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- Introduction

Wr 1s an instrument capsble

is possible to achieve a precision of 1 part in 10,000 or 0.01%.

of w measurements. In the combustion of orgaxiic compounds it ’
This is ‘ ‘ ' !
commonly done in standerds laboratories where certified |

benzoic acid is prepared. A precision of 0.03% has been attained
by many experimenters, and a precision of 0.1% is common. However, }

when the heats of combustion of the elements™ are considered, see

*%

The heat of formation of the oxide formed in the combustion is
used a8 a measure of the heat of combustion. This allows compari-
son of results between combustion calorimetry and other methods of
determining heats ‘'of formation. The heats of formation of the
oxides of hydrogen, pitrogen, ‘and the halogens are not considered
because they are not measured in a bomb calorimeter. | |
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Table 1, it 1s found that 6nly for carbon has the heat of combustion
been measured with a precision close to 0.01%. If the precision is
lowered to 0.03% then sulfur may be added to the list. There are 16
additional elements whose heats of combustion have been measured with
a precision between 0.03% and 0.1%. Since the heats of combustion of
54 of the elements under consideration have been measured, this means
that for 36 of them the precision is poorer than 0.1%.

Of these 18 elements whose heats of combustion have been
measured with a precision of 0.1% or better, only for aluminum,
carbon, magnesium, molybdenum, sulfur, and tantalum are there

measurenents from at least\fzg_}aboratories, each with a precision

of 0.1% or better, agree@gg’giggig\glf%. This seems to be a rather

poor showing in view of the capability of the method. Therefore, a
consideration of the sources of error in a combustion calorimetry
WW\/ . -

experiment seems‘appropriate.

Sources of Error in Combustion Calorimetry

There are, of course, the errors involved in determining the
corfected temperature rise and in determining the energy equivalent.
These have been thoroughly discussed® and are mentioﬁed here only
for completeness. However, it 1s worth remarking that the use of
certified benzoic acid as a standard substance for the determina-
tion of the energy equivalent has provided a means for tying to-
gether the results from combustion calorimeters all over the world,

This has been of great benefit to combustion calorimetry.
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The determination of the 1énition energy has been given con-
siderable attention in recent years. A method using a current
intemtor is discussed in the paper by Mackle and O'Hare con-
tributed to this Session.Z The use of proper methods should make
any error from this source negligible. |

The oxygen must be purified to remove any combustidle contam-
inants., Its pressure should be measured and the presence of any
noncombu-stible- contaminants, such as argon, should be known so that
its initial state will be known. The bomb sh§uldvbe flushed to
remove nitrogen unless nitrogen oxides can be tolerated.

There is no satisfactory substitute for high purity in the

sa,mple.‘ In actual practice, hovever, the calorimetrist is usuelly
dependent on someone else for his source of supply. Even if he
purifies his materials himself, he has to strike a compromise be-
tween the highest possible purity and the time available for doing
the purification. The presence of impurities is probably the ‘smx'rce
of most of the uncertainty in the majority of these experiments.

The sample should be Mzed for everything that could be
present. lThe impurities in the starting materials from vhich the
sample ve.s mdmwod used in making it, can serve as
guides. In addition it shouldblbe remenmbered that oxygeh, carbon,
hydrogen, and nitrogen are everpresent contamina.nts.A The uncertain-
ties in the analyses will, of course, show up as uncertainties in
the correction for impurities, so they should be determined or

estimated.
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The presence of impurities causes uncertainties in the results
of & combustion experiment in many ways besides the uncertainty in

the correction for the heat evolved by their combustion. They may
not be uniformly distri‘éuted, thus causing scatfer in the results.
Their chemical state may not be known, or, if it is known, the heat
of formation of that chemical state may not be known. They also
give rise to side reactions if the oxide formed by combustion of the
impurity reacts with the main oxide or dissolves in it.

