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The catalytic activity and selectivity for hydrodesulfurization
(HDS) and olefin hydrogenation of FCC naphtha have been deter-
mined for MoS; (no Co) catalysts on different supports and for a
commercial CoMo/alumina HDS catalyst both with and without
the addition of alkali. For MoS; catalysts, the specific HDS activ-
ity is higher on silica than alumina, while addition of Cs resulted
in no change in the activity. The differences in activity, however,
are relatively small, a factor of less than two. EXAFS and XRD
structural analysis indicate that small MoS; particles are present
on all catalysts. The differences in rate are not due to differences
in particle size, dispersion, or support physical properties, but are
likely due to the modification of catalytic properties by an interac-
tion with the support. While there is a small influence on the rate,
the composition of the support, or modification by Cs, has no effect
on the HDS/olefin hydrogenation selectivity. The olefin hydrogena-
tion conversion increases linearly with HDS conversion, and at high
HDS conversion, few olefins remain in the FCC naphtha. Similar
to the effect for Cs promotion of MoS, on alumina, the addition
of K to sulfided CoMo/alumina had little affect on the activity or
selectivity for HDS and olefin hydrogenation. Unlike MoS; cata-
lysts, however, with sulfided CoMo at less than about 85% HDS
conversion, the rate of olefin hydrogenation is low, but it increases
rapidly as the sulfur in the naphtha drops below about 300 ppm.
Selective HDS of FCC naphtha appears to correlate primarily to the
formation of the CoMoS phase, rather than to the basic nature of
the support. It is proposed that the enhanced olefin hydrogenation
selectivity of CoMo catalysts is due to the competitive adsorption
of sulfur compounds, which inhibit adsorption and saturation of
olefins in the naphtha.  © 2000 Academic Press
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INTRODUCTION

Since the 1970s, the U.S. Federal government has enacted
regulations aimed to produce cleaner burning fuels with
the goal of reducing air pollution. Federal regulations have
resulted in the introduction of lead-free gasoline, lower
evaporative emissions, addition of oxygenates during win-
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ter months, and significantly lower levels of sulfur in diesel
fuels. While these changes have improved air quality, the
U.S. and E.U. petroleum refining industry face further reg-
ulatory pressure to decrease the level of sulfur in trans-
portation fuels (1, 2).

Sulfur in gasoline diminishes the efficiency of an automo-
bile’s catalytic converter resulting in increased NOy and hy-
drocarbon emissions (3). The U.S. national average gasoline
contains about 350 ppm S, while nearly one-fourth of the
gasoline contains over 500 ppm S (1, 2). Although the 1990
Clean Air Act Amendments led to significant reductions
in auto exhaust emissions, the Environmental Protection
Agency (EPA) is now considering whether more stringent
emission standards will be required in order to achieve the
nation’s air quality goals. The EPA is proposing to lower
the sulfur level in gasoline in the 22 states with the lowest
air quality to 150 ppm. In addition, in states where air pollu-
tion is minimal, sulfur in gasoline will be reduced to about
300 ppm. Future regulations could possibly restrict sulfur
in gasoline to less than 30 ppm (1).

The Fluid Catalytic Cracking (FCC) unit supplies up to
40% of the gasoline pool in a typical refinery. FCC gasoline
generally has high levels of sulfur (1500-2500 ppm) and is
the source of nearly all the sulfur in gasoline (3, 4). There
are several options for lowering sulfur in FCC gasoline (3).
For example, hydrodesulfurization of the gasoil leads to
a significant reduction in amount of S in the FCC gaso-
line (3, 4). However, high-pressure gasoil hydrotreating re-
quires significant capital investment (4) and is generally not
economic, especially for small refineries.

