4D 2842/

AN ELECTROCHEMICAL CARBON DIOXIDE
REDUCTION = OXYGEN GENERATION SYSTEM
HAVING ONLY LIQUID WASTE PRODUTTS

Final Report = Phase 1§

Fioyd H., Meller
IONICS, INCORPORATED

April 1968
Contract Nonr NGOOY4-66-CO139

Undersca Programs

Naval Applicstions Group
0ffice of Haval Research
Department of tho Ravy



FOREVORD

3 This progrsm wes carried cut by lonlcs trcorporsted, 65 Grove
Street. m«rem. Hassechusetts 02172 undar the auspicss of the

v .o . AEATesa Program, OFfice.of Neval Rasesrch, Code 466, Dspertment of the

PP SR |

irlasds

s~

LAY SRR

.. ¥ .
Y
92 "T}‘;"'.f -

Tee

m

o o

Raidad Xl

IP» ",’

ﬁmy unde?r -(oRtract Nonr NOUDY4=66-00139, Lieutenant Commander £.W. Lull
oF the afﬂu of Naval Resesrch sarved as contrect technieg! monitor
for ‘this. pragram,

. Fﬂn!cg" investigator for ionlcs wes. Hr. Floyd Ho Mellar, Senler
Enginear In '(alcs? Research Givision, assisted by Or. Kathieen Brummer,
Consultent in Electrochemistry, and Hr. Richard Shields, Prolect Chemist.
The- work was carried out under the supervision of Mr. Denie' L. Brown,
‘Hénager of Contrzct Ressarch for jonics, The rasearch sponsored by this
contract was performsd batwaen May, 1967 and March 1963,

ii

o A pr

[s




| ’ ABSTRACT

‘ The electrochamical roduction of carbon dioxids has been investigeted
&s a means of simplifying the disposai of carbon dloxids end hydrogen.
from a submarine atmospheric regeneration unit. Ejection of these saterials
as oroanic Viquid wsstes s preferable to the comprassion and gos phazeA '
discharge systems In currsnt use,

This investigatlion comprises phase !l of the probiem of devéiopiig
) an electrochamicel cell to accomplish the desired reduction reactions,
Conceptualiy, the cell consists of an &node at which water is elgctrolyzed
, to oxygen, & cathode at which carbon dioxids is reduced, and an electroiyss
‘ path betwasn the two, A two Stage reduction is reguired to belance the
system motadoljcally consisting of the following general progression:

o, - HCOOH < HCHY or CHBOH.

Four cathode materials wors found to catalyze the (0, reduction.
They are mercury, gellium, Iindiurm end the quaternary alloy Cerrolow 135,
The latter material is most effactive when used in the liquid phase. The
reduction of HCOOH Is accompiished to a limited degres on tin or Cerrolow 136
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SECTiOR |
INTROBUCTIOR

One of the importent changss desired in the design of nuclsar submerings
Is the elimination of the requirement for overbuvard dischargs of weste
gases from the atmospheric control system., At praesent, carbon dioxide is
concentrated at pressures slightly sbove ambient and then compressed to
much higher pressures in order to discharge the gas frem the confines of
the submarine at various submergence despths., On the othsr hand, hydrogen,
which is formed at the cathodes of the water electrolysis unit, is
gensrsted st pressures of about 3,000 psi In order to eliminate the nsed
for a hydrogen compressor. The dangers inhsrent in the generation of
hydrogen (and oxygan) at this prassure Is obvicus. Moraover, &3 sub-
marines are buiit which have deepsr diving capebilities, the problems
associated with carbon dioxide compression and hydrogen evolution at
evan highar pressures will beccme more severe,

With regerd tc these problems, lonics has investigated an electro-
chemical process which could completely eliminate the need for overbosrd
dischargs of gases from submarines. The process generates all thes
oxygen required by the crew and converts all the respired carbon dioxide
into simple iquid organic compounds. This report reépresents the
conclustons of Phase || of that investigation; the purpose of which was
to determine the engineering feasibility of this concept. Can the desired
reections be mede to occur at retes sufficient for the design of practical
units?

The 8lectrochemical reduction of carbon dioxide has been reported
by a variety of investigators. Like many organic reactions, the reaction
is not rapid and the overvoltage is slgnificent, This can cause significant
differences in results reported. Allen (1) quotes eight references (2«9)
dating from 1870 to 1931 as reporting the nearly quantitative reduction
to formic acld on certain cathodes, More recently, Van Rysselbergha (10,11)
has demonstrated that, on mercury, dissoived C0, rather than bicarbonate
ion is the reducible species, and that the reduction proceeds principally
to formic actd., There s disputed evidance concerning the further reduction
of formic acid (12,13). Leitz and Vikiund investigated the technical
feasibility of the reduction of carbon dioxide and the further reduction
of formic acld in electrochemical systems in phase | of this program (14),

lonics! proposed process con be described in broad terms as follows.
Carbor dioxide, cbtained highly concentrated from a scrubbing unit, is
digsolved In an electrolyte and fed to cathcde compartments of an electrolytic
cell, Here, cathodic reduction of the carbon dioxide solution occurs at
the surface of tha catalytic electrodes. Concurrently, water is fed to
anode compartments where it !s slectrolyzed to form gaseous oxygen and
hydrogen fons. The hydrogen ions migrate to the cathode where thay react
with carbon dioxide,




S,

Anoda esnstruction s not a prabiem since the oxvgen reactiecn is

-cateiyzed by a runbar of precious matsis, including platinum. The
predlem. lies in selsction of the cethode mesarial, This occcurs becauss

the:Fevsrsible potential for €0, reduction Is spproximetely the same &3
the riversible potentiel for hydrogsn svolution, which Is & competing
porction. 1t i3 the necessity for emcouraging the former reaction while
squraas!ag the-latter that requires careful selection of cstslyst and
oparatliag conditions,

- psduction catalysts produced principaily formic acid (HCOGH).
This is not o suffictent reduction to balanca the desired raspiration
coefficlent. Congequantly, some of the formic acid formed In the first
stage, must be further reduced to methenol In @ second stage. From an
ovar.” ( system considaration water and carbon dioxlida sre fed to the
electiuiy2ic call and oxygsn, formic acid and msthsno! or formaldehyde
&re pré&cgd.
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SECTION i
IRITIAL PRIGRAN

rel imi slderations

Overall system considerations and operational geais for a practies!
alr purification unit are reviewed in Appsndix A, Current densities of
the order of 40 ampares per square foot (ASF) at 100% cathsde efficlancies
will result in a two stags unit of zpproximately eight cubic feet weighing
800 pounds., This unit Is dasigned to handle a crew of 120 men.

