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Methane to Methanol in Supercritical Water 
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We examined the feasibility of producing methanol from the partial oxidation of methane in near- 
critical and supercritical water. Oxygen was always the limiting reactant. The parameter space investi- 
gated experimentally included temperatures between 349 and 481 “C, batch holding times between 1 and 9 
min, water densities between 0.15 and 0.35 g mL-I, initial methane to water molar ratios between 0.05 
and 0.27, and initial methane to oxygen molar ratios between 10 and 26. Experiments within this parame- 
ter space led to methane conversions up to 6%, and oxygen conversions up to 100%. Methanol, carbon 
monoxide, and carbon dioxide were the major products. The methanol selectivities ranged from 0.04 to 
0.75, with the highest selectivities occurring at the lower conversions. The highest methanol yield was 
0.7%. Reactions performed in glass-lined reactors proceeded to higher conversions than did reactions in 
stainless-steel reactors under otherwise identical conditions. A detailed chemical kinetics model showed 
that the methanol selectivity increased with temperature and with the methane to oxygen molar ratio, but 
decreased with increasing oxygen conversion. The methanol yield showed the same trends with tempera- 
ture and the methane to oxygen ratio, but the yield increased with oxygen conversion. 
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INTRODUCTION 
Supercritical fluids (SCFs) are an attractive medium 

for conducting chemical reactions because one can adjust 
the reaction environment (e.g., solvent properties) by ma- 
nipulating temperature and pressure. Several fundamental 
investigations of reactions in SCFs have been conducted 
to explore these opportunities and to probe the influence 
of the SCF. A number of different SCFS*-~ such as CO*, 
ethane, trifluoromethane, propane, 1 , 1-difluoroethane, and 
toluene have been used in investigations of the 
fundamentals. Much of the previous SCF reaction work 
with a more technological focus, however, has dealt with 
supercritical water (SCW). The types of reactions 
considered include acid-catalyzed dehydration of alcohols,6- 
8 pyrolysis and hydrolysis of coal and biomass model 
compounds,g-16 reactions of geochemical significance,t7 
oxidative destruction of organics,‘8-24 electrochemical re- 
actions,25*26 and partial oxidation of methane.27,28 

Using SCW as a medium for methane conversion is 
an interesting proposition because it provides a fresh ap- 
proach to the problem of converting methane to high 
yields of oxygenates or higher hydrocarbons. The funda- 
mental problem with existing catalytic and homogeneous 
gas-phase schemes is that the target products (methanol, 

ethane, or ethylene) are more reactive than methane so 
conditions that promote methane conversion promote 
even more rapid degradation of the desired products. Ex- 
tensive research in this field has now made it clear that in- 
cremental improvements in the existing schemes will 
probably not lead to the high yields required for commer- 
cial viability.29g30 Novel approaches are required to over- 
come this fundamental barrier. Taking advantage of the 
unique properties of supercritical fluids and the opportu- 
nity they provide to manipulate the reaction environment 
might represent one such novel approach. It is near a flu- 
ids critical point that the properties of SCFs are the most 
sensitive to small changes in temperature and pressure. 
Thus, water, which has a critical temperature of 374 “C, 
could be a good medium for methane conversion to 
methanol because this process occurs in the gas phase at 
high pressures and at a temperature around 400 “C. 

Several investigators have examined the reactions of 
methane with oxygen in SCW. Steeper et a1.31 discussed 
the qualitative features of methane diffusion flames in 
SCW. Webley and Tester*’ oxidized methane in SCW 
with the goal of converting the organic carbon to CO*. 
They provided a global rate law for the oxidation kinetics 
and developed a reaction mechanism to explore the reac- 
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tion fundamentals. Rofer and Streit32,33 reported results 
from a similar modeling study. Franck27 appears to have 
been the first to report quantitative results for the forma- 
tion of methanol from the partial oxidation of methane in 
SCW. Dixon and Abraham** reported on the catalytic 
partial oxidation of methane to methanol in SCW. In 
this paper we present experimental and modeling results 
for the homogeneous partial oxidation of methane to 
methanol in SCW. 

EXPERIMENTAL 
Materials. All chemicals used in this research 

were obtained commercially and used as received. 
Methane was from Scott Specialty Gases in a nominal 
purity of 99.99%. The water was distilled, deionized, and 
degassed prior to use in the experiments. 

The reactors, which were fabricated from stainless- 
steel Swagelok tube fittings, had an internal volume of 
2.0 cm3. The body of the reactor consisted of a 3/8-in. 
port connector sealed with a 3/8-in. cap at one end and a 
3/8-in. to l/8-in. reducing union at the opposite end. A 
length of l/&in. o.d. tubing (about 10 in.) connected the 
reactor body to a Whitey severe-service shut-off valve. A 
Swagelok quick-connect was attached to the other end of 
the valve. The matching end of the quick-connect was 
part of a gas distribution system used to load the reactor. 

