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NOTICE

This report was prepared as an accounf of work sponsored by the United
States Government. Neither the United States nor the Department of Eneragy,
nor any of their employees, nor any of their contractors, subcontractors, qr
| their employees, makes any warr;nty, express of implied, or assumes any legal
Tiability or responsiB?Tity for the accuracy, completeness, or usefulness of
any information, apparatus, product or process disclosed or represents that

its use would not irfringe privately-owned rights.
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Bbstract =

The effect of alkali promoters on CO hydrogenation on supbdrted”nicke]
catalysts was studied as a function of catalyst support (A1203, Sioz, ’
SiOZ-A1203, and Tioz), promoter concentration, catalyst preparation and alkali
salt used in preparation. Activities, activation energies and product distri-
butions of olefins and paraffins were measured over a range of temperatures in
a differential reactor at steady state. On all catalysts except Ni/SiOZ-A1203,
the activity decreased with promoter addition though the decrease was very large
for Ni/TiO2 and very small for Ni/A1203. On Ni/SiOz, the rate of hydrogenation
was studied as a function of concentration and a rapid decrease was seen with
increased potassium concentration. The influence of promoter salt and prepara-
tion method were found to be small relative to the effect of support or pro-
moter concentration. The oxide support significantly changed alkali promotion.
On Ni/SiOz-Alzos, the rates 5f formation for all paraffins went through a
maximum and then slowly decreased with promoter concentration. Selectivities
to olefins increased dramatically on most promoted catalysts (except
Ni/SiOz-AJ203), though this was usually at the expense of paraffin formation.

Temperature-programmed reaction (TPR) on many of these cata1ysf; showed
excellent agreement with differential reactor studies. Rates of methane and
ethane formation decreased on Ni/SiOZ and Ni/Ti02 but they increased on
Ni/SiOZfA1203. These TPR studies also showed that changes in rate were not
due to site blocking. Carbon hydrogenation was also observed to decrease with
promotion and temperature-programmed_desorption indicated decreased hydrogena-
tion rates for carbon monoxide, carbon and olefins was due to weakened hydrogen

bonding. Carbon monoxide desorption also was cbserved to change significantly

with promotion.



Research Scope and Objectives

The influence of alkali promoters on Cata1ytic activity and se1ecti§ity
for ;arbon monoxidebhydrogenation is being studied on supported metal catalysts.
The interaction of fhe promoter and the oxide support, and the effect of pro-
moter concentration and preparation method are of interest. Temperature-pro-~
" grammed desorption (TPD) and reaction fTPR) are used with mass spectrometric
detection tc determine how promoters affect binding energies, individual reac-
tion steps, reaction mechanisméﬁnd specific activity. Selectivity and activify
are measured in a différgntiaT_reactqr Qith gas chromatographic analysis. The
aiﬁ of this research is to understand how a catalytically-inert alkali metal
modifies CO hydrogenation and to determine if the changes in activity and

selectivity due to the promoter are affected by the support.

Project Status, Accomplishments and Technical Discussion

Temperature-programmed desorption (TPD) and reaction (TPR) and differen-
tial reactor studies were used to study CO hydrogenation on supported nickel
catalysts. Four supports (5102, A1203, T1'02 and_SiOz-A1203) were used to pre-
pare catalysts by impregnationf “Sodium was added by preimpregnation of Natl
and by coimpregnation of NaN03.. Potassium was added by pre-, co- and post-
impregnatipn using KC1, K26é04, K2C03 and KOH. On N1‘/S1‘02 and Ni/SiOz-A1203,
the concentration of potassium was also varied. . '

The changes in the activity and selectivity were studied in a differential
reactor for a 3:1 H,:C0 mixture at atmospheric pressure. Alkali promoters were
found to have a very large effect on both the activity and selectivity to higher
hydrocarbons. However, the -upport significantly influenced thesé changes in
kinetic properties. The method of promoter addition had smaller effects on
activity and selectivity. » '

Both nickel and alkali metal weight Toadings weré'measured by atomic

absorption since the activity was found to be very sensitive to alkali




. concentration.- Some of'the catalysts were also characterized by Auger spec-

troscopy and x-ray photoelectron spectroscopy to verify the presence of aikali.

