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ABSTRACT 

Predicting the burning of cardboard requires a detailed understanding of the pyrolysis and char oxidation.  
An experimental study was performed to quantify the decomposition kinetics, heat of decomposition for 
pyrolysis, and the heat of combustion of the evolved pyrolysis gases and char oxidation. Parameters were 
determined using data from a simultaneous TGA / DSC as well as the microscale combustion calorimeter. 
From TGA data, a double independent reaction kinetic model was sufficient to describe the decomposition 
of cardboard due to a softened hemicellulose peak. The heat of combustion of pyrolysis gases was a factor 
of two less than that of the char.  However, due to the lower mass loss rate of char, the heat release rate due 
to the char was less than half of that associated with the evolved pyrolysis gases.  

KEYWORDS: Pyrolysis, Heat Release Rate, Cardboard, Kinetics, Heat of Decomposition, Heat of 
Combustion 

NOMENCLATURE LISTING  

A pre-exponential factor (1/s) T temperature (oC, K) 
c specific heat capacity (kJ/kg-K) xc char conversion factor (- -) 
capp apparent specific heat capacity (kJ/kg-K) Yc char yield (- -) 
csen sensible specific heat capacity (kJ/kg-K) Greek 
e decomposition progress variable (- -) β Heating rate (oC/s) 
Ea activation energy (kJ/mol) θ dummy integration variable 
Δhc heat of combustion (kJ/kg) subscripts	
  
Δhdec heat of decomposition (kJ/kg)  1 first reaction 
Δho

dec standard heat of decomposition (kJ/kg)  2 second reaction 
m instantaneous mass (kg)  a active material 
m' time derivative of mass (kg/s) c char 
M mass (kg) f filler (ash) 
n power in kinetics models (- -) fin final  
QDSC  corrected heat flow (kW) g gas 
QMCC   heat release rate (kW) in initial 

R universal gas constant (8.314x10-3 kJ/mol-K) p pyrolysis gases 
t time (s) ref reference (298K) 

INTRODUCTION 

Cardboard is a common combustible material encountered in a variety of scenarios including small store 
rooms, box stores, and large warehouses. These commodity storage scenarios are known to be very 
hazardous and require sprinkler protection. Due to the cost of performing these sprinkler approval tests, 
there is interest in modeling the burning and suppression of commodity storage scenarios [1]. The initial 
ignition and flame spread in these scenarios is over surfaces of cardboard; thus, it is important to quantify 
the properties associated with pyrolysis and char oxidation of cardboard in order to predict the flame spread 
behavior. In addition, cardboard is also susceptible to smoldering which can transition into flaming.  For 
this application, it is important to understand the energy required to generate the mass (heat of 
decomposition) as well as the heat produced by the smoldering, oxidizing char.   

Cardboard is a material formed by delignification of soft wood (typically pine) through a process called 
kraft pulping. Through this process, the lignin content is reduced by 80-90% with the residual lignin 
chemically modified and different from the native lignin [2]. The pulp is used to form different grades of 
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kraft paper including the liner and corrugated medium which are bonded together with a starch to form 
cardboard. Though cardboard is a lignocellulosic material, its content (provided in Table 1) is different 
compared to wood and paper due to the fabrication process [2]. As a result, the thermal degradation and 
oxidation of cardboard have been determined to be different compared with wood and paper [3-6]. 

Table 1. Comparison of cardboard, paper, and wood. 

Material Cellulose 
(%) 

Hemicellulose 
(%) 

Lignin 
(%) 

Other (%) HHV 
(kJ/kg) 

Ref. 

Cardboard 59.7 13.8 14.2 12.3 -14,480 [7,8] 

Office Paper 64.7 13.0 0.93 21.4 -13,820 [8,9] 

Newsprint 48.3 18.1 22.1 11.5 -15,870 [8,9] 

Pine wood 49.8 20.8 26.7 2.7 -19,200 [10,11] 

 

There have been limited studies that have investigated the thermal degradation and oxidation of cardboard 
[3, 5, 6, 8, 12].  The majority of the research performed on cardboard has been on the thermogravimetric 
response of cardboard in different environments (i.e., inert versus air) [3, 5, 6, 8]. No consensus has been 
reached on the appropriate kinetic model to predict degradation.  Gupta and Muller [3] recommend first 
order reactions with kinetic parameters that vary with heating rate. David et al. [6] investigated the use of 
multiple reactions to predict the degradation response and found that a reaction with an intermediate 
product predicted the degradation best.  In the work by Grammelis et al. [8], they used multiple 
independent nth order reactions to predict constituent degradation (i.e. cellulose, hemicellulose, lignin). Due 
in part to the differences in kinetic models applied, all studies reported very different kinetic parameters. 
Only one study was found where they attempted to measure the heat of decomposition with values being    
-4,100 to -6,900 kJ/kg (exothermic) [3]. These values are overall exothermic instead of endothermic, which 
is different than heat of decomposition values for other fuels [13, 14].  For example, Kashiwagi and Nambu 
[14] found the heat of decomposition to be 570 kJ/kg for paper on a per initial mass basis.   