Methane, oxygen, and argon cylinders were installed 
in the gas distribution system so that we could load the 
reactor with the reactant gases and purge the transport 
lines with argon. The numbers of moles of methane and 
oxygen added to the reactor were calculated from the 
Peng-Robinson equation of state. 

Procedure. A carefully measured volume (fl 
PL) of water was added to the reactor body using a sy- 
ringe. The amount of water added set the water density at 
reaction conditions. The reactor body was then attached to 
the valve assembly and the fully assembled batch reactors 
were individually attached to the gas-distribution system. 

Oxygen was added to the reactor first, and the pres- 
sure on the two-stage regulator was set at the value that 
would load the desired number of moles of oxygen into 
the reactor. These oxygen pressures ranged from 24 to 
129 psi. After adding oxygen, the gas transport lines 
were purged with flowing argon, and then methane was 
added to the reactor. Again, setting the pressure on the 
cylinder regulator controlled the number of moles of 
methane added to the reactor. The methane pressures used 
were between 330 and 1630 psi. We estimate the uncer- 
tainties in the measured oxygen and methane pressures to 
be about fl psi and +lO psi, respectively. 

After the reactor was loaded with water, oxygen, and 
methane, it was removed from the gas-distribution system 
and placed in a preheated, isothermal, fluidized sand bath. 
We estimate the reactor heat-up time to be 1-2 min. The 
reactors remained in the sand bath for the desired total 
batch holding time, and then they were removed and 

rapidly cooled in cold water. After reaching room temper- 
ature, the reactors were vented into a glass gas-sampling 
bulb, the pressure was measured to verify that the reactor 
had not leaked, and the gas phase was analyzed by gas 
chromatography. The aqueous-phase products remaining 
in the reactor were recovered from the disassembled reactor 
body and then analyzed by the complementary methods of 
gas chromatography (GC) with flame ionization and mass 
spectrometric detection and by high-performance liquid 
chromatography (HPLC) with a UV detector. The reac- 
tors were thoroughly cleaned with acetone and then dried 
in an oven at about 100 ‘C for at least 1 h between suc- 
cessive experiments. 

Analytical Chemistry. Hewlett-Packard 
model 5890 gas chromatographs were used to analyze the 
reaction products. A lo-port Valco valve injected a OS- 
mL sample of the gas-phase products into a lo-ft x l/8- 
in. o.d. Supelco Carbosieve S-II permanent gas column. 
The sample constituents were observed by a thermal con- 
ductivity detector. Helium flowing at 20 mL mint served 
as the carrier gas. The GC oven temperature was held at 
3.5 “C for 7 min and then increased to 225 ‘C at a rate of 
16 “C min-l. Detector response factors for oxygen, 
methane, carbon dioxide, and carbon monoxide were 
determined experimentally using calibration gas mixtures 
from Scott Specialty Gases. 

The components in the aqueous phase were sepa- 
rated using a l/4-in. glass column packed with 80/100 
mesh HayeSep P. Helium served as the carrier gas, the 
oven temperature was isothermal at 150 “C, and the sam- 
ple constituents were observed by a flame-ionization de- 
tector. The detector response factor for methanol was de- 
termined experimentally. The same glass column was in- 
stalled into a Hewlett-Packard GC-MS system to verify 
the identity of the methanol peak. A jet separator served 
as the interface between the GC and MS components of 
this system. The HPLC was equipped with a Supelcogel 
C610H organic acids column (30 cm x 7.8~mm i.d.) and a 
0.1% HsPO, aqueous solution flowing at 1.0 mL min-’ 
was the mobile phase. The UV detector was set at 210 
nm. 

EXPERIMENTAL DESIGN 
We desired to determine the influence of five differ- 

ent variables (temperature, time, water density, methane 
to water molar ratio, and methane to oxygen molar ratio) 
on the conversion of methane to methanol in SCW. The 
literature on the high-pressure, gas-phase conversion of 
methane to methanol provided some guidance to values of 
these variables that led to high methanol yields. We con- 
sidered the following ranges for each of the independent 
variables: temperatures between 349 and 481 ‘C, total 
batch holding times (including heat-up) between 1 and 9 
min, initial methane to water molar ratios between 0.05 
and 0.27, initial methane to oxygen molar ratios between 
10 and 26, and nominal water densities between 0.15 and 



R
un

 
Te

m
p 

nu
m

be
r 

(“C
) 

Ti
m

e 
(m

in
) 

TA
BL

E 
I 

Ex
pe

rim
en

ta
l 

Re
su

lts
 

In
iti

al
 

co
nc

en
tra

tio
ns

 
(m

ol
 L

-l)
 

Pr
od

uc
t 

co
nc

en
tra

tio
ns

 (
m

ol
 L

-l)
 

C
al

cu
la

te
d 

re
su

lts
 - 

se
e 

no
te

s 
be

lo
w

 

D
32

01
0 

tc
w,

 
t9

1,
 

Pm
 

w
21

 
[M

eO
H

 
C

H
, 

Q
 

C
on

v.
 