-
~

Differential Reactor Studies

A differential reactor system with sand bath heater and gas chromatograph
detection was designed and constructeq; Rates, selectivities to higher hydro-
~w~'garbons and activat{on energies vere éeasured in agreement with those reported
in the %ﬁterature. Catalytic actfvities and selectivities were then compared
for catalysts on various supports, with and without promoters. Data are for a
3:1 ratio of HZ:CO and for conversions below fiVe percent.

For most catalysts, methane and paraffin activities decreased with potas-
sium addition. Olefin activity decreased much slower or it increased, so that
the selectivity to C, to Gy olefins increased dramatically. For 1% K on 10%
Ni catalysts, the methane activity decreased a factor of 70 for‘SiO2 support
and a factor of 45 for a TiOz support. The methane activity decreased only a
factor of 3 on A1203 and the activity increased slishtiy for a 8102-A1203
support. On Ni/SiOz-A1203, methane and paraffin activities go through a maxi-
mum w}th promoter concentration.

Alkali promoters increased o]efin‘selectivity and the olefin"to paraffin
ratio significantly. The ratio of olefin to paraffin formation increased a
facfor of 200 on N1'/S1'O2 for C2 and 100 for C3. The support did not change
the olefin selectivity much, but the promoter did. The promoter effect is in
addition to the support effect. Thus;_bn promoted Ni/TiOz, more than 50% of
the product weres olefins. Figures 1T and 2 show the hydrocarbon product selec-
tivities at three tzmperatures for unpromoted and potassium-promoted Ni/Ti0,.
Because of the large differences in activities, comparisons at the same tem-
perature are difficult.-

Table 1 presents-the activities and activation energies for 10% Ni on the

four supports. As can be seen, there is a large dependence on support.
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. Detailed studies for various preparation methods, promoter salts and pro=-
moter concentrations were completed for NT/SiOz catalysts. Fiqure 3‘shows that
for Ni/SiO2 catalysts, the methanation activity decreased very rapidly with
potassium concentration™ Similarly, the activities for 02-04 paraffins
decreased rapidiy whiIe olefin activities remained constant or increased.

Thus, olefin selectivity increased dramatically. This is shown in Figure 4.
For example, for 0.74% K, methane activity decreased a factor of 22 while
.ethy1ene activity increased a factor of 10. As noted in Table 1, the change
in activation energy was not large, with few exceptions.

Tables 2 and 3 show that using différent potassium salts had little influence
on catalytic activity; the main influence was due to the amoﬁnt of potassium
present. Similarly, the method of preparation appeared to have a small in-
fluence on the activity or selectivity. There are some indications that higher
activities are obtained for certain methods of prepgrétion'but this is still

_being studied. In general, a good correlation was found between inverse acti-
vity and olefin/paraffin ratio, as shown in Figure 5. This plot Qas made for
two supports, four promoter salts, four methods of preparation and a range of
concentrations. High olefin yields were oqu obtained at lower overall écti-
vities. Aléo, the olefin/paraffin ratio was significantly higher for C3 than
for C2 hydrocarbons for all catalysts.

Tables 4 and 5 and Figﬁre 6 show that Ni/SiOZ-A1203 catalysts exhibited a
distinct maximum in both methane activity and total activity with promoter
concentration. HoweVer, the olefin se1ecfivitx did not increase dramaticaliy
on Ni/SiOz-A1203, even at the higher concentrations of K. At low potassium
Toadings, the olefin selectivities decreased with potassiv iddition. Figure
7 shows the product distributions. The rapid decrease in activity with pro-

moter concentration that was observed for Ni/Si0, was not seen for Ni/Si0,-Al1,0,.




