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The microwave liquefaction kinetics of corn stover in the presence of 
ethylene glycol (EG) using sulfuric acid as a catalyst was studied. The 
liquefaction apparent rate constant (k) was examined using a first-order 
reaction model. The k values of corn stover increased from 0.080 min

-1 
to 

0.165 min
-1

, with the reaction temperature increasing from 120 
o
C to    

180 
o
C. The k value of cellulose at 160

 o
C was close to that of corn 

stover, indicating that cellulose was involved in the rate-determining step 
in the microwave liquefaction. The microwave liquefaction rate of corn 
stover at 160 

o
C was seven times greater than that of conventional 

liquefaction with external heating. The apparent activation energy (Ea) 
was 22.6 kJ mol

-1
 and the frequency factor (A) was found to be 

12.98×10
5
 s

-1
. The decrease in apparent activation energy and the 

increase in the frequency factor as compared to conventional liquefaction 
kinetic parameters indicates a non-thermal effect of microwave in the 
liquefaction of corn stover, which explains the acceleration mechanism of 
liquefaction with microwaves. 
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INTRODUCTION 
 

 The shortage of fossil fuel resources in China has attracted increasing attention to 

the utilization of lignocellulosic resources in recent years. The polyhydric liquefaction of 

biomass was a promising way to turn the solid biomass into a chemical feedstock for 

polyurethane (Yamada and Ono 1999; Kurimoto et al. 2000; Lee et al. 2002; Chen and 

Lu 2009). Disadvantages of conventional liquefaction with external heating are the low 

efficiency and low yield. Microwave heating is becoming a widely accepted tool for 

chemists.  

Numerous studies have revealed advantages from microwave-assisted synthesis, 

including reaction acceleration, yield improvement, enhanced physicochemical properties, 

and the evolution of new material phases (Shi et al. 2003). Microwave-assisted 

liquefaction has also been utilized in the field of lignocellulosic biomass recently (Kržan 

and Kunaver 2006; Pan et al. 2011; Xu et al. 2012). The application of microwave 

technology to the polyhydric liquefaction of biomass offers several advantages over 

conventional heating liquefaction, including saving processing time and improving the 

liquefaction yield as reported by our previous work (Xiao et al. 2011).  

There has been considerable speculation and discussion of the acceleration effect. 

Much of the debate has centered on the thermal microwave effects arising from the rapid 

heating and high bulk reaction temperatures attained with microwave dielectric heating, 

or whether some effects are connected to so-called specific or nonthermal microwave 

http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DXiao,%2520Weihua%26authorID%3D46661433000%26md5%3Dc43ab216774cef357df158836df5ffce&_acct=C000053031&_version=1&_userid=1479053&md5=8fd8e4ae04431ef5b74f40d2dd6c36f9
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effects (Kappe et al. 2013). To explain the acceleration mechanism of microwave on the 

liquefaction reactions of corn stover, the reaction kinetics were studied. 

 

 
EXPERIMENTAL 
 

Materials and Chemicals 
Corn stover used in the experiments was dried and ground with a blade-mill 

(FW135 medicine mill, China), followed by sieving through a 40-mesh screen. The 

reagents were of chemical grade (Beijing Chemical Plant, China). 

Corn stover was analyzed for cellulose, hemicelluloses, lignin, and acid-insoluble 

ash according to the method by Van Soest et al. (1991). The chemical compositions of 

corn stover are listed in Table 1.  

 
Table 1. Chemical Compositions of Corn Stover 

Components Cellulose Hemicelluloses Lignin Acid-insoluble ash 

Content (%) 37.34±0.38 30.51±0.72 
8.73±0.

15 
0.91±0.10 

 

In this study cellulose powder, xylan, and lignin alkali (C6288, X4252, 471003 

from Sigma Aldrich) were used as model compounds of liquefaction kinetics. Cellulose 

was in white powder form, and lignin was alkali lignin in black powder form. Xylan, in 

yellow powder form, was used as a representative component of hemicelluloses in 

liquefaction processes.  

 

Liquefaction Procedure 
Liquefactions were carried out in a Milestone microwave labstation (Ethos Touch 

Control, Italy, maximum output 1000 W, ASM-400 magnetic stirrer) equipped with     

100 mL sealed teflon reaction vessels and an internal temperature sensor (ATC-400-CE 

automatic temperature control up to 300 
o
C with fiber optic sensor). The frequency used 

by the microwave system was 2450 MHz. The system featured both single-mode and 

multi-mode technologies in a single labstation. The samples were irradiated for less than 

2 min under 600 W as the starting microwave power. The sample temperature was 

controlled at 160 
o
C for the preset duration from 1 to 25 min with the microwave power 

changed. The reaction mixture consisted of 5.0 g of corn stover, 25.0 g of the liquefaction 

reagent ethylene glycol (EG), and 0.875 g of the catalyst sulfuric acid. After liquefaction 

for a preset time, the vessels were allowed to cool at room temperature before they were 

opened. 