M
eO

H
 

yi
el

d 
M

eO
H

 
se

l. 
C

on
v.

 (
1)

 
(2

) 
(3

) 
(4

) 

l-s
s 

34
9 

5 
13

.9
 

2.
2 

2-
ss

 
38

2 
7 

16
.6

 
1.

7 
3-

ss
 

38
2 

3 
11

.1
 

1.
2 

4-
ss

 
38

2 
3 

16
.6

 
3.

6 
5-

ss
 

38
2 

7 
11

.1
 

2.
4 

6-
SS

 
38

2 
3 

16
.6

 
1.

7 
7-

ss
 

38
2 

7 
11

.1
 

1.
2 

8-
SS

 
38

2 
7 

16
.6

 
3.

6 
9-

ss
 

38
2 

3 
11

.1
 

2.
4 

lo
-s

s 
41

5 
5 

13
.9

 
2.

2 
ll-

ss
 

41
5 

5 
13

.9
 

0.
7 

12
-s

s 
41

5 
5 

8.
3 

1.
3 

13
-s

s 
41

5 
5 

19
.4

 
3.

1 
14

-s
s 

41
5 

1 
13

.9
 

2.
2 

15
-s

s 
41

5 
9 

13
.9

 
2.

2 
16

-S
S 

41
5 

5 
13

.9
 

2.
2 

17
-s

s 
41

5 
5 

13
.9

 
2.

2 
18

-S
S 

41
5 

5 
13

.9
 

2.
2 

19
-s

s 
41

5 
5 

13
.9

 
2.

2 
20

-s
s 

41
5 

5 
13

.9
 

2.
2 

21
-s

s 
41

5 
5 

13
.9

 
2.

2 
22

-s
s 

41
5 

5 
13

.9
 

3.
7 

23
-S

S 
41

5 
5 

13
.9

 
2.

2 
24

-S
S 

44
8 

3 
16

.6
 

1.
7 

25
-s

s 
44

8 
7 

11
.1

 
1.

2 
26

-S
S 

44
8 

3 
11

.1
 

2.
4 

27
-S

S 
44

8 
7 

16
.6

 
3.

6 
28

-S
S 

44
8 

7 
16

.6
 

1.
7 

29
-S

S 
44

8 
3 

11
.1

 
1.

2 
30

-s
s 

44
8 

3 
16

.6
 

3.
6 

31
-s

s 
44

8 
7 

11
.1

 
2.

4 
32

-S
S 

48
1 

5 
13

.9
 

2.
2 

33
-s

s 
38

2 
7 

16
.6

 
3.

6 
34

-G
L 

38
2 

7 
16

.6
 

3.
6 

35
-G

L 
38

2 
7 

16
.6

 
3.

6 
36

-G
L 

41
5 

5 
13

.9
 

2.
2 

37
-G

L 
41

5 
5 

13
.9

 
2.

2 

0.
12

 
4.

7E
-0

3 
0.

12
 

1.
3E

-0
6 

0.
08

 
8.

3E
-0

7 
0.

26
 

5.
1E

-0
2 

0.
17

 
5.

4E
-0

3 
0.

08
 

1.
3E

-0
6 

0.
05

 
8.

4E
-0

7 
0.

16
 

2.
9E

-0
2 

0.
11

 
1.

6E
-0

6 
0.

22
 

1.
8E

-0
6 

0.
04

 
5.

7E
-0

7 
0.

07
 

9.
5E

-0
7 

0.
17

 
3.

6E
-0

2 
0.

12
 

1.
7E

-0
6 

0.
12

 
4.

3E
-0

4 
0.

12
 

7.
9E

-0
4 

0.
12

 
1.

6E
-0

6 
0.

12
 

1.
6E

-0
6 

0.
12

 
1.

6E
-0

6 
0.

12
 

3.
2E

-0
3 

0.
12

 
5.

4E
-0

4 
0.

21
 

4.
5E

-0
2 

0.
09

 
1.

6E
-0

6 
0.

12
 

1.
3E

-0
6 

0.
08

 
9.

3E
-0

7 
0.

17
 

5.
3E

-0
2 

0.
26

 
7.

6E
-0

2 
0.

08
 

3.
8E

-0
3 

0.
05

 
9.

OE
-0

7 
0.

16
 

6.
OE

-0
2 

0.
11

 
1.

2E
-0

2 
o.

i2 
5.

3E
-0

2 
0.

