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TABLE 111 

~OCTYLBENZENEBULFONATE 

0 . 1  25 34.9 0.8949 31.2 
40 49 7 ,6530 32.5 
60 73.5 .4090 34.6 

0.005 25 68 7 0.8040 61.5 
40 (33.3 ,6536 01.4 
60 129.9 .4699 61 . O  

APPldCATION OF WALDBN’6 ItULE TO SODiIJM 

A n (poises 
Molality Deg. C .  (dims-1) x 1O’)l: 

The method used is illustrated in Fig. 4 and the 
results are given in Table I whlch presents a com- 
parison of CMC values obtained by the various 
mothods. Because of the different temperatures in- 
volved, the comparisons are only approximate. 

V I 1 I I 
10 a0 30 40 

Molality X 10‘. 
Ipig. 4.-Specific conductance of sodiumf-(l-methyldecy1)- 

bensenesulfonate at 36 . 
( 1 3 )  “International Critical Tablea,” Vol. I ,  McaranHil l  Book 

C ’ m  New York, N. Y., 1927, p. 10. 

Roughly, the surface tension method gives values 
which are 5-3001, lower. On the other hand, the 
solubility method shows good agreement with the 
CMC’s obtained from conductance, with the ex- 
ception of one compound. The experimental data 
on this compound, 1-methyltetradecy1)-beneenesul- 
fonate, have been carefully rechecked, 

It has been stated previously4 that alkylarylsul- 
fonates do not give slow draining films in the pres- 
ence of organic additives. This conclusion wm 
baaed on a study of commercial sulfonates. In the 
present study, we have found that slow draining 
films may be obtained in certain cams. The data 
in Table IV illustrate this point. 

# 

. 

TAELE IV 

ALKYLBENZENEBULFONATEB WITH MYRIBTYL Amonor, 
FILM DRAINAGE TRAN6ITION  TEMPERATURE^ FOB para- 

Myrist 1 Film 
Sulfonate, aloohoK drainwe 

Molality g./lW g. pl./lM) g. transltion 
x 10’ aoln. eon X 109 temp., O C .  

8odlum 
p-(l-methyldecyl)- 
bensenesulfonate 

0.224 0.0760 1 10 27.0 
0.76 20.4 
.40 24.0 

111 0.0370 .65 41.6 
-37 36.5 
.18 4 

Sodium poctylbenrenwulfonate 
1.37 0.4000 2 . 0  32.3 

1 . o  30.0 
0.40 23.0 

0.086 0.2000 1 .o 43.1 
0.60 42.0 

.20 33.0 
a Only fast draining film observed. 
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REACTION HEATS OF ORGANIC HALOGEN COMPOUNDS. VIII. 
THE HEATS OF CHLORINATION OF PERFLUORINATED BUTENE-1, 

PENTENE-1 AND ISOBUTENE’ 
BY J. R. LACHER, A. KIANPOUR AND J. D. PARK 
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Rscdiusd October 88. 1088 

The heats of chlorinnt,ion of perfluorobutene-1, perfluoroisobutene and perfluoropentenel have been measured In vapor 
phase reactions and found to be -44.97 -42.22 and -46.61 kcal./mole, res ctively. Some physical roperties of the 
reaction products together with their inirared absorption spectra have been t$%errnined. The thermocfemical data are 
discussed in connection with the heats of chlorination of some simple perfluoroblefina. 

vapor phase reactions. More recently4-’I we have 
modified it to permit the uae of condensing vapor 

a 

I n  earlier papers2m3 we have described a calorim- 
meter which could be used to measure the heat of 

. 
baths as a source of constant temperature. The 
Present Paper deals with the vapor pham heats of (1) This research wns slipported by the Otlice of Scientific Research, 

Air Research and Development Corninand under Contract N ~ .  AF 
18(600)-1151. 

(1040). 

(4) J. R. Lacher, E. Emery, E. Bohmfalk and J. D. Park, TRW 

( 5 )  J. R.  Lacher, 1.. C a d i  and J. D. Park, ibid., SO, 008 (1958). 
(6) J .  R. Laohor, A. Kianpour and J. D. Park, ibid., 60,1454 (1968). 

