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INTRODUCTION

This work had two main objectives; (1) The construc~
tion of an electrolytie cell for the production of fluorine,
(2} the preparation of some organic compounds containing
fluorine,

This research was undertaken because of the growing
importange of fluorine chemistry, partiecularly in the field
of organic chemistry. Due to the extreme sctiviiy of fluo~-
rine, it is theoretically possible to prepare many times
more fluerine-containing orgenic compounds than there are
known organic compounds toaday. It has bean‘pr&dietedtlj
that fluorins-conteining products will be deveioped te ine
¢lude new and useful dyes, plastice, pharmeceuticals, lub-
ricants, tanning agents, metal fluxes, funigants, insecti
cides, germicides, fire extinguishers, solvents, fireproof-
ing compounds, heat transfer media, and other beneficial
products. Use may also be made of the volatility of cer-
tain fluerides to effect separations of cgontaminating ele-
ments from orss by volatilization.

The electrolytic cell used in this work for the gen~
eration of fluorine was similar to cells described in the
1iﬁcrntur#(a). Fluorine was praduced by the electrolysis

(1} mm E« Fey Ind, Eng. Chem,, Vol. 39, no. 3 P 237

{19473, ¥ ] ¥ L

{E) M G B Rogers, D. 4., and Carlseon, C. A., Ind,
Eng. Ohem., Vol. 34, p. k43 (1942), ’



of a solution having the approximate compositlion XKF+2HF, at
temperatures just above its melting point of about TO° C.

The most useful method thus far reported for intro-
ducing fluerine into an organic molecule is by the use of
metal Garrimra(a). In particular, antimony trifluoride, in
the presence of & pentavalent antimony salt has found wide
applicatlion, in what 1s nown as the Swarts r&aation(g}ﬁ
This has suggested an investigation of the fluorinating
activity of sueh related fluorddecs as cobalt trifluoride,
manganese trifluoride, silver difluoride, and mercuric
fluoride.

To investigate the fluorinating properties of these
metal fluorides, it was decided to attempt to bring about
reactions with 2, 4~dichlorophenoxyacetic acld, Unsubsti-
tuted phenoxyacetlic acid has only slight effec¢t on the
growih characteristics of planis, but when chlorine is
added to the ring nucleus at the ortho and para poéitiona,
the molesuls becomes highly activated(3?. 2, 4-Dichlore-
phenoxyacetic acld is rapidly gaining widespread use as a
selective plant growth regulator and, in larger concentra-
tionse, as a differential herbicide. PBromo-substituted homo-
logs have been reportaa(si, but there seems to be no report

(3) Henne, A. L., “84§ania Raactians“, Vol. II, De 49-9#,
He. Y., Wiley,

(43 (&;’g‘fﬁz Puy '&lllo‘ Acad. Roys Belgs,; Vol. 35, p« 375

{5) Gilbert, F. A., Chem. Rev., Vol. 39, p. 199 {1946).



to date of flucro-derivaltives, It would be of interest to
investigate the substitution of fluorine atoms into the

ring nucleus.

(6) 2immerman, P.-W., Ind. Eng., Chem., Vol. 35, p. 596
{1943)



REVIEW OF LITERATURE

The Generation of Flﬁggggg

The literature on this subjlect 1s extensive, even
though the preponderance of work has been done iﬁ the past
five years., The electrolytic cells thus far deseribed for
the production of fluorine appear to conform Lo ons of two
baslic designa: (1) A U~ or V-shaped contalner supporting
an slestrode in each arm, or (2) A pot provided with a
dlaphragm which serves ﬁé separate the anode and cathode
products, but permite free circulation of the electrolyts.
The electrolyte hae almost always been an alkall fluoride
in eombination with varying amounts of snhydrous hydrogen
fluoride. None of the generators described was capable of
producing pure fluerinej the product always contained &
few per cent of such conbaminants as hydrogen flueride, air,
oxygen flueride, carbon fluorides, and possibly other gases.

Ma:nisn§72-tns the first to describe a successful
fluorine genmerstor. His apparatus consisted essentlally
of a platinum PY-tube closed with fluorite stoppers and
squipped with side-aym delivery tubes, The anode, at which
the fluorine was liberated, was made of s highly resistant
platinum-Lyridium alloy, but even this was sericusly corw
roded. !ﬁn electrelyte was a solution sppreximately 30
per gent potsssium bBifluoride in anhydrous hydrogen {luo-

(7) Moissan, M., Compt. rend., Vol. 103, p. 202, {1886).



ride maintained at & temperature between -23° and - 50° ¢,

Molssan's cell, although successful, possessed the fol-
lowing disadvantages: high initial cost, difficult of opera-
tion, and low resistance of the expensive anode to the fluo~
rine genersted.

The next significant development in fluorine genera-
tion was reported in 1919 by Argo, Mathers, Humiston, and
,&nﬁaracn‘aj. Thelir cell was designed to operate at tempers-
tures of 250 - 300° ¢. with an elsctrolyte of potassium
bifluoride. The apparatusz consisted sssentially of a oy~
lindrical copper vessel, open to the air and surrounded by
alectrical reslstance coils to maintain the temperature re-
quired to melt the alectrolyte, The anode was a heavy gra-
phite rod, aunpendad in the electrolyte by means of a cop-
per bolt, and surrcunded by a e¢ylindricel copper diaphragm,
elosed top and bottom to provide a gas<tight anode compart-
ment. A fluerine outlet tube was provided near th& top of
this compartment, and a series of sawe-slots were located
near the bottom to facilitate movement of the electrolyte.
The eopper anode connection was insulated from the dlaphragm
by means of a psacking of powdered fluerspar supported on a
fluorite ring. The copper vessel whioch served as the cathe-
ode was also insulated from the dliaphragm.

The cell of Mathers et al. possessed the advantages of

(8) Argo, W. Ls, Mathers, F. ., Humiston, B., and Anderson,
Ce Des Trans. Am. Elestrochem. 3@0;, Vol. %Si Pe 335 (1919)6



being rugged and inexpensive, and it did not require a
highly skilled operator. Its current efficlency of 70 per
cent was about twlce that of the Molssan eell. The princi-
pal dlimadvantages noted were: recurring ancde polarization,
and solution of the copper of the diaphragm due to the high
temparature of the slectrolyte.

Whearty's fluorine cell ‘9! resembled the Mathers cell
except that magnesium replaced the copper as a structural
metal. The principal imnevation in the Whearty system was
the elecirelyte, which consisted of a eutectia of 35 per
cent sodium Pifluoride and 6% per cent potassium bifluoride,
melting at 170° ¢. The cell was wound with nichrome heating
elements to obtain this temperature. In operation, the
Whearty cell was éonp&rabla to that of Mathers,

The cell of Dennis, Veeder, and Hgahow{lo} was reported
at about the same time as Whearty's and differed in that it
wag gonstructed in a Ve-shape. The anode was of graphite and
th@;aﬁll vas designed to operate at high temperatures. Elec~
trical resistance windlinges were used to provide the tempera-
tures required. This cell was reported to operats at effi-
clencies of A5 to 76 per cent.

Bockenlller's gemmwr‘ 11) aiso was designed to elecw

{9) Whoarty, Irsy J« Foy J+ Phys, Chem., Vol. 35, p. 3121
{1931).

(10) Dennis, L. M., Veeder, J. M., and Rochow, E. G., J. Am,

(n) MRG’AIM?' WQ. Arm'p, ‘vala W’ Pa 20 (1933},



trolyze potassium bifluoride at temperatures of 250 - 2T0° C.
He employed the diaphragm-iype cell with a graphite anode
and an insulated cathode of copper. This ¢ell was not open
to the atmosphere and operated at current efficiencies of

70 to 85 per cent,

The fluorine generator desecribed by Cady, Rogers, and
sarlsanflgj pocsgssed one essentlal difference from the
others in that it operated at & medium temperature of 75° C.
and smployed & nickel anode., Thie cell was surrounded by a
steam Jacket and contained a slat-type, Jjointed dlaphragm
which readily permitted the passage of elsctrolyte. An
innovation was the provision of a hydrogen fluoride inlet
to effect the constant regeneration of electrolyte.

The Cady csll was free of polarization difficulties,
snd posspssed the obviocus advantages of operating at a
convenient and economically maintained temperature. The
lower temperatures also resulted in markedly less corros
sion than common in high temperature cells, The principal
dissdvantage was the the open constructlion permitted the sl-
ectrolyte to abeorb moisture from the alir, when the cell was

not in operation.
Another generator worthy of detailed consideration

is that of Miller and Bigelow'13), This cell was reported

6& y.'&.'K.. Rogers, D. A., and Carlson, C. A., Ind.
BEnge Chem., Vol,. %g Ps “3 (19#»3}4.