16
 

3.
1E

-0
2 

0.
16

 
8.

OE
-0

2 
0.

16
 

l.lE
-0

1 
0.

12
 

3.
3E

-0
2 

0.
12

 
7.

4E
-0

2 

1 .
OE

-0
3 

2.
5E

-0
4 

5.
6E

-0
7 

1.
8E

-0
2 

1.
3E

-0
3 

6.
2E

-0
4 

1.
7E

-0
4 

l.lE
-0

2 
1.

4E
-0

3 
2.

6E
-0

4 
3.

4E
-0

5 
1.

5E
-0

4 
8.

1E
-0

3 
3.

9E
-0

4 
8.

6E
-0

5 
8.

8E
-0

4 
2.

7E
-0

4 
7.

2E
-0

4 
2.

1 
E-

04
 

9S
E-

04
 

2.
OE

-0
3 

1.
2E

-0
2 

3.
4E

-0
4 

6.
OE

-0
4 

7.
1E

-0
4 

6.
4E

-0
3 

1.
3E

-0
2 

9.
1 

E-
04

 
6.

OE
-0

7 
1 .

OE
-0

2 
1.

4E
-0

3 
5.

5E
-0

3 
1.

8E
-0

2 
4.

3E
-0

2 
7.

1E
-0

2 
1.

3E
-0

2 
lS

E-
02

 

9.
7E

-0
4 

1.
6E

-0
4 

8.
8E

-0
5 

1.
7E

-0
2 

1.
7E

-0
3 

2.
 IE

-0
4 

9.
6E

-0
5 

1.
9E

-0
2 

5.
1E

-0
4 

1.
6E

-0
4 

l.lE
-0

4 
1.

6E
-0

4 
1.

3E
-0

2 
1.

7E
-0

4 
4.

9E
-0

4 
6.

OE
-0

4 
3.

3E
-0

4 
8.

8E
-0

4 
6.

6E
-0

4 
9.

3E
-0

4 
1.

2E
-0

3 
1.

8E
-0

2 
5.

7E
-0

4 
3.

3E
-0

4 
2.

8E
-0

4 
2.

5E
-0

3 
8.

1E
-0

3 
1.

3E
-0

3 
1.

5E
-0

4 
2.

OE
-0

2 
5.

3E
-0

3 
3.

1E
-0

3 
2.

OE
-0

2 
1.

6E
-0

2 
2.

5E
-0

2 
4.

9E
-0

3 
1.

2E
-0

2 

0.
3%

 
0.

02
%

 
0.

01
%

 
2%

 
0.

4%
 

0.
05

%
 

0.
02

%
 

2%
 

0.
08

%
 

0.
02

%
 

0.
02

%
 

0.
02

%
 

2%
 

0.
02

%
 

0.
05

%
 

0.
1%

 
0.

03
%

 
0.

07
%

 
0.

04
%

 
0.

2%
 

0.
2%

 
2%

 
0.

04
%

 
0.

05
%

 
0.

08
%

 
3%

 
3%

 
0.

3%
 

0.
01

%
 

3%
 

0.
8%

 
3%

 
2%

 
4%

 
6%

 
2%

 
5%

 

8%
 

0.
5%

 
0.

1%
 

47
%

 
7%

 
2%

 
0.

7%
 

46
%

 
3%

 
0.

3%
 

0.
3%

 
0.

5%
 

44
%

 
0.

7%
 

0.
9%

 
3%

 
0.

6%
 

2%
 

0.
6%

 
6%

 
4%

 
48

%
 

1%
 

1%
 

2%
 

55
%

 
56

%
 

10
%

 
0.

1%
 

74
%

 
22

%
 

75
%

 
57

%
 

10
0%

 
10

0%
 

63
%

 
10

0%
 

0.
04

%
 

0.
14

 
0.

01
%

 
0.

39
 

0.
01

%
 

0.
98

 
0.

46
%

 
0.

19
 

0.
07

%
 

0.
20

 
0.

01
%

 
0.

26
 

0.
01

%
 

0.
36

 
0.

52
%

 
0.

32
 

0.
02

%
 

0.
27

 
0.

01
%

 
0.

37
 

0.
02

%
 

0.
75

 
0.

01
%

 
0.

52
 

0.
42

%
 

0.
23

 
0.

01
%

 
0.

30
 

0.
02

%
 

0.
49

 
0.

03
%

 
0.

27
 

0.
01

%
 

0.
54

 
0.

04
%

 
0.

55
 

0.
03

%
 

0.
75

 
0.

04
%

 
0.

18
 

0.
05

%
 

0.
32

 
0.

47
%

 
0.

24
 

0.
03

%
 

0.
63

 
0.

02
%

 
0.

36
 

0.
02

%
 

0.
28

 
0.

10
%

 
0.

