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SUMMARY 
 

An accurate value of the heat of formation (Hf) is necessary to estimate the explosive 
performance of energetic materials. Estimates may be calculated; however, the standard deviation of 
high nitrogen compounds and energetic salts remains quite large. Although the experimental 
determination of the heat of formation of solids is easily determined in a combustion calorimeter 
equipped with an oxygen bomb, the accurate combustion of milligram quantities of liquids can be 
difficult to obtain.  This report includes the process used to develop the procedure to experimentally 
determine the heat of formation of a liquid using only 20 mg of sample.  
 
 

INTRODUCTION 
 

The standard enthalpy of formation or standard heat of formation is a critical identifying 
physical characteristic of a chemical compound. Estimates of heat of formation can be calculated 
computationally or the value can be observed experimentally by determining the heat of combustion 
(Hc) in a bomb calorimeter and mathematically converting to the heat of formation.  
 

Determining the heat of combustion and heat of formation of a solid sample is fairly easy to 
do in a combustion calorimeter with a combustion bomb.  The sample is hand pressed in a dye, and 
the pellet is ignited in oxygen by lighting a fuse wire that is in direct contact with the sample. Very 
small amounts of energetic material may be used by pressing a pellet composed mostly of a spiking 
material, or a material with a known heat of formation, such as benzoic acid and subtracting the heat 
release associated with the benzoic acid. Using small amounts of sample is beneficial from a safety 
aspect but also in determining the value without sacrificing a large amount of material that may be 
difficult to synthesize. 
 

While determining the heat of combustion and calculating the heat of formation of a solid is 
straightforward, experimentally determining the heat of formation of a liquid by bomb calorimetry can 
be challenging. Running the liquid pooled in the sample well leads to large variations in data due to 
sample dispersion upon fuse ignition. Variation in data due to sample splashing can be minimized by 

the use of a combustion capsule; however, these require large amounts of liquids (1 mL). Volatile 
samples are typically sealed in two piece gelatin capsules that are combusted and associated heats 
subtracted from the total as a spike value. There was a need to design a technique involving 
absorbing or encapsulating a liquid that would work with minimal amounts of sample in a typical 
combustion bomb to eliminate error due to sample splashing and incomplete combustion.  Energetic 
synthesis of new compounds can be more effectively characterized by providing a standardized 
process using a typical combustion bomb with small quantities of liquid samples.   
 
 

EXPERIMENTAL SECTION 
 
Materials 

  
Whatman filter papers 6, 40, 41, 42, and 50 were obtained from Sigma Aldrich. Light mineral 

oil, toluene, and diethylene glycol were obtained from Fisher Scientific. Butyl carbitol solvent was 
purchased from Fisher Scientific.  Solid benzoic acid pellets were purchased from Parr Instruments. 

 
The heats were determined by using a 6772 calorimetric thermometer attached to a 6725 

semi-micro oxygen bomb calorimeter equipped with an 1109/1109A semi-micro oxygen bomb all 
available from Parr Instruments. 
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Methods 
 

Pellet Preparation 
 

Paper pellets were prepared by homogenizing pieces of selected filter paper in a 
hand mill to a fine consistency and hand pressing a pellet in the Parr 2811 Pellet Press weighing 
between 0.04 to 0.1 g.  
 

Pellet Absorption 
 

Paper pellets were prepared as per the previously stated procedure. The pellet was 
weighed and placed onto the sample well of the 1109/1109A semi-micro oxygen bomb, and liquid 
was added to the pellet drop by drop until the paper would absorb no more material. Excess liquid 
was dabbed from the pellet, and the mass of liquid was then determined by weighing the pellet in the 
sample well. The mass of the liquid was obtained by subtracting the mass of the sample well and 
paper pellet from the total mass. 

 
Calorimeter Operation 
 

The physical setup and operation of the Parr 6772 calorimetric thermometer, 6725 
semi-micro oxygen bomb calorimeter, and 1109/1109A semi-micro oxygen bomb was as per 
manufacturer instructions (ref. 1). Benzoic acid was used as a standard. When determining the 
internal energies of liquids absorbed onto the paper pellets, the internal energy of the paper was 
input as a spike value. 

