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JUMMARY

Formaldehyde is an intermediate in the synthesis of edible carbohydrates
from 002, 02 and H2 derived from crew menmber metabolic wastes on spacecraft

missions., Methods of accomplishing the synthesis of formaldehyde from 032

~.

2 A,

the most suiteble for spacecraft conditions.

were studied, and the 0 > CHEO route was selected as

The partiial oxidation of methane by oxygen was investigated usirg both
solid and gaseous catalysts. The highest formaldehyde 'yield was achieved
with gaseous nitric oxide catalyst; the yield was 2.5% of the methane
admitted to a single pass reector.

The feasibility of converting 002 into formaldelryde was demonstrated
with a recycle system entailing two reactors. A methanation reactor con-
verted feed and by-product 002 into CHh; the CHM in turn was oxidized to
formaldehyde in an oxidation reactor. With recycling, esserntially 1009
conversion of CO2 to formeldehyde was achieved at ambient pressures. The
product formaldeliyde and water were separated and removed either as solid
paraformaldehyde and ice or adsorbed on solid adsorbents. The system is

compatible with zero gravity operation.




INTRODUCTION

For space missions c¢f long duraticn, the major weignt contributicn tc
life support is stored food. The weight of food necessary to support a multi=
man crew on a space fiight suggests that the major portion should be supplied
by regenerative methods, utiliwing man's metabclic wastes (ref. 1). To supply
the solid porticn of man’'s ncrmai focd requirements, a separate method will be
needed for the synthesis o¢f each c¢f the three primary fcod categcries, carbc-

hydrates, proteins, and fats,

In the present state-cf-the-art, physicochemical synthesis of foodstuffs
may have some advantages over biological systems. A chemical process 1s more
reliable and controllable, and seems tc have lower weight and power penalties.
The chemical synthesis of carbohydrates from metabolic wastes 1s considered

more promising than the synthesis of proteins and fats (ref. 39).

This investigation has been concerned with one aspect of carbohydrate
synthesis: the production cf fcrmaldehyde (CHQO), which is an intermediate
in the synthesis of sugars and glycerol, from metabolic 002 combined with H2

and O2 generated from waste water electrolysais.
Program Obgectives

The objectives of the research and development program for synthesis cf
formaldehyde from carbon dioxide and hydrogen were:
1. To conduct a literature survey and to investigate theoretical con-
siderations, and frcm these to determine the most appropriate methods,

chemical reactions, and catalysts for accomplishing the synthesis of

formaldehyde from carbon dioxide and hydrogen, compatible with space-



craft usage.

To perform laboratcry *ests of the selected methcds and Lo intrcduce

modifications of the prccesses and catalysts leading to improved

formaldehyde yields and minimum by-product formaticn,

1o select the mocst promising method, and to develop ard cprratea ). “re

atcry reactor demonstrat.ing the feasiblliity of formaldehyds syrtunesis,

To investigate the separation ani purification of forpalienvie pro-

duct, preferarly in scild form

To assembl= a btreaibcard system and obtain operating data and to pre-

pare the pre.irirarv Jdesign of a protouyps wolel .

Approach

An extensive survey of literature was carried out to identify the pos-

sible methods of CHEO synthesis from C

2

O. and H

o and to determine their appli-

cability to spacecraft conditions. The following routes of CHQO synthesis

were considered:

l.

2.

Direct Reduction

() €O, + 2H, ——=> CH,0 + H,0

or

(b) CO + H2 —_— cneo .

Methanol Intermediate:

30H + HQO

2O + 2H20

(a) co,

(b) 2CH

+ 3H2 e (H
3OH + O2 —— 2 CH
Formic Acid Intermediate:

(a) 002 + H2 ———> CHOOH

(b) 2CHOOH =——> CH,O + 002 + H,0



4, Methane Intermediate:
(a) 002 . hﬂa el 5, CHy. ¥ 2H20

(b) CH, + O, === CH,0 + H,0
The oxidation of methanol to formaldehyde (reaction 2b) is very well
known (ref. 3) and over 90% of commercially synthesized formaldehyde is pro-
duced by this technique. The methanation of carbon dioside (reaction 4a) also
was adequately investigated ea lier (ref. 2) and a catalyst developed which

produces over 99% conversion in & single pass at temperatures of ahout 200°C,

Therefore, these two reactions were not investigated during this prergram.

The literature survey and thermodynamic calculations indicated that high
pressure reaction systems wculd be necessary to overccme unfavorable thermo-
dynamics atatmcspheric pressure for the direct reduction, the methanol inter-
mediate, and the formic acid intermediate methods. In contrast, the favorable

thermodynamics for the formation of CH,O at atmospheric pressure via the

2
methane route indicate that this can be accomplished entirely at ambient pres-
sures and in the gas phase. Consequently, the methane route was considered

more suitable for spacecraft application than the other three routes, and was

investigated in detail.

The first step of the CH,O formation, the methanation of CO,

2 2
easily accomplished (ref. 2); the major problem; therefore, was one of finding

, can be

a suitable method for partial oxidation of Cﬂu to CH20 in acceptable yields.
T> accomplish this, & comprehensive literature search was carried out, various

claims for conversion of Cﬁu 10 CHEO were catalogued, and each cne was crit-

ically evaluated. Also, theoretical considerations predicting the CH20 yields

and conditions for their improvement were surveyed. Then various solid and



gasecus catalysts were screened in laboratory systems using sivgle pass flow

reactors. The most prcmising cof al! the catalysts were gasecus O3 and N©

which provided 1.0-2. 5% CH20 yields These were further tested in recycle

systems, and yields of up to 25-30% were achieved,

Finally, an intcgrated recycle system was developed for converting CO2

and H2 into 0320. In this system a Sabatier reactor ccuverted CO2 and H2

to CHu; the CHu was then partially oxidized to CH20 in a seccnd catalytic
reactor. Under proper r-cycle conditions, and at entirely embient pressures,

essentially 100% of the CO. fed into the system was converted tc CH.O which

2 2
was either condensed to solid paraformaldehyde or adsorbed directly on ad-

sorbents for separation and recovery.

A breadboard prototype model was fabricated and tested to measure power
requirements and obtain cperating data. From these data the preliminary de-

sign of a flight prototype model was preparec.



SELECTION OF EXPERIMENTAL APPROACH

A literature survey revealed three feasible routes fcr the synthesis

of formaldehyde from CO, and H 1) direct reaction to CH,O, 2) formation

2 2* 2
of CH3OH with subsequent conversion to CHEO, and 3) production cf CHM fol-
lowed by oxidation to CH20. A fourth possibility, the formation of formic

acid with subsequent reduction to CH,.O, existed but its feasibility was low.

2
Commercially, mcst of tne CH20 is produced by catalytic oxidation of CH3OH;
some CH.O, particularly in European countries, is cbtained from the partial

2
oxidation of CH&' However, successful commercial methods did not appear to

lend thémselves to spacecraft applications.

The problem of selecting the most suitable route for providing accept-

able yields of CH,.O under space conditions was approached by first making an

2

extensive literature search and reviewing all reported reactions, conditions,

CH,O yields, and catalysts used. The advantages and disadvantages of each

4

method under spacecraft restraints were considered and.used to select the

specific route of CH,O synthesis for a detailed experimental investigation.

e

Direct Reduction of Carbon Oxides to Formaldehyde

Because of its potential simplicity, the formation of CH20 in a direct,
one step gas phase reduction of CO2 or CO by H2 appeared readily adaptable

to spacecraft usage. However, the formation of CH20 from carbon oxides and
Hé is thermodynamically unfavorable. The free energies for these reactions,
152;, are positive and become more positive with an increase in temperature,
as indicated in Table 1. From thermodynamic data, Fischer (ref. 4) calcu-

lated the CH20 yields from CO and H2 obtainable at various temperatures and



pressures as shown in Table 2. The equilibrium for a direct reduction of CO2

by H2 to CH20 is still more unfavorable.
It has been proposed (ref. 5) that CHEO is an intermediate in the for-

mation of CH3OH from 002 and H2 under high pressures. Therefore, in the pres-

ence of H., CH2O would become converted to CHBOH. To aveid this, an extremely
selective catalyst having high activity for CH20 formation at low temperatures
is required. Although solid catalysts such as Mn, Sn, Sb, Ni, Fe, Co, Cu, Pd,
and Pt have been proposed in the literature and in patents, Neuman a d Biljcevic

(ref. 6) reinvestigating these claims could not find any of practical value

The formation of CH2O from CO and H2 under silent electric discharge has
been investigated previously (ref.7,8). It is known that electric discharges
may enhance the reaction rates and, thus, bring the reactions tc equilibrium,
even at low temperatures. The reported yields of CH2O are of the order of

0.3% based on' the CO passed through the reactor (ref. 8); however, this value

seems to be too high from the thermodynamic standpoint. An earlier investi-

gation (ref. 7) indicated that besides CHQO, some 002, saturated hydrocarbons,

and unsaturated hydrocarbons are formed during the reaction of CO and H2 under

a silent electrical discharge condition.

The review of literature and thermodynamic considerations indicate that

only negligible yields of CH.O can be expected from a direct reduction of CO

2 2
(or CO) by H, under atmospheric pressure. Even if suitable catalysts could
be found, the very high pressures needed to achieve practical CHEO yields

would meke this reaction difficulc to implement under spacecraft conditions.



