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MUAT CHANGES ACCUMT "ATIYING ADCORLTIY U UILIDRIA

I DOLUTL. N,

Introduction,.

Adsorption has for a hong time been a well
recognized phenomenon and rumersus invesitigations have
been made on the nature and magnitude of the energy
changes involved. Some of the measurements on the
adsorption of gasey Lave shown tiese ehanges to be
enormous. Receently the heats of wetting or the heat
of adsorn»tion of a liquid by a solid has received
considerable attention and tle heat in many cases was
found to be fairly large. In solutions we find that
while nueh quantitative data econcerning the degree of
adgorvtior iz available, the energy changes connected
with the adsoryption of electrolytes fron sclution have
been almost completelys ignored.

In previous work here at Maryland it bas becn
found that shoschates in eontacet with varicus gels sueh
ag might be expected to be present in moet soils are
removed from solution to quite a marked degree. Thers
arueared to be evidence that not all this phog-hate
was similarly held sinee sone could be removed by washe

ing while the rest was held there more firmly altho it



wag still in a form that could be utilized by plants. If
some of this vhos hate was held in a manner different
from fhe rest there should be a difference in the energy
ehanges involved as the phosphate is taken up by the gel.
The present paver is the result of tiis bhelief
and is an attempt to investigate and neasure the energy
changes that aceompany the removal of nhosvhates from

solution.

HISUORICAL R.OVIEY.

Introduection.

The study of heat effects in conneetion with
eolloid chemistry has been comparatively neglected. The
earlier workers in ti:e field of eolloids, Graham, Linder
and Pieton attached much importanee to tie fazct that
there were no heat effects in the formation and coagu-
lation of eollodids, but wit the development of fthe
seience very little interest appears to have been nmani-
fested in this phase of the subjeet until quite receently.

Thhe faet that energy clhanges are involved
when eerbtuin different substanees are brought into e . n-
taet khas been known for many years, but it assumes new
inportance with the developrent of colloidal chemistry



to a more advanced stage. The enormous ineresse in sur-
face which oceurs wien a sub8tance assumes the colloid
state has rendered more noticeabls this surface nhenomenon.
A review of the literature on this subjecet may be rade most
emveniently by dividing it into three jnarts; heats of
wetting, heat of adsornstion of gases und vasors, and heats

of eoa;ndatisn of colleids.
Heat of Wetting.

For over one hundred years it as been lmown that
certuain substonces woen brousght inlto contaet with & liquid
with: which they do not reacet or in wuieh they are not
soluble vroduce o rise in temperature. This was first
armounced by Pouillet™ in 1822. vworiiig Fivst with
metels, cuch as 1lron, vismath, tin, antinony, later with
a number of insoluble oxides of iroen, tin, silieon, al-

£5

uminum, and various organic substances e found rises in
temoercture from .2 to & degrees. The liguids uwed were
water, alcohol, and oil of turpenitine. e used & soecially
devised tyne of thermnometer which-germittea thie reading

of guite small temperature ecianges and found ti:e lowest
changes to occur with the metols and 1 ¢ greatest with oy gan-
iec subsitaneces which absorb large asounts of water. Tire heatbs
of wetting o7 the same solids with different li uids vere
gquite similar, altho the temperature rise in all casec was

B



least with the most viscous liquid.

Thes: observations of Poulllet were cunfirmed
by other investigators, but &ll these earlier obuerva-
tions were thLernometric and not ealorimetrie and con-
sequently are nolt of any veslue for compariscn.

The idea tiat tliese thermal effects =i;ht be
due to tie compression o the ligquid in the contact
layers is uslsgo very old. In 1865 Junckz found that
when s:nd is placed in water with a temperature above
4% ¢, ther. is a rise in temperature; if the temvera-
ture of the water is below 4° C there is a arop in tem-
rerature, This is in aceordance withr what would be ex-
meebed if the tenserature rise is due Lo cou-ores8ion
of the liguid at the surfuce o' the vowder., These ro-
gults are confirmed by Schwalbe% and inese comression
effeets are digecussed by Freudlieh in his ¥apillarchemie,
reissner® in 1886 showed that certain powders
when placed in water with a temperature below 400 nroduce
a rige in temperature. He rejected tie hyvothesis that
heat effeets are jroduced by surface sreseures and adonted
the ideas which had been previously sugsested that just

as some solids are dissolved by liquids, and tiher becone

2

liguid, ¢ some liculds muy be albsorbed by »owders ard
thereby become solids, The heat that is given out is

re ey 3 S T +e SO L1 s LN o b
e(}?-_.aivc—‘l@ﬁt to the latent heab ghiecn the 11({;11(1 igiv&s oud
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on beeomin, & solid. It was luber pointed uﬁt by warius
exnonents of the compression thecr that the resgulils of
Yelsgner werce not direetly anta-onistie to the ceomvression
theory, for with an inerease of rressure the .oint -f
naximumm density oF water is lowered and tiat at & »ressure
of only 207 atmos -heeces which is much lower than the
unposed rnressure, the noint o) maximun density of water
is 0°C.
5} ‘

Williams has carried on some extensive invesitiga-
tiong or the pronerties of powders. He considers the
Pouillet effeet (i.e. the heat effect wher a jowdered
or noroug subgstance is placed in eontaet with & lisuid
in whiceh it doces not dissolve or react ehemieally) as
sorrespondins to the heat of solution, sinee he finds
that with giliea and all other substances that the
drier the substance the greater the heat effect., Vith
silica there is no tempera.ure change if the siliea al-
ready contains an amount of water corresonding to a
saturated vanor ressure. The liguid surfaces appear
t0 unite with the wvanor shase al a certain stage of
adsorption, with the result that a greatly reduced
surface is »resented., This reduetion in surface showdd
be aceormanied by an evolution of heat, and he finds
that in somé cases vapors show a maximum heant of 2d-
sorstion on o owldexr shortly before arviving ab tue
saturation nointb.

‘5-



The main heat effects he considers =g being
due to the corpresgion of the ligquid ar%un& the parti-
cles under the aetion of cohesive forses at the surface
of the powder. With an increase of the snecific surface
tze heat glhiould incerease in nrovortion since the
gohesive forees arce ¢ nstant as long as the radius of
the partiele dces not become less ther the effective
range of molscular action.

Linebargﬁr6 has made rumerous measurements on
the heat effects of different sized narticles. Tue
rnature of the wori ean nerhaps be begt sliown by re)ro-
dueing ome of his tables. The table shows the heat
effects when nartieles of siliea having average dig-
meters of .0005 om, and 001 em. arc wet by the liguids

indiested in the table.

TABLE I

(@]
o
ot
N
bt

Tie relation e size of tie particle to the hemt of

wetting

*Ligquid . Heat per gram silica . Ratio .
: : M Dia‘?f‘“ 4{3005 QGOJ— . M
“water : 13.3 6.9 . 2 .
‘nitrobenzene . 11.0 Sedd . 1.8 .
ttoluene : Be6 4,8 . 1.8 .
‘bansene . 4,1 4.1 . 1.0 .
! pyridine : 12.2 5.0 : 24 .

-6—



T.e surfuces exyosed are a proximabtely 2:1 and the
ratios of tiw lieats of tihhe two samples in all ex-
ceot cne casg wre oroportional to tie areacs.

In connecsiion with the idea of copression
of t e liguid around lie so0lid surface, Williams stabtes
tiat 1if the cohecion ot tie powder or solid insiead
of bein,; greater is lesg thar the colesion of thwe

set not a

w2

liguid in whieh il ig irmersed, we should
compression of tie liculd rolecules cround the owder
but o disgtersion and zbould thereliore pet axn absorp-
tion of heat instead of arn evolution, This distension
he believes would cecuvyr at tie inte.face liquid-vapor.
For weter the energy required to usroduce this extension
of surface is about 110 ergs per sd. en or 000003 cal-
ories. On nmeasuring the Leat effeet.oﬁ immersing one
gran of eacarcoal in water pe rinds it to be 256 ealories.
Tue specific surface was estinmated o be about 3,000,000
g8q. em, viieh would give a neat effect of .000008 cal-
ories ner sq. 6n1. corresponding quite closel. to the
caleulated value o7 the ligquid-vapor interface.

Parksv

nmeasured the heal effects on immersing
three different varieties of silica, nuamely oreciitated
gilica, sand and glass. With water he {finds that tlhe

heat evolved in each case is .00105 ealoiries per sg. cm.

-



Using glass weol, he finds that the heat of wetting b
mereury .ives sorewhal erratiec results altho in geaeral
ther are negative; the difficuliy he ascribes to in-
ability of getting the glass wool at the same tempera-
ture as the rmercury and the formalion of mercury globulesg
thus chansing the ares exposed, Un immersing the glass
wool in the mercury end keeping it there wntil equili-
briws had besen established and thern suddenly releasing
it he finds that there ic a slight rise in temperature,
whici: would tend to surnort the ideas of ¥Williams.
Patrick and Grimm® are not in aceord with tie
idea that the heat of Wettiﬁg of o 1limuid or the heald
of adgorntion of a gags is largely due to the gomnmression
of the adsorbed licuid, Their ideas of adsorn»tion en-
nhiasire the abtiractive lorce between the molecules of
tlie substance adscrbed rather thar tkhe attraetion be-
itween the sdsorbed raterial and the adsorbent. Their
worl was undertaten with the objeet of seeing whether
the thermal changses could not ve satisfactorily ae-
counted for on the basis of the changes in the surface

energies involved. One oi the facts strongly relied
n

tie argument that this energy counge, was due to

cu picss on, was thabt Lhe heat of wetting by walter was
s B - 7 o 2

negative vien easuwed velwees 0Y-4YC. Whey carried

sut some qualitetive and fairly accurate guantitalive
—8-



Beugurenents and found the heat of wetting of wiliex
el by wator bebtween these temperatures to be josi-

tive wihici: they regerd as strorn, cvidernce agasinsgt (e

idea of eomvression. They carried out neasurements
on heats of wetting b - five diTferent liquids one

of whieh was water. Using the values obiained by

o

Harkins for the free surface energies of these liquids,
they were able to account quite closely Jor the heat
changes in ternms of the changes in the surface ener-
cies. The surface prescnied by the gilieca sel was
regarded as a water interface o d all ealceulacions
ade aceordingly.

