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ABSTRACT

A series of zirconia catalysts prepared by a modified sol gel procedure, co-
precipitation with ammonium hydroxide, and by a hydrothermal method were
evaluated for catalytic activity. These catalysts were prepared containing silicon,
thorium, titanium, cerium and the alkali metals. A catalyst containing 2% thorium
on zirconia was the most active. The isobutylene and isobutane selectivity were
19.4 wt% and 1.82 wt%, respectively.

Macro- and micro-kinetic models indicate that CO, formation inhibits the rate of
CO conversion, hydrogen is dissociatively adsorbed, and CO is molecularly
adsorbed. The microkinetic model indicates the strengthening of the metal-
oxygen bond might increase the production rate of isobutylene.

INTRODUCTION

Zirconia and thoria have been reported as being the most selective catalysts for
the synthesis of isoalkenes and isoalkanes from synthesis gas (1-10), and a
considerable amount of research has been conducted using these catalysts [1-
10]. Even though these materials appear to be the best catalysts discovered to
date, their activity is still relatively low. This study has focused on the use of
additives and different methods of preparation to increase the catalytic activities
and selectivities for producing isobutylene.

Rate equations for use in reactor design and microkinetic models have been
developed for use in reactor design, interpolation of data, and to provide insight
on the effect of various catalytic properties. The rate equations for CO
conversion are developed using classical techniques (Holland and Anthony, 1989),
a plug flow reactor model and classical curve-fitting techniques. The microkinetic
model was developed by utilizing mechanisms published in the literature for CO
conversion to isobutylene, bond energy calculations, Polanyi parameters, and
classical methods of parameter estimation. For the microkinetic mode! stiff




differential equations are encountered, but the SimuSolv® software handles the
system very well.

CATALYSTS SYNTHESIS

Zirconia has been prepared by precipitation with ammonium hydroxide or sodium
hydroxide from zirconyl nitrate, by a modified sol gel method [11], and by a
hydrothermal method. A catalyst with 2% Th on zirconia was prepared by
precipitating zirconia followed by impregnating with thorium nitrate, drying and
calcining at 500 °C for b hours. A 10% Th on zirconia was prepared by a
hydrothermal method. Zirconia was prepared with 1.6% Na by using sodium
hydroxide and ammonium hydroxide to precipitate zirconyl nitrate. Zirconia and
zirconia/silica with a molar ratio of 4 Zr:1 Si were prepared using the modified sol
gel procedure, and these catalysts gave a tetragonal XRD pattern after calcination
and after reaction. The 1.6%Na/10.3%Ti/ZrO, (HT) had a cubic structure, and
the remaining catalysts were monoclinic after calcining them at 500 °C for 2.5
hours. Table 1 presents the characterization data obtained for the catalysts used
in this study.

EXPERIMENTAL UNITS USED FOR CATALYST EVALUATION

Two bench scale units with tubular reactors and on-line analysis were used for
evaluation of the catalysts. The data in Table 2 illustrates intra- and inter-
laboratory reproducibility for a zirconia catalyst prepared by precipitation using the
two reactor systems and data reported by Gajda et al. [12] of UOP. Essentially
-the same results are obtained for each of the units and laboratories. This was
expected since the units use tubular reactors, but because of different ovens,
gc’s, and reactor size and configuration the tests were conducted to insure intra-
and inter- laboratory reproducibility for our catalyst program. By comparing the
results with data reported by Gajda et al., inter-laboratory reproducibility is
illustrated. Since the catalyst used by Gajda et al. was prepared by precipitation
of zirconyl chloride, the results shows that catalysts of equal reactivity and
essentially the same selectivities are obtained for catalysts prepared by
precipitating zirconyl nitrate or zirconyl chloride. Because the two units yielded
the same results on the same catalyst no reference is made in the manuscript as
to which unit was used to collect the data.

RESULTS AND DISCUSSION

Figure 1 shows a comparison at 400 °C of catalytic activities. Zirconia, zirconia
with 1.6% sodium, and 3.2%Ti, 2%Th/ZrO, were prepared by co-precipitation
of zirconyl nitrate with ammonium hydroxide. After calcination the first two
catalysts were monoclinic, while the 3.2%Ti,2%Th/ZrO, gave a tetragonal
structure. Hydrothermal synthesis was used to prepare catalysts with 1.6 wt%
Na, 10.3% Ti/zirconia and 0.6%Na, 2%Ti, 2%Th/zirconia which had cubic and
tetragonal structures, respectively. The activities or the catalysts are ranked as
3.2% Ti, 2% Th/zirconia > 1.6% Na on zirconia > zirconia> 1.6% Na: 10.3%
Ti on zirconia. The product from the latter catalysts contains 31.2% i-C,s with

'A registered trademark of Dow Chemical Co. U.S.A.




45 to 60% isobutylene and no linear C,s.

Figures 2 through 4 illustrate the expected variation of isobutylene, methane and
Cs* production rates for the catalysts listed in Figure 1. Figures 5 and 6 illustrate
the product distributions obtained for the most active and selective catalysts.
The weight percent of isobutylene does not vary significantly with the type of
catalyst, but the total C, weight fraction is a significant function of the type of
catalyst. Forthe 1.6%Na:10.3%Ti/ZrO, the C,s consisted only of isobutylene and
isobutane.

