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Abstract 

The influence of phosphate on the sulfiding rate of alumina-supported cobalt, molybdenum and co- 
balt-molybdenum catalysts has been studied by means of Temperature Programmed Sulfiding (TPS). 
Combination of the TPS results with recently published Temperature Programmed Reduction (TPR), 
Mossbauer spectrometry and nitrogen oxide adsorption measurements results in a detailed picture of 
the sulfidic catalyst. The sulfiding of cobalt ions in phosphorus-containing alumina-supported cobalt 
catalysts shifted to somewhat higher temperatures with increasing phosphorus content, most likely due 
to the presence of “Co-AlPO,” phases. In the temperature region from 1000-1270 K, part of the cobalt 
sulfide species reacted with AlPO, to cobalt phosphides. The amount of cobalt which reduced to phos- 
phides increased strongly with increasing phosphorus content and became about 70% of the total amount 
of cobalt present. The sulfiding pattern of phosphorus-containing Co-Ma/Al catalysts is only slightly 
influenced by increasing phosphorus content below 1000 K. All components including the CO-MO-O-P 
phase, present in the oxidic precursor, are relatively easy to sulfide. After sulfiding at 673 K, the Co- 
MO-S phase is most likely still to be associated with the AlPO, species. Analogous to cobalt catalysts, 
the major part of the cobalt in CO-MO-P/AI catalysts ultimately reacted to cobalt phosphides above 
about 1000 K. The sulfiding rate of the molybdenum ions is not changed by the presence of phosphates. 
MO& does not react with the phosphates to molybdenum phosphide probably because this reaction is 
thermodynamically restricted. Based on the surface structures, deduced from a combination of TPR 
and TPS data, the striking difference between the effect of phosphates on the hydrodenitrogenation 
(HDN) and on the hydrodesulphurisation (HDS) reactions is discussed. 

Keywords: cobalt-molybdenum/alumina, phosphate, catalyst characterization (adsorption, Mossbauer 
spectroscopy, TPR, TPS), sulphiding. 
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INTRODUCTION 

Alumina-supported cobalt-molybdenum-sulfide, nickel-molybdenum-sul- 
fide or nickel-tungsten-sulphide catalysts are extensively used in hydrotreat- 
ing processes (HDS, HDN, HDO and HDM). Cobalt and nickel sulfides have 
generally been supposed to be the promoters in these catalysts. Recently more 
and more indications appear that cobalt and nickel sulfide species might be 
the active sites whereas molybdenum and tungsten should be considered as the 
promoters [l-3]. Ever since the introduction of hydrotreating catalysts into 
the oil refining industry, it has been a challenge to improve their performance. 
Addition of a second promoter to these catalysts is one of the ways to attain 
this aim. Phosphorus has been used as such for nearly forty years. Because 
knowledge of the structure of hydrotreating catalysts was very limited for a 
long period, hardly any research effort was made to understand the action of 
secondary promoters. As a result of the discovery of the so-called “CO-MO-S 
phase” as the most active phase in cobalt-molybdenum hydrotreating cata- 
lysts by Topsoe and co-workers [4,5], understanding of the performance of 
these catalysts has grown enormously. Determination of the presence of var- 
ious cobalt and molybdenum species on the cobalt-molybdenum catalysts 
[ 4-7 ] made it possible to investigate even more complicated systems, such as 
phosphorus-promoted systems. 

Phosphorus has been reported to improve the HDS 18-151 and especially 
the HDN activity [ 16-211. Several explanations have appeared in the litera- 
ture to explain this beneficial effect on the HDS/HDN activity, e.g. increment 
of the metal sulfide dispersion of both cobalt/nickel and molybdenum 
[ 22-251, less coke formation due to changed acidity properties [ 2225,261 and 
the formation of more octahedrally coordinated cobalt and nickel ions [27] 
which exhibit a relatively high HDS/HDN activity compared to tetrahedrally 
coordinated ones. These surface modifications suggest an increase in both the 
HDS and HDN activity but they can not account for the different effect of 
phosphorus on the HDS and HDN activity [ 20,211. Recently there have been 
indications that the active site in a phosphorus-containing catalyst might not 
be identical to that in conventional hydrotreating catalysts. In a TPR study 
[ 231 of oxidic Co-MO-P/Al catalysts, a cobalt phase was observed which was 
reduced at a completely different temperature to that of all other cobalt species 
present in conventional Co-Ma/Al catalysts. This 6‘new phase” could be de- 
scribed as a phase in which cobalt is in interaction with both the MOO:, and 
AlPOd structures. A similar phase was reported by Atanasova et al. [27] on 
NiMoP catalysts. Also after sulfiding, indications have been found that the 
HDN active phase consists of a NiMoS/CoMoS phase associated with phos- 
phate [ 20,21,28]. 