Gurviesn® regards tue heat of wetting as a
fuanetion of the attractive forees of thoe two svbstances.
irte found that anong oxganie eompounds, hydrocarbons
have a greater neat of wetting and are more adscrbed
by emmrevcal while oxygen comuounds are more adsorbed
and have a grceater heat of webting wien in contact
with adsorbents containing oxygen. The former he
called "earbophkil" and the latier Toxouhil."® Fe
Tinds that tie amount of & substance adsorbed from
solutior is imversely prooortional to the heat of
wetting of the adsorbent dy the golvent. The mole-
cules that Lave been adsorbed lower the attraction of tie
adsorbent for molecywles of Lle same cornound, but in-

-G



oresse its sttraetion for other molecules, oo that in
the allsoxpiton of mixtuwes ihe adsorntion is greater
than when esoh iz adsorhed scparately.

Koshler and Matthews have resently roasured
the heat of wetting of lesd sulfats with the objeet of
satablishing n velaiiom betwesn he heat of wetiing
en@ the surfase avea, Different samples of m@ oul~
Tate wers used amd the swface aress dstoxmined by
the use of a radicsetive isotore of lesd, Thor.im B,
as indfcator. The arsas in these pamples veried from
5800 o 32,400 Bq. an. ver Lran g}f lezd mtafeag
’&aiﬁg a naxivam area of 529,000 8%. Ofte In one doter-
ninndl @3 they found thet tho heat @mam it ax

LY
vere within the limits of exoerimentul error, which
wrings he i—;é&t uf wetting o7 lend zuvlfoie dried at
2247 md m :;:mm;zm: 2% L0086 ber Lo lesss ihem LO%
ealories er G1. 87, Thoue nessurencuis wers esrried
out in ﬁﬂlum)m satureted with leafl sulfete so thed
no bsat ohanges wonld e geused by Lhe goluvion of
Jond sulfoto..

In gumestion with tha mmﬁ" of the so0il,
tie dmpurtanee of osllolds hos besn recignized for
sonetine, bud mmeirms 8iffiealiies heve been cronmtored
In the atndy of sodl aslilodds. o eriirely ﬁéﬁ*ﬁi@ﬁiﬂw
neliod or their determinatlon or ostimaiion hus baem

«l0= |






TABLE 8.
Effeot of ignition on the hest of wetting of soils

Lise of tempersture ouused by B0 gm, seil in 125 mn. water

: 3
: R
: :
T T ¥ )
! oG : eg * og O 3
: _ Y ) : t S
! Perm 911t losm «90 P W80 7 50 1 0.0 :
‘Iilincis elay loam 3.50 7 2,96 ° 1.45 7 0.0
‘Californis elay 4400 1 B.B0 7 1.0 ¢ 0.0
‘Peat 10,50 13,00 1 11,80 ° :
TEnak 848 PU11.B0 P 10.30 1 0.0 :
‘Ferrie Hydroxide 3,78 : P 0.0
‘S1liea gel 9360 : 1 0.0
‘sluminus hydroxide 8.35 : Po2.4 P
4% 230°C the hsat of wetting begine to drop
and st 485° the aiange is quite merked, vkile at 800° 1%

has dropped to merc. lo slso Finds that othor prope-ties

whieh mre regarded

a8 being desendent o the ¢ollouid sontent

have shanged secooxmdingly. Alumiman hydroxide still shows

some heat of wetting whieh is probadly dus to hydration.
mperature of eeriain nmaterials high in oX-
gunio mutter is prodadly due to partial erseking of the

The rise in ¢

organie particles or to a mare thorough expulsion of

‘1z-



moisture. Soils when hented to 800° no matter how finely
they are ground afterwards gave no neat of webtting. From
this he suggests the Hossibility of evolving a muthod of
deternining or estimi ting ihe conlloidal content or condi-
tion of goils ond thedr degree of activation.

The investig&ti@nlg of eo0il profiles shows that
the heat of wetting is hipghest for the surface layer of the
s0il as would be exnected since t:e colloifdul econtent is
higziest in the surface layer.

Rasenbahm13 has measured lie Leat of welling
of various colloidal substanees and finds the total ireat of
swelling per gram of substunce to be, gelatin 96.9; agar-
agar 35.5, fillter paper 9.6,pure cellulose 12.9, and cotton
20.8 calories. Using gelatin contaelning different amounts
of water he ecaleulzted the Lheunt effects produeced in the various
stages and finds that the heat crange is large for tie
fisst 25, ond then drovns. Up to about 209 the heat is
srosortional to tic amount of water taken up, after
whiel: there is anothor drone Gelatin on taking up 249
moisture sroduces o heal effect of 80 calories. TFrom Lhis
work e coneludes trat the swellirg of selatin ls dive
ided irto 2 Hhases, one where o snall amount of water is
tolkken up with a large evolution of rect, a:d ti¢ scend
where a large amount of water is taker u» with no further
evolubtion of heat.



MEATS OF ADSORCTION OF LISUIDS AND GASES.

Tie first suantitative work on the adsorption
of gases was done by Fam‘“‘ who obtained valuss on a
number of gngses on ochareodl in mﬂ, agltho these sffeetn
head been nmentioned previocusly by mﬁtsaharuahw. Favre
algn dotermined the heat effects of hydroren on nlotinume.
eh@'y'@imm in 1883 meagured the Lheat of adsorstion of
salfur dioxide, mmmonia, and sarbon dioxide on chavreoal
and meerschaum. Qnite recently we find that mmsrous
iamti@aﬂm have been mede on the adsoration of guses.
Aﬁt:!.vitg along thesge lines was greatly stirmisted by
the neceasiiy of obbaining a thorough knowledye of the
a&gargti-sa of goges by charedal in gummeotion with gas
naske and 'by an inoreased use of charsoal and other
sdsorbents in industrial lines. Other investigations
wore unigrtaken in the hope of determining the naturs
of the ehanses ocecwrring in cerdasin estalytie grwm
with the hepe of explaining the chenieanl ohangses involved.

Lamb and %anﬁgfal? have r¢ agured the heastm of
adgorpiion af the wapurs of sme eleven organie liguids
by eharccal of various types, snd find the heats tv be
indovenient of the rate of adgorption and tue previous
hiat:nw of the adsordbent. The heats of adsorption of
these vnpors are expressed by tlie formula, h = mx",
where h represonis thoe heat of adeorption per normal os.

of venor, X the number of 00. adsorbed and m and n are
~ld-




constants characteristie for each vapsr. In their work
they Tind that the value for n is very close Lo uniby,
showing bthat there is bul «1i ki deercase in the heat
with inecreasing amounts of adsorption. This decrcase

or fatigue is less with li.uids having relatvively Ligh
boiling »oints and highk latent heats of vajrorization.
T process of adsorption of a gas or vap T is regarded
ag proceeding in two steps, first ti.e coipression of the
gas until liquefaction oeccurs, ard sceond & further com-
pression due to the adhesive foreces of tue adsorbent.
From the fact that ithere is no ehange in the heat of
alosorption as adsorption proceeds, they assume ti.at the
lavers of the adsorbed malerial are many molecules thiek,
which is also borme out by the amount adsorbed compared
with the probable area., They find that the net lLeats

of adsorption, thal is, the total heat minus the lutent
heat o7 vaporizaition is ithe same ner ec¢. Tor each of

the liquide used, vhiclh includes ether, ehlorofornm,

ecarbon disuliide, methyl alcohol, benzene and several
érgamig halides. These net heats are closcly proportional
to the heats of compression at very hi, i pressures, and

as tihe regults show that egual volumes of t e liquids are
attracted by the same foree, they conclude that these
effects are really heats of compression of tiiu order of
ab.ut 37,000 atmosoheres.

~15-



The results of Lamb and Coolidge are sunoorted

12 In their

by the investigetions of Hurkins and Lwing.
work on the adsorption of various ligquids and gases by
clz reoal, they found that the volume of liguid adsorbed
by ar efficient eharcoal depends on certain chysieal
properties of tle liqguid, increasing as ithe comnressibil-

ity of the liquid increases or tiv viscooiity or surface
tiusion deercases. These effects decrcase as the adsorp-
tive capacilty drovs, and entirely digappear as the char-
coal beromes worthless as a gawn adsorbent. They e:.leulate
that the intsrnal vpressure necessary to sroduce this change
in volume must in some cases be as high as 20,000 aitmos-
pheres, They found that Siie nteat of adsorption whoen a
conpletely outyassed chareoal is irmersed in walter is

10.5 eslories ne grum of charcoal, and when merely dried
abt 1507 , the neat is 7 calories, while i7 it contuins
Just a thin film of water (.04 grams water per ~ran
chareosl)} the heat drops to 3.5 ealories. Trom this it
appears that the first tenth of thie water ertering tie
chhareoal produces atout haelf the heat of wettinyg:, indi-
cating tiat in accordarce with Langmuir's theory tic
forces of adsoxption ard adhesion wors only on an ex-
tremely thin layer of liguid.

