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ABSTRACT 
 

The effect of soda cooking as an effective defibrillation technique of rice hull on its thermal stability 
has been investigated in this paper. The goal was to investigate the impact of the decomposition of 
lignin and silica during soda cooking on the thermal stability and kinetics of pyrolysis of the resulting 
rice hull products by thermal gravimetric analysis (TGA). Soda cooking was carried out using 2.5, 5, 
7.5 and 10% NaOH in the cooking liquor at 170°C for 60 minutes. The resulting crude fiber was 
heated from 25 to 700°C under N2 environment. The results have demonstrated that the removal of 
silica and lignin from the bulk structure of rice hull by soda cooking affect the thermal stability and 
pyrolysis kinetics of the rice hull. The final degradation temperature was reduced by 80°C from 
around 560°C to around 480°C and peaks of maximum decomposition temperatures of the second 
and third degradation steps shifted to lower temperatures by at least 50°C. The activation energies 
ranged from 84 to 202 kJ/mol. This revealed increasing trend of pyrolysis energies, from lower to 
higher decomposition steps. The pyrolysis reaction was a single order reaction since the reaction 
orders ranged from 0.5 to 0.98. Pyrolysis kinetics can be used to study the effect of chemical 
treatments of agricultural fibers e.g. by soda cooking. 
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1. INTRODUCTION  
 

Rice hull is among the most abundant agro-
industrial wastes that have been investigated for 
various commercial applications, which include 
among others, the manufacture of cellulosic 
composites and as source of biomass fuel. One 
of the main setbacks for the applications of the 
rice hull has been its high content of amorphous 
silica on the outer structure [1,2], which is 
physically and chemically associated with 
cellulose and lignin in the bulk structure of the 
rice hull [3]. Thus, silica cannot be removed 
readily from the structure of the rice hull without 
affecting the properties of cellulose and lignin 
due to such structural association. 
 

It is believed that the removal of silica can 
improve significantly the properties of the rice 
hull, especially its interaction with various 
polymeric binders during the manufacture of 
composites [4]. Also the removal of silica can 
reduce ash content and thus enhance 
carbonization. Among the techniques of 
dissolving silica from the bulk structure of the rice 
hull include steam explosion [5,6] and soda 
cooking (pulping). Soda cooking is a thermo-
chemical treatment process of lignocellulosic 
biomass. It involves heating the biomass 
immersed into a solution NaOH of various 
concentrations at various temperatures to extract 
cellulose by dissolving non-cellulosic 
components including lignin and volatile 
components. It has been demonstrated that 
NaOH at high temperature can dissolve 
significant proportions of both silica and lignin 
from the bulk structure of the rice hull while 
retaining substantial amount of crude cellulosic 
fibers [7].  
 

Pyrolysis provides information on thermo-
chemical reactions of a biomass when 
undergoing decomposition into gaseous, tar and 
chars products. Determination of the kinetics 
parameters of a decomposing biomass can help 
to obtain indirectly information on what takes 
place during thermo-chemical conversion 
processes of the biomass, as well as information 
on its structure and composition [8-10].    
 

This study was initiated to establish the influence 
of soda cooking of rice hull on its properties by 
following the kinetics of pyrolysis. The goal was 
to gain an understanding of the pyrolysis 
characteristics of the extracted rice hull samples 
by relating their thermal stability and thermo-
chemical reactions to their composition or 
structure.     

It has been demonstrated previously that thermo-
chemical reactions of lignocellulosic biomasses 
during pyrolysis is influenced by the proportions 
and characteristics of their major constituents, 
which include cellulose, hemicelluloses and lignin 
[8,10-12]. With silica being among the most 
predominant components in the rice hull, its 
influence on the pyrolysis kinetics cannot be 
overemphasized given the facts that it is the 
most heat resistant component that also cannot 
be dissolved readily from the rice hull without 
affecting cellulose and lignin [3,7]. Therefore, 
pyrolysis can be used to aid an understanding of 
the influence of soda cooking on the composition 
or structure of the extracted rice hull. 
 