Despite the fact that these observations and suggestions form a basis to ex- 
plain the different influence of phosphates on I-IDS and HDN, the detailed 
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structure of the phosphorus-containing catalysts is still unclear. Temperature 
Programmed Sulfiding (TPS) can be used to acquire information on the sul- 
fiding rate of the phosphorus-promoted catalysts and subsequently it might be 
possible to deduce the structure of the catalyst before and after sulfiding at 673 
K, the generally applied sulfiding temperature. It will be shown that a combi- 
nation of the results of TPS and TPR (231 measurements results in detailed 
information about the structure of phosphorus-promoted hydrotreating cata- 
lysts after sulfiding. 

EXPERIMENTAL 

Materids 

AlPO, (Alpha Ventron) was used as model compound. ( NHl)GMo,0,4*6H,0 
(Merck), Co (NO,), - 6H20 (Merck), H,PO, (85 wt.-% sol. in water, Janssen 
Chimica), y-A1203 (Ketjen 000-1.5E high purity, BET surface area 200 m2/g, 
pore volume 0.5 cm3/g, particle size 100-150~ low6 m). 

The alumina-supported catalysts were the same as those used before [23 1. 
All catalysts were prepared by co-impregnation of the y-Al,O,, except the phos- 
phorus-free cobalt-molybdenum catalyst which was prepared by sequential 
impregnation of molybdenum and cobalt (more details can be found in ref. 

TABLE 1 

Catalysts applied 

Catalysts Cobalt content Molybdenum content Phosphorus content 

(wt.-%) (at/rim”) (wt.-%) (at/rim”) (wt.-%) (at/nm2) 

- 
1.2 
1.2 
1.2 
1.2 
1.1 
- 

P(4.1)/AI 
Co(l.2)P(O)/Al 3.0 
Co(1.2)P(0.4)/Al 3.0 
Co(1.2)P(0.9)/Al 2.8 
Co(1.2)P(1.7)/Al 2.8 
Co(l.l)P(4.0)/Al 2.5 
Mo(2.0)P(O),‘Al - 

Mo(2.O)P(0.5)/Al - 

Mo(2.1)P(0.9)/Al - 

Mo(2.1)P(1.9)/Al 
Mo(2.1)P(4.7)/Al - 

Co(l.3)Mo(2.1)P(O)/Al 2.8 
Co(l.2)Mo(2.2)P(O.4)/Al 2.6 
Co(1.2)Mo(2.1)P(l.O)/Al 2.6 
Co(l.3)Mo(2.2)P(2.1)/Al 2.7 
Co(l.3)Mo(2.l)P(4.4)/Al 2.7 

- 
- 
- 
1.3 
1.2 
1.2 
1.3 
1.3 

- 
- 
- 
- 
- 
- - 
9.1 2.0 
8.8 2.0 
9.1 2.1 
9.1 2.1 
8.8 2.1 
8.8 2.1 
9.1 2.2 
9.0 2.1 
9.1 2.2 
8.7 2.1 

- 
- 
- 

4.1 4.1 
- - 

0.4 0.4 
0.9 0.9 
1.7 1.7 
3.9 4.0 
- - 

0.4 0.5 
0.9 0.9 
1.7 1.9 
4.2 4.7 
- - 

0.4 0.4 
0.9 1.0 
1.8 2.1 
3.8 4.4 
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23). The catalysts are dried at room temperature and subsequently heated up 
to 773 K. 

The catalyst notation is not based on weight percentages but on the cobalt, 
molybdenum and phosphorus loadings in atoms per nm’. The initial surface 
area of the support is used for the calculations. Co(1.3)Mo(2.1)P(4.4)/Al is 
an example of the catalyst notation; this is an alumina-supported catalyst Al 
which contains 1.3 Co, 2.1 IVIO and 4.4 P atoms/rim’. All catalysts used are 
listed in Table 1. 

