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Heat of Formation of Calcium Aluminate Monosulfate
at 25 °C
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The heat of formation of calelum gluminate monosulfate, 3Ca0- AL, CaB0,- 12H0, at
25 *C, and of lesa completely hydrated ssmples of the same compound, was determined by

the heat-of-solution method, with 247 HO

a8 the soivent, mn

3Cal-Al 0 6H O () and

CaB0-2H;0(c}, as the reactents. The results Were a8 follows:

ATT, ffifmode A KT, keolfmnds
FC0. AL Dy CaB0, 12H0 (e}
Heat of formnation
from elementa, AH, — 2100
from reactents and' H.O0h — 150
Heat of solution in 28 HCL — @B 7 — 1185
Gha.nﬁe of heat of solution
with H;O eontent at 12H.0, per mole HO
a{aH
an 1.93

The heat of the resetion (A

(AFT)
30RO AL Oy Cal0 127 20 (o) + 200880, 2H;0) (¢) + 15H.0
A O O e ey 3 G S Hye)

ia —134.4 kj/mole or —32.1 keal/mole.

The haet of the reaction (AH)

SCa0- Al Oy Cal0, 13H e + 2 CaB0y-2H00 (0] + L6H,O0) —
$Ca0-ALO; 50880, 32H,0(c)

¥alues reported esrlier for the heat of formation of caleintn sluminate trisuliato and of
ezleium aluminate monocerbonate should be revised by adding —{.9 keal/mole to each ro-
ported AH value, with the following resulting values:

iy — 1449 kjimale or — 346 keal/mola.

3Ca0. ALy 3080 F1H O ()
3080 AL,-30 880, 32H, 0 (¢}
SCa0- Al Q- Ca OOy 10-68H 0 ()

Eﬂﬂi‘fm 4,
Wmaly keuhimota
—47. — 4123
—48. 52 —4£]194
— 1857 — 1957

Cooditions for the formetion of the monosulfate from solution, and its properties on

expasure to moistore, are discussed.

1. Introduction

Caleivm  aluminate monosulfate, 3Ca0-ALD,-
Ca30,.12H,0, also referred to as caloiumn monosulfo-
aluminate, is onae of two complex salts that may
ba formed by the aggrossive action of sulfate waters
on portland cernent. It iz also an intermediate or
s final produet in the hydration of most portland
cements, derived from the gypsum and tricaleinm
aluminate which they contam in the anhydrous
gtate. Drepending on the availability of the various
reacting compounds, either the monosulfate or
calcinm aluminate trisulfate, 3Ca0.-AlLO, 3CwS0,-
31-33H,0, may be formed [1, 2].1

The aluminate suliniea are representative, re-
spectively, of two series of ¢omplex calcium alumi-
nates, which may be represented by the genersl
formulas EDaO-AiDz-C‘a.X wH0 smnud}r 3Ca(-ALO,-

| Plgoren in Lrackets Indicate the 1tamalire reprenees ab Lhe and of thia paper,

I

ACaX-mH O, whera X is a divalent jon or twe units
of & monovalent ion, » iz 10 to 12, and = is approxi-
mately 32. As with many compounds encountered
in portland cement chemisiry, the water contont s
not always defimte. Some of the water in thess
compounds iz tightly bomnd chemienlly; the re-
mainder ie more loosely bound and eapabls of
variation with the ambient temperature or hurnidity,

As part. oi u continuing investigation of the thermo-
chermical properties of substances oecwrring in hy-
draulic cements and their reaction products, the
heat of formsation of hydrated ecaleium aluminate
monosuliste has been ditermined,

Measurcments by the hest-of-solution method
were made of the heat evolved ab 25 °C in the
reaction

Eﬂuﬂ-%-ﬁHgﬂ[c}+CaSD¢-2H,D{n} +4H,00)
—3Ca0-ALO,;-CaS0, 12H,0(c) ()




The heat of this reaction jis the difference between
the smm of the heats of solution of the reactants and
the heat of goluiion of the produet, in accordance
with the following equations:

30a0. AL 6HOfed +12HC] [&q}iﬂjﬁﬂaﬂlﬂ-
2AiCL+12H,0%(an) {2)

AH.
Cu50,-2H,0(c) -+ BCaCl -+ 2A1C1+ 12H,0]{ag)—
BCaCL 42 A10), - Cal0y, - 14 HAO] {ag) {3}

AH,00) + [3CaCl + 2410k 4 CaS0,+ UE,0)(ag)
[3CaCl; 424101+ Ca30,+18Hx0liag) (1)

30Ca0- Al -CaS0,- 12H:0He) -+ 12HCE ﬁa EIE’L
[3CaC), - 2A0), 4+ CaS0, +18H 0l (aq)  (5)

The summation, equation 2--equation 3-1-equation

4—equation 5, resulis in equation 1. Similay

summation of ihe AH values results in AF,.

The heat of solution of each of the reactanta and
of the product was measured in HCI-26-61H;0
(200N HCI at 26 °C). The hests of formation
of tha resctants wore taken from (lrenlar 500 [3)
of the Nationzl Bureau of Standands.

All galeulations in this paper are based cn the
1961 atomic weight table I[)4 and on the thermo-
chamigsl calorie, defined a3 exactly 4.184 joules,
Differences between the 1961 and 1957 atomic
weaight tables are insignificant for thiz work, and
the results obtained are therefore consistent with
work publiched earlier on ealeium aluminate mono-
carbonate [5] aond calcium aluminate trsulfate 6],
except for the Tevisions to this esrlier work noted in
pections 4.5 and 4.7,

2. Preparation and Analysis of Samples

2.1, Praparation

The caleium aluminate sulfates can be formed as
white precipitates when nqueous solutions of ealcitm
hydroxide, sulfate jon, and of compounds ¢ontaining

uminum jon or aluminate ion are mixed.