Several methods have been proposed for 
describing global pyrolysis kinetics of rice hull 
and other biomasses using thermogravimetric 
analysis (TGA) based on single or multi-step 
reactions [12,13]. These methods can be 
categorized from the Arrhenius equation 
(Equation 1); into the differential equation 
methods proposed by Freeman and Carroll [14], 
Friedman [15] and many others and the integral 
methods developed by Coats and Redfern [16], 
Ozawa [17], Zsako [18] and others.  
 

                      (1)  

 

For decomposition steps         

 

where:  is the fraction of 

decomposed biomass at any temperature Ti at 
step i, w is mass of the sample at any instant t. 
wo is the initial mass, wf mass at the end of the 
reaction step, and E is the activation energy. 
 
Equation (1) can be consolidated to give 
Equation (2) for a dynamic decomposition 

process at the heating rate ; 
 

                (2)   

 

The limitations of most of the integral methods 
include their inability to determine all the three 
kinetics parameters (E, n and A) simultaneously 
without requiring prior knowledge of at least one 
of them, particularly the reaction order, n [19]. It 
has been demonstrated [19] that the differential 
method proposed by Freeman and Carroll can 
predict all the kinetics parameters with 
reasonable accuracy from the slopes of the 
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regression lines if Equation (2) can be 
manipulated into Equations (3) to (5). 
 

         (3)  

   

The slope of  versus  plot 

can be used to obtain the activation energy E.  
 

The reaction order (n) and the pre-exponential 
factor (A) can be determined from Eqs (4) and 
(5), respectively. Eq (5) was obtained by 
subtracting Eq (2) at two different temperatures.  
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The regression equations (Equations (3) to (5)) 
developed by Lin and Fan [19] from the Freeman 
and Caroll method were therefore applied in this 
paper to supplement the previous study [7] on 
the influence of soda cooking of rice hull at 
170°C for 60 minutes using 2.5, 5, 7.5 and 10% 
of NaOH on the properties of the rice hull, using 
pyrolysis kinetics. The intervals of the regression 
equations were selected from the degradation 
steps to obtain the parameters that predict 
reasonably the pyrolysis kinetics of the tested 
rice hull samples.  
 

2. MATERIALS AND METHODS 
 

2.1 Original Material 
 

The original material for the pyrolysis reaction 
was rice hull, an agro-industrial waste obtained 
from rice mills (Tanzania). 
 

2.2 Soda Cooking  
 
About 100 grams of rice hull were charged into 
the autoclaves containing 2.5, 5, 7.5, and 10% of 
NaOH in the cooking liquor. The autoclaves were 
heated in ethylene glycol bath at 170ºC for 60 
minutes. The ratio of total liquids to total solids in 
the cooking liquor was maintained at . 

The digested rice hull was thoroughly rinsed with 
deionized water to stop further reaction and was 
finally vacuum-filtered to extract the fibrous rice 

hull, which was then dried at ambient 
temperature for 2 days. The composition of the 
rice hull samples used in this experiment has 
been reported previously [7].  
 
2.3 Pyrolysis Kinetics   
 
TGA was performed to characterize the pyrolysis 
kinetics of untreated and soda cooked rice hull 
using Mettler Toledo TGA/SDTA851 system. The 
test was conducted between 25ºC and 700ºC at 
10°C/min in inert atmospheres of N2 at a flow 
rate of 50 ml/min. The test samples were 
homogenized by crushing prior to weighing to 
12.0±0.5 mg and subsequent charging into the 
TGA furnace. 
 

