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Heats of Formation of Some Barium Aluminates 
R. B. Peppler and E. S. Newman 

The heats of solution in H CI, 26.61 H 20 of e ight co mpounds in the system BaO-AI20 3-

H 20 were determin ed. From t he~e data and data taken from t he literature, t he heat of 
formation of the co mpounds at 25° C were calculated. 

1. Introduction 

The hydrated barium aluminaLes have been studied 
by several investigators in order to determine their 
solubility relationships (1 , 2, 3, 4],1 but there arc 
virtually no thermochemical data available on these 
compounds. The purpose of the present investiga
tion is to determine the heats of formation of some 
of the barium a.luminates and barium alumi
nate hydraLes b.\· measuring the heats of solu tion 
of these compounds in 2.00 N HCl. The fol
lowing compo unds were s tudied: BaO.A120 a, 
3BaO.A120 :J, BaO.A120 a.HzO, BaO.AJzOa.2HzO, 
BaO .A120 3.4H20 , BaO.AlzOa.7H20 , 2BaO.AJzOa.5H20 , 
and 7BaO.6AI20 a·36H20 . 

2 . Experimental Procedure and Results 

2 .1. Preparation of the Compounds 

The two anhydrous barium aluminates were 
obtained by igniLing appropriate mixtures of BaC03 
and AJ20 3.3H 20 (gibbsite) at 1,400° C Lo obtain 
BaO.A120 3 and at 1,300° C to obtain 3BaO.AJzOa. 
The hydrates BaO.A120 3.1120 and BaO.Alz0 3.2H20 
were prepared hyd ro thermally; BaO .AI 20 3.4H20was 
prepared by allowing BaO.Alz0 3.7HzO Lo s tand in 
contact with an aqueous barium aluminaLe solution; 
7BaO.6AJ 20 3.36HzO and BaO.Ab03.7HzO were pre
pared by pl'Ccipitation from a supersaturated aqueous 
solu tion of Ba (OH)z and BaO.Alz0 3; and 
2BaO.A120 3.5FfzO was prepared by boiling gibbsite in 
a Ba (OH)z solution. Full details of the preparation 
of these compo unds have been presented elsewhere 
[3 , 4]. 

The compounds were stored in glass jars for vary
ing lengths of time prior to this investigation. The 
composition of each had been established by chemical 
analysis and petrographic examination, and it was 
assumed that no significant changes had occurred. 
The un certainty in the composition of the com
l)Ounds was estimated to be of the order of 1 percent. 

2.2. Heat of Solution of the Compounds 

The heats of solution of 2-gram samples of each 
compound in 640 grams of 2.00 N hydrochloric acid 
were determined in an isothermally jacketed 
calorimeter [5]. Solution was complete except in 
the cases of BaO.AJz0 3.H20 and BaO.A120 3.2H20 
where about 1 and 0.1 percent, respectively, of in
soluble residue remained. An analysis of these res
idues indicated that they were un com bincd gibbsite, 

1 Figures in brack ets ind icate the li teratu re rcferen ces at the end of tb is paper. 

They were considered impurities, and the sample 
weights were correc ted accorcl ingl.\' . The initial 
calorimeter temperature was so chosen in each case 
that the final temperaturC' would be approximately 
25° C, the temperature of the bath. The beat-of
solu tion data (see table 1) are the calculated iso
thermal heats of solution at 25° C. It ma \' be 
noted that the heats of solution per gram of the two 
anh.nlrous co mpounds are higher than that of any 
of the b.nlrates, and that in tbe series BaO .AJ20 3.I-IzO, 
BaO.Alz0 3.2HzO, BaO.Alz0 3.4H20 , and BaO.Alz0 3. 
7I-I20 , the heat of solution decreases as lhe percent
age of combined water in the compound increases. 

