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This paper gives the results of bomb calorimetric measurements of heats of combustion

at 30° C of one sample of cellulose and four samples of nitrocellulose from cotton linters,

and of one sample of cellulose and four samples of nitrocellulose from wood pulp. The

results have been combined with values for the heats of formation of carbon dioxide and

water to obtain values of heats of formation of the celluloses and nitrocelluloses.

Empirical

equations are given expressing heat of combustion and heat of formation of the nitrocelluloses

as funetions of nitrogen content.

I. Introduction

The work deseribed in this paper was done at
the request of the National Defense Research
Committee, and the results were originally re-
ported in their Armor and Ordnance Report No.
A-285 (OSRD No. 3932).

The data presented in this paper differ from
those given in the above report in the following
respects: (1) the results are now expressed in
terms of the absolute joule instead of the inter-
national joule as the fundamental energy unit;
(2) the results have been reduced to the basis
that all gases involved in the reactions discussed
are in the thermodynamic state of unit fugacity

Lot No. Source of cellulose

A 480181 | Cotton linters
A 480357 _ . . __.do

BPA 1963 HRS1 Wood pulp
BPA 1964 HRS7. do_

403-74-2. Cotton linters
416-50___ do_
403-74-1_____ | Wood pulp =

416-49 ‘ do

The analyses for nitrogen were made by the
Hercules Powder Co. The samples of cellulose
and nitrocellulose were regular plant samples.
Because of the urgent need for the data, and as the
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instead of the state of the real gases at atmospheric

pressure.

II. Materials

The materials whose heats of combustion have
been  determined were made available to the
National Burcau of Standards through arrange-
ments made by the National Defense Research
Committee with the Office of the Chief of Ord-
nance, War Department.

The lots of cellulose from cotton linters and
wood pulp were obtained from the Hercules
Powder Co., Radford Ordnance Works, Radford,
Va. For the nitrocellulose, the manufacturer,
material nitrated, and the nitrogen contents were
as follows:

Nitrogen | Manufacturer

Percent
13. 42
12. 62
13. 36
12. 53
12. 14 |
11. 49
12. 12 |
11. 74

Hercules Powder Co., Radford Ord-
nance Works, Radford Va.

Hercules Powder Co., Parlin, N. J.

heats of combustion of the actual plant samples
were desired, no attempt was made to purify the
samples further.
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ITII. Preparation and Weighing of Samples

The following procedure of preparation and
weighing of the samples was followed. A batch
of cellulose or nitrocellulose sufficiently large to
serve for all the experiments on that sample was
placed in a desiccator, which was evacuated until
the material seemed dry and fluffy. Then por-
tions about 10 percent larger than the amount
needed for an experiment, about 2 g, were roughly
weighed out and placed in separate beakers.
These portions were then wetted with distilled
water and were compressed into tight pellets in a
pellet press. The pellets then contained approx-
imately 20 to 30 percent of water. These pellets
were placed in separate weighing bottles having
ground-glass necks and evacuated in a desiccator
for about 3 to 8 hr. The bottles were then
placed in an oven, kept at 100° C for 1 hr, cooled
in a desiccator, stoppered with their ground-glass
stoppers, and weighed against a tare (an empty
weighing bottle of the same size). They were
again placed in the oven at 100° C for intervals of
% hr until constant weight (within about 0.1 mg)
was obtained. This was usually reached within
about 2 hr in the oven at 100° C. About 10
percent of water, an amount that was found to
produce the best conditions for burning the samples
in the bomb, was added to the pellets, and the
pellets were transferred from the weighing bottles
to the platinum crucible in which they were to be
burned. The weighing bottles, together with any
particles of sample left in them, were pu\t in the
oven at 100° C for 1 hr and reweighed against the
tare. From these weighings the weight of dry
sample was obtained.

All weights were corrected to the vacuum basis
using the factor 1.00080, obtained by assuming a
value of 1.25 g/ml for the density of dry cellulose
and nitrocellulose.

