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ABSTRACT

Molybdenum catalysts used in the synthesis of hydrocarbons can be prepared by reduc-
tion of molybdenum trioxide with hydrogen to form water at elevated temperatures When
carbon 1s used as the catalyst support material the possibility exists for the reduction of the
metal oxide by the carbon support which would produce carbon dioxide
Thermogravimetry /mass spectrometry (TG-MS) was utilized mn this study to quantitate the
amount of reduction of the molybdenum oxide by hydrogen and by the carbon support up to
700° C Results show that in an mert atmosphere such as hehum a sigmficant amount of
reduction 1s effected by the carbon support However, in a 5% hydrogen,/95% helium
atmosphere reduction of the oxide by hydrogen predominates with less than 2% reduction
occurring via the carbon support

INTRODUCTION

Carbon supported molybdenum catalysts have proven to be useful for
synthesizing high yields of C,~C, hydrocarbons from hydrogen and carbon
monoxide One mode of preparation of these catalysts includes the thermally
mduced reduction of an intermediate molybdenum trioxide on potassium
carbonate activated carbon 1n the presence of hydrogen to give a distribu-
tion of molybdenum species of lower oxidation states including elemental
molybdenum

There 1s an alternative reduction possible via oxidaton of the activated
carbon support by the molybdenum trioxide to yield a lower oxide of
molybdenum and carbon dioxide A study was undertaken to qualitatively
and quantitatively evaluate these reduction processes using thermogravime-
try /mass spectrometry (TG-MS)
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EXPERIMENTAL

The instrumentation used for qualitative analysis using TG-MS or op-
tronally incorporating on-line capillary gas chromatography for resolution of
complex gas mixtures (TG-GC-MS) has been described and charactenized
previously [1] Modification of the existing instrumentation and method was
required to obtain reproducible quantitative results in the TG-MS mode A
Mettler ME21 constant mass electronic microbalance and a TGA furnace
were interfaced to a Hewlett Packard 86A microcomputer using a Hewlett
Packard 3497A data acquisition /control untt with a Love Controls Corpora-
tion (Wheeling, IL) Model 151 with option 7188 temperature controller

The oxidized catalyst was prepared by first soaking the support matenal
with an aqueous solution of potassium carbonate (reagent grade, Baker) and
ammonium heptamolybdate tetrahydrate (Climax Molybdenum Company),
then air drymng at ambient temperature for several hours, followed by
programmed heating to 300°C 1n an air atmosphere to drive off adsorbed
water, water of hydration and ammoma The samples used 1n this study
included (1) non-activated carbon, (2) a “blank™ consisting of support
carbon activated with potassium carbonate (4% w/w elemental potassium),
and (3) molybdenum trioxide catalyst on activated carbon support which
was 21% w/w molybdenum and 3 7% w/w potassium

Calcium oxalate monohydrate (Du Pont Instruments) was used as a
standard The mert carrier gas was high purity helum passed through a
gettering device (Go-Getter by General Electric) and the reducing atmo-
sphere was 5% v/v hydrogen 1n high purity hellum (both gases from Scott
Specialty Gases)

INSTRUMENT DESIGN AND OPERATION

The nstrument configuration for TG-MS analysis 1s shown in Fig 1
Much of the glassware design was mfluenced by the need to minimize the
concentration of background air in the sample atmosphere. Rubber O-rings
were used 1n all of the glass to glass joints and a controllable gas-flow
system was incorporated. A continuous flow of hellum swept through the
balance mechanism area and exited via the intermediate exit port The
desired sample purge gas was introduced through an inlet port located
directly above the furnace zone and split so that a fraction of the gas swept
upward through a series of flow restricung PTFE disks and out the inter-
mediate exit port Diffusion into the furnace zone of any air that might have
entered the system through O-ring joints was greatly reduced by the upward
purge flow The majority of the sample purge gas was directed past the
sample and out through the main exit port below the TGA furnace The



p———— ME 21 Glass Balance Housing

L._._! A 1 Rotameter 100 cc/min

oy
TGA Purge Gas v————— ‘I
O ring Seals He or Ho/He >
L 1; intermediate Exit
- - Needie Vatve [—f=====—
Balance -y -
Purge - Tare Werghts A -
He - L
e e -
Rotameter
Rotameter 45 cofmm
30 cc/min
1 ==—4--— Flow Restricting Baffles
$-%— Oning Seal
/
- Platinum Hang Wire

Quartz Furnace Tube

Sample Thermocouple A Platinum Sample Pan
MS Pressure
Gauge
TGA Furnace —e———-jmm| "
!