After cooling, the liquefaction product was diluted with 80% of 1,4-dioxane (1,4-

dioxane:water = 80:20, v:v). The diluted resultant was filtered and the residue was dried 

at 105 
o
C for 12 h in an oven and then weighed. All of the experiments were done in 

triplicate. 

The liquefaction yield was calculated by the following equation: 

 

Liquefaction yield (%) = (1- weight of residue/weight of crop material) ×100% (1) 

 

  

http://en.wikipedia.org/wiki/1,4-Dioxane
http://en.wikipedia.org/wiki/1,4-Dioxane
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Modeling Methods 
As the initial concentration of the liquefying reagent, EG, is much larger than the 

concentration of the crop residues, the concentration of EG will not change appreciably 

during the course of the reaction. The concentration of the reactant in excess will remain 

almost constant. The rate's dependence on crop residues can be isolated, and the rate law 

can be written as a pseudo-first-order reaction model (Yamada and Ono 1999; Liang et 

al. 2006; Yu et al. 2006), 

 

R = Aexp(-kt)                         (2) 

 

where k is the apparent rate constant,  A is the constant of integration, and R is the mass 

of the unliquefied component which is equal to the extent of the residue content.  

Equation (2) can also be written as:  

 

lnR = lnA - kt                                                                    (3) 

 

The value of R at different times could be obtained from the experimental data. 

Plotting the lnR against time created a straight line with a slope of -k. The apparent rate 

constant, k, was used to evaluate the liquefaction reaction rate under different conditions 

in our study. 

 
Statistical analysis 
 All of the data collected were subjected to analysis of variance ANOVA             

(P < 0.05) using SPSS. Kinetics data was subject to the analysis of linear regression using 

Excel. 

 

 

RESULTS AND DISCUSSION 
 
Microwave Liquefaction Yield of Model Compounds 

The time-dependence of the liquefaction curves of cellulose, hemicelluloses, and 

lignin at 160 °C are shown in Fig. 1.  

 
 

Fig. 1. Microwave liquefaction yield of model compounds at 160 °C 
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It could be seen that, with the increase of reaction time, the liquefaction yield of 

cellulose increased significantly. The liquefaction yield increased to 91.0% after 

liquefaction for 15 min. The liquefaction yield of hemicelluloses and lignin were up to 

82.0% and 98.5%, respectively, in 2 min, and they remained at the same level with the 

progress of time. The results showed that hemicelluloses and lignin reacted much more 

easily in the microwave liquefaction than cellulose did. 

 
Microwave Liquefaction Yield of Corn Stover under Different Temperature 

The time-dependences of the liquefaction curves for corn stover at 120 °C,        

140 °C, 160 °C, and 180 °C are shown in Fig. 2. It can be seen that, with the increase of 

reaction time, the liquefaction yield of corn stover increased significantly in the early 

stage. It decreased obviously when the microwave liquefaction time was beyond 15 min 

at 120 °C and at 180 °C. There are mainly two reactions in the entire lignocellulosic 

liquefaction, i.e., decomposition and polycondensation (Niu et al. 2011). It is reasonable 

that polycondensation among the degraded product might be accelerated at a high 

temperature of 180 °C, while the obvious increase of residue at 120 °C at the late stage 

was supposed to be the result of areaction among degraded products and abundant 

undegraded residue. Polymerization was also observed under 140 °C liquefied for 25 min. 

To describe the liquefaction kinetics, the time investigated in our modeling was limited to 

the duration without obvious condensation. 

 

 
 
Fig. 2. Microwave liquefaction yield of corn stover at different temperatures 
 

Microwave Liquefaction Kinetic Modeling 

With the data in Fig. 2, it was decided to choose the duration without obvious 

polycondensation to fit with a first order reaction according to Eq. (3). Plotting the lnR of 

corn stover against time gave rise to Fig. 3. The linear fitting results are shown in Table 

2. It can be seen that the microwave liquefaction apparent rate constant k of corn stover 

increased with increasing temperatures, which indicated that microwave liquefaction 

could be accelerated by an increase in temperature. The apparent rate constant of corn 

stover increased by two times when the liquefaction temperature was increased from    

120 °C to 180 °C. 
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Fig. 3. Relation between microwave liquefaction reaction rates and reaction times 
 

Table 2. Fitting Results of Microwave Liquefaction of Corn Stover 

Temperature (
o
C) Linear equation R

2 Apparent rate constant k 
(/min) 

120 y=-0.080x-0.087 0.959 0.080 

140 y=-0.107x-0.362 0.889 0.107 

160 y=-0.142x-0.575 0.897 0.142 

180 y=-0.165x-0.619 0.808 0.165 

 

Similarly, with the data in Fig. 1, plotting of the lnR of cellulose against time 

resulted in a linear fitting equation, which was y=-0.157x+0.156 (R
2
=0.950). The 

apparent rate constant of 0.157/min was close to that of corn stover at 160 °C. This 

demonstrated that cellulose was the rate determining step in the microwave liquefaction 

of corn stover, since hemicelluloses and lignin were degraded quickly at the initial period 

of liquefaction. 