IV. Apparatus and Method for Measure-
ments of Heats of Combustion

Measurements of heats of combustion were made
by burning weighed samples of the material in
oxygen in a constant-volume bomb that was part
of a calorimetric system described elsewhere
[1, 2, 3].% The bomb was made of a corrosion-
resistant alloy (illium) and had a capacity of

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

388

0.380 liter. Two types of experiments were made.
In one of these a measured quantity of energy
was supplied to the calorimetric system, and the
resulting rise in temperature was observed. In
the other type of experiment a weighed sample of
cellulose, or nitrocellulose, was burned in the
bomb, the resulting rise in temperature was ob-
served, and the mass of carbon dioxide formed was
determined. The first type of experiment gives
the energy equivalent (effective heat capacity)
of the calorimetric system, and when the energy
equivalent is known, the temperature rise in the
second type of experiment is a measure of the
heat produced by combustion [4, 5]. For each
experiment the mass of the dry sample of material
burned, the mass of carbon dioxide formed in
combustion in the bomb, and the mass of carbon
dioxide formed in subsequent oxidation of gaseous
products of incomplete combustion were deter-
mined. The mass of carbon dioxide formed by
oxidation of the products of combustion was
usually 0.01 or 0.02 percent of the mass formed
in combustion in the bomb. Correction for in-
complete combustion was made on the assumption
that the only product of the incomplete combustion
was carbon monoxide. The details of the methods
used have been described elsewhere [3, 6].

In connection with the correction for the heat
of formation of nitric acid in the bomb, the ques-
tion arose as to whether some nitrous acid might
also be formed, especially when the nitrocelluloses
were burned in the bomb. To answer this ques-
tion, tests for nitrous acid were made by W. S.
Clabaugh ? on the washings from the bomb after
each of four combustions, two of benzoic acid
and two of nitrocellulose. The air initially in
the bomb was flushed out with oxygen before
burning the two samples of nitrocellulose and
before burning one of the samples of benzoic acid
but was not flushed out in the case of the second
sample of benzoic acid. The amount of nitric
acid formed in the second combustion of benzoic
acid was, therefore, several times that formed in
the first. The amount of nitrous acid found did
not exceed 0.5 percent of the total acid formed
in any of these experiments. The error intro-
duced into the results of heat of combustion
measurements by assuming all the acid te be
nitric acid is entirely negligible.

2 Chemistry Division of the National Bureau of Standards.
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V. Calibration of Calorimeter

The energy equivalent of the calorimeter for
the temperature interval 28.5° to 30° C was
determined by burning NBS Standard Sample
39f of benzoic acid in the bomb, using the value
26433.8 absolute joules per gram mass (weight in
vacuum), recently obtained in this laboratory
[3, 9, 10], for the heat of combustion of this
material under the conditions of the standard
bomb process at 25° C. Appropriate corrections
were made to take account of differences between
the actual and standard bomb processes. The
results of these calibration experiments are as
follows: Series I, five experiments, energy equiva-
lent 13862.6+2.1 (standard deviation of mean)
joules per deg C; Series 11, six experiments, energy
equivalent 13833.941.2 (sdm) joules per deg C.

These values of energy equivalent are for the
calorimeter containing the same mass of water
as in the experiments on the nitrocelluloses, and
with the bomb containing 1 g of water and oxygen
under a pressure of 30 atm at 30° C. In the
measurements on the nitrocelluloses the values
used for the energy equivalent differed from the
mean values given above by two small correc-
tions, one for the heat capacity of the charge of
nitrocellulose and one for the heat capacity of
the oxygen in the bomb in excess of that required
to fill it to 30 atm at 30° C.

The mean value of the energy equivalent ob-
tained in Series I was used in calculating the
results of measurements on the samples of nitro-
cellulose made from cotton linters and containing
11.49 percent and 12.14 percent of nitrogen.
After the measurements on these samples were
completed, the insulation of the firing electrode
in the bomb failed, and the necessary repairs
involved some change in the heat capacity of the
bomb. The calorimeter was therefore recali-
brated with the repaired bomb. The calibration
experiments of the second series were made under
the same conditions as those of the first, except
that the calorimeter contained a smaller amount
of water in the second series. The mean value
of energy equivalent obtained in Series II was
used in calculating the results of all measurements
of heat of combustion, except those on the two
samples of nitrocellulose just mentioned.

