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PYLBENZENE, AND STYRENE
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ABSTRACT

The heats of combustion of benzene, toluene, ethylbenzene, o-xylene, m-xylene,
p-xvlene, n-propylbenzene, and styrene were measured with a bomb calorimeter.
The following values were obtained for the heat of combustion, at 25° C and
constant pressure, of the liquid hydrocarbon in gaseous oxygen to form gaseous
carbon dioxide and liquid water, with all the reactants and products in their
thermodynamic standard reference states, in international kilojoules per mole:
Benzene, 3267.09 +0.43; toluene, 3909.31 40.49; ethylbenzene, 4564.09 4-0.72;
o-xylene, 4552.10 +1.02; m-xylene, 4551.10 4+0.62; p-xylene, 4552.09 +0.91;
n-propylbenzene, 5217.37 40.68; styrene 4394.14 +0.82. With the factor
1/4.1833, the corresponding values in kilocalories per mole are benzene,
780.98 +0.10;toluene, 934.50 +0.12; ethylbenzene, 1091.03 +0.17; o-xylene,
1088.16 +0.24; m-xylene, 1087.92 +0.15; p-xylene, 1088.16 4-0.22; n-pro-
pylbenzene, 1247.19 +0.16; styrene, 1050.40 -+ 0.20.
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I. INTRODUCTION

This paper describes the calorimetric and chemical apparatus and
procedure and gives the data obtained in an experimental investi-
gation on the heats of combustion of benzene, toluene, ethylben-
zene, o-xylene, m-xylene, p-xylene, n-propylbenzene, and styrene.

II. UNIT OF ENERGY, MOLECULAR WEIGHTS, ETC.

The unit of energy upon which the experimental values of this
investigation are based is the international joule determined by the
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standards of resistance (international ohms), electromotive force
(international volts), and time (mean solar seconds) maintained at
this Bureau.

The following relation was used to convert the values to the con-
ventional thermochemical calorie [1]:!

4.1833 international joules (NBS)=1 calorie.

The molecular weight of carbon dioxide, the mass of which was
used to determine the amount of reaction, was taken as 44.010, from
the 1941 table of International Atomic Weights [2].

The uncertainties assigned to the various quantities dealt with in
this paper were derived, where possible, by a method previously
described [3]. In other cases, reasonable estimates of the uncertainty
were made.

III. METHOD AND APPARATUS

The same method and apparatus were used as in the investigations
recently reported from this laboratory [4, 5, 6, 7]. The calorimeter
systems (' and D are described in detail in section ITI-2 of reference
[4], in sections V and VII-1 of reference [6], and in sections V and
VI-1 of reference [7].

1IV. CHEMICAL MATERIALS AND PROCEDURE
1. SOURCE AND PURITY OF THE HYDROCARBONS

The benzene (series I), toluene (series I), and ethylbenzene (series I),
were samples prepared by Timmermans [8] and were reported to have
the following freezing points: Benzene, 5.50° C [8]; toluene —95.02°
C [9]; ethylbenzene, —95.12° C [10]. From these values, and the
freezing points for zero impurity [13], the amounts of impurity in the
%iven samples are estimated to be 0.0006, 0.0005, and 0.004 mole

raction, respectively.

The m-xylene (series I) was from a sample fractionated from petro-
leum by White and Rose [11] and was reported to have a freezing
point of —48.00° C. With this value and the freezing point for zero
impurity, the amount of impurity in the m-xylene (series 1) is estimated
to be 0.0035 mole fraction.

The benzene (series II), toluene (series IT), ethylbenzene (series IT), o-
xylene (series I), m-xylene (series II), p-xylene (series I) and n-propyl-
benxene (series I and IT), were purified in connnection with the work of
the American Petroleum Institute Research Project 6 at this Bureau.
The styrene (series I) was purified by Madorsky and Wood [12] in
connection with the work of the Rubber Section at this Bureau.
From time-temperature freezing and melting curves, performed by A.
R. Glasgow, Jr., of the API Research Project 6 at this Bureau, the
amounts of impurity in these samples are estimated to be as follows,
in mole fraction, [13]: Benzene, 0.0004; toluene, 0.0004; ethylbenzene
0.0014; o-xylene, 0.0011; m-xylene, 0.0023; p-xylene, 0.0008; n-propyl-
benzene, 0.0035; styrene, 0.0002.

From the foregoing information, it appears that all the samples
were adequately pure for the measurements of the present investiga-
tion.

1 Figures in brackets indicate the literature references at the end of this paper.
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2. CHEMICAL PROCEDURE

The method of sealing the samples of hydrocarbons in glass
ampoules, the ignition of the hydrocarbons in the bomb, the purifica-
tion of the oxygen used for combustion, the examination of the prod-
ucts of combustion, and the determination of the amount of reaction
were the same as previously described [4, 5, 6, 7]. No products of
incomplete combustion were found in any of the experiments.

