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ENHANCED PHOTOCATALYTIC
CONVERSION OF METHANE TO
METHANOL USING A POROUS
SEMICONDUCTOR MEMBRANE

This is a continuation-in-part application of U.S. patent
application Ser. No. 08/791,599, filed Jan. 31, 1997 now
U.S. Pat. No. 5,779,912.

This invention was made with Government support
under contract DAAH04-95-C-0019 awarded by the Army.
The Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a method for the conversion of
methane. More particularly, the invention relates to the
photocatalytic conversion of methane to methanol.

2. Background of the Related Art

The ability to directly convert methane to methanol in
economically satisfactory yields is important in many indus-
tries including the oil and gas industry. Methane is an
abundant material found world-wide, particularly in the
form of natural gas, which is difficult and costly to transport.
Conversion of natural gas to methanol in a liquid form
allows for safer, more efficient transportation. In addition,
methanol may be used as a valuable commercial feedstock,
an important ingredient in the production of reformulated
motor fuels, and/or an environmentally compatible fuel in
itself.

It is desirable to upgrade available methane to methanol
or higher oxygen atom containing hydrocarbons, such as
alcohols, ethers, aldehydes, etc. Existing technologies for
converting methane to methanol include destruction of
methane to form a synthesis gas (H, and CO), followed by
indirect liquefaction steps.

Production of alcohols and/or olefins by oxidation of
organic compounds is difficult because the oxidation reac-
tion tends toward completion to carbon dioxide. Overoxi-
dation has been a persistent problem and arresting the
oxidation at a desired intermediate oxidation product is a
goal of much research.

However, conventional catalytic approaches to produce
methanol from methane typically have poor conversion
efficiencies, slow reaction rates, and are not economically
competitive because they are typically very energy inten-
sive. One such process, the oxidative coupling process,
involves the use of an oxidant to abstract hydrogen from
methane and coupling two or more hydrocarbon radicals to
form light olefin, oxygenates, and other hydrocarbons. The
oxidants are oxygen, halogens and reducible metal oxides as
oxygen carriers and catalysts. In the oxidative coupling
processes, hydrogen abstraction at the oxygen centers of the
catalyst is typically the rate determining step, and catalyst
properties are important for end product selectivity.
Therefore, the maximum rate of product conversion strongly
depends on the rate of radical formation on the active
oxygen centers. In order to increase the rates, chemists have
used high temperatures, even in excess of 900° C. However,
this undesirably promotes deep oxidation of methane to fully
oxidized species, such as CO,. In another strategy, a high
temperature dehydrogenation coupling process has a very
high radical generation rate, and correspondingly a high rate
of light olefin formation. However, the process is plagued by
solid carbon formation which lowers the efficiency of the
olefin production, and excess hydrogen is necessary to
suppress the solid carbon formation.
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One conventional method for the catalytic conversion of
methane to methanol involves a first reaction with water to
produce synthesis gas, which is a mixture of carbon mon-
oxide and hydrogen, followed by catalytic conversion of the
synthesis gas to methanol. A direct, one-step oxidation of
methane to methanol would be simpler, and economically
and environmentally preferable.

Therefore, there is a need for a process that produces
methanol in a gas or liquid form. It would be desirable if the
process was cost effective, easy to operate, relatively fast,
and capable of achieving total mineralization.

SUMMARY OF THE INVENTION

The present invention combines a semiconductor material
on a porous substrate with ultraviolet illumination (either
from solar light or a ultraviolet lamp) and an efficient
oxidant, such as electrochemically generated ozone (Oj),
hydrogen peroxide (H,0,) or oxygen (O,), in a method and
apparatus for oxidation of organic contaminants. The inven-
tion includes a process and apparatus wherein efficient
photocatalytic oxidation occurs in either a two-phase or
three-phase boundary system formed in the pores of a
semiconductor membrane such as, a TiO, membrane, dis-
posed in a photocatalytic reactor.