04
 

0.
23

%
 

0.
08

 
0.

07
%

 
0.

22
 

0.
01

%
 

0.
99

 
0.

57
%

 
0.

23
 

0.
22

%
 

0.
28

 
0.

14
%

 
0.

05
 

0.
57

%
 

0.
29

 
0.

45
%

 
0.

12
 

0.
69

%
 

0.
12

 
0.

22
%

 
0.

10
 

0.
55

%
 

0.
12

 



138 Savage et al. The Journal of Supercritical Fluids, Vol. 7, No. 2, 1994 

0.35 g mL-‘. Experimental constraints prevented us from 
examining a wider range for some of these variables. For 
example, the methane to oxygen ratio was limited by the 
maximum pressure of the methane cylinder and the mini- 
mum pressure we could accurately measure on the oxygen 
cylinder regulator. We designed 32 different experiments 
that probed the effect of each of the five independent vari- 
ables at each of five equally spaced levels.34*35 The condi- 
tions for 16 of these trials were taken from a 16 x 16 
Hadamard matrix, 10 of the trials constituted star points, 
and 6 of the planned trials were replicates of the center 
point. 

EXPERIMENTAL RESULTS 
Table I lists the conditions used in and the results of 

the methane oxidation experiments. The SS or GL tag 
that follows the Run number in Table I indicates whether 
the experiment used a stainless-steel or glass-lined reactor. 
The initial concentrations of methane, oxygen, and water 
were calculated as the number of moles of each compound 
loaded in the reactor divided by the reactor volume. Im- 
plicit in these calculations is the assumption that a single 
fluid phase exists at the reaction conditions. We checked 
this assumption by estimating the mixture critical tem- 
perature using Li’s method. 36 The reaction temperature 
exceeded the estimated critical temperature for all experi- 
ments. The concentrations of methanol, CO, and CO2 
were determined from GC analyses, and all other results in 
Table I were calculated using these concentrations. 

Before presenting and discussing the results we will 
first discuss the uncertainties in the results. The entries 
for Runs 16-21 show results for the six replicate experi- 
ments at the center point. The standard deviation of the 
methanol concentrations was 39% of the mean value, 
whereas the standard deviation was 77% of the mean for 
CO* and 165% of the mean for CO. It is clear that the 
methanol concentrations showed the greatest reproducibil- 
ity and that analysis of the gas-phase products had a much 
larger uncertainty. Therefore, we have the most confi- 
dence in the methanol concentrations and yields that ap- 
pear in Table I. The other calculated results in Table I 
have a higher uncertainty because they required the CO 
and CO* concentrations. For example, the methane con- 
version was calculated as the sum of the concentrations of 
CHsOH, CO, and CO2 divided by the initial CI& concen- 
tration. The standard deviation of the methane conversion 
was 75% of the mean for Runs 16-21. The uncertainty 
in the oxygen conversion was comparable. This high un- 
certainty led to calculated oxygen conversions exceeding 
100% in a few cases. In these cases, Table I gives the 
conversions as 100%. 

Because these uncertainties were high, we repeated 
other experiments to assess reproducibility. The condi- 
tions of Run 8 were repeated and the results appear as Run 
33 in Table I. It is clear that the results from Runs 8 and 
33 are in good agreement. Similarly, the pairs of Runs 
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34 and 35 and Runs 36 and 37 are replicates in glass-lined 
reactors. We again see less variability in these replicates 
than we observed in Runs 16-2 1. The reason that the re- 
producibility was poorer in Runs 16-21 may be that these 
experimental conditions led to much lower conversions 
than did the conditions in Runs 8 and 33, 34, and 35, and 
36 and 37. Since the values being measured were small, 
the experimental error could appear to be large in compar- 
ison. Thus, the data at the very low conversions have the 
greatest uncertainty. For this reason we do not take the 
extremely high selectivities of 0.98 and 0.99 reported for 
Runs 3 and 29, where the oxygen conversion was O.l%, 
to be precise and accurate values. Moreover, another rea- 
son for the run-to-run variability is that it was not possi- 
ble to reproduce exactly the same initial conditions for dif- 
ferent runs. There was always some variability in the re- 
actant loadings, even for nominally identical conditions. 

The data for runs l-33, which were accomplished in 
stainless-steel batch reactors, show that methanol selectiv- 
ities comparable to those reported in gas-phase experi- 
ments37-42 were obtained under some of the experimental 
conditions in SCW. These high selectivities occurred 
only at very low methane conversions, however, so the 
methanol yields were always low. The highest yields in 
stainless-steel reactors were achieved in Run 30 and in 
Runs 8 and 33. These maximal yields were about 0.5- 
0.6% based on carbon and about 6% based on oxygen. 
These runs that gave the highest yields employed different 
temperatures and different batch holding times, but they 
shared the same nominal initial loadings of methane, 
oxygen, and water. 