TABLE 1

FREE ENERGIES OF CH,O FORMATION FROM CO, AND CO

2 2
AF_, kcel/mole 3
Reaction L
298°K 1000°K |
co,, (g) + uH2 (g) =—> CH,O0 (g) + H,0 (g) +13.4 +27.6
co (g) +H, (g) —> CH,O (g) + 6.5 +26.9

TABLE 2

YIELDS OF FORMALDEHYDE FROM A DIRECT CO AND H2 REACTION
[From ref. h]

_#———‘
e Mol % Chagvin Product
(-]
R 1 atm 100 atm 1000 atm
300 0.002 0.16 1.6
400 0.001 0.06 ; 0.6
500 0.0005 0.01 0.3




Formaldehyde Synthesis with Methanol as an Intermediate

The CH3OH route of CHQO production is a two step operation where carbon

oxides are first converted to CH30H and then CH30H is oxidized to CH20. The

conversion of CH3OH to CH20 is a successful process and is being used extensively

for commercial production of CH,O (ref. 3). It involves passing CH.CH vapor and

2 3
air mixture over solid catalysts at essentially atmospheric pressure and ab-

sorbing the CHQO formed in water scrubbers. The usual catalysts are silver,
copper, or iron-molybdenum oxides. The reaction proceeds at L50°-600°C with

yields of formaldehyde ranging from 83 to 92% of the CH_OH reacted. The process,

3

if run under suitable conditicns, produces practically no side reactions, the only

0, H.O, and unreacted CH.,OH.

products being CH 3

2 2

The investigation of the CH,OH route was centered mainly on the second

3

step, i.e. the formation of CH3OH from CO2 and H2. The reaction of CO with H2

has been studied extensively; however, literature on the reaction of CO2 and H2

to form CH,OH is relatively scarce (ref. 9, 10, 11). The free energy of re-

2
action of CH3OH formation from carbon oxides is influenced both by temperature

and pressure; high conversions to CH.OH can be obtained at elevated pressures.

3
For instance, & ZnO catalyst containing 0.25% Fe203 produces CH3OH at 300-
500°C and 200-210 atm; a Cu-Al.0, catalyst gives best results at 285-400 atm

e 3

pressures. Recently, a low pressure methanol process utilizing a copper-base
catalyst and operating at about 50 atm and temperatures of 200-300°C was

announced (ref. 12).

Both theoretical considerations and experimental evidence available

in the literature indicated that the formation of CH,OH directly fromn CO, or CO

3 2
is impractical under atmospheric pressure at temperatures associated with pre-

9



sently used catalysts. Thermodynamic equilbrium calculations give a maximum
conversion to CH3OH of only 0.7% at 225°C ccnsidered to be the lowest practical
operating temperature. The production c¢f CH3OH from CO2 at atmospheric pressure
would become thermcdynamically pussible ¢nly at temperatures below 100°C; how-
even, the reaction velocities are too low at this temperature with presently

available catalysts.

Formaldehyde Synthesis with Formic Acid as an Intermediate

In the production of CH.O by the CHOOH route CO and H2 are first con-

2

verted to CHOOH which is then reduced “o CHEO. The thermodynamics for the reaction
co, (g) + HP (g) =—> CHOOH (g, or 1) are not well known; however, the free

energy of reaction at 298°K is estimated to be ZSFQ g * +11 kcal and can be

9

expected to become more positive with an increase in temperature (ref. 13).

Several methods for the production of CHOOH from 002 and H:2 have been

claimed: a) electrolytic reduction using a halogen acid electrnlyte (ref.lh),
b) reduction of CO2 by lithium borohydride in ether solution (ref. 15), c) re-
duction of CO2 using & Raney nickel catalyst in liquid solution (ref. 16).

Formic acid may be converted to CH.O using a tin oxychloride catalyst (ref. 17).

2
In view of the thermodynamics the overall process does not appear to offer a
high potential yield. Also, the complexity and liquid-gas phase process con-
ditions of the above mentioned claims do not provide the basic simplicity of

system design and operation desired for spacecraft conditions.
Formaldehyde Synthesis with Methane as an Intermediate

The route of CH20 production with CH& as an intermediate consists of

two steps: the first step, the methanation of CO

5> is well known (ref. 2) and

10



requires no further investigation. Using a ruthenium catalyst, up to 99%
conversion of CO2 to CHu can be obtained at moderate temperatures (190-200°C)
and at atmospheric pressure. The problem, then, was one of finding suitable

methods for the second step, the partial cxidation of CH& to CH,O in accept-

2
able yields.

The partial oxidation of CH& to CH20 has been the subject of numerous
investigstions (ref. 3, 18, 19) using sclid catalysts, gaseous catalysts, and
various non-catalytic devices. The free energy of the reaction of methane
oxidation to formaldehyde. has a large negative value (ZSFr = approx. =-70kcal
in the 25°C to 800°C temperature range) at atmospheric pressure. Therefore,
thermodynamically, the reaction should proceed essentially to completion at
all convenient temperatures; however, it has been shown (ref. 20) that the
rate of CHLl oxidation becomes appreciable only at temperatures above 600°C.

At these temperatures, two problems arise and complicate the process of CHQO

production. One is that CH20 becomes unstable and tends tv decompose above

400°C; the other is that further oxidation of CH, 0 to 002 takes place. A

large part of the literature deals not so much with attempts to increuse the

rate of CH,O production but with methods for preventing decomposition and

2

further oxidation of the CH20 formed. Because of these tendencies the re-

ported CH20 yields are relatively low, ranging from 2 to 4% of the CHM feed

per pass, but these yields can be improved considerably by reusing the un-

reacted CHh and O, in a recycle system. In fact, a process has been described

2

for CH20 production, involving partial oxidation of CHM’ and reportedly is

being used in the U.S.S.R. to produce 3000 tons/year of formaldehyde (ref. 21).

L3



The CO, —> CH, —> CH,O system was selected for experimental laboratory

investigation as the most suitable for spacecraft conditions and constraints.

While CHEO yields from CHu oxidation are not as high as those obtainable from
oxidation of CHBOH, the CHu rouce has the following advantages:
a) The entire process proceeds at atmospheric pressure in the gas
phase using. either solid or gaseous catalysts.
b) Since it operates at atmospheric pressure, the process requires
no high pressure equipment entailing high power and weight.
¢) The by-products are €0, CO, H,0, and possibly H,, which can be

separated and reused.

d) Satisfactory over-all yields of CH,0 can be obtained with a re-

cycle system.

12



METHANE OXIDATION

A comprehensive literature search was carried cut and copies of articles
and publications pertaining tc the oxidaticn of CHu to CHQO were cbtained for
detailed study and review. Efforts were made tc secure as complete a ccllection
as possible of publicaticns on the subject. Over 90% of all U.S, and foreign
articles and patents, mostly in their original languages, were cobtained and
evaluated. The remainder ccnsisted of either cbscure publications generally
not available in the U.S,, articies which seemed to have little pertinence, or
repeat patents issued in various countries but covering the same subject. It
is interesting that mcst of the articles on the oxidation cf CHu to CHQO have
been published outside cf the U.S., the early ones being mostly British or

German, with the Russian publications accounting for more than one half cf the

published material after World War II.

Various processes utilize gaseous catalysts, alcne or in conjunction
with solid catalysts. The gaseous catalysts claimed include 03, N02, NO, HNOB,
012, HC1, 802,
and nitric oxide. While single pass operation results in low CH20 generation,

and others, of these the most promising appeared to be ozone

recycling increases the coverall CH.O yield considerably. The Gutehoffnungshiitte

2
process, utilizing a gaseous NO catalyst, was reported in cperation on a pilot
plant scale in Rumania (ref. 22), with yields of about 9.7%. A similar process

is being used in the U.S.S.R. producing 3000 tons/year of formaldehyde (ref.2l).

The most promising system eappeared to be the so-called Hibernia process
(refs. 22, 2.') which utilizes a solid catalyst and ozonized oxygen or air. It

was claimed that the process can convert up to 40% of the methane into formal-

dehyde. The claimed advantages of the process are high conversion to formal-

13



dehyde, low operating temperature (106°C), ease of removal of the unreacted
ozone, i1f any, from the product, and the absence of by-procducts. However,
there are reports (refs. 24, 25) indicating that tihe Hibernia process either

does not work as claimed or cannot be repeated without additional informaticn.

Most of the miscellaneous methods described for the production of form-
aldehyde have never achieved any significant success. Claims of formaldehyde
production in the presence of an electric discharge may actually be due to

catalytic action of nitrogen oxides or ozone formed in the gas mixture.
Gas Phase Oxidation

The partial oxidation of CHu to CHQO has been studied by numerous investi-
gators (refs. 3, 18, 19). The problem of gasphase methane oxidation has been
reviewed in detail and a reaction mechanism postulated by Semenov (refs. 26,
27) which establishes the overall process for going from CHu through oxygenated
intermediates to the final oxidation product carbon dioxide. According to this
mechanism, the oxidation of CHu is a degenerate, branched chain reaction where
OH* and H02- are considered to be the chain carrying radicals; CH20 and traces
of methanol are the oxygenated intermediates. The OH: radical is believed to
be the active radical (ref. 28). The HO,* radical is converted, particularly
on acidic surfaces, to H202 which changes to OH:. Thus, it appears that con-
ditions favoring the formation of OH* radical may provide the optimum CHQO

concentrations.