3. RESULTS AND DISCUSSION 
 
3.1 Influence of Soda Cooking on 

Pyrolysis 
  
The TGA curves showing pyrolysis 
decomposition patterns of the rice hull samples 
are indicated in Fig. 1. By excluding the 
preliminary steps, which involved the removal of 
light volatile substances such as moisture and 
hemicellulose between 67 and 200C, it can be 
shown that all the samples decomposed in two 
main steps (200-400C and around 400-500C) 
before the plateaus. These steps represent the 
decomposition of cellulose and lignin and 
subsequent carbonization of these components 
into tar and volatile products followed by the 
degradation of silica. The overlaps observed 
between the decomposition steps especially for 
the untreated rice hull and the soda cooked rice 
hull samples with 2.5 and 5% NaOH explain a 
broad range of carbonization and competing 
reactions of the decomposing cellulose and lignin 
components. The results have revealed further 
that lignin, which has a broad range of 
decomposition overlapping from 300 to over 
450ºC [8,11] was retained in almost all the 
samples at varying proportions. It demonstrates 
further that there was no substantial removal of 
lignin from the rice hull especially at lower 
concentrations of 2.5 and 5% NaOH. This could 
be associated with complex structural and 
chemical association of cellulose, lignin and silica 
in the bulk structure of the rice hull [3,7].  
 
It can be seen further in Fig. 1 and more explicitly 
in Table 1 that the final temperature of the last 
step of pyrolysis for rice hulls treated with at least 
7.5% NaOH was reduced from around 560°C to 
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around 480°C. This may be related to the 
reduction in thermal stability of the rice hull 
samples after the removal of significant 
proportions of the most heat resistant 
components of rice hull, which are silica and 
lignin during soda cooking [7]. The interval 
between 300 and 500 has been ascribed to 
partial depolymerization of cellulose and 
subsequent decomposition of cellulose and lignin 
[8]. An intermediate step between 400 and 
500°C was also noted for the rice hull samples 
prepared from 7.5 and 10% NaOH. This step 
represents the termination of cellulose 
decomposition at around 400ºC and the start of 
the decomposition of retained lignin between 400 
and 450ºC. Above this step, there is no further 
decomposition suggesting that all the cellulose 
and the remaining lignin were completely 
carbonized at 450°C; leaving out silica and the 
carbonized residual products.  
 
Previous studies have described global pyrolysis 
of biomass into four main stages [20]. The first 
stage involves the evolution of moisture below 
220ºC, which is followed by decomposition of 
hemicellulose between 220-315ºC and cellulose 
in the range of 315-400ºC. The first stage of 
pyrolysis has been attributed to structural 
relaxation of biomass while the subsequent 
stages have been described to be complex [20] 
probably due to overlapping and competing 
decompositions of several products. Although the 
decomposition of lignin has been described to be 
the final stage, it has a wide range of 
decomposition temperature overlapping the 
hemicellulose and cellulose stages [20] as also 
indicated above in this study.   
 
The derivative TGA curves in Fig. 2 show that 
maximum decomposition of all samples occurred 
in the second peak. The results show further the 
overlaps between the second and third 
decomposition steps of untreated rice hull and 
the soda cooked rice hull with less than 7.5% 
NaOH. The maximum decomposition peaks of 
the third steps occurred at higher temperatures in 
these samples compared to the samples, which 
were prepared with the cooking liquor containing 
at least 7.5% NaOH. This demonstrates a 
remarkable influence of lignin and silica contents 
on the thermal stability of the rice hull samples. 
Removal of a considerable proportion of lignin 
and silica during soda cooking, leaving mainly 
cellulose, reduced slightly the thermal stability of 
the rice hull as demonstrated by shifting of the 
peak temperatures of the second and third steps 
to lower temperatures by at least 50ºC. Overlaps 

between the second and third peaks of the 
untreated and the rice hull treated with lower 
concentrations of NaOH shown in Fig. 2 is 
attributed to the presence of retained lignin in the 
samples as described earlier. The association of 
the three major components of the rice hull and 
the competing pyrolysis reactions to volatiles and 
char in this stage may have influenced 
significantly the decomposition of the rice hull 
leading to the overlap as suggested by Sonobe 
et al. [20]. According to them [20], this stage is 
the most distinctive pyrolysis stage of 
lignocellulosic materials, which has a strong 
dependence on the composition and structure of 
the biomass. The results in Figs. 1 and 2 attest 
this by confirming that soda cooking affected the 
composition and structure of the rice hull. 
 
