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methanol to a mixture of products comprising as the largest component a
mixture of formaldehyde BACKGROUND OF THE INVENTION
and methylal in a ratio that can be optimized with respect to either one,
together with small amounts This invention relates to a process for the
elec-   s   of methyl formate and any other products of oxida- trooxidation
of methanol to formaldehyde and     tion or of side reactions, said process
comprising: methylal.                                          (1)
providing an electrolysis apparatus compris- Formaldehyde is an important
starting material  ing a hydrated membrane made of a fluorocar- for the
production of certain polyacetal resins. It  bon resin having pendant
sulfonic acid groups can be produced by the partial oxidation of metha-  io
but no pendant carboxylic acid groups, said nol with air or oxygen in the
presence of a variety  membrane having a platinum layer attached to of
catalysts and under a variety of conditions. In  at least one side thereof
by impregnation of the some cases, methanol and formaldehyde formed in
membrane with a cationic salt of platinum and the process react further to
give methylal, CH2-    reduction with an anionic reducing agent, and (OCH3
; furthermore, formaldehyde often is in the  is    being placed in the
apparatus -so as to divide same process oxidized in part to formic acid,
which  the apparatus into two compartments, said plati- may again react
with methanol to give methyl for-   num layer serving as the anode and the
com- mate. Formation of methylal is not considered to    partment which the
anode is facing being the be particularly detrimental to the production of
anode compartment, the opposite side of the formaldehyde because methylal
can be readily  go    membrane facing the cathode compartment, the
hydrolyzed back to methanol and formaldehyde, as   cathode being a metal
layer on the opposite is welt known in general for acetals and ketals. This
side of the membrane when such layer is catalytic process, in its various
forms, is currently  present but otherwise being a separate metal used to
produce formaldehyde commercially. Nev-     cathode located in the cathode
compartment; ertheless, it has the drawback of producing one  26    when a
metal layer on the side of the mem- mole of water for each mole of
formaldehyde         brane facing the cathode compartment is not formed.
This requires a rather complex and costly   present, and the separate metal
electrode is not procedure for removing water from the formalde-     in
direct contact with the membrane, the mem- hyde produced. In addition,
residual formaldehyde   brane being maintained wet with an electrolyte
still present in the waste water must be removed   3o    selected from the
group consisting of aqueous before this water can be safely discharged.
solutions of at least 1 M sulfuric acid and of at Electrochemical oxidation
of ethanol to acetal-  least about 85 weight percent phosphoric acid,
dehyde in a fuel cell arrangement is described in  said electrolyte also
being in contact with the U.S. Patent 4,457,809 (to Meshbesher).
separate cathode; Simultaneous electrochemical reduction of a   35    (2)
introducing a gaseous stream of methanol mixture of benzene and methanol in
the presence     vapor plus any diluent gas continuously into the of
tetrabutylammonium perchlorate to phenol in the  anode compartment at a
pressure of about cathode compartment and oxidation to methylal in    101.3
-1013 kPa and, when formaldehyde is the the anode compartment in a cell
equipped with an    desired main product, at a temperature of about ionic
transfer membrane is reported in U.S. Patent  40  75-125 C, the mole
fraction of methanol in the 4,732,655 (to Morduchowitz et al.).
gaseous stream being about 0.005-0.02, and, Electrocatalytic oxidation of
methanol to methyl  when methylal is the desired main product, at a formate
and methylal on a platinized solid polymer  temperature of 25-125-C, the
mole fraction of electrolyte membrane was reported by Otsuka et
methanol in the gaseous stream being about al. in Applied Catalysis, 26
(1986) 401-404. The  45    0.02-1, while applying to the electrodes a volt-
authors describe a process that occurs without      age of about 0.6-1.2 V
relative to a reference either a solvent or a liquid electrolyte.
hydrogen electrode; and It is desirable to be able to produce formal-   (3)
recovering from the anode compartment the dehyde and/or methylal in a
selective manner and    desired product mixture. in an industrially
satisfactory yield in a process that  so requires or produces a smaller
amount of water   BRIEF DESCRIPTION OF THE DRAWINGS than is produced in the
conventional catalytic oxi- dation processes.
Fig. 1 is a schematic drawing of an electrolytic apparatus that can be used
in the process of the SUMMARY OF THE INVENTION                     ss
present Invention. Fig. 2 is a schematic drawing of another type According
to the present invention, there is  of electrolytic apparatus that can be
used in the now provided a process for the electrooxidation of  process of
the present invention. 3   



3                 EP 0 628 095 B1                    4 Fig. 3 is a plot of
product distribution (%) vs.  deposited (e.g., Pt[(NH)4.3C62). In the
second step, partial pressure of methanol,                     which
follows immediately the metal salt impregna- tion, the same membrane
surface is exposed to an PCH30H'                           anionic reducing
agent solution (e.g., aqueous, 5   about 1 mM sodium borohydride at a pH of
about 13). This treatment reduces Pt (II) to Pt(0). (kPa) in
electrooxidations carried out at atmospher-  The prior art also reports
another process for ic pressure.                                      the
platinization of ionic membranes known as the diffusion-reduction method,
described by Takenaka DETAILED DESCRIPTION OF THE INVENTION         io  and
Torikai in Japanese Patent 55138934 (1980), sometimes referred to herein as
the T-T method. It As shown by Otsuka et al., supra, the two-     has been
found, however, that membranes platiniz- electron methanol oxidation
process leading to    ed by the T-T method are not well suited for the
formaldehyde and the four-electron reaction lead-  production of
formaldehyde, although under proper ing to formic acid can be represented
by the fol-  15  conditions they can be satisfactorily used for the lowing
equations (1) and (2):                     oxidation of methanol to
methylal. Using a mem- brane platinized by the l-R method permits good
CH30H- HCHO + 2H+ + 2ef   (1)                     process control to
produce either formaldehyde or methylal with a good degree of selectivity.