Reduction reacticns for the two stages were investigated In phege | of
this program (14). The cathods reactlons are as followss

Stage 1. CO,(g) + 2H' + 26~ - HCOOM(sq)  E° = =0,196V
Stage 2, HCOOH + 4" + he™ = CHiOH + H)0 E° = 40.123
Cathodes demonstrating high efficlencies for these reactions as
determined in Phase | studies are surmerized in Table 1.
TABLE I
PERFORMANCE OF REDUSTION CATALYSTS (14)

Reduction Metal Potential Current Dgnsity Current Efficiency
Volts ma/em Range
%
Stage |  Msrcury 1.0 100
Indium =1.2 to 1.4 0.04 to 0.56 il to 69
Stlver “1.34 0.157 39
Stage 2 Tin =0,7 to =1.0 0.02 g6 to 100

Although significant current efficiencies were obtalned, the operating current
densities wore, In most cases, far balow the design level. Then too, in

the case of the best C0, reduction cathoda, mercury, & toxicity problem

could exist in the conf?ned environment of a submarine meking this material
undesirable., The considerations requiring immediate study prior to

engineoring design ware: »
¥
e finvas¢igate additional alectreds materials for batter performanca. .
@ Incroase cathods current density several orders cf magnitude, ;E
P
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¥
B
§:



s

w -

e R RS VR

ORI SN
s

Saveral olectrods material - electrolyte systems vere studiaed as
possible alternates to ths mercury-blicerbonzte system for cardon dioxide
reduction and the tinsbicarbonsts system for formic scid reduction. The
‘techniques used for evalustion ware polarographlic daterminations usin
the potential swsep and step mathods develepad for Phase | studies (Ig).

Electrodes were prepared by encipsuiating the electrode meterial in an
epony cesting compound and subsequently expesing a fixed aras, ususlly
0.25 3q.cm, by motsliogrsphic polishing techniquas.
Electrode snd electrolyte comdinations tested are summarized In Toble 2.
TABLE 2

SUMHARY OF TESTS ©

Electrode Electrolyte

NaHCO Ke,MOH  Eth Nl  HsSD 0.1N H2S0
.18 (@R (008 (B8  +0.1N FapS0,

Bismuth X X% X X

Cadmiun XX X X

Cadmium Amalgam XX )44 X

Carbon - Filament XX XX X X X
Coppar Amalgam xx ) 4 4 X X

Indiun XX X% X 4 X
Lead Amzigen 4 R X X X
fiodbium XX X X

Platinum Scraen -4 XX X R X
Platinized Pt.Screen XX XX X X X
Silver XX X X X X
Tin X% XX X )Y X

% Each combination indicated (X) was tested for COz and HCOOH reactants
separately. Combinations Indicated (XK) were also checked using both
rasctants simultaneousiy to chserve additive sffects,

A numbor of useful eloctrods~sloctrolyte cembinations were predicted
by the polaragraphic data. Confirmatory tests in larger cells using product
onalysis for évaluation were, to & high dagres, diseppointing. A closer
Investigation showed that although the polaregrephic method for msasuring
& rcactien at ea electrode I8 a very useful tool, thore aro meny pitfalls
assoclated with 1t. Tho maximum current avalisble frem the test epparatus

=




used I3 1 ma, therefore a very small electrods must be ussd., Impurities
in tho test solution can give rise to sxcessive background current 2rd
perhaps surface effects by adsorption on the slactrods.

Impurity sources of significance can Inciude ths following:

® Organics in commercial distilled water ¥
e Leachants from the epoxy encapsulating materisl
e Dissolived oxygen
¢ Orgenics in inert gas streams

All of these impurities can give an apperent positive reaction in this
study. Adsorption on the 3lectrods surface on the other hand may Inhibit
the reaction giving a false negative result,

Subsequent svaluations of electrode materiais were made in the largsr
cslis described below., Evaluation of electrode performance was mades by
analysis of the reduction products generated,

Current Density Studies

A test series was outlined to evaluate the effects of the folldwing
variables:

o Electrode Surface Preparation
o Catholvte Agitation Methods
e C(Catiolyte Tompersture

A group of cells having plane surface cathodes of 25 em? and a
catholyte chamber of approximately 60 and were constructed for the tests.
An expanded side view of the cell is shown in Figure 1.

initial tests wore performed on the formic acid reduction using the
tin electroda,

Electrode surface preparations wsre directed to the increase of surfece
arsa over ths smooth surfacés tested In Phase | of this program. Techniquas
used Included:

o Macro Etching

o Electrodeposition

© Vapor Blasting

¢ Wire Yound “Flow Through' Electrode

R P ﬁw&wm—

Exporimental results on significant tests for the various preparation
' techniquos are sumnarized in Table 3.
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TABLE 3
CURRENT DENSITY VARIATIONS WITH SURFACE PREPARATION

Electrode Potential  Current Dgnsity Current Efficiency
Volts ma/em Ranga
A
&‘mth T‘n "0.9 090‘7 2&‘.":‘}0‘
Macro Etched Tin «0.9 0.056 1o4=13.4
Electro Depositsd Tin =0.9 ¢.50 6.8-36,8

Significant tests” on the wire wound and vepor blastad slectrodes
‘were not achieved,

Catholyte agitation was accompiished by solution pumping or insre gas
bubbling techniques. Current density valucs wére increased about 15X when |

pumping was employed, Inert ges flow was lass effective, i

The current density studies ware cvaluated by mesns of nroduct analvsis
based on a three stage oxidation of the organic specias generated (sce
Appendix B for the analytical method). The results cbtained from muliiple
runs of the cell under identical conditions were inconsistent. System
factors wore ruled out through a lengthy investigation, leaving ths analytical
mathod in question. Subsequent investigation showed that the analytical
methed Imposed severe }imitetions on earlier dsta. It can be safely concluded,
however, that electrodeposition is a valid and useful methed of increasing
surface area and hencs current density for reduction of organic species.
Additional work Is necessary to correlate the deposition conditions with
organic reduction rates, but increases of one to two orders of magnitude
seem realistic.

Analytical Procedure Investigation

A saries of tests were performed to evaluate the analytical procedure
used for product determinstion. The tests were of two basic types: 1)
Verification of the standerd (stock) solutions; 2) Analytical runs on
‘unknowins'! made from the stock solutions. Three investigators were involved
in the Group 1 verification tests. Although the same thres investigators
participated In the Group 2 "unknown' runs, the statistical data was compl led
largsly from the work of two of these men and verified by the work of the third.,

The analysis of the analytical error was porformed in two ways: 1) simple
probability snalysis, and 2) linear regression. The population distribution
Is shown in Figure 2, The distribution indicates an Increasing variation
from a normal probability sempls 2s one procoeds frem the formaldshyde to
the methsnol doterminations. This situation prompted the seloction of the
rosults of the lincor rogression analysis as the best evsluation *col for
ast:bli:hing confidence 1imits for the enalytical mothod for formic acld end
mathanol,
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The linear recression technique takes inte account the varlation in
glepe from 1.00 in the relationships

R
Y =ax+b (1)

vhers Y_ = the most probebie smount of rsactont detected in the
titrating flask,

X = the amount of reactant In the titrating flask,

The standeird deviation (s) used to calculute confidence limits IS jarger
by this method,

A sunmary of the results of the statistical analysis i3 presented In
Table 4. Minimum titration voiumes for two confidencs levels are reported.
The variance and standard deviation from the mean wers developed for the
linear relationship noted sbove using the student "¢" distribution and 35%
confidence 1imits, Although this data Is of seme significance in determining
the reliability of the mean it has no real value in predicting ths validity
of a given titration. in the interest of clarity this data is not preseited.
The use of (s) to designats the standard deviation is Bennett and Franklin's
{i5) term to indicate that the Informaticn ic from 2 emell finlt¢e ezmale

end rot a statistical popuiation in which case the o term would bs used.