 
 

RESULTS AND DISCUSSION 
 

The optimal material choice for holding a liquid in the combustion bomb needs to meet 
several criteria: the material must absorb enough liquid so that the energy released is detected by 
the calorimetric thermometer, the chemical consistency of the material should produce a precise 
heat of combustion to be entered as a spike value, and the material must combust completely under 
an oxygen atmosphere. Absorption materials such as sponges and various membranes were 
investigated; however, after establishing a design of experiment, cellulose filter paper was chosen 
because of the availability in a chemical laboratory and documented chemical properties such as 
chemical composition, ash content, and filtration speed.   Filtered papers considered were all 
standard laboratory cellulose filter papers from Whatman. Those selected were qualitative and 
quantitative papers with a range of filtration speeds from fast to slow and varying ash percentages. 
See table 1 for selected cellulose filtration papers. 
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Table 1 
Whatman filter paper chart depicting the physical characteristics of cellulose filter papers types 

  

 
Note: Selected for this study were papers 6, 40, 41, 42, and 50. Date was 
compiled from product packaging and Whatman data sheets (ref. 2). 

 
To determine the precision of the internal heats of combustion, the papers were ground to a 

fine pulp and hand pressed into pellets similar to the procedure for pressing solid samples for the 
combustion calorimeter. The pellets were evaluated as solid samples run under oxygen and charged 
at 30 atm. All cellulose papers had internal energies (ΔUc) in the range 4000 cal/g, and upon 
examination, the oxygen bomb was free of residue after combustion. The ashless Whatman 42 and 
Whatman 41 had standard deviations noticeably lower than the other filter papers with data of 
4018.52 +/- 10.459 cal/g  (n = 4) and 4129.95 +/- 35.264 cal/g  (n = 4), respectively. 

 
After determining the heat of combustion of the various filter paper types, the maximum 

amount of liquid that can be absorbed into a pressed pellet was examined. It was necessary to 
include a material that was capable of carrying enough mass so that the additional heat due to 
combusting the liquid is measurable by the calorimetric thermometer but still provided the capability 
of minimizing the total amount of liquid necessary. The amount of liquid that the paper pellet is 
capable of absorbing was estimated by preparing a pellet in the range of 0.06 g paper and dropping 
water onto the pellet until it was completely immersed. The pellet was then removed from the water 
and excess liquid dabbed from the surface. Each of the cellulose papers was capable of absorbing 
0.3 g or more liquid per gram of paper. The ability of the paper to absorb liquid was not considered 
an issue as the maximum loading capacity of the oxygen bomb is 0.25 g. When expressed as the 
amount of liquid absorbed per gram of paper pellet, those papers with medium and slow filtration 
speeds have a higher loading capacity than those with shorter retention times (fig. 1). Qualitative 
papers absorb more than quantitative papers and hardened papers. 
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Note: (a) the total mass of water in grams absorbed onto a pressed pellet of cellulose filter paper 
approximately 0.06 g. (b) normalized absorption expressed as g liquid/g pellet. (c) the heat associated with 
combusting the homogenized and pressed cellulose paper in a combustion calorimeter, ΔUc, expressed as 
cal/g. 

Figure 1 
Distribution of heat of combustion and absorption values determined for Whatman filter paper types 

41, 40, 42, 6, and 50 
 
Ash content was considered an essential characteristic in down selection of filter types for 

several reasons; limiting the amount of residue from combusting the paper medium is necessary to 
determine the completeness of the loaded liquid combustion, and ash content is considered a useful 
measure of the level of general purity of the cellulose material. The purity of the cellulose paper is 
essential for determining the precise heat associated with combusting the paper, which is to be 
subtracted from the experimentally determined liquid-paper values.  Therefore, an emphasis was 
placed on selecting an ashless filter paper with 0.01% or less ash content.    Whatman determines 

(a) Total absorption  (b)   Grams liquid absorbed per gram pellet 

 
(c)   Heat of combustion 
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the ash content under ideal conditions by ignition of the cellulose filter at 900°C in air. In order to 
mimic incomplete combustion of the filter papers, a sample of paper was ignited at room temperature 
and let burn until it self-extinguished. The remaining ash content was determined, and results may 
be seen in table 2. Although bleached printer paper quickly extinguished and left a large portion of 
ash, the Whatman cellulose filter papers combusted consistently. The consistent properties of the 
cellulose filter paper provide for a more predictable, complete combustion. 