FCC gasoline is a complex mixture of over 400 organic
compounds broadly classified by boiling range and com-
pound type (aromatics, olefins, naphthenes, and paraffins)
with high concentrations of olefins in the lighter boiling
fractions and high concentrations of aromatics and sulfur
with fewer olefins in the heavier fraction (2, 3). Therefore,
fractionation and blending of the heaviest components into
diesel fuel could reduce the amount of sulfur in gasoline
(3). Endpoint reduction alone, however, will not be suffi-
cient to meet the proposed stricter standards and thus is not
a long-term solution.
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A third option is to hydrotreat FCC gasoline to remove
sulfur (3, 4). Because of the higher reactivity of sulfur com-
pounds in naphtha compared to those in gasoil, lower cap-
ital investments are required to achieve the same level of
sulfur removal. The principal technical problem with hy-
drodesulfurization of FCC gasoline is that with conven-
tional catalysts, olefin hydrogenation and, therefore, loss
of research octane number (RON) accompanies sulfur re-
moval. Generally, in order to meet the lowest S levels pro-
posed, the economic penalty resulting from the loss in oc-
tane is prohibitive.

Several patents have reported that sulfided CoMo on
basic supports, like magnesium oxide (5-9) or promotion
by alkali (10-13) can catalytically convert sulfur with re-
duced hydrogenation of olefins. The development of a se-
lective naphtha HDS catalyst and process, which leads to
removal of S without significant hydrogenation of olefins,
could represent an attractive alternative for complying with
the environmental regulations.

In this study, the catalytic activity and selectivity for HDS
and olefin hydrogenation of FCC naphtha have been de-
termined for MoS; (no Co) catalysts on different supports
and for acommercial CoMo/alumina catalyst both with and
without addition of alkali. The structure of the catalysts has
been characterized by EXAFS and XRD. Selective desulfu-
rization is observed for CoMo/alumina but not MoS, cata-
lysts and is suggested to result from formation of the CoMoS
phase, rather than the basic properties of the support.

EXPERIMENTAL

Catalyst Preparation

MoS; catalysts. The Davison grade 644 silica and Cat-
apal SB alumina supports were commercially available
spray-dried microspheres. The supports were calcined at
500°C, and the N, BET surface area and pore volumes are
reported in Table 1. The alumina support was impregnated
with sufficient CsOH to give approximately 1 and 2 wt%
Cs and recalcined at 350°C. The catalysts were prepared by
pore volume impregnation with ammonium heptamolyb-

TABLE 1

Elemental Analysis and Physical Properties

Catalyst Surface area Pore volume Mo Co Alkali

support (m?g~Y) g™ wt% wi%  wi%
Silica 284 1.12 4.7 — —
Alumina 203 0.42 45 — —
1% Cs-alumina 194 0.38 49 — 0.89(Cs)
2% Cs-alumina 188 0.37 48 — 1.74(Cs)
CoMol/alumina 218 0.40 112 31 —
CoMo/alumina 228 0.39 112 33 2.1 (K)

+2% K

MILLER ET AL.

TABLE 2
FCC Naphtha Characterization

RON 92.0
Basic N, ppm 12
Total N, ppm 80
Sulfur (XRF), wt% 0.1827
GC PIONA wit%
Tot SAT-naphthene 12.28
Tot SAT-iparaffin 11.64
Tot SAT-nparaffin 2.30
Tot UNSAT-naphthene 5.55
Tot UNSAT-iparaffin 8.76
Tot UNSAT-nparaffin 2.93
Tot aromatic 56.53

date to give about 5 wt% Mo. The catalysts were dried
overnight at 100°C and calcined at 350°C. The catalysts
were analyzed for Mo and Cs by ICP. The catalysts were
presulfided by heating at 1°C/min from room temperature
to 350°C at atmospheric pressure in a high flow of 5% H,S
in H,. Sulfiding was maintained at 350°C for 1 h. The presul-
fided catalysts were reduced at 350°C in H; prior to catalytic
testing, XRD, and EXAFS analysis.

CoMo/alumina. The CoMo/alumina catalyst, KF-756
(Akzo Nobel), was commercially available. The CoMo
catalyst was modified with alkali by impregnation with
KNO;3 to give approximately 2.0 wt% K. After impregna-
tion, the catalyst was dried overnight at 100°C and calcined
at 350°C for 3 h. The elemental analysis for Mo, Co, K,
and the N, BET surface area and pore volume are given in
Table 1. The catalysts were presulfided as described above.