V. CALORIMETRIC PROCEDURE

The procedures used in the combustion experiments and the cali-
bration experiments and the method of determining the ignition
energy and of correcting for the formation of nitric acid were the same
as previously described [4, 6, 7].

VI. RESULTS OF THE PRESENT INVESTIGATION
1. ENERGY EQUIVALENT OF THE CALORIMETER

The calorimeter systems C and D used in the present investigation
are described in sections V and VII-1 and table 1 of reference [6] and
in sections V and VI-1 and table 1 of reference [7]. The electric-
energy equivalent of system C was [6].

Es (C)=137,717.44-13.9 int. j/ohm,
and that of system D was [7]
Es (D)=136,489.6414.5 int. j/ohm.

2. COMBUSTION EXPERIMENTS

The results of the combustion experiments on benzene, toluene,
ethylbenzene, o-xylene, m-xylene, p-xylene, m-propylbenzene, and
styrene are given in table 1. The symbols at the heads of the columns
are as previously defined [4, 6]. For simplicity in presenting and
handling the data, all the values of the constant B are given in terms
of calorimeter system C.

3. VALUES OF THE HEATS OF COMBUSTION

In table 2 are given the final results for the eight hydrocarbons
whose heats of combustion were measured in the present investigation.
The columns in table 2 give the value of the constant B for 28° C,
in ohms per gram of carbon dioxide, as defined by eq 4 of reference
[4]; —AUs, the heat evolved in the bomb process at 28° C, in inter-
national kilojoules per mole of hydrocarbon; —AUz°, the decrement
in internal energy for the ideal reaction of combustion at 28° C,
with all the reactants and products in their thermodynamic standard
reference states, calculated by the method of Washburn [15], modified
to apply to 28° C and, for the gases, with reference to the energy
content at zero pressure; —AHc®, the decrement in heat content (or
heat evolved in the combustion at constant pressure) for the reaction
of combustion of the liquid hydrocarbon at 28° C, with all the re-



TABLE 1.—Results of the calorimetric combustion experimenis on benzene, toluene, ethylbenzene,

and styrene, in the liquid state

o-zylene, m-xylene, p-xylene,

n-propylbenzene,

Number of experi-
ments @ |
Mass of car-
Series bon dioxide k K U AR, Ar; Arp
formed Standard
C D Total Mean deviation
-~ of the mean
BENZENE
g min=1 Ohm Ohm Ohm Ohm Ohm Ohmjg CO3z | Ohm/g CO3

3.05973 0. 001954 0.000425 0. 000327 0. 275102 0. 000386 0. 000016

§ D IS R e {18 ] e SO to to to to to to to 0. 0987829 0. 0000036
3. 67159 . 001971 . 001690 . 000390 . 330045 . 000411 . 000017
2. 62380 001997 . 001390 . 000371 . 238816 . 000407 . 000046

1§ ol ST B SO T B s S 0 to to to . 0897632 =-. 0000059
3.02299 002004 . 002485 . 000461 . 275034 . 000417 . 000055

A e e el e 3 o ISR e St el e s Sl o e e e O S B Sl (ER S o L O] R S R U S . 0897742 ==, 0000031

TOLUENE

J 2 69410 0.001959 0 000779 0. 000339 0 248405 0 000400 0. 000014

Dt Sy - B T T SR B to to 0. 0920508 ==0. 0000037
l 3 08453 . 001970 002483 . 000400 284'359 000416 00()016
2.62241 . 001970 . 000614 . 000424 . 244763 . 000412 . 000049

B (P el T e Sl Ol G 2 Y e {17 [FS TR to to to to . 0920651 ==. 0000046
3.11306 001992 002128 . 000494 . 290539 000418 . 000053

Ao e ol e el S e e e 6 SRR 0 IS Oy L et O eie s e LRI S U A e ) PRSI e el ST b L e . 0920579 ==. 0000029

ETHYLBENZENE

3.24650 0. 001953 —0. 000487 0. 000347 0. 305730 0. 000400 0. 000016

5 A o | 5 e e P to to to to to 0. 0940381 0. 0000066
3. 75926 001960 . 001160 . 000381 . 353865 000415 . 000020

2. 48797 001990 . 001850 . 000389 . 237263 000401
to 0 . 0940192 ==. 0000092
L . 0940301 =. 0000054
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0-XYLENE

2.56145 0.001975 0.001020 0. 000339 0. 243578 0.000398 0. 000036

J N T e S WA A A S 6 6 to to to to to to to 0.0937814 0. 0000080
2.84853 . 002005 . 002414 .001013 . 270838 . 000432 . 000043

m-XYLENE

2.69689 0.001949 0.000269 0000272 0. 253313 0.000396 0.000013

T T R VY et LS to to to to to to to 0.0937606 |  =-0.0000074
3.49627 001961 002293 . 000365 328151 . 000417 . 000020
2.41763 .001968 .002432 -000307 . 229895 000406 . 000037

0L ST BN R ¥ s to to to to to to to 0937612 | . 0000045
2. 55490 . 001993 002674 . 000368 . 242860 . 000425 . 000041