TABLE &
SUMMARY - STATISTICAL DATA

Resctant Slope Intercept Standard Minimum Titration (V)
Deviation Gonfidence Limits (%)
(a) (b) (s) 67% 95%
Formaldehyde - 1.00 «0.04L7 -0.129 0.055 0.20
Formic Acld 1.00 0.1536 0.720 0.38 0.69
by Linear Regres-
sion 1.0096 0.1688 0.772 0.4 0.74
Methanol 1.00 0.0258 0.035 6.23 0,40
by Linsar Regres=~
ston 1.037 0.0133 0.109 0023 00“3

Caluulation of minimum titration values (mi):
v67% = (b + s)/c (2)
VSS% a (b + 2s)/c (3)

whore: vsn and V%% = voluma of titre in ml @ 67% and 95%
confidence levels rospoctively.

b = best intercept in mg.

s = standerd doviation of meon in mg,

¢ = conversion constent in.mg/mi
s 1.5 mg/ml titre for formaldehydo
= 2.3 mg/oi titro for formic acid
= 0.533 mg/ml titre for mathanol
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A simpie comparison of the minimum tigration valuss at & given confidence
Jevel moted In Teble &4 with previous test resuits providss a yesens
clasglification of product verification. Tests with titres sxcasding the
ainiaums cen be consldored to positively identify the existence of product.
Some qiestion as to tha reliabllity of carly test data will still remsin
towever since the test procedure has undergone a series of technique
refinements with the statistical dats representing the best possibie method.

Although the titratlon comparisen is a useful tool for quickly examining
the credibility of earlior tests, it doss not givs & convenient methed for
determining the probabie range of values for a given test or @ method of
evatuating the test design, The latter psint is particularly important
whan considaring the design of future tasts,

With the nesd for a more useble form of the function in mind, the
foliowing relation was derived for the current efficiency at the 95%
confidence lavel:

- vnix - b) 2sn
€™ aKkitA ~ akItA (&)

where ¢ = cathode efficiency (as. dacimal)
y = product detected by analysis (mg)
n = equivalunts/mole . )
a = best slope of X, Y, 1ine from statistical analysis
b = best Intercest of X,, Y, line from statistical analysis
s = gtandard deviation
1 = current {me)
t o tine (hl’!o)
A = 2)lquot fraction (dimensionliess)
k = conversion constent (ma meg/ma hr. m moles)

Five rezctions are possible as determined by tests:

1) €0, + 24"  HCOOM

2) €Oy + 4" » HCHO + H,0

3) €0, + 6H" 4 CHOH + Hy0
h) HCOOH + 2H™ - HCHO + H 0
5) HCOOH + GH' - CH,OH + Hy0

~

Fren these reactions end statisticel results the followlng simplification
of the cathods efficiency relation (cquation %) can bs meds: Teble §
summarizes input data.
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TABLE 5

IKPUT DATA ~ CURRENT EFFUICIEHCY RELATION

fleaction n a g N3 A__ k.
1 €0, - HCOOH 21,0036  0.1688  0.772  0.167  i.72
2 602 - HCHD i ‘000 '00M7 Oo‘zs " 30!2
3 02 -+ CHAOK ) 1.037 6.0133 0.109 " 119
4 HCOCH. » FCHO 2 1.00 =0,.047 0.129 " 1.12
5 KCOGH - Cﬁ30H 4 1.037 0.0133 0,109 " 1.19
Substituting in Equation k: (subscript here denctes resction)

. 2(y-0.1688) § 220,772 x 2
€ * 7.0006 x 1.72 x 1t x 0,167 u.oﬁzx"'f.'f“'z X1t X 0,167
L 6290V = 1,16 10.6
1t it
in Yike manner,
€ = 21.39Y + 1,00 + 5,52
It It
t t

q.'-m.g%_w&ﬁzfg

It it

From this relationship a cathcde efficiency rangs can be determined
which is dofined by the second term of the equation.

The efficiency range term is also defined by & second set of iimits =
that is:
o<ex1.0(5)
This second constraint puts logical and useful limits on the function

which allows some comment to bo made about results in the questionsble
region at the oxtremss of the cverall range.

if we lot 8€ cgual the range term of cquation (4) we have:

8 = 22n
€ QAT

- Ba
It

1




where X = constant for & given rsaction
It = ma=-hrs.

cr

‘e k'
6"= FALS
where K = K/26,8
't”ﬁ@qo
The £ tarm cen now be used to evatuste esrllier tests or used to

datermine fest porematers for future tests. Evaluations of cariier tests
ara shovn in exampies | and 2,

Example 1: Test Ho. 25 ~ Platinum catslyst
Potential = 0.3v
Reaction 5: HCOOH - CH20H
Cathode Efficisncy = 3b.5%
Aliquot = 0.167
Titre = 0035 ml
Current Passed = 0,382 meq

At a 95% confidence limit & minimum titre of 0.43 mi would bs reguired
to confirm the existence of product and therefore tho value of this test
and/or catalyst is questioned,

it is now useful to determine the validity of the test design so that
a batter oyaluatlon of the rseson for the test result can bs made, To do
this the 8( = 0,157/1t = 0,157/0.382

= Oo‘"
o€ = 0.365 & 0.40

Considering the constraint on ¢ by the relation

0<e<1.0
the rangs for the cathode efficiency in this case is:
Q%"o*??os%
With & range this broad, specific conclusions about the catalyst cannot
be made and therafore the test design Is considored Inadequate and the test
not very informative.

it I8 interesting to note that even In the case where no product
is found (y = 0) the 6¢ function wil! allow & judgzment of the test desiqn.

12




Example 2: Test 32 - Tin catalyst
Potantial = {,.3v
Reaction 5: HCOOH - CHaCH
Current Passad = 18,1 méq.
Cathode Effic. = 0
Aliguot = 0,167
Titre = 0

a: = 0.157/1¢ = 0.157/18.1
= 000087

S e =0+ 0,0087
or f% =0 < 0087%

The range in this case Is sicnificantly small and therefore the test
desion is considered to be adequats and the test highly informative,

The catalyst however is considered inactive under the conditions of this .
test,

Futurs Yest Dasign
The design of 3 new test now becomes simplified.

