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The heat of form ation at 25°C, t:.fho = - 16,228 kJ/ mole, of calcium alumi nate t rica r
bonate, 3CaO·Ah03·3CaC03·30H,O (cl, was determined by the heat-of-solution method, with 
2N H CI as t he solvent, and 3CaO· A1 203· 6H,O (c) and CaC03 (c) as the reactants . The heat 
of solution in 2N H CI is - 501.0 kJ/mole, a nd t he heat of t he reaction 3CaO· Ab03· 6H,O 
(c) + 3CaC03 (c) + 24H 20 (I) ->3CaO· Alz03 • 3CaC03 · 30H,O (c) is - 186.6 kJ. The rate 
at which t he heat of solution in 2N HCI changes wi t h H ,O co ntent at the 30H,O level, 
d (t:.H) /dn, is + 9.0 kJ/mole per mole H ,O. Heats of solution were determined for samples 
in the range of 6 to 31H 20, but decomposit ion appears to occ ur on clr~' in g to H ,O co nte nts 
lower th an 26H,O. The heats of stepwise react ions leadin g to the form ation of calcium 
alumin ate mono- a nd t ri carbonate have a l 0 been calculated. 

1. Introduction 

Hydrated calcium aluminate tricarbonate, 

B erm an [3]. Bessey repor ted a compound contain
in g 27H20 ; Carlson and Berman, 32H ,O. 

3CaO.Alz0 3·3CaC0 3·30HzO, is a member of a series 
of complex salts represented by the general formula 
3CaO·Alz0 3·3Cn.x .nH20 , in which X is a divalent 
anion or two units of a monovalen t anion , and n is 
30 to 32 . This series is often referred to as the 
"high-form" series of complex calcium aluminates ; 
its members generally crystallize as fine h exagonal 
or pseudohexagonal needles. The tricarbonate is 
related to calcium aluminate monocarbon ate, 3CaO · 
Alz0 3 ·CaC0 3·11H20, which is the corresponding 
member of another series, known as the "low-form" 
senes. 

As par t of a con tinuing in vestigation of the th ~rm o
chemical properties of substances occUl:ring 111. or 
related to hydraulic cements and t heir reactlOn 
products, the"heat of formation or hydrated calcium 
aluminate tricarbonate was determin ed. 

Measurements by the heat-of-solution m.ethod 
were made of the heat evolv ed at 25°C ll1 the 
reaction 

The h eat of this r eaction is the difference between 
the sLIm of the heats of solution of the reactants 
and the heat of solution of the product, in accordance 
with the following equations: 

The tricarbonate was first made by Bessey, as 
reported by J ones [1]1 and more recently described 
by Bessey [2], and was also prepared by Uarlson and 

!J.llo 
3CaO.Alz03·6HzO(c) + 1623 .3 05 (H CI. 26.614H20) (aq)----: 

3CaCb(aq) + 2AICI3(aq) + 1611.305 (H CI. 26.820HzO) (aq) (2) 

MI3 
3CaC03(c) + 3CaCb(aq) + 2AICb (aq) + 1611.305(HCl · 26.820H20) (aq) ---+ 

6CaCI2(aq) + 2AICI3(aq) +3C0 2(aq) + 1605.305 (HCI. 26.922HzO) (aq) (3) 

MI4 
24HzO(l) + 6CaClz(aq) + 2AICb (aq) +3C02 (aq) + 1605 .305 (HCl . 26.922H20) (aq)---+ 

6CaCb (aq) + 2AICI3(aq) +3COz(aq) + 1605.305 (H CI . 26.937H20 ) (aq) (4) 

MIs 
3CaO· Ah03 . 3CaC0 3 • 30H20 (c) + 1623.305 (HCI. 26.614H20) (aq) ---+ 

6CaClz(aq) + 2AICI3(aq) +3C0 2 (aq) + 1605.305(H CI . 26.937HzO) (aq). (5) 

Figures in brackets indicate t he li terature references at the end of this paper. 
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The summation: equation 2 + equation 3 + equa
tio n 4 - eq u a tion 5 res ul ts in eq u a tio n 1. Similar 
s ummation of the !J.H values results in !J.Ht . 

The heat of solution of each of the reactants was 
measured in Hel· 26.61HzO(2 .00N HOI at 25 0(J). 
The heats of formation of the reactants were taken 
from OirculfLr 500 [4] of the National Bureau of 
Standards. 

All calculations in this paper are based on the 
1961 atomic weights [5], and the resul ts are expressed 
in absolu te joules. Data reported in earlier work 
on the complex calcium aluminates [6, 7, 8], expressed 
in thermochemical cfLlories, may be converted to 
joules by multiplying by 4.184. A summary of data 
so com'er ted is included in t his paper. 

2. Preparation and Analysis of Samples 

2.1 . Preparation 

Oalcium aluminate tricarbonate was formed as a 
white precipitate by t be addition of sodium car
bonate solution to a mixture of calcium sacchamte 
and either monocalcium aluminate or potassium 
aluminate solu tions. Oalcium saccharate is a solu
tion of OaO in aqueous sucrose, which contains 
considerably more dissol\Ted calcium than ordinary 
calcium hvdroxide solution. A metastable solut ion 
of monoc31cium aluminate, containing about 2 g 
of Al20 3 and 1 g of OaO per liter (approximately 
0.021\1) , was prepared by shaking high-alumina 
cemen t with distilled H20 about 3 hI' and quickly 
filtering. Potassium aluminate solution was pre
pared by the method of Rabot and Mounier [9]. 

Four preparations of calcium aluminate tricar
bonate were made, two of which provided useful 
thermochemical data. Details of the preparations 
are gi \. en in table 1. 

Preparation 1 was made with calcium saccharate 
solation which was 0.3071\,[ with respect to eaO 
and contained 150 g of sucrose per liter. To 1750 
1111 of this solution 25001111 of monocalcium aluminate 
solution was added, followed by 167 m1 of 0.4 72A£ 
sodium carbonate solution. The 002/A120 3 molar 
ratio was slightly more than 3: 1. No precipitate 
formed at this point, but precipitation begfLll after 
the addition of 2 liters of 0.02M Oa(OH)2 and 100 
ml of 0.441\'[ K aOH. The crystals were filtered 
after standing 2 months. v 

P reparation 2 was made by adding 283 ml of 
potassium aluminate solution (0.204.i\d Alz0 3) to 2 
liters of calcium saccharate solution (0.30411,[ OaO), 
followed by 359 ml of 0.48M sodium carbonate 
solu tion (002/Alz03 molar ratio of 3:1). Pre
cipitation began after further addition of 3 liters of 
002-free distilled H 20 , which decreased the sucrose 
concentration to 50 g per liter. The crystals were 
filtered after 7 days. 