The results in Table I were used to identify the re- 
gion of the parameter space that would lead to the highest 
methanol yield. The influence of each of the five different 
independent variables on the methanol yield was quantified 
using the correlation 

i=l i=l i=l j=l#i 

where Y represents the methanol yield, Ai represents each 
of the independent variables, and the values of the sub- 
scripted b parameters were determined empirically. This 
correlation was then used to locate the region of the re- 
sponse surface that provided optimal methanol yields. 
This analysis of the experimental data indicated that the 
optimal methanol yield would be 1.5% and that it would 
be obtained at 349 “C and 9 minutes using a water density 
of 0.35 g mL-*, a methane to water ratio of 0.27 and a 
methane to oxygen ratio of 26. Since the projected opti- 
mal methane yield was low, we did not attempt to con- 
firm this result experimentally. Moreover, these condi- 
tions were on the boundary of the parameter space we ex- 
plored. Thus, it is conceivable that a set of conditions ex- 
ists outside the parameter space explored that will lead to 
even higher methanol yields. Unfortunately, laboratory 

constraints prevented us from doing experiments outside 
the original parameter space. 

In addition to quantifying the concentrations of 
methanol, CO and CO*, we also detected a few other reac- 
tion products in the complementary GC and HPLC analy- 
ses. These products, which did not appear in all of the 
samples and which were typically present in low concen- 
trations were tentatively identified as acetaldehyde, 
ethanol, acetic acid, and formic acid. 

The literature contains only two earlier accounts of 
the conversion of methane to methanol in SCW, but 
these do provide a basis for some limited comparisons. 
Franck27 oxidized methane in SCW at 380 “C and 300 and 
600 bar with a methane to water molar ratio of 0.43. 
Methanol selectivities approaching 20% were reported. 
The selectivity increased nearly linearly with the molar ra- 
tio of methane to oxygen, and the selectivity was higher 
at the higher pressure. Franck also detected small 
amounts of formic acid and formaldehyde in the liquid 
phase. 

Dixon and Abraham** reported experimental results 
from the catalytic conversion of methane to methanol in 
SCW. Their experiments were conducted at 450 “C. The 
highest methanol yield they reported was slightly less 
than 4%, and the corresponding methane conversion was 
about 10%. These results were obtained with a methane 
to oxygen molar ratio of 13.8 and a 5-min reaction time. 
They did not include results from uncatalyzed reactions in 
SCW so a direct comparison with the present results is 
not possible. Nevertheless, the methanol yields and the 
methane conversions reported by Dixon and Abraham are 
higher than those obtained in the present work. There- 
fore, it does appear that the presence of their Cr2C& cata- 
lyst produced desirable effects. 

Surface Effects. The literature on methane 
conversion to methanol via homogeneous gas-phase reac- 
tions has shown that the reactor surface material can in- 
fluence the reaction.40-43 Burch et a1.,42 for instance, 
found that under otherwise identical reaction conditions, 
no methanol was observed in a stainless-steel reactor but 
high methanol selectivities were achieved in quartz and 
Pyrex reactors. Only after the system pressure exceeded 
20 atm was methanol observed in the stainless-steel reac- 
tor. As the system pressure was increased further, the 
stainless steel reactor continued to give lower selectivities 
than the quartz and Pyrex reactor, but the difference in the 
selectivities became smaller. They concluded that the re- 
actor surface has much less of an effect at high pressures. 

Thomas et a1.4o and Chun and Anthony43 reported 
that even a nominally inert material such as Pyrex pro- 
duces a surface effect. The rate of methane conversion and 
the methanol selectivity decreased as the surface-to-vol- 
ume (S/V) ratio increased. This observation was taken as 
evidence that Pyrex inhibits or quenches radical reactions. 
Chun and Anthony noted that operation at low S/V ratios 
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and high pressures rendered these surface effects negligibly 
small. 

We sought to determine whether surface effects were 
important for methane conversion in SCW. Therefore, 
we fitted the stainless-steel reactors described in the exper- 
imental section with a glass liner. The internal volume 
of these glass-lined reactors was 0.72 cm3. The results 
from experiments in the glass-lined reactor appear as Runs 
34-39. 

Runs 34 and 35 were done at the same nominal 
conditions as Runs 8 and 33, which had led to the highest 
methanol yields in the stainless-steel reactors. Compar- 
ing these two sets of data shows that the methanol yield 
was not appreciably different in the two reactors. The 
methanol selectivity was lower but the conversion was 
higher in the glass reactors so these two opposing effects 
combined to give roughly the same yield obtained in the 
stainless steel reactor. 