With the & relationship established, one can use this function to
establish the rSquired value of the {1t) paramoter for any given efficiency
rengs. Thus, to establish a meaningful test at say, & +5% cathode efficiency
range and under the conditions of Example 1, the following calculation would
be made:

exsmple 3 5; = 0.157/1¢
= 3,15 meq,

Under the conditions of this test, elapsed tims would be approximstaly
380 hours instead of the 46 hours actually run,

A narrower efficiency range would of course incressa this slapsed
tima requirement, while a broader range would shorten it at the expense
of test significance. The actual value of the rangs gelected will ulitimately
rest on the purpose of the test being performed.

The elepsed tima for the test in Example 3 can ba cut in half by

doubling the aliquot taken for analysis end oliminating the 'dupticats run'
technique now used in the enalytical procedure.

13
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: The polarographic method of svalusting siactrods ectivity for the
required organic reductions, and the thres stage oxidation technique used
for product anslysis have besn found to have serious 1imitations in this
progren, Work parformad In Phase | and the “initial Progrem™ of Phaszz |i
of this study sre subject to thase limitations.

l Analysis of the tests run to this peint show many rasults based on
inconsistent dats. Confirmed "significant” data show the following best

vesults:
1 Stage 1: an reduction = Hercury electrods 100% current efficiency
| indium electrode 5-10% * L
| State 2: Fermic Acld reduction = tin electrods 7-13% "

3 Significant analytical results can now be assured by utilizing the
e test dasign method determinsd in the statistics) study of ths analytical

; msthod. Carbon dioxide and formic acid reduction tests reported in Sections
141 and IV of this report utilize this test dssign technique. Electrodes
that showed promise In the **Initial Program'' were rerun.
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SECTION i1}
REDUCTION OF CARBON DIOXIDE

Preliminary Considerations

A large number of electrode materials have baen tested for the
reduction of €0,, and of these the most effective is mercury (11,14).
The reactive species appears to be dissolved CO, rather than bicarbonste
fon. This may be a serious limitation in the eventual practical application
of an electrochemical reduction system since at high current densities,
the limited solubility of C0; in water can give rise to extremc toncentration
polarization problems,

Two properties which the more successful €0, reduction electrodes seem
to possess are;

® High hydrogen overvoltage
o They do not adsorb o, or CO

The latter condition for C0, seems to be an anomaly. HNormally one would
expect it necessary for the C0p to be adsorbed on the electrode surface

to be reduced, However, it is generally true that, where (02 is adsorbed, C0
¢ adsorbed more strongly. CO or some similar species,is probably an
intermediate in C0y reduction and is normally difficult to reduce further,
thus blocking the electrode surface for additional C0, adzorption. It

may therefore be a disadvantsge to use an electrode which adsorbs C0,.

if non-adsorption is a criteria It will be necessary to force the rezction
by means of a large potential difference. An electrode which has a high
hydrogen overpotential s therefore required, hence the succass of marcury
and indium. Other elements which do not adsorb C0p, although scme may
adsorb CO, are Rh, Pd, Pt, Ai, Mn, Cu, Au, K, Mg, Ag, Zn, Cd, Ha, in, Ga,
si, Ge, Sn, Pb, As, Sb, BI, Te and Se. Many of theze msteriab have besn
investigated as reduction electrodes with varying degress of success,

Not all elements in the group fulfill the requirement of high hydrogen
overpotential. Of the group that show premise, fiims are observed to

form which coat the surface of the eiectrode perhaps making it 1ess activa,

Two approaches to the discovery of suceessful C0; reduction electrodes
can be considered;

o Find an electrods that is kinstically more favorable to
the reduction of €0y, and is not polsonsd by reaction products.
e Find an electrode that has high inltial reaction rates which
can bo maintained by simple continuous regeneration,

Possibilities for the initial cass include nickel or cobalt oxides
and ruthenium (16). Other propriotary mixed oxides are additional
possibilities.,
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_ Conditions. to satisfy the Jatter reguiremsnt include cells with
elactrode wipers or liquid metal @lécircdas,
1 o imant el

Ssveral materials wers fun in the laree cells (figure 1) in an attempt
to find dn clectrode favorable to ths dasired ireaction. Test design and
anelysis for product foliowed the progrem devgloped by the statistical
analysis of the anaiytical chemicsl procedure. Table 6 summarizes typicai
resuits, Current efficisncles attained did nist dpproach @ useful range.

TABLE 6
CATHODIC EFFICIENCY FOR co,_ RERICTION OF VARIGUS
ELECTRODES
glactrode Preperation Current Efficiency
Platinum Black Sintored tn PTFE on Titanium 3.9%
Ruthenlum Sintarsd In PTFE in Pt Screen 3.6
Kickel 0.0-3.1
Lead Amalgem 1.8
Platinum Bright Platinized 0.0
Lesd 0.0
iron 0.0
gsso #i00 Sintered In PTFE in Pt Screen 0.0

The ¢two epproaches to electrode surface renewal were investigated.

Rotary mechenical wipars wers used in a cell with an indium cathode.
Galling of the metal surface replidly occurred even with low pressure
snooth teflon wipers. Hechanical and tensicning problems were a constent
companion during these tests., Materials of greater physical integrity
are required for success with this approach,

Liquid matal tests were run In a flat horizontal cell using the general
gysten showm In Flgure 3. A three compartment coll with @ serpentine flow
path was constructed. Solutions were pumped through the varlous compartmonts
with the catholyte beying the additional faciitty of belng heated or cooled
to malngaln the cathode In the liquid or solld state depending on the
design of the test. Constant pump agitstion was maintalined at a level just
belcw which the 1iquid motel cathods would be forced from the system,

Direct obsarvation of the cathods surface was not pussible in the cell,
Howover, the gradual bulldup of suspendod solids in the catholyte gave a
qual itative measure of the purging of the cathode surface film.
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Tabis 7 summarize
Tos Carrolow Alioy 4
#nd ths presence of indium In the alley

the data on signiffcant tests in this series, o
was chosen for its “sverable melting poing, 136°F;
wiich hsd glven faverable rasults

" o €0y reduction. In al) cases 0.5K XaH{03 catholyte was ussd.

TABLE 7

COMPARISON OF CATHODIC EFFICIENCY FOR CO, REOUCTION

Electrods

- Mercury
B
- um
Nerrolow 136
Cerrolow 136
{ndium

Phase

Liquid
Liquid
Solid
Liquid
Solid
Solid

ON ELECTRODES N SOLiD AND LIGUID “PHASE

Current Efficienzy

Current Density

93-100
3.9
34.0
36
2.3
20.5

ma/on?
1.0

" Comparing the gallium tests In Table 7, it would appear that no
significant improvamsnt |3 reslized by oparating in the 1iquid stats.
Galliun-with @ melting point of 25.8%C is a near ideal materiel to evaluate
the phase paranster sincs other considerations i.e. the reduction in

solubliiity of C0y at elevated temperatures !s minimized,

‘The results with the Cerrolow 135, howaver even with the decreasing
solubllity factor for €0z (liquid phose tests wers run at 65°C) showed a

worked improvement in the iiquid phase.