In a gas mixture containing CHu and 02, chain carrying radicals can be pro-
duced by heating; however, their production is enhanced by the use of initiators
such as an NO molecule. The steady state relationship during the oxidation of

CHh may be represented by

1k



N

CH.0 ==e————p (O » CO

Kk 2 2
CH, ks
=

1\
2

CHBOH

- = H = 2
where k, = 9ks, k; = kij and k) =k, + ky (ref 29). A dynamic equilibrium is
achieved where, as is typical for an intermediate, the concentration of CH20

reaches a certain maximum level, depending on reaction conditions, after which

further CH.O formation serves only to increase overall oxidation to carbon

2
oxides. Figure 1 is a qualitative representation of this behavior under vary-

ing conditions of temperature, initiator (NO) concentration, and residence time.

The best efficiency is achieved by operating at conditions which just

approach the maximum CH_.O formation but do not go beyond it. There is indica-

2
tion (ref. 28) that at this point the ratio of CH& going to CH.O0 to that ox-

2
idized further to carbon oxides is of the order of 40:60; various literature
sources indicate that under these conditions the maximum yields of CH20 reach
2-4% of CH) in the gas.
Although the general features of the mechanism for the oxidation of CHM
are established, various problem areas remain unresolved. The theoretically

calculated maximum rate of reaction depends on the second power of the CHh

and on the first power of O2 concentrations (ref. 27),

= 2
L k[bﬂél [CEJ
However, the experimentally observed powers range from O.4 to 2.3 for (IH,4 and

from 0.5 to 2.7 for 02. Apparently this change of kinetic dependence on con-

15



CO2 Concentration
Formaldehyde Concentration

Temperature; Residence Time; NO Conc.
Increasing

Figure 1. DEPENDENCY OF PRODUCT CH20-002 RATIO

ON CONDITIONS OF CHh OXIDATION
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cerrations 1s peculiar %o degenerate  branched chain reactions and changes
with the reaction *emperature, Ancther proolem affecting ?HQC yields 1s the
chain lengeh, which is an indication of the probability of formaldehyde for-
mation., Semenov (ref, 2€) corsiders a chain length of 100, while the work

of McConkey and Wilkinson (ref. 28) indicates a chain length for oxida-

tion to CHQO of appreximately 10 and for complete oxidation between 15 and 30,
Some: results reported in German patent literature would indicate a chain
length of several hundred; howaver, this is considered unlikely because of the
simultanzous increase of the rate of attack on CH,C by the radicals, The

third problem is the degree of influence ot CO on the course of reaction, since
this may become significant in recycle systems where the CO concentration is
expected to increase to algh values., Apparently, the effect of CO depends on
the CH, concentration (refs, 27, 28). 1In systems having low CH, concentration,

the CH. and ch- radicals attack the CO molecule, oxidizing it to O How=-

2‘

ever, at high CH concentrations the probability of a collision between the

L
radical and a CO molecule is minimized because the concentration of radicals
is being reduced by an iucreased number of collisions with CHh which result

in increased production of CHQO.
Heterogeneous Catalytic Oxidation

In heterogeneous catalytic reactions, generally, old bonds are broken
and new ones formed only by species chemisorpbed on the catalyst surface,
During the reaction there is compe~tition among reactants, intermediates, and

final products, for the active sites on the surface of a catalyst.

In heterogeneous catalytic oxidations of hydrocarbons such as CHM, one of

the difficulties encountered is the occurrence of unwanted consecutive reactions

17



such as CHu~——dD JHDO-—-—D e A probable reason fcr this lies in

'20

the nature of CH“ and of the desired end product, CHQO. in hydrocarbon oxida-

tion, products which can be obtained in high yielids are those wh’ch possess a
chemical stability comparable with thut, of the parent compound. The stability

of CH.O is very much lower than that of CHu; CH,.O is unstable and decomposes

2 2
thermally at 400°C which is where oxidation of CH), Jjust begins to be appreci-

able., Another significant factor lies in the ease of chemisorption of CH.O;

2
it is chemisorbed more readily and with greater affinity than CHu on the usual
oxidation catalysts. Based on these reasons, 1t has been anticipated that

CH.O formed during partial oxidation of CHM will be oxidized to carbon oxides

2
more easily than the parent CHM’ and that a method for selectively arresting

oxidation is required.

Attempts have been made by many investigators to obtain satisfactory
yields of CHZO by partial oxidation of CHA using various solid catalysts.
Generally, results were poor, and whenever any success was reported, it seemed
to depend not so much on a selection of a catalyst as on attendant experi-
mental conditions, such as high space velocities, rapid cooling of the pro-

duct, or catalyst configuration which apparently helped *o prevent further

oxidation of CHQO formed.

18



SINGLE PASS REACTORS

All single pass experiments with bcth sciid and gaseous catalysts were
performed in a single-pass, flow type system shown schematically in Figure 2.
Usually, the reactor consisted of a Vycor glass tube, approximately 18" long,
with a one-inch i1nside diameter; although several experiments were performed
using somewhat smaller or larger diameter tubes. A four-inch long reaction
zone was heated to the desired temperature by an electric heater surrounding
the Vycor tube. A movable thermocouple inserted into a well at the longitud-
inal center of the reaction tube permitted temperature measurement at various
levels of the reaction zone. Since there were temperature gradients toward both
ends of the reactor, the reaction temperature was measured at the hottest spot,
which was approximately the center of the bed. When testing solid catalysts,
a bed of known volume, usually 40 cc, was located at the center of the heated

reaction zone.

Metered streams of CH& and either O2 or air were premixed and fed into the
reaction zone. The flow rates of each gas were measured with flowmeters which
were periodically calibrated with absolute wet-test meters. Methane used was

C.P. grade, while O2 and air were high-purity grades.

Certain CHh'OE and CHu-air mixtures are explosive under the experimental

conditions of this investigation. The reported flammability limits for CHh°

2
Therefore, all experiments were performed with gas mixtures containing CH& out-

0_ are 5.4% to 59% CHu end for CH)-air mixtures 5.4% to 1% CH), (ref. 30).

side of these flammability limits. To avoid formation of gas mixtures which
may become explosive, the O2 concentration was moniﬁored continuously by a

Beckman polarogréphic oxyge: analyzer.
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The reacticn prolict was passed through a gas washing bottle containing
a known amount of water where condensables such as CHQO, CH3OH, and H20 vapor
were abscrbed. The amount of CHQO formed was determined from analysis of the
resulting solution. The results were expressed in percent yield of CHEO, which

was calculated as the number of moles of CHQO formed divided by the number of

moles of CH& fed into the system.

A complete analysis of the gas and of the condensables was conveniently
achieved by gas chromatographic techniques using a thermal conductivity detectcr.
Two parallel columns, both kept at 121°C, allowed a complete analysis. Separ-

ation of H (< BEre | o CHu, and CO was cobtained with a 5A Molecular Sieve column.

R
A Porapek N column was used for separating CH20, H20, CH30H, and CHOOH col-
lected in a water solution; the Porapak N also separated CO2 from the other

permanent gases.

All egingle pass tests were of either one or two hour duration. To facili-
tate the screening of solid catalysts, the concentraticn of formaldehyde col-
lected in the gas wash bottle was determined by a colorimetric method;uslng
either a Nessler's or a modified Schiff reagent (ref. 3). Only runs producing
CH20 vields of approximately 0,1% or more were further considered and a com-

plete analysis of the gas then performed.
Sclid Catalysts

A listing of sclid catalysts mentioned in the literature as being suit-
able for the partial oxidation of CH& to CH20 was prepared. These catalysts
were tested to determine their capacity for CH20 formation, under essentially

identical conditions. It was hoped that comparison of various materials would

provide sufficient information to develop a form of classification indicating
21



those catalyst properties which increase CH.O production. All the solid cat-

2
alysts tested gave low (under 0.1%) CHQO yields, except etched 8103 (0.78%) and
WO3 (0.32%); this led to the conclusion that satisfactory yields of CH,O cennot

be expected from solid catalysts, and that no substantial behavicr classification

could be established.

A summary of the experimental results obtained with sclid catalysts
tested is given in Table 3; only the best result achieved with each catalyst
is listed. The activity of each catalyst was tested at 425, 536, and 650°C
using space velocities of 450 hr'l, 900 hr'l, and 1,200 hr'l. Initially, the
feed gas compositicn was varied from 95% 0, and 5% CH), to 10% O2 and 90% CH), 3
however, most of the experiments were performed using a feed consisting of
47.50% O2 and 52.5% CHu. The most effective catalyst was found to be the etched
walls of a Vycor glass tube, producing up to & 0.78% yield of CH20. Tungsten
oxide was second giving up to 0.32% yields, while all other solid catalysts pro-

duced only very small yields of CH,O. With the exception of silica, all other

2
catalysts initiate complete oxidation of CH) at 536°C.,

Ozonized Oxygen
Partial oxidation cof CHh to CH20 with ozonized 02 by the so-called

Hibernia process using activated barium peroxide in the reaction beds at 100-
300°C was reported as producing up to L0% yields with coke oven gas, and up to

9.7% yields with pure CH, (refs. 22, 23). The catalyst bed consists of BaO,

powder activated either by addition of 0.5% Ag20 alone or with 1% Na20 depos-

2
ited on unglazed procelain chips so that the resultant mass contains about 10%

BaO2 by weight.