Preparations 3 and 4 were made in the same man
ner as preparation 2 with slight differences in the 
concentrations and quantities of t he potassium 
fLluminate solutions, somewhat higher Alz0 3/CaO 
ratios to ob tain a larger quantity of precipitate, but 
the same CO2/A120 3 ratio as for preparations 1 and 2. 
In preparation 4 the calcium saccharate solu tion 
was diluted b efore, r ather than after, the addition 
of the other solutions. 

TABLE 1. Properties of the preparations of calcium aluminate tricarbonate as originally dried at 79 percent relative humidity 

Preparat.ion 

COJnpositioll, weight percent: 
CaO' ____ ________ ___ ______________________ _ 
AhO , · ______________ ___________________ ___ _ 
I.Joss on ignition 11 __ _ __ ___ ___ _ ____________ _ 

CO" by acid attack • _________ ____ ___ ____ _ 
C02, b y ignition 11 _ __ __________ _ __________ _ 

Sucrose b _____ ___________ _________________ _ 
H ,O b ____________________________________ _ 

Molar ra tios: 

29.09 
8. 94 

62. 03 
11. 16 
21. 38 
6.48 

44.38 

No.o[ Std. 
detcnu- error 
inations 

6 
4 
2 
2 
2 

• O. 03, 
!l.. 027 
' .00, 
' . DO, 
8. . 52 
b.34 
b. 34 

28.05 
8. 45 

63.55 
10.94 
21. 96 

7.13 
45.48 

No. of Std. 
detcn n - error 
inations 

4 
2 
2 
2 
3 

11. 0.028 
a.026 
a. 050 
a, (Xh 
a,27 
b.18 
b.18 

27.73 
8. 11 

64.09 
10.46 
24.87 
9.34 

44. 29 

No. of Std. 
determ- error 
inations 

a 0.040 
a.007 

3 .008 
a.01o 
a. 73 
b.47 
b.47 

27.00 
7.91 

65.01 
10.54 
29. iO 
12.42 
42.05 

4 

No. of Std . 
deternl- error 
inations 

8 
8 
2 
2 
3 

11. 0.026 
a. 01 8 
'. 06, 
a.002 
a.67 
b. 43 
b.44 

CaO :AhO, b_____ ___________ ______ ___ __ ___ 5.923 b. 01, 6. 03, b.02o 6.21, b. Ott 6.205 b. Ot , 
CO,:AhO, b_________ ____ _________________ _ 2. 89, b.OO, 3.000 b.OO, 2.98, b. DO. 3.08, b. DO, 
H,O :Ah03 b___ ___ __ __________ ____________ 28. 11J b.23 30.46, b.15 30. RD. b. 33 30.07, b.32 
S ucrose : A I,O, b____ _______________________ 0. 21, b. 011 0.2.51 b.OO, 0.34, b.OI; 0.45, b.OI , 

Molar ratios of compounds present, to AhO, : b.OOO 
3CaO·AI,O,·3CaCO, ·nl:1,0 b_ _____________ .965 b.OO, LOOO b.OOO .99 , b.OOI 1.000 

where n~_ ____________ _ _________________ 28.680 ________ b.22 30.431 b. 15 30.76 , b.39 29. 95, b.32 

t~(gIl\I:?:~~~_(~ ~~~~.~~~{~~ _b-::: ::::::::: ____ ~._~~. __ :::::::: ____ ~._~~' __ ---- ii~ ii3 ;- :::::::: ----b~ iiii ; - ---- 0:24~- :::::::: ----1,:0-1;----- ii~ ii ; - -------- ----i,:OO~ -
CaCO, b _ __________________ _____ _________ __ _ _ ______ ________ __ _ _______ __________ ________ __________ __________ ________ __________ . 08, b. DO, 
A 1203·31I20 b____ __ __ __________ ___ ___ __ ____ .0015 b,003[l __________ ________ __________ . 00" b.OO I ___________________________ _ 

Su crose b __ __ ________ ______________ ____ ____ .21, b. Oll .251 b.OO, .343 b.OI; .468 b.Ot, 
Hcat of solution of the preparation. 

IldL _________________ _______ __ _____ . J /g , __ -430.3, 
Corrected heat of solution o f t he 3CaO· 

AhO, ·3CaCO, .nH,0 b 

4 - 425.4, -414.1 , 0. ,31 -402.68 

M-L --------------------------- k--J-1- -J/lg-- - 450.7. -------- ---------- -4560. 97, -------- ---------- -443g~.08' - ------- --- ;;1--5--- - 455033.77, -------- ---1,1::'---- mo c __ -490.01 ________ ___ _____ __ -51 . 3 _____________ _____ - _. 5 . -. 5 

a ~nd epelldently detennined quantities. Stand ard errors calculated from replicate determi n ations. . .. 
b Derived quan tities. Standard err or of each deri ved q u antity calculated directly from the standard errors of t he applicable indepcndentl y deter ll11neci quantities. 

The independent quan tities were llsed in these calculations to more pl aces than shown in th is table. 
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Preparations 3 and 4 were filtered after 7 and 8 
months, respectively. Preparation 3 was washed 
on the fil ter with a 50-gil sucrose solution to remove 
any excess CaO, and with absolute ethyl alcohol to 
remove the sucrose solution . Preparations 1, 2, 
and 4 were not washed, but were sucked "dry" on 
the filter. 

The use of CaO-sucrose solutions appeared to be 
the only means of m aking the tricarbonate at room 
temperature, although B essey m ade his early prepara
tion without sucrose by adding ammonium carbonate 
solution slowly to calciLlffi alumin ate solution at low 
concentration with rapid stirring. It might be 
possible to prepare the compound at subfreezing 
temperatures without sucrose if an analogy with the 
calcium aluminate chlorides is valid; this possibility 
has not b een in vestigated. 