Heats of Combustion of Nitrocellulose

VI. Calorimetric Experiments on Cellulose
and Nitrocellulose

1. Measurements of Heat of Wetting

Since the samples were wet when ignited in the
bomb, the observed heat produced by combustion
of each sample was lower than that for the dry
sample by an amount equal to the heat of wetting
of the dry sample with the amount of water added
to it. In order to obtain data for correcting the
observed heats of combustion for this effect,
measurements were made of the heats of wetting
of the various materials.

The method used was similar to that described
by Katz [7]. Samples of 2 to 5 g of each cellulose
and nitrocellulose were placed in weighed glass
tubes of about 12-mm inside diameter, one end
of which was drawn down to a fine capillary and
sealed. The samples were then dried in vacuum
(residual pressure less than 10™* mm of mercury)
until no water could be detected with the McLeod
gage after the vacuum pump had been shut off for
several hours. Dry air was then admitted to the
vacuum space, and the tubes were removed, corked
immediately, and weighed.

To determine the heat of complete wetting, a
tube containing dry material was immersed in the
water of a calorimeter with the sealed end down
and the open end projecting 2 or 3 em above the
top of the calorimeter jacket. The top of the
sample of material in the tube was 6 ecm or more
below the surface of the water in the calorimeter.
The temperature of the water in the calorimeter
was slightly lower than that of the jacket, so that
there was no heat transfer by evaporation of water
from the calorimeter and condensation on the
jacket. After sufficient time had elapsed for the
attainment of a steady state, a series of readings
of calorimeter temperature and corresponding time
was made. The fine capillary at the bottom of
the glass tube was then broken by pressing it
against the bottom of the calorimeter vessel, per-
mitting water to rise in the tube and wet the mate-
rial contained therein. Readings of time and
temperature were continued for about 10 min
after the rate of temperature change had become
constant. Similar measurements were made on
samples to which small known amounts of water
had been added after drying and weighing.
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The results of the measurements of heat of
wetting of the completely dry materials are given
in table 1, together with values calculated for the
nitrocelluloses from the empirical equation:

Q=93.20—671f, (0.115< f <0.135),

where ¢} is heat of wetting in joules per gram, and

f is the mass fraction of nitrogen in the sample.

Tasre 1. Values for heats of wetting of samples of dry
cellulose and nitrocellulose

Heat of wetting Observed

Source of cellulose \(‘(lltnra%:tn - 1 I(’;‘{E:;\
| Observed| (“:tlg(lll' lated
s e R et =S 74‘_%‘____,,_‘ 77777 e
Percent ilg jlg ilg
Cotton linters____________________ 0.00 4 TNTE | SENSNE RN (SR
Joo TR e .00 45.9

.00 59.3

.00 58.6 | I

11.49 16.5 16.1 | +0.4

11.49 16.6 16.1 AL 5

1214 | 1.7 | 1L7 .0

12. 62 8.5 8.5 0

i) S S 13.42 3.8 39 EIE
Woodpulp_. ... 11.74 14.9 14. 4 +.5
Do.___ 11.74 13.7 | 14. 4 -7
DO 12.12 11.2 1.9 -7
DO 12.53 8.7 9.1 — 4
DO 13.36 3.4 | 3.6 —.2

The results of measurements on samples con-
taining small amounts of water are shown graph-
ically in figure 1, where the abscissa is the mass of
water per gram of dry material, and the ordinate
is the difference between the heats of wetting of
the dry and wet materials expressed as a fraction
of the heat of wetting of the dry material. The
solid curve in figure 1 represents data caleulated
from Katz's [7] equation for cellulose. The
dashed curve is drawn through the points repre-
senting the experimental data obtained in this
investigation.