Figures 7 through 12 show comparisons at 450 °C of the catalytic activities and
product distributions obtained for 2%Th/ZrO, prepared by precipitating the ZrO,
to form a gel and impregnating with thorium nitrate, a 10%Th/ZrO, prepared
hydrothermally, HZrO,-HCI 0.25Si by sol gel, 0.21%NaZr,gSi;,0,,
0.32%KZr, ¢Siy ,0, prepared by ion exchanged of HZr,gSiy,0, and zirconia
prepared by precipitation. The catalysts were washed with water and acetone,
dried and calcined at 500°C. The XRD of the catalysts prepared by sol gel were
all tetragonal. The activities are ranked as 2%Th/ZrO, > ZrO, > 10%Th/ZrO,
= HZrO,-HCI0.25Si > 0.21%NaZr, 4Siy ,0, > 0.32%KZr, ¢Si, ,0,.

Table 2, in addition to illustrating intra and inter laboratory reproducibility, also
illustrates the effect of temperature on the activity and product distributions
obtained at 400 °C and 450 °C for a precipitated zirconia catalyst. By using the
precipitated zirconia as a reference or tie for catalysts evaluated at either 400 or
450 °C, the relative activities of the catalysts can be determined. Figure 13,
which illustrates the effect of temperature on the mean reaction rate of CO for
catalysts studied at more than one temperature can also be used as an aid in the
overall ranking of the catalysts. This plot indicates the 10%Th/ZrO,-HT is almost
as active as zirconia prepared by precipitation.

Isobutylene selectivities were of the order of 10 to 25 wt% of the total
hydrocarbons produced. The selectivities were in this range for the active
catalysts whether methane or C4* were being produce. The rate of production
of isobutylene and hydrocarbons decrease as the CO conversion increases
because longer space times are required to increase the CO conversion. A major
goal in isosynthesis is to obtain a catalyst of sufficient activity so the reaction can
be operated at low temperatures and low pressures with high CO conversions and
production rates of isobutylene. Hence, improvement in the activities for
converting CO to hydrocarbons and an increase in the selective to isobutylene will
result in a higher production rate of isobutylene.

The overall ranking of catalytic activities for CO consumptionis 2% Th/ZrO, (ppt.)
=3.2% Ti, 2% Th/zirconia (ppt.) > 1.6% Na/ZrO, (ppt.) > ZrO, (ppt.) = 10%
Th/ZrO, (HT) = HZrO,-HCI 0.25Si (sol gel) > 1.6% Na, 10.3% Ti/ZrO, (HT).
Differences in these catalysts are due to the method of preparation and the type
and amount of additive. The relative catalytic activities for methane, isobutylene,
and Cy* productivities are illustrated in Figure 14. The catalysts prepared by sol
gel and ion exchange were the least active of all of the catalysts evaluated and
are not listed in Figure 14.




i

The fact that methane production remains essentially constant or decreases as
the conversion of CO increases is probably due to the formation of methane on
sites different than those for formation of the higher hydrocarbons. An alternate
possibility is that in the number of ZrOH sites decrease as the conversion
increases reducing the rate of formation of methane. However, the production
rate decrease may also be a simple function of the space time, because the CO
conversion is a function of space time, i.e. at high space times (low space
velocities) CO conversions ares higher than at lower space times, but the
production rates usually decrease. ’

The low activities of the catalysts prepared by the sol gel procedure may be
because they were tetragonal after calcination and reaction. On the other hand,
the method of preparation tends to produce catalysts with more acid sites than
catalysts prepared by precipitation. Also, HCI was used to acidify the catalysts
prepared by sol gel methods, and the type of acid used in the acidification may
affect the catalyst activity. Hence, even though the surface area was increased
by adding Si using the sol gel method, the catalyst was less active.

Reactor Modelling

Table 3 illustrates the derivation of a rate equation for CO consumption assuming
that CO, is"the most abundant intermediate on the catalyst surface. The
inhibition of the rate with CO, was also determined empirically from the curve fits
of the data. Adsorption characteristics of CO, were evaluated using TPD of a
zirconia saturated with CO,. The desorption isotherm is illustrated in Figure 15.
The fact that CO, is strongly bonded to the surface in the range of 350 to 440
°C is further evidence of the abundance of CO, on the catalyst surface.

Figure 16 shows the fit of the data for a 1:2 H,:CO feed at 95 atm and the rate
equations for CO consumption for the 1.6% Na/ZrO, and ZrO,. The inhibition of
the rate by CO, and the overall effect of pressure of 1.5 order is illustrated. The
curves in Figure 16 were generated by integrating the differential equation for a
plug flow reactor, which is given in Table 3. Figure 17 shows a scatter plot for
CO conversion over ZrO, (ppt.), 1.6% Na/ZrO,, and 1.6% Na 10.3% Ti/ZrO,
(HT). The parameters used in the rate equation are listed in Table 4. Figure 18
illustrates a plot for determining the activation energy for the 1.6% Na 10.3%
Ti/ZrO, catalyst. The activation energy was determined to be 19.3 kcal/mol.