There are other sources of side reactions. If the fuse 1is not
of the sams material as the sample, then its oxide may react with
the main oxide. Wires of most metals are now avallable and the best
fuse 1is a wire of the same material as the sample, if the sample 1s
a metal. The oxide formed from the combustion is very hot, usually
molten. It must be contained on a material with which it will not
réact. Usually the best material is some more of the same oxigde.

If a different kind of container is used the effect may be small or
large. Examples are plutonium burned on ThOp or PuOp, where the
difference is less than 1% and scandium burned on Alz03* or Scz03°
where thé difference 1s ebout 2%. High precision is not evidence |
for lack of reaction with the container.%,% “

Account must be taken of the possibility of a wxides
being formed, as for vanadium.® Or the stoichiomatry may be off
from the desired value, as 18 sometimes the case for uranium.’ The

stoichiometry of the refractory oxides which have been quenched from
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the melting point has.not been sufficiently studied and it is quite
possible that significant errors can arise from this cause in the
determination of the heats of formation of such oxides. Therefore,
the products of the reactionlmust be characterized.

After the reaction is over a determination must be made of the
amount of reaction. This may simply involve collecting the combus-
tion products and weighing them, or it may involve more complicated
-methqu of analysis depending on the substance in question.

Some substances are reactive with oxygen at 25°, It is there-
fore necessary to make a preliminary test to see if reaction with
oxygen occurs under the bomb conditions before ignition.

Finally, the energy having been measured and the reaction to .
which it applies having been determined, everything must be referred
to standard states so that a thérmodynamically meaningful statement
can be made sbout what has been done.® For solid materials, account
should be taken of strains, defects, and other imperfections. For
the §tart1ng material such imperfections can probably Ee eliminated.
For the combustion product it may not be possible. If the combustion
product 1s a smoke or otherwise finely divided so that it has a
large surface area, surface energy may be ;mportant. In this case,
also,‘significant quantities of gas may bé adsorbed and the heat of

adsorption might be significant.

Confirmation of Results

The question of confirmation of results has been mentioned
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briefly. There are two fundamentally different kinds of confirmation.
The heat of combustion may bhbe confirmed by another investigator using
a different calorimeter and a different aample. This 1s a necessary
kind of confirmation. However, it does not eliminate the possibility
of systematic errors which may exist in the mature of the experiment
itself such as, for example, deviations ‘of the combustion products
from the expected stoichiometry. A more fundamental kind of confirms-
tion 1s that in which the heat of formation cbtained by combustion
calorimetry is found to be in esgreement with the heat of formation as
determined by a different type of experiment, e.g., solution calorimetry
or equilibriuﬁ measurerments. This type of confirmation is weli
illustrated for iron where f;our kinds of measurements give agreement
as to the heat of formation of FegO, within 0.15%. (see Table 1).

The Combustion of the Elements

o The foregoing remarks serve as an introduction to Teble 1 which
is an attempt to show what has been done in the combustion calorim-
etry of the elements and the confirmation experiments wvhere they
are available. The columms on the left give, in order, the oxide,

a selected value for its heat of formation as determined by combustion
calorimetry, and the preciéion of the détermination expressed m‘per
cent. The columms on the right give similar information for the
confirmation experiments. The combustion references are beiieved to .
be nearly complete. The solution references are not quite as complete

as the combustion references. The references to equilibrium methods
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are not complete. Attention 1s called to the following points. TFor
only one element, magnesium, has the heat of combustion been messured
‘with a precision of 0.1% or better and the value been confirmed to
within 0.1% by a different method, solution calorimetry, having a ~
precision of 0.1% or better. Even in this case there are other
precise measurements of the heats of solution of Mg and MgO which
lead to a value of the heat of formation of MgO differing from the .
combustion value by more than 0,1%.2,10,11,12 por 30 of the elements
the measurements and confirmation are both better than 0.5%. For 19
elements the measurements are better than 0.5% but they have not been
confirmea to 0.5%. For 5 elements the measurement is uncertain by
more than 0.5%. Of these 5, for at least one of them, arsenic, the
heat of combustion will prébably be accurately measured in the ﬁear
future. 13

