
+

METHOD FOR THE PHOTOCATALYT IC

Richard P. Noceti
Charles E. Taylor
Joseph R. D’Este

$Af:od6vJ-J49f

Fw 7-1799g

S-84,644

CONVERSION OF METHANE

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its usc would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the

. . United States Government or any agency thereof. ,,, ,.!”

,,:..



DISCLAIMER

Portions of this document may be iilegible
in electronic image products. Images are
produced from the best available original
document.



..
.

METHOD FOR THE PHOTOCATALYTIC CONVERSION OF METHANE

CONTRACTUAL, UGIN OF ~F( INVFWTIO~
.

The United States Government has rights to this

invention pursuant to employee/employer relationship of

5 the inventors to the U.S. Department of Energy at the

Pittsburgh Energy Technology Center.

L Field of the Invention

The present invention relates to a method for

10 converting methane into methanol, and more particularly,

the present

methane and

light and a

invention relates to a method for converting

water to methanol and hydrogen using visible

catalyst.

15 The importance of methanol as a feedstock chemical and

as a fuel is undeniable. Methanol can be derived from ,

methane, of which the world has vast proven reserves. I
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A myriad of techniques for methane conversion exist. One such

method involves the partial oxidation of methane to methanol,

wherein methane is first converted to carbon monoxide and hydrogen

for later synthesis into methanol. Currently, the processes for the

direct oxidation of methane to methanol suffers from low methane

conversion and poor methanol selectivity.

Other methane to methanol conversion techniques, such as that

disclosed by K. Ogura and M. Kataoka in the Journa/ of Mo/ecu/ar

Catalysis 43 (1988) pp 371-379, require ultraviolet (UV) radiation

of approximately 185 nanometers (rim) and special photochemical

reactors. Such UV requirements impose special health and equip-

ment factors.

Catalysts have been utilized in conjunction with visible light

to produce hydrogen, as disclosed by P. Maruthamuthu et al., Bu//etin

of Electrochemistry 6 (1) January 1990, pp. 128-131. However,

neither this nor any other methods teach a method for direct conver-

sion of methane to methanol in high yields.

A need exists in the art for a method for converting methane

methanol using widely available reactants and without special

equipment. The method should be performed at normal pressures,

using harmless radiation wavelengths, and result in high product

yields.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a method for

converting methane to methanol that overcomes many of the disad-

to

vantages of the prior art.
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Another object of the present invention is to provide a simple

method for converting methane to methanol. A feature of the

invention is the use of visible light to facilitate the conversion

process. An advantage of the present invention is the minimization

5 of health and environmental risks associated with the conversion

process.

Yet another object of the present invention is to provide a

method for converting methane to methanol and hydrogen. A feature

of the invention is the use of readily available materials such as sun

10 light, water and methane as reactants and in mild reaction condi-

tions. An advantage of the invention is the minimization of costs

for conversion.

Briefly, the invention provides for a method for converting

methane to methanol comprising subjecting the methane to visible

15 light in the presence of a catalyst and an electron transfer agent.

Another embodiment of the invention provides for a method for

reacting methane and water to produce methanol and hydrogen

comprising preparing a fluid containing methane, an electron trans-

fer agent and a photolysis catalyst, and subjecting said fluid to

20 visible light for an effective period of time.

BRIEF DESCRIPTION OF THE DRAWING

These and other objects and advantages of the present inven-

tion will become readily apparent upon consideration of the follow-

ing detailed description and attached drawing, wherein:

25 FIG. 1 is a schematic diagram of the invented method, in

accordance with the present invention;

.
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FIG. 2 is a graph showing methane conversion data, in accor-

dance with the present invented method; and

FIG. 3 is a graph showing enhanced methane conversion data, in

accordance with the present invented method.

5 DETAILED DESCRIPTION OF THE INVENTION

The present invention teaches a novel pathway for the direct

conversion of methane to methanol under mild conditions, using

light, water and a semi-conductor catalyst. The use of visible light

instead of UV light greatly simplifies reactor design and permits

10 flexibility in the selection of a light source.

Reaction Scheme #1, infra, depicts the electron transfer

between reactants in the invented process. The process initially

produces a hydroxyl radical with the aid of a semi-conductor cata-

lyst and an electron transfer molecule. The newly generated hydrox-

15 yl radicals then react with methane to produce a methyl radical. The

methyl radical then reacts with additional water to produce metha-

nol and hydrogen.

