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Batch experiments for the hydrolysis of xylan and pure cellulose (Avicel) 
hydrolysis and the decomposition of xylose and glucose were performed 
at varying sulfuric acid concentrations in the range of 10 to 50 wt.% and 
varying temperatures in the range of 80 to 100 °C. Increasing the 
temperature and acid concentration hastened the hydrolysis and the sugar 
decomposition rates. The hydrolysis rate of Avicel was much slower than 
that of xylan because of its crystallinity. The kinetic parameters for the 
concentrated acid hydrolysis reaction were estimated for both glucose and 
xylose reaction paths. The effect of initial cellulose crystallinity on the acid 
hydrolysis rate was also investigated, such that the cellulose was treated 
with various concentrations of phosphoric acid. A dramatic reduction in the 
cellulose crystalline index was observed when the phosphoric acid 
concentration was in a narrow range around 80 wt.%. It was found that the 
hydrolysis rate significantly increased with the decrease in initial cellulose 
crystalline index. 
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INTRODUCTION 
 

An increase in energy demands because of the worldwide population growth and 

economic expansion as well as uncertainty in fossil fuel prices has created a demand for 

alternative sources of renewable and sustainable fuel. Lignocellulosic biomass, a second-

generation feedstock for bioenergy, is locally available in many countries and has several 

advantages over non-dispatchable renewable energy sources (EIA 2014). However, the 

relatively high capital and logistical costs of biomass resources are a significant barrier for 

its commercial implementation. Considerable effort has been made to develop novel and 

efficient technologies to convert second generation feedstocks into liquid biofuels (Ho et 

al. 2014). 

Biomass contains cellulose, hemicellulose, lignin, and other minor components, 

and their relative composition varies by source. Cellulose, a polymer of the C6 sugar 

glucose, is generally the most abundant portion of the biomass and is present primarily in 

crystalline domains, though a small fraction exists as amorphous material (Kumar et al. 

2009). Hemicellulose is amorphous, containing both hexoses and pentoses (Dwivedi et al. 

2009). Although the fermentation process for xylose, the major pentose (C5) in 

hemicellulose, is not as efficient as that for glucose, the utilization of xylose has been 
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improved for ethanol production via metabolic engineering (Dmytruk et al. 2008; 

Deutschmann and Dekker 2012; Cao et al. 2014). 

Both hexoses and pentoses can be derived from the hydrolysis of cellulosic 

biomass, which is usually catalyzed by enzymes or strong acids. Several byproducts from 

the sugar degradation reaction from acid hydrolysis, especially furfural and 

hydroxymethylfurfural (HMF), are strong inhibitors of the microbial growth in the 

fermentation process, necessitating an additional detoxification process (Ranjan et al. 

2009; Sainio et al. 2011; Hanly and Henson 2014). There are other byproducts that are 

generated from the decomposition of furfural and HMF, including formic and levulinic 

acid and humins. A possible reaction scheme for biomass hydrolysis is illustrated in Fig. 

1. 

 
Fig. 1. Possible reaction pathways for biomass acid hydrolysis, Girisuta et al. (2006a) 

 

There are several processes that can be used for the first step of converting 

lignocellulosic biomass into sugars. Concentrated acid hydrolysis has been reported to have 

several advantages over dilute acid hydrolysis, such as its lower operating temperature and 

pressure, higher sugar yield, and lower byproduct formation, which are all favorable for 

the fermentation required for bioethanol production. However, concentrated acid 

hydrolysis requires specialized materials to prevent corrosion, as well as an acid recovery 

process, which can significantly increase the cost of saccharification and reduce its 

economic viability (Taherzadeh and Karimi 2007). Despite these disadvantages, the 

concentrated acid hydrolysis process has continued to be of interest because of 

improvements in sugar-acid recovery technologies such as simulated-moving-bed 

chromatographic separation (Xie et al. 2005; Heinonen and Sainio 2012). A concentrated 

acid hydrolysis process is being developed commercially by Blue Fire Renewable using 
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chromatographic separation technology that can efficiently recover the sugar without 

dilution (JGC 2004). 

The complex structure of the biomass and its variability in composition make it 

difficult to predict the kinetics of the hydrolysis reaction. In the enzymatic hydrolysis 

pathway, for instance, the lignin and hemicellulose content can reduce the accessibility of 

the catalyst and reduce the rate of hydrolysis (Zhu et al. 2008). Furthermore, the variable 

crystallinity index (CrI) can significantly affect the kinetics of the hydrolysis reaction. 

Previous work has illustrated a strong correlation between the initial CrI and the initial rate 

of the enzymatic hydrolysis reaction of the cellulose, such that more amorphous cellulose 

is hydrolyzed much faster than more crystalline cellulose (Hall et al. 2010). In the case of 

acid hydrolysis, the kinetic parameters of the reactions vary significantly depending on 

several factors such as the source of the biomass and its different reaction conditions, 

including temperature and acid concentration (Kanchanalai et al. 2014; SriBala and Vinu 

2014; Kanchanalai et al. 2015). Because of these uncertain factors, modeling the kinetics 

of the biomass hydrolysis reactions is still a challenge. 

The concentrated acid hydrolysis of biomass for sugar production has been 

addressed only in a few studies (de Paula et al. 2012; Janga et al. 2012; Lacerda et al. 