Runs 36 and 37 were done at the same conditions as 
Runs 16-21. Comparing these two sets of data shows 
that the mean methanol yield in the glass-lined reactors 
was about an order of magnitude higher than the mean 
yield in the stainless-steel reactors. The methanol selec- 
tivities were lower, but the methane and oxygen conver- 
sions were much higher. Thus, these limited experiments 
suggest that glass-lined reactors led to higher methane 
conversions but lower methanol selectivities than did 
stainless-steel reactors. 

Interpreting these results and comparing them with 
the literature is complicated by two factors. One is that 
the literature provides information primarily on the effect 
of surfaces on the methanol selectivity rather than the 
yield, which is the quantity we could measure most accu- 
rately. The second complicating factor is that the stain- 
less steel and glass-lined reactors we used differed not only 
in their surface materials but also in their S/V ratios. 
Thus, two variables changed simultaneously. Neverthe- 
less, we note that the reduction in methanol selectivity 
observed here is precisely the opposite of what Burch et 
a1.42 observed for reactions in glass and in stainless steel. 
We also note that Thomas et a1.40 found that increasing 
the SN ratio significantly decreased both the rate and the 
methanol selectivity, and therefore the methanol yield. 
The present results for methane conversion in SCW, on 
the other hand, show that the methanol yield was either 
unchanged or enhanced by using the glass-lined reactors. 

MECHANISTIC MODELING 
Having experimentally investigated methane oxida- 

tion in SCW, we next used a complementary approach, a 
mechanistic reaction model, to explore the feasibility of 
converting methane to methanol in SCW. Webley and 
Tester21 developed a free-radical reaction mechanism for 
the oxidation of methane in SCW at temperatures well 
above the critical temperature. Their model was based on 
gas-phase combustion mechanisms and kinetics for 
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Figure 1. Comparison of experimental and predicted 
methanol yields 

methane. We have adopted this model for the present in- 
vestigation. 

The reaction mechanism consists of 66 elementary 
free-radical reaction steps. We used the rate constants for 
the forward reactions that were listed by Webley and 
Tester.21 The rate constants for the reverse reactions were 
then calculated from these forward reaction rate constants 
and the concentration-based equilibrium ratio, KC. 

KC = KP 
(zRT)~“~ * 

We used Webley and Tester’sU values for KP, and we cal- 
culated the compressibility factor, Z, for the reaction mix- 
ture from the Peng-Robinson equation of state. All bi- 
nary interaction parameters were set equal to zero. This 
development neglected the effects of fluid-phase nonideali- 
ties on the equilibrium constant for we took the fugacity 
coefficients for all species to be equal to unity. 

We used Acuchem,45 a software package for model- 
ing isothermal reactions in constant-volume systems, to 
solve the differential equations that describe the variations 
of the species concentrations with time. We reproduced 
some of the modeling results reported in the literature21 
prior to using the model in this study. 

Our primary goal in this modeling work was to ex- 
plore the parameter space and not to develop a reaction 
model that provided quantitative prediction of the experi- 
mental results. Nevertheless, it is instructive to compare 
the experimental results with the model predictions for 
identical reaction conditions. Figures 1 and 2 provide this 
comparison for the methanol yield and selectivity. If all 
of the model predictions were in perfect accord with the 
experiments then all of the data would fall on the solid 
lines in these Figures. The filled triangles correspond to 
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Figure 2. Comparison of experimental and predicted 
methanol selectivities 

experiments in glass-lined reactors and the unfilled circles 
represent experiments in stainless-steel reactors. 

Figure 1 shows that the predicted methanol yields 
were always lower than the experimental yields, and the 
model and experimental yields often differed by more than 
an order of magnitude. Figure 2 shows that the model did 
not predict any methanol selectivities greater than 0.3, but 
selectivities higher than 0.3 were observed experimen- 
tally. The predicted selectivities were lower than the ex- 
perimental values for all but two of the reactions done in 
stainless-steel reactors, but the calculated and experimental 
selectivities were in much better agreement for the reac- 
tions done in glass-lined reactors. 

This comparison of modeling and experimental re- 
sults shows that the model did not provide accurate quanti- 
tative predictions of experimental results. This lack of 
agreement is not entirely surprising, however, and it can 
be attributed to any of several possible causes. One is 
that knowledge of the effects of water near its critical 
point on elementary reactions is incomplete and still 
evolving. SCF solvent effects such as clustering, hydro- 
gen bonding, or cage effects have been implicated in pre- 
vious studies1,4,22*26 of reactions in an SCF near its criti- 
cal temperature. Moreover, there are uncertainties in the 
kinetics and mechanism we used for methane oxidation in 
SCW. Some of these uncertainties arise from neglecting 
fluid-phase nonidealities when determining the kinetics of 
the reverse reactions. The inability to calculate fugacity 
coefficients for radicals in SCW prevented us from ac- 
counting for this effect. A degree of uncertainty also ex- 
ists in the detailed kinetics models for the gas-phase par- 
tial oxidation of methane and the role of homogeneous 
and heterogeneous reactions.& One recent mode1,47 which 
required “enhancement factors” of up to 106 for some steps 
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Figure 3. Effect of oxygen conversion and [CH,],/[O,J, 
ratio (denoted as C) on methanol yield at 450 “C 

