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Abstract: Based on the theory of determining heat values using an oxygen bomb combustion method, a data analysis system
for oxygen bomb combustion was developed using MATLAB visual programming technology. This system can analyze data for
the combustion and enthalpy of the decomposition for organic materials, the enthalpy of formation of volatile liquid materials
such as gasoline, aviation kerosene, alcohol, and benzene, as well as for materials having lower heat values such as honey and
ethanol, and even complex solid materials such as coal, sludge, waste, architectural materials, and concrete. This new data
analysis system can very accurately determine the temperature variation in combustion, and then display the interrelated data on
a display screen. Practical mathematical models and methods are listed in the paper. Our research will prove valuable for
developing new applications for oxygen bomb technology and solving practical problems involving thermodynamics.
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temperature-time (T-t) curve. However, this approach is
time-consuming and subject to excessive errors. In this paper,
we report the development of a practicable oxygen bomb
combustion data analysis system (OBDAS) that can improve
the basic thermodynamic database and improve the
effectiveness of the oxygen bomb combustion technique.

1. Introduction

Oxygen bomb calorimetry can be used to determine
enthalpy values of many substances. This method is of great
value in various manufacturing enterprises and has been a
classic thermochemical experiment in physical chemistry
laboratory courses at all levels [1, 2]. Applicable fields of use
include not only chemical analysis but almost any other 2. Data Analysis System
application where determining the enthalpy of reactions or
energy content of a substance [3-8] is required. The method
can also be used for preprocessing samples [9-12]. The key
step is obtaining an accurate value of the temperature
variation. The conventional method is to draw a

2.1. Theory of Calculation

We can determine the heat of combustion of a sample
using oxygen bomb data and the expression in Eq. (1).

mQ, +mQ  +my O +AW 0. +AVy 01 yion = (CHZOWHZO +WHAT (1)

where my = the mass of the combustion aid (such as filter paper

m = the mass of the sample and carbon powder) or combustion utensil (such as capsule,
0, - the isochoric heat of combustion of the sample combustion bag, and combustion cup)

my, = the mass of the standard substance (such as benzoic Oy = the isochoric heat of combustion of the combustion

acid, sucrose, and naphthalene) aid (its value can be measured accurately using the oxygen

O, = the isochoric heat of combustion of the standard  bomb method)
substance AW;= the mass of the combustion head, which burned up
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O, = the heat of combustion of the combustion thread (its
value is 6.695 kJ/g)

AVyeon and gy,on = the volume and the relevant heat,
respectively, of NaOH (0.1 mol/L), which is consumed by
the oxide produced by the combustion of the impurity in
oxygen (e.g., carbon, nitrogen, sulfur)

Cuzo = the specific heat capacity of water

W = the mass of water

W’ = the water equivalent of the calorimeter

Because we use water of the same mass every time,
expression (Cy, ,W, , +W') can be used as a constant and

expression (1) can be written as shown in Eq. (2).

mQ,+mQ  +my, 0, +AW.Op + AV 9yon = CAT (2)

Moreover, Q, =Q, +AnRT , where 4n is the difference
between the amount of the standard substance before and
after the reaction.

2.2. Calculation of the Values of Temperature Variation

To obtain an accurate heat value, the key step is to
determine accurately the change in temperature. Currently,
three mathematical methods exist to determine the heat value
of samples using oxygen bomb combustion. These formulas
are (1) the International formula, (2) the Regnault-Pfundler
formula, and (3) the Renault curve.

2.2.1. International Formula
The international formula is given by Eq. (3). Equations
for terms within Eq. (3) are provided in Egs. (4-6).

AT = (1, ~1,)+dT 3)
dT =(n—a)V, +aV, 4
— tn _tO
a= (Ifa<1.2, a-0.1) 5)
Lygo~ly

Vo =k(t, —t,)+ 4
{ (t —1;) ©

V,=k(t,~1,)+4

where

T, = the temperature (K) at the time of ignition

t, = the temperature (K) at the end of the ignition

vy = the rate of temperature variation at the beginning of
the reaction

v, = the rate of temperature-variation at the end of the
reaction

t; = the temperature of the surroundings (K)

k = the cooling constant

A = the correction coefficient (K/min)

2.2.2. Regnault-Pfundler Expression Method
The Regnault-Pfundler method is given by Egs. 7 and 8.

AT =(t, —t,)+dT (7
V _V n-l

dT =nV,+—=2—" Zti+%(to—t")—nt0) (®)
ta=t, =

where n is the time from ignition to the end of the

combustion reaction, #, 1is the average temperature before

the reaction, ¢, is the average temperature at the end of the
n-1
reaction, and Zt[ is the sum of the temperatures over the

i=1

main combustion period.

