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ABSTRACT

Model hydrodesulfurization (HDS) catalysts (Ni2.75W21, Co02.75Mo011, Ni2.75Mo11l
and Ni0.9Co01.85Mo11 wt% / y-Al203) were used in the HDS of dibenzothiophene (DBT)
and 4,6-dimethyldibenzothiophene (4,6-DMDBT), with and without addition of H2S or
NHs.

The NiCoMo catalyst exhibited the highest HDS performance with the additives,
while NiMo was the best catalyst without the additives. A comparison of the HDS
reaction mechanism via hydrogenation (HYD) and the direct desulfurization (DDS) rate
constants among these catalysts showed that the ranking of HYD and DDS rate
constants depended on the catalyst and the additives. The behavior of NiW was very
similar to NiMo. The total rate constants (HYD + DDS) of NiCoMo were the sums of
higher HYD and DDS between the NiMo and CoMo. These results showed that the
NiCoMo had two kinds of active sites, similar to NiMo and CoMo.

Quantum chemical studies were applied to study the inhibitions of the additives on
NiW, CoMo and NiMo metal edge surfaces. The active site structure of NiW was similar
to that of NiMo. The ranking of the adsorption energies of the additives on each surface
was in good agreement with experiments.

The ideas derived from these model feed reactions in combination with quantum
chemical studies contributed to the development of novel improved catalysts which
played an integral part in our new HDS process.

1. INTRODUCTION

The development of highly active hydrotreating catalysts is important issue to satisfy the further
tightening of diesel fuel sulfur regulation in worldwide.

Therefore, much attention is given to developing effective technologies to produce ultra-low sulfur
diesel fuel, particularly sulfur-free (S = 10 ppmw or less) diesel fuel production. In deep HDS,
employed to accomplish this goal, the most refractory sulfur compounds in gas oil are
alkyl-dibenzothiophenes with alkyl groups near the sulfur atom (in positions 4 and 6)"?. The other
problem is inhibition by H,S** and nitrogen compounds including NH:>®. These inhibitors are
generated during HDS and hydrodenitrogenation (HDN) reactions. Their concentration is higher
under the conditions of deep HDS.
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Fig. 1 Pilot plant configuration of the gas liquid separation process (GLSP).

A solution for sulfur-free diesel fuel production, called a two-stage process with gas/liquid
separation (GLSP) in between, has been developed by Japan Energy Corporation”. This process has
a great potential for producing sulfur-free diesel fuel. Removal of produced H,S and NH3 in between
reactors accelerates HDS in the second—stage reactor here described in Fig. 1. Typical straight gas oil
derived from Middle East heavy oil contains 1.2 wt% sulfur and 300 ppmw nitrogen compounds.
During ultra-deep HDS operations, the first reactor converts 80-90% of the nitrogen compounds to
NHzas well as 80-90% of sulfur compounds to H,S. The authors will examine the inhibition effect
of these substances on ultra-deep HDS in the second reactor.

To select or develop the best catalysts for the GLSP system, the promoter effects of Mo and W
catalyst were examined, special attention being paid to the inhibition of NH; and H,S. The Ni-, Co-
and NiCo-promoted Mo catalysts and the NiW catalyst were prepared by pore-volume impregnation,
whilst keeping the support constant. In this way, we were able to clearly understand the inhibition
effect of NH3 and H,S on the HDS catalysts in conversion of DBT and 4,6-DMDBT.

Moreover, the surface structures of the promoted NiMo, CoMo and NiW catalysts and the
corresponding adsorption energies of NH; and H,S on these surfaces were investigated using
periodical DFT (density functional theory) calculations. These calculations have been applied to the
energetics and structural studies and show good agreement with the experimental data®®. In the
following, the energetics and structures of the model surfaces adsorbed by NH; and H,S are
discussed and compared with the results of the model feed test reactions.