Recently, Chaos et al. [1, 12] investigated the effects of incident heat flux and oxygen content on cardboard 
char oxidation.  Coupon size cardboard samples were tested in the flammability apparatus in an inert 
environment [1] as well as in varying levels of oxygen [12].  The temperature rise of the cardboard was 
measured with time. After an initial transient heating period, surface temperatures remained relatively 
constant during the char oxidation.  However, the steady state temperature changed with incident heat flux.   
Transient heating rates were dependent on incident heat flux and were 40oC/min at 20 kW/m2, 600oC/min 
at 60 kW/m2, 900oC/min at 100 kW/m2. Models were proposed to predict the heat produced due to char 
oxidation.  These resulted in effective heats of combustion ranging from 30,000-50,000 kJ/kg. Other 
studies have reported heat of combustion of char to range from 30,400 – 33,800 kJ/kg [12, 15]. 

The focus of the research presented in this paper was to quantify the thermal pyrolysis and oxidation of 
cardboard. Experimental methods were developed to measure individually the properties during pyrolysis 
as well as char oxidation. This included kinetic reaction models for pyrolysis, specific heat capacity of 
cardboard and char, heat of decomposition for pyrolysis, heat of combustion of the evolved pyrolysis gases, 
and heat of combustion of oxidizing char. A comparison of properties developed in inert environments 
versus oxygen containing environments is provided along with the effects of higher heating rate.    

EXPERIMENTAL APPROACH 

Material 

The cardboard used in these experiments was a single layer of corrugated packaging cardboard shown in 
Fig. 1.  The overall thickness was 1.7 mm with a nominal density of 315 kg/m3.  The liner thickness was 
0.3 mm with the corrugated medium being 1.1 mm thick.  Experiments performed in this study required 
5mg samples of the cardboard. These were prepared by cutting small pieces of the cardboard that included 
the entire cross-section using a scalpel. Samples were conditioned at room temperature resulting in a 
moisture content of 8%.   
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Fig. 1. Cardboard cross-sectional details. 

Thermal Analysis and Calorimetry 

Experiments were performed using laboratory equipment that permits relating the gravimetric, energetic, 
and calorimetric response to sample temperature. This allows determination of decomposition kinetics as 
well as simplifies determination of properties.  Experiments were conducted using a simultaneous thermal 
analyzer (STA), which is a combination thermogravimetric analyzer (TGA) and differential scanning 
calorimeter (DSC), as well as a microscale combustion calorimeter (MCC).   

Simultaneous Thermal Analyzer (STA) 

A NETZSCH 449 F1 Jupiter STA was used to characterize the gravimetric (TGA) and energetic (DSC) 
response during pyrolysis and oxidation. The STA contains a platinum heater that has an operating 
temperature up to 1500oC and is capable of heating rates up to 50oC/min. Data from this instrument was 
used to determine decomposition kinetics, specific heat capacity, and heat of decomposition. An overview 
of the experimental method is provided here. A more detailed explanation of the calibration and operating 
procedures is given in a previous publication [13].  

Samples for the STA were placed in 6.4 mm inner diameter Platinum-Rhodium (Pt-Rh) crucibles with Pt-
Rh lids having two holes to allow the release of evolved gases. Pt-Rh crucibles were used due to their high 
sensitivity in DSC measurements as well as their higher operating temperatures.  Lids were used to ensure 
that the radiation to the sample remained constant during each test and the exposure was the same on both 
pans. As shown in Fig. 2, the crucible containing the sample is put onto a platform inside the instrument 
next to an empty reference crucible and lid. The platform is connected to a load cell with a 1.0 ng 
resolution. The STA utilizes a differential heat flux DSC to determine the energetic response of the sample. 
For this, the test platform contains thermocouples to measure the pan temperature during the experiment. 
Based on the temperature difference, the heat flow required to heat the sample of interest is determined.  

 
Fig. 2. Platform on the Simultaneous Thermal Analyzer (STA).  

A baseline test and calibration test must be performed prior to each test to obtain quantitative data. The 
baseline test is performed by running the test with two sample pans on the platform with no sample in 
either pan. This is used to correct for the temperature effects on the load cell. Following the baseline, a 
calibration test is conducted using a sapphire sample in the sample pan. This is used to calibrate the heat 
flow with a material having a known specific heat capacity. The baseline and calibration tests were 
performed with the same heat rating rate, gas environment, and maximum temperature planned in the test.    

Samples were tested in the mass range of 4.5 to 5.5 mg. Before and after the experiments, the initial and 
final sample mass was measured with an external balance having ±0.01 mg accuracy. The tests were carried 
out from 25oC up to 800oC to ensure complete pyrolysis and oxidation. In inert environment experiments, a 
nitrogen flow rate of 150 ml/min was maintained. Experiments with oxygen were conducted with 18.5% 
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oxygen with a total flow rate of 150 ml/min.  The oxygen concentration of 18.5% was the highest possible 
in the instrument based on the existing configuration. 