The bheats of combustion of many elements have not yet been
measured. Included among these are the alkali metals. There are
problems involved with them becauée they react spontaneously with
oxygen and they tend to form higher oxides. These problems will
probably be solved by protecting the sample from the oxygen before
ignition and by rotating bomb celorimetry, respectively, so that
neasurements on these elements should be possible. There are also
four rare earth elements yet to be done. Preliminary work has been
done on thrée of these, praseodymium, europium, and terbium.® The

fourth, promethium, 1s scarce. Of the remaining elements it seems
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probable that results can be gotten on lead, osmium, thallium,
neptunium, and perhaps copper. The others are either quite unreac-
tive, scarce, or very radioactive. Protactinium has an isotope of
half-l1ife comparable to that of plutonium, so the problem with 1t

15 to obtain the element in sufficient quantity. Perhaps the use

of a microcalorimeter would make possible the determination of the
heets of combustion of protactinium, and even americium, curium, and
radium. The design of microcalorimeters is an active field as;is
attested by the fact that two papers have been contributed to the
Symposium on this subject.Z®,1% Since appreciable amounts of berkelium
and celifornium are expected to be available in a few years,!S 1t
does not seem impossible that combustion measurements will be made
on them eventuslly.

Heats of Combustion of Inorganic Compounds

In order to interpret the results from experiments on the heat
of combustion of an inorganic compound it is necessary that the
heats of formation of the oxides obtained in the combustion be known.
This emphasizes the importance of knowing the heats of formation of

the oxides.

The discussion given sbove about the sources of error in a
combustion experiment applies, with appropriate modifications, to
the combustion of compounds. Practically no complications are intro-
duced if the compound is a lower oxide being oxidized to a higher

oxide. Table 2 gives a list of several oxides whose heats of
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combustion have been measured. There are many other oxides which
can be burned and this f£ield has not been exploited. |

In addition to oxidizing lower oxides to higher oxides, it is
also possible to use the heat of & combustion to reduce a higher
oxide to a lower oxide. Thus, by burning paraffin oil mixed with
V205, Siemonsen and Ulich were able to get Vg04, and from the heat
ebsorbed by the dissociation plus their other experiments on the
conbustion of vanadium to Vo0g, they were able to arrive at the heat
of formation of V504.1® Similar kinds of experiments have been done
with Cr0s27:18 Mn0,1® and Mns042°,

If compounds othér than oxides are burned, there will be more
than one oxide in the combustion products and the possibility of
reaction between them must be considered. Also, if one or more of
the oxides is a gas, the fugaclties of the various components of the
gas phase must be used in converting to standard states. Including
alloys, the number of compounds which can be burned is enormous.
Somg of them whose heats of combustion have been megsured are given
in Table 3. This list is not intended to be complete. |

Rotating Bomb Calorimeter

The problem of defining the final state cen be made easier, in

gome cases at least, by Wf the rotating bomb calorimeter.
The application of rotating bomb calorimetry to the combustion of
organometallic compounds has been discussed by Good and Scott.®' In

recent years the rotating bomb calorimeter has been applied to the
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combustion of silicén,®2 boron,® and sulfur.2%,25 The application
of the rotating bomb calorimeter to inorganic combustion calorimetry
18 in 1ite initial stages. | |

The Use of Gases other than Oxygen

Gases other than oxygen may be used in the combustion bonb.

Many metals react readily with nitrogen. Some of them can be ignited
with a fuse wire, Others require an electric heater to get the
reaction started. The heats of formation of at least twelve nitrides
have been determined by direct combination of the elements as listed
. in Table 4 There may be others. The method should have the advan-
tage that the quantity of interest is messured directly instead of
being derived from the difference of two large numbers, However,

the precision of the actual measwrements is nof high for most of the
experiments to date.