Preparation of the reagents, transfer of solutions, 
mixing, filtration, and other operations were per
form ed in closed sys tem s with precautions taken to 
exclude CO2, All solutions were made with distilled 
water which had been b oiled and then cooled in a 
current of CO2-free air. 

The filtered preparations were dried at 79 percell t 
relati \'e humidity in a desiccator over saturated 
NH;Cl [10] . When the loss on ignition of a prepara
tion had beco me constant, t he material was gro und 
and mixed in a sealed jar con taining wood b alls, and 
the ground m aterial was returned to the desiccator 
for storage. Before placing the samples in the 
desiccators and after op enin g them at a ny tim e, the 
desiccators were e\'acuated to 2 to 4 cm H g pressure 
and refilled wi th COTfree air which had been passed 
through a gas-washing bottle co n taining the same 
solution as in the desiccator. A detailed description 
of this technique may be found in reference [11]. 

The dried, ground samples were analY7.ed chem
ically to determin e their co mposition . H eat-of
soll1tion determinations were t hen made. The 
remaining portions of the preparations were sub
jected to further drying O\'e1' the following desiccants: 
saturated MgC12 · 6H 20 (33% relati\·e humidi ty) 
(which produced an in significant loss of H 20 ) . 
saturated LiCl (12% l'elative humidity) [10], 20N 
H 2S0 4 (10% relative humidity), 23N H 2S0 4 (5% 
relative humidity) [12], and CaO (0% r elati\' e 
humidity). The heat of solution of these dried 
samples was determined at various stages of the 
dry ing process. 

2.2. Chemica l Ana lysis 

Unlike other represen tatives of the complex 
calcium aluminate family prepared earlier [6 , 7, 8], 
which had attained a maximum purity of 99 percent 
by weight, the preparations of calcium aluminate 
tricarbonate were only 87 to 92 percen t pure. The 
major impuri ty was sucrose. This compound inter
feres with the usual method of determining H 20 
content, which h as been to ignite a sample at 1200 DC 
and subtract the separately determined CO2 con tent 
from the loss on ignition, It in terferes as well with 
the determinfLtion of A120 3 and CaO by the classical 
precipitation methods. 

Th e sucrose content was determin ed from the 
difference b etween the total CO2 obtained by com
bustion of the sample in oxygen and the carbonate 
CO2 obtain ed by dissolving the sample in dilute 
hydrochlori c acid. This method was m ore accurate 
than attempts to determine sucrose by solubility in 
water or alcohol or by oxidimetric methods. N ever
theless, it proved to be the weakest link in the 
precision calculations. Inasmuch as the H 20 was 
determined as (ignition loss-carbona te CO2 -

sucrose), the relatively poor precision of the sucrose 
determinations is reflected in the standard errors or 
the H 20 percentages and H 20 content of the prepara
tions, table l.2 Fortunately, the sucrose hfLd only 
a minor effect on the corrected heats of solution. 

However, as shown in table 1, considerably better 
precision was obtained in the determination of eaO, 
A120 3, and carbonate CO". The CaO and A120 3 

were determined by the referee methods of Federal 
T est Method Standard 158a [13], except that the 
dry sample was first ignited to destroy the sucrose, 
t hen dissol ved in H CI. To co nser ve material, som e 
determin ations of A120 3 and CaO were mfLde from 
the solution remaining after a cfLrbonate-00 2 deter
min ation. In these in stances the following techniq ue 
was llsed to destroy the Sll crose in the solution: Th e 
solution was evaporated on a s team bath to dryness, 
acidified with H Cl, diluted with hot water, and 
filLered to remO\'e fL ny silica presen t (deri ved from 
decomposition of silicone grease lI sed in t il e glass 
seals of the CO2-evolution fLpp~lmtu s). The paper 
and precipitfLte were burn ed fLn d igni ted at about 
600 °C, and any Si02 then YolfLtili;-;ed with H 2S0 4 

and HF. The filtrate was transferred by s tages into 
the crucible containing the HF resid ue, and e\'apo
rated to dryness; t he e\'aporation was co mpleted in a. 
100 0 o \·en and the temperature then gradu ally raised 
in <1, furn ace to 700 °0 . The sucrose was thereby 
destroyed and the samples wer e ready for analysis 
after solution in H CI. 

The oxide analyses and sucrose con ten Ls of the 
preparations are gi\'en in table l. As poi nted out in 
reference [8], the estim ates of standard error for each 
determination were calculated separately for each 
preparation, rather than by poolin g the s tandard 
errol' es timates for that particular determin ation for 
all preparations. This procedure is based on the 
ass umption that, for a particular preparation , the 
precision of the analysis is dependen t in part on the 
uniformity of the preparation and not simply on the 
degree to which an analytical method can b e r epro
du ced . The estimated uncertainty of the m ole 
ratios of the compounds assumed to be presen t as 
impurities is an indication of the q uanti tati \' e relia
bility of the impurity calculations. The method 
used for estimating this un certainty i3 given in an 
appendix to this paper. 

~x'- ( ~X;)2 
• n 

Standard error = n(n 1) 

where Xi is the result obtained for one measurClIl clJ t anci 11, is the num ber () 
111easurements. 
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TABLE 2. X-ray diffraction patte1"ns oj calciurn alurninate t1"icarbonate preparations 

I'reparation 1 Preparation 2 Preparation 3 Preparation 4 C&B preparation [3] 

-
{/,1 Inten sity a d,X. [ntensity a d,.:\. Intcnsity • d,.:\. Intensity a d,}. .. Relatim 

intensity 
----

9.34 > 100 9.40 >100 9.50 > 100 9. it > 100 9.41 100 
5.42 29 5.43 37 5.47 35 5.50 32 5.43 27 

5.31 4 
4.82 28 4. 84 35 4. 87 24 4.90 20 4.83 20 
4.52 35 4.52 34 4.55 24 4.58 21 4.62 25 

4.13 19 
3.79 52 3.79 42 3.81 52 3.83 38 3.80 42 
3.52 27 3.52 22 3.53 25 3.55 13 3.52 20 
3.37 35 3.37 40 3.39 38 3.41 28 3.37 27 
3.13 7 3.14 S 3.15 S 3.17 7 3.13 4 
3.036 9 3.06 34 3.06 5 
2.952 9 2.9S 10 2.9S 10 2.99 7 2.952 8 
2. 697 42 2.70 49 2.71 48 2.72 36 2. 700 35 
2.654 7 2.56 7 2.66 10 2.67 ~ 2.653 11 
2.627 2 2.52 7 2.62 9 2.53 5 
2.603 3 2.605 5 
2.527 b 22 2.529 7 
2.505 84 2.51 7i 2.520 88 2. 52 65 2.507 57 