T AR I"E J. lIeats oj sollllion and Jormation oj the barium 
aLwllinates 

I lea L of solu Lion 

Com poun d 

ca l/g kca l/ mole 

------.--------I 

B a O ._ ........ _ ... _ 
Ah O, (a) .. _._ .•. _. _ 
Ba O.AJ,O, ... _ .. _. 
3B aO .AI20 , ...... . 
BaO.AhO,. H 20 .. .. 
B aO. Ah O,.2J1 20 .. 
BaO.AJ, O, .4 T1 20 .. _ 
B a O.AJ,O,.7H20 _ . 
2BaO.AhO, .5H 20 .. 
7BaO .GAJ,O,.3Gll , 0 

1>-419. I 
b-588. j 
,-39:3. 6± 0. 2 
-370. 6±0. :l 
- :333. O± O. I 
-300. 6±0. 2 
-2'10. O± O. 8 
- 190. 4± O. 2 
- 219. 0± 0. 1 
-22 . 4± 0. 1 

1>-61. 28 
1>-59.95 
- 100.5 
-208.3 

- 91. 02 
-87.57 
- 78.57 
- 72. 62 

- 109.2 
-5:33. 0 

• From B aO (c), AI20 3(C, a ), a nd il 20 (I) . 
b Calculated valu es. 

' Standard deviatioo =± {i;li. 'I N 

-, 
H eat of fon na Lion, 

-,Jlf , at 250 C-

From the I From th e I 
ox idcSll ('1(' 111('11 t, 

kc aZ/mole 

-2:3.99 
- 44 .96 
-32. 95 
-36.39 
- 45.36 
-51.29 
- 78.88 

- 274.00 

. call mole 
- 1:33. 4 
-399. I 
-55G.5 
-844.2 
- G33.8 
- 705.5 
-85 1. I 

- IOG2. 0 
- 1080.6 
-0062.5 

2 .3 . Heats of Formation 

The heats of formation of these barium a luminates 
may be calculated from their heats of solution and 
th e beats of solution of BaO and A120 3 in the acid 
used. The heats of solution of these two oxid es in 
2.00 N hydrochloric acid were calculated, because 
gibbsit.e dissolves very slowly at 25° C and BaO is 
difficult to prepare. 

Thorvaldsen, Brown, and PeakeI' [6] calculated the 
hea t of solution of Alz03 in HOI, 200 H 20 . Their 
method is applied in th e prese nt work except that 
more recent data (7, 8] are used. The heat of solu
tion of Alz03 (c,a ) in HOI, 26.612 H 20 is obtained as 
follows: 

2 In the preeeclin g pa per in this series [9]. the conce ntration of 2.00 lV H C I was 
gi ven as H C I, 26.64 H , O. This value was calculated fro lll Lhe data fo r t he denSity 
of aqueous H CI at 250 C taken fro m the Internationa l Crit ical Tables . A new 
calculat ion usi llg more precise molecular weights gives the concentration as 
HCI, 26.61 H , O, a nd this new ,-a lue is used t hrough the pre,ent p aper . 
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2AI (c)+ 6(HCI , 12.74H20 )=2(AICla, 38 .21HzO) + 
3Hz(g) !:lH1= -253.67 kcal [6] (1) 

Alz03(c,a) = 2Al (c)+3/202 (g) 
+ 399.09 kcal [7] 

3H2 (g) + 3/2 Oz(g)=3H zO(l) 
- 204 .95 lecal [7] 

3H20(l)+2AIC13, 38.21 H 20 = 2(AlC13, 

(2) 

(3) 

39.71 H 20) MI4 = -0.24 kcal (4) 

The sum of the above four equations gives eq 5: 

!:lHIO was assumed to be negligible ; consequently, the 
value of !:lHll is the same as that of !:lH9' 

When the equations describing the solutions of the 
compounds are subtracted from the sum of th e 
equations describing the solution of the oxides, 
equations arc obtained from which the heat of reac
tion of the constituent oxides may be deduced. The 
heats of formaLion of the compounds may be cal
cula ted from the heats of reaction of their constituent 
oxides, using their known heats of formation. 

The calculation of the heat of formation of 
BaO.Al203 is presented in detail to illustrate the 
method. The three equations that represent the 
solution of the constituent oxides and the compound 

A120 3(c,a) + 6(HCI, 12.74 H zO)= 2(AICI3, are: 
39.71 H 20) !:lHs= -59.77 kcal (5) 

The desired heat of solu tion, however, is represented 
by the following equation: 

Alz0 3(c,a)+ 6(HCI, 26.61 H zO)= 2(AICI3, 
81.34 H 20 ) MI6= - 59.95 kcal (6) 

Equation 6 :may be obtained by adding to eq 5 the 
following two equations, which represent the neces
sary dilutions: 

2 (AICla, 39.71 H 20) = 2(AICI3, 81.34 H 20) 
MI7= - 2.96 kcal (7) 

6(HCl , 26.61 H 20 )= 6(HCl, 12.74 H 20 ) 
!:lHs= + 2.78 kcal (8) 

The value of !:lH4 was determined by the authors 
to be - 0.24 kcal; that. of !:lJ-Is is - 59.77 kcal, the 
sum of !:lHl , !:lH2, !:lHa, and !:l[-h The value of !:lH7 
was found to be - 2.96 kcal. 