(13) Miller, W. T., and 31 Ql’OW; Le Avy J« Am, Chem, 3BoC,,
Vol. 581; p. 1585 (1«9 }4

(12)



to have produced fluorine of 94.4 -~ 99.0 per cent purity
by operating under rigorously anhydrous conditions. The
electrolyte wae molten potassium bifluoride. The apparatus
consisted of & heavy cast-nickel, U-shaped vessel, provided
with polished flanges at both ends, and equipped with pol-
ished castenickel caps, made gas«tlght by lead gaeskets and
held flrmly in place with stesel bolts. The graphlte elec~
trodes were screwed to nickel rods, which passed through
the end caps, and were held in place by a resistant insule
ating packing made from powdered fluorspar and portland ce-
ment. The end caps were also provided with adequate exit
tubes for the hydregen and fluorine, respectively. A ther-
mometer well extended directly into the body of the casting.
The entire unit was contained in a rectangular box-shaped
electric heaster. If the electrolyte was painstakingly pre-
pared in anhydrous form, this cell operated smoothly to pro-
duce high quality fluorine, using a current of 5 amperes and
a peten#ial drop of 18«20 volts.

3&3@1@u states that this cell poesessed the following
sdvantages: {1} Contamination of the anode gas by oxygen
and oxygen fluoride was completely eliminated, (2) It was
rugged, and could be adapted reasonably well to large-scale
production, (3) It was almoet unaffected by corresion on
aecaunh ef & protective surface coating on the nickel,
{4) 1t operated for long perieds of time with smoothness
and no trace of viglent reactions of any kind. As disadvan-
tagga, he 1iste: (1) A tedious dehydration process for pre-



paring the electrolyte, (2) Infiltration of the electrolyte
betwesn the nickel and the graphite, causing the electrodes
to crack at times, (3) The formation of sealt bhridges over
the insulation, resulting in a partial or complete short
cireuit, {4) The posaibility that the exit tubes be clogged
with frozen melt.

Some fluorine cells appearing more recently in the 1lit-
erature are those described by Schumb, Young, and Radimer!1*),
?1nkaﬁon{15), McBee and B&chtal(lﬁ), and Mlller, et al.tl?}.
A study of these papers seems to indlcate that the follow-
ing are the desirable features to be incorporated in a cell
for the electrolytic generation of fluorine: (1) A disphragne
type cell, either cylindrical or boxeshaped, alosed to the
atmosphere, (2) Operating temperaturss of TO - 100° C.,
these temperatures to be maintalned by means of a steam
Jacket around the body of the cell, {3) steel, stainless
steel, or monel metal as & construction materlsl for the
gell body, ocathode, and fittings, (4) monel metal, copper,
or nisckel screen for a diaphragm, (5) cathode separate
from the cell body to allow free circulation of the electro-

iyte, (6) anodes of graphite or copper~impregnated graphlte,

14)‘S¢§amﬁ We Cs, Young, R« C., Radimer, K. J., Ind.
é . ENge -fﬂ;ﬂ!ﬂ&; Vglw 39, 'ﬂﬁh S 'Fu 244 (i@"i’?)'

(iﬁ)!’inkétcn, Js Ta, ibild., p. 255,
(16) McBes, E. T., and Bechtel, L. D., ibid, p. 380.

(17) Miller, W. T., Ehrenfeld, R. L., Phelan, J. M.,
mwl‘, Ma, &and Reed, 5. Ka, ibid., p. 401,
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(7) Electrolyte of fused anhydrous salt of the approximate

composition KP+2HF with 1.0 to0 1.5 per cent lithium fluor-

ide added to prevent polariszation, (8) provision for cone

stant regeneration of electrolyte by addition of anhydrous

hydrefluoric acid.

The Fluorination of Organi
A8 might be expected, the ploneer work in the field of

organic fluerine compounds deslt principally with attempts
at direct fluorination, This work was initiated by Mois-
sanf18) and mis pupils. They found in genersl that the
reactions were difficult to contrel, violent, and aften
expleosive, In many cases, the organic molecule was disrupted,
and the only preducts of the reaction appeared to be carbon
totrafluoride, hydrogen fluoride, and fres earbon. Moilssan
found fluorine to be 8o reactive thet a powerful explosion
reaglted when he attempted to resect solia,na§hsna with
liquid fluorine st ~187° ¢.

The development of organic fluorine chemistry has
proceeded along two lines: (1) Direct fluorination and
{2) Indirect rluarin&tion. Although much important work
has been done in methods of direct fluorination, atien~
%ilon willl be directed here malinly to the indireet methods.

~ Indirvect fluerination reactions of three general types

have been reported:

1. Substitution of hydrogen or halogen by means of
1nawanu15 flnﬁridnlz

{1&) m&lmﬁ, | P Qmp‘b.; ma, Vol. nﬁ’ PDe 275, 951 (msjn



1l

RH + wx ® RF + m{?xﬁl+ HP
RX+ MF S RF + ¥X

2. Addition of hydrogen fluoride to unsatureted mele-

culesy
ROHmCHR® ~ HP = chzwsm*
ROBCR YomdlE . ROPRONR Yoy ROPg=CH R
3s Replacement of the hydroxyl group of alcohols:
ROH + HF = RF -+ HOH

Of thess threes, the first method has proven to be by far
the most useful.

swarts{19) was among the first to report fluorinations
by halogen replacement using metal fiunorides, and 4id con-
slderable work using the {luerddes of antimony. Fluorines
tion using antimony tyifluoride alone is generslly not vige
orpus and seldom results in good conversions. The addition
of a small quantity of pentavalent antimeny salt, usually
the triflueredichloeride, permits the exchange of halogen
atoms m progeed to completion, The guantity of pentavee
lent salt sdded can ast ss8 a regulator of the reactions

Predominent in the literature of this country is the
work of Henne and co-workers, beginning in 193%2. Reports
of his work on the synthesis of & large number of alipbaiile
and some arosatic fluerides sppesr st frequent intervals
and are well summarized in a report of 1944 {Organic Reaow
sions, Vol 11)'29), a1tnough Henme has tnvestigated both

- - e 5 et

{(19) Bunrts, Fuy Opp 01t., De 2
{20) Benne, As Loy 0D« 04845 Po 2
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direct methods of fluerination, most of his work involved
indirect methods, principally halogen replacement by means
of inorgsnic fluorides. Resctions were reportsd between
crganic halides and the following inorganic fiuariﬁéaz anti~
mony triflueride, potassium fluoride, argentous flueride,
zine flueride, mercurous fluoride, and mercuric fluoride,
Henne considers these reactions to be metathetisal and does
not view the inprganic flunride ae a metal "fluorine car-
rier®., Apparently no chlorine is evolved in the reactions

with organic chlorides,
Rnff‘”l} discussed a number of high-valence metal

fluorides, prepared only by use of elementary fluorine,
which he showed to be powerful oxidizing agents. Manganese
briflueoride, cobalt triflueride, and silver difluoride were
among those discussed.

It is unfortunate that due 1o war.time security regu-
lations mach of the research on both direct and indirect
fluorinations was not reported in the literature until
this investigation was well under way. Although there is
no report of the fluorination of & partislly halogenated
aromatic nucleus which also contains an -OR group, & numbsr
of papers{22)s(230,(24) yoye recently appeared which have -

(21) Ruff, 0., "Die Chemie des Flmers™, p. %0, Berlinm,
Julius Springor, (1920).

(%} Benner,; R. G, ot al., Ind, Eng. Chem., Yol. 39, no.
3, p. 329 (1947).

(@3) Miilﬁrj W. Ty ob ﬁlu; fbmsﬁ Pe 335,

{24) Biﬁ;%ﬁ?, Le As; Tompson, R. Y., and Terrant, P., 1ibld.,
ps 360,
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some bearing on this work, perticularly the reports of in-
vestigations carried out by Fowler and ce-workers( 2o} (26)
and those conducted in collaboration witn McBee ' 27):(28),
In these papers the following metallic fluorides wers dis-
cusseds CoF,, MnFy, CeFy, FOF,, BIF;, OrF,, chs, and HgF,.
Prom the positions of 2ilver and cobalt in Table :{25) it
was predlcted that some of tbﬁ other metals lying just
below them in oxidizing pover might yleld fluerinating
agents of lesz asctivity, Msnganess itrifluoride and ceric
fluoride were shown to be comparable to cobalt trifluorids
as fluerinating agente; but the fluorides of lead, bismuth,
mercury, and clremium could not be successfuly applied in
exlisting apparsatus. The general eonsensus of these papers
was that cobalt triflueride is quite satisfsctory for
flugrinating hydrocarbone. It further appeared that eilver
difluoride was more effective than cobalt trifluoride for
ehiﬁfina replacenent .

