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CHAPTER I 
SUMMARY 

The overall objective of this project is to develop catalysts that have a high 
activity for simultaneous N, S, and 0 removal from a naphtha fraction derived from 
either bituminous or subbituminous coals. Since gasoline, derived from naphthas, 
accounts for about 50% of today's usage of transportation fuels, the coal liquefaction 
program is interested in producing environmentally acceptable gasoline feedstocks. 

&on work showed that the catalytic activity of metal sulfide catalysts of some 
members of the transition metals exhibited at least a 10-fold higher activity than MoS,, 
but this was for a model compound conversion, and not that of a complex mixture like 
a coal-derived naphtha. 

0 

PERlODIC POSlTlON 

Periodic trends for HDS of DBT/gtam of catalyst at 400°C. 

The present research program is designed to follow the conversion of S, N and 
0 heterocompounds under conditions where competitive adsorption and conversion 
would occur with a real coal-derived naphtha. The first objective is to define whether, 
in one extreme case, a particular metal sulfide will give the maximum activity for the 
removal of N, S and 0 or, in the other extreme case, whether each of the heteroatoms 
will exhibit the maximum removal with a different metal sulfide. Should the removal of 
S, N, and 0 exhibit two or three maxima, such as shown in below, a catalyst will be 
prepared that incorporated the two or three metal sulfides in order to learn whether 
the composite catalyst will exhibit the optimum activity for the removal of each of the 
three heteroatoms. 
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The present work defined that a common metal sulfide, RuS,, had the highest 
activity for the removal of N, S and 0 heteroatoms. This was true for both 
unsupported and supported metal sulfide catalysts. Alumina supported RuS, (1 wt% 
Ru) was not as active as a commercial Ni-Mo-alumina catalyst. However, it was found 
that a zeolite supported Ru catalyst had a greater activity than the commercial catalyst 
for the removal of nitrogen but not for sulfur. The Ru-zeolite exhibited an activity 
advantage even when the cost of the catalyst, based upon 1994 prices, was included 
in the comparison. 

It was found that the removal of both S and N heteroatoms could be lumped 
into two groups, one group being converted so rapidly that it could not be measured 
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and the other being converted much more slowly. Furthermore, the rapidly converted 
N and S heteroatom grouping accounted for 60% or more of the naphtha obtained 
from either bituminous or subbituminous coal. Since at least a part of the naphtha 
used in this study had been converted using a hydrotreating catalyst, it is believed 
that this easily converted fraction would comprise a significantly larger fraction of the 
naphthas that were utilized in earlier US. DOE funded work, such as was done at 
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Chevron and UOP. If this is true, then the early work greatly overestimated how easy 
it is to hydrotreat coal-derived naphtha, and the present results suggest that this is the 
case. 

It is assumed that a significant fraction of the easily removed S and N 
compounds were formed by the reaction of olefins with H2S and NH, after the 
materials exited the reactor, and while they were cooling. The analysis of the 
naphthas utilized in the present study contained a significant amount of olefins, 
lending credence to our hypothesis of the source of the easily converted heteroatom 
compounds. This hypothesis provides a reasonable explanation for the "spike" for 
sulfur content at about 4OO0F (204OC) in the coal liquids that are produced during 
noncatalytic operations. 

The present results suggest that hydrotreating of coal-derived naphtha may be 
accomplished in a two-step process. In the first step, nearly all S and some N would 
be removed with a conventional hydrotreating catalyst. In the second step, after 
removal of H,SNH, and H20 are removed by scrubbing and/or condensation, the 
remaining nitrogen would be removed using a much more active Ru-zeolite catalyst. 
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CHAPTER I1 

I NTROD U CTl ON 

The overall objective of this project is to develop catalysts that have a high 
activity for simultaneous N, S, and 0 removal from a naphtha fraction derived from 
either bituminous or subbituminous coals. Since gasoline, derived from naphthas, 
accounts for about 50% of today’s usage of transportation fuels, the coal liquefaction 
program is interested in producing environmentally acceptable gasoline feedstocks. 

Hydrotreating of coal-derived naphtha requires that sulfur levels be decreased 
to less than 1 ppm, along with a concurrent decrease in nitrogen levels. To meet the 
hydrotreating activity level, new catalysts have to be identified that provide a ten-fold 
increase in catalytic activity over that of MoS,, which is the currently used 
hydrotreating catalyst. The project is aimed at locating metal sulfides that have a 
much higher hydrotreating activity than that of MoS,. The role of the phenol (acidic) 
and basic fractions in determining the activity and selectivity for naphtha upgrading to 
remove S, N and 0 will be determined. 

The concept that the present research program is designed to extend is that of 
the location of a maximum upgrading activity for sulfur removal from dibenzothiophene 
did not occur with MoS,, the active component of most current hydrotreating catalysts. 
The Exxon work did show that the catalytic activity of metal sulfide catalysts of other 
members of the transition metals exhibited at least a IO-fold higher activity than MoS, 
(Figure 11-1). The Exxon work was based on a single reactant, dibenzothiophene [I-11. 
The present work was designed to follow the conversion of S, N and 0 
heterocompounds under conditions where competitive adsorption and conversion 
would occur. The first objective is to define whether, in one extreme case, a particular 
metal sulfide will give the maximum activity for the removal of N, S and 0 or, in the 
other extreme case, whether each of the heteroatoms will exhibit the maximum 
removal with a different metal sulfide. Should the removal of S, N, and 0 exhibit two 
or three maxima, such as shown in figure 1, a catalyst will be prepared that 
incorporated the two or three metal sulfides in order to learn whether the composite 
catalyst will exhibit the optimum activity for the removal of each of the three 
heteroatoms. 

The removal of sulfur from a complex petroleum mixture does not follow simple 
kinetics; thus, hydrodesulfurization of a Venezuelan vacuum gas oil exhibited data that 
could be represented as the conversion of a lumped, two-component sulfur grouping, 
the conversion of each grouping following pseudo first-order kinetics (Figure 11-2) [II- 
21. Furthermore, published data show that not all compounds within a compound 
class convert at the same rate; thus, there may be a wide range of conversion levels 
that are primarily due to steric effects that inhibit the removal of the sulfur (Figure 11-3) 
[11-31. Thus, in the proposed work elemental sensitive gas chromatographic detectors 
would be utilized so that the rate of removal of individual N and S heterocompounds 
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could be followed in addition to following the removal of the total N and S 
heterocompounds. 

The potential exists for the conversion of the major components of the naphtha, 
the hydrocarbons, as well as the heteroatoms. To identify whether significant 
conversion of the hydrocarbons present in the naphtha feed undergo conversion 
during the hydrotreating, the compositions of the individual hydrocarbons present in 
the feed and product will be determined for those compounds that are present in the 
feed at the level of 0.25 wt.% and greater. 

The research to be conducted to define the potential of the above concepts 
includes the following: 

1. Supported and unsupported metal sulfide catalysts will be prepared and 
characterized. The unsupported catalysts will be prepared to have a high surface 
area [11-I]. Sulfides of the transition metals shall be tested. 

2. The unsupported catalysts will be characterized using surface area 
measurements, for particle size distribution using transmission electron microscopy 
(TEM) and for composition by chemical analysis. TEM will be utilized to estimate the 
metal particle size and microdiffraction will be employed to identify the metal sulfide 
crystalline phase present for the supported catalysts. 

3. Naphtha will be obtained for periods when the Wilsonville pilot plant was 
processing an Illinois No. 6 (bituminous) coal and a Black Thunder (subbituminous) 
coal. The identity of each component of the naphtha present in 0.25 wt.% or greater 
will be determined and identified using a G.C.-M.S. technique. The basic and acidic 
fractions will be extracted from the naphtha and the components identified. 

4. Unsupported catalysts of the three rows of the transition metals will be 
tested for the removal of S, N and 0 from the two naphthas. A plot of the total 
element removal will versus position in the Periodic Table shall be generated to learn 
whether a single metal sulfide provides optimum activity for each of the heteroatoms. 
The impact of the presence of each class of heteroatom compounds upon the 
hydrotreatment of the naphtha will be determined. One approach to do this will be to 
extract the basic and acidic fractions from each of the two naphthas and to then 
exchange the fractions; that is, the acidic and basic fractions extracted from the Illinois 
No. 6 coal shall be added to the hydrocarbon fraction of the Black Thunder naphtha 
and vice versa. 
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CHAPTER I11 

HYDROTREATMENT OF COAL-DERIVED NAPHTHA. PART 1: CATALYST 
PREPARATION, CHARACTERIZATION AND COMPARISON OF RATE OF 

REMOVAL OF TOTAL SULFUR, NITROGEN AND OXYGEN FOR SECOND ROW 
TRANSITION METAL SULFIDE CATALYSTS 

ABSTRACT 

Naphtha derived from an Illinois No. 6 coal contains appreciable quantities of 
sulfur-, nitrogen- and oxygen-containing compounds. The hydrotreatment of this 
naphtha has been evaluated over unsupported transition metal sulfide catalysts of the 
second row in the Periodic Table. The catalysts were prepared by a room 
temperature precipitation reaction. Surface areas, crystalline phase and particle size 
distributions were determined by BET, XRD and TEM, respectively. The catalysts 
exhibit a volcano plot for the HDS of dibenzothiophene. Similar volcano plots are also 
exhibited for the simultaneous HDS, HDN and the HDO of the coal-derived naphtha 
containing a mixture of heteroatoms. The order of reactivity of the transition metal 
catalysts is the same for all three of the processes. Ruthenium sulfide is the most 
active catalyst for HDS, HDN and HDO of the coal-derived naphtha. 

INTRODUCTION 

The direct liquefaction of coal, found in large quantities in the US., offers an 
attractive alternative source of liquid fuels compared to importing crude oil. Coal- 
derived liquids are, however, quite different from petroleum distillates. A major 
difference is the much higher amounts of heteroatoms such as sulfur and especially 
nitrogen and oxygen present in coalderived liquids. This is so even for a 
comparatively light distillate, such as naphtha, derived from coal (111-1 - 111-3). 
Investigations of the hydrotreatment (heteroatom removal) of coal-derived naphtha 
using conventional molybdenum-based catalysts have shown that considerably more 
severe reaction conditions (as compared to petroleumderived naphtha) are necessary 
for the removal of heteroatoms to acceptable levels (111-4 - 111-8). Hence, more active 
hydrotreatment (HT) catalysts need to be found if the upgrading of coal-derived 
naphtha is to be economically competitive. 

A landmark study (111-9) demonstrated that unsupported Group Vlll (or Groups 
8 to 10 according to the IUPAC nomenclature) transition metal sulfides (TMS), 
especially of the second and third row of the Periodic Table, exhibit an order of 
magnitude higher activity for the hydrodesutfurization (HDS) of dibenzothiophene than 
molybdenum sulfide. HDS rate constants plotted against the position of the transition 
metal in the Periodic Table exhibited volcano plots. For the second row transition 
metals, ruthenium sulfide possessed the highest activity. Further, sulfides of the 
second row exhibited higher activities as compared to sulfides of the first and third 
rows. 
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Subsequently, volcano plots were obtained for the HDS of thiophene on carbon 
supported TMS (111-1 0, 111-1 1) with rhodium sulfide exhibiting the highest activity for 
the second row TMS. Volcano curves were also obtained for the 
hydrodenitrogenation (HDN) of quinoline (111-1 2) and pyridine (111-1 3) over carbon 
supported TMS. Rhodium sulfide was the most active for the HDN of quinoline (III- 
12) while ruthenium sulfide was most active for the HDN of pyridine (111-1 3) amongst 
the second row TMS. These studies indicate the possibility of obtaining higher activity 
HT catalysts composed of Group Vlll metal sulfides.To the best of our knowledge 
similar studies of hydrodeoxygenation (HDO) over TMS have not been carried out. 

The investigations mentioned above have determined the reactivities of 
individual model sulfur and nitrogen heteroatom compounds in isolation. Typical HT 
feedstocks, on the other hand, contain mixtures of sulfur, nitrogen and oxygen 
compounds. Conventional molybdenum-based catalysts, such as Co-Mo, exhibit a 
strong interaction between model dissimilar heteroatom compounds when present 
simultaneously in the reaction mixture (III-14). Hence, it is of interest to determine 
whether simultaneous heteroatom removal from an actual feedstock, such as coal- 
derived naphtha, exhibits the same behavior pattern and maximum in activity for the 
same metal sulfide as seen for individual model compounds. A further point of 
interest is to determine if the same transition metal sulfide exhibits the highest activity 
for HDS, HDN and HDO or whether different metal sulfides have the highest activity for 
each of these processes. Studies with actual feedstocks are necessary, moreover, 
for the development and ultimate utilization of improved HT catalysts. 

In this study we have carried out the HT of a coal-derived naphtha over 
unsupported TMS of the second row in the Periodic Table. The catalysts were 
prepared by a room temperature precipitation reaction (111-9) and characterized both 
before and after activity evaluation. The rates of HDS, HDN and HDO of the naphtha 
are evaluated and compared over each of these catalysts as a function of the metal 
position in the periodic table at several temperatures. 

EXPERIMENTAL 

NAPHTHA 

The coal-derived naphtha used in this study was obtained from the liquefaction 
of a bituminous (Illinois No. 6) coal from the Advanced Coal Liquefaction Test Facility 
at Wilsonville, Alabama during Run 261. Further details of Run 261 have been 
mentioned elsewhere (111-1 5). Table 111-1 lists the elemental analysis of the naphtha 
along with the initial and final boiling points. The naphtha has a fairly broad boiling 
range and contains high quantities of nitrogen and oxygen as well as sulfur. 

CATALYST PREPARATION 

The unsupported TMS are prepared following published procedures (III-9). 
The starting materials, transition metal chlorides, are reacted with lithium suHide in a 
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solution of ethyl acetate or tetrahydrofuran at room temperature under inert 
atmosphere. Typically the reaction is allowed to proceed for 20 hours. After filtration, 
the precipitate is sulfided overnight in a stream of 10% H2S in H, at a temperature of 
400°C. The catalyst is then washed with a 12% (by volume) aqueous solution of 
acetic acid to remove lithium chloride and treated again in a stream of 10% H,S in H, 
at 400°C for 5 hours. 

CATALYST CHARACTERIZATION 

Surface areas of the catalysts have been evaluated by the BET technique using 
a Quantachrome automated nitrogen adsorption apparatus. The structure of the 
sulfide and the phase of the prepared catalysts are identified by X-ray diffraction (XRD) 
using a Rigaku X-ray diffractometer. Catalyst particle size and shape are determined 
by transmission electron microscopy (TEM) using a JOEL electron microscope 
(model: JEM-1008). These techniques are used to characterize the catalysts both 
before and after activity evaluation. 

PROCEDURE 

HDS of Dibenzothiophene 

The HDS of dibenzothiophene is carried out over several of the prepared 
catalysts to obtain volcano plots for a single model compound. A 500 ml solution of 5 
wt.% dibenzothiophene in decalin is charged to a 1 liter stirred adoclave along with 
1.5 to 1.7 grams of catalyst. A constant flowrate of hydrogen (0.2 scfh) is started and 
maintained throughout the reaction by means of a mass flow controller. The pressure 
in the autoclave is then raised to 450 psig and maintained at this value by using a 
back pressure regulator. The temperature is then increased gradually to 350°C over a 
period of approximately 2 to 2.5 hours. A sample of the solution (5 ml) is taken as the 
reaction temperature is reached. Subsequently, samples are taken every hour to 
follow the course of the reaction with increasing residence time. 

Hydrotreatment of Naphtha 

The HT of naphtha is carried out in a downflow, 1/4 in. O.D. packed bed 
reactor. An annular cylindrical furnace is used for heating the reactor. Naphtha is fed 
to the reactor by means of a piston pump while hydrogen is fed through a mass flow 
controller. Reaction products are condensed and collected in a sample bomb 
downstream of the reactor. A back pressure regulator, placed after the sample bomb, 
is used to control the reactor pressure. 

Approximately 3 to 6 grams of the catalyst is loaded into the reactor. The 
catalyst is resulfided with 10% H,S in H, by first gradually increasing the temperature 
to 4OO0C in three hours and then maintaining the temperature at 400°C for 2 hours. 
The HT of naphtha is carried out at various temperatures between 275 to 40OoC. The 
pressure in the reactor is maintained at 660 psig. The flowrate of naphtha 
corresponds to a weight hourly space velocity (WHSV) of one. The flowrate of 
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hydrogen corresponds to a mole ratio of hydrogen to naphtha of 2.6. Preliminary 
experiments indicated that reaction steady state is reached within 24 hours of start up 
of the reaction. Also, following a change in the reaction conditions, steady state is re- 
established within 4 hours. Hence, reaction products have been collected after a day 
following start up and after 4 hours following a change in reaction conditions. Catalyst 
activity is checked periodically during the course of activity evaluation by performing a 
run at pre-established "standard" conditions. The samples produced during the 
reaction are collected and washed with distilled water to remove hydrogen sulfide, 
ammonia and water. The washed samples are then analyzed for total sulfur, nitrogen 
and oxygen contents. 

Analvtical 

The total sulfur contents of the feed naphtha and products are determined 
using a Xertex C-300 microcoulometer. Total nitrogen content is determined with a 
Dohrmann DN-100 chemiluminescence detector. Analysis of the total oxygen content 
is carried out using the Fast Neutron Activation Analysis method at the University of 
Kentucky's Radioanalytical Service. 

RESULTS AND DISCUSSION 

CATALYST CHARACTERIZATION 

Surface Areas 

Table 111-2 lists the surface areas of the catalysts before and after naphtha HT 
activity evaluation. Surface areas for Zr and Pd catalysts are quite low (1 to 3 m2/g) 
while the other transition metal catalysts exhibit higher surface areas. A decrease in 
catalyst surface area is seen for all the catalysts except Rh after activity evaluation. As 
mentioned later, some of the catalysts also show an initial decline in activity during the 
HT of naphtha. 

Table 111-2 also compares the surface area of the catalysts used in this study to 
the catalysts prepared by a similar procedure and used for the HDS of 
dibenzothiophene (111-9). The surface areas of the TMS obtained in this study are 
somewhat smaller than the catalysts prepared in ref. (111-9). 

Crystalline Phase 

Table 111-3 shows the crystalline sulfide phases for the different catalysts both 
before and after activity evaluation. A comparison of the experimentally obtained XRD 
patterns and that predicted by data given in the JC-PDF files are given in Figures 111-1 
to 111-6 for the fresh (Le. unused) catalysts. 

An attempt to prepare zirconium sulfide apparently resulted in the formation of 
zirconium oxide as shown in Figure 111-1. However, XRD of the catalysts are carried 
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out ex-situ and the oxidation of zirconium sulfide on exposure to air cannot be 
discounted. Activity studies, on the other hand, are carried out over these catalysts 
after an in-situ sulfidation of the catalyst. Therefore, it is possible that zirconium sulfide 
is the crystalline phase present during activity evaluation. The XRD pattern for the 
niobium catalyst (Figure 111-2) does not correspond to any known sulfide or oxide 
phase of niobium. The ruthenium catalyst is seen to consist of a mixture of ruthenium 
sulfide and ruthenium metal (Figure 111-4) exhibiting XRD peaks corresponding to both 
phases. 

The crystalline phases of catalysts prepared in this study are the same before 
and after activity evaluation except for the Pd catalyst. As shown in Figure 111-7, small 
amounts of a different metal-rich palladium sulfide phase (Pd,S) are formed during the 
evaluation of naphtha HT. 

Table 111-3 also compares the crystalline phases of the catalysts prepared in 
this study to those of an earlier study using a similar preparation procedure before 
and after activity evaluation for the HDS of dibenzothiophene (111-9). In contrast to our 
results, the earlier study (111-9) observed a change in the crystalline phase of the 
catalysts after activity evaluation. Further, in the majority of the cases, the crystalline 
phases identified in this study correspond to the crystalline phases identified in the 
earlier study (111-9) after activity evaluation and not before. Thus the inability to identify 
the crystalline phase of zirconium and niobium sulfide after activity evaluation in the 
earlier study can be related to the formation of phases other than the sulfide as 
observed in this study. The ruthenium catalyst consisted of pure ruthenium sulfide 
before activity evaluation in the earlier study (111-9) but was converted to a mixture of 
ruthenium metal and sulfide after activity evaluation. This is related perhaps, to the 
composition of the gas used during the preparation of the TMS. The earlier study (III- 
9) used 15% H,S in H, for the preparation of most of the transition metal sulfides while 
pure H,S was used for the preparation of Ru sulfide. However, 10% H,S in H, was 
used during catalyst preparation in this study. During reaction the catalyst would be 
exposed to a hydrogen-rich and a hydrogen sulfide-poor environment. In this study, 
the catalyst is already exposed to a more hydrogen-rich environment during 
preparation and the crystalline phase produced does not change with reaction. Even 
though this provides a reasonable explanation for the ruthenium catalyst, it would be 
surprising if the difference between 10 and 15% H,S could account for the change in 
crystalline phase, as observed in the earlier study (111-9), for the other catalysts. 

The crystalline phase for molybdenum sulfide identified in the earlier study (III- 
9) is hexagonal. However, upon examination of the XRD pattern as given in ref. (III- 
16) it can be shown that the data are equally well, if not better, fd by a rhombohedral 
crystalline phase as determined in this study (Figure 111-3). The palladium sulfide 
crystalline phase prepared in this study (Figure 111-6) does not correspond to that of 
the earlier study (111-9). However, the earlier study used commercially available 
palladium sulfide rather than preparing the catalyst themselves. 
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Transmission Electron Microscopv 

Figures 111-8 to 111-13 show the particle size distributions of the catalysts, both 
before and after activity evaluation obtained from TEM. Each particle size distribution 
is obtained from at least four TEM pictures. The particle size distributions for the 
niobium catalyst, molybdenum sulfide, ruthenium sulfide and rhodium sulfide (Figures 
111-9, 111-1 0, 111-1 1 and 111-12) are fairly broad with a wide range of sizes. Even 
though particles of relatively small size are in a majority, there is a long tail evident in 
the particle size distributions and a significant number of particles of relatively large 
size. This is illustrated most dramatically for the particle size distribution of the fresh 
molybdenum sulfide (Figures 111-1 6) which indicates a bimodal size distribution. 

Both the zirconium and niobium compounds do not show a significant variation 
in particle size distribution before and after activity evaluation (Figures 111-8 and 111-9). 
In contrast, the ruthenium and rhodium sulfides show an increase in the number of 
large particles and an increase in the average particle size after activity evaluation 
(Figures 111-11 and 111-12). It is possible that this increase in particle size is due to 
sintering of smaller particles. From the size distribution of molybdenum sulfide (Figure 
111-10) it appears that the average particle size has decreased after activity evaluation. 
However, this is an artifact of the TEM pictures of the used catalyst which show 
distinct particles only at the edges of a collection of relatively thick particles. The 
particle size distribution in Figure 111-10 is of the particles at the edges alone. 
However, larger particles are present in the dark areas of the TEM pictures which are 
unaccounted for in Figure 111-10. 

The fresh palladium sulfide consists of large particles with a broad distribution 
of sizes between 400 to 3000 A" (Figure 111-13). Upon activity evaluation, however, the 
average particle size becomes much smaller and the size distribution relatively 
narrower. It is possible that the break-up of the larger particles is due to the partial 
change in crystalline phase during active@ evaluation. 

Comparison of Particle Sizes from BET, XRD and TEM 

The particle sizes calculated from BET surface areas (assuming non-porous 
spherical particles), from line broadening analysis of XRD patterns and a number 
averaged particle size and size range from TEM pictures for both fresh and used 
catalysts are compared in Table 111-4. (Note that the ruthenium catalyst prepared 
consists of ruthenium sulfide and ruthenium metal which have widely different 
densities. Hence different particle sizes are predicted from BET assuming either all 
the ruthenium is in the form of the sulfide or the metal.) 

Such a comparison can give valuable information about the catalyst 
morphology. Some points need to be borne in mind when making such a 
comparison. The assumptions made for calculating particle sizes from BET surface 
areas (i.e. non-porous spherical particles) are fairly significant. If the particles are 
actually porous or have a high aspect ratio, such a calculation would yield particle 

111-6 



sizes that are different from those obtained from XRD or TEM. Further, line 
broadening analysis of XRD patterns give the sizes of individual crystallites rather than 
particles which may consist of multiple crystallites. Finally, the average particle sizes 
from these three methods have a different basis. TEM gives a number averaged 
particle size, BET gives a surface area averaged particle size while XRD gives a 
volume averaged crystallite size. The average sizes from the three methods can differ, 
therefore, especially for broad particle size distributions. 

The particle sizes from TEM and XRD are in fairly good agreement for all 
catalysts except for molybdenum sulfide. This indicates that particles of these 
catalysts (Zr, Nb, Ru, Rh and Pd) consist on an average of a single crystallite. The 
average particle size from TEM is about four times the size obtained from XRD for the 
fresh molybdenum sulfide. This indicates, perhaps, that the molybdenum sulfide 
particles are made up of more than one crystallite. 

Particle sizes from XRD and TEM are comparable to those calculated from BET 
for the niobium and ruthenium compounds. Hence, these catalysts apparently consist 
of nearly spherical or cubic non-porous particles. For the other catalysts (Zr, Mo, Rh 
and Pd), however, the particle sizes from XRD and TEM are much smaller than those 
calculated from the BET surface areas. The breakdown of the non-porous assumption 
cannot be invoked here since BET data are actually over-predicting the particle size. 
A discussion of this phenomenon for the individual catalysts follows. 

The TEM picture for the zirconium catalyst shows aggregates of particles (of 
size greater than 2000 "A) made up of small particles. The particle size distribution 
given in Figure 111-8 considers only the small particles. Apparently XRD gives the size 
of the smaller particles while the BET surface area corresponds to the size of the large 
particle aggregates. The situation is similar for the used zirconium catalyst. 

It is well known that molybdenum sulfide particles are not spherical but are in 
the form of platelets with a high aspect ratio. This could be a reason for the 
disagreement between the particle sizes from TEM and the particle sizes calculated 
from BET assuming spherical particles for the fresh catalyst. As mentioned previously, 
the E M  picture of the used molybdenum sulfide catalyst show distinct particles only 
at the edges of a collection of relatively thick particles seen as a large dark area. The 
particle size distribution in Figure 111-10 and the average particle size in Table 111-4 is 
of the particles at the edges alone. However, larger particles might be present in the 
dark areas of the TEM pictures which are unaccounted for in Figure 111-10 and the 
average particle size. Hence, the apparent anomaly between the particle sizes 
obtained from TEM and BFT for the used molybdenum sulfide may be due to the 
unaccounted for large particles in the particle size distribution obtained from TEM. 

Catalyst particles having a high aspect ratio can also (at least partially) explain 
the apparent discrepancy between the TEM and BET average particle sizes for the 
rhodium catalyst. Further, the particle size distribution for this catalyst (Figure 111-1 2) 
is fairly broad (especially for the used catalyst). It is expected, therefore, that the 
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number averaged TEM particle size would be smaller than the surface area averaged 
BET particle size. 

The palladium catalyst has a very low surface area, for which particle sizes 
calculated from BET would be expected to have a high range of uncertainty. For the 
fresh catalyst, the disagreement between particle sizes calculated from BET and TEM 
are fairly small. The used palladium catalyst, however, shows a particularly wide 
disagreement between the particle sizes calculated from TEM and BET. 

ACTIVITY STUDIES 

HDS of Dibenzothiophene 

The catalysts were tested for the HDS of dibenzothiophene in order to compare 
the activities and the variation in activity (volcano plot) to those of TMS prepared in an 
earlier study (111-9) by a similar procedure as in this study. Figure 111-14 shows the 
disappearance of dibenzothiophene as a function of residence time for the catalysts 
studied. Recall that the time taken for the stirred autoclave reactor to heat up to 
reaction temperature is approximately 2 to 2.5 hours. The data obtained after this 
initial heat-up period exhibit a zero order dependence for the disappearance of 
dibenzothiophene at least up to the conversion levels obtained (less than 60%). This 
is similar to the results obtained in the earlier study (111-9). Zero order rate constants 
evaluated for each of the catalysts are plotted against the position of the transition 
metal in the periodic table in Figure 111-15. The trend in activ'w for the catalysts 
studied shows a volcano plot similar to that obtained in the earlier study (111-9). 
Further, the actual values of the rate constants obtained also agree quite well. These 
results indicate that the catalysts prepared in this study are comparable in activity to 
those prepared in the earlier study (111-9). 

Activitv decline durinq naphtha hvdrotreatment 

As mentioned earlier, the HT of naphtha was carried out at pre-established 
standard conditions during the course of activity evaluation of a particular catalyst. 
The data in Figure 111-16 illustrates the results for molybdenum and palladium sulfide 
in terms of the decline in activity for total sulfur and nitrogen removal. MoS, loses 
about 10% of its activity for sulfur removal and about 8% of its activity for nitrogen 
removal within 3 days. After this initial period, however, the catalyst activity, for both 
sulfur and nitrogen removal, remains constant for a period of 10 days. The palladium 
sulfide shows a similar behavior. One other catalyst, ruthenium sulfide, showed a 
similar initial period of activity decline. However, negligible decline in activity was 
observed for the other (zirconium, niobium and rhodium) catalysts. The catalyst 
activity data presented in this study have been obtained during the period of constant 
activity. 
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Removal of total sulfur, nitroqen and owqen from naphtha 

Figure 111-17 shows the percentage removal of total sulfur (HDS) at 
temperatures of 300 and 350°C plotted as a function of the position of the transition 
metal in the Periodic Table. As for the HDS of a single model compound, 
dibenzothiophene, a volcano plot is obtained for the HDS of a mixture of heteroatom 
compounds present in naphtha. Further, the order of activity of the transition metal 
catalysts for the HDS of naphtha is the same as for the HDS of dibenzothiophene. 

The zirconium and niobium catalysts have much lower HDS activity than the 
other higher activity catalysts. At 35OoC, a dramatic difference in HDS activity is not 
observed between these higher activity catalysts -- molybdenum, ruthenium, rhodium 
and palladium sulfides -as was observed in the HDS of dibenzothiophene (111-9). 
However, note that the comparison at this temperature is being made at high 
conversion levels where activity differences are minimized for reactions other than zero 
order. Figure 111-17 also shows the HDS of naphtha for the higher activity catalysts at 
a temperature of 30OoC. At this temperature the conversions are lower and the 
differences in activity between the catalysts are much more pronounced. The order of 
activity, though, remains unchanged. Amongst these higher activity catalysts, the 
most active is ruthenium sulfide followed by rhodium sulfide. Next in order are the 
molybdenum and palladium sulfides with the molybdenum sulfide possessing a slightly 
higher HDS activity. 

Figure 111-18 is a plot of the percentage removal of total nitrogen (HDN) at 
35OoC as a function of the position of the transition metal in the Periodic Table. Similar 
to HDS, the transition metal catalysts also exhibit a volcano plot for HDN as well. 
Further, the order of activity of the transition metal catalysts remains unchanged for 
HDN as compared to HDS. Zirconium and niobium catalysts show a much lower 
activity for HDN as compared to the other catalysts similar to the results for HDS. A 
minor difference in the behavior of the catalysts for HDS and HDN is that palladium 
sulfide possesses a considerably lower activity than molybdenum sulfide for HDN 
whereas the difference in activity is small for HDS. 

Oxygen-containing compounds are present in coal-derived liquids to a much 
greater extent than in petroleum-derived distillates. Hence, previous studies focusing 
on petroleum processing have ignored the HDO reaction. The data in Figure 111-19 
show the percentage removal of total oxygen (HDO) from coal-derived naphtha at 
35OoC for the transition metal catalysts used in this study. Similar to HDS and HDN, 
the HDO of naphtha also exhibits a volcano plot. Just as the order of activity of the 
transition metal catalysts was the same for both HDS and HDN, the order of activity 
for HDO of the catalysts also remains the same. Zirconium and niobium catalysts 
show a lower activity than the other higher activity catalysts. Amongst the higher 
activity catalysts, the extent of HDO for rhodium sulfide is only slightly less than the 
HDO for ruthenium sulfide in contrast to HDS and HDN. 
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In summary, volcano plots are exhibited by the second row transition metal 
catalysts for each of the three HT processes, namely, HDS, HDN and HDO. The order 
of reactivity of the catalysts is the same for each of the three processes. The same 
transition metal catalyst, ruthenium sulfide, has the highest activity for all three of the 
hydrotreatment processes. 

A comparison of the relative ease of total sulfur, nitrogen and oxygen removal 
for each of the transition metal catalysts is shown in Figure 111-20. Earlier studies of 
the HT of model compound mixtures over commercial Mo-based catalysts (111-1 4) 
have shown that the extent of HDS is the largest followed by the extent of HDO and 
then HDN for these catalysts. This is indeed the case for the Mo sulfide catalyst 
prepared in this study. However, the other transition metal catalysts exhibit differences 
in the order of the relative ease of HDS, HDN and HDO as shown in Figure 111-20. 
For the least active catalysts - zirconium and niobium - the extent of HDO is largest, 
followed by the extent of HDS and then HDN. The most active catalyst - ruthenium 
sulfide -- has the largest extent of nitrogen removal followed closely by HDS and then 
HDO. The other Group Vlll catalysts - rhodium and palladium sulfides - exhibit HDS 
to the largest extent followed by HDN and then HDO. 

HDS and HDN of naphtha with temperature 

Figures 111-21 and 111-22 show the effect of varying temperature on the removal 
of total sulfur and nitrogen from naphtha at a constant WHSV of one. These plots 
illustrate the temperature severity needed for HDS and HDN conversions to be higher 
than 90% for the different catalysts studied. To achieve greater than 90% HDS 
conversions, the reaction temperature for the ruthenium catalyst needs to be only 
30OoC. Correspondingly, the reaction temperature needs to be 35OoC for the rhodium 
catalyst and 4OO0C for molybdenum and palladium catalysts. Zirconium and niobium 
catalysts need reaction temperatures much higher than 40OoC. 

The extent of nitrogen removal is smaller for the transition metal catalysts used 
in this study. Only ruthenium sulfide produces a greater than 90% HDN conversion 
at 350OC. HDN conversions of between 60 to 80% are observed for molybdenum and 
rhodium catalysts at 350OC. Other catalysts such as zirconium, niobium and palladium 
show a less than 50% HDN conversion even at 40OoC. 

CONCLUSIONS 

The HDS, HDN and HDO of naphtha derived from Illinois No. 6 coal have been 
studied over unsupported transition metal sulfide catalysts of the second row of the 
periodic table. 

The catalysts were prepared by a room temperature precipitation reaction 
between transition metal chlorides and lithium sulfide. Surface areas, crystalline 
phases and particle size distributions of these catalysts have been evaluated both 
before and after activity evaluation. 
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Surface areas of the catalysts range from 1 to 50 m2/g and decrease after 
activity evaluation to 1 to 28 m2/g. Crystalline phases of four of the catalysts 
prepared, namely Mo, Ru, Rh and Pd, correspond to known sulfide phases. The 
crystalline phase of the catalysts does not change during activity evaluation except for 
palladium sulfide which shows a small amount of formation of a metal-rich phase. The 
majority of the catalysts have a broad particle size distribution and, except for 
molybdenum sulfide, the majority of the particles consist of single crystallites. 

The catalysts prepared are comparable in the activity for dibenzothiophene 
HDS to catalysts prepared in an earlier study (111-9) and exhibit a similar volcano plot 
of the dibenzothiophene HDS activity. 