Pilot plant testing. Approximately 8 g of MoS; catalyst
(<100 mesh) was loaded into a small, automated pilot plant
and heated to 315°C at 27 atm (2.7 MPa) H,. The feed was a
FCC naphtha, obtained from a commercial unit. The prop-
erties are given in Table 2. The HDS conversions between
50 and 95% were obtained by varying the hydrocarbon
flow rate between 0.4 and 2.5 weight hourly space veloc-
ity (WHSV).

The CoMo/alumina catalysts (14/35 mesh) were evalu-
ated at the same H, pressure and Hy/hydrocarbon ratio at
a WHSV of 3.3 h~1. However, since the activity was much
higher than that of the MoS; catalysts, the reaction tempera-
ture was lowered between 220 to 260°C, and the conversion
was varied by adjusting the temperature. Additionally, sam-
ples were collected for K modified CoMo/alumina catalyst
at 220°C at WHSV’s from 0.83t0 3.3 h™%,

For all tests, the catalysts were operated for approxi-
mately 7 days prior to collecting performance data. After
a change of conditions, no data was collected for 24 h,
and samples were collected during the following 3 days.
The weight balances were 99%. At the end of the test,
the conditions were returned to the original space velocity
to test for deactivation. A typical catalyst evaluation took
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approximately 3—-4 weeks, during which no deactivation was
observed.

Hydrocarbon analysis. N, was slowly bubbled through
the liquid products at ice temperature to out-gas dissolved
H,S. The samples were analyzed for total sulfur by XRF. A
multicolumn GC method was used to determine the paraf-
fin, isoparaffin, olefin, naphthene, and aromatic (PIONA)
composition for the Cs—C;41 hydrocarbons. Research octane
numbers (RON) were measured at the BP Amoco auto lab.

Catalyst Characterization

XRD. The XRD diffraction patterns of the presulfided
catalysts were measured at ambient conditions on a Scintag
PAD V diffractometer equipped with an Ortec intrinsic
Ge detector. Unfiltered CuKu radiation at a tube power
of 40 kV and 30 mA was used with monochromation af-
fected in the detector. The data were collected by scanning
20 between 3 and 90° at step increments of 0.04° and count-
ing for 24 s/step. The strongest MoS, peak is at 14.4°, which
is also free from interference by alumina peaks. Attempts
to perform a Rietveld refinement including this MoS; peak
was unsuccessful due to the overlap with the support, which
could not be fitwith an ordered model. Asaresult, the MoS;
crystallite sizes were estimated from the Scherrer equation.
The peakswere fit with pseudo-Voigt profilesand the instru-
mental FWHM were subtracted from the fitted half-widths.

EXAFS data collection and analysis. The EXAFS mea-
surements were made at the Materials Research Collabo-
rative Access Team (MRCAT) insertion device beam line
at the Advanced Photon Source at Argonne National Lab-
oratory. Measurements were made in transmission mode
with ionization chambers optimized for maximum current
with linear response (~10'° photons detected/s). A double-
crystal Si (111) monochromator with resolution of better
than 4 eV at 20 keV was used in conjunction with a Pt-
coated mirror to minimize the presence of harmonics. The
integration time per data point was 1-3 s and 3 scans were
obtained for each catalyst.

The sample thickness was chosen to give an absorbance
of about 1.0 in the Mo edge region, approximately 0.5 g of
presulfided MoS; (or 0.2 g of CoMo/alumina). The sample
was centered ina45 x 2 cm, continuous-flow, in situ EXAFS
cell fitted with Kapton windows. Prior to the EXAFS mea-
surements, the presulfided catalysts were heated to 350°C
for 1 h at atmospheric pressure in a flow of 5% H; in He
(150 cc/min). The EXAFS data were collected at room tem-
perature in 5% Hy/He.

Due to the strong absorption of the Mo and the sup-
port in the CoMo/alumina catalyst, great care was taken to
provide an extremely uniform sample and eliminate higher
order harmonics in the beam. To assure uniformity, the
finely ground sample (<100 mesh) was pressed into a wafer
between polished steel die. The Co absorption edge step,
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Aux, was 0.6 with a total sample absorption coefficient, X,
greater than 3.5 above the edge.