2.466 3 
2.413 3 2. 42 5 2.43 7 2. 43 5 2.413 4 
2.339 4 2. 34 9 2.35 7 2.35 6 2.339 6 

2. 32 6 2.32 4 2.310 4 
2. 255 3 
2. 151 37 2.15 39 2. 16 45 2. Ii 32 2.156 37 
2. 093 21 2. 10 23 2. 11 26 2.11 IS 2.098 19 

2.049 3 
1. 997 6 2.00 9 2.00 9 2.01 5 1. 996 5 
1. 975 3 1.977 3 
1. 912 8 1.916 11 1. 92 8 1. 93 S 1. 913 7 
1. 878 13 1. 883 18 1. 89 18 1. 89 12 1. 879 12 
1. 823 5 1. 826 10 1. 83 12 1. 83 9 1. 822 9 

, 1. 786 5 
1. 770 7 ' 1. 773 9 ' 1. 773 7 ' 1. 78 7 1. 768 7 

1. 758 2 
1. 739 2 

1. 711 2 1.72 2 1.ilt 2 
1. 685 3 1. 591 5 1. 594 3 1. 69 3 1. 584 4 

1. 574 3 1. 577 3 1. 58 3 
I. 545 5 1. 652 5 1. 554 7 1. 55 4 1. 646 4 
1. 622 8 1. 627 9 1. 530 11 1. 63 7 1. 622 7 
1. 584 1 1. 572 4 1. 582 2 

1. 568 2 
1. 541 2 

1. 532 4 
1. 536 1 

6 1. 532 4 
1. 4~3 3 1. 485 6 1. 483 5 
1. 475 2 1. 455 3 

II. Intensity for preparations 1, 2, 3, and 4 was measured from actual peak heights on th~ x-ray diffraction patterns, after 
subtracting the background level. The in tensities for the first peak on each pattern were estl1llatcd to be 140 to 165. 

b Shoulder on large peak; true intensity m ay be smaller. 
c Broad peak, centering on d-spacing given. 

2.3. Characterization 

X-ray patterns of the preparations, summarized 
in table 2, were obtained by the powder method on 
a Geiger-counter diffractometer with copper Ka 
radiation. The d-spacings are essentially the same 
as those of the tricarbonate reported in reference 
[3], also shown in the table, except that a line at 
3.035 A, due possibly to free CaC03, is present in 
preparations 1, 3, and 4. Chemical analysis, how
ever, suggests the presence of free CaC03 only in 
preparation 4; it is possible that calcium hydroxide 
or tetracalcium aluminate present in preparations 1 
and 3 may have undergone partial carbonation 
while in the X-ray diffractometer. Other differ
ences among the patterns probably represent small 
differences of diagram interpretation rather than 
real variation. 

Microscopical examination showed the prepa
rations to be almost entirely clumps of needlelike 
crystals of negative elongation with refracti \Te 

indices w= 1.490, e= 1.480, both accurate to within 
0.003 (1: sligh tly lower in some cases). 

Differential thermal analysis (fig. 1) showed a 
large endothermic area peaking at 145 to 165 °C, 
due to H 20 loss; a large exothermic area with two 
peaks at 400 and 465 0, presumably due to the 
oxidation of sucrose; a small exothermic peak at 
730 to 800°; and a small endothermic are~ centering 
at 860 to 925°, presumably due to evolutlOn of CO2, 

The exothermic peak at 390 0 reported by Carlson 
and Berman [3], unexplained at that time, is prob
ably an indication that sucrose was present in their 
preparation, considerably less sucrose, however, than 
in the preparations reported here. If the presence 
of sucrose in these preparations had been ne
glected and its weight included in the H 20 
content, the formula rep?rted w~)Uld ha\re been 
3CaO·A120 3·3CaCOa·38H20 mstead of .. . ·30H20. Al
though quantitative analytical data cannot be 
deduced from DTA patterns made four years apart, 
it can be concluded roughly from the relative areas 
of the exotherms and endotherms in each pattern 
that a correction for the sucrose content of Carlson 
and Berman's preparation would have brought its 
H 20 content closer to 30H20 than to the 32H20 
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F I G UHE 1. D1:0'erential thennal analysis of pre parations of 
caic'i1tm aluminate tricW'bonate, 

D ashed lines indicate tom perature difrercnces wilj cl1 were orr-scale (preparation 
2) or estimated (preparation 3) 

repor ted, Th e higher tempern,t ure found for the 
fu'st endothermic peak in t he curren t preparations 
(1 65°) t han in the preparation of reference [3] can 
probably be attl'ibu ted to th eir greater sucrose 
content, 

C urves of weigh t loss versus temperature (fig, 2) , 
determined by stepwise heating at a constant tem
peratm e to co nstant weight for each step , showed 
the grea test slope at low temp eratures and leveled 
off to a minimum slope n,t about 350 °C. The slope 
then increased to another m axim.um between 600 
and 700 ° and le\Teled off again at about 750° with 
sm all weight losses continui ng up to 1200 °. Th e 
first rapid weight loss below 350 0 represents evolution 
of. water by a combination or dehydration of the 
tn carbonate and decomposition of t he SLlcrose (a 
sample of pure sucrose was completely carbonized at 
200 °); th~ second , between 500and 750°, represents 
loss of reSIdual H 20 and CO2 . In t his static thermo
gravim etric procedure, the ch anges took place at 
lo~er ,temperatures than in the dynamic DTA deter
mm atlOn because the sample remained at a given 
temperature long enoLlgh to reach equilibrium. 

3 . Heat-of-Solution Measurements 

H eatsof solution were determined inHCI·26 .61 4H 20 
(? OON HCI , at ~5 °C) . The all-platinum calo
n meter descnbed 111 r eference [7] was used, wi th some 
m odiflcations to be described b elow. 