The neat of adsorntion of bone chareoal, not

outgassed was 18.5 ealories ard of fullexr's earth 32



calories, corresponding with the work of Gurvieh who
found {tlhe values of 18.5 and 30.2 eslories resnectively.
These heat effects are regarded by Harkins and Ewing

as the Leat of spreading of a liguid on the surface of

a so0lid rather thar heat of adsorntion. This heat effeect
is regarded as being due to the total energy changes in
the £ilm whierr includes both liquid and solid carbon of
the interfoces.

In & later pa@erga Harkins and Ewing dhow that
this hish compression whieh oecurs wiier vapors and liquids
are adsorbed is orobably mueli hisher than was at first
supposed, as this eompression probably oecurs only in
the mierorores, that is, in pores whieh: are invisible
when musmified 2000 times and arxce of about the order of
200001 en. in dianeter. ‘“hese micropores are located
in the walls of tre larger pores glving therm a compara-
tively opon and soongy structure. VWhile the hypothesis
that the heat of webtting of the surface Tilm or Leat of
adsorption 1z dve to the compression of the surface
layvers is aquite o0ld, the authors claim that tiis is the
first presentation of exnerimental data terding to
supnort it.

Blench snd Garﬁerzl fomd that whern oxygen is
adsorbed by eharcoal the amount of tomperoaturs cuange
devends on the temversture at whieckh adsorpiion oceurs.

] -



They found that between 18 and 450 degrces the heat
of adsorption for the first smell gquantities of oxy-
gen varies from 60 to 220 ealories »er nole., but as
tie gsurface hecones saturated tho heat effects dron

rapidly. Yhe differences in the heats of adsorption

at low and high teoermperatures is acgounted for by the
fazet thalt at low temperastures tle oxyscen is adsorbed

+

without ciiemieal ehange while at hi her btemperabtures
adsornlion ig atlended b the forme.ion of = compound
of earbon and oxygen osu the surface.

While most of thie measurements of heats of
ada&r;tion have peen nade with charcoal as the adsor-
bent, some invesitigalions have been made. on the adsor-
ption of gases b unetals., Ieebe ard Taylorga ne esured
thie heats of adsorption of hydragen on nickel snd cop-
per. They found the heat of adsorstion of hydrogen
ver mole on nickel was 13,000 to 21,000 calories.

Since thic latent heat of varorization of hydrogern is
only 450 ealories at its boiling point, this is entirely
too large to be aceounted for by condernsation, since

the wvalues are of centirvely different osrder. In most
cases the heabs a» ear largest for the first vortions
adso: bed, but here it was found largest for tie last
portion. With conper tile heat of adsor»tion was 9540
calories.

-138-



HEATS OF COAGULATION,

Heats of eoagulation reesived sume attention
in the earlier investigations of colleoids, but little
appeare Lo have been done until quite reeently. Most
substances on dissolving unless accompanied by heata
of hydration,ionization or hydrolysis have a negative
heat of solution. The negative heat is regarded as
due to the energy required to separate the molecules
against the forees of eohesion within the erystal. In
eoaguletion the op :0site effeet is produced 1d conse-
guently we might expeet it to be atigmded with an evo-
lution of heat.
Doerinekel®> presipitated a coneentrated solution
of a p:Bsitively charged colloid by mixing it with 2 nega-
tive colloid. Using ferrie oxide ﬁyﬂrosol and silver
hydrosol he fcunﬁ that preeipitation took plaee at praeti-
eally all concentrations, sontrary to the resulits of
other investigators, This was probably due to the eon-
centrated solution used. The heat varied with ths con-
centrations used, for 10% silver being 8 eelories, with
o maximum of 45 eslories for 60 to 70% silver. From
0 to 50% silve: only traces of esilver remeined in sus-
pension; using 85 to 90% silver only traces of ferrie
oxide iamaineé in guspension. Using ammonium nitrate,

=19~



the heat of coagsulation of silver was 1-2 calories
per unit weigsht of silver, while with aluminum sul-
Tate, thi=s heat efTect was negative.

Doerinck6124 also found that on using potas-
sium oxalate and alunminum sulfate with hydrous ferrie
oxide that the heat of coagula tion was dependent on the
concenbtration of the ferric oxide. Using a sol with
10.8% ferric oxide and 2N potassium oxalate he attained
the maximum heat effect of 164 calories and with a 5%
soluticn 54 calorics. IHec also noted the heat effects
in relation to the amount of oxalate adsorbed and gives
the following figures; 98 calories, .2064 g. KpCpOy
adsorbed; 117 calories, .2600 g; 164 calories, .2618 g.
e fouad that the lLeat effects rose as a linear Tunction
Debtween 1.10 and 10.8% fervic oxide. His results with
Terric oxide produced by differcnt nethods did not agree,
provably fue to a diffcrsncce in the degree of purity.
e also found tihat at a verr hiyg. c.ncerbtration of the
cuobloid tlic Leat effects were lower thuar with the more
dilute, probably due to e inclusion of some of the
uwipreelipitated colloid by the cos;ulant, so that re-
actvion with vhe precipitating agent was too slow to
nprodiice g measurable change.

25
Eruyt ard Spek  have measured ule heats of

o

coagculation of ¢olleidal arscnious sulfide and colloidal
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hydrous ferric oxide usin; cleetrolyltes to precipilate
ti:e eolloids. Wite srsenious guliide tiey {found the

at vo e wnugpative e withn Lg Loodrous Terwvic oxide
the heat wae socsivive beling btw. ealoviey ser grane.

Toey are of the opluion what tae hest of coagulalion
wingtlier posibive or negatvive wmuey be dus bto the dilution

5T thie eleetrslyte uwsed for coagulition; & decrease in

tie forosebion of mew iore oy molecules or ghanges in
thie concentrabion of these, due t» tre adsorovtion of
one morce than the other. In tiwilr meassurenent on the
heat 5 adsorption of erystal violet by charcoal they
found iti.e Zeat Lo be vhreg celoriec ser graam of adsorb-
ing agent.

Probably the mosit important and thorougl: in-
vestigationeg nove been carried on b Browne &t VWigeon-
sin. Bruwn626 nas neasured the heat of coa wlation of
hydrous ferric oxmide, srena ed by difierent rethods and
of various degrees of ouritv. Using .28 sodiunm sulfate
ag the coagulaat, he Tinds that the heat of ca&gul&tiﬁﬂf

at tle sane degree oF ourity is tiie gane Tor differernt

solg.  Tho change in digoersiity obscrved in ecoasulétion

b«

not invalve =z oeasurabl. heat effeet. "oith ferrie

j

oe

o8

—a,

sxide Liydrosols thie evidinee geens conelusive thao the

eut effeets cbsewrved



lytes is due to heat of dilution of eleetrolytes, in-
teraction of eleetrolytes in the sol with coagulant and
the heat effects accumpanying ion adsorption durkng ithe
process”, Srowne pas also measured the heat of eocasula-
tion of suliue suls wnd finds that it varies with the
goagulant and tie conceniration of the coasulant. He
finds vue heat ul coua .uvlaiion per gram eguivalont of
sulfuyr using sotium chloride to be 16.5 calories, using
potasgiunm e:doride 88.6 ealories, nagrnesium chloride
20.5 calories, sluminum chloride 20.5 calories. KHe
conclude@ that lhe heat effeets are v bably due to the
action of the coa;ulant with the polythionie acids »nre-
sent in {the sol., The sulfur in ithe coagulunt appears

to be in the same physieal state as in the sol. This
point is of unusual interest ag in mogt ¢ases cog ula-
tion is regarded as causing a decrease in surface, which

is probably not the ease witin many eolloids on >reci-

ovitation.
SX P ENTE AL
¥aterials Used.
The unydrous Terric sxide uged ‘n these investi-
avions wag vresaresd by dissolvin. 7h orame of Terric

chiloride iu & livers oi water, 5 c¢c. of concentrated hy-



droehlorie acid were added to pvrevent aporeciable hydrolysis
ard Lhe s lution was heated tu 60°C. A dilute solution of
armonium hyvdroxide was tien added to the solubtion until
it was distinetly oalkaline. The gel was allowed to settle,
snd was ihen wached by decantetion, ti:e supernetent water
being removed from the zel by suetion, thus permitting
a more conplete removal of the wash water. VWhen the super-
natent liquid no longer showed the vresence of chlorides
on the addition of silver nitrate the gel was washed
eight tines with distilled water and then stoniered for
N2 .

Tue gel thus srepared was of a uniform cgnaist~

s the case when the gel is

4]
e

engy, showing no lumps a
Tiltered ard washed on a Buehner funnel with suetion. It
was Xent under water In a culte liquid erpdition so thiat
it ewuld be recadily pipetted with a ten ce. nipette.
Thig method of hardling tle gel wae nmuel more convenient
and satisfaetory tian ithe procedure in our nrevious work
where L.oe gel was obbsined in a fornm az dry as possible
with suetion. Yhe hdrooel in this form asppeared to
undergo no changes on areing. Gel whe- dried under suetion
had always anneared to glve off some of its water on
gtanding but this eopvarently remsined unchanged.