SUMMARY OF CH

Active
Ingredient

Etched Si0

2

Etched Si0

e

Etched 8102

&

Ba

Cu

Co

Cr

Cr

Fe

MnO

Mo

Ni

TABLE 3

2

Catalyst Description(a)

Etched wall of the Vycor
reaction tube, 23 mm I.D.,
4" long

Same as #1; tube filled with

6 mm etched Vycor tubes

Same as #1; reaction zone
filled with etched silica
boiling chips

Al fluoride; H-A1-1101 T 1/4

4% Ag on alumina;
H-Ag-0101 E 1/8

Ba fluoride;
H-Ba-0201 T 1/8

Cu0; H-Cu-0307 T 1/8

39% Co on kieselguhr;
Co-0108 T 1/8

Cr oxide (Cr(Vi'iv) on
activated alumina; CERLOX
catalyst

Chrome Alumina, 33% Cr, 3;
H-Cr-030L T 1/8

20% Fe,O., on aluminaj
H-Fe-0308 T 1/8

19% MnO on activated
aluminaj H-Mn-0201 T 1/8

10% MoO3 on high activity
aluminaj G-Moc-1201 T 1/8

15% Ni in oxide form on
activated alumina;
H-Ni-0302 T 1/8

O PRODUCTION FROM CHh USING SOLID CATALYSTS

s e T
Higheft
B0
Yield
¢e% Remarks
. -
i
<,002
<.002
Trace
Trace
0.05
12
<.002 Stable temp.
impossible.
= Stable temperature
cannot be maintained
Stable temperature
0 impossible ahove
L"25°Co
0 Stable temp, diffi-
cult to maintain
above 370°C.
<.002
<002
<.002 Flashing. Temp. con=-

trol impossible.

4—?-



TABLE 3. « Continued

Active

Ingredient

Zn

BaO

Co=Cu

Catalyst Description (a)

Platinum oxide on alumina,
0.1% Pt; G=T=309

86% Ti0, with alumina;
H-Ti=-0102 T 1/8

10% v203 on inert aluminas
H-V=0501 & 1/

10% v203 on high activity
alumifiay H-V-0601 T 1/8

10% V.0, on silica=alumina;
H-V=070% T 1/8

10% Wo., on activated alumina
H-W-0101 T 1/8

95% WOq3 H-W-0602 T 1/8

24% Zn oxide on activated
alumina; H=Zn-0701 T 1/8
Sod. tetraborate on porcelan

10% Bal,, 1% Ne, 05 0.5%
A320 on porcelagn

5% of Co+5% Cu as oxides on

alumina; H=-Co-0901 T 1/8 Local overheatings

2L

Highest

Yiel%

<,004

<,04

<.03

<.02

.32

<,002

Trace

<.00k4

SUMMARY OF CH20 PRODUCTION FROM CHh USING SOLID CATALYSTS

Remarks

Temp. runaway
above 316°C

Temp. control diffis
cult above 425°C

Temp. control dif-
ficult above 316°C

Flashing when 587°C
is reached

Temperature control
problems

Temperature control
very difficult




TABLE 3. - Concluded

SUMMARY OF CHZO PRODUCTION FROM CH), USING SOLID CATALYSTS

Active
Ingrdient

: Highest
(a) viela (P) Remarks

Catalys. Description

Cr oxide CrVi'ivoxides, Ba oxide, Ba <.02 Stable temp.
chromatee on activated alum- cannot be
inaj CERLOX 8615 catalyst maintained

Ni-W 6% Ni, 19% W sulfided on <.02

alumina; H-Ni-4303 E 1/12

m
. |

(a) Prefixes H and G indicate Harshaw and Girdler catalysts, respectively,
followed by catalog number. All others, catalysts prepared in this

laboratory.

(b) Yield = Moles of CH,0 formed/moles of CH), in feed.
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A series of experiments was performed to ascertain the workability of the
Hibernia process and investigate other possible catalysts using czonized C2. The

ozone (0,) was generated by Type 03C1l ozonator manufactured by the Ozone Research

3)
and Equipment Corp., Phoenix, Arizona. This ozonatcr employs a high voltage
silent discharge and is capable of converting up to L4-5 volume % of the 0, to1%.
The concentrations of O3 in gas were determined by standard iodometric titra-

tions.

BaO, Catalyst. - The Bao2 catalyst was prepared following the Hibernia pro=-

cess description by mixing dry powder materials to give a mixture containing

98.5% Bao, 1% Na, 0,

following configurations:

and 0.5% Ag,0 by weight. This material was tested in the

1. Catalyst powder was mixed intimately with a fine porcelain powder in
a 1:10 weight ratio and pressed into 1/4" tablets.

2. Porcelain chips were slightly moistened and sprayed with a light
coating of the catalyst powder, providing a minimal thickness of
catalyst.

3. Moistened porcelain chips were mixed with the catalyst powder so that
the final product consisted of porcelain chips coated with a thick
coating of the catalyst powder.

L, Pure catalyst powder was supported in a fused silica boat.

Since extensive investigation using BaO, made in the U.S.A. gave meager

2
CH20 yields, a Ba.O2 sample was obtained from Remy and Company, Hamburg,
Germany. Two catalysts were prepared from this German made BaO2 and tested:
a) finely ground Ba.O2 powder was deposited on moistened porcelain Berl sad-
dles, b) a blend consisting of 98.5 wt. % Bal,, 1 wt % Na,0,, and 0.5 wt %

of Agao was deposited on silica wool,
26



A large number of tests were performed with the BaO, catalyst using feed

2
mixtures containing 53% CH), and 47% ozonized 02. The temperature of these
tests ranged from 95°C to 535°C and the flow rates of the feed gas mixture were

varied from space velocities of 9 hr'l to space velocities of 3600 hr'l. The

ozone concentrations ranged from 0.05% to 1.4% by volume of the feed.

In spite of numerous attempts and variations in the experimental con-

ditions, and in the preparation of the reactor bed material, high CH,O yields

2
claimed by German patents could not be repeated. In most of the experiments
only traces of CH20 were produced; the best yields obtained were meager,
reaching only up to 0.3% of the CH), input. Other investigators (refs. 24, 25)
who tried to verify the Hibernia process also failed to obtain any significant

amounts of CHQO.

Other catalysts. - Direct oxidation of CHh with O3 does not produce CH20

is either in the

(ref. 31); therefore, any promoting effect exercised by O3
activation of a solid catalyst or in initiation of radicals for possible chain
reaction of the CHh oxidation. The Hibernia process, although impossible to

verify, seems to be based on the activation of Ba0O, catalyst by O Two other

2 5
reaction beds, porcelain pellets coated with alkali borates and boron nitride
chips, which gave fairly good results with other chain initiators (such as NO
described in the next section) have been tried and gave results which were con-

siderably better than those obtained with Bao2 beds.

Partial oxidation of CHh to CH20 in the presence of porcelain Berl sad-
dles coated with alkali borates was investigated in the temperature range of
315°C-705°C, with air-CH), mixtures conteining from 17% to L0% CH), and at

-1

space velocities ranging up to 7500 hr =, Maximum CH20 production was obtained

27



at temperatures of 650-705°C. Al these tempers.ures, the yields of CHQO depend
on the ozone concentration in the feed gas; for instance, with 30% methane and
0.1% O3 in feed, the observed yields are approximately 0.4%; with 0.3% 03,

ylelds increase to 0.8%; and with 0.6% O3 yields reach 1.1% of the CH), feed.

Under given conditions, the highest CH.O ylelds were observed at low CHu

2
concentrations in the feed gas. Figure 3 shows 0 yieids obtained at a re-

1

action temperature of 705°C, a space velocity of 7500 hr ~, and a 0.4 % O3 cou-

centration in the feed gas. When ozonized 02-CHu feed is used instead of
ozonized air-CHu, the CHQO yields obtained are somewhat lower. For instance,

et up to 705°C and 1% Oy the yleld of CH,0 is only 0.5%. Because of the need

to operate outside of the explosive range, the OQ'CHH feed must contain at

least 53-60% CH&’ Thus, the lowering of CH,.O yleld can be attributed to a high

2

CHu concentration.

A bed o' boron nitride chips was tested at 698°C and space velorities
ranging from 8000 he™t to 10,000 hr -1 using a mixture of CH), O,, and air as
e feed. The feed gas consisted of 20-30% CH;, and 15-30% 0y, with the remain-
der being N,; the ozone concentration was 0.28-0.35%. The cbserved CH,0 yields

ranged from 0.76 to 0.90% of the input CH),.

When air is passed through the ozonator, some nitrogen oxides are formed.

Analysis of these nitrogen oxides is difficult because O interferes with the

3
analytical methods. Nevertheless, it was established that the ccncentrations
of NO formed in the ozonator are in the neighbcihood of 100 ppm, but that they

have no significant effect on the CHQO yields.
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Nitric Oxide Gaseous Catalyst

The use of nitrogen oxides as homogeneous gas phase catalysts for the
partial oxidation of Cﬂh to CH20 has been reported by several investigators,
primarily Germens and Russians (refs. 3, 18, 19, 26, 27). Generally, the
reported yields of CH2O based on CHh in the feed gas are low and range from
about 1% to 2.8% in single pass reactors. The total yield can be increased by
employing either several reactors connected in series or a recirculating system.
Enikolopyan et al (ref. 32) have obtained yields of CH,O reaching 7.4% of CH)
in the feed using three consecutive reactors and up to 18.5% in a recirculating
system, with an 8-fold recyciing of the gases. A German patent issued to

Gutehoffnugshlitte (ref. 33) claims a 65% yield of CH.O vsing a 28 fold recir-

2
culation of the gas mixture.