Standard procedures were used to extract the EXAFS
data from the absorption spectra using WINXAS97 soft-
ware (14). Phase shifts and backscattering amplitudes were
obtained from the reference compounds, MoS, (15) for
Mo-S and Mo-Mo, CoS; (16) for Co-S. Experimental ref-
erence spectrawere also compared with theoretically calcu-
lated spectra from FEFF 7.0 (17). In particular, the Co-Mo
reference file was also generated using FEFF. The ampli-
tude factor was determined by comparing the amplitudes
of the experimental Mo-S and Mo-Mo reference spectra
with the corresponding FEFF spectra.

RESULTS

HDS and Olefin Hydrogenation of FCC Naphtha

MoS; supported on alumina and silica. Figure 1a shows
the first-order HDS plot for each of the MoS; catalysts.
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FIG. 1. (a) First-order HDS kinetics, Log(100-S¢ony) Verses 1/ WHSV,
and (b) olefin hydrogenation versus sulfur conversion. A MoS,/silica,
B MoSy/alumina, O Mo0S,/1% Cs-alumina, ¢ Mo0S,/2% Cs-alumina, and
0 FCC naphtha.
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Comparison of the first-order rate constants for HDS indi-
cates that MoS; on silica is more active (per g catalyst) than
the MoS; on alumina(s). Addition of Cs had little effect on
the activity of Mo/alumina up to about 2 wt%. Normaliza-
tion by the amount of Mo gives the relative specific activ-
ities, e.g., alumina(s) (1.0) and silica (1.4). The estimated
repeatability is ca. 0.1.

The total (linear, branched, and naphthene) olefin hy-
drogenation conversion as a function of S conversion for
all catalysts is shown in Fig. 1b. As S conversion increases,
there is a linear increase in olefin saturation. At 100% S
removal, there would be nearly complete saturation of the
olefins in the naphtha. Within the repeatability of the mea-
surements, Fig. 1b indicates that there is no effect of the
support composition, physical properties, or Cs addition
on the olefin selectivity.

CoMo/aluminacatalysts. Figure 2ashowsthe first-order
HDS kinetics for the K modified CoMo/alumina catalyst at
27 atm and 220°C. At the lowest WHSV of 0.8h~?, the HDS
conversion is 98%, or 40 ppm Sin the product. Also shown is
the conversion for the CoMo/alumina catalyst at the same
temperature and 3.3 h~ WHSV. The HDS conversion is
60% (750 ppm), identical to that of the catalyst with alkali.

At 3.3 h™1 WHSV, the HDS conversion was varied by
changing the reaction temperature between 220 and 260°C.
The results are given in Table 3 along with the RON and
the concentration of olefins remaining in the product. At
each temperature, the product sulfur, olefins, and RON are
very similar, indicating that the addition of K has no effect
on the activity of the CoMo/alumina catalyst.

A comparison of the rate of olefin hydrogenation with
HDS is given in Fig. 2b for sulfided CoMo with and with-
out K. Up to about 85% S conversion, or 300 ppm S
in the product naphtha, the olefin hydrogenation conver-
sion is relatively low. As S conversion increases beyond
about 300 ppm, however, the rate of hydrogenation in-
creases rapidly. At complete removal of S, there are few
olefins remaining in the product. As observed for the un-
promoted MoS,/alumina catalyst, the addition of alkali has
little effect on the olefin hydrogenation/HDS selectivity of
sulfided CoMo/alumina. Included in Fig. 2b are the data

TABLE 3

HDS and Olefin Hydrogenation of FCC Naphtha
at 3.3 WHSV and 27 atm

CoMo/alumina CoMo/2% K-alumina

Reaction wt% wt%
temperature, °C S (ppm) olefins RON S (ppm) olefins RON
220 750 13.7 91.0 766 12.5 91.1
230 339 9.8 90.1 333 10.3 89.5
245 144 7.1 88.4 93 7.0 87.6
260 24 31 85.6 10 3.0 85.6

MILLER ET AL.
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FIG. 2. (a) First-order HDS kinetics, Log(100-S¢ony) verses 1/ WHSV,
(b) olefin hydrogenation versus sulfur conversion, and (c) RON verses
sulfur conversion. ® CoMo/alumina, O CoMo/2% K-alumina, and O FCC
naphtha.

taken at 220°C and at higher temperatures (at constant
WHSV).