The ideas derived from these model feed reactions in combination with quantum chemical studies
contributed to the development of new catalysts, including the catalysts for the GLSP system.
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2. EXPERIMENTAL

2.1. Model Catalyst preparation

Catalysts were prepared by pore filling impregnations of y-Al,O3 (pore volume: 0.78cc/g, specific
surface area: 380m°g™) with an agueous solution of MoOs, phosphoric acid and Ni carbonate and/or
Co carbonate. The catalysts contained 11 wt% Mo and 2.75 wt% Co or 2.75 wt% Ni, or 1.85 wt%
Co + 0.9 wt% Ni. The NiW catalysts contained 21 wt% W and 2.75 wt% Ni was prepared by a
similar method, as descrived above, with an aqueous solution of ammoniummetatungstate,
phosphoric acid and nickel carbonate. Subsequently, the catalysts were dried in an oven at 393 K for
15 h and finally calcined at 773 K for 30 min.
2.2. Model feed reaction procedures

A sample of 0.5 g of each catalyst was diluted with 9 cm® a-Al,O5 to achieve continuous up-flow
in a fixed bed reactor, thereby preventing incomplete catalyst wetting and bypass flow. The model
feed consisted of a solution of either 0.20 wt% of 4,6-DMDBT (300 ppmw sulfur) or 0.58 wt% of
DBT (1000 ppmw sulfur) in a decaline solution. The amount of the sulfur compounds was measured
in the inlet of the second reactor (Fig. 1) incorporating gas/liquid separation. The effect of H,S on
the catalyst performance was tested by addition of 0.05 wt% of a H,S-generating compound
(dimethyldisulfide, DMDS, 10,000 ppmw of H,S). To explore the effect of NH3; on the catalyst
activity in the HDS of 4,6-DMDBT and DBT, 0.13 wt% of a NH3-generating compound (tri n-butyl
amine, TBA, 300 ppmw of NH3) was added to the reactant mixture. The catalysts were pre-sulfided
in situ with a decaline solution of 2 wt% DMDS at 5.0 MPa and 573 K for 8 hours. The catalysts
were tested at 563-603 K at a total pressure of 5.0 MPa, a weight hourly space velocity (WHSV) of
30 hr, under 6L hr* hydrogen flow for 4,6-DMDBT reactions. For the reactions of DBT, the
catalysts were tested at 583-623 K at a total pressure of 5.0 MPa, WHSV of 60 hr* under 6 L hr™
hydrogen flow.
2.3. Catalyst Activity and Reaction Pathways

From the product distributions, the HDS activity was estimated and divided two parts, DDS
activity (kp) and HYD activity (ky). The reaction products were quantitatively analyzed by gas
chromatography. The detailed procedure was referred elsewhere'®. We estimated the first order
reaction rate constant for the conversion of DBT and 4,6-DMDBT (kpps) is the summation of the
DDS route (kp) and the HYD route (ky), kp and ky being defined as follows,

ko = (DDS selectivity) X kyps (1)
kH = (HYD SeleCtiVity) X kHDS (2)
Knps = Kptkn 3)

2.4. DFT Calculations

For our calculations, we have used the Vienna Ab Initio Simulation Program (VASP)' based on
the density functional theorylz). The calculation parameters were similar to those in previous
calculations™*.

The supercell used in the present study was shown in Fig. 2. It contained two Mo(W)S, layers
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to the xy plane, and it exhibits alternative rows of exposed molybdenum
atoms and sulfur atoms which were commonly called metal edges (or
Mo / W edges) and sulfur edges (or S edges).

To determine the most stable sulfur coverage and the structure of the
metallic edges before exploring the promoted surface, we have
followed the same approach as Cristol* by considering the

Fig. 2 Representation of the
thermodynamic equilibrium of these surfaces with H,S and H; in supercell used for calculations.
the gas phase.

The adsorption energy (AEaps) was calculated from

AEaps=E(S-A)-E(S)-E(A) 4)
with E(S-A) being the total energy of surface structure with adsorbent, E(S) the total energy of
surface structure and E(A) the total energy of the adsorbent.

3. RESULTS

3.1. Model feed experiments

The rate constant divided into ky and kp components for each catalyst for the conversion of
4,6-DMDBT or DBT are shown in Tablel. The HYD route (ky) was dominant (ky>>kp) in all the
test results of 4,6-DMDBT, while the DDS route was dominant (ky<< kp) in all the test results of
DBT. The HYD selectivities of NiMo and NiCoMo catalysts are higher than that of CoMo.