HCHO + H20- HCOOH + 2H+ + 2er   (2)          20       While protons
adsorbed on the cathode may combine to molecular hydrogen, which can be al-
The protons formed at the anode are trans-     lowed to escape as such,
this may not be a desir- ported through the membrane into the cathode
able alternative. It is energetically more attractive to compartment, where
they may combine to form       electrochemically reduce oxygen with the
protons molecular hydrogen, as shown in equation (3).  26  at the cathode
with formation of water, as shown in equation (6), below, 2H+ + 2e-- H2
(3) 02 + 4H+ + 4e- 2H20   (6). Formaldehyde and/or formic acid, which are
generated electrochemically, may in the acidic en-  3o  Water formed in
this reaction is separated from vironment of the membrane react further
with      the product stream by the membrane barrier. While methanol to
form either methylal or methyl formate.  evaporative water loss from the
hydrated mem- These are reversible reactions illustrated by equa-  brane
into the product stream will occur to some tions (4) and (5), below:
extent, the water content there is lower than would 35  be the case if the
entire water produced entered HCH0  + 2CHsOH * CI-2(0CH3)2 + H20   (4)
the product stream; consequently, water separation energy costs are lowered
by comparison with con- HCOOH + CHa30H  HCOOCH3 + H20   (5)
ventional processes and waste generation is mini- mized. Altematively,
hydrogen produced In the The process conditions can be adjusted so as  4o
cathode compartment can be used as a reactant in to obtain high selectivity
of product formation. How-  a parallel process, e.g., for the hydrogenation
of an ever, under the conditions of the present process,  alkene to an
alkane, as described by FedkIw et al. formation of methyl formate will be
at most a minor  in J. Electrochem. Soc., 137, 1451 (1990). side reaction.
The process of the present invention, as can According to the process of
this invention, the   45  be seen, can be run within a rather broad range
of anodic platinum coating is attached to the mem-   gas pressures, from
atmospheric to superat- brane by the  impregnation-reduction  method,
mospheric. The recited range is believed to be the sometimes referred to
herein as the l-R method,    most practical from the standpoint of
economics, which is described in U.S. Patent 4,959,132 to    although it is
not considered critical. In fact, these Fedkiw. The l-R method is a
two-step chemical  6o  electrooxidation reactions would most likely be car-
process which produces a platinum deposit pre-    tied out in practice at
atmospheric pressure (101.3 dominantly within the membrane and can be con-
kPa). When these reactions are run at atmospheric fined to within about 0.1
am from the surface. The  pressure, the corresponding partial pressures of
electroactive platinum is adjacent to the sulfonic  methanol will be
507-2026 Pa when formaldehyde acid sites on the membrane.
56  is the desired main product and 2.03-101.3 kPa, In the first step, the
membrane surface is con-  when methylal is the desired main product. As can
tacted for a controlled time (about 20-60 minutes)  be seen, a diluent or
carrier gas will always be with a cationic salt solution of the metal to be
employed when formaldehyde is the desired prod- 4  



5                EP0628095B1                       6 uct but not
necessarily when methylal is the de-  umn; formaldehyde is recovered
overhead, and a sired product. In fact, in the latter case it may be
solution containing polymethylene oxide dimethyl preferred to operate
without a diluent gas. When  ether, water, and methanol is recovered from
the such gas is employed, it normally is helium, al-  bottom of the column.
Under the conditions of the though another Inert gas, e.g., argon or
nitrogen,   5   Morishita patent, a major portion of methylal is could be
used instead.                           expected to be found in the liquid
phase recovered An electrolysis apparatus that can be used in  from the
bottom of the column. In the situation one embodiment of the process of
this invention is  where the concentration of formaldehyde In the
schematically represented in Fig. 1. Here, the   vapor phase exceeds
approximately 60 weight per- membrane side facing the cathode compartment
lo  cent, the Funderson et al. method is more prac- does not carry a metal
layer; a separate electrode  tical. When the concentration of formaldehyde
is not in contact with the membrane is used; and    less than about 60
weight percent, the Morishita liquid electrolyte in the cathode compartment
as-  process can be used to concentrate formaldehyde sures ion transport
between the membrane and the  to at least 60 weight percent, and then the
distilla- separate electrode. In this drawing, 1 is the hous-  15  tion is
continued according to the Funderson et al. Ing; 2 is the membrane, which
has a platinized,  process. anode-side A and a platinum-free side B; 3 is a
The cathodic reaction products can be vented platinum cathode. The
apparatus is divided into the  through an opening in the housing of the
cathode anode compartment AA and the cathode compart-    compartment, e.g.,
the hole through which cathode ment CC. Hydrogen reference electrode 4 and
ni-  20  3 is inserted, or can be recovered through an exit trogen gas
purging tube 5 are placed in the cath-  tube, not shown. ode compartment.