.Other gases whichlhave been used inélude hydrogen, used for the
reduction of Cr0p,2® nitrogen dioxide, used for the combustion of
.phosphorus,27 chlorine, used for the combustion of titanium®®
zirconium,®® tantalum,3° ve.na.diumr,lzl and hafnium,3? bromine, used
for the combustion of nidbium,aa/%antalum 32 and fluorine (see below).

It would seem that with a little development, the direct
meesurement of the heat of hydride formation could be done in a
hydrogen bomb calorimeter.

Fluorine Bomb Calorimetry

The use of fluorine is a particulsrly significant development.
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" The technique has been described by Hubbard.3# There were many
problems to be overcome, they have been overcome, and it is now well
established. It was, of course, necessary to determine the heats of
formation of the fluorides before other compounds could be attacked.
A 1list of some of the compounds whose heats of formation have been
determined is shown in Table 5. The method of fluorine bomb calor-
imetry has led to the solutlon of several persistent problems in
thermochemistry, 35

Some of the techniques developed for fluorine bomb calorimetry
w1ll undoubtedly also be useful in oxygen bomb calorimetry. Particular
reference is made to the various ways of supporting the sample,3¢,3€
apd the techniques for is;lating spontaneously igniteble samples from
the fluorine until it is desired for the reaction to start,3%4,37

Combustion.Bomb with Window

The design of a combustion bomb with a window was reported in
1948 by Ziehl and Roth.32 However, apparently the first extensive
use of such an apparatus to study combusﬁions has been in fluorine
bomb calorimetry,34,32 Several laboratories have now built such
pieces of appafatus and for some of them there are provigions for
taking moving pictures of the combustions.4®

These bombs with windows or glass walls are not calorimeters.
The microcalorimeter described by Calvet and Tachoirel® is made of
glass and they have studied the combustion of zirconium and hafe

measured the energy given off by the reaction as light as well as
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the energy given off as heat. This promises to be a very interest-

ing technique.

Other Direct Reaction Calorimeters

If the heat of formation of a compound can be measured by a
feaction involving direct combination of the elements the reéult is
likely to be more accurate than if an indirect method is employed.
Thus oxides are best measured by oxygen celorimetry, fluorides by -
fluorine calorimetry, etc. Kubaschewskl end co-workers have developed
some calorimeters for the direct determination of the heat of alloy
formation. 49,4l Tt seems that these types of calorimeters would be
useful in the determination of the heats of formation of compounds

other than alloys, such as carbides, sulfides, borides, etc.
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Table 1. Heats of Formation of Oxides Determined by Oxygen Bomb
Calorimetry of the Elements.

Selected Value

- - - Confirmatory Experiments - - -

Oxide  -AHO Preci-| Method LAHC  Preci- Differ-
fags sion faes sion ence
keal/ keal/
mole % mole 4 %
Alx03 400. k8% 06 Combustion  k400.29%¢ .08 .05
Sbo0a 169, 445 1 Dissoc. of 167. 446 1.2
oxide
Sbo0g4 216,945 .51
Asz0s 15k, 747 Emf 157.048 1.5
Ba0 139.06%2 .50 Solution’ 134, 05° 3.7
BeO 143,152 Mox Combustion  1k5,352 .12 1.5
Emf 140,95° 1.6
Solution 140, 1554 2.1
Bis0g 137.16°° .22 Solution 137,858 L7
BaOg 299. 7422 |13 Combust ion 208. 757 .60 .35
amorph) Diborane 300,988 .24 sy
_ reactions
cao 61,258 .33 Solution 61. 0480 .26
Emf 62. 155 1.4
| Combustion 62.36%° .40 1.9
" Ca0 151.7952 .13 Solution 151,983 .07
Combustion 15364 1. .8
~ CO» 94,052% ,011 | Combustion gk, 0656 01k .01k
‘ Combustion oL, oko®7 013 .013
Combustion 9k, 020%8 028 . 025
CeOx 260,18%2 13
Crz0s 272,759 .15 “Combustion 27170 .67 .63
C-CO Equil. 270.77% .Th
Co0 57.172 .52 Combustion 57.1873 25 .1k
: Hpo-Ho0 Equil. 57.2374 .23
, Combustion 57,573 .35 .T1
Dy=0s  Uhs.847€ 21 ‘