Table 1 A list of the average rate constants for the conversion of 4,6-DMDBT and DBT
divided into kn and kb.

kfor 4,6-DMDBT (kn/kb), hrigl kfor DBT (ku/ko) , hrigl
Niw NiCoMo NiMo CoMo Niw NiCoMo NiMo CoMo
BLANK | 27.1/3.5 | 23.9/6.2 | 52.9/4.7 | 20.8/7.8 | 26.9/32.3 | 23.7/88.8 | 37.0/59.0 | 14.2/81.8
+H2S 28.7/8.5 | 32.7/11.9 | 40.0/10.2 | 29.1/8.2 | 15.1/18.3 | 22.3/73.5 | 21.8/29.2 | 14.4/58.2
+NHs3 37.3/49 | 30.8/8.9 | 45.0/6.8 | 13.5/8.2 | 18.4/46.7 | 22.4/94.1 | 36.1/79.8 | 13.7/76.1

We observed the differences resulting from different routes among the catalysts, and found that the

degree of inhibition by H,S and NH; differ according to the dominant reaction route. The reason for
these differences will be discussed in the following section.
NiMo was by far the most active catalyst in a standard 4,6-DMDBT HDS test (a BLANK test).

The ratio of the first order reaction rate constant of NiMo in the presence of H,S to that of the blank
test strongly decreased. The first order reaction rates of other catalysts also decreased in the presence
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of H,S.

The presence of NHj significantly decreased the overall reaction rate constant for the conversion
of 4,6-DMDBT for all tested catalysts to a great extent. Interestingly, the reaction rate constant of
CoMo catalyst decreased more significantly with addition of NHs. The rate constant of NiCoMo
catalyst in the blank test for HDS of DBT was slightly higher than those of the other catalysts, the
rate constants of the catalysts being almost the same except compared to NiW.

The presence of H,S significantly decreased the overall reaction rate constant for the conversion of
DBT for all tested catalysts to a greater extent than that for the blank test. NiCoMo was the most
active catalyst for the conversion of DBT in the presence of H,S. The presence of NHj; significantly
decreased the activity of CoMo; the rate constants of the other catalysts were not decreased by NHs
as much. Especially, HYD route rate constants of NiMo and NiW for 4,6-DMDBT were higher than
those with H,S and HYD route rate constants of NiW and NiCoMo were even higher than those of
the blank test.

3.2. Inhibiting effect of NH3; and H,S by DFT calculations

We have built the most stable promoted MoS, and
WS, surfaces by substituting Mo or W atoms to Ni or
Co atoms of these edges and found that a S atom binds
to a W atom directly atop while the Ni atom remained
uncovered. In contrast the Co atom shared a bridged S
atom with a W atom (Fig. 3). This particular structure
of the NiW was also described by Sun et al.*®. The
bond lengths of each S bridge between the promoted
metal and Mo or W are a function of binding energy Mo
between S atom and metal atoms. , 'l\;_ :’kfi‘ _

The ranking of binding energy was as follows, NiMo N NW
Ni-S(92)<Co-S(113)<<Mo-S(167)<W-S(175 kJ mol™)

The bond length of ‘a’ (See Fig. 3) in each catalyst is

Fig. 3 Comparison between the promoted

MoS, and WS, catalyst surface structures.
as follows,

CoMo(2.22)<CoW(2.31)<NiMo(2.39)<<NiW(4.14A)

The bond length of ‘b’ (See Fig. 3) in each catalyst is as follows,

CoMo(2.34), CoW(2.35), NiMo(2.34)>>NiW(2.16 A)

When the S-Ni (or Co) binding energy is weaker than the S-Mo (or W), the length of ‘a’ should be
higher than “b’. If the difference of the energy is much more, the sulfur atom binds to a tungsten or
molybdenum atom directly atop. That is the reason why NiW forms the particular structure.

Finally we have calculated adsorption energy of H,S and NH; on CoMo, NiMo, and NiW
catalysts by VASP and compared to the experimental results.