The catalysts also exhibit volcano plots for the HDS, HDN and HDO of the 
sulfur, nitrogen and oxygen heteroatoms present in coal-derived naphtha. The order 
of reactivity for HDS, HDN and HDO is the same and is given by Ru > Rh > Mo > 
Pd > Zr > Nb. Ruthenium sulfide is the most active catalyst for all three of these 
processes. Differences exist among these catalysts for the relative ease of occurrence 
of HDS, HDN and HDO. 

These results illustrate that Group Vlll transition metal sulfides such as 
ruthenium and rhodium sulfides possess a higher activity than molybdenum sulfide for 
each of the three processes of HT of an industrial feedstock. Hence these catalysts 
can be considered as prime candidates for the eventual development of higher activity 
HT catalysts. . .  
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Table 111-1 

Element 

Carbon 

Characterization of Naphtha Derived from Illinois #6 Coal 
1 

Composition by Weight 

85.6% 

Hydrogen 

Sulfur 

13.2% 

820 ppm 

Nitrogen 

I 
1420 ppm 

1.24% 

Initial Boiling Point 

Final Boiling 

-23°C 

28OoC 
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Table 111-2 

Transition 
Metal 

Zr 

Surface Areas of Transition Metal Sulfides Prepared in this Study and Those 

Prepared in an Earlier Study by a Similar Preparation Procedure (9) Before 

and After Activity Evaluation 

Before Reaction, After Reaction, Before Reaction, After Reaction 
(m2/g) (m2/g> (m2/g) (m2/s) 

e --- 2.8 c1 

This Study 

Ru 

Rh 

Pd 

Earlier Study (9) 

26.7 14.0 -- 52 

20.0 10.2 -- 15 

1.0 < 1  - --- 

Nb I 50.2 --- I 27.4 I -- 

Mo I 33.8 2.9 I 50 I 17 

111-14 



This Study 

Transition 1 Before 
Metal Reaction 

Earlier Study 

After Reaction I Before 
Reaction 

ZrO, ZrO, 

Tetragonal 

?? ?? 

MoS, MoS, 
Rhombohedral 

After // 
Reaction 

ZrS, ?? 

NBS, ??? 

--- 

MoS, MoS, 
Hexagonal 

41 Mo 

Rh 

Cubic+Hexagonal Cubic 

Rh,% Rh2S3 RhS3 Rh,S3-* 
Orthorhombic Orthorhombic 

Ru I RuS,+Ru 

Pd 

RuS,+Ru I RuS, 

Pd16S7 Pd,6S7+Pd4S PdS PdS 
Cubic --- 

111-15 



Figure 111-1. 

Figure 111-2. 
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XRD pattern for the Zr catalyst along with data from the JC-PDF file # 17-923 
for ZrO, (represented by the filled triangles) 
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28 

XRD pattern for the Nb catalyst. 
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Figure 111-3. 

Figure III-4. 
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70  100  

XRD pattern for the Mo catalyst along with data from the JC-PDF file # 17-744 
for MoS, (represented by the filled triangles). 
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XRD pattern for the Ru catalyst along with data from the JC-PDF file #'s 19- 
11 07 for RuS, (represented by the filled triangles) and 6-663 for Ru metal 
(represented by unfilled triangles). 
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Figure 111-5. 

Figure III-6. 
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XRD pattern for the Rh catalyst along with data from the JC-PDF file # 35-736 
for Rh,S, (represented by the filled triangles). 
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XRD pattern for the Pd catalyst along with data from the JC-PDF file # 30-884 
for Pd,& (represented by the filled triangles). 
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Figure 111-7. 

Figure III-8. 

100 

8 0  

6 0  

40  

20 

0 
10 - 4 0  7 0  100 

. 20 

XRD pattern for the activity-evaluated Pd catalyst along with data from the JC- 
PDF file # 30-884 for Pd,,S, (represented by the filled triangles) and arrows - .  
representing peaks of PdiS formed. 
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Particle size distribution from TEM for fresh and activity-evaluated Zr catalyst. 

111-19 



Fresh 

Elused 

Figure 111-9. 
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Figure 111-1 0. 
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Particle size distribution from TEM for fresh and activity-evaluated Nb catalyst. 
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Figure 111-1 1. Particle size distribution from TEM for fresh and activity-evaluated Ru catalyst. 
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Figure 111-1 2. Particle size distribution from TEM for fresh and activity-evaluated Rh catalyst. 
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Figure 111-1 3. 
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Figure III-14. 
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Particle size distribution from TEM for fresh and activity-evaluated Pd catalyst. 
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Disappearance of dibenzothiophene as a function of residence time at 350°C 
in the batch stirred autoclave reactor. 
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Nb Mo Ru Pd 

60 - 

Figure 111-1 5. Zero order rate constants at 350°C for the disappearance of dibenzothiophene 
as a function of the position of the transition metal in the Periodic Table. 
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Figure III-16. Initial decline in HDS and HDN activity for the Mo and Pd catalysts during the 
hydrotreatment of coal-derived naphtha. The data represents HDS and HDN 
activ-Ry at pre-established standard conditions (3OO0C, WHSV= 1 for Mo; 
35OoC, WHSV=I for Pd) obtained before, during and after activity evaluation. 
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L" . 1 I 

Z t  Nb Mo Ru R h  Pd 

Figure 111-1 7. Percentage removal of total sulfur (HDS) at 300 and 350°C and a WHSV = 1 
as a function of the position of the transition metal in the Periodic Table. 

Zr NJ Mo Ru m Pd 

Figure 111-18. Percentage removal of total nitrogen (HDN) at 350°C and a WHSV = 1 as a 
function of the position of the transition metal in the Periodic Table. 
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Figure 111-1 9. 

Figure 111-20. 
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Percentage removal of total oxygen (HDO) at 35OoC and a WHSV = 1 as a 
function of the position of the transition metal in the Periodic Table. 
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Percentage HDS, HDN and HDO of coal-derived naphtha at 35OoC and a 
WHSV = 1 as a function of the position of the transition metal in the Periodic 
Table. 
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Figure 111-21. 
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Percentage of HDS vs temperature for coal-derived naphtha over transition 
metal catalysts. 
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Percentage of HDN vs temperature for coal-derived naphtha over transition 
metal catalysts. 

111-26 



Chapter N.l 

Gas Chromatography/Mass Spectrometry of 
Naphtha Derived from Illinois #6 Coal, 

Before and After Hydrotreatment 

A naphtha derived from Illinois #6 coal at the Wilsonville, Alabama pilot plant 
was hydrotreated and the raw naphtha and the product of hydrotreatment were 
examined by means of gas chromatography combined with mass spectrometry. The 
results obtained are summarized in Table IV.1-1. A representative chromatogram with 
the major peaks numbered as identified in Table IV.1-1 is shown in Figure IV.1-1. 

Mass spectra were obtained at elution peaks for most peaks exceeding 0.3% of 
total area; the areas were obtained using flame ionization detection. Approximately 
95% of naphtha components were eluted during the time span covered in Table IV.1- 
1 for both the treated and untreated naphtha. 

In hydrotreatment lower molecular weight hydrocarbons tended to become 
more abundant at the expense of later eluting (higher molecular weight) components. 
The proportions of straight-chain alkanes were probably not significantly altered by 
hydrotreatment; an apparent exception, n-heptane, may involve coelution, a possibility 
to be tested by selected ion chromatography. 

Phenols were removed by hydrotreatment. Trace amounts of aromatic amines 
were detected in raw naphtha but not in the product of hydrotreatment. 

Trace amounts of sulfur-containing components are known to be present in raw 
naphtha, but were not detected in any of the mass spectra of the peaks reported 
here. Selected ion chromatography will be used to test for the presence of specific 
sulfur-containing components. 

Equipment and Procedure 

A Hewlett Packard 5890A Series I1 gas chromatograph interfaced with an HP 
5971 A mass selective detector were operated under the control of a Vectra 05/165 
computer using HP G1034B software. 

Gas chromatography was accomplished using a 60m x 0.32 mm fused silica 
column. The liquid phase was silicone, 95% methyl, 5% phenyl; 0.25pm thickness. 
Oven program: 35OC (30 min.); the temperature was raised at 2'C/min. to 250'C and 
held. 

Areas under elution peaks were obtained using a Hewlett Packard 5890 series 
I1 gas chromatograph equipped with a flame ionization detector, a copy of the column 
used for gas chromatography/mass spectrometry, and a reporting integrator. 
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Table IV.1-1 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 

Retention 
Timea, min. 

3.07 
3.28 
3.40 
3.91 

. 4.06 
4.28 
4.76 
5.50 
5.55 
5.78 
6.02, 
6.1 1, 
6.20 
6.55 
7.52 
7.95 
9.76 

10.25 
10.50, 
10.59 dbl. 
11.24 
1 1.42 
1 1.52 
1 1.93 
12.42 
12.64 
14.90 
15.67 
19.25 
20.55 broad 
21.59 broad 
23.77 broad, 

Gas Chromatography/Mass Spectrometry of Naphtha Derived 
from Illinois #6 Coal Before and After Hydrotreatment 

33. and 24.05 
34. 24.57 
35. 27.54 irreg. 
36. 30.48 

Identification (or tvpe) 

n-butane 
isopentane 
n-pentane 
cyclopentane 
a branched C,H,, 
n-hexane 
methylcyclopentane 
cyclohexane' 
a branched C,H,, 
a branched C,H,, 

dimethylcyclopentanes 

n-heptane" 
met hylcyclo hexane 
ethylcyclopentane 
toluene' 

dimethylcyclohexanes, 
exclusively or nearly so 

a branched C8HI8 

3C-cyclopentanes 

a dimethylcyclohexane 
n-octane 
a dimethylcyclohexane 
a dimethylcyclohexane 
et h ylcyclo hexane' 
ethylbenzene 
m- and p-xylenes 
cyclo-9C-al kane', 
ethylmethylcyclohexanes, 

(poorly resolved) 
o-xylene 
cyclo-9 Gal kanes' 
iso- or n-propylcyclohexane 

Peak Areab. % 
Untreated Hvdrotreated 

1.34 
0.55 
1.16 
0.97 
0.30 
1.25 
1.52 
6.20 
0.41 
0.49 

1.28 
0.62 
1.34 
1-00 
0.36 
1.42 
1.51 
7.53 
0.47 
0.65 

0.87 0.96 

0.92 
7.52 
0.69 
1.74 
0.40 

2.04d 
9.1 8 
0.84 
2.31 
0.49 

1.24 1.66 

0.61 0.70 

0.46 
0.65 
0.66 
0.25 
3.38 
0.61 
1.28 
0.22 

0.60 
0.68 
0.78 
0.25 
4.23 
0.98 
1.70 
0.27 

1.13 1.49 
0.49 0.54 
1.02 0.67 
0.25 0.32 
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37. 
38. 
39. 
40. 
41. 

42. 
43. 

44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 

52. 

53. 
54. 
55. 

56. 

57. 
58. 

59. 

60. 
61. 
62. 

63. 

64. 

65. 
66. 

Retention 
Timea, min. 

33.27 
34.1 9 
37.23 
37.65 
39.1 1, 
39.28 dbl. 
40.1 4 
41 57, 
41.77 dbl 
42.55 
42.83 
43.79 
44.06 
44.89 
45.51 
45.80 
46.34 

48.94, 
49.03 dbl. 
49.4 to 50.0 
51.06 
51.31 
51.64 sh. 
51.81 

52.52 
54.07 dbl. 

54.80, 
54.90 dbl. 

55.76 
57.06 
59.88, 
59.94 dbl. 
60.09 

60.64 

60.95 
61.46, 
61.58 dbl. 

Peak Areab. % 
Identification (or tvpel Untreated Hvdrotreated 

iso- or n-propylcyclohexane 
cyclo-9 C-alkane 
hydrindane I 
3C-alkylbenzene 
unresolved 3C-alkylbenzenes 

3C-alkyl benzene 
3C-alkylbenzenes 

hydrindane 11" 
cyclo-1 OC-alkane 
3C-alkylbenzene 
phenol" 
cyclo-1 OC-alkane 
a methylhydrindane" 
n-decane" 
a methylhydrindane with 
shoulder (4C-alkylbenzene) 
indane, C,,H, 

3 methylhydrindane" peaks 
decalin I" 
4C-alkylbenzene" 
4C-alkylbenzene 
4C-alkylbenzene 
(butyl- or isobutylbenzene) 
a methylphenol 
methylindane 
and a 4Galkylbenzene 
a methylindane" and a 
methylphenol (in untreated 
naphtha only) 
decalin 11" 
5 C-al ky I b e nze n e (s) 
methylindanes' 

5GaIkylbenzene(s)" (not 
well resolved from 59.9 peak) 
a 2C-phenol (untreated 
naphtha) 
methylindane" 
mainly 2C-alkylpheno1, 
mainly 5C-alkylbenzene 

1.98 
0.28 
0.65 
0.32 
0.80 

0.25 
0.34 

1.60 
0.29 
0.51 
0.56 
0.28 
0.30 
0.61 
0.34 

1.54 

1.21 
1.17 
0.56 
0.1 5 
0.36 

0.49 
0.57 

1.89 

0.42 
1.14 
0.91 

2.60 
0.35 
0.58 
0.72 
0.90 

0.31 
0.34 

1.40 
0.35 
0.53 
0.0 
0.31 
0.27 
0.62 
0.27 

2.34 

0.92 
1.21 
0.74 
0.21 
0.42 

0.0 
0.64 

1.17 

0.35 
1.00 
1.20 

0.23 0.28 

0.26 0.0 

0.99 1.27 
0.91 0.43 
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Peak Areab. % 
Untreated Hvdrotreated 

Retention 
Time", min. Identification (or tvpel 

67. 61.97, 
62.03 dbl. 
63.1 4 
63.42 

tetralin and 
5C-alkylbenzene(s) 
2C-alkylphenol" (untreated) 
2C-alkylphenol (untreated) 
and 5C-alkylbenzene 
naphthalene" 
2C-alky lindanes" 

2.00 
0.42 

1.44 
0.05 68. 

69. 
0.77 
0.57 
0.90 

0.1 9 
0.37 
0.65 

70. 
71. 

63.74 
64.41, 
64.52 sh. 
64.85 
65.26 

2C-alkylindane(s)" 0.44 
2C-alkylindane(s)" and 
minor 2C-alkylphenol 0.56 
dodecane" and minor 
3C-alkylphenol (untreated) 0.47 
2-methy ltetralinc 0.69 

2C-alkylindane", 3C-alkyl- 0.36 
phenol, 2C-alkylindane 0.39 
6C-alkylbenzene, cyclo-6C- 
alkylbenzene, cyclo-l2C-alkane, 0.79 

1 -methyltetralin" 0.44 

72. 
73. 

0.56 

0.46 
74. 65.99 

0.33 
0.57 
0.33 
0.25 
0.29 

75. 
76. 
77. 

66.70 
67.42 
68.1 8, 
68.31 dbl. 
68.69 sh., 
68.83, 
68.92 sh. 
69.48 
70.50 

78. 
0.61 

3C-alkylphenol (untreated) 
dimethylindane" 
6C-alkylbenzene, 3C-alkyl- 
phenol (untreated) 
5- or 6-methyltetralinC, 
3C-alkylphenol (untreated) 
bicyclo-l2C-alkane, 2C-alkyl- 
indane, 3C-alkylphenol 
(untreated) 
cyclo-6C-alkyl benzene, 
bicyclo-l3C-alkane 
methylnaphthalene I, 6- or 
5-methy ltetralin" 
branched tridecane" and 
bicyclo-l2C-alkane" 
methylnaphthalene I1 
2,6-and/or 2,7-dimethyl- 
tetralin, a 4C-alkylphenol 
(untreated) 

tetralin 
88. 76.47 7C-alkylbenzene, 2C-alkyl- 

89. 76.69 2Galkyltetralin" 
90. 77.76 5- and/or 6-ethyltetralin 

79. 
80. 

0.30 
0.38 

2.08 

0.28 
0.1 4 

81. 70.79 1.45 

82. 71 -52 0.39 0.26 

83. 71.95 0.30 0.21 

84. 72.85 1.30 1.20 

85. 73.67, 
73.79 dbl. 
74.05 
74.81 

0.41 
0.38 
0.26 

0.36 
0.25 
0.22 86. 

87. 

0.65 
0.32 

0.46 
0.12 

0.26 
0.33 

0.21 
0.20 
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Abbreviations and Footnotes for Table IV.1-1 

dbl. - doublet, two elution peaks having nearly the same retention time with poor 
resolution as a result. 

sh. - shoulder, poor resolution as in the case of a doublet, but here one peak is 
substantially smaller than the other. 

irreg. - irregular, poorly shaped peak, indicating that several components are eluting 
almost together. 

a Column dimensions: 60m x 0.32 mm. Liquid phase: silicone, 95% methyl, 5% 
phenol: 0.25pm thickness. Oven: 35OC (30 min.) then 2OC/min. to 250°C and 
hold. 

b Peak areas were obtained using a flame ionization detector and are given as 
percentages of the total area integrated. These percent areas are satisfactory for 
showing trends. 

c Relatively minor or trace amounts of other component(s) are included in this peak 
area. 

d As yet unidentified component@) coeluting with n-heptane may be responsible for 
the large change observed on hydrotreatment. (Selected ion chromatography will 
be employed to test this possibility.) 
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Chapter IV.2 

GC/MS Analysis of Phenols Isolated from Untreated Illinois #6 Naphtha 

The phenol mixture was analyzed by GC/MS. Quantitation was accomplished 
with the aid of gas chromatography using flame ionization detection. The results of 
this work are summarized in the accompanying table and total-ion chromatogram. 

The predominant phenol type is alkylphenoi, estimated at 90 2% of the total 
area under phenol elution peaks in GC/FID. Cycloalkylphenols were estimated at 10 
- + 2%. 

Cycloalkylphenols were very predominantly hydroxyindanes. 4- and 5- 
Hydroxyindanes were the only abundant cycloalkylphenols. Hydroxytetralins were 
observed in trace amounts after 88 minutes in GC/MS. 

Naphthols were not detected. Trace amounts of hydroxybiphenyls were 
observed. 
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Table IV.2-3 

I 

Peak" 

1 

2 

31 
broad 

4 

5 

6, 
doublet 

71 
doublet 

8 

9 

10 

11 

Retention 
Timeb, Min. 

48.8 

56.8 

58.8 - 59.2 

61.3 

64.6 

65.5 

65.6 

67.1 

67.5 

67.9 

68.2 

69.2 

69.9 

Phenols Isolated from Untreated Naphtha 
Derived from Illinois #6 Coal 

Identification 

phenol 

methylphenol 

met h ylp henols 

2C-alkylphenol 

2C-alkylphenol 

2C-alkylphenol 

2c-alkylphenol 

2C-alkylphenol (s) 

2C-alkylphenol 

2C-alkylphenol 

3C-al kylp henol 

2C-alkylp henol 

3C-alkylphenol 

Area,' % 

11.5 

7.8 

15.8 

0.8 

2.9 

6.1 

3.5 

6.6 

0.9 

0.9 

1.5 

1 . I  

Principal Ions 

94+, 94b, 66, 65 

108+, I 08b, 107 int., 90, 77 

108+, 107b, 77, 79, 90 

122+, 122b, 107 int., 121, 77, 91 

122+, 107b, 77, 79, 91, 103 

122+, 107b, 121, 77, 91, 79 

122+, 122b, 107 int., 121 

122+, 107b, 77, 91, 79, I03 

122' int., 107b, 77, 121, 91, 79 

122' int., 107b, 121, 77, 79, 91 

136+, 121 bl 91 , 77, 107 

122' int., 1 07b, 121 , 77,91, 79 

136' int., 121 b, 91 , 135, 77, 103 
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Peaka 

12 

13, 
doublet 

14 

15 

16 

17, 
broad 

18, 
doublet 

19 

20' 
doublet 

21 

22 

Retention 
Timeb, Min. 

71.5 

72.0 

72.2 

72.8 

73.1 

74.0 

74.4 

74.6 

74.8 

75.0 

75.3 

75.7 

75.9 

76.4 

76.9 

Identification 

3C-alkylp henol 

3C-alkylphenol 

3C-alkylphenol 

3C-alkylphenol 

3C-alkylphenol 

4C-alkylphenol 

3C-alkylphenol 

3C-alkylphenol 

4C-alkylphenol 

3C-alkylphenol 

3C-alkylphenol 

4C-alkylphenol 

3C-alkylphenol 

4C-alkylphenol 

4C-alkylphenol 

Area,' % 

1.4 

1.8 

1.4 

2.1 

1 .I 

0.04 

6.5 

0.9 

0.7 

0.9 

0.1 

0.4 

Principal Ions 

136+, 107b, 77, 79, 91, 103 wk. 

136+, 121 bl 91, 77, 107, 103 

136+, 121 b, 91 , 77, 103, 107 

136+, 12Ib, 91, 77, 107, 103 

136+, 12Ib, 77, 91, 107, 103 

150+, 135b, 121, 91, 77, 79 

136+, 107b, 108, 77, 121, 91 

136+, 121 b, 107, 77, 91 , 108 

150+, 12Ib, 91, 77, 107, 122 

136+, 12Ib, 107, 91, 77, 135 

136+, 12Ib, 91, 77, 107, 135 

150+, 121 bl 135, 91 , 77, 107 

136+, 121 b, 107, 77, 91 , 103 

150+, 13!lib, 121, 107, 136, 91 

150+, 135b, 91, 121 , 77, 107 
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Peaka 

23 

24 

25 

261 
doublet 

27 

shoulder 

28 

29 

30 

31 

32 

33 

34, 
broad 

Retention 
Timeb, Min. 

77.1 

77.6 

78.1 

78.3 

78.5 

78.8 

78.9 

79. I 

79.4 

79.8 

80.4 

80.9 

81.2 

81.6 - 01.7 

Identification 

4C-alkylphenol 

4C-alkylphenol 

4C-alkylphenol 

4C-alkylphenol 

4C-alkylphenol 

4- or 5-hydroxyllidan (major 

4C-alkylphenol 

4C-alkylphenol 

4C-alkylp henol 

4C-alkylphenol 

4C-alkylphenol 

5- or 4-hydroxyindan 

4C-alkylphenol 

methylhydroxyindane 

4C-alkylphenol(s) 

Area,' % 

0.6 

0.3 

0.7 

1.9 

1.9 

0.5 

0.6 

1.9 

0.9 

1.9 

2.8 

0.7 

1 .o 

Principal Ions 

150+, 13!jb, 91, 107, 77, 121 

150+, 13!jb, 121, 136, 91, 107 

150+, 12Ib, 91, 77, 107, 135 

150+, 1 3!jb, 107, 121, 91, 77 

150+, 12Ib, 77, 91, 107, 135 

134+, 133b, 117, 105, 115, 117 

150+, 13!jb, 107, 121 

150+, 107b, 77, 79, 91 

150+, 1 35b, 121, 91, 107, 77 

150+, 121 b, 77, 91, 107 

150+, 12Ib, 122, 77, 91, 107 

134+, 1 33b, 105, 77, 115, 117 

150+, 12Ib, 122 int., 135, 77, 91 

148+, 133b, 105, 77, 115, 91 

150+, 107b, 108 int., 77, 135, 121 
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Retention 
Peaka Timeb, Min. 

34, 
continued 

35, 82.0 
doublet 

82.2 

37 

I 
d 

38, 
doublet 

84.4 

84.7 

84.9 

85.3 

Identification Area,' % 

methylhydroxyindane 0.2 
5C-alkylphenol 0.1 

4C-alkylphenol 0.3 

5C-alkylphenol 0.05 

methyl hydroxyindane 0.2 

methylhydroxyindane (major) 

5C-alkylphenols 

cyclo-5C-alkylphenol(s) 

5C-alkylphenol 

5C-alkylphenol 

5C-alkylp henol 

cyclo-5C-alkylphenol 

5C-al kylphenol (major) 

6C-alkylphenol 

cyclo-5C-al kylp henol 

0.6 

0.2 

0.1 

0.1 

Principal Ions 

148+, 133b, 105, 115, 177 wk. 
164+, 135b 

150+, 121b 

164+, 14gb 
77, 91, 107, 135 

148+, 133b, 105, 115 

148+, 133b 

164+, 1 35b and 1 07b 

162+, 147b 

64+, 13!jb, 

64+, 121 b, 

64+, 13!jb, 

62+, 147b 

49, 121, 91, 107 

07, 135, 77, 91 

21 

164' 

178' 
149 int., 135 int., 121 

162+, 147b 
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Peaka 

53, 
continued 

a. 

b. 

C. 

Retention 
Timeb. Min. Identification 

cyclo-5C-alkylphenol 

cyclo-6C-alkylphenol 

Area,' % Principal Ions 

162+, 147b, 133 

176+, 16Ib 

These numbers correspond to numbered elution peaks shown on the accompanying total ion chromatogram. 

The column and oven temperature program were the same used for GC/MS of the untreated naphtha. Carrier gas head- 
pressure was reduced for GC/MS of the phenols. Consequently, retention times reported for phenols are 3 to 4 minutes 
longer than those reported for whole naphtha. 

Percentage of the total area under elution peaks in gas chromatography using flame ionization detection. 

I 

:j 

I 

IV.2-8 



CHAPTER V.l 

CATALYTIC HYDROTREATMENT OF COAL-DERIVED NAPHTHA 
USING FIRST ROW TRANSITION METAL SULFIDES 

ABSTRACT 
This study is designed to define the possibility of increasing the rate of heteroatom 

removal from coal-derived naphtha by an order of magnitude greater than the current 
hydrodesulfurization catalysts. For the unsupported first row transition metal sulfide 
catalysts, maxima HDS activity is obtained for chromium sulfide and the minimum HDS 
activity is obtained for manganese sulfide. This is similar to the results presented by 
Chianelli et al. for hydrodesulfurization of dibenzothiophene. The maximum HDN activity 
is obtained for chromium sulfide and the minimum HDN activity is obtained for cobalt 
sulfide. The effect of substituents on the conversion of nitrogen compounds in the 
naphtha varied. The HDN of alkyl-substituted pyridine and aniline is dominated by an 
electronic, rather than a steric, effect. The effect of alkyl-substitution on the reactivity of 
quinoline is relatively small. 

INTRODUCTION 

Exxon workers (V.1-1) showed that some metal sulfides of the second and third 
row transition metals were more than 10 times as active as MoS, for the 
hydrodesulfurization of dibenzothiophene. Our study is designed to define the possibility 
of increasing the rate of heteroatom removal by an order of magnitude over the rate 
attainable with current Co-Mo-alumina or Ni-Mo-alumina catalysts. It is also designed to 
define whether heteroatom removal has a common rate for all compounds in each 
heteroatom class or whether some heteroatom compounds are especially difficult to 
convert. To characterize a catalyst in terms of its selectivity for individual heteroatom 
removal reactions for individual compounds in a coal-derived naphtha, methods to 
determine the amount of each sulfur and nitrogen compounds present in the feed and 
hydrotreated naphtha is needed. Recently instrumentation with the potential to sample 
directly from a flame ionization detector to determine the amount of sulfur present in the 
effluent from a capillary gas chromatograph has become available. Likewise, a nitrogen 
sensitive GC detector can be utilized for a quantitative determination of individual nitrogen 
compounds. Thus, the naphtha can be analyzed for composition using a high resolution 
capillary column gas chromatography. 

EXPERIMENTAL 

Hydrotreatment of the 111. # 6 naphtha sample was carried out using the first row 
unsupport transition metal sulfides at temperatures of 350 and 40OoC. The temperature 
was varied while holding constant the total pressure (660 psig) and weight hourly space 
velocity (WHSV = 1 g of feedstock / g of catalyst / hour). For each experiment, 3 grams 
of the row 1 unsupported transition sulfide was used. 

Individual nitrogen compounds of the hydrotreated 111. #6 naphtha were analyzed 
using a Thermionic Specific Detector (TSD) coupled with an Varian 3700 gas 
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chromatograph containing a carbowax column. Sulfur compounds were analyzed using 
a Sievers Model 350B Chemiluminescence Sulfur Detector (CSD) coupled with an HP 
5890 Series II gas chromatograph containing a SPB-1 column. Identification of the 
nitrogen and sulfur compounds was accomplished by comparison of the retention time 
to a standard compound. 

RESULTS 

The conditions and results for the preparation of the transition metal sulfides are 
given in Table V.l-I. Transition metal sulfides with intermediate to high surface areas 
were obtained; these are comparable to the earlier Exxon work. The nitrogen and sulfur 
content of products and the % HDN and % HDS are shown in Table V.l-2. These 
catalysts do not exhibit an especially high activity for the removal of sulfur and nitrogen, 
compared to Ni-Mo-alumina and Co-Mo-alumina catalysts. 

For the HDS reaction, the maximum % HDS activity, based on three grams of 
catalyst, is obtained for chromium sulfide (Figure V.1-1). Increasing the temperature from 
350°C to 4OO0C results an increase of approximately 25 % for sulfur removal. ' Chianelli 
et al. (V.1-I) reported that chromium sulfide has the highest activity for HDS of 
dibenzothiophene and manganese sulfide has the lowest activity for the first row transition 
metals. 

The % HDN based on catalyst weight is approximately the same for all of the 
catalysts, about 40 % (Figure V.1-2). Increasing the temperature from 350 to 4OO0C 
results an increase of approximately 10 % for nitrogen removal. 

A comparison of the % HDN vs % HDS based on catalyst weight shows that sulfur 
removal varies while nitrogen removal remains nearly constant (-40%) (Figure V.1-3). 

Conversion of Individual Nitrogen Compounds: 

The conversion of individual nitrogen compounds was studied at 35OoC, 660 psig 
and a weight hourly space velocity of 1 g/g/hr. 

Pvridines 

Figure V.l-4 shows the results, as a typical example, for the conversion of 
compounds in the pyridine class using an iron sulfide catalyst. For this class, pyridine is 
the easiest compound to convert for all of the catalysts. The rate of conversion of pyridine 
substituted by a methyl or ethyl group decreases in the order: unsubstituted > 4- > 2- 
> 3- for all catalysts. Similar results were observed for the commercial Co-Mo-Alumina 
and Ni-W-Alumina catalysts. Pyridines with substituents of 2 or more carbons are harder 
to convert than pyridine with a one carbon substituent. 
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Anilines 

The conversion of compounds in the aniline class, using iron sulfide (Figure V.l-5), 
as a typical example, shows that unsubstituted aniline is the easiest compound to 
convert; this is analogous to the pyridine class where the unsubstituted compound is 
easier to convert. For all catalysts, anilines substituted with 2 to 4 carbons are harder to 
convert than anilines with only a one carbon substituent. These figures also show that the 
conversion of nitrogen compounds depends on the position the group(s) substituted on 
the ring. The rate of conversion for the mono-methyl or mono-ethyl substituted anilines 
are: unsubstituted > 4- = 2- > 3-. This is the case for all catalysts. However, the 
conversion of mono-methyl and mono-ethyl aniline is not as dependent on substituents 
or their ring position as the pyridines were. 

Quinolines 

Figure V.l-6 shows results of the conversion of compounds in the quinoline class 
using iron sulfide as a typical example. The data show that quinoline is harder to convert 
than the pyridines were. Unsubstituted quinoline, is converted at about the same rate as 
one carbon alkyl substituted quinoline with the all catalysts. 

DISCUSSION 

In general, hydrotreatment of the heavy fractions of coal derived materials is 
complicated by the molecular weight, and the corresponding large size, of the molecules 
converted. The large size introduces severe diffusional problems during processing. 
However, this is not a problem in the hydrotreatment of coal derived naphtha, since the 
dominant fraction of the material contains only one ring of five or six carbons; two ring 
components are the largest molecules that will be encountered and these represent only 
approximately 10 % of the nitrogen compounds and approximately 24 % of the sulfur 
compounds. Thus, diffusion limitations due to size exclusion should not be a problem in 
this study. 

Alkyl-sustituted heterocyclic compounds were found in the Illinois #6 naphtha. The 
position of the substituent influences the rate of HDN. For the first row unsupported 
transition metal catalysts, HDN reactivities of pyridine, aniline and quinoline varies 
according to the position of substituent added as follows: 

pyridine > 4-R-pyridine > 2-R-pyridine > 3-R-pyridine, 

Aniline > 4-R-Aniline = 2-R-Aniline > 3-R-Aniline, and 

Quinoline = 3-Methyl-Quinoline = 4-Methyl-quinoline, 

where R = methyl or ethyl group. 2-Methylquinoline is present in the naphtha in such 
small quantities that its conversion could not be followed. 
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Many publications (V.1-2 - V.1-5) have reported that steric and electronic effects 
may play an important role for the HDS of a number of sulfur compounds. From the point 
view of steric hindrance by a substituent group, the order of reaction rates for HDN 
should be 4 > 3 > 2. However, from the point view of electronic effect, the rates should 
be 4 = 2 > 3. HDN of alkyl-substituted anilines and pyridines show the order expected 
for an electronic effect. The effect of alkyl substituents on the reactivity of quinoline is 
relatively insignificat. Gates et. al. (V.1-5) reported that HDN conversion of 2,6-, 2,7-, and 
2,8-dirnethylquinoline is approximatly the same as that of quinoline. 
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Table V.1-1 

Row 1 Transition Sulfide Preparation Conditions and Results 

EA = Ethyl Acetate 
THF = Tetrahydrofuran 
S, = Surface Area 
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Table V.1-2 
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Figure V.l-5. Conversion of aniline compounds. 
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Figure V.l-6. Convertion of quinoline compounds. 
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CHAPTER V.2 

HYDROTREATMENT OF COAL-DERIVED NAPHTHA. PART II: REMOVAL OF 
INDIVIDUAL SULFUR COMPOUNDS FOR SECOND ROW TRANSITION METAL 

SULFIDE CATALYSTS 

I NTRO D UCTlO N 

Sulfur-containing heteroatom compounds are present in appreciable 
concentrations in coal-derived naphtha. A distinguishing feature of coal-derived 
liquids (compared to petroleum distillates) is the additional presence of appreciable 
quantities of nitrogen- and oxygen-containing heteroatom compounds. Previous 
investigations into the hydrotreatment (removal of sulfur, nitrogen and oxygen) of coal- 
derived naphtha has shown the need for higher activity catalysts to remove the 
heteroatom compounds to an acceptable level (V.2-1 - V.2-5). 

In a preceding publication (V.2-6), we have reported on the hydrotreatment of 
coal-derived naphtha over bulk second row transition metal sulfides. The Group VI11 
metal sulfides of ruthenium and rhodium of this row were shown to possess higher 
activity for hydrodesulfurization (as well as hydrodenitrogenation and 
hydrodeoxygenation) than molybdenum sulfide which is the major constituent of 
commercial hydrotreatment (HT) catalysts. lt is therefore of interest to study the 
hydrodesulfurization of the naphtha over the transition metal sulfides in greater detail. 
The objectives of this study include the characterization of the type of sulfur 
compounds in coal-derived naphtha and to compare the relative activities and the 
kinetics of conversion of these compounds over each of the bulk second row 
transition metal sulfides. A further objective is to study the impact of the conversion 
kinetics of individual sulfur compounds on the kinetics of total sulfur removal over 
each of these catalysts. 

