than that of Mo/A1203 and de- 
creased with increasing sulfate content. 

DISCUSSION 

Bonding Mode of Sulfate 

When the alumina was modified with sul- 
fate, two IR bands at 1383 and 1330 cm -1 
were observed as shown in Fig. 3. The inten- 
sity of the IR band at 1330 cm -t increased 
with increasing sulfate content. The band at 
1383 cm-1 is assigned to the asymmetrical 
stretching band of the S ~ O  group (26-28). 
The IR band at 1330 cm-1 is a characteristic 
of the S ~ O  group (26-28) and has been 
related with association with H20 or with 
surface hydroxyl groups (26, 38). The IR 
band at 1330 cm -I appeared at relatively 
high sulfate content without water being 
added in our IR spectra, which shows that 
the bonding, mode of sulfate can be affected 
according to the sulfate content. The sulfate 
is multidentately (26, 27, 39) bonded to the 
alumina surface modified with a low sulfate 
content. The amount of the hydroxyl groups 
on the alumina surface decreases as the sul- 
fate content increases. Therefore, the 
amount of monodentately bonded sulfate in- 
creases with increasing sulfate content. 

o/ o (i) 
I I 

Al Al 

0 
)t 

0 = S - -  OH 
I 

0 
J 

A1 

(n) 

The monodentately bonded sulfate has a 
free S-OH group. The S = O  bond in the 
sulfate group has an electron-withdrawing 
character resulting in a reduction of the elec- 
tron density of its chemical environment 
(27, 28). Therefore, the monodentately 

TABLE 2 

Final pH of Mo Solution after 
the Adsorption Experiment 

Support pH PZC Support pH PZC 

AI~O s 4.71 8.3 - -  
A1-P(1) 4.67 7.6 A1-S(1) 4.64 6.1 
A1-P(4) 4.64 6.7 A1-S(4) 4.35 4.3 
A1-P(10) 4.63 6.5 A1-S(10) 4.26 3.5 

Note. The pH of initial Mo solution was 4.41. 

bonded sulfate might change to mode (III), 
which has the character of the partial double 
bond of the S ~ O  group. The appearance of 
the IR band at 1330 cm- 1 might be explained 
by the bonding mode (III). 

O: H 
I" .... 

O=-S 0 

0 
I 

A1 

(III) 

Upon adsorption of pyridine on A1-S(I0) 
(Fig. 4) an IR absorbtion band appeared at 
1549 cm-1 This BrCnsted acid site can origi- 
nate either from the hydroxyl group in sul- 
fate or from the hydroxyl groups on the alu- 
mina. The number of the hydroxyl groups 
on the alumina surface decreases with in- 
creasing sulfate content, because the hy- 
droxyl groups on the alumina were con- 
sumed via a reaction with the hydroxyl 
group in sulfate. Therefore, it is more likely 
that the BrCnsted acid site in A1-S(10) origi- 
nates from the hydroxyl group in sulfate 
(mode (III)). 

Mo Catalyst Supported on Alumina 
Modified with Phosphate 

As shown in Table 2, the final pH of Mo 
solution after the Mo adsorption experiment 
increased toward the PZC of pure alumina. 
Similar results were previously reported be- 
cause of the buffer capacity of the alumina 
as explained in the equilibrium (4, 15, 40) 
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A1OH + H(sol) + ~ AIOH] (a) 

(H(sol)+ : hydrogen ion (or proton) 
in bulk solution). 

The increase in pH of Mo solution in- 
creases the concentration of the monomeric 
Mo anion because the polymeric Mo70~ 6 
and monomeric MoO42 are in equilibrium, 
as denoted in 

7MOO42 + 8H + ~ Mo70~ 6 + 4H20. (b) 

Below pH 5 Mo anions exist as polymeric 
Mo anions such as MovO56 and MosO~ 4 
while above pH 9 Mo is present as mono- 
meric MoO42 (41). 

When the phosphate is added on the alu- 
mina, final pH decreases upon increasing 
phosphate content (Table 2). These results 
show that the tendency of the alumina to 
electrostaticaliy adsorb the H(sol ). in Mo so- 
lution is limited when the alumina is modi- 
fied with phosphate. Therefore, the concen- 
tration of H(~ol~+ in Mo solution is higher for 
AI-P than for A1203 . This causes the equi- 
librium of Eq. (b) to shift to the right and 
the amount of the polymeric Mo anion in- 
creases in the Mo solution. The pH of the 
impregnation solution near the support sur- 
face changed toward the PZC of the support 
(42). Therefore, the adsorption of the poly- 
meric Mo anion is more likely, compared to 
that of the monomeric Mo anion, when the 
alumina surface is modified with the phos- 
phate. 

The deposition of Mo anion occurs simul- 
taneously both by the adsorption and the 
precipitation during the preparation of the 
Mo catalyst by incipient wetness method. 
The adsorption of the Mo anions occurs on 
the protonated hydroxyl groups of the alu- 
mina surface (4-7), the concentration of 
which may be controlled by the dopants (9, 
10). Moreover the change in PZC of the 
support surface is known to influence the 
adsorption of Mo anion on the support 
(6-11, 41). As shown in Fig. 1, the addition 
of phosphate decreased the PZC of the alu- 
mina, which decreases the number of ad- 
sorption site for the Mo anions (Fig. 2). 