A\ TGA Vent

-~ —— Separator
- Pressure Gauge
TGA Effiuent Spiitter —-——-—-»[ —L-———- - ¥
-—l Rotameter LKB 2000
70 ce/rmin
Heated Transfer Line Fore Pump MS
From TGA 1o MS {100°C) ===
15 cc/min
Jet Separator -
Separator Companman! s h
(250°C)
ON/OFF Vaive —-——-——-DJ’ ‘L *
Needle Valve {NV1} MS isolation Valve (NV2)

Fig 1 Dragram of TGA glassware and gas-flow scheme for TG-MS operation

flow rates of all gases entering and leaving the system were controlled by
needle valves and monitored with rotameters or Gas Met flowmeters to
provide reproducible dilution of the gases evolved from the sample reaction
The flow to the mass spectrometer was set by adjusting the MS 1solation
needle valve 2 (NV2) Typically, 15 cm® min~! of TGA effluent (85 cm’
min~! total) were drawn nto the jet separator



RESULTS AND DISCUSSION
Instrument response factors

In the preparation of the catalyst, the ammonium heptamolybdate tetra-
hydate impregnated potassium activated support 1s calcined at 300° C 1n air
to drnive off ammoma and water This leaves molybdenum trioxide on the
activated support
(NH,)¢M07'0;4 4H,0z7Mo0" 05 + 6NH; + TH,0
The molybdenum trioxide species 1s then heated in hydrogen yielding
reduced molybdenum species including the metal, giving off water as a
byproduct

Mo"'0,2,Mc° + 3H,0

If an alternative mechamism of reduction 1s occurring via oxidation of the
carbon support, then carbon dioxide will be evolved from the catalyst upon
heating

2Mo0"10,-52M0° + 3CO,

To evaluate properly the extent of reduction by each mechanism, the
precise amounts of CO, and H,0 evolved from the sample reaction must be
determuned First, response factors for CO, and H,O were calculated by
evolving known quantities of both gases in the TG-MS apparatus. For an
mert atmosphere, calctum oxalate monohydrate was chosen as a standard
Figure 2 1illustrates a TGA curve of the thermal decomposition of calcium
oxalate monohydrate in helium Three distinct weight loss regions are
observed The first 12% of sample weight loss recorded in the drop to the
second plateau between 100 and 200 ° C corresponds to the evolution of one
mole of H,O per mole of calcium oxalate The theoretical weight for release
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Fig 2 TGA curve of calcium oxalate monohydrate in helum (5° C min~ ', 4 107 mg)
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Fig 3 Ion current vs temperature plots from TG-MS experiment on calcium oxalate
monohydrate (5°C mun~?, 4107 mg)

of the water of hydration 1s 12 3% The second 19% of sample weight loss
recorded between 350 and 540°C corresponds to the decomposition of
calcium oxalate to calcium carbonate and carbon monoxide The evolution
of carbon monoxide has a theoretical weight loss of 192% The third
recorded sample weight loss of 29% 1s attributed to the decomposition of
caletum carbonate to calcium oxide and carbon dioxide The theoretical
weight loss for this reaction 1s 30 1%

During the heating of the sample 1n the TGA, a portion of the effluent
was analyzed by TG-MS Mass spectra were acquired at 19 s intervals
between m/z 14 and m/z 100 The plots of intensity vs time (temperature)
for masses 18, 28 and 44 corresponding to the parent 1ons of water, carbon
monoxide and carbon dioxide, respectively, are shown 1in Fig 3 These mass
plots clearly depict the chemustry of the three separate reactions involved n
the thermal decomposition of the calcium oxalate monohydrate
CaC,0, H,0 W)CaCZO4(s) + H,0(g)

(FW =146 1)

350-540°C

CaC,0,(s)
CaCO3 (S) W) CaO(S) + CO2 (g)