Fluorination by means of metal carriers ie less drastic
and therefore more easily controlled than fluerination by
elementary fluorine. The general mechanisa of such reac-
tions is given as follows: First, the fluorination of the

(25) Powler, R. D.; et al,, ibid., p. 292,
{26) Fowler, R D., ot al., ibid., p. 343,
(27) MeBee, E. T.; et al., 1bid,, p. 298,
(28) McBee, Es T, ot al., 1bid., p. J10.
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TABLE I. HALF COELL REACTIONS AND poreNtrans(®6)

Gouply L

SHF = F,+ 20T + 2" «3,03
2F" & Fo + 2= -2.85
agt = AR 4 o= -1.98
Co’” = Co*’ s @~ ‘ -1.584

BYS = Bi* + 2e* ~1sT (approx. b

Fb+++ s yb+-f+++ m"" 4'14-69
cat*T - ‘GG’P*-H-‘?' U* «1461
¥n®" 3 MmT7t + . ~1¢ 51
TH,0 T aor rrT 207 +14H + 6™ ~1.36
2++ = pRgT” -+ Qe -0.910
m-ﬁ-"r = y"f-r-*_f_ T'Q“ . '0.??1
ﬂﬁa? + HA = H Aﬂﬁk + 20 <+ 207 -0, 559
Cu* + & ~0, 16T

:aw T e ge™ «0.15
B 0 +—HBP9 = Ejﬁﬁq + 28T + 2e" 0.20

®rétinated; Latimer gives & value of about -1.59 fer
the reaction 31303 Biaaﬁ 4a",

lower metallie fluoride to the higher:

WL t+ (ﬂg&) ?'2 m—p HFH
and, second, the replacement of hydregen or halogen in the
organic molesule with fluorine by the higher fluoride:

~CH - *(ﬂét“‘) VY vt "CFg= + 2HF + (B:-%") MF

ors
~CHX~ + (le) o OHF- “la*(a!‘n)
The spent fluoride is then regenerated with elementary
fluorine, | | | .
Recent teohniques of fzuwwanation reactions are sum-
w&.m, miuding the use of halogen fluorides, in Cheml-
cal Induutry(ﬂg’

(29*} Eamrml staff Raport, Chem, Ind., Vol, LIX, no. 6,
Peo 1@% }0



ok
L

Tt was not considered to be within the scope of Lhis

work to make & complete review of the literaturs regarding
Lhis use of phenoxy compounds as plant growih regulators.
Aufficient search of the literature was carried out te
assertaln that fluorine-substituted phenoxy compounds had
net been previously investigated or prepared.

Phsroxyacetls acid as such is but slightly active,
but halogen«substituted phenoxy compounds are activated
acgording o the positicons and the number of substitutsd
groups in the muoleus of the molecule. The shifting of only
2 single ahlbvine in the ring will greatly alter the effec~
tiveness of the eampmund,(ﬁo), but Snydar(31) states that
2,4~dichlorophenoxyacetic acld and a;#,Emtrishlaraphannxy-
scetic acld are almest equally effsctive, and 2,4,6etri-
bromophenexyacetioc acid will kill polson lvy.

Teehniques of preparing 2,4~dichler¢phenaxyacstie acld
wara rwaﬁily derived from directions for the preparation of
phenax;aaatia scid {32) snd & description of the m&nufaen
ture of 2,4.-p{30),

{30) Tukey, Ha B., The Sclentiflc Monthly, Vol. LXIV, no. 2,
P« 83 (19AT) .
{31} Snyder, Chemurglc Digest, Vol. &, p. 188 (1945).

{32) Shriner, Re L., and Fuson, R. C., “Identilication
of Organie Compounds®™, 2nd ed., J. Wiley and Soms,
Hoe Yoy Do 174 (1940).
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THE FREPARATION OF ELEMENTARY FLUORINE

A study of the literature on electrolytie generstion
of fluorine seemed to indicate that the medium temperature
dlaphragm~type of cell would be the most favorable for the
laboratery generation of fluorine. Copper was chosen for
the materisl of construction becsuse of 1its law“cust, work=-
ability, and resistance to corrpsion.

Figure 1 shows the major components of the fluorine
cell. A heavy jacketed copper pok, 64 inches high by 6 inches
in dlameter (all measurements internal dimensions), served
as cathode and container for the electrolyte., Two holes
were drilled in the wall of the surrounding jacket, near
the top and bottom respectively, and 3/8 inch dlameter
copper nilpples were soldered intc these holes to provide
& mesns of entrance and exit for the steam and hot water
into and out of the surroumding steam jacket. The bottom
nipple was extended into the steam jacket to & point just
bensath the center of the bottom of the inside pot cone
taining the electrolyte, so that the steam would enter the
Jacket at a point where it could produce uniform heating.
Rubber hoses (net shown in flgure 1) were provided for
the purpese of condueting either steam, or water, or a mix~
ture of the two Lo the steam Jacket, These rubber hoses
wers 5o provided with tees and pinch-cocks that any of the
Tellowing heating or cooling arrangements may be utilizedi
(1) Steam alone, entering at the bottom snd exheusting at
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Figure 1., THE PARTS OF THE FLUCRINE CENERATOR

The cell body and heating jacket unit is on
the left, showing the cathode binding post at
the top and the two steamw-water Tittings on the
right side of the jacket. Next is the hydrogen
flworide delivery tube, then the diaphragnm -
ancde compartment, the nickel anode, and the
diaphragm bottom cover is on the right, In front
are the dlaphragm connecting bolts and nute}
these belis serve to held the dlaphragm bottom
cover in place during operation of the cell,

the top; (2) Steam alone, entering at the top and leaving
at the bottom; {3) Gold water alone entering at the top
and leaving at the bettom, or {4) vice-wersaj (5) Any
mixture of steam and water (hot water) flowing either
upward or downward through the jacket. An electrical bind-
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ing post for the cathode comnection was provided at the top
of the electrolyte container,

Four feet of 3/8 inch copper tubing, bent at the bote
tom into a single helix, and drilled with a number of even~
ly~spaced 1/8 inch holes around the helix comprised the hy-
drogen flueride delivery tube (figure l). This tube was
closed at the lower end before bending by turnlng on a
lathe with a ball-head tool at high speed. At the upper
end it was connected to the hydrogen fluoride line by means
af brass compression fittings and a brass coupling. In op~-
eration, the hydrogen flucoride delivery tube extended below
the surface of the electrolyte and could be used 1o replen-
ish the hydrogen fluoride as needed.

The dlaphragm, anode compartment and bottom cover
(figure 1) were constructed of 3/32 inch sheet copper, The
diaphragn was made into a cylinder, 4 inches in diameter,
the edges joined by an everlap joint. Three rows of slots,
4 inch apart, staggered, were punched around the bottem of
the disphrags. Esch slot was 3 inch long, 1/8 inch wide,
and the slobte are ¢ inch apart. The bottom row of slots
was & inch from the bottom of the dliaphragm.

The diaphragm bottom cover was also made from sheet
copper by cutting a dise 5 inches in dlameter. Four 1/8
inch sopper reds were made to hold the botiom cover in
piace by belting it to the top cover.

The top cover was so designed that partes of it ex-
tended ower the top edge of the electrolyte container and
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thus served to suspend the diaphragm and enode compartment
in the electrolyte,.

A hole was drilled off-center in the top cover to
regelve the fluorine outlet tube of 3/8 inch copper tubing.
Because a number of previous workers(33): (34), (35) report-
ed feoaming of the electrolyts, a baffle was soldered in place
Just below the opening of the flueorine tube in an effort to
prevent the posslbility of any electrolyte getting inte the
fluerine tube and plugging 1it.

A % inoh hole wes drilled in the center of the top
cover to receive a short nipple whioh served to suppert
the anode, The c¢opper lesd to the anpde was passed through
this opening and held in place with portland cement.

The thermometer well, which was suspended beside the
diaphragm, wes made from & short plece of 3/8 inch copper
$ubing by clesing the bottom snd on the lathe in the same
manner that the botlom of the hydrogen flueride delivery
tube was closed. The thermometer well was partlally filled
with eylinder oil to provide s medium of heat transfer teo
the tharmometer. All joints around the top of the anode
ecompartment were =oldered.

Two snodes were employed with this cell. The first

L

(55)} W!’ "5 n:&l vao ﬂittag p'q $w
{34) Dennis, Veeder, and Rochow, op. ¢it,, p. 6.
(35) Simons, Jas J» Am, Chem, S00., Vols 46; ps 2175 (wz)
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ancde wag cub from a block of carbon obtained from the
pepartnent of Metaliurgy of the School of Mines, It was
cut into the shape of a rod four inches long and ithree
inches in dismeter. 4 hole was drillsd into the topr of the
ancde and the anode lead, a vrod of 1/8 inch solid copper,
wa s driven into this hole.