The rankings of adsorption energy of NHs or H,S were as follows,

H,S: NiW (79.1) > CoMo (56.7) > NiMo (13.7 kJ mol ™)

NH3: CoMo (112.9) > Niw (88.8) > NiMo (70 kJ mol™)

These orders of inhibitions were good agreement with the experimental results except the
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adsorption energy of H,S on the CoMo catalyst. The reason for this exception will be discussed in
the following section.

4. DISCUSSION

4.1 Inhibition effect of H.S and NHz on HYD and DDS reaction pathways

In an attempt to identify the active site of the promoted catalysts, we determined which route was
poisoned by H,S and NH3 by comparing separately values for ky and kp of the blank test with those
of tests with H,S- and NH3-containing feeds.

Fig. 4 showed the average inhibition degree of ky and kp for the conversion of 4,6-DMDBT as
compared to blank tests performed at the same temperature in the presence of H,S and in the
presence of NHa.

The inhibition of H,S in the HYD route
on NiMo catalyst was clearly shown. The

B NiMo ®NicoMo U CoMo F Niw

100%

CoMuo catalyst was weakly poisoned by H,S. 4,6-DMDBT
Poisoning for NiCoMo was moderate and 80% —
intermediate between that of NiMo and 60% _
CoMo. On the other hand, the DDS route of Q —

_ _ 2 40% L ] L —
CoMo and NiCoMo were strongly poisoned | L] | || L
by H,S. This implies H,S was adsorbed on % 20% Bl mE mE B
the active site of DDS. The inhibition effect ‘ﬁ 0% B 1] ] B
of H,S and NH; was more evident for % 120% - nl
4,6-DMDBT HDS than for HDS of DBT. S 100% i
The sulfur atom in 4,6-DMDBT was -% 80% |
difficult to remove because of the steric &  60% =
hindrance of the methyl groups”). The 233’ N N u
reaction route for HDS of 4,6-DMDBT 00/: —’: i i

usually followed a HYD route. Therefore,

. i Kivo Kops Kiivo Kops
this is a reasonable explanation for the +H,S +NH,
difference in inhibition compared to HDS of . e

P Fig. 4 Inhibition effect of H,S and NH; on k, and
DBT.

kp of 4,6 DM-DBT and DBT for each catalyst.
The role of H,S on hydrotreating sulfide

catalysts has been studied extensively in the literature. Texier et al.*® reported that the addition of
H,S increased the HDS activity. Reinhoudt et al.¥ also reported that the addition of H,S increased
catalytic activity of CoMo in the HDS for 4,6-alkylated DBT and DBT. In our study, we did not
observe such an increase. However, the high tolerance to H,S poisoning of NiCoMo and CoMo
could follow the same mechanism as the earlier reported increase in activity. The adsorption of H,S
on the CoMo surface may form a HYD active site.

In our previous study™, the mobility of hydrogen on various CoMo sulfide surfaces has been
studied. We found that a CoMo catalyst could form various types of adsorbed sulfur atoms which

6/10



18th Saudi Arabia-Japan Joint Symposium
Dhahran, Saudi Arabia, November 16-17, 2008

can easily dissociate hydrogen molecules. Therefore, a CoMo catalyst can show a high tolerance to
H,S despite the high adsorption energy.

The inhibition effect of NH3 was also exemplified in Fig. 4. NH3 poisoned strongly both the HYD
and DDS active site on CoMo catalyst both for DBT and 4,6-DMDBT HDS. In case of 4,6-DMDBT,
NiCoMo catalyst behaved much like NiMo catalyst concerning NH3 poisoning. In the case of DBT
poisoned with NHs, NiMo catalyst showed a high tolerance for NHs. Especially, kp of NiMo catalyst
exhibited almost the same activity as the blank test in the case of DBT poisoned with NH;. The
active site of NiwW and NiMo should be different from CoMo because the inhibition effect in the

model feed experiment was quite different. In our previous study*®

, we found hydrogen was able to
break Ni-S bonds in NiMo sulfide surfaces of the S-Ni-S bridge structure. This broken structure was
quite similar to the NiW catalyst surface which we have shown in Fig. 3.