The response factor for water 1s obtained from calcium oxalate monohy-
drate by first integrating the area above baseline intensity under the peak
found on the intensity vs time plot for mass 18 (H,0) of Fig 3 This peak 1s
associated with the evolution of the water of hydration from the sample
which 1s known to be 12% of the total sample weight This exact quantity of
water evolved 1s then used to quantitate the relationship of the integral area
detected per mass of H,O actually evolved

A simular procedure 1s used to obtain the response factor for CO, using
the weight of evolved CO, from calcium oxalate monohydrate between 560

»yCaCO,(s) + CO(g)
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and 700° C and the corresponding normalized integral peak area for mass
44

Response factor values used in the catalyst reduction experiments were
the mean average of six different runs with a relative error range of about
+10%

Catalyst support effects

The catalyst reductions were evaluated by subjecting the samples to
programmed heating 1n either a He or 5% H,/95% He atmosphere and
analyzing the off gas using TG-MS During heating, mass spectra were
acquired from m/z 14 to m/z 100 at 13 s to 19 s intervals depending on the
total run time and number of data points taken, usually 500 The 1on current
plots for CO, and H,0O were integrated and the quantity of both gases
evolved during the reaction was computed using response factors as de-
scribed previously Under conditions of heating, the carbon support will
evolve both H,0 and CO, Correction for evolution of these species from
the carbon support was made by runmng a blank consisting of K,CO,
activated carbon under 1dentical conditions as the catalyst and determining,
as a function of temperature, the amounts of CO, and H,O generated per
unit mass of carbon support The blank was 93% carbon by weight
Likewise, the quantities of H,O and CO, evolved from the catalyst per unit
mass of carbon support (the catalyst was 63% carbon by weight) were
calculated By subtracting the contribution of evolved gases by the support,
the net production of CO, and H,O from the catalyst per umit mass of
carbon support was determuned This value was then multiplied by the mass
of the carbon support in the catalyst sample to yield the absolute net
evolution of CO, and H,O0 The sum of CO, and H,O evolved can be
checked against the total weight loss observed by TGA as a cross-check of
the results

In all experiments, some sample weight loss occurred below 200 ° C due to
the removal of chemisorbed and physisorbed water and also from decom-
position of potassium bicarbonate mmpurity m the potasstum carbonate
Hence, the mass of the catalyst and blank at 200°C was used 1n all
calculations Previous reduction studies on stmilar molybdenum catalysts
mdicate that no interfering thermally induced reactions of substances possi-
bly formed during impregnation (e g (NH,),CO;, K,;Mo00,) should occur
between 200 and 720°C Also the decomposition of K,CO; to form K,O
and CO, 1s expected only if temperatures greatly exceed 650°C

Catalyst reduction by the carbon support

Several expertments were performed n a heltum atmosphere to observe
the extent of MoO; reduction via oxidation of the carbon support in the
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Fig 4 TGA curve of molybdenum tnoxide on potassium carbonate/carbon support in
hebum (5°C mm ™, 10 311 mg)

absence of hydrogen Figure 4 shows the TGA curve for the catalyst heated
at 5°C mun~! 1 helum By wvisual observation of the slope of the weight
loss curve, the maximum rate of weight loss above 200° C occurs between
340 and 540°C The corresponding reconstructed 1on thermogram of mass
44 shown in Fig 5 indicates that a maximum rate of CO, evolution takes
place between 455 and 530°C The TGA curve for the blank run under
identical conditions 1s shown 1 Fig 6 From this curve the highest rate of
weight loss 1s observed above 600°C and 1s probably due to the onset of
K,CO, decomposition, since the rate continues to increase until pro-
grammed heating ceases at 670°C Figure 7 contains the reconstructed 1on
thermogram of mass 44 The first temperature region of CO, detection
below 200 ° C 1s associated with the decomposition of KHCO, impurity The
catalyst sample does not exhubit KHCO, decomposition since 1t has already

100% = 25280 X 1

m/z = 44 carbon dioxide
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Fig 5 Ion current vs temperature plot from TG-MS expenment on molybdenum trioxide
on potassium carbonate/carbon support in helwwm (5°C mun ™!, 10 311 mg)
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Fig 6 TGA curve of potasstum carbonate/carbon support blank in helium (5°C mumn ™},

15 696 mg)

been heated to 300°C in air during preparation Two other distinct regions
of CO, evolution are found at higher temperatures possibly from the
decomposition of two or more different types of oxygenated carbon species
on the support.