Microscale Combustion Calorimeter (MCC) 

A FTT microscale combustion calorimeter (MCC) was used to measure the sample heat release rate (HRR) 
as a function of temperature as well as the effective heat of combustion [16,17]. Tests were performed in 
general accordance with ASTM E7309 [16] and Ref. [17].  The device allows the heat release rate to be 
related to the sample temperature as well as controlled environment combustion. 

A cross-section of the instrument is shown in Fig. 3. To ensure repeatable exposure with the STA 
experiments, 4.5-5.5 mg samples were placed in the same Pt-Rh crucibles and lids with two holes. Before 
and after the experiments, the initial and final sample mass was measured with a balance having ±0.01 mg 
accuracy. The sample temperature was measured with a thermocouple located on the pan platform. The 
lower sample heater provides controlled heating of the sample (typically constant heating rate) and is 
capable of producing temperatures of 900oC with heating rates up to 200oC/min. The evolved gases from 
the sample flow up to the combustor section where a second heater is operated at a constant temperature of 
900oC. The excess oxygen in the flow stream reacts with any remaining combustible gases in this section. 
After being cooled and water removed, the mass flow rate and oxygen concentration are measured and used 
to determine the heat release rate using oxygen consumption.   

Combustor

Pyrolyzer

Sample

Dessicant

Mass
Flow	
  meter

Oxygen	
  AnalyzerOxygen	
  Inlet
(pyrolysis	
  only)

Nitrogen/Oxygen
Inlet  

Fig. 3. Microscale combustion calorimeter (MCC). 

The MCC can be used to measure the heat release rates of different stages of material burning depending 
on how the oxygen is introduced into the instrument. For pyrolysis in an inert environment, 80 mL/min of 
nitrogen was fed into the sample region and 20 mL/min of oxygen was introduced in the combustor region 
above the sample.  In experiments with thermal degradation in an oxygen containing environment (18.5% 
in this study), both oxygen and nitrogen were fed into the sample region at the desired oxygen levels. In all 
experiments, the total flow rate was 100 mL/min.  The operation requires that the oxygen sensor be 
calibrated and mass flow meter be checked prior to each day of testing. The oxygen sensor was calibrated 
with 20% oxygen.     

Analysis 

Kinetics 

The kinetic model parameters were obtained by non-linear regression analysis on TGA data using the 
NETZSCH Thermokinetics software. As per the International Confederation for Thermal Analysis and 
Calorimetry (ICTAC) directive, non-isothermal data must be obtained at multiple heating rates to provide 
accurate kinetic parameters through the regression of all the data simultaneously [18]. Thus, to determine 
the Arrhenius kinetic parameters of cardboard pyrolysis, the STA tests were conducted at 5, 10, 20 and 40 
oC/min in an inert nitrogen atmosphere to determine the cardboard gravimetric response versus 
temperature. The tests were conducted from 25oC up to 800oC with a two minute residence time at 800oC. 
Model free isoconversional methods provide reasonably accurate kinetic parameters for simple reactions 
which do not involve any complex reaction pathways (consecutive, parallel or independent reactions) [19].  
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As a result, the Friedman isoconversional model free analysis was conducted to estimate the activation 
energy of the reactions as well as provide insight on the number of reactions. Using the free model 
estimates of the activation energy and pre-exponential factor, a nonlinear regression was used to determine 
the final kinetic parameters [20].    

Specific Heat Capacity and Heat of Pyrolysis 

The specific heat capacity and heat of decomposition during pyrolysis of a sample decomposing in an inert 
environment were determined using the calibration corrected heat flow, QDSC , from the STA. With the 
thermal gradient through the small sample negligible, an energy balance on the sample using the first law 
of thermodynamics was used to determine these properties.  A detailed development of the equations below 
is provided elsewhere [13].  For an inert sample whose mass remains constant during heating, the sensible 
specific heat can be determined using the corrected heat flow using the STA by   

c = QDSC m dT dt( )                   (1) 

where m is the mass (which remains constant) and dT/dt is the heating rate which is constant in the STA 
tests. If the sample undergoes thermal degradation, the sample mass changes and the energy balance must 
account for these changes. Energy balances for noncharring and charring materials are different since one 
must account for the char sensible energy during the process. The energy balances are developed in detail 
elsewhere [13] along with validation and measurement of properties for various materials. Since cardboard 
is a charring material, an overview of the energy balance equations for a charring material is presented 
along with the method used to determine the heat of decomposition of the sample. 