At room temperature the trisulfate is the aventual

uet in all aqueous concentration rangrea studied.
ithin a limited concentration range, however,
the monosulfate can be formed first and may be
isolated by filtration before conversion to the
trisulfate takes place. The conditions for formation
of the monosulfate and for producing the compound
in adequate quattity are discessed 1 the appendix
to this paper. )

Eight preparations of caleium aluminate mono-
sulfate were made. Details of the reaction mixtures
and of the products ohtained are given in table 1,
together with details of some mixtures in which
the trisulfate was formed. Preparations 1, 2, 3, 4,
and 5 were made from saturated Ca{QH}, solution
ahd ealeiym aluminate solution.  The yields obtained
in these batches were 9, 8, 7, &5, 11 g, respectively.
Preparations 6, 7, and 8 were made from AlL{S0,),
solution and saturated CalOH)y solution by the
alternate reaction-dscantation technigque deseribed

in tha a.pﬁeudix, a fechnique which makes a larger
vield of the monoeulfate possible in the equipment
available and within the time limits negessary to
preveni conversion of the monosulfate to thas
trisulfate. Yields of batches 8, 7, and & were 16,
20, and 33 g respectively. The guantilies obtained
were about 75 percent of the theoretical wield,
largaly ag a result of mechanicsl logs in the handling
cperations.

Preparation of the reagents, transfar of solutions,
mixing, fAltration, and other opemtions were per-
formed jin closed systems with precautions taken
to exclude CO,.  Solutions wera made with distilled
water which had been boiled and then gooled in o
current of C0,;-frea air.

All batches weora dried at 33 percent relafive
humidity in & desiceator over saturated MgCL-6H0
Lﬂ, except sample & which wes dred at 12 pereent

ative humidity (saturated LiCly [7]. Samples
conditioned in thia way are referred to hereinafter
a8 “original” ssmples. Several porticns of samples
2, 6, 7, and 8 were dried at 12 percent relative
humidity, 5 percent relative humidity (23 sulfunc
acid) [8], and 0 percent relative humidity (CaO).
These samples sre referred to as "dried™ samples.
Before placing the samplea in the desiceators and
after opaning them at any time, the desiccators were
aevacuated to 2 to 4 con Hg pressure and refillad with
CO;-free sur which had been passed through the same
conditioning solution as contained in the desiccator.
Insymuch ag effective conditioning requires slow air
flow, the desiceators were generally opened onl
once during # dey, evacuated mpitgy, and mﬁllei'
ﬂvenni;%htr with conditioned air; thus, they weare
gencrally under vaguum most of this period. The
desiccator containing Cal) was kept under vacnum
at all times, except when it was opened to remove a
sample. When the loss on ignition of a preparation
waa cionabant, the roateral wes ground and mixed in
v eealed glass jar containing wood balls, snd the
ground material was gtored in the appropriate deaic-
cator,

Heat-of soluticn determinations were made on all
the “original” snd “dried" preparations. Measure-
ments were also made of the heats of selution of
portions of sample 7 exposed for various periods of
time to an atmosphere at 10¢ percent relative
humidity. The latter environment was obtained by
slﬁwlif pageing dry COwfrea air through CO-fres
distilled water and into a desiccator containing the
samplesz to be exposed. The air was passed through
water in two spiral gas-washing bottles and then
through a delivery tuba fitted with a fritted-glass
opening immersed in s reservoir of waiar in the
desiccator.

2.2. X-ray Diffraction and Chemical Analysis

X-ray diffraction patterns of the preparations were
obtained by the powder method on a Geiger-counter
diffractometer with copper Ka radiation. The
principal peaks of the patterns are summarizad in
table 2. The samples conditioned st 33 percent
relative humidity ghowed peaks of both the high-
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and low-humidity {orms of the compound [9)], except
in the case of eampla 3, which showed only the p

of the high-hum.idli)ty form at 8.3 and 4.4 A. There
was some indication of a transformation of samples
while on the machine, quick patterns sometimes
ghowing & higher intensity of the 8.8 and 4.4 A peaks
compared to the 8.2 and 4.0 pesks, respectively, of
the low-humidity {orm, than lun%.-t.erru. patierns run
later on the same specimen. There iz reason to
beliave, tharefore, that saraples taken for calorimetry
contained more of the high-humidity form than the
X-ray patterns indicate. Wet samples taken im-
mediate? after filtration showed the pattern charac-
teriatic oif“wet-alice” ealeimm aluminate monesulfate
[9] with the most iniense lines at 9.5 and 4.9 A and
ah intermediate weaker line at 5.7 A. This pattarn
is ¢ongistently different in intansity relationships
from the ealeium sluminate triﬁlﬂfatat?uttam, which
has its most intenge lines at 9.8 and 5.6 A and a
weaker line at 5.0 A,

» Calmlated by differenos, IncaMisiant pampls for detaenaipotion,
{ Caloulated from nidal sonesmtpadion of miztbars s sl seeesnbration of
" X-ony dHrackion poettern showed peaks af 3010 ALDy TaGeaH)yD.

& Agximed b0 bo LYEC.
1 X-ray diffractlon patiern shaowed peaks of $Ca0-ATyOy S0 Che E 13,

The ozide analyses of the preparations are given
in tukle 1 and were cbiained by raplicata {2 to 5)
maaguremments, except in the case ol; sample 1, for
which material was available for only one measure-
ment. The precision of the analvses and of the
calculatad mole ratics of the oxides {and of com-
pounds ealeulated from the oxides) was determined.
The estimates of standard error? for each oxide
determination were caleulated separaiely for sach
preparation, rather than by pooling the standard-
error eatimates for that pariicular determinastion
for all preparstions as had been dona in earlier work
[6]. This procedure is based on the assumption
that, for a particular prepaeation, the caleulated

t@tandard extor, formerly rolarred to g2 standerd davistion of Ve mean,
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precision of the analysis ia dependent ot the uni-
formity of the praparation and not gsimply on the
degree to which st analytical method can be repro-
duced. The caleulated precision of the mole ratios
of the compounde assumad to be present as impurities
is an indjcation of the quantitative reliability of the
impurity ealeulations. The desighation of the com-
pounds present as impurilies was based on the
chemical analysiz, optical microscopic exainination,
and X-ray diffraction patterns.

