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INTRODUCTION -
HydrousMetal Oxides (HMOs) are chemicallysynthesizedmaterialswhich contair_a
homogeneousdistributionof ion exchangeable alkali cations that provide charge
compensationto the metal-oxygenframework. Both the presence of these alkali
cationsandthe resultinghighcationexchangecapacities(4-5 meq/g)clearlyset these
HMO materialsapart from conventionalprecipitatedhydrousoxides.1,2 For catalyst
applications,the HMO materialservesas an ionexchangeablesupportwhichfacilitates
the uniformincorporationof catalyst precursorspecies. Followingcatalystprecursor
incorporation,an activationstep is requiredto convert the catalystprecursorto the
desiredactivephase.

Considerableprocessdevelopmentactivitiesat SandiaNationalLaboratoriesrelatedto
HMO materials have resultedin bulk silica-dopedhydroustitanium oxide (HTO:Si)-
supportedNiMo catalysts that are more active in model compound reactionsthan
commercial NiMo catalysts. These reactions,e.g. pyrene hydrogenation,simulate
directcoal liquefaction. However,extensionof this process to produceNiMo/HTO:Si
catalyst coatings on commercial supportsis of interestfor liquefactionapplications
since overallcatalystcostcan be reducedandbulkHTO:Si mechanicallimitationscan
be circumvented. In the present effort, NiMo/HTO:Si has been evaluated for
hydrodesulfurization(HDS) and hydrodenitrogenation(HDN) of coal derived liquids.
NiMo/HTO:Sicatalystshave been evaluated in both bulk (unsupported)form and a
supportedformon commercialaluminaextrudates.

EXPERIMENTAL
Synthesis
The NiMo/HTO:Sicatalystswere preparedin botha bulkform and a thin-filmvariation.
HMO-supportedcatalystpreparationinvolvesa multiplestep chemicalprocedurethat
beginswith the synthesisof a bulk HMO powderor HMO coating. This chemistry,

. which can be utilizedto producealkali titanates,alkali zirconates, alkali niobates, or
alkali tantalates, has been described in detail elsewhere.3 Briefly, tetra-ethyl
orthosilicateand tetra-isopropyltitanatewerecombinedin a 1:5 molar ratiowith NaOH
and excessmethanol. The solubleintermediateresultingfrom this reactionwas either
coated ontoa supportor precipitatedfrom solutionwith an acetone/waterwash. The

! A. Ruvarac, Inorga.nicIon Exchange Materials, A. Clcarfield, ¢d., CRC press, Boca Raton, 1982, pp. 141-160
2 M. Abe, Inorganic Ion Exchange.Materials, A. Clcarfield, exl., CRC press, Boca Raton, 1982, pp. 161-273
3 Sandia Technical Report, SAND89-2399, Sandia National Laboratories, Albuquerque, NM (1990)
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catalystwas acidifiedfollowedby ion-exchangingwithammoniummolybdate. Nickel in
a nitrate form was appliedby incipientwetness. Previousworkhas demonstratedthat
SiO2additions(Ti:Si molarratio- 5:1) to HMO materialsact to stabilizeHMO support
surface area at high temperature(_>500°C) withoutsignificantlyalteringion exchange
properties.4

BatchTestinq
For batch model compoundscreeningstudies,the bulk (unsupported)catalystswere
pelletized,crushedto 30/40 mesh,calcinedat 500°C for 1 hour,sulfidedat 420°C for 2
hours in 10% H2S/H2,groundto -200 mesh, and evaluated. The supportedcatalysts
were calcined and sulfidedinthe extrudateform, groundto -200 mesh,and evaluated. -
Batch model compoundhydrogenationstudieswere conductedwith pyrene. Pyrene
(100 mg), hexadecane (1 g), and catalyst (10 mg) were loaded into a microautoclave
reactor that was pressurizedto 500 psig with hydrogen. Reaction conditionswere
300°C for 10 minutes.

ContinuousTesting
For studies involvingcontinuoustesting, a subbituminouscoal derivedliquidfeed was
obtainedfrom HRI's catalytictwo-stagePDU. The reactorwas loadedwith10 gramsof
catalystmixed with 10 grams of o_-aluminadiluent,whichwas placed in the center of
either a 7/16" or 3/4" I.D. stainlesssteel tube. Approximately2" of o_-aluminawas
placedabove, and belowthe 30/40 meshcatalystbedas pre-heatandpost-heatzones.
All catalystswere sulfidedinsitu with a 10% H2S/90%H2gas mixtureat 100 sccm for4
hoursat 400°C. The coal derivedliquid,fed at 0.45 cc/min,had a compositionof ca.
500 ppm sulfur and 1400 ppm nitrogen. Typicalexperimentslasted4 to 5 days and
were runat 400°C andat either500, 1000, or 1500 psighydrogen. Coal liquidsamples
were pulled 4 to 5 times a day and analyzed for sulfurand nitrogencontentusingan
Antek 7000 S/N analyzer. Activitiesare reportedas percentsulfur/nitrogenremoved
from the feed. A few coal liquidsamples were characterizedby protonNMR usinga
techniquedevelopedby CONSOLs to evaluate hydrogendistribution. In addition,the
feed was further characterizedby separatingthe materialinto paraffinsand aromatics
overacidicalumina.