Specifically, step one of the scheme depicts a semi-conductor

catalyst, such as transition metal oxide (e.g. tungsten oxide (WOS)),

20 which is doped with a suitable metal such as copper (Cu), platinum

(Pt) or lanthanum (La), being irradiated with light of the visible

spectrum (i.e. above 400 rim). This irradiation excites an electron

out of the valance band of the catalyst’s orbital structure, leaving a

positive hole

25 tion band of

As can

h+vB. The excited electron e-@ resides in the conduc- }
t

the catalyst’s orbital structure. }
$

be noted in step two of Reaction Scheme #1, e- CB reacts )
)

1
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with an electron transfer agent (e.g.

hydrate MW+) to create the electron

three of Reaction Scheme #1 depicts

ing the hydroxyl anion to effectively

REACTION SCHEME

methyl violgen dichloride

transfer radical MV” ‘. Step

the positive hole h+vg attract-

split water, leaving a proton.

#1

1. WW03 .-JY--* e-cB + h+VB
A > 400nm

7 9+
A.. (2-C,B + Mv’ ~Mv.+

3. h+vB + HQO ~ H+ + -OH

—> 11~H~ + MV2+4, MV”+ + H+

5. CH4 + “OH .—> CH~” + HQO

6. CH3 . + H20 —~ CH30H + 1/2 Hz

Step four of Reaction Scheme #1 utilizes the charge from the

proton to regenerate the +2 charged methyl violgen dichloride

hydrate and a half mole of hydrogen gas. Step five of Reaction

Scheme #1 depicts methane reacting with the hydroxyl ion, which

was first generated in step three, to produce a methyl radical and

water. The final step (step 6) of Reaction

methyl radical reacting with water to form

al half mole of hydrogen gas.

Scheme #1 depicts the

methanol and an addition-

Generally, the invented method is depicted as numeral 10 in

FIG. 1. Methane, directed from a methane supply 12, is first mixed

with water 14. The methane-water mixture enters a reaction
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chamber 16 that contains a light source 18. The methane-water

mixture now mixes with an electron transfer agent and a photolytic

catalyst to create a reaction fluid 20. While the electron transfer

agent is selected to be miscible with water, photolytic catalyst is

5 kept suspended in the fluid via stirring, mechanical suspension, or

other type of method.

The reaction fluid 20 is then subjected to light selected from

a range of wavelengths for a period of time to effect conversion of

methane to methanol and hydrogen gas. Product streams exiting the

10 reaction chamber 16 can be passed through a chiller or other type of

heat exchanger such as a cold trap operating at approximately O “C.

The hydrogen gas is collected in a gas collection device 28 while the

liquid methanol is separated from the reaction fluid and directed to

a methanol collector 26. Unconverted methane is shunted back to

15 the ma-in methane supply via a feedback loop 22. Hydrogen can be

separated from the excess methane via known processes, one

process being selective diffusion through a metallic membrane, such

as a palladium membrane, one being commercially available as RSI

Hydrogen PurifierTM, from Resource Systems Inc., East Hanover, NJ.

20 Methanol is separated from the reaction fluid via standard

chemical engineering operations such as fractional distillation,

sparging of the methanol with an inert gas, or selective membrane

separation.

Typically, approximately 5.5 percent of methane was converted

25 in the process. However, when hydrogen peroxide is added to the

reaction fluid, methane conversion rates nearly double (to 9 per-
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cent), which confirms that the hydroxyl mechanism plays a major

role in the invented process.

Methane Detail

Prior to entering the reaction chamber 16, methane is mixed

5 with water. [n as much as water is a necessary reactant in the

invented process, per Reaction Scheme 1 supra, a water saturator is

often necessary to keep water volume in the reactor 16 constant by

preventing water from being blown out of the reactor during meth-

ane input. While potable water can be used to effect viable conver-

10 sion rates, deionized water that is distilled prior to use provides

superior results.