TPS 

A detailed description of the Temperature Programmed Sulfiding apparatus 
(TPS) can be found elsewhere [ 29,301. The sulfiding mixture consisted of ca. 
3.3% hydrogen sulfide, 28% hydrogen and 68.7% argon. The flow rate was 
11s 10m6 mol/s. All experiments have been carried out at a heating rate of 0.167 
K/s up to 1270 K. The hydrogen and hydrogen sulfide concentrations have 
been measured on-line with a thermal conductivity detector (TCD) and a UV 
spectrophotometer, which proved to be more accurate than a mass spectrom- 
eter which has been used previously. 

RESULTS 

The TPS pattern of Al& is in good agreement with the one presented in 
ref. 29, the only difference being that the hydrogen sulfide concentration is 
measured with a UV spectrophotometer instead of a mass spectrometer. The 
total hydrogen sulfide uptake, which took place over the whole temperature 
region, equals 0.2 a lop3 mol/g at the end of the temperature programme. 

P(4. U/Al, A EPO, 

The TPS pattern of both compounds are not shown because of their com- 
plete inertness towards hydrogen sulfide over the whole temperature region. 
FIowever, a small increase of the UV signal was observed during the isothermal 
stage at 1270 K. As the UV signal was continuously increasing, it cannot be 
ascribed to the production of hydrogen sulfide but is more likely due to the 
irreversible adsorption of Pz03, P,05 or phosphorusoxysulfides on the UV cell. 
These compounds were most likely formed upon decomposition of the AlPO, 
structure. In the case that the phosphorus content is less than a monolayer, 
the hydrogen sulfide uptake of the phosphorus containing catalyst has to be 
corrected for the hydrogen sulfide uptake by the uncovered AlzO,. In the cal- 
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culations, it is assumed that phosphorus adsorbs homogeneously on the surface 
and that a monolayer is attained at approx. 2.3 at/nm2 1251. 

Co/Al, Co-P/Al 

The TPS patterns of the Co-P/Al catalysts are depicted in Figs. 1 and 2. 
The hydrogen sulfide signals of the Co-P/Al catalysts are depicted in Fig. 1. 
Fig. 2 shows both the hydrogen sulfide and hydrogen signals for the 
Co(l.2)P(l.~)/AlandCo(l.l)P(4.O)/Alcatalysts. 

Fig. 1 shows that the amount of hydrogen sulfide consumed at room tem- 
perature decreased clearly with increasing phosphorus content. However, after 
correction for the hydrogen sulfide uptake by uncovered Al& the resultant 
hydrogen sulfide consumption decreased only slightly with increasing phos- 
phorus content. The amount of hydrogen sulfide consumed in the temperature 
region from 500-1000 K increased slightly with increasing phosphorus con- 
tent. In the temperature region from 1000-1270 K phosphorus has a marked 
influence, viz. a broad hydrogen sulfide production and hydrogen consumption 
were observed simultaneously. These two peaks increased with increasing 
phosphorus content (Fig. 2). The hydrogen-to-hydrogen sulfide ratio for these 
peaks varied from 1 for the phosphorus-free catalyst to 3.4 for the phosphorus- 
containing catalyst. The sulfur-to-cobalt ratio determined at the end of the 
temperature programme decreased from 1.3 via 0.63 to 0.39 with increasing 

400 800 1200 

temperature(K)- 

Fig. l.TPSpatterns (H,Ssignals) ofCo-P/Alcatalysts: (A) Co( 1.2)P(O)/Al; (B) Co(1.2)P(O.9)/ 
Al; (C) Co(L2)P(L7)/A1; (D) Co(l.l)P(4.0)/Al. 
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400 &IO 1200 

temperatureIK)- 

Fig. 2. TPS patterns (H,S signal upper curves, H, signals lower curves) of Co-P/Al catalysts: (A) 
Co(L2)P(L7)/Al; (B) Co(l.l)P(4.0)/Al. 

phosphorus content. During cooling, hydrogen sulfide consumption appeared 
simultaneously with hydrogen production (1070 K, not shown). The height of 
these peaks decreased with increasing phosphorus content and even became 
nearly nil for the catalyst with the highest phosphorus content. 

