allica

BIBLIOTHEQUE
NUMERIQUE

{BnF

Anonyme. The Journal of physical chemistry. Published at Cornell university [puis Published under the auspices of the American chemical society, the Chemical society and the Faraday society]. 1896 [I]-. 1932 . Jan.-march.

1/ Les contenus accessibles sur le site Gallica sont pour la plupart des reproductions numériques d'oeuvres tombées dans le domaine public provenant des collections de la BnF.Leur réutilisation s'inscrit dans le cadre de la loi n°78-753 du 17 juillet 1978 :
*La réutilisation non commerciale de ces contenus est libre et gratuite dans le respect de la Iégislation en vigueur et notamment du maintien de la mention de source.
*La réutilisation commerciale de ces contenus est payante et fait I'objet d'une licence. Est entendue par réutilisation commerciale la revente de contenus sous forme de produits élaborés ou de fourniture de service.

Cliquer ici pour accéder aux tarifs et a la licence

2/ Les contenus de Gallica sont la propriété de la BnF au sens de l'article L.2112-1 du code général de la propriété des personnes publiques.

3/ Quelques contenus sont soumis a un régime de réutilisation particulier. Il s'agit :

*des reproductions de documents protégés par un droit d'auteur appartenant a un tiers. Ces documents ne peuvent étre réutilisés sauf dans le cadre de la copie privée sans l'autorisation préalable du titulaire des droits.

*des reproductions de documents conserves dans les bibliotheques ou autres institutions partenaires. Ceux-ci sont signalés par la mention Source Gallica.BnF.fr / Bibliotheque municipale de ... (ou autre partenaire). L'utilisateur est invité a s'informer aupres de ces bibliotheques de leurs conditions de réutilisation.
4/ Gallica constitue une base de données, dont la BnF est producteur, protégée au sens des articles L341-1 et suivants du code la propriété intellectuelle.

5/ Les présentes conditions d'utilisation des contenus de Gallica sont régies par la loi francaise. En cas de réutilisation prévue par un autre pays, il appartient a chaque utilisateur de vérifier la conformité de son projet avec le droit de ce pays.

6/ L'utilisateur s'engage a respecter les présentes conditions d'utilisation ainsi que la législation en vigueur, notamment en matiere de propriété intellectuelle. En cas de non respect de ces dispositions, il est notamment passible d'une amende prévue par la loi du 17 juillet 1978.

7/ Pour obtenir un document de Gallica en haute définition, contacter reutilisation@bnf.fr.


http://www.bnf.fr
http://gallica.bnf.fr
http://www.bnf.fr/pages/accedocu/docs_gallica.htm
mailto:reutilisation@bnf.fr

Journal of physical
chemistry

Tome 36

~ Volume 41

Washington 1932



i 1 ' e . a" - . . - . TR
- [} =% 3
- - - .o
; N . R . . ; . el : ' Ly LT it . . C : -
L] :4.-1,.‘ v :l-,f..‘.;". #;._-..:‘ I T A . ST Y 1 ._,.;,d-i_.."uq,._.:;-u. - s ""*'_ﬂ"'t"-"- !.,_aq_.___. [ T R B ....‘_'-Lu-.u- T P : :‘f--,_i'f'__;.-.ltu.:"a ak e al HE LR S R W L ik “-l\-""'i:'glr.'-;- LI e Y TR | o “r'r"'.-"'- . w.‘."..l..'*_ﬁ'*:t e
e Pl TN A p L S T T ) T AT e N e e e b s P T Ay I AnES, LT, A T W TP IR £ ek S S ! A e e AN L W P X T LR 0PI, L e e T TR e, Gl A s e e B, Ay D etz oy g vy
- - * . . " . . - - ' LI o o - "
. " c - D . " ;"
. ] - " ' _ - - ' . T L] .-
N ' e a1y " " — - . ' . . - s " ' . . . F - . " e 1 5 - LR N ] H -
I I : / - ' i . . 1 . o~ R . P
LY - u - d . .
. ' " - " . . Wt I . . ! ' LI - -':‘_‘ '.,:
- - . . - . . - - - - . . F3 esor - - . - .t ' . e P - . L L Y]
- . . - - L ' . - ' [ .
- . " . LR - H ‘ A . - . . . - i - - '
- - . . L] ' . H b . - " . - . . .
. . ] T v, o - . TR ' " - ik P R -
- . . . . ] . . a . - . ' v r Vs
1 . . 1 . =x . ' " at
. . ] - ' . - i . il - . "
_ - - . _ . . . . . _ . [ B Coe -
+ L] .
~ , 1 < 1 ! " . [} " h [ . 4 ' . . - ': . 1 - - W
- 1 - - . rl - - . . - . - L. - - R ) Lo - roe 2l
) v . . ' .. . . . - - . -
- . L . 4
3 ' ' u - - . . 1 " b f " - ' . n - - .
. . Lt '3 ] .. EI i
. . P e = . . .t 1 . - -
v, T . - ! LR + - - - ' ' " .
. o . - - . . vy .
A . . . . . ‘ . . . s
. . . . . . . v ' . . L
N 1 n N - L] N d . - -
. . . L - - 1l . ' " . |--i
- - " . y . . . L . b ) - :
' [ ' . b - . " - . . e - r . s o ' - L T .
'y : : o . . - . ; T h . iy a3 - T
L] ' - - Bl 1 L} . L] " oW * L] . L - - - L} u s ¥ H L I -
" . ¢ . a . . . ' ' nt "
. i . . . - _ - ' 1 ' i oy n '
, ' 1 s + . ' N - -
. . . . .
! . - ' ll " - - - ‘ - - - L
- ] 2 . = -
- — L] [ - '!‘ . —_— .- - ! - r 1 . - .~ . - * . T 1 ' '
. . » . , ' ! . - '
. f b N L] ]
- b ' o — " L] b ' . " -'- B
b 1 . i I = T o. : ' ..-" !
- . . . H
- , 1 - - - » - - -
[ Y o . ' " ' - w - [ . - - o - 1"
I . _T . ' . . . = + 1 r ! .
- i . . 9 - J‘ . - i 3 " - T . ' b [ = . -."'_ -+ L tf.-.,
. . - 1 ' e [ ' . . r e " oma .
. ' . . ' r - - . - ' . "L
- 4 » -
- . . * - L . - . .- " . ", an a
" 4 - - ' . - . LA f
* ] ' - " 1 - r L ' Lt . LT R v o+ [ L ° .
- ’ L ' . ] - ' . ' '
' " . A - - L - ) ' - ll
e - . "a 4 - - ey . - . o
R - ' * . " . | . I - E "
. } L . . .
. . _ . . . ) '
a ' ' ' . LI .‘. * ' - 4 . " oo " *
Iom . L L . . . . . .
, - E . ) . . w . ) . L .
. ' . * - W L . .
' . e . ' ' R 1
1 . . 1 N u 5 ' .- . - B}
. " . n - . L] - - L
. + . . t . . - ' .
, - '. . . - " -._ . . . . . . . " . . "] [ | . .1 - . , ..
- - . ' r . L ' bl - -
. - . . Y | . - . . . . i . . Y . . ... v b .
. ¥ . . . . : , . e - . .- . . . . .
' i . " "
- L - " ' ' P ] e o LI T 1" | e . (IR ' - - a LI .
. . . 1 - N . ™
- L a - . - ! - " ' - ' '
1 » - . . .- - . - - . . .
. ] ol . * = !
. . . " i
. . - ' . , - . . . PR
. * [ 1 Lo W
- . .- . . r ' . - . . oo - - T " - .
- - - - - . . e " ' r *
[ R . - . , - -
. - - I . f . [ " _ . , [ I ' . ' A o
" - n
< ¢ - ' v T 1 - -
- -, . o . L . ™ . : N - 1 '
. ' . ' - . .i - . . . . g o
. b LI bl - ‘ ] L. P ' ' - .t " - 't -
. . - . 3 - . _ - w - - . N . . ' u 4 . - ' -
- ., . Co ¢ W SN y , .o e - - . . T -
- * - ) - v : ' . . T ' BER ¢ u . ) u
. . . B . - B - . [ . . " " R . . H . . . 1_"["
. . [ - . . " " - .
. - [ . .
- u 1 - - I - . . - 1 _ ' " - . r
, , . . . B . "y .~ . : . " + R
- L - - 1 ] -
. . " . u ' . 3 ’, u ' d L] . ol ' . o . - LY
. 1 » " ' - ' va ' =" . - - . - ! [ . : - ] [] - 1 * “ - " mw "
v ] r -I : - d L4 - " - - * i * !
; . - . . - - . . \ i : . A v . . . . 1
. - r . ' - . . ¥ - . . - - "
. B ' » - - " " - * - L ) .
. " ' * - LI - ' - ' S . - ' v " ‘ - - .
-~ [] . ' - " ' ' .
R , . ) . v . . d ' - . . .
- - " . ‘. - . ' . o - N . -
T . - .t - Tooe LT > L, .ot " . = - ey . VT e - . - HE - - g N - R N ) ) e,
- N u . -, . N - - i N . - - . . . . . " . o - - u -
r - - i
- - X . - - " “ 1 - W LY
. o . e g - \ . . )
. - - . " .. . a - . . . . . "y . -
. b . - . - - ' * i I
1 - » ' - i . - " " . ]
. . . R .o .- . R . - -, - - R R ] . . .- . - . . L s
] = ' r
. . ' - ' . - L P -
. - ' . . . 1 ] .er - . u . - 5
= ] o . R ' . ! - 4
LR - m ¢ b . < . ' ' " a -
L] ) d ' : . , . 1 . L r . l:l 1 ' -t I‘I »
. . . r R - \ . . .
a s " . . M 1 A r a [
L ] - - ' ! -
L . " - ' . ot " . N - . '
* ] § - . ' - - - 1 ' . - a
. : - A . . - . . v ' " -
- ol om " . . . 1 . ' - . - N . . a . ! L
. , ! . M ' . '
. < - x . . . - .. " . - - . - -
N . ] r “ " . 1 coeT e .-‘j -
L - " . ¥
L . - ' - ' - ! -
A . ' - . , . o ‘ . - . . L
- N -
- a - i - v - . . - - Fra. a
=k . - P - b'. . r - - A
L] ' .o * ' . 1 el - ' N - -~ - - ' - 1 1 n . ' 1 b . N s v ¥
. ] .
. , - » . ' . % ap
- - - . P " . . =1
| . ¥ L . ] . . Ll 4 -
[] N * o - - == L] - « - . .
° - . . < ; . - ' - ' : - " - -
' - w N - " | 1 L ! . ' - - -
€ ! - ) - < ! ! - ) - ' )
. - ' - = . v '; - - N - , .
' [\ ' . - ' ' .
. ’ taoe - f . J o. ’ : . " Lo - . S . .t . ' LY Voot SR
, - ) ) N . . ‘. e . E. I..h . N . . . .. - . [ - L Co 3
- [ - b ' v n - - t -
. Lk 1 . - ' -
- i : - R : B .
. L} - N ’ - L} - - - ' L1 - "
P . 1 ]
' - .o . . - ! 1 - - -
- - [ ER
] Ll . . + .
. . . o - L] r N ¢ - . v
- . + . ' .
L 1 - - o - W L3
- . ! ! N - P
L ) .o . . . 1 . - . N v
" . - . . 4 o " ' . a
= - " N u . " '
' . o - L] . T . -, ' . * r
" - . ' - - - ' L - L "‘
, - N < - v
- . - i - - - - - .
. - .. + ' . . F. . .y . . ! 1
. f ' \ b . "1 e - " . S . . - - b -+ -
- ' - -
1 a . 1 '
" . . 1 . - . B ' , . * -
] - - - L 1 - " -
L} - - - v
T B . r 5 ' v : "
- 1 a a
. rJ - . . - < g . . -
+ » 1 ! * - L] .
b . H - ' f bl L’ ' . " * * - ! 1 '-i' :
' . d 1 r ' L4
- » . - : - 1 . . . . . .
. R b . [l LY - - r - - ¢ : - - . i - LI 1 '
' - . - . . . , B . o - T .
PR oo L, . . ..i."'l:.':, . .- - . L “ - " e e N L . . s g - i - a Tty e s - - oo e LTI )
- - L , it = Ve 2 . L . S - PP ' " v . vy Y LR S
1 v S r . ' " ' ' . . . .
- . . . - " " L P ! . 1 ; " .
' v -1 . .
- - ] "
. , - 1 - . - _ a
- " - 4
' . - - - - . . - - ' "
- + - ! ! t ! - y
a ' s [ " 1 ! a
- e 5 - ' . . . . . - '
o " [} ' - a2 . - 4 . = 1 - = n . "
1 " - - ' v
- - - . = - - L n
. . ' a 4 1 1 b = -
x : - - . : - Rl - v - . : : :
L . . . - B y . ) r [} |II .
LI - - . - ' . -
u . h ' R . u ' - . o . ' o . u . . " . - ' N a .
. . - - - e ag . ' a . . T . a . . - * e e L T T - . L - - - ' N - ! R CR—— " "{' Lt -
4 . - - - - |. L v 1 1
. T = - ' * a '
. \ . - . - - - B . " e B
L 4 - " : - L " - . .‘- b - “ ! - . .b
- - .- - " - A . . - - a -
+ N . - . - ' _i . r F—. . . " . - f M . ) .
a , 1 1 ' ' . ¥ . PR
. L]
- . . - - L | i e - e o e - ek B W T ogwamra M
N . .o . ) . . + ) . . . . u g \ " . . . P e LRI !
' . . " . . r E - 4 l Y. P v v
3 r . . L @ [ P ] ' ' 1 ke r
. - . P . P .. -t - . L™ - Moeoe




' T T T TR e S '1'? ..

-.-,~..r {U .o o

R
BY HARRY B. WEISER AND FERRIN B. MORELAND \J¢
The getting of plaster of Paris involves a definite chemical tran¥araBa
from the hemihydrate to the dihydrate of caleium sulfate. Since the former
I8 4.5 times as soluble as the latter' at room temperature, Le Chatelier®
assumed the following mechanism for the setting process: The hemihydrate
first forms a saturated solution in water, then reacts to form the dihydrate
giving & supersaturated solution of the latter from which is deposited a com-
pact mass of interlacing needle-shaped crystals—the set plaster? The
amount of water necessary to bring the hemihydrate back to the f ully hydrated

condition is much less than is necessary to dissolve it since a given amount of

" g TY'*) SETTING OF PLASTER OF PARIS

_ solution supersaturated with respect to gypsum,deposits crystals of the latter,

af o al wTop

thereby releasing the water to dissolve-another portion of hemihydrate—the-= - - - -~ w

process continuing until the transformation to gypsum is complete.

For more than a quarter of a century Le Chatelier’s theory of the mecha-
nism of the setting of plaster of Paris was regarded as completely satisfactory.
But in more recent years it has been considered by & number of investigators
as inadequate to account for all the facts. Following the lead of W. Michaelist
and Keisermann® who observed the formation of a jelly as well as of crystals
in the setting of Portland cement, they have visualized the formation of some
kind of a jelly as an intermediate stage in the setting of plaster of Paris.
Thus, Cavazzi® observed that gypsum precipitated rapidly from aqueous
solution with alcohol gave a gelatinous mass from which distinet crystals
separated on standing. Without further evidence, he concluded that there
was probably an intermediate gel stage in the setting of plaster.

Traube’ was the next to suggest that colloidal behavior plays a role in
the setting process. It is a well-known fact that soluble salts may have a,
marked effect on the setting rate,* some salts accelerating it and others re-
tarding it. To account for this behavior Rohland® assumes, in accord with
Le Chatelier’s theory, that any salt which increases the solubility of calcium
sulfate will accelerate the setting while any salt which decreases the solubility
will retard the setting. This explanation is inadequate since small amounts

' Marignae: Ann, éhimi Phys., (5) 1, 274 (1874).

* “Recherches experimentales sur la constitution des mortidres hydrauliques,” Paris
(1887); cf., also, van't Hoff et al: Z. physik. Chem., 45, 257 (1903): Rohland: Z. anorg.

Chem., 31, 437 (1902); 35, 1g94; 36, 332 (1903); Jolibois and Chassevent : Compt. rend.,
177, 113 (19233.

' Cf., also, Chassevent: Ann. Chim., 6, 244 (1926).

tChem-Ztg., 17, 982 (18g3); Kolloid-Z., 5, 9 (1909); 7, 320 (1gt0),
* Kollotdchem. Beihefte, 1, 423 (1910).

* Kolloid-Z., 12, 196 (191 3); cf. Neuberg and Rewald: 2, 354 (1908},
* Kolloid-Z., 25, 62 (1919),

* Ditte: Compt. rend., 126, 694 (1898),

* Z. Elektrochemie, 14, 421 (1908).

SN




2 HARRY B. WEISER AND FERRIN B. MORELAND

-

of soluble sulfates decrease the solubility of gypsum and yet increase the rate
of set. And there are other exceptions.! Traube observed the effect of salts
on the time required for the plaster fo attain a definite state of hardness.
He found cations to be especially important, the order of influence being the
reverse of that in which they precipitate sols, This led him to the conelusion,
which is not obvious, that there must be some kind of colloidal behavior in-
volved in the setting process.

Ostwald and Wolski? likewise concluded from indirect evidence that
colloidal processes are probably involved in the setting of plaster of Paris.
Experimentally, they followed the rate of change in viscosity of suspensions
of plaster, varying the concentration of the suspensions, the degree of dis-
persion, the temperature and the nature of the medium, 7. e., using solutions
of various salts as well as pure water. The theoretical deductions from the
experimental data were promised in a second paper which was never published.
They merely state that the viscosity data indicate & colloid process, “as for

example, the separation of perhaps only a thin gel layer as an integral part ==

~ of the setting process.”

The guarded statement of Ostwald and Wolski that “perhgps only a thin
gel layer” was formed at some stage of the setting process together with their
failure to discuss theoretically their viscosity data suggests that they were
probably in doubt as to whether there was any gel formation at all. In marked
contrast to this Baykoff,® Neville* and Budnikoff®* come out definitely in
support of the formation of a gel as an intermediate stage in the setting proc-
ess. Baykoff reached this conclusion as a result of & procedure which he
claimed would give a gypsum jelly. Five to ten grams of hemihydrate were
mixed with roo cc of water and shaken vigorously. On stopping the shaking
after a suitable time, the entire mass was said to set to a ‘‘gelatinous mass
presenting the appearance of a silica gel.”” The setting took place in 2 or 3
minutes if & 10 percent solution of potassium or ammonium sulfate was used
instead of pure water. This behavior will be e¢onsidered in the experimental
part of this paper.

Since the hydration of plaster of Paris is an exothermic reaction, the rate
of the reaction may be followed by measuring the rate of evolution of heat.
This has been done by Cloez® Emley,” Chassevent,® Neville,® Budnikoff,'®
Hansen' and others. Starting with a high grade of hemihydrate mixed with
pure water and determining the risein temperature with time, an S-shaped

! Haddon: J. Soe. Chem. Ind., 165T, (1920); 122T (1921); of. Welch: J. Am. Ceramic
Soc., 6, 1197 (1923).

* Kolloid-Z., 27, 79 (1920); Neugebauer: 31, 40 (1922).

3 Compt. rend., 182, 129 (1926); In article by Budnikoff: Kolloid-Z., 42, 151 (1927).

* J. Phys, Chem., 30, 1037 (1926).

3 Kolloid-Z., 42, 151 (1927); 44, 242 (1928).

5 Bull., (3) 29, 171 (1903).

“ Trans. Am. Ceram. Soc., 19, 573 (1917).

s Ann. Chim., 6, 264 (1926).

° J. Phys. Chem., 30, 1037 (1926).

19 Kolloid-Z., 44, 242 (1928).

* Ind. Eng. Chem., 22, 611 (1930).
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THE BETTING OF PLABTER OF PARIS 3

curve is obtained. For an interval of several minutes the temperature rigses
but slightly, after which it goes up relatively rapidly to a maximum and then
falls off. Neville observed that a so-called “initial set’” results before there
is any marked heat evolution. He concluded from this that the setting process
takes place in two stages: (1) the formation of a gel or adsorption complex
between the plaster and water, a process accompanied by but little heat effect
and (z) the exothermic reaction between the plaster and the adsorbed water,
forming gypsum. At first he attributed the observed contraction in volume to
the initial step and the subsequent expansion to the second step, but later? he
concluded that the hydration which causes the initial contraction takes place
throughout the whole period but it is masked for a time by the thermal ex-
pansion.® The effect of salts on the rate of setting was attributed to their effect
on the adsorption of water to form a gel and subsequently to their catalytic
action on the reaction between hemihydrate and water.

Budnikoff carried out thermometric observations on the rate of setting of
. plaster under varying conditions, apparently quite independent of the.work.of.
Neville and reached similar conclusions as to the mechanism of the process.
There is a distinct difference in the form of Neville's time-temperature curves
and those obtained by Budnikoff since the latter, apparently without knowing
it, used & plaster containing a large amount of soluble anhydrite. Accordingly
there was a marked rise in temperature of 15° to 20° at the outset as a result
of the hydration of the anhydrite to hemihydrate.! Budnikoff goes a step
further than Neville and postulates the formation of a gel around the plaster
particles which protects them from the action of water thereby producing the
induction period which varies in length depending on the nature of the addition
agents present. The period of induction is assumed to be broken by crystal-
lization of the enclosing gel which allows the water to again act on the plaster.
This theory deserves little consideration, for if the facts are as postulated
the disappearance of the first gel layer would merely be followed by the for-
mation of a new one giving a second induction period, and so on, the process
being repeated indefinitely.

The arguments for gel formation as a step in the setting of plaster of Paris
may seem quite eonclusive if taken collectively. Indeed one of us® but a
short time ago was distinctly impressed by the conclusions of Neville. On
reflection it appears, however, that all the evidence of true gel formation is
indirect. No one, not even Baykoff, as we shall see, has really observed the
formation of a gel of gypsum prior to the appearance of the interlacing crystals
in the plaster pastes, Chassevent® independently of Neville or Budnikoff
observed an initial inhibition period in the time-heat curves for the hydration
of hemihydrate. It probably never occurred to him to invoke the formation

' CI.. however, Emley: Trans. Am. Ceramic Soc., 19, 573 (1917).