The cathode compartment rests      It is to be kept in mind that other,
equally good on a polytetrafluoroethylene plate, 6, from which it  or
better cell designs would also be suitable for is sealed by means of an
0-ring seal, 7. Catholyte  use in the process of the present invention. For
(sulfuric or phosphoric acid) in the cathode corm-  25  example, Fig. 1
shows the cathode as a separate partment reaches level L. Opening 6A in
plate 6 is  metal electrode placed in the cathode compart- closed by means
of an assembly of membrane 2,    ment. This can be a rod, a wire, or a
foil, and carbon fiber cloth 8, and platinum wire gauze 9,  preferably is
made of platinum when oxygen reduc- with 8 and 9 serving as the anode
current collector.  tion is to take place at the cathode. However, the This
assembly is thus sandwiched between plate 6   3o  cathode could be made of
another metal, for exam- and a second plate, 10, substantially parallel to
pIe, palladium, rhodium, or nickel. When it is pro- plate 6 and is sealed
from plate 10 by means of an  posed to allow molecular hydrogen to form at
the O-ring seal 11. Although the drawing represents the  cathode, platinum
normally would not be recom- membrane assembly parts as being separate from
mended; a better cathode material in such a case one another and separate
from both plates, this  35  would be nickel. representation is only for the
purpose of better     An alternative embodiment of an electrolytic
understanding of the construction of the apparatus;  apparatus suitable in
the process of this invention in fact, both plates and the assembly between
is shown schematically in Fig. 2, where the cathode them are held tightly
together by means of adjust-  is a metal, preferably platinum, coating on
the ment bolts 12. Plate 10 has two holes drilled in it,  4o  opposite side
of the membrane from the anode 13, ending with a pipe 13A, which delivers
to the  coating. Such a second coating does not necessar- anode compartment
AA a stream of methanol va-    ily have to be made of platinum but may be
made por-carrying helium gas, and 14, through which the  of a different
metal, such as, e.g., palladium, rho- anodic reaction products are carried
away. Metha-  dium, or nickel and does not have to be applied to nol vapor
impinges upon membrane 2, where the   4s  the membrane by the same method
as the anodic electrochemical oxidation of methanol takes place.  coating.
In Fig. 2, M is a cationic membrane, which Formaldehyde, which is a gas
boiling at at-   has a surface A' platinized by the above-described
mospheric pressure at -19' C, can be separated   O-R method. Surface C' of
the membrane is coated from methylal, which is a liquid boiling at atmo-
with any acceptable metal and by any suitable spheric pressure at about
42-43 * C, and recovered   50  method. The T-T platinization method can be
used from the anodic gas stream in any convenient     here with good
results. Further, the cathode can be manner, Including the distillation
process employ-  a separate electrode in close contact with the ing a
partial condenser described in U.S. Patent  membrane, for example, a wire
gauze made of any 3,321,527 to Funderson et al. and the distillation  one
of the above-named metals, including nickel- process of U.S. Patent
4,962,235 to Morishita et al.,  65  plated copper or brass or, for that
matter, of any where crude formaldehyde is fed to the middle or  conductive
metal chemically stable in the cathode lower section of a column, and a
polyethylene    compartment environment or can even be a metal- oxide
dimethyl ether is fed to the top of the col-  lized plastic mesh. The anode
compartment is des- 5 



7                EP 0 628 095 B1                   8 ignated AA and the
cathode compartment CC'. In   stant humidity environment. Further, the
impregna- this embodiment, no liquid electrolyte is needed in
tion-reduction reaction, which is conducted in an the cathode compartment.
However, it may be de-  aqueous medium, assures a sufficient level of hy-
sirable to saturate the membrane with acid elec-  dration in the membrane,
which can be, for exam- trolyte prior to use. Direct current is applied be-
5   ple, 20 weight percent or higher. tween both electrodes. Methanol vapor
is intro-      The heterogeneous reaction shown by equation duced into the
anode compartment, while humidi-  (1), above, takes place on the platinized
membrane fied air is introduced into the cathode compart-  surface, which
is the anode. The membrane also ment. Hydrogen ions which are transported
through  serves to transport H+ ions and to separate water the membrane are
used to reduce oxygen on the  10  which may be formed on the cathode from
the cathode to water.                                formaldehyde formed on
the anode. By the proper The membrane itself can be a commercial
choice of reaction temperature, methanol feed par- cationic membrane made
of a fluoro- or per-      tial pressure, cathode electrolyte water content,
and fluoropolymer, preferably a copolymer of two or  electrical potential
driving force, it is possible with more fluoro- or perfluoromonomers, at
least one of  15  this particular metallized membrane morphology to which
has pendant sulfonic acid groups. The pres-  selectively control the
distribution of the products ence of carboxylic groups is not desirable
because  formed. Specifically, the selective conversion of those groups
tend to decrease the conductivity of  methanol to formaldehyde and methylal
can be the membrane when they are protonated. Various   varied
significantly by manipulation of those vari- suitable resin materials are
available commercially  20  ables. or can be made according to patent
literature. They  The process of the present invention illustrated include
fluorinated polymers with side chains of the  in Fig. 1, which employs a
separate metal cathode, type  [ERR]         requires a liquid electrolyte
in the cathode com- where R is a F, Cl, CF2CI, or a C1 to C10 per-
partment. For the purpose of the present invention, fluoroalkyl radical.