The preparetion of the gypsum snd of the hydratad
tricaleium aluminate has been discussed in referenca

[6]-
3. Heat-of-Solution Measurements

The heats of sclution were determined in
HC1-26.61, HO (2008 HCl at 25 °C), The im-
proved all-platinum cslorimeter described in an
earlier publicution [5] was used, with platioum
resigtance thormometer, air jacket, and water bath
controlled to +0.005 *C or better. The calorimeter
waa stirred with the shorter of the two stirrers
described, a 4-in. platinum stirrer with Tour-bladed
prepeller.  Samples were intreduced throough s glass
funnael. When the calorimetar temperature atteined
after the sample has dissclved is close to tha tem-
perature of the bath and the room, corrections for
the heat eapacity of the sample aro ininimized by
the funmeldntroduction technigue.

Sinca it was inconveniant to prepare the calcium
sluminate monosalinte in large quantities, lﬁ
samplea of the compound were used with the norma
quantity of seid (740 g) for the calorimeter. Thae

weal,
to ey lmmedigtely after removal fom conditdoning dham bee;
pateere eomplotéd lo W min,
dw ta X-ray some time alter removal ot conditicning chemter, bt
el Iy atmeaphens; patbern completed in U min,

+ Tatln fa d, bk patberp wmmﬂ L a0 modn, Feliowityg the Memin poaktagn.
T3 pereent BH,womlit] Bmpos, ¢xpeaod bo 100 parcent BORL, for e
lomx kerygthe of tma.

quantities of ICa0-ALO-BH,O and CaB0,-2HO
requirad by tha stoichiometry of eqga (1} to (5) are
0.6t and 0.28 g respectively {in 740 g HCI) corre-
sponding to 0.49 and 0.22 o in 600 g HOl.  The heat
qu)Omlut.ion of 3Cal-AlLCL 6H O was determined in
earlier work [5, 6] in » platinamdined calorimeter
described by MNewman [10] with samples ranging
from 0.26 to (.44 gz in 600 g HC, a sample-acid ratio
slightly bLelow the ratio re uired for this work. It
has been shown, however, that there is no observable
heat-ol-dilution effect for samples of 3Ca0-AlOs-
SH O in 2 HCl between 0.26 and 2.9 g [5, 11]). The
determinations with the 0.26 to 0.44-p samples were
therelora used for this work.

The heat of solution of .28 g of CaS0,2HG in
7402 of 2N HCl was seporately determined for eal-
culating the heat of resction (eq (1)), in preference
to the resulis of earlier determinations obiained with
sample-acid ratios eqoivalent to 1.2 g and 0.53 g of
Cas0,.2H,0 in 740 g of acid. The heats of soluiion
obtained with the 0.28-g samples wera uaed hecause
they were slightly higher thun for the larger samples,
but tha differences (sce sec. 4.1} arp not considered
suificiently significant to suppose that a heat-of-
dilution effeet was actuslly obszerved. Although,
according to eq (3), the pypsum should be added to
the acid solution cbtained from the dissolution of the
tricaleium alutninate, it was actualy added to the
freal acid. Az has been shown [6], no measursble
error iz thereby introduced.

The heat e%ect. of adding the 4 moles of HXO
appearing in age (1) and {4) was estimated as the partial
molal hant content. of Hy(d in 2N HC [3], neglecting
the coniribution of the small amounts of other solutes
present.
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4. Hesults and Discussion
4.1. Heals of Solution of the Preparations

The heats of solution obtainad with the orviginal
}i‘reparations {samples 1-8) are shown in table 1.
hoge obtalned with the dried preparations are
shown in table 3. Both tables also show heats of
golption of the pure ealeium aluminate monosulfate,
after correction for the impurities in the samples.

The heat capacities obtained in the calorimeter
colibrations and the data from which these heat
capacities were cnleulated, arc listed in table 4.
Detailed data from the heat-of-solution determina-
tions are shown in table 5.

Determinations of the hent of solution of CaS3O,.
2H. O are shown in table &, for sample-seid ratios
of (.0004, 00007, and 0.0017. For a range of 41
atandard error the results for the lowest sample-
acid ratio do not quite overlap those of the ot}jler
two sets, but the gap is not great enough to be
statiatically significent. Perhups s more preeise
determination of thae heat of solution of CaS0,-2H,(
wt different sample-acid ratios would revesl a sig-
nificant heat-of-dilution affect. In any event, the
heat of solution obtained for the lowest ratio has
been used, for the renson diseossed in section 3.

4.2, Correction for Impurities

The caleulation of the composition of & sample and
of the heat of golution of the pure caleium aluminate
monosulfate present was perfortned as deseribed m
the appetidices to references [5] and {6].

In geneval, X-ray diffraction patterns were useful
only m revealing the major componenls, wherens
optical microacopic axamination was generally neces-
sary to confirn the impurities supgested by the
chemical analysis. In the case of asmples exposed
at 100 percent relative humidity, the X-ray pattern
indicated breakdown of the wluminate monosulfate
into compounds not detectable by chernical analysiz
{eee moc. 4.8). Another useful indication of the
natyre of the impurities, also deseribed in section
4.8, was the pattern of evolution of heat during the
dis=zolution Dfpthe sample in the ealoerimetar.