2. Results of Measurements of Heats of
Combustion :

The results of the measurements of heats of
combustion at 30° C are summarized in table 2.
The observed values of —AUjg, the heat of com-
bustion under the conditions of the bomb process,
were corrected for heat of wetting, and reduced,
in accordance with the procedure outlined by
Washburn [8], to the corresponding values of
—AU%, the decrease in internal energy ac-
companying the combustion reaction when each
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of the gaseous reactants and products is in its
thermodynamic standard state of unit fugacity
at 30° C. The correction for heat of wetting
was made on the basis of the observed value for
heat of wetting of the dry material, and the data
represented by the dashed curve of figure 1.

In column 4 of table 2 are given values of the
ratio of carbon dioxide formed in combustion in
the bomb and in oxidation of products of incom-
plete combustion to that calculated from the
masses of dry samples, based on the assumption
that they were pure cellulose or nitrocellulose
represented by the formula C;H,,_,O5(NQ,),. If f
is the mass fraction of nitrogen in the sample and
m the mass of sample burned, then the calculated
mass of carbon dioxide was taken as (1.62859
—5.23177f )ym. The values of atomic weights used
in this and other calculations connected with this
report are O=16.000, C=12.010, H=1.0080, and
N =14.008.

3. Further results derivable from experimental
data

It will be seen from table 2 that the average
values of the ratio (carbon dioxide formed : carbon
dioxide calculated) are less than unity by amounts
ranging from 0.4 to 0.9 percent, indicating that
the samples probably contained at least the cor-
responding amounts of impurity. If it is assumed

1.0 —r

OI8RI=7 7

0.6

DIFFERENCE

i ol
|

0:2

(¢} 0. 0.2 0.3 0.4 0.5 0.6 0.7
g WATER / g DRY MATERIAL

Ficure 1. Results of measurements of heat of wetting for
samples containing small amounts of water.

Abscissa, grams of water per gram of dry material. Ordinate, difference
between heats of wetting of dry and wet materials expressed as a fraction of
the heat of wetting of the dry material. Solid curve, Katz’s data on cellulose.
Dotted curve drawn to represent data obtained in present work. A, Cellu-
lose from cotton linters; O, nitrocellulose from wood pulp, 11.74 percent
nitrogen; [1, nitrocellulose from wood pulp, 12.12 percent nitrogen; @, nitre-
cellulose from cotton linters, 11.49 percent nitrogen; ¢, nitrocellulose from
cotton linters, 12.14 percent nitrogen.
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TaBLE 2.  Ezxperimental data on the heats of combustion *
= - —— e = —— *1
. . St . Heat of combustion based on|
- | Ratio of carbon di- | Heat of combustion based on the mass of carbon dioxide|
o Number ) . the mass of sample burned
Sourceloficellulose Nitrogen | o experi- oxide formed to formed
= g content mants carbon dioxide | | .
| : calculated .
i —AUB —AUS —AUsp —-AUS
Percent ilg ila ilg CO; ilg CO2 |
Cotton linters ______________ 0.00 4 0. 99576 0. 000202 17320.9 17352.6 2. 32 10680. 8 10700. 4 +2. 92
Woodpulp .. .00 4 b. 99590 0. 00076 17343. 1 b17385. 9. 4-18.9 10693. 8 10720.3 +4. 4
Cotton linters ______________ 11.49 5 . 99577 0. 00013 10667. 9 c10667. 6 =43.1 10428. 7 10428.8 +2.4
[ Do . 12.14 3 99412 =4-0. 00025 10277.3 10272.7 +2.6 10406. 1 10401. 4 +2.4
[0 12. 62 4 b, 99489 +0. 00014 10013. 6 10006.3 +3.1 10393.0 b10385. 5 +3.3
5) () 13. 42 4 . 99407 0. 00019 9538. 8 9526. 6 +1.9 10357. 1 10343.9 +2.3
1 Woodpulp .. 11.74 4 99338 0. 00059 10506. 3 10504. 1 =+7. 6 | 10426, 4 10424. 2 2.2
12.12 4 99238 =40. 00019 10279. 2 10273.9 2.8 | 10415.5 10410.0 =+2.2
12. 53 4 -99162 =4=0. 00015 10029. 2 ; 10021.9 42.6 | 10394.0 10386. 5 +1.9
| 13. 36 4 . 99079 0. 00023 ‘ 9540. 1 | 9527.7 2.2 10357.9 | 10344.6 =+2.1
| ' !