There is no universal agreeme. it on the best feed ¢ '.s composition or the
reaction temperature. The reported feed gas compositic.s range from CHhmair
ratios of 3.7:1 to 1:3 and CHh-oxygen ratios of 3:1 to .:1. The best reaction
temperatures reported in the literature range from 38(°) to about 650°C. Most
of the reports, however, agree that nitric oxide conce::srations of 0.08-0.25%
are sufficient to produce good yields of CH20. Although some processes use empty
heated reaction vessels, there seems to be sufficient indication that when the

reaction zone is packed with supports coated with alkali tetraborates, the re-

action becomes more reproducible and results in higher CH20 yields.

The use of NO as a homogeneous gas phase catalyst for the partial oxida-
tion of CHh to CH20 was investigated using single pass reactors having reaction
zones packed with 6 mm porcelain Berl saddles coated with potassium or sodium

tetraborate. Activated alumina, silica gel, high surface silica boiling chips,
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and Tamer tabs boiling stones were tested as support materials for the alkali
tetraborate but were found to give lower results than porcelain Berl saddles.
Both OQ-CHh and air-CHh feed mixtures were investigated to find the optimum

experimental conditions giving not only the maximum CH20 yields based on CHh

in feed, but also the highest mass production of CH.O.

2

O yields or the feed gas com-

nggen-CHh feeds. - The dependence of CH2

position has been investigated by using feed gases containing 5%, 53%, 66%,

80%, and 90% CH), the remainder being O Since 0,-CH) mixtures containing

2.
5%=-35% CH) are explosive, this composition range was not investigated. Runs
were obtained at a temperature range of 540°C-620°C and space velocities

renging from 2200 hr*

to 3750 hr™., Under these conditions, the highest CH,O
vields were obtained at620°C, and this was the highest temperature at which
the reaction zone could be safely maintained. A further increase in the re-
action temperature caused a sudden increase in the formation of CO and CO2 to
concentrations reaching 50% of the product, with accompanying release of heat
and runaway temperatures., In general, the rerroducibility of results, was

poor with 02'CHh mixtures; however, the averages of several runs clearly in-

dicate the trends of product composition.

Average values of CH,0 yields obtained at the best temperature (620°C)
and space velocity (3750 hr-l) are depicted in Figure U4 which illustrates the

dependency of CHEO yields on CHh concentration,
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Air-CH, feeds. - The dependence of CH20 yields on feed gas composition,

reaction temperature, and space velocity was investigated with air-CHh mixe-
tures. The NO concentration was 0.2% by volume in all the experiments. Data
were obtained using feed gas containing 20%, 30%, 40%, and 50% CH), in the
temperature range of 594°C-705°C, and space velocities ranging from 2250 up

to 7500 hr'l. The explosive range of air-mehtane mixtures lies between 5%

and 14% CH); therefore, compositions below 20% CH), were not investigated.

The average CH20 yields obtained at various temperatures, space velocities
and CH& concentrations. are summarized in Figure 5. The CH20 yield depends on
the space velocities at temperatures 594°C and 621°C; however, at 650°C and
higher temperatures, the CHEO vield eppears to be independent of space vel-
ocities in the range investigated. These results indicate that the yield of
formaldehyde does not increase when temperatures higher than 678°C are used.
The yield of CHQO decreases with an increase in CHh concentration in the feed
gas, as illustrated in Figure 4.

Numerous experiments indicated that a more controlled operation was
achieved with air-CHu than with 02-CHu feed, i.e., with an inert diluent in the
reaction gas. Better temperature control, lower conversion to carbon oxides,
and much less chance of ignition or explosion have been experienced with air-
CHM mixtures as compared with OE'CHh mixtures. Since operation of a recycling
system was expected to cause a build-up of carbon oxides in the recirculating
gas, tests were made to determine to what extent the yield of CH.O woﬁld be

2

influenced if Né were replaced by COé. Single pass experiments were performed

using a feed gas consisting of a mixture containing 30% (H),, 14.7% Oy 55.3%
002, and 0.2% NO, This mixture has the same concentrations of O2 and CHh as
that of 30% CHh in air, except the Né is replaced by CO,. It was found that

e
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CO2 does not inhibit the formation of CH20 and the replacement of diluent N2
by CO2 did not change CHQO yields. For example, a run conducted with a CHh-
02-002 mixture at 610°C and space velocity of 5250 et produced a 2.2% yield
of CH,0, while an air-30% CH) feed under the same conditions gave a 2.1% yield.
Anelysis of total nitrogen oxides (NO + Noe) in the feed gas and in the
product gas indicated that thure was no measurable loss of NOx during the CHh

oxidation in a single pass reactor.

Reaction beds other than alkali tetraborate. - Besides alkali tetraborates,

several other reaction beds were tested in conjunction with NO gaseous catalysts.
These beds were selected because of their reported beneficial effects in chain
reactions associated mainly with minimizing over-oxidation to carbon oxides.
Sodium silicate was reported effective in producing high CH20 yields, ranging
from 1.3 to 4.3% of CH), per pass in a recycle system (ref. 34); however, these

claims appear to be refuted on theoretical grounds (ref. 28).

Experimental results with several reaction beds tested are summarized in
Table U4; the results show that none of these approached or surpassed the yields
of CH20 obtainable with alkali tetraborate beds, with the exception of boron

nitride which gave excessive CO.
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TABLE 4

YIELDS OF FORMALDE{YDE OBTAINED WITH VARIOUS REACTION BEDS AND NO CATALYST

P

Reaction Bed Temp; Range, field of Remarks

¢ CH,0, %

A1FO) pellets 540 0.22 Product contains
0.2% €O, and 0.8%
co.

KNO3 on silica-alumina 650 0.67 Product contains
0.9% €O, and 1.6%
CO.

KNO, on porcelain Berl

saddles 650-705 1.3-1.5 Product contains no
C02 md 001-0.3 CO.

Na.3SiO3 on porcelain 4L00-705 up te 0.7 Product contains up
to 0.2% CO,, 0.2% CO

2
BN pellets 650 2.2 Product contains 02%

CO and L4.4% coa.
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RECYCLE SYSTEMS

Singlé pass experiments demonstrated that significant yields of CH20

can be obtained only with O, and NO initiators used in conjunction with solid

3

beds., The CH.O yields amounted to only 1.0-2.5% of the CHu feed; this was too

2
low for a practical CHEO production system. Only a small portion of the re-
actants is used up per pass; consequently, the total yield could be increased

by recycling the unreacted gas mixture.

Recycle experiments were performed with the same reactor configuration
used in single pass tests. However, after removing product CH20 and HQO, the
remaining gases were continuously returned by a pump to the intake of the
reactor., Make-up feed gases were added to the recycle system in proportions
required to maintain the composition desired for feed to the reactor. A por-
tion of the recycle gas was vented downstream of the CH20 separator to main-
tain constant system pressure. Normally, the recycle system was operated at
temperatures, catalyst gas concentrations, and reactor inlet gas compositions
giving the maximum CHZO production. The recycle gas flow was maintained at
5000 cc/min, equivalent to a space velocity of 7500 hr'l; the recycle ratio,

defined as the volumetric retio of recycle gas flow to feed gas flow, was

varied by changing the feed gas flow.
Recycle System Using Ozone

In these experiments, 0,-CH), air-CH), and 0,-CH) -diluent (N‘2 or 002)
mixtures were investigated. Oxygen or air were passed through an ozonator and

then mixed with the other feed gases prior to entering the reactor. Since 03

is completely decomposed in the reaction zone, the entire amount of O, required

2
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to maintain its concentration must be supplied with the feed. It was found
that a 0,05%-0,06% concentration of U% in the recyecle gas is required to obtain

significant CH.O yields. The capacity of the ozonator imposed a limit on

e

the recycle ratio and CH.O yield obtainable with the system. A feed gas mix-

2
ture of L0% 02-60% CH), was required to maintain gas entering the reactor at
the proper composition of 30% Ops 60% CH), and 10% carbon oxides. With air-
CHh’ or 02-CH,4-CO2 mixtures, the feed gas mixture contained 31% CHh and 14%
O2 which was sufficient to maintain the gas entering the reactor at the proper

composition of 12% 0, and 28% CH), .

The results of recycle experiments conducted at 705°C with a reaction
bed of porcelain Berl saddles coated with sodium borate are summarized in

Table 5. CH20 yield was low with both Oa-CHh and air-CHu mixtures.

Recycle experiments with a boron nitride reaction bed at 705°C are sum-
marized in Table 6. The CHEO yield increased with the recycle ratio and
reached up to 15.2% at a recycle ratio of 20, with an average yield of 0.62%
per pass. The capacity of the ozonator to produce only 4% O3 in 02 imposed
an upper limit of 20 on the recycle ratios; an ozcnator able to produce higher
amounts of 03 in oxygen would allow higher recycle ratios and corresponding

higher CH,.O yields.