MO-P/Al 

The TPS patterns of MO-P/Al catalysts are depicted in Fig. 3. They show 
only minor differences, if any (TPS patterns of Ma/Al catalysts were de- 
scribed in detail in ref. 29). Hydrogen sulfide consumption was observed al- 
ready at room temperature. The colour change from white to grey-black indi- 
cates that in addition to physisorption of hydrogen sulfide sulfiding also took 
place. In the region from room temperature up to 500 K a relatively large hy- 
drogen sulfide uptake was found while no change in the hydrogen concentra- 
tion was observed. In the temperature region from 450-550 K hydrogen sulfide 
production and hydrogen consumption appeared simultaneously. Above 550 
K, the sulfiding was completed by consumption of a small amount of hydrogen 
sulfide. The sulfur-to-molybdenum ratio was approx. 2 at the end of the tem- 
perature program for the various molybdenum-phosphorus catalysts. 

CO-MO-P/AZ 

The TPS patterns of Co-MO-P/Al catalysts are shown in Fig. 4. Both the 
shape of the sulfiding patterns and the amount of hydrogen sulfide consumed 



167 

8 
-.- _-i.-.____. _____ 

~~ ---- 

D 

i:;l”“;._._._._.__._ 1 ___s- 

400 800 1200 

temperature(K)----- 

Fig. 3. TPS patterns (H,S signal) of MO-P/AI catalysts: (A) Mo(2.0)P(O)/AI; (B) 

Mo(2.O)P(0.5)/Al; (C) Mo(2.l)P(0.9)/Al; (D) Mo(2.1)P(1.9)/Al; (E) Mo(2.1)P(4.7)/Al. 

Fig. 4. TPS patterns (I&S signal) of Co-Mo-P/Al catalysts: (A) Co(l.3)~0(2.l)P(O)/Al; (B) 

Co(1.2)Mo(2.1)P(l.O)/Al; (C) Co(1.3)Mo(2.2)P(Z.l)/Al; (D) CO(L~)MO(~.I)P(~.~)/A~. 
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up to 1000 K are nearly constant, irrespective of the phosphorus content. Above 
1000 K, differences due to the presence of phosphorus are observed. Analogous 
to the Co-P/Al samples, the CO-MO-P/AI catalysts showed a hydrogen sulfide 
production and hydrogen consumption peak (not shown). Because of this sim- 
ilar feature, it is interesting to compare this hydrogen sulfide production with 
the cobalt content for the Co-MO-P/Al catalysts. This hydrogen sulfide pro- 
duction approaches the total amount of cobalt present for the catalyst with the 
highest phosphorus content. The hydrogen-to-hydrogen sulfide ratio increases 
from1fortheCo(1.3)Mo(2.1)P(O)/Alto3.2fortheCo(1.3)Mo(2.1)P(4.4)/ 
Al catalysts. 

DISCUSSION 

P(4.1)/Al, AlPO, 

Both model compounds were completely inactive with respect to sulfiding. 
In contrast with TPR [ 231, no reduction of the AlPOh compounds was ob- 
served up to 1270 K in TPS, indicating that hydrogen sulfide retards the re- 
duction of AlPOd. From the absence of any reduction peak, it is concluded that 
no P205 was present on the alumina support, because when Pz05 was present 
it would have been reduced between 800 and 1000 K, as reported elsewhere 
[311* 

Co-P/Al 

The strong decrease in the amount of hydrogen sulfide adsorbed at room 
temperature (Fig. 1) with increasing phosphorus content can not directly be 
translated as a decreased sulfidability of the cobalt ions because of the different 
hydrogen sulfide adsorption properties of the phosphated alumina surfaces. 
Addition of phosphorus to alumina strongly decreases their hydrogen sulfide 
adsorption properties (not shown) and the sulfidability ultimately became nil 
for the P (4.1)/Al catalyst. Therefore, the hydrogen sulfide uptake at room 
temperature has to be corrected for hydrogen sulfide adsorption on the phos- 
phate-free alumina surface area. However, after this correction, the hydrogen 
sulfide consumption calculated up to 500 K still decreased with increasing co- 
balt content, which indicates that the sulfidability of cobalt decreased upon 
addition of phosphorus. The decrease in sulfidability can not be ascribed to an 
increase of the amount of Co2+-Al’+ spine1 structures since all the Co-P/Al 
catalysts were prepared at the same pH. The decrease in sulfidability is caused 
either by the formation of “Co-AlPO,” species or by an increase of the disper- 
sion of the cobalt species (as was observed in ref. 23). An explanation on the 
basis of the formation of Co-AlPO, species is preferred to an increase in the 
cobalt dispersion because the presence of these species was suggested on the 
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basis of TPR measurements [ 231. This is further supported by TPS of carbon 
supported cobalt-phosphorus catalysts which showed that cobalt ions sur- 
rounded by P,05 tetrahedra can be extremely difficult to sulfide. 