2.2.3. Renault Correction Curve Method

In the process of measuring the heat value of a sample, it is
inevitable that heat is exchanged between the system and the
environment. Figure 1 (a) and Figure 1 (b) show different
Renault emendation curves measured in adiabatic
disappointing conditions and adiabatic well conditions. Point
b in Figure 1 (a) and Figure 1 (b) represents the beginning
temperature. Point c represents the ending or highest
temperature. The length of the line EF represents the
temperature-variation for the reaction.
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Figure 1. Renault temperature correction under adiabatic well and disappointing conditions.

According to Figure 1 (a) and Figure 1 (b), we see that
the plot of time versus temperature is linear from point a
to b, and from the second inflexion point ¢ to d. A linear
function can describe these lines using the well-known
equation y = ax + b. The nonlinear curve from point b to ¢

can be described by the function, f(7)= ;_l . Hence,
a

+be

the data in the plots can be divided into three groups. The
values of a and b can be determined using the
linear-least-square-multiplication method. After
determining the a and b values for each of the three groups,
we can calculate AT [13-15].

3. System Design
3.1. System Environment

We developed a data analysis system using MATLAB. This
system is an integrated one that can handle data manipulation,
graphing, and calculations. The visual interface was
developed using the GUI (Graphical User Interface) of
MATLAB [16, 17].

3.2. Functions and Characteristics

The functions and characteristics of the system are as
follows:

(1) Users can input data directly or import a file containing
data.

(2) The system can prepare time-temperature graphs from
experimental data.

(3) The system includes two modules: (i) a subsystem that
can analyze heat of reaction data, such as heat of combustion,

(a)

-) Data analysis system of determining reaction heat with Deygen Bamb Ce

— 1 (D)

TimeCmin) | 1152253354455556657 758 859351010511 1151212513
Tmpaumra('q 20433 20516 20541 205 20580 20610 20640 21173 .75 2120 22290 2330 285

=6
Exparimental parametors
bt Envi {T) | 2
Combustion line weightlessnessigl [ 10019
- Waterwoight in inter canister [fxationlig) [ 000 00
5 b e i Wemati I 1000
0.1M NaOH volsmefml)| 0
Start point of dominical process 7
245 Terminate pomt of dominical process [~ 77
5 Standasd substance or Sample weightfal [ 5o
% Demarcating heat capability
F=T) Heal value of standard substancel) /o) JEeTTs
oalvae of tendied ndo
ok
2 “ & a 10 12 14
== Thma(rmin)
Comelation cosfficient of Curve | R=0.9982
Corelation coeficient of Curve Il R=0 9347
Correlation coeficient of Curve Il R=0 9852
Change value of temperature A T=1.6899 (1)
Euivalent water of instrment W=31568 B965.1H

Heat capability of instrument C= 15750 6370

T"Yl:ul\ml Run I Print I Rmnl

enthalpy of decomposition, and enthalpy of formation, and (ii)
a subsystem for calculating heat values for coal, sludge, liquid
samples, etc.

(4) The system will be improved when connected to RS-232
C sockets in the data display device of the oxygen bomb
calorimeter via a computer. The source code of the system is
open. Users can run the system on any computer that has
MATLAB installed.

4. Applications
4.1. Data Analysis for Determining Heats of Reaction

The heat of combustion for any standard substance can be
determined using the oxygen bomb combustion method.
After determining the enthalpy of a mixture composed of a
standard substance and a sample, we can calculate the
enthalpy of decomposition and formation of the sample using
Hess’s law. Figure 2 (a) and Figure 2 (b) show the operating
interface of the subsystem for determining the reaction heat.
When the function “device thermal capacity determining” is
chosen, the system will display the temperature variation
during the reaction, the time-temperature curve, and the
result of the demarcating heat capability. When the function
“heat of reaction calculating” is chosen, the system displays
the change in temperature, the correlation coefficient for
temperature and time, and the relevant caloric value. An
example showing how to use this subsystem for determining
the decomposition enthalpy and formation enthalpy follows

(Eq. (9-12)).
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Figure 2. Operating interface of demarcating heat capability for (a) data analysis and (b) determining the reaction heat.