* Colloid Symposium Monograph, 6, 309 (1928).

' Cf. Williams and Westendick: J. Am. Ceramic Soc., 12, 381 (1929).

i Cloez: Bull.,, (3) 29, 171 (1903); Chassevent: Ann. Chim., 6, 265 (1926)
' Weiser: ‘“The Colloidal Salts,” 199 (1928).

* Ann. Chim., 6, 264 (1926).



4 HARRY B, WEISER AND FERRIN B, MORKELAND

of a gelatinous adsorption complex to account for this period of inhibition
since he had previously observed an inhibition period in the erystallization of
gypsum from its supersaturated solution in the absence of nuelei. Indeed he
found that solutions of gypsum containing g times the saturation value did
not start to crystallize for 28 minutes when particular care was taken to ex-
clude nuclei. The effect of salts on the rate of setting was also observed.
In the case of potassium sulfate he states that this “accelerates the crystal-
lization and diminishes the time interval during which the instable saturated
solutions of hemihydrate remains without crystallization.”

Hansen! likewise failed to find any direct evidence of gel formation and
apparently independent of Chassevent, reached the same conclusion as the
latter that ‘‘the effect of foreign material upon the rate of precipitation from
its supersaturated solution appears to explain the ability of foreign materials
to accelerate or retard the setting of caleined gypsum pastes.”

While one can offer no objections to the statements of either Chassevent
or Hansen, their conclusion in the last analysis is merely that foreign sub-

stances infliiénde the rate of s'aét'"By' influencing the rate at which gypsum pre- ”

cipitates from its supersaturated solution. On the other hand, they offer no
explanation of the variation in behavior with various substances. Chassevent
does say that substances which increase the sulfate ion concentration ac-
celerate the crystallization; but as we shall see this is not necessarily true.
Thig communication deals with thermometric and optical observations of
the hydration of plaster of Paris under widely varying conditions with the
end in view (1) of throwing light on the existence or non-existence of gel
formation as a stage in the setting process and (2) of formulating a general
theory to account for the effect of addition agents on tae rate of setting.

The Question of Gel-Formation in the Setting of Plaster of Paris

1. Baykof's gypsum “gel.” As pointed out in the previous section,
Baykoff claims to get gypsum as a “gelatinous mass presenting the appearance
of & silica gel” by precipitation of the gypsum from a supersaturated solution
In water or ammonium sulfate solution. His procedure using an smmonium
sulfate solution was repeated: Ten grams of ammonium sulfate were dissolved
in 100 cc of water in a 250 cc stoppered bottle and to this was added 10 grams
of plaster of Paris. After shaking at intervals, rapidly at first and then more
gently for approximately 2 minutes and allowing to stand quietly, it was noted
that the mixture gradually became somewhat rigid so that the hottle could
be turned upside down without the mass flowing. This was obviously the
gypsum “gel” to which Baykoff referred. 1t possessed but little rigidity and
broke completely on gentle stirring and did not reset on standing. Microscopic
examination showed it to be a network of relatively long crystal needles of
gypsum. The experiment was repeated withdrawing samples of the mixture
for microscopic examination at intervals of 30 seconds. After 1.5 to 2 minutes
the appearance of myriads of small needles was a reminder that the mixture

T

' Ind. Eng. Chem,, 22, 611 {1930).
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should be allowed to stand quietly if a “gel” was desired. [ the shaking was
continued the mass did not “set.” The only point of resemblance between
this cloudy, non-uniform entangling mass of crystal needles and silica gel is
that both stay in the containing vessel when the latter is inverted. Silica gel
or jelly, like all true jellies, consists of myriads of uvitramicroscopic particles
that have adsorbed the solvent strongly and have beecome enmeshed into a
network that entrains liquid.! A mass of relatively coarse crystal needles that
entangles water constitutes what Holmes? has called a “false gel” in contra-
distinction to the true gels where the structure is ultramicroscopic. Thus
if one dissolves 4—s grams of caffeine in 100 cc of hoiling water and allows the
solution to cool slowly, the beaker may be inverted without loss of water.
In this case, as in the case of the gypsum, the strueture eonsists of compara-
tively coarse needle crystals. Everybody is agreed that in the process of
setting, plaster of Paris gives an enmeshing network of gypsuin needles that
entrains the excess water. If this is what people mean when they say that

~ gelation is a step in the setting of plaster of Paris, then one will not question . .

the statement. But this is not what they mean. Neville assumes specifically
that the gel is an adsorption complex between the water and the plaster which
forms without any chemical change. Budnikoff has the same idea, for he
speaks of the initial formation around the plaster particles of a gel layer which
subsequently crystallizes.

2. The Effect of Gypsum Nuclei on the Rale of Set of Plasler of Paris. It
is a well-known fact that samples of high-grade plaster of Paris free from any
added accelerators or retarders show considerable variation in the time of set.
In general a plaster which exhibits a long period of inhibition before there is
any marked 1ise in temperature, is designated as a slow-setting plaster while
one with a short period of inhibition is referred to as a rapid-setting plaster.
If the period of inhibition is due to the building up of an adsorption complex
“‘whereby the two reactants are brought into chemical contact,” as Neville
assumes, then it is not obvious why different samples prepared by similar
procedures and having the same average particle size, should show such differ-
ences in the period of inhibition. On the other hand, if the inhibition period
is merely a phenomenon of supersaturation, the variation in the length of the
period with different samples of plaster might well be due to variation in the
number of gypsum nuclei in the samples. Chassevent® showed that the
addition of gypsum to plaster hastened the time of set and Hansen'* found that
if a plaster paste was made with water shaken for 35 minutes with a small
amount of plaster which ordinarily attained its maximum {emperature in 73
minutes, the time of setting was appreciably shortened.® But the importance
of the presence of gypsum nuclei in plaster of Paris on the rate at which it
sets has been pretty generally overlooked especially by everybody who has
visualized gel formation as a stage in the setting process.

! Weiser: Bogue’s “Colloidal Behavior,” 1, 193 (1924:.
2 Colloid Symposium Monograph, 1, 24 (1923).

3 Ann. Chim., 6, 313 (1926).

¢ Ind. Eng. Chem., 22, 611 (1930).

5 Cf. Wiggin's Sons Co., British Pat., 221,853 11923).
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In this as in succeeding experiments on the rate of set of plaster, the
thermometric method was employed. A diagram of the apparatus used is
shown in Fig. 1. This consists of & Dewar vacuum vessel 8.2 em internal
diameter and 29 em deep. The vessel is supplied with o snug-fitting cork
stopper attached to a board which rests on the top of the vessel when the

\ 3
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Fia. 1
Diagram of Calorimeter.

stopper is inserted. To the stopper is suspended
firmly a cork ring which holds the paraffined paper
cup containing the plester paste. A hole through

the center of the stopper admits a 100° ther-
mometer graduated in tenths of a degree.

The procedurc using this apparatus is as
follows: Into a 130 cc paraffined paper cup is
measured exactly 35 ce of distilled water kept in

the thermostat at 25°. A so-gram sample of the
plaster likewise kept at 25° was put into the eup

~ and the stop-watch started. By brisk stirring for .

10 3econds with a glass rod, a uniform paste was
obtained. The cup with contents was put in the
holder, the thermometer inserted in the paste
which was then covered with a thin layer of
paraffine oil to prevent evaporation. After placing
in the Dewar vessel, the temperature was read at
t minute intervals until after the maximum tem-
perature was attained and the temperature began
to fall regularly.

‘The plaster of Paris used in these experiments
was a high grade product secured from the Cen-
tral Seientific Company. The rate of set of the
plaster was somewhat too rapid but it was found
that this was decreased by ignition. Accordingly
2-kilogram samples in a flat tin container were
placed in an electric oven at 130° for two hours,
stirring thoroughly every 3o minutes. Approxi-
mately go kilograms were treated in this way and
the entire amount was spread out thinly on paper
in & closed room in which the humidity was kept
nigh. This served to transform into hemihydrate
any anhydrite that was formed duvri. 2 the ignition.
After thorough mixing, following the standard
procedure,! the plaster was transferred to tightly

corked bottles. ['nless otherwise stated this “Standard Sample’’ was used in
all experiments deseribed herein.

The time-temperature curves were run on (1) a sample of the original
plaster that had been heated at 130° for 5 hours and allowed to stand in the
air over night, (2) on the siandard sample deseribed above, and (3) on the

s s e oA

"1 Treadwell-Hall: “Analytical Chemistry,” 2, 53 (1924).
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stundard sample to which varying amounts of gypsum were added. The
gypsum used was set plaster which was finely ground to pass a 100 mesh sieve.
‘Fhe weighed sample was thoroughly mixed with the so gram weight of plaster
before the water was added. The time-temperature curves for various mix-
tures given in Table 1 are shown in Fig. 2.
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Time-Temperature Curves obtained with Different Samples of Plaster of Paris,

TaBLE I
Observations on Different Samples of Plaster of Paris

Substances mixed with 35 ce watey _Time to altain Teasile strength
Plaster of Pars Grams gypsum _ maximum pounds per square inch
SO grams added caleulated temperature after 1 day  after 10 days
Sample heated 5 hours 0.0 o.00012 100.0
Standard sample 0.0 ©0.00002 64.0 233 400
Standard sample 0.01 ©.0008 38.0
Standard sample 0.05 ©.0%2 26. 3
Standard sample 0.10 ©0.08 24.0
Standard sample 0.2 ©0.23 1g.0
Standard sample 0.50 0.50 16.0 300 450
Standard sample 1.006 ©.04 14.0

From the form of the curve with a plaster to which no gypsum was added
it will be noted that there is a sharp rise of approximately 1° which is probably
due to heat of wetting and to the transformation of any anhydrite into hemi-
hydrate. The initial rise is followed by a “‘period of inhibition’’ after which
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there is a gradusl increase in rate of reaction until a maximum temperature is
attained. 'The sample heated for 5 hours (curve not shown) which was quite
free from nuclei did not attain the maximum temperature for 100 minutes
while the standard sample showed a shorter inhibition period and reached the
maximum temperature in 65 minutes. The inhibition period was appreciably
cut down by adding nuelei of gypsum until with o.5 gram in o grams of
plaster, it was practically zero. When the time to attain the maximum tem-
perature is plotted against the weight of gypsum nuclei added a parabolic
curve is obtained, Curve I, Fig. 3, which shows that the rate of set approaches
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Effect of the nddition of Gypsum Nuclei on the Rate of Set of Plaster of Paris.

infinity as the number of nuclei present apprvaches zero. Plotting the data
on logarithmic coordinates the straight line, Curve 11, of Fig. 3, is obtained.
The eguation for the eurve is B =1.52 X10%*%, where W =grams gypsum
added and {=time to attain maximum temperature. From this the values
for the weight of nuclei added may be calculated. Ior the purposes of com-
parison with the actual amounts added, the ealculated values, which show
close agreement, are given in the third column of Table . Using the equation,
the amount of nuclei present in the two samples to which no gypsvm was added
can be calculated. It is interesting to note that the calculated value for the
very slow setting plaster is approximately o.ooo1 gram per so grams while
for the standard sample it is less than o.oo1 gram per 5o grams.

The above observations indicate that the length of the inhibition period
is influenced to a marked degree by the amount of gypsum nuclei in the plaster
paste after the mixing with water is complete. Hence the obsgerved inhibition
period appears to result from delayed precipitation from a supersaturated

solution owing to dearth of nuclei rather than to the time necessary to form
a gel or adsorption complex.
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It eannot be too strongly emphasized that the period of inhibition even in
a relatively slow setting plaster, is not a period of rest so far as chemical
change is concerned. The temperature rises gradually throughout the entire
period, showing the precipitation of more and more gypsum on nuclei already
present and the formation of new nuclei until there is rapid preeipitation of
gypsum followed by further solution and hydration of hemihydrate throughout
the mass. This was confirmed by a motion picture record of the process
magnified 3o times. The absence of temperature rise, or an actual drop in
temperature, during the first stages of the process, is due either to loss of heat
by evaporation of water from the paste or radiation ewing to insufficient in-
sulation in a room where the temperature is lower than that of the newly
prepared paste.

In view of the fact that there is a gradual increase in the viscosity of the
plaster paste from the time of its formation, it is not possible to indicate any
one point where the plaster begins to harden and to designate it as the “initial

- set,” Emley! states specifieally-that.none of the methodssuchas mensarements ~

of expansion or of temperature rise, is capable of indicating an “‘initial set.”

In the last two columns of Table I are given the tensile strengths,? after
1 day and after 1o days, of the standard plaster with and without the uddition
of a small amount of gypsum. It will be noted that the unseeded sample
which sets slowly and the seeded sample which sets rapidly, attain approxi-
mately the same strength after 10 days; but the rapid-setting sample has a
higher strength after 1 day than the slow-setting sample. It would seem from
these observations that suitable ignition to eliminate gypsum nuclei is all that
is necessary to obtain slow-setting plaster of Paris and that the rate of set
can be increased to any desired point by seeding with a suitable amount of
finely powdered gypsum.

3. Effect of stirring Pluster-Water Mixtures on the Rale of Sel. 1t is a
well-known fact that stirring a mixture which has the property of setting to a
uniform jelly structure will prevent or at least greatly retard the gel formation.
If the setting of plaster of Paris involves the initial formation of a jelly, it
would follow that the process and the subsequent set would be retarded by
agitation of the plaster-water mixture. On the other hand, if the phenomenon
consists merely of dissolution and hydration of hemihydrate followed by
precipitation of gypsum from its supersaturated solution, and the usual period
of inhibition is due to a searcity of gypsum nueclei, it would follow that stirring
would tend to break down the supersaturated solution, supplying nuclei which
would decrease the length of the induction period and hence the time of set.
As a matter of fact, the latter is what happens as the following experiments
show. Fifty-gram samples of the standard plaster were mixed rapidly with
35 cc of water in & paraffined paper cup. The pastes were subjected to rapid
agitation for varying periods of time, using a Central Scientific Company
motor-driven stirrer No. 12860 running at maximum speed. The stirrer was
n metal disc of 6 paddles, 3 em. in diameter. The time-temperature curves

P Prans, Am. Ceramie Soc., 19, 573 (1917}
* Determined by the standard procedure of the American Society for Testing Muterials.



10 HARRY B. WEISER AND FERRIN B, MORELAND

obtained in the usual way for the several samples are reproduced in Fig. 4.
Note especially the shortening of the inhibition period with increasing time
of stirring. A lower meximum temperature was recorded for the mixtures
stirred 3 and 4 minutes than for those stirred a shorter time because of loss
of heat before placing the mixture in the ealorimeter. The results are sum-
marized in Table II and shown graphically in Fig. ¢. It is significant that
the form of the curve is similar to that obtained by the direct addition of
varying amounts of gypsum to the plaster.
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TaBLe IT
Effect of Stirring on the Rate of Set of Plaster of Paris

Time of stirring with
motor driven stirrer

ro seconds (by hand)
30 seconds

1 minute

2 minutes

3 minutes

4 minutes

5 minutes

Time for maximum
temperature

04

44

30

22

19

17
Set before the
thermometer was

introduced



THE B8ETTING OF PLASTER OF PARIS P}

These three sets of observations individually and collectively furnish
strong evidence in support of the view that the inhibition period is a phenormne-
non of supersaturation rather than of gel formation.
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Effect of Foreign Electrolytes on the Rate of Setting of Plaster of Paris

Since the setting of plaster of Paris involves the precipitation of gypsum
from its supersaturated solution, the effect of electrolytes on the process may
be considered in the light of von Weimarn's theory of the precipitation process.!
Von Weimarn calls attention to the fact that there are a nurber of factors on
which precipitation depends, the most important of which are (1) the solubility
of the preeipitating substance and (2) the concentration at which the precipita-
tion begins. The process of precipiiation is considered as taking place in two
stages: the first stage in which the molecules condense to invisible or ultra-
microscopie particles; and the second, which is concerned with the growth of
the particles as a result of diftusion.

Considering the first stage, the velocity W at the first moment can be
formulated

W =  Precipitation pressure _ 1 Q = I _ B gy

e S 1 Sl e et e el bl

precipitation resistance L

P vZur Lehire von den Zustiinden der Materie” (19144
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in which K is a constant, Q the total concentration of the substance that is to
precipitate and L the ordinary solubility of the substance. @ — L = P, the
amiount of supersaturation and P/L = U, the percentage supersaturation.
A given value of [ will result either from a large P value or a small L value. In
the first case a large amount of precipitate will be thrown down in a given time
while in the second a relatively small amount will form.

The velocity V" of the second stage of the proeess is given by the Nernst-
Noyes equation

V=D/8-0.-(Q~-1)

where D is the diffusion coefficient, S the length of the diffusion path, O the
surface, @ the concentration of the surrounding solation and L the solubility
of the dispersed phase for a given degree of dispersity. As in the von Weimarn
equation @ — L is the absolute supersaturation.

This general statment of the conditions which obtain during precipitation
from solution may now be applied to the precipitation of gypsum from its
‘solution hoth in the presence and in the absence. of foreign electrolytes. - The -
solubility of plaster of Paris in water is approximately 0.067 mol per liter!
and when this hydrates to gypsum which has a solubility of but o.015 mol per
0.067 — 0.01%

 o.01§
velocity of precipitation is proportional to U, thatis, W = K 3.5. In view of
the relatively long period of inhibition following the mixing of pure plaster of
Paris with water, it is obvious that this percentage supersaturation is insuffi-
cient to cause rapid precipitation of nuclei which must be present in sbundance
for a rapid reaction to take place throughout the mass. Now if the addition
of u foreign electrolyte euts down the period of inhibition it follows that the
percentage supersaturation of the solution with respect to gypsum must be
greatly increased. This may be accomplished in one of two ways: Either the
solubility of the hemihydrate is inereased appreciably more than that of
gypsum by the presence of the foreign electrolyte or the solubility of the
gypsum is decreased appreciably more than that of hemihydrate by the pres-
ence of the foreign electrolyte. In the first instanece the value of (Q-L)/L =
P;L, the percentage supersaturation, is increased because the value of Q,
which is determined by the solubility of hemihydrate is increased proportion-
ately more than L the solubility of the gypsum in the medium; and in the see-
ond case P/, is increased hecause L is decreased proportionately more than
P in the given medium. In other words for a foreign electrolyte to change the
initial rate of formation of nuclei as compared to the rate of formation in
water alone, all that is necessary, other things being cqual, is for the ratio of
the solubility of hemihydrate to the solubility of gypsum to be greater or less
than 4.3, the ratio of the solubilities in pure water. There is of course no reason
to expect a constant ratio of solubilities in widely different environments but
direct evidence of such variation in the solubility ratios are quite impossible
to get in most cases since solutions of foreign clectrolytes added to hemi-

liter, the percentage supersaturation is = 3.5 = U'. The initial

' Marignae: Ann. Chim. Phys, (3) 1, 274 (1874).
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hydrate usually result in sueh rapid precipitation of gypsum that the solubility
of hemihydrate in the solution cannot be determined accurately. On the
other hand, the observations recorded in the subsequent paragraphs furnish
strong indirect evidence of the expected variation in the solubility ratio and in
one case this has been evaluated experimentally.

(*oming back to the question of growth of particles on nuclei already
present, the Nernst-Noyes formulation states that the veloeity of growth is
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Time-Temperature Curves for Mixtures of Plaater of Paris with Varying

Concentrations of NHNO..

proportional to @ — L, the absolute supersaturation. For a given amount ¢
in solution, the velocity of growth is influenced strongly by the solubility.
If L is small, so that the Q — L value is relatively large, the growth of particles
will be relatively rapid; while if L is large so that Q@ — L is relatively small,
well formed crystals will form slowly. As is well known, for the growth of
large well-formed erystals, the @ — L value must be very small and there must
be few nuclei on which precipitation takes place.

In the subsequent experiments the effect on the rate of set of plaster of
Paris is determined for a few typical salt solutions and is considered in the
light of the theory above outlined.

Effect of Ammonium Nitrate. Since ammeonium nitrate is quite soluble
and the solubility of gypsum in a wide range of concentration is known, the
effect of this salt on the rate of set of plaster of Paris was first studied. Fifty-
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gram portions of the plaster were mixed for 1o seconds with various concentra-
tions of salt solutions and the time-temperature curves obtained for the several
mixtures. To give an idea of the way in which the form of the curve varies
with different concentrations of salt, n few of the curves are reproduced in
Fig. 6. It is clear from these curves that for concentrations in the neighbor-
hood of 1 to 2z molar the inhibition period is very small and the rate of set is
quite rapid. With concentrations below normal the inhibition period and the
rate of set become gradually longer approaching that of pure water. Thesame
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Effect of the Concentration of NH,NO; Solutions on the Rate of Set of Plaster of Paris.

is true for higher concentrations as evidenced particularly by the behavior in
1o normal solution where the period of inhibition is much longer than in pure
water and the time for the maximum temperature to be reached is twice as
long asin water. The data are summarized in Table 111 and shown graphically
in Fig. 7. The solubility curve of gypsum in ammonium nitrate solution'
is given for reference. The U-shaped form of the rate of set curve indicates
that with low concentrations of nitrate solution, the ratio of the solubility of
hemihydrate to gypsum is sufficiently large that a high percentage super-
saturation of gypsum obtains., This results in prompt precipitation of nuclei
and because of relatively high absolute supersaturation the growth of the
erystals goes on rapidly until the reaction is complete. On the other hand, in
strong nitrate solution in which gypsum is quite soluble, @ — L = P is small

pra—— . . S

! Cameron and Brown: J. Phys, Chem., 9, 210 (1903).
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TaBLE I11
Effect of NH/NO; on the Setting of Plaster of Paris

Concentration of  Time for  Solubility of gypsum ‘Fensile strength
NHNO; solution  maximun  from curve of Cameron pounds/iy. in.
normality temperature and Brown! — :
Mol per liter after 1 day after 1o days
0.0 64 0.01% 235 490
0.10 o 0.020 225 300
0.2§ 27 0.02%
0.5§ 10 0.037
I.0 13.5 0.052 115 200
2.0 10.5 0.066
3.0 10.0 0.076
4.0 12.0 0.081
6.0 19.0 0.084 ile 30
8.0 30.0 | 0.089 ) | |
e T T aehe T 0.885 T 6o T T g T

and P/L is small so that the initial formation of nuclei and the subsequent
growth of crystals is greatly retarded.