Note that activities versus promoter concentration are plotted on a linear
scale for Ni/Si0,-A1,0, while the activities for Ni/Si0, wete on a log scale.
Thus, the effect of potassium is very:different on N'i/SiO2 and Ni/SiOz-A1203.
The methane activation energies for Ni/SiOz-.AIZO3 catalysts were very
similar; all values were equal to 114 +6 kJ/mbl. Also, KC1 and K,CO5 promoters

gave similar activities for similar concentrations of potassium..

TemperatuFé-Programmed Reaction

Temperature-programmed reaction for CO hydrogenation showed that the
decreased methane activities seen in steady-state kinetic measurements were
not due to site blocking or to decreased dispersion; the specific rates of
‘feaction decréased. Agreement between TPR and‘differentia1 reactor studies
was‘very,good. On Ni/Siog-A1203, the specf%ic rate of methanation increased
while on the other catalysts, the rate deqreaied. This excellent agreement
between TPR and steady-state kinetic studies ;hows that TPR can be used as a
rapid method of characterizing reaction properties of supported catalysts.
Table 6 shows the peak temperaturéé for some of the catalysts on which TPR was
run. Note that not only methane but higher paraffin rates are also decreased
as promoters are added. This is in agreement with the steady-state kinetic
studies. Figure 8 shows the significant change in activity as promoters are
added. Note that only a small amount of ethane is formed and that both methane
and ethane rates are decreased by promoter addition.

Carbon was deposited by CO disproportionation at 573 K and the rate of
. carbon hydrogenation was studied by temperature-programmed reaction. On
‘,Ni/Sioz both sodium and potassium decreased the rate of carbon hydrogenation,

apparently due to the decreased hydrogen bonding.

Ni/TiDZ: The hydrogenation of CO on 10% Ni/TiO2 was studied in detail using
TPR since'Ni/TiO2 has a high selectivity to higher hydrocarbons and the



selectivity is further increased. by the addition of a]ka]i‘promoters. Both the
effect of reduction temperature and the effect of initial coverage were studied.

The initial coverage was varied by interrupted reaction. After CO adsorp-
tion to saturation coverage, the catalyst was heated in hydrogen to a specified
temperature, cooled to room temperature and then heated at 1 K/s to 723 K in
a normal TPR. Using computer switching between mass peaks, methane (mass 15),
ethane (mass 30), propane (mass 43) and mass 44 (propane and carbon dioxide)
were simultaneously monitored as a function of temperature. Figures 9 and 10
show the methane and ethane products for seven different initial coverages.

Methane and ethane were formed in narrow peaks and two distinct methane
peaks were seen. Ethane fofmed at a slightly Tower temperature than methane;
the ethane yield was on}y one-hundredth 5¥§%he methane. The methane, ethane
and propane peak temperatures did not change with initial co¢erage, indicating
first-order processes for all three products. Masses 43 and 44 were used to
jdentify propane. Since mass 44 was broader than 43, it probably has a con-
tribution from C02 and from propane. Olefins are not expected to form in TPR
experiments because of the large excess of Hy. Also, ethylene would be diffi-
cult to det;ct because of desorption of unreacted CO.

Even for the high HZ:CO ratio that is present dufing TPR, the Ni/TiO2
catalyst étill forms ethane and propane. Though thesé quantities are small,
they are‘ggtectab1e with tne mass spectrometer system, and so the results show

the sensitivity of TPR for studying catalytic reactions.

Promoted Ni/Ti0,: @E‘mentioned, adding potassium to Ni/Ti0, caused a signifi-
cant decrease in the rate of reaction, as seen in steady state. Temperature-
programmed reaction also observed a large increase in methane and ethane peag.
temperatures, as well as an increase in the temperature of unreacted C0. Fig-
ure 11 shows the methane peaks aﬁd the unreacted C0. A 1érger fraction of the

adsorbed €0 was observed desorbing for the promoted Ni/TiDz.