 
Table 2 

Amount of residue remaining after applying a flame to each paper and letting self-extinguish 
 

 
 
Down selection of the paper was determined by selecting the material that absorbs the most 

liquid while exhibiting both a clean combustion and precise heat of combustion. As a precise heat of 
combustion is the most important parameter considered, Whatman 42 and 41 were chosen. Superior 
absorption of the faster filter speed papers led to the selection of Whatman 42. The ash test 
confirmed that filter paper was superior, specifically quantitative papers with consistent chemical 
compositions burn more completely in the case of incomplete combustion. 

 
 Following the selection of a suitable medium, it was necessary to choose a liquid with a 

known heat of combustion to use as a calibration point for the instrument when implementing the 
newly designed process.  Initial efforts were focused on using a light white mineral oil. Although the 
data was acceptable with internal heats of 8894.1052 +/- 31.22 cal/g, there was no known heat of 
combustion to compare to because of lack of a molecular formula. Solvents such as toluene and 
diethylene glycol were considered but not investigated because of their volatile and hygroscopic 
properties. Butyl carbitol solvent was found to be a suitable candidate for calibration. With as little as 
0.02 g solvent absorbed onto pellets about 0.07 g, the heats of combustion, -1102.6 +/- 3.9 kcal/mol, 
were obtained and compared to the reported literature value of -1109 kcal/mol (ref. 3)(table 3 and fig. 
2). 
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Table 3 
Internal energies as reported from the Parr 6772 calorimetric thermometer 

 

Filter paper 

Liquid sample 

Average Uc 

(cal/g) 

Standard 

deviation 

%Standard 

deviation  Notes 

Light mineral oil -8894.1052 31.2249 0.0351 

No molecular 

weight, cannot 

calculate Hc 

Toluene nd nd nd 
Too volatile to 

obtain mass 

Diethylene glycol nd nd nd 

Too 

hygroscopic to 

obtain mass 

Butyl carbitol -6780.5196 24.6217 -0.3631 

Acceptable 

solvent for 

procedure 

 
Note: Data was used to calculate heats of combustion to compare to literature values. nd indicates 
no data available. The calculated heat of combustion for butyl carbitol from the experimentally 
determined internal energy of -6780.5196 cal/g is -1102.658 kcal/mol. Butyl carbitol was deemed an 
acceptable solvent for use as a standard due to minimal hygroscopicity and volatility, precision of 
internal combustion data, and accuracy of the subsequent calculated heat of combustion within 1% 
of the reported literature value. 



UNCLASSIFIED 

Approved for public release; distribution is unlimited. 

7 

 
Note: Heat of combustion of butyl carbitol was calculated from the experimentally determined 
internal energy. The upper and lower specification limits were determined by calculating 3% from 
the manufacturer’s heat of combustion data. All data is expressed in kcal/mol. Capability analysis 
was compiled using JMP software. 

 

Figure 2 
Capability analysis of butyl carbitol solvent heat of combustion data 
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CONCLUSIONS 
 

The Parr semi-micro oxygen bomb 1109/1109A in conjunction with the semi-micro 
calorimeter 6725 offers the unique capability of determining the heat of combustion with a small 
sample size of 25 to 200 mg.  This is especially useful when determining the heat of formation of a 
newly synthesized compound and/or an energetic compound in which little material is available or 
the material is susceptible to unintended explosion/detonation. Absorbing a minimum of 0.02 g liquid 
(butyl carbitol) onto a pressed paper pellet from a quantitative, ashless laboratory filtration paper 
offers the ability to obtain precise heats of combustion while employing samples smaller than what 
can be used in conventional liquid methodologies.  
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