2
To determine the feasibility of producing ozone directly in CHh'Oz mix-
tures, gas streams of various compositicn were passed through a small, air-
cooled ozonator; the percent of O3 produced was determined by iodometric ti-
tration. Gases were passed through the ozonator at an average temperature of
0°C with the primary input kept at 90 volts resulting in 12,000 volt potential

across the ozonator. The amounts of O3 produced under various flow conditions
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TABLE 5

YIELDS OF FORMALDEHYDE OBTAINED WITH
SODIUM BORATE BED AND O, IN A RECYCLE SYSTEM

3
Feed Mixture —Relcycle el Reoyc.Le In géstem, i N ’
ce/min Ratio % Total |Per Pass:
Oxygen-Methane 5000 5 i3l 2:1 L2
S ! 5000 5 21 1.6 .30
" " 5000 5 .29 3.3 .26
" " 5000 10 a8 1.7 17
" : 5000 20 .08 3,0 R
Air-Methane 5000 5 ikl 2.3 L5
4 . 5000 12 .1k 2.8 23
! o 5000 20 .09 4.5 on
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TABLE 6

YIELDS OF FORMALDEHYDE OBTAINED WITH
BCRON NITRIDE BED AND O, IN A RECYCLE SYSTEM

3

[reee e recgele iow, [ Reore | o te L reeree
Oxygen-Methane 5000 10 .16 7.6 76
I d 5000 20 .06 10.0 .50
" 2 5000 20 .06 2.4 .62
! " 5000 20 .08 11.9 .60
- " 5000 20 .09 9.9 .50
. L 5000 20 .09 8.8 N
] L 5000 20 .09 11.9 .60
Oxygen-Methane-Nitrogen 5000 20 .08 13,5 .68
Oxygen-Methane-002 5000 20 07 15.2 76
1 f " 5000 20 .06 k.1 oTd
" i ! 5000 20 .06 12,8 6l
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and with different gas mixtures are given in Table 7. These results indicate
that the presence of large fractions of Cﬂu decreased the ozone production
sharply; however, mixtures containing up to 4% Cﬂh produced sufficient amounts

of ozone for use in the recycle system.

Small emounts of CH,0,equivalent to yields of 0,04-0,08 5, were produced
directly in the ozonator with a LO% 02-60% CH), mixture. In one test the product
was analyzed for carbon oxides. There were no detectable amounts of 002, but
the C) :oncentration was approximaiely 0.2% of the product gas. The high ratio

of CO to CH20 precluded further inv:stigation of CH2

O generation in thls manner.
A mixture of 95% 02-5% CHh was passed through the ozonator at a rate of

500cc/min, The product gas was then passed directly through a reactor con-

taining 4O cc of porcelain Berl saddles ccated with potassium tetraborate main-

tained at 650°C; the CH.O yield obtained was 0,8%. Therefore, it appeared

2
possibie that 02-CHh mixtures containing a low percent of CHu could be re-
cycled directly through an ozonator and catalytic reactor; however, the abso-

lute amount of CH20 formed would be small.

Recycle System Using Nitric Oxide

Experiments were conducted normally at 678°C and at a recycle gas vel-
ocity »f 5000 cc/min using reaction beds made of porcelain Berl saddles coated
with sodium borate. The recycle ratio (recycle gas rate/feed rate) was varied
by changing the feed rate. The NO concentration in the recycle gas was main-
tained at approximately 0.2%. The concentration of CHu in the recycle gas
varied from 15 to 30%; however, in most of the tests it was in the 20-25%
range. The CH20 ylelds obtained in the recycle tests are summarized in Table

8. This table shows that the total CH20 yvield increased with increasing recycle
4
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TABLE 7

FORMATION IN THE PRESENCE OF CHM

Gas Mixture CE};YQ O%’

% 500 1.2

0, 1000 0.6-0,7
Air 500 075
Air 1000 0.33
98% 0,5 2% CH), 500 .14
96% 0,5 L% CH), 500 118
L0% Ops 60% CH), 500 0.01-0,06
80% Air, 20% CH), 500 0.10




TABLE 8

PRODUCTION OF CH.O IN A RECYCLE SYSTFM USING NO CATALYST(a)

2

Recycle No. of CH20 Tield
SNOaR hdils Total, % Per Pass, %

L 10 2.75 1.L4
2¢ 3 T.32 1533
8.0 3 9.38 LT
10 12 10.9 1.09
16 1 12,8 0.8
17 13 15.0 0.88
19 49 20,3 1,07
20 8 15,8 0.76
24 3 Shs 408
25 53 23:3 .93
25 i 26.9 1,07
30 1 28.9 1.96

a.

All tests at 678°C; recycling gas flow 5000 cc/min.

L3



ratio, while the yield per pass decreased reaching an assymptotic limit of
approximately 0,9-1.0% per pass. Because the CO concentration in the recycle
gas increased with recycle ratio, it seemed that the CH20 yield per pass had
a direct, nearly linear relationship to the CO concentration. However, in

tests where CO was removed from the system no increase in CH20 yield occurred.

A series of tests was performed, all at a recycle ratio of 25, where the

concentrations of CHh and 02 were varied to determine the composition of the

recycle gas which would result in the highest total CH,O yield, and which would

2

give the lowest CO + 002 concentrations, Oxygen concentrations in the range

of 5-15% seemed to have no influence on the yield of CH,O, while an increase

2
in CHu concentration showed a small effect, with best overall yields occurring
at approximately 30% CHh in the recycle gas. This agreed with observations in
single pass experiments where the highest production of CHEO was obtained with
gases containing 30-35% CHh' Both CHM and O2 concentrations influenced the
formation of carbon oxides, CO + 002 . Low concentrations of CHh and high con-
centrations of O2 increased the formation of carbon oxides. It was found
experimentally that when the concentration of oxygen in the gas increased to

above 9%, the formetion of carbon oxides, particularly 002, also increased

significantly.

The best utilization of reactants in these series was obtained with a
recycle gas containing 29% CHu, and 7% O2 by volume. At a recycle ratio of
25, the average CH,O yield was 26.9%; an additional 17.0% CH) was converted

to CO and 6.5% to CO,. The ratio of CH,O to carbon oxides was about 27:23.
A ratio of 40:60 has been reported in the literature (ref. 28). It appears

that while the total CH20 yield can .. fucreased by an increase in the recycle

Ly



ratio and the utilization of CHh and 02 improved by adjusting their concen-

trations, only up to 50% of the CHu feed can be converted to CH,O, with the

2
remaining amount going to carbon oxides.

L5



SYNTHESIS OF CH,O FROM 002 AND H2

2

The recycle system utilizing NO gaseous catalyst converted 25-30% of the

CHh feed into CH20, but also converted another 25% to carbon oxides. The gases

vented from the recycle system after CHEO and HQO separation consisted mainly

of unreacted CHh’ 02, and carbon oxides. These gases were returned to the feed

line entering a Sabatier-reactor,in which additional feed 002 and the by=-product

carbon oxides were reduced by H. back to CHh' In this manner, a completely

2

closed, integrated system was achieved which operated to convert feed 002, H2 and
O2 into only CH20 and H20. A schematic of the integrated system is shown in

Figure 6.

Partial oxidation of CHh was achieved in the main recycle system, in a
reactor filled with LO cc of porcelain particles coated with alkali borates and
maintained at 675°C. The reaction products leaving the reactor were cooled and
passed through a separator where CH,O and H,O were removed. The gas mixture,

2 2

freed from CHEO and H20, was recycled at a rate of 5000 cc/min at essentially
atmospheric pressure. A portion of the recycle gas was vented and passed
through the Sabatier methanator where 002 and CO were reduced to CHM for return
to the main recycle loop. The recycle ratio was maintained at 25 by holding the
combined flo\ rate of the feed O2 and the gas mixture leaving the methanator

at 1/25 of the recycle flow.

The methanation reactor consisted of a 4Occ bed of nickel on kieselguhr
catalyst pellets maintained at 250-320°C. At the low space velocity of approx-

imately 500 hr'l, it was capable of over 99% conversion of carbon oxides to CHh.

The gas composition in the main recycle loop was maintained at approx-

mately 30% CH), 5 % 0,5 0.2% NO, the remainder being mostly CO, with some CO and

small concentrations of N. and H.. To maintain the desired concentrations with-

46 g £
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out changing the internal pressure of the system, the inputs of 02, HQ, and

NO were controlled manually, and the input of CO2 automatically.

Changes in the 0., flow were made in accordance with readings of Q2 cone-

2
centration measured continuously at the formaldehyde reactor outlet by a
Beckman polarographic oxygen analyzer. Periodic analyses for CHh by a gas

chromatograph were used to adjust the flow of H Since there was always an

2'
excess of 002 in the system, CHh formation was regulated by the H2 input. When
the O2 and CH& concentrations were maintained within the desired limits, the

v
002 input could be regulated by a diaphragm valve sensitive to 1" H20 pressure

changes in the system. The removal of CHEO and HQO from the gas stream re-

sulted in a pressure drop proportional to the amount of 002 used up which

actuated the pressure sensitive valve admitting more 002 into the system.

The integreced system, operating at a recycle ratio of 25 in a completely

09 O2 and catalyst NO were fed into the

2O and HQO were removed as p.oducts, was capable of pro-

ducing up to 1.5 g/hr (0.05 moles/hr ) of CH,0 and converting essentially 100%

closed-loop fashion, i.e. where 002, H

system and only CH

of the CO2 feed into CHQO. Table 9 indicates typical experimentally used feed

values and compares them with stoichiometric amounts of feed needed.
Although ultimately all the 002 fed into the system becomes converted in-

to CH20, the comparison of the experimentally used O2 and H2 values with the

stoichiometric requirements indicates the overall efficiency of the system.