A decomposing sample will contain an active (a), char (c), and inert filler part (f) producing evolved gases 
(g). The filler part for cardboard is ash.  The energy equation was developed based on the single step 
reaction provided below that describes the decomposition of a fuel in an inert environment 

220 C/min,o Nactive filler char filler gasΔ+ ⎯⎯⎯⎯⎯⎯→ + +                (2) 

The initial sample mass, Min, consists of the initial active mass, Ma, and the inert filler mass, Mf. Following 
thermal degradation in nitrogen, the constant char mass in the sample crucible is Mc while the filler part 
remains constant at Mf. The instantaneous mass of the sample measured during the STA experiment is the 
sum of all the instantaneous mass of each constituent  

( ) ( ) ( )a c fm T m T m T M= + +                  (3) 

where Mf remains constant due to its inert nature. Taking the derivative of this equation with respect to time 
provides the change in each instantaneous mass constituent, 

1( ) ( )
1 ( )a

c
m T m T

x T
ʹ′ ʹ′=

−
                  (4) 

( )
( ) ( )

1 ( )
c

c
c

x T
m T m T

x T
−

ʹ′ ʹ′=
−

                  (5) 

( ) ( )gm T m Tʹ′ ʹ′= −                     (6) 

( ) 0fm Tʹ′ =                    (7) 

where, the char conversion factor, xc(T), is defined as 

( )
( )

( )
c c

c
a a

m T M
x T

m T M
ʹ′

= − =
ʹ′

                   (8) 

Thus, the char conversion factor, xc(T), is determined to be a constant value. Applying Eq. (8) onto Eqs. 
(4)-(7), the instantaneous mass of individual species was calculated. 
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From Ref [13], the energy equation for a charring material was determined to be  

QDSC =
maca +mccc +mf c f( )+ dmdT
−Δhdec

o +
1

1− xc
caTref

T
∫ dT −

xc
1− xc

ccTref

T
∫ dT − cgTref

T
∫ dT

#

$
%%

&

'
((

)

*

+
+
+
+
+

,

-

.

.

.

.

.

dT
dt

              
(9) 

where, o
dechΔ  in Eq. (9) represents the standard heat of decomposition per unit volatile mass lost which is 

not equal to the initial mass since the material chars. The standard heat of decomposition is defined as the 
difference in the standard heat of formations of the decomposition gas and active solid material. Hence, 

o
dechΔ  is positive for an endothermic decomposition process and is a thermodynamic property.  However, 

this requires a reasonable estimate of the pyrolysis gases to determine the standard heat of decomposition 
property [13]. In this study, an effective heat of decomposition is determined as  

1
1 1ref ref ref

T T To c
dec dec g c aT T Tc c

xh h c d c d c d
x x

θ θ θΔ = Δ + + −
− −∫ ∫ ∫             (10) 

It is a positive value for a endothermic process and will be reported on per unit volatile mass loss basis, 
a cM M− . Though there is some variation in the effective property with sample heating rate (15% when 

increasing by a factor of 4), the value can be readily determined through the STA without the need for 
pyrolysis gas characterization.  This reduces Eq. 9 to  

QDSC = maca +mccc +mf c f( )+ dmdT −Δhdec( )
!

"
#

$

%
&
dT
dt

             (11)

 
The heat flow is a measure of the energy required to heat up the instantaneous mass; therefore, both sides 
of the equation are divided by the instantaneous mass.  Moving the heating rate to the left hand side, an 
expression is obtained relating the apparent specific heat to the sensible specific heat capacity and latent 
heat capacity 

QDSC m dT dt( ) = capp =
maca +mccc +mf c f
ma +mc +mf

!

"
#
#

$

%
&
&+
1
m
dm
dT

−Δhdec( )            (12) 

The csen, which is the first term on the right hand side of Eq. 12, can be experimentally calculated by 
joining the virgin sample specific heat and decomposed material specific heat values using a function based 
on the decomposition progress variable  

( )
( ) fin

in fin

m T M
e T

M M
−

=
−

                (13) 

By integrating both sides of Eq. 12 from the initial test temperature to a temperature after full 
decomposition is achieved, Eq. 12 can be rearranged to  

QDSC mβ( )dTTin

T
∫ − csen dTTin

T
∫ = −Δhdec ln Yc( )              (14) 

where Yc = Mfin/Min is the char fraction and β is the heating rate. With measurements made in the STA, Eq. 
(14) can be used to determine the heat of decomposition.  This has been validated elsewhere [13, 21].  
Based on error analysis including machine accuracy and repeatability, the heat of decomposition was 
determined to have an uncertainty of ±4.9%. 