At298.15 K and p°®,

C,H,COOH (s)+1 % 0,(g) 01, 7¢0,(g) +3H,0()) 9)
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BaCO, 0811 _, BaO+CO, 1

(10)
C,H,COOH (s)+! % 0,(g) + BaCO, 0711, B0 +8C0, (g) +3H,0(l) (11)
AHZ10)=AH (1) -AHZ(9) ,and A,HS(BaCO,)=AHY (12)

where A H?(9)is the heat of combustion for the standard ~ generate accurate data, and can be used to determine the
substance (the value for benzoic acid is-3226.9 kJ/mol), ~ €nthalpy of decomposition of different compounds [18].

A HP(11) is the total heat of reaction for the mixture that The enthalpies of  formation —are  important
thermodynamic properties of compounds. They are

regularly used in general, physical, and analytical
chemistry applications, and in studies of a number of
technological processes. Similarly, standard molar
formation enthalpies of some oxides can be determined.
An example follows using Eq. (13-15).

can be measured by the oxygen bomb, and
A,H2(BaCO,) is the enthalpy of decomposition of
barium carbonate.

Table 1 lists the basic parameters and data for this
experiment. Figure 2 (a) and Figure 2 (b) show the results
of the data analysis. The results show that this method can

At 298.15 K and o C,H,COOH (5)+1 0,(g) DE'HT- 7€0, () +3H,00) (13)
241(5)+ ¥, 0, D81 4LO,(s) (14)
C.H,COOH (s)+90,(g) +2Al(s) O 'L 7CO, (g) +3H,0(1) + ALO,(s) (15)

So A H®=A H°(15)-A H°(13) and AH? :Afoj(Ale)—A/»HS(AI)—A,/»HS(% 0,) where A, HP°(14)is the total
heat value of reaction of the mixture system, and A H ©(AL,0,) is the enthalpy of decomposition of alumina. A H, °(A4l) and

AH ,f’ (O,) are, respectively, the standard formation enthalpy of aluminum and oxygen, whose values are 0 as a rule.

Table 1. Parameters and results for determining the enthalpy of decomposition of BaCOs.

Parameter Benzoic Acid 1 Benzoic Acid 2 Benzoic Acid 3 Sample1 Sample2 Sample3 Sample4 Sample 5
Mass (g) 1.0005 1.0005 1.0005 1.2001 1.2002 1.2001 1.2002 1.2000
Room Temperature (°C) 21.0 21.0 21.0 21.0 21.0 21.0 21.0 21.0
Combustion Line 0.0075 0.0052 0.0066 0.0060 0.0098 0.0098 0.0083 0.0085
Weightlessness (g) 1.746 1.745 1.747 1.721 1.719 1.718 1.719 1.720

Temp. Var. (K)

LB LR GO S EUin 25861  280.02 29794  289.63  278.03

(kJ/mol)

Average (kJ/mol) 281.03
Theoretical Value (kJ/mol) 269.26
Relative Error (%) 437
RSD (%) 5.25

Note: The mass of benzoic acid in all samples is 1.000g.

The basic parameters for determining the standard molar enthalpy of formation of ZnO, Al,0;, and MgO are listed in Table 2.
The results are listed in Table 3. This method can clearly be used to determine the standard molar enthalpy of formation of
compounds.

Table 2. Parameters for standard molar enthalpies of formation.

Room (°C)  Heat Capability (J/K) Capsule (J/g) Benzoic Acid (J/g) Al (g/mol) Zn (g/mol) Mg (g/mol)
21 10474.4 22792 26472 26.98 65.39 2431
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Table 3 Results of standard molar enthalpies of formation for ZnO, Al,O;, and MgO.