The membrane resin may be,  25  the most practical acid electrolyte is
phosphoric for example, a copolymer of tetrafluoroethylene  acid having a
concentration of about 85 weight % with  [ERR].          or higher,
especially 85 weight %, which is readily Sometimes those resins may be in
the form that   available commercially. Another useful electrolyte has
pendant [ERR] groups, rather than -[ERR]      is sulfuric acid, preferably
having a 3 M (about 25 groups. Such resins are easier to fabricate than
30  weight %) concentration or higher. Dilute aqueous those containing
[ERR] groups. The sulfonyl flu-  acid solutions are not recommended, i.a.,
because oride groups can be hydrolyzed with potassium    a water-rich
electrolyte favors the formation of hydroxide to [ERR] groups, which then
are ex-    methyl formate, rather than of formaldehyde or changed with an
acid to - [ERR] groups. Suitable  methylal. Besides, the more concentrated
the acid cationic membranes are offered by E. l. du Pont de   35  is, the
less water needs to be separated from the Nemours and Company, Wilmington,
Delaware, un-   electrooxidation products. der the name NAFION[ERR]. In
particular, NAFION[err]         The conditions employed for the
electrooxida- membranes containing  pendant sulfonic acid      tion of the
present invention can be optimized for groups include NAFION[err] 117,
NAFION[err] 324, and     either desired main product as shown below. Thus,
NAFION[err] 417. The first one is unsupported and   40  in a reaction run
at atmospheric pressure, the con- has an equivalent weight of 1100 g,
equivalent   ditions most favorable for the formation of formal- weight
being defined as the amount of resin re-  dehyde are as follows: quired to
neutralize one liter of a 1 M sodium       temperature: 75-125 [err]
hydroxide solution. The other two types are both    electrolyte: 85 %
phosphoric acid supported on a fluorocarbon fabric, the equivalent  45
mole fraction of methanol: 0.005-0.02 weight of NAFION[err] 417 also being
1100 g. NAF-        (partial pressure of methanol: 507-2026 Pa) ION[err]
324 has a two-layer structure, a 125 [err]        voltage: 0.9-1.1 V
relative to hydrogen refer- thick membrane having an equivalent weight of
ence electrode, hereinafter sometimes abbreviated 1100 g, and a 25 [err]
thick membrane having an     to RHE. equivalent weight of 1500 g. There
also is offered a   so  membrane anode Pt loading of about 0.05-0.50
NAFION[err] 117F grade, which is a precursor mem-    mg Pt/[err]. brane
having pendant [err] groups that can be        For the formation at
atmospheric pressure of converted to sulfonic acid groups. As is well known
methylal as the principal product, the preferred to those skilled in the
art, a cationic membrane  conditions are as follows: used in an
electrooxidation reaction should be sol-  55  temperature: 75-125[err]C
vated or hydrated to assure sufficient conductivity.  electrolyte: 85%
phosphoric acid These resins are to some extent hygroscopic and      mole
fraction of methanol: 0.1-0.8 the membranes are packed for shipping in a
con-      (partial pressure of methanol: 10.13-81.04 kPa) 
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0.9-1.1 V RHE                        plate with provision for gas inlet and
outlet. The membrane anode Pt loading of about 0.05-0.50  cathode (3) was a
platinum foil connected to a mg Pt/[err].
platinum wire. The cathode compartment was filled On the other hand,
formation of methyl formate  with either 0.5 M sulfuric acid or 85%
phosphoric is favored by low temperature, for example, 0-   5   acid. The
reference electrode (4) was a self-con- 25[err]C; a water-rich electrolyte,
for example, 0.5M  tained miniature hydrogen reference electrode sulfuric
acid; and a membrane platinized by the T-  made according to the procedure
of Will described T technique, unlike the membrane platinized by the  in J.
Electrochem Soc., 133, 454 (1986) filled with I-R method used in the
present invention. Variants  the same electrolyte. A platinized membrane,
(2), of that earlier process have been described in the   10   made of a
fluoropolymer having pendant [err] art.
groups (Du Pont Nafion[err] 117) was placed so that While the temperature
and mole fraction or     the Pt surface was facing the incoming methanol
partial pressure of methanol are important param-  vapor. Membrane
platinization was obtained either eters of the process of this invention,
the morphol-  by the l-R method or by the T-T method. The ogy of the
platinized membrane surface is also  15  projected surface area of the
electrode, i.e., the considered to be critical. The deposit must be    area
defined  by the opening  in the  poly- within the membrane, so that the
water content of  tetrafluoroethylene plate, was 0.78 [err]. the
environment of the reaction site is lowered. In  Helium purged through
liquid methanol at a the case of a membrane platinized by the l-R      rate
of 10 ml/min so as to become saturated with method, this is the case, while
with a membrane   20  methanol vapor served as the methanol feed. The
platinized by the T-T method the electrode is     partial pressure of feed
methanol was controlled by flooded with water.
controlling the temperature of the helium purge. The preferred apparatus is
that illustrated in  Methanol partial pressures were 533, 1067, 2133, Fig.