Tre amount of fer.ic oxide present was determined
by the evavoration of & neasured and weished portion and

2%



drying at 106° C. This dried material was then ignited
at red heat and weighed as ferrie oxide. From these
weights it was found that the material dried at 105°C
corresponded to the formula Peplx.Ha0. The amount of
iron was also determined by taking a known volume of the
mixture, dissolving 1t in sulfurie acid, reducing the
ferrie sulfate with zinoe in the Jones reducior and
titrgting with standard imtasaim permanganate, Different
samples when determined in this manmer gave very elosge
results ghwing that this method of handling the gel was
quite accurate, Different batshes of gel of sourse
varied somewhat in comeentration, ranging from 1.92% to 2,.69%.
Even when :[‘ilt-ereﬁ on a Pushner funnel under sustion the
moisture content is still about 92%. |

The aluminum oxide hydrogel was prepared in a
gimilar manner exgept that the nitrate was used as the
starting point. The amownt gel present was determined
by arying at 105° ¢. om somparison with the weight after
ignition it appeared to correspond quite closely to the
formula AlyOy.2Hg0. The gel used here corresponded to
1.27% aluminum hydroxide. The aluminum hydroxide was
found to undergo partial peptization as the washing process
neared completion, some of the gel mm&inigzg in a sus-
rended condition, setiling somewhat after gtanding several

-24~



days, vub leavin tie supernatent 1licuid strongly
onralescent, On gtanding several we.ke part of this
onalescent susension settled out.

On treating tie gel in susHension with bout
10% nitric acid, some passed intc solution and some
precivitated, a part remaining in susoension., Even
on heating not all was dissolved. This has alse been
reported guite recently by Willsﬁattergv ard his ¢o-
workers who describe tlhce alnha, bets acd gamma alum-
inum hydroxides. The alpha form dissolves readily in
HCl and HalCH, thc beta less readlly and has colloidal
tendencies, while the gamnma does not dissolve in
moderately ceoncentrated HClL or WalOH.

The hydrous ferric and aluminum hydrogels were
dissolved in nitrie acid and tested for cehlorides with
silver nitrate, but in gll eases ovly gmall amownts of
eh:lorides could be deteeted forming a slight cloudiness
i bthe golulion. The amount of echloride was determined
by comparings the turbidity with a known smmonle and the
purity was fownd Lo be 5800. This is exoressed in terms
of tiie ratio of Lic total iron econtent Lo the e¢ilorinc
sregent. With colloidul Jerric oxide so01 this ratio is
usuall s below DO,

In e weshing of the hydrous Terrie oxide



until the wash water was free from enlorides, no pep-
tid ng effeets were neoticeable as the washing neared
completion, altho in two cases, for some unknown reason
thhe gel »eptized shortly after the washing had started
when the chloride content was s8till guite hizh. It was
imhossible t5 continue waching these ;els and thev were
discarded.

The salts used in this work were those sjecially
§re@aréd for the National Research Cowneil by the J.T.Baker
Chemical Company, where these were avallabke, and in other

cages Baker's analyzed chemiecals were used.

CETHCODE OF AUALYSIS.

Tre hydroger ion concentration was determined
with the Bailevr electrode and the readings taken on a
Leed's and Horthrup student type potentiometer. The
salt bridge eontained a saturated soluvion of votassium
chloride. :

Phosvhates were determined by -recipitation
with armonium molybdate ana'titraﬁiﬂn with .2 normal
alkali; notassiun was Cetermined by oDreeipltation with
nplatinie ehloride; masresium was preeini ated, i;mited
and weighed as mo oneziws 2yrophosthate; sulfates were
determined by preeipitation with basrium erloride.

-26~
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APTARLTUS

The ap:aratus used to weasure the temperature
ci:anges was essentially the type of adiabatic calorimetexr
descrived by Richards and Rowefa ard by Daniels%g It
consists of an inner compartment submerged in water,
with stirrers, Beckman thermometers and a thermocouple.

A drawing of the apparatus is shown in {igure 1.

Tre oubside container A, consistss of a2 double
walled retal vessel, the walls of which are iusulated
with eork. OUn one ¢ide was attached z stirring devise,
A stirrer of w . ich was erclosed in a metal cylinder,

the woater being foreed out at tie bottonm wiiile at tie

sane time walter was sucked in av t..¢ top. thus insur-
ing thorow:i: circulalior, ard minimizing loesl heat
effects, The water iun the ouler cumpertment was
maintained at tiLo same level, being :boub =n inch

below tho top of the »ipeg leading t . tic inner compari-
ment.

The inner compartment B, cousists of o metal
vessel with a polighed inside suxrface 1. veflect tie
ieat radiating frun ithe reaction chamber., It is held
in slace by Jour arms soldered tu it and extending out
to the walls o © ¢ large container where they slide
into slots, greatly simplifying the removal of the in-
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ner compartment. The mixing chamber wiiieh must consist
of some nmaterial not ireadily attacked by dilute acids
or salts is a 600 ce. pyrex beaker. It is insulated
from contact with the submerged metal container by
corks there fourths of an inckh irn lensth placed aib
resular intervals along the sides and on the bottom of
tiie container. The corks whichi are attached by small
vegs extending inward from B, hold the besker Tirmly
in »laec. The top of the container B has a flange
on whieh is placed a rubber washer. The 1lid is »laced
onn this and is held on water tight by six small clamps.
In the 1id are five circular openings, with
pipes extending upward above ti.e surface of the water.
Thru the onc in the center, a glass stirrer cniters. The
other four openings are arranged ar und it in a conven-
ient manner, oo that their osrojeetions dowvnward will
still fall inside ti:e beaker. Thru one of tiww openings
vass the wires leading t) & keating evil, thru which s
measured anount o euwrrent is passed from time to time
t 0 determine the heat comstant of .. eslorimeter; turu
the second pauvses a slass rod from whiel. the s0l1id salt,
placed in a small gless bulb is suspended; in the third
ig placed one end of a thermocouple, and in the fourth
the Beckman thermometer used n reading tig temperature

changes.

Iy

The thormocounle concists of tw. lve juwnebions of
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copper and gomptantan wire sormeeted in series and

then conmested thru s two way switek 5 a high sen-
aitivity P'Arsonval galvanometer, The gunlwnometer

i3 pleced on & platform attashed to the basement wall
8o s to be as free from vibration as possible. The
1izht is Turnished by an encased eleatrie lignht buldb,
and is refleeted by the »irror of the galvanometer on &
sgale sbout six r@'t away. The galvenometer is housed
\in an enclosed wooden box so a8 $0 minimize temperature
effeots. The end of th: thermosouple Qipping int: the
ealorineter 1z encased in s piees of thin walled glass
tubing with a small asount of water i it %5 ald in
condusting the heat, and also that bokh ends of the
tLermocvuple may be in 4he same kind of ernviromment.

A thermosouple of conmtantan and sx alloy of irom and
n&m& which was highly rectsmended was tried, dut the
fron rusted snd it gave comsistent results for a short
time oply. With a temperature differense of .01 degrees,
there was a defleetion »7 § em. on the ssale so that it
admnitted of quite close temperature regulation:

The temperature in the outer bath was sentrolled by
two earbon lamps whioh gave a temperature rise of sbout
«04 degrees per minute. In sases where ihe temperaturs
change was more rapid than this, theé outer bath wasm brought
up to the spproximate tempernture by the addltion of hot

B
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water.

The leaperature changes were read on g 5 degree
Beckman thermometer by means of a svecial ~elegecopne =0
that readings could be made to .001 degrees with egii-
mations at times to .0005 degrees.

Tiie ealorimeter congtant was determined by run-
ning in a current from s storage battery for a s ecified
time and messuring tie voliage und amgexage end checki g
up o1 ihe awmperage with a copper eoulometer. The current
was led in thru a heavy copper wire wnd thern into a re-
sistance coll underneath the woater. The realings are

ziven in Table 3.

Time in seconds 3 Voltage * Amperes'’ Temperaturé riaef
600 g .827 % .700 g .182 E
600 : 863 © 1.0856 ° .2865 :
600 E .862 % 1.055 % .2845 %
600 % .865 % 1.062 g .2875 E
600 é .865 % 1.060 é 2870 g

From these figures itiie¢ heat constant of the calorimeter
was calculated to be 5.7 eselories »er .1 degree rise in
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temperature.

Tve smomnt of radistion ogeurring when the

two baths are at different teiperatures wes pext 4o~
tormined with the following roesulia when the outer
bath iz higher {than the imner.