As in earlier work on the heat of formation of
calcivm aluminate trisulfate [6], the presemce of &
small quantity of CO; not offset hy Cal) was a
troublesome factor, (Note that jn sample & the

TarLE 4. Cefibrofion of calorimeier wfih 740 grams 2% HOY
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glendard error of the free OO, was considernbly
smaller than the quantity of free CO, caloulnted,
indicating a high confidence in its preschee, Whereas
in sample 7 the standard ereor was almosi 2s large
a8 the quantity itsell, indicating the reverse). This
frec OO, if actually present, is assumed o he sorbed
inuch like free HyO, abd the quantity of heat it would
liberate or absorb on dissolution of the componnd is
neglected. In reference [6], the heat of =olution of
hydrated alumina was also neglected, becanse this
compound remained in sugpenaion and did not con-
tribute to the total heit evolved by the preparation,
However, in these monosulfate prepargtions, clear
golutiona wera obtained in the calorimeter, indicating
that the hydrated aluming did diseolve (ses ses. 4.7
for exceptions). Correction wea therefore made for
itz heat of solution. Assarsson [12] points oot that
soluble hydrated sluming, ohtained from precipitates
that have digested for only s short time, contains
hetweaen 3 und 4 moles of HyO, and sugpests that tha
additional H.O is physically adsorbed on a particle
that is chemically gibbsite, ALD,-3H,(.  Correction

for the heat of solution of the hydrated alumina ia
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* Gea text
therefore calculated as & gibbsite comection. In
samples 1, 2, 4, and 5, the uncertainty in the HyO
content of the ribhsite brings about a corresponding
nneertainty in the H ) content of the sluminate
monosulfate: f the alumina is ALO,4HJAO, thia
uncertainty mn‘%ea from 0.01 to 0.04 moles per mole
monosulgte. The effect of this uncertainty on the
heat of golution of the monosulfats is, however, only
1 part in 10,000 for 3Ca0-Al 0y Ca30, . 12H0.

4 Mo correctlon mmdaﬁwthhnlmdmﬂ&ﬂlhm Ealﬂ, honalis e
parnpla tam ooald nglt;'}-a meagurad in shiEt time belwesn remOCval
i, qm.dj[.gn.mg chmtivher Introdustion inke gaintimeter,

The mixture in which sample 5 wes precipitated
wag on the border of the concentration range for
formation of the monoeualfaie, under the axperimental
conditiona of this work (see appendix, 7.1).
Microscopical examination showed needles of calcium
sluminate trisulfate with negative elongation, to-
gether with the usual needcﬁ.‘iike “fibars” of the
monosulfaie which appear to have positive elengation
becsuse they are uniaxial negative plaies observed
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tione were roportod 1:1 abbreviated form in referenss (5]

+ These dotermine
b Bep rafaranice (5] lor celibeatlon detall

edgewize. Sinee both the monoszulfate and the
trisulfata have wvariable water contents, it waa
hecasgary to pssume s distribution of HO molecules
between the twe. The Hy) balance most nearly
corresponding to the analytical data was obtained
by assuwming 12H,0 for the monosulfate and 31H,0
for the trisulfate. The compound compesition and
corrected heat of solution shown in tahle 1 were
then caleulated. However, the point in figure 1
corresponding to this sample {open circle] shows the
greatest deviation from the ¢urve. Because of the
uncertainties in the caleulation of HyO eontent and
of other compounds and impurities for sample 5,
this point was not ineluded in eataklishing the curve.

Insufficient quantities of samples 1 and 4 made it
NeCessATy to asaume water contents by subtraction
of the total parcentage of Ca0, A0y, S0y, and CO:
from 100 parcent. %m CQ: content of sampls 4 was
not deterruined, but was estimated from that of the
other samples instead. Only one determination of
major oxides could be made on sample 1. Although
it was not possible, for this reason, to calculate
standard errors for these analyses, the uncertainties
in the final calculation of heut of solution and water
content are not beliaved to be very gregt for thesa
two gamples. If the points in e 1 corresponding
to these samples ware omitted, tﬁm would be almaosl
no change io the curve.

The following values wera uaed for the haats of solution of the various impurities:

3Ca0- AlO,-3Ca80,-31HO —af— 74.94 keal/mola [6]
CalCOy 83.61 cal/g (4]

CaéﬂHh 136,41 calfz [13]

CasS0, 2H0 —33.81 cal/g from table &
G&Eﬂi' ].J"EHgO -7 Bﬂl I"i:]

CaS0, {poluble anhydrite) 10.31 calf [14]
AlQ;-3HLO 50,534 kcnﬁ' ole

The value for the heat of solution of Al,()-3H.0 was derived by calculation from the heats of formation of

pibbeite (hydrargyllite), —AH=613.7 keal/mole [3]:
204 95 leal mu]eg[%], and the heat of solution of a-

oAl (eorundum), 33909 kcal/mole [3]; 3HO,
20y in 2,008 HCL, 59.95 kealjmole [16]; with s small

correction for the heat of dilution of HCl with the H.0O, estimated to be 0.05 keal,

4.3, Heat of Solution of Caleiom Aluminate Mono-
sulfaie

Figure 1 is a plot of the corrected heats of solution
against the calculated water content of the pure
corpound. The points are derived from tebles 1
and 3. The eolid curve represents the following
Ieast-aquares quadratic equation caleuiated from the
ponts:

— &l =214.664—14.006n1-0.60695 {6}

where
AH —heat of solution in keal/mole caleiom alprinate

monosulfate
n=moles H,O/malie caleinm alyminate monosulfata
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Thiz curve covers the range of 8 to I3H.0- that is,
the samples conditicned at relative humidities of 33
ptreent and below., For teasons discussed in the

ceding section, sample 5 (open circle} woas omitted
m  caleulating the equation. For the samples
conditioned at 100 pereent relative humidity, with
water contents greater than 13H,0, see the discussion
in eection 4 8.

No correlalion was apparent befween the heats
of solution and the various X-ray patterns character-
istic of the monosulfate, ex io the extent that the
pottern showing the 9.0 and 4.5 A peaks was more
prominent in the 33 cent relative-humidity-
conditioned samples, which had the lower heat-of-
solution values, and the 80 and 4.0 A peaks were
more promlinent in the dried samples, which hed
the higher heats of solution. One sample, No. 3,
conditioned at 33 percent relative humidity, showed
only the 9045 A pair; one, No. & at 0 percent
relative humidity, showed onfy tha 8040 A pair.
All other patterns obtained {see table 2} were
mixtures ufp the two basic patterns. There was no
obzervuble relation between the relative heights of
the respective peaks and the heats of solution.
However, the correlation between water content and
heat of solution 15 definite. Since the X-ray speci-
mens were not protected agninst room atmosphere
while mounted on the diffrgetometer, 1t 15 ancertuin
whether the variation of heat of solution with water
content is a function of water content alone or of
the crystal-structure change reflected by the change
in X-ray pattern as well,

From eoq (), the heat of solution of
3Ca0-ALO,-CaS0,-12H,0 in 200N HC! {at a
sample-acid retio of 1:740) is —AH=118.5 keal/mola,
The change of the heat of eolution with water content
at this point, d{—AH)/dn, is —1.53 kealmole per
mole Hzg?