A kneel on the first stage of the untreated rice 
hull curve between 200 and 310ºC corresponds 
to the decomposition of hemicelluloses, which 
occurs around 220 and 315ºC [9-11]. This peak 
is absent in all soda cooked rice hull samples 
suggesting that the hemicelluloses was readily 
hydrolyzed by the alkaline cooking liquor. 
 

3.2 Influence of Soda Cooking on 
Pyrolysis Kinetic 

 
Table 2 shows the kinetics parameters of various 
rice hull samples after pyrolysis. As it can be 
shown in the table, maximum decomposition 
occurred in the second step whereby at the 
maximum peak temperatures about 60% of the 
sample had already decomposed. The activation 
energy ranged from 84 to 202 kJ/mol and is 
generally observed to have an increasing trend 
from lower to higher decomposition steps. The 
reaction order is between 0.5 and 0.98. This has 
also been represented graphically in the 
Appendix A in Figs. A1 to A5. These results do 
not show any consistent trend with the 
degradation or with NaOH treatment. The 
reaction orders obtained are close to 1, which 
suggest that the pyrolysis reaction involved was 
a single order reaction. On the other hand, the 
pre-exponential constant A seemed to increase 
for the rice hull samples treated with higher 
NaOH dosage. The inconsistence revealed in the 
values of A may be associated with multiple 
reactions that were involved during the pyrolysis 
process.  
 
From the results obtained, it is difficult to quantify 
the kinetics parameters of the major rice hull 
components (cellulose and lignin) due to 
competing and overlapping reactions that took 
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place as discussed previously. However, as for 
the samples treated with higher NaOH dose, 
especially the 10% sample and the fact that part 
of lignin and most of silica was removed from this 
sample during soda cooking, it can be inferred 
that the kinetics parameters presented for the 
7.5% and mostly the 10% sample represents the 
global kinetics of cellulose and retained lignin. 
Previous studies [8] show the activation of the 
three cellulosic components. The activation 
energy for cellulose is 150 - 250 kJ/mol, 

hemicellulose is 100 - 300 kJ/mol, and lignin is 
100 - 230 kJ/mol. Sonobe and co-worker [20] 
also investigated the pyrolysis of agricultural 
residues and reported similar range of the 
activation energies for rice straw (170 kJ/mol), 
rice husk (174 kJ/mol) and cellulose (185 
kJ/mol). They fall within the ranges of the 
activation energies of 113 and 202 kJ/mol 
obtained for the pyrolyzed rice hull samples in 
this paper. 

 

Table 1. Main pyrolysis steps of rice hull 
 

(% NaOH) Main decomposition step 1 Main decomposition step 2 
Onset temp (°C) End-set temp (°C)  Onset temp (°C) End-set temp (°C) 

Untreated 280 364 364 569 
2.5 269 359 359 547 
5.0 259 352 352 539 
7.5 259 347 347 487 
10.0 259 347 347 478 

 

 
 

Fig. 1. Decomposition mechanisms of various rice hull products during pyrolysis 
 

 
 

Fig. 2. Peak temperatures of rice hull products during pyrolysis ob the DTG curve 

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600 700

Temperature (°C)

W
e
ig

h
t 

lo
s
s

 (
%

)

0%NaOH

2.5%NaOH

5%NaOH

7.5%NaOH

10%NaOH

-0.008

-0.007

-0.006

-0.005

-0.004

-0.003

-0.002

-0.001

0

0.001

0 100 200 300 400 500 600 700

Temperature (C)

D
ec

o
m

p
o

si
ti

o
n

 r
at

e 
(1

/s
)

0%NaOH

2.5%NaOH

5%NaOH

7.5%NaOH

10%NaOH



 
 
 
 

Ndazi; BJAST, 7(4): 342-350, 2015; Article no.BJAST.2015.151 
 
 

 
347 

 

Table 2. Kinetics parameters of thermal degradations of rice hull 
 

Liquor 
Conc. 
(%NaOH) 

Mass loss 
step (°C) 

Step 
Tmax         
(°C) 

Mass 
loss (%) 
up to Tmax 

Regression 
step (°C) 