The correctness of the above interpretation of the effect of varying con-
centrations of ammonium nitrate on the rate of set of plaster of Paris, is in-
dicated further by optical observations of the form of the gypsum crystals ob-
tained under varying conditions. The procedure was as follows. Exactly 1
milligram of the standard plaster was placed on a microseope slide and to this
was added from a z ec graduated pipette, o.1 cc of water or solution. After
mixing, the sample was covered with a cover glass, taking care to avoid en-
trapping air bubbles, To prevent loss of water by evaporation, a film of
paraffine was painted around the edge of the cover glass using a small camel’s
hair brush. After the transformation to gypsum. was complete, a micro-
photograph of the resulting crystal was taken. Six of these photographs are
reproduced in Fig, 8. Note that with relatively low concentration of NH(NO;,
the needle crystals of gypsum are relatively fine. ‘This means that the per-
centage supersaturation at the outset is so high that a great number of nuclei
are formed and a relatively large number of small needies result. With in-
creasing concentration of nitrate in which gypsum is more soluble, the per-
centage supersaturation at the beginning of the process falls off and the abso-
lute supersaturation is reduced so that fewer, larger erystals result. This
difference in size and shape of the crystals becomes quite marked in 6 N
NHNO; and is particularly striking in 8 and 10 N NHNO;. The very large
crystals obtained in the 10 N NHNOj solution form quite slowly on few
nuclei.

It should be remembered that for a complete quantitative formulation of
the rate of formation and the nature of the precipitate as it is affected by the
solubility of the substances concerned, it would be necessary to know the

J. Phys. Chem,, 9, 210 (1903).
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solubility of plaster of Paris in varying concentrations of ammonium nitrate
throughout the range. It is obvious that such data eannot be secured with
low concentrations of NH N O; because of the rapid rate of transformation of
the hemihydrate to gypsum in the nitrate solution. On the other hand with
10 ¥ NHNOjg solution, the rate of transformation is relatively slow,so that it

Fic. 8

Photomicrographs of Gypsum Crystals obtained in Various
oncentrations of NH.NO; (X 40).

is possible to make a fairly accurate determination of the solubility of plaster
of Paris in this solution. The procedure was as follows: approximately 10
grams of plaster was shaken for 5 minutes with roo cc of 10 N NHNO;.
After centrifuging for a minute to throw down the excess plaster the solution
was filtered rapidly through a Gooch crucible and & 50 ec portion of the filtrate
heated to boiling and precipitated with BaCl, solution. After digesting hot
over night, the precipitated BaSO; was collected in a Gooch crucible, ignited
and weighed. On account of the contamination of BaSO, by adsorbed nitrate,
the precipitate obtainecd was probably slightly heavier than it should have
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been. However, the same procedure was used by Cameron and Brown!
to determine the solubility of gypsum in nitrate solutions, so that the two
determinations are comparable.

The solubility of plaster of Paris in 1o N NH./NO; wus found to be 15.5
grams CaSO¢ per liter or o.114 mol per liter a8 compared with ¢.089 mol per
liter for the solubility of gypsum in the galt solution. The ratio of solubilities
is thus 1.3 as compared with 4.5 in pure water and the (@ —~L)/L =P /1 value
in the nitrate solution is o.3 as compared with 3.5 in pure water. These
data furnish a quantitative basis for the above explanation of the observed
differences in behavior of plaster of Paris in different solutions.
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TanLe IV

Efiect of NHCl on the Setting of Plaster of Paris

Concentration of Time for Solubility of gypsum
NH Cl solution maximum from the curve of
normality temperature Cameron and Brown!
Mols per liter
0.0 64 0.015
0.25§ 28 0.031
0.50 20.§ 0.043
1.00 14.5 ©.0%§5
2.0 12.0 0.009
3.0 13.0 0.077%
4.0 18. 5 0.079
0.071

6.0 Jo.0o
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Referring to the last two columns of Table II1, it will beseen that the tensile
strength of the set plaster formed in the presence of NHNO; solutions is less
than that formed in pure water. This is especially true when the nitrate
solution is s0 strong that relatively few erystals of gypsum result,

Effect of Ammonium Chloride. The behavior of plaster of Paris in ammo-
nium chloride solutions is essentially the same as with ammonium nitrate, as
indicated by the results of the observations recorded in Table IV and shown
graphically in Fig. 9. The curve has the same form as that obtained with
nitrate but it runs slightly higher indicating that the initial percentage super-
saturation with respeet to gypsum is somewhat lower in the ammonium
chloride than in the corresponding nitrate solutions. This was confirmed by «
comparison of the microphotographs of the erystals obtained with like con-
centrations of the electrolytes,

Effect of Ammonium Sulfale. The effect of varying concentrations of
ammonium sulfate on the rate of transformation of hemihydrate to gypsum is

shown by the results tabulated in Table V which have been plotted in Iig. 10.

It will be noted that {he rate of hydration of the plaster, as evidenced by the
time for attaining the maximum temperature, is greater than that with equiv-
alent solutions not only of NHCI and NHNO; but of all the salts investi-
gated. As has been frequently pointed out, this rapid rate of reaction is con-
trary to Rohland’s theory which attributes the increased rate of set of plaster
in salt solutions to the increase in solubility of gypsum in these solutions, since
the solubility curve reproduced in Fig. 1o discloses a smaller solubility of
gypsum in low concentrations of (NH4)2SO solutions than in water. As n
matter of fact, the effect of the salt on the solubility of gypsum is in itself
altogether insufficient to explain the effect of the salt on the rate of hydration
of plaster. The important thing is the ratio of the solubility of plaster to that

TagLe V
Effect of (NH4)2S0, on the Setting of Plaster of Paris

Concentrution of Time for  Solubility of gypsum Tensile strength
(NH 480, solution maximum from curve of Sullivan! pounds/sq. in. _
normulity temperature Mols per liter after 1 day after 1o days

0.0 64.0 0.0L5 235 300
0.23 18.0 0.011
0. 50 I11.0 .01
0.75% 8.0 0.013
1.00 7.5 .01 165 423
I.350 7.0 0.0I7
2.0 6.3 0.010
3.0 7.0 0.025
3.0 8.0 0.028
6.0 13.0 0.031 160 475
7.0 16. 3 0.032 150 383
8.0 20 .0 0.033

Tl

t.L :%m. Chem Sov., 27, 329 (1903).
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of gypsum in a given concentration of the salt, since this ratio determines the
initial percentage supersaturation which influences greatly the rate of forma-
tion of nueclei and the absolute supersaturation which determines the rate of
growth. The form of the eurve in Fig. 1o indicates that the ratio of solubility
of plaster to gypsum is high even in relatively low concentrationsof (NH ,)sS0..
This would account for the absence of a period of inhibition in the time-

temperature curves since (Q-L)/L would be large; and would account also for

the rapid rate at which the reaction once started goes to completion since @-1
would be relatively large. That such is the case would follow also from the
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Effect of the Concentration of (NH;)}.30( Solutions
on the Rate of Set of Plaster of Paris.

form of the particles obtained in the solutions of varying strengths, photo-
micrographs of which are given in Fig. 11. Note the relatively small size of
the crystais formed in the zone of very rapid set in contact with solutions
between N and 4N. In 6N solutions the crystals which form somewhat
slower are larger while in slightly higher concentrations a mat of long needles
results. The lower §-L = P value and P/L value in solutions bhetween 7
and 8.V in which the solubility of gypsum is twice what it is in water, mani-
fest themselvesin a slower time of set and the formation of larger much longer
needles.

The tensile strength data in Table V show that ageing the plaster which sets
rapidly in the presence of sulfate gives a product which approaches in strength
the product formed with pure water,

Effect of Ammonium Thiocyanate. Observations on the effect of NH NS
on the rate of formation of gypsum from plaster are summarized in Table VL.
The curve representing the effect of the thiocyanate coneentration on the time
for attaining the maximum temperature is given in Fig. 12 together with
similar curves for the other salts investigated. The photomicrographs of the
gvpsum crystals formed in the presence of varying concentrations of the salt
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Photomierographs of Gypsum Crystals obtained in Various Concen-
trations of (NH,):80, (x 40).

TasrLe VI

Effect of NH NS on the Setting of Plaster of Paris

Concentration of Time for Concentration of Time for
NH.CNS solution maximum NH.CNS solution  maximum
normality temperature normality temperature
0.350 23.0 4.0 20.25
1.0 17.% 5.0 46.0
2.0 13.75 6.0 80.0
3.0 18. 50

are reproduced in Iig. 13. These data merely emphasize the importance of

the degree of supersaturation on the rate of formation and the form of the
erystals.

FEN EEFHEL s EETE
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It is of interest to compare the crystal mass obtained in the presence
of 6.5 N (NH,)80, with that formed in the presence of 6 N NHCNS.
Although, at first glance they may appear quite similar, there is actually a
distinet difference in the appearance as a result of a difference in the condi-
tions leading to their formation. With the thiocyanate solution there was «a
marked period of inhibition in the time-temperature curve while with the
sulfate solution there was little or no inhibition period. This indicates that

FTO gy . ——-—~~-r.. . . ’_._.,_._. -
v }
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Time for Maximu

Concentration of Salts, Normality

Ftoc. 12

Effect of Varving Concentrations of Several Electrolytes
on the Rate of Set of Plaster of Paris.

the percentage supersaturation is greater in the latter case. The actual super-
saturation was also greater with (NH,):SO, than with NH,CNS since a very
large number of fine needles formed rapidly with the former and a smaller
number of thicker needles formed more slowly with the Iatter.

TasLe V1I
Effect of Na('l on the Setting of Plaster of Paris

I HL R

TR TG

LR SR T L A R B P H I B S IR

Concentration of Time for solubility of gypsum from
NaCl solution maximum curves of Cameron.’
normality temperature Mols per liter
0.0 04 0.015
1.0 20 0.046
2.0 30 0.034
3.0 49.5 0.035
4.0 86 0.0352
Saturated 251 0.0j40

gl

t J. Phvs. Chem., S,

556G {1901},
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Photomicrographs of Gypsum Cll_'ivstals obtained in Various
oncentrations of NH,CNS. (x 40)

TaBLE VIII
Effect of Mg(Cl, on the Setting of Plaster of Paris

Ea—T — . LE— T W "

ik

Concentration of Time for Solubility of gyvpsum from
MgCl., solution maximum curve of Cameron and Seidellt
normality temperature Mols per liter
.0 64.0 0.01§
1.0 43.5 ©.056
1.3 40.0 0.001
2.0 13.0 0.063
3.0 53.5 0.003
1.0 72.0 0.054
5.0 180.0 0.033

M el M

t J. Phys. Chem., 5, 643 (tgot ).
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whm Chloride. Observations of the time required to reach
ferature when varying concentrations of magnesium chlo-
mixed with plaster of Paris are given in Table VIII and

sbaiitdthie other eurves in Fig. 12. It is obvious that the general form
of the curve is the same irrespective of whether a salt of a divalent or of o

univalent cation is employed.

Effect of Ammonium Acelale. Certain organic salts such as ammonium
acetate and ammonium citrate have heen called retarders since they were
found to slow down the rate of set of plaster of Paris even when present in low
concentrations. This observation was confirmed with ammonium acetate as
shown by the data recorded in Table 1X from which the curve in Fig. 12 was

‘obtained.

AT

Effect of NHC.H;O0: on the Setting of Plaster of Paris
Coneentration of Time for Solubility of gypsum Tensile strength
NH(C:HO: solution maximum  estimated from data ~_pounds/sq.in.
normality temperature br Cohn! after 1 day ufter 10 duys
Mol per liter '
0.0 b4 — 235 490
0.0.4 64 — — ——
0. 10 83 0. 00 100 240
0. 350 240 ©.15 12§ 250

The reason for the marked retarding action of NHC:H;0: solution in con-
centrations as low as N /10 and for the extremely low rate of reaction in N, 2

solution calls for special consideration.

On several occasions? attention has been called to the fact that the rate of
formation of a precipitate and the nature of the precipitate is not regulated
generally and uniformly by its solubility and the supersaturation prevailing
in accord with the theory of von Weimarn. The latter has taken care of
variations from his theory by the introduction into his equations of what he
calls “variable multipliers” the value for any substance being ‘‘the product of
all other factors (in addition to P/L) which influence the crystallization
process.” This statement of von Weimarn is a frank admission that factors
other than solubility do come in; but his formulation is of no help in solving
the problem as to what factor or factors other than the solubility of hemi-
hydrate and gypsum in ammonium acetate accounts for the apparently ab-
rormal behavior of the plaster in contact even with low concentrations of the

solution.

i J. prakt. Chem., (2) 35, 43 (1887).

? Weiser and Bloxsom: J. Phys. Chem., 28, 26 {1924); Weiser and Cunninghamn: 33,
10t (192¢); Weiser: “The Collotdal Salts”, 1 (1928,
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Photomicrographs of the crystals of gypsum obtained in dilute ammonium
acetate solutions are reproduced in Fig, 14. It will be noted that the crystals
are quite different in appearancefrom the needle-like crystals usually obtained.
Those grown in the N,/ 10 solution are short thick crystals while those grown
in the N /2 solution consist of very thin hexagonal plates. This difference in
appearance suggested the possibility that the abnormal behavior in acetate
solutions might be due to a difference in the crystal structure of the gypsum
formed.
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Photomicrographg of Gypsum Crystals obtained in 0.1 Normal and 0.5 Normal
Ammenium Acetate ( X 40).

X-ray Analysis of Gypsum

To determine whether the gypsum formed in acetate solution possessed the
same structure as that obtained in pure water the x-ray diffraction patterns of
different samples were made with the General Electric X-ray Difiraction
Apparatus. At the same time the crystals from other solutions were subjected
to x-ray analysis to determine whether or not they were chiefly gypsum. Thus
the erystals formed in strong solutions of NHNO; and (NH,4)250, were so
different in appearance from the usual small needle crystals that it was not.
certain but that the precipitates were double or complex salts. The erystals
for analysis were prepared by mixing plaster and solutions in the same ratio
as was used in preparing the slides for optical observations. The mixture was
spread out thinly in a erystallizing dish and placed in a covered vessel con-
taining water to prevent cvaporation. After the reaction was complete (in
the case of the N2 NH(.H;O,, after 2 days) the crystals were washed,
dried, placed in a small capillary tube and the x-radiograms prepared by 8
hours’ exposure. In Fig. 15 are reproduced photographs of the diffraction
patterns for (1) plaster of Paris; and of the products formed by the action of
plaster with (2) water, after 1 month (3) water, after 1 hour (4) o.5 N
NHCoH:0: (5) 10 N NHNO; (6) 7 N (NH,).S0,. Tt will be seen that the
diffraction patterns of all the samples, except that of plaster of Paris, are
identical. This indicates the instability of the alleged rhombic form of gyp-
sum' and shows that the presence of electrolytes during the precipitation does
not modify appreciably their composition or structure.

el S gl il gl B

L Cf. Davis: . Soe. Chem. Ind., 26, 727 (1907},
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Fig. 15
X-Ray Diffraction Patterns of (1)} Plaster of Paris and of the Products formed by the

Action of Plaster with (2) H,O after t month (3) H.O after 1 hour (4) 0.5 N NH,C,;H.0,
(5) 10 N NHNO: (6) 7 N (NH,}.80..

Effect of adding Gypsum Nuclei to Plaster of Paris on the Rate of Set in
Solutions of Foreign Electrolytes

Since the slowness of set of plaster in dilute anunonium acetate solutions is
not due to the formation of a gypsum of different crystal structure, an attemnpt
was made to determine whether the retarding was due primarily to the slow-
ness of formation of nuclei or to the failure to precipitate even in the presence
of nuclei. Hansen’s observations with N/ 10 NH{(3H;0: indicate that the
first factor is important since he found that the time for attaining the maxi-
mum temperature was decreased from approximately 85 minutes to 55 minutes
by shaking the acetate solutions for 35 minutes with a few grams of plaster of
Paris before mixing it with the bulk of the sample. This increase in rateis not

as large as one might expect from the observed effect of nuclei in the absence
of electrolytes as shown in Fig. 2 of this paper. This could be due either to
the formation of relatively few gypsum nuclei by only 35 minutes’ action of
N /10 acetate solution or to relative slow growth on the nuclei. To determine,
if possible, what is the effect of added nuclei, the time-temperature curves
were obtained for pastes prepared by mixing 35 cc of N/1o NH(C:H0; with
so grams of plaster to which was added (1) no gypsum (2) o.5 gram of gypsum
formed by the action of water on hemihydrate, dried and ground and (3) o.3
gram of gypsum formed by the action of .V, 1o ammonium acetate solution on
hemihydrate, washed, dried, and ground (4) same as 3 except that the gypsum
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sample was not washed, dried, or ground. The latter sample was prepared by
adding plaster to the acetate solution and stirring gently with a current of air
for several hours. The dried gypsum which passed & 1oco-mesh sieve was
mixed thoroughly with the plaster before adding the electrolyte while the
moist gypsum was suspended in the electrolyte before mixing with the plaster.
The observations were repeated using N/2 NH,C:H;O:; instead of the N/10
solution. The results are summarized in Table X. The time-temperature

curves for the various seeded samples with N¥/2 NHC:H,0; are reproduced
in Iig. 16.

TABLE X

Ffiect of Seeding with Gypsum on the Rate of Set of Plaster of Paris—
Electrolyte Mixtures

Time for
Electrolyte ndded 50 ¢ Plaster of Paris maximum
... e . _sededwith  temperature

o.r N NH(:Hs0, 0 83
o.1 N ! 0.5 & gypsum formed in H,0, dried, and 19

ground
o.1 .V " 0.3 g gypsum formed in o.1 V

NHC2H30s, washed, dried and ground 19
o.1 NV " 0.3 g gypsum formedin o.1 N

NH(CoH30: not washed, dried and

ground 68
0.5 ¥ NH;CH 0, 0 240
0.3 N " 0.5 £ gypsum formed in H:O, dried and

ground 43
0.5 N & 0.5 g gypsum formed in 0.5 N

NH,C:H;0,, washed, dried and ground 53
6.5 ¥V ? o.s g gypsum formed in o.5 N

NH,(H30,, not washed, dried and

ground 200
10 .V NHNO, o 121
1o V & 0.5 g gypsum formed in H:0, dried and

ground 37

A reasonable explanation of the cause of the slowness of set of plaster in
ammonium acetate solutions is furnished by these data. Comparing curve 1
with curve 4 of Fig. 16 it is evident that the addition of 1 percent of finely
ground gypsum, formed in water, to plaster cuts down enormously the inhibi-
tion period, and decreases the time for reaching the maximum temperature
from 240 minutes to 43 minutes. 'This means that the supersaturation is
maintained sufficiently great that the growth on the added nuclei is fairly
rapid. On the other hand, if the plaster is seeded by the same amount of the
fine crystals formed in 0.5 NV acetate and not washed, dried, and ground, the
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rate is but little faster than if no nuelei at all are added (compare curves 3 and
4, Fig. 16). Evidently gypsum formed in the presence of acctate does not
furnish satisfactory nuclei for starting the growth of the crystals; hence the
precipitation from the supersaturated solution is greatly retarded. Since the
crystal lattice is the same in gypsum formed in water as in gypsum formed in
the acetate solution it is probable that the failure of the latter to act as effec-
tive nuclei is due to a film of acetate adsorbed on all the faces of the erystals.
In support of this view it was found that washing, drying and grinding the

w ;

&

H s o
™

Temperature Rise

0 % loﬂ“ 150 200 250
Time, Minutes

Fig. 16

Time-Temperature Curves obtained with Plaster of Parig in 0.5 N HN,C.H;0: Solution
Seeded with Gypsum Crystals formed in (1) H/O (2) 0.5 N NHC:H,0; Solution, washed,
%geéie,dand S{Ollnd (3) 0.s N NHC;H;0: Solution not washed, dried, or ground (4) Not
\ at aii.

erystals formed in the presence of acetate gave effective nuclei and so acceler-
ated the rate of set almost as greatly as the nuclei formed in water (compare
curves 1 and 2 of Fig. 16).

The ultimate effect of ammonium acetate on the rate of set of plaster of
Paris appears to be similar to that of small amounts of glue and gelatine, the
adsorption of which on the gypsum nuclei inhibits or prevents the growth of
the crystals and so delays or prevents the setting of the plaster.!

The addition of nuclei to the 10 N NH,;NO; plaster paste likewise speeds
up the initial rate of reaction by cutting down the inhibition period and by
furnishing a large number of centers of precipitation. (See Fig. 17.) Because
of the low supersaturation, however, the reaction is slow in reaching comple-
tion even in the presence of added nuclei, as evidenced by the unusually broad
portion in the region of maximum temperature in the time-temperature curve.

i Rohland: Z. anorg. Chem., 40, 182 (1904); Traube: Kolloid-Z., 25, 62 (1919); Ostwald
and Wolski: 27, 78 (1920); Neville: J. Phys. Chem., 30, 1037 (19206).
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. Time-Temperatures Curves obtained with Plaster of Paris in 10 N NH.NO: Solutions
with and without the Addition of Gypsum Nuclei.

Summary and Conclusions

The results of these investigations are as follows:

1. Thermometric and optical observations of the hydration of plaster of
Paris were made with the end in view: (1) of throwing light on the existence or
non-existence of gel formation as a stage in the setting process; and (2) of
formulating a general theory of the effect of foreign electrolytes on the rate
of set,

2. A survey of the experimental evidence in support of the hypothesis
that a jelly is formed before the interlacing mass of gypsum erystals is laid
down, discloses the absence of any direct evidence of jelly formation. The
indirect evidence is from two main sources: (1) the observation that gypsum
can be thrown down under certain conditions as a gelatinous precipitate
(Cavazzi, Neuberg) and as a jelly (Baykoff); and (2) the existence of a period
of inhibition in the time-temperature curve which Neville attributes to the
formation of a gel or adsorption complex between the plaster and water, a
process accompanied by but little heat effect; and which Budnikoff attributes
to the formation of a gel around the plaster particles protecting them from
the action of water until crystallization of the gel takes place.