(2) J .  11. Lacl ior ,  , J .  D. I’nrk, el nl.,  J .  Am. Chcm. Soe.. 71, 1330 

(3) J. R. Laohor, J. D. Park, el ol., ibid. ,  71, 1334 ;104D~. 

JOURNAL, 60, 492 (1956). 
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chlorination of perfluorinated butene-1 , isobutene 
and pentem-1. The experimental procedures used 
were essentially those previously described. 

Experimental Details.-Perfluorobutene-1 and erfluoro- 
pcntene-1 were prepared by the pyrolysis of the uo$um salts 
of porfluorovalerio and perflriorohexanoic acids, respec- 
tive y.1 The olefins were carefully purified by distillation 
in a Podbielniak column. The infrared spectra of the puri- 
fied material were identical to those reported in the litera- 
ture.* Perfluoroisobutene was obtained as a gift from the 
Minnesota Mining and Manufacturing Company. It also 
was purified by repeated distilln.tion in a 100-plate column. 
Infrared analysis of the various fractions suggested that the 
main impurity was erfluorobutcnc-2. We believe our 
product was 98 to OS+‘ 0 pure. 

The catalyst consisted of ferric chloride on activated 
carbon. The carbon was sized to pass 6 and be retained on 
14 mesh. After treatment with dilute hydrochloric acid, 
it was washed with water, dried at 120’ and finally hented 
in uucuo at 350’ for 24 hours. Twenty grams of ferric 
chloride was sublimed and then dissolved in 50 cc. of anhy- 
drous ether. ThiA solution was mixed with 120 g. of treated 
carbon. The ether was driven off by a stream of dry nitro- 
gen. The mixture was transferred to +he calorimeter 
ratalyst chamber and heated under vacuum at 120’ for 
three hours. After cooling the catalyst chamber was filled 
with nitrogen and closed to the atmosphere. 

In  making a run, an excess of olefin was used. The re- 
action was uantitative and no chlorine could be detected 
in the exit line by means of the potassium iodide-starch 

aper test. The rate of formation of roduct was taken to 
ge equal to  the rate of consumption oPchlorine. This was 
dctermined by diverting the chlorine to a collecting tower 
filled with glass beads for a known lcngth of time. The 
gas was absorbed in a 3 N otassium iodide solution and the 
iodine which was liberate1 was titrated with standard so- 
dium thiosulfate in the usual way. 

The products of the reactions were distilled in a micro- 
Podbielniak column and some physical properties measured 
which are listed in Table I. 

TABLE I 
PHYSICAL PROPERTIES O F  PERHALOALKANES 

Ref me t i ve 
Compound B.P., ’C. Density a t  Index tt 

(760 mm.) ZOO 10 

CFaCF~CFzCFCICFzCI 85 1.7225 1.3095 
CFaCFzCFClCFzCl 67 1.6695 1.3082 
CFs\ 

,CCICFpCI 65 1.708 1.3118 
CFa 

Their infrared absorption spectra are shown in Fig. 1. 
Perfluorobutene-1 and pentene-1 were chlorinated photo- 
chemically in the vapor phase. The infrared spectra of the 
products were identical to those produced by catalytic chlo- 
rination. 

The results obtained on calorimetric runs which were 
carried out without experimental difficulty are given in 
Table 11. It would have been desirable to have made more 
runs on each of the compounds; however, sufficient material 
waa not available. 

Discussion of Results.-The data obt,ained in 
these experiments together with the chlorinations 
previously reported2.8 are summarized in Table 111. 

For this series of compounds there are strong 
deviations from the additivity rule. The ’heat of 
chlorination of tetrafluoroethylene is strongly 
exothermic being 57,323 cal./mole as compared to  
43,600 cal./moleg shown by ethylene. When one 
fluorine is replaced by a trifluoromethyl group, 
the heat of reaction drops 10 kcal. Within experi- 

(7) J. D. Lazerte, L. J. Hnls, T. 8. Reid and a. H. Smith, J .  Am. 

(8) “Fluorine Chcmiat.ry,” Vol. TI, J. H. Rimous, editor, Academic 

(9) J .  D .  Conn, G .  R.  Kistiakowsky and E. Smith, J .  Am. Chem. 

Chem. Soc., 7 6 ,  4525 (1053). 