When alumina was modified with the 
phosphate, an A1PO4-1ike structure is 
known to be formed (14, 18, 19, 43). IR 
studies have shown the existence of the in- 
teraction between Mo and the A1PO4-tike 
structure (14, 19). There are fewer adsorp- 
tion sites for Mo anion on the phosphated 
alumina surface than on pure alumina sur- 
face (14). Therefore, the formation of the 
AlPO4-1ike structure contributes to the de- 
crease in the adsorption sites for the Mo 
anions. The decrease in the PZC and the 
formation of the AIPO4-1ike structure sug- 
gest that less Mo deposition by the adsorp- 
tion process occurs on the phosphated than 
on pure alumina surface. Also the modifica- 
tion of the alumina surface by phosphate 
results in the decrease in the surface area of 
the alumina support shown in Table 1. As 
a result during the impregnation, the Mo 
deposition by adsorption process decreases. 

When the phosphate is added on the alu- 
mina surface, the change in the electrical 
and textural properties of the support affect 
the amount of the adsorption sites for the 
Mo anions and the types of Mo species in 
Mo solution. The amount of Mo deposition 
by the adsorption process decreases and the 
concentration of polymeric Mo anion in the 
Mo solution increases, thus resulting in the 
increase in the amount of the polymolybdate 
on A1-P. This suggestion is supported by 
the DRS results, which show that the inten- 
sity of the DRS band at 320 nm, originating 
from the octahedral molybdate, increased 
with increasing phosphate content (Fig. 5). 
Previous TPR study also indicates that the 
higher fraction of reducible octahedrally co- 
ordinated Mo species was found in Mo cata- 
lyst supported on phosphated alumina (16). 

The modification of alumina with phos- 
phate can influence the sulfidation of molyb- 
date. When calcined Mo catalyst was iso- 
thermally sulfided at 673 K, the intensity of 
ESR band I (g = 1.93) in Mo/AI-P was 
weaker than that in Mo/A1203 , indicating 
that the interaction between Mo and alu- 
mina decreased because this band suggests 
Mo +5 species that are stabilized by the alu- 
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mina and have a tetrahedrally coordinated 
structure (34, 35). The tetrahedral Mo + 5 sta- 
bilized by alumina is sulfided under mild 
conditions with difficulty because it inter- 
acts strongly with alumina (34). A decrease 
in the interaction between Mo and alumina 
facilitates the sulfidation of molybdate into 
Mo sulfide (2, 24, 44). The TPS result that 
the amount of molybdate sulfided at the 
higher sulfidation temperature (region II) 
decreased with increasing phosphate con- 
tent, as shown in Fig. 9, indicates that the 
sulfidation of Mo/A1-P occurred mainly at 
a lower temperature (region I). In addition, 
the temperature of maximum H2S produc- 
tion changed from 550 to 480 K as the phos- 
phate content increased to 5 wt% as shown 
in Fig. 10. When TPS of Mo/AI203 calcined 
at 773 K was carried out, the maximum tem- 
perature of HaS production shifted from 560 
to 480 K with increasing Mo loading (24). 
This shift is explained by taking into consid- 
eration HDS activity for sulfur reduction per 
Mo site. 

The interaction between Mo and alumina 
through Mo-O-A1 grouPs remaining after 
the sulfidation of Mo/AI203 (45, 46) results 
in the polarization of the Mo-S bonding in 
Mo sulfide, which in turn decreases the co- 
valent character of the Mo-S bonding. 
Since a catalyst with a lower covalency of 
the Mo-S bonding is supposed to have a 
lower activity (47), the higher polarization 
of the Mo-S bonding by the interaction be- 
tween Mo and alumina might decrease the 
HDS activity. When Mo is supported on 
alumina modified with phosphate, the 
amount of Mo species stabilized by the alu- 
mina decreases as shown in ESR spectra of 
Fig. 6, indicating that the polarization of the 
Mo-S bonding in Mo/A1-P is less than that 
in Mo/A1203. Therefore, the HDS activity 
with Mo/A1-P with less than 5 wt% phos- 
phate increased when the thiophene HDS 
reaction was carried out at 573 K. 

Comparison of A1-P(10) with A1-P con- 
taining less than 5 wt% of phosphate showed 
that the PZC and the final pH of the Mo 
solution after the adsorption did not change 

significantly while the alumina surface area 
decreased continuously. The decrease in the 
surface area might originate from plugging 
the support pores by phosphate (16). In 
A1-P(10) the textural change in the support 
surface is more important than the change 
in the surface charge characteristics. Since 
the surface area decreases, the amount of 
the Mo deposition might increase by the pre- 
cipitation process rather than the adsorption 
process. These precipitates on the alumina 
surface contribute to the formation of bulk 
MoO 3 during calcination. The XRD spec- 
trum of Mo/A1-P(10) shows the appearance 
of the XRD peak around 20 = 26 ° assigned 
to bulk MOO3. The formation of bulk MoO3 
contributes to the decrease in the dispersion 
of Mo sulfide, which was further evidenced 
by the decrease in the amount of oxygen 
chemisorption as the phosphate content in- 
creased. When the phosphate was added on 
the alumina before the impregnation of Mo 
anion, the enrichment of Mo in Outer surface 
of the alumina resulted in large Mo sulfide 
crystallites (15, 17). The decrease in the Mo 
dispersion decreased the HDS activity. 
When the thiophene HDS was performed 
at 673 K, the activity of Mo/A1-P(10) was 
lower than that of Mo/AI203 . 