3. Baykoff’s gypsum jelly formed by shaking 10 pereent (NH.).SO,
solution with an excess of plaster for 2 minutes and allowing to stand, is u
“false gel” consisting of a mass of relatively large interlacing crystals of
gypsum which have entangled water. The only point of resemblance bet ween
the cloudy, non-uniform, entangling mass of erystal needles and a silica jelly
is that both stay in the containing vessel when the latter is inverted.

4. ‘'The period of inhibition is not due to the formation of an adsorption
complex between water and plaster “whereby the two reactants are brought
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into chemical contact” (Neville); but is the result of delayed precipitation
from a supersaturated solution owing to dearth of gypsuin nuclei. The petiod
of inhibition cun be completely climinated by the addition of less than x per-
cent of finely powdered gypsum to the plaster.

<. When the time to attain the maximum temperature is plotted against
the weight of finely powdered gypsuin added to the plaster, a parabolic curve
is obtained. By using the equation for this curve the initial amount of
gypsum nuclei in a slow-setting plaster can be calculated. A sample contain-
ing less than o.1 milligram of gypsum in so grams required roo minutes to
attain the maximum temperature on mixing with 35 grams of water while a
sample containing o.5 gram of gypsum in so grams attained the maximum
temperature in 13 minutes. The tensile strength of the two samples of set
plaster was approximately the same.

6. Suitable ignition to eliminate gypsum nuelei is all that is necessary to
obtain a relatively slow setting plaster of Paris and the rate of set can be in-

ereased. to. any desired: point. by seeding with a suitable amount of fimely. ... .. ..

powdered gypsum.

7. Rapid stirring of a plaster of Paris-water mixture increases the rate of
set by breaking down the supersaturated solution of gypsum supplying nuclei
and therchy decreasing the length of the induetion period. When time of
stirring is plotted against time for attaining the maximum temperature, a
parabolic curve results similar to that obtained by the direet addition of
varying amounts of gypsum to the plaster. (See 5 above.)

8. Since the setting of plaster of Paris involves the precipitation of’
gypsum from its supersaturated solution (Lavoisier, LeChatelier) the effect of
foreign eleetrolytes on the process may be considered in the light of von
Weimarn's theory of the rate of precipitation of nuclei and of the Nernst-
Noyes equation for the rate of growth on nuclei as a result of diffusion. In
general, the initial rate of formation of nuclei is proportional to (@—L). L
where Q is the total concentration of the substance which is to precipitate and
L the solubility. (Q—L),L = P.L is the percentage supersaturation. The
velocity of growth on the erystal nuclei, under otherwise constant conditions,
is determined by @ — L, the absolute supersaturation.

0. The ratio of the solubility of plaster of Paris to that of gypsum in
water at 25°i8 4.5. 1f the saturation concentration of plaster of Paris hydrates
to gypsum without precipitation, the percentage supersaturation is 3.s.
Because of the relatively long inhibition period with pure plaster, this per-
centage supersaturation is insufficient to cause rapid initial precipitation of
nuclei which must be present for a rapid reaction to take place throughout the

mass of the plaster.

10. If the addition of a foreign electrolyte to water euts down the period
of inhibition, it follows in accord with von Weimarn’s theory that the initial
percentage supersaturation of the solution with respect to gypsum must be
definitely increased. This may be accomplished in one of two ways: cither the
solubility of the hemihydrate is increased appreciably more than that of
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gypsum in the presence of the foreign electrolyte or the solubility of the gypsum
is decreased appreciably more than that of hemihydrate by the presence of the
foreign electrolyte. In the first case P/L is increased because @ — I, = Pis
increased proportionately more than L; and in the second cage P/L is in-
creased because L is decreased proportionately more than P. Conversely, if
the addition of a foreign electrolyte to water lengthens the inhibition period

the initial percentage supersaturation of the solution with respeet to gypsum
should be decreased.

1. In general, for a foreign electrolyte to change the initial rate of for-
mation of nuclei and hence the rate of set as compared to the rate in water
alone, all that is necessary, other things being equal, is for the ratio of the
solubility of hemihydrate to the solubility of gypsum to be greater or less than
4.5, the ratio of the solubilities in pure water.

12. ‘The form of the gypsum crystals in the set plaster is influenced in
great measure by the factors determining the absolute supersaturation and

. the number of nuelei, If L is small se that the @ — L.valueisrelatively latpe, -

the crystals grow very rapidly and are not well formed ; while if L is large so
that @ — L is relatively small, large well-formed crystals result, provided
the plaster is not seeded with gypsum nuelei.

13. The above deductions have been confirmed by extended thermo-
metric and mieroscopic observations on the setting of plaster of Paris in solu-
tions of varying concentrations of NH,NO;, NH,(l, NH.CNS, (NH ()80,
NaCl and MgCl..

4. Contrary to what would be predieted from von Weimarn's theory the
rate of set of plaster of Paris in dilute NH,CoH;0, solutions is much slower
than would be expected from solubility relations and the prevailing super-
saturation. The reason for the retarding action of NH ,(:H30. is that gypsum
does not deposit readily from its supersaturated solution on gypsum nuclei
formed in the presence of NH,C:H,0, probably because of an adsorbed film
of acetate on all the surfaces of the crystals. The addition of gypsum nuclei
formed in the absence of acetate, induce a rapid rate of set.

15. The effect of such salts as ammonium acetate and ammonium citrate
on the rate of set of plaster of Paris is similar to that of small amounts of glue
and gelatin, the adsorption of which on the gypsum nuclei inhibits or prevents
the growth of the crystals and so delays or prevents the setting of the plaster.

16. X-radiograms of the widely different forms of crystals obtained by
the actions of plaster in solutions of the several electrolytes, disclose that the

crystals are identical in structure with gypsum formed in the presence of
Hzo alone.

The Rice I'nstitule,
Houston, Tezas.
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Introduction

This paper, after reporting the results of work done on the sedimentation
of cement samples, using Kelly's sedimentation tube, describes & newly de-
veloped apparatus used in obtaining rates of settling of portland cement.

It is well known that there are a large number of pulverized products or
fine powders in commercial produetion at the present time and that the

degree-of -fineness is of great- interest to-many manufacturers and eonsumers-- -

of materials. Cements, pigments, and rubber fillers are a few examples of
such materials. It is almost as well known that there is no method for the
determination of fineness available for use in control laboratories with com-
plete satisfaction. The control laboratory desires a method which may be
carried out by the average laboratory worker with but little preliminary
training and, in addition, that the method be carried out without the use of
expensive or complieated apparatus. Finally, the method should permit the
evaluation of fineness in at least two hours from the time that the sample is
received from the grinding department or the receiving platform, as the case

may be.

The well known and easily operated sereening test meets the requirements
of the control laboratory in these respects but cannot be used successfully
for sizes much smaller than 200 mesh because of variations in size of wire and
mesh and because of difficulties in obtaining peptization or preventing ag-
glomeration,

Disregarding requirements of the control laboratory, there are several
methods for the determination of the fineness of powders which have been
largely developed in the field of colloid chemistry. In general these methods
are (1) microscopic measuring and counting, (2) elutriation followed by micro-
scopic measuring and counting, and (3) sedimentation methods.

This paper deseribes work done on one form of sedimentation method,
using cement as the powder to be studied. We have worked on cement
because of interest in cement production problems. Sedimentation analysis
was sclected for investigation because it was felt that this group of methods
offered opportunities for the development of a control method. From the
group of methods based on separation followed by microscopic measuring
and counting, the air analyzer has already developed into a tool in use to some
extent in control laboratories. This analyzer, developed by Pearson and
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Sligh' will, according to (ionnerman® produce a single separation in from 6o
to 100 minutes and, by repeating the separations with changes in the appara-
tus or conditions, as many separations as desired {0 show the fineness distri-
bution may be obtained.

The microscopic methods have been reviewed by Work.? It does not seem
likely that the use of the microscope will ever be popular in control labora-
taries for determining fineness since such use would involve not only the
possession of a microscope but also the employment of a worker skilled in
its use.

Literature

A review of sedimentation methods and a mathematical analysis of these
methods has been econtributed by Odén.*

The sedimentation methods based on a study of uniform suspensions can,
according to Odén, be subjected to mathematical analysis under one of the
following heads:

‘The variation of .the specifie.gravity and the eoneentrition with fime - - -

at a deﬁmte distance below the surface of the suspension.

2, The variation of the specific gravity and the concentration with dis-
tance from the surface at a definite time.

3. The variation of the hydrostatic pressure with the time at a definite
distance from the surface.

3. The variation in weight on an immersed body with time.

3. The variation in hydrostatie pressure with distance from the surfaee
at & definite time.

0. Aceumulation of the particles on the bottom as a function of time.

Odén also deseribes methods of Audubach and of Werner where uniform
suspensions were not used but the dispersed sarple was placed at the top of
2 column of fluid and the rate of settling observed. References to furtner
use of these methods could not be found in the literature and it appears that
they have not come into established use.

With the exception of the methods of Audubach and Werner, all of the
methods of sedimentation analysis described by Odén depend on studying
the rate of change of some property of a uniform suspension either with
-respect to time or with respect to distance from the surface after a definite
time has elapsed. Speecial methods of treatment of the observed daty are
necessary in order to obtain the particle size distribution of the sample. It is
not the purpose of this paper to discuss or consider these special methods of
treatment and references regarding them are, therefore, not made.

e, Wi 8 ol balle bk

v C. Pearson nnd W. H. Sligh. An Air Analvzer for determining the Fineness of
Cement. Technical Paper No. 48. U. S. Bureau of Standards, Washington, D. C., Sep-

tember 8th, 1915,

*H. F. Gonnerman, Manager of Laboratory, Portlind Cement Associntion. Private
Communication to James R. Withrow, July 10th, 1929.

* Lincoln T. Work. “The Graphical Analysis of Distribution Curves for Pulverized
Materials.” Ph.D. Dissertation, Columbia University, New York City, (1928).

! lerome Alexander: “Colloid Chemistry,” pp. 861 et seq. (1926).
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After some examination of the literature, it appeared that the methods of
the third group were the simplest and required less apparatus than any other
group, with the possible exception of the hydrometer method. Accordingly,
attention was concentrated on the literature of the third group, namely the
variation of the hydrostatic pressure with time at a definite distance from
the surface of the suspension.

Wiegner's apparatus, which was the first to be deseribed in which the rate

of change of the hydrostatic head at a certain distance below the level of the
suspension was measured with re-

spect to time, consisted of a tube
similar to that shown in Fig. 1.
Ostwald and von Hahn modified
this tube by placing the stop cock
at the top of the tube of small
diameter, hereafter referred to as

_ %
V
L
l
W J - .
Fi1G. I Fra. 2
Wiegner’s Sedimentation Tube Kelly’s Original Sedimentation T'ube

the side tube. Gessner and Wiegner mounted a light source in front of the
side tube and a camera, containing a sensitized paper mounted on a moving
drum, behind the side tube and obtained a photographie image showing the
fall curve direetly. All of these workers employed relatively concentrated
suspensions, often containing as much as so grams per liter of the solid.
Lorenz, who employed essentially the photographic apparatus of Gessner,
recommended a concentration of from 2-4%7.

Kelly' recognized that the use of concentrated suspensions was not
desirable and described an apparatus, which he developed so as to permit
the use of more dilute suspensions. Kelly’s original tube is shown in Fig. 2.

' Ind. Eng. Chem,, 16, 928 (1924); Colloid Svmposium Monograph, 2, 29 (1923).
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As & result of experimental work, he found that the rate of evaporation from
the side tube which he used was a source of error and he proposed a modified
form of the fube which is shown in Fig. 3. This tube, according to Kelly,
had not been built when his article was written,

That class of sedimentation method in which the variation in hydrostatic
pressure at a fixed point below the level of the suspension is observed as
settling proceeds, appeared to be worth further investigation as the source of
a method which might be suitable for control purposes. Of the apparatus of
this type, the tube of Kelly appeared at
first sight to be sufficiently simple and to
possess advantages over other tubes of
this class. Consequently, it was decided
to utilize this tube for the first stages of
the work which was to carry out sedi-
mentation of cement samples, to make a

the method, and to improve the accuracy
and convenience wherever possible or

desirable.

[. Experimental Work with the
Kelly Tube

The Kelly Equation. Kelly derived a
formula for use with his tube and in the
derivation the assumption is made that
the height of the suspension remains
constant throughout a sedimentation.
It appears that this may not be strietly true and that error may be introduced
by this assumption. Accordingly the formula was, first of all, subjected to
critical examination.

Kelly developed his formula by setting the hydrostatic pressure of the
suspension equal to the hydrostatic pressure of the clear liquid in the side
tube at the junction of the side tube to the main tube which contains the
suspension. Thus, referring to Fig. 2,

Dh =d(@+h) (1)

where D is the density of the suspension and d is the density of the clear
liquid in the side tube (and also the suspending liquid). D is equal to

(Y-—-v)d + w
v
where V is the volume of the suspension above the entrance to the side tube
and v is the volume of the pigment in suspension whose weight is w. Also
a=1sinb (3)

where b is the angle which the horizontal portion of the side tube makes with
the exact horizontal. Substituting equations (2) and (3) in equation (1) and

FiG. 3
Kelly’s Proposed Sedimentation Tube

(2)

. study of the aceuracy and convenience of - -
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transposing, Kelly arrives at the following expression for the weight in
suspension :

" = c__iVS I sig__g (a)
h (S—d) 4

where S is the specific gravity of the pigment in suspension. According to
Kelly, since w and 1 are the only variables for a given experiment, equation
(4) reduces to the form

w= K| (4a)

in which form it is conveniently used.

Although Kelly did not go into this, for evaluation of the distribution of
fineness it is convenient to obtain the weight settled. Kelly’s formula (4) is
easily extended to this form by remembering that the weight settled equals
the weight in suspension at the start minus the weight in suspension at the

time in question, or

weight settleq = 4VS8inb L=ky -~ -

where |, is the reading at zero time and 1, is the reading of the manometer
side tube at the time in question.

The formula of Kelly is developed under the assumpfiion that “h,” the
height of the suspension remains constant. It does not appear that this is
strictly true for, as the solid settles out, the meniscus in the side tube recedes
and, in so doing, transfers a quantity of liquid to the main tube, thus increas-
ing the height of the suspension. For one centimeter of travel by the meniscus
there will be a definite increase in the height of the suspension depending first
on the volume of liquid in the side tube per centimeter of length and second
on the centimeters of height of liquid in the main tube per cubic centimeter.
The product of these two values is the increase in height in the vertical tube
for one centimeter of travel of the meniscus along the side tube.

Thus, in Kelly’s original equation (1), the term “h" should be replaced by
the term “h + Ah,” where “h" is the height of the suspension at the start
of the experiment. Accordingly, we have

D(h4 Ah) = (a+h) d (6)

Repeating the development as before and neglecting the effect of the liquid
flowing into the vertical tube from the side tube on the density of the sus-
pension, we obtain for the weight in suspension

w = gl sin b— Ah) d V? (7)
h(S—d)

Representing the increase in height in the vertical tube caused by the reces-
sion of the meniscus over a distance of one centimeter by the term C, is per-
missible, since, for a given tube, this is constant. Also the term “sin b"’ may
be represented by C'q since it is also constant for a given tuoe. Thus we
obtain (for the weight settled)

h(S—d) (5)

Y ) RO LA K TH) R
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_ C}\'S___(lajl:) (C_!_ 'j"“(t?)h (8)
h(S—D)

Or w = K"(l,—k) (9)

Effect of Tube Dimensions on Equation Error. The amount of error which
is introduced by assuming h to be constant may be calculated by assuming
that formula (8) is correct. Comparing this with equation (35), the error is
proportional to the term €, and the percent error is given by the expression

'y
= X 100 (10}
Cy + o

In the tube suggested by Kelly in which he recommended an angle of
inclination of 1°30’ and a bore of 2z mm. for the side tube and a diameter of
2 cms. for the vertical tube, ) takes the value of o.01 and (2 the value of

w

With the Kelly tube used in this work, to be described later, the sine of
the angle or 'y was o.02. The diameter of the side tube was 2.5 mm. and
135.5 ccs, were contained in 34 cms, of height in the vertical tube. C; was
thus o.012 from which the percent error was 373 percent.

In & tube constructed according to the idea of Kelly, described by Maek
and France' 2.38 centimeters of horizontal side tube contained o.r ce. and
25.2 centimeters of height in the vertical tube contained 99 ccs. Thus (),
was o.0o1. ('; was given as 0.03. Therefore, in this tube the error in weight
settled amounts to 25 percent.’

For solids which settle out completely and a reading thus obtained for
the completely settled condition, the final reading may be designated byl and
the total weight settled becomes, from equation (8)

dVS (lo—1_) _
= 222 Ve ! (( 4-C
S —d) (Ci4Cy) (11)
Since percent settled at any time is the ratio of the weight settled at that
time compared to the total weight settled and multiplied by 100, 0rin the ratio
of equation (8) to equation (1 1) all of the constants vanish and the expression
reduces to the form

Woo

L~ 1-5— X 100 (12)

!o_"' o

Jm ke 1 Al ki g s | wiske bl g—— - by R = w il Sl

t A Laboratory Manual of Elementary Physical Chemistry,”” 182 (1928).

* During discussion of the paper, R. Bradfield questioned the validity of all sedimentation
methods because Keen and Crowther have shown that, in the case of the Kelly tube, when
the clear liquid enters the main tube from the gide tube, it does not displace the suspension
apwiard but travels up the side of the tube and, in so doing, sets up eddy currents and that
thege eddy currents introduce ervors which are mueh larger than that caused by neglecting
the increase in height of the suspension in determining the weight of solid in suspension or
settled out. This objection may have some weight in the case of the Kelly tube. We have
no experimental data on it. However, the modified apparatus deseribed later in the paper,
transferred only about 0.0012 ce. of liquid from the side tube to the muin tubeovera peried
of several dayvs. [t would appear that such eddy currents, if produced at all, must be very
slight and of small effect, in this ease.

¥
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From this it is evident that, if percent settled is caleulated direetly from
the readings, using equation (12), all constants of the Kelly formula vanish
and they need not be determined at all. In addition, one step of the caleu-
lation is eliminated, since the results must be caleulated to percent settled in
any event, in order to be susceptible to the special treatment by which
distribution data is obtained.

However, for ancther purpose, the evaluation of the Stokes equation,
it is necessary to determine the density and viscosity of the liquid and the
density of the solid as well as the height
of the suspension above the entrance to
the side tube.

Apparatus. ‘The first sedimentation
tubes constructed for use in this work
were similar to that illustrated in Fig. 3.
“However, the sniall -Hhulbs located at the -
outer end of the side tube were a gource
of trouble. They rendered the tubes
more difficult to clean and dry and, when
the bulbs were charged with liquid pre- | |
liminary to starting a run, careful han-
dling was required to prevent transferring | r
some of the liquid to a portion of the |
capillary directly adjacent to the bulb g
where a short column or meniscus of the
liquid would be formed. After liquid had
been placed in the bulb, the side tube had | Fia. 4 ‘
to be filled with elear liquid and then Madified Form of Kelly Tuhe
excess of clear liquid poured out of the
vertical tube and here accidents were frequent. Finally, the extremely rapid
reaction of settling required considerable speed in starting and prevented
careful and fine adjustment of the level of the suspension and, as a result of
this, often the level would be too high, foreing the side tube liquid into the
bulb and requiring completeemptying and restartingof therun. (‘onsequently,
the bulbs were climinated from this position. Experimental work showed
that some form of bulb was absolutely necessary and therefore the bulbs were
constructed separately and mounted on the end of the side tube by means of
glass tubing and mercury seals. The proteetion bulb finally used for the
large tube was also separately constructed and was attached by means of a
cork covered on the inside with tin foil and sodium silicate. The most satis-
factory scale was obtained by lashing a thermometer to the horizontal portion
of the side tube., Fig. 4 shows the complete tube used in the latter runs. Two
of these improved tubes were constructed, whose dimensions are given in
Table 1.
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TaBLe |
Dimensions of Kelly Sedimentation Tubes
Tube 1 Tube 2
Total height, vertical tube 47 cms, 47 ¢ms,
Inside diameter, vertieal tube 23 mm. 23 mm,
Inside diameter, manometer tube 2.5 M. 2.5 mm.
Length of seale, manometer tube 35 Cms. 34 €IS,
Height of manometer seale above
side tube connection 34 CIS. 32 CINS,
Height of side tube conneetion
above bottom of large tube 6 cms. $.5 €S,

Procedure. In the first experiments, efforts were made to use & definite
weight of sample with a view to obtaining some confirmation of the improved
formula slready developed (equation 8). This invelved the preparation of a

- suspension having less volume than actually required and complete transfer ..

of this suspension to the tube with subsequent addition of sufficient clear
liquid to adjust the level to the desired place. This, in turn, required mixing
the suspension in the tube before starting a run. After several experiments,
this proeedure was abandoned and an excess of suspension was prepared from
which the tube was filled as rapidly as possible.

In the selection of the details of the procedure, it is to be recognized that
cement is a material which eannot be subjected to sedimentation analysis in
water or an aqueous solution because the action of the water on the cement
would alter the condition of the particles under investigation. Even the use
of substances in which water is an impurity such as glycerin, alcohol, ete., ean
only be used after an investigation shows that cement cannot remove water
from such materials. Mineral oil, after refining, is probably less liable to
contain water than the majority of liquids. Therefore we arbitrarily elected
to use stanolind, a water-white refined mineral oil of high viscosity, and to
mix this with kerosene in proportions to produce a liquid mixture of the
desired viscosity.