Corresponding values for the heats of solution of
composditions containing less HaO have besn calou-
lated from eq (6} and assembled in tabla 7.

44 Heat of Formation of the FProduct from the
Reactants

The heat of the reaction represented by eq (1) i=2
caleulated from the heats of selution of the reastants
and products. The heat effects of eqs (2), (3), 4,
and {5} are added, as follows: {Note, howaver, that,
the tricaleium aluminate hydrate used as one of the
reactants was nctually 3Ca0-AlO,-5.850H0 [6] and
8 further correction must be made later to correct
for this departurs from eq (2], For

eq (2}, —AH=139. 163 keal/mmole
(3] —5h, 281
(4] +10. (5
{5) — 118, 506

(1} +aH= 1544

4.5, Cormrection for the Water Content of the Tr-
calcium Aluminate

The heat of eolution of hydrated tricaleium
gluminate was measurad on a sample containing
5.859H:0 instead of 6H.. It is therefore necessary
to introduce s correction to the summation in
zection 4.4 based on the heat effect of the following
aquation:

30 AlLOy 8 HO(p)—3C80. AL:0,-5.859H, 0 e)

+0.141H:00) (7)

In references [5, 6], the heat of this reaction waa
taken ag 0.141/6.00 times the heat of hydration of
snhydrous 3Ce0-ALO; to the hexabydrate. This
estimato was based on the nssunption that the frac-
tion hydrated to BH,O was 5.859/6.00, and thai the
remainder was anhydrous. From the measurementa
of Thorveldaon, Brown, end Peaker [11], the heat
effoct was calewlnted to be —AH=——1_36 keal/mols

2Cn0-AlLD; At this time, it seema to the authors

TaeLe 7. Thermodynamic properties of compasitions of caleium aluminale wonasulfale, for different wafer conlenis
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more reasanable to adopt a fgure for the heat effect
of eq (7) derived from & continuous plot of the beat
of formation of several hydrates of tricaleinm alumi-
nate apeingt their water content. Data for such a

ot hetween 0 and 11.6H O are also availabie from

horvaldzon, Brown, and Peaker's paper [11]. The
points lie on 4 continvous curve, frotm which tho heat
effect of eq (7} may be estimated as —AH=—0.45
kealjmela, about ona-third the figure previously nsed
for this correction [5, 6].

if the heat of reaction calewlated in section 4.4 is
corrected for the heat effect of cq (7)), the heat of
reszetion for eq (1) i3 then —AH=1544—046=14.98
keal/mole.

Heats of formation from the same reactants of
compositions containing less Hz0, calculated in tha
gaIne manael, are given in table 7.

46. Haat of Formation of Coaleiom  Aluminots
Monosulfate from the Elements

The heat of formation of ealeinm aluminale
monosulfate ia the sum of the heat effect of eq (1)
and of the heats of formation of the reactants:

kealimole
AH? 3Ca0-AlO,-8H,O{c) =—1329,
AH (aS0,-2H.0(c) =— 483.06
aH7; 4H,0{1) =— 273.27
A ag (1) =— 1498

AF; 300 - AL Oy Ca30,-12H.0{c) = —2100.4

Tha hents of formation of cormpositions with water
contente less than 12H0, similarly caleulated, are
shown in table 7 and fizure 2. The heat effect of
introducing H;O into the compound at any stage of
bydration can be determined from this figura.

4.7. Other Healz of Reaction

The revised correction for the heat of sclution of
tricalcium aluminate hexahydeate, described in
gection 4.5, must be apphed to the heats of flormation
of calcinm aluminate cvrisulfate and ealeium alumi-
nate monocarbonate, reported by the suthors in
references [§, 6]. To eacﬁouf the reported values for
AH,, it 15 nocessaty to add the difference hetween
046 and 136, or —0.9 kealfmole. The [ollowing
revised values for the heats of formation are then
obtained :

AH from
reactants ¥ AR
keal/mole Jeal/mole
300 AL, -3CaS0,-31H M) —47.01 —4123
SCa- Al Oy -3Ca80-32HO4c) —40.52 —4154
- 30a0-ALO,-Ca0,- 10 68H 00— 10.77 — 1957

The heat effects in the stepwise fornation of the
two complex calcium aluminate sulfates may be
c&lculatmf from theicr heats of formation aond sum-
manzed as follows:

The heat of the reaction

1 Beactants for tle frlsulinte nre 1he s 08 for Whe wonosilinte.  HRosobags
for the menagcarbonste ara CaZThie), HCA0-Alpl-GHeHe), and HeO0d}.
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Froore 3. Head of forsmarion of 3Ca0- AlyOy-CaS0 . 000

Clotad akreles: AFT (lrom elementst.
H%ﬂ cireles; AFF roto reactenty 3Ce0-ALQBHHY), CaSCh-FH:00), and
1 '

30a0.AL O -6H 00} + CaS0,-2H 00} +4HAO00) —
3Ca0 A1Q, - CalS0, - 12H.O4c) {1}
i& AH=—14.9; keal/mola
From the heats of remction of 3Ca0.ALO,-8H;O(c),
CaS0,2H,0ne), and Hy0Q) to hoth the mono-

suifate {eq (1)} and the trsulfate {section 4.7 and
ref. [6]), the heat of the reaction

3Ca0-ALO,-CaS0,- 12H,0(c)
+2(CaS0,-2H,0}{e) + 15H04]) —

3Calr ALO, 3Ca30-31H0(c) f&)
15 AFF = — 23205 keal/mola
and for the reastion
3Ca0-AL0;-CaB0,-12H,04{c}
+2{Ca50, 211,0) (0} + 16Ha (W]} —
3Ca 0k Al0,-3Ca30,.32H,0(x) )]
is =—34 .5, keal/mole.