Figure 2c shows the effect of HDS conversion on RON.
Initially, there is a relatively small loss in RON; however, as
the sulfur in the product decreases below about 300 ppm,
the loss in RON increases. At complete removal of S, there
is a loss of about 7 RON in the hydrotreated naphtha. Ad-
dition of K did not influence the RON/HDS selectivity.

Catalyst Characterization

Comparison of Figs. 1b and 2b indicate that the olefin hy-
drogenation/HDS selectivity for supported sulfided CoMo



SELECTIVE HYDRODESULFURIZATION CATALYSTS

TABLE 4
EXAFS Fits
Ao, A2
Catalyst Scatter CN RA (x107  AEyeV
Mo/SiO, Mo-S 4.9 241 1.74 -0.18
Mo-Mo 2.6 3.15 1.58 1.00
Mo/Al,O3 Mo-S 3.7 243 1.74 —0.49
Mo-Mo 17 3.15 1.48 -3.25
Mo/Cs-Al,O3 Mo-S 4.7 242 1.55 1.87
Mo-Mo 2.7 3.16 212 1.50
CoMo/Al,O3 Mo-S 5.8 242 2.02 -0.27
Mo-Mo 2.6 3.16 1.73 1.78
Co-S 5.0 2.20 5.91 —5.25
Co-Mo 1.1 2.80 9.67 —2.78

and MoS; are significantly different. In order to determine
whether these selectivites are due to differences in struc-
ture, the catalyts were analyzed by EXAFS at the Mo and
Co edges and XRD.

EXAFS. The Mo K edge EXAFS oscillations were ob-
tained from the X-ray absorption spectra by subtracting
a Victoreen curve followed by a cubic spline background
removal (18). Energy independent normalization was per-
formed by division by the edge step to give the EXAFS
functions. Data analysis of the first Mo—S and Mo—Mo coor-
dination shells for the sulfided Mo and CoMo/alumina cata-
lysts was obtained by an inverse Fourier transform between
r=1.17 to 3.23 A (after Fourier transform: k?, Ak =3.01 to
15.84 A~1). The reference compounds were analyzed by
the same procedure. For each catalyst, 3-4 spectra were
obtained and an R-space fit was performed for each data
set. The average fit parameters are given in Table 4. The er-
ror in the determination of the coordination numbers and
distance are less than 5 and 1%, respectively. A typical two-
shell fit of the Mo EXAFS for sulfided CoMo/alumina is
given in Fig. 3 (solid line: data; dashed line: model fit). At-
tempts to include a Mo-O contribution resulted in a much
poorer fit. There was also no evidence for a Mo-alkali ion
contribution to the EXAFS spectra, in agreement with pre-
vious studies (19).

Within the experimental error, for all catalysts the Mo-S
(2.42 A) and Mo-Mo (3.16 A) coordination distances are
identical to those in bulk MoS, (15), and they agree with
previous studies on HDS catalysts (20-24). In the unpro-
moted MoS; catalysts, the Mo-S coordination numbers are
slightly lower (between about 4 and 5) than those in sulfided
CoMo (5.8). The Mo-Mo coordination numbers between
1.7 and 2.7 agree with previous studies (20-24) and indicate
that the MoS; domains are small (20-25).

For the CoMo/alumina catalyst, the EXAFS was also ob-
tained at the Co edge. Data analysis of the first shell Co—
S was obtained by an inverse Fourier transform between
r=1.03 to 2.39 A (after Fourier transform: k%, Ak=2.83
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to 11.74 A~1). Comparison of the model fit (dashed line)
to the experimental data (solid line) for the isolated Co-S
coordination is shown in Fig. 4 with the coordination pa-
rameters given in Table 4. The bond distance of 2.20 As
similar to previous EXAFS determinations of the Ni-S and
Co-S bond distances in HDS catalysts (21-23, 26). The co-
ordination number of 5.0 is also similar to previous values
(23, 26).