In summary, when Mo was supported on 
alumina modified with phosphate, phos- 
phate facilitated the formation of polymo- 
lybdate, decreased the number of the inter- 
action site, and facilitated the sulfidation of 
molybdate into Mo sulfide active for the 
HDS reaction. 

Mo Catalyst Supported on Alumina 
Modified with Sulfate 

A shift of the PZC of alumina to lower 
pH values would decrease the number of 
adsorption sites for the anionic species (6, 
7, 26, 48), suggesting that AI-S(1) possesses 
fewer adsorption sites as compared with 
A1-P(10). The fact that the amount of Mo 
uptake on A1-S(1) was less than that on 
A1-P(10) is attributed to the decrease in the 
number of the adsorption sites, because the 
specific surface area of A1-S(I) was larger 
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than that of A1-P(10) as shown in Table 1. 
The PZC of A1-S decreased from 6.1 to 3.4 
as the sulfate content increased from 1 to 10 
wt%, indicating that the Mo anions ad- 
sorbed on AI-S were polymeric rather than 
monomeric Mo anion. 

In the alumina with higher sulfate content, 
the final pH of Mo solution after the Mo 
adsorption decreased from 4.41 toward the 
PZC of AI-S (Table 2). This decrease in pH 
after the Mo adsorption may be explained 
by the equilibrium 

A1OH~ ,~ A1OH + H(~ol)+. (c) 

The shift of equilibrium (c) to the right 
may also be responsible for the decrease of 
the number of the adsorption sites for the 
Mo anions. As a result, the amount of the 
Mo deposition by the precipitation process 
is larger on the alumina modified with sulfate 
than on the alumina modified with phos- 
phate. The formation of bulk MoO 3 on AI-S 
is therefore favored. The XRD patterns 
shown at 20 = 26 °, 29 °, and 47 ° confirm the 
formation of bulk MoO 3 . 

During TPS (Fig. 9), the amount of H2S 
consumed above 500 K before the H2S pro- 
duction occurred was larger in Mo/AI-S 
than in Mo/A1203. This suggests that the 
amount of molybdate sulfided at a higher 
temperature is larger in Mo/A1-S than in 
Mo/A1203 . This may be due to the presence 
of the electron withdrawing S = O  group (27, 
28), which results in the enhancement of the 
polar character of the Mo-O bonding in the 
molybdate species. The polarization of the 
Mo-O bonding requires a higher tempera- 
ture for the sulfidation ofmolybdate (24). As 
a result, the reduction of sulfur may occur at 
higher temperature (Fig. 10), as it occurs 
following the sulfidation of molybdate (24). 
The sulfidation of bulk MoO 3 requires a sul- 
fidation temperature higher than the well- 
dispersed MoO 3 or polymolybdate (2, 24). 

When the thiophene HDS reaction was 
performed at 573 K, the HDS activity of Mo/ 
AI-S catalyst was lower than the activity of 
Mo/A1203 . The lower HDS activity of Mo/ 
AI-S is due to the decrease in the Mo disper- 

sion in sulfided Mo/A1-S catalyst, which 
is supported by the oxygen chemisorption 
result that showed that less oxygen was che- 
misorbed on sulfided Mo/AI-S (Fig. 7). The 
formation of bulk MoO 3 on Mo/A1-S contri- 
butes to the decrease in the Mo dispersion. 
The ESR spectra showing that the intensity 
of ESR band I, corresponding to the interac- 
tion between Mo +5 and alumina, was 
weaker in Mo/A1-S than in Mo/A1203, indi- 
cating that these Mo +5 species are formed 
less in Mo/AI-S than in Mo/A1203 .The de- 
crease in the amount of Mo +5 species that 
may be located at the edge of the MoS2 re- 
sulting in their stabilization toward growth 
(34) may facilitate the formation of large 
Mo-sulfide crystallites. 

Because of the electron-withdrawing 
character of the S = O  group (26-28), the 
Mo-S bonding is polarized, resulting in the 
decrease in the covalency of the Mo-S 
bonding. The decrease of the electron den- 
sity on the Mo-S bonding decreases the 
HDS activity (47). Similarly, it has been sug- 
gested that the promoting activity of Co and 
Ni may be ascribed to the ability to donate 
electrons to Mo, while the poisoning activity 
of Cu may be ascribed to the electron with- 
drawal (49). In summary, the formation of 
bulk MoO 3 and the presence of the S~---O 
group may explain the decrease in the HDS 
activity in Mo/A1-S when the thiophene 
HDS reaction was carried out at 573 K 
(Fig. 1 I). 
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