Microkinetic Modelling

Figure 19 illustrates the key steps of the microkinetic mechanism used for
microkinetic modelling. Adsorption of CO is rate controlling and production of
methane is by formation of the methoxide ion and its subsequent hydrogenation.
The methoxide ion also is important in the condensation reactions to produce the
higher hydrocarbons. Figure 20 illustrates the product distribution calculated
using the microkinetic model assuming that C, hydrocarbons are the largest
molecules produced. As expected the isobutylene weight percent is substantially
larger than the experimental value, but the model does a reasonable job of
predicting the amount of methane and isobutane produced.




Synthesis of New Zirconate Structures

The activity of zirconia catalysts might be improved by altering the crystalline
structure of a zirconium oxide. Hence, preparation of zirconates with layered or
three dimensional structures different from monoclinic, tetragonal or cubic is a
goal of this project. Using techniques developed for the synthesis of crystalline
titanates, we have synthesized zirconates containing two or more phases. -The
phases are either amorphous or tetragonal with a phase, probably a layered
structure, exhibiting an XRD peak at 1.1 to 1.2 nm and 2.3 to 3.2 nm (see
Figures 21-23). These new materials when calcined reduce to a mixture of
tetragonal and monoclinic phases. Future plans are to use evaluate these
materials for catalytic activity after impregnation with active catalytic
. components.

CONCLUSIONS

A rate equation for carbon monoxide consumption showing first order in CO and
0.5 order in hydrogen indicates the rate controlling step involves dissociated
hydrogen. The inhibition of the rate with carbon dioxide is also shown.
Examination of the hydrocarbon distributions indicates a see-saw effect with the
C,s representing the fulcrum and methane and C;* the end points. The shift in
the distributions tends to be towards the C¢;* for high pressures and long
residence times. This distribution can be shifted by incorporating Ti into the
catalysts, but the optimum amount of Ti needs to be determined. The sol gel
method of preparing the catalysts tends to produce a less active catalyst than by

precipitation of a zirconyl salt. The most active catalyst contained approximately
2% Th/ZrO.,,.

FUTURE PLANS

Work will continue on the reactor modelling, trickle bed reactor experiments and
on preparation and evaluation of new catalysts. The new zirconates will be
investigated for catalyst activity.
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Table 3. Reactor Modeling.

Assume Predominant Reaction is:

2nCO + nH, - C H, + nCO,
@A) + B = © + D)

Design Equation:

Stoichiometry:

b
dan, ka:PB

aw (g + spp)°

ng =ng(1-x)
o 1 no
R nA(ﬂ"‘z"x) ﬁ=-—i
n
A
n inox
c = 5l
n —1—n°x
Ip = M
ny n:1+[3+x(—1——1]
2n
n;
D; —P



Table 3 (cont.). Reactor Modeling.

Making Substitutions:

PR, P (1) (1 -2)* (B - 12)

d‘C Ma+b—ch
M = 1+ﬁ+x(1 —1)} q’ = 7
2n ie
| P
N = ql(1+ﬁ+x(l—1))+s’—)f£] sl=-2
2n 2 k;/C

Modeling has shown that the following values give a reasonable fit
of the data.

NN N

u nm i a u

0
5
.0
2

ohro=

5-0.50 for all catalysts

=
kS

The final form of the rate equation is:

0.5
kp PcoPH,

Fco =

(1 +Kco,Pco,)




Table 4. Parameters for Rate Equations in CO Conversion Scatter Plot.

6
Catalyst k, x 10 i ES
mol RE atm)
(kg o SEC atm“]
710, (ppt.) | 6.30 0.279
1.6% Na, ZrO, (ppt.) 8.20 0.298
| 1.6% Na, 103% Ti, Z0, HT) | 6.06 0.275
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Figure 16. Simulation of 1.6% Na (a) and ZrO, (#) at 400 °C,
95 atm and 2/1 CO/H,. Rate is mol/sec*kg,.
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CO + H,

1. H, + 2Zr0 <===> 2ZrOH

2. CO + ZrO <===> ZrOCO

3. ZrOCO + ZrOH <===> ZrOCHO + ZrO

4. 2ZrOCHO <===> CO, + ZrOCH, + ZrO

CO + H, ZrOH
C, species ZrOCH;,

Condensation
with ZrOCH;,

\'4
methane
CH,;
CH-CH-CH;,
O

Zr

isobutylene
isobutane

Figure 19. Mechanism for Isobutylene Synthesis.
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Figure 21. Alkyl-Amine Zirconate with Amorphous and Monoclinic Phases.




R,ZrO, (Calcined at 500 °C)

Figure 22. Alkali Silico-Zirconate with Tetragonal Zirconia
Prepared by Hydrothermal Synthesis.
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Figure 23. Comparison of a Alkali Zirconate As Prepared
Amorphous Sample with a Calcined Sample.