It was found that when a high viscosity liquid, produced by using 63
percent stanolind and 35 pereent kerosene, was used in the side tube, approxi-
mately 20 minutes was required for the meniseus to come to equilibrium after
a small disturbance. This lag is fatal to sedimentation and shows that a
liquid of Jow viscosity must be used in the side tube. Theoretical considera-
tions show that a combination of two liquids of different viscosity and density
one in the side tube and the other in the vertical tube can be used without
complicating the calculations or invalidating the results, if the readings are
calculated directly to percent settled. There must be no interchange of the
two liquids in the side tube although the flow of the manometer tube liquid
into the vertical tube does no harm, except possibly to ereate eddy currents.
Toluol was selected as the liquid to be used in the side tube.

Measurements showed that 134 ecs. were contained in each of the sedimen-
tation tubes when filled to the proper level for starting. Arbitrarily, it was
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decided to use 1. 5 grams of cement in 150 cc. of cil, or a 1 percent suspension.
It was found that, by heating the oil containing the sample, apparently good
peptization was obtained. Since the character of the oil might conceivably
change somewhat by this heating, viscosity and density measurements were
made on samples of clear oil after each sedimentation had been completed.

lixperiments showed that, when the wall of the vertical tube was wetted
with the suspension above the level of the suspension during the course of
filling, it required ten minutes for this liquid to drain down from the walls
and as it drained down it increased the height of the suspension, thereby
introducing an error which distorted the starting readings.

In the early runs, attempts were made to add the suspension to a definite
mark on the vertical tube so located that, when the stop cock was opened,
the meniscus in the side tube would arrive at a position near the outer end of
the horizontal portion of the side tube. Experience showed that it was very
difficult to do this, and in later runs, as soon as the stop cock was opened, &
- final rapid.adjustment. of the.level of the suspensior was made by means-of &
pipette. For the last few runs, in whieh proteetion bulbs were used over the
large tubes, these bulbs were not affixed until the level had been adjusted.

As soon as the suspension had been added, a stop watch was started and
readings of the position of the meniscus were thereafter taken with respeet to
time. Since it was impossible experimentally to obtain a zero reading, this
was obtained by plotting the first few readings on an auxiliary curve and
extrapolating back to zero time. The readings were caleulated to pereent
settled as already indicated, namely, by taking the difference between the
zero reading and the final reading as 100 percent settled and the difference
between the zero reading and the reading at the time in question as propor-
tional {0 the percent settled at that time.

xperimental Results. The experimental work covered a series of thirty
runs. Of these the results of the last {wo runs were of most significance.
The readings for these runs, quite similar to others, are shown in Table 11,
the readings for the early portions of the runs being omitted for the sake of
brevity.

In neither of these runs did the readings ever become constant.

In other runs, however, the readings became constant after zo or 21 days.
In all of these runs, the liquid in the main tube appeared clear after approxi-
mately one week.

In several runs, the readings beeame constant while the suspension was
still turbid, i.e., before settling was complete. In one, a tiny droplet of water
was found in the side tube but in the others, no reason for the stationary
meniscus could be found.

In the early runs, entirely too many readings had to be ignored in drawing
smooth curves, evidently due to fluctuations in the thermostat bath tempera-
ture, due to inadequate stirring. When the rate of stirring was inereased,
these variations were reduced.

The presence of lag was shown in preliminary experiments when a liquid
of high viscosity (about o.2 poise) was used in the side tube. This lag was
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TasLE 1l
Rate of Settling, Cement Sample No. 2
___Runz2g ) Run 3u o
Time Reading Time Reuading
420 min, 82.4 315 min. 127.2
455 8t.0 360 121.8
500 70.0 1135 11§.0
to hr. 1smin. 7.6 19 hr. 2omin. r113.5
22 13 £5.4 21 38 112.4
24 53.0 23 23 111.8
25 45 51.8 25 35 111.0
28 50.5 g1 105.5
52 43.7 70 15 100.3
72 40 40.2 113 20 05.0
115 45§ 36.0 122 04.0
124 1§ 34.0 140 10 02.8
(42 35 33.6 8 days 89.7
8 days 2.3 12 86.2
12 24.0 15 83.9
L5 20. 1 [0 83.0¢
1o 17.0 20 82.5
20 15.8 22 81.5
22 [3.0 24 79-5
24 1.4 26 78.0
20 10.0 28 77.0
28 8.0 31 76.0
31 5-5 35 74-5
315 2.0 40 2.2
40 —2.0 44 70.6
14 —3.0 48 67.9
48 ~7.5 55 04.9
3c —11.0 57 64.0
50 6o. 5
Readings stopped because meniseus After last reading, tube was removed
went off scale. Side tube bulb still No toluol was left in side tube bulh.

contained toluol.

found to be approximately 20 minutes, i.e., when, after equilibrium had been
obtained for the meniscus, the level was disturbed temporarily so as to dis-
place the meniscus approximately 2 centimeters, it required approximately
20 minutes to return to nearly the same position or rather to a position of rest.
The meniscus never did return to exactly the same position.
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Several runs were deliberately extended only through the early stages of
settling in order to study the conditions at the start of the run. Suspicion
was aroused that a different shaped curve was abtained at the start of a run
when the meniscus attained its position of dynamie equilibrium by a eon-
tinuous and uninterrupted recession, than when it rose and then began to
recede. These two types of start were the result of the method of adjusting
the level of the suspension. Two runs were started with a falling menisecus,
(uninterrupted recession) and two runs were started with arrested meniscus
(first rising and then falling). When the readings were plotted in curve form,
it was seen that, when the meniscus fell without interruption, the slope of
the curve for the firgt len minutes was steeper than when the meniscus has
been arrested.

IFive runs were regarded as completed runs when they were made and the
percent settled was caleulated. 'Fable IIT shows some of the values from
Lhese runs.

S PRpLE I
Percent settled with Respeet to Time
Cement o H Cement 2 -
Time (min.} Run 5 Run 6 Run g Runis Run 16
5 10.28 12. % 0.2 8.7 10.37
10 18.14 21,3 17.1 14.8 (0. .45
20 28.03 33.3 27.5 23.5 30. 1
30 35.53 40.5 34.5 31.2 37-8
340 40.86 15.7 40.1 36.3 13.6
50 44.79 49.7 44.6 e 40.6
6o 48 .47 53.1 48.5 30.0

Runs 5 and 6 are direetly comparable, being made in the same tube, at
the same temperature, with the same height of suspension and using the same
mixture of sedimentation oil. The three runs for cement 2 are only com-
parable within about 2 percent, since there was simall differences in the height
of the suspension between the three runs.

Discussion of Resulls. Run 29 and 30 showed that, even under the best
conditions, using only glass and mercury seals and locating the bulbs of Kelly
at approximately the same level as the liquid levels in the vertical tube and
the side tube, respectively, evaporation continued to take place and a sta-
tionary position of the meniscus was never obtained. Other runs also showed
this same behavior. This confirmed Kelly's observation on the run reported
by him (a short one of approximately 8 hours) for, with longer runs than
reported by Kelly, we find this error intensified.

Knowing that evaporation takes place, it is possible to explain the un-
usually long time required for a constant reading to be obtained in some of
the runs. The fact that the meniscus ever became stationary in these runs
must have been due to trouble such as was encountered in other runs where
the meniscus beeame stationary hefore settling was complete.
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It is apparent that the method used to obtain percent settled values de-
pending, as it does, upon the obtaining of g final constant reading, cannot be
directly used, if evaporation takes place. It is possible to prolong a run and
perhaps obtain a constant rate of fall of the meniscus which would be due
to evaporation alone and then to apply this evaporation correction to all
readings taken. Such procedure would be entirely too laborious and time
consuming to be of much value, if any other method ean be made to serve.

Results of all runs made, therefore, whether initially regarded as success-
fully completed or not, must be reparded as affected with this evaporstion
error, |

‘The percent settled values of the five runs cited cannot be considered as
reliable because of evaporation loss. The fact that constant readings were
ever obtained must have been due to some interfering substance or situation
which caused the meniscus to become stationary., This could have happened
at different relative times in the history of the runs and thereby affected the
percent settled values. The evaporation loss did not affect the relative
-valaes-of percent settled in the eaily History of the run and comparisons
could be roughly made, except for the possibility of the meniseus having
been arrested.

There is also the possibility that complete peptization was not obtained.
There is no evidenee to show that any of the samples were commpletely peptized.
This does not, however, invalidate any of the results bearing on the operation
or usefulness of the apparatus. Lack of peptization merely means larger
particles.

In conneetion with the runs it is important to note that the method for
caleulating percent settled depends on extrapolation backwards to obtain a
value for the reading at zero time. The total change in readings and there-
fore the value for 100 percent settled depends, in part, on the zero reading
and, if this is incorrect, all percent settled values are in error as a result.
To illustrate this, suppose that a total difference in readings of 150 was obtained
but that the zero reading was ro too low, in other words the correct difference
in reading should be 16o. Then at some intermediate reading, say for so
percent apparently settled, the correct percent setiled would be 85/160 instead
of 757150 or 53 perecent. This is an error (3 percent in the example) which
cannot be permitted to exist if it is possible to eliminate it.

In discussing the results, it should be stated that it was to be expected
that troubles would be experienced traceable to the type of powder under
examination. We are dealing with a powder which, from the sereen analysis,
is known to have about 10 percent residue on zoo-mesh sereen. It has been
the objeet in this work to evaluate the coarse particles as well as the finer
portion by sedimentation analysis.

In later work, to be described in another paper, it was found that the
coarsest particles had a dimension of about go microns, equivalent radius,
with the same sample of cement as was used in this work. When the density
of the cement is taken as 3.295, the density of the oil as .86 and the viscosity
of the oil as 0.18 poises and with a height of suspension of 77.7 ems., the time
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corresponding to go microns is 5 minutes. This means that the first change
in the rate of settling oceurred in five minutes and the portion of the fall curve
between zero and five minufes was a straight line. 1f the height of the sus-
pension had been 3o centimeters (the approximate distance in this work)
the time would have been approximately 2 minutes, ‘The necessity of a
viscous liquid is therefore obvious.

As already pointed out, sueh a viscous
liquid cannot be used in the side tube beecause
of lag, and toluol was used instead. Even
with toluol, however, no straight portion of
the fall curve was ever obtained. If the
powder is finer, say all passing through 325
mesh sereen, the situation is much different.
Assuming a size of 20 microns equivalent
radius for the largest particles and assuming
_..other conditions as slready neted, the time . §..
for 77.7 centimeters of fall becomes 100
minutes and for 3o centimeters of fall about
37 minutes. A less viscous liquid may then
be used, the run shortened in time, no starting
troubles met with, and the efieet of the lag
will be less in the side tube and a less volatile
liquid can therefore be used in the side tube.

The results of the mathernatieal discus-
sion which indicates that there is an error in-
volved in the determination of weight in
suspension by the use of the Kelly formuln,
has not Leen experimentally confirmed or
even investigated in the work. It appears
that there will only be a few cases where
workers will have subjected themselves to

00 Crmy

this error since, as pointed out, it is easier to
calculate the percent settled values directly Fia. s

from the readings. Modified Form of Wiegner Tube

II. Experimental Work with Modified Wiegner Tube

Apparatus. Since the Kelly tube was not satisfactory for our work and
we were loath to abandon the idea or general method, we examined the origi-
nal apparatus of Wiegner. This tube (with the improvement of Ostwald and
von Hahn), was successfully modified by us to provide an apparatus of extreme
sensitivity by means of which successful sedimentations of cement were made.

Fig. 5 shows the details of the new glass sedimentation tube. The essential
difference between this tube and the tube of Ostwald and von Hahn is that
the side tube is bent overand re-enters the main tube at the top so as to provide
a4 connection between the vapor spuce over the suspension and the vapor

|||"

L] 'II'
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space over the side tube liguid. This connection eliminates differences in
vapor pressure due to slight differences in temperature and permits exposure
of the vapor spaces to air of the room. Thus a cork, covered with tin foil, may
be inserted in the top of the main tube and evaporation prevented.

'The tube was suspended from the top by a sturdy clamp and this in turn
was supported by a heavy metal pipe resting on conerete supports which were
independent of the thermostat tank. The tube was immersed in & constant
temperature bath 12" x 12" x 48", The tank contained two windows, 6" wide,
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Fic. 6
View of Assembled Apparatus

extending the full height of the tank and placed on opposite sides. The
sedimentation tube was placed so that the side tube was elose to one window
on the inside and a Gertner microscope with micrometer head, mounted on a
horizontal support, was placed on the outside of the same window in such &
position that the meniscus of the side tube was visible in the field of the micro-
scope. A light was placed on the outside of the opposite window so as to
iHluminate the menisus. The assembled apparatus is shown in Fig. 6. Ex-
perience showed that the only difficult points about the construection and
erection of the apparatus was the elitnination of vibrations in the meniscus

caused by stirring of the water and also the erection of the tube and micro-
scope on firm supports.

Procedure. The suspensions were prepared in the same manner as pre-
viously outlined. Some of the clear liquid used in preparing the suspension
was poured into the sedimentation tube and, by tilting, the side tube filled
with clear liquid nearly up to the level at which the suspension would stand.
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The stop coek was then closed and excess of liquid poured, after which the
tube was placed in position., A large funnel was inserted in the top of the main
tube and the suspension poured into the tube as rapidly as possible. A stop
watch was then started, the cork inserted in the top of the main tube, the
clamp of the tube loosened and the tube adjusted so that the meniscus came
into the field of the microscope. The clamp was then tightened and readings
were taken with respect to time by adjusting the cross hair of the micrometer
cyepiece to the meniscus and observing the reading on the micrometer head.

In starting runs with this apparatus, two precautions were necessary.
First the large funnel was used in order to prevent wetting the wall of the main
tube above the level of the suspension and thereby introducing drainage error.
Second, the upper side arm connection which contained the stop cock was
kept entirely free of liquid, since if a drop of liquid was present, it found its
way to the stop cock and stopped the vapor connection bet ween the side tube
and main tube.

A zero reading. was. obiained. by extrapolation. backwards. - The final. - ... :

reading was taken when there was no change in the position of the meniseus
over a period of two duys. The microscope used had a scale range of approxi-
mately one-fifth of the complete change in level of the meniscus. Therefore,
it was necessary to shift the pesition of the meniscus whenever it passed out
of the field of the microscope. This was done by raising the tube. The tube
could be shifted and the cross hair again brought to the meniscus within one
minute. The last few readings taken before the shift and the first few readings
taken after the shift were plotted and the two curves extended, the first one
ahead and the second one back. Thus two readings were obtained for the
same time value and the difference between the two readings represented the
distance through which the tube had been raised, expressed in terms of
micrometer head readings. [t was only necessary to add this difference to all
readings taken after the shift. When the second shift was made, the addition
to be made consisted of two such differences.

In order to calculate the observed readings over to percent settled, the
readings were tabulated in a continuous series which included the values for
the shift of the tube. From these readings the value of the reading for zero
time was subtracted which resulted in values of reading drop for the corre-
sponding times. Using a slide rule, percent settled was caleulated from
reading drop by dividing the reading drop for the time in question by the
total reading drop and multiplying the result by 100.

Data and Calculations. A preliminary test was made to determine the
amount of evaporation loss. The side tube was filled with clear liquid and the
tube adjusted to bring the meniscus into the field of the microscope. The
cross hair was adjusted to the meniscus and the apparatus allowed to stand
for five days with frequent observation. At all times the eross hair was found
to be directly on the meniscus.

In order to determine the amount of the lag in the modified apparatus, the
tube was filled with clear oil and the cross hair of the microscope brought
to the meniscus. Approximately one-third cc. of oil was then added to the
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large tube and the cross hair again brought to the meniscus as quickly as
possible. 1t wasfound that approximately zoo divisions change were produced
and that the position of the mensicus was constant after 20 seconds.

Preliminary observations showed that a change of one-half inch in the
level of the water in the thermostat bath produced an observable change in
the position of the meniscus.

It was found that there was an uncertainty in locating the position of the
cross hair on the meniscus amounting to five divisions in either direction.
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L.ater work showed that as a rule the entire range through which the meniscus
moved amounted to about 7300 divisions. Thus the measuring error was less
than o.1 percent.

It was observed that, when the temperature of the thermostat varied by
more than o.0oz (., measured by a Beckmann thermometer, a variation in the
position of the meniscus could be observed.

Fifteen sedimentation runs were made with this apparatus and twelve
were successfully completed as far as the apparatus was concerned, 1. ¢., some
of them were not considered as satisfactory because of lack of peptization or
for other reasons not associated with the apparatus. Two runs were unsuceess-
ful because of poor supports and one because of the presence of a drop of
liquid in the stop cock of the upper side arm connection.

The data for one run are given in Table IV, and are also shown in curve

form in Fig. 5.
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Tasre IV
Sedimentation of Cement Sample 2, using newly Modified Tube

Weight of cement taken 3.0 grams. Dispersed in 300 ce. of sedimenting oil
(65% stanolind 35% kerosene) by heating for 20 minutes and adding small
piece of camphor. Dispersion stood in thermostat overnight with cover over
jar. Temperature of thermostat 29° . Density of ecement 3.295. Density of
oil (determined after sedimentation was complete) .8602. Viscosity of oil .1813
poises. Height of suspension 77.7 ems.

Reduced form of Stokes equation r = (000407 /t)}
(for time in minutes)

Time (min.) Reading Reading drop Percent settled
o -25 Q00 Q0. 00
I. 148 173 2.26
2 211 236 3.08
4 452 477 6.22
5 594 619 .08
6 688 713 9.29
7 708 7Q0 10.30
8 846 871 11.34
0 931 956 12.47

10 1004 1029 13.40
I 1073 1008 14.31
12 1152 1179 15.34
13 1225 1250 16.30
14 120§ 1320 17.20
13 1365 1390 18. 11
16 1434 14590 19.00
17 1500 1525 19.87
18 1560 1304 20.80
1 1928 1653 21.55
20 1685 1710 22,30
21 1736 1761 22.97
22 1790 1815 23.03
23 1848 1868 24.35
24 1893 1918 25.00
25 1G50 1975 25.75
26 1980 2014 26.22
27 2043 2063 26.97
28 2089 2114 27.3%
20 2128 2183 28.05
30 2185 2210 28.83
31 2213 2238 20. 20
32 2253 2278 2G.70
34 2332 2357 30.72
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Time (xmn.)
36
38
40

2404
2404
2532
2587
2630
2714
2771
2812
2853
2004
2047
2087
3028

3073 - ...

3129
3243
3314
3404
3486
3558
3025
3094
3754
3818
3873
3024
3077
4023
4009
JI121
1165
1207
4207
4377
1443
4508
4508
1626
4683
47358
4843
4911
4902
5033

CHARLES G, DUNCOMBE AND JAMES R. WITHROW

Tasre IV (Continued)

Reading Reading drop

2429
248¢
2557
2012
2675
2739
2796
2837
2878
2Q20
2072
3012
3053

3154
3268
3339
3429
31511}
3583
3650
3719
3779
3843
3898
3949
4002
4048
4004
3146
4190
4232
4322
1402
4470
4333
1393
4631
4708
4783
3870
4936
5017
5038

Percent settled

3t.
32.
.38
33.
. QO
- 75
. §0
. 00
. 85
.18
.80
.30
.82
: G -
.20
.70
. 55

- 75
.80

.Bo
.63
. 50
.30
. 20
.85

- 55
.25
8%
. §0
.00
.70
.20
45
. 50
.30
15
.90
73
-55
. 50
+55
.40
.45
66.

33

34

20
50

10

QO
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TasLe IV (Continued)

Time (tuin, Reading Reading drop Percent settled
120 3101 5120 60. 9o
343 e 3199 67.80
160 3220 523} 68 . 6o
300 3307 5332 (9. 00
420 $3562 5407 70. 00
130 3444 5400 71.40
185 3517 3542 72.75
340 3030 5033 7300
foo 5733 5738 75 02
66o 3816 L X8 70,23
720 3903 5028 7740
780 5079 6004 78. 90
340 O6os1 (6070 70.30
[ilele NI . Gy 80Tt
1335 6403 6518 33.00
1400 63534 6509 $3.7%
1320 6639 666y 87.00
1680 65350 6773 88. 50
19355 6899 624 (0. 30

2025 7308 7323 5. 30
4350 75352 Y] 08. 73
7020 7037 w002 100. 00

Discussion of Residts, The fact that the apparatus stood for five days
without any observable change in the meniscus while eear oil was in the
apparatus and the tube sealed with the eork, ean be interpreted in no other
manner except as evidenee that no evaporation took place. None of the
previous workers except Ielly have made provisions {o prevent evaporations
and Kelly’s provisions have been found to be inadeguate in this work.

Since viscous oil was also used in the <ide tube as well as the main tube,
and the lag was not more than 20 seceonds for a movement of 200 divisions of
the meniscus, we eonclude that lag has been practically eliminated and largely
by the reduetion of movement of the side tube liguid to a very short distanee
which amounts to about 4y mm. Another advantage is that only a small
volume (about o.co12 ce.) of clear liquid is transferred to the main tube over a
period of several dayw.

The observation that the error in reading was less than one tenth percent,
appears to be well borne out by the eurve of Fig. 7, where the data falls on a
smooth curve with very satisfactory regularity.

The chief reason for the success of the apparatus is in the case with which
the manipulations ean be made and especially the ease with which the run
can bhe started. The faet that the suspension need not be poured in to 2
definite level, but ean be dumped in and the tube shifted to obtain the desired
level of the meniscus, is a most important factor in starting runs.
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The reason that the water level of the bath must be kept reasonably con-
stant in order to prevent effect on the position of the meniscus is probably
that a slight bending of the pipe support occurs and thereby elevates or lowers
the tube.

The importance of temperatare control in this apparatus indieates the
sensitivity of the apparatus. Incidentally, it emphasizes a point not so well
recognized, ie., with sedimentations of this type, constant temperature is
more important than in some other types of sedimentation.

Conclusions

t. The formula proposed by Kelly for use with his sedimentation ap-
paratus appears to negleet the important factor of leakage to the larger tube,
when the formula is used to determine weight in suspension directly. A for-
mula is proposed which is believed to be more aceurate.

2, If percent setiled is calculated direetly from the readings, the eop-— - - -

~stants appearing in Kelly’s equation need not be determined and the experi-
mental work is considerably simplified.