Teble 1 continued - 2

Ers0s
Gdz03
Gaa0s

GeOa

HfOp
Hoz04
Inz0a

Feg0,

Lao03
IugOs

MngO,4

MoOg -
Nda0s
Ni0

b20s

P40y0

PuOz

Reg0-
RuOj

Smp0s
Sez03

453, 5977
433, gL78
258, 67°

129, 0882

266. 0684

Lkg, 558°
221, 2787

267,192

428, 5785

Lhig, 898
143, 70%%

529.010

178.16%3
430, 15104

57.372
455, 2105

713, 2108

252, 80198
295.9*4
73113

433, 89115
456, 16°

.10

.19
.15

.10

.10
.26
.18

.19

252

.06
.06
.18
.13

.1h

015
.63
Lb

bll
.11

Combustion
Combustion

Solution
Combustion

Combustion

Corbustion
Combustion

Ho-Ho0 Equil.
C0-CO2 Equil.

Solution

Ha-HgO Equil.

Solution

Solution
Combustion

Solution
Conbustion

Combustion

Combustion

Combustion
Combustion

Conbustion
in NO»

Comnbustion
Combustion

Dissoc. of
oxide

Combustion

25980
261,054

082
128, 6%

271, 585

222, 588
22089
216,822

267, 292
266, 762
267, 474

.39
.12

1.6
.39

1.0

.27

.08

428, 0%96,97 15

143, 84°°
143,900

331,6él°2
336, 51°

178.01202

57.073

hSS.lIOB
45k, 8107

71027

252, 4110

295112
71114

h57116

.05
.83

.08
.06
.06

.ko
1.0

.10
.lh

.81

. lo

.53
.02

.45

.15
.30
2.8

(1k)



Table 1 continued - 3

SeOp
5105

Sr0
HoS0y4
Tap0s

Teg07
TeOp

ThOo

SDOZ
| T10p
W05

Uz0g
V20s

Va0gq
Yb203
 Y=20g
Zn0

53. 35117

'217_522

1Lk, 4449 .
. 212, 1724

h89.01°5
266, 1123
76. 91 24
293. 27

L5y, W17
138, 82128

225,813

)
wl. %133

852.77,136
370. 68

341, 16°
433, 6876
hSS-h5139
83. 3689

258, 252

.06
.25

.Ob

.10

.19
.13

3Kk B

.12

Combustion

Combustion
in F>

Combustion

Combustion

Solution
Combustion
Combustion

Emf

Combustion
Emf

C0-CO» Equil.

Combustion

Combustion
Combustion

Combustion

Ha-Hgo Equil.

Combustion

Combustion
Solution

Combustion

Solution

C0-COs Equil.

Emf

Combustion
Combustion
Combustion

53.9118
217.75119

10120
216, 3121
1k31,85°

- 212,245

u89.3122

T7. 7423
292, 695

- 29k, 1126

138.7129
138, 2130

835.23%32.