a The values following the =+ sign in this table are the standard deviations of the mean.

b Mean of three experiments.
¢ Mean of two experiments.

that all the impurity in the samples was inert
material that did not enter into the combustion
reaction in any way, then the values given in
table 2 based on the mass of carbon dioxide formed
should be the heats of combustion of pure cellulose
and pure nitrocellulose.  Under this assumption,
however, the values of the nitrogen contents must
be adjusted, due to the fact that the nitrogen con-
tent of a nitrocellulose containing inert impurity
is higher than that reported for the impure sample.
If we let R be the ratio (carbon dioxide formed : car-
bon dioxide calculated) (see table 2), 7 be the
mass fraction of nitrogen as reported (see table 2),
and 7 gram be the amount of impurity per (1—71)
gram of CgHyo—,05(NO,);, then it can be shown
that
1—i=R+3.2125f(1—R).

The corrected value, f/, of the mass fraction of
nitrogen in the nitrocellulose is

The derived values for the heats of combustion
and formation of cellulose and nitrocellulose, to-
gether with the corrected pitrogen contents, are
given in table 3. The proper values for the heats
of formation of gaseous carbon dioxide and liquid
water at 30° C were taken from reference [19].

1t was found that the data on the heats of com-
bustion of the nitrocellulose could be represented
by linear equations expressing the heat of combus-
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tion at 30° C as a function of the corrected nitrogen
content. The following equations, which were
derived by the method of least squares, represent
the heats of combustion per gram of nitrocellulose
within about 0.03 percent. For nitrocellulose
from cotton linters:

AH = —4169.32--14069/" cal/g (0.115 < f’ <0.135).
(1)

For nitroceflulose from wood pulp:

AH; = —4186.36+14200f" cal/g (0.115 = f" < 0.135),
(2

where /" is the corrected fraction of nitrogen in the
nitrocellulose.

TaBLe 3. Derwed data for cellulose and nitrocellulose
('orrocted‘ ) —AHS | —AHY
Source of cellulose | nitrogen | —AU? at 30° ( I el
content | at 30° C | at 30° C
S . I — - — - T
callg callg callg
nitrocel- | mitrocel- | nitrocel-
Percent i/gCO2 lulose lulose lulose
Cotton linters 0.00 | 10700.4 2.9 *| 4165.0 | 4165.0 1421.0
Wood pulp.. . ___ .00 | 10720.3 4.4 4172.8 4172.8 1413. 2
Cotton linters______ 11.52 | 10428.8 +2.4 2557.0 2548.3 689. 5
oS e 12.18 | 10401.4 +2.4 2464.0 2454. 8 647. 9
1D 0 SR 12.66 | 10385.5 +3.3 2398.7 2389. 1 617.0
Do 13.46 | 10343.9 2.3 2284.7 2274.5 567.0
Wood pulp...______ 11.79 | 10424.2 +2.2 2521.0 2512. 1 671.2
Do __ 12.18 | 10410.0 2.2 2466. 9 2457.8 646. 3
1D 0B S 12.59 | 10386.5 +1.9 2407.3 2397.8 621. 5
J5) O B 13.43 | 10344.6 2.1 2289. 2 2279.1 569. 4
« Standard deviation of the mean.
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Ficure 2. Deviations of wvalues of heat of combustion

(-—-AH?) derived from results of wvarious observers from
eq 3 of the present work.

O, Present work, nitrocellulose from cotton linters (30° C); @, present
work, nitrocellulose from wood pulp (30° C); ¥, Sarrau and Vieille (15° C)
[11]; ©, Kast [12]; I, Muraour [13]; D, Prettre (20° C) [14]; A, Kozo Tomioka
[15]; @, Schmidt and Becker [16]; (I, Milus (25° C) [17]; A, Taylor and
Hall (17° C) [18].

