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Heteropolyanions (HPAs) offer the opportunity to develop soluble forms of surface
confined catalysts. HPAs are inexpensive, well-characterized, water soluble metal oxide
clusters, e.g. [EM,04g]%- where E = Si or P and M = Mo or W.1 They are easily modified to
contain other transition metals such as Co, Ni or Ru and, can be made soluble in organic
solvents.1-3 The protic forms exhibit extremely high acidities with pK,'s = 0-2.1 In addition,
selectively modified HPAs can function as low temperature hydrogenation catalysts that exhibit
microporosity. 4 HPAs are multi-functional catalysts that could be used to promote both
hydroliquefaction and hydrotreating. The overall goal of the work reported here concems our
efforts to evaluate HPAs as soluble liquefaction and hydrotreating catalysts, with the goal of
developing soluble analogs of surface confined catalysts.56

The primary purpose of the work reported here is to carefully delineate the reactivity
paftems of RuMo bimetallic precatalysts. In particular, efforts were made to understand the
reactivity of tetrahydroquinoline (THQ) at moderate temperatures. We have previously shown
that bimetallic RuMo and trimetallic RuCoMo organometallic derived, supported catalysts will
promote HDN of THQ at temperatures of 350°C.56 Thus, we were interested to determine
whether or not our recently developed, unsupported RuMo catalysts would have sufficient
activity to work at temperatures below 250°C.

The preliminary results of this study are quite surprising and warrant further, more detailed
studies. First, we find that THQ does not undergo HDN to products such as propylaniline,
propylbenzene, propylcyclohexane, nor is it hydrogenated to decahydroquinoline. However, it
does undergo a surprising reaction with the ethanol solvent wherein the nitrogen is ethylated

according to the following reaction:
N

@fj + CH,CH,OH
N

| )
H Et
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At 220°C, this reaction goes to 40% completion in 25 h at 1000 psig Hj using a standard
bimetallic precatalyst system [4 mL EtOH stock solution, 4.39 x 104 M in Mo-HPA:1 mL
stock solution, 5.74 x 10 M in RuCl3/1.96 x 104 M Ru3(CO);5, 50 pL. CS,] as shown in
Figures 1 and 3. What is extremely surprising about this reaction is that when it is run either
with 4 mL of Mo-HPA stock solution or only 1 mL of RuCl; [or Ru3(CO),5] stock solution,

where no synergistic effects are possible, almost no product is observed. In baseline tests, the
Mo-HPA derived catalyst appears to function slightly better than the RuCl; derived catalyst [or

nearly the same as Ru3(CO);5]. Apparently, it is necessary to have the bimetallic catalyst form
in order to observe ethylation.

~ Another unexpected result comes from the observation that, for RuCly/Mo-HPA catalyst
precursor system, dropping the initial H, pressure from 1000 psig to 400 psig does not affect
the rate of reaction at all(Figure 2). At least under the two pressures measured, it appears that
Hj pressure plays no role in the rate limiting step. Based on our previous work in this area,
we can suggest a mechanism that explains this observation:”

@ij + CH;CH,OH
N

H2° +

@Ej + CH3;CHO + H,
N
|
H

—

In this reaction scheme, the first step involves dehydrogenation of ethanol to form
acetaldehyde which condenscs with THQ to form the enamine, shown in the lower right hand
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corner. The enamine is then readily hydrogenated to N-Et-THQ.

In contrast to the RuCls/Mo-HPA precatalyst system. the Rus(CO);,/Mo-HPA system
exhibits significant H, pressure dependence (Figure 4). The percent conversion rate (also TF
value) reaches a maximum at 600 psig Hy (~296 for TF and 32 for TF') as shown in Figure 4
and Table 1). The inhibition in catalyst activity observed above 600 psig H, is somewhat
unexpected and further study will be needed.

Figure 5 and Table 2 show the effects of relative concentrations of bimetallic precatalyst on
catalyst activity for THQ ethylation. Except at the lowest value of [Ru3(CO)y,1/iMo-HPA],
increasing the relative concentration of Ru3(CO)j7 results in a decrease in percent conversion
and lower TF (and TF') values. Maximum TF (or TF') values are obtained when a 1 mL/4
mL(Ru/Mo) precatalyst stock solution mixture is used.

Initial rates of reaction were determined for each temperature from 220 to 250°C with initial
H; pressures of 600 psig. Raw reaction rate data are used to calculate initial TFs which are
used as kgps.8 These data allow us to calculate the energy of activation, E; = 27 + 3 keal/mole.
When the reaction temperature was below 210°C, the percent conversion on to N-Et-THQ is
much less than 1 %, even after 24 hours. )

One possible conclusion as to why the bimetallic system is so much better than the
individual metals is that one metal does one of the above catalytic operations well and the other
poorly. The second metal then does the reverse. If this is the case, then from our
hydrogenation studies, we would conclude that Mo catalyst sites are responsible for
dehydrogenation and the Ru catalyst sites are responsible for hydrogenation.

In hydrotreating crude oil, oil shale and coal liquids; it is certain that primary and secondary
alcohols will form during the process. Given that standard HDN catalysts contain sulfided Mo 4
sites and Co sites, it is likely that these intermediate alcohols will alkylate any amine sources
produced coincidentally. Although, Co is not as good a hydrogenation catalyst as Ru, at the
elevated temperatures currently used for hydrotreating, it is possible that alkylation will occur
quite readily.
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. kobs at each temperature is obtained from the slope of the equation, d[N-Et-THQ}/dt =

kobs[Q]°, assuming zero order reaction from data obtained. The activation energy, E,,
is calculated from the expression kg = ActEA/RT),
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