As pointed out in the same reference, determination 
of the heat of solu tion of carbonates in acids in tro
duces the problem of CO2 evolu tion . On dissolvino' 
the sample fi rst releases a large quan tity of heat anbJ 
the temperature r ises rapidly, bu t as CO2 gas is 
released from solution endother mically , th e tempera-
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t ure in t he calorim eter falls (after correction for the 
temperature r ise produced by s tirring and leakao'e of 
heat from the water bath). This effect takes place 
even when the CO2 a vailable is not enough to sllturate 
the acid, as reported in reference [7]. For this 
reason, i t appears uncertain to t he author whether 
the problem can really be solved by using H CI 
saturated with CO2 at the s tar t. The loss of heat 
clu e to gas evolu tion makes it difficult to obtain a 
fin al rating peri od in the calorim eter dlll·jn O· which 
no reaction is taking place and the energy otstirr ing 
and heat leakage can be measured . If the escape of 
gas is too violent, it also rem oves heat from the area 
immediately around the sampl e before this heat can 
be transmi tted to the rest of the calorimeter. 

Th e problem was m et in the case of CaC0 3 [7] 
by holding the sample under distilled H 20 in a glass 
bulb, breaking th e bulb, and allowing the acid to 
r ise through the sample as the sample fell into th e 
acid . Rising bubbles gave up their sensible h eat to 
the distilled H 20 . A heat-leakage constan t obtain ed 
from calibration d eterminations was com bin ed with 
an initial ra ting period (before breaking the bulb) to 
obtain the stirrin g energy effec t for the particular 
run. It was then possible, for each 1 or 2-min period 
after breaking the bulb , to sub tract t he tempera ture 
rise due to heat leakage and to stirring energy from 
the observed temp erature r ise. T his corrected tem
pera ture rise showed the rapid increase d ue to 
solution of t he sample, followed by a gradu al decrease 
due to CO2 escape. By extrapolating the descending 
cunre backwards to zero tim e (when the bulb had 
been broken), t he temperature rise was obtained for 
solu t ion of the en tire sample wit h dissolved CO2 as 
a product. 
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FIGURE 3. ModIficat ions in the calorimete1· of 1·eference [7], 
showing sealed glass ;ample bulb, plastic stirrer, and plastic 
collar on stirring tube. 

Enlarged view SllOWS details of sample bulb. 

This technique, used for C~LC03' was not found 
necessary for calcium aluminate monocarbonate [7]. 
The tricarbonate samples, however, behaved more 
like CaC0 3, but the gradual decline in the corrected 
temperature rise was not a,s protracted. It was 
therefore possible in many determinations to obtain 
a final as well as a,n initial rating period, from which 
both the heat leakage and the stirring energy could 
be ca,lcul ated. 

Two methods of placing and breaking the bulb 
were used. For preparations 1 and 2, the "hanging
bulb" arrangemen t is shown in figure 1 of reference 
[7], where the bulb is dra,wn with dasbedlines. The 
sample was released by dropping a 10-g weight onto 
the end of a glass rod, which in turn pierced the 
bottom of the bulb. Because of the uncertain ty of 
defining how much of the mass of the bulb, rod, a,nd 
connecting tubing was to be included within the 
calorimeter boundaries for the purpose of calculating 
heat capacity, an electrical calibration was firs t 
made, the entire assembly (calorimeter and jacket) 
cooled, and then the heat-of-solution determination 
performed, both determinations over approximately 
the same temperature range. A few determinations 
were made wi thou t calibra ting; an average hea t 
capacity was used, corrected for the differences in 
the masses of bulbs and samples within the calorimeter. 

For preparations 3 and 4, and for the reported 
results of preparation 2, a sealed-bulb arrangement 
was used, as shown in figure 3. The bulb was centered 
between two side-arms, one closed at the bulb end to 
keep the sample from being trapped in that arm. A 
plastic collar was fitted to the bottom of the s tirring 
tube, provided with grooves to hold the arms of the 
bulb. Some of the material was placed in the bulb 
through the open arm, the interior of the arm wiped 
clean, the sample weighed, and the open arm sealed 
at the tip. The bulb was centered on the bottom 
of the calorimeter and the stirring tube then inser ted 
so that the grooves in the plastic ring were alined 
with the bulb arms. After assembly of calorimeter 
and jacket, acid was introduced gently to allow the 
bulb to float until the arms made contact with the 
plastic ring. To introduce the sample into the acid, 
the stirrer motor was stopped long enough to allow 
the stirrer to be pushed down against the bulb, a. 
matter of 10 to 15 sec. A plastic stirrer replaced 
the normal platinum stirrer to provide the stiffness 
needed to break the bulb. 

The sealed-bulb arrangement was adopted because 
the liquid placed over the sample in the hanging 
bulb is believed to have introduced errors in the 
thermochemical results. Water, used in preparation 
1, although suitable for CaC03, may have further 
hydrated the samples and produced low heat-of
solution values . Dry n-propanol, completely misci
ble with water and possessing about the same vapor 
pressure at 25°C, was used with preparation 2 to 
avoid the hydration effect, but it is proba,ble that i t 
dehy~lrat8d the samples to produce high h eat-of
solu bon v alues. 

Heats of solution for preparation 2 closer to those 
of preparations 3 and 4 were obtained when the 
sealed bulb was used in place of the hanging bulb. 
They were not considered reliable, howe\'er, because 
the preparation appeared to be slightly contaminated 
when the sealed-bulb determinations were made. 

With the hanging bulb the a,cid charge was 740.00 
g. It was not possible in Lhe sealed-bulb technique 
to weigh tbe acid b ecause of the conditions of assem
bly. The charge in this case was about 730 m1 
(755 g) and calibration was necessary for each de
termination. Calibration and heat of solution were 
not run over the same temperature range in prepa
rations 3 an d 4 because it was b elie\'ed that cooling 
the jacket between the two run s upset the equi
librium of the initial rating period of the second 
(solution) run. The yalidity of calibrating at a 
lower temperature and dissol "ing tb e sample at a 
higher temperature was checked in one determina
tion in which two calibrations were run, at both 
temperature levels. Se l'eral determinations were 
also made in which calibration and solution temper
ature levels were reversed. 