2, where the cationic membrane carries a     4000, 12932,and 54662 Pa,
while the total gas metal layer on the side opposite to the anode side.  25
pressure in the electrolytic cell was 101.3 kPa. The However, it is
understood that neither the construc-  electrooxidation temperature was
controlled at 25, tion details of the apparatus nor the preferred pro-  50,
75, and 100 C by placing the electrolytic cell cess parameters are critical
to a successful opera-  in an electric oven. tion. For example, although
operation at atmo-       The electrolytic cell exit gas was analyzed by
spheric pressure has been found to be most con-  30  gas chromatography in
a Perkin-Elmer instrument venient in the laboratory, industrial operations
may  equipped with a thermal conductivity detector. preferably be run at a
superatmospheric pressure, which would permit a higher throughput and thus
Example 1: would result in a better utilization of equipment. Further, one
skilled in the art would be able to  35  Repeated runs at different
temperatures and devise a different apparatus capable of operating  partial
pressures of methanol showed that best according to the above general
principles or even  formaldehyde selectivity was obtained at a tem-
occasionally go outside one of the indicated pro-  perature of [err], with
a membrane platinized by cess parameters and still be able to make the
the O-R technique, at either 533 or 1067 Pa, but at desired
electrooxidation products in a satisfactory  40  the lower partial pressure
the limiting current was manner. All such reasonable equivalents are in-
lower. The overall best reaction conditions with tended to be within the
scope of the present inven-  best selectivity were: membrane anode
platinized tion.                                             by the I-R
technique, a temperature of 100[err]C, This invention is now illustrated by
the follow-  methanol partial pressure of 1067 Pa, and 85% Ing examples of
certain preferred embodiments  45  phosphoric acid electrolyte. Under those
condi- thereof, where all parts, proportions, and percent-  tions, the
selectivity of formaldehyde formation was ages are by weight, unless
otherwise indicated. All  about 75 mole % at a current density of 5
mA/[err] experiments were run at atmospheric pressure.     (998 mV RHE),
and the rate of formaldehyde for- mation was 0.65 [err] Cell Assembly and
Instrumentation            50      By contrast, a membrane platinized by
the T-T method, reaction temperature of 25 C, and a high The cell assembly,
shown in Fig. 1, consists of  water content environment favored the
formation of a cathode, (3), which often also is called the coun-  a
four-electron oxidation product, methyl formate, terelectrode, and the
anode, (A), or the working  rather than of a two-electron oxidation
product, electrode. The cathode compartment (CC) was a   55  formaldehyde
or methylal. Further, under these glass reservoir capable of holding 120 ml
of liquid  conditions, high partial pressure of methanol fa- electrolyte,
and the anode compartment (AA) was a  vored the formation of methylal over
that of formal- 



small cylindrical hole in a polytetrafluoroethylene  dehyde. 7    11
EP0628095B1                      12 Thus, at a temperature of 25[err]C and
methanol   formaldehyde or methylal can be optimized by partial pressure of
12932 Pa, with 0.5 M sulfuric  adjusting the partial pressure of methanol
feed acid electrolyte, the selectivity of formaldehyde for-  while at the
same time minimizing the formation of mation with a T-T platinized membrane
was about  methyl formats. The graph suggests that although 5% at a current
density of 10 mA/e[rr] (996 mV   5   the optimum methanol feed pressure for
making RHE), and the rate of formaldehyde formation was  formaldehyde lies
at this temperature within the 0.08 [err].
range of about 0.5-2 kPa, operation within the range of about 0.5-1.3 kPa
produces a fair amount Example 2                                        of
methyl formate, while within the range of about 10  1.3-2 kPa, it produces
less methyl formats but Methylal formation was favored by the use of a
Increasing amounts of methylal. From the practical membrane platinized by
the l-R method, with high  standpoint, it is believed that operation with
the temperature, high partial pressure of methanol, and  methanol feed
pressure within the range of about low water content environment. The best
conditions  1.3-2 kPa is the most practical because the yield of were
observed at: temperature of [err], partial  15  methyl formats is at its
minimum, while the yield of pressure of methanol of 54662 Pa, and 85% phos-
formaldehyde still is near its optimum, the material phoric acid
electrolyte. The selectivity of methylal  throughput being at the upper end
of the operable formation under these conditions was 80 mole % at  range..
a current density of 25 mA/[err] (1.052 V RHE), and the  rate  of  methylal
formation  was  3.9  20  Claims [err]. Again, by contrast, when a T-T
platinized mem-  1. Process for the electrooxidation of methanol to brane
was used, and the experiments were run at      a mixture of products
comprising as the largest room temperature and in a high water content
component a mixture of formaldehyde and environment, methylal formation
selectivity was  25  methylal in a ratio that can be optimized with low,
due to the tendency of forming a four-electron  respect to either one,
together with small oxidation product. Thus, when the partial pressure
amounts of methyl formate and any other pro- of methanol was lowered to
12932 Pa, and the         ducts of oxidation or of side reactions, said
reaction was run at 25[err] C, using 0.5 M sulfuric acid  process
comprising: as the electrolyte, the methylal formation selectivity  30  (1)
providing an electrolysis apparatus com- was about 15 mole % at a current
density of 10         prising a hydrated membrane made of a mA/[err] (996
mV RHE), and the methylal formation        fluorocarbon resin having
pendant sulfonic rate was 0.18 [err].                           acid groups
but no pendant carboxylic acid groups, said membrane having a platinum
Example 3 (comparative)                      35        layer attached to at
least one side thereof by impregnation of the membrane with a It also was
found that methyl formats formation     cationic salt of platinum and
reduction with is favored by the use of a membrane platinized by      an
anionic reducing agent, and being placed the T-T method, low reaction
temperature, high         in the apparatus so as to divide the appara-
partial pressure of methanol, and high water con-  40  tus into two
compartments, said platinum tent electrolyte. At 25 C, methanol partial
pressure   layer serving as the anode and the compart- of 12932 Pa, and 0.5
M sulfuric acid electrolyte,      ment which the anode is facing being the
the selectivity of methyl formats formation was        anode compartment,
the opposite side of about 75 mole %  at a current density of 15
the membrane facing the cathode compart- mA/[err] (1275 mV RHE), and its
rate of formation   45   ment, the cathode being a metal layer on was 1.6
[err].                                 the opposite side of the membrane
when Fig. 3 is a semilogarithmic plot of product         such layer is
present but otherwise being a distribution, in a reaction run at
atmospheric pres-   separate metal cathode located in the cath- sure, as
mole percent of the total of formaldehyde,    ode compartment; methylal,
and methyl formats, as a function of  50         when a metal layer on the
side of the partial pressure of methanol feed under the follow-    membrane
facing the cathode compartment ing conditions:
is not present, and the separate metal elec- membrane platinized by the l-R
method;             trode is not in direct contact with the mem- current
density = 4 mA/[err];                         brane, the membrane being
maintained wet temperature = 100[err]C                      55         with
an electrolyte selected from the group catholyte: 85% phosphoric acid.