The second anode (figure 1) was constructed from 3/32

inch sheet nickel, fastened into the sbhape of an open ecyl-

Figure 2. THE DIAPHRAGM COMPLETELY ASCSEMBLED.

A, the anode lead; B, the fluorine outlety
¢, the thermometer well.



inder, four Inches long by three inches in dizmeter. The
anode lead wa® gopper, wired into holes drilled in the upper
part of the anode. Figure 2 shows the dlarhragm and ancde
compartment assembled, just as when in operation in the cell.
The dlstance between electrodes in this fluorine cell
is 1,45 inches. When operating at a ocurrent of 10 smperes,
with the cell 2/3 full of electrolyte, curreant densities
are abt the following velues: cathode, 0,232 amperes par
sguare inch; anode, 0,264 amperes per square inch,

Almost all of the fluorine generators thus far de~
scribed in the litersture use as an electrolyle a solution
of potasaium bifluoride in varying amounts of hydrogen
flueride. In general, three different renges of concentra-
tion have besn found satisfactory. These become evident
upon study of figure }cyﬁ’._&-ﬂiagram of the systenm potsas-
sium fluoride - bydreogen flucride with some superimposed
vapor pressure isobars. The s0lid line represents the
Treegzing point curve snd the dashed lines represent, res-
protively, hydrogen fluoride vapor pressures of 5.0 onm,,
10,0 cm., and 25,0 cm. of mereury. Since hydrogen fluoe
ride constitutes s chief contaminant of the fluorine gene-
erated, the most desirsble ranges of electrolyte composie
tion are those wherein the aleatralyte 18 a liguid with a
iow vapor pressure. The three concentration rengss that

s

(36) cady, Rogers, and Carison, op. cit. p. 2.
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would permit a 1iquid eleetrolyte with a vaper presgoure
less than 5.0 cn. of mercury (arbitrarily chosen) are; {1)
Above 0,9 mole fractlon of HF, at temperatures in the region
of ~50% g., (2) The approximate composition KF+2HY, within
2 temparaturs rangs of 70 - 110° C., {3) The approximate
composition XF+HF, at temperatures from 240 to 320 degrees.(.
Since the intermedlate composition (approximately
TR*2HP) permits the most convenient working temperatures,
it waz chosen for this investigation, Attempts were made to
prepare this electrolyte by three slightly different methods,
‘The first methed employed was given by Booth(3T), 75 2
pounds of pure "Baker's Anmlyzed" potassium biflueride,
ma- Eﬂaa, in & corper pot, wss sdded one pound of 3, and
A. nesay grade agueous (48%) hydroflueric scid. This pro-
vided about 3T per cent excess of hydrofluoric acid teo
allow for svaporation of the hydregen fluocride during de-
hydration. The temperature was now raised very slowly to
the bolling peint, as directed, An order to evaporate the
waber, but after holding the temperature at or Jjust below
the boiling point for sbout an hour, it was noticed that
sorrosion of the copper pot, with consequent contamination
of the elactrolyte, was appreclable and the heating was dls-
continusd, The container of potassiure biflunoride and hydro-
fluoric acid was next placed In o water bath and & bundle
of four graphite elestrodes, fastensd to allow space be~

{37) Booth, H. S., Inmorganic theses, Vol. I, p. 136,
mmmwﬂill, . xa‘_‘ (1939 *
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tween them was lowered into the electrolyte mixture. With
the copper aaﬁtainar,aatingvaa & cathods, & curreﬁt of 5§

to 10 amperes was passed through the mixture, until fluorine
began to form at the anode, as evidenced by a crackling
noise and the odor of fluorine.

About ten hours were required to remove the water
by electrolysis. As the solution became more concentrated,
the water bath was removed and the temperature was maine
talned jJust above the meliting point of the electrolyte,

The graphite anodes were appreciably attacked during the
process, This wag believed dus to a sufficiently porous
strusture of the electrode to permit the agueous electro-
lyte 1o permeate the graphite, where any gas liberated
within the body of the anode would cause disintigration of
the anpde. This sctlion was neot nearly as severe in the
case of anhydrous electrolyte.

The quantity eof raagenﬁa in stock was insdequate to pre-
pare suffisient electrolyte for continued operstion; the
first electrolyte was soon eanaume&.» Some Aiffioculty was
experienced in obtaining sdditlional potassium biflueride:
thersafore, 1t was declded to prepare the KP+2HF from stick
potassium hydroxide and agueous hydrefluerie acid, both of
which were in stock in sufficient quantity.

~ Pollowing 18 the second method employed to prepare the
electrolyte: Two pounds of Mallinokrodt 858 analytical
grade potassium hydroxide was added te 800 ml. of dis-
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131led water and the mixture was heated to facilitate solue
tlon. Four pounds of agueous (48%) hydrofluoric scid were
placed in a waxscoated three liter beaker set in o weter
bath and eculpped with a mechanical stirrer. The concene
trated potassium hydroxide solution was placed in a one«
liter separatory funnel suspended above the beaker of hye
droflueric acld and the stopecock was adjusted to vernit
the potassium hydroxide to rumn Anto the hydrofluoric acid
&t & rate of approximately two drope per segond, while the
hydrofluorio acld was stirred at a rate of about one revo
lution per second. After all of the potassium hydroxide
solution wes added, electrodes were inserted into the sple
ution and a current of T « 10 amperes wae passed abt a pote
entlal of spproximstely 8 volts te decompose all the water
prasent .

Because of the experience with disintigrating graphlibe
anodes in the preparation of the first electrolyte, nickel
electredes were used in the second method. This procedure
required aboult seventiy-two hours of electrolysis to reméva
8ll the wvater przsent. As the melling point of the slec~
trolyte increassd Que te rsmoval of water, the electrolyte
was removed from the waxecoatesd beaker and placed In a copper
pot & befors, 8o that the temperature could be ﬁalnhaine&
Just above the melting poindy of the elecirolyte,

T?he third method of prepsring thoe electrolyte wae alse



Figure 4. PREPARATTON OF TEF ELECTFRALYTR,
FTRST STAGE.

Anhydrous hydrofluoric scid, from the e¢ylinder
cn the right was pdmitted to the sutocelsve

cn the left, which wass hested by a Fighler
burner. £ vacuum breek with CaCl, drying
eclurn in the HF line, msv be seén behind

the burner, partially obscured by tre suto-

clave.

Figure 5., PRFPARATTON OF THF FLFPCTROLYTT,
STCOND 8TAGY.

After the bulk of tre hvdrofluoric secid had

been gdded, the sutoclave wes given s pre-

liminery heating end plesced on the scsle to

receive tre remainder of the hydroflucric eseld.



N
-

based on a procedure given by Beothtﬁg), and ig the method
recomrended. Three pounds of anhydrous potassium bifluoride,
obtained from the Harshaw Chemical Company was placed in a
spall brass eutoclave and melted with a Fisher burner. The
autoclave cover was then fastened into place and anhydrous
hydroflueric acid, also oblained from the Harshaw Chemical
Company in & metal coylinder was introduced beneath the supre
face of the molten potassium bifluoride, The anhydrous hye-
droflueric scild was readlly absorbed by the potassium biflue
oride. After the hydreflueric acid has been added slowly
for several hours, the addition was atopped, and the sutoe~
clave and sontents was found Lo have incressed in welght by
Ce8 pounds. The sutoclave was than heated several degrees
above the meltling point of the electrolyte it contained, and
placed upom'a sgall platform soale for the addition of the
reasinder of the hydrofluworic acid. The weights on the
scale were seit Tor the addition of a total of 0.8 pounds of
anhydrous hydrefluoric acid, and the sddition of anhydrous
HF was Stﬂp§eﬁ when the balance was brought imbto equillibrium,
The melting point of this electrolyte was found to be 73° ¢.
- The third method wes found to be the most convenlent
way of preparing the electrolyte,. The total operation re-
quired only seven hours. After the eleotrolyte had been
rrtvmrtdg & sur%wn electrods was inserted into the melt,

taaj Mh, H. 8., Inorganic Syntheses, Vol., I, p. 143, Mo~
Graw-Hill; N. Y., (1939},
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and, with the braes autoclave serving as a caihods, a current
of 7 amperes was passed through the electrolyte at a poten-
tial of 8 volts to determine whether the elestrolyte contained
any vwater, It was found to be practically snhydrous, for flue
orine was evolved almost immedistely.