The heat-of-formation data for aqueous HCl [7] 
solu tions were plotted against the square roots of 
their corresponding molalities, and from the resulting 
curve the value of !:lHs was estimated to be + 2.78 
kcal. In each case, !:lH represents the heat effect of 
the equation as written. 

The value of !:lH6, which is the sum of !:lH5, !:lH7 
and !:lHs was calculated to be - 59.95 kcal. 

The heat of solution of BaO in 2.00 Nhydrochloric 
acid was obtained as follows: 

BaO (c)+ 2(HCl, 26.61 H 20 ) = BaC12, 53.23 H20 + 
H 20 (1) !:lHg= - 64 .28 kcal (9) 

BaC12 , 53.23 H 20 + H 20 (1)=BaClz, 54.23 H 20 + !:lHIO 

The sum of these equations is 
(10) 

BaO (c)+ 2(HCl, 26.61 HzO )= 
BaClz, 54.23 H 20 !:lHll = -64.28 kcal (ll ) 

which represents the solu tion of BaO in an exactly 
equivalent a:mount of 2.00 N hydrochloric acid. The 
value of !:lHg was obtained from heat-of-formation 
data available in the literature [7]. The value of 

BaO(c) + 2(HCl, 26 .61H20 ) = BaC]z, 54.23H20 
!:lHll=-64 .28 kcal (ll ) 

AI20 3(c,a) + 6(HCl, 26.61HzO)=2(AICla, 81.34HzO) 
!:lH6=-59.fJ5 kcal (6) 

BaCh, 2AICI3, 150.3HCl, 4218HzO= BaO.Alz03(c)+ 
158.3(RCl,26.61HzO) !:lHI 2=+ 100.49 kcal (12) 

The sum of these three equations is the following 
equation: 

BaO(c) + Alz0 3(c,a)+ BaC12,2AICla, 150.3HCI, 
4218 H zO= 2(AICI3, 81.34HzO) + 
BaO.Alz03(c) + l50 .3(HCI, 26.61HzO) + (13) 
BaClz, 54.23H20 MIl 3 = - 23.74 kcal 

It may be seen that eq 13 cont,ains the desired equa
tion, which is 

BaO (e) + A120 3(c,a)=BaO.Alz03 (c) (14) 
!:lH14= - 23.99 kcal 

In order to obtain eq 14 from eq 13, the following 
two equations may be added to eq 13: 

150.3 (HCl, 26.61HzO)+BaClz, 54.23HzO= BaClz, 
150.3HCl, 4054H20 !:lHI 5 = + 0.072 kcal (15) 

BaClz, l50.3HCI, 4054H20 + 2(AlCI3, 81.34H20 )= 
BaClz, 2AICI3, l50.3HCl, 42l8HzO 
M -i 16=+0.175 kcal (16) 

To ealculatc !:lH14, it was necessary t.o determine 
tJ.H15 and !:lH16 experimentally. 

The sum of !;H13,-!:lH15 , and - !:lH16 is the desired 
value of tJ.H14• The values of !:lH6 and !:lHll have 
been shown t.o be -59.95 and - 64.28 kcal, respec
tively. The value of !:lH12 was determined by the 
authors to be + 100.49 kcal. The value of t:.H13 , the 
sum of !:lH6, tJ.Hu , and !:lH12, was then calculated to 
be - 23.74 keal. To this was added the values of 
tJ.H15 and !:lH16, determined by the authors to be 
+ 0.072 and + 0.175 keal, respectively, to obtain 
- 23.99 keal, the value of !:lH14 • 

In an exactly analogous manner, the heat of for-
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mation of 3BaO.Al20 3 from its constituen.t oxides, as 
represented by eq 17, may be calculated. 