3. The sedimentation tube proposed by Kelly is not satisfactory for the
sedimentation of cement when the bulb used to protect against evaporation is
blown in the upper end of the manometer side tube, as this makes the tube
more difficult to handle and increases the possibility of spoiling experimental
runs.

4. Kelly’s tube or modified form of this tube do not entirely protect
tgainst evaporation and are not satisfactory for sedimentation of cement, for
t his reason.

5. The protection bulbs propesed by Kelly, although objeeted to on the
grounds that they inerease manipulative difficulties do reduce evaporationtoa
considerable extent, although not completely.

6. Kelly's tube or any modification of it where the tube contuins a side
tube in an essentially horizontal position, and where readings depend on the
travel of a long column of liquid aver substantial distanees, is not satisfactory
for the sedimentation of cement samples which contain a large proportion of
coarse particles and thereby produce rapid movement of the meniseus in the
carly stages of settling, even when viscous liquids are used as the suspension
medium, leading to lag in the side tube readings and thus masking the rates
of ehange.

7. The use of a viscous liquid as the suspension medium requires that
means be taken to prevent wetting of the main tube wall above the level of the
suspension, for example, when adding the suspension, for if the wall is wet,
the liquid drains slowly down and causes erroncous results in the first few
minutes.

8. Ixelly's tube has the disadvantage that the level of the suspension must
be perfectly definite and as exactly as possible to a predetermined mark,

otherwise the meniscus will not come to equilibrium in a position to permit
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utilization of the seale.  Attempts to realize thislevelin the short time permit-
ted when working with cement, result in many failures and much loss of time.,

g. The foree by which the meniseus is brought to the equilibrium position
in Kelly’s tube is very slight and the meniseus is very easily stopped or arrested.
With further refinement, it should he possible to reduce arresting of the menis-
cus but it is likely that there will always be a portion of experimental work lost
from this cause,

10. The modified Wicgner apparatus developed in this work entirely
eliminates evaporation loss and is the only apparatus for sedimentation which
does this suceessfully. Kelly's tube, which is the only other sedimnentation
apparatus attempting to prevent evaporation loss, is inadequate for this
purpose. If evaporation is not prevented, results of any work done with
sedimentation tubes of the Wiegner type are of doubtful value.

1. The modified apparatus has almost no lag and permits the use of

. viseous liquids in. the side tube, appreximately 200 divirionsof change being. - - - -

produced in less than 20 seconds with a viscous liquid.

12. 'The measuring error of the apparatus is less than one tenth percent
of the total range covered.

(3. 'The apparatus developed in this work is easy to operate and is
relatively free from manipulative hazards, due to the fact that the level of the
suspension need not be adjusted to any definite value, but the tube is either
raised or lowered as required. This is of special advantage in carrying out
sedimentations of cement, where a substantial amount of relatively coarse
particles eause rapid movement of the meniscus during the early stages of
settling, since there is little difficulty in obtaining a reading at the end of the
first minute.

13.  When using oil as the suspension medium, as was done in this work,
very eareful control of the temperature is required. A variation of not more
than o.ot C may be permitted.

1z.  Considerable opportunity is afforded with this modified Wiegner
apparatus for the investigation of much more dilute suspensions than have
been studied. The microscope ean be equipped with an objective to give
greater magnification and the movement of the meniscus still further reduced.
(‘hemveal Enginecring Department,

Ohio State [ niversity,
Cotumbus, (no.



COHERENT EXPANDED ARROGELS

BY. 8. 5. Kis>TLLR

Introduction

There are few topies in colloid ehemistry that have experienced such
extensive investipation as that of the straeture of gels.  Numerous hypotheses
have been presented and supperted by experimental data of one character or
apother. Certain aspects of gels have seemed to elassify them as solid solu-
tions, others as emulsions, while yet others give strong support to a two-phase
solid-liquid strueture. Although the latter theorv in similar form to that
postulated by Nitgeli in 1858 has been aceepted by most of the foremost eol-
- loick chemists, the evidenee has not heen sufliciently unequiveeakto-convineeall. -

't he evidence presented in the results of diffusion experimenis through gels,
the fuaet that the eleetrical eonductivity, refractive index, und vapor pressure
before and after setting are identical, at least in eertain cases, and the known
facts of syneresis would seetn to leave little room for doubt of the two
phase nature of gels in general. A theory, in order to be perfectly aceept-
able must, however, enable verifiable predietions to be made from it.

Thomas Graham' showed thai the water in stliea gel could readily be
replaced by organie liquids, and Biitschli* demonstrated the same faet for
gelatin.,  EFvery biologist takes advantage of this discovery in making mi-
croscopie sections. In that process the water is successively replaced from
the gelatinous tissues by aleohol, xyline and parafin.  The finnl result is a gel
in which paraffin is the disperse phase instead of water. In spite of the com-
monness of this replacement process and the early daie of its discovery, very
little of a theoretical nature has been made of it. Theories of the origin of
swelling in the elastie jellies very commonly aseribe a high place to osmotic
forces, but no explunation is offered for the fact that these same gels retain
their swelling, and in fact offer great resistance to compression, when the
water is replaced by a liquid such as benzene in which osmotice forces must be
negligible owing to the insolubility of the material of the jelly.

Cielatinous membranes such as animal membranes, nitro-cellulose, and
cellophane® have frequently been used as ultrafilters.  In many eases there
ean be no question but that the membrane acts as a sieve. It has been con-
clusively shown that the water in thegse membranes can be replaced by other
liquids without impairing the sieve action® The membranous filters have
demonstrated partienlarly well the resistance to compression offered by
swollen gels, bath in water and in other liquids. Unswollen ecllophane will
not permit any liguids to pass, and even gases at high pressure pass in scareely

L Chem. Sue., 17, 318 11864).
- {*her den Ban quellbarer Karper,”’ Gaottingen (1896).
s . W, MeBuin and S, 8. Kistler: J. Gen. Physiol,, 12, 187 (1928).
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deteetable quantities. When it is swollen by merely wetting in water, how-
ever, it passes many liquids with ease. In both aqueous and nonagueous
solutions the author has condueted filtrations at as high as 120 atmospheres
pressure with little evidence of compression of the swollen membranet An
interesting fact is that Rodewald® found that starch swelled against 2,500
at mospheres pressure.

Whatever may be the explanation of swelling, the evidence is indisputable
that when many gels are onee swollen they show a resistance to recompression
that is independent of the liquid within their meshes, When onee transferred
from water to a nonswelling liquid they show very obvious indifference to what
liguid it may be,

In the face of what has been presented, the emulsion theory is completely
untenuble except, perhaps, in some very special cases, so that no further
thought will he given to it.

In spite of the above fucts, it can still be argued that the liquid is of large

" importanee in the constitution of the jelly.  Many chemistg-areof the opinion -~ -

that in the hydrophyle jellies much of the water is held as shells surrounding
the colloid particles. If such were the case, the mobhility of the water should
be of a different order from that of pure water. That hydration phenomena
exist can searcely be disputed, but the author® has definitely demonstrated
that the average viscosity of the water within a gelatin jelly and certain of
the inorganie jellies is not widely different from that of pure water. The
structure of these jellies, when once formed, is very likely only mildly de-
pendent upon solvation.

Such faets as those above, and others, have led me to the convietion that
when once formed, a jelly is in general independent of the fluid filling its
meshes, and this fluid might just as well be a gas as a liquid. The fact that all
coherent jellies are filled with a liquid is accidental and of little significance.

In support of this assumption, one immediately recalls that silica, alumina,
and ferrie oxide jellies may be dried to a hard glassy mass which is yet porous
and undoubtedly retains a vestipe of the original structure. Even gelatin
jelly that has been transferred to alcohol or benzene shows the same phenome-
non.” It might be argued that the relationship here is extremely distant.
Still a further bit of evidence comes tothesupport of the assumption. Bechhold®
and others have been in the habit of measuring the pore diameter of 2 mem-
brane for ultrafiltration by means of the so-called bubble test. The membrane
I8 supported with water above it and air pressure applied below until bubbles
begin to form on the upper side. From the known surface tension of the water
and the measured pressure, the diameter of the pore can be caleulated. With
number 6oo cellophane, copious bubbling occurs at pressures helow 5o at-

ey,

YJOW. MeBain and 8. 8. Kistler: Trans. Faraday Soe., 26, 159 (19291,
* Rodewald: Z. physik. Chem., 24, 193 (1897).

“ 8. 8. Kistler: J. Phvs. Chem., 35, 815 (1931).

* Bachmaan: Z. avorg. Chem., 100, 1 (1917},

* Z. physik. Chem,, 60, 257 (1907).  An error in Bechhold's caleulations wus corrected hy
S. L. Bigelow and F. E. Bartell: J. Am. Chem. Soc., 31, 119> (1909 .
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mospheres. If the pressure is released, the passages refill with water and it
again requires the same pressure to start bubbling. The membrane is found
to have suffered no deterioration by the experiment. Now it was shown carlior
that & collapsed membrane of cellophane would not permit any gas to pass,
so that the only eonelusion to be drawn is that the water has been foreed out

of the meshes of the gel in a small area, and in that region we have a gel with
ail as the eontinuous phase.

If one chooses to produce an aerogel by replacing the liquid in a gel with a
gas, it is found that as the liquid is evaporated, the gel eollapses until it has
been reduced to & mass very small compared with the original gel. The very
apparent explanation is that as the surface of the liquid tries to recede within
the structure of the gel, the capillary effect combined with the high tensile
strength of liquid crushes the gel to the point where the structure is strong
enough to withstand the force. With unhardened gelatin that point is net
reached until practically all of the liquid is gone, while with silica and similar

 gels complete collipse docs tot 6éctir and i porous mass remains. Obviously ~

it one wishes to produce un aerogel, he must repluce the liquid with air by
some means in which the surface of the liquid is never permitted to recede
within the gel.

Experimental Procedure

If a liquid is held under a pressure always greater than the VIpPOr pressure,
and the temperature is raised, it will be transformed at the critical temperature
into & gas without two phases having been present at any time. Actually
under these conditions there is no transformation at the critical temperature,
The change that does oceur is gradual and continuous over the entire range of
temperature, and a small increase in temperature from slightly below the
critical temperature to slightly above has no more meaning to a gel in the
liquid than a similar change in temperature any other place in the temperature
range.  Accordingly, it becomes possible to take a gel filled with a liquid,
transform the liquid gradually into a gas, allow the gas to expand above the
critical temperature, and end with the gel filled with gas of low density without
at any time having subjected the gel to compressive forees. This, in general,
is the procedure that has been followed in the present investigation.

A small autoclave of 73 cc. capacity, capable of withstanding at least 300
atmospheres pressure, was used. It was heated in an electrie furnace.

At first the attempt was made to work with the inorganic jellics filled with
water. Both the pressures and temperatures are inconveniently high, but a
more serious difficulty was encountered. At temperatures approaching the
critical, water beeomes such a powerful solvent and peptizer that gels such as
silica and alumina were completely peptized. At first it was thought that the
peptizing action was due to alkali from the glass vessels containing the gels
within the autoclave. Careful climination of this source of alkali did not
prevent the peptization, however, For example, a piece of silica gel would go
into solution as the temperature rose and later when the density of the solvent
heeume (oo low would precipitate as a very voluminous powder. The powder

i
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thus formed was undoubtedly erystalline, although no attempt was made to
prove it other than toshow that adsorption of water vapor in it was negligibly
siall as compared with adsorption in normal silien gel.

With the inorganie gels it was found satisfactory to repluce the water with
5% cthyl aleohol. Oceasionally they were transferved from the aleohol to
ethyl ether because of the lower eritieal temperature and of the smaller
chemieal activity. The organic gels were always transferred from aleohol
to ether, thenee to petroleum ether and finally to liquid propane, except in the
case of nitrocellulose which, on account of its solubility in aleohol and ether,
was formed in benzene and transferred direetly to the petroleum ether,

Fhe principal precaution {o be taken at this stage is always to repluce one
liquid with another with whieh it is completely miscible. If the two liquids
are not miscible, an interface forms between the liquid in the gel and that out-
side and ean, under circumstances, compress the gel just as a liquid-gas inter-
fuce does when the gel is dried.  Usually it merely serves Lo prevent exchunge

In the present study only firm jellics were investigated sinee it seemed
probable that they would be more independent of the liguid than the gela-
tinous precipitates. Also the optically clear jellies lend themselves better to
observations on internal changes,

Results

Silica.  Silica gels were chosen to experiment with first beeause of the ease
of preparation and the mechanical character of the product. The gels were
usually prepared by pouring slowly with stirring a solution of N’ brand water
glass of specific gravity 1.15 into an equal volume of 6 N hydrochlorie acid.
T'he solution was then filtered and set in paraffined crystallizing dishes to
harden. After 24 hours sufficient syneresis had set in to loosen the gels from
the dishes and enable them to be removed and placed in wash water. Washing
was continued until the water showed no chloride ion.

The biologists’ experienee is that sudden transference of tissues into aleohol
produces large shrinkage and distortion. With this in mind, two samples
of gel were chosen from the sume bateh, one was placed immediately in o5¢,
aleohol and the other was transferred by gradual stages extending over several
days. ‘The percentage silica in the two resulting aleogels was identieal, show-
ing that sudden transfer is quite satisfactory. None of the inorganie jellies
used required gradual transference.

The whole cycle of heating to the eritical temperature and liberating the
gascous aleohol usually took about an hour and a half. Probably no signifi-
cance should be attached to the time involved,

The acrogel obtained is transparent and highly opalescent, and oceupies
nearly the same volume as the aquogel.

The aquogel produced as above econtains about 8¢ siliea, so that allowing
for ubout 209, volumetric shrinkage upon removal of the aleohol, and assum-
ing n density of 2 for the siliea, the acrogel eonsisted of 3¢¢ Si)e by volume,
and the remainder air. The structure is so fine, however, that the acrogel is
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quite transparent, transwitting light of a slightly orange tint due to the very
propounced seattering that oeceurs on aceount of the inhomogeneity of strue-
ture. “The seattered light is bluish, as would be expected. The aecrogel shows
considerable resistance to crushing, considering its low percentage of silica,
and is quite resilient. When a small piece is dropped, it emits a metallic ring
and bounces without fracture.

This material should prove excellent for ultramieroscopic study of gel
structure on account of the very large difference in refractive index between
phases. An examination of a piece with 1700 diameters magnification and
horizontal illumination showed nothing but uniform light due to the Tyndall
Iffect. Lven with thin fragments obtained by f racturing a piece of the siliea
aerogel the thickness was so large that it was likely that the uniform Tyndall
light masked fine structure that might otherwise have been visible. Accord-
mgly, silica gel was east under a cover glass on & microscope slide and con-
verted imto aerogel in the ususl manner. Numerous peints of light were
- visible with transverse illumination, but nothing could be seer of - whit ntight-
be called a structure.

Substage transverse illumination proved impructical on aceount of the
small refractive index of the aerogel. The light is completely reflected at the
surface of the slide and does not penetrate into the gel. Perhaps some inter-
esting observations could be made with the aid of the new Spierer lens. My
cursory microscopic examination proved too meager for any conclusions.

Sinee silica aerogels are so easy to obtain, a more detailed study was made
of them than of any of the other aerogels produced. It was found possible to
produce silica aerogels with any percentage silica by volume from 2 up to
the dense produet of commerce without speeial precautions, and I feel certain
that 2¢, is not the lowest obtainable concentration. For gels above 5 silica,
the usual procedure was to precipitate a gel as deseribed above and then dry it
slowly until the desired concentration was reached. Such a dried gel shows
very decided evidence of the compression to which it is being subjected. Upon
placing it cither in water or in aleohol it reswells to a certain extent dependent
tpon the concentration of the silica, and perhaps upon details of past history,
The elasticity of the silica fibrils is very well shown by thiseffect. The second
column of Table 1 shows the incrense in volume upon placing pieces of gel in

TaBLE ]
___ Percentage chunge in volume
Co Si0, upon piacing upon removal of
by wt. in aleohel glcohol
g.3 — —28.1
8.3 + 2.7 —12.0
9.7 + 3.7 —22.3
13.0 + 4.7 — 1.2
17.8 + 0.6 — O.%
20.7 +12 .2 — 0.9
23.7 + 9.7 ~ F.j
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93!, aleohoi after drying them from an original conceniration of 8.3¢, by
weight to the weight percent shown in the first column. Volumetrie changes
were computed from measurements of linear changes.

Column 3 of the table shows the changes in volume upon conversion into
acrogels. Ineach ease the temperature at which the aleohol was released from
the autoclave war approximately 20° above the eritical temperature,

Inttial measurements on the gels were made up to a concenfration of 7o',
but unfortunately the higher members of the series were aceidentally de-
stroyed. It seems reasonable to assume that the increase in volume upon
placing in alcohol will deeline with the higher percentages of siliea.

Unless the autoelave is evacuated after release of the aleohol vapor and
while still hot, considerable quantities of aleohol remain within and are ad-
sorbed by the gel upon cooling. 1t is higlly pessible that the capillary effect
of this aleohol is responsible for part at least of the shrinkage observed. That
this alcohol is held as eapillarily eondensed liquid scems certain from the faet

“that if the aerogel is iciitéd to 300° or §6'for a short tine in the airit beconies™

very much more transparent. I the gel is then allowed to stand exposed to the
air at room temperature for a few hours, the opacily increases markedly.
Transparency is again recovered upon heating. Undoubtedly here and there
through the gel small capillaries become partially filled with liquid and offer
discontinuities of a larger order, thus inereasing very much the seattering of
transmitted light. Increase in intensity of the seattered light is very marked
when water vapor amounting to only two or three percent of the weight of the
silica has been adsorbed.

From 3 to 4 percent of the weight of the aerogel dried at 350° is water that
is removed only at a much higher {emperature. Probably this water is ad-
sorbed on the surface of the fibrils as & monomolecular layer. However, |
have no reason for believing that none of it is held in chemical combination.

The aerogel can be heated to 700° for considerable periods without change
in appearance. \hen the temperature goes to goo®, some internal change
takes place that greatly increases the opacity of the product. Although some
shrinkage occurs upon such ignition, the aerogel is still of low density and
capable of adsorbing much water vapor. Table 2 gives increase in weight with
time, of two samples of gel placed in saturated water vapor. Sample 1 was
ignited at approximately 8o00°, while sample 2 was unheated.

TaBre 1l

Time _ it in weight N
Sample 1 Sumple 2
3 days 57%% 509
14 days 137 120
23 days 104 140
placed in water 327 166

‘T'otal decrease in vol. 67 81
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It is very evident that igniting the gel hardened itsstructure so that it was
very much better able to withstand the compressive forees exerted on it as the
eapillaries filled with water. The final volume of & gram of sample 1 was 73¢;
larger than the volume of an equal weight of sample 2.

Since surface tension is the principal force tending to collapse a gel, the
experiment was tried of heating siliea gel in the autoclave to a temperature
below the critical temperature and releasing the aleohol. The autoclave was
heated to 215°, 28° below the critical temperature. Here the surface tension
is small but not negligible, being approximately 12¢, of the tension at 20°.
The result was that a good grade of aevogel was obtained, but it suffered n
deerease of 52¢, in volume and was considerably eracked.

Since the structure of the aerogels is submieroscopic, it is to be expeeted
that they can be ground to an exceedingly fine powder. A piece crushed be-
tween the fingers has an unctuous feeling like tale or graphite, rather than the
gritty feeling that one expeets from silica. Ground in a mortar, the powder

‘occupies as large « volurne as the original sample; showing that the strocture

has been very little damaged. Both microscopic examination of the powder
and sedimentation measurements indicate many particles of from 1 to 4
micrens diameter. ven those of 1 micron diameter must possess a gel strue-
ture and be capable of very much finer subdivision.

Alumina. Considerable difficulty was experienced in producing good
transparent alumina jellies of sufficient concentration to possess the me-
chanical strength necessary to assure ease of handling. ‘The method finally
adopted was to precipitate the jelly from a eoltoidal solution of aluminum
oxide made by the dialysis of a solution of aluminum acetate (Gann's method).
[f dialysis was carried far enough, a very small amount of sulfate ion was
sufficient (o cause a 1% sol to gel. After gelation, the gel was allowed to dry
down to the desired concentration. [t was found impractical to wash out the
small quantity of sulfate on aceount of the peptizing action of pure water.
The attempt was made to wash the gel in dilute aleohol solution in order to
prevent peptization. The lump of gel swelled, showing distinet evidence of
laminations running parallel to the surface of the test-tube in which it was
cast. It then disintegrated into clongated transparent platelets whose lengths
were several times their breadths. With a little agitation, the whole mass
was completely peptized.

When the desired concentration was reached, the gel wag transferred to
03% aleohol and after suitable time had elapsed for the exchange of the water
and the aleohol, the aleohol was removed in the autoclave.

The lowest density aerogel so far produced was one of alumina in which the
apparent density measured o.02 grams per cubic ecentimeter. If one aceepts
the value for the density of amorphous aluminum oxide as 2.6, that means
that in one cubie centimeter of transparent aerogel there was but o.008 cc. of
solid. Needless to say that the gel was exceedingly fragile.

sSince with the dilute gels densily determinations by means of the dis-
placement of mereury were impractieal on account of the danger of erushing
the gel, densities were regularly determined by measurement of the displace-
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ment of hour-glass sand. The method does not yield highly aceurate results,
but for rough measurements it is quite practical.

Tungstic Oxide, ‘The attempt was made to produce an aerogel of tungstic
oxide. The gel was precipitated from 129, sodium tungstate by means of
06N HNO4 It was alight yellow opaque gel with very little mechanical strength.

It was cust in short sections of wide glass tubing in order to support it during’

the processes of washing in water, transference to aleohol, and removal of the
aleohol in the autoclave. At the eritical temperature, sleohol was found to
reduce it badly, so that it was found advisable to transfer from the aleohol to
ether before placing in the autoclave.

The final produet was bluish in color. It occupied the same volume that
the aquogel had occupied and seemed to have lost little of what strength it had
originally. The forces between the micelles seem particularly weak. It is

highly possible that with a study of the conditions of fermation, a very much
stronger gel could be obtained.