sration of the Elegtrolytic Cell |

 After it bad been established that the generator, when
charged with the above electrolyte, would produce slementary
fluorine in a satisfactery manner, s series of operating

mms were planned for the purpose of determining some of the
charagteristics of the eell. As nearly as possible, the runs
A=1l, A~2; and A~3 were made under mimilar conditions in am
effort to obtain reproducible data on the operation of the
Gell using & carbon anode. Run Bel wes made between runé
L=2 and 4&~3, for the purpose of estimating the efflciency
of the cell using & carbon ancdes Runs Cel, (=2, and 0=3
were made under conditions similar to those under which the
A series of runs wers msde, exsept thet & nickel anode was
smployed, for the purposs of comparing these two ancde mate
érials. Run B2 was then made to obtain s comparieson of
s2ll efficliency using a nickel snode., Run D, using the
nickel ansds, was made to ascertain the voltage distritue
%1@n in the cell. 7Two yvuns, E«1 and E-2, were made to dee
tar&ina.tha affect of slecirolyte temperature on opervating
voltages,

Flours 6 showe the srrangement of apparatus that was



euployed Iin the operatiovn of the [lucrine generator. The
electrolytic cell (B) was pluced on a small platform scale
&8 a weans of maintalining the electrolyte composition within
falirly narrow limites. Hydrogen f{luoride was consumed during
the slectrolyuis, with a resultant decrezee in the weight

of the slecirolytc. Ae the welght of the electrolytic unit
deereased dus Lo decomposition of the hydrofluoric acid, more
anhydrous hydroflupric scld could be added from the eylinder
through the hydrogen fluorids délivery tube. The hydrogen
fiuoride dellvery tube was connected by means of & length of
% inch copper tubling (containing three 10 inech diametsr turns,
to provide flexibility), a Crane #222 x 1" ~ 3000 1b. Exelloy
needle valve, & lengith of cold drawn seamless stainlessz steel
2% tubing, and a specisl erotest cylinder valve. A4All con-
nections to tublng were maﬂs'by meang of brass gompresslon
Jointsa. A vacuum break was provided in the hydrogen flueride
line to preveni any possible suck-back of slectrolyte into
the hyﬁragsn fluoride 1line and consequent plugging of the
Iine.

- Two means were employed to obiain the requisite direct
curpent to conduct the electrolysis. 4 G. E. Tungar recti=
fler, drawing current from a 110 V. 4. ¢, line, was used in
preparation of the electrolyte but was unable to provides the
higher currents desired {or fluorine generation. The means
which recelved the greatest use was a large lamp bank which
drew current from the 220 V. D. C. main,



Figure &, THE FLUORINE GENERATOR IN OPER=-
ATION.

The eylinder of anhydrous hydroflueric
acld (center background) is connected

to the hydrogen fluoride delivery tubse
entering the electrolytic cell (B) from
the left. The thermometer extending from
the cell measures slectrolyte temperaturs.
The fluorine outlet from the cell con-
nects to a purification tube {A) for the
purpese of removing hydrogen flucride. At
C are the electrical instrumenta for mea-
suring the cell current and voltages. Upe
erating current was supplied from the 220
V. Dy C. power line through a lamp bank
suspended overhead, not shown in this

_ plcturs.

The measuring instruments employed were & Jewell
Voltammeter of 150 ?. and 30 4. capacity, to measure amp-
erage, over-all %ol£agg, and cathode voltage, A Weston
D. G. voltmeter of 30 V. capacity wae used to measure anode

potential,
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The fluorine outlet tube was connected by means of
sompression fittings to a copper purification tube made
of one inch copper tubing and containing sodium fluoride
which had been dried for twenty-four hours at 120° Cs The
rurpcese of this tube wag to remove the hydrogen fluoride
from the fluorine as ganermtodth),

The fluorine léaving the purification tube passed
through glass tubing (connected to the purification tube
by means of a yubber stopper coversd with cepper foil) to
& flask of carbom tetrachloride, where the fluorine delive
ery tube dipped just below the surface of the carbon tet-
rachloride. fhe gae then left the flask by means of glass
tubing %0 be vented either to the exhaust blower or directly
to the autsiae atmesphere, The flask of carbon tetrachloride
was placed in a ymter bath to maintaln a cool temperature.
During flueorination processes, the flask of carbon tetra-
ghloride was replaced by the fluorinstion apparatua.

1% was determined whether fluorine was being generated
at any time by the use of 1lluminating gas. A small Jet of
the hydrocarbon gas waaﬁbrought into the viciniiy of the
fluorine delivery tube and if fluorine was issuing from the
tube, the illuminating gas burst spontaneously inte fleme,

Helium was used Lo sweep alr out of the system prior
to electrolysis, anﬁ'as a dﬁluﬁat during:fluarinatian, The

(W’ Ml Op» Clbay Pe 6.
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haiium was Introduced through a nipple on the purification
tube at A, Tigure 6.

Before sach vun the generator was thoroughly flushed
with a stream of helium, If the generator had previously
renained insetive for more than three hours, it was allowed
to operate st 10 amperes for fifteen minutes to an hour,
depending upon the lengith of time it had remalned ineper-
ative, to remove any water that might have been absorbed
from the atmosphere by the electrolyte.

An attempi was made to duplicate all conditions fer
the three "AY series runs, in order to check reproducibility
of data. Each run was started at a low current density, and
the current was gradually increased by small increments at
two minute intervals. Operating data were recordsd after
" emeh increase of current density. The ¢lectrolyte tempera-
ture waz maintained within a8 narrov limits as practicable
by sdjusting the amount of steanm or waiter in the hcgtins
Jjacket. In addition to the over-all voltage, the petential
from the nnméu to the diaphragn (anode vpltage) was recorded
in run A-3. All dats recorded in the three runs of series
"A® aye listed in Table II. Between rums, the cell was dis-
assembled and sxsmined for corresion. The sarbon anode showed
the greatest effect of corresion, although some corrosion
of the copper diaphragm was noted, particularly on the bot-

tom cover plate.
¥hen corrosion of the carbon ancde was noted, and be-



TABLIE II.

Elapsed
Time, Mins

-0

10

“»
16

i8
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FLUORINE CELL OPERATING CHARACTERISTICS USING A

A=3

A3

A-1
A=2
A3

CARBON ANODE
Amperes Over-all
DRV 2 5 I

1.0 6.0
1,0 Te3
1.0 TeS
1.5 8,0
3.»5 Byﬂ
15 0.3
3»8 12&3
2.3 m-@
2&7 11»&
g-? 14.;
3.8 1.0
4.5 14.9
4.6 15.0
4.5 15,4
5.5 175
: 17.1
6;2 18.1
6.4 19.0
6.4 18.0
?.ﬁ-» m‘l
T oA 19.3
T+5 20.2
9.2 2l.2
9.3 20.9
.2 20.3
10.4 22.2
10.4 21.8
10,3 21.4
12,0 24.0
12.0 ﬁ}.@
12.9 22.7
BB
135.1 23.5
13.1 23.3

Anode

5.2

5.9

6.2

6.3

6.5

6.6

6.7

6.7

6.9

T.0

T2

To3

Tempers
ature

75% ¢.
72
T2
"

-

75
76
4
n

3

4
T

e

(¢

3 I



TABLE II (econtinued), FLUORINE CELL OPERATING CHARACTERIS-
TICS USING A CARBON ANODE

Elapsed R Amperes Over-all Anode Temper=
ng . %’:3.11. E& !hl f{rﬁ&& Vo;t-%g 2} ture
o4 A=l 4.2 24,2 7%° ¢,
L3 14,2 24,2 72
A=3 4.2 24,0 T2 T
26 A=l 15.3 273 75
A2 15.3 35.0 76
Am3 4.3 29.0 Teh ]
28 A=l 1543 5540 - T4
A=2 16.6 50.0 80
A - 32.0 10.1 76
TABLE IIX, FLUQORINE CELL OPERAT ING CHARACTERISTICS U 8114& A
’ NICKEL ANODE
Time of Run Amperes Overwall Anode Temper=
run.iin, Nos ... JYoltege  Voltage _ature
) G-l 1.5 4,9 | 72° ¢,
Qa2 1.5 b % § T3
G""ﬁ 2e 5 2‘4 2 +0 7
2 Gl 2.8 TeB : T4
Cm2 2.9 747 76
Cw3 2,8 7.2 4.3 79
4 g=1 4.5 11.0 77
3*3 #vﬁ 11'1 ‘5,0 ?6
6 Gal 6.6 13.6 75
c-2 6.5 14,0 T4
G=3 6.4 13.7 6ol T2
8 gel 8.4 16.0 T
G2 8.5 15.8 72
G=3 8.4 16.7 6.3 T3
10 g1 10.4 18,7 76
(w2 10.4 18.6 75
G=3 10.4 19.2 6.2 ]
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TABLE III (continued). FLUORINE CELL OPERATING CHARACTER~
ISTICS USING A WICEEL ARODE

Time of am Amperes Over-all Ancde Tenpere
run.Mine  Ho. = Foltage  Voltage  _sture

12 -1 12.0 20.5 74° ¢,
Ce2 12,0 ae.? Th

14 C*l wag 22.0 ?Z
Ge2 13.1 21.9 'r
(=3 13.1 21.1 645

16 C=1 l4.2 22.0 T#

“ ooEr g %
¢-3 18,3 23,0 6.6 73

20 Owl 16.7 23.5 74
C-2 16.7 . az.a T4
-3 16.7 24,1 6.7 3

22 Gl 17.7 22.5 7
C=3 1%’?' 23.9 6.9 75

24 Gl 18.9 23.8 &
C-2 18.9 2359
C=3 18.9 23.9 6.7
w3 v ad § 2%,1 6.8 7

28 g:i g&.ﬁ g&.% ;f
3 o 2h.3 6.8 7

0 g—é 20‘.& a&.’ﬁ 75
g=3 19.9 M-Ei 6.9 75
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fore any further "A"™ rune were made, 1t was decided to deter-
mine the effleiency of the cell using a carbon anode, for
the purpose of comparison with the efficleney using a nickel
anode, Consequently, run B-l, to determins the approximate
rate of evolution of fluerina from the cell using the care
bon anode, was made immediastely following run A-2. The data
from thie run are recorded in Table VI, and a discussion of
the method employed will appear in this thesis along with &
dsseription of run Be2.