The excess requirements of C, and H, are due to two factors: (1) over-

oxidation of CHh to CO2 with subsequent necessity of reconversion to CHM, and

(2) reaction of 0. with H, in the methanator. The O, and H requirements

e 2 )

indicate that the ratio of CH,0 to CO, formed per pass is 46 to 54, i.e. U6%

of the reacted CHH goes directly to CH
L8

00 and the other 54% is over-oxidized to



002 which has to be reconverted back to CHu for further reaction in the recycle

system. Since essentially all of the O2 in the vented gas stream reacts with

H2 in the methanator, this constitutes another requirement for O2 and H2 in

excess of the stoichiometric amount.

Separation of CHEO and HQO from Product

The removal of CHEO and H2

patible with zero-gravity conditions was accomplished either by freezing out

O from the reaction product in a manner com-

in cold traps or by adsorption on regenerable solid adsorbers. Neither technique

removed any reaction gases from the recycle system.

Gaseous CH20, in the presence of water vapor, undergoes a spontaneous and

reversible polymerization to solid paraformaldehyde at ambient temperatures.
When cold traps are used, most of the CH20 becomes deposited on the walls as
paraformaldehyde which is only slightly soluble in cold water; nevertheless,
some CHQO is frozen out with water. The vapor pressure of paraformaldehyde is
such (ref. 3) that a temperature below 0°C, preferably between -10°C and -50°C,

is required to obtain essentially complete removal of CHQO from the gas.

Solid adsorbents which were investigated are listed in Table 10; they re-
moved the CHQO partially as solid paraformaldehyde, but mostly as adsorbed gas.
Silica gel was found to be the most suitable adsorbent for the simultanecus re-

movel of CH,O and H,0. Up to 15 wt. % of CH20 was adsorbed on a silica gel col-

umn with 95% efficiency. The silica gel column was repeatedly regenerated with

air at 150-250°C to remove all adsorbed CH20 and H20; regeneration by vacuum at

room temperatur: was unsuccessful,

The paraformaldehyde which wasg adsorbed on the solid adsorbent depolymerizes

on heating to gaseous CH,O; this gas, along with desorbed I..O vapor was thus

e 2
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TABLE 9

PRODUCTION OF CH,O FROM CO, AND H

2 2 2
moles/hr
CH20 002 02 H2

Produced in reactions 0.050
Stoichiometric requirement for 0.050 0,050 0.200
CH20 production
Overoxidation and reconversion 0.119 0.239
back to CHh
02 reacting with H2 in methanator 0,017 0.034
Total Consumption 0.050 0.186 0.473

TABLE 10

CH20 ADSORBTION ON VARIOUS ADSORBENTS

Adsorbent

Results

Silica Gel

Molecular Sieves

Activated Alumina

Anhydrous Calcium
Sulfate

Anhydrous Magnesium
Perchlorate

Adsorbed CH20 and H20. Regeneration temperatures
150-230°C.

Adsorbed CH.O and H,O but regeneration temperature

was high, about 35020.

Decomposes CHEO on regeneration by heat.

Removes all of H,O but only 40-50% of CH

o 2O from gas.

Adsorbs H,O too strongly forming a paste at the inlet
of the ad%orbent bed.

50




transferred out of the system and made available for the subsequent processing

steps in carbohydrate synthesis.
Nitric Oxide Adsorption

The gaseous NO catalyst for the partial oxidation of CHu is not consumed
or destroyed to any significant extent; therefore, its concentration remained
constant in the recycle gas stream. However,in the vented gas stream, it reacts
with He in the methanator and becomes reduced to NH3. Thus, not only is the
catalyst continuously removed from the system requiring continual make-up, but

also undesirable by-product NH3 is introduced into the recycle system.

To remove NO before it entered the methanator, a number of NO adsorbers were
investigated. These adsorbers, listed in Table 11, were considered effective
for the removal of NO (ref, 35, 36, 37); however, their adsorption capacity
seemed to depend on the degree of NO conversion to Noz; in addition, excess 002
eppeared to interfere with NO adsorption. Na.ClO3 on activated alumina was

found to remove NO completely and is easy to handle., CrO, + Hasou on glass

3
filter paper, although removing NO, was considered less suitable because it tends
to lose its activity after adsorbing significant amounts of HEO. It was not de-
termined whether these adsorbers can be easily regenerated with return of NO to

the recycle system.

9
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TABLE 11

NITRIC OXIDE ADSORBERS

Active

NaClO3 on activated alumina

CrO3 + Hesou on glass filter paper
Insufficiently Active

Molecnlar sieves

Silica gel

Activated carbon

Chromate on silica gel
FeE(SOu)3 on activated alumina
CuCl on activated alumina

CrO, on activated alumina

3



BREADBOARD FROTOTYPE SYSTEM

A breadboard prototype system, shown schematically in Figure 7, was
assembled and tested to obtaln data for the preliminary design of a flight
prototype model. The overall objectives of testing were to demonstrate the
feasibility of CH20 synthesie from COe,to obtain quantitutive operational data
for scale-up of the system to a one-man capacity unit, and to measure the nom-

inal pcwer requirements,

The operational paramecters of the system are summarized in Table 12, The
tenperature of the reactor was maintained at 670-680°C and the reaction product
leaving the reactor immediately entercd a gas-to-gas recuperator where product
gas was cooled to approximately 75-80°C and the feed gas, flowing counter cur-
rent, was preheated to 600°C. The product gas, cooled in the gas-to-gas re-

cuperator, then was passed through a CH O-HQO separator aud, freed from CHEO

2
and HEO, recycled by a diaphragm pump at a recycle tflow of 5000 std.cc/min

A portion of the recycle gas was diverted to a methanator where enough 002 was
converted to CHh to ma’ 1tain the CHM concentration at a desired level. The feed
rates were manually controlled at the levels indicated in Table 12, Under

these conditions, 1.5 g/hr of CH,0, corresponding to 0.08 1bs/day, were pro-
duced.

The main component of the system is the reactor with a gas-to-gas re-
cuperator connected to its outlet, both manufactured from type 321 stainless
steel. A detailed sketch of the reactor indicating the dimensions and temp-
eratures at various points during a sustained operation is shown in Figure 8.,

To minimize oxidation or corrosion of the reactor, a Mullite liner was in-

stalled in such a manner that the reactor bed materials do not come into contact

23
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with the metal walls. A nichrome wire resistance heater wound around the
reactor supplied the main hecat ‘aput. The gas-to-gas recuperator was a tubular
heat exchnger containing 19 tubes ¢f 18" diameter, having a tctal surface
area of ubout 60 sq. inches. The entire reactor assembly was insulated with a
3" thick layer of Johns-Manville Thermo-Flex flexible felt insulation.

Both the CHh oxidation and the 002 methanation are exothermic reactions.
However, in this system the extent of reaction is such that only 14.5 watts are
released by the oxidation reactions, while theoretically calculated energy
required to preheat the reaction gases from ambient to the reaction temperature
is 111.4 watts. Experimentally, in prior tests, the heated glass reactor witl
only superficial insulation and no heat exchanger required approximately
131 watts during normal operation. The nonoptimized, insulated breadboard
model required approximately 50 watts to compensate for insulation losses
and heat-exchanger inefficiences.

Based on the exothermic energy released by reactions occur.sing within the
CH& oxidation reactor, no external heating would be needed after start-up if an
85% effective combined heat-exchanger and insulation system were used. Theoret-
ically, the methanation reactor should generate about 2.5 watts excess heat
(ref. 38); experimentally, with the superficially insulated reactor, approxi-
mately 19 watts were required to maintain its temperature. The heat input
required was again needed to make up for heat lecst through the large external
surface area of the reactor used for methanation.

Feed gases were obtained from compressed cylinders and the recycle pump
was operated well throttled; consequently, no pumping power requirements were

measured. The theoretical pumping requirement is 0.15 watts.
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TABLE 12

OPERATION OF BREADBOARD PROTOTYPE SYSTEM

CHQO prOduCtion . L] L L] . . . L] L] . . . . . L) . . . . . . L] . . . l . sg/hr
Reaction Beds, Catalyst Volume

CH Oxid&tion re“"!’O!‘ i iy gty ey WSl (e Gaey Wy Giopy iy ne SMIES (e Rjtt) pSga W MRS RUEn IR eI S | ho cec
Me h‘nator . . . . . . . . . . . . . . . . . . . . . . . . . L] . l+O CC

Reaction Temperatures

C}{ Oxid‘tion reactor . . . . . . . . . . . . . . . . . . . . . . 675°C
Me anator L] . . L . . . . . . . . L] . . . . . . . . . . . . . . 320°C

Feed

B0 L il v i e E i w BB ce/min
CeE Ll B e s s ce/min
LR R e s e s s s s
NG

Vol TREH Wk Sy ey WA SEet e A (el T It Ay pat ooy Tty \mesl Ve VSRl ey e 2 e Yomiel el DA ot s | 005 CC/min
Feed FlOW COntrOl PUET Ter Fiind) Jioy o Babbl kel Gt RRC \OREn i RSN e Medler Eoss it Bl (il ot SOevel Jinad uplel WGt Heed ) :’Ianua-l
Recycle Gas

Flow . . . . . . . . . . . . . . . . . L] L] . . . . L] . . L) . 5000 cc/min
RecyCle R‘t io . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Composition