Sulfur compounds present in typical industrial feedstocks can be classified into 
two types: thiols, sulfides and disulfides on one hand and thiophenic ring compounds 
on the other. In general thiophenic compounds are more difficult to convert. The 
thiophenic compounds can be further classified into thiophenes, benzothiophenes and 
dibenzothiophenes. The relative reactivities of these classes as well as the relative 
reactivities of compounds within one of the classes is still not very well understood. 
For example, benzothiophene has been determined to be more reactive than the 
lighter compound thiophene in some studies (V.2-7V.2-,8) while the reverse has been 
determined in others (V.2-9,V.2-10). Similar contradictory results have been obtained 
for the relative reactivities of thiophene and substituted thiophenes. Two studies (V.2- 
11 ,V.2-12) found that the order of reactivity of thiophene and methyl substituted 
thiophenes was $methyl thiophene > thiophene > 2-methyl thiophene. However, a 
different result was obtained in another investigation (V.2-13), wherein the order of 
reactivity was determined as 3-methyl thiophene 2-methyl thiophene > thiophene. 
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Further, it was shown that the reactivity of various other dimethyl, ethyl and propyl 
thiophenes increased with molecular weight and that the position of the substituting 
group did not have much effect on the reactivity. 

The kinetics of individual sulfur compounds have been represented by 
Langmuir-Hinshelwood rate expressions (V.2-14). An example, for thiophene, is 
shown below: 

which implies a two-point adsorption of thiophene and inhibition of the reaction by the 
product H,S. 

The focus of the above investigations has been on the HDS of individual model 
compounds in isolation or in synthetic mixtures. However, studies of individual 
compounds in isolation may not be indicative of the actual phenomena occurring 
during the H i  of industrial feedstocks wherein a large number of sulfur compounds as 
well as nitrogen and oxygen compounds compete for the same active sites on the 
catalyst surface. Inhibition or enhancement of reaction rates have been observed 
when two different heteroatom compounds react simultaneously (V.2-15). Only a few 
studies report on the HDS of individual compounds in industrial feedstocks (V.2-16 - 
V.2-18). These studies have indicated that the relative activity of the compounds 
depends both on the relative boiling points and on the chemical structure. In general, 
the lighter boiling compounds react faster than the heavier boiling compounds. 
However, different compounds with roughly the same boiling point but different 
structure can show upto a five-fold variation in the rate of conversion (V.2-17,V.2-18). 
However, conflicting results regarding the kinetics of conversion of individual sulfur 
compounds were obtained in these investigations. The early studies (V.2-16,V.2-17) 
showed that individual compounds exhibited first order kinetics upto conversions of 
95%. However, these studies either concentrated only on a few individual compounds 
(V.2-16) or utilized feedstocks consisting of only a few compounds (V.2-17). The 
more recent study (V.2-18) of the HDS of over sixty sulfur compounds in diesel has 
provided more detailed results. Several compounds possessing low reactivities 
showed large deviations from first order kinetics. These compounds had a high rate 
of conversion at low residence times followed by a much slower rate of conversion at 
higher residence times. The most unreactive compound, 4,6 dimethyl 
dibenzothiophene, exhibited a 30% conversion within the first 10 minutes followed by 
essentially zero further conversion in the next 80 minutes. It was shown that this was 
due to the inhibition of the rate of conversion at higher residence times by hydrogen 
sulfide formed from the HDS of compounds possessing high reactivity. 

The kinetics of total sulfur removal from industrial feedstocks over commercial 
catalysts has been studied by several investigators. The kinetics are expected to be 
quite complex due to the large number of individual compounds present and the large 
variations in the activity of each individual compound. A rigorous mathematical 
analysis of the overall kinetics of a reaction mixture has been carried out by Ho and 
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Aris (V.2-19). It was assumed that each individual compound reacts in parallel, 
independent, first order reactions with the distribution of rate constants given by a 
gamma distribution function. It was shown that under these assumptions the overall 
reaction order of the mixture can vary between one and two. This theoretical result 
seems to be applicable for a number of studies of HDS kinetics of industrial 
feedstocks which show overall reaction orders between one to two (V.2-20 - V.2-24). 
However, in some cases the overall order of HDS has been shown to be higher than 
second order, for instance third order (V.2-24,V.2-25). In other investigations of HDS 
kinetics a different model is used. Here the overall HDS reaction is broken into two 
first order rate expressions, corresponding to two classes or lumps of sulfur 
compounds (V.2-23,V.2-25 - V.2-29). One class consists of highly reactive 
compounds while the other consists of compounds which are difficult to convert. A 
major assumption made in these kinetic models is that individual compounds react 
independently and exhibit first order kinetics. A few studies have shown that H2S 
inhibits the overall rate of removal of sulfur and a Langmuir-Hinshelwood rate 
expression has been obtained for the removal of total sulfur (V.2-16). 

As shown above, there is disagreement between various investigations 
concerning the relative activities and conversion kinetics of individual sulfur 
compounds as well as the kinetics of total sulfur removal from industrial feedstocks 
over commercial catalysts. Further, most of the above studies have used petroleum- 
derived feedstocks which contain very little nitrogen and oxygen. Fairly recently, a 
sulfur-specific detector has been developed which can selectively detect sulfur 
compounds present in a hydrocarbon mixture to sub-ppm limits. This enables a 
quantitative determination of the rates of disappearance of a wide variety of individual 
sulfur compounds present in naphtha during the course of hydrotreatment. In this 
study, we have used this sulfur-specific detector to obtain information about the 
relative activities and kinetics of individual compounds using an actual feedstock 
containing a mixture of sulfur, nitrogen and oxygen compounds over bulk second row 
transition metal sulfides. 

EXPERIMENTAL 

NAPHTHA, CATALYSTS AND HYDROTREATMENT PROCEDURE 

Details about the coal-derived naphtha, the transition metal sulfide catalysts 
prepared and used and the experimental procedure followed for the hydrotreatment of 
the naphtha over these catalysts is given in Part I of this paper (V.2-6). In order to 
obtain information about the conversion kinetics of individual sulfur compounds as well 
as the HDS of naphtha, further experiments are conducted by varying the weight 
hourly space velocity (WHSV) of the naphtha over each of the transition metal sulfide 
catalysts at one or two reaction temperatures. The flowrate of hydrogen is varied 
proportionately so as to keep a constant molar ratio of naphtha to hydrogen of 1 :2. 6 
(1960 scf/bbl) in the reactor feed. 

ANALYTICAL 
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The samples of feed naphtha and the hydrotreatment product are analyzed for 
total sulfur using a Xertex C-300 microcoulometer. The individual sulfur compounds in 
these samples are analyzed using a Sievers Model 350B Sulfur Chemiluminescence 
Detector coupled with a Hewlett Packard 5890 Series II gas chromatograph. An SPB- 
1 capillary column (30 m x 0. 32 mm ID) from Supelco is used to separate the sulfur 
compounds. 

Characterization of the sulfur compounds is carried out using two methods. 
The first method serves to distinguish the thiols and/or sulfides present in the naphtha 
from the thiophenic compounds. The naphtha is washed with an equal volume of a 1 
N aqueous solution of AgNO,. This procedure removes the thiols and sulfide 
compounds in the feed naphtha in the form of a black precipitate. The washed 
naphtha contains only the thiophenic compounds. Thus a comparison of the 
chromatogram of the washed naphtha with that of the original naphtha identifies the 
chromatographic peaks corresponding to the thiophenic compounds and those 
corresponding to thiols and/or sulfides. 

In the second method, the feed naphtha is doped with commercially available 
sulfur compounds. A comparison of the retention times of these standards with the 
original feed chromatogram identifies the chromatographic peaks corresponding to 
the standard compounds. This method is limited by the number of commercially 
available sulfur compounds. However, the sulfur compounds can still be classified 
into broad categories by comparison of the retention times of the available standards 
with retention times of compounds reported in the published literature (V.2-30). 

RESULTS 

CHARACTERIZATION OF SULFUR COMPOUNDS IN FEED NAPHTHA 

The sulfur chromatograph of the feed naphtha shows more than 350 individual 
peaks spread over a retention time between 1 to 60 minutes. The availability of only a 
few alkyl substituted thiophenes and benzothiophenes limits the number of peaks that 
can be identified by doping the naphtha with sulfur compounds. The peaks identified 
by this method are shown in Table V.2-1 along with their retention times and 
concentrations in the feed naphtha. The compounds. identified are primarily light 
thiols/sutfides, cyclic sulfides (e.g., tetrahydrothiophene), thiophene and alkyl 
substituted thiophenes, benzothiophene and trace amounts of dibenzothiophene. 

The total amounts of and chromatographic peaks corresponding to thiols and 
sulfides on one hand and thiophenes on the other are determined by washing with 
AgNO,. The chromatogram of the washed naphtha shows the disappearance of a 
large number of peaks signifying that these peaks are either thiols or sulfides. 
Further, the peaks corresponding to thiols/sulfides are spread over the entire range of 
retention times of the feed naphtha chromatograph. Hence, the thiols and sulfides 
present in the naphtha have a wide range of carbon atoms (C, to around C,J. In 
addition, for retention times smaller than 5 min and larger than 40 min the 
chromatographic peaks are almost exclusively those of thiols and/or sulfides. 
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The peaks remaining in the washed naphtha correspond to thiophenic 
compounds. From retention times obtained by the injection of available standards 
and retention times reported in the literature (V.2-30), the thiophenic compounds 
could be further separated into thiophenes, benzothiophenes and dibenzothiophenes. 

Figure V.2-1 shows the relative amounts of each class of compounds in the 
feed naphtha. The thiols and sulfides comprise the largest class of sulfur compounds. 
The next largest class consists of the thiophenes and substituted thiophenes. The 
total amounts of benzothiophenes and dibenzothiophenes are relatively small. 
Moreover, these total amounts are distributed over a large number of individual 
compounds. Hence the individual substituted benzothiophenes (with the exception of 
benzothiophene itself) and dibenzothiophenes are present in relatively minor amounts 
in the feed naphtha. 

KINETICS OF TOTAL SULFUR REMOVAL FROM NAPHTHA 

The fractional amounts of total sulfur remaining in naphtha as a function of 
space time in the reactor is plotted on a semi-logarithmic scale in Figure V.2-2 for the 
transition metal sulfides. This plot reflects the activity trends of these catalysts as 
shown in a preceding publication (V.2-6). The catalysts studied can be divided into 
three classes: The zirconium and niobium catalysts are relatively inactive exhibiting 
total sulfur removals between 15 to 25%. The molybdenum and palladium catalysts 
are moderately active with total sulfur removals between 65 to 75%. Ruthenium and 
rhodium catalysts are highly active with total sulfur removal levels greater than 90%. 

For a first order reaction the plot shown in Figure V.2-2 for a particular catalyst 
should lie on a straight line passing through the initial fractional concentration (one). 
An examination of Figure V.2-2 reveals that even though a straight line can be fitted 
through the data points for each catalyst it does not pass through the initial fractional 
concentration but exhibits a positive intercept. Hence, HDS of coal-derived naphtha 
does not exhibit simple first order kinetics over any of the catalysts studied. The 
values of the positive intercepts are small for the least active catalysts (zirconium and 
niobium) but are much larger for the higher activity catalysts. The data also do not fit 
second order kinetics. A comparison of the data for all the catalysts with the two lump 
kinetic model shows that this model too fails to explain the results obtained. If a 
lumped kinetic analysis is used to describe the results for all the catalysts the naphtha 
would have to be represented by atleast four lumps each following first order kinetics. 
A better understanding of the HDS kinetics can be obtained from the analysis of the 
disappearance of individual sulfur compounds under the same conditions as the 
results shown in Figure V.2-2. The kinetics of total sulfur removal will be referred to in 
the discussion section following the results for the individual sulfur compounds over 
each of these catalysts. 

CONVERSION OF INDIVIDUAL SULFUR COMPOUNDS 

The conversion of each individual sulfur compound is measured at several 
weight-hourly-space- velocities (WHSV) for each catalyst at either 300 and/or 35OOC. 
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As mentioned previously, the catalysts studied can be classified into three groups 
based on their conversion levels for total sulfur removal. In the following paragraphs 
the conversion of individual sulfur compounds is desciibed for each of these groups 
as well as pointing out differences in catalysts within each group. 

Zirconium and niobium catalvsts 

The conversions of individual sulfur compounds in the naphtha over these 
catalysts are measured at 35OoC and at space velocities (WHSV) ranging from 1 to 5. 
Figure V.2-3 shows the sum of the relative amounts of sulfur compounds remaining in 
the hydrotreated product having retention times greater than 40 min and those having 
retention times between 2 to 9 minutes (thiophene not included) as a function of 
space time (reciprocal of WHSV). 

For both catalysts, the sulfur compounds with retention times greater than 40 
min are completely converted (below the limit of detection) even at the highest space 
velocities used. This is not surprising as these compounds have been shown in an 
earlier section to consist almost exclusively of thiols and/or sulfides. Thiols/sulfides 
have been previously shown to be much more reactive than thiophenic compounds 
over commercial CoMo and NiMo HT catalysts (V.2-31). Concurrent with the removal 
of these high boiling sulfur compounds there is an initial increase in the amounts (over 
that present in the feed) of the low boiling sulfur compounds followed by a decrease 
in the amounts. Thus these compounds exhibit the behavior of intermediates in the 
conversion of other sulfur compounds. This behavior is more prominent in the case of 
the niobium catalyst than the zirconium catalyst, perhaps due to the lower overall HDS 
exhibited by the niobium catalyst. These low boiling compounds are also 
thiols/sulfides and can be intermediates either in the HDS of higher boiling 
thiols/sulfides or in the HDS of thiophenic compounds (V.2-31). 

Figures V.24 and V.2-5 show the behavior of individual thiophene compounds 
during the hydrotreatment of the naphtha over zirconium and niobium catalysts. A 
surprising result is that some of the lighter thiophenes - thiophene, 2-methyl thiophene 
and 2-ethyl thiophene - exhibit the behavior of intermediates. Further, this behavior 
seems to be limited only to substituted thiophenes in the 2-position as the 3- 
substituted thiophenes are unaffected. (There is some scatter in the data for 2-n- 
propyl thiophene in the case of the zirconium catalyst related to the small amount of 
this substituted thiophene in the feedstock. ) Heavier thiophenes, such as C3- 
thiophenes and C4- thiophenes, disappear at a much faster rate than the lighter 
thiophenes such as 3-methy1, 2,sdimethyl and 3-ethyl thiophene. This indicates that, 
perhaps, the formation of thiophene and substituted thiophenes in the 2-position is 
due to the breaking of the C-C bond in the side alkyl chains of the heavier thiophenes. 
Note that the number of C3- and C4-thiophenes as well as their actual (not relative as 
in Figures V.24 and V.2-5) individual amounts are higher than the amounts of the 
lighter thiophenes so that the heavier thiophenes disappear in sufficient amounts to 
account for the formation of the lighter thiophenes. It is not clear, however, why only 
lighter thiophenes with substituents in the 2-position are formed. 
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In summary, both the zirconium and niobium catalyst show similar behavior for 
the disappearance of individual sulfur compounds. Lower molecular weight 
thiols/sulfides are intermediates in the disappearance of other sulfur compounds. 
Lighter thiophenes are also intermediates in the disappearance of heavier thiophenes 
indicating a preference of alkyl C-C bond breaking over that of the C-S bond in the 
thiophenic ring. 

Molybdenum and palladium 

These catalysts exhibit intermediate total HDS conversions under the 
experimental conditions utilized in this study. Conversion versus space time data for 
individual compounds have been collected for these catalysts at two temperatures: 
300 and 350OC. 

Similar to the zirconium and niobium catalysts, the high boiling sulfur 
compounds (retention time greater than 40 minutes) are completely converted even at 
the highest space velocities and lowest temperature (300°C) for both molybdenum 
and palladium catalysts. However, unlike the zirconium and niobium catalysts, low 
boiling sulfur compounds (retention times 2 to 9 minutes) do not show a concurrent 
rise in concentration. This is perhaps due to the higher conversions observed over 
the molybdenum and palladium catalysts and it is probable that the low boiling 
compounds are formed as intermediates and subsequently react rapidly. 

Figures V.2-6 and V.2-7 show the behavior of some individual sulfur 
compounds at 3OO0C over molybdenum and palladium catalysts respectively. The 
common compounds for the two catalysts are tetrahydrothiophene and 2-methyl 
tetrahydrothiophene. These compounds exhibit the behavior of primary intermediates 
over the molybdenum catalyst whereas they exhibit the behavior of secondary 
intermediates over the palladium catalyst. This indicates that thiophene and 2-methyl 
thiophene are hydrogenated prior to being desulfurized. For the palladium catalyst, it 
is possible that the primary intermediate is a dihydrothiophene (or 2-methyl 
dihydrothiophene) which is subsequently hydrogenated to tetrahydrothiophene (2- 
methyl tetrahydrothiophene). This intermediate behavior of the hydrogenated 
thiophenes is not observed at a temperature of 35OoC, perhaps due to the higher 
overall HDS conversions at the higher temperature. The other compounds shown in 
Figures V.2-6 and V.2-7 are a Cs thiol/sulfide and a C, thiol/sulfide for the 
molybdenum and palladium catalysts respectively. These compounds exhibit the 
behavior of primary intermediates over both these catalysts. it is possible that these 
compounds are either formed from higher boiling thiols/sutfides or from thiophenic 
ring compounds. 

Figures V.2-8 and V.2-9 show kinetic plots for the conversion of representative 
individual sulfur compounds over the molybdenum catalyst at 300 and 350°C 
respectively. If individual compounds follow first order kinetics then a straight line 
should be obtained passing through the data points for that compound and its initial 
fractional amount (one). As shown in Figure V.2-8, the individual sulfur compounds 

V.2-7 



(thiols/sulfides and thiophenes), except for some compounds at low conversion, do 
not follow first order kinetics at 300°C over the molybdenum catalyst. In contrast, the 
conversion of individual thiophenic compounds is well represented by first order 
kinetics over the molybdenum catalyst at 350°C (Figure V.2-9). However, the 
thiols/sulfides do not follow first order kinetics even at this temperature. For the 
palladium catalyst, both thiols/sulfides and thiophenes do not follow first order kinetics 
at 350°C (Figure V.2-10) as well as at 300°C. These observations are referred to later 
in the discussion section. 

Figure V.2-11 compares the rates of disappearance of thiophene, substituted 
thiophenes and benzothiophene at 350°C over the molybdenum catalyst. Note that 
the thiophenes follow first order kinetics over the molybdenum catalyst at 350°C. 3-n- 
butyl thiophene exhibits a positive intercept (0.8) over the molybdenum catalyst. 
However, this is due to interference of another peak with the peak for 3-n-butyl 
thiophene in the feed chromatogram. First order rate constants obtained from the 
slopes of the regression lines in Figure V.2-11 for the molybdenum catalyst are shown 
in Table V.2-2. Benzothiophene has a lower reactivity than thiophene over the 
molybdenum catalyst. However, several substituted thiophenes have a much lower 
reactivity than benzothiophene. Three clear trends are observed for the relative 
reactivities of the substituted thiophenes. As a methyl group is added to a different 
position on thiophene, the reactivity of the resultant substituted thiophene decreases. 
This is shown by the decreasing reaction rates of thiophene, 2-methy1, 2,5-dimethyl 
and 2,3,5-trimethyl thiophenes. As the substituting group in the 3-position becomes 
bigger, the reaction rate of the substituted thiophene initially is unaffected and then 
decreases as shown by the data for 3-methy1, 3-ethyl and 3-n-butyl thiophene. 
However, the opposite trend is observed as the substituting group in the 2-position 
becomes bigger. Here the reactivity increases as the size of the substituting group 
increases as shown by the data for 2-methy1, 2-ethyl and 2-isopropyl thiophenes. 
There is a very little if any steric effect observed over the molybdenum catalystas 
shown by the relative rates of 2-methyl and 3-methyl thiophenes and 2-ethyl and 3- 
ethyl thiophenes. 

A similar comparison of the reactivities of thiophenes over the palladium catalyst 
at 35OoC is shown in Figure V.2-12. The thiophenes do not follow first order kinetics 
over this catalyst and hence rate constants cannot be obtained. The relative 
reactivities of the thiophenes over the palladium catalyst is quite different from that 
over the molybdenum catalyst. Benzothiophene is completely reacted (below limit of 
detection) even at the highest space velocities used. Hence, benzothiophene is more 
reactive than thiophene over this catalyst. The reactivity of thiophenes in order of 
decreasing conversion is 3-methyl thiophene > thiophene > 3-n-butyl thiophene > 2- 
methyl thiophene ,., 3-ethyl thiophene > 2,Sdimethyl thiophene 2-ethyl thiophene 
> 2,3,5trimethyl thiophene > 2-isopropyl thiophene. In contrast to the molybdenum 
catalyst, a strong steric effect is observed as seen in the wide difference in 
conversions of 2- and 3-methyl thiophenes and 2- and 3-ethyl thiophenes. In addition, 
the reactivity of $methyl thiophene is higher than that of thiophene itsel. Consistent 
with the observation of a steric effect, the reactivity of 2,5-dimethyl thiophene and 2- 
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ethyl thiophene is lower than that of 2-methyl thiophene. 2-isopropyl and 2,3,5- 
trimethyl thiophenes have the lowest reactivity. However, note that 3-n-butyl thiophene 
has a reactivity which is intermediate between the reactivities of 3-methyl and 3-ethyl 
thiophene. 

In summary, the intermediate activity catalysts exhibit some differences and 
some similarities in the conversion of individual sulfur compounds. The hydrogenation 
of thiophenic compounds precedes desulfurization over both catalysts. At 3OO0C, 
both catalysts exhibit non-first order kinetics for the conversion of individual sulfur 
compounds including both thiols/sulfides and thiophenes. At 35OoC, both catalysts 
exhibit non-first order kinetics for thiols/sulfides. However, the molybdenum catalyst at 
lower temperatures exhibits first order kinetics for the thiophenic compounds whereas 
the palladium catalyst exhibits non-first order kinetics for the same compounds. There 
are differences in the relative reactivities of thiophene and benzothiophene and in the 
relative reactivities of thiophene and substituted thiophenes over the molybdenum and 
palladium catalysts. 

Ruthenium and Rhodium 

The ruthenium and rhodium catalysts are the most active catalysts studied. 
Overall HDS conversions of these catalysts were above 90% at 300°C which is the 
temperature at which the space velocities of naphtha were varied. In addition, data for 
the conversion of individual compounds were also determined at 275°C. 

Only a few peaks corresponding to individual sulfur compounds remain in the 
hydrotreated product at 300°C over these catalysts. Figures V.2-13 and V.2-14 show 
the data for the prominent peaks remaining as a function of space time for the 
ruthenium and rhodium catalyst respectively. The prominent peaks remaining over the 
ruthenium catalyst at 300°C are mainly C2 and C, thiophenes including 2,3,5-trimethyl 
thiophene (Figure V.2-13). However, significant amounts of intermediate boiling range 
thiols/sulfides (C, and C,) are also present in the hydrotreated products. Two of 
these compounds appear to exhibit the behavior expected of secondary intermediates 
in the conversion of other sulfur compounds and probably represent the last step in 
the desulfurization of thiophenic compounds. The sulfur compounds do not follow first 
order kinetics over the ruthenium catalyst at 300°C which is similar to their behavior 
over the molybdenum and palladium catalysts at this temperature. 

A comparatively larger number of peaks are present in the hydrotreated 
product over the rhodium catalyst (Figure V.2-14) reflecting the slightly lower overall 
HDS conversions observed. Similar to the ruthenium catalyst, the thiophenes 
observed in the hydrotreated product are thiophene, C2 and C, thiophenes including 
2-ethyl thiophene, 2-isopropyl thiophene and 2,3,5-trimethyl thiophene. Also, similar to 
the ruthenium catalyst, significant quantities of C, and Cs thiols/sulfides are present 
and exhibit the behavior of intermediates. Along with the intermediate range 
thiols/sulfides there are significant amounts of lighter thiols, such as ethanethiol and 
butanethiol present. These appear to be formed at higher space times. These could 
be formed either from heavier thiols/sulfides or from recombination of olefins and H2S 
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at lower temperatures downstream of the catalytic reactor. Similar to the ruthenium 
catalyst, none of the compounds exhibit first order kinetics. 

A comparison of the rates of disappearance of the thiophenic compounds over 
the ruthenium and rhodium catalysts can be obtained at a temperature lower than 
300°C where the overall HDS conversions are low. Figure V.2-15 shows the 
conversions of individual thiophenes over both these catalysts at 275OC and a WHSV 
of one. Thiophene conversion is intermediate between 2-methyl thiophene and 3- 
methyl thiophene for both catalysts. Significant steric effects are indicated by the 
large difference in conversion between 2-methy1, 3-methyl thiophene and between 2- 
ethyl and 3-ethyl thiophene. The presence of an additional methyl substituent 
decreases the conversion as shown by the data for 2-methy1, 2,5-dimethyl and 2,3,5- 
trimethyl thiophene. There is also a decrease in conversion as the substituent group 
becomes larger at any one position as shown by the data for 2-methy1, 2-ethy1, 2-n- 
propyl thiophene as well as the data for 3-methyl, 3-ethyl and 3-n-butyl thiophene. 
The conversion of thiophene is greater than the conversion of benzothiophnene over 
both the ruthenium and rhodium catalysts. The zero conversion levels exhibited by 2- 
isopropyl and 2,3,5trimethyl thiophene is in agreement with the data at 300oC where 
these compounds were observed. 

Figure V.2-16 shows the relative concentrations of thiophene, 2-methyl 
thiophene and their hydrogenated analogs at 275OC. This figure clearly shows that 
both tetrahydrothiophene and 2-methyl tetrahydrothiophene are in excess of their 
concentrations in the feed indicating that they are intermediates in the desutfurization 
of thiophene and 2-methyl thiophene respectively. Hence, similar to the molybdenum 
and palladium catalysts, hydrogenation precedes C-S bond breaking of the 
thiophenes over the ruthenium and rhodium catalysts. 

In summary the conversion of individual sulfur compounds cannot be described 
by first order kinetics over both these catalysts at 3OO0C which is similar to the 
molybdenum and palladium catalysts. The relative reactivities of individual thiophenes 
indicate a significant steric effect similar to the palladium catalyst. Hydrogenation is an 
intermediate step in the desulfurization of thiophenes over both these catalysts. 

DISCUSSION 

REACTION MECHANISMS 

Detailed reaction mechanisms for individual compounds cannot usually be 
determined from studies of industrial feedstocks containing a wide variety of 
compounds. However, certain general features and trends exhibited by the catalysts 
studied indicate the possible reaction mechanisms of particular classes of 
compounds. 

The high boiling thiols/sulfides (retention times > 40 min) are completely 
converted even at the highest space velocities and lowest temperatures used over all 
the catalysts studied. Several of the low boiling thiols/suffides and intermediate boiling 
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thiols/sulfides are formed during the hydrotreatement process. This indicates that low 
and intermediate boiling thiols/sulfides are intermediates in the HDS of either higher 
boiling thiols/sulfides or thiophenes. For instance, lower molecular weight thiols can 
be formed from higher molecular weight sulfides (V.2-31) 

R-S-R’ + H, --> R-SH + R’-SH 

or from thiophene 

C4H4S + 3H2 --> C4H9-SH 

The presence of intermediate thiols/sulfidesin the reaction products does not 
necessarily imply that they are less reactive than some thiophenes but indicates that 
they are perhaps the last sulfur-containing intermediates in the HDS of other 
compounds. 

The disappearance of thiophenes over the catalysts studied shows a marked 
difference in behavior over the zirconium and niobium catalysts on one hand and the 
molybdenum, ruthenium, rhodium and palladium catalysts on the other. As shown in 
Figures V.2-3 and V.2-4, C3 ’and C, thiophenes disappear much faster than lighter 
thiophenes over the zirconium and niobium catalysts. Further, some lighter 
thiophenes exhibit the behavior of intermediates during hydrotreatment over these 
catalysts while other light thiophenes exhibit a negligibly small rate of disappearance. 
In contrast, the heavier thiophenes are converted to a much lesser extent than the 
lighter thiophenes over the other catalysts and none of the lighter thiophenes exhibit 
the behavior of intermediates. 

We propose that two pathways exist for the conversion of thiophenes: HDS and 
the breaking of the C-C bond in the alkyl side chains of the thiophenes. It appears 
that alkyl C-C bond breaking occurs at a high rate over the zirconium and niobium 
catalysts as compared to HDS. This explains the high conversions of the C3 and C, 
thiophenes and the formation of lighter thiophenes over these catalysts. Further, alkyl 
C-C bond breaking is apparently much more prevalent when the side chain is at the 
2-position as compared to the 3-position. Hence, there is very little formation of the 3- 
position substituted lighter thiophenes. 

HDS occurs at a much higher rate than the breaking of the alkyl C-C bonds 
over the other catalysts (molybdenum, ruthenium, rhodium and palladium). Thus 
these catalysts do not exhibit a higher rate of disappearance of heavier thiophenes or 
the subsequent formation of lighter thiophenes to a significant extent. Further, the 
HDS process of thiophenes over these catalysts involves hydrogenation of the 
thiophenic ring prior to the removal of sulfur. This is indicated by the formation of 
tetrahydrothiophene and 2-methyl tetrahydrothiophene during hydrotreatment over 
these catalysts. As mentioned earlier, it is possible that dihydrothiophene is the 
primary intermediate in thiophene HDS over the palladium catalyst while 
tetrahydrothiophene is the secondary intermediate as observed experimentally. 
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KINETICS OF INDIVIDUAL SULFUR COMPOUNDS 

The results regarding the kinetics of individual compounds over the 
molybdenum, palladium, ruthenium and rhodium compounds shows that none of the 
compounds (thiols/sulfides and thiophenes) follow first order kinetics at 300°C. At 
350°C only the thiophenic compounds follow first order kinetics over the molybdenum 
catalyst while thiols/sulfides do not. However, the thiophenic compounds do not 
follow first order kinetics at 350°C over the palladium catalyst. These results are in 
contrast to some of the other studies on kinetics of sulfur compounds in industrial 
feedstocks over commercial catalysts (V.2-16,V.2-17). 

A possible reason for the non-first order kinetics observed for the thiols/sulfides 
at all temperatures is that they are intermediates in the disappearance of other sulfur 
compounds such as higher boiling thiols/sulfides and/or thiophenes as observed 
experimentally. Hence their reaction rate would be a combination of a first order 
disappearance rate and a formation rate from other compounds which is expected to 
deviate from first order kinetics. 

However, the rate of reaction of thiophenes cannot be explained in this manner 
over the molybdenum, palladium, ruthenium and rhodium catalysts as they do not 
exhibit the behavior of intermediates over these catalysts. The conversion rate of the 
individual thiophenes appears to be high at low space times and then decreases to a 
low value at high space times. This indicates that the rate-is inhibited by the reaction 
products at higher conversions and space times. Such inhibition of the reaction rate 
of sulfur compounds by one of the reaction products, H2S, has been shown earlier in 
model compound studies. Further, a recent investigation of the HDS of individual 
sulfur compounds in diesel (V.2-18) has shown that H2S formed from the HDS of high 
reactivity compounds inhibits the reaction rate of the low reactivity compounds at high 
residence times. In fact some of the sulfur compounds exhibited high reaction rates at 
low residence times followed by virtually zero additional conversion at higher 
residence times. Our data are similar to the results of this study. In the case of coal- 
derived naphtha which contains significant amounts of nitrogen and oxygen 
compounds in addition to sulfur compounds, the reaction rate would be inhibited not 
only by H,S but also by the NH, and H20 produced from the hydrotreatment of the 
nitrogen and oxygen compounds as well. 

Product inhibition of the reaction rate is usually represented by Langmuir- 
Hinshelwood rate expressions with the denominator containing the product of an 
adsorption equilibrium constant and partial pressure of the inhibiting species. The 
adsorption equilibrium constant decreases with increasing temperature and is also 
dependent on the type of catalyst used. At 3OO0C, the value of the adsorption 
equilibrium constant is high for all the catalysts studied. Hence, the reaction rate of 
thiophenes is inhibited by the reaction products such as H2S, NH, and H,O over all 
the catalysts at this temperature. At 35OoC, the values of the product adsorption 
equilibrium constants are small for the molybdenum catalyst and hence the 
thiophenes exhibit pseudo-first order kinetics. However, the values of the product 
adsorption equilibrium constants are significantly high for the palladium catalyst even 
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at 35OOC. Thus the thiophenes do not exhibit first order kinetics over the palldium 
catalyst at the higher temperature. This is not surprising since the adsorption 
equilibrium constant of one of the products, H,S, should correlate to the heat of 
formation of the sulfides which increases as one goes from left to right in the transition 
metal series of the periodic table. Thus palladium would be expected to have a higher 
heat of formation of the sulfide and a higher value for the adsorption equilibrium 
constant than molybdenum. 

KINETICS OF THE OVERALL REMOVAL OF SULFUR FROM NAPHTHA 

A theoretical study of reactions in mixtures concluded that if individual 
compounds react in parallel, independent first order reactions and if the individual rate 
constants follow a gamma distribution then the overall mixture would exhibit reaction 
orders between one and two. However, in this study we have shown that the 
individual sulfur compounds in naphtha do not react in parallel/independent reactions 
as shown by the presence of several compounds which are intermediates in the 
conversion of other sulfur compounds. Further, the individual sulfur compounds do 
not exhibit first order kinetics and the reaction rate is strongly inhibited by the reaction 
products. Hence, it is not surprising that the resultant overall HDS reaction is not 
second order over any of the catalysts studied. 

A lumped kinetic analysis could certainly be done for these catalysts assuming 
that the naphtha can be represented as consisting of four lumps with each lump 
exhibiting first order kinetics. However, this would not be based on experimental 
observations which show that the individual compounds do not follow first order 
kinetics. It is more appropriate to consider lumps exhibiting Langmuir-Hinshelwood 
kinetics with product inhibition which probably is a better representation of the actual 
phenomena occurring on the catalysts. However, such an analysis involves a large 
number of adjustable constants and requires a relatively large amount of kinetic data 
for their determination. 

RELATIVE REACTIVITIES OF THIOPHENES 

As mentioned previously, the reaction mechanisms for thiophenes is different 
over the zirconium and niobium catalysts on the one hand and the molybdenum, 
palladium, ruthenium and rhodium catalysts on the other. In this section the relative 
reactivities of the thiophenes over the more active catalysts is discussed. 

The reactivity of thiophene is greater than that of benzothiophene over the 
molybdenum, ruthenium and rhodium catalysts. However, the situation is reversed in 
the case of the palladium catalyst. Previous studies on the relative reactivities of 
thiophene and benzothiophene over commercial catalysts have obtained conflicting 
results. Several substituted thiophenes have a lower reactivity than benzothiophene 
over all the catalysts studied even though the substituted thiophenes have lower 
molecular weights and boiling points. 
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Between thiophene and the substituted thiophenes, each catalyst exhibits 
different relative reactivities though there is a great similarity in the behavior exhibited 
by the two most active catalysts - ruthenium and rhodium. The molybdenum catalyst 
exhibits three clear trends. 

The situation is different for the ruthenium and rhodium catalysts as compared 
to the molybdenum catalyst. Here the reactivity of thiophene is intermediate between 
2-methyl and 3-methyl thiophene with 3-methyl thiophene possessing the higher 
reactivity. Further a prominent steric effect is observed as there is a large difference in 
the conversions of 2-methyl and 3-methyl thiophenes and 2-ethyl and 3-ethyl 
thiophenes. Similar to the molybdenum catalyst, the reactivity decreases as an 
additional methyl group is added to another position on thiophene as shown by the 
data for 2-methy1, 2,5-dimethyl and 2,3,5trimethyl thiophenes. There is also a 
decrease in reactivity as the substituting group becomes bigger in the 3-position as 
well as the 2-position. 