Effective Heat of Combustion 

The heat release rate measured in the MCC was used to determine the effective heat of combustion of the 
sample.  From the MCC, the heat release rate is expressed on a per initial mass basis and can be related to 
the mass loss rate and heat of combustion through 

FIRE SAFETY SCIENCE-PROCEEDINGS OF THE ELEVENTH INTERNATIONAL SYMPOSIUM pp. 124-137 
COPYRIGHT © 2014 INTERNATIONAL ASSOCIATION FOR FIRE SAFETY SCIENCE/ DOI: 10.3801/IAFSS.FSS.11-124

129



QMCC Min =
1
Min

dm
dt

Δhc                 (15) 

The effective heat of combustion is determined through integrating both sides with respect to time and 
solving for the heat of combustion. Since the heat release rate is measured with respect to temperature, it is 
convenient to use the chain rule to change the integration variable to temperature.  This results in the 
following equation to calculate the effective heat of combustion  

Δhc =
1

β 1−Yc( )
QMCC
Min

Tin

T
∫ dθ                 (16) 

This has been validated elsewhere [21].  Based on error analysis including machine accuracy and 
repeatability, the heat of combustion was determined to have an uncertainty of ±3.5%. 

Test Matrix 

Experiments were performed in different environments to determine the properties during pyrolysis, char 
oxidation, and thermal oxidation degradation of a sample.  Table 2 contains a summary of the experimental 
conditions used to determine different properties.   

Table 2. Tests performed in the study. 

Property Sample Instrument Environment Heating rate (oC/min) 

Kinetic Parameters,     
A, Ea, n 

5 mg Cardboarda STA and 
MCC 

Nitrogen 5, 10, 20, 40 (STA)           
20, 100 (MCC) 

Δhdec 5 mg Cardboard STA Nitrogen 20  

Δhc,p 5 mg Cardboard MCC Nitrogen 20 

Δhc,c  5 mg Charb MCC 18.5% O2 20 

Δhc 5 mg Cardboard MCC 18.5% O2 20 
aMCC sample masses decreased to 3 mg at 100oC/min to ensure uniform sample heating  
bChar formed from inert heating of 24 mg of cardboard in nitrogen at 20oC/min to a temperature of 440oC 
for Case 1 and to a temperature of 800oC in Case 2 . 
 

The kinetic parameters for decomposition in an inert environment were determined with a series of tests in 
the STA at heating rates of 5, 10, 20, and 40 oC/min.  Higher heating rate pyrolysis at 100 oC/min was 
quantified through tests in the MCC by dividing the heat release rate curve by the effective heat of 
combustion. Based on the surface temperature data in Ref. [12], this heating rate approximately 
corresponds to the temperature rise of cardboard when exposed to a heat flux of 20-30 kW/m2. 

The heat of decomposition for pyrolysis, Δhdec, in an inert atmosphere was measured using the STA with a 
nitrogen environment operating at 20oC/min. Using the gravimetric and heat flow data, the heat of 
decomposition was determined using Eqn. 14.    

The effective heat of combustion was determined for the evolved pyrolysis gases (Δhc,p), char oxidation 
(Δhc,c), and thermal oxidation degradation (Δhc) of a sample through a series of tests in the MCC.  Using 
Eq. 16, the effective heat of combustion was determined through the heat release rate measured as a 
function of sample temperature in the MCC.  To determine the pyrolysis gas effective heat of combustion, 
the sample was pyrolyzed in nitrogen and the evolved gases were burned in the combustor inside the MCC.  
To determine the effective heat of combustion for the char, a char sample was prepared by pyrolyzing 24 
mg of cardboard in an inert environment at 20oC/min up to a temperature after the majority of pyrolysis had 
completed (440oC) as well as nearly full completion of pyrolysis (800oC).  The char sample was allowed to 
cool back to room temperature and reweighed.  The char weight ranged from 5-6 mg.  The char sample was 
then reheated in the MCC at 20oC/min in 18.5% oxygen to determine the heat release rate of the char only.  
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Lastly, cardboard samples were tested in 18.5% oxygen at 20oC/min to determine the heat release rate 
including both pyrolysis and char oxidation.   

RESULTS AND DISCUSSION 

Pyrolysis Behavior 

Experimental results are provided in Fig. 4 for cardboard undergoing thermal degradation in nitrogen in the 
STA and the MCC. In these plots, all data are provided on a per initial mass basis with positive DSC values 
representing an endothermic process.  

In Fig. 4a, the mass fraction starts at 0.94 of the initial mass due to the vacuum cycling drawing moisture 
out of the sample prior to heating.  Upon heating, the initial drop in the mass at 100oC is due to the 
remaining moisture being driven off from the sample. The primary decomposition occurs from 250-400oC 
with a more gradual decomposition continuing at temperatures above 400oC. This is different compared to 
wood which has three distinct decomposition regions associated with decomposition of hemicellulose, 
cellulose and lignin [4,11]. For cardboard, the first peak is associated with the decomposition of both 
hemicellulose and cellulose; however, the hemicellulose peak is softened.  This is attributed to both the 
kraft process reducing the hemicellulose content as well as the sulfates from this process in the cardboard 
being catalyst for the early reaction of the cellulose making the hemicellulose peak less pronounced [5]. 
The second more gradual decomposition above 400oC is attributed to the degradation of lignin. The 
decomposition of hemicellulose and cellulose is endothermic while lignin decomposition to char is slightly 
exothermic (seen between 400-500oC), which is similar to that reported elsewhere [22, 23]. Based on Eq. 
14 and the measured char yield of 0.198, the heat of decomposition for pyrolysis in nitrogen was 
determined to be 117 kJ/kg on a per active mass basis.  