Prcsa, Inc., Nrw York, N. Y.. 1084. 

Soc., 60, 2704 (1038): 
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Fig. 1.-Infrared spectra of products of chlorination of 

perfluorinated butenel ,  pentene-l, and isobutene. 

TABLE I1 
CHLORINATION OF PERFLUORO6LEFINS AT 128’ 

Chlorine rate. Energy rate, - AH 
moles/rnin. X 104 ral./min. cal./moie 

(a) Perfluoropentene-1 
1.195 6.478 46,841 
1.298 6.876 46,503 
2.041 9.389 46,002 
1.955 8.819 46,109 

- AHsv = 46.61 f. 0.40 kcsl./mole 

(b) Perfluorobutene-1 
1.465 6.527 44 , 698 
1.694 7.618 44,970 
1.408 6.369 46,234 

-AHar = 44.97 i 0.31 kcal./mole 

(c) Perfluoroisobutene 
2.298 9.770 42,662 
1.899 7.920 41,706 
2.070 8.782 42,415 
1.390 5.867 42,217 

- AHav = 42.22 f 0 . 6 1  kcal./mole 

TABLE TI1 
VAPOR PHA5E HEATS O F  CHLORINATION AT 128’ 

Compound - AH, cal./rnole 
C F p C F p  57 , 323 

CFp=d?F-CFrCFa 44,966 
Fp-CFs 45,612 

42,222 

CFs=CF-CF, 47,149 

37,376 

48,815 
41,076 

mental errox, a perfluoroethyl and perfluoropropyl 
group give the sameldrop of about 12 kcal. When 
both trifluoromethyl groups are on the Bame 
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carbon, the lowering of the heat of chlorination is 
15 k c d ;  with a cyclobutene the lowering is 20 
kcal. A chlorine atom is less effective if only one 

is present, One gives a lowering of 8.5 kcal. but 
two on the same carbon gives a lowering of 16.2 
kcal. 

THE ELECTROCHEMICAL DOUBLE LAYER ON SILVER SULFIDE‘ 
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Department of Metallurgy, Massachusetts Instilute of Technology, Cambridge, Massachueella 
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Adsorption densities of silver and Nulfide ions at the silver sulfide-solution interface were determined as a function of 
p A g  ant1 ionic strength. Silver and sulfide ions were identified as the potential determining ions for this system. The 
aero- )oinbof-charge for silver sulfide in solutions containing sodium acetate and sodium metaborate was observed to  he 
tit pkg 10. This zero-point-of-charge was also shown to be independent of the concentration of hydrosulfide ions below 
10 mole/liter and of pH in the pII range 4.7 to 9.2. From the adsor tion data the magnitude of the changes in free energy 
fit, tho solid-liquid interface was calculated at different pAg values. #he differential capacity of the double layer was deter- 
mined from the adRorption curves. The results indicated that the capacity values were in good agreement with those 
found for d v r r  iodide and mercury except at high positive polarization of the surface, 

Introduction 
I n  the separation of a valuable mineral from the 

wort’hless solids by means of the froth flotation 
proiwsa, reactions a t  the solid-solution and solid-air 
interfaven are very important.2 The reagents used 
in flotnt,ion vary widely in their chemical nature and 
in the effects they produce a t  the solid interfaces. 
The niechanisms by which these changes are ac- 
complished are not clearly understood and have 
been tthe subject of much investigation in recent 
years. 

One tippoach to this problem would be t o  at- 
tempt, R correlation between the electrical proper- 
ties of a xpecific solid-liquid interface under a given 
set of conditions and the flotation behavior of the 
same solid under identical conditions. The de- 
sirability of such a correlation has been recognized 
for a long while and a few experiments have been 
carried oiit.s-6 However, the success of this ap- 
proach until now has been limited by the lack of 
quantitative knowledge of the electrical properties 
of the solid-liquid system except for the mercury- 
solution’ and silver iodide-solution system.8 
Neither one of these two systems is of much prac- 
tical interest from a flotation standpoint. 