RESULTS AND DISCUSSION
Feed and ProductCharacterization
Proton NMR spectra for the feed were comparedto protonNMR spectra for product
samplesfrom two differentcatalystruns:500 psigand 1000 psigwith NiMo/HTO:Sion
an Amocat 1C blank. These spectraindicatedthat littlechange in hydrogencharacter

- occurredat either condition. To further quantifythe feed, the non-paraffinicportionof
the feed was extracted over a column of acidic alumina. The effluentoil from the
alumina column was compared to the feed oil by gas chromatographyand results
indicatedthat the feed was of a highly paraffinicnature. Due to the high paraffin
contentof the feed, it was reasonablethat minimalboilingpoint upgradingoccurred.
These experimentsindicatedthat the coal derivedoilselectedwas an appropriatefeed

4 Sandia Technical Report, SAND89-2400, Sandia National Laboratories, Albuquerque, NM (1990)
5 R.A. Winschel, G.A. Robbins, F.P. Burke, Fuel, 65, pp 526-532 (1986)
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material, in that the HDS/HDN reactionswould not be in competition for feed hydrogen
with bond saturation reactions.

BatchTesting- Hydrogenation(HYD) of Pyrene.
The resultsfor the pyrene HYD experimentsare shown in Figure1. The first orderHYD
activitiesare calculatedon botha catalystweightbasisand on a weight of totalactive
metals basis, i.e. molybdenumand nickel. The activity of the bulk (unsupported)
NiMo/HTO:Si (8.5%Mo/2.9%Ni) was higher than either Shell 324 (13%Mo/2.7%Ni) or
Amocat (10.7%Mo/2.4%Ni) on either basis. When comparingthe activities for the
supportedNiMo/HTO:Si catalystswiththeir commercialcounterparts,the NiMo/HTO:Si
catalysts had higher activities. For the NiMo/HTO:Si on the Shell support o
(8.8%Mo/2.9%Ni), the NiMo/HTO:Siwas 12% more active on a catalystweight basis
and 81% more active on an active metals basis. The resultsfor the NiMo/HTO:Sion
the Amocat support (9.2%Mo/3.0%Ni) compared to the Amocat 1C catalyst were
similar:25% more active on a catalystweight basisand 52% more active on a metals
basis. The higher activities of the NiMo/HTO:Si catalysts as compared to the
commercialcatalysts,especiallyon an active metals basis, is due in part to the high
dispersionof the MoS2 on the HTO:Si. TEM studies have indicatedthat the MoS2
dispersionis higher on a NiMo/HTO:Sicatalystas comparedto a commercialcatalyst.
A secondexplanationfor the higheractivityis the higheracidityof the NiMo/HTO:Sias
comparedto commercial catalystssupported on alumina. The catalyst aciditywas
measuredby ammoniaadsorption. In termsof molesof ammoniaper gramof catalyst,
the bulkNiMo/HTO:Siadsorbed43% moreammoniathan Shell324. The higheracidity
of the NiMo/HTO:Simay leadto a higherHYD activityfor the HTO:Si catalysts.

FlowReactorTesting- HDS andHDN of Coal Liquids.
The HDS/HDN activity in terms of total removed sulfur and nitrogen was measured at
500, 1000, and 1500 psig for unsupported (bulk) NiMo/HTO:Si, Shell 324, Amocat 1C,
and NiMo/HTO:Si catalysts supported on Shell and Amocat blanks. The bulk and
supported NiMo/HTO:Si catalysts had a lower total active metals concentration than
either Shell 324 or Amocat 1C. The following results are presented as a percentage
sulfur or nitrogen removed at a constant reactor space velocity (SV). The SM was
based on total catalyst weight and not on active metals. If the results were based on
total active metals, the activity of the NiMo/HTO:Si catalysts would be higher. In
general, the estimated error in the HDS and HDN activities was estimated to be +_1-2%.
In the interest of publication space, only the HDS results are shown in Figures 2-7.

(i! 500 Dsig The HDS activitiesof the evaluatedcatalystsare shownin Figures2 and3.
- At 500 psig, the bulk NiMo/HTO:Si activity(9.7%Mo/3.2%Ni) was higherthan either

Shell 324 or Amocat 1C. The bulk NiMo/HTO:Si catalysthad a higher activitythan
Amocat 1C with a lower loading of active metals. Since the NiMo/HTO:Si catalysts
have a higher dispersion of MoS2 than standard commercial catalysts1, it is not
unexpectedthat HDS activitiescan be maintainedwith a lowerNiMo composition.At
500 psig, the bulk NiMo/HTO:Si was significantlymore active for HDS than Shell324
(Figure3).
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The trends for the HDN activitiesweresimilarto the HDS activities.After 80 hourson-
line, the HDN activityfor the bulkNiMo/HTO:Siwas about21%. Thiswas significantly
higher than the 80 hour HDN activitiesof Shell324, Amocat1C, and NiMo/HTO:Sion
an Amocat blank: 13%, 9%, and 15% respectively. In general at 500 psig, the bulk
NiMo/HTO:Sioutperformed, and the supportedNiMo/HTO:Sicatalystsachieved near .
equal performance to the commercialcatalysts for HDS and HDN activitieswhile
containinglessactivemetals.