The Co-Mo contribution to the EXAFS was evaluated by
isolation of the coordination shell from the inverse Fourier
transform between r=2.39 to 2.89 A (FT: k3, Ak=2.83 to
11.74 A~Y). The fit parameters are given in Table 4 and

12} z . b
0.8} ﬂ N

6 9 12 15
k (A7)

FIG.3. MoK edge EXAFS for sulfided CoMo/alumina, k?, Ak=
3.01-15.84 A%, Ar=1.17-3.23 A: solid line: data; dashed line: model fit.
Two-shell fit for Mo-S and Mo-Mo: (a) fit in r space, (b) fit in k space.
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FIG. 4. CoKedge EXAFS forsulfided CoMo/alumina, k?, Ak = 2.83-
11.74 A=t Ar=1.03-2.39 A: solid line: data; dashed line: model fit. Single-
shell fit for Co-S: (a) fit in r space, (b) fit in k space.

comparison of the data (solid line) with the model fit
(dashed line) is shown in Fig. 5. Since the amplitude of the
EXAFS function calculated by FEFF is generally larger
than that of experimental references, the amplitude fac-
tor, SZ, was determined by comparison with experimental
references. The Co—Mo coordination distance of 2.80 A is
similar to that in Co(+2) ditetrathiomolybdate (27) and
agrees with the Co—Mo and Ni-W coordinations previously
reported (21-23, 25, 26). The coordination number of 1.1
isalso in good agreement with previous determinations (22,
23, 26).

MILLER ET AL.

XRD. The XRD patterns are given in Fig. 6. For MoS;
on alumina and 2% Cs-alumina, the patterns are identical
to that of y-Al,Os. Incorporation of Cs had no discernible
effect on the long-range structure of the catalyst. The ab-
sence of peaks corresponding to MoS; in these two cata-
lysts is consistent with very small particles, i.e., less than
about 20 A. Additional diffraction peaks are observed in
the CoMo/alumina at 12.7, 33.4, and 59.3° 26. Small peaks
at 26 of 12.7 and 33.4 are shown in expanded scale in Figs. 6a
and 6b for MoSy/silica and CoMo/alumina, respectively,
and are consistent with peaks from molybdenite, MoS; (28,
29). On CoMo/alumina the peak widths correspond to an

1 1 |
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FIG.5. CoKedge EXAFS forsulfided CoMo/alumina, k3 Ak = 2.83-

11.74 A~1 Ar=2.39-2.89 A: solid line: data; dashed line: model fit. Single-
shell fit for Co-Mo: (a) fit in r space, (b) fit in k space.
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FIG. 6. X-raydiffraction patterns: (a) MoS,/silica, (b) CoMo/alumina,
(c) MoS,/2% Cs-alumina, and (d) MoS,/alumina. Reference XRD pat-
terns: Aluminum oxide (10-0425) and Molybdenite-2H (37-1492).

average crystallite domain size of about 20-25 A. The over-
lap of the MoS; peaks with those of y-Al,O3, make deter-
mination of the size anisotropy unreliable. MoS; was also
detected on the silica-supported catalyst, and the average
crystallite size is approximately 35 A. Again, overlap of the
silica pattern precludes reliable determination of the size
anisotropy.

DISCUSSION

Gasoline is a mixture of Cs—Cy paraffins, olefins, naph-
thenes, and aromatics. One property, which determines the
gasoline value, is its octane number. Generally, octane in-
creases with increasing chain branching, olefin, and aro-
matic content. Catalytic desulfurization of FCC naphtha
results in the loss of octane (RON) with increasing HDS.
Figure 7 shows a correlation of the RON with the total (lin-
ear, branched, and naphthene) olefin content of the naph-
tha. The data include all reaction temperatures for both
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CoMo/alumina catalysts. Figure 7 demonstrates that the
loss in RON is primarily due to the saturation of olefins.
Within experimental error, in the desulfurized gasoline
there is no change in the distribution of aromatics indicat-
ing little saturation of aromatics. The correlation of RON
with the total olefin content suggests there is also little iso-
merization of paraffins.