Calorimeter samples were about 1 g for the samples 
dried at 79 percent relative humidity. The sample 
weights for material dried at lower humidities were 
smaller and contained the same molar quantity of 
calcium aluminate tricarbonate as the higher
humidity samples. 
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T ABLE 3. Properties of the preparations oj calcimn aluminate triCW'bonate dried at relat'ive humidit'ies oj 1 9 1Je1'cent and less 

LiCI 20N II,S 0 4 23N II ,SO, CaO 
Desiccant . ________________ ________ _____ -------------------
Relative hUlnidi ty, percen L ____ __ _____ 12 10 

------ -------------
Timo exposed, days ____________________ 17 ' 9 b 1 ' 20 c 28 49 49 
Original prcparatioll __ __ ________________ 4 4 4 3 3 3 4 
Molar rat io, ll ,O:AI,03 __ . _____________ 27. 517 25.89, 24.32, 15. 16, 12.56, 5. 89. 5. 840 

Molar ratio o f H ,O to 
3CaO·AI,03·3CaC03, en) ____ ________ 27.39, 25. 777 24.20. 14.969 12.36, 5.66, 5.72, 

H eat o f solution of sa lil ple, t:.Il. ___ J/g __ - 435.9, -466.6, -473.6, -706. 73 -781.2, -lOOO.20 -937.3, 

Corrc("ted heat of solution of t he 
3CaO·A1,03·3CaC03·,,1I,O :::.IL_ .. __ . _________ ____ ___ ______ . J/g __ -494. 83 -532. 3, -542.57 -786.17 -878.2, - 1158.9, - 1162. 60 

kJ /mo le __ -526.54 -550.94 -546.10 -660.4, -696.6, - 779.4, -783.0, 

" Exposed 17 days to LiCI before exposure to 20N H,SO. 
b Exposed 10 days to 20N H ,SO. and 17 days to LiCI before exposure to 23N H ,S04 
, Exposed 34 clays to LiC] before exposure to 23N H ,SO. 

T o conform to eq (1) , the corresponding sample 
weights for r eact-an ts 3CaO·Al20 3·6H 20 and CaC0 3 

.are 0.34 and 0.27 g, respectively, when dissohTed in 
740- 760 g of calorimeter acid. This co mpares with 
ample weights ranging from 0.26 to 0.44 g of 3CaO· 

A120 3 ·6H20 actually used with 600 g of acid in earlier 
work [6, 7], which co \'er the desired sample-acid 
ratio . Th e hec1.t or solu tion of 0.24 to 0.27 g of 
CaC0 3 in 740 g of acid was separately determin ed 
for this work because this sample-cwid ratio had not 
b een co \' ered in reference [7]. 

The h eat efFect of adding the 24 moles of H 20 
.appear ing ill eqs (1) and (4) was estimated as the 
partial molal heat con tent of H 20 in 2N H e l [4], 
neglecting the contribution of the small amoun ts of 
()ther sol utes present. 

4. Results a nd Discussion 

4.1. Heat of Solution of the Preparations 

The heats of solu tion obtained with the original 
preparations (dried at 79 % relative humidity) are 
hown in table 1. Those obtained for the lower

humidity preparations are shown in table 3. Both 
tables also show heats of solution of the pure calcium 
aluminate tricarbonate, after correction for the 
impurities in the sample. 

Detailed data of the heat-of-solution determina
t ions for calcium carbonate, sucrose, and prepara
tions 3 and 4, are shown in table 4. 

4.2. Correction for Impurities 

The calculation of the composition of a sample 
and of the heat of solution of the pure calcium 
aluminate tricarbonate present was performed as 
described in t he appendices to references [6] and [7]. 
The nature of the impurities was suggested by the 
chemical analysis and its departures from the 
theoretical ratios for calcium aluminate tricarbonate. 
Inasmuch as departure from stoichiometry is often 
ascribed to analytical e1"1"Ol", it is helpful to calculate 

what degree of uncertainty in the values obt~tined 
for impurities is attributable to the a n,tlysis; there
fore, the precision of the impurity contents w,ts 
calculated from the observed precision of the 
analyses. In general, the precision figures indicate 
th::tt most of the values for t he impurities are reli"ble 
to about 0.01 mole per mole of major component. 

The nature of the sucrose impuri ty was not 
ascertained. X-ray patterns showed none of the 
lines of pure SLlcrose, and it W,tS not possible to ob tain 
a powder sample of calcium saccharate sufficiently 
free of H 20 to produce a crystallin e difrmction 
pattern. The large variation of sucrose con Len t 
from one preparation to another (between 6 and 
12%) casts doubt on the hypothesis that the sucrose 
form s a part of the tricarbonate crystal sLructme. 
:Microscopical examin ation showed some irregular 
crystals with positi \ r e elongation and reIracli \'e 
indices slightly greater and slightly less than l.56 , 
which may be attributed to sucrose, but they were 
less numerous than would be expected from the 
chemical an::tlysis. DTA patterns and chemical 
analysis showed that the preparations contained 
organic matter that charred easily and was oxidized 
at about the same temp eratures as ptu'e SLlcrose. 
Consequently , for the purpose of correctin g th e 
observed heats of solution, the sucrose was treated 
as an impurity in its original form. 

The following values were used for the h eats of 
solution of the various impurities: 

CaC0 3 

Ca(OH)2 
Ab0 3.3H20 
sucrose 

LlH = -354 .00 J ig (table 4) 
- 1763.95 Jig [14] 

- 210.62 kJ/mole [7] 
+ 23.0 Jig (table 4) . 

Of the three determinations made of the heat of 
solu tion of sucrose, the one in voh 'ing tbe largest 
sample was used (table 4, s Llcrose, run 2) b ecause 
the greater temperature change could be measured 
more precisely. Note, however, that the values 
of the other two determinations agree quite well 
with that of th e determination chosen. 
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TABLE 4. H eat-oj-solution determinations 

Prep
ara· 
t ion 

Run 
Initial 
temp. ~rilllC Voltage Current 

Calibration 

H eater 
resistance 

Electrical 
energy 

Corrccted 
temp. risc 

Heat 
capacity 

Initial 
temp . 