(ii) 1000 Dsi_qThe HDS activitiesfor the bulkNiMo/HTO:Si (9.6%Mo/3.2%Ni),Amocat
supported NiMo/HTO:Si (8.1%Mo/2.7%Ni) and Amocat 1C catalystsare shown in
Figure4. Line-out HDS activitieswere between86% and 90% for all three catalysts -
with the Amocat 1C activity being slightlyhigher than either of the NiMo/HTO:Si
catalysts. Figure 5 shows the data for the bulk NiMo/HTO:Si,Shell 324, and Shell
supportedNiMo/HTO:Si (8.9%Mo/2.9%Ni)catalysts.The HDS activityof the Shell 324
was higher than either the Shell supportedNiMo/HTO:Si or the bulk NiMo/HTO:Si
catalystsby about3%.

The 80 hourHDN performancefor the fivecatalystsin Figures4 and 5 were rankedas
follows: Shell 324 (45%), bulk NiMo/HTO:Si (43%), Amocat 1C (42%), Amocat
supported NiMo/HTO:Si (42%), and Shell supportedNiMo/HTO:Si (39%). Given an
estimated error of +_2%,minimaldifferenceswere found in performance on a total
catalyst weight basis, althoughthe supportedNiMo/HTO:Sicatalystscontained 18%
and25% lessactivemetals as comparedto Amocat1CandShell324 respectively.

(iii) 1500 psiq The HDS activityfor the bulkNiMo/HTO:Si (9.6%Mo/3.2%Ni), Amocat
supported NiMo/HTO:Si (7.8%Mo/2.6%Ni) and Amocat 1C catalysts are shown in
Figure 6. The bulk NiMo/HTO:Si and Amocat 1C catalystsperformed slightlybetter
than the Amocat supported NiMo/HTO:Si. The Shell 324, Shell supported
NiMo/HTO:Si, and the bulk NiMo/HTO:Siperformed similarly(Figure 7). The HDN
activitiesfor the bulk NiMo/HTO:Si, Shell 324 and Shell supportedNiMo/HTO:Si all
performed similarly; about 64+_2%. The results for the Amocat 1C and Amocat
supportedNiMo/HTO:Siwere significantlyless:about55%.

(iv) Summary_ The HDS or HDN effectivenessof the five catalystsevaluated was
calculatedby comparingthe sulfuror nitrogenremovedfrom the feed per hourper total
active metal weight Ioadings. Total active metals loadingwas defined as the total
weight of molybdenumand nickel. The resultsof these calculationsare shown in
Figures8 and 9. The relative HDS effectivenessof the NiMo/HTO:Sicatalystswas

. higherthan their commercialcounterpartssincethe NiMo/HTO:Sicatalystsmaintained
a similarHDS activitywhile incorporatingloweractive metal Ioadings. In terms of a
relative HDN effectiveness, the Shell 324, NiMo/HTO:Si on Shell, and bulk
NiMo/HTO:Si catalysts all had near equal activities. The Amocat 1C and the
NiMo/HTO:Sisupportedon Amocatblankdisplayedlower relativeactivities,especially
at 1500 psig. It is possiblethat the Amocatsupportissomewhatlesseffectivefor HDN,
basedonthesedata.
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CONCLUSIONS
For HYD of pyrene, unsupported NiMo/HTO:Si catalysts performed better than
commercialbenchmarkcatalystson eithera catalystweightoractivemetalsbasis. In a
side-by-side comparison of supported NiMo/HTO:Si catalysts with commercial
counterparts, the supportedNiMo/HTO:Si catalystsoutperformedthe Shell 324 and .
Amocat 1C catalysts for HYD of pyrene. For HDS of coal liquids,the supportedand
bulk forms of the NiMo/HTO:Sicatalystson an activemetals weightbasisequaledor
exceeded the performanceof the commercialcatalystsat 500, 1000, and 1500 psig
while containingless active metals. For HDN of coal liquids,the supportedand bulk
forms of the NiMo/HTO:Si catalystson an active metals basis mostly equaled the
performance of the commercial catalystsat 500, 1000, and 1500 psig. Possible -
reasons for the high activityof the NiMo/HTO:Sicatalystsare a highdispersionof the
active MoS2phaseanda highacidityof the bulkNiMo/HTO:Si.

This workperformedat Sandia NationalLaboratoriesis supportedby the U.S.
Departmentof EnergyundercontractDE-AC04-94AL85000.
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