Whatever the onigin of gas evolved from the blank, it 1s assumed n the
following calculation that the quantitative amount evolved per unit mass of
carbon will be the same as the contribution of gas evolved from the carbon
support of the catalyst sample Based on this assumption, reduction results
calculated from the net quantity of oxygen (associated with CO,) evolved
from the catalyst relative to the total quantity of oxygen available (associ-
ated with MoQ,) are listed in Table 1 The results reported in Table 1 may
represent minmimum values for reduction by the support When one examines
the CO, evolution curves for catalyst and blank (Figs 5 and 7) 1t 1s evident

100% = 21840 X 1 44

miz = 44 carbon dioxide
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Fig 7 1lIon current vs temperature plot from TG-MS experiment on potassium
carbonate/carbon support blank 1n helium (5°C min~}, 15 696 mg)



TABLE 1
Reduction m hehum (programmed at 5°C mn ')
Temperature range ( ° C) % Reducuion by carbon support
200-350 06
350-500 60
500-670 63
Total 129

that the rates of CO, evolution are very different in the two matenals as a
function of temperature The reason for this difference 1s not known One
possible explanation for the differences observed at lower temperatures 1s
that the catalyst had already been calcined at 300° C n air during prepara-
tion, while the support blank had only been air dried at much lower
temperatures If prior calcination of the support blank m air at 300°C
would have reduced the evolution of CO, from the blank durning the
TG-MS experiment in helium, 1t 1s estimated that this would yield an
additional 3% reduction by the carbon support to give a total of approxi-
mately 16% reduction It appears from Figs 5 and 7 that at higher tempera-
tures a significant amount of CO, evolution from the catalyst occurs
between 400 and 500°C and that CO, production decreases in rate above
550°C In contrast, the CO, curve for the blank increases by a factor of two
between 500 and 600°C One explanation for this difference 1s that the
catalyst coating the support accelerates the decomposition of the oxygen-
containing species on the support to produce CO, at lower temperatures
However, the total amount of CQO, evolved from the support would not be
expected to change the total percentage reduction value listed in Table 1
Another explanation for differences in the CO, evolution curves 1s that the
catalyst coating on the carbon support protects the support from oxidation
by background oxygen and/or stabilizes the oxygen-containing species
ongwmally present on the support surface In this case, less CO, would be
evolved by the support coated with catalyst than expected and the total
reduction of MoO; by the support would be higher than that reported in
Table 1

It should also be noted that a higher value for reduction of the MoO, by
the carbon support can be obtained by not subtracting any support contri-
bution to CO, evolution An upper himit of 23% reduction by the carbon
support can be calculated in this manner

Catalyst reduction by hydrogen

The weight loss profile for the catalyst heated at 5°C min™' 1n a 5%
H,/95% He atmosphere 1s shown i Fig 8 The loss of weight occurring
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Fig 8 TGA curve of molybdenum trioxide on potassium carbonate/carbon support in 5%
hydrogen in helium (5°C mun~!, 18 083 mg)

from 200 to 670°C 1s 7 5% compared with 5 1% catalyst weight loss for that
temperature range for the similar previous experiment performed in hehum
atmosphere (Fig 4) A region of high rate of weight loss 1s observed between
460 and 540°C with the slope of the TGA curve again increasing in
magnitude above 240° C Corresponding reconstructed ion thermograms for
mass 44 and mass 18 (H,0) are shown in Fig 9 CO, evolution appears to
reach a maximum rate around 430 °C and recedes to virtual baseline levels
as the temperature goes above 530°C This 1s unlike the significant CO,
evolution that continues beyond 540°C when the catalyst 1s heated at the
same rate 1n the absence of hydrogen (Fig 5) suggesting that little or no
reduction takes place via the mechanism of carbon support oxidation in 5%
H,/95% He above 530°C Observation of the H,O evolution in Fig 9
reveals a peak between ambient temperature and 175° C which 1s attributed
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Fig 9 Jon current vs temperature plots from TG-MS experiment on molybdenum trioxide
on potassium carbonate /carbon support in 5% hydrogen 1n helhum (5° C mun ™, 18 083 mg)
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Fig 10 TGA curve of potassium carbonate /carbon support blank in 5% hydrogen 1n hehhum
(5°C min~!, 14271 mg)