4.8, Elfect of Ezposura of Coaleimm Aluminots
Monosuliote to Moisture

Attempts to examine the effect of HyO contents
greater t 12.5H40 on the heat of aclution of the
compound were not enccessinl, Table 5 shows the
heats of aplution {in calfg) and nominal water con-
tents of portions of sample 7 exposed to 100 percent
relative humidity for various lengths of time up to
2 montha. If theee valves are plotted together
with the corresponding values for the ﬂrlgmagle and
dried samples, the curve for the meist samples is
not contmuens with the enrve for the others (fig. 3).

It in believed that the discontinuity observed is
due te chemical decompogition of the monosulfate.
Evidence obtained from X-ray diffraction data,
chemical tests, and calorimetric observations sug-
geata the following reaction:

3(3Ca0-AL,0,-CaS0,- 12H,0) {c)
+3C0:(2) + 10H0(1} —Al0y-3HO(c)
+2CaC0s(c) +30a0. AL0,-CaCO,-11H,0(c)
+3Ca0-AL0,-3Ca80,326,0(c)

_ The X-ray diffraction evidence includes a broaden-
ing of the peaks for the moist samples in the neighbor-
hood of 9.0 and 8.0 A untii they extended into the
7.5-7.8 A re%iﬂn, together with the appearance of a
peak in the 9.5-10.0 A region. In the sample with
the highest water content (about 20 “HO") the
brond area separated into a distinet penk at 7.65 A
end a peak at 3.80 A was aleo evident, This tren
is suggestive of the appearance of calcium aluminate
monocarbonste, 3Ca0-ALQ,.Cal0,.11H,0,

The 20 “H;0’ gample showed the peaks of ealeium
aluminate tnsulfate at 9.8, 5.6, 4.7, 3.9, and 2.8 A
Although wet samples of the monosuliate show the
first three penks, it is possible to distinguish the two

(10

types of pattern by means of the relative peak
intensities, as pointed out in section 2.2, It is
atfl:parent that the trisulfate was being formed during
e exposure.
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ramples exposed fo JO0 percent relative humidily, compared to
thet of ithe original and fhe dried preparafions.

Chemical tests showed a pickup of 29 percent of
the original weight in a sample exposed to 100 per-
cent relative humidity for 6 months. Of this weight
inerense, 11.9 percent waz COy and 17.1 percent was
H.0, quantities whose ratio is close to the H,0: OO,
ratio to ba expected from eq (10}, but which are

eater in magnitude than the total weight pickup

17%) to ba e ted if that resction went to com-
pletion. The pickup of CO; is definitely establizhed.

The acid solutions obtained in the calorimeter
from these exposed samples were turhid. The un-
diszolved material wag apparently hydrated nlumine.
It diesolved elowly in the acid duping the determing-
tion, liberating heat slowly and producing a fistitions
final rating pericd and an incorrect calculated ther-
mel-loukage eonstant for the determinstion.

In omder to obtain an aceurate estimate of the heat
of solution of these exposed samples, it was Decessary
to uge the minute-to-minuie heat-leakage correction
described brisfly in referenca [5]. The initial rating
pericd, the known heat-lenkaga consiant of the
calorimeter, and the imitisl temperature gradient
between celorimeter and bath were used to dater-
mine the stirring en The total heat leskage
waa then determined for each 1- or Z-min reading
interval by adding the stirring energy to the product
of the heat-leaksge constent and bath-calorimater
Emdlent- for that mterval. By subtracting the total

ent leskage thus caleulated from the observed
temperature rige for the interval, a minute-to-minute
record of the corrected temperature rise was obtained.

Figure 4 shows the trend of the corrected terapera-
fure rise for the exposed samples. For ecomparison,
& similar plot for ons of the 33 percent relative-
humidity ssmples iz shown, curve A. Note that
curvea A asetiles down to a constant value for the
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eorrected temperature rise after 12 min whereas the
curves for the exposed samplea show a rapid rise
{representing aclution of the aluminata sulfates)
followed by a slower, almosk linear rise {representing
slow zolution of the hydrated alumina), By extrapo-
lating the slow-rise portion of tha curve to zero time,
the heat of solution of the rapidly dissolving con-
stituents of the sample was obtained.

It showld be HOtB(P that thermal equilibrium in the
calorimeter is nortmally resached within ahout 56
min, whereas curve A becomes homzontal only after
12 min. Tha small drop in the eorve between 7 and
12 min is not believed to reprezent a temperature lag.
It is considerad rather to reflect noneguilibrium
endothermic release of COy gas derived from solution
of the small quentity of CaC); in sample 3, as dis-
cuzsed in detasl jn reference [5]. A similar enrve for
sample 5, which was esleulated to contain both
CaC0; and Al,Oy-3H:0, shows in sucesssion a rapid
temperature rige, a fall {Cal(y}, and finally a pro-
tracted rime {ALO-3H D, This behavior of the
tornperatiure rise—time curve serves in several in-
stances to confirm the imporities suggested by
chemical analyais.

Calorimetric evidenee ir consistent with the
reaction of eq {10} slthough it ir not conelusive
evidence of the reaction. %Simple hydration of the
monogtilate or phystcal water pickup would prodoce
a curve either continucus with the 8—12H.0 curve or
higher than the right-hand curve of figure 3. Ii
completa chemical reaction with HyD alone had
occurred, with transformation to the trisulfate,
hydrated alumine, and Ce{QH),, the correeponding
heat of solution of the mixtura could vot hava been
lower than 132 calz. The exposed samples, however,
had heats of zolution ranpging from 150 to 115 eal/e.
If eq {10} had gone to cump%etiun, the heat of golu-
tion would have hean 99 calfz. The calorimetric
resuita are thus consistent with eq (10 provided the
gampies did not decomposze eompletely during the
exposures of 2 months or less. To reconeila the

erimental heats of solution completely with the

culated values, it is neceasary to assume that some
of the waight picked up by the samples is sorbed
H,(). Calculations based on these heats of solution
indicate further that a maximum of 70 percent
eonversion of the monosulfate to the products of
eq {10} was approached during the 2-month period.