The cobalt species which are sulfided in the high temperature region for the 
phosphorus-free catalysts are most likely surface tetrahedral and sub-surface 
Co’+ ions as discussed by Arnoldy et al. [29]. For the Co-P/Al catalysts a 
third phase might be added to these two species, viz. a “Co-AlPO,” phase. The 
question arises if this cobalt phase sulfides during the temperature program up 
to 1270 K. Table 2 shows that the sum of the amount of hydrogen sulfide con- 
sumed in the low and high temperature area are more or less equal to the total 
amount of cobalt present, showing that the major part of this cobalt phase has 
been sulfided below approx. 1050 K. 

In the TPS pattern of the Co/AI catalyst, the small hydrogen sulfide pro- 
duction peak which occurred simultaneously with hydrogen consumption, 
around 1200 K, has been ascribed to the interconversion of cobalt sulfides by 
Arnoldy et al. [ 6 ] * Because we are only dealing with one sulfide transformation 
at 1200 K, this transformation can most likely be ascribed to the conversion 
of sintered microcrystalline Cogs8 to Co&. If relatively large crystallites are 
present, the sulfide transformations of Co&$ to CoS and subsequently to Co,S, 
can be observed [6]. On the basis of the amount of hydrogen sulfide produced 
going from Co,S8 to Co,&, it appeared that approx. 25% of the cobalt is present 
as microcrystalline Co,Ss at about 1200 K. The other part is most likely present 
as cobalt sulfide species which are stabilised by the alumina against sintering. 

The amount of hydrogen sulfide produced and hydrogen consumed above 
approx. 1000 K increased with increasing phosphorus content. However these 
peaks can not be ascribed to sulfide transformations as for the phosphorus- 
free catalyst, because of the following observations: 
(1) The hydrogen sulfide-to-cobalt ratio (amount of hydrogen sulfide pro- 

duced between 1000-1270 K divided by the total amount of cobalt) in- 
creased with the phosphorus content and became 0.7 for the catalyst with 
the highest phosphorus content, whereas a ratio of maximal 0.14 is ex- 
pected on the basis of a sulfide transformation from Co,& to Co&S,. 

(2) The hydrogen sulfide-to-hydrogen ratio is much lower than the ratio ex- 
pected for sulfide transformations. This ratio should be one for a sulfide 
transformation [6]. 

(3) During cooling no sulfide transformations (Co,S,-,CoS-+ Co&!&) are ob- 
served as should have been expected in the case in which Co,& crystallites 
were present [ 6,283. 

The extremely low sulfur-to-cobalt ratio at 1270 K on the catalyst with the 
highest phosphorus content indicates that a non-sulfidic compound is formed, 
which is stable in this hydrogen sulfide-containing atmosphere. TPS of 
Co, (PO,) .8HZ0 has shown that cobalt phosphides can be formed even in a 
hydrogen-hydrogen sulfide mixture [ 311. Furthermore, TPS of carbon sup- 
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P content (at/rim*) 

Fig. 5. The percentage of CoS, which reacted with AIPQ, and H, to COP and Co,P in the high 
temperature region (1000-1200 K), is plotted against the phosphorus content for: (A) Co-Mo- 
P/Al and (B) Co-P/Al catalysts. 

ported cobalt-phosphorus catalysts showed that CoS,.,, ( = Co&S,) can react 
with P@, and hydrogen to COP and hydrogen sulfide above 700 K [ 301. Anal- 
ogous to this reaction on carbon, the formation of cobalt phosphide in the Co- 
P/Al catalyst systems might be ascribed to the following reaction equations: 

CoS,.,, +A1P04 + 3.39H2+0.5A1203 + COP + 2.5&O + 0.89H2S (la) 