 
Analysis of Microwave Liquefaction Kinetic Parameter 

The solvolysis liquefaction kinetics for biomass have been studied by many 

researchers (Yamada and Ono 1999; Liang et al. 2006; Yu et al. 2006; Yan et al. 2010; 

Shin et al. 2009). The liquefaction rate constant k of corn stover at 160 
o
C is 0.0191 min

-1
 

in EG (Liang et al. 2006) and 1.27 h
-1

 in EG:EC (9:1) (Yu et al. 2006). It could be 

concluded that the apparent rate constant of microwave liquefaction was seven times 

greater than that of the conventional method.  

According to the Arrhenius equation, the relation between the reaction apparent 

rate constants and the reaction temperatures can be expressed as follows, 

 

lnk = lnA –Ea/RT        (4) 

 

where Ea is the apparent activation energy, R is the ideal gas law constant (8.314 

J/mol.K), and A is the pre-exponential factor. 
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For the liquefaction of corn stover in EG, the relationship between the lnk and 1/T 

in Table 1 is plotted in Fig. 4. After linear fitting, the apparent activation energy value 

(Ea) and the pre-exponential factor (A) were calculated from the regression equation in 

Fig. 3. As shown in Table 3, in contrast to conventional liquefaction, the apparent 

activation energy for corn stover under microwave liquefaction was Ea=22.6 kJ/mol, 

which is 3.3 times lower than the Ea under conventional liquefaction (Yan et al. 2010), 

while the value of the pre-exponential factor for the microwave condition is 1.5 times 

higher than the value of the conventional method.  

 

 
Fig. 4. Arrhenius plot of the microwave liquefaction of corn stover in EG 

   

Table 3. Comparison of Kinetic Parameters between Conventional and 
Microwave Liquefaction 

 

Method 
Apparent activation energy 

Ea 
Pre-exponential factor 

A 

Conventional 
liquefaction 

73.6 kJ/mol
 a 

8.8×10
5
/s

 a 

Microwave 
liquefaction  

22.6 kJ/mol 12.98×10
5
/s 

Note
a
 indicates data from literature (Yan et al. 2010) 

The comparison of kinetic results between conventional heating experiments and 

microwave-assisted liquefaction indicated the presence of a non-thermal microwave 

effect, which was classified as the acceleration of chemical processes in a microwave 

field that could not be rationalized in terms of either purely thermal/kinetic or specific 

thermal microwave effects. According to Perreux and Loupy (2001), specific microwave 

effects can also be expected for the polar mechanism, in which the polarity is increased 

during the reaction from the ground state toward the transition state. The outcome is 

essentially dependent on the solvent medium and the reaction mechanism. Yamada and 

Ono (2001) reported that when using EG as a solvolysis reagent, cellulose was degraded 

and produced a considerable amount of EG glucosides at the early stage of the reaction, 

which could be regarded as the transition state. The liquefaction was initiated by a 

nucleophilic reaction between EG and the lignocellulosic feedstock. The apparent 
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activation energy (Ea) may be regarded as the minimum energy required to start the 

liquefaction of corn stover. The greater polarity of the solvent medium, EG, and the 

lignocellulosic substance will facilitate the nucleophilic attack. Therefore, the energy 

required for the ground state toward the transition state, i.e. apparent activation energy, 

was reduced.  

The pre-exponential factor, A, is representative of the probability of a molecular 

impact. The collision efficiency can be effectively influenced by the orientation of the 

polar molecules involved in the reaction under microwave irradiation (Perreux et al. 

2001). Binner et al. (1995) also reported the role of the pre-exponential factor in 

explaining increased reaction rates observed during the microwave synthesis of titanium 

carbide. 

 
 
CONCLUSIONS 
 

1. Liquefaction of cellulose was found to be the rate-determining step among the three 

major components in lignocellulosic material. 

2. The microwave liquefaction kinetics of corn stover fitted a first-order reaction model 

well. 

3. The k values increased by a factor of two with the reaction temperature increasing 

from 120 
o
C to 180 

o
C. The microwave liquefaction rate at 160 

o
C was seven times 

faster than that of the conventional liquefaction.  

4. The apparent activation energy (Ea) decreased to 22.6 kJ mol
-1

, and the frequency 

factor (A) increased to 12.98×10
5
s

-1
 as compared to the conventional liquefaction 

parameters, 73.6 kJ mol
-1

 and 8.8×10
5 

s
-1

, respectively. 

5. The changes in the apparent activation energy and frequency factor were interpreted, 

theoretically, based on the non-thermal effect of microwave in the liquefaction of corn 

stover. 
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