The palladium catalyst exhibits a great deal of similarities in the relative 
reactivities of the thiophenes to the other Group Vlll catalysts (ruthenium and 
rhodium). A prominent steric effect is observed and the reactivity of thiophene is 
intermediate between 2-methyl and 3-methyl thiophene. A decreasing trend in 
reactivity is observed as an additional methyl group is added to another position on 
thiophene and as the substituting group becomes bigger in the 2-position. However, 
3-n-butyl thiophene exhibits an intermediate reactivity between 3-methyl and 3-ethyl 
thiophene. 

Previous investigations into the relative reactvities of thiophenes have attempted 
to explain the trends observed on the basis of the mode of adsorption of thiophenes 
or ionization potentials. However, the experimental results obtained are conflicting 
especially when studies have been carried out for isolated model compounds and for 
model compounds in binary mixtures. Further, there is still controversy regarding the 
mode of adsorption of thiophenes on the catalyst with several theories proposed. Our 
results have been obtained on different catalysts and under competitive reaction 
conditions with a variety of other sulfur, nitrogen and oxygen compounds. The 
difference in relative reactivities of the thiophenes over the catalysts studied suggests 
different adsorption modes of thiophenes on the catalyst surface. 
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Table V.2-1 

Sulfur Compounds Identified in Coal-Derived Naphtha 

Compound 

Hydrogen Sulfide 

Abbreviation Ammount (ppm) 

HS 5.7 

11 Ethanethiol I ETHL - 1  7.4 

Dimethyl Sulfide 

Pro panet hiol 

DMS 0.5 

PTHL 0.5 

Methyl Ethyl Sulfide 

Thiophene 

1 -Butanethiol 

2-Methyl Thiophene 

3-Methyl Thiophene 

MES 1 .I 

T 1 1.04 

BTHL 0.05 

2MT 13.4 

3MT 11.2 

Benzothiophene BTT 7.0 

Dibentothiophene 
I 

Tetrahydrothiophene 

2-Methyl 
Tetrahydrothiophene 

2-Ethyl Thiophene 

2,5-Dimethyl Thiophene 

3-Ethyl Thiophene 

2-Isopropyl Thiophene 

2-n-Propyl Thiophene 

2,3,5-Trimethyl Thiophene 

3-n-Butyl Thiophene 

DBZT 

THT 272 

2MTHT 13.63 

2ET 16.4 

2,5DMT 2.2 

3ET 21 -04 

21PT 6.02 

2NPT 1.15 

2,3,5TMT 19.3 

3NBT 6.58 

0.8 
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Table V.2-2 

Compound 

Thiophene 

2-Methyl Thiophene 

Rate Constant (g naphthdg cat-hr) 