to the release of water adsorbed on the sample Catalyst samples con-
sistently showed more water released below 200 ° C upon heating than blank
samples Storing the catalyst sample in a more hurmd environment could
account for this A maximum rate of H,O evolution 1s achieved in the
440-540° C region. The rate decreases from 540 to 590 ° C and then steadily
chimbs as the catalyst temperature 1s raised from 590 to 670° C. Figure 10 1s
the TGA curve for the programmed heating of the K,CO,/carbon blank at
5°C min~' mn 5% H,/95% He Fnal weight loss of 323% at 670°C 1s
comparable with the 326% weight loss of the blank in helium (Fig 6).
Corresponding reconstructed 10on thermograms for mass 18 and mass 44 are
shown in Fig 11 There are no temperature regions above 200°C that
exhibit high rate of H,O evolution although the mass of H,O evolved
accounts for 1.6% of the catalyst weight loss from 200 to 670°C For
temperatures greater than 200°C, the 1on current plot of CO, shows

100% = 14720 X t 44

miz = 44 carbon dioxide
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Fig 11 JIon current vs temperature plots from TG-MS expeniment on potassium
carbonate/carbon support blank 1n 5% hydrogen in hehum (5° C mun~?, 14 271 mg)
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TABLE 2

Reduction 1n 5% hydrogen (programmed at 5°C mun~1!)

Temperature range ( ° C) % Reduction by % Reduction by H,
carbon support

200-350 03 12

350-500 09 140

500-670 6o 136
Total 12 Total 28 8

maximum 1ntensity at 285°C followed by a rapid drop in intensity at
temperatures above 450 °C In contrast, the evolution rate of CO, from the
blank m helum (Fig 7) 1s greatest from 600 to 670°C TG-MS results
indicate that CO, 1s not reduced to CO and H,O by hydrogen under these
experimental conditions

Table 2 lists percentage reduction values for three temperature ranges
The net production of CO, 1s ascribed to oxidation of the carbon support,
whereas the net production of H,O 1s attributed to catalyst reduction via
hydrogen Both contributions are tabulated separately and computed rela-
tive to the total quantity of oxygen in the catalyst sample available for
removal (as MoO,)

When the catalyst 1s programmed at 5°C min~' from ambient tempera-
ture to 670°C, 300% of the available oxygen associated with MoO; was
removed This percentage reduction value corresponds to an oxygen,/ molyb-
denum (mole/mole) ratio of 2 10 at the end of the experiment

It should be noted that the catalyst support evolution of H,O and CO, 1n
the various “blank” experiments has a significant effect on the calculated
percentage reduction If one does not take into account these “blanks,” the
reduction values dramatically increase For purposes of comparison, the
apparent reduction of the catalyst has been calculated from the weight loss
curves without any correction for a blank These data are presented in Table
3 When the blank 1s not included, the reduction by the support in helium 1s
about three times as large and the reduction m hydrogen 1s more than twice

TABLE 3

Reduction calculated from thermogravimetry curves without subtracting blank runs (5°C
-1
mmn~ )

Temperature % Reduction by carbon % Reduction
range (° C) support 1n hellum by hydrogen
200-350 7 10
350-500 15 28
500-670 13 33

Total 35 Total 71
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as large as that listed in Table 2 where the blank 1s included These values
represent an upper limit to the degree of reduction of the catalyst under
these conditions The actual reduction 1s expected to be closer to the values
listed 1n Tables 1 and 2

CONCLUSION

The experimental results from the TG-MS analysis of carbon supported
molybdenum trioxide catalyst indicate that in an inert atmosphere such as
helium, significant reduction can occur via oxidation of the carbon support
beginning at temperatures above 200°C and continuing into the 700°C
temperature region However, 1n a 5% hydrogen/95% helium atmosphere,
the predominant catalyst reduction process between 200 and 670 ° C involves
oxidation of hydrogen, albeit a small amount of reduction via carbon
support oxidation can occur below 500°C
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