If we consider all the nitrocelluloses together, the
following equation represents the data within
about 0.05 percent:

AH=—4176.70+14126f" cal/g (0.115<f" <0.135).
3)

Similar equations can be derived expressing AHf°
at 30° C as functions of nitrogen content. Thus
the following equation, based on the data on all
the nitrocelluloses, represents the values given in
table 3 on the nitrocelluloses within about 1.3
cal/g:

AH §=—5896.884-26178f" cal/g (0.115=f" <0.135).
(4)
The data on the nitrocelluloses are plotted in

figure 2. The abcissa is the nitrogen content of
the nitrocellulose, while the ordinate is the devia-

tion from the heat of combustion AH: given by
eq 3. The dotted lines represent eq 1 and 2.

Although there were significant differences
between the heats of combustion of cellulose from
cotton linters and from wood pulp, 0.18 percent,
and between the nitrocelluloses from cotton linters
and from wood pulp, maximum 0.1 percent, it
is felt that this probably does not indicate a real
difference in the heats of combustion of pure cellu-
lose or of nitrocellulose from cotton linters or wood
pulp. Rather, the differences are an indication
that the impurities in the materials made some
contribution to the heat of combustion.

It will be noted that the nitrogen contents of the
nitrocelluloses investigated are all intermediate
between the nitrogen contents of dinitrocellulose,
f’=0.1111, and trinitrocellulose, f’=0.1414. The
values for the heats of combustion and formation
of dinitrocellulose and trinitrocellulose,® calculated
by substitution of f’=0.1111 and f’=0.1414 into
eq 1 and 2, and the corresponding equations for
heat of formation, are given in table 4 along with
the values for the celluloses.

VII. Results of Previous Measurements

Measurements of heats of combustion or heats of
explosion of nitrocelluloses have been reported by
Sarrau and Vieille [11], Kast [12], Muraour [13],
Prettre [14], Tomioka [15], Schmidt and Becker
[16], Milus [17], and Taylor and Hall [18]. In
figure 2 the results of various investigators are

o .
compared. The values of —AH, attributed to
previous investigators were derived as follows:

3 It is of interest to compare the data on cellulose and nitrocellulose with
similar data on ethanol and ethyl nitrate. The differences between the heats
of formation of cellulose and nitrocellulose range from 24.4 to 25.0 keal per
nitrate group. The corresponding difference between the heats of formation
of liquid ethanol and liquid ethyl nitrate (reference [19], tables 23-29
and 23-45 (1948)) is 22.1 kcal. Combination of the latter value with
an accurate value for the heat of formation of cellulose would, therefore, «

have yielded values for the heats of formation of dinitrocellulose and trini-
trocellulose in error by about 5 and 7.5 kcal per monomer unit, respectively.

TasrLe 4. Heats of combustion and formation of cellulose, dinitrocellulose, and trinitrocellulose

Material Source of cellulose —AU? at 30° C —AHZ at 30° C —AH?Y at 30° C
kcal/monomer J keal/monomer keal/monomer

callg unit callg unit callg unit

Cotton linters . ___ 4165.0 675.3 4165.0 675.3 1421.0 230. 4

OISR oo oo monssames {Wood pulp.—— 4172.8 676. 6 4172.8 676.6 1413.2 229.2

. Cotton linters ________ 2614. 4 659. 2 2606. 0 657. 1 715.3 180. 4

DRARGIRE, oeee {V\'ood pulp_. . 2616.9 659. 8 2608. 6 657.7 712.8 179.7

R ) {Cotton linters ________ 2190. 2 650. 8 2179.5 647.6 523.9 155.7

IR P oo |Wood pulp__________ 2188.7 650. 4 2178.1 647.2 595. 4 156.1
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Where sufficient data were given, the reported
values of heat of combustion or heat of explosion
were corrected to the basis of the energy units
used in the present work, and for the Washburn
effect [8], and, where necessary, were reduced to a
constant pressure basis.  The resulting values were
then combined with values for heats of formation
[19] of the products of the combustion or explosion
reaction to obtain the values of —AFS. The
various values were not reduced to a common
temperature, because no data on the heat capaci-
ties of nitrocelluloses have been found. The
differences between the results of different observ-
ers are so large that the reduction of the results
to a common temperature would not improve the
agreement to a significant extent.
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