Solution 

Samplc Corrected I 
weigh t tcmp~rature 

rISO 

H eat of 
sol ution 

fi ll 

St andard 
error 

------- ---------- -·---- 1-----1------1-----1------- -------------------
Ohm 

2.5413 
2.5401 
2.5426 

sec Foll 
479.993 9.16192 
599. 993 9. 17883 
599.993 9.23737 

A 
0. 132471 

. 132974 

.133831 

Ohm 
69.021 
69.027 
69.023 

Joules 
583.750 
732.3 19 
741. 739 

Ohm 
0. 020089 

. 025135 

.025455 

J lohm 
29.058. 2 
29, 135.4 
29,139. 2 

Ohm 
2. 5702 
2.5726 
2.5750 

y 
0.9993 
1. 0030 
1.0236 

Ohm 
0.014240 

.014205 

.014570 

J ig 
- 414.07 
- 413.74 
-414.77 

J ig 

Moan, before correction for i mpuritics _______ ____ . ___________ _________ . _______________________________________________________ _ - 414. 19 0.30-

2.5404 599.993 9. 142048 .132442 69.027 726.466 .025049 29, 001. 8 2.5726 1. 0286 .014360 -404.89 
2.5501 599.993 6.40689 .092746 69.080 356.524 .012233 29, 144.4 2.5705 1.1663 .015935 -398.20 
2.5402 599.993 9.17778 · 132G66 69.024 732.191 .025146 29, 177. 6 2.5721 1.0393 .014364 - 402.34 
2. 5403 599.993 9.17746 .132952 69.029 732.086 .025184 29, 069.5 2.574 1 0.9907 .013646 - 400.41 
2.5400 599.993 9.15160 · 132580 69.027 727.984 .025042 29,070.5 2 .. 1723 1.0299 .014378 - 405.83 
2. 5399 599. 993 9.16357 · 132763 69.022 729.942 .025162 29.009.7 2.5722 1.0414 .01 4519 - 404.39 

l\1ean, before cor rection for impurities. ___________ __ __________________________________________________________________________ - 402.68 1.:2 

2. 5399 1 599.993 1 9.07363 I .131471 I 
2.5479 599.993 9.06777 . 131376 

4(12 R.H.) 
69. 016 1 69.021 715. 743 1 714.764 

. 024554 1 

. 024635 
29. 149.8 1 
29,014.2 

2.5711 I 
2.5789 0. 8972 1 1.0510 

.013452 

.015753 
-437.07 
- 434.88 

Mean , he for e correction for impurities___ _____ _____ ______ _____________________________________________________________________ -435.98 1.1 

4(10 RH ) 2. 5409 599.993 8.24040 .119386 69.023 590.266 .020348 29, 008. 3 2. 5674 0.9352 .015043 -466.61 
4(5 RIl) 2.5657 599.993 8. 19526 · 118737 69.020 583. 842 .020051 29. 117. 8 2.5402 0.9003 .014646 -473.69 
3(5 RB) 2. 5696 599.993 8. 67179 .1 25633 69.025 653.670 .022520 29,026. 8 2.5399 0. 7774 . 018928 -706.73 
3(5 RH ) 2.5701 599.993 8.20185 .118819 69.028 584.714 .020138 29,035.4 2. 5407 0.7147 . 019231 -781. 26 
3(ORH) 2. 5463 599.993 8.711 94 .126235 69.014 659. 843 .022483 29.348.0 2.5754 0.6610 .022483 -1000.20 
4(0 Rll) 2.5721 599.993 8.72583 .126420 69.023 661. 864 .022761 29.078.5 2.5408 0.650 1 .020956 -937.37 
----------------- -----
a CaCO, b 1 d 28. 845.8 ---------- 0.2492 .003930 '-354.37 

, 2 d 28, 770. 2 ---------- 0. 2710 . 003977 '-353.62 

Mean _ ___________ ___ ______________ _________________________ _ ___ __________________________ ______________________ ____ __ _ _____ __ -354.00 O.3S 

2. 6095 1 I 69.058 1 

Sucrose - I 

239.993 1 8. 99702 .130282 1 
2 
3 

Calibrations on the same charge at different initial temperature levels. 

1 1 2. 5398 1 2 2.5828 
599.993 1 9.18300 
419.993 9. 18084 

1 

. 133044 1 

.133005 
69. on I 
69.026 

281. 308 1 .009653 1 

d 28, 590.1 1 __________ 1 
d 29. OM. 1 2.6057 

29, 142. 0 2. 6092 

733. 038 1 512.854 
. 025070 I 
.017536 

29.239.6 1 
29.245.8 

0.4511 1 I. 1700 
0. 1103 

--
-. 00032 
-.000928 
-. 000085 

+ 20.3 
+23.0 
+22.5 

a Hanging-bUlb technique for CaCO, and sucrose, run 1. Sealed-bul b for all other determinations. 
b Deternlined without t he addit ion of tri calciU1l1 aluminate. 
c Determined in acid to which 0.3268 g of tricalcium a luminatc hexahydrate had been added . 
d }[eat capacity calculated from an average of previous run s and corrected for difference in weight.s of sample, bulb i and \vater in bUlb. 
e Tot9.l energy in each run corrected for energy of dilution of acid with water. 

Run 1- 7.6780 g H 20, total energy 113.36 J, dilution energy 25.05 J, solutioll energy 8S.31 J. 
Run 2- 5.6985 g H20, total energy 114.42 J, dilution energy 18.59 J , solution energy 95.83 J . 
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FIGUHE ·1- Heat oj solution oj 3CaO·AI20 a·3CaCO,·nH20 (c). 
Closed ci rcles represent samples of preparations 3 and 4. Open circles represent 

sam.ples of preparations 1 and 2. The sol id curve was obtained from the closed 
circles. 

The estimated standard error in the corrected 
heats of solution (calculated as described in the 
appendix) is about 2 kJ per mole. The poor preci
sion of the sucrose analyses (which resul ts from the 
poor precision of the determination 0(' CO2 by igni
tion) does not seriously affect the standard error of 
the corrected heats of solu tion because it enters 
only one of the minor terms in the calculation. 

4.3. Heat of Solution of Calcium Aluminate Tricar
bonate 

Figure 4 is a plot of the corrected heats of solution 
against the calculated H 20 content of the pure 
compound. The points are derived from tables 1 
and 3. The solid curve represents the followin g 
quadratic equation calculated by least squares 
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from the points: 

~H= - 865.566 + 15 .2184n - 0.10296n2 (6) 

wher e 

~H=heat of solution in kJ/rnole calcium al uminate 
tricarbonate. 

n = moles H 20 /mole calcium alu minate tricarbonate. 