3BaO(c) + A120 3(c,a) = 3BaO.Ab03(C) 
6H17 = - 44.05 kcal (17) 

The procedure for calculaLing the heats of forma
tion of the hydrates is the same, except that the water 
of hydration must be considered. The calculations 
for BaO.AI20 3.H20 are presented in detail to illus
trate the method. The eq uaLions representing the 
solution in 2.00 N hydrochloric acid of the constit
uent oxides an.d of the compound are 

BaO (c) + 2(HCl, 26.61H20 )= BaC12, 54.23H20 
6H6= - 59.95 leeal (6) 

A120 3(c,a) + 6(HCl, 26.61H20) = 2(AlC13, 81.34H20) 
MIll = - 64.28 kcal (11) 

BaC12, 2AICb, 161.5HCl, 4517H20 = 
BaO.A120 3.I-I20 (c) + 169.5(HCl, 26.61HzO ) 
6H18 = + 9l.02 kcal (18) 

H zO+ BaClz, 2Al013, 16l.5HCl, 4516H20 = 
BaOlz, 2AICb, 16l.5HOl, 4517H20 + 6H19 (19 ) 

The sum of these four equations may be separated 
into the followin g two equaLions: 

BaO (c) + Alz0 3 (c, a) + H 20(l) = BaO.A120 3.H zO (c) 

and 
D.Hzo= -32.95 kcal (20) 

BaCI2 , 2AICb, 161.5HCI, 451611 z0 = BaClz, 
54.23HzO+ 2(AlCl3, 8l.34H 20 )+ 161.5 (HCl, 
26.61H20 ) MI21=-0.262 kcal (21) 

where eq 20 is Lhe desired equaLion and eq 21 may be 
broken down into components whose heat effects 
may be separately determined as follows: 

16l.5 (HCI, 26.61HzO)+BaClz, 54.23H20 = BaC12, 

16l.5HCI, 4298H20 Mlzz = + 0.074 lecal (22) 

BaClz, 161.5HCl, 4298HzO+ 2(AICb, 
8l.34HzO)=, BaClz, 2AICb, 16l.5HCl, 4516H20 
MI23 = + 0.188 kcal (23) 

The values of D.H6 and 6Hll have been shown to 
be - 59.95 and - 64 .28 lecal, respectively, and the 
value of 6H18 was determined experimentally to be 
+ 9l.02 kcal. An attempt was made to determine the 
value of 6H19 experimentally, but its magnitude was 
so small that it co uld not be measured with any 
degree of certainLy with the available apparatus, and 
is therefore assumed to be zero. The sum of 6H6, 

D.Hu , 6H1S, and 6H19 was then calculated to be 
- 34.89 k eal. The values of 6Hzz and 6H23 were 
determined by the authors to be + 0.074 and + 0.188 
kcal, respectively. Adding these to the previous 
sum gives a value of - 32.95 kcal for D.Hzo. 

In an analogous manner the h(,3 ts of formation 
from their constituent oxides of t,he oth('r barium 

aluminate hydrates may be calculated. The corre
sponding reactions are: 

BaO (c) + Alz0 3 (c,a) + 2H20 (1) = BaO .Alz0 3.2HzO (c) 

MI24 = - 36.39 kcal (24 ) 

BaO (c) + Ab03 (c,a) + 4H20 (1) = BaO.AJ20 3.4H20 (c) 

D.H25 = - 45.36 kcal (25) 

BaO (c) + Ab03(c,a) + 7H20 (1 ) = BaO.Alz03.7H 20 (c) 

6H26 = - 5l.29 kcal (26 ) 

2BaO(c) + Alz0 3 (c,a) + 5H20(l) = 

(27) 

Ml28 = - 274.60 keal (28) 

For each of these compounds, a group of equations 
was wrilten, and appropriate dilution experiments 
w('re performed. This work required some 17 addi
tional equations of Lhe type already shown. These 
eq uations differed slightly from those al ready gi Ten 
because thc heaLs of solu tion were all drLermined 
usin g 2-gl'am samples and a fixed amount, 640 g, 
of 2.00 N HCl. It was felt Lhat Lhese equations and 
calcula tions need not be shown in detail. It was 
found to be unnecessary to perform each dilu tion 
because of the narrow range of the heat effe cts. 
Accord ingly, the valucs presented in table 2 were 
plotted and the desired l)eats of dilution detmmincd 
by interpolation. 