3.04 

0.94 
~~~~ ~ 

3-Methyl Thiophene 

2-Ethyl Thiophene 

2,5-Dimethyl Thiophene 

3-Ethyl Thiophene 

2-Isopropyl Thiophene 

2,3,5-Trimethyl Thiophene 

3-n-Butyl Thiophene 

Benzothiophene 

V.2-18 

1.14 

2.66 

0.62 

1.28 

3.1 3 

0.62 

0.57 

2.08 
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Thlolslsulfldes Dibenzothlophenes 

Figure V.2-1. Sulfur-containing heteroatom compound class distribution in coal-derived naphtha. 
1 

.1 
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0.0 0.5 1 .o 1 .5 2.0 

1NHSV (g cat-hrlg naphtha) 

Figure V.2-2. Removal of total sulfur from coal-derived naphtha over second row transition metal 
sulfides. (W) Zirconium catalyst at 35OoC; (+) Niobium catalyst at 35OoC; (0) 
Molybdenum catalyst at 30OoC; (w) Molybdenum catalyst at 35OOC; (A) Ruthenium 
catalyst at 30OoC; (A) Rhodium catalyst at 30OoC; (0) Palladium catalyst at 30OoC; 
(0) Palladium catalyst at 35OoC. 
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Figure V.2-3. Relative amounts of light and high boiling thiols/sulfides as a function of space time 
over the zirconium and niobium catalysts at 350OC. (w) tight thiols/sulfides over 
zirconium catalyst; (0) High boiling thiols/suKides over zirconium catalyst; (A) Light 
thiols/sulfides over niobium catalyst; (A) High boiling thiols/sulfides over niobium 
catalyst. 

I I /  
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I N H S V  (g cat-hr/g naphtha) 

Figure V.2-4. Relative amounts of thiophenes as a function of space time over the zirconium 
catalyst at 350OC. (m) Thiophene; (0) 2-methyl thiophene; (0) 3-methyl thiophene; 
(0) 2-ethyl thiophene: (A) 2,Sdimethyl thiophene; (A) &ethyl thiophene; (+) 2- 
isopropyl thiophene; (x) 2-n-propyl thiophene; (4) 2,3,5-trimethyl thiophene; (x) 3-n- 
butyl thiophene. 
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Figure V.2-5. Relative amounts of thiophenes as a function of space time over the niobium 
catalyst at 35OoC. (m) Thiophene; (0) 2-methyl thiophene; (0) 3-methyl thiophene; 
(0) 2-ethyl thiophene; (A) 2,5-dimethyl thiophene; (A) 3-ethyl thiophene; (+) 2- 
isopropyl thiophene; (x) 2-n-propyl thiophene; (m) 2,3,5-trimethyl thiophene; (x) C,- 
thiophene; (A) 

0 1 2 

llWHSV (g. cat-hrlg. naphtha) 

Figure V.2-6. Sulfur compounds showing the behavior of intermediates over the molybdenum 
catalyst at 30OoC. (H) Tetrahydrothiophene; (0) 2-methyl tetrahydrothiophene; (0) 
Cs thiol/sulfide. 
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Figure V.2-7. Sulfur compounds showing the behavior of intermediates over the palladium catalyst 
at 300°C. (m) Tetrahydrothiophene; (0) 2-methyl tetrahydrothiophene; (0) C5 
thiol/sulfide. 

llWHSV (0. cat-hrlg. naphtha) 

Figure V.2-8. Kinetic plot of the disappearancelof sulfur compounds over the molybdenum 
catalyst at 30OoC. (4) Thiophene; (0) 2-methyl thiophene; (0) c8 thiol/sulfide; (0) 
C8 thiol/sulfide; (A) Cs thiol/suffide. 
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Figure V.2-9. Kinetic plot of the disappearance of sulfur compounds over the molybdenum 
catalyst at 350OC. (H) Thiophene; (0) 2-methyl thiophene; (e) C, thiol/sulfide; (0) 
C, thiol/sulfide; (A) C3 thiophene. 
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Figure V.2-10. Kinetic plot of the disappearance of sulfur compounds over the palladium catalyst at 
350OC. (I) Thiophene; (0) 2-methyl thiophene; (0) C4 thiol/suffide; (A) Cs 
thiol/sulfide; (A) C9 thiol/suffide; (0) C,-thiophene. 
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Figure V.2-11. Relative reactivities of thiophenes and benzothiophene over the molybdenum 
catalyst at 35OoC. (m) Thiophene; (0) 2-methyl thiophene; (0) 3-methyl thiophene; 
(0) 2-ethyl thiophene; (A) 2,sdimethyl thiophene; (A) 3-ethyl thiophene; (+) 2- 
isopropyl thiophene: (m) 2,3,5-trimethyl thiophene; (x) 3-n-butyl thiophene (m) 
Benzothiophene. 
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Figure V.2-12. Relative reactivities of thiophenes over the palladium catalyst at 35OoC. (m) 
Thiophene; (0) 2-methyl thiophene; (0) 3-methyl thiophene; (0) 2-ethyl thiophene; 
(A) 2,5-dimethyl thiophene; (A) 3-ethyl thiophene; (+) 2-isopropyl thiophene; (M) 
2,3,5-trimethyl thiophene; (x) 3-n-butyl thiophene. 
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Figure V.2-13. Kinetic plot of the disappearance of sulfur compounds over the ruthenium catalyst at 
300°C. (H) C,-thiophene; (0) C,-thiophene; (A) C,-thiophene; (0) 2,3,5-trimethyl 
thiophene; (+) C, thiol/sulfide; (x) C, thiol/sulfide; (A) c8 thiol/sulfide. 
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Figure V.2-14. Kinetic plot of the disappearance of sulfur compounds over the rhodium catalyst at 
300°C. (H) Thiophene; a 2-ethyl thiophene; (0) 2-isopropyl thiophene; (0) 2,3,5- 
trimethyl thiophene; (I) Ethanethiol; (x) Butanethiol; (x) C4 thiol/sulfide; (A) C, 
thiol/sulfide; (A) C, thiol/suffide; (+) c8 thiol/sulfide. 
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Figure V.2-15. Relative conversions of thiophenes over the ruthenium and rhodium catalysts at 
275OC and a WHSV of one. (0) Ruthenium catalyst; (0) Rhodium catalyst. (Refer to 
Table V.2-1 for the abbreviations of the thiophenes and benzothiophene). 

Figure V.2-16. Relative amounts of thiophenes and hydrogenated thiophenes over the ruthenium 
and rhodium catalysts at 275°C and a WHSV of one. cn> Ruthenium catalyst; (0) 
Rhodium catalyst. (Refer to Table V.2-1 for the abbreviations of the thiophenes and 
benzothiophene). 



CHAPTER VI 

COMPETITIVE CONVERSION OF NITROGEN AND 
SULFUR COMPOUNDS IN NAPHTHA WITH 
TRANSITION METAL SULFIDE CATALYSTS 

ABSTRACT 

The hydrotreatment of naphtha derived from the Illinois No. 6 coal has been 
carried out over supported transition metal sulfide catalysts (Row 2 and 3). Ruthenium 
sulfide is the most active catalyst for both HDS and HDN and is much more active 
than supported molybdenum sulfide catalyst. A supported Ruthenium (5.1 wt.%) 
sulfide catalyst is more active than commercial Ni-Mo and Co-Mo catalysts for HDN 
and as active for HDS. 

I NTROD UCTIO N 

The liquefaction of coal, found in large amounts in the U.S.A. and other 
locations, is an attractive alternative to crude petroleum as a source of liquid fuel. 
Also, in recent years the need to more effectively utilize heavier resids has led to 
hydrotreating processes for heavier feedstocks. However, coal-derived naphtha, 
compared with the typical crude petroleum-derived naphtha, contains much higher 
amounts of nitrogen and sulfur heteroatoms (VI-I). A number of investigations show 
that more severe conditions or more active catalysts are necessary to hydrotreat coal- 
derived naphtha than is the case for petroleum-derived naphtha (VI-I - VI-6). 

Chianelli et al. (VI-7) showed that certain Group Vlll unsupported transition 
metal sulfides of the second and third row of the Periodic Table exhibited an activity 
for the hydrodesulfurization (HDS) of dibenzothiophene that was at least IO-times 
higher than that of molybdenum sulfide. Following this study, Vissers et al. (VI-8) and 
Ledoux et al. (VI-9) reported similar volcano curves for the HDS of thiophene over 
carbon supported transition metal sulfides. Subsequently, Eijsbouts et al. (VI-I 0) and 
Ledoux and Djellouli (VI-1 1) demonstrated that similar volcano curves are observed 
for the hydrodenitrogenation (HDN) of pyridine and quinoline over carbon supported 
transition metal sulfides. 

The studies mentioned above used only model compounds for the HDN or 
HDS reactions that are catalyzed by transition metal sulfides. Since a coal-naphtha 
contains hundreds of nitrogen and sulfur compounds, inhibition and competitive 
adsorption may affect the rate of nitrogen and sulfur removal. It is therefore of interest 
to learn whether the sulfur and nitrogen compounds that are present in a coalderived 
naphtha exhibit the same type of volcano curves for the transition metal sulfide 
catalysts as was obtained for the model compounds. 

In this study, we have carried out hydrotreatment of an Illinois No. 6 coal- 
derived naphtha using supported (y-Al2OJ transition metal sulfides of the second and 
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third rows of the Periodic Table. The activities of the catalysts prepared for this study 
are compared under the same experimental conditions to those of commercial Ni- 
Mo/Alumina and Co-Mo/Alumina catalysts. 

EXPERIMENTAL 

Catalvst Preparation 

The catalysts were prepared by impregnation of a y-alumina (surface area 21 0 
m2/g, pore volume 0.66 cm3/g) with appropriate solutions of the second and third row 
transition metal salts listed in Table VI-1, dried in air at 1 1 O°C, then calcined in air at 
40OoC. The catalysts were then sulfided in a gas flow consisting of 10% H,S in H, at 
600 psig and heated at a rate of l0C/min to 375OC and maintained at this temperature 
overnight. The chloride added during catalyst preparation may alter the behavior of 
the support. After catalyst pretreatment using HJH,S, the chloride level in each 
catalyst was determined and for all catalysts, was lower than could be measured 
reliably with the ion exchange technique employed (e.g., 0.1 wt.%). 

Naphtha 

The naphtha derived from the liquefaction of a bituminous Illinois No. 6 was 
obtained from the Wilsonville, Alabama Advanced Integrated Two Stage Liquefaction 
Plant. The sample was collected dyring Run 261. The elemental analyses of the 
naphtha are shown in Table VI-2. 

Reactor Svstem 

A bench scale fixed-bed reactor, operated in concurrent downflow mode, was 
used for these studies. A Brooks Mass flow controller, Model 5850 E, was used to 
deliver a constant gas flow. A Milton Roy mini Pump Solvent Delivery system was 
used to pump the feedstocks at high pressure. The reactor was 114 inch O.D. (wall 
thickness = 0.035 inch). The reactor was placed in a 1" x 12" Lindberg 12OOOC tube 
furnace held in a vertical position. A hand-loaded back-pressure regulator, rated to 
4000 psig, was used to regulate the reaction pressure. 

Hvdrotreatment 

The three grams of catalyst were sulfided in-situ. The gas flow was switched to 
helium for 1 hour after sulfiding and prior to the start of liquid and H, flow. The 
heteroatom removal, HDS and HDN, was performed over the 10 catalysts as the 
temperature was varied over the range of 300 to 4OO0C while holding constant the 
total pressure (660 psig), weight hourly space velocity (WHSV = I g  of naphtha/hr/g of 
catalyst), and hydrogen to naphtha g-mole ratio (26). Hydrotreatment of the Illinois 
No. 6 naphtha was carried out over the catalyst with each condition maintained 
constant during a 24 hour period; three samples were taken at steady state conditions 
during the last 6 hours of the 24 hours period. Prior to analysis, the sample was 
washed three times with distilled water to remove dissolved H$ and NH,. 
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Analvtical 

The feedstock and products were analyzed for total sulfur and nitrogen 
contents and for the individual sulfur and nitrogen compounds. Total nitrogen was 
obtained using a Xertex DN-10 total nitrogen analyzer equipped with a 
chemiluminescence detector. Total sulfur content was determined using a C-300 
microcoulometer. Carbon and hydrogen analyses were performed using a Leco CHN 
analyzer. Individual sulfur compounds were determined using a Sievers Model 350B 
Sulfur Chemiluminescence Detector (SCD) coupled with a HP5890 Series II gas 
chromatograph containing a SPB-1 Column (30m x 0.32 mm). individual nitrogen 
compounds were determined using a Thermionic Specific Detector (TSD) coupled with 
a Varian 3700 gas chromatograph using a KOH treated Carbowax column. 

Catalysts 

Supported catalysts were prepared using 10 transition metals. The catalysts 
were prepared to contain the same moles of transition metal atoms per unit weight of 
support. The content of metal atoms supported on the alumina was chosen to be 
equivalent to that of the 1.49 wt% of Pt on alumina catalyst; this corresponds to 0.22 
metal atoms per nm2 support surface area, assuming an uniform atomic dispersion. 
The actual metal loadings are given in Table VI-I. 

RESULTS AND DISCUSSION 

Hvdrodesulfurization 

The trend of the HDS activity (Figure VI-1) shows that at 3OO0C, ruthenium 
sulfide is the most active catalyst. For the second and third row transition metal 
sulfides, a volcano type curve describes the activity for HDS. The transition metal 
sulfides of the second row are more active for HDS than those of third row; however, 
generalizations when the conversions are above about 50% are risky. These results 
are comparable to those reported by Chianelli et al. (VI-7) for the HDS of 
dibenzothiophene and by Vissers et al. (VI-8) and Ledoux et al. (VI-9) for carbon 
supported transition metal sulfide catalysts for the for the HDS of thiophene. 
Although the naphtha contains hundreds of nitrogen and sulfur compounds, the trend 
for the activity of HDS of the naphtha is similar to that reported for a single compound, 
thiophene or benzothiophene. Similar curves for the HDS activ-rty are obtained for 
second row transition metal sulfide catalysts at 35OoC except that the conversion is 
higher than shown in figure 1. Ru, Rh, Pd, Re and Os sulfides are the most active for 
HDS at 35OoC. At temperature 4OO0C, the extent of HDS is so great that all catalysts 
exhibit 95% or higher sulfur removal except for the Zr, Ir, and Pt sulfide catalysts. 

Hydrodenitroaenation 

The variation of the HDN activ-y with the position of the metal in the Periodic 
Table is illustrated in Figures VI-2 - VI-4 for temperatures of 300, 350 and 400°C, 
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respectively. At 3OO0C, ruthenium sulfide is the most active catalyst (Figure VI-2) as 
was observed for the HDS reaction. For the second row transition metal sulfides, a 
volcano curve for the HDN activity is observed. However, for the third row transition 
metal sulfide catalysts, the catalysts exhibit a similar activity for HDN, except for the 
lower activity for the tungsten sulfide catalyst. The data in Figure VI-3 for HDN at 
350°C show a volcano curve applies for the second and third row transition metal 
sulfide catalysts. The catalyst with maximum activity for the second row is ruthenium 
sulfide, which removed approximately 70 % of the nitrogen compounds. Rhenium 
sulfide is the most active for the third row catalysts, and has an activity that is similar 
to that of ruthenium sulfide. At 4OO0C, the periodic trend for HDN is similar to that at 
350°C (Figure VI-4) except that osmium and rhodium sulfides are about as active as 
ruthenium and rhenium sulfide catalysts for HDN. The differences at 4OO0C may be 
due to the high conversion levels at this temperature. 

A comparison of the HDS to HDN data show that it is much easier to remove 
sulfur than nitrogen from the naphtha (Figure VI-5). A similar trend was observed 
while hydrotreating Illinois No. 6 and Black Thunder naphtha samples using three 
commercial catalysts (VI-12). Since the ruthenium sulfide is much more active than 
the molybdenum sulfide in the HDS and HDN of naphtha, it is of interest to learn 
whether the supported ruthenium sulfide catalyst is more active than the molybdenum- 
based commercial catalysts. 

Comparison of Ruthenium Sulfide to Commercial Catalvsts 

Two commercial catalysts, a Co-Mo on alumina (American Cyanamid HDS- 
1442A, 1/16'' x 1/4" pellets) and a Ni-Mo on alumina (Akzo KF-840 1.3 Q) have been 
utilized together with two alumina supported ruthenium sulfide catalysts (0.77 and 5.1 
wt. % of Ru). The Ru (0.77) catalyst is the one utilized for the comparisons with other 
transaction metal catalysts. Analytical data for the commercial catalysts are presented 
in Table VI-3. The catalysts (prepared in-house and commercial) were ground and 
the fraction passing through a 200 mesh sieve was used; therefore, the granular size 
of all catalysts were less than 74pm. The flow region using the catalysts prepared in- 
house and the commercial materials should therefore be essentially the same. Since 
the Ru and commercial catalysts were ground to produce a fine powder of similar 
size, diffusion resistance is not a significant problem. Two different 

reactors, 1/4" with 0.035" wall thickness and l/2' with 0.045" wall thickness, were used 
in the initial runs to identify the reactor flow regime. Mass transfer resistance was 
observed for the 1/2" reactor (a laminar flow); however, no significant mass transfer 
resistance was found using the 1/4" reactor. Therefore, a 1/4" 0.0. with 0.035" wall 
thickness reactor was chosen for this study. 

The Ru (0.77) catalyst, compared to the commercial catalysts on a total weight 
basis, at the three temperatures for the removal of sulfur is only slightly less active 
than either commercial catalyst; at 4OO0C the performance of the Ru (0.7'7) catalyst 
approaches that of the Ni-Mo catalyst. For HDS, the Co-Mo catalyst that was utilized 
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was superior to the Ni-Mo catalyst; the differences between these two catalysts are 
too small to permit this observation to be extended to a generalization concerning the 
relative performance of Co-Mo and Ni-Mo catalysts. The Ru (5.1) catalyst is as good 
as the Co-Mo catalyst and, on a total catalyst weight basis, is superior to the Ni-Mo 
catalyst at the three temperatures used in this study. However, the extent of HDS is 
above 90% for all of the temperatures utilized, and this should be kept in mind. 

For HDN, the Ru (0.77) and Ru (5.1) catalysts are not as active as either the 
Co-Mo or Ni-Mo catalysts at 30OoC; the Co-Mo catalyst is less active for HDN than the 
Ni-Mo catalyst (Figure VI-6). At 35OoC, the nitrogen content of the hydrotreated 
hydrotreated naphtha produced for the Ru (5.1) catalyst is about the same as that of 
the two commercial catalysts. At 4OO0C, the Ru (5.1) catalyst reduces the nitrogen in 
the naphtha products to a lower level than either of the commercial catalysts do; 
however, even at 4OO0C, the Ru (0.77) catalyst is not as active as the commercial 
catalysts when the removal is based on the total weight of the catalyst. 

Another approach is to make the comparison of activity on the basis of the 
weight of active metal. When this is done the two ruthenium catalysts are more active 
than either the Co-Mo or Ni-Mo catalysts (Figures VI-7 and VI-8). The Ru (5.1) 
catalyst is less active per gram of Ru than the Ru (0.77) catalyst is, and this is 
probably due to the higher dispersion of the Ru in the catalyst with the lower Ru 
loading. 

CONCLUSION 

The activity of second and third row transition metal sulfides for the HDS and 
HDN of Illinois No. 6 naphtha show that ruthenium sulfide is the most active catalyst. 
The comparison between a supported ruthenium sulfide and commercial Co-Mo and 
Ni-Mo catalysts shows that ruthenium sulfide is more active for HDN at higher 
temperatures and is as active for HDS. The competitive adsorptions involved in the 
conversion of N and S heterocompounds in a coal-derived naphtha produce volcano 
type curves that are similar to those obtained from model compound studies. 
Furthermore, a common metal sulfide (Ru) is the most active for both HDS and HDN. 
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Table VI-1 
Composition of Catalyst Prepared 
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Table VI-2 
Elemental Composition of the Naphthas 

I 

Element 

C 

Illinois No. 6 

85.57% 

ir 
N 

S 

~ 

H 

1470 ppm 

820 ppm 

13.24% 

II 0 1.26% 

VI-8 



Table VI-3 
Analytical Data for Commercial Catalysts 

Co-Mo-Alumina I Ni-Mo-Alumina 

Co 2.7% Ni 3.1% 

Mo 11.1% Mo 13.3% 

S = 288 m2/g 

S = BET Surface Area 

S = 138 m2/g 

VI-9 



100 

90- 

80- 

70 - 

C6 60- 

I 

8 

n 
50- 

40- 

30- 

20 

Figure VI-1. Trends within the Periodic Table of Row 2 (U) and Row 3 (+) metal 
sulfide catalysts for HDS of Illinois No. 6 at 30OoC. 
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CHAPTER VI1 

CATALYTIC HYDROTREATMENT OF COAL-DERIVED 
NAPHTHA USING COMMERCIAL CATALYSTS 

ABSTRACT 

Naphtha samples derived from the liquefaction of a bituminous Illinois No. 6 
and a subbituminous Black Thunder coal were hydrotreated using commercial Co- 
Mo/AI,O,, Ni-Mo/Al,O,. and Ni-W/AI,O, catalysts. lt was easier to remove the N, 0 and 
S heteroatoms from Illinois No. 6 naphtha than from the Black Thunder naphtha. 
Nitrogen and oxygen were more difficutt to remove than sulfur in the temperature 
range 200-400°C. Considerable differences in catalyst activity for the 
hydrodenitrogenation (HDN), hydrodeoxygenation (HDO) and hydrodesukrization 
(HDS) reactions were observed. The Ni-Mo catalyst was found to be the most active 
catalyst for the HDN and HDO reactions and the least active catalyst for the HDS. The 
Co-Mo catalyst was the most active catalyst for the sulfur removal. For the Illinois No. 
6 naphtha, a first order reaction applies for the HDN and HDO reactions for all three 
catalysts. However, for the Black Thunder naphtha, the first order reaction applies 
only at the lower space velocities; a large deviation is observed at higher space 
velocities. 

INTRODUCTION 

Petroleum refining has become increasingly specialized, and this trend will 
accelerate in the future. Thus, naphtha refining is rapidly approaching the 
sophistication where narrow boiling fractions, even to the extent of approaching 
fractions that contain only isomers of a particular carbon number, are processed 
separately, and the proper amount of each fraction is then blended to give the desired 
gasoline properties. An example of this mode of operation is seen in the utilization of 
a Pt-L zeolite catalyst, made nonacidic by alkali metals, for the selective 
dehydrocyclization of hexane isomers to aromatics. The Pt-L zeolite is much more 
selective for hexane conversion than conventional catalysts and to optimized its use in 
reforming, a narrow boiling fraction containing hexanes can be isolated by distillation 
from the naphtha for conversion with the Pt-L zeolite catalyst. The superior activity of 
the Pt-L zeolite catalyst comes at a cost and, in this case, the cost is that the catalyst 
is much more sensitive to poisoning by sulfur. Thus, sulfur levels in the feed to the Pt- 
L zeolite catalyst must be decreased by a factor of 100 or more to attain a level of 
about 10 part per billion sulfur. In the future, the fossil fuels will require more 
conversion and purification of heavy and unconventional feedstocks. Thus, a 
concurrent decrease in nitrogen and oxygen level becomes an increasingly important 
requirement. 

Since gasoline, derived from naphthas, accounts for about 50% of today’s 
usage of transportation fuels, any successful coal liquefaction program must produce 
environmentally acceptable gasoline feedstocks. Coalderived naphtha, compared 
with the typical petroleum feedstock, contains much higher amounts of nitrogen, 
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oxygen and sulfur heteroatoms. The amount of these heteroatoms indicate that more 
severe conditions or more active catalysts are necessary to hydrotreat the coal- 
derived naphtha. A number of studies suggest that current naphtha hydrotreating 
catalysts do not have sufficient activity to upgrade coal-derived syncrudes (VII-1 - VII- 
6). To meet today's hydrotreating activity level, at least a 1 0-fold increase in catalytic 
activity is needed to upgrade coal-derived naphtha at today's commercially acceptable 
rate. 

As a basis for evaluating each of the high surface area transition metal sulfides 
as naphtha hydrotreating catalysts, the catalytic hydrotreatment of an Illinois No. 6 and 
a Black Thunder naphtha using commercial catalysts was studied. The activities of 
these three catalysts are compared. Kinetics parameters for the HDN and HDO 
reactions are also discussed. 

EXPERIMENTAL 

Reactor Svstem 

A bench scale fixed-bed reactor, operated in a concurrent down-flow mode, 
was used for these studies. A Brooks Mass flow controller, Model 5850 E, was used 
to deliver a constant gas flow. A Milton Roy minipump Solvent Delivery system was 
used to pump the feedstocks at high pressure. The feed is delivered at pressures 
from 100 to 6000 psig over flow ranges of 1.9-1 9 ml/hr. The reactor was assembled 
from 1/2 inch 0.0. (wall thickness = 0.049 inch) tubing'as the reactor walf and 1/8 
inch O.D. tubing as the inlet and outlet tubes. The reactor was placed in a 1" x 12" 
Lindberg 12OO0C tube furnace held in a vertical position. A hand-loaded back- 
pressure regulator, rated to 4000 psig, was used to regulate the reaction pressure. 
The reaction conditions are in the range from 200 to 4OO0C, the pressure was 660 
psig and the hydrogen to hydrocarbon g-mole ratio was 2.6. 

Hvdrotreatment 

Hydrotreatment of the Illinois No. 6 and Black Thunder naphtha samples was 
carried out using three commercial catalysts. Each condition was maintained for 24 
hours and three samples were taken at steady state conditions during the last 6 hours 
of the 24 hour period to obtain data to calculate the removal of the heteroatoms for 
each condition. The hydrocarbon distribution was not significantly changed during the 

. hydrotreatment process. Therefore, the boiling point distributions of the feed and 
product samples changed very little during the runs. The material balances for all 
experimental hydrotreatment runs were in the range of 97 to 104%. The raw product 
samples were washed three times with distilled water to remove dissolved H2S and 
NH, and then refrigerated prior to analysis. 

Three commercial catalysts, a Co-Mo on alumina (American Cyanamid HDS- 
1442A, 1/16'' x 1/4" pellets), a Ni-W on alumina (Harshaw Catalyst, Ni-4301, E 1/12, l o t  
16, Drum 29) and a Ni-Mo on alumina (Akzo KF-840 1.3 Q) were employed in the 
processing of the two naphtha samples. Analytical data for these catalysts are 
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presented in Table VII-1. Three grams of a catalyst were added to the reactor and 
presulfided at 660 psig using a mixture of 10 wt.% H,S in hydrogen (35 mumin) prior 
to the beginning of hydrotreating operations. The temperature during sulfidation was 
ramped to 375OC at a rate of iOC/min, and then maintained at 375OC for 4 hours. The 
gas flow was switched to helium for 1 hour after sulfiding and prior to the start of the 
naphtha and H, feed. 

Naphtha Feedstock 

The naphtha samples were produced during the liquefaction of a bituminous 
Illinois No. 6 or a subbituminous Black Thunder coal and were obtained from the 
Wilsonville, Alabama Advanced Integrated Two Stage Liquefaction Plant. The Illinois 
No. 6 coal-derived naphtha was obtained during Run 261 and the Black Thunder coal- 
derived naphtha was obtained during Run 260. 

The elemental analyses of the naphtha samples are shown in Table VII-2. 
Carbon, nitrogen and hydrogen analyses were performed using a Leco CHN 600 
analyzer. Oxygen analyses were obtained using the Fast Neutron Activation Analysis 
(FNAA) method and were performed by the University of Kentucky Radioanalytical 
Service. Trace levels of nitrogen was obtained using a Dohrmann DN-IO total nitrogen 
analyzer equipped with a chemiluminescence detector. Sulfur was determined using a 
Dohrmann C-300 microcoulometer. 

RESULTS 

Two sets of conditions were employed for the hydrotreatment of the Illinois No. 
6 and Black Thunder naphthas. In the first condition, heteroatom removal was 
obtained using temperatures from 200 to 40OoC. The temperature was varied while 
maintaining constant total pressure (600 psig), weight hourly space velocity (WHSV = 
I), and hydrogen to naphtha g-mole ratio (2.6). The catalyst activities for the HDN, 
HDO and HDS reactions were obtained and the activation energies of these three 
reactions were calculated for each catalyst. In the second condition, the weight hourly 
space velocity was varied to obtain the reaction order of N, 0 and S removal at 
30OoC. 

The nitrogen and sulfur contents of the products and the % HDN, % HDO and 

% HDS attained using the first set of conditions are shown in Table VII-3. The data in 
this table show that, generally, the N, 0 and S heteroatom removal from the Illinois 
No. 6 naphtha was easier than for the Black Thunder naphtha. The only exception to 
this was while using the Ni-W catalyst, where it was found that oxygen removal from 
the Black Thunder naphtha was easier than from the Illinois No. 6 naphtha. 

Significant amounts of nitrogen and sulfur can be removed using these three 
commercial catalysts. However, even at the highest reaction temperature (400OC) 
used in this study, approximately 15 ppm of nitrogen was still present in the Illinois No. 
6 product when the Ni-Mo catalyst was used. 
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At 3OO0C, the sulfur content can be decreased to approximately 4 ppm, and at 
400°C to 2 ppm, using the Co-Mo catalyst. However, using the Ni-W and Ni-Mo 
catalysts, the sulfur level can be reduced only to approximately 11 ppm for both 
naphtha samples at 400°C. 

The maximum removal of oxygen is approximately 98% using the Ni-Mo 
catalyst at 400°C. 

In Figures VII-1 to VII-3, the removal of nitrogen, sulfur and oxygen is given 
for different reaction temperatures, respectively. For HDN of the Illinois No. 6 naphtha, 
the data (Figure VII-1) show that the Ni-Mo-alumina catalyst is the most active and Ni- 
W-alumina is the least active among those tested. However, the Ni-W-alumina catalyst 
is more active than Co-Mo-alumina for the HDN of the Black Thunder naphtha. Co- 
Mo-alumina is the most active catalyst for the HDS of both naphthas (Figure VII-2). 
For the HDO reaction, the order of catalyst activity is similar to that of the HDN 
reaction: therefore, the Ni-Mo-alumina is the most active catalyst for the HDO reaction. 
The orders of the catalyst activity for the HDN, HDO and HDS reactions are the 
following: 

a. 

b. HDN (Black Thunder Naphtha): Ni-W/AI,O, > Co-Mo/Al,O, 

HDN (Illinois No. 6 Naphtha): Ni-Mo/Al,O, > Co-Mo/Al,O, > Ni-W/AI,O, 

c. HDS (Illinois No. 6 Naphtha): Co-Mo/Al,O, > Ni-W/AI,O, > Ni-Mo/Al,O, 

d. HDS (Black Thunder Naphtha): Co-Mo/Al,O, > Ni-W/AI,O, 

e. HDO (Illinois No. 6 Naphtha): Ni-Mo/Al,O, > Co-Mo/Al,O, > Ni-W/AI,O, 

f. HDO (Black Thunder Naphtha): Co-Mo/Ai,O, = Ni-W/AI,O, 

Comparisons of HDN to HDO and HDS for the Illinois No. 6 and Black Thunder 
naphthas are shown in Figures VII-4 and VIM, respectively. Suffur clearly is much 
easier to remove than nitrogen from both naphtha samples. The data in Figure VII-4 
show that the extent of nitrogen and oxygen removal are similar for Illinois No. 6 
naphtha. However, the data in Figure VIM show that oxygen is removed from the 
Black Thunder naphtha more rapidly than nitrogen is. 

Kinetic Studv 

Since the catalyst surface is not uniform and since an accurate picture of the 
structure and concentration of the chemisorbed species is not available, it is clear that 
the formulation of an exact reaction rate equation is not feasible. Also, since the 
naphtha contains hundreds of compounds, inhibition and competitive adsorption can 
affect the reaction. It is very difficult to obtain a single rate equation suitable for all 
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naphthas. A simple approach, completely empirical, is to use the power-law form of 
the equation which is used for homogeneous reactions (VII-7). 

In this study, an attempt was made to fit the removal of a heteroatom to a first 
order reaction with respect to heteroatom concentration. This equation can be written 
as follows: 

where k is the reaction rate constant, t is space time (reciprocal of space velocity) and 
CA is the concentration of the heteroatom A in the bulk phase (ppm). 

The dependence of k on temperature follows the Arrhenius equation 

EJ RT k = A e  

where A is the frequency factor and E, is the activation energy. Representative 
Arrhenius plots for nitrogen, sulfur and oxygen removal, based on the assumption of a 
first-order reaction, are shown in Figures VII-6 to VII-11. In general, a straight line fit 
the data very well for all of the reactions. The only exception was found for the HDO 
of the Black Thunder naphtha where a deviation was observed at higher temperatures, 
Le. 350OC. The calculated activation energies for nitrogen, oxygen and sulfur removal 
are given in Table VII-4. 

In the second set of experiments, the assumption of first order reaction kinetics 
was confirmed. The reaction conditions for the second set of experiments were 
selected on the basis of the results of the first set of conditions. The weight hourly 
space velocity (WHSV) was varied from 1 to 6 g feed/g catalyst/hr while the 
temperature was maintained at 3OO0C and the pressure was maintained at 660 psig. 

For the HDN of Illinois No. 6 naphtha, the activation energy, assuming a first- 
order reaction, was 11.5 kcal/g-mole for the Co-Mo catalyst, 12.0 kcal/g-mole for the 
Ni-W catalyst and 11.4 kcal/g-mole for the Ni-Mo catalyst. Using these data for the 
activation energy, the nitrogen levels that should be obtained for different space 
velocities were calculated. A comparison of the calculated and measured nitrogen 
levels as a function of space velocity are shown in Figure VII-12. Similar results for 
the HDO reaction are presented in Figure VII-13. It is clear from these figures that 
HDN and HDO for the Illinois No. 6 naphtha can be considered to be a first-order 
reactions. Since the removal of sulfur is almost complete (“3 HDS > 96% at 30OoC) 
under these process conditions, a determination of the reaction order of HDS could 
not be made. Applying a first order rate equation (equation VII-1) for the HDN and 
HDO reactions yields the kinetic parameters listed in Table VII-4. 

The reaction order for the HDN and HDO of the Black Thunder naphtha was 
also determined in this phase of the study. The data in Table VII-4 show that the 
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activation energies for HDN of the Black Thunder naphtha are approximately 30% 
lower than those obtained for the Illinois No. 6 naphtha. The activation energies of the 
HDO reaction for the Black Thunder naphtha was 50% lower than those obtained for 
the Illinois No. 6 naphtha. Using the activation energy data, the nitrogen and oxygen 
levels for different space velocities were calculated. A comparison of the calculated 
and measured nitrogen and oxygen levels as a function of space veloc'w (Figures VII- 
14 and VII-15) show that the HDN and HDO reactions of Black Thunder naphtha can 
be described as a first-order reaction only at the lower space velocities. Deviations 
from this model were observed at higher space velocities. The data in Figure VII-14 
also show that the rate of nitrogen removal from the Black Thunder naphtha is 
affected only slightly by increasing the space velocity; the nitrogen content remains at 
approximately same value at space velocities higher than 2. 

DISCUSSION 

The data resulting from the hydrotreatment of Illinois No. 6 and Black Thunder 
naphthas indicate that nitrogen and oxygen are more difficult to remove than sulfur is. 
The removal of N, 0 and S heteroatoms from the Illinois No. 6 naphtha was easier 
than from the Black Thunder naphtha for all catalysts. Although the initial high levels 
of nitrogen and sulfur can be reduced to a low level the nitrogen content was still 
higher than 10 ppm at the most severe conditions used in this study. More severe 
hydrotreating conditions or a more active catalyst are required to obtain 0,' N and S 
heteroatom contents less than 1 ppm. 

The Ni-Mo-alumina catalyst was the most active for the HDN and HDO reactions 
but the least active for the HDS reaction among the three catalysts. The Co-Mo- 
alumina catalyst was the most active for the HDS reaction. Although Co-Mo-alumina 
has the highest BET surface area (Table VII-I), it is not the most active catalyst for 
HDN and HDS reactions. This may be expected since the activity of the metal sulfide 
catalysts do not, in general, correlate with the BET surface area due to specific 
morphological effects of structure (VII-8). Since the maximum removal of sulfur and 
nitrogen is catalyst dependent, a multicomponent catalyst may be required in analogy 
to the development of an effective auto exhaust catalyst. 

In general, the catalytic activity for the HDN and HDO reactions for both 
naphtha samples show a similar ranking for the three catalysts. This is consistent with 
model compound studies (VII-9) which show that N and 0 heteroatoms are removed 
at approximately the same rate. Thus, one may concentrate only on the HDN and 
HDS reactions to find a optimum catalyst for the removal of heteroatoms of coal- 
derived naphtha, and only conduct the analysis for the more difficult 0 heteroatom to 
v e r i  the conclusion. 

The HDN and HDO reactions for Illinois No. 6 naphtha fit a first order reaction 
rate; however, for Black Thunder naphtha the first order reaction can only be frtted at 

VII-6 



lower space velocities. The difference between these two naphtha for fitting a first 
order reaction is likely due to the difference of their compositions. The Black Thunder 
naphtha contained more quinolines and less anilines than Illinois No. 6 naphtha (VII- 
IO). The different compositions will result in different competitive adsorptions, and 
hence changes in the reaction rate. Cecil et al. (VII-11) presented a kinetics model 
for HDS of a Venezuelan vacuum oil that the oil can be represented by reactive and 
unreactive sets (lumps) of compounds and showed that a first order reaction rate can 
be applied to each fraction. This model can be used for the HDN and HDO reactions 
of Black Thunder naphtha. The values obtained by extrapolating the straight lines in 
Figures VII-14 and VII-15 to infinite space velocity (I/WHSV = 0) are not equal to the 
initial feed concentrations. This observation requires that there is another first-order, 
or some other order reaction, that represents the data at the higher space velocities. 

CONCLUSION 

The heteroatoms (N, 0 and S) can be removed from coal-derived naphtha 
using commercial catalysts. However, the rate of removal of the heteroatoms is still 
not adequate to meet today’s refinery needs, let alone tomorrow’s more advanced 
processes. A more active hydrotreatment catalyst which will increase the rate of 
heteroatom removal by at least an order of magnitude over the current Co-Mo-alumina 
or Ni-Mo-alumina is required. 

Naphtha contains hundreds of heteroaton compounds and the differences in 
the composition may affect the reaction rate. It is necessary to define whether 
heteroatom removal is at a uniform rate for all compounds in each heteroatom class 
or whether some heteroatom compounds are especially difficult to convert. 
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Co-Mo-Alumina 

Co 2.7% 
Mo 11.1% 

S = 288 m2/g 

S = BET surface area 

Table VII-1 

Analysis of the Catalysts 

Ni-Mo-Alumina 

Ni 
Mo 

3.1 % 
13.3% 

S = 138 m2/g 

Ni-W-Alumina 

Ni 
W 

4.8% 
16.0% 

s = 1 1 1  m2/g 
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Table VII-2 

Elemental Composition of the Naphthas 

Element Illinois No. 6 Black Thunder 

C 85.57% 
H 13.24% 
N 1660 ppm 
S 1100 ppm 
0 1.26% 

85.23% 
12.23% 
1460 ppm 
382 ppm 
1.80% 
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Table VI13 

Feed 

MNo. 6 
III.No. 6 
III.No. 6 
III.No. 6 
III.No. 6 
III.No. 6 
III.No. 6 
III.No. 6 
III.No. 6 
III.No. 6 
III.No. 6 
Ill.No. 6 
III.No. 6 
III.No. 6 
III.No. 6 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 
B.T. 

Nitrogen and Sulfur Content of Products from the 
Hydrotreatment of Illinois No. 6 and Black Thunder Naphtha (B.T.) Samples 

Catalvst 

CO-MO 
CO-MO 
CO-MO 
CO-MO 
CO-MO 
Ni W 
NCW 
Ni-W 
Ni-W 
Ni-W 
Ni-Mo 
Ni-Mo 
Ni-Mo 
Ni-Mo 
Ni-Mo 
CO-MO 
CO-MO 
CO-MO 
CO-MO 
CO-MO 
Ni-W 
Ni-W 
Ni-W 
Ni-W 
Ni-W 

Temp., 
"C 

220 
250 
300 
350 
400 
220 
250 
300 
350 
400 
220 
250 
300 
350 
400 
220 
250 
300 
350 
400 
220 
250 
300 
350 
400 

Element in Product Removal, % 
S - 0 N,ppm S.ppm O,wt.% - 

1163 
780 
325 
19 
18 
1240 
899 
387 
30 
20 
531 
380 
62 
16 
15 
1101 
91 8 
704 
384 
94 
1135 
886 
647 
184 
42 

153 
70 
4 
4 
3 
341 
177 
21 
11 
1 1  
160 
75 
13 
12 
10 
202 
133 
21 
5 
2 
221 
1 72 
42 
9 
3 

0.9 
0.7 
0.2 

-- 
I .o 
0.9 
0.6 

--- 
1.1 
1.0 
0.7 
0.2 

1.2 
1 .o 
0.8 
0.3 

-- 

30.0 
53.1 
80.5 
98.9 
98.9 
35.4 
45.9 
76.7 
98.2 
98.8 
31.8 
51.2 
92.0 
97.9 
98.1 
24.8 
37.3 
51.9 
73.8 
93.6 
22.5 
39.5 
55.8 
87.4 
97.1 

86.1 
93.6 
99.6 
99.7 
99.8 
68.9 
83.9 
98.1 
99.0 
99.0 
54.7 
78.8 
96.3 
96.6 
97.2 
47.2 
65.1 
94.5 
98.7 
99.5 
42.1 
55.1 
89.1 
97.6 
99.2 

29.4 
48.4 
83.3 
--- 
--- 
19.8 
31 .O 
51.6 
--- 
--- 
48.6 
65.7 
91.4 
-- 
--- 
38.3 
45.6 
60.0 
87.8 

36.1 
46.7 
58.3 
86.1 

--- 

--- 
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Feed Catalvst 

111. No. 6 CO-MO 
111. No. 6 Ni-W 
111. No. 6 Ni-Mo 
Black Thunder Co-Mo 
Black Thunder Ni-W 

Table VII-4 

Activation Energy for the Nitrogen, 
Sulfur and Oxygen Removal 

E,, N 
kcal/mole 

11.7 
12.0 
11.4 
7.9 
9.5 

E,, S 
kcal/mole 

7.3 
8.5 

10.0 
10.7 
9.9 

E,, 0 
kcal/mole 

11.5 
8.3 
9.2 
4.5 
4.7 
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Figure VII-1. Nitrogen removal as a function of temperature (660 psig, WHSV = 1). 
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Figure VII-2. Sulfur removal as a function of temperature (660 psig, WHSV = 1). 
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Figure VIIS. Oxygen removal as a function of temperature (660 psig, WHSV = 1). 
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Figure VII-4. Comparison of HDN HDS and HDO of the Illinois No. 6 naphtha. 
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Figure VIM. 

HDN, % 

naphtha. 

Figure VII-6. 
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Arrhenius plot for HDN of the Illinois No. 6 naphtha. 
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Figure VII-7. Arrhenius plot of HDS of the Illinois No. 6 naphtha. 
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Figure VII-8. Arrhenius plot of HDO of the Illinois No. 6 naphtha. 
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Figure VII-10. Arrhenius plot of HDS of the Black Thunder naphtha. 
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Figure VII-11. Arrhenius plot of HDO of the Black Thunder naphtha. 
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Figure VII-13. First-order kinetic plot of HDO for the Illinois No. 6 naphtha. 
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CHAPTER VIII.1 

CATALYTIC HYDROTREATMENT OF ILLINOIS NO. 6 

MOLYBDENUM NITRIDE AND MOLYBDENUM 
SULFIDE FOR HETEROATOM REMOVAL 

COAL-DERIVED NAPHTHA. COMPARISON OF 

ABSTRACT 

The hydrotreatment of naphtha derived from Illinois No. 6 coal was investigated 
using molybdenum sulfide and nitride catalysts. The two catalysts are compared on 
the basis of total catalyst weight. Molybdenum sulfide is more active than 
molybdenum nitride for HDS of a coal-derived naphtha. The rates of HDO of the 
naphtha over both catalysts are comparable. For HDN, the sulfide is more active than 
the nitride only at higher temperatures (> 325°C). Based upon conversion data, the 
naphtha can be lumped into a reactive and a less-reactive fraction with each following 
first order kinetics for heteroatom removal. The HDS and HDN rates and activation 
energies of the less-reactive lump are smaller for the nitride than for the sulfide 
catalyst. 

’ 

I NTRO D U CTlO N 

Gasoline accounts for about 50% of today’s usage of transportation fuels in the 
US. Any successful coal liquefaction program must produce environmentally .. 
acceptable gasoline feedstocks. A number of investigations [VIILI -1 - VIII.1-5] of the 
hydrotreating of coal-derived naphtha show that current catalysts, based on 
molybdenum sulfide, do not have sufficient activity to meet today’s refinery 
requirements. 

Recently, unsupported Mo2N has been prepared having a surface area as high 
as 220 m2/g using a temperature-programmed reduction of molybdenum oxide by 
ammonia [VIII.1-6]. Since then, the catalytic activity of molybdenum nitride has been 
studied for a variety of reactions [VIII.I -71 including hydrodesulfurization (HDS) and 
hydrodenitrogenation (HDN). 

Molybdenum nitride was shown to possess higher activity for the HDN of 
pyridine as compared to a commercial Ni-Mo catalyst at 360°C based on the number 
of moles of Mo in the catalyst [VIILl-81. However, molybdenum nitride was observed 
to possess lower activity for the HDN of quinoline than a commercial Ni-Mo catalyst 