Pollowing the completion of the "A" series, the sarbon
ancde, which was aariéuazy corroded, wes replaced by an
anode of the same dimensions, constructed of sheet nickel
in the form of an open hollow cylinder. The nickel anode
wes used for the "C" seriles, which were carried out im the
same manner as the "A" serles. The data from the three "C*
runs are given in Table IIX.

 Cme run, G', was made to compare the effect of having
the cathode separate Trom ths cell body, to allow greater
freedom of circulation of the electrolyte around the ca-
thode, An insulated cethode slsc had the advantage Lhat ne
hydregen was generated on the surfase of the cell floorj
further, the close streamlining of the gases formed at the
slsctrades cobviated the necessity for a dlaphragn in the
eleotrolyte. |

For yun §F, two flat strips, Lb inches wide were cut
from sheet nickel to serve as elecirodes, These were susw
pended in the aiaﬁtrelytn approximately 11 inches apart
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and were insulated from the c¢ell body. Tho bottom cover
was removed from the dlaphragm, which then served as . a bell
te colleet the fluorine as it was generateld. The lower edge
of the diaphragm was inserted far enough into the elegtrn~
lyte to Just cover the top row of slots, but not far enough
to completely ™hide" the anode from the ecathode. This run
was made as guickly as posaible, recording only current and
voltage. The data Trom run C' are tabulated in Table IV,
Discussion of the Dats

These data on the Tluorine cell opsration are plotted

in a graph, fTigure 7, for the purpose of ready comparlison
of the -operation using oither carbon anode, niekel anods,
or nickel sheet electrodes insulated from the cell body.

It cen be seen in figure T that the highest voltages were

TABLE IV, FLUORINE CELL OPERATION U3ING SHEET NICKEL ELEC-
TRODES.

Time of run. Min., Amperes Qver-sll Voltage

0 1.5 2.5
1 2.8 44
2 4.5% 6.0
2 696 7*3
844 8.8
2 1044 12,7
12.0 12.5
T 13,0 13.2
8 14.2 13:9
9 15»3 14.4
10 7 14.8
1L 16.5
iz lBa? 16.5
) 4 19.8 16.7
14 20,0 ' 16.8
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required using the carbon ancde, vwhile the lowest voltages
were required with the insulated electrodes. The two upper
curves, regarding the carbon and nlckel anodes respectively
are plots of points which are the average values of the
three runa made in each case, It appears from a study of
the carbon anode data In Table II that the severse corrgsion
of the anode had no appreciable effect on the operating
characteristics of the cell, since there 18 good correla-
tion between the three runs regardless of the conditiom

of the anede.

Pigure 8 shows the corrosion of the carbon anode {on
the left) as compared to the nickel snode. The nickel
anode sppeared to have been slightly attached at the elsc-
trolyte-gee interface, sz evidenced by some dliscoloration
of the nickel. |

The data of Tables II and IIX indicate the effect of
polarization at high current densities, as evidenced by
the sudden incresse in voltage. This is demonsirsted in
figure 7 by a dashed line. Polsrization was less frequent
when the nickel snode was used, and then scourred only at
the highest current densities,

During yuns A-3 and C=3 it was observed that the
voltage from the snocds to the disphragm increased only
slightly after it reached s certain value, while the over-
all voltage contimued to rise with inereasing current. Run
D was next mads to further investigate the voltage charac-
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Flgure 7. CURRENT-VOLTAGE DATA OF TEE ELECTROLYTTC CELL

The upper two curves represent average data of three runs
for each curve: the lower curve is s plot of deta from
only one run,
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toristics of the fluorine cell. The same technique was eme
ployed for run D as for runs A and C. The electrolyte tem-
perature was msintained aﬂ ?5@ 0. plus or minus 4° g, in

addition to the over-sll voltage, the voltage from the

Figure 8., CORROSION OF THE ANODES

ano&efﬁa the diaphragm and frqm the diaphragm to the cathode
were recorded. These dats are glven in Taﬁla YV and plotted
in Figure 9.

Run B-2 wag next made to obtain data for cbmpariscn of
efficiencles with the cell using a carbon snode. No attempt
wes made to measure accurately the volume of fluorine gene
erated by the cell. Using anhydrous electrolyte with a
nickel ancde, 1t was expected that the fluorine formed
would be of 2 high degree of purity, except for the hydro-
gen fluoride which may have accompanied it from the cell.
The hydrogen [luoride was to be removed in the purificahiun

tube,
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A method was devised for estimating the yleld of fluor-

ine which, although far from accurate, was eatlisfactory to

TABLE V., VOLTAGE CHARACTERISTICS QF’A NICKEL ANCDE CELL.

Time of run, Min, amyerma Over-all Anode Cathode
, ‘ . Yoltage Voltage Voltage

o 1.5 B2 hop 1.8

2 2.8 8.1 5.7 2.7

A 4.5 10,3 5.9 3.0

6 6.6 15.1 6.2 4,0

8 g.# 172 6.3 5el

19 ’5 la"‘*‘ $.3 5’7

12 10.2 18.3 6.4 6.0

14 12.0 20.6 6.6 63

3-6 12&9 t‘&‘ 6-5 6'3

lﬁ 3»#’1@ 3‘&. 6-6 601

20 15.1 24,0 6.6 6.2

22 - 17.0 .2 65 3

2 18.2 24,4 6.6 -

25 19 2 '3309 695 6.2

28 20.1 241 6.6 —-

30 20.0 24.0 6.5 6.3

10.1 6.5

36 20,0 34,2

TABLE ViI. GELL EFFICIENCISS FOR GARBON AND NICKEL ANODES

Run Ancds Current, Bubbles Actual Theor. Per gent
No. MWL inperes per 12 Yield, Xiald, Efficiency

. gegonds 1/b2 !
B~ ¢ 1.5 3 300 627 47.8
Bel g 2.9 6 600 1210 45.6
B-1 5 4,0 9 900 1670 52.9
Bel ¢ 6.2 13.3 1330 2500 5.4
B-1 ¢ 8.5 18.3 1830 3550 51.6
B-2 N4 1.5 2 300 62T 47.8
B-2 Ni 2.9 g 700 1210 - B7.9
g:z Hi 4.0 3. 1000 1670 59.9

-4 N1 6.2 1600 2590 61.7
B~ N1 8.5 2200 3550 62,0

give 2 gomparison of the operation of the two ancdes, The
fluvorine delivery tube from the purificstion unit dipped
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Figure 9. VOLTAGE CHARACTERISTTCS OF A WYCKFL ANODF CRLL

Curve A 12 the voltsge from the ancde to the disphragm,
Carve B 1g the voltege from the dlaphragm to the eathods,
end Curve V 183 the over~-nll voltage of the cell.
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Just below the surfece of the carbon tetrachloride so Lhat
the rate at which the bubbles of fluorine formed could be
observed. This delivery tube was first calibrated using
helium to &1ﬂwlaaa carbon tetrachloride in an inveried
graduate. It was found that the number of bubdbles counted
in twelve seconds multiplied by 100 represented the milii-
liters of gae evolved per huur; The fluorine molecule was
agsuned to be aiatamie in aa1c41atavg the-thnaretic#l Vol
ume based on Parsday's law, The data and eslculation of
efficiency are given in Table Vi. Temperaturss ware the
same for each of runs Bel and Be2. After each increase et
current, sufficlent tima was allowed to insure pmaaﬁ&aalxy
constant flow, and three bubble counts were taken. Tebls VI
ldste the average bubble counts.