The CLllTe w as ob tained only from th e closed 
circles, representing preparations 3 and 4 . Open 
circles r efer to th e corrected h eats of sol ution of 
preparations 1 and 2, which wer e n ot used in calcu
lating the eq ua tion, for r easons discussed in section 3 . 

The cry stal s tructure of som e of th e complex 
calcium al Llmin ates r em ains in tact as th e H 20 
con tent is d ecreased [8] al th ough th e in terplanar 
spacings may change. H owever, the x-ray patterns 
of th e tricarbonate samples dried at relative hu
midi ties of 12 p ercen t and less showed no ch ange in 
interplanar spacings, but did show a progr essive 
loss of in tensi ty wi th complete disappearance of 
the p eaks at 6H 20 and li t tle evidence of them at 
14H20 . The microscop e rel·ealed incr easing q ua n
tities of tr ap ezoidal plates wi th positi ve elongation 
a nd refract i ve indices of 1.523 a nd 1.545, suggestive 
of calcium aluminate m onocarbonate or tetracal
cium aluminat e (3CaO ·Alz0 3· Ca(OH)2 . 12H 20 ) , bu t 
quite different in appearance from the cry stals of 
these compounds usually obser ved. E viden tly there 
was decomposi tion or loss of crystallinity accom
pa nying t he loss of H 20 and there is som e indication 
in the x-ray patterns that much of this chan~e took 
place between 26 and 24H20. I t is possible t hat 
the lower H 20 con ten ts r epresen t mixtures of 
30HzO material and decomposition products . 

From eq (6) , the h eat of solution of 3CaO ·A120 3 • 

3CaC0 3· 30H 20 in 2.00N H Cl (at a sample-sol ution 
ra tio of 1:755) is ~II= - 50U\8 kJ/mole. Th e change 
of h eat of solu tion wi th H 20 content at this p oin t , 
d(MJ) lcln , is 9.04 kJ/mole p er m ole H 20 . 

4.4. Heat of Formation of the Product From the 
Reactants 

The heat of the reaction represented by eq (1) is 
calculated from the heats of sol ution of the reactan ts 
and products. The heat effects of eqs (2), (3) , (4) , 

a nd (5) are added, as follows: 

M I 2 = - 580.36 kJ/m ole 
M I 3=-106.29 
~n= - 1. 61 

-~H5=+ 501. 68 

!1H1=-186 . 58 

eq (2) 
eq (3) 
eq (4) 

- eq (5) 

eq (1 ) 

The heat effect of eq (2) was ob tain ed from th e 
value of 1546.93 J /g for a sample of 3CaO· Ab0 3· 
5.859H 20 (7), by correcting for its impurity conten t 
of 0.007 m ole CaCO~ per mole Al20 3 [6), and s ub
tracting the correction of 0 .46 kcal/m ole (1.925 
kJ/mole) discussed in reference (8). 

4 .5 . Heat of Formation of Calcium Aluminate 
Tricarbonate From the Elements 

T he heat of formation of calcium aluminate tri
car bonate is t he sum of th e heat effect of eq (1 ) and 
of the heats of formation of th e reactants (3): 

M I [, 3CaO ·Al20 J • 6H 20 (c) 
M-Il , 3CaCO" (c) 
~Hf' 24H 20 (1) 
M-I, eq (1) 

= - 556l. 
=-3620.6U 
= -- 6860.16 
=- 186.58 

~H;, 3CaO·A120 3·3CaC0 3·30H20 (c) = - 16,228 '36 
kJ/mole. 

4 .6 . Summary of Heats of Formation and Heats of 
Reaction 

The resul ts of t his paper and of referen ces [6, 7, 8) 
may be combined and up dated to produce th e fol
lowing thermochemical data on complex calciu m 
ali lmin ates: 

H eats oJ Formation, M17 

3CaO·Alz0 3·3CaC0 3·3 0H20 (c) 

3CaO·Al20 o·CaC0 3·10.68H zO (c) 
3CaO.A120 3·3CaS0 4·32H 20 (c) 
3CaO·Alz0 3·3CaS0 4·31H20 (c) 
3CaO.AI20 3·CaSOd2H20 (c) 

Stepwise H eats of R eaction , ~H 

- 16,228' 36 kJ / 
mole 

-- 8,188 '76 
- 17,548 '38 
- 17,252 '06 
- 8,788 .19 

~II= -83 .16 kJ 

3CaO ·A120 3·CaC0 3·10.68H 20 (c) + 2CaC0 3 (c) + 19.32H20 (1) -73CaO ·Ab03·3CaC0 3·30H20 (c) 
~II= - 103 .42 kJ 

3CaO·A120 3 ·6H 20 (c) + CaS0 4·2H20 (c) + 4H"O (1)-73CaO·AI20 3·CaS0 4· 12H20 (c) 
MI=-62.71 kJ 

3CaO·A120 3·CaSOd2H 20 (c) + 2(CaS0 4 ·2H20 ) + 15H ,O (1) -73CaO ·A120 3·3CaS0 4 ·3 1H20 (c) 
~H= - 1 34. 02 kJ 

3CaO·Alz0 3·CaSOd2H 20 (c)+2(CaS0 1·2H20 ) (c) + 16H20 (1) -73CaO·AbOs·3CaS0 4·32H 20 (c) 
~H= - 1 44.50 kJ 

415 



5. Appendix 

The standard errors of the mole ratios and the 
standard errors of the corrected heats of solution, 
arising from the estimated standard errors of the 
original analytical determinations and heat-of-solu
tion determinations, were calculated directly from 
the original independently measured quantities 
by the general formula for propagation of error for 
independent variables 

where SF is the standard errol' of the function 
F(x, y , z, ... ) and Sx, S v, S" .. . are the stand
ard errors of x, y , z, ... , respectively, and the partial 
derivatives are to be evalu ated at the averages of 
the variables [15]. The independently measured 
quantities were: CaO, A120 3, loss on ignition , CO2 
by acid attack, CO2 by ignition, heat of solution 
of the preparation, and heat of sol ution of CaC03• 

Also treated as an independent quantity was the 
heat of solution of Ca(OH)2, obtained from triplicate 
determinations in [14]. By making each standard 
error calculation directly from the original inde
pendent quantities, the effects of cross-correlation 
obtained in stepwise calculation were eliminated. 
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