The heat release rate of the pyrolysis gases is shown in Fig. 4b to take on a shape similar to that of the DTG 
curve, as expected.  In addition, the peak values occur at approximately 370oC. This indicates that the 
decomposition occurring in the STA and MCC are similar.  Using Eq. 16 and a char yield of 0.183 from the 
MCC experiment, the effective heat of combustion of the pyrolysis gases was determined to be -13,610 
kJ/kg and exothermic.   

   
(a) (b) 

Fig. 4 Thermal degradation in nitrogen at 20oC/min including the a) mass loss, heat flow and mass loss rate 
from the STA; and b) heat release rate of the pyrolysis gases from the MCC.   

Pyrolysis Kinetics 

The kinetic models and parameters for cardboard were developed using data at four different heating rates 
from the STA (5, 10, 20, and 40oC/min). To determine the kinetic parameters, nonlinear regression analysis 
was performed on all of the heating rate data simultaneously to ensure an optimized fit over the tested 
heating rates. The Friedman isoconversion analysis was used to investigate the nature of cardboard 
pyrolysis kinetic mechanism, and the results are shown in Fig. 5. The slopes of the isoconversional lines are 
the activation energy.  The slope in the lines from α=0.02-0.70 are similar indicating one type of reaction 
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over this range, while a separate reaction at α>0.70 is indicated by the different line slope in this range.  
The slope of measured values at the start of the reaction (1000/T = 1.9) is less than the slope of 
isoconversion lines (α=0.02-0.70). Based on Ref. [19], the higher slope for the isoconversion lines at 
α=0.02-0.70 indicates a diffusion type reaction.  Friedman Analysis       

1.4 1.5 1.6 1.7 1.8 1.9
1000 K/T

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

log dx/dt

 0.02

 0.98
α =

α =

α =	
  0.05

α =	
  0.10

α =	
  0.20
α =	
  0.30

α =	
  0.80

α =	
  0.90

α =	
  0.95

log	
  (dα/dt)

1000/T	
  (1/K)  
Fig. 5.  Friedman analysis on gravimetric data for cardboard pyrolysis at different heating rates. 

To further investigate this assumption, non-linear regression analysis was used to calculate the Arrhenius 
kinetic parameters of different reaction models. The kinetic parameters obtained from non-linear regression 
analysis provide a best fit to the assumed kinetic model, irrespective of the complexity of the kinetics 
involving multiple consecutive, parallel or independent reactions [20]. In addition, the change in slopes also 
indicates that more than one reaction will be required to predict the decomposition. Initial estimates of the 
activation energies and pre-exponential factors were determined from the model-free isoconversional 
Friedman analysis on all of the data.  In models with a power, the value of n was initially set to 1 but 
limited to 3 to prevent unrealistically large powers.  Perturbing these initial estimates did not affect the final 
nonlinear regression result.     

The different kinetic models evaluated in this work are provided in Table 3. The reaction models are listed 
in decreasing order of fit quality with Fexp = 1 being the best fit. This included single step reactions as well 
as various two step reactions. As expected from the model free analysis, the single reaction models did not 
represent the data well resulting in high F-test correlation values. The investigated models for the double 
reaction approach included independent, parallel, competitive and consecutive reaction models.  

As observed from Table 3, the double independent reaction model provided the best prediction of the 
cardboard pyrolysis data. The first reaction was a diffusion reaction, which was selected based on the 
isoconversional analysis, while the second was a nth order reaction.  This is different than that in the 
literature where multiple nth order reaction models are proposed [3, 6, 8]. The pre-exponential factor (A), 
activation energy (Ea) and reaction order (n) for each of these two decomposition reactions was obtained 
using non-linear regression analysis. Table 4 contains the kinetic parameters for the two independent 
reaction model. Fig. 6 contains the double independent model prediction compared with the cardboard 
pyrolysis data, showing excellent agreement with the experimental data.  

The subscripts '1' and '2' represent the parameters for the two dimensional diffusion reaction and nth order 
reaction models, respectively. The independent diffusion reaction model best represents the decomposition 
of the hemicellulose and cellulose. This can be represented as a single reaction due to the hemicellulose 
peak being subdued, as previously described. The A1 and Ea1 values calculated using this model are close to 
the Arrhenius kinetic parameters for cellulose decomposition obtained for cardboard [5,6], kraft paper [22], 
and paper [14]. The second reaction is an nth order decomposition reaction that represents the lignin 
decomposition reaction. During the kraft process, the lignin is chemically modified and is different than the 
native lignin in the pine wood [2].  As a result, the Arrhenius parameters for lignin decomposition in 
cardboard were found to be different than those reported for biomass samples [11]. This is attributed to the 
reduction and modification of the lignin through the kraft process.  
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Table 3. F-Test for non-linear regression fit using different reaction models. Fcrit (0.95) = 1.11 