Products cbtained from the

Earrolow 136 tests showed partial reductions beyond the formic acld stage.
Typicelly, 5-10% of the reduction praoducts were formaldehyde Indicating a
partial second stage reaction of the progression:

stage !
o, <+ HEOO0H

stegs 2
+ HCHO

Thie cen no doubt be attributed to the presence of tin in the alloy which
has been feund to catalyze the sacond stags step.

it is Interesting to note that the group of metals presented in Teble 7
waro by far the superior materlals tested for the €0y reduction reaction.
tio sulteble theory boyond tho high overvoltage characteristics of the pure
notals has evolved to explein this behavior,

Tho veristion of current efficiency with current density for mercury

end Carrolow 135 I3 shown In Tabie 8.

The cffective current doasity torm,

defined as tho preduct of current officioncy end current density bost
exprosses tho doslgn paremoter requirsd for & practical cell,

“hanufactured byCcrro dcPageo,compositions 21% 1n, 12% Sn,18% Pb,Bal.Bi.
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TABLE 8
EFFECT OF CURRENT DENSITY ON CURRENT EFFICIENCY m

Electrode Current Density Current €fficiency Effective
ma/cm? % Curront
&austgy
)
Mercury 1.0 160 1.0
2.9 45.1 0.9
10.0 62,5 6.25
25 5208 ‘302
50 1Y) 20,8
Cerrolow 136
(Liquid Phase) 0.12 1.3 0.014
0.9 36 0.32
1.3 51.6 S.7
Ly L 74.2 32.9

Tests sbove the 50 ma/cmz'rgnge were beyond the capabilitiss of the
laboratory equipment. The progression avolving for Cerrolow 136 In the
liquid phase shows the unexpected result of increased sfficiency with
increasing current density. Additional testing is required to verify this
treﬂdo

Cenclusions

Four electrode materials have baen found that are capable of catalyzing
the cathodic reduction of €0, to formic acid at a rate sufficient for test in
a practical operating system. They are mercury, indium, galifum and the
proprietary quaternary alloy, Cerrolcw 136.

The mercury electrode, known prior to this study, is toxic and for that rea-
son Is a secondary choice for any practical systems.

The Cerrolow 136, an alloy of indium, bismuth, tin and lead with a
meiting point of 136°F, ci.ows excellent promise for & wurking system. Use
of this material in the liquid phase appears to be advantageous. The Cerrolow 135
alloy has further advantages: a) A partial reduction beyond formic acid to
formaldohyde is automatically ackieved, and b) the reduction reaction Incresses
in efficiency with Increasing cuérent density over the range tested. If
the latter unusual trend continues and can bo verified by additional tests
a very successful first stage reduction system Is available,

19




SECTION 1V

REDUCTION OF FORMIC ACID

~ The cbservation that 8 two stage reduction is nacsssary to balancs
ihe vespiretion cosfficiant wes verified In Phase | of this program.
Thersfore, a8 study of the reduction of formlc acld In the absence of CO

Is reguired, 2

Qathbd!c.reductien of formic acid was shown by Laltz and Viklund (13)
to occur most officlontly &t electrods potentials of approximatsly 0.9

vplits. Silght Increases in the potential difference rasulted, on 8 tin

elactrods, In reaction rete reductlons to essential zerc. From this it was
consluded that unlika the CO, reductlion reaction thet appasrs to be
activation controlied and cen be forced by increasing potential, the formic
ecld reduction Is epparently controlied by the rate of adsorption of the
rasstive specles on the surface of the electrode, (It has been found very
difficult to maintaln high reaction efficiencies for this reduction on any
fixed electrode surface.

it was obsorved in testing the solid tin electrode that hi h initial
roaction efficiencies would cccur with rapid reduction in sfficiency
resulting for longer term tests. This Tactor tends to verify the adsorptiorn
rate (imitation proposed above. A second possibility is the masking or
polsoning of the electrode surface with an adsorbed layer of the reduced
species thus lirlting the sites for additional formate adsorption. What
sppeared to be required to satisfy observed conditions was a self
reganerating electrode that would preferentially adsorb formste ion.

The liquid metal electrode was investigated as a self regenerating
m2ans. A theeretical basis for ths identification of electrode materials
that would praferentiailly adsorb the formate species is unknown. Therefore,
tho Edisonlan approsch to electrode selection was used,

An alternate method to perform the dosired reduction of formic acid
involves tha use of a two stegs, or carrier, reaction. In this case, a
redox couple hetween two positive ions would be used to perform the desired
reduction of formic acid with the oxidized component of the coupls then
cathodically reduced at sn inert cathode in the electrochemical cell, thus
regenerating the reactent for the chemical step. A detalled discussion of
this eppreach to formic acld reduction follows in the experimental section
balow.

Enporirental
Electrode Investigation
A cozparison of solld and liguid motal electrodos was made using

galliun and Corvolow 136, The gallium electrode did not catalyze the
formate reduction in ofthor the golld or liqulid state, Corrvolow 136 tests
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showad an 85% increase In resction efficiency for the liguid metal electrode
over the solid slectrode at current densities of | ma/em<. The effective
current density for the 1iquid Cerrolow 136 Iz 0.14 mafent,

Electrods tests ware designed by criteria deveioped In the statistical
analysis of the analytical chemical method. Product snalysis was used to
cvaluate the resuits of esch run with the Feigl spot tests (17) for
formeldehyde and methanol used to verify findings for certsin runs. The
rost offective material found as a catalytic cathode for formate roductien

vas :in or its use as & component in Cerrolow 136, Table 9 sumarizes ths
results.

TABLE
CATHODIC EFFICIENCY FOR FORMATE REDUCTION OF VARIOUS ELECTRODES

Electrode Proparation Current Efficisncy
Cerrolow 136 Liquid phase 13.7%
Cerrolow 136 Sotid phase 7.4
Tin Polished 7
Tin Electro plated 1%
Esso 377-87-8 sintered in PTFE on Pt. screen 3.4
Esso loo " 1] 1] 1} " " 1] 2.0
Esen 377-87-|2 " " " " " " '.‘
tron wrapped wire 1.}
Gallium soliid and liquid phases 1.0
Rhenfum, Ruthenium, Lead
Platinum (Black & Bright), 3 Proprietary Hatorials } >1.0

Redox Couple Investigation

The reduction potentials of formic acld to formaidehyde and methanol are:

HCOOH + 2H" + 2¢~ —~ HCHO + H,0 £° = +0.056V
HCOOH + L' + e~ - CHyCH + H 0 t° = 40,123V

These pctentials refer to the standerd hydrogen potential. [t should
therefore be very easy to carry out these two reductions electrochemically;
that is thermodynamically the reductions are easy. Actually, it Is very
difficult to reduce formic acid elither to formaldehyde or to methanol.