The present invention also provides a process using the
apparatus disclosed herein to convert methane to methanol.
The process may use either water, oxidant, or an electron
transfer molecule to aid in the conversion of methane to
methanol. Methane, water, and/or oxidant may be present in
the gas or liquid phase. The electron transfer molecule is
always in aqueous solution.

In a first two-phase system, a contaminated gas stream
(such as air) is passed over a solid, porous semiconductor
photocatalyst and a gaseous oxidant (such as ozone, oxygen
or a combination thereof) is provided to the porous photo-
catalyst. In a second two-phase system, a contaminated
water stream is passed over a solid, porous semiconductor
photocatalyst and a liquid oxidant (such as aqueous hydro-
gen peroxide) is provided to the porous photocatalyst. In
either two-phase system, the oxidant and contaminant
sources are delivered over opposing sides of the porous
photocatalyst and contact each other adjacent the solid
ultraviolet illuminated photocatalyst surface to provide oxi-
dation of the contaminant. The photocatalyst described
herein may have a metal catalyst deposited thereon. The
metal catalyst can be a metal, metal alloy, metal oxide or a
metal/metal oxide combination. The process and apparatus
allow the use of sunlight or artificial light, such as inexpen-
sive low power ultraviolet lamps, as the source of ultraviolet
illumination directed onto the semiconductor photocatalyst
surface.

In a first three-phase system, a gaseous oxidant (such as
ozone, oxygen or a combination thereof), a liquid containing
organic components, and a porous, solid semiconductor
photocatalyst converge and engage in an efficient oxidation
reaction. Similarly in a second three-phase system, a gas
containing organic components, a liquid oxidant, and a
porous solid semiconductor photocatalyst converge and
engage in an efficient oxidation reaction. In either three-
phase system, the pores of the solid semiconductor photo-
catalyst have a region wherein a meniscus forms a liquid
phase that varies from the molecular diameter of water to
that of a capillary tube resulting in a diffusion layer that is
several orders of magnitude smaller than diffusion layers in
the closest known reactors. Furthermore, generation of OH.
radicals can be enhanced by photolysis of the oxidizer (O5
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or H,0,) by using ultraviolet lamps with a broader ultra-
violet spectrum than that used in conventional AOPs.

With the small diffusion layer, the oxidant within the
three-phase system simultaneously functions (i) as an elec-
tron acceptor at the surface of the semiconductor membrane
in the photocatalytic oxidation of organic contaminants, and
(ii) to photolyze the O5 and/or H,0, to produce OH. radicals
if proper visible and/or ultraviolet illumination is used (i.e.,
wavelengths below 300 nm, preferably between about 220
and 280 nm). It is proposed that the metal catalyst in
combination with the photocatalytic reactor enhances the
reaction rate at the photocatalyst surface by providing addi-
tional sites for more efficient use of the photogenerated
electron (e7) and holes (h™) for the reduction of the oxidant
and oxidation of water for the formation of the OH. radicals.
Different semiconductors have different band-gap energies
(ie., the energy between the valence band and the conduc-
tion band), the light used in the reactions needs to have an
energy equal to or higher than the band gap energy to
generate electrons (e”) and holes (h*) in the semiconductor.
Thus, depending on the semiconductor used, the light
needed to generate the electrons and holes may be visible
and/or ultraviolet light.

The apparatus of the present invention may be used to for
the conversion of methane to methanol in either a three
phase or two phase system as described above, such that
methane is provided to one surface of the porous semicon-
ductor and reactants are supplied to the opposite surface of
the porous semiconductor. The semiconductor photocatalyst
can be selected from titanium dioxide, tungsten oxide,
bismuth trioxide, ruthenium oxide, iron oxide, cadmium
sulfide and mixtures thereof. Dopants may be added to the
semiconductor photocatalyst in order to effect the electron
transfer. Effective amounts of dopant range from between
approximately 0.5 atom percent and 10 atom percent. Suit-
able dopants can be selected from titanium, vanadium,
chromium, manganese, iron, cobalt, nickel, copper, zinc,
ruthenium, lanthanum, lithium, silver and platinum. Synthe-
sis of the semiconductor photocatalyst can be carried out as
described in U.S. Pat. No. 5,720,858 to Noceti, of which the
entire disclosure is incorporated by referenced herein.