For the model feed experiments, there was a very large change in kp upon addition of H,S or NHa.
Compared to H,S adsorption energy calculated by the VVASP, the adsorption energy of NH3 was
higher, however, adsorption energy of actual S compounds may be higher than NHs.

In the NiMo and NiW case, the surface may be protected from H,S by NHa.

The ranking of adsorption energy on each catalyst surface was as follows,

NiW: NH; (88.8) > H,S (79.1 ki mol™)

NiMo: NH; (70) >> H,S (13.7 ki mol™)

CoMo: NH; (112.9) >> H,S (56.7 kJ mol™)

In the CoMo case, NH3; may be strongly connected to the surface and completely poison the active
site.
4.2 Catalyst for the first reactor of the GLSP system

The NiCoMo catalyst was the best catalyst for HDS of DBT in all cases. After calculating ky and
ko, we found an interesting result in the sum of ky and kp.

The NiCoMo catalyst comprised Ni, Co and Mo impregnated in the same support. On this surface,
there were two active sites located together. Examining the inhibition effect of H,S and NH3, we
found that the nature of NiMo and CoMo catalysts to be quite different. The CoMo catalyst had a
high tolerance for H,S whereas the NiMo catalyst had a high tolerance for NHs. If there are two
different active sites on NiCoMo catalyst, and ky and kp are different for NiMo and CoMo, the
NiCoMo HDS activity should be the sum of higher values of ky and kp.

We highlighted the higher of the values of ky and kp for NiMo, CoMo and compared the values of
NiCoMo catalyst and calculated value of NiCoMo in Table2.

Although there were some variations at higher temperatures, the activity of NiCoMo catalyst had a
good correlation with the sum of the higher values of ky and kp for NiMo and for CoMo in the
presence of rich H,S conditions.

The CoMo catalyst had a higher kp value than the NiMo catalyst while the NiMo catalyst had a
higher value of ky. NiCoMo catalyst activity was a sum of kp of CoMo and ky of NiMo. Therefore,
the total HDS activity was the highest. It is known that catalytic reactions proceed through the
lowest barrier. NiCoMo catalyst had two kinds of active sites, and the reaction pathway proceeded
through the active site with the lower barrier.
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Table 2 Comparison of ky and kp for the conversion of 4,6-DMDBT or DBT with H,S or NH;
between the calculated proportional distribution and the NiCoMo catalyst. kyand kp;hr'g™

Feed Reaction CoMo NiMo NiCoMo calculated”
temperature / K Kk ko Kk ko Kk kb Kk ko

+H2S 593 9 36 12 14 12 35 10 29
603 13 54 18 23 19 55 14 43

613 17 69 25 34 21 88 20 57

+NHs3 593 7 44 16 57 9 56 10 48
603 12 71 27 71 15 75 17 71

613 16 90 47 93 28 110 26 91

Mesh: Higher ki and kp values between CoMo and NiMo.
* The proportional distribution of 66%CoMo and 33%NiMo.

In the presense of NH3 conditon, ky and kp of NiCoMo were both higher than those of CoMo
while the values were close to the calculated propotional distribution of 66% CoMo and 33% NiMo.

Finally, we found that a NiCoMo catalyst was the best catalyst for the first reactor because
NiCoMo had the high tolerance for both H,S and NHs.

4.3 Catalyst for the second reactor of the GLSP system

According to the model feed experiment, NiMo catalyst was the best catalyst for the second
reactor because NiMo had high HDS activity under lean H,S conditions.

However, our DFT studies implied NiW catalyst had the strongest adsorption energy to H,S. The
experiment results showed the NiMo and NiW display similar catalytic behavior, which meant that
the active sites should be similar. Actually, the sulfided NiW structure contained bare Ni atoms on
the metal edges. NiMo had a similar structure to NiW in case of H, adsorption on the active site™. It
should be mentioned that the model catalyst was prepared at the same molar ratio as the other
catalysts without any further optimization. Kishan'® reported that the key step in the formation of
the bare Ni on the WS, surface was the order in which Ni and W precursors transfer to the sulfidic
state. In NiW systems prepared by conventional methods the sulfidation of Ni precedes that of W.