based on total catalyst weight [vIII.1-9]. Molybdenum nitride has also been shown to 
possess high activity for thiophene HDS pII1.1-10] and to retain its crystalline phase 
and structure in the presence of sulfur. Alumina-supported molybdenum nitride and 
sulfide possess comparable activity for dibenzothiophene HDS at 280 to 360°C 
wII.1-11]. The extent of conversion of benzothiophene, benzofuran and indole (each 
separately) were compared over molybdenum nitride at 300 to 5OO0C [vIII.1-12]. It 
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was shown that the extent of conversion of benzofuran was greatest, followed by 
benzothiophene and then indole [VIII.l-121. 

The above studies show the potential of molybdenum nitride as an active 
hydrotreatment catalyst. It is of interest, therefore, to determine if molybdenum nitride 
also possesses high activity for the hydrotreatment of a complex feedstock. One 
such study has been done for the HDN and HDS of a low-sulfur coal-derived liquid 
[VIII.1-13]. Molybdenum nitride, alumina-supported molybdenum sulfide and a 
commercial Ni-Mo catalyst were compared at 36OoC [VIII.l -131. Molybdenum nitride 
possessed much higher activity for HDN and a slightly higher activity for HDS than 
either the alumina-supported molybdenum sulfide and the Ni-Mo catalyst. These 
activities were reported per active site as determined by CO and 0, chemisorption 
[VIII.1-13]. However, CO or O2 chemisorption seldom measures the active sites of 
hydrotreatment catalysts and such a comparison may not be appropriate, especially 
for two different catalytic species. If the data are recalculated on the basis of total 
weight of the catalytic species (molybdenum nitride or sulfide) then the alumina- 
supported molybdenum sulfide possess much higher activity for both HDS and HDN 
than the molybdenum nitride catalyst. This appears to contradict the studies of 
individual model compounds. Possible reasons for this include the difference in 
dispersion or active surface area between unsupported molybdenum nitride and 
supported molybdenum sulfide. A more reasonable comparison between nitride and 
sulfide catalysts can be made when the catalytic species are either both supported or 
both unsupported. 

In this study we have compared the activities (on a weight basis) of 
molybdenum nitride and sulfide (both unsupported) for the HDS, HDN and 
hydrodeoxygenation (HDO) of naphtha derived from a bituminous coal (Illinois No. 6). 

EXPERIMENTAL 

NAPHTHA 

The coal-derived naphtha was produced at the Wilsonville, Alabama Advanced 
Integrated Two Stage Liquefaction Plant during the liquefaction of a bituminous Illinois 
No. 6 coal (Run 261). Further details of Run 261 are given in reference [VIII.1-14]. 
Table VIII.l-1 lists the elemental analysis and initial and final boiling points of the 
naphtha. The naphtha contains high amounts of nitrogen and oxygen along with 
sulfur which is a distinguishing feature of coal-derived liquids as compared to 
petroleum distillates. 

CATALYSTS 

Unsupported molybdenum sulfide was prepared by room-temperature 
precipitation following a published procedure [VII1.1-15]. MoCI, (30 g) was dissolved 
in 800 mL THF and Li2S (12.6 g) was added with stirring. The mixture was stirred 
overnight at room temperature under an inert nitrogen atmosphere. A black 
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precipitate was obtained after filtration. The precipitate was placed in a tube furnace 
and heated in a flow of 10% H,S in H, at 4OO0C for 6 hours. Subsequently, LiCl was 
removed from the solid powder by washing with an aqueous solution of 12% acetic 
acid. After filtration, the powder was heated again in a flow of 10% H,S in H, for 4 
hours. 

Molybdenum nitride was prepared by the temperature programmed reduction 
of MOO, with ammonia (Liquid Carbonic, anhydrous grade, 99.99%). MOO, (3 g) was 
placed in a quartz tube contained in a tubular furnace and connected to a gas feed 
system. The temperature was raised linearly at 20°C/min to about 355OC, then at a 
rate of O.G0C/min to 465"C, increased to 705°C at a rate of 1.8'C/rnin and held at 
705OC for 30 minutes. NH, flowed over the sample during the entire temperature 
range. After the synthesis was completed, the sample was rapidly cooled to room 
temperature in flowing ammonia. Upon reaching room temperature the flow of 
ammonia was stopped and the sample was allowed to contact air through the open 
ends of the quartz tube for 18 hours. 

The surface area was obtained using a Quantachrome automated nitrogen 
adsorption apparatus. X-ray diffraction (XRD) measurements to identify crystalline 
phases were performed using a Rigaku X-ray diffractometer. 

HYDROTREATMENT 

Apparatus 

A continuous-flow packed bed downflow reactor was used for these studies. 
The reactor is a stainless steel tubing of 1/4 inch O.D. (0.028 inch wall thickness). The 
length of the catalyst bed is approximately 7 inches. Typical pressure drops through 
the catalyst bed are about 30 psig in 660 psig, i.e., about 5% at the highest flowrates 
used in this study. The naphtha was delivered to the reactor by a Milton Roy pump. 
A mass flow controller (Brooks Instruments, Model 5850 E) was used to deliver a 
constant flow of hydrogen. The reactor was heated by a 1" X 12" Lindberg tube 
furnace rated to 120OOC. A condenser placed downstream of the reactor collected the 
reaction products as a liquid. A hand-loaded back pressure regulator placed after the 
condenser was used to regulate the pressure in the reactor. 

Procedure 

The catalyst (3 g) was added to the reactor and pretreated prior to naphtha 
hydrotreatment. Molybdenum sulfide was pretreated with a 10% &S in H, mixture 
while molybdenum nitride was pretreated with ammonia. For both catalysts the 
temperature was raised to 375°C at a rate of about I"C/min and then held at 375OC 
for 4 hours. After pretreatment, the gas flow was switched to helium for 1 hour and 
then switched to hydrogen prior to beginning the flow of naphtha. 

Two sets of experiments were carried out over each of the catalysts. In the first 
set, the weight-hourly-space-velocities (WHSV) of naphtha, flowrate of hydrogen and 
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reactor pressure were held constant while the temperature was varied between 200 to 
400°C. The units for WHSV are weight of naphtha/weight of catalyst/hour. The 
density of naphtha is 0.81. Hence, a WHSV of 1 corresponds to a liquid-hourly-space 
velocity of 1.23. In the second set of experiments, the temperature was held constant 
at 300 and/or 350°C while the WHSV of naphtha was varied. The flowrate of 
hydrogen was also increased proportionately to maintain a constant mole ratio of 
naphtha to hydrogen of t2.6 (1960 scf/bbl). The pressure in the reactor was held 
constant at 660 psig for all the runs. 

Following start-up or a change in reaction conditions,l8 hours were allowed for 
the reactor to reach steady state. Three samples were then taken during a period of 
6 hours to obtain data for the conversion of heteroatoms at each condition. The 
samples were washed three times with distilled water to remove dissolved H2S and 
NH, before analysis. 

During catalyst evaluation, a run at pre-set standard conditions was carried out 
periodically to check for the presence/absence of catalyst activity decline. 

ANALYTICAL 

The feed naphtha and the hydrotreated product were analyzed for the total 
amounts of sulfur, nitrogen and oxygen. The total sulfur contents of the feed naphtha 
and products were determined using a Xertex C-300 microcoulometer. Total nitrogen 
content was determined with a Dohrmann DN-1 00 chemiluminescence detector. 
Analysis of total oxygen content was done using the Fast Neutron Activation Analysis 
method at the University of Kentucky Radioanalytical Service. Total carbon and 
hydrogen analyses of the feed naphtha were performed using a Leco CHN analyzer. 
The amounts of dissolved H2S and NH, in the feed naphtha were determined using a 
sulfur-specific detector (Severs Model 3508) and a nitrogen-specific detector 
(thermionic specific detector) respectively, both coupled to separate gas 
chromatographs. 

RESULTS AND DISCUSSION 

CATALYSTS 

The actual granular size of the catalyst particles were less than 74 microns 
(passed through 200 mesh sieve) for both MoS, and Mo,N. 

The XRD pattern of the catalysts indicated that the sulfide was MoS, and the 

nitride was y-Mo,N (Figures VIII.1-1 and VII1.1-2). The XRD of the used sulfide 
indicated that there was no change in the crystalline phase of MoS, during 
hydrotreatment (Figure VII1.1-1). The XRD of the used nitride indicated that the 
crystalline phase of the nitride was essentially retained during hydrotreatment (Figure 
VIII.l-2). However, a small amount of the nitride was converted to molybdenum 
oxide (MOO,). 
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The surface areas of the molybdenum sulfide and nitride were 34 and 153 m2/g 
respectively. Table VIII.1-2 gives the calculated particle sizes from BET surface area 
(assuming non-porous, spherical particles) and from XRD line broadening for the two 
catalysts. The particle sizes calculated from the two methods agree reasonably well 
for the nitride catalyst. Hence, the nitride catalyst particles are regularly shaped and 
consist of single crystallites. Transmission electron microscope pictures indicate the 
particles are nearly cubic shaped. The particle sizes calculated for the sulfide catalyst 
are quite different depending on the method used. This indicates that the sulfide 
particles either have a high aspect ratio (plate or rod shape) or that the particles 
consist of multiple crystallites. A recent high resolution transmission electron 
microscopy study of molybdenum sulfide has shown that molybdenum sulfide has a 
highly folded layer structure [VIII.1-16]. This could also account for the difference in 
molybdenum sulfide particle sizes calcualated from BET and XRD. 

CATALYST ACTIVITY DECLINE DURING NAPHTHA HYDROTREATMENT 

As mentioned earlier, the hydrotreatment of naphtha was carried out at pre-set 
standard conditions during the course of activity evaluation over both molybdenum 
sulfide and nitride catalysts. Figure VIII.l-3 illustrates the results for the two catalysts 
in terms of the decline in activity for HDS and HDN. Note that the standard conditions 
are different for the two catalysts: 3OO0C and a WHSV of 1 for MoS, and 35OoC and a 
WHSV of 1 for Mo,N. 

Molybdenum sulfide exhibits an initial decline in activity for both HDS and HDN 
upto a time on stream of 4 days. For the next 8 days, however, the HDS and HDN 
activity remains virtually constant. The data for molybdenum sulfide shown in this 
study were obtained during the period of constant activity (Day 4 to Day 12). 

Molybdenum nitride does not show a decline in activity for both HDS and HDN 
upto a time on stream of 8 days. However, note that the first set of data are collected 
after a time on stream of 18 hours. Thus the possibility of a decline in activity during 
this initial time period cannot be discounted. 

COMPARISON OF ACTIVITY FOR HDS, HDN AND HDO 

The amounts of H,S and NH, in the feed naphtha as determined by sulfur- and 
nitrogen-specific detectors were less than 10 ppm each. These amounts are 
negligibly small as compared to the total amounts of sulfur and nitrogen in the feed 
(Table VIII.l-1) and can be safely neglected in the calculation of HDS and HDN 
conversions. 

Figures VIII.l-4, VIII.l-5 and vIII.l-6 compare the activities for HDS, HDN and 
HDO over the two catalysts in the temperature range of 200 to 4OO0C at a WHSV of 
one. The ordinate axis in these plots represents an average total rate of removal of 
the heteroatoms in the packed bed reactor based on unit total weight of catalyst. 
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The data in Figure VIII.1-4 show that the rate of HDS for the sulfide is higher 
than the rate for the nitride catalyst at all the temperatures studied. The difference 
between the HDS conversions of the two catalysts becomes smaller (c 10% of HDS) 
or comparable at higher temperatures and/or conversion levels. These results are in 
fair agreement with the results for the HDS of dibenzothiophene [VIII.l-111. 

In contrast to HDS, the rate of HDN for the sulfide is greater than that for the 
nitride only at high temperatures (above 325°C) (Figure VIII.1-5). At lower 
temperatures 

(< 325OC), the HDN rate of the nitride is higher than that of the sulfide. This indicates 
that the activation energy for HDN may be lower for the nitride than for the sulfide 
catalyst. Also, these results indicate that at conventional hydrotreating reaction 
temperatures (325 to 4OO0C), the sulfide is a better HDN catalyst than the nitride. Our 
results for the relative activity of the two catalysts are in agreement with those for the 
HDN of quinoline at 4OO0C [VIII.l-91 but disagree with those of the HDN of pyridine at 
360°C [VIII.l-81. This suggests that pyridine is not as good a representative model 
nitrogen compound for the coal-derived naphtha as quinoline is. 

The data in Figure VIII.1-6 show that the rate of HDO over both the catalysts is 
comparable with the sulfide catalyst possessing a slightly higher activity. In summary, 
the molybdenum nitride catalyst is less active than the sulfide for the hydrotreating of 
coal-derived naphtha at conventional hydrotreating reaction temperatures. At lower 
temperatures, the nitride is a better catalyst than the sulfide only for HDN. 

A comparison of the data in Figures VIII.1-4 to VIII.1-6 shows that the extent 
of HDS is greater than the extent of HDO which is greater than the extent of HDN for 
molybdenum sulfide at all the temperatures studied. This is in agreement with earlier 
studies of synthetic model compound mixtures over commercial molybdenum sulfide 
based catalysts [VIII.l -1 71. 

However, molybdenum nitride shows a different behavior as illustrated in Figure 
VIII.l-7. The data in this figure show that the relative extent of HDS, HDN and HDO 
over the nitride catalyst depends upon the reaction temperature. At lower 
temperatures 

(e 300"C), the extent of HDS is smaller than the extent of both HDO and HDN. At 
higher temperatures, though, the extent of HDS is larger than the extent of HDN and 
HDO. The extent of HDO and HDN over the nitride catalyst are comparable with the 
extent of HDO being slightly larger. 

These findings are in contrast to a study of the conversions of 
benzothiophene, benzofuran and indole (each separately) over Mo,N pIII.1-121. 
However, studies of the hydrotreating of synthetic model compound mixtures wII.1- 
17J have shown that the rates of HDS and HDN are strongly affected by the presence 
of compounds of a different heteroatom. The extent to which the rates of HDS and 
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HDN are affected may be different for the sulfide and nitride catalysts giving rise to 
different activity trends as compared to individual model compound studies. 

COMPARISON OF HYDROTREATMENT KINETICS 

A more rigorous comparison of the two catalysts would be a comparison of the 
reaction order, rate constants and activation energy of the catalysts. However, the 
hydrotreating kinetics of real feedstocks are quite complex. For instance, the overall 
HDS conversion of the feedstock is a composite of the HDS conversion of a large 
number of sulfur compounds each potentially having a different rate constant. 

The overall reaction order for a mixture of compounds, each exhibiting first 
order kinetics, has been shown to vary between one to two for a gamma distribution 
of rate constants of the individual compounds [v111.1-18]. For an exponential 
distribution of rate constants for the individual compounds, a special case of the 
gamma distribution, an apparent second order would be observed for the mixture 
[VIII.l-181. Previous studies of the HDS of industrial feedstocks has shown that the 
overall reaction order is one in some cases [VIIL1-19 - VIII.1-211, one and one-half in 
others [VIII.l-221 and two in still others [VIII.I -23 - VIII.1-251 in conformity with the 
theoretical study [VIII.l-18]. However, some studies have found the overall HDS rate 
to be higher than second order, for example third order fvIII.1-25,VIIL1-26]. This 
indicates that the rate constants for the individual compounds do not follow a gamma 
distribution. Studies of the HDN kinetics of industrial feedstocks exhibit zero order 
behavior [VIII.l-271 or first order behavior [VIII.1-22,VIII.1-28]. Thus a wide range of 
reaction orders have been observed previously for the hydrotreating of industrial 
feedstocks. 

In the case of most feedstocks, however, the overall HDS kinetics could be well 
represented by dividing the mixture of compounds into two lumps each of which 
follows first order kinetics. One lump represents the relatively reactive compounds 
while the other lump represents the relatively less-reactive compounds in the mixture 
[VIII.I -31 ,VIII.1-26,VIII.1-29,VIII.1-30 - VIII.l-321. Thus, the distribution of rate 
constants is bimodal. The overall kinetics can then be represented by 

rate (of mixture) = dCJdt = dC,/dt + dC,/dt 

- dC,/dt = k, C, 

- dC2/dt = 4 C2 

where, Co is the total concentration of heteroatom in the feed, C, and Cz are the 
concentrations of the heteroatom in the reactive and less-reactive lump respectively 
and k, and & are the first order rate constants for the two lumps. 

It has been shown that the overall order of reaction for a two lump model, each 
lump exhibiting first order kinetics, need not be second order yvIII.1-331. Whether the 
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overall kinetics is second order or not depends on the ratio of the rate constants for 
the two lumps (k&), the ratio of their relative concentrations (C,/C,) and the overall 
conversion level. Only for small ranges of the ratios of rate constants and relative 
concentrations can the overall rate be represented by second order kinetics [VIII.l - 
331. An example is provided for the HDS of petroleum-derived vacuum gas oil [VIII.l- 
291. The results of conversion versus space time are well represented by two-lump 
kinetics. However, the data at high conversions deviate from an overall second order 
rate expression. 

Kinetics of HDS 

A plot (Figure VIII.1-8) of the logarithm of the fractional amount of sulfur 
remaining in the naphtha as a function of space-time for the sulfide and nitride 
catalysts makes it readily apparent that the overall HDS kinetics of the naphtha is not 
first order. Straight lines can be fitted through the data points at each temperature. 
However, on extrapolation of the lines to zero space time, an initial sulfur concentration 
much smaller than that actually present in the feed is obtained. The data also do not 
fit second order kinetics. As shown below, though, the data appear to be well 
represented by a two lump model with each lump exhibiting first order kinetics. 

Equations (1-3) can be integrated to give the dependence of the concentrations 
of the reactive lump and the less-reactive lump with time, 

Hence, the overall concentration with time is given by 

Now, if we assume that the compounds in the reactive lump are almost 
completely converted at large values of the space-time, t, greater than some value t,, 
then, 

C,(t >tc) 0 

Hence, the fractional amount of heteroatom remaining, F, is 

F(t) = C(t)/Co = (C2dCo) exp(-k,t) 

so that the reaction order is one with the initial fractional amount, Fo, given by 

(7) 

Hence, the initial heteroatom concentration obtained from the data for the less-reactive 
lump is C,, which is smaller than the total heteroatom concentration in the feed, C,. 
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The HDS results for the two catalysts and for both 300 and 35OoC for the 
sulfide catalyst appear to confirm to the above reasoning. The fractional amounts of 
sulfur remaining at the space times studied appear to be well represented by a first 
order rate expression with an initial sulfur concentration lower than the total initial 
concentration of sulfur in the feed. Hence, the data represents the rate of removal of 
the less-reactive lump of the sulfur compounds in the feed. The reactive lump of sulfur 
compounds are almost completely removed even at the largest space velocities used 
in this study. The rate constant of the less-reactive lump of sulfur compounds, b,s, is 
given by the slope of the regression lines shown in Figure VIII.1-8. The value of the 
intercept of the regression lines corresponds to the fractional concentration of the 
less-reactive lump of sulfur compounds in the feed, (Fo,s). These values for the two 
catalysts and for both temperatures for the sulfide catalyst are shown in Table VIII.1- 
4. 

The values of Fo,s indicate that about 60 to 66% of the total concentration of 
sulfur compounds present in the feed are reactive while the rest are relatively less- 
reactive. Variations in the HDS rates of individual sulfur compounds are observed, for 
example, between thiols and sulfides on one hand and thiophenic ring compounds on 
the other [VIII.l-341. Analysis of the amounts of thiophenic compounds in petroleum 
resids has shown that the amounts can be about 50% of the total amount of sulfur 
present [V111.1-35]. Lighter distillates contain lower amounts of thiophenes. Hence, 
the less-reactive lump of sulfur compounds could consist of the thiophenic 
compounds while the reactive lump could consist of thiols and sulfides. 

In general, the relative concentrations of the reactive and less-reactive lumps 
can be different for different catalysts. However, a comparison of the value of the 
intercept for the nitride catalyst at 350°C with that of the sulfide catalyst shows that the 
difference in the relative concentration of the less-reactive lump is quite small. Hence, 
a comparison of the rate constants at 350°C for the two catalysts would be a direct 
comparison of the HDS rate of the less-reactive lump of sulfur compounds. Table 
VIII.l-4 shows that the HDS rate constant (on a total catalyst weight basis) for the 
less-reactive lump for the sulfide catalyst is higher (by a factor of 1.3) than that for the 
nitride catalyst at 350°C. 

Determination of HDS Activation Enerqy 

A comparison of the value of the intercept at 300 and 350°C for the sulfide 
catalyst (Table VIII.1-4) shows that Fos, the concentration of the less-reactive lump is 
virtually the same at both temperatures. Hence, the compounds present in the 
reactive lump are completely converted at 300°C in the range of space times studied 
for the sulfide catalyst. Thus, the rate measured at both temperatures corresponds to 
the rate constant of the less-reactive lump. It is to be expected that at 400°C also the 
rate measured would correspond to the same less-reactive lump. Hence, the rate 
constant for the less-reactive lump can be obtained at 400°C even though only one 
data point has been collected at this temperature. The rate constant is obtained from 
the slope of the straight line passing through the experimentally obtained data point 
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and the value of Fo,s for the temperature of 350°C. The value of the fractional sulfur 
concentration in the product at 250°C (Table VIII.l-3), F,, is higher than the value of 
Fo,s, the concentration of the less reactive lump. 

F, at 250°C > F,, (for MoS,) 

This suggests that the rate measured at 250°C is a combination of the rates of both 
the less-reactive as well as the reactive lump. 

Similar to the sulfide catalyst, it is expected that the rate measured at 400°C for 
the nitride catalyst would correspond to the same less-reactive lump as obtained at 
350°C. Hence, the rate constant for the less-reactive lump at 4OO0C can be obtained 
from the slope of the straight line passing through the experimentally obtained 
fractional sulfur concentration at a WHSV of one and the value of Fd,s at 350°C. The 
value of the fractional sulfur concentration at 3OO0C, Fs, in the product is higher than 
the value of Fos, the concentration of the less-reactive lump, at 350°C for the nitride 
catalyst. 

F, at 300°C > Fo,s (for Mo,N) 

This suggests that the rate measured at temperatures of 300°C and less for the nitride 
catalyst is a combination of the rates of both reactive and less-reactive lumps. 

Figure VIII.l-9 shows an Arrhenius plot of the rate constants of the less- 
reactive lump at 300, 350 and 400°C for the sulfide catalyst and at 350 and 400°C for 
the nitride catalyst. The values of the activation energy calculated for both the 
catalysts are shown in Table VIII.l-5. This activation energy corresponds to the less- 
reactive class of the sulfur compounds. The value of the activation energy for 
molybdenum sulfide is 20 kcal/mole (83.8 kJ/mole). The value of the activation energy 
for the nitride catalyst is 8.5 kcal/mole (35.6 kJ/mole) which is smaller than that of the 
sulfide catalyst. A review of the HDS of model compounds over commercial MoS, 
based catalysts shows a large range of activation energies of thiophenic compounds 
(3 to 40 kcal/mole) reported by different investigators [vIII.1-36]. The values of the 
HDS activation energies obtained for both the sulfide and nitride catalysts fall into this 
range. 

The lower value of activation energy obtained for the nitride as compared to the 
sulfide catalyst implies that the rate constant for the less-reactive compounds would 
be higher for the nitride than the sulfide catalyst at lower temperatures. This seems to 
be in apparent contradiction with HDS data at lower temperatures in Figure VIII.l-4. 
However, it is to be noted that the rate at lower temperatures is a combination of the 
rates of both the reactive and less-reactive lumps of sulfur compounds. Hence, the 
activation energy at lower temperatures would be influenced by the activation energy 
for the reactive lump of sulfur compounds as well. 
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Kinetics of HDN 

Figure VIII.l-10 is a plot of the logarithm of the fractional amounts of nitrogen 
remaining as a function of space time for the sulfide and nitride catalyst. The plot is 
quite similar to the results for HDS shown in Figure VIII.l-8. Straight lines can be 
fitted through the data points but they indicate initial nitrogen concentrations (zero 
space time) smaller than the actual initial concentration of nitrogen in the feed. Hence, 
the kinetics is not first order over the entire range of conversions. We propose a two 
lump kinetic model for HDN of the naphtha similar to that for HDS. At the 
temperatures and space times shown in Figure VIII.1-10, the compounds in the 
reactive lump are almost completely converted. Hence, the data correspond to the 
first order kinetics of the less-reactive lump of compounds which have a smaller initial 
concentration of nitrogen than the total initial concentration of nitrogen in the feed. 

A similar analysis as for HDS can be done for the HDN of naphtha too. The 
values of Fo,r? and kN, obtained from the intercepts and slopes of the regression lines 
respectively in Figure VIII.l-10, are shown for the sulfide and nitride catalysts in Table 
VIII.l-4. The value of F0.N indicates that approximately 35 to 40% of the nitrogen 
compounds present in the naphtha belong to the reactive class of compounds while 
the rest are in the less-reactive class. Variations in reactivity for nitrogen compounds 
are seen between the aliphatic amines and pyridines on the one hand and quinolines 
on the other. 

Similar to HDS, the value of F0,N for the nitride catalyst is approximately the 
same as the value of F0.N for the sulfide catalyst. Hence, a comparison of the rate 
constants at 35OoC for the two catalysts would be a direct comparison of the HDN 
rate of the less-reactive lump of nitrogen compounds. As shown in Table VIII.1-4 the 
rate constant (on a total catalyst weight basis) for the less-reactive lump is higher (by 
a factor of 1 :2) for the sulfide catalyst at 350°C as compared to the nitride catalyst at 
the same temperature. 

Activation Enerav for HDN 

Since, the values of FO,N are virtually the same for the two temperatures for the 
sulfide catalyst, the compounds in the reactive lump are almost completely converted 
at 3OO0C itself. Hence, rate constants at the two temperatures and at 4OO0C refer to 
the less-reactive lump of nitrogen compounds. Similar to the sulfide catalyst, it is 
expected that the rate measured at 4OO0C for the nitride catalyst would correspond to 
the same less-reactive lump as obtained at 350OC. Values of the rate constants of the 
less-reactive lump for the two catalysts at 4OO0C are obtained by fitting a straight line 
through the experimental data point at a WHSV of one and the value of FON at 35OoC 
as was done for HDS. 

Figure VIII.1-11 shows the Arrhenius plot for the HDN of the less-reactive lump 
of nitrogen compounds in the naphtha for the sulfide and nitride catalysts. The value 
of the activation energy (Table VIII.l-5) for the sulfide catalyst is 20 kcal/mole and 



similar to HDS, the value of the activation energy for the nitride catalyst (9.5 kcal/mole) 
is smaller than that for the sulfide catalyst. Hence, the rate constant and HDN 
conversion of naphtha should be higher for the nitride catalyst than the sulfide at lower 
temperatures. This is indeed the case as shown in Figure VIII.1-4. However, while 
the results lead to a consistent picture, the activation energy for the molybdenum 
nitride catalyst is based upon two data points; one could argue equally well that these 
two data fit the line defined for the molybdenum sulfide catalyst. 

Kinetics of HDO 

The fractional amount of oxygen remaining as a function of space time for the 
sulfide catalyst at 300°C (Figure VIII.1-12) suggests that the kinetics of HDO can also 
be represented by two lump kinetics similar to HDS and HDN. The fraction of oxygen 
compounds in the less-reactive lump is about 50%. Differences in the reactivities of 
oxygen compounds are seen for the aliphatic alcohols/ethers and phenolic 
compounds on the one hand and the furan’ ring compounds on the other. 

In summary, the kinetics of HDS and HDN can be represented by a two lump 
kinetic model over both the sulfide and nitride catalysts. The data collected in this 
study at high temperatures (> 300°C) correspond to the less-reactive lump of sulfur 
and nitrogen compounds. The relative concentration of the less-reactive lump of sulfur 
compounds as well as nitrogen compounds is the same for both the nitride and 
sulfide catalysts. Hence, a direct comparison of rate constants and activation energies 
for the less-reactive lump can be carried out for the two catalysts. The rate constants 
(on a total catalyst weight basis) are larger for molybdenum sulfide than the nitride 
catalyst for both HDS and HDN. Data for HDO over the sulfide catalyst indicate that 
the overall kinetics of HDO can also be represented by a two lump kinetic model. 

CONCLUSION 

A comparison of the activities and kinetics for HDS, HDN and HDO of a coal- 
derived naphtha for bulk molybdenum nitride and sulfide catalysts has been made on 
the basis of total catalyst weight. The sulfide catalyst is more active than the nitride 
catalyst for HDS at all temperatures. However, the sulfide is more active than the 
nitride catalyst for HDN only at high temperatures. At lower temperatures, the nitride 
catalyst possesses higher activity for HDN than the sulfide catalyst. The rates of HDO 
for both catalysts are roughly comparable with the sulfide catalyst possessing a 
slightly higher activity. 

The HDS and HDN of naphtha can be well represented by a division of the 
naphtha into two lumps. One lump corresponds to the reactive fraction while the 
other lump corresponds to a less-reactive fraction of sulfur or nitrogen compounds. 
The data for both lumps are consistent with first order kinetics. In addition, we have 
shown that HDO can also be represented by two lumps. The data presented in this 
study has enabled us to calculate the rate constants and initial concentrations of the 
less-reactive lump of sulfur and nitrogen compounds for both catalysts. Activation 
energies for the less-reactive components have also been obtained. 
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The rate constants, on a total catalyst weight basis, (at 350 and 40OoC) and the 
activation energies of the less-reactive lump of sulfur and nitrogen compounds for 
both HDS and HDN are smaller for the nitride than those for the sulfide catalyst. The 
smaller activation energy implies that the rate constants of the less-reactive fraction for 
the nitride catalyst are higher than those for the sulfide catalyst at low temperatures. 
At higher temperatures the situation is reversed, and the reaction rates are higher for 
the sulfide catalyst. 
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Table VIII.1-1 
Characterization of Illinois No. 6 coal-derived naphtha 

Elemental Analysis: 
Element Amount, Wt.% (ppm) 

C 85.6 wt.% 
H 13.2 wt.% 
N 1420 ppm 
S 818 ppm 
0 1.24 wt.% 

Boiling Points: 
Initial (IBP) -23°C 
Final (FBP) 280°C 



Table VIII.1-2 

Calculated Particle Sizes from BET Surface Areas and XRD Line-broadening Analysis 
for Molybdenum Nitride and Sulfide 

Catalvst Particle Size (nm) 

From BET From XRD 

hkl Size 

MoS, 37.0 

Mo,N 4.2 

110 4.5 
101 4.0 
003 3.5 

111 7.5 
200 6.1 
220 5.5 

. 



Table VIII.l-3 

Sulfur, Nitrogen and Oxygen Contents of Products 
.from the Hydrotreatment of Illinois No. 6 Coal-derived Naphtha 

Catalvst 

Feed Naphtha 

M0,N 

MoS, 

Temp. (C) 

200 
250 
300 
350 
400 
350 
350 

250 
300 
350 
400 
300 
300 
300 
350 
350 
350 

WHSV 

1 
1 
1 
1 
1 
2.23 
6.03 

1 
1 
1 
1 
0.51 
1.58 
2.2 
0.51 
1.58 
2.2 

81 8 

745 
650 
368 
135 
86 
204 
239 

354 
242 
84 
12 
201 
277 
291 
48 
185 
200 
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1419 

908 
798 
736 
651 
51 4 
833 
846 

983 
863 
553 
432 
822 
861 
906 
423 
704 
774 

0, Wt.% 

1.24 

0.78 
0.67 
0.55 
0.48 
0.41 
1 

1 

0.64 
0.48 
0.37 
0.33 

0.5 
0.57 

-- 



Table VIII.1-4 

Values of Relative Amounts of Sulfur and Nitrogen Compounds, 
Fo,s and F,,,, in the Less-reactive Lump and HDS and HDN Rate Constants, 

&,s and hN, for the Less-reactive Lump for the 
Sulfide and Nitride Catalysts 

k 4.L F Temp.. OC -0,s F As- -0.N Catalvst 

g Naphtha/ 
q cat.-hr 

g Naphtha/ 
a cat.-hr. 

MoS, 

MoS, 

Mo,N 

300 

350 

350 

0.39 

0.36 

0.33 

0.244 0.64 0.053 

0.970 0.63 0.393 

0.694 0.65 0.332 
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Table VIII.1-5 

HDS and HDN Activation Energies for the Less-reactive Lump 
of Sulfur and Nitrogen Compounds 
for the Sulfide and Nitride Catalysts 

Catalyst 

MoS, 

Mo,N 

Activation Energy, 
Sulfur (kcal/moll 

20 

8.5 

Activation Energy, 
Nitrozlen (kcal/mol) 

20 

9.5 
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Figure VIII.l-1. 

Figure VIII.l-2. 
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. . . . . . . . . . . .  
10.0 18 0 26.0 34.0 42.0 SO.0 %.O 64 0 74.0 82.0 90.098.0 

X-ray diffraction patterns for molybdenum sulfide (MoS,), fresh (top) and used 
(bottom). 1 

X-ray diffraction patterns for molybdenum nitride (Mo,N), fresh (top) and used 
(bottom). The extra peaks in the X-ray diffraction pattern for the used catalyst 
correspond to molybdenum oxide (MOO,). 
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Figure VIII.1-3. Activity decline of molybdenum sulfide and nitride catalysts for 
hydrodesulfurization and hydrodenitrogenation of coal-derived naphtha. (H) 
MoS,, HDS, 3OO0C, WHSV = 1; (0) MoS,, HDN, 3OO0C, WHSV = 1 ; (0) Mo,N, 
HDS, 35OoC, WHSV = 1; (0) Mo,N, HDN, 35OoC, WHSV = 1. 

150 250 350  450 

Temperature (C) 

Figure VIII.l-4. Hydrodesulfurization of coal-derived naphtha over molybdenum sulfide (0) and 
nitride (w) catalysts at 200 to 40OoC. 
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Figure VIII.l-5. Hydrodenitrogenation of coal-derived naphtha over molybdenum sulfide (0) 
and nitride (0) catalysts at 200 to 400°C. 
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Figure VIII.1-6. Hydrodeoxygenation of coal-derived naphtha over molybdenum sulfide (A) and 
nitride (A) catalysts at 200 to 40OoC. 
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Figure VIII. 1 -7. 

Figure VIII.l-8. 
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Comparison of the extent of hydrodesulfurization (m), hydrodenitrogenation 
(0) and hydrodeoxygenation (A) of coal-derived naphtha over molybdenum 
nitride catalyst at 200 to 40OoC. 

0.0 0.5 1 .o 1.5 2.0 

l l W H S V  

Fractional amount of sulfur (wt.%) remaining in hydrotreated product as a 
function of weight-hourly-space-velocity for molybdenum sulfide and nitride 
catalysts. (0) MoS,, 300°C; (0) MoS,, 350°C; (A) Mo,N, 350°C. 

VIII.1-24 



Figure VIII.l-9. 
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Arrhenius plot of the HDS rate constant for the less-reactive lump of sulfur 
compounds in coal-derived naphtha for molybdenum sulfide (0) and nitride 
(H) catalysts. 

0.5 1 .o 1.5 2.0 

1IWHSV 

Figure VIII.l-10. Fractional amount of nitrogen (vwt.%) remaining in hydrotreated product as a 
function of weight-hourly-space-velocity for molybdenum sulfide and nitride 
catalysts. (0) MoS,, 3OO0C; (0) MoS,, 35OOC; (A) Mo,N, 35OOC. 
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Figure VIII.1-11. 

Figure VIII.1-12. 
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Arrhenius plot of the HDN rate constant for the less-reactive lump of nitrogen 
compounds in coal-derived naphtha for molybdenum sulfide (0) and nitride 
(0) catalysts. 
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Fractional amount of oxygen (wt.%) remaining in hydrotreated product as a 
function of weight-hourly-space-velocity for molybdenum sulfide catalyst. 
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CHAPTER VIII.2 

CATALYTIC HYDROTREATMENT OF ILLINOIS NO. 6 

INDIVIDUAL NITROGEN AND SULFUR COMPOUNDS 
OVER MoS, AND Mo,N 

COAL-DERIVED NAPHTHA THE REMOVAL OF 

ABSTRACT 

The conversion of individual nitrogen and sulfur compounds present in Illinois 
No. 6 coal-derived naphtha was determined as a function of reactor residence time. 
The major nitrogen compounds in the naphtha are anilines, quinolines and pyridines. 
The major sulfur compounds are thiols, sulfides and thiophenes. The conversion of the 
heteroatom (nitrogen and sutfur) compounds are different and depend on the 
heteroatom compound class. Substituted anilines are the most difficult to convert 
amongst the nitrogen compounds while substituted thiophenes and benzothiophenes 
are the most difficult to convert for the sulfur compounds; this applies for both MoS, 
and Mo,N catalysts. Mo,N is more active than MoS, for the conversion of pyridine and 
quinoline compound classes. However, MoS, is more active for the conversion of the 
aniline compound class. Hydrogenation, at least partly, precedes C-S bond breaking 
for the HDS of thiophene over both MoS, and M0,N. The effect of additional methyl 
groups in decreasing the conversion of thiophenes is large for MoS, but relatively 
small for M0,N. Deviations from first order kinetics are seen for the.conversion of 
thiophenes probably due to product inhibition of the reaction rate. 

INTRODUCTION 

Since sulfur is a major heteroatom in most petroleum crudes [vIII.2-1] and 
because sulfur removal was required for the Pt-alumina naphtha catalyst used in the 
refinery introduced from about 1950, the hydrodesulfurization (HDS) of petroleum- 
derived naphtha is commonly practiced. In recent years the need to more effectively 
utilize heavier resids has led to hydrotreating processes for heavier feedstocks. 
Typically, nitrogen is more abundant than the sulfur heteroatom for coal-derived 
naphtha pIII.2-2 - VIII.2-41. Therefore, several studies have focused on the 
hydrodenitrogenation (HDN) of nitrogen-containing compounds EVIII.2-5 - VIII.2-lo]. 
Although the hydrotreatment of nitrogen- and sulfur-containing model compounds 
have been studied extensively [VIII.2-11 ,VIIL2-121, few of these report on the relative 
rate for heteroatom removal from the various compounds in a real naphtha. 

To characterize a catalyst in terms of its selectivity for individual heteroatom 
compound removal, a determination of the amount of each sulfur and nitrogen 
compounds present in the feed and hydrotreated naphtha is needed. Recently 
instrumentation with the potential to sample directly from a flame ionization detector to 
determine the amount of sulfur present in the effluent from a capillary gas 
chromatograph column has become available. Likewise, nitrogen sensitive gas 
chromatograph detectors can be utilized for a quantitative determination of individual 
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nitrogen compounds. Thus, the naphtha can be analyzed for N and S heteroatom 
compound composition using high resolution capillary column gas chromatography. 

Recently, Volpe and Boudart [VIII.2-131 have prepared M0,N with a surface 
area as high as 220 m2/g by temperature-programmed reduction of the molybdenum 
oxide using ammonia. Since then, the catalytic activity of molybdenum nitride has 
been obtained for a variety of reactions [VIIL2-14]. Molybdenum nitride exhibits a 
similar high activity as shown by Group Vlll metals for hydrogenation and 
hydrogenolysis reactions [VIIL2-14]. Molybdenum nitride has catalytic activity for 
pyridine hydrodenitrogenation (HDN) p7IIL2-15] and for thiophene 
hydrodesulfurization [VIII.2-16]. Pecoraro and Chianelli [VIII.2-17] have shown that 
certain Group Vlll metal sulfides are more active than molybdenum sulfide for the 
hydrodesulfurization of dibenzothiophene. It is of interest, therefore, to see if 
molybdenum nitride exhibits high activity and selectivity for hydrodesulfurization and 
hydrodenitrogenation. 

In a preceeding publication [VIIL2-18], the rates of removal of total sulfur, 
nitrogen and oxygen from a coal-derived naphtha were compared over unsupported 
molybdenum sulfide and nitride catalysts. The present study was designed to define 
whether heteroatom removal (nitrogen and sulfur) has a common rate for all 
compounds in each heteroatom class or whether some heteroatom compounds are 
especially difficult to convert using unsupported molybdenum nitride and unsupported 
molybdenum sulfide. 

EXPERIMENTAL 

Reactor System, Catalysts and Hydrotreatment. These have been detailed in 
the preceding publication [VIIL2-18]. 

Naphtha Analyses. The naphtha used as the feedstock for this study was 
produced from the liquefaction of a bituminous Illinois No. 6 coal at the Wilsonville, 
Alabama Advanced Integrated Two Stage Liquefaction Plant. The sample was 
collected during Run 261. 

Individual nitrogen compounds in the feed and hydrotreated Illinois No. 6 
naphtha were analyzed using a Thermionic Specific Detector (ED) coupled with a 
Varian 3700 gas chromatograph using a KOH treated Carbowax column. 

Sulfur compounds were analyzed using a Sievers Model 3506 Sulfur 
Chemiluminescence Detector (SCD) coupled with a HP 5890 Series II gas 
chromatograph containing a SPB-1 column (30m x 0.32mm). The Model 350 B SCD 
is a sulfur selective detector for gas chromatography. The SCD gives an extremely 
sensitive (ca. 20 picogram) response and the response is equimolar (per S atom) for 
all sulfur containing compounds. Further, the response is linear over five orders of 
magnitude. 

I 
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Identification of the nitrogen and sulfur compounds was accomplished by 
comparison of retention time and doping with a standard compound. Further, in 
order to distinguish the chromatographic peaks of thiols and sulfides from those of 
thiophenic compounds, the naphtha was washed with an equal volume of a 1 N 
aqueous solution of AgNO, to remove thiol and sulfide compounds from the oil. The 
comparison of the chromatogram of the washed and unwashed naphtha resulted in 
the determination of the type of compound for each chromatographic peak. 

RESULTS 

Nitrogen Compounds. Characterization of the Illinois No. 6 naphtha using the 
TSD coupled with the capillary GC shows that the naphtha contains a complex mixture 
of nitrogen compounds. It is estimated that the naphtha contains about 300-400 
nitrogen compounds. Identifications have been made for about 50% of the 
compounds and these are given in Table VIII.2-1. The nitrogen compound class 
distribution shown in Figure VIII.2-1 is based on area percent of the total area in the 
TSD chromatograph. 