2261

200, 16134
202, 8135

856.5110
370137?
373138
34216

140

82: 83141
82, 6142

258, 185
258, 8143
261, 5105

0.6
.15

b7

.03

.06

.23

1.0
11
.70
. 66

1.8
.03
.06

.91

.Ob
.23
1.3
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Table 2, Oxides whose Heats of Combustion have been Measured

Selected Value

Confirmatory Experiments

Oxide BN Preci- | Method ~AHO Preci- Differ-
fo08 1 foss
kcal/ sion kcal/ sion ence
mole mole % %
Ceo0g 434, 9314¢ 23 | Emf 435145 . .02
Combustion k27,0155 .16 1.8
Gaz0 8u80 2.4
FeO 6k, 0®1 Solution 6L, 2146 .16 .31
Combustion 6k, 3147 .7 L7
Solution 63,391 1.1
CO0-CO» Equil. 63,4248 .ok
Ha-H20 Equil., 63,4149 1.1
" MnO 91,62 .33 Solution 92, 04159 11 .48
MoO» 140,88'9% |09 | Combustion 1Lo, 6443 .09 .17
o CO0-COp Equil. 141,55 .43
NbO 96,0132 2,7 Combustion 100, 1197 41
NbO2 190, 297 Combustion  190.9*3% .21 .16
: Combustion - 7/190.0*52 1.4 .31
ReOg 146,012 2,1 | Emf 146,115¢ - 55 07
SnO 68.35128 23
710 123.91332 23 | Combustion . 125.16*55 .03 1.0
T1,0s  362.93'32 |13 | combustion  362.85'55 08 .02
Tig0s  586.69*32 12 | Combustion  587.1156 .07
WOo 140.9433 |15 | Combustion 13757 .73 2.8
Emf 136, 6258 3,1
U0o 258.97,136 23 Combustion 259. 1158 .08
VO 103,28 .29 | Combustion  103.416° .19
Combustion  102%€1 1.2
V20q 291.3° - .14 | combustion = 2966 67 1.9
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Table 5., Some kinds of Inorgenic Compounds whose Heats of Combuse
tion have been Measured by Oxygen Bomb Calorimetry.

Nitrides

Al
Be
B

Hf
Mn
Nb
P

Ta
Th
Ti
U
\'
Zr

Carbides

Fe
Mn
Ni

yET<SpRs

gzdrides

T1
Th
Zr

Sulfides

Mo
W

Borides

Zr



(18)

Table L, Heats of Formation of Nitrides Determined by Nitrogen Bomb

Calorimatry of the Elements.

Selected Value .

Confirmatory Experiments

Preci-

Nitride .Aaggse Preci-| Method .Aagzsa Differ-
kcal/ sion kcal/ sion ence
mole % mole % %
A1N 76. 47182 26 | Equil. T4, 7163 2.3
BesNz  133.7%%4  .lg
BN 60.725 .56 | Fa Comb. 60165 1.2
Oz Comb. 59, T185%% 67 1.7
, Oz Comb. 59. T2 E7#x 1.7
CagNa 102, 6*88 .97
CrN 29,5169 1 7
LaN 71. 06170
LiaN 47, 17264
MgaNe  116.0'%* 1.7 Solution 119, 7172 3.2
MnsN» 57.2'%® .70 | Dissoc. 57,0172 .35
0> Conb. 48, 2273 16.
ThaNe 308, 4170 02 Comb. 312,352 1.3
UN 69,6274 .57 | Na Comb. 68,5179 1.6
UsNa: 168.427¢ 6

#*Preliminary value

#¥Recalculated using value for AH?ESB(Bgog, amorphous) given in
Teble 1.
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Teble 5. Heats of Formation of Compounds Determined by Fluorine
Bonb Calorimetry

Compound ' Nt

#Preliminary or tentative

values

. £o08 Pfecision
kcal/mole %
7, AlFa 356, 01 ©6*
358.3175 .17
1786

o o a7 23
BN 60t 6% '
CdFg 167. 39166 J1h
HEF, 461, o178 .18
MgFa 26k, 9166
MoFg 372, 35179 .06
PFs 381, 4277 .10
RuFs 213166x
SiF, 386, 02119 .06
S105-O-quartz 217.75%19 .16
TiF, 39k, 19178 .09
UFs 522, 57266 08
ZnFgp 182, T1e0
VAJ 456, 8038 .05
ZrBs T1. h7i60%
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