Further chemical evidence is apperent in the
reaulia of exposure to 100 percent five humidity
of & portion of spmple 1 originelly intended for & loss-
on-ignition detsrmination. After exposura to tha
moist air at several femperatures, the sample was
reconditioned to copatant weight at 33 percent
relative bumidity. Its loss on ignition at 1,000 %O
after this treatment was 41.3 percent as compared
with the original value of 34.5 percent. A sample of
monosulfate completely converted according to eg
{10) would have a loss on ignition of 44 percent; one
70 percent converied, 41 percent. In view of the
speculative neture of this discussion, the close sgree-
ment hetween the experimental and calewlated loss
ghould be viewad with caution, but the similarity iz
nevertheless encouraging.
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It iz apparently difficult to protect samples of
calcium afu.mjnata monogulfate from CO, pic?kup in
a moigst atmosphere. Kantro, Copeland, and
Anderacn [9] report the same experience. A new
approach iz being mads to the thermﬂchamistliyh of
sa:l;]fllea of the compound contsining more than
12H,0, by conditioning fresh wet pastes at 70 percent
relative humidity (over saturated NH1). Woet
}Jaatas previouely exposed at 100 percent relative
iumidity were nonuniform and difficult to hendle in
the celorimeter. It is expocted that results hased on
this approach will be reported in a later publication.

5. Summauary

Heats of fopmation of 3Ca0-Al0y, -.CaS0, 12H,04s),
and of less completely hydrated ssmples of thg
componnd renging from 8 o 1ZHA), have been
determined by tha heat-of-aclution method, with
2N HCl as the solvent. Heats of reaction have been
detertmined for the formation of JCwCr-AlCL-CaS0,.
12H;0(e) from 3Ca0-ALO,-6H,(G(c), CaB0,-2H,O{c),
and HyO{), and for the formation of 3Ca(r.Al;O,-
3CaR0,-31-32H,0ie) from 3Ca(-Al,0,-CaS0,-12H,0
(), CaSO2H 00y, and H,; {0,

The heat of selution of 3Cw0-ALO, CasS0y-nH.O
in 2N HY, in keal/mole, may be expressed over the
8-12H;0 range by a quadratic formula:

—AH=214.664 —14.086n +0.50697°,

The change of the heat of solution with H;O content
may be calculated from the expression:
dfAF
a
from which the rate at which the heat of solution of

the 12H0 hydrate variss with & small change in
water content is

_d(aH) _
T dn

=1.013%n—14.006

—1.23 keal/molo per mole H.0.

Calcium aluminate monosulfate is & metastable
eompound and can be formed from sclution only
within certain limits of the concentration ratios of
the warions reacting ions, If prepered and flterad
within sbout 7 hr, a Ca(/AlO; molar ratio of not
less than 9 is nacessary to prevent conversion to the
trisulfate. The minimum CaQfALC, molar ratio
is significant because a high OH™ concentration
fevors formation and longer pereistence of the mono-
sulfate, and all or most of the Ca0 is obisinad from
Cla{0OH);; from the mass-action law alone, a hi
Ca.ﬂfﬁ]gda ratio would be expected to produce the
reverse effact.

In the pressnce of moisture and CO,, evidence
points to the probability that the monosulfate is
converted to calcium aluminate trisulfate, caleium
aluminate monocarbonata, czleivm carbonate, and
hydrated alumina, Although the evidence is not
conclusive, an equation 1s suggested for this
tranefyrmation.




6. Appendix. Conditions for the Formation
u:ﬁ{u Stability of Calcium Aluminate Mono-
& te '

6.]1. Effect of Reactant Concentrations

The C'v0—30,—ALD,—H, O zvstem has been stud-
jed by Jones [18], D’ Ans snd Eick [17], und Eitel [18],
who prep equilibrium disgrarg for two sats of

roducta, a stable system in which the trisullate is
crmed, and a metastable system in which the mono-
gulfate 15 formed. However, datailed information on
the conditions for forming the products of one or tho
other systern iz not generally available.

The econcentration ratios necessury to produce
aither trisulfate or monosulfate within a given Lime
limit bear oo apparent relation to the steichiometric
retios of the oxides in these compounds. Although
the trisulinte exhibits n higher CaQ/ALO, molar
ratio (6:1) and a higher 504/Al/{); ratio (3:1% than
the monosulfate {4:1 and 1:1 respeetively), the
moncaulfate was formed moast readily in this work
when the original mixture had a CaQ/ALD, ratio

eater than about 8, Tor 50,/ALQ; ratios ranging

rom 2.2 to 5.4 (eee table 1}, For CaQ/fAl0, ratios
less than 8 or greater than about 50, the precipitate
formed directly was either entirely or partly tri-
sulfate. For Ca0/AlyJ; ratios less than 6, a omxture
of trisulfate and hydrated alumina tends to pre-
cipitate [2]. TUnpublished work performed in this
leboratory by Stearns [19] showed that, for S04 ALO,
molar ratios between 2 and 3, the most stoichio-
metrically accuraie precipitates of monosulfate wers
obtained at CaO/AlLO; ratios of 20 to 24,