- FerrieCOxide. - X ferricoxide sol was made by-udding ammoniuny earbonate - -

to ferric chloride, dialyzing for four weeks and then concentrating at a low
temperature on the water bath to a syrupy liquid analyzing 8.8¢; Fe Ui, To
a part of this sol a dilute solution of potassium sulfate was added a drop at a
time with violent shaking between additions until upon standing for half an
hour a firm vibrating jelly formed. The remainder of the sol was placed in a
test tube and heated in a beaker of boiling water. In the course of half an
hour it had set to a firm jelly resembling in every way the one precipitated with
sulfate. These jellies were clear and transparent in thin sections. Both were
placed immediately in 9397 alcohol.

Several attempts {o obtain a clear aerogel directly from aleohol met with
complete failure. The product each time was a red, opaque, pulverulent mass.
Transferring the gelfrom aleohol to ether and removal of the ether in the auto-
clave proved equally unsuccessful. Finally by transferring to ether, then to
petroleum ether and finally to propane and removing the propane in the auto-
clave, a good grade of aerogel was obtained. The picees had small mechanieal
strength, were very dark red and transparent in thin sections. The density
measured o.2,

At first it was thought that the gel structure must be composed of u
hydrate, and the failures in aleohol and ether could be attributed to dehy-
dration at the higher critical temperatures. [t was found, however, that the
aerogel formed in propanc could be heated to 400°-300° without any evident
change in structure so that the hydrate hypothesis became untenable. Per-
haps the explanation will be found in chemical changes due to the aleohol or
water. I<ven in the ether there were undoubtedly traces of both water and
aleohol.

Sannie Oxide. A sol of stannic oxide was made by the hydrolysis of
stannic chloride and the peptization of the precipitate with ammonia. Upon
slow evaporation, the sol set to a firm jelly. This jelly was allowed to con-
centrate by evaporation. It was then washed free of most of its water in
035" ¢ alecehol, transferred toether, and the cther removed in the autoclave. The
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rerogel formed was slightly tinged with vellow, opalescent and boautifully
teanspurent.  Its density wuas pot measured but was estimated to be well
helow 0.1, Heating to 400 for two hours eaused no visible change.

Nickel Tartrate. Nickel tartrate was dissolved in ammonium hydroxide
<olution and set in an open erystallizing dish to permit the ammonia to
evaporate. By slight variations, it was found possible to produce gels that
ahalyzed only 0.14¢¢ NiO). ‘T'he gel from which the aerogel was made analyzed
2094 NIk 1t was demonstrated, however, that the gel substance was
aetually nickel tartrate so that the gel contained 3.8¢; solid. It was light
green, firm and quite transparent.

samples were converted into aerogels from both aleohol and ether. That
from the latter liquid was the most transparent. The aerogel from both sol-
vents was very fragile. Parts were opaque but many fragments had good

transparency, showing that the submicroscopie structure persisted after re-
moval of the liquid.

“Cellutose. - bt spite of the complete success with the norgande jellies, it

remained doubtful if the elastic jellies would yield aerogels, Having studied
the properties of cellophane a good deal and having been impressed with the
resistance that it offers when swollen to compression either in aqueous or
non-aqueous solutions, I felt more sure of success with it than with gelatin.
Preliminary experiments trying to obtain swollen cellophane as an aerogel
from ether failed.  Failure might well have been due to the high critical tem-
perature of ether, 193.8°. Cellulose rapidly undergoes chemical changes at
that temperature.

It was thought that perhaps a small amount of residual moisture might
have an effect, so some swollen cellophane was extracted with ether in a
Soxhlet extractor for several hours, keeping a copious amount of fresh, fused
CaCls in the distilling flask. The ether was then replaced by propane and the
propane removed at 115°.  The cellophane was found to have retained its
swelling. It appeared white to reflected but translucent to transmitted light.
L pon wetting, it became transparent, and during subsequent drying it shrank
to its original thickness and had the appearance of ordinary cellophane.

A solution of viseose was made by xanthating cotton. It was filtered and
allowed to stand in the laboratory until it gelled (about a week). The jelly
was sgliced, washed, transferred to propane in the same manner as the cello-
phane and the propane removed in the autoelave. The product was dense
white and was translucent only in thin layers. Its mechanical strength was
poor. ‘The probabilities are that if the jelly had been precipitated with
clectrolyte after the manner of the formation of cellophane or rayon, it would
have possessed much more strength as an aerogel. A piece of this cellulose
acrogel was set in a watch glass with enough oil to surround it but not to
cover it completely. In the course of a short time the oil had displaced the air
completely, leaving a, transparent jelly of cellulose and oil.

Nitrocellulose. Enough collodion (du Pont’s Parlodion) was dissolved in
& so-30 mixture of alcohol and ether to make a very viscous sol. This was
poured into a erystallizing dish, a piece of filter paper laid on the surface of the
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sol to prevent conveetion currents, and covered with benzene. In the eourse
of s few days the entire mass of eollodion sol had ret to a firm jelly. This
was sliced, washed in benzene for several days, then in petroleum ether and
finally transferred to propane.  The propane was changed several times be-
fore the jelly and propane were placed in the autoelave.

The nerogel was very light and tough. It had suffered no shrinkage in the
autoclave as far as could be told, but was far stronger than the jelly in benzene.
It was translucent even in pieces several millimeters thick. It offered large
resistance {o compression, but when onee compressed it did not reswel] to its
original thickness. Fhis is the strongest and toughest gerogel that has co far
heen produced.

Gelaten,  When it was attempted to transfer a 39, gelatin jelly to aleohol,
it was found practically impeossible to make the transfer without Jarge shrink-
age and the gelatin's turning opaque. By hardening the jelly first with

Hformaldehyde and transferring, to aleohol containing formaldehyde by gradual

stages, it was possible to replace the water with aleohol without mueh shrink-
age, and the aleogel was semitransparent. It was much easier to obtain a
good aleogel starting with 20, gelatin jelly.

Transference was made to propane in the sume manner ag with eeflulose.
It was found particularly neeessary to reflux in dry ether to remove the small
residue of moisture, «ince otherwise at the temperature reached in the auto-
clave (103°) the gelatin would become « viscous liquid and when the propane
was refeased it would swell up Like a marshmallow.

The acrogel from 207, gelatin showed no signs of having shrunk in the
autoclave. It was white, strong, hard and brittle, and was completely opaque
exceept along thin edges. That from the 3¢, jelly hardened with formaldehvde
was dead white and resembled strong pith in its physieal characteristies,

Agar. A 39, agar jolly can be transferred immediately to 93 ¢ aleohol
without evident shrinkage. The jelly in water is translueent, and retains the
same appearance in aleohol. The acrogel was very readily obtained after the
manner of cellulose and gelatin, It was dead white and had the charaeteristies
of soft pith.

Fag Albumin, An egg was hard boiled and the white converted 1o an
aerogel in the same manner as above. The acrogel was dead white, hard and
brittle. It had relatively little strength and could be fairly readily erambled in
the hngers,

Rubber, Swollen rubber i1s a jelly of a very different nature from those de-
seribed above. 1t would be very interesting indeed if it could be shown that
rubber could be converted to an aerogel in the stune mamer as the aquogels.
Emmediately, difficulties were met that place rubber in a class by itself.  The
first step necessary in the formation of an aerogel is the repliecement of the
swelling solvent by an inactive solvent with a sufficiently low eritieal tempera-
ture. It was immedately found, and the experienee is not new, that as soon
as it is attempted to replace the swelling solvent with a non-swelling liguid,
the rubber shrinks down to its original volume.
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My observations would favor the theory that rubber is a two-phase system,
one phase being a network or sponge of erystalline fibers and the other being
a very viscous liquid held within the network. A swelling liquid would then
dissolve in the liquid phase and distend the rubber. The attempt to replace
the swelling by a non-swelling liquid would result merely in washing the
swelling liquid out of the rubber, rubber and the non-swelling liquid being
immiseible.

This theory would predict that if one should swell rubber in such a liquid
as ether and then cool to a sufficiently low temperature, the liquid phase of the
rubber might be precipitated out on the erystalline gkeleton and leave an
open gel structure similar to that found in the aquogels. [t would then be
possible to replace the ether with a non-swelling liquid, e. g., aleohol.

This experiment was tried, cooling the ether gel to the temperature of solid
carbon dioxide. As was expected, it now became possible to replace the ether
with aleohol, and upon warming to room temperature the aleogel of rubber
“persisted. Tn che course of a day or two the ribber had diiven out the aleohol
and consequently had shrunk to something like its original proportions.

Unvuleanized rubber wus used in this experiment. The probabilities are
that vulcanization would increase the perianence of the aleogel.

An attempt was made to produce an aerogel by swelling rubber, trans-
ferring to liquid carbon dioxide and removing the ('Og above its eritical tem-
perature. This undertaking ended in failure, as was expected. The ('O, dis-
solves in the rubber, and when the pressure is released instead of diffusing out
through the meshes of a gel strueture it must diffuse through the viseous liquid
phase. The consequence was that many gas bubbles were formed within the
rubber, and these decreased in size only slowly.

I am of the opinion that a good rubber acrogel can be made by swelling
vuleanized rubber, cooling it to the point where good replacement of the
swelling by a non-swelling liquid can be effected, eventually filling the strue-
ture with such a substince as liquid nitrogen, that has a critical temperature
so low that the rubber is still rigid, and allowing the nitrogen to eseape above
its eritical temperature. The surface tension of nitrogen is so low that the
rigid rubber gel might not be much compressed if the nitrogen were merely
allowed to boil off.

One possibility remains untried. Rubber gels formed by vuleanizing
rubber solution are reported to synerize. If such is the case, it is very likely
that the vuleanization has produced the open sponge structure and that with
these gels replacement of the solvent ean be effeeted without recourse to low
temperatures.

A remark should be made on the effeet of rewetting and drying aerogels,
In the case of each orgunie gel, water drew itself through in a few minutes, and
the wet gel was then more or less transparent.  On drying, the gel shrank to a
stall horny mass. Direetly wetting the inorganie aerogels was usually disas-
trous, the gel being crushed. On the other hand, if the aerogel was left in
saturated vapor until it had had time to partially fill with water, it could then
be placed in hiquid water with no harm. Subsequent drying eaused large
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shrinkage, but usually not to the point to which the original aquogel would
have shrunk had it been dried.  ‘The greater strength of the gel after it has been
converted to an aerogel is doubtless due to dehydration of the fibrils.

Discussion and Conclusions

IFrom the number and variety of gels produced, it is evident that the
ability to form an aerogel is a general property of gels. It seems that if there
are eases in which it proves impossible to convert a normal gel into an aerogel,
these eases will be the exceptions.

The formation of aerogels offers & new means of studying the structure of
gels.  Diffusion experiments can now be performed with gases instead of with
liquids, with the attendant great simplification. In the cases such as agar and
polatin in which the acrogel is not transparent, it is evident that the dis-
continuities are of a size comparable with the wavelength of light, and there-
fore a mieroscopic or ultrumicroseopic study hbecomes possible, whereas in the

aquogel ity whith the refraetive indices are so stimilar, structures gy be eomi-

pletely invisible. The removal of the solvent now makes it possible to study
the gel structures by means of X-rays without the interference of the solvent
tnoleeules, which in muny cases seatter the radiation as intensely as the sub-
stanee of the gel.

The nature of the forees between the micelles probably varies from one gel
to another, but it does not seem out of place to speculate on the forces in cer-
tain cases. Reasoning froin the large strength of silica gels and from the
small size of the moleeule of silicon dioxide, the conclusion seems necessary that
the entire structure is knit together by means of primary valency bonds.
Secondary honds would seem entirely too weak to account for the facts. Very
likely the forees that hold together the aerogels made by the coagulation of
sinokes, are secondary. The silica gel and the smoke gel have strengths of
vastly different orders of magnitude. The assumption of primary bonds be-
tween silica micelles would connote a erystalline structure to the micelles, a
conclusion at which Scherrer? arrived from X-ray studies.

On the other hand, it seems more difficult to visualize the existence of
primary bonds between molecules of eellulose and its derivatives, but here the
length of the molecule and corresponding length of the micelle is sufficient to
enable the micelles to interlace to a sufficient extent to give the mass large
strength in spite of the weak nature of the secondary bonds. There are two
difficulties to this explanation, however, that must be met. When such a
substance as cellophane is swollen to twice its original volume and econverted
into an acrogel, the residual forces between the micelles must be very much
reduced along a considerable portion of the Iength of cach mieelle. They could
retain their original value only where the micelles eross or otherwise come into
direet contact. It would seem that the tensile strength of sueh an aerogel would
be very much smaller than that of normal cellophane, while qualitative obser-
vations place it in the same order of magnitude.

The seeond objection to the existence of only secondary bonds hetween
the micelles in cellulose and its derivatives is that if residual molecular forces

* Nachr. Ges. Wiss., Gottingen (19184,
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between the mieelles could aecount for the large strength, they would be of
=ueh magnitude that upon the removal of the swelling Hguid the micolles
would be so strongly attraeted to cach other that they would immediately
come together, and it would be impossible to obtain a gel of the original volume
fitled with benzene or other non-polar liquid, let alone a gel filled with air.

[t is plausible that there are spots where the micelles are bound very
strongly together and that between these spots there are lengths on each mieelle
only weakly affected by neighboring micelles.  Along these lengthg, molecules
that are strongly adsorbed by the ecllulose ean crowd in between the mieelles
foreing them apare, or in other words swelling the cellulose. ISven in the
swollen eellulose these spots of attachinent will remain attached. Frietion
between the micelles would aceount for the resistanee to collapse offered by the
aerogel.

such arrangement could explain the brittleness of very dry cellulose and
the softening effect of anything contained between the micelles. In the manu-

factare of regenerated cellulose, Tubrivdation Détween (he micelles beeomes

HDportant.

A type of gel that deserves consideration here is the thixotropie gel, i.e.,
the gel that is reversible with meechanical agitation. Two of the gels used, the
aluming and the ferrie oxide gel, were when first formed thixotropie. The sub-
sequent eoneentration of the alumina gel destroved its thixotropic nature, but
one can assume that the subnicrostructure was very little changed by this
concentration. That these two gels were converted 1o acrogels disproves the
hypot hesis that they owe their existence to the “ionie eloud’ surrounding each
iicelle’ as also does it digprove the general validity of the observations of
Hauser! that during gelatin of a thixotropie gel the partieles do not actually
touch each other. If that really is the case in the bentonite ols <tudied, it
certainly is not so with alumina and ferrie oxide.

In conclusion I should like to express my gratitude to Mr., Charles H.
learned for long hours of patient labor in the laboratory, and also to Dr. J. W,
MeBain for the loan of apparatus and for kindly assistanee and adviee.

Summary

It was predicted from general considerations and demonstrated experi-
mentally that in general after a gel is formed the liquid phase is aceidental
and unnecessary. .

Aerogels of silica, alumina, tungstic oxide, ferrie oxide, stannie oxide,
nickel tartrate, cellulose, nitrocellulose, gelatin, agar and cgg albumin were
made by removal of the water from the normal gels.  Rubber offered difheulties
not yet surmounted, but the way has heen indieated.

The preparation and properties of these aerogels have been briefly de-
seribed, and some diseussion of structure has been included.
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A COMPARISON OF METHODS FOR THE DETERMINATION
OF THE AREA OF ADSORBED MOLECULES
IN INTERFACIAL FILMS!

F. E. BARTELL AND GUILFORD L. MACK?

Introduction

The problem of determining the dimensions of an individual molecule is
one that has received considerable attention. There are in general two widely
different methods available for attacking this problem. One method is that
employed for calculating the dimensions of the molecule from the x-ray diffrac-
tion pattern of crystals. ‘This has heretofore been limited in application to

- golids. possessing - g - erystalline. stracture.: Reeently, however, Stewart2 by - - - -

means of refined methods of measurement, has applied this method to liquids.
'The other principal method of attack is from the standpoint of surface chem-
istry. ‘The thickness of films may be determined and ealculations may be
made from molecular volume data for the area of the molecule.

Surface films are of two types, namely: those formed by insoluble highly
adsorbed substances and those formed by soluble and less strongly adsorbed
substances. The former may be investigated by measurement of so-called
surface pressures and the latter by measurement of surface or interfacial
tension. Calculations of molecular area by this latter method have been ac-
complished (a) by the limiting slope method of Langmuirt or by the similar
maximum adsorption method as used by Harkins and Wampler® and (b) by
application of the mixture law method of Mathews and Stamm.®

In the present research interfacial tension measurements of water against
binary organic liquid systems were made. Calculations of molecular area were
carried out by, (1) maximum adsorption method, (b) the mixture law method,
and (¢) a modified mixture law method.

Methods for Calculation of Molecular Area

The methods above mentioned for the determination of the areas of mole-
cules in soluble films entail the determination of interfacial tension values with

. , : dSss
hich, b f the Gibbs formulation,q = — —
whlcl, DY means o € U1DDS8 1oImuiation, q RT dlll c,

' ‘This work represents part of a program carried out at the University of Michigan under
a grant from the Chemical Foundation. Condensed from a thesis presented by Guilford
L. Mack to the Graduate School of the University of Michigan in partial fulfillment of the
requivements for the degree of Doctor of Philosophy; June 1931,

¢ Holder of Chemical Foundation Fellowship.
3 Chem. Rev,, 6, 483 (1929).

* J. Am. Chem. Soe., 39, 1848 (1917).

8 J. Am. Chem. Soc., 53, 850 (1931).

J. Am. Chem. Soc., 46, 1071, 2880 (1924).

the areas can be
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caleulated. In this formulation q represents the mols adsorbed per square
cm., and Sy the interfacial tension in dynes per cm; the other symbols have
their usual significance. Mathews and Stamm have obtained interfacial ten-
siondata and have madeuse of both the limiting slope method and the mixture
law method. The agreement of the values thus caleulated was only fair.,

Mazimume Adsorption. The maximum adsorption method is based u pon
the principle first pointed out by Langmuir, that when the slope of the Ses,
Inc curve becomes constant, g (the amount of solute adsorbed) is at its
maximum value and is independent of concentration. This maximum value of
q, which we shall repregent as q. is supposed to represent the number of mole-
cules necessary to form a completely saturated surface layer of adsorbed
molecules. Since qy, is expressed in mols/em?, 1/Ngq, (N = Avogadro num-
ber) gives the number of square em. per molecule, or the effective area occupied
by the individual molecule.

Mixture Law Method. The mixture law as related to surface tension has

generally been stated, in effect, ns follows: the surface tension of & binary

. golution is-g.linear fuwction of the concentration.  Mathews and Siamm con-
sidered that the law would be equally applicable to the similar interfacial
tension relationships and assumed further that the interfacial tension value
of & binary solution against water is a linear funetion of the concentration in
the interfacial layer.

The mixture law method of Mathews and Stamm involves the use of the
interfacial tension-concentration graph and is dependent on the validity of
the mixture law. If on this graph a straight line is drawn between the inter-
facial tension values of the two pure constituents, this line is assumed to rep-
resent the concentration of the interfacial film of the mixtures at the cor-
responding interfacial tension values. The horizontal distance between a
point on this line and the corresponding point on the determined interfacial
tension-concentration curve is assumed to give a measure of the excess con-
centration at the interface. This gives, then, the excess surface concentration
in mols/cm3. From the Gibbs adsorption equation, the number of mols ad-
sorbed per square centimeter of surface may be ealeulated. Dividing the
latter number by the former gives the thickness of the surface film in centi-
meters. The dimensions of this equation are:

mols X em—2
mols X em—?

= CHl.

If the film consists of a monomolecular layer of oriented molecules, this gives
directly the length of the individual molecule. Its areais calculated by means
of the equation a = M/Ndt, in which d represents density, and t, the thickness
of the film in em. M and N have the customary significance. In carrying out
the calculation it is necessary to make the further assumption that it is justi-
fiable to apply density measurements, which are properly a function of the
liquid in bulk, to discrete particles of molecular dimensions.

1t should be pointed out that Langmuir had previously employed for the
calculation of molecular area a special case of this method which was later
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developed more generally by Mathews and Stamm. The equation for eal-
culating the thickness of the surface layer was first given by Langmuir in
the form:

t = g/{c'—c)

In this equation ¢’ represents concentration in moles per liter at the surface,
and ¢ the concentration in moles per liter in the bulk of the solution. The
surface tension values of water and ethyl alcohol are raised by the addition of
soluble salts, hence these solutes must be negatively adsorbed. In other words
the solvent is preferentially adsorbed, and hence, it follows that the surface
layer consists of molecules of pure solvent, and the eoncentration of solute in
the surface, ¢/, becomes zero. This condition then leads logically to a method
for determining the area of the solvent molecules. In contrast to this the method
applied by Mathews and Stamm gives the area of the sofule molecules, since in

their work the solute is preferentially adsorbed. Their contribution consists

" in the'se of the mixture law to evaluate the factor ¢ in the above equation.

The values obtained by the so-called mixture law method are obviously
dependent upon the validity of this law, while the values obtained by the
maximum adsorption method are independent of the mixture law. Attention
should be called to the fact that the validity of the mixture law has never been
logically established, and further, it is8 a question whether the fractional
constituents of a given mixture shall be expressed as volume fractions, as mol
fractions, or as weight fractions. Mathews and Stamm justify their adoption
of the mixture law on the ground that the same linear relationship has been
reported by Worley! to hold for the similar phenomena of surface tension.
They state that “for constituents of like polarity against air, which have no
orienting effect, the relationship was fairly well followed, as would be expected
when there was no concentrating in the interface.”

Since Worley reported but one case in which the mixture law appeared to
hold, general conclusions based upon his results seem questionable.

The Validity of the Mixture Law. The original formulation of the mixture
law was propesed by Rodenbeck.? Other investigators have attempted to
discover a relationship between surface tension and concentration of mixed
liquids and the formulations proposed by them vary from the original only in
the units used for expressing the concentration of the constituents. Much
confusion appears fo have existed on this point. Some authors have used mol
fraction, others volume fraction and still others weight fraction. None of
these authors has really justified the selection of units used by him. A critical
and comprehensive review of the literature is given by Morgan and Griggs.?
They calculated the effect of employing the different units for a large number
of systems, and found that the use of weight fraction units gave least deviation
from the linear relationship.