CHh..............................20-30%
020ooooooo-ocooooooooooooooooooa'6-7%

No . L] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . O . 2%
Coa . . . . . . . . . . . . . . . . . . . . . . . . . . . . remainder

Power Used
OXidation reactor L] . L] L] . . L] . [ ] L ] L] . . L] . L] . L] L] . . . 50 watts

Methanstor (uninsuleted) . . » @ « . 4 o v ¢ s v o o o Apprex: 19 wetts
Recvale Rlowey (theoveticsl) . . . . v i s i 0015 Werte

BUNten Overating Pressude . . . .+ s . o o sy o EadD IR, H O
AP across reaction bed & recuperator at 5000 cc/min oy D AN, HSO
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PRELIMINARY DESIGN OF PROTOTYPE MODEL

The operation of the breadtoard svstem demonstrated the feasibility of
cuao synthesis from coe, H2, and O2 under cpacecraft constraints., Based on
the experimental deta obtained, a preliminary design, shown in Figure 9, was
developed for a syestem able to proiuce one pound of CH20 per day. This system
would be capable of essentially automati~ operation and would supply CH20 for
further '.se elther as solid paraformaldehyde or as the gaseous monomer, CH20 .
The major components of the system are:

L. Formaldehyde synthesizing catalytic reactor and heat-exchanger recuper-
ator assembly with electric heater, thermal insulation, and temperature controls.
The reactor i, of stainless steel with quartz or porcelain lining, and the heat
exchanger, stainless steel.

2, Methanation catalytic reactor with electric heater, thermal insulation
and temperature controls. The reactor may be made from light-weight metal such
as aluminum,

3. Two CH20'separators, with switch valves for cycling from adsorption
through regeneration. The housing of separators may be made of light-weight
metal such as aluminum. Adsorption - desorption cycles every 2 hrs.

4, A nitric oxide adsorber with provisions for cycling and possible re-
generation, Housing of the NO adsorber made of aluminum.

5. Constant volume gas circulation blower-pump and flow indicator with
controls. Drive motor is to be external to the recycle system.

6. 92 and CHM concentration sensors regulating the supply of O, and H

2 2

feeds and a pneumatic sensor regulating the CC, feed.

2
7. Temperature, flow, and pressure indicators and regulators.

8. Connecting tubing and support framework.
58
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60

Preliminary estimates of weight and power requirements for a prototype
producing 1 lb/day of CHQO are summarized in Table 13. These values are based
on the current observations with the breadboard model and may be somewhat con-

servative; optimization cf the entire sysvem would probably reduce both weight

and power requirements.



TABIE 13
PRELIMINARY DESIGN OF PROTOTYPE SYSTEM FOR CKRO PRODUCTION

Basis: Production of 1 1b CHQO per day.
A. Weight and Volume

Material

Reactors (insulated)

CHh Oxidation €5 1 1.4 0. 330 Stainless streel

Methanation 3.0 0.3 0, 083 Aluminum
Gas-to-gas
Recuperator (insulated) 2.5 0, 405 Stainless steel
Adsorbers

CH20 adsorbers (2) 1.5 0.k 0.035 Aluminum

NO adsorber 0.7 0.2 0,017 Aluminum

Controls, connecting
tubing, blower,

ete, - ; 9.0 0.400
w
Total Weight 18 1lbs
Total volume of assembled system 1.27Cu %

B. Pressure

P of system 6=10 in H,0
AP across oxidation reactor 3.5 18 H20
C. Power Requirements
Gas recycle pump 1.9 watts
Heating CH, oxidation reactor
e reéovery 355 watts
85% recovery 0
Heating methanator 0
D. Feed Gases:
co, 1.47 1bs
05 3.95 lbs
H2 0.63 1bs
NO 0.002 lbs

6.



CCNCLUSIONS AND RECOMMENDATIONS

Formaldehyde is an intermediate in the synthesis of edihle carbohydrates
from 002 and H20 obtained from man's metaboclic wastes. An enalysis of the
various possible methods of formaldehyde production indicated that the carbon
dioxide-methane-formaldehyde synthesis system operates under favorable thermo-
dynamic equilbrium at ambient pressure. Therefore, “his methiod was selected
for detailed investigation in the laboratory.

Since the process for methanation of carbon dioxide is well known, the
investigation centered on the partial oxidation of methane to formaldehyde.
Among the various methods tested, the partial oxidation of methane using a
gaseons nitric oxide catalyst in conjunction with solid, heated reaction beds
gave the mcst promising results in single pass experiments. The formaldehyde
yield ranged between 1.0-2,5%, based on methane input. By recycling the un-
reacted gas mixture, the effective formaldehyde yield was increased to 25-30%.

An operating laboratory model, incorporating a carbon dioxide methanation
reactor and a methane oxidation reactor, was built and tested. Based on
operation of the overall system the following conclusions were made:

1, Formaldehyde can be synthesized ¢ntirely at atmospheric pressure from
CO., O, and H

e 8 2
2. Essentially complete conversion of 002 to formaldehyde was accomplish-

in a catalytic process with methane as an intermediate.

ed by using an integrated recycle system consisting of a CHu oxidation reactor
producing CHQO and a methanation reactor converting 002 into Cﬁh’
3. Product formaldehyde and water can be effectively separated and

removed from the system as solids, «: adsorbed from the gas phase on

62



appropriate materials. Formeldehyde condense as paraformaldehyde, essen-
tially free of by-products, .mong Lhe adsorbers tested, silica gel was
found %c be the most suitable because of both capacity, adsorbing up

to 15% of its weight, and ease of desorption,

L, Tests with the operating system demonstrated the zero gravity feas-
ibility of the formaldehyde synthesis process. With 85% effective overall
heat-transfer, Lhe high temperature exothermic process requires no additional
power for heating.

5. The hest catalyst for the oxidation of methane to formaldehyde is
nitric o.ide; the highest formaldehyde yields were obtained witn NO catalyst
and solid beds of alkali tetraborates or boron nitride.

6, Nitric oxide is a feasible catalyst for spacecraft use since it can
be generated from waste products such as ammonia or urea. It is ungffected
in the metha' e oxidation reactor but becomes reduced to NH3 in the methanator.
However, the reduction of NO can be avoided by adsorbing it on aolidvadeorbents
before entering the methanator,

T. Ozone produces formaldehyde when used with alkali tetraborate or
boron nitride beds; however, it decomposes completely in the reaction zoue.

Therefore, the entire amount of O, must be generated for each pass, limiting

3
thw: recycle ratio and the ultimate production of formaldehyde to the capacity
of the ozonator,

8. Production of O3 from oxygen is seriously inhibited %y the presence
of CH) in concentrations e:needing 5%.

9. The so-called Hibernia process utilizing O, and BaO, and claiming

3 2
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high formaldehyde yields could not be repeated.

10, None of the heterogeneous catalysts investigated produced signifi-
cant yields of formaldehyde. |

11, The best yields of formaldehyde were obtained at 675°C and space
velocity of 7500 hr'), operating with the i1ecycle gas composition at 29%

CH), % 02, 64% 002, and 0.2} NO as the catalyst. These concentrations are
not critical and formaldehyde will still bte produced, although at lower rates,
over a wide rangs of CHh and O2 concentrations,

12, Gas mixtures containing a diluent, such as N2 or 002, give more
reproducible results anc¢ are safer to cperate with than CHM - O2 mixtures
alone,

13. The composition of the reacting gas can te controlled automatically
by a system sensing the oxygen and carbon dioxide concentrations, and regulating
input carbon dioxide, hydrogen and oxygen feed rates accordingly.

The results of the testing program indicated areas where modifications or
additional development appear necessary to improve and increase the efficiency
of the synthesis system. Based on these results the following recommenda-
tions are made.

l. A larger capacity system, at 1.0 to 2.0 1b CH20/day synthesis rate,
should be tested in a configuration that minimizes heat loss, and maximizes
utilization of the exothermic heat released in the oxidaticn and methanation
reactions. In a larger reactor, surface effects, which increased power
requirements and caused excessive over-oxidation of CHh in the smaller bread-

board model, would be minimized.

6l



2. The overall system should be designed for complete automatic con-
trol, requiring minimal attention from crew-members. Specific gas sensors,
controllers, and contrecl valves should be utilized to regulate the flow rates
of feed gases according to changes in concentrations occurring in the main
recycle system., Automatic cycling of the formaldehyde and nitric oxide
adsorption beds should be integrated into the control system.

3. Improved utilization of gaseous nitric oxide catalyst is needed.
Further investigation should concentrate on searching for a methantion
catalyst which does not reduce NO, or on regenerable adsorber capable of re-
leasing NO back into the system. Generation of NO from by-products of space-

craft ecology, such as NH, or urea, should also be included in further in-

3
vestigation,

4, The possibility of increasing ozone generating capabilities in pure
oxygen and in oxygen-methane-carbon dioxide mixtures should be included in
future investigations. Conversion of 10% of the oxygen to O3 in the gas stream
should be the target level of such investigation.

5. The use of vacuum-type insulation, and of a more efficient heat
exchanger should be investigated for the purpose of developing a system which
could operate with no external heat input after start-up.

6. Both reactor beds should be subjected to duration tests to demcnstrate
reactor bed life and reliability.

7. Actual power requirement for a 1.0 1b CH20/day capacity system should

be determined and tests conducted at various synthesis capacities to show a

relationship between power and capacity for scale-up to a multi-man system.
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