The composition of the support has previously been
shown to influence the activity of HDS catalysts (30-36).
With CoMo catalysts, the activity generally increases in
the order alumina > silica (30). For unpromoted MoS,, the
HDS activity on silica is reported to be greater than (32),
or slightly lower than (33), that on alumina contrary to re-
sults for CoMo. The previous comparisons are complicated
by several considerations, however. First, on silica the Mo
dispersion decreases with increasing loading (31, 37) and
calcination temperature (31). Second, since the activity of
MoS; is strongly promoted by Co, differences in activity
may reflect changes in the degree of Co—Mo interaction,
rather than due to an influence by the support. As a result,
in order to avoid uncertainties due to the degree of Co pro-
motion, the effect of the support on activity was evaluated
for unpromoted MoS,. In addition, the Mo loading and cal-
cination temperature were kept low in order to maintain
high dispersion.

Consistent with previous studies for MoS; (32), the spe-
cific HDS activity on silica was 1.4 times higher than that on
alumina(s). In order to establish that this increased activity
is due to an interaction with the support, it also necessary
to establish that the composition and structure of the cat-
alytic phase is identical and that the activity is not due to
changes in particle size or dispersion. EXAFS and XRD
analysis indicates that small MoS; particles are present on
all catalysts. Thus, the differences in activity are not due to
differences in the structure of the catalytic phase.

Previously, the turnover rate (TOR) of HDS catalysts was
shown to increase linearly by about a factor of three as the
EXAFS Mo-S coordination number increased from about
3 to 5 (38). These data suggest that the TOR is higher for
larger MoS; particles. Based on this correlation, an increase
in the Mo-S coordination number from 3.7 (MoS,/alumina)
to 4.9 (MoSy/silica) would be expected to increase the TOR
by about a factor of 1.5 consistent with the increase in ob-
served activity. However, the Mo-S coordination number
of M0S,/2% Cs-alumina is 4.7, similar to that on silica, but
has an HDS activity similar to that on MoS,/alumina. For
these catalysts, therefore, there is no apparent correlation
of the EXAFS Mo-S coordination number and specific ac-
tivity.

Both XRD line broadening and the Mo-Mo EXAFS
coordination numbers can be used to estimate the MoS,
particle size. On MoS,/alumina and Mo0S,/2% Cs-alumina,
by XRD the particles are too small to be detected and,
therefore, are less than about 20 A. The particles on
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CoMo/alumina are slightly larger, ca. 25 A, while on MoS,/
silica, the XRD particle size increases to 35 A. By XRD,
only particles larger than about 20 A are detected. There-
fore, since the fraction of large and small particles in
MoS,/silica is unknown, 35 A represents the largest pos-
sible average particle size, although the actual average size
could be smaller.

Recent theoretical (39, 40) and experimental (25, 29, 40,
41) studies have shown that determination of the particle
size from experimental EXAFS coordination numbers un-
derestimate the actual particle size due to the structural dis-
order and anharmonic vibration modes of the atoms near
the particle surface. As aresult, the correlation between the
Mo-Mo coordination number and the actual particle size
was used to determine the average MoS; particle size (40).
The particle size of MoS; on alumina, silica, CoMo/alumina,
and 2% Cs-alumina is estimated to be 15, 20, 20, and
21 A respectively. For the alumina-supported catalysts, the
EXAFS particle size determinations are generally consis-
tent with the values determined by XRD. In addition, the
difference between the average size by XRD and EXAFS
for MoS,/silica suggests that there are only a few larger
particles.

The similar particle size determined from EXAFS Mo-
Mo coordination numbers for MoS,/2% Cs-alumina and
MoSy/silica indicate that differences in specific activity
are not due to the differences in particle size or disper-
sion. This conclusion is also supported by comparison of
MoS,/alumina and MoSy/silica. The specific activity on alu-
mina is lower than that on silica despite the smaller particle
size of the former. Since the active phase on each MoS;
catalyst is identical and the difference in rates is not due to
differences in particle size or dispersion, we conclude that
the intrinsic MoS; activity is affected by the composition of
the support. The turnover rate is larger for MoS; on silica
than alumina by about a factor of 1.4. While silica does
enhance the HDS activity slightly, addition of Cs does not
have a significant influence on the activity.