- Two runs, E~l and E-2, esch at a constant current valus
of 10.2 amperes were made to ascertain the sffeat of glec
trelyte temperature on cell voltage. The temperature of the
electrolyte was slowly raised (1 to 2° rise per mirite ) by
nsreasing the flow of steam in the heating Jacket. As pre-
desternined temperatures at approximately 10 intervals were
attained, voltage readings were taken. The dsta so obtained

ere given in T&blﬂ" VIT.;\

TABLE VIX. GHIHGE In ?ﬂi&ﬁﬂE WITH TEMPERATURE.

. Pun BE-1 Ruan E-2
Eo GO 1307 3 6& 18»3
18,2 82 18.%

21 17.8 91 18.0

201 17.5 | 100.5  17.5




Anode polarlzation in fluorine genersators has been a
freguent phsn@menoniﬂgjrfali. but the cause ls not clear,
In every rum where the current was lnoreased to 20 amperes,
oxoept C=1 and 0%, a poinit was resched where the over-gll
voltage suddenly rose sharply due to & high anodic sver-
voltags., Thie was gquite poasibly due to the formation of
a film of gas which sheathed the anode and could be plerced
only by & high eleetromotive force, The condition was re-
1ieved Ly momentarily breaking the cireuit. This polarlie
zation effect was found to Le more troublesome with the
carbon angdes than with Yhe nickel anodes. It has been
rosently found @) that the sddition of 1.0 to 1.5 per cenmt
1dthiur fluoride largely overcomes the polarization.

Operation of the fluorine generator was at times sc-
companied by small explogions of varying intensity. These
appeered to be due to ons of three ceusesy (1) Any restric-
tien or resletance to the flow of fluorine would ai timen
vesult in some fluorine paesing through the disphragm inte
the cathode compartment whare it would unite exploeively
with the bydrogen. Such explesions were of mild intenslity
and relutively harmless, {(2) Any molsture in the atmos~
pb@éénéf the anode compartment would at times react explo-

{41) Bigelow, L. A+, Chem. Rev., Vol. 40, p. 51 (1947).
l“) ?Mﬂtﬁﬂ., Joi‘rirp OPe ﬂig:}p Bs 9.



#ively with the fluorine to form hydrogen fluoride and
oxides of fluorine. Similar explosions would also gcecur
if hydrogen happened to get into the anode compartment.
The anode conmparinent explosions constituted a minor hay-
serd In that they wers cceaslionslly of sufficlent intenw
#ity to force part of the molien elestrolyte out of the
cell. (3) Due to the highly reactive naturs of the flu«
oring, there iz the possibility of explosive reactions
with various substances:. On one occasion, in an effori io
elininate the omall explosicns in the cathode compariment,
a slight sueiion wase applied to the outlet of the earbon
tetrachloride flask in order to relieve the back pressurs
in the flmnrina 1ine. There was a viclent sxplesion in the
carbon tetrachloride flask, At the time it was belleved
that hydrogen had been drawn from the cathode compartment
through the fluorine line and mized in explosive propor-
tiens with the fluorine. It was later learned that under
ﬂn#ﬁ&in canditionﬂgg;j fluorine expledes vielently with
earbon tetrachloride vapors, However, tharﬁy{**} reported
using carbon tetrachloride in much the same msnner as de-
scribed herein, for & considerable period of time, apparw
ently without danger.

(43) Blgelow, L. A.,; @. olbs, pe Ak,
{M, Wha&!"ty, J . Flg [+ YW P (Litnj IP' 6*
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FLUORINATION BY MEANOS OF METAL CARRIERS
{ Reagents )

The fluorinating agents, cobalt trifluoride, manganese
trifluoride, ail%er difluoride, argentous fluoride, and
mercuric fluoride were all obtained as experimental samples
from the Harshaw Chemical Company.

The phenol (Mallinckrodt analytical reagent) was con-
sidered to be pure enough for use as received.

The 2,4-dichlorophenol was prepared in this laboratory.
0.2 Mole of phenol was placed in a tared flask, surrounded
by an ice bath, and chlorine gas from a cylincer was run
in very slowly until 0.4 moles of chlorine, xs determined
by welghing at intervals, had been added. The product
(2,4~dichlorophenol) was a pale yellow, crystalline solid.

2,4«Dichlorophenoxyacetlic acid was prepared in this
laboratory. 2,4-Dichlorophencl (0.1 mole) was placed in a
500 e¢ round-bottom flask and 5 grams of @0lld NaCH was
added together with 50 ml, of distilled water. 0.1 Mole
of monochloroacetic acld (Merck) was dissolved in 100 ml
of distilled water and neutralized with NaOH., The sodium
chloroscetate thus formed was added to the flask containing
the 2,4-dichlerophenol and the flask contalining the reaction
mixture was placed on the steam cons, at approximately 100°,

After beating on the steam cone for two hours, the
flask and contents wuré cooled, The mass of white erystals
that formed upon cooling were filtered off on the Buchner
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funnel and washed twice with small amounts of distilled
water. The sodiume~2,4-dichlorephenoxyacetate wae dissolved
in & minimum amount of boiling water and acidified to conge
red with 3N hydrochlorlec acld whils still hot, The. white
srystals that formed upon acidification were filtered off
on the Buchner funnel, waoshed with distilled water and re-
crystallized from boillng distilled water.

A segond recrystallizatlion was made from hot alcohol
and the purdified crystals were dried for four hours in the
oven at 110, This product, 2,4-dichlorophenoxyacetic acid,
wad obtained in =& 53 per cent yield and melted at 137.19,

The ecarbon tetrachloride (Mallinckrodt purified) was
considered to be satisfactory for use as recelved. The

fluorine used was generated as required,



(Experimental Procedures)

1. Direct Fluorinstion of Phenol and 2,4~Dichlorophenol

In order to determine the reactivity of the reagents

employed, & preliminary direct fluorination was attempted.
Selutions containing one gram of phenol in 100 ml. of car-
bon tetrachloride and 1.5 grams of 2,4dichlorophencl alse
in 100 ml, of carbon tetrachloride were prepared. These
solutions were placed in sidew-arm distilling flasks fltted
with condensers and were. subjected to the following treate
ments The fluorine delivery tube was introduced through the
top of the flask and extended just below the surface of the
- solution. The flasks were surrounded with a water bath
maintained at about 18°. Fluerine wae passed into the flasks
contalining the solutions at a rate of about %00 cc per hour,
using a current of 4.0 amperes, for half an hour.

" Results: (1) The phenol solutlon grew progressively
darker in color during the fluerination. OGubsequent distil-
lation removed the carbon tetrachleride, leaving a dark,
reddish-brown oll of indefinite bolling polint and a 1ittle
dark brown tarry substance. (2) The dichlorophenol solu~
tion showed no indication of reaction for the flrst few
minutes, then there was a small explesion of insufficient
intensity to break the flask, The reaction was siopped at
thie point., Subsequent distlllation ylelded some of the un-
reacted dichlorophencl and some black tarry substence., No.
odor was detected above that of phenol.,
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Five samples were weighed out, 10 per cent excess of
fluorineting sgent added, and the reaction mixtures were
placed in test tubes: \

Sample 28 {GGF}}; 1.11 grams of 2,4-D
1.23 grams of COFB

Sample 2b (AgFp )2 1.08 grams of 2,4-D
. 1.7% grams of agFa’

Sample 2¢ (AgF) i 0.93 grams of 3.4;3
- 1.16 grams of AgP

saaple 24 (HgFp)s 0,89 grams of 2,4-D
1.94 grams of Hs?a

Sample 2e (MnFz): 0.97 grams of 2,4-D
' 1.66 grams of !»In}i‘:5

Thé(five tubes containing the above dry mixtures were
suspended in a bath of cottonseed ¢il, provided with a mech-
anical stirrer and thermometer. ¥ach reaction tube was fitted
with a long condenser of glassltubing.

The temperature of the oll bath was slowly ralsed to
190° C. over & peried of one hour and forty-five minutes.

The temperature wae held at 190 - 20C° for one hour, then
&llowsd to cool clowly to room temperature.

 Results: |
Sample 28 (G@FE)z When the temperature reached approximately
140°, the raacticn mixture began to darken and & white solid
apyeara& in the condenser. When the resction tube was opened

at the end of the experiment, & strongeder of chlorine was
detepted. A dark brown crystalline solid was extracted

from the reaction mass with ether and gave a melting point
caf&&-ssﬂc. ‘
Ssample 2b (AgF,):t During the heating process, at 78°, there
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was & sudden resaction which resulted in the formation of
dense white fumes, some of which esecaped out of the end of
the condenser. The reaction mixture began to darken, As
the heating continued, no further evolution of fumes was
observed, but the reaction mixture grew progressively darker.,
At the completion of the experiment a strong odor ¢f chlorine
was detected. The nature of the black, semi-crystalline res-
idue resulting from this resction indicated appreciable
contamination from side-reaction products, and the sample
wzs not further studied.