~COS,,~, + AlPO* + 4.28H++0.5A120, + Co,P + 2.5H20 + 1.78H2S (lb) 
Co,S, is replaced by CoS *.s9 in these equations for convenience. The for- 

mation of COP, is excluded because it decomposes relatively fast above 1000 K 
[ 33 1. In Fig. 5, the total amount of cobalt present as phosphides at 1270 K is 
divided by the total amount of cobalt present, This figure suggests that on the 
catalysts with a relatively high phosphorus content the major part of the cobalt 
was present as Co-AlPO, species before sulfiding. As solid state diffusion pro- 
cesses are taking place in this high-temperature region, it is not clear whether 
all cobalt species, which reacted to CoP/Co,P have been present as Co-AlPO, 
species. However, the nearly quantitative formation of CoP/Co,P at high 
phosphorus contents suggests that the major part of the cobalt ions were as- 
sociated with the AlPO, species or at least well distributed throughout the 
AlPO, matrix. Thermodynamic calculations have been carried out to check 
whether this reaction is feasible under TPS conditions. It appears that this is 
possible at temperatures above 800-1000 K. Moreover, the hydrogen-to-hy- 
drogen sulfide ratio corresponding with reaction eqn. la and lb (2.4-3.8) is in 
good agreement with the hydrogen-to-hydrogen sulfide ratio measured with 
TPS (23). 

MO-P/AZ 

The sulfiding of Ma/Al catalysts is extensively described by Arnoldy et al. 
[ 29 1. The sulfiding of the MOO, species takes place by an O-S exchange re- 
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action on the Mo6+ ions. The black colour of the catalysts at room temperature 
indicated that reduction of Mo6+ to MO*’ ions has already taken place at this 
low temperature. From the absence of a hydrogen consumption peak in the low 
temperature region, it is deduced that the reduction of the molybdenum ions 
takes place by rupture of Mo6+ -S bonds resulting in the formation of MO*+ 
and elemental sulfur. The elemental sulfur reacts between 450 and 550 K with 
hydrogen to hydrogen sulfide. The sulfiding of the catalysts is completed be- 
tween 550 and approx. 900 K. 

The sulfur-to-molybdenum ratio at the end of the temperature program was 
independent of the phosphorus content; a sulfur-to-molybdenum ratio of 2 was 
found for all catalysts. Therefore, it is reasonable to develop a structure model 
for the phosphorus-containing catalysts based on MoSz slabs analogous to sul- 
fided MoC,/Al,C,. 

A TPR study of the oxidic MO-P/N catalysts revealed that a part of the 
molybdenum was present as ill-defined MO-O-P phases. Evidence for these 
phases was also found by van Veen et al. [ 341. The independence of the sulfur 
content and the sulfiding profiles of the MO-P/N catalysts with varying phos- 
phorus-content showed that molybdenum present in a MO-O-P phase was 
completely sulfidable below 850 M. Since solid state diffusion rates are ex- 
tremely slow in this temperature region, the MoS, slabs are most likely present 
on the AlPO, structures or in contact with AlP8, through some remaining 
MO-Q-P bonds. Topsoe et al. [ 28] performed IR studies using NC as a probe 
to study the influence of phosphorus on the molybdenum-aluminium cata- 
lysts. Addition of phosphoric acid resulted in an upward shift of the NO-IR 
frequency, indicating a modification of the molybdenum-edge sites. These ob- 
servations support the conclusion that we are most likely to be dealing with 
the molybdenum edge ions interacting with the surface through Iwo-O-P rather 
than MO-O-Al linkages. 

In contrast with Co-P/Al and CO-MO-P/AI catalysts no hydrogen sulfide 
production is found in the high-temperature region. The explanation for this 
difference can be deduced from thermodynamics. Reaction of MoS, to MOP is 
not expected to proceed in the same temperature region as the reaction of Co&,, 
to COP since MO& is more stable than CoS ,,.s9 and on the other hand MOP is 
less stable than COP [33,35]. MOP is chosen as possible product instead of 
MOP,, because the latter decomposes in the high-temperature region [ 291. 