A program of research was initiated to study the 
electrical and electrochemical properties of a solid- 
liquid system which is more closely allied to  flota- 
tion practice. The solid chosen was silver sulfide 
and this paper reports the results of an electro- 
chemical study of the adsorption of silver and sul- 
fur-bearing ions a t  the silver sulfide-solution inter- 
face in the presence of controlled concentrations of 
an indifferent electrolyte. 

Silver sulfide was chosen as the solid because it is 
a heavy metal sulfide typical of the ore-forming 

(1) Based on a dissertation submitted by W. L. Freyberger in par- 
tial fulfillment of the requirements for the degree of Doctor of Soienoe, 
MIT. 

(2) P. L. de Bruyn, J. Th. 0. Overbeek and R. Schuhmann, Jr., 
Trans. Am. Inst.  Min. & Mal. Enora., 199, 519 (1954). 
(3) D, Talmud and N. M. Lubman, Kolloid-Z., 60, 163 (1930). 
(4) P. A. Lintern and N. K. Adam, Trans. Faraday Sac., 81, 504 

(1935). 
(5) B. Kemienskl, 2. phyeik.  Chem., AlS8, 441 (1932). 
(6) 0. Jo, J .  Minine Inst. Japan, 88, 439 (1952). 
(7) D. C. Orahame, Chsm. Reus., 41, 441 (1947). 
(8) E. L. Mackor, Reo. lrav. ohim., TO, 703 (1951). 

metal sulfides; because in contact with silver it 
forms a reversible electrode of the second kind; be- 
cause i t  can be prepared as & well flocculated precip 
itate with high specific surface and because silver 
has only one important valence state, which simpli- 
fies greatly the interpretation of electrochemical re- 
sults. 

Experimental 
The experimental techni ue adopted in this reaearah is 

similar to that  used by Mazora for his studies on silver io- 
dide. This technique consists of adding measured quanti- 
ties of silver acetate to an aqueous suspension of finely 
divided silver sulfide and then determining electroche+ally 
the concentration of silver ion in solution after equilibrium 
has been reached. The amount adsorbed at the solid But- 
face is determined by difference. 

divided silver sulfide was prep-wed 
by precipitation wit[ hydrogen sulfide from an ammoniacal 
solution of silver hydroxide.@ After precipitation, the silver 
sulfide was allowed to stand overni h t  in contact with the 
saturated hydrosulfide solution. Tfe precipitate was then 
washed free of foreign electrolytes by decantation. The 
precipitation and subsequent washings were carried out as 
murh as possible in a nitrogen atmosphere. Chemical 
analyses o two of the precipitates gave 86.99 and.86:12% 
silver and 13.48 and 12.96% sulfur, respectively. Stolchio- 
metrically, silver sulfide should analyze 87.1% silver and 
12.9% sulfur. X-Ray diffraction patterns of these two pre- 
cipitates checked with the data listed by the A.S.T.M. 
for &silver siilfide, the low temperature form of silver sulfide. 
A value of #7.32 g./cm.’ was used for the density of silver 
sulfide. The aging characteristics of several precipitates 
were checkkd by measuring electrochemically the change In 
silver ion aoncentration in a solution in contact with the 
precipitdte for periods up to  six days. This check was 
necessary because the experimental technique required that 
the solid should not chan e its specific surface by recrystalh- 
zation at a rapid rate. $he aging tests showed that  during 
the time of testing, the precipitates decreased in surface area 
by only a few hundredths of one per cent. A precipitate 
was used in an experiment for about fourteen days and was 
not re-used. 

Tank prepurified nitrogen which was further purified, 
provided an inert atmosphere for the electrochemical titra- 
tions aiid was used to  remove dissolved oxygen from the 
solutions. The tank nitrogen was urified by passing i t  
over hot co per punchings, then tirough a solution of 
chromous chkride, next over activated charcoal and finally 
through a suspension of silver sulfide of the same composition 
as the one being titrated a t  that time. 

Tank hydro en sulfide, purified according to  the recom- 
mendation .- of bodd and Robinson,m was used as a source of 
(9) W. L. Freyberger, Sc.D. Thesis, Maaa. Inst. of Tech., 1955. 
(10) R. E. Dodd and P. L. Robinson, “ExperimtaI Inorganic 

Materials.-Fine1 

Chemistry,” Elsevier Publishing Co., New Yorf, N. Y.. 1964. 
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