TABL1;; 2. lfeats of dilution 
-= 

Amount of I w r ighL of I 
s~~~~n J3aCb 

+!l J[ 

I 

+!l tr 

Varying amoun~~ of a 17.57-percent aqu cous >olulion of 
BaCb in GIO g of 2. 00 N llCI 

'n"l g cally I kcallmole 
0.562 O. 1162 0.5 17 

I 

0. 108 
5. 62 1. 1616 . 415 (a vg of 4) .086 
8. 00 1.65'35 .324 . 068 

10.73 2. 2178 .282 (a vg of 2) .059 

Var ying " moun ts of 8.34-perccnL aqueous AICh solu Lion 
in 610 g of 2.00 N H CI and 8.18 ml of 17.57- percenL 
BaC]' a queous 

Amount of " -eight of + !lII +!l J[ 
AICh 

solution AI Ch 

ml y cally !;cal/mole 
10.59 0.9491 1. 08 (a vg of 2) 0.144 
23. 70 2. 1234 0.66 (avg of 2) .088 

From the lmown heats of formation of the constit
uent oxides , the heats of formation from their con
stit-uent elements of these barium alumi.nates were 
calculated and are shown in tablr l. 

The authors' value of the heat of formation of 
BaO.Alz0 3 differs widely from that of Avgustinik 
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and Mchedlov-P etrossian [11], who calculated t,heir 
value from the pressure developed by heating an 
equimolar mixt ure of BaS04 an d Alz0 3. These 
investigators, however, did no t identify the products 
of their reaction, and in a subsequ E'nt investigation 
[12] in which one of them analyzed the products 
formed by igniting BaS04 and Ab03 in the appro
priate stoichiometric ratio, he was unable to produce 
BaO.Alz0 3. 

Grube and Heintz [13] have calculated the heat of 
formation of 2BaO.Al20 3 from BaO.Alz0 3 and BaO 
to be - 2.11 kcal/mole. The existence of 2BaO.Al20 3. 
however , is no t accepted by many investigators, and 
the present authors made no measurements with 
samples of that stoichiometric composition . 

3 . Summary 

The heats of solution in 2.00 N hydrochloric acid 
of eight compounds in the system BaO-AlzOa-H 20 
were determined in an isothermall)T jacketed calorim
eter. The h eats of solution of two anhydrous 
compounds were found to be higher than those of the 
hydrates . In a series of hydrates that differ only in 
the amount of water of hydration, the heat of 
solution decreases as the percentage of combined 
water increases. The heats of formation of these 
barium aluminates were calcula ted from their heats 
of solution , th e heats of solution of BaO and Alz0 3 in 
the acid used, and from data available in the litera-

ture. From the data presented , the hea ts of hydra
tion of several barium aluminate hydrates may be 
readily calculated. 

The authors gratefully acknowledge the assistance 
of E. T. Carlson, who prepared the compounds 
studied in this investigation . 

4 . References 

[1] E. Beckmann , J . prakt Chem. [2j 26, 385 to 421 , 474 to 
503 (1882); 27, 126 to 152 (1883) . 

[2] G. Malquori , Gazz. Chim . itaJ. 56, 51 (1926). 
[3J E. T . Carlson and Lansing S. Wells, J . Research NBS 41, 

103 (1948) RP1908. 
[4] E. T. Carlso n, T. J. Chaco nas, and L. S. Wells, J . Research 

N BS 45, 381 (1950) RP2149. 
[5] E . S. New man and L. S. Wells, J . Research NBS 20,825 

(1938) RPll07. 
[6] T. Thorvaldsen, VV. G. Brown, and C. R. Peaker, J . Am . 

Chem. Soc. 52, 3927 (1930). 
[7] F. D. Rossini, Selected values of chemi cal t hermodynamic 

propertie~, N BS C500 (1951). 
[8J F . E. Young, J . Am. Chem. Soc. 66, 777 (1944) . 
[9J R. B. P eppler anel E . S. Kewman , J . R esearch NBS 46, 

121 (1951) RP21 83. 
[101 F. D. Rossini, BS J . Research 9, 679 (1932) HP409. 
[J 1J A. 1. Avgustinik and O. P. Mtched lov-Petrossian. 

J . Applied Chem. USS H 20, 584- 90 (1947) . 
[12J G. :VI. Smirnov and O. P. Mch eellov-Petrossian , Dokl vdy 

Akvel. Nau ch. USS R 64, 223-4 (1949) . 
[13] G. Grube u G. H ein tz, Z. E lectrochcm. 41 (8) 797 (1935) 

'iVASHING'l'O N, :\Iay 11, 1951. 

442 


	jresv47n6p_439
	jresv47n6p_440
	jresv47n6p_441
	jresv47n6p_442