If the reacting species is to formate ion, it may not react at a cathode
surface, because of the repulsion between two negative charges. To overcome
this problem reduction has been attempted by moans of s positively charged
reducing couple. A number of couples have baen invastigated, which have &
suitable redox potential and some which have the added advantage of complioxing
with the formate ion.
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The possibiiity of carrylng sut the veduction in a very strong scld
wedlun, whsre the formic acld Is protenated and thersfore positively charged,

hes slgo

bean cansidered.

& laFge nurber of suitable redox couples exlsts; it I3 necessary only
that they thould have a negative valua of £~ snd thet the lons Invoived in
the couple should hive & pesitive cherge. Typlcal exsmplses are:

o' ~io™ +ea E° = 0,34V
PO LY % = a0, b1V
L ~C 42 2 = -0.9tV
1 1 AAIPUR { Raa gy 2 = 0,37V
™ ™o £° = -0.30V
i Lttt 3 % = -0.34Y
vitoa vt s £° = ~0,255¥

The two couples investigated were crttree™ and VAT, The resctions were
carried cut under the following conditions:

2.
3.

5.
6.

The
Tha

probably
and that

Two vslues of pH were investigated @) pH = 1, whare the hydrogsn

fon concentration Is high and formic acid Is not dissocliated, b) pH =
k, where the hydrogen ion concentratlon is not so high and formic acid
is dissociated. The low pH measurements were made In sulphuric acid
and the high pH measurements in an equi-moier solution of formic acid
and sodivm formote; each constituent was 0,5M.

The temperature was 80°c.

Chromium or vanadium sulphate wes added and reduced, in situ, with
zinc. Oxygen vas excluded throughout the expsriment by bubbling
nitrogen through the solution,

The concentretion of the roducsd state of the redox couple was very
high compared with the concentration of the oxidized state, to ensure
that the redox potential was as low as possible (that {s more negative
thah £9), .

The expariments ware run for 24 hours.

The analysis for formzldehyde 2nd methanol were conducted by Flest
distilling the solution to remove chromium and venedium and then
analyzing the distiliate.

results of thaze experimants are shown in Table io.

results showed a higher yiold of methenol than formaldchyds., This
Indicatas that Formaldshyde Is reduced to methonol! relatively casily
tho difficuit step is tho first one, from formic acld to formaldshyde,

Tho porcentoge conversion to motharol in those four oxporiments s sumnarizaed
1.

in Teble

22

t'a

T T e T

R S v




5 NS ».‘M,- N
P bt i e S v

j);
TABLE 10
REDGX REACTIONS - PRODUCT DETECTED BY AMALYSES
Component Distillate Cold Trep Tota!
(Exp. #1. Vandium €ouple, pH = 1, T = 80°¢)
HCHO ; 1.8 milli moles 0.0 milli moles 1.8 milli moles
HCOOH 302, 21,0 323.
CH30H 9.2 0.5 9.7
Total detacted 80% 5.5% 85.5%
(Exp. #2 Vanadium Couple, pH =4, T = 80°c)
HCHO 2.3 2.0 2.3
HCOOH 17 o.b 7.4
CHBOH 24,8 2,2 27.0
Total detected 19,3% 0.26% 19.56%
(Exp. #3 Chromium Couple, pH = 1, T = 80°C)
HCHO 0.3 0.0 0.3
HCOOH 56.8 0.8 57.6
CHSOH 3.9 0.8 4,7
Total detected  93.6% 1.3% ok, 9%
(Exp. #4 Chromium Coupte, pH = 4, T = 80°¢)
HCHO 3.0 0.0 3.0
HCOCH 145 11.8 156,
CH30H 22.9 0.2 23.1
Total detected 19.2% 1.2% 20.4%
JABLE 11

SUMMARY OF REDOX RESULTS

e s

- -
s s At 26 AR RTRD

~——

Exper iment Conversion to Methanol pH Redox Couple ¢
1 2.6% 1 Venadium -
2 5.0% b Vanadium
3 6.1% 1 Chromium
b L.6% L Chromium
The reduction proceeds only to a slight extent and is apparently :
unrelated to the pH of the solution, It must be noted howover that extremsly f"

low recovery of the initial reactants was reported in experiments 2 and L,

N
i ey v ey
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Tha total moles of initial reactent ditacted in these tests Is approilmstely
20, Nosmal rocovsries ars In the range of 80 to S0K. Speculation as to
the compesition of the 80% of rexctsnt undetected can range from extreme
optinlsa to extrems peslalem on the value of thls reduction approsch ot

pith, Additional lsboratory work is reguired te identify the velus of this
rasciion. Resules at pN 1 are of little value duo to ths low ylelds,

Sclusions

The best results stteined for the raduction of formic aclid to formeldehyde
cr aathino! have besn accomplishad in short term runs on electro deposited
tin, and for longer run tests on moliten Carroliow 136, The asctive componsnt
in the Cerrolow allcy is pres to bs tin, HMaximun effactiva currant
densitlies recorded of 0.1k ma/em® are will beiow tive desirad design minimums

for practicai unlt design. However, a continuous reacticn at this rate does
appsar to be possibie using the 1iquid mstal electrode.

The redoxn coupls approach requires further study. Rapid quentitative
reductions of formic acld to formaldshyds are known. One such method is
used in the chenica! spot tests performed in this study. This particuisr systém,
howeyver, Is not regensrsble, The chrumium and vansdium rezctions at pidh require
furthor study.
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SECTION V
RECOMAENDED PROGRAM FOR FUTURE RESEARCH

The concept of the electrochemical conversion of carbon dioxids to
liquid organic wastes is technically feasible and, with additionsl study,
should bscome practical., Work on this program has rasulted in the
development of scme useful new approaches ¢o the problems involved snd the
pinpointing of areas for future effort.

Future resserch should be directed into the following areas:

|mgrcvement‘ln The Product Analysis Hethcd

This Is perhaps the most important singie area of preliminary work
that needs to be done. instrumental methods of analysls that are fast
and capable of identifying the specific preducts in very low concentrations
with dependable accuracy need to be develeopsd prior to any meaningful
reaction rate studies. The present analytical system does not allow the
msasurement of the Jow concentraticns nseded to measure reaction rates,
Test evaluation suffers as a consequence. Work on chromatography techniques,
parhaps utilizing new digital resdouts and computerized programming methods,
would be most useful in this effort,

Improvement In Second Stage Reduction System (HCOOH Reduction)

In the case of electrochemical reductions a program should be
instituted to study the electrocde reactions, determine the rate limiting ]
step and devise theories and systems to improve the rate function. Reduction
products thair conditions of formation, and thair 'poisoning' effect on
catalytic electrode systems should be investigated.