TABLE 4.
E.Mffmm : Rm&ﬁm : Difference : Radiation :
am Temp. ‘por mim. : in Temp. : per min, :
: .88 :.0082 ; .33 .  .0024
: .03 :.00e2 : 0016 ;
: 640 : 004 1 #1958 i .00z
: J878  ::,0087 147 001 ;
P .527  :.0033 : .10  :  .0008
P .52 .t 0029 : 047 : .0006
: .28 :.0026 i L0016 . L0002 :
: , H H 3 H

PROCEDURE

In most eases the s.lutioms used were tenth

normal with respeot to the phosphate group, Frevious
work had shown that from solutioms of this coneentra-

tion guite a» moppreciable esownt of phoasphate iz re~

DB



moved. The ealculated amount of phosohate was weighed
out in & srall ;lass buld blown to such « thickness

that it would break when nushed against the bobttom

of the beaker, but yet withstand a certain am-ount of
comparatively rough handling, which, if it survived,
ingured its not having any small holes thru vhieh water
might enter. If the amount ¢f salt used is rather large,
there is a ra~id and fairly large heat echiange attending
its solution, which introduces an error not present wicn
snaller amounts are used. The bulb was attached to &
glass rod and suspended ithru the lid oo ithat il was in
contact with the water, thereby bringing it to the

same temperature as the water in the beaksr,

The regquired amount of water, 400 gms. and a
specified amount of gel were weighed out, brsught to the
arproximate desired temperature and placed in the eal-
orimeter. No effort was mafe to earry out the determi-
nations at an exaetly specified temperature, but all
were made within = range of about 0.4 degrees, corres-
nondivg o about 25$ c.

he temperature of the outer bath was then
brought to the sane ftemperature as the inner bath, and
the inside tomperature was read accurately. Stirring
was conbinued :nd tle outside temperature so regulated

tihat the inner bath remained constant, I{ was nccessary



to maintain the outuide temnerature slightly below the
inner so as to allow for the heat of stirring. When
the inner temperaturce had remained constant for a per-
iod of 20 to 30 minutes, the salt wag released by pushe
ing the glass bulb azeinsb.the voitom of the besker.
There was ar imnediate change n temperature, sither
poglitive or negative depending on the nalbwe of the
salt, and the temperature of the ocuter bath was changed
to correspond with it.

The heats of solution of the various salts
were first deternined with the resulis @ own in Table

O,
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: Sglt used
. F¥,PO
ke’
. Na HPO
St
« " dried
L p0

i ke
Bt a
. I HERO
!
. Cal, (0
: 417040

Vg, (W0, )5

& PEY
,zr;g‘Su

4

Gl i
LESJé(ﬁdj ce

lleats
Weight
1.8167
1.8939

LRV
L ] L)
[CHI -
o =
v
< o

|

66 > e

(38

AV

1.5800

4.9300

s
QL

Solutions of Salts
Temp. cumge
-.129,131
~e17886,1775
-.183 .185 .183
.082,.285,.084,,.086
.090,.090,.0%0,.088,.088&,,087
.035, .052
.07%,.080,.080,.08%
-.144,.,147,.145

sclution) -.247

The welghts ofthe different salts used ave

the amounts required to make 400 cc. of .1¥ sclutions,

except potassium tertiery phosplhate vhere the amount

uged corresponded to J0BN. Tke heats of solution are

positive in some cases arnd negative i others.

In wmessuring the heat of reaction with the

gel, the nrocedure al

Tirst ecmmeisted in digsolving

the salt in weter, with the gel susocended in a semi-
liguid eundition in a small slass bulb. The gel used
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in this manner eontained about 92% moisture so that

a fairly large amount was required. It was rather
difficeunlt to get the gel into the bLulb in this

nasty condition and it was necessary to xeep it sus-
pended a lony time ir the water to make sure that it
had attained & wniform temperature thruout. On re-
leasing the gel it required several minultes for it tu
be soread uniformly thru the water, and at the same
time it changed tlie resis tanee offered to the stirer.
While the results obtained by this method checked very
closely with: the one finally adopted, it was dis-
carded for tie reasons Jjust meniioned.

I Table 6 are the resulis obtained irn mak-
ing a typieal detemination, showing the temvera-
ture cianges whe different smouwnts of gel react vith
thie sane arnount of potassium di-hydrogen vhosphete,
and also the real of solution. This shnows clearly

he rate of temperature ehange in tle various stages
of tiie reascetion. The period required for solution
aof the salt varies from 2 to & minutes depending on

the nature of the salt used.



TABLE 6.

;renyaratnra Changes due to the Aetion of KHzPO4 with :
ibiffarant Qnantitiea of Hy&:aus Ferrie Oxide | ;
iTim :Pemp. Tamp. Temp., . Temp. . Temp. ifﬁﬂk
: ,reading.ohange; realing. change. realing.change:
: :no gel . : 1.5 gms, . 8.4 gms, . 4
: : : : gel : gel ;
6,20 ;.62 . 6265 TSI :
18,30 ;521 | P .26 . 932 . :
18,88 .581 . .626 . M Y7 S r
,Rcl;gmﬁ aait _
és;aa :.420 [-.101 . .570 . -.086 . .932 ..000 ;
19.00 ;.387 ; .134 ; 540 . .086 |..920 r.o12
19.01 :.382 . .128 . .526 . .100 | :
:9.02 ;.381 | .139 . .523 . .105 . .909 ..023 :
19,04 :.381 . .139 | .525 . .105 . .9085 .0%4 :
%*fa.m o381 | .189 | .524 . .102 . .912  '.020
'9ARS ..361 | .I89 : .524 . .102 . .913 ..019

:9.25 : . 524 D -202 1 9165 .016 :

19435 ; . 524
| Aiﬁ.ﬁﬁ- 2

L1028 ; .917  ..0L6 ¢
917 ..015 -

ah @p e wb &

LY IR )
ER ¥ I 21

From the table it is seen that vhere one
grem of gel 1s used, the total hect change is less than
BT



where nc gel iz present, showing that the aetion of
the hydrous ferrie oxide with the salt pro&ugés a -
positive heat effeet. The differenes between the
heat of solution and total heat effect is oalled

the heai of reastion., Iu all casez the heat of
resetion, or tenperature change eaused by the pre-
seaph of the gel if anything, is found to be positive,
The heat of resgtion is fairly small with one gram of
gel, but with 5.4 grams it is almost equal to the heat
of solutiom.

The major portion of the heat appears to be
over in a very short timﬁ»groeea&iggfalmﬁstas rapid-
ly as the hest of golution. After this firat rapila
change the evolution of heat proceeds very slowly and
after a period of about half an hour no further
measurable change occurs; with smaller amounts of gel
it is over in 2 much shorter time,

Experience Lad shown that the removal of
phosphates prée&edg quite slowly, wher sheaken at in-
tervals requiring about two weeks, but that with cou-
tinuous shaking equilibrium is attained iz a much
shorter ¢t¢ime. When thers was no furthér tempe rature
echange, the beaker was al once removed from the ealor-
imeter and part of the oontents filtered as quickly
as possible in order that the ehange im eoncentration
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oegurring @Quring the period of heat change might be
deternined.

The temperature change and the total change
in wneentration oseeurring shen potasasium di-hyldrogen
phosphate is bmu@t into sontaet with hydrous ferris
oxide are shown in Table 7. The unfiltered portion
was sllowel to remain in oontast with the gel until
no further shange .ixi eonsentration ogsurred and the
smount adsorbed or removed from solution was then
dete mined.

FABLE 7.

mam 4 With Hydrous Ferris Oxide

e Ak »%

1.8167 g, with & 400 ce. water. m mj 1 gram,

‘me i PE ; K pre-; PO, yrew K ro- m.“
on gel | . sent . me : mmd. mo%c of reo«
: : : ‘sotion
o gol ! 4&&; .5082 1.236*3

ho gel @ 4.56 . .5035 .1.2800 - ;

50 min. ‘ .94 . 4761 | 1.1200 | 0321 ..1600 . .028
D weeks i 6.27 . .4803 , 9036 . .0580 D JB270

20 min. | 5.98 . .4770 .1.1200 .0810 ;1600 .024
40 mta. : 5.95 . .4750 11185 .0330 ;.1620 |
2mh 6.27 | 4450 . 9536 ﬁ.aw; . <3270 .

30 min. ' 5.87 . .4800 ;1.1200 .0280 ,.1600 -034
3 weoke @ 6.22 © .4B00 . »9606 [ .0580 . .3194

&

e xb ee #h &8 o3| 4E

”
-
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The results in the table show that there is
congiderable change in the hvdrogen ion ¢ meentration
during the first thirty minutes and other determina-~
tions earried on without the use of the ealorimeter
to avoid loss of time in rermoval and filtration show
that about half of the chenge occeurs daring the period
of temperature change. The other half is taken un
very slowly, s, that there is no further measurable
heat change.

In Table 8 are shosn the results with vrimary
ealceium and BMagnesium hydrogen vhos hates in contaet

with hydrous ferrie oxide.

TABLEZ 8.

; Mgﬁ4(?04)2 or Hydr us Ferriec Oxide f
; 1.5800 g with 400 g. water. Gel used, 2 grams ;
z Time PO, vre- z ?Dﬁr@-; Temp. éhange§ eat of re»g
‘on gel sent . moved ! action
. no gel 1.1408 ; i .080 i
1 hour L7584 . .382 | 1140 ©.060
. 3 weeks .7647 [ .540 | i
1 hour L6004 | .376 | .138 . .058
. 3 weeks .5960 . .544 i
§ CaH, (PO, ), § ;
no pel 1.2660 : .032 :
% 1 nour  .8797 E 386 .088 i .056
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The heats of reaction of iie magnesium and
ezaleoiun salts are annroximatel: the same while the amounts
of »hoghate removed are about the same 1 both cases.
The temperature rise with the m gnesium uand caleium
galts is over twice that produeced b ithe potassium hy-
droger. phosphate as is also the amount of phos hate
removed from solution. This of ecsurse is accounted
for by the faet that ic one case only a gram of gel
was used while two grams were used in the other, The
PII of tie ealeiun phosphate changes from 3.43 to 4.91
and the eh-nge with the magnesium phognhate is about
tlie same.