consisting of aqueous solutions of at least 1 



It can be very well seen from this graph that       M sulfuric acid and of
at least about 85 under these conditions, the formation of either
weight percent phosphoric acid, said elec- 8    Thus, at a temperature of
25 [err]C and methanol   formaldehyde or methylal can be optimized by
partial pressure of 12932 Pa, with 0.5 M sulfuric  adjusting the partial
pressure of methanol feed acid electrolyte, the selectivity of formaldehyde
for-  while at the same time minimizing the formation of mation with a T-T
platinized membrane was about   methyl formats. The graph suggests that
although 5% at a current density of 10 mA/[err] (996 mV    5   the optimum
methanol feed pressure for making RHE), and the rate of formaldehyde
formation was  formaldehyde lies at this temperature within the 0.08 [err].
range of about 0.5-2 kPa, operation within the range of about 0.5-1.3 kPa
produces a fair amount Example 2                                         of
methyl formate, while within the range of about 10  1.3-2 kPa, it produces
less methyl formats but Methylal formation was favored by the use of a
increasing amounts of methylal. From the practical membrane platinized by
the I-R method, with high  standpoint, it is believed that operation with
the temperature, high partial pressure of methanol, and  methanol feed
pressure within the range of about low water content environment. The best
conditions  1.3-2 kPa is the most practical because the yield of were
observed at: temperature of 100 [err], partial  15  methyl formate is at
its minimum, while the yield of pressure of methanol of 54662 Pa, and 85%
phos-   formaldehyde still is near its optimum, the material phoric acid
electrolyte. The selectivity of methylal  throughput being at the upper end
of the operable formation under these conditions was 80 mole % at  range..
a current density of 25 mA/[err] (1.052 V RHE), and the  rate  of  methylal
formation  was  3.9  20  Claims [err]. Again, by contrast, when a T-T
platinized mem-  1. Process for the electrooxidation of methanol to brane
was used, and the experiments were run at      a mixture of products
comprising as the largest room temperature and in a high water content
component a mixture of formaldehyde and environment, methylal formation
selectivity was  25   methylal in a ratio that can be optimized with low,
due to the tendency of forming a four-electron  respect to either one,
together with small oxidation product. Thus, when the partial pressure
amounts of methyl formate and any other pro- of methanol was lowered to
12932 Pa, and the         ducts of oxidation or of side reactions, said
reaction was run at 25 1 C, using 0.5 M sulfuric acid  process comprising:
as the electrolyte, the methylal formation selectivity  30  (1) providing
an electrolysis apparatus com- was about 15 mole % at a current density of
10          prising a hydrated membrane made of a mA/cm2 (996 mV RHE), and
the methylal formation        fluorocarbon resin having pendant sulfonic
rate was 0.18 [err]                       acid groups but no pendant
carboxylic acid groups, said membrane having a platinum Example 3
(comparative)                      35         layer attached to at least
one side thereof by impregnation of the membrane with a It also was found
that methyl formats formation     cationic salt of platinum and reduction
with is favored by the use of a membrane platinized by       an anionic
reducing agent, and being placed the T-T method, low reaction temperature,
high         in the apparatus so as to divide the appara- partial pressure
of methanol, and high water con-  40   tus into two compartments, said
platinum tent electrolyte. At 25 [err] C, methanol partial pressure  layer
serving as the anode and the compart- of 12932 Pa, and 0.5 M sulfuric acid
electrolyte,       ment which the anode is facing being the the selectivity
of methyl formate formation was         anode compartment, the opposite
side of about 75 mole %  at a current density of 15             the
membrane facing the cathode compart- [err](1275 mV RHE), and its rate of
formation   45    ment, the cathode being a metal layer on was 1.6 [err].
the opposite side of the membrane when Fig. 3 is a semilogarithmic plot of
product          such layer is present but otherwise being a distribution,
in a reaction run at atmospheric pres-    separate metal cathode located in
the cath- sure, as mole percent of the total of formaldehyde,     ode
compartment; methylal, and methyl formate, as a function of  so
when a metal layer on the side of the partial pressure of methanol feed
under the follow-     membrane facing the cathode compartment ing
conditions:                                        is not present, and the
separate metal elec- membrane platinized by the l-R method;
trode is not in direct contact with the mem- current density = 4 [err];
brane, the membrane being maintained wet temperature = 100[err]C
55         with an electrolyte selected from the group catholyte: 85%
phosphoric acid.                      consisting of aqueous solutions of at
least 1 



It can be very well seen from this graph that        M sulfuric acid and of
at least about 85 under these conditions, the formation of either
weight percent phosphoric acid, said elec- 8.    13                EP 0 628
095 B1                  14 trolyte also being in contact with the sepa-
trode, whereby the principal electrooxidation rate cathode;
product is methylal. (2) introducing a gaseous stream of metha- nol vapor
plus any diluent gas continuously  PatentansprUche into the anode
compartment at a pressure   5 of about 101.3 - 1013 kPa and, when form-  1.
Verfahren zur Elektrooxidation von Methanol zu aldehyde is the desired main
product, at a     elnem Gemisch von Produkten, umfassend als temperature of
about 75-125-C, the mole        mengenmaBig groBte Komponente ein Ge-
fraction of methanol in the gaseous stream     misch aus Formaldehyd und
Methylal in einem being about 0.005-0.02, and, when methylal  lo
Verhaltnis, das bezoglich des einen von bei- is the desired main product,
at a tempera-     den optimiert werden kann, zusammen mit ture of 25-125 *
C, the mole fraction of       kleinen Mengen Methylformiat und weiteren
methanol in the gaseous stream  being          Oxidations-  oder
Nebenreaktionsprodukten, about 0.02 - 1, while applying to the elec-
wobel das genannte Verfahren umfaft: trodes a voltage of about 0.6-1.2 V
relative  is  (1) Bereitstellen elner Elektrolyseapparatur, to a reference
hydrogen electrode; and           umfassend eine hydratisierte Membran,
her- (3) recovering from the anode compartment        gestellt aus einem
Fluorkohlenstoffharz, das the desired product mixture.
angeh~ngte  Sulfonsauregruppen, jedoch keine angehangten Carbonsduregruppen
2. The process of Claim 1 wherein the membrane   20    aufweist, wobei die
Membran eine Platin- carries a metal layer on each side, the metal-
schicht aufwelst, die auf wenigstens eine lized surface of the membrane
opposite the          Seite davon durch Impragnieren der Mem- side carrying
a platinum coating applied by the     bran mit einem kationischen
Platinsalz und impregnation and reduction method being the
Reduktion mit einem anionischen Reduk- cathode.