Anilines are the major nitrogen class in the naphtha samples and are comprised 
of aniline and 1 to 4 carbon alkyl substituted anilines. The methyl substituted anilines 
are the most abundant compounds in this nitrogen class for the Illinois No. 6 naphtha. 

Pyridines and quinolines are the next most abundant nitrogen compounds 
among those identified. The methyl pyridines are the most abundant compounds in 
its class. Quinoline and tetrahydroquinoline have the highest concentrations in the 
quinoline compound class. One and 2 carbon alkyl quinolines were also identified in 
these naphtha samples. 

Sulfur Compounds. The sulfur chromatograph of the feed naphtha showed 
more than 350 peaks spread over retention time between 1 to 60 minutes. The 
availability of only a few alkyl substituted thiophenes and benzothiophenes limited the 
number of peaks that could be identified by the injection of sulfur compounds (Table 
VIII.2-2). Hence two methods were used to identify the types and amounts of sulfur 
compounds present. 

The total amounts of and chromatographic peaks corresponding to thiols and 
sulfides on one hand and thiophenes on the other were determined by washing the 
naphtha with AgNO,. The washing of the naphtha resulted in the formation of a black 
precipitate of the thiol and sulfide compounds. The chromatogram of the washed 
naphtha showed the disappearance of some peaks signifying that these peaks were 
of thiols and sulfides. The peaks corresponding to thiols/sulfides were spread over the 
entire range of retention times of the feed naphtha chromatograph signifying the 
presence of thiols and sulfides having a wide range of carbon atoms. For retention 
times smaller than 5 min and larger than 40 min the chromatographic peaks were 
almost exclusively those of thiols and sulfides. The peaks remaining in the washed 
naphtha corresponded to thiophenic compounds. Further, from retention times 
obtained by the injection of available standards and retention times reported in the 
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literature [VIII.2-191, the thiophenic compounds could be separated into three 
classes. 

The relative amounts of each class of compounds is shown in Figure VIII.2-2. 
The thiols and sulfides comprised the largest class of sulfur compounds. Thiophene 
and substituted thiophenes constituted the next biggest class. The total amounts of 
benzothiophenes and dibentothiophenes were small and were spread over a large 
number of compounds. Thus the individual compounds in these classes were in 
relatively minor amounts. 

Conversion of Individual Compounds. The total sulfur and nitrogen analyses 
provides a measure of HDN and HDS. However, for the conversion of individual 
heteroatom compounds (sulfur or nitrogen), one can only measure the amount of 
each heteroatom compound in the naphtha before and after reaction. A heteroatom 
compound may be converted to another compound that still contains either nitrogen 
or sulfur, Le. hydrogenation. Therefore, for the individual compounds studied, it is 
appropriate to use "converted" rather than "removed". In this respect, "converted" 
implies results for the disappearance and/or formation for each compound during the 
reaction period. 

The percentage converted of each individual nitrogen or sulfur compound of 
the naphtha is obtained from the area of the corresponding peak of the TSD or SCD 
chromatogram; these percentages are calculated as follows: 

X(i)% = [Area(i), - Area(i)J / Area(i), * 100 

where i denotes individual compound, area denotes the GC peak area, f denotes a 
feed component, and p denotes the same component after the reaction. 

The conversion of individual sulfur and nitrogen compounds are plotted as the 
logarithm of fractional conversion versus space time (reciprocal of the weight-hourly- 
space-velocity (WHSV)). Such a plot clearly identifies the individual compounds 
following first order kinetics and those that do not. If a regression line is obtained 
through the data points and the initial concentration of the compound then the 
compound follows first order kinetics and vice versa. 

Nitrogen Compounds. The chromatograms for the feed and naphtha 
hydrotreated at different temperatures show that most of the pyridine and quinoline 
class compounds are more easily converted, and the major compounds left after 
hydrotreatment are the aniline class compounds. For both catalysts, the pyridine 
class compounds are removed to trace levels at a space time (INHSV) longer than 
0.6 hours. The ethylpyridines are more difficult to convert than the methylpyridines. A 
pyridine substituted with methyl or ethyl group in the 4 position is easier to convert 
than when these substituents are at the 2 or 3 position; this was true for both 
catalysts. The Mo2N catalyst is more active than the MoS, catalyst for the conversion 
of the pyridines class compounds. Markel et al. [VIII.2-16] have shown that Mo2N is 
a much better hydrogenation catalyst than the molybdenum sulfide catalyst. This may 
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mean that the rate of HDN of the pyridine class compounds is dominated by ring 
saturation. 

The results of the conversion of aniline class compounds with the MoS, 
(Figures VIII.2-3 and VIII.2-4) and the M0,N catalyst (Figures VIII.2-5 and VIII.2-6) 
show that these compounds follow first-order kinetics well at the higher space 
velocities used in this study, but they deviate from this order at lower space velocities. 
Ethyl or dimethyl anilines follow first-order kinetics well for all the space velocities 
tested. However, it is to be noted that the aniline class compounds which follow first- 
order kinetics well for all of the space velocities utilized in this study are the 
compounds that are harder to convert (low conversions). Thus, there may be a 
deviation with these compounds at the higher conversion levels. 

For methyl and ethyl anilines, the conversion depends on the position that is 
substituted, Le. the conversion order is N-methylaniline > aniline > 4methylaniline > 
3-methylaniline > 2-methylaniline for both catalysts. Thus, these aniline compounds 
follow the conversion order expected if steric effects are an important factor. In 
general, it becomes more difficult to convert a substikrted aniline as the number of 
carbon substituents increases. An exception was observed for N-ethylaniline which is 
easier to convert than N-methylaniline. The M0,N catalyst is less active for the 
conversion of the aniline class compounds than the MoS, catalyst and this differs from 
the order observed for the pyridine class. These classes differ in that the nitrogen 
atom of pyridine is in the aromatic ring whereas the nitrogen atom of aniline is in an 
amino group attached to an aromatic ring. One may conclude from this observation 
that for the HDN of aniline class compounds, not only the hydrogenation step but the 
breaking of the C-N bond is a dominant factor in the conversion. Clearly, the MoS, is 
a more active catalyst than M0,N for the breaking of the G N  bond. Also, for the 
removal of total nitrogen, the MoS, is a more active catalyst than M0,N wII.2-181; 
this is because the aniline compound class is the majorii group of the nitrogen 
compounds in the Illinois No. 6 naphtha. 

For the quinoline class, all compounds follow a first-order reaction for both 
catalysts (Figures VIII.2-7 and VIII.2-8) except for 1,2,3,4tetrahydroquinoline. This 
exception may be due to 1,2,3,4-tetrahydroquinoline being an intermediate that is 
formed during the HDN reaction of quinoline class compounds. 3-methyl-quinoline is 
harder to convert than quinoline and quinoline is harder to convert than 4- 
methylquinoline. The M0,N catalyst is more active for the conversion of the quinoline 
class than the MoS, catalyst is, and this is similar to what was observed for the 
pyridine class. Quinoline is a benzopyridine; therefore, their behavior toward HDN 
should be similar. 

Sulfur Compounds. The chromatograph of the feed naphtha from the sulfur- 
specific detector contains peaks spread over a retention time between 1 and 60 
minutes. For both MoS, and Mo,N, at temperatures of 300 and 35OoC, the peaks 
corresponding to the lower boiling sulfur compounds (retention time = 0-5 min.) and 
those corresponding to the high boiling sulfur compounds (retention time = 40-60 
min.) are converted during hydrotreatment even at the highest space velocities utilized 
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in this study. This is not surprising since these peaks have been shown to correspond 
to thiols and/or sulfides which are known to be converted much faster than thiophenic 
compounds [VIII.2-20]. Some of the thiols and sulfides in the retention time range of 
5-40 min. are not converted probably because they are intermediates in the HDS of 
higher boiling sulfides or thiophenic compounds. Most of the sulfur compounds 
present in the hydrotreated products are of the thiophenic type. Out of these 
compounds the dibenzothiophenes which are present .in very small quantities in the 
feed are not detected in the hydrotreated products. 

The kinetics of conversion of the individual sulfur compounds over MoS, at 300 
and 35OoC and over M0,N at 350°C are shown in Figures VIII.2-9, VIII.2-10 and 
VIII.2-11 respectively. As shown in Figure VIII.2-9, the sulfur compounds, except for 
some compounds at low conversion, do not follow first order kinetics over MoS, at 
30OoC. Further, this behavior is not limited to any particular class of compounds but is 
exhibited by both thiols/sulfides and thiophenes. In contrast the conversion of 
individual thiophenic compounds is well represented by first order kinetics over MoS, 
at 35OoC (Figure VIII.2-IO). However, the thiols/sulfides do not follow first order 
kinetics even at this temperature. The plot for Mo,N at 350°C (Figure VIII.2-11) shows 
that the individual sulfur compounds exhibit a similar behavior as for MoS, at 300°C. 
First order kinetics are not followed by either the thiols/sulfides or the thiophenic 
compounds., These observations are referred to later in the discussion section. 

Figure VII1.2-12 is a plot of the concentration of particular sulfur compounds 
(normalized based on the initial concentration) versus space time over MoS, at 30i)oC. 
These sulfur compounds exhibit a behavior expected for intermediates in the 
conversion of other sulfur compounds. One of these compounds is 
tetrahydrothiophene which is a cyclic sulfide. Similar behavior is exhibited by the same 
sulfur compounds over Mo,N at 350OC. However, these compounds do not appear as 
intermediates over MoS, at 35OoC possibly because of the higher conversions 
achieved over this catalyst at this temperature. 

Figures VIII.2-13 and VIII.2-14 shows a plot of the concentration of thiophene, 
tetrahydrothiophene and 1 -butanethiol versus space time over MoS, (300OC) and 
M0,N (35OOC) respectively. It appears that tetrahydrothiophene is an intermediate in 
the HDS of thiophene over both MoS, and M0,N. The data for the M0,N catalyst at 
short conversion times are not consistent with tetrahydrothiophene being an 
intermediate unless some compound is an earlier intermediate in the overall reaction 
scheme. It is possible that such an interemdiate is dihydrothiophene but this has not 
been confirmed by analysis. Hence, hydrogenation precedes the breaking of the C-S 
bond for thiophene over these catalysts. However, 1-butanethiol appears to be an 
intermediate only for Mo,N and not for MoS,. Note that butanethiol can also be 
formed from higher sulfides and not necessarily only from thiophene. 

Figure VIII.2-15 compares the rates of conversion of thiophene and methyl 
substituted thiophenes over MoS, at 35OOC. As shown in Figure VIII.2-15, both 2- 
methyl and 3-methyl thiophene exhibit a much lower rate of conversion than 
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thiophene. 3-methyl thiophene is easier to convert than 2-methyl thiophene while 2,5- 
dimethyl thiophene is the most difficult to convert in this class of compounds. Thus, in 
general, the rate of conversion decreases with the addition of a methyl substituent. 
There is a small difference in the rates of conversion of 2-methyl and $methyl 
thiophene indicating a small steric effect of the methyl substituent in the 2 position. 

Figure VIII.2-16 shows a similar comparison of thiophene and methyl 
substituted thiophenes over M0,N at 350°C. Note that unlike the results obtained with 
MoS, at 35OoC, the kinetics of conversion of these compounds over M0,N is not first 
order. There is some scatter in the data but it is evident that there is not a dramatic 
difference between the rates of conversion of thiophene and the methyl substituted 
thiophenes as was evident for the MoS, catalyst. Hence, the presence of an additional 
methyl group has only a slight effect on the rate of conversion over Mo,N. 

DISCUSSION 

Kinetics of Individual Nitrogen and Sulfur Compounds 

The kinetics of conversion of the individual nitrogen compounds over the sulfide 
and nitride catalysts appear to depend on the structure of the compound. For the 
nitrogen compounds, quinolines and anilines with alkyl substituents on the aromatic 
ring exhibit first order kinetics. However, aniline and the N-substituted anilines, mainly 
N-methyl and N-ethyl aniline exhibit deviations from first order kinetics. A possible 
reason for aniline is that it is formed from other higher N-substituted anilines by the 
following reaction 

C6H,-NH-R + H, -> C6H,-NH, + RH 

where R is an alkyl group. The R-N bond appears to be broken preferentially over the 
C6H,-N bond. N-Methyl and N-ethyl aniline may also be formed by the dealkylation of 
higher N-substituted anilines. 

The situation is different for the sulfur compounds. Here the order of the 
reaction is not only dependent on the type of compound but also dependent on the 
catalyst and temperature. The thiols/sulfides exhibit large deviations from first order 
kinetics for both catalysts and at both 300 and 35OOC. It is possible that the 
thiols/sulfides are being formed during hydrotreatment. The thiols could be formed 
from the reaction of higher boiling monosulfides or disulfides [VIII.2-201 or from 
thiophenic compounds plIII.2-211 and the sulfides from the condensation of lower 
boiling thiols m . 2 - 2 0 1 .  For example, the following reactions have been shown to be 
possible [VII1.2-20,VIII.2-21] 

R-S-R' + 'H, -> R-SH + R'H 

R-S-S-R' + H, -> R-SH + R'-SH 
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2 R-SH --> R-S-R + H, 

Benzothiophene + H, --> 2-ethyl thiophenol 

where R and R '  are alkyl groups. 

The above explanation, however, does not seem to be appropriate for the 
thiophenic class of compounds. These compounds exhibit first order kinetics only for 
MoS, at 35OOC. At 3OO0C over MoS, and at 35OoC over M0,N the kinetics deviate from 
first order. Previous kinetic studies of the HDS of thiophene, for instance [VIII.2-221, 
have shown that the rate of reaction is inhibited by H,S which is a product of the 
reaction. In naphtha which contains a mixture of heteroatom compounds, the rate of 
reaction of an individual compound would be inhibited not only by the 
that compound but also the H2S formed by other sulfur compounds as well. In 
addition NH, and H,O formed from the hydrotreatment of nitrogen and oxygen 
compounds could inhibit the rate of reaction. The inhibition of the rate can lead to 
deviations from first order kinetics for the conversion of the thiophenic compounds. 

formed by 

In terms of Langmuir-Hinshelwood kinetics, the inhibition of the reaction rate by 
products is represented by the adsorption equilibrium constants for the products in 
the denominator of the rate expression. The adsorption equilibrium constant is 
expected to be larger at lower temperatures where the adsorption is stronger. Hence, 
for MoS,, the adsorption equilibrium constants of reaction products are high at 300°C 
whereas they are low at 35OoC. Hence, the rate of readion of the thiophenic 
compounds-is inhibited at 3OO0C and deviates from first order while the effect of 
inhibition is low at 35OoC and first order kinetics are exhibited. 

The inhibition of the rate is also dependent on the catalyst used which 
influences the adsorption equilibrium constants of the reaction products on the active 
sites. Apparently, the adsorption equilibrium constants of the reaction products are 
high for M0,N at 350OC. Hence, the reaction rate is inhibited over M0,N at this 
temperature leading to deviations from first order. As mentioned earlier, for MoS, at 
35OoC, the adsorption equilibrium constant of the reaction products are low and 
therefore the reaction rate follows first order kinetics. 

In Part I of this study pII1.2-18] it was shown that the overall kinetics of total 
sulfur and nitrogen removal do not follow first or second order kinetics over the entire 
range of conversion. A theoretical study of the overall kinetics of a reaction mixture 
mII.2-231 has shown that the overall order of reaction of a mixture is between 1 to 2 
if the individual compounds are converted by parallel, independent first order 
reactions. However, in this study it has been shown that some heteroatom 
compounds, such as anilines, thiols/sulfides and hydrogenated thiophenes, are 
formed as intermediates during hydrotreatment. Moreover some sulfur compounds 
exhibit Langmuir-Hinshelwood kinetics with product inhibition. Hence, the conversion 
of individual compounds is neither by independent nor by first order reactions. It is not 
surprising, therefore, that the overall kinetics of the mixture does not follow first or 
second order kinetics. 
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The overall removal of sulfur and nitrogen was characterized by two first order 
reactions corresponding to reactive and less reactive lumps of heteroatom 
compounds [VIII.2-181. The results of this study show that the compounds belonging 
to the reactive lump consist mainly of pyridines and amines for nitrogen and thiols and 
sulfides for sulfur. The compounds belonging to the less-reactive lump consist mainly 
of anilines and quinolines for nitrogen and thiophenes for sulfur. Even though some of 
the anilines are formed as intermediates the overall removal of nitrogen from the less- 
reactive lump follows first order kinetics. Most of the thiophenic compounds exhibit a 
high rate of conversion at low space times and a low rate at high space times 
probably due to product inhibition. This behavior provides yet another reason for the 
division of the overall rate as a combination of two first order rates. 

Relative reactivities of individual nitrogen and sulfur compounds 

This study has enabled us to evaluate the relative reactivities of various nitrogen 
and sulfur compounds in a competitive environment. The relative reactivities between 
families of similar compounds as well as between compounds belonging to the same 
family have been determined. Earlier investigations of the relative reactivities of 
nitrogen and sulfur compounds were done under non-competitive conditions usually 
with individual model compounds or with a mixture of a limited number of model 
compounds and with conventional promoted (Co-Mo or Ni-Mo) catalysts supported on 
alumina. The results of the present study are compared with earlier investigations in 
the following paragraphs. 

As mentioned earlier, the order of reactivity amongst different families of 
nitrogen compounds is observed to be pyridines > quinolines > anilines over both 
the sulfide and nitride catalysts. At first, it may seem surprising that anilines, 
possessing an aliphatic C-N bond, are less reactive than quinolines wherein the 
nitrogen atom is part of a six-membered ring. However, a recent review [VIII.2-241 
and the references contained therein, has shown that even though anilines (more 
specifically, orthopropylaniline) are more reactive than quinoline when each compound 
is reacted separately, the order is reversed when the two types of compounds react 
under competitive conditions. 

A comparison of the reactivities of alkyl-substituted pyridines shows that 4- 
methyl pyridine is more reactive than either 2- or 3-methyl pyridine over both sulfide 
and nitride catalysts. This indicates the presence of a steric effect assuming the 
pyridines adsorb on the catalyst via the nitrogen atom in the six-membered ring in an 
end-on position. Previous studies plIII.2-25,VIII.2-26] on the relative reactivities of 
alkyl-substituted pyridines are contradictory. One investigation [VIII.2-25] shows an 
absence of a steric effect with the reactivity of 2-methyl and 3-methyl pyridine to be 
higher than that of +methyl pyridine. However, another investigation plIII.2-261 
indicates a strong steric effect with the order of reactivity: pyridine > 2-methyl pyridine 
> 2,6-dimethyl pyridine > 2,4,6-trimethyl pyridine. The results of this study agree with 
the latter investigation pIII.2-261 and not with the former plIII.2-251. 
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Similar to the results for alkyl-substituted pyridines, the relative reactivities of 
alkyl-substituted anilines exhibit the preseiice of a steric effect over both the sulfide 
and nitride catalysts. Previous investigations of the effect of alkyl substituents on the 
reactivity of the anilines are non-existent. 

The order of reactivity of the alkyl-substituted quinolines determined in this 
study is: dmethyl quinoline 2 quinoline > 3-methyl quinoline over both sulfide and 
nitride catalysts. A previous investigation of the reactivities of quinoline and various 
dimethyl quinolines indicated an absence of a steric effect [VIII.2-271. However, the 
comparison is between compounds which are different to those of the present study. 

Similar to the nitrogen heteroatom compounds, the sulfur compound families in 
the naphtha exhibit different reactivities. The order of reactivity, as mentioned earlier, 
is thiols/sulfides > thiophenes for both the sulfide and nitride catalysts. This is in 
conformity to previous studies on the reactivity of sulfur compounds [VIII.2-20]. 
Individual benzothiophenes are present only in small quantities in the feed naphtha 
which makes it difficult to determine their conversions. 

The order of reactivity of the methyl-substituted thiophenes over the sulfide 
catalyst is thiophene > > 3-methyl thiophene > 2-methyl thiophene > 2,5-dimethyl 
thiophene. The difference between the reactivity of thiophene and the methyl 
substituted thiophenes is greatest whereas the difference in reactivities between the 
methyl substituted thiophenes is small. The order of reactivity over the nitride catalyst 
is slightly different. Here the reactivities of thiophene, 2-methyl and 3-methyl thiophene 
are roughly comparable with 3-methyl thiophene being slightly more reactive. Similar 
to the sulfide catalyst, 2,5-dimethyl thiophene shows the lowest reactivity. 

Previous investigations of the relative reactivities of substituted thiophenes have 
provided contradictory information. An early investigation [VIIL2-281 showed that the 
order of reactivity is 3-methyl thiophene > thiophene > 2-methyl thiophene. A more 
recent investigation [VIII.2-291 has confirmed the above reactivity order and also 
shown that 2,Sdimethyl thiophene has the lowest reactivity. However, the difference 
in reactivity between thiophene and methyl thiophenes was small. These 
investigations were performed with individual model compounds in isolation. An 
investigation of the relative reactivities of alkyl-substituted thiophenes WI11.2-30] in a 
competitive environment (binary mixtures of model compounds), however, showed a 
completely different trend. Here the order of reactivity was: 2,5-dimethyl thiophene > 
3-methyl thiophene > 2-methyl thiophene > thiophene. Thus the reactivity actually 
increased with the addition of methyl substituents. Hence, a complete picture of the 
relative reactivities of alkyl-substituted thiophenes is still lacking. 

The results for the nitride catalyst seem to be in agreement with one of the 
previous investigations EVIII.2-291. However, the results of the present study for the 
sulfide catalyst do not agree with that of the previous investigations. Only 2,fi-dimethyl 
thiophene which is shown as being the least reactive, is in agreement with two of the 
previous investigations ~II1.2-28,VII1.2-29]. The reasons for this difference may be 
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due to the competitive environment and the simultaneous presence of nitrogen and 
oxygen compounds and/or the use of unpromoted molybdenum sulfide in this study. 

CONCLUSION 

The amount of individual nitrogen and sulfur compounds present in Illinois No. 
6 coal-derived naphtha has been determined using a Thermionic Specific Detector 
and Sulfur Chemiluminescence Detector coupled with a gas chromatograph, 
respectively. The major nitrogen compounds in the naphtha are anilines, followed by 
quinolines and pyridines. The major sulfur compounds that have been identified are 
thiols and/or sulfides, thiophenes and benzothiophenes compounds. 

The aniline class compounds are harder to convert than pyridine and quinoline 
class compounds with both catalysts. Unsubstituted aniline and pyridine are the 
easiest to convert. Unsubstituted quinoline is approximately as difficult to convert as a 
one carbon substituted quinoline. These observations apply for both Mo,N and MoS, 
catalysts. For the conversion of pyridine and quinoline class compounds, Mo,N is a 
more active catalyst than MoS,. However, for the conversion of the aniline class 
compounds, MoS, is a more active catalysts than Mo,N. 

The chromatograms of the sulfur compounds in the hydrotreated product show 
that lower boiling and high boiling thiols and/or sulfides are the earliest to be 
converted. Substituted thiophenes and benzothiophenes are the sulfur compounds 
that are the most difficult to convert. The HDS of thiophene proceeds with 
tetrahydrothiophene as an intermediate over both MoS, and M0,N. A comparison of 
the rate of conversion of the methyl substituted thiophenes over MoS, shows that the 
rate is considerably lowered by the addition of a methyl group to thiophene. However, 
such a dramatic difference between the rates of thiophene and methyl substituted 
thiophenes is not observed over M0,N. 

First order kinetics are not followed for the conversion of some nitrogen 
compounds and the conversion of the majority of sulfur compounds. N-substituted 
anilines and intermediate boiling thiols and/or sulfides are formed as intermediates 
during hydrotreatment over both MoS, and Mo,N which causes deviations from first 
order kinetics for the conversion of these compounds. The rate of conversion of 
thiophenes is inhibited by the hydrotreatment reaction products and is responsible for 
the deviations of first order kinetics of these compounds. 
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Table VIII.2-1 

Peak # 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

Representative Retention Times and Identity of 
Nitrogen Compounds Presented in Illinois No. 6 Naphtha 

- R.T. 

9.22 
10.25 
12.45 
12.77 
12.99 
14.95 
15.63 
15.93 
16.68 
18.62 
21.26 
23.30 
23.92 
26.97 
27.1 2 
27.98 
29.36 
29.87 
30.53 
30.60 
31.02 
31 -38 
31.79 
32.09 
32.45 
32.68 
32.79 
33.05 
33.1 6 
33.44 
33.74 
33.85 
34.81 
35.23 
36.56 
37.29 
37.65 
45.67 

Area % 

0.37 
1.42 
0.38 
0.51 
0.24 
0.86 
0.20 
0.1 3 
0.78 
0.1 8 
0.37 
0.75 
0.1 5 
0.53 
1.15 
5.84 
5.1 8 
3.57 
0.54 
6.1 6 
1.62 
2.25 
1.85 
0.40 
1.48 
0.45 
2.1 8 
2.39 
1.21 
1.07 
1.11 
0.95 
1.18 
1.44 
1 .oo 
0.45 
0.25 
1.63 

ppm 

5.3 
20.1 
5.4 
7.2 
3.4 

12.2 
2.8 
1.8 

11.1 
2.6 
5.3 

10.6 
2.1 
7.5 

16.3 
82.9 
73.5 
50.7 
7.7 

87.4 
23.0 
31.9 
26.3 
5.7 

21 .o 
6.4 

30.9 
33.9 
17.2 
15.2 
15.8 
13.5 
16.7 
20.4 
14.2 
6.4 
3.5 

23.1 

Compound 

pyridine 
2-methyl pyridine 
2-ethyl pyridine 
3-methyl pyridine 
4-methyl pyridine 
2,4,6-methyl pyridine 
3-ethyl pyridine 
4-ethyl pyridine 
3,fi-dimethyl pyridine 
3,4-dimethyl aniline 
N,N-dimethyl aniline 
2,3-cyclopenteno pyridine 
N,N-diethyl aniline 
N-methyl aniline 
N-ethyl aniline 
aniline 
2-methyl aniline 
4-methyl aniline 
2,5-dimethyl aniline 
3-methyl aniline 
2-ethyl aniline 
2,4-dimethyl aniline 
4-n-buty laniline 
1,2,3,4-tetrahydroisoquiniline 
4-ethyl aniline 
indoline 
quinoline 
3-ethyl aniline 
3,5-dimethyl aniline 
2,3-dimethyl aniline 
p-isopropyl aniline 
isoquinoline 
4-propyl aniline 
2-ethyl-6-sec-butyl aniline 
1,2,3,4-tetrahydroquinoIine 
4-methyl quinoline 
3-methyl quinoline 
1,2-dimethyl indole 
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Table VIII.2-2 

Peak # 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 

Representative Retention Times and identity 
of Sulfur Compounds Presented in Illinois No. 6 Naphtha 

- R.T. 

0.82 
2.1 3 
2.35 
2.94 
4.1 8 
5.76 
7.37 
9.73 
10.04 
1 1.03 
13.96 
14.22 
28.45 
48.1 6 

Area % 

0.7 
0.9 
1.4 
0.06 
0.1 4 
1.36 
0.006 
1.64 
1.37 
0.33 
2.0 
0.27 
0.86 
0.1 0 

DPm 

5.7 
7.4 
0.5 
0.5 
1 .I 

1 1.04 
0.05 
13.4 
11.2 
2.72 
16.4 
2.2 
7.0 
0.8 

Compound 

hydrogen sulfide 
ethanethiol 
dimethyl disulfide 
propanethiol 
methyl-ethylsufide 
thiophene 
1 -butanethiol 
2-methyl thiophene 
3-methyl thiophene 
tetrahydrothiophene 
2-ethyl thiophene 
2,5-dimethyl thiophene 
benzothiophene 
dibenzot hiop hene 
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Figure VIII.2-1- 

Figure VIII.2-2. 
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Figure VIII.2-3. 
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E- 2 -  
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Figure VIII.2-4. 

0 0.5 1 1.5 2 2.5 

INVHSV, hr. 

Kinetic plots for the conversion of aniline class compounds using MoS, 
at 35OOC. (0) aniline; (0) N-methylaniline; (0) 2-methyianiline; (A) 3- 
methylaniline; (*) 4methylaniline; (m) N-ethylaniline. 

0 0.5 1 1.5 2 2.5 

INVHSV (hr.) 
Kinetic plots for the conversion of aniline class compounds over MoS, 
at 35OoC. (0) 2-ethylaniline; (0) 3-ethylaniline; (0) 4ethylaniline; (A) 
N,N-dimethylaniline; (*) 2,3-dimethylaniline; (H) 2,4dimethylaniIine. 
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Figure VIII.2-5. 

Figure VIII.2-6. 

5 
0 0.2 0.4 0.6 0.8 1 1.2 

INVHSV, hr. 

Kinetic plots for the conversion of aniline class compounds over Mo,N 
at 35OOC. (0) aniline; (0) N-methylaniline; (0) 2-methylaniline; (A) 3- 
methylaniline; (*) 4-methylaniline; (I) N-ethylaniline. 

I I I I I 

0 02 0.4 0.6 0.8 1 1.2 

INVHSV, hr. 
Kinetic plots for the conversion of aniline class compounds over Mo,N 
at 350OC. (0) 2-ethylaniline; (0) 3-ethylaniline; (0) 4-ethylaniline; (A) 
N,N-dimethylaniline; (*) 2,3-dimethylaniline; (H) 2,4dimethylaniline. 
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Figure VIII.2-7. 

Figure VIII.2-8. 

0 0.5 1 1.5 2 2.5 
I N H S V  (hr.) 

Kinetic plots for the conversion of quinoline class compounds over 
MoS, at 350OC. (0) quinoline: (0) isoquinoline; (0) 1,2,3,4 
tetrahydroisoquinoline; (A) 1,2,3,4tetrahydroquinoline; (*) 3- 
methylquinoline; (m) 4methylquinoline. 

' 20 
0 02 0.4 0.6 0.8 1 1.2 

Space Time; hr. 
Kinetic plots for the conversion of quinoline class compounds over 
M0,N at 350OC. (0) quinoline; (0) isoquinoline; (0) 1,2,3,4- 
tetrahydroisoquinoline; (A) 1,2,3,4tetrahydroquinoline; (*) 3- 
methylquinoline; (m) 4methylquinoline. 
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I I I I I 
0 0.5 1 1.5 2 2.5 

1 1  

I/WHSV, hr. 
Figure VIII.2-9. Kinetic plots for the conversion of individual sulfur compounds over MoS, at 

3OO0C (0) thiophene; (A) 2-methylthiophene; (0) peak retention time = 24.97 
(a C,-thiophene); (*) peak retention time = 26.96 (a (28 thiol/sulfide); (H) peak 
retention time 

'0 0.5 1 1.5 2 2 5  

INVHSV, hr. 
Figure VIII.2-10. Kinetic plots for the conversion of individual sulfur compounds over MoS, at 

35OoC (0) thiophene; (A) 2-methylthiophene; (0) peak retention time = 13.1 1 
(a C5 thiol/sulfide); (*) peak retention time = 17.49 (a Cs thiol/sulfide); (a) peak 
retention time = 29.97 (a C,-thiophene). 
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200 500 I 

1 
0 0.2 0.4 0.6 0.8 1 1 2  

INVHSV, hr. 
Figure VIII.2-11. Kinetic plots for the conversion of individual sulfur compounds over Mo,N at 

350°C (a) thiophene; (A) 2-methylthiophene; (A) peak retention time = 18.49 
(a C,-thiophene); (0) peak retention time = 23.1 1 (a C,-thiophene); (*) peak 
retention time = 31.57 (a C,+ thiol/sulfide). 

U 
0 0.5 1 1.5 2 2.5 . 

I/WHSV, hr. 
Figure VIII.2-12. Normalized concentration of sulfur compounds (based on initial concentration of 

some sulfur compounds versus space time over MoS, at 300°C (0) 
tetrahydrothiophene; (A) peak retention time = 13.1 1 ; (0) peak retention time = 
15.94; (*) peak retention time = 16.90. 
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0 0.5 1 1 -5 2 2.5 

I N H S V ,  hr. 

Figure VIII.2-13. Concentration of thiophene, tetrahydrothiophene and 1 -butanethiol versus space 
time after hydrotreating at 3OO0C over MoS, (0) thiophene; (A) 
tetrahydrothiophene; (0) 1 -butanethiol. 

IMHSV, hr. 

Figure VIII.2-14. Concentration of thiophene, tetrahydrothiophene and 1 -butanethiol versus space 
time after hydrotreating at 350°C over M0,N (0) thiophene; (A) 
tetrahydrothiophene; (0) 1 -butanethiol. 

v111.2-22 



1,000 

200 5001 

'0 0.5 1 1.5 2 2.5 

INVHSV, hr. 
Figure VIII.2-15. Kinetic plots for the conversion of thiophene and methyl-substituted thiophenes 

over MoS, at 350°C (0) thiophene; (A) 2-methylthiophene; (0) 3- 
methylthiophene; (*) 2'5-dimethylthiophene. 
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Figure VIII.2-16. Kinetic plots for the conversion of thiophene and methyl-substituted thiophenes 
over Mo,N at 350°C (m) thiophene; (A) 2-methylthiophene; (0) 3- 
methylthiophene; (*) 2'5-dimethylthiophene. 

v111.2-23 



CHAPTER IX 

HYDROTREATMENT OF NAPHTHA WITH 
MOLYBDENUM NITRIDE CATALYSTS 

ABSTRACT 

Nanoscale, high surface area bulk molybdenum nitrides have been synthesized 
using two methods: a laser pyrolysis technique (LPT) and a topotactic reaction (TR). 
The activity for hydrodenitrogenation (HDN) and hydrodesulfurization (HDS) of Illinois 
no. 6 naphtha was determined. Both catalysts were active for the HDN and HDS 
reactions and on an unit mass basis, exhibited the same activity and selectivity. 

INTRODUCTION 

Transition metal nitrides have shown catalytic activity for several reactions. 
Anderson reported that iron nitrides have significant catalytic activity for the Fisher- 
Tropsch synthesis (E-I). Kimperamn and Temkin (E-2) prepared Mo,N by reacting 
ammonium molybdate with ammonia and Hill et al. (IX-3) prepared Mo,N from MOO, 
by reduction in H, followed by nitriding in N,. These materials exhibited catalytic 
activity for the ammonia synthesis. Unfortunately, most of the catalysts employed in 
the above studies had a surface area less than 1 m2/g. In order for a catalyst to be 
used in practical applications, a high surface area to volume ratio is desirable. . 

Recently, M0,N with a surface area as high as 220 m2/g has been prepared by 
temperature-programmed reduction of the molybdenum oxide using ammonia. This 
synthesis is considered to involve a topotactic reaction (IX-4). Since then, several 
studies had shown that Mo,N catalysts, prepared by this method, are effective and 
selective hydrotreatment catalysts (IX-5 - IX-9). 

.. 

Haggerty et al. (IX-10) developed a technique to synthesize nanoscale 
powders using a laser pyrolysis technique. The technique involves the intersection of 
a tunable CO, laser with a gas stream carrying a combination of reactant gases. The 
rapid heating and cooling rates allowed by this technique permits the production of 
nanoscale powders under nonequilibrium conditions. The powder produced by this 
technique has been reported to have a narrower size distribution and to be less 
contaminated than those produced by conventional oven-based methods (E-1 0). 

The purpose of this work was to compare the catalytic activity of Mo,N 
prepared by a topotactic reaction with one prepared by a laser pyrolysis technique for 
the hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) of naphtha derived 
from Illinois No. 6 coal. 

Catalvst 

Laser wrolvsis Technique (LPT). A nanoscale molybdenum nitride powder was 
generated in a laser pyrolysis system whose schematic is shown in Figure DC-1. Solid 
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Mo(CO), was loaded in a sublimation cell whose temperature can be regulated 
between 25 and 50OOC. The reactant gas, NH,, flowed over the heated Mo(CO), 
powder, and then vertically exiting through a stainless steel nozzle to intersect a 
horizontal beam from a CO, laser (Laser Photonics Model 150). The reaction is 
initiated and sustained by the heat generated from the resonant absorption of the CO, 
laser energy by the reactant gas (NH,) which have strong rotational-vibrational bands 
that match one of approximately 100 CO, laser lines. The pressure in the reaction 
chamber was maintained at approximately 300-500 Torr by a rotary vacuum pump. A 
coaxial flow of argon contained the reactant gases in a well-collimated stream forming 
a %vall-less" reactor. The powders generated in the pyrolysis zone were carried out of 
the reaction chamber into a particle trap. Important reaction parameters include total 
chamber pressure, laser powder density, reactant gas flow rate, vapor pressure of 
chemical precursors and reactant gas nozzle diameter. The powders form as a result 
of the thermal decomposition of molybdenum carbonyl, e. g. Mo(CO), -> Mo + 6 
CO, and the subsequent reaction of the molybdenum atom or ion with the reactant 
gas. The mechanism for the formation of the powders have been described in detail 
(1x4 1). 

Topotactic Reaction TTRL Molybdenum nitride was also prepared by the 
temperature programmed reduction and reaction of MOO, with ammonia at 
atmospheric pressure. MOO, was placed between pads of quartz wool held in a 
quartz tube contained in a tubular furnace; the tube was connected to the gas feed 
system. The temperature was raised linearly at 20°C/min to about 355OC, 
programmed to about 465°C at a rate of O.6"C/min1 incieased to about 705°C at 
1.8"C/min, and then held at 705°C. NH, flowed over the sample during the entire 
temperature range and for 30 minutes at 705OC. After the synthesis was completed, 
the sampled was cooled rapidly to room temperature in flowing ammonia. Upon 
reaching room temperature, the ammonia flow was stopped and the sample was 
allowed to contact air through the open ends of the tube. 

Activitv Test 

A fix-bed reactor, operated in concurrent downflow mode, was used for these 
studies. A Brooks Mass flow controller, Model 5850 E, was used to deliver a constant 
flow of gas. A Milton Roy minipump Solvent Delivery system was used for the adding 
the naphtha at the reaction pressure. The reactor, assembled from 1/2 inch O.D. 
tubing, was placed in a 1" x 12" Lindberg 1200°C tube furnace held in a vertical 
position. A hand-loaded back-pressure regulator, rated to 4000 psig, was used to 
regulate the reaction pressure. The temperature was varied in the range from 275 to 
400°C with a pressure of 660 psig and a hydrogen/hydrocarbon g-mole ration of 2.6. 

During a period of catalyst testing, each condition was maintained for 24 hours; 
three samples were taken during the final 6 hours of each steady state period to 
obtain data for heterocompound conversion for each condition. Prior to analysis, a 
sample was washed three times with distilled water to remove dissolved H2S and NH,. 
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Naphtha Analvses 

The naphtha used as the feedstock for this study was produced during the 
liquefaction of a bituminous Illinois no. 6 coal at the Wilsonville, Alabama Advanced 
Integrated Two Stage Liquefaction Plant. The sample was collected during Run 261. 

The elemental analyses of the naphtha are shown in Table IX-1. Total carbon 
and hydrogen analyses were performed using a Leco CHN analyzer. Total nitrogen 
contents of the feed and product were determined using a Dohrmann DN-I00 total 
nitrogen analyzer equipped with a chemiluminescence detector. Total sulfur content 
was determined using a Xertex C-300 microcoulometer. 

The feed and hydrotreated Illinois No. 6 naphtha samples were analyzed for 
individual nitrogen compounds using a Thermionic Specific Detector (TSD) coupled to 
a Varian 3700 gas chromatograph frtted with a KOH treated Carbowax column. The 
amounts of the individual sulfur compounds were obtained using a Sievers Model 
350B Sulfur Chemiluminescence Detector (SCD) coupled with a HP 5890 Series II gas 
chromatograph fitted with a SPB-1 column (30m x 0.32mm). Identification of the 
nitrogen and sulfur compounds was accomplished by comparison of retention time 
and doping with standard compounds. 

RESULTS AND DISCUSSION 

Catalvst Characterization. X-ray difft-action patterns of the crystallite phase of 
the molybdenum nitrides produced by the two methods indicated the samples were y- 
Mo2N. The Scherrer equation (IX-12) was used to calculate the crystallite dimensions. 
The crystallite size, taken as the average of D<200.,, D<,ll,, and D<=,, of the two 
catalysts are small (Table IX-2). The particle size, determined from diffraction data, of 
Mo,N(LPT) is approximately 1/3 that of Mo,N(TR). The texture, or preferred 
orientation, can be estimated semiquantitative by the relative intensity of appropriate 
peaks of the diffraction pattern. In this study, the intensity ratio 1(200)/1(111) was used 
to determined the texture. For the Mo,N(LPT), the ratio of 1(200)/1(111) is equal to 0.5, 
indicating a randomly distributed y-Mo2N crystallites of uniform dimensions (E-12). 
However, a significant degree of texturing was found for the sample Mo2N(TR), since 
the 1(200)/1(111) ratio was 1.2, much larger than the expected value of 0.5. This kind 
of texturing, also reported by several researchers (E-4, IX-13 - E-14), was probably 
a consequence of the pseudomorphic nitridation of the MOO, particles into y-M0,N. 

The used catalysts, characterized by X-ray diffraction, indicated that the bulk 
structure of the two catalysts was retained and even traces of impurity phases (nitride, 
oxide or sulfide) were not found. This agrees with the results reported by Markel and 
Van Zee (E-13). 

The BET surface areas (nitrogen adsorption) of these two catalysts (Table IX-3) 
show that Mo2N(TR) has about three times the surface area of Mo,N(LPI) (153 and 42 
m2/g, respectively). For the Mo,N(TR) particle, the average size estimated from the 
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BET surface area assuming a spherical particle was consistent with that calculated 
from the diffraction peaks: however, a significant difference was observed between 
these two values for the Mo,N(LPT) (Table IX-2). This result is surprising since the 
Mo,N(LPT) sample is spherical shaped, based on XRD data and TEM pictures, 
whereas there is considerable texturing of the Mo,N(TR) sample, indicating deviation 
from a spherical particle. The crystal size calculated from the BET equation is not 
strongly dependent upon the shape assumed for the crystal. Thus, it appears that the 
Mo,N(TR) is composed of essentially single crystal particles whereas the Mo,N(LPT) 
sample is composed of polycrystalline spherical particles. 

A TEM image taken for the Mo,N(LPT) particle shows the particles are spherical 
and fairly uniform in particle size, which is consistent with the result from the X-ray 
diffraction pattern. However, the average particle size determined from TEM image 
(10 nm), consistent with that estimated from the BET surface area, is larger than the 
crystallite size estimated from diffraction pattern (2 nm). While this difference could 
conceivably be due to a phase disorder broadening of the XRD lines for the 
Mo,N(LPT) catalyst it seems more likely to be due to the spherical particle being 
polycrystalline. The average particle size estimated from the TEM pictures (10 nm) 
agree with that estimated from the BET surface area (15 nm) but not for the XRD size 
(about 2 nm). 

The SEM pictures (Figure IX-2) clearly distinguish the two samples. The 
pictures in Figures IX-2a - IX-2c show increasing magnification of the elongated 
particles. The general shape of the 500-3,OOOpm particles is the same as that of the 
parent MOO,, in agreement with the results of earlier investigators (e.g., E-4, IX-13, 
E-14). The particle featured in Figures IX-2b and IX-2c is atypical in that it consists 
of a number of stacked platelets; however, the particle is typical in showing that a 