Capsule (g) Sample (g)  Benzoic (g) é:;:: elg?gt) A H® A(v li;?rif)l) Error (%) b, H® g‘e;l::n;eo/ )
(kJ/mol) (kJ/mol) ¢
0.0806 0.6211 0.4321 -28034 -1608.06
0.0958 0.5561 0.3657 -28071 -1619.60
0.0902 0.5697 0.4001 -28001 -1613.38 -1609.36 7.62 1669.79 3.62
Al 0.0918 0.5001 0.3951 -27801 -1606.47
0.1003 0.4967 0.3816 -27702 -1599.29
0.0930 0.4568 0.3541 -24871 -584.73
0.0943 0.6102 0.3941 -24791 -583.79
0.1100 0.5691 0.4009 -24880 -577.52 -586.69 2.49 600.92 2.37
0.0998 0.5519 0.4016 -24916 -587.52
Mg  0.0902 0.5149 0.4029 -25019 -590.06
0.0940 0.4614 0.5294 -17239 -360.56
0.0882 0.4577 0.5114 -17173 -370.74
0.0974 0.4662 0.5512 -17461 -372.28 -367.39 5.17 365.32 0.57
Zn  0.1003 0.4578 0.5598 -17585 -364.69
0.0897 0.4666 0.5001 -16944 -366.66

4.2. Determination of the Caloric Values for Coal and
Sludge

Our oxygen bomb combustion method was used to
determine the caloric value of coal. Transformation of sludge
into other useful resources plays an important role in
protecting the environment. Because sludge is composed of
many complex components, three problems exist for us to
solve when determining the caloric value of sludge using the
oxygen bomb combustion method. First, the samples are hard
to burn because the main components of sludge are a mixture
of carbonate and silicate. Second, carbonate and silicate will
partly decompose by heating and absorbing heat, so that the
heat value may be artificially low. Third, sludge contains
numerous substances such as carbon, sulfur, phosphorus, and
nitrogen. The oxides of these substances react with water and
produce heat, which will cause the heat value to be
artificially higher. We have found that, if we add a standard
substance (such as benzoic acid) to the sludge sample, then
pack the sample with filter paper, samples will burn
completely. Addition of carbon to the sample prevents the
decomposition of carbonate, which can reduce errors in the
calculations.

The expressions for calculating the caloric value of coal
and sludge are represented by Eq. (16-18).

(1) The expression for the caloric value of the bomb (Qb):

(2) The expression for a high caloric value (Qgr):

0, =0,-(%94.15,+a0,) (/g 17)
(3) The expression for a lower caloric value (Qnet):
100 — Mar
=(Q,, —206Had)————— — 23 M 18
Qs =y “Di00-tad M (18)

where
S is the content of sulfur in the sample, a is the

emendation coefficient of nitric acid (if Q, <16.7MJ / kg
then a =0.001; if 16.7MJ/ kg <Q, <25.1MJ / kg then «
=0.0012; if O, <25.1MJ/kg then a =0.0016), Mar is the
total water, Mad the water with air dryness Had is the
hydrogen with air dryness.

Table 4 lists the data obtained in the sludge experiment. The
mass of benzoic acid is 0.5005 g, the mass of the sludge is
0.3505 g, the mass of carbon is 0.3000 g, and its heat of
combustion is 30792.5 J/g, the mass of the filter paper is
0.3160 g and its heat of combustion is 16400 kJ/g, room
temperature is 22°C, the combustion thread of weightlessness
is 0.0095 g, the volume of consumed NaOH is 15.5 mL.
Figure 3 (a) and Figure 3 (b) show the operating interfaces for
determining the thermal capacity for calculating the calorific

value of goal and sludge. The average calorific value of sludge
is 13.81 kJ/g.

CAT -AW, 0, -m'Q,’
— FZF
0, = —(J/g) (16)
m
Table 4. Experimental data for sludge combustion.
T (min) 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 St 6.0 6.5
T (°C) 20.945 20.960 20.965 20.978 21.001 21.021 21.029 21.032 21.485 22.121 22.621 22.777
T (min) 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0 12.5
T (°C) 22.840 22.957 22.993 23.007 23.014 23.026 23.033 23.038 23.042 23.046 23.050 23.054