In order to retard the sulfidation of Ni, we used ethylenediaminetetraacetic acid (EDTA). For
EDTA the Ni sulfidation was delayed to temperatures where WS, was already formed. This catalyst
showed the highest activity in HDS at lean H,S condition, indicating that completed sulfidation of W
preceding that of Ni provided the ideal circumstances for NiWS formation.

4.4 Application to the GLSP system for the developed catalyst

In order to confirm the idea, we have conducted the real feed test using our developed catalyst. Fig.
5 showed the final results of real feed tests?”. RUN1 showed our conventional CoMo catalyst which
was used for 500 ppm sulfur level.

The difference between RUN1 and RUN3 was the effect of GLSP. RUN5 was to confirm the
model feed result for the second reactor. According to the DFT study, NiW had some potential, so
we developed the NiWS catalyst which had the ideal surface as mentioned above.
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First reactor / second reactor

CoMo-1/CoMo-1 SFP RUN1 1647
CoMo-1/CoMo-1 GLSP RUN3 ’:527 Bffect of GLSP -25K
CoMo-2/CoMo-2 GLSP RUN4 ] 621
CoMo-2/NiMo-1 GLSP RUN5 ‘ 1619
CoMo-2/NiW GLSP RUN6 r ‘ | 609

NiCoMo/NiW GLSP RUNS _’_1 605 « | The best combination predicted
e by DFT calculation

573 593 613 633 653
Required reaction temperature for 10 wtppm product sulfur / K

Fig. 5 Evaluation of calatysts combination in the gas liquid separation system reactors.
GLSP: Gas liquid separation process; SFP: Conventional single flow process

RUN1-3: Feed (S=1.69 wt%, N=69 ppmw), Py;,=5.0 MPa, H,/Oil=200 NL L™, LHSV=2.0 hr*
RUN4-8: Feed (S=1.69 wt%, N=104 ppmw), P,,=5.0 MPa, H,/Oil=200 NL L™, LHSV=2.0 hr*

The result was significant but according to the model feed experiment, NiCoMo catalyst should be
the best in rich H,S condition. Therefore, we selected NiCoMo/NiW as the final combination for
GLSP.

Consequently, the selected system showed the best performance in our system and this newly
developed system is suitable for obtaining sulfur-free fuel cost effectively.

5. Conclusions

Inhibition effects of NHz; and H,S on CoMo, NiMo, NiW and NiCoMo catalyst were studied by
model feed experiments and comparative quantum chemical studies. It was demonstrated that the
presence of H,S and NHj3 had a large effect on the catalyst ranking and the relative importance of
reaction pathways, i.e. ky and kp, for the conversion of both DBT and 4,6-DMDBT. The NiCoMo
catalyst exhibited the highest HDS performance with the additives, while NiW was the best catalyst
without the additives. A comparison of the HDS reaction mechanism via HYD and DDS rate
constants among these catalysts showed that the ranking of HYD and DDS rate constants depends on
the catalysts and the additives. The behavior of NiW was very similar to NiMo. The total rate
constants (HYD + DDS) of NiCoMo were the sums of higher HYD and DDS between the NiMo and
CoMo. These results suggested that the NiCoMo had two kinds of active sites, similar to NiMo and
CoMo.

Quantum chemical studies were applied to study the inhibition effect of the additives on NiW,
CoMo and NiMo metal edge surfaces. The active site structure of NiW was similar to NiMo, and the
ranking of the adsorption energies of the additives on each surface was in good agreement with
experiments.
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The best combination of the catalysts in the first and the second reactor for the two stage process
with the GLSP system was considered to be as follows.

In the first reactor, NiCoMo catalyst was the best catalyst because of the high tolerance for both
H,S and NHjs. In the second reactor, the developed WS, catalyst whose metal edge modified by Ni
atoms using EDTA precursor was the best catalyst.

This combination decreased the operation temperature by 42 K to maintain sulfur-free fuel oil
production compared to the conventional CoMo catalyst for 500 ppmw S production. This
corresponded to a twofold higher activity of the catalysts than that of the conventional CoMo
catalyst.
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