In the work with potascium dihydroge phos-
phate it was found that the change in hydrogen ion
coneentration is ceunsiderable when it reaets with the
gel, With tile esleium and magnesium salts the hesa
effects ver grar of sel were »f absut the same order
but inereased with tie amount of el added. This
was contrary to expectations sinee ithie anount of gel
present at all times was more tha: gsuffiecient to react
with the potassiun zeid phosohate if it was a straight
chemical reaction with the formation of the normal
viogphate, Une gra: f tie gel iu Just sufficient
to yeaet with two . rams of the salt, assuwring a nentral-
ization of tihe aeid phosphate b Tiec ferrie oxide, but
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the heat with two grams of gel is twiee s great as
‘with ome gram showing that there is apparently an excess
of the moeid galt and noet of hyarans ferrio oxide.

h & uﬁa then d4scided to dnoresse the concen-
tration of the hyﬂréns ferrie oxide to dstermine the
total heat offeets that eculd be produeed with a given
weight of the potassium asid phosphate, and varying
amounts of hyﬁréﬁ;fcr&is oxide. The amounts used varied
from 1 grem to 5.4 grems. The heat effect together with
the shange in §hes§hnte and hydrogen ion aoﬁcﬂntﬁatiaﬁ
ere shown in Table 9.
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TABLE 9

iﬂﬁ?oé with varying rmounte of Mydrous Ferrie Oxide

Anount of gel ueed
Zotel temp. chinge
He: & of rsection

Heat of resc!.ion
per grum gel

904 ramnoved dure
itg Lirst 30 min.
20& removed i 30
min. per gm. gel
Lotel P04 reuoved
on stuending

Total POy removed
per gram gel

PH of solution on
gel

PE of solution aft
S50 min. contact w

gel

{tn

)
*
.

¥
.

M
[

-, e

.
.

&% ec{lg.)
- 106
034
034

- 1620
.1620
223
» 2R30

6.07

b.88

*
*

s &3 *v we

[}

]

74 cc.l2 g.) 60 ce.’ ‘yg GG.

-.087
«053
027

-2470

« 1236

. 3885

« 1942

6.43

b.99

' «108

L0368
©.028

fLE180

+ 1300

3380

- 2047

+ 6.,8b

. 5,97

te 24 as o @

‘19&5
066
SOB7

2500

. 1240

g51.1.15)

«1940

644

5.99

2% sw w® ey S8 =
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I:»’IH?VP()4 with verying amounts of Hydrous Ferriec Oxide
' Amount of gel used 100 cc. 125 ce. 200 ec. , 210 ec.
‘fotsl temp. change -.073 --063 -010 : =v01E2d
: : : fe
‘Heut of resction . +067 087 + 160 - 152
. P 0848 02506 027 o W027
"Heat of reaction :
per gram gel .
. . . © .6560 . .865D
20, removed dur- + 3320 : 4097 . ’
ing firet 30 nin. : .
:964 removed in 30 '1228 : -12?14 . 01250 B 01210
* min. per gm. gel :
‘Tot:l £0, removed -4660 ;.  -beB0 L7950 L
on stending : : .
‘2otal PO, removed . «1724 +1620 - 1456 A
: per grém gel ;
‘pH of solution on  : 6.64 6.76 7.18 L T.24
; gel : :
‘pH of solution after : 6.34 6.44 ' 5.84 ; 6.85
30 min. contnet : .
with 5% : f




The rise in temperature continues steadily
with a continued inerease ir the amount of gel added
and the rise for the last gram is the same as for each
of the others showirng that the maximum heat effects
had not beern attained, and that the potassium weid phos-
phate wag gtill »nresent in exeess. The amount of nhos-
nphate temoved during the period of temperature change
remains ap roxinately Llic same per gram of gel except
that the change with the first gram is more than that
produced by eaci: suceeeding gram.

Ti:e hydroge: 1lon covcentration changed consid-
erably with the first addition of the gel, bulbt changes
more slowly on thic addition of more gel. The total
amount of phosohate removed caleulated on th. baslis of
one gram shows a drop as is to be expected from pre-
vious work which has chown thaet the total amount of
adsorption vardes with tre conecentration.

L1 finding this continuous inerease i the amount

£

of heat liberated, . ince the amount of el used was row
rather large 1t was decided to use & smeller an unt of
tihie nubassium acild »ihosvhate with tie maximw: armount
of gel used »oreviously. Using 200 ce. (544 ms,) of

gel with thce sane amount of solution as sreviously but

with a concentratéon of 05N instead of .1W, ti:e heat

-4 4.



of reagtion produced a rise of .092 degrees. Using

150 es. {4.05 gms) of gel the heat of reastion osused

a rige of 0700 degrees. On esaloulation the second

value is found to be three fourths that of the first,
showing that the temperature rise still varies direetly
with the amount of gel present, but the value per gram
has déropped to .O01l7 degrees, showing that the gonecentra-
tion of the potassium dihydrogen phosphate is also a
fastor ss well as the eoneentration of the gel.

After finding an appreciable heat ohange with
acid salts'having 2 fairly high hydrogen ior concentra~
tion, where one might expeet to find a reaction between
an acid and a bnsieimaterial, it was decided to t:y.thei
action of salts having a lower hy&rogan ion conéantration‘
Most of the work on phosphates had been carried out with
acid salts, and it has been shown by Gordon and Starkey
that adsorption inoresses with & rise in the hydrogen
ion eonsentretion. In Table 10 are given the results
obtained with secondary potassium phos?hate, a salt
having & PE of 7.58 in a tenth normal solution.



TABLE 10

223904 on Hydroua Ferrie Oxide

2.3220 gm8. In 400 m'* water. GCone. .1X 651 used
: . 1 gm. _ -
Mime .PH 'K pre~ PQ pre- POy re— Temp ' Heat of
: : ‘ gont nt . moved _ Change Reastion
‘om gel: | ; ) ; ;

*E A% d¢ F4 oh 3% s an

L)
&

‘mo gl 7.58 [ 9960 1.2970 | coss
‘80 am.??'u’ .9296 1 1.1768 . .120 . .1125. 080
3 mekt".93 9296 ' 1.1208 . .177 |
‘60 min.'f-?? .9030 . 1,1580 . .189 . .1135. 020
3 mks'r.aa; 900 1amz [ .77 |
‘60 mini7.80 '..nvf;: 1.1740 | .121 114 ; .021
3 wm*v.wﬁ .wm 1.1356 Z-m '

g s .S
P " - B T T R -
.

Siwe‘eka’ft?»z .905@ 1. 1340 : 161

e wsr

ty v AW

“r e %

“v e AW

' The amount of phosvhate removed is slightly
lese than that removed by one gram of gel from the
primary salt as is alzo the heat effect, but both are
avproximately the same as the effeats prodnced per gram
when larger smounts of the iron gel are added to the pri-
mery salt.

4Thn aetion of hydrous ferrie oxide with ter~

tiary potassium vhosphate, a strongly basie galt is
shown in Table 11. It hy&roiyzeg to a considerable ex-
e |



tent kas the Mgmt iwﬁt of solution of the phos shaten
used and & P of 10.97 in a twentieth normal solution,

TABLE 11

xy}% an Ky&rm I*’tr- 1e e:sxms
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It will be motiesd that mo potessiwa is sdsorbed
in this esse snd hat the amount of phosphate removed 1s
somparatively smsll. There is only @ slihit echongs in-
hmam lon @a«awntmim »hioh shows & clight ﬁmm in
slkalinity. Thero apvears $o be ne mmmln neat
ohange altho there i & slisht drep in temperature and
the gel m %a’m undergone more wgﬁméim than

e 3



in other cases where trhe same amount of gel wes used.
The eonsentration of the origimal'selﬁxion was changed
to .05 normsl io avoid a eertain amount of error at-
te#@#mt to large temperature changes on solution.

The oxides of iron and aluminum are both
¢1aasaa as soll noiloids, and it has been shown by;
Flsnner%a'thaﬁ th@_behaﬁiox af;alﬁminnm oxide in the
rnﬁﬂyai ofvphosphatas from éaid phasyhaté'scxuiieng'ia
quite similar to that of hy&rsus farriﬁ_axida.u Tre
agtiqm of primary, é@eanéary,-and,tartiary_potassium
,ghosﬁhatés with;hﬁdroua aluminum oxide are ahcén in

Table 12.
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TABLE 12

B PO vy .
Phogphutes of Zotessium with dydrous ~luminum xide.

. Selt @ Time pH P0g ' P04 Te- : Temp. . Teet of resction
: ©oon gel: . ' present : moved : ghange :
:HH2904 no jel: 4.96 : 1.2800 ¢ -.140

1 hour: 6.12 : 1.0700 : .2100 : -.104 . U336
4 deys: 6.39 1 .9360 : .3440 . :

1 hour: 6.09 . 1.0800 ' . 1900 . ,

l d&i:} : 6-14 . 1-0500 N 02590 M "-101 H 0039
£ wecis 6.37 ¢+ .9340 . .3460 .

¥ HPH, no gel:  7.58 : 1.82970 086
: !