large number of the particles consist of a stacking of two or more of the elongated 
plates. The photo in Figure IX-2d is a high magnification of the titled, such as can be 
seen in Figure IX-2c. This plane has a "rough" surface, as is evident by the fuzziness 
due to surface charging and/or changing depth. The surface is characterized by 
abundant cracks which, when connected, form pores throughout the solid. The large 
planar particles are comprised of smaller particles, both in the plane (Figures IX-2d 
and IX-2e) and as viewed along the edge of a large particle (Figure IX-2f). In 
contrast, the Mo,N(LPT) sample consists of nearly spherical agglomerates of smaller, 
nearly spherical particles (Figures E-2g and IX-2h). The SEM pictures provide data 
that are consistent with the XRD, TEM and surface area data. 

Hvdrodenitroaenation (HDN) 

Total Nitrogen. Each catalyst was utilized for the hydrotreatment of the Illinois 
No. 6 naphtha under the same reaction conditions, and both samples exhibited 
significant HDN activity. Both catalysts have similar activity for the removal of total 
nitrogen, on a mass basis, over the temperature range 25@40OoC (Figure E-3). The 
surface area of Mo,N(TR) is approximately 3.6 times larger than that of Mo,N(LPT); 
thus, the Mo,N(LPT) has higher specific activity of HDN, on a unit surface area basis, 
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than that of Mo,N(TR). Thus, the activity, on a surface area basis, varied with particle 
size indicating that HDN of Illinois No. 6 naphtha depends on the particle size, as 
reported for the HDN of model compounds (E-14 - IX-15). Markel and Van Zee (IX- 
13) also reported that the lower surface area Mo,N catalyst exhibited a higher specific 
HDS activity than the higher surface area Mo,N catalyst. 

Individual Nitroqen. Characterization of the Illinois No. 6 naphtha using 
thermionic specific detector couple with the capillary GC shows that the naphtha 
contains about 300-400 nitrogen compounds (IX-16). Anilines comprise the major 
nitrogen class of the naphtha, which consists of aniline and 1 to 4-carbon substituted 
anilines. The next most abundant nitrogen compounds are pyridines and these are 
followed by the quinolines. The total nitrogen analyses provides a measure of total 
removal of nitrogen from the naphtha. Also, the conversion of each individual nitrogen 
compound, on a mass basis, xi, was calculated using the areas from the TSD 
chromatogram as follows: 

X(i)% = {Area@,, - Area[i],J / Area& * 100 

where i denotes the individual compound, Area denotes the GC peak area, f denotes 
i in the feed, and p denotes the same compound after the conversion. 

Among the three major nitrogen classes, pyridines are much easier to convert 
than anilines and quinolines, and this was true for both catalysts (Figure IX-4). For 
the conversion of pyridine class compounds, the activity of the two catalysts are 
similar (Figure IX-5). The data for the conversion of aniline class compounds show 
that for aniline and the methyl anilines, the activity of the two catalysts are similar and 
this is consistent with the results for the pyridine class compounds. For the 
compounds that are harder to convert, e.g., aniline substituted with 2- to 4-carbon 
(Figure IX-6) and the quinoline class compound (Figure IX-7), the Mo,N(LPT) exhibits 
a slightly higher conversion than the Mo,N(TR). The activity comparisons shown in 
Figures IX-4 to IX-7 are on a weight basis. If the comparison of the activity is based 
on a unit surface area, Mo,N(LPT) is much more active than the Mo,N(PR). 

Hvdrodesulfurization (HDS) 

Total Sulfur. Both catalysts also exhibited significant HDS reactivity, with sulfur 
compounds being easier to convert than the corresponding nitrogen compounds. 
Furthermore, the data (Figure IX-8) show that both catalysts exhibe a similar activity 
(mass basis) for the removal of total sulfur from the naphtha at over the temperatures, 
range 250 to 4OO0C, and therefore resembles the data for HDN. Again, since the BET 
surface area of the Mo,N(TR) is smaller than that of Mo,N(LPT), the Mo,N(TR) has a 
higher specific activity of HDS, on a surface area basis, than the Mo,N(LPT) catalyst. 

Individual Sulfur Compounds. The chromatogram for the feed naphtha shows 
more than 350 peaks that correspond to sulfur compounds. Thiols and sulfides 
represent the largest class of sulfur compounds, with thiophene and substituted 
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thiophenes representing the next largest class. Details of the identification of the 
individual sulfur compounds are presented in reference 16. For both catalysts, at 
35OoC, the thiols and sulfides are converted. For the conversion of the thiophene and 
substituted thiophenes compounds, the activity, on a mass basis, of these two 
catalysts are similar (Figure IX-9) as the case for the removal of total sulfur. 

-. The catalysts were utilized at a range of temperatures and 
flow conditions. As a measure of the catalyst stability the conversions were 
conducted using the same conditions at intervals. The data (Figure 1x40) show that 
the catalytic conversions decline slowly with time-on-stream: thus, the data in the 
previous figures can be compared directly. 

CONCLUSION 

Nanoscale catalysts have been Mo2N synthesized using two methods: a laser 
pyrolysis technique, and a topotactic reaction (temperature programmed reaction of 
MOO, with NHJ. It was found that, while the two samples have the same crystal 
phase, the physical structure of the two Mo,N samples differ. 

The Mo,N(LPT) sample consists of polycrystalline spherical particles of m. 15 
nm that agglomerated into larger particles. The Mo,N(TR) consists of small (2-5 nm), 
largely single crystal particles that make up large platelet particles that resemble the 
shape of parent MOO,; these large platelets contain many cracks and voids. Each. 
characterization technique (XRD, SEM, TEM and surface area) produces data that is 
consistent with this model. 

Both of the catalysts exhibit catalytic activity for the HDN and HDS of a naphtha 
derived Illinois No. 6 naphtha. The activities, for the removal of total heteroatoms (N 
and S), in a mass basis, are similar when the comparison is made on a mass basis. 
However, when the comparison is on a unit surface area basis, the Mo,N(LPT) catalyst 
is more active than the Mo2N(PR) catalyst. This implies that only about one-third of 
the surface of the Mo,N(PR) sample is assessable for the HDN and HDS reactions. 
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Table IX-1 

Element 

C 

Amount, Wt.% (ppm) 

85.6% 

ll 
~ 

S 818 ppm 

0 1.24% 
1 

H I 13.2% II 
II N I 1420 ppm II 
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Table IX-2 

Characterization of Catalysts 

Catalyst 

M0,N (TR) 

XRD 

Particle Size 

h kl Size 

111 7.5 1.2 

200 6.1 

220 5.5 

(nm) 1(200)/1(111) 
Surface 

Area (m2/g) 

153 

Particle 
Size" (nm) 

4.2 

42 I 15 Mo,N (LPT) 111 2.5 0.5 

200 2.1 
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Glass Container 

(for liquld precursors) 
t bubllrnatlon Cell 

(for solid precursors) 
Ar, He 

Figure IX-1. Schematic of the CO, laser pyrolysis system used for the synthesis of nanoscale 
particles. 

Figure IX-2. Scanning electron microscope pictures of the Mo,N(TR) [A, magnification 1 IO;  B 
magnification 450; C, magnification 1,000; D, magnification of 15,000 of particles in 
2c, tilted to show edge and flat plane; E, magnification of 2,000 of flat surface region 
as particles at lower left in Figure IX-2c; F, magnification of 15,000 of edge-on view of 
platelet particle] and Mo,N(LPT) [G, magnification of 6,000; H, magnification of 8001. 
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Figure IX-3. Temperature dependence for removal of total nitrogen, based on catalyst mass, over 
Mo,N catalysts prepared by a topotactic reaction (0 and by a laser pyrolysis 
technique (X). 
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Figure IX-4. Conversion of individual nitrogen compounds, based on mass, over Mo,N catalysts 
prepared by a topotactic reaction (0) and by a laser pyrolysis technique (X ) .  
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Figure IX-5. Conversion of pyridine class compounds, based on catalyst mass, over Mo2N at 
350°C prepared by a topotactic reaction (0) and by a laser pyrolysis technique (X). 
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Figure IX-6. Conversion of aniline class compounds, based on catalyst mass, over Mo2N at 35OoC 
prepared by a topotactic reaction (0) and by a laser pyrolysis technique (X). 

IX-12 



100 

90- 

80- 

70- 

6 60- 
?! Q) 50- 
2 40- ' 30- 
8 

X 
0 

1 1 

90- 
80- 
70- 

8 60- 
cn" 50- a r m  

30- 
20- 
10- 

X 

x 
0 

0 0 

0 I 
quinoline 1,2,3,4-tetrahydro-isoQ 3 - M a - -  

iso-Q I ,2,3,4-tetrahydro-Q 4-Me-Q 

Figure IX-7. Conversion of quinoline class compounds, based on catalyst mass, over Mo,N at 
350°C prepared by a topotactic reaction (0) and by a laser pyrolysis technique (X). 
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Figure E-8. Temperature dependence for removal of total sulfur, based on catalyst mass, over 
Mo,N catalysts prepared by a topotactic reaction (0) and by a laser pyrolysis 
technique (X) .  
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Figure IX-9. Conversion of individual sulfur compounds, based on catalyst mass, over Mo,N at 
350°C prepared by a topotactic reaction (0) and by a laser pyrolysis technique (X). 
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Figure IX-10. Total sulfur [*, Mo2N(LPT); ., Mo,N(TR)] and nitrogen [o, Mo,N(LPT); +, Mo,N(TR)] 
removal at 35OoC and LHSV = 1 with increasing time-on-stream to demonstrate 
retention of catalytic activity. 
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CHAPTER X 

THE EFFECT OF FEEDS COMPOSITION ON THE 
HYDROTREATMENT OF COAL-DERIVED NAPHTHA 

ABSTRACT 

Five different feeds were hydrotreated using a commercial Ni-Mo-alumina 
catalyst. It was found that the higher molecular weight heteroatom compounds (N 
and S) are more difficult to remove than the lower molecular weight compounds. The 
presence of heavier nitrogen compounds can inhibit the removal of anilines class 
compounds. This mean that to evaluate a hydrotreating catalyst using pure model 
compounds, without considering the composition of the feed may lead to a wrong 
conclusion. 

INTRODUCTION 

In general, the hydrotreatment of the heavy fraction of coal derived liquids is 
complicated due to the high molecular weight, and the corresponding large size, of 
the molecular to be converted. The large size introduces severe diffusional problems 
during processing and much effort has been expended to develop large pore catalyst 
supports with large enough pores to permit access of the large molecules into the 
interior of the catalyst. Sullivan and Frumkin (X-1) indicate that the boiling range of 
the net product from coal liquefaction can vary because of the need to utilize a recycle 
solvent in the initial steps of a coal liquefaction process. In fact, they indicate that 
upgrading studies can help guide the selection of the best operating mode for the 
coal liquefaction facility. One of the main points of their study is that the higher the 
boiling end point of the feed, the more severe are the hydrotreating conditions. 

Since the supply of crude oil is limited, attention has been made to convert 
heavy oils (coal liquids, shale oils, residua, tar sand, bitumens, etc.) into transportation 
fuel or useful chemicals. At beginning, most hydrotreating processes were designed 
only for a particular feedstock type; however, the flexibility becomes important for the 
refiner to process different types and mixtures of feedstocks. Moyse 6-2) indicated 
that crude origins, cut, and previous history of the feedstock all have an influence on 
the processing parameters and on the properties of the final products. 

Since more and more refiners are blending feedstocks, i.e. blending resid in the 
VGO feed, it is necessary to understand how the presence of heavier heteroatom 
compounds (N, S, and 0) can affect the removal of lower heteroatom compounds in 
the hydrotreating process. In this study, a coal-derived (Black Thunder) naphtha was 
distllated into two portions, a distillate and a residue. The residue portion of the Black 
Thunder naphtha was blended with a Illinois coal derive naphtha for the hydrotreating 
study. Five different feeds were prepared to compare the removal of N and S 
heteroatoms under similar conditions. 
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EXPERl MENTAL 

REACTOR SYSTEM. A fix-bed reactor, operated in concurrent downflow mode, 
was used for this study. A Brooks Mass flow controller, Model 5850 E, was used to 
deliver a constant flow of gas. A Milton Roy minipump Solvent Delivery system was 
used for the adding the feedstock at high pressure. The feed can be delivered at 
pressures from f 00 to 6000 psig over flow ranges of 1.9-1 9 ml/hr. The reactor was 
assembled from 1/4 inch O.D. S. S. tubing. The reactor was placed in a I" x 12" 
Lindberg 1200 O C  tube furnace held in a vertical position. A hand-loaded back- 
pressure regulator, rated to 4000 psig, was used to regulate the reaction pressure. 

ANALYTICAL. Naphtha samples (IBF-380°F) used in this study derived from 
processing an Illinois no. 6 (bituminous coal) and Black Thunder (subbituminous) were 
obtained from the Wilsonville, Alabama Advanced Integrated Two Stage Liquefaction 
Plant. 

The elemental analyses of the naphthas are shown in Table X-1. Nitrogen was 
determined with Dohrmann DN-10 total nitrogen analyzer equipped with a 
chemiluminescence detector. Sulfur was obtained using a Dohrmann C-300 
microcoulometer. Carbon and hydrogen analyses were performed using a Leco CHN 
analyzer. Oxygen analyses were obtained using the Fast Neutron Activation Analysis 
(FNAA) method and were performed by the University of Kentucky Radioanalytical 
Service. 

Preparative Distillation. The objective of the distillation was to prepare a 
fraction which concentrated the heavier nitrogen compounds in the Black Thunder 
naphtha for blending and additional hydrotreating runs. The distillation was carried 
out using standard equipment including a 1 liter round-bottom flask equipped with 
thermowell, a 30.5 cm Vigreux column, and a distillation head equipped with a teflon 
stopcock for reflux control. The pot was stirred using a magnetic stirrer and heated 
with a heating mantel. The distillation was continued until approximately 80 volume% 
of the original charge was collected in the chilled receiver. The mass balance 
indicated a loss of 1.7 volume%. 

HYDROTREATMENT. During a period of running, each condition was 
maintained for 24 hours; three samples were taken during the final 6 hours to 
determine that steady state had been attained and to obtain data for heterocompound 
conversion for each condition. Prior to analysis, a sample was washed three times with 
distilled water to remove dissolved H2S and NH,. 

Three grams of catalyst was added to the reactor and treated with 10 % H2S in 
hydrogen (35 mumin) prior to use. The sulfiding temperature was ramped to 375 O C  

at a rate of 1 'C/min, and then maintained at 375 OC for 4 hours. The gas flow was 
switched to helium for 1 hour after sulfiding and prior to the liquid and H, feed. 
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RESULTS AND DISCUSSION 

Nitrogen Compounds. Characterization of the Illinois no.6 and Black Thunder 
naphthas using the TSD coupled with the capillary GC shows these materials to 
contain an extremely complex mixture of nitrogen compounds. It is estimated that 
each of the naphthas contains more than 300 individual compounds. Specific 
identification of the compounds has been detailed in elsewhere (X-3,X-4)'. The 
nitrogen compounds can be separated into four classes, such as pyridines, anilines, 
quinolines and heaviers (i.e. retention time larger than 38 min, which is corresponds to 
methyl quinoline) (Figure X-1). It can be observed that anilines 'are the major 
compounds for these two naphthas, especially for the Illinois no. 6 naphtha. Also, the 
Black Thunder naphtha contains more higher molecular weight compounds 
(quinolines and heavier classes) than the Illinois no. 6 naphtha. 

SULFUR COMPOUNDS. The sulfur chromatograph of either naphtha showed 
more than 350 peaks spread over retention time between 1 to 60 minutes. From the 
retention times obtained by the injection of the available standards and retention times 
reported in the literature (X-5) allows for a grouping of the sulfur chromatogram peaks 
into four classes of sulfur compounds such as thiols/sulfides, thiophenes, 
benzothiophenes and dibenzothiophenes (Figure X-2). Details of the identification of 
sulfur compounds had been reported in elsewhere (X-3). Both naphthas contain 
approximately 50% of thiols/sulfides class compound and the rest are thiophenic 
compounds. The majority of thiophenic compounds are thiophenes class for Illinois 
No 6 naphtha and benzothiophenes class for the Black Thunder naphtha. 

Comparison of Activity for HDS and HDN. A commercial Ni (3.1%) - Mo 
(13.3%) on alumina catalyst (Akzo KF-840, 1.3Q), with BET surface area of 138 m2/g, 
was used to evaluate the removing of nitrogen and sulfur heteroatoms from five 
different feeds. They are Black Thunder naphtha as received (BT), Illinois no. 6 
naphtha as received (1116), the distillate (BT-DIS) and residue (BT-RES) portion of the 
distillated Black Thunder naphtha described in previous paragraph, and the blending 
of 80 vol.% of Illinoisno. 6 naphtha with the 20 vol.% of residue portion of the 
distillated Black Thunder naphtha (ILLG+RES). A constant condition, WHSV = 3 
(weight of naphthdweight of catalyst/hour), temperature = 3OO0C, total pressure = 
660 psig, was set while using different feeds for the hydrotreatment study. The 
flowrate of hydrogen was maintained at a constant mole ratio of naphtha to hydrogen 
of 1 to 2.6 (1960 scf/bbl). 

The nitrogen and sutfur contents of feed naphthas and the hydrotreating 
products and the %HDN and %HDS attained are shown in Table X-2. Figures X-3 
and X-4 show the removal of nitrogen and sulfur, respectively using the different 
feedstocks. It can be observed that removal of nitrogen and sulfur from the llL6 is 
easier than from the BT although the BT contains less sulfur than the ILL6 (Table X-2). 
This is acceptable since the BT contained more higher molecular weight nitrogen 
compounds (Figure X-1) and sulfur compound (Figure X-2) than the ILL6. Frye and 
Mosbey (X-6) and Ohtsuka et. al. (X-7) also confirmed that the lower molecular weight 
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sulfur compounds are more easier to desulfurize than the higher molecular weight 
compounds. A comparison between BT-RES and BT-DIS clearly show that the N and 
S is much easier to remove from the distillate portion than the residue portion. This is 
reasonable since in the light fraction, one ring heterocyclic compounds prevail, 
whereas in the heavy fraction, two ring heterocyclic compounds dominated. An 
interesting finding show that less N and S were removed from ILL6+RES, blending of 
BT-RES with ILL6, than from the BT or ILL6. It is noted that both of the BT and ILL6 
have a similar boiling end point, therefore, the ability to remove N and S is depended 
majorly on the amounts of heavier compounds presence in the feedstocks. The BT 
contains more polyaromatic compounds than the ILL6 and apparently, the BT-RES 
contains more polyaromatics compounds than the BT-DIS. 

The inhibition effect of higher molecular weight compounds can also be 
explained quantitatively as followed: 

[BTJ = 80 VO~.% Of [BT-DIS] + 20 VOL% Of [BT-RES], 

and, 

[ILL+RES] = 80 VOL% Of [ILL61 + 20 VOI.% Of [BT-RES]. 

Since the HDN and HDS of the five different feeds were measured (denoted as 
[Bqmeasured etc.), the HDS/HDN of . . [ S I  and [ILL+RES] can also be calculated using 

For the HDN and HDS of [BTJ and [ILL6+RES], the measured value is much smaller 
than the calculated one (Figures X-5 and X-6). This mean that the addition of high 
molecular weight compounds into the liquid can strongly affect the removal of 
heteroatoms, especially for the HDN, of the lighter one. This behavior can be due to 
either the bigger molecular block the pore or the competitive chemisorption between 
molecules for the active sites. 

equation X-1 and X-2, respectively (denoted as [BTlcalculated and [ILL+RESlc&~l&d 1 a 

The nitrogen class distribution, before and after hydrotreatment, of these five 
feeds were also calculated from the specific nitrogen chromatograms (Figures X-7 - 
X-1 1). For all feeds, except of BT-RES, the composition of pyridines class decreased 
after the hydrotreatment. This indicated that most of the pyridine compounds were 
removed. It is noted that no pyridine compounds were detected in the feed of BT- 
RES; however, trace of pyridines were found after the reaction. For all cases, the 
composition of anilines class increased after the hydrotreatment reaction. This 
indicated that either the anilines were hard to remove or they are intermediates in the 
HDS of some heavy compounds. These results are surprising since it is known that 
the anilines can be easily removed when pure. The reason can be because that the 
presence of heavier compounds can inhibit the conversion of aniline class 
compounds; this is also confirmed by Kasztelan et. al (X-8). To study the 
hydrodenitrogenation of a coker gasoil, they found that before hydrotreatment, almost 
no alkylaniline are present in the feed; however, the concentration of these 
compounds become significant in the product. They concluded that these alkylaniline 
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are quite unreactive in the presence of heterocyclic polyaromatic structures; it is 
agreed with other studies which used different feeds (X-9,X-IO). The composition of 
quinolines class decreased after the reaction for all feeds, which is similar to the 
pyridines. Since quinoline can be also looked as a benzopyridine, a similar behavior 
could be accepted between pyridine and quinoline. The composition of heavier class 
increased after reaction. It is expected since the heavier compounds are difficult to 
remove. 

CONCLUSION 

In order to evaluate of catalysts activity, an model compound usually chose, i.e. 
aniline for HDN, and benzothiophene for HDS of naphtha. However, selection of 
model compounds become crucial for any conclusion about catalyst suitability and 

reaction during the conversion of feeds. It appears that the key point of heteroatom 
removal is the inhibdion of the conversion of lighter compounds in the presence of 
high molecular weight compounds. This means that research program devoted to the 
discovery of new hydrotreating catalysts, especially for HDN, should take this 
observation into account. The choice of a catalyst system depends on the 
composition, qualitatively and quantitatively, of the feeds. 
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Element 

c (%) 

H (“3) 
N (PPm) 

s (PPm) 

0 (“3) 

x-7 

Illinois #6 Black Thunder 

85.6 85.2 

13.2 12.2 

1397 1696 

657 307 

1.26 1.80 



Table X-2 

Nitrogen and Sulfur Contents from the Hydrotreatment of Different Feeds 

Feed 

ILL6 

Element in Feed 

N (PPm) s (PPm) HDN HDS 

1397 657 62 98 

Removal (%) 

BT 

BT-RES 
BT-DIS 

ILL6+RES 

1696 307 51 94 

3294 451 21 88 

1186 287 75 97 

1804 623 30 96 
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Figure X-6. Comparison between measured and calculated value of HDS using BT 
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Figure X-9. Nitrogen class distribution in BT-DIS before and after hydrotreatment. 
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Figure X-1 0. Nitrogen class distribution in BT-RES before and after hydrotreatment. 
(0) feed, (H) product. 
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CHAPTER XI 

HYDROTREATMENT OF COAL-DERIVED NAPHTHA 
USING ZEOLITE SUPPORTED LOW-LOADING RU 

SULFIDE CATALYST 

INTRODUCTION 

Since the supply of crude oil is limited, attention is shifting to convert heavy oils 
into transportation fuel. Many investigations on the hydrotreating of coal-derived 
naphtha show that current commercial catalysts, based on molybdenum sulfide, do 
not have sufficient activity to meet today's refinery requirements and tougher 
environmental standard (XI-I - XI-5). To comply, a new hydrotreatment catalyst 
and/or process is necessary for increasing the activity for HDS and HDN of heavy 
feedstocks. Pecoraro and Chianelli (XI-6) reported that the unsupported Ru sulfide 
catalyst exhibited an activity for the hydrodesulfurization (HDS) of dibenzothiophene 
that was at least IO-times higher than that of Mo sulfide. In our early studies, we also 
found that Ru sulfide catalyst is the most active catalyst among transition metal 
sulfides (row 1, 2 and 3) for both HDS and HDN of coal-derived naphtha (XI-7,XI-8). 
An alumina supported Ru (5.1 wt.%) sulfide catalyst was found more active than 
commercial Ni-Mo and Co-Mo catalysts for HDN and as active for HDS of coal-derived 
naphtha (XI-7). However, from an industry point, any new hydrotreating catalyst 
should not only present an improved activity over the commercial catalysts but also 
the price must be acceptable. A low loading'of Ru metal, e.g. less than 1 wt.%, is 
more practical for industry. Unfortunately, our study showed that a low loading Ru 
(0.77 wt.%) alumina supported catalyst was not as active as Co-Mo and Ni-Mo 
commercial catalysts for hydrotreating of coalderived naphtha at temperatures of 250- 
4OOOC (XI-7). 

RuEeolite, due to its bifunctional behavior, containing a Vlll transition metal and 
an acidic behavior, is suitable for use in the refining industry. Zeolite supported 
ruthenium sulfide showed outstanding activity in the HDN of quinoline (XI-9) and 
pyridine (XI-I 0) and in the HDS of thiophene (XI-I 1) and benzothiophene (XI-9) were 
reported. However, no attempts were made to study a low loading, e.g. less than 1 
wt.%, of Ru /zeolite on the hydrotreating of a real feedstock. In this study, we have 
carried out hydrotreatment of an Illinois no. 6 coal-derived naphtha using zeolite 
supported ruthenium (0.77 wt.%) sulfide catalyst. This low loading Ru(O.Tl)/zeolite 
catalyst is compared with commercial Co-Mo and Ni-Mo catalysts on two basis, 
activity and price. 

Catalvst Preparation 

Zeolite Y was obtained from Davison Chemical. Prior to use, the zeolite Y was 
further ion-exchange in aqueous solution of NaCl (4 M) at room temperature for 24 
hours and dried at 45OoC for 5 hours. The physical properties of this NaY zeolite are 
as follows: Si/AI = 2.7, BET surface area = 270 m2/g, and pore volume = 0.23 cm3/g. 
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To obtain a 0.77 wt% of Ru on NaY zeolite catalyst (denoted as 
Ru(0.77)/zeolite), an aqueous Ru(NH,),CI, solution (0.005 M, 150 ml) was slowly 
titrated into the NaY zeolite slurry (10 g of NaY in 400 mi of water) and continuously 
stirred. After adding all the Ru(NHJ,Cl3 solution into the slurry, a sample was taken 
periodically to see if the Ru(lll) ions were exchanged completely into the NaY zeolite. 
The data in Figure XI-1 show that a period of 24 hours is enough to completely 
exchange Ru(ll1) ions. After the exchange step, the slurry was filtered and washed 
with H20 until no CI- was detected (by AgNOJ. The dry solid was then reslurried into 
a 250 ml of H20 and a 10 wt.% H2S/H2 mixture was bubbled into this slurry at room 
temperature to convert the Ru(llJ) ion to ruthenium suffide. After a period of 24 hours 
the color of the slurry was changed from white to gray, indicating the Ru(ll1) ions were 
sulfided. The gray slurry was then filtered, washed and dried in air. For further 
sulfidation of the catalyst, the solid was placed in a glass tube and heated in a rate of 
IoC/min under a flow of 10% H2S/H2 to 400 OC. After maintaining the sample at 4OO0C 
for 5 hours, it was cooled to room temperature under a flow of 10% H,S/H,. 

Activitv Test 

A fixed-bed reactor, operated in a concurrent downflow mode, was used for 
these studies. A Brooks Mass flow controller, Model 5850 E, was used to deliver a 
constant flow of gas. A Milton Roy minipump Solvent Delivery system was used for 
the adding the naphtha at the reaction pressure. The reactor, assembled from 1/4 
inch O.D. tubing, was placed in a 1" x 12'' Lindberg 120OOC tube furnace held in a 
vertical position. A hand-loaded back-pressure regulator, rated to 4000 psig, was 
used to regulate the reaction pressure. 

During a period of catalyst testing, each condition was maintained for 24 hours; 
three samples were taken during the final 6 hours of each steady state period to 
obtain data for heterocompound conversion for each condition. Prior to analysis, a 
sample was washed three times with distilled water to remove dissolved H2S and NH,. 

Naphtha Analvses 

The naphtha used as the feedstock for this study was produced during the 
liquefaction of a bituminous Illinois no. 6 coal at the Wilsonville, Alabama Advanced 
Integrated Two Stage Liquefaction Plant. The sample was collected during Run 261. 

The elemental analyses of the naphtha are shown in Table XI-1. Total carbon 
and hydrogen analyses were performed using a Leco CHN analyzer. Total nitrogen 
contents of the feed and product were determined using a Dohrmann DN-100 total 
nitrogen analyzer equipped with a chemiluminescence detector. Total sulfur content 
was determined using a Xertex C-300 microcoulometer. 

The feed and hydrotreated Illinois no. 6 naphtha samples were analyzed for 
individual nitrogen compounds using a Thermionic Specific Detector (TSD) coupled to 
a Varian 3700 gas chromatograph fitted with a KOH treated Carbowax column. 
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Identification of the nitrogen compounds was accomplished by comparison of 
retention time and doping with standard compounds. 

RESULTS AND DISCUSSION 

Catalvst Characterization 

Three samples, NaY Zeolite, NaY ion-exchange with Ru, and sulfided 
Ru(O.77)/zeolite, were characterized using X-ray diffraction. All samples showed only 
the XRD features of the NaY zeolite (Figure XI-2). This result indicates that under 
these experimental conditions, very small metallic clusters are formed. A similar result 
was reported by Moretti and Sachtler (XI-12) for the characterization of Pt-Cu clusters 
in NaY and by Harvey and Matheson (XI-9), for a zeolite supported ruthenium sulfide, 
indicated that an upper limit of 10 A was set for the size of ruthenium sulfide. Also, no 
Ru containing particles can be identified in the TEM pictures. Thus, according to XRD 
and TEM methods, it is concluded that in the Ru(O.77)/zeolite catalyst, the ruthenium 
sulfide was well dispersed. A similar conclusion was also reported for higher loading 
of Ru, Le., 3.33 wt.%, by Harvey and Matheson (XI-9). 

Hvdrotreatinq 

Total Removal of N and S. The Ru(O.i”)/Zeolite catalyst was tested for the 
hydrotreatment of the lllino-is no. 6 naphtha at 275-4OO0C, 660 psig, and weight hourly 
space velocity (WHSV) of 3 g naphtha/hr./g catalyst. It was found that this catalyst 
exhibited significant HDN and HDS activities (Figure XI-3). However, an interesting 
finding was that nitrogen compounds convert as easily as sulfur compounds using the 
Ru(O.77)Eeolite catalyst (Figure XI4); this contrasts to most of the hydrotreatment 
catalysts where HDS is much easier than HDN. A similar result was reported (XI-9) 
for Y-zeolite supported ruthenium catalyst for model compound conversion where 
quinoline removal was faster than that of dibenzothiophene. To determine the reaction 
order of the HDS and HDN of naphtha using Ru(O.i”)/Zeolite catalyst, the reaction 
temperature was set ,at 35OoC and the pressure at 660 psig while the flow rate of 
naphtha was varied. The results show that the overall rate of HDN and HDS follow a 
first order reaction very well (Figure XI-5). Again, Figure XI-5 shows that the rate 
constant of HDN is approximately the same as that of HDS. 

Individual Nitroqen. Characterization of the Illinois no. 6 naphtha using 
thermionic specific detector couple with the capillary GC shows that the naphtha 
contains about 300-400 nitrogen compounds (XI-13). The major nitrogen class in the 
naphtha is anilines comprised of aniline and 1 to 4 substituted anilines. The next most 
abundant types of nitrogen compounds are pyridines and quinolines. The total 
nitrogen analyses provide a measure of total removal of nitrogen from the naphtha. 
Also, the conversion of each individual nitrogen compound, on a mass basis, can be 
calculated from the TSD chromatogram as followed: 

x(i)% = [Area(i),, - Area[i],J / Area(i),, * 100 (xJ[-l) 
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where i denotes individual compound, Area denotes the peak area, f denotes a feed 
component, and p denotes the same component after reaction. 

Among the three major nitrogen classes, pyridines are much easier to remove 
than anilines and quinolines, which agrees with the results using alumina supported 
catalysts (XI-7). The removal of individual aniline compounds follow a first-order 
reaction only at higher flow rates (Figures XI-6 and XI-7). A deviation from first-order 
reaction at lower flow rates may be due to the impact of H,S, H,O and/or NH, on the 
HDN kinetics; this was observed also when MoS, and Mo,N as catalysts were used 
(XI-13). The lower the flow rate the higher the conversion, thus more H,S, H,O and 
NH, are generated. Therefore, the impact of H,S, H,O and/or NH, on HDN should 
become more significant at lower flow rates. However, the individual quinoline 
compounds follow a first-order reaction throughout the flow rates used in this study 
(Figure XI-8). Thus, the adsorption of quinoline compounds is not impacted by H,S, 
H,O and/or NH, to the extent that they do for anilines. 

Comparison of Support Material 

The activity of ruthenium in a zeolite catalyst was compared with that of 
alumina-supported catalysts which are more classical for the hydrotreating study. 
Figure XI-9 shows that at the same loading of Ru, 0.77 wt.%, the zeolite supported 
catalyst is much more active than the alumina supported catalyst for the HDN of coal 
derived naphtha. Tait and Hensley (XI-14) reported that for HDN of oil shale, the Co- 
Mo/zeolite catalyst was more active than the co-Mo/alumina catalyst. 

For HDS, these two catalyst exhibited similar activity (Figure XI-9). A similar 
result was reported by Mazur et al. (XI-15) who found that the X and Y zeolite 
supported Co-Mo catalysts had HDS activities that were comparable to commercial 
catalysts, or only slightly lower, for hydrotreating of a vacuum distillate. 

Comparison of Ru(O.77)/zeolite to Commercial Catalvsts 

Two commercial catalysts, a Ni(3.1 %)-Mo(l3.3%) on alumina (Akzo KF-840 1.3 
Q) with BET surface area of 138 m2/g, and a Co(2.7%)-Mo(lI .I %) on alumina 
(America Cyanamid HDS-1142A) with BET surface area of 288 m2/g have been utilized 
together with a zeolite supported ruthenium sulfide catalyst (0.77 wt.% of Ru). The 
catalysts were grounded and the fraction passing through a 200 mesh sieve was 
used; therefore the granular size of all catalysts were less than 74 pm. In this set of 
experiments, the temperature and pressure were held constant at 350°C and 660 psig, 
respectively while the WHSV of naphtha was varied. The flow of hydrogen was also 
increased proportionately to maintain a constant mole ratio of naphtha to hydrogen of 
1 :2.6. 

Plots (Figure XI-IO) of the logarithm of the fractional amount of nitrogen 
remaining in the naphtha as a function of space time (reciprocal of WHSV) for the 
zeolite and commercial catalysts shows that the overall HDN of naphtha is a first order 
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reaction. The first order rate constant, kapparent (based on the 3 grams of catalyst 
used), can be obtained from the slope of the lines shown in Figure XI-IO. For the 
HDN of coal-derived naphtha at 35OoC, the Ru(0.77)/zeolite catalyst, on a total weight 
basis, is approximately 1.5 times more active than Ni-Mo catalyst and 2.4 times more 
active than the Co-Mo catalyst (Figure XI-11). Figure XI-12 is a plot of the logarithm 
of the fractional amount of sulfur remaining in the naphtha as a function of space time 
for all three catalysts. For the zeolite catalyst, the plot is quite similar to the HDN 
shown in Figure XI-10 so that first-order kinetics can be fitted for the HDS of naphtha. 
However, for the commercial catalysts, a straight line can be fitted through the data 
points but it extrapolates to an initial sulfur concentration (zero space time) that is 
smaller than the actual initial concentration of sulfur in the feed. A similar result has 
been reported for the hydrotreatment of naphtha using Mo,N and MoS, catalysts; a 
two-lump kinetic model was proposed for the HDS and HDN of naphtha (XI-16). To 
compare the activity of HDS among these three catalysts, first-order kinetics was 
assumed for the commercial catalyst in the range of the space time used in this study. 
Figure XI-13 shows that the Co-Mo catalyst is as active as the Ni-Mo catalyst and 
there are approximately 2 times more active than the Ru(O.77)/zeolite catalyst for HDS 
of coal-derived naphtha. 

Another approach is to make a comparison of the activity on the basis of the 
weight of active metal. When this is done the Ru(0.77)jzeolite is much more active 
than the commercial catalysts for both HDS and HDN of naphtha (Figure XI-14). This 
is due to the very low loading, 0.77wt.%, of Ru on zeolite compare to the 13.8 wt.% 
and 16.4 wt.% of metals loaded in the Co-Mo and Ni-Mo catalysts, respectively. 

Although the Ru(O.i")/zeolite is a possible replacement of the commercial 
hydrotreating catalyst due to its high activity for HDS and HDN during the 
hydrotreatment of naphtha, the price of Ru metal is a major concern. During early 
1994, the price of materials used for the preparation of Co-Mo catalyst and Ru catalyst 
fOllOWS (XI-1 7): 

Co(NOJ2 -------- $ 3.75/1b 

(NH,),(MoO), - $3.24/1b 

Ru(N0.J ---- $ 16/troy oz, at 5-10% solution 

Based on this information, a comparison on the basis of the price of catalyst for the 
HDN and HDS of naphtha can be made. Figure XI-15 shows that the first order rate 
constant of HDN, normalized to price of catalyst, for Ru(0.77)/zeolite is approximately 
1.1 times larger than that for Co-Mo catalyst. However, for HDS, on the basis of price 
of catalyst, the Co-Mo catalyst is more active than the Ru(O.77)/zeolite catalyst (Figure 
XI-16). 
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CONCLUSION 

Hydrotreating of naphtha using a 0.77 wt.% loading of Ru on zeolite showed 
high activities of HDS and HDN. For the Ru(0.77)/zeolite catalyst, HDN and HDS of 
naphtha are essentially equal, which is contrary to conventional hydrotreating 
catalysts. 

A comparison of the activity for HDN and HDS of the naphtha of a 
Ru(O.i")/zeolite and a commercial Co-Mo catalyst was made on the basis of 1 gram 
of active metal and of the price of catalyst; they show that Ru(0.77)/zeolite is more 
active for HDN than the commercial Co-Mo catalyst. However, for the HDS, the 
commercial catalyst is more active than the zeolite catalyst except for the comparison 
based on the weight of active metal. Based on these results a process variation is 
proposed (Figure XI-17). 

ACKNOWLEDGMENT 

This work was supported by the DOE contract #DE-AC22-9OPC91058 and the 
Commonwealth of Kentucky. The authors also thank the personnel at Wilsonville 
liquefaction facility for providing the naphtha sample. This would permit the sulfur and 
some nitrogen to be removed with the cheaper, current commercial catalyst and then t 
use the Rulzeolite catalyst to reduce the nitrogen content to a low level. 

XI-6 



REFERENCES 

XI-I . 

XI-2. 

XI-3. 

XI-4. 

XI-5. 

XI-6. 

XI-7. 

XI-8. 

XI-9. 

XI-1 0. 

H. Frurnkin, R. F. Sullivan and 8. E. Strangeland, in "Upgrading Coal Liquids," 
(R. F. Sullivan, ed.),Am. Chem. SOC. amp.  Ser., 156, 75 (1981). 

V. E. Smith, C. Y. Cha, N. W. Merriarn, J. Faky and F. Guffy, Proceedings of 
the Third Annual Oil Shale, Tar Sand and Mild Gasification Contractor's Review 
Meeting, DOE/METC-88/6098, 1988, pg. 166. 

U. R. Gaeser, R. Holighaus, K. D. Dohms and J. Langhoff, Am. Chem. SOC. 
Prepr., Div. Fuel Chem. , 33, 339 (1 988). 

R. J. Parker, P. Mohammed and J. Wilson, Am. Chem. SOC., Div. Fuel Chem. 
Prepr. , 33, 1 35 (1 988). 

L Xu, R. A. Keogh, C. S. Huang, R. L Spicer, D. E. Sparks, S. Lambert, G. A. 
Thomas and B. H. Davis, Am. Chem SOC., Div. Fuel Chem. Prepr., 36, 1909 
(1991). 

T. A. Pecoraro and R. R. Chianelli, J. CataL, 67, 430 (1981). 

S.-J. Liaw, A. Raje, R. tin and B. H. DAvis, Am. Chem. SOC., Div. Fuel Chem. 
Prepr., 39, 636 (1 994). . 

S.-J. Liaw, A. Raje and 6. H. Davis, in preparation. 

T. G. Harvey and T. W. Matheson, J.  CataL, 101, 253 (1986). 

S. G6b616s9 M. Breysse, M. Cattenot, T. Decamp, M. Lacroix, J. L Portefaix 
and M. Vrinat, in "Advances in Hydrotreating Catalysts," (M. L. Occelli and R. 
Anthony, eds), Elsevier Science Publishers B.V., Amsterdam, 1989, pp 243-250. 

XI-1 1. S. G6b816s, M. Lacroix, T. Decamp, M. Vrinat and M. Breysse, Bull. SOC. Chim. 
Bel'., 100, 907 (1991). 

XI-12. G. Moretti and W. M. H. Sachtler, J.  CataL, 15, 205 (1989). 

XI-13. S.-J. Liaw, A. Raje, K. V. R. Chary and B. H. Davis, Appl. Catal., in press. 

XI-14. A. M. Tait, A. L. Hensley, Am. Chem. SOC., Div. Pen: Chem. Prepr., 26,924 
(1981). 

XI-15. K. Mazur, J. Wrzyszcz and M. Ihnatowicz, Nafta (Katowice, Poland), 36, 165 
(1 980). 

XI-16. A. Raje, S.-J. Liaw, K. V. R. Chary and B. H. Davis, AppL CataL, in press. 

XI-7 



XI-17. Personal communication with Fred Tungate, May 19, 1994. 

XI-8 



1 

Element 

C 

H 

N 

S 

0 

I Table XI-1 

Amount 

85.6 wt.% 

13.2 wt.% 

1420 ppm 

818 ppm 

1.24 wt.% 

I Characterization of Illinois No. 6 Coal-Derived Naphtha 

xi-9 



0 10 20 30 
Exchange Time, hr. 

40 50 

Figure XI-1. The amount of Ru left versus exchange 
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Figure XI-2. X-ray diffraction pattern for zeolite samples. 
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Figure XI-4. HDS versus HDN for Ru (0.07)/zeolite catalyst. 
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Figure XI-5. Fractional amount of heteroatoms (N and S) remaining in hydrotreated 
product as a function of hourly space velocity for Ru (0.07)/zeolite 
catalyst at 35OoC and 660 psig. (A) HDN and (0) HDS. 
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Figure XI-6. Kinetic plots for the conversion of aniline class compounds using Ru 
(0.07)/zeolite catalyst at 35OoC and 660 psig. (A) 2-methylaniline, (0) 
3-methylaniline, (A) 4methylaniline, and (0) aniline. 
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Figure XI-7. Kinetic plots for the conversion of aniline class compounds using Ru 
(O.O’/)/zeolite catalyst at 350°C and 660 psig. (A) 2-ethylaniline, (0) 3- 
ethylaniline, (A) +ethylaniline, (0) 2,3-dimethylaniline, and (‘0) 33- 
dimethylaniline. 
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Figure XI-8. Kinetics plot for the conversion of quinoline class compounds using Ru 
(0.07‘)/zeolite catalyst at 35OoC and 660 psig. (A) quinoline, (0) 3- 
methylquinoline, and (A) 4-methylquinoline. 
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Figure XI-9. Comparison of supported material on hydrotreating of coal-derived 
naphtha at 3OO0C and WHSV = 1. (0) Ru (0.07)/alumina, and (0) Ru 
(O.O7)/zeolite. 
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Figure XI-IO. Fractional amount of nitrogen remaining in hydrotreated product as a 
function of hourly space velocity at 35OoC and 660 psig. (A) Ru 
(O.O'/)/zeolite, (0) Co-Mo/Al,O,, and (A) Ni-Mo/Al,O,. 
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Figure XI-13. First order rate constant for HDS (based on three grams of catalyst). 
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Figure XI-14. First order rate constant for HDS and HDN (normalized to 1 gram of 
active metal). (m) HDS, (0) HDN. 
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Figure XI-15. First order rate constant for HDN (normalized to price of catalyst). 
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Figure XI-16. First order rate constant for HDS (normalized to price of catalyst). 
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Figure XI-1 7. Proposed process for hydrotreating of heavy oils. 
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