The deveicpment of the ''tarrier reaction' approach using a redox
couple can be a valuable parallel investigation, Reaction products, chemical
rate steps, and driving force studies should be performed on chemical
systems, The main consideration for a practical system using this approach
is the necessary second step of regenerating the redox couple, perhaps
electrochemically,

Davelop Liquid Metal Cells and Specific System Allgxs

The iiquid metal cells show great promise In this area of organic
electrode reactions, Specific study of cel) mschanisms should be undertaken
on the systems discussed on a scientific progrem basis as contrasted with
the current englineering orientation., Optimization of the liquid metal
electrode along with alloy optimization may go & long way towards making
the current technical system a practical reality. Vhen active spocles, i.e,
tin for formic acld reduction, are identifiod, their incorporation as a
major constituont in a low melting alloy becomes a metsellurgical problem
worthy of study.
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APPENDIX A

OVERALL SYSTEM CONSIDERATIGNS

During normal activity, the human respliratory procass consumes
approximately 1 SCFH of oxygen, at the sams time raleasing 0,85 SCFH of
carbon dioxide. in submarines, the regquired oxygen is supplied by a
hich pressure electrolytic oxygen generator which also produces 2 SCFH
of hydrogen as a by=-product with sach SCFH of oxygen. Thus, 2 12C-man
submarine must handle approximately 240 SCFH of waste hydrogen and 162
SCFH of waste carbon dioxide, Both the hydrogen and the carbon dioxide
must be coilected and eliminated to avold contamination of the submerine
atmosphere. This Is currently done by absorption and/or compression
followed by ejection overboard, That i{s, 2 SCFH of hydrogen and 0.85 SCFH
of carbon dioxide & volumetric H,/ €, ratio of 2.35, must be eliminatsd
for every SCFH of oxygen consume%. lonics proposes to do this in an
electrochamical device in which carbon dioxide and hydrogen react to form
1iquid organic products which can be disposed of easily. In addition, ths
same device generates breathing oxygen by the electrolysis of water,

Formic acld (HCOOH), formaldehyde (HCHO) and methancl (CHq0H) are
the most )ikely reaction products at the cathodes, Methane (cag) is not
expected since organic electroreduction rarely procseds all the way to
the hydrocarborie

A reaction such as the follcwing is envisioned:

(x+y$2) €0, + (x+2y+3z)H, = XHCOOH + YHCHG + ZCHyOH + (y+2)Hp0

These reactions could proceed spontaneously under the right conditions,-

but high temperatures and pressures are required. Howaver, in a two

compartment electrcchemical cell, the reaction can be split into two half
reactions

uzo -+ &oz + 20" + 267 (anode reaction)

€0, + 2H" + 2¢” - organics, (cathode reaction)

which can be made to proceed by application of sufficiently large electrical
potentials to the cell, In this case an electric rather than a pressure
driving force suppiles the necessary energy for activation. Under the same
conditions, a competing reaction which generates hydrogen can occur at the
cathode. Any energy associated with this reaction is totally wasted,

20 + 2¢" o H,

The primary aim of this feasibility study was to find a cathode material
which causes the desired cathode reaction to proceed at a reasonable rate
while suppressing the unwanted cathode reaction. The term '‘catalyst"
refers spocifically to that aspect of electrode material or structure
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which directly affects the kinetics of tﬁe electrode reaction, The ratio
of current carried by the €Dy reduction resction to totsl current appllied
is called currant efficiency.

The reduction te formic acid repertsd by earlier investigators
indicated that the bast catelyst for reduction of (0, to formic acid
v not necessarily good for further reduction. Consequently, & two=
uait system wes eavisioned, where (02 would be reduced to formic acid
in the flrst unit and formic acid further reduced to formaldshyde and/or
methanol in the second unit.

The average raquired degree of reduction of the €0, depends on the
desired respiration cosfficient (ratio of €0, remcved to 0, generated).
Since gsneration of 1 mola of oxygen requires & equivalents, operstion
&t 0.85 respiration coefficient produces an averags reduction of 4.7
equivaients per mole of €0p. The dagree of reduction of the probable
organic products Is 2 equivalents/mole for formic acid, & for formaldehyde
and 6 for methanol. Therefore, the composition of the organic product
stream is given by a solution to the equations:

2+ by + 6z = %h

X+y+2 = |

whare RQ isthe respiration coefficient, and x, y and z are mole fraction
of crganics of formic acid, formaldehyde and methano! respectively.
Possible solutions range over & wide variety of three component mixtures,
Since the concentration of formaldehyde will probably be low, i.¢., y = 0,
a likely solution Is 67.5 mole % CHBOH. 32.5 mole % HCOOH.

Basad on the results of this feasibility study, one can speculate
on the desion characteristics of a 120-man system. One possibie system
design is presented in Figure-A, The following assumptions have bcan
made in the preparation of this schematic flow diagrem:

o The feed gas is essentlially pure €0,.

e Two separate modules comprise the electrochemical unit although
the anode streams of eack are hydraulically connected,

© The opsrating characteristics of the two modules are cptimized
so that only formic acid and methanol represent the organic
products of reaction in thelr respective modules.
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FIGURE {-A
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Schematic Drawing of co, Reduction = 02 Generation Unit

The subscripts | and 2 refer to the first and second stage respectively,
Other parameters are defined as follows with assumed values supplied for

some un
more ac

i

2

morn -
N ew

3

Qf""n<n£'§

ti1 the technical developments have been made which will provide
curate values,
current density (1st stage) - 40 ASF
current density (2nd stage) - 4O ASF
voltage per cell (ist stage) - 5.0 volts
voltage per cell (2nd stage) - 5.0 volts
current efficiency (1st stage) = 1.00 (100%)
current efficiency (2nd stage) ~ 1.00 (100%)
total power = watts
cell thickness - 0,0119 ft.
total volume - ft.3
ratio of active area to total area - 0.60 (60%)
total weight - 1bs.

average un't density - 100 Ibs./ft.3
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_On & basis of 102 SCFH puré C0, feed, the total power is given by:

WaeW +W

o 2
We K‘I'A' + Eztzﬂz
1A =128 eoles 269 x 26:8.em0 hr 1 6860
L hr gn mole : "o
22 T he gn mole eq X n H

This Is calaculeted on the basis of a sacond stage reduction only to
CiigGit but the results do not depend on this 2ssumption.