Reaction type  Reaction model ( )f α * Fexp Variables 

Double independent 21,

2,

1

2n

D

F

A Gas

B Gas

⎯⎯⎯→

⎯⎯⎯→
 ( ): 1 n

nF α− ( )2 : 1 ln 1D α− −  1.00 6 

Double consecutive 21,

2,

1

2n

D

F

A B Gas

B Gas

⎯⎯⎯→ +

⎯⎯⎯→
 ( ): 1 n

nF α− ( )2 : 1 ln 1D α− −  1.77 6 

Double competitive 21,

2,

1

2n

D

F

A Gas

A Gas

⎯⎯⎯→

⎯⎯⎯→
 ( ): 1 n

nF α− ( )2 : 1 ln 1D α− −  2.72 6 

Double parallel 21,

2,

1

1n

D

F

A Gas

A Gas

⎯⎯⎯→

⎯⎯⎯→
 ( ): 1 n

nF α− ( )2 : 1 ln 1D α− −  3.92 6 

Single 2D diffusion 21,DA Gas⎯⎯⎯→  ( )2 : 1 ln 1D α− −  4.87 2 

Single 3D diffusion  31,DA Gas⎯⎯⎯→  
( )

3 1
3

1.5:
1 1

D
α

−
− −

 5.02 2 

Single 1D diffusion 11,DA Gas⎯⎯⎯→  1 : 0.5D α  8.97 2 

Single nth-order  1, nFA Gas⎯⎯⎯→  ( ): 1 n
nF α−  25.64 3 

* ( ) ( ) ( )exp aEd k T f A f
dt RT
α

α α⎛ ⎞= = −⎜ ⎟
⎝ ⎠

 

Table 4. Arrhenius reaction parameters for two independent reaction model. 

Parameters Initial values from              
Friedman analysis 

Optimized values from                             
non-linear regression 

log A1 (s-1) 13.5 13.00 

Ea1 (kJ/mol) 187.00 184.92 

log A2 (s-1) 15.0 15.70 

Ea2 (kJ/mol) 206.0 214.68 

n2 1 2.29 

Fraction Mass Loss1 0.84 0.78 

Fraction Mass Loss2 0.16 0.22 

The fraction mass loss in Table 4 represents the fraction of mass loss from the initial mass due to each 
decomposition reaction. As observed from Table 4 and Fig. 6, the majority of the mass loss from the 
cardboard sample was associated with the cellulose and hemicellulose decomposition while a lower 
fraction of the mass loss was due to the lignin decomposition reaction.  

The kinetic model based on nonlinear regression of STA data at four heating rates was used to predict the 
mass loss rate of samples in the MCC at heating rates of 20oC/min and 100oC/min.  The lower heating rates 
of 5-40oC/min are consistent with small incipient fire exposures, such as those that may be present for 
smoldering combustion or very small flames.  The higher heating rate of 100oC/min is closer to but on the 
low side of what would be expected in higher heat flux fire exposures.  The mass loss rate data was 
developed by dividing the heat release rate by the effective heat of combustion.  The prediction of the high 
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heating rate data is provided in Fig. 6b.  The model predicted the mass loss rate from the MCC data at 20 
oC/min but the predicted mass loss rate at a 100 oC/min was shifted in temperature.  This indicates that 
higher heating rate data should be included in nonlinear regression analysis to determine the kinetic 
parameters to ensure better scaling.   

  
(a) (b) 

 

Fig. 6 Cardboard pyrolysis data compared with the double independent reaction model from data in the a) 
STA and b) MCC. 

Thermal Oxidation of Char 

The thermal oxidation of char was quantified through testing in both the STA and MCC.  The results of the 
tests are provided in Fig. 7 for char formed through two different methods.  In one case, the char was 
formed by decomposing cardboard in an inert environment up to 440oC just after decomposition of the 
hemicellulose and cellulose, which is the majority of the decomposition. This was done to better represent 
the char that oxidizes when the cardboard is thermally oxidized.  The second method for char formation 
was performed by heating the sample to 800oC for complete pyrolysis of the sample.  This case best 
represents the char product. 

  
(a) (b) 

Fig. 7. Thermal oxidation of chars in 18.5% oxygen at 20oC/min including the a) gravimetric response in 
the STA and b) heat release rate from the MCC. 