25        tionsmittel aufgebracht worden ist, und die in der Apparatur so
angeordnet wird, daB . The process of Claim 2 wherein the cathode
die Apparatur in zwei Kompartimente geteilt metal is platinum, rhodium, or
nickel.              wird, wobei die Platinschicht als Anode dient und das
Kompartiment, in dessen 4. The process of Claim 3 wherein the membrane  30
Richtung die Anode zeigt, das Anodenkom- is saturated with liquid acid
electrolyte.          partiment ist, wobei die entgegengesetzte Seite der
Membran in Richtung des Katho- S. The process of Claim 4 wherein the
electrolyte      denkompartiments zeigt, die Kathode eine is concentrated
phosphoric acid.                    Metallschicht auf der entgegengesetzten
35        Seite der Membran ist, wenn eine solche 6. The process of Claim I
wherein the elec-            Schicht vorhanden ist, sonst jedoch eine
trolyte, when used, is about 85 weight percent      getrennte Metallkathode
ist, die in dem Ka- phosphoric acid; and the voltage applied be-
thodenikompartiment angeordnet wird, tween the anode and the cathode is
0.9-1.1 V        wenn eine Metallschicht auf der Seite der relative to
hydrogen reference electrode.  40       Membran, die in Richtung des
Kathoden- kompartiments zelgt, nicht vorhanden ist 7. The process of Claim
1, run at atmospheric          und die getrennte Metallelektrode nicht in
pressure, wherein the partial pressure of           direktem Kontakt mit
der Membran steht, methanol feed is about 507-2026 Pa, and the         die
Membran mit elnem Elektrolyten na3 voltage applied between the anode and
the   45      gehalten wird, ausgewdhlt aus der Gruppe, cathode is 0.9-1.1
V relative to hydrogen refer-    bestehend aus wdBrigen Losungen von we-
ence electrode, whereby the principal elec-         nigstens 1 M
Schwefelsdure und wenig- trooxidation product is formaldehyde.
stens etwa 85 Gew.-% Phosphorsaure, wo- bei der Elektrolyt auBerdem mit der
ge- 8  The process of Claim 7 wherein the partial  5o      trennten Kathode
in Kontakt steht; pressure of methanol feed is about 1.3-2 kPa.       (2)
kontinuierliches Einleiten eines Gas- stroms aus Methanoldampf plus ein
VerdUn- 9. The process of Claim 1, run at atmospheric          nungsgas in
das Anodenkompartiment bei pressure and at a temperature of 75-125-C,
einem Druck von etwa 101,3-1013 kPa und, wherein the partial pressure of
methanol feed   ss  sofern Formaldehyd das gewUnschte Haupt- 



is about 10.13-81.04 kPa, and the voltage ap-      produkt ist, bei elner
Temperatur von etwa plied between the anode and the cathode is
75-125 'C, wobei der Molenbruch von Me- 0.9-1.1 V relative to hydrogen
reference elec-     thanol in dem Gasstrom etwa 0,005 - 0,02 9    15
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betragt und, sofern Methylal das gewOnsch-  Revendlcations te Hauptprodukt
ist, bei einer Temperatur von 25-125e C, wobei der Molenbruch von     1.
Proced6 pour I'electro-oxydation de methanol Methanol in dem Gasstrom etwa
0,02 - 1         en un m6lange de produits comprenant, en betr~gt, wahrend
an die Elektroden relativ   5  tant que constituant le plus grand, un
m~lange zu einer Wasserstoff-Referenzelektrode eine    de formaldehyde et
de methylal, en une pro- Spannung von etwa 0,6-1,2 V angelegt wird;
portion l'un par rapport a l'autre qui peut etre und
optimisee, ainsi que de petites quantites de (3) Gewinnen des gewtnschten
Produktge-       formiate de methyle et d'autres produits d'oxy- misches
aus dem Anodenkompartiment.    10      dation ou de r6action secondaire
eventuels, ledit procede comprenant: 2. Verfahren nach Anspruch 1, bei dem
die Mem-         (1) la fourniture d'un appareil d'electrolyse bran auf
jeder Seite eine Metal1schicht tragt,     comprenant une membrane hydratee
consti- wobel die metallisierte Oberfilche der Mem-         tuee d'une
rdsine fluorocarbonde ayant des bran gegen~ber der Seite, die einen Platin-
t5     groupes acide sulfonique pendants mais Oberzug trigt, der durch
Impragnier- und Re-        pas de groupes acide carboxylique pen-
duktionsverfahren aufgetragen wird, die Katho-      dants, ladite membrane
ayant une couche de ist.                                             de
platine attachde a au moins un cote de celle-ci par impregnation de la
membrane 3. Verfahren nach Anspruch 2, be! dem das Ka-  20      avec un sel
cationique de platine et rdduc- thodenmetall Platin, Rhodium oder Nickel
ist.      tion avec un agent reducteur anionique, et etant placde dans
l'appareil de fagon a divi- 4. Verfahren nach Anspruch 3, bei dem die Mem-
ser l'appareil en deux compartiments, ladite bran mit einem fllssigen
sauren Elekrolyten         couche de platine servant d'anode, et le
gesattigt wird.                          25         compartiment auquel
l'anode fait face dtant le compartiment d'anode, le c8td oppose de 5.