1 J. Chem. Soe., 105, 267 (1914).
? Inaug. Diss., Born (1879).
* J. Am. Chem. Soe., 39, 2261 (1917).
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They used bulk concentration values in their caleulations. Sinee surface
tension is primarily a function of surface concentration the use of bulk con-
centration values would not be justified in establishing a relationship between
concentration and surface tension.

Application of the theoretical considerations of Gibbs! would show that
bulk concentration and surface concentration must in fact be quite different,
80 that the mixture law as expressed by Morgan and Griggs would not be
expected to hold. In conformity with the second law of thermodynamies it
must follow that from & binary liquid system, the constituent of lowest sur-
face tension must concentrate at the interface in order that the free surface
energy will be at the lowest level possible. Differences in the dielectric
moments of the molecules and differences in the internal pressures of the
liquids may cut down the adsorption in certain instances, but in any case the
relative molecular concentrations in the interface cannot be the same as the
relative concentrations in the bulk of the solution. It is not to be expected,

.. then; that the interfacisl. tension. or surface tension-should bear airy-simple "

relationship to the concentration in the bulk of the solution. The principal
objection to the mixture law formulations, as applied to surface tension, is,
therefore, that they express the interfacial tension as a function of the bulk
concentration and not as a function of the interfacial concentration.

The surface tension relationships calculated by Morgan and Griggs on the
basis of weight fraction were interpreted as indicating a fair agreement with
the mixture law. In those cases in which one component of the binary system
shows a tendency toward strong preferential adsorption a close agreement
would not be expected. Those units which will, when plotted, give 8 marked
sagging of the surface tension-concentration curve are likely more nearly
correct than those which show an apparent better agreement.

Methods of Testing the Validity of the Mixture Law. A direct test of the
validity of the mixture law as applied to interfacial tension relationships pre-
sents a problem of great difficulty since no method is available for the accurate
measurement of the interfacial concentration. An approximate method for
testing this law might be one based upon the fact that of the two methods
available for calculating moleeular area, one, the limiting slope method, is
independent of the validity of the mixture law, while the other method is
directly dependent upon it. The values of the molecular area calculated ac-
cording to the Langmuir limiting slope method may, by the proper selection
of components, be used as a basis for comparison of the values found from the
other (thickness of film or mixture law) method. By using the different con-
centration units for expressing the concentration factor a comparison of the
values thus obtained with those obtained by the limiting slope method should
serve as a means of testing the validity of the mixture law. This should also
provide an experimental basis for choosing the correct concentration units.

As has been mentioned above, if the interfacial tension of a binary mixture
of liquids is plotted against the concentration of one constituent in the solu-
tion, a curve is obtained which ususlly sags below the straight line drawn be-

1 “Seientific Papéi“é,” 1, 219 (1906).
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tween the interfacial tension values of the two pure constituents. Only a
very few cases have been reported in which the interfacial tensions of the
mixtures rose above the straight line, and in each of these cases association,
jonization, or other intramolecular changes not characteristic of ideal solutions
are known to occur. If, in a nearly ideal solution, the interfacial tension of
the mixture is greater than the value calculated from the mixture law, it
would seem likely that the wrong concentration units have been used, Now
if a system is selected whose constituents have similar polarities and interfucial
tengjons, the adsorption will be small and only slight deviations below the
straight line function will be observed.

If the constituents are chosen so that the density and molecular weight
ratios are widely different, use of the correct concentration units should give
values conforming to the calculated interfacial tension values, If the wrong
concentration units are used interfacial tension values greater than the cal-
culated will be obtamed and these umta w:ll thua be ehmmafed from further
- consideration. - -

M odified Mizture Law M ethad It has been Bhown that the thlckneas ef the
surface film, t, may be determined by dividing the excess surface concentra-
tion in mols per cm? by the excess surface concentration in mols per em?.
Similarly if the total surface concentration in mols per cm? were divided by the
total surface concentration in mols per em?, this would give another method
for determining the thickness of the surface film. The total interfacial con-
centration in mols per em? is obtained directly from the mixture law and is
represented, in the formulation previously discussed, by the symbol ¢’. The
total interfacial concentration in mols per cm? is found from q, the increase in
concentration due to adsorption, and from the concentration in the surface
before adsorption occurs. This latter factor may be assumed to be equal to
the 2/3 power of the concentration in the bulk of the solution. The equation
for caleulating the thickness of the film may be formulated as follows:

q + ¢’/N'
¢’

f =

Where ¢ = bulk concentration in mols/cm?

and ¢’ = interfacial concentration in mols/cm?,

Thiz method of caleulation has been designated as the modified mixture
law method. A full explanation of this formulation will be given later.

Method for Measurement of Interfacial Tension. The methods available for
the determination of interfacial temsion have not been so thoroughly tested
with liquid-liquid systems as they have for the corresponding liquid-air
systems. The validity of the different equations used has not, in all cases,
been firmly established. It is therefore not surprising that much of the inter-
facial tension data found in the literature is considerably in error. If adsorp-
tion at the interface occurs, only static methods are applicable. Of these
methods, the sessile drop and ring methods are not sufficiently accurate for
exaet work. The maximum bubble pressure method has not as yet been
extensively applied to interfacial tension measurements. There remain, then,
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the methods involving the measurement of the drop volume or the capillary
rise. The ease of operation, together with the simaple and firmly established
formulation for calculating the interfacial tension, led to the adoption of the
capillary rise method. It was realized, however, that much more care in
cleaning the apparatus and in purifying the liquids was necessary in the
capillary method in order to obtain results comparable in acouracy with those
obtainable with the drop volume method. On the other hand, the density of
the organic liguid used need not be known so accurately as in the drop volume
method. This isan important factor to consider in dealing with mixed liguids
of widely differing vapor pressures. -

The method of Bartell and Miller! was selected for use in this investi-
gation.

Puring the progress of this research, it was necessary to determine the
interfacial tension of water against several different liquids which were
expensive and which were difficult to obtain in large quantities in the pure

state. 1t became highly desirable to develop a method which would require ...

but & small-amotint of organic liquid for each measurement.

It was found that by making use of two eapillaries of different diameters
an apparatus could be constructed which would give very good results and
which would require not more than about 2 ce. of organie liquid. A detailed
description of this apparatus will be given in another paper.

The thermostat employed was an ordinary rectangular brass box of about
15 liters capacity, fitted with plane glass sides. It was equipped with the
usual heating and cooling coils. The mercury regulator held the temperature
constant to within +o0.03°C. The stirrer was equipped with a convenient
switch so that it could be turned off at the moment of making a reading
through the telescope of the eathetometer., The vibration of the stirring ap-
paratus often causes such agitation of the liquid surfaces that the position
of the wide meniscus cannot be accurately determined.

A vs-watt lamp mounted behind a ground glass screen was used as the
source of illumination. A mirror, 2 x 18 inches, was set at an angle of 435° to
g line passing through the center of the telescope. It also made an angle of 45°
with the ground glass plate which was parallel to the line of sight through the
telescope. This method of illuminating the wide meniscii was compared with
the methods used by Richards and Coombs? and by Harkins and Humphrey .?

The results obtained were found to agree closely with those obtained by the
other methods.

Purification of Liquids. One of the principal sources of error in the deter-
mination of surface tension and of interfacial tension values is the presence
of eapillary-aetive impurities in the liquids. Thus, strongly adsorbed sub-
stances need be present only in infinitesimal amounts in order to produce a
marked change in interfacial tension. The capillary height method of measure-
ment used in this work is particularly susceptible to this effect. This method

E e e el L W el il il e T . -

t J. Am. Chem. Soc., 50, 1961 (1928).
t J. Am. Chem. Soc., 37, 1643 (1913).
3 J. Am. Chem. Soc., 38, 242 (1416).
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is much more static than other methods, such as the drop volume or maximum
bubble pressure methods, and impurities bave more time to diffuse through the
liquid and collect at the interface. For this reason, special care was taken in
the purification of all liquids used. With one exception, namely toluene, the
standards of purity attained are as high as any previously reported in the
literature. The physical constants of all the liquids used had been precisely
defined by one or more investigators. The following constants were selected
for comparison with the best values in the literature as an indication of the
purjty of the compound. These values were checked within the limit of the
experimental error in every case except the one previously noted.

Density. Specific gravity bottles of 25 and 5o ce. capacity with very
finely ground glass joints were used in these determinations. The temperature
of the measurement was determined with a thermometer certified by the U, 8,
Bureau of Standards and the variation was not more than +.02°C. The

volume of the specific gravity bottles at each temperature wes determined by . . .

‘finding the weight of water contained and dividing by the known density of
pure water at that temperature. This gives the absolute volumes reduced
to 3.08°C,

The density was found in general to be the most sensitive criterion of
purity. Other properties in special cases are better indicators of the presence
of small amounts of impurities, but the density is the best single standard.
In this connection it should be emphasized that no single physical property is
g reliable measure of the chemical homogeneity of a given liquid. Unless the
nature and specific effect of the impurities are known, several different and
characteristic properties must be determined.

Boiling Point. The boiling points were determined with precision ther-
mometers having a total range of fifty degrees, graduated in tenths of a degree,
and calibrated by the Bureau of Standards except where otherwise noted.
Every precaution necessary for obtaining the true ebullition temperature was
observed and all corrections applied. Al values have been reduced to o
barometric pressure of 160 mm. of mercury. Where no values of dp/dt in the
neighborhood of the hoiling point were available, the integrated form of the
(lausius-Clapeyron equation was used for the caleulation. It was realized
that a correct and constant boiling point is one of the least reliable tests of
purity. Therefore, the closely checking results obtained for every liquid inves-
tigated were not necessarily considered to be proofs of a high degree of purity.

Freezing Points. Because many of the liquids employed in this research
have very low freezing points, it was not practical to make these deter-
minations in all cases. The values recorded agree very closely with the best. of
those reported by other workers, and this may be taken as a quite reliable
indication of the absence of impurities.

The liquids used in addition to water were benzene, toluene, ethylbenzene,
n-butylbenzene, nitrobenzene, chlorobenzene and dimethyl aniline.

The methods of purification are indicated in Tables I and II. The boiling
points, freezing points and density values are given and are compared with a
few of the best values from the literature.
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The water used throughout these experiments was of conductivity grade.
Care was taken to remove all traces of dissolved air and earbon dioxide in
order to avoid any changes in density due to the presence of dissolved gases.

Substance
RBenzene

Toluene

Ethylbenzene

Butylbenzene

Nitrobenzene

Chlorobenzene

Dimethyl-
aniline

TaBLE ]
Boiling Points °C
Method of Purification Found Other Values
Method of Rich- 8o0.20 80.20
ards and Ship- 8o0.21 80.20
ley!
Same as shove 110.72+.01 110.7
. withoutreerys- = . . . 110.6. ..
tallization 110.46
110.80
Hg, CaCls, PaOs 136.114+.01 136.18
fr. two times
136.1
135.08
136.15
Same as toluene 183.46+.10 183.10
180.
HCL K,CO;,, 210.9 +.1 210.8
steam dist., fr., 200 .2
vac. fr. twice, 210.60
eryst. twice
NaOH, steam 132.01 £.01 132.00
digt. twice, 131.9
CaCly, P20, fr. 132.00
Method of Nelson 104. 103
and Wales? 193 .1
192.68

! Richards and Shipley: J. Am. Chem. Soe., 38, 989 (1916).
2 Nelson and Wales: J. Am. Chem. Soc., 47, 867 (1925).

Authors

Young
T.& M. (1926)

Young

Perkin .. ... ...

R. &8. (1016)
T.& M. (1926)

Young & For-
tey

Mathews

Richards &

Barry
T.& M. (1926)

T. & M. (1928)
Reed & Foster

Perkin
Friswell
Louguinine

Young
Mathews
T. & M. (1926)

Perkin

Kahlbaum
Louguinine
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'FA BLE I I

Densities
Substance __Freezing Points °C  Temp. (Ref. to 3.98°C) Auythor
Found  Other Values Found Other Values
Benzene 5.40+.01 §5.58 25.13° 0.8732 0.8736 Young
§.50 .0 §.80 0.87351 T. & M. (1926)
$.493 R.C.&S.

0.87344 Patterson
0.8732¢ Int, Crit. Tab.

20.13° 0.8783 0.8788 R. & S. (1924)
0.8790 R. &S. (1916)
0.8788 Young
~.0.87862 Int, Crit. Tab.
0.84899 T.& M. (1926)
Toluene 25.13° o0.8610 o0.86225 T.& M. (1926)
0.8624 Perkin
0.8610  Int. Crit, Tab.
Ethyl- 25.13° 0.8625 0.8624 Int, Crit, Tab.
bengzene 0.86239 T.& M. (1926)
Butyl- 25.13° 0.8361 0.8563 T.& M. (1928)
benzene
Nitro- §.60 .02 35.67 Tamman
benzene 5.9 Hansen
g.82 Louguinine
25.13° 1.1980 1.1972 Walden
1.1983  Perkin
1.198x  Int. Crit. Tab.
15.13° 1.2078 1.2080 Imt. Crit. Tab.
Chloro- 25.13° 1.1008 1.1008 T.& M. (1926)
benzene (.101r0  Perkin
Dimethyl- 2.25+.02 2.3 Menschutkin
aniline 1.96 Ampoula &

Rimatoni
25.13° 0.9518 o¢.9318 Int. Crit. Tab.
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References to the Literature giving the preceding physical constants are
listed below:

Ampotly and Rimator Guzz., 27, 5t (1897).

Bramley J. Chem,. Soc., 109, 454 (1916).
Friswell J. Chem. Soc., 71, 1010 (1897).
Hansen Z. physik. Chem., 48, 493 (1904).
Kahlb{u{m 4. physik. Chem., 26, 606 (1898).
[.ouguinine Ann. Chim. Ph{g.c, (7) 27, 116 (1g02).
Mathews J. Am. Chem. Soe., 48, 562 (1926).
Menschutkin Chem. Centr., 1898 11, 4{9.
Patterson k. Chem. Soc., 81, 1097 (1902).
Perkin (1896) J. Chem. Soc., 69, 119t (18g6).
Reed and Foster J. Am. Chem. Soc., 48, 1606 (1926).
Richards and Barry J. Am. Chem. Soe., 37, 998 (191s).

Richards, Carver and Schrumb J. Am. Chem. Soc., 41, 2019 (1919).
Richards and Shipley (1914)  J. Am. Chem. Soc., 36, 1825 (1914).
Richards and Shipley (1916) . Am. Chem. Soc., 38, 989 (1916).

J
Tamman _ “Rrystallisieren und Schmelzen,” 227 (1g03).
Timmermans and Martin J. Chim. phys., 23, 747 (1926).

J. Chim. phys., 28, 411 (1928).

Walden Z. physik. Chem., 65, 14t (1908). L
 Young ... . ... .Se Proe: Roy: Dublir Soe.; N. 8 12 374 (igf0).
Young and Fortey J. Chem. Sec., 83, 45 (1g03).

International Critical Tables, 111, p. 27.

General Procedure

The solutions of the organic liquids were made up in all cases by weight.
A few of the more dilute solutions were prepared by the method of successive
dilutions, but, in general all the mixtures were made up directly from the pure
tiquids. They were preserved in Pyrex flasks having tightly-fitting ground
glass stoppers. In most cases the interfacial tensions were determined wit hin
a few days after the solutions were made up. Krrors due to changes in con-
centration by preferential evaporation of the more volatile constituent of the
mixture were thus kept at a minimum.

With the Bartell-Miller method the densities need not be determined with
extreme accuracy. A reasonable amount of care is necessary, however, in
order to cut down the probable error from this source to a negligible quantity.
Accordingly the densities of each pure liquid and every mixture were deter-
mined in 25 cc. or so ce. specific gravity bottles. It is believed that these
determinations are not in error by more than +o0.0002 units.

With the double capillary method used by us the density measurements are
of decidedly secondary importance. Accordingly the densities of the mixtures
were calculated from the volume percent of each constituent present. The
density of a mixture of approximately so percent composition was determined.
This has been shown to represent the maximum deviation from the caleulated
density.! By interpolation the inerease in density on mixing could then be
determined for each mixture. These corrections very seldom caused any
change in the calculated value of the interfacial tension.

Mixtures of nitrobenzene were made up with each of the four hydro-
carbons, benzene, toluene, ethylbenzene and butylbenzene. The interfacial
tensions of these solutions against water at 25° (' were determined throughout

rrey

' Brown: J. Chem. Soc., 39 (1881); Lineharger: Am. Chem. J., 18, 429 (1896).
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the concentration range. The interfacial tension values of the mixtures with
henzene were also determined at 15° and 35° C; thoge with toluene at the
additional temperatures of 15°, 30° and 35° C. Mixtures of dimethyl aniline
were made up with benzene, and the interfacial tension values throughout
the concentration range were determined at 35°C, The values obtained at 23°
are given in Tables III and IV. The final results caleulated from data ob-
tained at the other temperatures are given in Table IX.

The amount of nitrobenzene adsorbed at the interface has been calculated

I -d Sga
RFdinec
from the different solventsis found to increase in the order benzene < toluene <
ethylbenzene <butylbenzene; this would be expected from the relative
differences between the interfacial tensions of the pure liquids. Because the
solutions are so nearly ‘‘ideal” it is felt that the adsorption equation should
‘hold reasonably well up to concentrations of fifty percent, at which con-
centration the maximum value of q is very nearly reached. At higher con-

centrations the equation obviously fails to express the true values. This will
be discussed more fully in a later section.

by means of the modified Gibbs equation, q=

- 'The adsorption

TanLe 111

Adsorption of Nitrobenzene
From Benzene Solution at 25.13°C

Concentration Nat. Log. Interfacial Slo Amt. Adsorbed
of Solution Conecentration  Tension d g:f

molg/cec X 10-3 InC-to dynes/em. cin o mols/ecm?
0. 0000 34.70 0.000 ©. 0000
0.33585% 2.0001 33.80 0.834 0.3364
1.0020 3.0042 32.00 1.360 0. 5484
2.48% 4.002% 30.67 2.80 1.129
3.877 4.4473 29.32 3.46 I.395
5.742 4.8400 27.790 413 1.6606
7. 480 5.1044 26. 70 4.20 1.694
0.736 5.3080 25.%3 4.20 1.604

From Toluene Solution at 25.13° C

0. 0000 ' 36.30 ©.000 0.0000
0. 2809 I.8506 35. 50 0.822 ©.3315%
©.49718 2.3411 335.00 1.150 0.4710
o.56%8 2.35203 34.06 1.410 0.568¢5
I.440 3.4560 33.38 2.133 0.8602
2. 440 3.9686 31.86 3.668 I.4%9
6.120 4.9039 28.00 4.60¢ 1.858
9.736 5.3680 25.43 4.780 1.928
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TapLe IV

Adsorption of Nitrobenzene

from an Homologous Series of Hydrocarbons at
23.13° C Ethylbenzene Solution

Contcentration  Nat. Log. Interfacial Slope Amt. Adsorbed
of solution  Concentration  Tension d By qQ

mols/c¢ X 10-3 inC-10 dynes/em. dln o mols/cm?
0. 0000 - 38.39 0.000 0.0000
0.1974 I.460G8 37.17 0.464 o.1871
©.36%2 2.0850 37.18 I.440 0. 5808
0. 7204 2.7726 30.04 1.834 0.7396
1.807 3.6839 33.73 3.446 £.390
3.518 4. 3497 31.15 4.214 t.699
$.910 4.8008 28.94 $.570 2,206
9.736 5.3680 2%.73 5.918 2.387

- _Bijt,yl B_Enzené Sbl'ht{on e e e e e e e e e e e e

0.0000 — 41.58 ©.000 0.0000
©.1968 I.4464 40.23 0.671 ©.27006
©.5252 2.4517 38.51 2.553 I.030
I.604 3.5647 35.00 3.010 1.579
3.107 4.2259 32.03 4.770 1.924
6.246 4.0241 28 .48 6.135 2.474
9.736 §.3680 25-73 6.355 2.303

Tesls of the Validity of the Mizture Law. For this purpose the chloroben-
zene-benzene system was selected. These liquids form praectically an “‘ideal
solution” ; there is no appreciable volume change or heat effect on mixing.
One would expect benzene with its lower interfacial tension to be positively
adsorbed. Owing to its non-polar nature, however, its preferential adsorption
is small. Unfortunately for our purpose the density and molecular weight
ratios are not greatly different, so that the calculated difference between the
volume fraction and mol fraction of the mixture is small.

Using the mol fraction units several experimental points on the inter-
facial tension-concentration curve were found to fall slightly above the straight
line curve. The differences are so small, however, that they could be attrib-
uted to experimental errors. When weight fraction units are used the re-
sulting interfacial tension-concentration eurve falls far below the caleulated
values. When volume fraction units are used a curve is obtained which is
slightly below the straight line curve indicating a slight preferential ad-
sorption of benzene as would be expected. The results of these tests are then
most favorable to the use of the volume fraction units; they are not, however,
to be regarded as being conclusive, Further confirmation of the correctness
of these units was obtained in data presented in Table VI, the significance of
which will be discussed later. It is evident, however, that the use of volume

fraction units yields results which agree among themselves much better than
those obtained by the use of mol fraction units.
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TaBLe V
Test of Validity of Mixture Law

Method of Maximum Limiting Concentration
Chlorobenzene-Benzene System at 25°C

Interfacial Weight Mol Volume Limit Fraction
"Tension Fraction Fraetion Fraction  Calc. from
dynes/cm. Benzene Benzene Benzene  mixture jlaw
36.72 0.2628 0.3392 ©.3000 0.378
35.08 ¢. 5480 0.6350 o.6o4s ©.007
35-33 ©.7871 0.8183 ©.7975 o.810
314.96 0.9016 0.9296 0.0204 ©.926
34.74 0.9636 0.9745 ©.9709 0.992

- Correction for Molecules normally present in the Surface.—Langmuir' and
others have made calculations of molecular area by employing maximum
adsorption values of ¢ (i.e.qy, values) and substitutingin theequationa =1 /Nq..
These calculations have been based upon data obtained from comparatively
dilute solutions.
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