As seen in Fig. 7, the two chars do not decompose in the same manner.  The char formed through heating to 
a lower temperature (440oC) was more reactive.  This was expected due to the likely presence of lignin in 
the sample.  In addition, the low temperature char also displayed a chemiabsorption between 250-350oC.  
This has also been observed in coal samples [21].  The lower temperature char was measured to have a 
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peak DTG and heat release rate at 460oC compared with 510oC for the char formed at higher temperatures.  
In addition, the char formed at lower temperature (which was more reactive) had a lower peak heat release 
rate compared with the char formed at higher temperature.  Despite these differences, both chars were 
measured to have similar effective heat of combustion values.  The char formed at lower temperatures had 
an effective heat of combustion of -32,860 kJ/kg while the char formed at higher temperature had a value of 
-34,070 kJ/kg. Note these values are per active mass of the char.  These values compare well with the char 
values of -30,400 to -33,800 kJ/kg reported elsewhere [12, 15]. 

Thermal Oxidation of Cardboard 

Measurements were also performed on cardboard in 18.5% oxygen.  In these tests, the sample undergoes 
pyrolysis and char oxidation. The gravimetric and heat release rate response of these samples is provided in 
Fig. 8.  The initial peak is the pyrolysis of the hemicellulose and cellulose, which is responsible for the 
largest mass loss rate and heat release rate. In the presence of oxygen, these peaks occur at lower 
temperatures compared with the mass loss rate and heat release rate peaks for pyrolysis only in nitrogen as 
shown in Fig. 4b.  This was attributed to the change in the kinetic decomposition mechanism for the 
cellulose [14]. Although the mass loss rate during lignin pyrolysis and char oxidation is an order of 
magnitude lower than the hemicellulose / cellulose decomposition, the heat release rate is only a factor of 
two less than the heat release rate of the hemicellulose / cellulose peak. This was attributed to the char 
having an effective heat of combustion a factor of three higher than that of the hemicellulose / cellulose.  
The effective heat of combustion for the thermal oxidation of cardboard was determined to be -16,200 
kJ/kg.   

  
(a) (b) 

Fig. 8. Thermal oxidation of cardboard in 18.5% oxygen at a heating rate of 20oC/min including the a) 
gravimetric response in the STA and b) heat release rate in the MCC. 

Table 5 contains all of the effective heats of combustion measured in the study with the MCC.  In addition, 
the effective heat of combustion of the cardboard was measured using the cone calorimeter to be 13,500 ± 
1,900 kJ/kg and is provided in the Table 5. The value measured using the cone calorimeter was lower than 
that from the MCC.  This may be in part due to the MCC having a more complete combustion due to the 
combustor downstream of the sample compared with the cone calorimeter. The effective heat of 
combustion due to pyrolysis gases and char oxidation individually were used to determine the effective heat 
of combustion for the thermal oxidation of the cardboard.  Since each effective heat of combustion value is 
on an active mass basis, the effective heat of combustion for thermal oxidation of cardboard was 
determined from the pyrolysis gas and char components by 

( ), ,1c c p c c c ch h Y h YΔ = Δ − + Δ                 (17) 

The char yield was taken from the pyrolysis experiment in the MCC as Yc=0.183. The results of this 
analysis are shown in Table 5.  The predicted effective heats of combustion are within 7% of the value 
measured using the MCC.   
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Table 5. Measured and predicted effective heat of combustion of cardboard. 

Δhc Measured (kJ/kg)a Δhc Predicted (kJ/kg) 

Pyrolysis 
Gases 

Char Oxid. 
Case 1b 

Char Oxid. 
Case 2b 

Cardboard  
Oxidation 

Cone 
Calorimeter 

Pyrol+Char 
Case 1 

Pyrol+Char 
Case 2 

-13,610 -32,860 -34,070 -16,200 -13,500 -17,130 -17,350 
aAll values from the MCC except cone calorimeter 
bChar formed from inert heating of 24 mg of cardboard in nitrogen at 20oC/min to a temperature of 440oC 
for Case 1 and to a temperature of 800oC in Case 2 

CONCLUSIONS 

An experimental study was conducted to utilize new techniques and instruments to quantify some 
properties for predicting the pyrolysis and oxidation of cardboard. Energy balance equations were used to 
provide a framework to use TGA, DSC and MCC data to determine pyrolysis and oxidation properties of 
cardboard. The pyrolysis was determined to consist of double independent reactions due to the subdued 
hemicellulose peak and decrease in amount of hemicellulose.  This kinetic model was demonstrated to be 
capable of predicting the gravimetric response over the range it was developed, but resulted in a curve 
shifted from the data at higher heating rates (100oC/min). The heat of decomposition for pyrolysis was 
determined to be 117 kJ/kg. The effective heat of combustion of the pyrolysis gases was determined to be   
-13,610 kJ/kg while the char oxidation had an effective heat of combustion of -32,860 to -34,070 kJ/kg.  
Despite the dramatic differences in heats of combustion, the pyrolysis gases were measured to have the 
larger contribution to the cardboard heat release rate in an oxygen containing environment due to the higher 
mass loss during pyrolysis.  The effective heat of combustion of cardboard during thermal oxidation was    
-16,200 kJ/kg, which could be predicted through the fractional sum of the pyrolysis gas and char oxidation 
effective heats of combustion. 
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