. 4 1 hour: 7.92 1 1.2080 : D92 : .
© 2 wee.8  5.42 ' 1.1440 : 103 ; 2112 . -024
1 nour: 7.92 : 1.2000 : -097 . L1111 - 0823

2 el : : . .
hour: #.54 *1.1770 : .120 : .120 . 032
wee.8 4,80 *1.1210 @ .13l :

[awi S av]

K20, 1o gel: 10.97 ¢ .5200 : . .085
L hour: 10.70 ¢ .4680 : .Q08 : :
2 weex8 10.D06 ¢ .48B0 : .03b : .083 .




The results obbained with hydrous aluminum
oxide are quite similar to those obtained with hy-~
drous Terriec oxide. While the total amount of npi.os-
nhate removed “rom the primary votassium nhosphate
solution by the two gels is about the ssme, the
amomt removed during the Jirst nowr ic mueh grester
in the ecase 5! the hydrous «luminum oxide tlhan with
hydrous ferric oxide, and tle temperature change
is anproximately proporbtionel to tle amount removed.
e hydrogen ion eoncentralion in
botls the first and final stages 1s greaber with the
alunina.

With the secondary potassium shosvhate the
beat effcets with hydrous aluminum oxide ave sim-
ilar to noese with the hydsrous ferric oxide. The
heats are of about the same order, and tihe change in
hydrogen ion is sonmewhat greater.

With tertiary potassiuve phosphate the ro-
sults are quite similar, no heat effects being shown
in either case altho with the hydrous aluminum oxide
th.e hydrogen ion conecentration gain changes mwm t.
The initial amount of phosvhate removed is quite small,
inereasing somewhat on standing.
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ferric hyrdroxide.

hydrous

Aluminum hydroxide ig

aluminum oxide aiter

-

more amphoteric than

The pi of water in contacet with

everal wecks contvact

is €.3, whilc ciatl cf hydrous ferric oxide 18 7.5.

This would seem to account for tue greater initial

activity of thu

ferzie oxide.

by the hydrous oxides of

heen

aluminum oxide as corpared witlh

Swlfateg alsc are adsorbed to some sxtent

showrn »Hreviously

C§F7

iron an

s 8ltho tlie

mueh legs than with th@ aeid oho

d aluminum as has
amount adsorbed ig

sohates. In using

a neubral sulfate the nrobabiliir of & ehemicsl re-—

action between

tieall

the solution and

v eliminated. The

amount

the oxide 1s LPaC-

of adsorrtion wnd

thc heat effects obiained wiith magnesiwm anc oob-

ageium glfates

aAre sSnown

ARTE

1z,

in Table 19,

:Salt Sulfese  Jetal  Temp. feat of Leaction
.used adsorbed adsorbed change

'K,50, .0059 L0043  -.247 0

‘vgs0, .0283 L0071 -.145 0
.Sulfatea on Hydrous Aluminum Oxide

1580, L0121 .0092  -.248 0

MgS04  ,0859  .0146  -.146 0

MgS0y

-.144

51~
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The temperature changes in all cases cor-
respond very elosely to Ehe heat of solution, showing
that there is no measurable Lealt of adsorption or
neat of reaction. With the sulfates, the positive and
negative iong asre adsorbed or ramavaéyfrom solution in
eguivalent amounts, which is nol the case with acid
phbsyhates.

After allowing the solutions to atiain
meximum adsorption or equilibrium, some of the phos-
phate mixtures were taken and filtered and washed with
‘¢old water to remove the phosphate. This proved to be
quite a long task as #mall amounts of phosphate kept
on eoming thru. When this emount remgined conatent
for sometime 1t was thought probable that the apyearanee
of this small amount of phosphate might be due to
hydrolysis of ferrie phoapﬁate‘ The residue was then
‘taxén and dissolved in nitrie aocid, and analyzed for
phosphate and iron. The results obtained om treating
.prigary, seoonaary.ahd tertlary potassium in this men-

ner are shown in Table 14.



TABLE, 14.

;Aaalysis of Pregipitate left after Washing free from ;
.Phosphates with sold water. :
. Salt used . Fa’praaeati PO present. Atomiec Ratio :
. . . 4 : Fey PO, :
. KHQPQ 4 . «5190 . «110 . 5:1 :
: ' ,3864 T 134 T B:1 :
 KHPO, [ L3190 1 L0493 1 15090 :
: : .2464 ., ,036% . 1:084 :
i © .2268 i .0%16 ! 1:083 :
P KqPO, i .B5976 2 0335 P 1:.08 :
: . .1568 ° .0188 ©  1:,06 ;

It is interesting to note that the atomle
ratics of the phosnhste>hﬁla by iron are eipresaea ap-
prpximataly by fhe'ratiﬂs 5:l‘for'the primary salt ,
10:1 for the secondary amd 20:1 for the tertiary sils,
showing thet the most phosphate is retained by the
iran,ﬁnﬁar socid eonditions,

To ghow that water affects ferrie phosphate
a sample of the'pﬁre sall was preparea by mixing an
equivalent emowmt of ferric chloride with di-sodium
hyarageﬁ shosphate and washing ceveral times. When
the wash water after standing on the ferrie phosphate

-5%=



give but a slight test for phosphates, the precipitate
was taken and boiléd with water when a very strong test
for phosphates was found in the filitrate. Th&s extrae-
tion was eontinued until no test for phosphates was
given by the wash water, The praeipitats which was
-almost white at first had chaﬁgei to 4irty yellowish
color and was now guite brown, somewhat resembling
ferrie hydroxide, dut lighter in eoclor. This preeil-
pitate was then analyzed and found to sorrespond to the
ratio of two Fe afams to eaech ?Q‘_grcuy, showing the
formation of & basie ferrie phosphate. The pH of the
solution after boiling was 3.76 indicating that the
ferrio phosphate had been ceonverted intc the basie
phospuate and phnsphérie soid.

To get a clearer i1dea of the nature of the
equilibrium between hydrous ferrie oxide and @hasphatas,
varying amounts of the gel and a dilute solution of
Psaphoric acid were mixed and allowed to stand for
two weeks with ocemsional shaking, They were then made
up to equal volumes and after setting several days the
amount ef.phosphate left in solution was determined.,
The smount ef hydrous ferric oxide varied from 10 ee.
to 30 ee. and tlhie phosphoric acid varied from 10 ge. to

the amount
50 ee. The ferric oxide was of such a coneentration that]

54—



‘of iron present in 37 se. would sorrespond to 1 grem of
ferrie hydroxide. The phosphorie acid used contained
+1068 grams PO, in 10 ec. or corresponded to & oon-

centration of .306N. The results are shown in Table 185,

TABLE 15.

e L
! Phosphorie Aei¢ on Hydrous Ferrie Oxide.
. N $ N :
‘No. of i Fo. co. ‘No. ee. : Total 2ﬁ4:§24::§:; Final
‘sample : gel used iof aﬁéa : presemt T gyon ¢ oy
:‘ $ T us 4 H :
0 : 0 10 + Bbes. : P 2.04
: : Twathr H : H
P10 10 ¢ 10 f 1068 : .0186 : 2.81
;o2 : z0 ¢ 10 P L1068  ,0035 ! 5,34
- : 10 20 P L2136 .0978 ! 2,13
Poa t 10 G B0 ¥ L3204 ¢ ,1986 © 1.87
i t 20 ° 30 plus © .3204 © .1530 © 1,74
T " . Hp80, . D
3 7 ;To10 20 S 2136 ;'¢ﬂ94Q . 2.08
. B P20 © 30 P _zs0s . +0936 ° 2.2
D9 P80 7 10 © Joes © +0025 ' 6.80

10 ! 20 ! 10 heated' . j44p . <0032 © 5.60

After equilibrium had been established between
-85
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the gel and aoid, sufficient water was aidded to each

to make the total volume 60 ec. Thery were them allowed
to stand for a week with ogessional shaking before analy-
sis. For eomparisom the hydrogen ion coneentration of
10 eec. §f scid made uwp to 60 ee. of solutiom iz given as
number 0O,

In no case was ths phas§hﬁte removed sompletely
from solution. In number 2 the phosphate is removed
nl#&at completsly, dut in number 9 where the same amount
of acld is used with 30 ee. of the gel, even though the
gel used is 50% greater the amount of phosphate removed
iz dbut slizhtly more.

¥umber 7 1s a duplicate of number 3, but differs
from 3 in that it was ground for several mimutes iﬁ,a
mortar after iqﬁiiibriua'had bé8n established and then
allowed to stand to see whether any further reeetion would
take place.

In number 8§, 10 se. of ,136 H. sulfurie scid were
added. This amount would be suffieiaent to dissolve one
‘twelfth of the ferrie oxide present. The amount of phos-
phate left in solutiom is much greater than in number 8,
which is similar exeept that no sulfuric acifd has baen
added. The aﬁnﬁnt of ironm in solution is gquite high and
the hydrogen ion coneentrationm rahks second.

In number 10, we have a duplicate of number 2,

fe-
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fThe effect of basic materials with primary and secondary :
ipotasaium nhosphates. :
Salt .Original nH .Busic naterial.Final ol .Feat of ve-.