6860F,  9250€
W L 2

7 )
= 80,550 watts = 80.5 KW (using estimated vaiues)

The stack voiume is given by:

A‘t AZ"
V'V‘-O-Vz- 3 +-T:.—
9250¢

Iy F *inF
e 3.40 + 4,55 = 7.95 ft3 (estimated value)
Finally, the stack weight is estimated from:
L=Vp

= 735 1bs (estimated valus)

Both volums gnd weight factors should be Incressed to include end plates,
this cennot by calculated until the cell shape has been datermined but
it will bs roughiy a 10% increase.
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APPENDIX B
ANALYT! CAL PROCEDURES

Analytical procedures for the identification of organic products
of reaction wers qualified as the investigation procesdsd. A number
of techniques were found to be unsultable. The presence of organics wes
indicated by UV but no psak was obtainad within the ranga of the
Instrument, 360 to 700 mn, so this technique was Incapable of quantitative
development. Considerable effort was spend on analysis by vapor phese
chromatography, to little avail, Vith a thermal conductivity detector,
and a variety of column lengths and packing materials, the water peak
consistentily overwhelmed the other components due to the gruat preponderance
of water in the solutions anzlyzed., Conslderation was slso given to use
of a flame=jonization detector which is blind to the presence of water
and consequently commonly used for analysis of dilute organic solutions.
However, the detector s also relatively Insensitive to small organic
compounds, i.e. those having no carbon-carbon bonds, which includes all
of the compounds being sought.

Three tests which proved successful consisted of a three-titration
scheme for organic product analysis, spot tests with chromotropic acid,
and measarement of évolved gas for determination of current inefficliency.
The orgenic analysis is based on selective oxidation of ths three
anticipated products under successively stronger oxiidizing conditions.
Formaldehyde is oxidized to formic acid with sodium hypoiodite, Formic
acid and methanol are oxidized to carbon dioxide respectively with warm
basic permanganate and boiling acidic dichromate with reflux. A complete
statistical evaluation of this method Is discussad in section |§ of this
report.

In contrast to the titration procedure, where the experiment must be
run for a considerable length of time to develop an analyzable quantity
of product, hydrogen evolution measurement can be used to determine spot
or transient currént efficiencies. While the (0, must be removed from the
evolved gas when sojutions are saturated with co the procedure is simple
with formic acid solutions. Results from the hy rogen evoiution msasurements
agreed within 5 parcentage points to those obtained by titration when
both measurements were performed simultaneously.

Chromotropic acid spot tests were useful in verifying the existence
of preduct in some of the later tests. Early raesults with this spot test
methed were negative.

LIQUID PRODUCT ANALYSIS FOR FORMIC ACID, FORMALDEHYDE AND METHANOL

l. Reagents Required

0.1H Sodium Thiosulfate (Nay$,0
0.1N Potassium Paermanganate (%MnO“)
0.1N todine Solution
0.iN Potassium Dichromats (KyCr,0
20% Potassium lodide Solutlon %K?)
SN Sulfuric Acid (H,S0y)
2N Sulfuric Acid
5N Sodium Hydroxide (NoOM)
Steble Starch Solution
Sodium Carbonate Crystsls (MagC03)
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2, Prosgdure
_ ‘Tagmaléshyds

. Yeks 10:m1 silquot, Add 30 @i 0.iW todine plus § =l 2N H2S04.
Afier 2 minutes add 10 ml Sh WsOH, and Jet sit for 30 minutss. Dilute
with 59 m) H.0. Add 10 ml 20% K). Add 10 mi 9N K280y Titrate excess
fodins with 3.!& He25203.

LA ! 2 ‘MQ ‘ 2 u. G

Take 10 ol aliquot. Add 0.25 grams Na,C0,. Add 50 ml 0.1N KHnOy
and heat to 70°C. Add 5 ml 9N H,S0,. Add 10 Al 20% K1, Add 23 ml
starch solution. Titrate excess lodine with 0.IN NeyS,04.

fethancl, Formic Aclid, glu; Formaldehyde
Take 10 ml allquot., Add 50 m! O.IN Kz(:rsgr Add 100 m) 9H
ml.

HaS0y, and refiux for 60 minutes. Dilute to 5 Add 10 m} 20% K1,
T?trate excess jodine with 0.1N Nay5,0,.

3. LCslculations
X = jodine "n‘tre = 30ml - @} Nazszo3 used in first titration,
Y = Parmangsnote ’Tltrc = 50ml =~ ml &25203 used in second titration.
1 = Dichromate Titre = 50m} - ml Na2$203 used In third titretion.
A = gns formaldehyde per 1itsr
8 = gns formic acid per liter
¢ = gas methanol por liter
Aed Aouoask
8= X2 o035 (v-2x)
6= Z=Lo 00533 (21)

SPECIFIC SPOT TESTS FOR FORMIC ACID FORMALDEWYDE AKD HETHANOL

Proccduros for the conflmmation of the presence of formoldohyds, formic
scld, end mothanol In aquocus solutlon are glven by Feigl (19). Positive
gests ere cantingont upon tho roaction of formaldehyde with 4,5 dihydroxy -
2,7 rophthalone = disulfonic acld, digodium salt (chromotropic acld) In the
prosenco of concentrated sulphuric acld, Tosts for fermic scld end mathorol
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first require that the former be reduced to formaldehyde with magnesium

and hydrochleric acld, and that the latter be oxidized to formaldehyde

by the action of potassium psrmanganate in phosphoric acid and subseguently
discoiored by the addition of sodium bisulphits. The resulting formaldshyde
‘may then be treated with chromotropic acid and sulphuric acid, Gentls
heating initiates the reaction, and upcn cooling, a positive test is
characterized by the appsarance of a violet color. A negative test is
characteristically tan to light brown, a color whilch darkens considerabiy
upon aging.

These analyses display a fair degree of quantitative character, A rough
attempt at quantitative testing was accomplished by visuaily comparing
both known and unknown samples with known stezndards. The results of this
attempt were reasonably accurate under the conditions and methods employed.

Reagents: Only resgent grade materials should be emplcoyed,

1. Sulphuric Acid Conc.

2, Chromotropic Acid

3. Phosphoric Acld 5%

4, Sodium Bisulphite powder

5. Potassium Permanganate 1.5N = 0,IN

6. Hydrochloric Acid 2N - J2§

7. MHagnesium Metal powder
Eormaldshyds

1. Add sample, about | drop to a smail test tube, about | cm x 5 cm.
2, Add a few milligrams of chromcitropic acid,

3- Add 3 m‘ ° ”250[‘

Lo Mix wall

5. Heat in water bath at 60°C for 10 minutes.

Formic Acid

1. Repeat step |, under formaldehyde

2, Add a few milligrams of Mg powder.

3. Add about | drop HC! « Aljow to react.

4. Some Mg must remain (if not repoat step 2.)

5. Repeat steps 2. through 5. under formaldehyde,

Hethanol

1, Repeat step |, under formaldshyde

2, Add a drop of KMnOL4 solution.

3. Add a drep of H3P0y, solution - wait | minute,

ko Add a few milligrems of Na,$,0; = If, after shaking, solution
is not colorless repoat thfs step until it is coloriess,

5. Ropeat steps 2, through 5. under formaidehyds,

A violet color, intensifying upon cooling, constitutes a positive test.
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