. The npparent eentradiction in the fact that forma-
tion of the eemplex sulfate with the lower CaQ/AlO,
ratio requirss an onginal mixture of higher ratio inay
he resolved if it is considered that the source of the
Cal) is primanly caleium hydrexide. The prepara-
tione with the most Cw(OH), had the highest
OH -~ /AL, ratios in the origina]l mixture, and would
be expected to favor fermation of a rore basic
precipitate, that is, the aluminate monosullate in
preference to tho trisulfate. The viewpoint was
tested by preparing a series of small-scale hatches at
severa]l CaQ/ALO, ratios, with wirying sdditions of
NwOH such thst the OH-/ALO, ratio was made to
vary without correspoading changes in the Cr(h AlLO,
matio, Figure 5 shows the effect of OH-/ALD, ratio
{az calculsted from rconcentrations in the original
mixiture} on the time required to initinte conversion
of the monosulfate te the trisulfate, as well as the
dependence of this time on the p]':f of the mother
liquor. At any one CaQ/ALOD, ratio from 4 to 10,
the time at which the trisglfate first appeared in-
creased as the OH-/ALO; ratio increased. For a
eonstant QH-JALD, ratio, the CaQALQ, ratio did
not, affect the time consistently, but in most instances
higher CaQ)/AlL{, ratio accelernted the conversion to
the trisulfate, in accordance with the effect to be
cxpectad from the law of maas action, The conclu-
sions of Lerch, Ashton, and Bogue [1] on the role of
alkalinity are thue confirmed.
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With extremely high CaO/ALOy ratios, the mass-
action efect of the Cat™ ion may be stronger thun
the influence of OH-, and trisulfate may he wery
readily precipitated at very high Ca*™ concentrations.

The experience of other workers, who have been
nuable to prepare the monosulfate at room tempeea-
ture, is posaibly cxplained by these concentration-ratio
requirements, For example, Eelly {20] attempted to
prepars the monosulfate at room temperature from
one liter of saturated CaS0, aclution containin
3.06 g of AlL{S0}:-18H,0 and two liters of saturat
Cla(0OH); solution. This mixture represents o Cal)f
ALy molar ratio of 12, and an OH~{ALQ, ratio of
18, Although thiz is within the range of posaible
monosulfate formation based on consideration of the
OH-fALO; tatio, it ia near the low end of this range,
and the OH~/30; ratio of Belly's mixture was 3, In
all the samples prepared m this work, the OH~/S0,
ratio was not less than 6, except for the preparation
which turned out to be entirely trisulfate, sample 9,
in which the OH-/80; ratio was 3.5.

6.2. Procedure for Preparction of Large Baiches

Proparations 1, 2, 3, 4, and § were mhade from satur-
ated Ca{OH), solution, saturated {2aS0, solution, and
caleivm aluminate sohution. The calcium aluminate
solution was prepoared by sheking high-slumina
cetnent (previpusly ignitad at 1,000 °C to oxidize
sulfides) with COu-frec water for about 2.5 to 3 hr and
rapidly filtering the supernstant liguid. (The cal-
cium aluminate solution is metastable, and a precipi-
tate appears unless it is used within & short time; if
filtratien i too slow, precipitation will occur during
tha fltration, but, once filtered, the =olution is stable
for several hours.) The caleinm aluminate solutien
was added to the Ca(OH), solution in a 12-liter flask
while siirting; caleium asulfate solution was then
ndded, snd the entire mixture was stirred about 2 hr.
The mixture was then Altered through a Buchner
fritted-glass funnel, drained as free as possible of



mother liguer by suetion, and transferrad to a deste-
cator for conditioning to the desired H:(r content.

As & result of the limited range of concentra-
tions in which the mongsualfnte precipitate may be
preserved during the time required for the opera-
ticns, the yield of the compeund is low for & single
batch prepared as deseribed. The low solubility of
C&(D]'fz 0.02 moles par liter, and the large
(!aﬂfﬁlgd, molar ratio required, limits the guantity
of AL(Q); that can beintrodueed, with the resnlt that an
individual 12-liter batch cannot theoretically yield
mure than 16 g of 3Ca0-A1,0,-Cas0,-12H,0 under
the most favorabla conditions.

Tha yield cannot be incressed by making several
batches of the compound and miting ihe filtorad
roducts because the precipitates obtained in dif-
erent batches are slightly different in composition
and the produet, even if mixed, would not be uniform.,
Tha samples of tha prepuraiion itaken for wnalysie
might not have the same cotnpogition ua the samples
taken for calonmetry.  The vield cannot boincressad
easily by ingressing the volume of the mixturs
because excessively large reaction vessels would be
neaded. Potassium aluminate sohation can bhe made
more concentrated in AlLQy than caleivm aluminate
solution, but large reaction vessels would atill be
requited to maintain the CaOfAlD, raiio.

a tollowing technique was therefors resorted

to for producing larger batches {preparations 6,
7.and 8).  About 140 to 230 ml of reagent AL (S0},
solution {0.08M) was added slowly to 11 liters of
saturated Caf{0H); szolution. The mixture was
gtitred 5 to 10 min., allowed to settle 5 to 10 min.,
and & to 9 liters of the supernatant liquid was drawn
off and digearded. Calcium hydroxide and alo-
mitum sulfate sclutions were then sdded in the same
proportion as in the ficgt addition and in quantity
sufficient to replace the mother liquor removed.
Afier atirring & to 10 min. and allowing to seitle,
5 to 9 liters of the supernatunt liquid was again
drawn off and diseerded. Threa more additions
of Ca{OH),; and Al(30,); solutions wero made by
thiz alternate reaction-decantation technigue. After
the last addition, the entire remaining mass of
precipitate produced wes stirred for 15 min. and
allowed to settla. Most of the supernatant liguid
was withdmmwn through the filier. The remainder
was then stirred spd the filtration completed.
The total yield theoreticelly poseible by this tech-
niquae is about 40 g, The entire product is stirred
at obe time in mother liguer of the proper concen-
tration. Amnalysiz of the several mothepligeor
batches showed no significant variations in con-
centration of Ca0, but a steady increase in 50,
econtent consistent with the formation of & precipitate
contajning less than the origmal mxture. The
multiple addition-decantation technigue cannot be
continued indefinitely because the precipitate must
be filtered before conversion to the trsulfate ean
tuka placa,
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