. . . . .action .
¢ wm ova A : : ; ;
; HgPO,: 4.56 ‘4 co.TOM.24Y 1 5.86 © .0325 -
: ' 4.56 * 1 gm. Fe(OH)_ ' 5.88 @ .024 ;
: S 4.86 11 gm. AL(OH),'  5.12 © .036 ;
© KHPO, 7.58 ‘4 ce. MOH.24N 7,92 ¢ .032 f
: 7.58 ‘1 gn. Fe(OH), © 7,74  ,020 :

: : 7.58 ‘L gm.al{OH), © 7.9z ° 024 ;

The heat efrects ofppotassium hydroxide with the
primery and secondary salts cre the same and of about the
same order as those produced by one  ran of hydrous ferrie
oxide. The potassium hydroxide »nresent corrosn nds to
001 gram eguivalent while tli» h drous ferrie oxide iu »re-
sent to the extent of =zbout thirty times btiat anmsunt, whieh
tends to indieate tlat not all the moleeunles react oy that

A

they do not reset to the full extent of their valences.

That not all the molecules react is also borne sut by the
work of Whiﬁeué viiorn shows tiat after enuwilibrium has been
attained, more shosphute ean be removed by grinding Lhe gel,
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thus exposing fresh surf.oes, when further action takes
plage with & eorresponding change in hydrogen ion eon-

centration. The aluminum oxide whieh is present in
larger equivalents than the iron, would matuwally be
expested to produce more heat than the iron oxide, and
sueh is found to be the ocase.

In order to determine whether the phoaphate
removed from solution on standing was held in the same
manner as that removed after the initial tem@erature
change had taken place, several samples in whieh max-
imum adserption hed taken place on standing three wecks,
were oompared wiith ome in whioh the gel was in eunt#at
only long enough for the salt to go into solution end
then filtered. The amount of phosphate present in the
solution wetting the paper and gel was detarminaa by
taking_i gimilar portion on a wéigheﬁ paper and heat-
ing to 106%C. From the moisture content the amount
of adhering phosphate eould be ealculated by analysis
of the corresponding filtrate.

The moist precipitates were then similarly
waghed with 20¢e. gortiéns of water and the phosphate
waghed ont was determined. When the amount removed
was practieally the same on the different samples, the
precipitates were placed into 500 ee. graduated flasks.

-59.



The flasks were rade up .0 the mark with water and
allowed to set thiree davys with occasional shaking

so as tu attain equilibrium. The amount of »hosphale
present in solution was then determined., The result

obtained are shown in Table 17.

. The uffect of ¥Washing on Hydrous Ferric Oxide in Contact

. with Primary lotassium Phosphate for d@ifferent Foriods of’

Time .

A

; GeT 3 Gel 4 . el 5
: Gel 1° Gel 2 '3 we:ks 20 min. 20 mini
Time o contaect . 3 weeks’' O weeksdlz 590, 13.150. 13,150

«

.

Water in »nt. . 12.63 = _ ..0067 ..0215 . .0215

-

. P04 in athering. .0049 ) .0049

solution . . ﬁ?.ga ; 6602 ; 5.04

. oIT of filtrate . 8.29 ° Z,8% ..0715 961 . .0901
. Total Eﬂé in 2ob. 0653 L0653 ..0067 . .0151 . 0085

LRI TR

PU, removed in : .0055. .00855 :
1st wash. : . :.0048 @ LODBD
2nd washing : .0044. .0045 :,0035 : .0N48

: drd wasliing : 0028 . :.0029 ¢ .
: 4th washing : .0021 . 1.0209 ‘gggg .
: Total PU : L0148 . : ;T :
1 remove : : :.2806 : 0183 :
: 0, in ppt. : .0505 . : : :
. P1%ceda in 500cc - ; : : i
: ﬂglﬁsk- : : :.0119 : .0123 :
; ; 4 in solution; .01193 F 0386 | .0460 :
. pil of sol. ) 7.05 : . :

TR TR U AP v S
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Gels 1 and £ ave duplicates as are alsc 4 and 5,
Humbers 1,2 and 3 are from solutions whicl were only ~OBN
whieh acoounis for ﬁw faot that 4 and b contain slightly
more phos-hate. These wers tske so lhat after washing
off the sihering solution the remaining thata would
be about the same in all easds, After this adhering
golution has beer removed the ghmmta seems to be re~
moved at the same rate from all of the gels, indicating
that the najor portions arc keld in the seme menuer in
the sarple wmakm been standing for wone time as in
sample wiich had just been prepared.

¥hile a small smount of the phosphate might
be held by physiscal sdsorption this amcunt appears to
be ;ﬁaiﬁu amall aﬁﬁ the hoat eflects if sny wld be
$00 small to be measurable with the amount of wnter
used. %&n reat ‘mm wouid of mwwity be qﬁiﬁﬁ
small snd would prodably be of the order of the heat

8 produced when the ligquid actuslly in g.niaect

wi th the pel is brought to the same dilution ms the
main body of the solution. Since tie salt of o urse
romains in a wet condition this chunge would be small,
as the m,zsr sortisn of the removed _?é»:w;)@te #@;am
to be chemically held.

That Leats of admorpiion should be guite small

wen adsorvtion takes place from scolution is in asoord-
ane® with the results of Browne 4in his work oo the heat
.



of soagulation previously cited, as in that case ihe
adsorption of onvositely cuharged ions wag neeesseyy
in order to vioduce ccagulétion ol the ceolloid. In
addition there was the possibility of a dearease in
surface with a consequent release of erergy, bul the
reat effeets if any, were found to be guite siall.
In the work with hydzous ferrie oxide, bthere

was usually peptization of the gel, indieating av in-

réase of gsurfaee which should be aceompanied by neg-
ative heat effeets. This change however, took pluce
very slowly, and at thec end of an hour showed but
cli ht peptizetion, alitho at equilibrium it was very
noticeable. The eners;y ehanges accompanying veptization
would probably be quite snall comparcd with the heat
effeets produeed by the further getion of the phosphate
on the increased surface of the ferrie hydroxide »nro-

duced by »eptization,

SUMIZARY ATD CUOVCLUSTIONS.

Tie heats of solution of prinary potassium,
magnesium and calelun ~hoschates, secondarr arnd tertiary
aotasgiun nhosvhates and nagnesium and sotassium suvlfates
were determined.

rhe heat changes occurring when hydrous ferrie

oxide iz plaeed in contact with primary potassium shosnhate



PH 4.56 or seoomdsry potasaium phosphate, pHE 7.56 is
positive. The heat change proeeeds rapidly, taking plaee
almest &8 rapidly as the salt passes into solutim. Sim-

banges wWere found with primary ealeium ané mage
nesium phosphetes.

With hydrous aluminum oxide: the temperature
ehanges were quite similar to those with hydrous ferrie
oxide, but were larger as is to be expeoted from the
fast that its moleeular weight is lees and that it is
more basic than hydrous ferrie oxide.

with tertiary potassium phosphate ihiah has
a pH of 10,97, there is no appreciable temperature change
‘with either the hydrous ferrie or aluminum oxides.

Altho the hydrous ferrie oxide is present in
graater amount than is required .o reast with the phos-
phata, succesgaive additions ofAthe oxide produce & cor-
responding temperature change, showing that not all the
ferric oxide has reassted with the pﬁosp&aﬁe.

In all cases where initial heat changes oeour,
it was found that during this psriod of heat change,

8 large amount of phosphate is removed from solution.
After this period the removal of phosphates from solu-
tion proceeds more slowly. Most of the phosphate geenms
t0 be held quite similarly as is shown by washing with

-8 D



water. TFrom thig it apsears probable, that heat is
evolved during the entire nroecess of removael of the phog-
shate, but tiat after ithe surfece o itie narticle be-
comes coated, the actiom ic so slow that the heat

change could not be measured,

The amount of heat wes found to depend both on
th concentration of the hydrous ferric oxide and on
the ooncentration of the phosphates.

Tiie equilibrium relutions between phosphorie
acid and ferriec oxide Bel were invegtigated, and it
was found that a small amownt of ferric nhosphate tends
to remain in solution, and that nol all ik¢ phosphate
is removed even when the ratio of the iron Lo the phos-
phate is gquite large.

It was shown that ferrie Hhosyvhate tends to
pags over into the basic phosphate on washing with water,
and that it &8 greatly accelerated by treatment with
hot water, tl:v phosphates no longer being removed when
the atomie ratio of Fe to 304 is 2 to 1.

The amount of phosphate reteined by the gel on
washing is devendent on the ancunt originally talken up.
This is in accordance with tle sreceding resulis. With
tertiary phosphotie where therc is no heat change, tio

anount retained is slight.
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The heat changes are of somewhet
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a8 those producsed dy the addition of en amownt of
potassium hydroxide produeing a similar shangs in
the hydrogen ion coneentration.

The results with hydrous ferric oxide indi-
eate that the heat effegts ars somewhat ﬁiﬁ&mt for
2ifferent batches of gel, and for the mame gel the
heat drops on lomg atmﬁg, -inaiaa’sing th_at‘ the gl
m undergone a change.

¥ith patusaim and Wim @n}.tateu, wiere
the same equilibrium can be attained from either side,

no messurable heat ehange was Tound.

The fTaregoing work ;:;rrwa# that there are ﬁkwa
types of so-galled sdsorption, ome where there is &
trammfer of eleutmna, and wmth&r w&m there is no
transfer of a;_e«utzam.n The former is no &wemt
than aér ordinary shemieal reastion and should not be
confused with the latter whioh results from the mage-
netie effegts of the ions and moleoules.

It has been shown that in this latter type
of adsorption there 1s no hcat ehange, hence this ine
mtigati on tnrnxahta a oriterion for &iftmﬁﬁnﬁng
bnw thess two &ypw of phenomens.
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