Activation 
energy             
(kJ/mol) 

Reaction 
order, n 

Freq. 
factor,  
A (min-1) 

Untreated 280-310 285 3.35 248-289 174.4 1.73 2.59×10-3 
310-364 340 9.36 331-362 209.5 0.45 4.76×10

-3
 

364-569 400 62.12 373-389 59.3 0.03 2.16 ×10
-3

 
2.5 236-352 343 27.50 256-359 111.8 0.54 1.63 ×106  

352-547 491 62.53 439-521 - - - 
5.0 259-356 339 23.32 248-353 116.3 0.59 3.62 ×105 

356-540 485 67.92 433-524 84.7 0.78 2.44×10
4
 

7.5 241-377 328 23.82 250-357 119.1 0.84 2.29×10
8
  

390-511 455 62.02 418-485 133.4 0.73 1.46×108  
10.0 259-347 322 27.68 242-349 113.8 0.91 4.85×10

8
 

347-478 452 59.07 436-469 202.2 0.98 7.89×1013 
 

4. CONCLUSION 
 

The removal of silica and lignin in rice hull 
apparently affected the thermal stability and 
pyrolysis kinetics of the rice hull. The final 
degradation temperature was reduced by 80ºC 
from around 560ºC to around 480°C and the 
peaks of maximum decomposition temperatures 
of the second and third steps shifted slightly to 
lower temperatures by at least 50ºC. This was 
first attributed to the removal of lignin which 
decomposes in the same temperature range. 
Secondly, the removal of silica, which is the most 
heat resistant component in rice hull that is 
structurally associated with both cellulose and 
lignin also significantly reduce the thermal 
stability. The overlaps between the second and 
third decomposition steps of the untreated and 
the rice hull samples soda cooked with 2.5 and 
5% NaOH not only explain a broad range of 
carbonization and competing reactions of lignin 
and cellulose but also the presence of silica to 
influence the decomposition of lignin and 
cellulose due to their structural association. The 
association of these three components and their 
associated competing pyrolysis reactions to 
volatiles and char products influenced 
significantly the decomposition of the rice hull 
leading to the observed overlap.  
 

The activation energy ranged from 84 to 202 
kJ/mol and generally revealed an increasing 
trend from lower to higher decomposition steps. 
The pyrolysis reaction was a single order 
reaction since the reaction orders ranged from 
0.5 to 0.98. 
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(a)                       

Fig. A1. Sample regression curves for determination of (a) 

(a)  

Fig. A2. Sample regression curves for determination of (a) activation energy (b) reaction order 
of 

(a)  

Fig. A3. Sample regression curves for determination of (a) activation energy (b) reaction order 
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APPENDIX 

 

                                                                                 (b) 
 

Fig. A1. Sample regression curves for determination of (a) activation energy (b) reaction order 
of untreated rice hull 

 

 
 

          (b) 
 

Fig. A2. Sample regression curves for determination of (a) activation energy (b) reaction order 
of 2.5% NaOH cooked rice hull 

 

 
 

      (b) 
 

Fig. A3. Sample regression curves for determination of (a) activation energy (b) reaction order 
of 5% NaOH cooked rice hull 
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Fig. A2. Sample regression curves for determination of (a) activation energy (b) reaction order 

 

Fig. A3. Sample regression curves for determination of (a) activation energy (b) reaction order 



(a)   

Fig. A4. Sample regression curves for determination of (a) activation energy (b) reaction order 
of 

(a)  

Fig. A5. Sample regression curves for determination of (a) activation energy (b) reaction order 
of 
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                               (b) 
 

Fig. A4. Sample regression curves for determination of (a) activation energy (b) reaction order 
of 7.5% NaOH cooked rice hull 

 
 

 
 

      (b) 
 

Fig. A5. Sample regression curves for determination of (a) activation energy (b) reaction order 
of 10% NaOH cooked rice hull 
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Fig. A4. Sample regression curves for determination of (a) activation energy (b) reaction order 

 

Fig. A5. Sample regression curves for determination of (a) activation energy (b) reaction order 
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