ﬂiiﬁlegaz An extensive temperature-programmed reaction study of low-weight
loading nicke]/alpmina catalysts was completed. These Ni/A1203 catalysts
showed a strong s;pport effect and they also demonstréted the presence of )
mutliple reaction sites for methane. Two distinct pathways, corresponding to
two distinct sites for CO adsorptiog, are present for €O hydrogenation to
methane. ?igure 12 shows the two CH4 peaks and the unreacted CO. The aqtif
vation energies were measured for each site and conversion between sites‘was
observed to be influenced by hydrogen. The high-temperature site was also w
found to be sensitive to tﬁé?pretreatment temperature. Neither of the sites
was found to be Timited by carbon hydrogenation. Carbon was deposited by CO
disproportionation and the subsequent hydrogenation in TPSR is shown in Figure
13. This study demonstrates the ability of temperature-programmed reaction to
measure specific reaction rates and to separate reaction pathways that might
be obscured in steady-state kinetic measurements.

The presence of two sites was attributed to the interaction of alumina
with the supported nickel. One site corresponds to CO adsprbed on nickel atoms
that are interacting with other nickel atoms. The second sftg results from CO
adsorbed on nickel atoms interacting with an oxide phase. The first site had
a methanation activation energy of 51 kd/mol and the second had an energy of
145 kd/mol.

The effect of promoters on low weight loading Ni/A1203 will be studied
with particular emphasis on determining which site is affected at low promoter

concentrations.

Temperature-Programmed Desorption

Hydrogen desorption in He, following saturation adsorption of hydrogen,
was studied by temperature-programmed desorption (TPD). As shown in Figure 14a,
hydrogen desorbed from Ni/SiO2 over a broad temperature range. This broad

peak has been attributed to readsorption of the hydrogen. When alkali promoter
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was added to Ni/SiOz,,hydrogen bonding decreased significantly: one examp1e.of
this is shown in Figuré 14b. When 0.9% K potassiu% was added to 12% Ni/510,,
_thespeak temperature decreased and the temperéture at which desorption was
cqmpTEt‘-a?so'decreased.

' Similarly, on Ni/TiOz, hydrogen desorbed ?rom the unpromoted ¢atdlyst over
a wide temperature range (Figure 15). Addition of potassium also weakened the,!
hydrogen bonding to the surface. Hydrogen adsorﬁtion also appeared to q€ acti-
vated.

These cﬂgpges in hydrogen bdnding appear to be reflected in the TPR apd '
steady-state efﬁeriments.. Sincé promoters weaken hydrogen bonding on Ni/TiO2
and Ni/SiOz, the rates of CO and C hydrogenation decrease in TPR. Similarly,
the rates of hydrogenation of CO to methane and higher paraffins also decrease.
Thus, more olefins are observed on the promoted catalysts. Consistent with
this is the observation that hydrogen bonding on Ni/SiOz-A1203 is increased
stightly with the addition 6$‘pr9woters. This is something that we need to
study in more detail. ‘

Carbon monoxide bonding was a1§o significantly changédﬂqn nromoted Ni/TiOz.
Figure 16 showg C0 desorption from :{ii/TiO2 for a series of {;té;rupted TPD.
Note that some CO desorbs at low temperatures and is very weakly bound. Ang
present is €0 that is very strongly bound to the surface and its desorption is
not complete by 700 K. Wher 1% K was added, hawever, .the strongly-bound and
the weakly-bound CO are almost eliminated. The remaining CO in the 500-600 K
range is more strongly bound than on the unpromoted Ni/Ti0, (see Figure 17).

Temperature-programmed desorption of €O also yields CO2 due to dispropor-
tionation. On unpromoted Ni/Ti0,, the €0, is observed over a relatively narrow
temperature range (Figure 18). After addition of promoter, the amount of COZ'
is decreased drastically and the COZ also forms at a Tower temperature (Figure
19). Relating these changes in CO bonding and disproportionation to changes in
activity is difficult and further experiments are in progress to do this.