CO-MO-P/AZ 

TIPS patterns of Co/Ma/Al catalysts have been described by Scheffer et al. 
1321. In comparison with Co(l.O)/Al, Co(l.3)/Mo(2.l)/Al showed less sul- 
fiding in the high temperature region, showing that less cobalt is present as 
surface or subsurface Co” -AP+ spine1 species. The sulfiding rate of the cobalt 
species increased due to their interaction with the molybdenum structures. 
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Clearly, the sulfiding rate of cobalt and molybdenum ions is not significantly 
influenced by the presence of phosphates. All catalysts are completely sulfided 
below 900-1000 K. Analogous to the sulfiding patterns of the Co-P/Al cata- 
lysts, a hydrogen sulfide production peak accompanied by a hydrogen con- 
sumption peak (not shown) is found in the high temperature region. In this 
region the cobalt ions in the Co-MO-P/Al catalysts react with A1PC4 and hy- 
drogen to COP, hydrogen sulfide and A12C3. In Fig. 5, the percentage of cobalt 
that has reacted to COP is plotted against the phosphorus content. For the 
catalyst with the highest phosphorus content, the amount of hydrogen sulfide 
produced approaches the theoretical maximum amount of cobalt sulfide pres- 
ent on the support. Therefore nearly all the cobalt sulfide formed in the lower 
temperature region react with A1P(P4 to COP and/or CozP (according to eqns. 
Pa and lb). The disappearance of nearly all the CoS species at 1000 K, upon 
increasing phosphorus content, is confirmed by the disappearance of the sul- 
fide transformations during cooling (Fig. 4). At a comparable phosphorus con- 
tent (Fig. 5)) the amount of COP formed on the CO-MO-P/AI catalyst is higher 
than on a Co-P/Al catalyst. This indicates that the amount of cobalt ions 
associated with A1PcP4 structures is larger on the Co-&Jo-P/Al catalysts than 
on the Co-P/Al catalysts. This is in agreement with TPR [ 231 of CO-MO-P/ 
Al catalysts, with a relatively high phosphorus content, which showed that 
nearly all the cobalt was present as a CO-MO-~-P phase. In contrast with the 
cobalt species in Co-P/Al catalysts, the sulfiding rate of the cobalt species on 
the CO-MO-P/Al catalysts has not decreased upon addition of phosphates. 
The sulfiding rate of the cobalt ions most likely decreases with an increasing 
number of phosphate neighbours. As the number of phosphate neighbours of 
the cobalt ions in the Co-MO-P/Al catalysts (CO-MO-Q-P phase) is smaller 

Fig. 6. A model for sulfided CO-MO-P/AI catalysts. 



than in Co-P/Al, no strong decrease of the sulfidibility of the cobalt species is 
observed. 

In comparison with Co’+ ions, adsorption/reaction of phosphomolybdates 
complexes with the alumina support is most likely to be faster due to low pH 
of the solutions applied, and therefore resulted in a completely occupied sur- 
face layer with MOO, and AlPOd before the cobalt ions adsorbed. TPR and 
FTIR measurements 1231 suggest that most of the MOO, species were located 
in the vicinity of the AlPO, species. Hence, it is plausible that adsorption of 
Co”+ ions resulted in the formation of a CO-MO-O-P phase and minor amounts 
of other species, as reported previously (231. Whether there is still interaction 
between the CO-MO-S sites and the AlPO, species cannot be concluded from 
the TPS results. Topsrae et al. [28] observed that the CoMoS Mossbauer pa- 
rameters changed after addition of phosphorus to these catalysts. This obser- 
vation suggests that the CoMoS sites are influenced by the A1P04 species. 
Based on these results a model of the catalyst after sulfiding at 673 K is pre- 
sented in Fig. 6 for a CoMoP/Al catalyst with a relatively high phosphorus 
content. In this model nearly all CoMoS sites are present near an AlPO, phase. 
Since the major part of the cobalt was present in the CO-MO-O-P phase ac- 
cording to TPR [ 231) other phases such as Co,S, and Co2+ in subsurface po- 
sitions are not shown. 

Implications for the HDSfHDN activity 

Co-Ma/Al and Ni-MO/Al are typically applied for HDS and HDN, respec- 
tively. Despite the fact that this study is only dealing with Co-MO-P/Al cat- 
alysts it is assumed that the structural changes due to the presence of phos- 
phate will be more or less the same for both cobalt and nickel catalysts. 