There are a number of independent reports, which
demonstrate that HDS catalysts on basic supports, for ex-
ample, those on magnesium oxide or promoted by alkali,
display lower olefin hydrogenation selectivity (5-13). Most
studies suggest that this enhanced selectivity is due to a sig-
nificant modification of the catalytic properties by the basic
support. In this study, the olefin hydrogenation/HDS selec-
tivity was not influenced by the support composition, nor
by incorporation of alkali promoters. This is true for both
unpromoted MoS; and CoMo catalysts.

While the support composition/alkalinity does not lead to
more olefin-selective HDS catalysts, neither does the MoS;
particle size or the support physical properties. For exam-
ple, the EXAFS particle size of MoS,/silica, M0S,/2% Cs—
alumina and CoMo/alumina are similar, but only the CoMo
catalysts displays lower olefin saturation selectivity. Like-
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wise, the support surface area and pore volume of the MoS;
and CoMo on alumina are similar; however, CoMo has a
lower olefin saturation selectivity, at least at high feed sulfur
levels. The only property which correlates with improved
olefin/HDS selectivity is promotion by Co.

While modification by Co is the primary factor leading
to selective naphtha HDS catalysts, additional factors must
also be important since differently prepared CoMo cata-
lysts display slightly different selectivities (5-13). While
these additional factors were not addressed in this study,
it is likely that the Co/Mo ratio, degree of Co/Mo inter-
action, or the presence of additional cobalt sulfide phases
alter the selectivity. It is speculated that the optimally selec-
tive HDS catalysts have a high fraction of Co coordinated
at the edge of the MoS; particles, i.e., the CoMoS phase
(42-44), leaving little exposed Mo. In this CoMo catalyst,
nearly all of the Co is present in the CoMoS structure with
no detectable amounts of CogSge. In addition, the Co-Mo
coordination numbers are consistent with each Co coordi-
nated to 1-2 Mo (22, 23, 26, 42—-44). The fact that the Mo/Co
molar ratio (from elemental analysis) isalso 2 suggests there
is little exposed Mo. More work, however, is required in or-
der to determine which of these factors contribute to the
selectivity.

While promotion by Co has a strong influence on the
olefin hydrogenation selectivity, so also do the process con-
ditions (45). Although olefin hydrogenation and desulfur-
ization Kinetics were not studied in detail, Fig. 2 suggests
that selective naphtha desulfurization is observed at sulfur
levels above 300 ppm. Figures 2b and 2c are consistent with
a Langmuir-Hinschelwood kinetic model, where the rate
of olefin hydrogenation is faster than HDS but inhibited by
sulfur. Further studies, however, will be required to demon-
strate that competitive adsorption of sulfur strongly inhibits
the rate of olefin hydrogenation and is the origin of selective
hydrodesulfurization.

CONCLUSIONS

The specific HDS activity of MoS; is slightly higher on
silica than alumina supports. By contrast, the addition of
Cs does not affect the HDS activity. While there is a small
influence on the rate, the composition of the support has
no effect on the olefin hydrogenation/HDS selectivity. On
unpromoted MoS; catalysts, the olefin hydrogenation con-
version increases linearly with the desulfurization conver-
sion. At complete removal of sulfur, few olefins remain in
the FCC naphtha resulting in a large loss in RON.

For CoMo/alumina catalysts, the activity and selectiv-
ity are also not affected by addition of alkali. For these
catalysts, at high levels of sulfur in the FCC naphtha, the
olefin saturation conversion is low, but it increases rapidly
as sulfur levels decrease to below about 300 ppm. En-
hanced olefin/HDS selectivity appears to correlate with the
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formation of the CoMoS active phase and is not affected
by the support composition, support physical properties, or
the MoS; particle size. We suggest that selective HDS is
due to preferential adsorption of sulfur compounds at the
active site, thereby inhibiting adsorption and saturation of
olefins.
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