8



_ Conclusions

Carben mono;?de hydrogenation to methane and higher hydédcarbons was
changed significantly by the addition of alkali promoters to supported nickel
catalysts. Alkali promoters in general were observed to decrease activity and
increase olefin selectivity. However, the oxide support significantly affects
the modifications induced by the promoters. On 5102, A]203 and TiOz. overall
activity decreased; on 3102-A1203; activity 1ncreased'ﬁith promoters and a
maximum was observed at Tow potassium concentrations. Differential reactor
studies were also used to show that the support and promoter concentrations
had a2 larger influence on activity and selectivity than catalyst preparation
(pre-, co- or postimpregnation) and promoter salt used (KC1, K2C03, KoCn0y s
KOH). |

Temperature-programmgd reaction (TPR) also showed that alkali decreased
the rates of both carbon monxoide and carbon hydr ::en: the decreased rates were
not due to site blocking. Excellent agreement wéé obtained between TPR and
steady-state kinetics. Temperature-programmed desorption (TPD) indicated that
the decreased hvdrogenation rates of CO, carbon and of olefin were due to
weakened hydrogen bonding. The CO desorption was also significantly changed

by promotion.



Table 1

Activity at 548 K and Activation Energies

~ CHy Activity ECH,  Total Activity  Egg
Catalyst* | (umol/g-Ni-S)  (kJ/mol)  (umol/g-Ni-S)  (kd/mol)
16% Ni/si0, 83 e . 110 82
11% §i/0.8% K/Si0, 1.2 146 1.9 149
8.9% Ni/0.7% K/Si0, . 3.3 128 6.9 13
9.6% Ni/A1,04 120 128 220 112
' 10% Ni/0.8% K/A1,0, 35 9 84 100
9.4% Ni/Si0,-A1,0, 110 110 130 T
9.7% Ni/0.8% K/Si0,-A1,0, 110 125 150 9
9.7% Ni/Ti0, (450°C) 260 ' 129 670 105
19% Ni/0.8% K/Ti0, (450°C) 4.7 125 14 99
9.7% Ni/Ti0, (500°C) 220 133 560 105
10% Ni/0.8% K/Ti0, (500°C) 4.6 122 14 96
9.7% Ni/Ti0, {550°C) 170 136 420 106

*Reduction temperature indicated for T1‘02 catalysts. All other catalysts reduced
at 500°C.

10



({n)

% Ni %2 K
9.2 0.0
11.0 0.25
9.2 0.68
9.2 0.70
8.9 0.74
9.2 0.80
11.0 0.81
9.8 0.89
9.2 0.90

Table 2
N'E/Sio2 Catalysts

Preparation Method

Impregnation
Pre-impregnation(A) II
Co-impregnation(B) IV
Co-impregnation(B) IV
Co-impregnation(B) IV

Calcination(D) V
Pre-impregnation(A) II
Calcination(Dt) V

Post-impregnation(C) III

n

Promoter Salt

Unpromoted
K,CO3
K2C204
K2C204
K2C204
K2c204

KC1

KOH

KOH
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Table 3

Ni/S10, Catalysts

CHg Activity ~ ECHy . - Total Activity CoHy Activity

Cata]yst(%K) (vmo1/g-Ni.S) . (kd/mol)  (umol/g-Ni-S)  (umol/g-Ni.S)
0.0 145 122 182 0.06
0.25 47 94 67 0.13
0.68 5.1 131 10.3 0.74
0.70 3.6 138 7.3 0.58
0.74 4.0 128 8.5 0.68
0.80 2.5 136 . 5.9 0.67
0.81 2.2 126 4.1 0.43
. 0.89 1.5 141 3.5 0.46
0.90 14.5 121 0.61

12

23.8




% Ni

9.5
1.5

12

9.7
11.0
11.0
11.0
11.5

T\:lb] e g

Ni/510,-A1,0, Catalysts

%K
G.0
0.25

- 0.43

0.81
0.93
0.97
2.0
3.9

L Preparation Method

Impregnation
Pre-impregnation(A) II
Pre-impregﬁation(A) II
Pre-impregnation(A) II
Pre-impregnation(A) II