Sample 2¢ (AgF) 1 The reaction between AgF and the 2,4-d1-
chlorophenoxyacetbic acid appeared to require the highest
tenperature of the reactions investigated, Although it pro-
ceeded at 2 slowver rate, it sppeared to be at lesst &8 come
plete as any of the other reactions, When the reasction tube
wag opened at the end of the reactlon perlod, the oder
spemed to be predominantly hydrogen chloride. The ether-ex-
tracted pertion was light orange-brown and consisted of both
solid and liquid pheses, which did not entirely liguify until
a temperature of B5° C. was reached.

Sample 2d (Hg?a}z No reagtion was noted with this sample
until a tempersture of 185% was resched, when the coler of
the reaction mixture began to change slowly from orange

{Gue to the Egﬁgk to light gray. At the end of the reaction
paried, ithere w&a & 4istinct odor of elther hydrogen chlo~

ride or hydrogen fluoride. The main product was a buff-gol-
ored mass that became liquid at about 110° but not at any
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clearly defined melting point.

Semple 2e (MnFB}: The action of manganese trifluoride
seemed Lo be the same as that of cobalt triflucride, and
the products of the reacgtion had the same characteristics,.

3« JIndirect Flueorination of 2,4-Dichlorophensl

Fifteen grams of 2,4~dichlorophencl were placed in
a round«~bettom flask fitted with a reflux condenser and
thernometer. Twenty-five grame of mercuric fluorlde vere
added, and the temperature was held between 45 and 55°for
two hours, during which time there was some evidence of &
slow reactlon, At the end of two hours, the mixture was
decanted to separate the mercury salts, and the products
wers fractionated,

Results; Most of the mixture distilled over at 200
to 210° and appeared to be unreacted 2,4-dlichlorophencl.
There remained in the Tlask & few grams of a dark, reddish-

black, very wiscous unworkable resldue,

To five grams of phenol, dissolved in 25 ml of ecar-
bon tetrachloride, was added 12.5 grams of argentous flu-
oride. A reseiion, though not violent, began at once &atb

room temperature. The reaation mixture was allowed to
gtand in-a closed flask at room temperature for ten

bours. The reactlion mixiure was then decanted from thé

ailver salt énd made basic with strong NaOH solution.
This solubion was Filtered through & wet filter paper and

aﬁpuratmd from the carbon tetrachloride and insoluble 8il-

ver salt, The filtered solution, supposedly containing
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& sodlum sall of phenol or fluorophenocls was then added to
a solution of sediun chloroacetate and the mixture was
heated on the steam cone for twe hours, but yielded no pre-
clpitete upon cooling. Additional heating for another two
hours llkewlse had no effect.

Resulte; The reaction with the argentous fluoride
Yislded s dark red liquid, After treatment with WaOH escl~
ution, the red color remained in the carbon tetrachloride
layer., When the carbon tetrachloride solution was washed
to remeve some of the silver salt and fractionally dlstilled,
it yielded = amall frastion im the 180 - 184° bolillag renge,
apparently phenol, and & derk viscouz and unworkable liquid
similar to the residue resulting from the treatment of 2,4«
diehlorophencl.



CONCLUSIONS
The Fluorine Cell
The data show that this fluorine eell may be operated

slmply and wiith concistent results. The medium range slecs
trolyte was found Lo bs relatively simple to prepare, easy
to handle, and readily maintained at operating temperature
by the 3tsau Jackei. Furthermore, it was not 4ifficult to
maintalin the slectrolyte composition within narrow limits,

The voltage characteristics of this cell ssem to be
aonsistent with data reported in the literature for cells
of this type (45), but thie cell falls short in efficieney.
Previous workers have reported cell efficlencies in excess
of 20 per cent {453, whareas the best effigiency recorded
for this cell was 62,0 per cent. It is guite likely that
higher efficlencies would have been obtained at higher cur~
rent densities {(below the point of polarization) since the
effigiency was seen to rise as the current increassd., The
nlckel anode gave betier cperation than the carbon anode.

The data on the operatlion using an insulated catheode
{Table IV) although not sufficient to be conclusive, tend
to indicate that a cathode separate from the cell body would
result in more sfficlent operation,

 The uajor shortcomings of this cell appear to be

the following: (1) low effieciency, (2) not sufficlently

(#5) sﬁm‘bf Toung, and MINtP, 0?& Gitaa,‘. De 9.
(M; Bmmwi Ls Rsg ODe Bitgy Pe 44,



sturdy in constructlon, {(3) open to the air, permitting
the slectrolyte to absorb moisture 1f it stande inoper-
atlve Tor a considerable period of time, (4) a tendency te
small explosions within the cell.

T4 48 belleved that the meln reason for the low.
efflolency waa contamination of the slscirolyte, prine
clpally with copper salts. The preparation and maintenance
of & reasonably pure electrolyte, plus the precaution of good
electrical contacts, should result in much higher cell
afTiclencles,

Followlng are scme deslgn recommendations based on
experlence with this eell: (1) Monel metsl or stainless
steel construction material for the major parts of the cell.
{2) Niokel asncde; {3) A closed top 4o keep the electroe
lyte anhydrous when the cell is not in use; (4) Cathode
Insulated from the cell bodys (5) Anode of solld censtruecw
tion {not an open cylinder which permits electrolyte to get
within the anode); {(6) Level of electrolyte well above the
botbom of the diephragm to lessen the possibility of fluew
rine passing into the cathode compartment; {(8) Inert gasket
and insulating materisl, such as *Teflon", which wae recently

made available by E, I. duPont,; Ine,

The work of previcus investigators was corroberated
by experiment 1, in that 1t was demonstrated that direct
flnarinatiwﬁ is &ifticul% to eontrol and results in many

side resctions,



25

The results of experiment 2 tend to indicate the fole
lowing order in dedreasing actlvity for the fluorinating
agents inveostigated; AgFa, Man, CQFB,'AEF, HgFye Very
littls difference wsaa dlapleyed between Man and CGF}.
Argemtous fluoride end mercouric flucride also gave approxi-
rately the same results. lore data in this regerd should
te obtained before definite conclusions can be drawn.

The only conclusion that can be mede regarding the
attempts at synthesis is that the methods or technigues
uzed for effecting the synthesis of s fluorinated phenoxy~
zeetic acld were unsatisfactory, but the results 4o not juse
tAfy sbandonment of the project, Although the natural course
of the rsagtlon would be a direct replacement of chlorine
with fluorine, Lhers are wany possible sids reactions and
methods were not found for controiling thece.

Tha synthesis of 2,4~difluerpphenoxyscetic acid was
approached from three different directions but none of thenm
yielded sucgcess: (1) Halegen substitutlion by fluorine into
2,4-dichlorephenoxyacetic acid by means of meial carrlers
resulted only in an indefinite mixture of complex substancesj
{2) Attenpts to replace the chlorine of 2,4-dichlorcphencl,
or, (3) to fluorinate phenol to 2,4-difluorcphencl both gave

the same negative result: & viscous residue of what was

apperently & mixture of polymerlizsd substances.



SUMMARY
l. An electrolytic call for the generatlon of fluorine
wa.s deslgned and constructed, embrecing the following
nodifications or improvements: {a) & means of convene
ilently ascertaining and mainteining the electrolyte come
pesition, {b) a Fflexible method of controlling the elec-
trolyte temperature, (¢) simplicity of construction, (d)
a baffle to prevent entrsinment of the electrolyte inte
the fluorine delivery tube,

2. & technique for conveniently preparing an elsciro-

lyte of the composition KF+2HF was devised and employed.

Be The operating characteristics of the cell were inves-
tigated by & series of runs, It was determlined that the
following will provide eptimum operation Qf the dellz

{a) electrolyte temperature close to 200° C., (b) current
of 12-15 amperes, (¢) cell approximately 2/3 full of elec-
sroiyte. (&) a nickel anode.

4, Under fevorable conditions, the cell was consistently
operated at the following values; over-all voltage, 20 «
23 voltsj cell efficlency, at least 62 per cent.

%, Redommendations for an improved cell, based upon
sxperiences in operaiing the present cell were set forth.

6. The relative fluerinating power of the following
metal carriers was investigated: -GaF3,anF3, &EFE. AgF,
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and ﬁﬁFﬁ. It appezred that AgFg had the greatest agtivivy,
Q¢F3 and HnFS cccupled Intermediate poeitions of sbout
equal strength, and nel and HgF, were the weakest of the flue

orinating agents investipsted,

Te Repeated attempts under warylng conditions to prepare
2, 4457 uorophenoxyscetic acid by halogen replacement in
2,4~d ichlorophenoxyacetio acid always yielded an indefinite

mixture of complex substances,

8. Attempts to prepare 2,4-difluorophenol, (which could
be used as an intermediate In the synthesis of 2,4-d1flu-
orophenoxyacetic aold} by two different methods invariavly
yielded only & viscous, unworkable resldue.
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