American Journal of Applied Chemistry 2016; 4(6): 235-241 240
(a) J Data analysis system of determining Coal and Shudge Calorilfic Vakue witl Dipgen Bom Pt 1| (b) ) Dat.a analysis system of determining Coal and Studge Calorific Yalue with Oy ges % [ 1|
Time(min) [~ 1152253354455556657758859451010511 11512125 13 Time(min) [ 1152253354 455556657 758859 3510105 11 115 12125 13
Temperature('C) [ 20437 20516 20501 2051 20580 20610 20640 21173 21,751 22120 2229 230 255 Temperature(’C) | 2045 20516 20541 2051 2050 20610 0640 21173 21 751 22120 2229 230 255
. Experimental Parameters C : Expanmential Parameters
Emﬂ 'I'q-'muﬂ:l |T Envieronmental TemperatureT) [ 0
B thittoia S el i ¢otermeight in inter T ; : 2 1| Watcoweioht in intes canisteflinationlial [57577
Time~Tomperature Curve in oy Moo Tume~Temper sture Curve [Tom
B SIMwSMMImmﬂW & Sample [om
ns POTTTTEY mm“,wl ll'I[ 03 ns N aaand nnmrmlﬂ—““ el
_"'M " g-l:::"ﬂ\:im:ﬁm [ g Staet mdm:lum
ol ¥ End point e sl S i f Eiod yi of dnsiicnd pachts 17—
{ & Demarcating heal capabili ’-' " Demascoting hoat capabili
| Ned value of standard .w.tn.u;qm f
ns .'" ©C value Hs ' Calculating caloribic value
J Heat capabiny (3] EESENEE
B oo f = f Total suliura in sample( %) [
t ",4' L | Water content ol apphied group(X) [T
e Water content of analytical group(%) [T
05| . R aon Hydrogen contont of analytical group(z) IR
J Wesght of accretioniol [N
= P LB N P o 2 g ouow Heat value of -‘:W
Heat value of capasuleld /o)
AT=1.9407 (1) AT=19407 (9 tmwu:f
Euivalent water of instrment W=1148 92690 Qb= .30 403klg fm:m S oo |
- e Ogr= -30 3544k and used to international lomuls |
He bilty of in C= 13736 543K
ot capability of instrument r'll:uru] = | EL 1 e I Cnet= .30 354dkg ' Mi Rin 1 Print 1 Retum [
Figure 3. Operating interface of demarcating heat capability for (a) data analysis and (b) determining the calorific value of coal and sludge.
Table 5. Results for eight liquid samples.
Sample m(cup) (g) m(liquid olefin) (g) m(sample) (g) c(total) (kJ/g) c (sample) (kJ/g) c(average) (kJ/g) c (reference) (kJ/g) Error (%)
0.2876 0.5321 0.2245 26.685 22.116
0.2458 0.4562 0.2214 26.979 21.818
Methanol 2654 0.5001 0.2134 26.902 22384 21.994 22645 287
0.2641 0.5543 0.2269 22.489 14.025
Aceti 0.2691 0.5004 0.2005 22.205 13.821
g 02256 04987 0.2314 23.106 13.782 13.906 14.555 4.46
0.2513 0.4121 0.2001 36.089 41.051
0.2871 0.4516 0.2141 36.142 41.689
Benzene 0.2318 0.4016 0.2158 36.774 41.719 41.404 41.891 1.16
0.2768 0.7476 0.0000 18.547 17.955
0.2739 1.0483 0.0000 18.392 17.933
Glycerol 0.2318 0.8145 0.0000 18.404 17.908 17.932 17.958 0.15
0.2891 0.4651 0.2201 38.254 45.895

T (Room): 24°C, Benzoic acid: 26486 J/g, Container:

4.3. Data Analysis for Calorific Value of Liquids

This paper presents a method for determining the caloric
value of liquid using a theory for determining the heat of
combustion. By determining the caloric value of various
materials including volatile liquids, nonvolatile liquids, and
nonflammable materials, we conclude that this method can be
obviously used to determine the heat value of many liquid
materials. Table 5 lists the results for four liquid samples.

5. Conclusion

The OBDAS system is a practical data analysis system for use
in oxygen bomb combustion analyses using MATLAB. OBDAS
can be applied to the data analysis of the combustion of typical
organic materials, and for determining the enthalpy of formation
and decomposition of compounds such as complex solid samples,
which include coal, coke, sludge, waste, architecture material,
feed, concrete materials, and liquid samples. The system
integrates the basic theories of thermodynamics and techniques
of combustion with data processing techniques. OBDAS
expands the possible research opportunities in thermodynamics,
and solves some practical problems in thermodynamics as well.

20147 J/g, Liquid olefin: 45891 J/g, Heat capacity: 10367.72 J/K

In addition, our new oxygen bomb combustion method expands
our capability to do research in determining the enthalpy of
formation of nonstoichiometric compounds, complex oxides, and
oxygen ion conductors.
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