to obtain quantitative agreement with experiments, offers 
‘an extreme example. Finally, the model that we used 
excluded reactions that may be important under our 
conditions. For example, the model excludes reactions 
that lead to C2 products. These steps were unimportant 
under Webley and Tester’s experimental conditions, but 
they could contribute under the present conditions, which 
use lower temperatures and oxygen as the limiting 
reactant. 

The discussion above leads us to conclude that quan- 
titative a priori prediction of methane oxidation rates and 
methanol selectivities near the critical temperature cannot 
be expected from current detailed kinetics models. This 
realization motivated our use of the Webley and Tester 
model.21 We made no attempt to improve the mechanism 
or the rate constant estimates. Again, we emphasize that 
our primary motivation for performing this modeling 
study was to take advantage of an existing complementary 
method for exploring the feasibility of converting 
methane to methanol in SCW. Therefore, we next used 
the elementary reaction model to accomplish our primary 
goal for this portion of the work. 

Figures 3-6 show the effects of the extent of reac- 
tion (as measured by the oxygen conversion), temperature, 
and the initial methane to oxygen molar ratio on the cal- 
culated methanol yield and selectivity. Figures 3 and 4 
show the influence of these parameters on the methanol 
yield for cases where the temperature is held constant at 
450 “C and where the methane to oxygen molar ratio is 
held constant at 16. In all cases, the methanol yields are 
very low (c 0.2%). The predicted yield increases with in- 
creasing methane to oxygen molar ratios (denoted as C in 
the figures), with increasing oxygen conversion, and with 
increasing temperature. Figures 5 and 6 display the ef- 
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Figure 5. Effect of oxygen conversion and [CH,],/[O,], 
ratio (denoted as C) on methanol selectivity at 450 “C 

fects of these same parameters on the methanol selectiv- 
ity. Here, we see that for a fixed oxygen conversion the 
selectivity increases with temperature and with the 
methane to oxygen ratio. The highest selectivities appear 
at low oxygen conversions. 

Some of the trends discussed above for the present 
mechanistic model for methane oxidation in SCW were 
also evident in recent models47v48 of methane oxidation in 
the gas phase at pressures around 50 atm. For example, 
Danen et a1.48 reported that the methanol selectivity in- 
creased with temperature, but decreased with conversion. 
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Figure 6. Effect of oxygen conversion and temperature 
on methanol selectivity at [CH,]J[O,], = 16. 

Chun and Anthony47 reported that the methanol selectiv- 
ity increased with the initial methane to oxygen molar ra- 
tio. Both of these models predicted higher methanol se- 
lectivities and much higher yields than did the present 
model for oxidation in SCW. 

CONCLUSIONS 
1. Methane can be converted to methanol by partial 

oxidation in supercritical water. The high methanol selec- 
tivities observed experimentally compare favorably with 
the best results from gas-phase methane oxidation. Un- 
like the gas-phase oxidation, however, these high selectiv- 
ities for oxidation in SCW were obtained only at very low 
methane conversions of less than 0.1%. Higher methane 
conversions resulted in higher methanol yields, but at the 
expense of diminished selectivity. The highest methanol 
yield was 0.7%. These yields may be too low to make 
the partial oxidation of methane in SCW a commercially 
viable technology. 

2. Partial oxidation reactions in glass-lined reactors 
gave higher conversions and lower selectivities to 
methanol than did reactions under otherwise identical con- 
ditions in stainless-steel reactors. Under one set of condi- 
tions where the methanol yield was very low in stainless- 
steel reactors, conducting the reaction in a glass-lined reac- 
tor increased the yield by nearly an order of magnitude. 
Under a different set of conditions, however, where the 
highest yields were obtained in the stainless-steel reactors, 
switching to a glass-lined reactor had no apparent effect on 
the yield. 

3. In addition to methanol, trace amounts of other 
oxygenated hydrocarbons formed during the partial oxida- 
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tion of methane in SCW. These trace products have been 
tentatively identified as acetaldehyde, ethanol, acetic acid, 
and formic acid. 

4. A detailed chemical kinetics model for methane 
oxidation in SCW predicted that methanol yields would be 
low (= 0.01%) within the parameter space studied. The 
yield was predicted to increase with temperature, oxygen 
conversion, and the initial methane to oxygen molar ratio. 
The methanol selectivity was highest at low oxygen con- 
versions, and the selectivity increased with temperature 
and the initial methane-to-oxygen molar ratio. 
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