The term reactant is meant to include water, oxygen,
ozone, hydrogen peroxide, protons, and electron transfer
molecules. Methane as well as the reactant can be in a gas
form (except the electron transfer molecule) or dissolved in
a liquid. The electron transfer molecule may be selected
from 1,1'-dimethyl-4,4'-bipyridinium dichloride (MV™), 1,4-
dicyanobenze, p-dicyanobenzene, 1-cyanonaphthalene, 2,4,
S-trinitrobenzene, hexamethylphosphoric triamide, and
methyl vilogen dichloride hydrate.

The suggested reaction pathway for photochemically con-
verting methane to methanol proposes the initial production
of hydroxyl radical (OH.) through the photolysis of water.
Then, the OH. radical reacts with a methane molecule to
produce methyl radical. In the preferred reaction, the methyl
radical then reacts with another water molecule to produce
methanol and hydrogen:

@

HyO Hy + oH’

hv
A>185nm

@
CH4 + OH' — CHj* + H,0

20

25

35

40

45

50

55

60

65

4

-continued

3
CHy + H,0 — CH,0H + % H,

This reaction requires high energy visible and/or ultra-
violet light and some extra energy to heat the reactants to an
adequate temperature.

In a photocatalytic process, oxidation of methane can
occur on a semiconductor surface using visible and near
ultraviolet light. One possible reaction is:

Q)

CH, + H,O CH,0H + H,

SC
hv
where hv represents photons with an energy equal to or
higher than the band gap energy of the semiconductor (sc).

Under illumination, electrons (e”) and holes (h™) are
generated in the space charge region of the semiconductor

(so):

" _
sc+hv—=h*y g+e 5

®
Under proper conditions, the photoexcited electrons (in
the conduction band, CB, of the semiconductor) and pho-
toexcited holes (in the valence band, VB, of the
semiconductor) can be made available for redox reactions.
The photogenerated holes in the VB must be sufficiently
positive to carry out the oxidation of adsorbed H,O mol-
ecules to produce OH. radicals (the oxidative agent):

h*y 5+ H,0—>OH.+H* ()

The photogenerated electron can react with an oxidant
(e.g., oxygen) or an electron transfer molecule.

In most cases, the semiconductor can undergo oxidative
decomposition by the photo-generated holes. It is generally
found that only n-type semiconducting oxides are photo-
stable towards photoanodic corrosion, although such oxides
usually have band gaps which absorb only visible and/or
ultraviolet light. Thus, a semiconductor suitable for the
reaction in Equation (1) will be: (i) photoactive; (ii) able to
use visible and/or near ultraviolet; (iii) biologically and
chemically inert; (iv) photostable; and (vi) able to produce
OH. radicals as in Equation (6).

TiO, and SrTiO; satisfy the energy demand for reactions
(4) or (5) and (6). Among the different semiconductors
tested, TiO, is the most efficient photocatalyst for the
oxidation of organic contaminants. TiO, is effective not only
in aqueous solution but also in non-aqueous solvents and in
the gas phase. It is inexpensive, photostable, insoluble under
most conditions, and non-toxic. Thus, TiO, has proven to be
the semiconductor of choice for photomineralization of
organic contaminants. However, several semiconductor may
be used in the conversion of methane to methanol.

In some photocatalytic reactions in aqueous solution, it
has been shown that O, reduction at the semiconductor
surface is the rate determining step. This limitation can be
overcome by the use of a porous semiconductor membrane,
i.e., a “three phase” boundary system where the reactants are
delivered to the reaction site as disclosed in co-pending U.S.
patent application Ser. No. 08/791,599, filed Jan. 31, 1997,
and incorporated by reference herein. In addition, enhance-
ment of the photcatalytic reaction by assisting the oxidation/
reduction reactions that take place.

Another approach for the photocatalytic oxidation of
methane to methanol can be carried out in the liquid phase,
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