Verfahren nach Anspruch 4, be! dem der Elek-        la membrane faisant
face au compartiment trolyt konzentrierte Phosphorsaure ist.             de
cathode, la cathode etant une couche de metal sur le c8te oppose de la
membrane 6. Verfahren nach Anspruch 1, bei dem der Elek-  3o    lorsqu'une
telle couche est presente mais trolyt, wenn er verwendet wird, etwa 85
Gew.-       etant sinon une cathode en metal separde % Phosphorsaure ist
und die angelegte Span-         situee dans le compartiment de cathode;
nung zwischen Anode und Kathode relativ zu             lorsqu'une couche de
metal sur le c8te einer Wasserstoff-Referenzelektrode 0,9-1,1 V       de la
membrane faisant face au comparti- betragt.
3s         ment de cathode n'est pas prdsente, et lorsque l'electrode en
metal sdparde n'est 7. Verfahren nach Anspruch 1, das be! Atmo-
pas en contact direct avec la membrane, la spharendruck stattfindet, bet
dam der Partial-      membrane est maintenue humide avec un druck des
Methanolsubstrates etwa 507-2026          electrolyte cholsi dans le groupe
constitue Pa betragt und die zwischen Anode und Katho-  4o   des solutions
aqueuses d'acide sulfurique de angelegte Spannung relativ zu der Wasser-
au moins 1 M at d'au moins environ 85 % stoff-Referenzelektrode 0,9-1,1 V
betragt, wo-      en poids d'acide phosphorique, ledit 6let- bet das
Hauptprodukt der Elektrooxidation For-     trolyte dtant aussi en contact
avec la catho- maldehyd ist.                                       de
sdparde; 45        (2) I'introduction d'un courant gazeux de a  Verfahren
nach Anspruch 7, bei dem der Parti-       vapeur de methanol et de gaz
diluant 6ven- aldruck des Methanolsubstrates etwa 1,3-2 kPa       tuel en
continu dans le compartiment d'ano- betr~gt.
de, a une pression d'environ 101,3 a 1013 kPa et, lorsque le formalddhyde
est le pro- 9. Verfahren nach Anspruch 1, das bet Atmo-  50        duit
principal desird, a une. temperature sphdrendruck und be! einer Temperatur
von           d'environ 75 A 125 'C, la fraction molaire 75-125 *C
stattfindet, bei dam der Partialdruck    du mdthanol dans le courant gazeux
dtant des Methanolsubstrates etwa 10,13 - 81,04           environ 0,005 a
0,02, et, lorsque le mdthylal 



kPa betragt und die zwischen Anode und Ka-          est le produit
principal ddsird, A une tamp6- thode angelegte Spannung relativ zu der Was-
55    rature de 25 a 125 *C, Ia fraction molaire serstoff-Referenzelektrode
0,9-1,1 V betragt,       de mdthanol dans le courant gazeux etant wobei das
Hauptprodukt der Elektrooxidation         environ 0,02 a 1, tout en
appliquant aux Methylal ist.
dlectrodes une tension d'environ 0,6 a 1,2 V 10    17                EP 0
628 095 B1                   18    ~     l !           I par rapport a une
electrode de rdfdrence a hydrogbne; et (3) la rucupdration du melange de
produits ddsir6 du compartiment d'anode. 2. Proc6d4 selon la revendication
1, dans loquel la membrane porte une couche de mdtal sur chaque c8td, la
surface m~tallis~e de la mem- brane opposde au c8td portent un revOtement
de platine applique par le proc~d4 d'imprdgna-  10 tion et de reduction
dtant la cathode. $ Prood4 solon la revendication 2, dans lequel le m~tal
de la cathode est le platine, le rho- dium ou le nickel.
76 4. Proc6d4 salon la revendication 3, dans loquel la membrane est saturee
avec un 6lectrolyte K)      acide liquide. 20 5  Proc6d6 salon la
revendication 4, dans loquel lMlectrolyte est de l'acide phosphorique
concentrn. 6. Proc~d6 selon la revendication 1, dans loquel  26
I'4lectrolyte, lorsqu'il est utilis6, est de l'acide phosphorique a environ
85 % en poids ; et la tension appliqude entre l'anode et la cathode est 0,9
A 1,1 V par rapport a l'6lectrode de r~f~rence & hydrogbne.
30 7. Proc~d6 selon la revendication 1, mis en oeu- vre & pression
atmospherique, dans lequel la pression partielle du m~thanol introduit est
en- viron 507 & 2026 Pa, et la tension appliqu~e   35 entre l'anode et la
cathode est 0,9 a 1,1 V par rapport A 1'6lectrode de ref6rence A hydroge-
ne, de sorto quo le principal produit de 1'elec- tro-oxydation est le
formaldehyde. 40 8 Procdd6 selon la revendication 7, dans loquel la
pression partilelle du m~thanol introduit est environ 1,3 a 2 kPa. 9.
Proc~d6 solon la revendication 1, mis en oeu-  48 vre a pression
atmosph~rique et a une temp6- rature de 75 a 125 IC, dans loquel la
pression partielle du m~thanol introduit est environ 10,13 & 81,04 kPa et
la tension appliqude entre l'anode et la cathode est 0,9 h 1,1 V par  6o
rapport a M'dlectrode de ref~rence a hydrogb- no, de sorte quo le principal
produit de I'4lec- tro-oxydation est le mdthylal. 58 11    