The extent of mixture of methane to water can vary from 0.088

weight percent to 0.89 weight percent (i.e., near saturation). in

cases where complete water-vapor saturation of methane is desired,

15 a water-vapor saturator 17 is connected, in-line, between the

methane supply 12 and the reaction chamber 16. An exemplary

water-vapor saturator is disclosed in the K. Ogura paper, noted

supra, and incorporated herein by reference.

saturator sparges methane through a heated

20 at a temperature of between approximately 70

Generally, the water

water bath (maintained

‘C and 95 ‘C at

atmospheric pressure). Reaction temperatures maintained below the

boiling point of water are suitable.

Neat methane feeds typically facilitate industrial-scale

processes which do not require continual on-line MS-spectroscopy

25 analysis. However, when small-scale methane conversion processes

are employed and to monitor conversion rates, noble fluids are used
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as carrier gases, including helium, argon, neon, and nitrogen. In such

on-line analysis scenarios, a quadruple mass spectrometer capable

of distinguishing between methanol and dioxygen, both of which

exhibit a parent peak at 32 atomic mass units (AM U), is utilized.

Reaction pressure inside the reactor 16 can be regulated by the

pressure of the methane feed, and generally, feed pressures ranging

from 0.03 atmospheres (atm) to 500 atm are suitable.

Liaht Source Detail

A salient feature of the invented process is its enablement

with radiation above approximately 400 nm. This allows for the use

of visible light across the spectrum, such as sunlight. In one

embodiment of the invented process, a high pressure, quartz mercury-

vapor lamp is utilized as the light source 18. In order to separate

reactions initiated by radiation with UV light from reactions

15 initiated by visible light, the lamp is enveloped by a filter to

facilitate blockage of UV light. One exemplary fiiter is comprised of

a Pyrex@ sleeve fitted around the lamp. Surprisingly and unexpected-

ly, it was found that the sleeve blocks virtually all radiation below

approximately 310 nm emanating from the lamp.

20 While the spectral characteristics of artificial sources vary,

generally any light source that provides approximately 30

percent of its radiation in the visible spectra is suitable.

important than the energy output of the light source 18 is

wavelength of the impinging light on the reaction fluid 20..

25 light source 18 having the above spectral characteristics

utilized, radiated energy values of approximately 8 watts

to 50

More

the

When a

are

produce

‘
?
i’
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suitable results. The inventors have found that a standard high

pressure quartz lamp outfitted with the filter as discussed supra,

provides such wattage. Energy values for unfiltered lamps are

approximately 25 watts.

Semi-Conductor Catalvst Detail

Materials which facilitate the swapping of electrons from

their valence orbitals are suitable catalysts for the instant method.

Generally, any transition metal oxide serves this purpose, in as much

as transition metals have one or two electrons in their outermost s

sub-shells. Exemplary oxides include tungsten oxide (WOS), bismuth

trioxide (Bi@J, ruthenium (IV) oxide (RuOZ), iron (Ill) oxide (Fez03),

titanium dioxide (TiOz), and cadmium sulfide (CdS).

Dopants added to the metal oxide effect electron transfer, and

effective amounts range from between approximately 0.5 atom

percent and 10 atom percent. Most preferable dopant amounts are

approximately less than 4 atom percent. A number of different

elements, listed in decreasing efficiency herein, are suitable

dopants and can be selected from the group consisting of titanium,

vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc,

ruthenium, lanthanum, lithium, silver and platinum.

Generally, synthesis of the semi-conductor catalyst follows

the procedure designated in M. Ashokkumar and P. Maruthamuthu

Jowna/ of Materia/ Science Letters 1988, 24, 2135-2139, and M.

Ashokkumar and P. Maruthamuthu lnternationa/ Journa/ of Hydrogen

Energy 14 (4) (1989) pp 275-277, and incorporated herein by

reference.



.

.

10

Reaction Fluid Detail

As noted supra, the reaction fluid 20 is comprised of the

saturated methane, suspended catalyst, and electron transfer agent.

Surprisingly and unexpectedly, when an optional reactant, hydrogen

5 peroxide, is added to the reaction fluid, a near doubling (9 percent)

of methane conversion occurs.

Instead of subjecting the methane feed 12 to a water satura-

tion step 17, methane (either neat or mixed with carrier gas) can be

added directly into the reaction chamber 16 containing an aqueous

10 solution of electron transfer agent and catalyst.