TN e R P T 8 |- E o e A e P e DR B it ) .0937610 | == 0000038

p-XYLENE
{ 2. 45155 0.001971 0.001495 0.000378 0. 233106 0.000411 0.000042 }

el o W RN S S ARy 4 4 to to to to to to to 0.0937811 0. 0000065

2.80045 001991 .002379 . 000453 274844 . 000429 . 000047
n-PROPYLBENZENE

2. 68609 0.001955 0.001548 0.000346 0. 256966 0.000389 0.000013

et S RO %] 8 SR to to to to to to to 0.0955214 |  =:0.0000067
2. 82867 . 001957 . 002322 . 000369 . 270502 000407 . 000015
2. 20403 -001973 - 000624 - 000395 213581 000409 000041

e BEAc A 1 S oh i | el ' e to to to to to to to .0055456 | = 0000038
3. 15647 . 002048 . 002314 . 001189 . 305509 . 000427 . 000054

ARSI f St T o A S ] il SR WEI i ER I Lt L G e s e e R NG 0955363 ~. 0000033

STYRENE

2.42198 0.001975 0.001090 0.000315 0. 222408 0.000402 0.000032

) e o e S L e 5 5 to to to to to to to 0.0905542 |  =:0.0000053
3.27703 . 001986 . 002566 . 000360 .300718 . 000416 000041

» The numbers in columns Cand D indicate the number of experiments performed with calorimeter systems C and D, respectively, (see text).
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TABLE 2.—Values of the heats of combusiion

et
Substance (liquid) Bat 28.00° C —AUsat2°C | —aUseat 28 C| ~AHA QD —AH®, (lig) 8t 25° O
Ohm/g COy Int. kj/mole Int. kj/mole Int. kj/mole Int. kj/mole kecal/mole
ONZATRES . Sl T AT S e L S B e 0. 0897742 =-0. 0000062 3264. 70 0. 43 3263. 05 ==0.43 3266. 81 ==0.43 3267.09 =0.43 780.98 =+0.10
Toluene____ . 0920579 =0. 0000058 3905. 70 =+0.49 3903.87 =+0.49 3908. 88 =-0.49 3909. 31 40. 49 934. 50 ==0.12
Ethylbenzene.__ . 0940301 0. 0000108 4559. 29 +0. 72 4557. 27 3-0.72 4563. 53 =+=0.72 4564. 09 0. 72 1091. 03 =£0. 17
o0-Xylene ___ . 0937814 =0. 0000160 4547. 23 +1.02 4545. 27 +1.02 4551. 53 +1.02 4552.10 £1.02 1088.16 ==0. 24
m-Xylene __ . 0937610 =-=0. 0000076 4546. 24 0. 62 4544. 26 =-0. 62 4550. 52 =-0. 62 4551.10 ==0. 62 1087.92 =0.15
p-Xylene ______ . 0937811 =-0. 0000130 4547. 22 4-0.91 4545. 25 ==0.91 4551. 51 =-0.91 4552. 09 ==0.91 1088.16 =0.22
n-Propylbenzene. . 0955363 =-0. 0000066 5211.36 =0. 68 5209. 20 0. 68 5216.71 =0. 68 5217, 37 =0.68 1247.19 +0. 16
SUyrEnes =t WL IS e Sied et anl s e B R . 0905542 =4-0. 0000106 4390.75 4-0.82 4388. 63 0. 82 4393. 64 =+0.82 4394. 14 =+0.82 1050. 40 ==0. 20
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actants and products in their thermodynamic standard reference
states; and, finally, the same quantity, —AHc®, for the reaction of
oombustlon at 25° C. The foregoing values of —AUR and —AHc®
apply to the reaction

CH, i)+ (a+7) 0:(g) =a CO@)+5 10 (iq).

The over-all uncertainty assigned to each final value of the heat of
combustion of a given compound was taken as the square root of the
sum of the squares of the following: (a) Twice the standard deviation
of the mean (or weighted mean) of the series of combustion experi-
ments, (b) an uncertainty of 0.010 percent in the determination of
the absolute value of the amount of reaction, (¢) twice the standard
deviation of the mean (or weighted mean) of the series of experiments
for determining the energy equlvalent of the calorimeter with electric
energy or with standard benzoic acid, and (d) an uncertainty of 0.010
percent in the determination of the absolute value of the energy equiv-
alent, with electric energy or with standard benzoic acid [14].

VII. DISCUSSION

The values of the heats of combustion of benzene, toluene, ethyl-
benzene, n-propylbenzene, o-xylene, m-xylene, p-xylene, and styrene
obtained in this investigation will, in other reports from this laboratory,
be compared with the existing data, combined with values of the heats
of formation of water and carbon dioxide to calculate the heats of
formation of these hydrocarbons, used in the calculation and estima-
tion of the heats of isomerization and formation of some higher
alkyl benzenes, and utilized to calculate values for certain important
specific reactions, such as the dehydrogenation of ethylbenzene to
styrene.
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