Up to now, several papers have appeared concerning the influence of phos- 
phate on hydrotreating catalysts. Addition of phosphates to alumina supported 
hydrotreating catalysts results in a relatively small improvement of the HDS 
activity [20,36,37] whereas the HDN activity increases strongly [ 20-221 e Var- 
ious explanations have been put forward to explain the positive effect of phos- 
phorus; these explanations can be divided into two groups. The first group 
deals with the number of active sites while the second group suggests an influ- 
ence of phosphates on the reaction mechanism. 
First group: 

I Increase of the cobalt (nickel) dispersion [ 2223,361. 
II Increase of the MoS, dispersion [ 24,25,38]. 
III Increase of the amount of octahedral Co2+ ( Ni2’ ) [ 22,27,36]. 

Second group: 
IV Increase of the MoSz stacking or increment of the amount of Co-Mo- 

S(H) (Ni-MO-S(R)) [39] 
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V Change of the properties of the Co-Mo-S/Ni-MO-S sites due to an in- 
teraction with the A1P04 phase [20-23,281. 

VI Influence of phosphates on the hydrogenolysis step [ 221. 
The different influence of phosphates on HDN and HDS can not be ascribed 

to the structure changes I-IV, since these changes would influence the HDS 
and HDN activity more or less equally. 

There are several other possible explanations. It could be the result of dif- 
ferences, in the sequence of elementary steps, in the rate determining steps or 
in the interaction of the sulfur and nitrogen-containing compounds with the 
active sites. 

Relevant to the discussion is that Eijsbouts et al. [21] clearly showed that 
the increase of the HDN activity could be ascribed to an increase in the rate of 
hydrogenolysis; by bringing a P/Al catalyst in contact with a mixture of inter- 
mediates from the quinoline HDN reaction, they observed that the P/Al cat- 
alyst further increased the HDN conversion. Hence acidic AlPO, groups, which 
are situated next to the sulfided transition metals, could effectively promote 
the hydrogenolysis step. For low-pressure thiophene I-IDS the situation is dif- 
ferent. Since no tetrahydrothiophene is observed at low pressures, hydrogen- 
ation of the thiophene ring is most likely the rate limiting step 140,411 and 
therefore an increase in the hydrogenolysis rate will not have much effect. At 
high pressures, the hydrogenolysis step becomes rate limiting and, therefore 
under these conditions, it is easily conceivable that phosphorus increases the 
HDS activity. Unfortunately, most HDS tests have been carried out at l-lo5 
Pa. The acidic phosphate groups or modified NilV.IoS phase will have the largest 
influence on strong basic nitrogen-containing intermediates such as decahy- 
droquinoline and 1,2,3,4-tetrahydroquinoline [ 421, whereas the influence on 
the hydrogenated sulfur rings will be much smaller, due to their much weaker 
basic properties. Therefore, even when the hydrogenolysis step becomes rate 
limiting in the HDS reaction, AlPO, will only have a relatively small influence 
on this step. Whether phosphate also influences the hydrogenation rate or not 
is still unclear. However, it should be noted that under industrial HDN con- 
ditions the hydrogen pressure is so high that hydrogenolysis steps will most 
likely be the rate limiting steps. Therefore, even if phosphates have some in- 
fluence on the ring hydrogenation rate constants, this will not be very impor- 
tant under industrial conditions. 

CONCLUSIONS 

AlPO, and phosphates on an alumina support can not be reduced or sulfided 
up to 1270 K in a hydrogen sulfide-hydrogen atmosphere. 

The sulfiding rate of the Co-P/Al catalysts is slightly decreased with in- 
creasing phosphorus content most likely due to the formation of “Co-AlPO,” 
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species. Above 1000 K the cobalt sulfide species react with AIPO, and hydrogen 

to form CoP/Co2P, Al,O, and hydrogen sulfide. 
Phosphorus does not have a detectable influence on the sulfiding rate of 

molybdenum and cobalt-molybdenum catalysts. Analogous to the cobalt ions 
in the Co-P/Al catalyst, the cobalt ions in the CO-MO-S species react with 
adjacent AlPO, to CoP/Co,P. 

MO& does not react with AlPO, to MOP, (x= 1, 2) below 1270 K, due to 
thermodynamic restrictions. 

MoS, and CO-MO-S species are most likely affected by the AlPOd species 
after the sulfiding temperatures generally applied. 

The HDN activity of phosphorus-containing hydrotreating catalysts in- 
creases due to an increase of the C-N hydrogenolysis rate. AIPOl species which 
are associated with the CO-MO-S or Ni-MO-S sites cause this improvement. 
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