Which ever methane addition sequence is utilized, ultimately

the weight percent of the electron transfer agent to water should be

selected from a range of between approximately 0.00025 weight

percent and 0.0248 weight percent, and preferably 0.0050 weight

15 percent. The weight percent of catalyst to” water should be selected

from a range of between approximately 0.066 percent and 0.400

percent, and preferably 0.13 percent. A typical reaction preparation

is the addition of 1.000 grams of doped catalyst (i.e. LaAM03) and

0.0400 grams of electron transfer agent (i.e., methyl viologen

20 dichloride hydrate) to 750 ml (approximately 750 grams) of dis-

tilled, deionized water.

Experimentation determines the effective

electron transfer agent to catalyst in the fluid.

weight percent of

Generally, however,

weight ratios of transfer agent to catalyst selected

25 between 0.001 and 0.373 is suitable. When methyl

dichloride hydrate (1 ,1’-dimethyl-4,4’-bipy ridinium

from a range of

viologen

dichloride) is
I

i
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used as the transfer agent, a suitable weight percent of transfer

agent to catalyst is approximately .045.

Suitable electron transfer agents are selected from the group

consisting of 1,4-dicyanobenzene, p-dicyanobenzene, chloranil, 1,4-

dicyano-2,3,5,6 -tetraethylbenzene, I-cyanonaphthalene, 2,4,6-

trinitrobenzene, hexamethylphospho ric triamide, and methyl

viologen dichloride hydrate.

To assure effective contact between reactants and the cata-

lyst, a stirring or agitating mechanism is necessary to keep the

10 catalyst suspended. In laboratory-scale embodiments, a teflon

stirring bar provides suitable

situations, any mechanism to

tion chamber 16 is suitable.

agitation while in industrial scale

effect eddy currents inside the reac-

The temperature and pressure of the fluid also” is maintained

15 to achieve and sustain effective reaction rates and yields. Reaction

temperatures of approximately 70 ‘C and above produce good results.

As noted supra, the temperature can be reached by heating the

saturating water prior to methane mixture. Another technique for

reaching and maintaining desired reaction temperatures is to equip

20 the reaction chamber with a heating element such as an external

recirculating, thermostated bath. An exemplary bath comprises

heated (between 90 ‘C and 130 ‘C) silicon oii in an outer jacket (not

shown) of the reaction chamber 16.

Temperatures also can be maintained as a natural

25 of heat associated with the light source 18. However,

cant amounts of methane conversion (i.e. approximately

consequence

with signifi-

at least 15

I

I
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percent) the exothermicity of the reaction may obviate the need for

additional heat input, and in fact may require a heat exchange means

for diverting heat, which is generated by the light source 18, from

the reaction fluid 20.

5 Conversion rates will vary but usually fall in the range of

between approximately 0.67 grams of methanol produced per kilo-

gram of catalyst per hour to 1.5 grams of methanol produced per

kilogram of catalyst per hour. A more typical yield is approximately

1.0 grams of methanol produced per kilogram of catalyst per hour.

10 ExamDle

In one embodiment of the invention, a gaseous mixture of

methane (at 5 mL/min) and helium (16 mL/min) was utilized as the

methane feed 12. The methane feed 12 was mixed with tungsten

oxide catalyst doped

15 suspended in methyl

As can be noted

with lanthanum (4 atomic weight

violgen dichloride hydrate.

in FIG. 2, hydrogen production is

percent)

observed

approximately 3 minutes after the light source 18 is turned on.

Methanol, carbon monoxide and carbon dioxide are detected approxi-

mately 6 minutes after methane flow is started. Methane conversion

20 leveled off at approximately 5.5 percent.

FIG. 3 illustrates the effects of the addition of 200 pL of 30

percent hydrogen peroxide. After H& addition, methanol production

increased 25 fold, carbon dioxide increased 50 fold and methane

conversion peaked at 9 percent. Conversions of methane in the

25 presence of hydrogen peroxide were of the order of 43

methanol per gram of catalyst per hour. This is more

grams of

than 25 times
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the conversion rate without hydrogen peroxide.

While the invention has been described with reference to

details of the illustrated embodiment, these details are not intended

to limit the scope

5 For example, the

whereby sunlight,

of the invention as defined in the appended claims.

invented method could be utilized in configurations

either natural or focused, impinges on the reactor

fluid. Such configurations further decrease capital and operating

costs associated with initial process tool up and electricity require-

ments.

10

I
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