Ca]cination(D) v
Calcination(D) V

Pre-impregnation(A) II

13

Promoter Salt

Unpromoted
K2603
KZCO3

KC1 '
KZCO3
K2003
K2003
K2c03



Table 5
Ni/Sisz-sz3 Catalysts

- . CHy Activity  TCHy  Total Activity Cphy Activity
#  Catalyst(¥K) (umol/g-Ni-S)} (kd/mol)  (umol/g-Ni-S) (umo1/g/ -Ni-S)
15 0.0 116 110 140 ©0.08 -

16 0.25 222 107 218 0.06
17 0.43 - 187 115 244 0.07
18 0.81 N7 125 151 0.11
19 0.93 134 119 183 0.09
20 0.97 112 113 160 0.20
21 2.0 23 10 3 0.61

22 3.9 18 116 31 0.39
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Table 6

Peak Temperatures (k) from TPR of Carbon Monoxide

Catalyst - CH4 Czﬂs C3H8
Ni/5i0, ' _

unpromoted ag4 461 484

- 0.5% Na* 493 472 475

0.5% Na 514 500 497

0.6% K ' 521 488 497

0.9% K 550 498 447

Ni/SiOz-A1203

unpromoted a7 444 ——
0.2% Na 465 445 442
0.3% Na 460,519 432 455

15



Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6
Figure 7
Figure 8
Figure 9
Figure .10
Figure 11

Figure 12
Figure 13
Figure 14

Figure 15
Figure 16

Figure 17
Figure 18
Figure 19

Figure Captions

Product distribution on unpromoted 10% Ni/Ti0 at three temperatures.

Product distribution on 10% Ni/TiO2 promoted with 1% K., Because .
of the reduced activity. the distributicns are shown at higher
temperatures than in Figure 1.

Log of CO conversion activity versus potassium concentration for
potassium-promoted Ni/Si0p catalysts. The different symbols
correspond te- different methods of preparation and different pro-
moter salts. :

Hydrocarbon product distributions for three Ni/Si0, catalyvsts.
Relation between olefin to paraffin ratio and inverse activity for
potassium-promoted Ni/Si0p (closed circles) and Ni/Si02-A1503 {open
circles). The different symbols correspond to different methods

of preparation and different promoter salts.

CO conversion activity versus potassium concentration on promoted

- Ni/Si02-Al203 catalysts.

Hydrocarbon product distributions for unpromoted Ni/Si0s-A1,03 and
for promoted Ni/Si0p-Al203 catalysts. :

Hydrocarbon products for TPR of CO from Ni/SiO2 (a) CHq (b) CaHg
and from 0.9% K on Ni/Si0p (c) CHg (d) CoHg.

Methane TPR spectra for CO adsorbed on 10% Ni/TiO2. Initial cover-
age was varied by interrupted reaction.

Ethane TPR spectra for CO adsorbed on 10% Ni/Ti02. Initial coverage
was varied by interrupted reaction. '

Methane and unreacted CO for TPR of CO on unpromoted and promoted
Ni/Ti05.

Methane TPR spectra and unreacted CO from a 4.7% Ni/Al1303 catalyst.
Methane formed from hydrogenation of carbon deposited on 4.7% Ni/A1203.

Hydrogen desorption spectra for hydrogen adsorption at 298 K on
(a) 10.1% Ni/Si0p (b) 12.1% Ni/Si0p with 0.9% K promoter.

Hydrogen desorption from unpromoted Ni/Ti0p. Adsorption was done
in flowing hydrogen as the catalyst was cooled from 700 K.

K

Carbon monoxide desorption from Ni/Ti02. Initial coverage was
varied by interrupted desorption.

Carbon monoxide desorptioh from 0.9% K promoted Ni/Ti0Os.
Carbon dioxide formation following CO adsorption on Ni/Ti0p.

Carbon dioxide formation following CO adsorption on potassium-
promoted Ni/Ti0s.
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