2013). The biomass samples used in these studies contain various compositions of 

cellulose, hemicellulose, lignin, and various CrI values, which could interfere with the 

hydrolysis rate of each composition, leading to different reported values for the kinetic 

parameters. Camacho et al. (1996) reported on the kinetic parameters of the concentrated 

acid hydrolysis of pure cellulose (Merck 2330) and on the glucose decomposition reactions 

in the low temperature range of 25 to 40 °C and at concentrations of 30% to 70% w/v 

H2SO4 acid. However, this research did not include experimental work on the kinetics of 

the C5 reaction paths. The concentrated acid hydrolysis process for sugar production is 

usually performed in two steps, consisting of partial decrystallization at approximately 70 

wt.% H2SO4 at a low temperature, below 60 °C, and hydrolysis at approximately 20% to 

30 wt.% H2SO4 at a higher temperature, in the range of 80 to 100 °C (Farone and Cuzens 

1997); the kinetics in this temperature range should be investigated more carefully. 

The purpose of this paper is to present experimental data and a model of the kinetics 

of concentrated sulfuric acid cellulose and hemicellulose hydrolysis and of glucose and 

xylose decomposition reactions. The overarching goal of the research was to obtain the 

kinetic parameters for a reaction rate model. Pure microcrystalline cellulose (Avicel) and 

xylan, the major component in hemicellulose, were used in the experiments to separately 

investigate the kinetics of the C5 and C6 reaction paths. Avicel was used as an ideal 

simulant for real biomass not containing polysaccharides or lignin, thus avoiding a 

confounding of the reaction kinetics. The hydrolysate components from the batch 

experiments, including the sugars and several main decomposed byproducts, were 

characterized at different temperatures between 80 and 100 °C and at acid concentrations 

between 10% and 50 wt.% (10% to 70% w/v), which were chosen with the aim of 

increasing sugar production as well as minimizing byproduct formation. In this study, a 

relatively simple model was employed so that it could be incorporated into a more 

extensive process model, such as the solid phase reactive chromatographic separation 

system (Kanchanalai et al. 2014). In addition, the effects of the initial CrI of the cellulose 

on the rate of the hydrolysis reaction were explored by generating Avicel samples with 

different crystallinities by exposure to phosphoric acid solutions at various concentrations, 

a process referred to as decrystallization. 
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EXPERIMENTAL 
 

Chemicals 
Xylan from beechwood (Catalog No. x-4252; Batch No. BCBM5311V), Avicel® 

PH-101 (Catalog No. 11365; Batch No. BCBJ8498V), which is a microcrystalline 

cellulose, and xylose, furfural, HMF, levulinic acid, and phosphoric acid (85 wt.%) were 

purchased from Sigma-Aldrich, (Saint Louis, MO). Formic acid and glucose were 

purchased from Alfa Aesar (Ward Hill, MA); acetone was purchased from BDH 

(Muskegon, MI); and sulfuric acid (> 95%) was purchased from MACRON (Center Valley, 

PA). These chemicals were used for the hydrolysis reaction, cellulose decrystallization, 

and as standards for high-performance liquid chromatography (HPLC) analysis. 

 

Concentrated Acid Hydrolysis 
Batch experiments for the concentrated acid hydrolysis of biomass were carried out 

to estimate the kinetic parameters of four main reaction paths, including the generation and 

decomposition of the C5 and C6 sugars. Four sets of batch experiments of the concentrated 

acid hydrolysis reactions were employed for four different samples, which included xylan, 

xylose, Avicel, and glucose. Each set of experiments contained six individual batch 

experiments at various temperatures and H2SO4 concentrations, where five of these were 

used to estimate the optimal experimental parameters and the sixth was used to validate the 

kinetic model. The treatment of the experimental data sets is discussed in detail in the 

section discussing parameter estimation. Table 1 summarizes the preparation of samples 

and the reaction conditions for the batch experiments performed in this work. 

 

Table 1. Batch Experiments for Concentrated Acid Hydrolysis 

Batch experiment Set 1 Set 2 Set 3 Set 4 

Reactions Xylan 
hydrolysis 

Xylose 
decomposition 

Avicel 
(cellulose) 
hydrolysis 

Glucose 
decomposition 

Initial Concentration (g/L) 40 30 100 30 
Batch size 
Reactant (grams) 4.0 3.0 15.0 4.5 
H2SO4 solution (mL) 100 100 150 150 

Batch reaction conditions (H(acid wt%)-T(°C)) 

For parameter estimation 

1 H20-T80 H20-T100 H20-T100 H20-T100 
2 H40-T80 H30-T100 H30-T100 H30-T100 
3 H10-T80 H50-T100 H50-T100 H50-T100 
4 H10-T90 H40-T80 H40-T80 H40-T80 
5 H10-T100 H40-T90 H40-T90 H40-T90 

For model validation 

6 H30-T80 H40-T100 H40-T100 H40-T100 

 

To avoid a temperature drop after mixing, all solid samples and the acid were 

preheated separately before the reaction was started. The total reaction time for all batch 

hydrolysis experiments was 7 h. Each mixture was stirred constantly using a mechanical 

or magnetic stirrer at approximately 360 rpm, and the reactor flasks were constantly heated 

using a temperature controlled heat bath or heating mantle. All samples were taken at 

various reaction times and filtered into the HPLC vials using a polyethersulfone (PES) 

membrane syringe filter, which had a pore size of 0.45 µm, from VWR International 
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(Radnor, PA) (Catalog No. 28145-505). The HPLC vials were immediately transferred to 

an ice bath to halt any subsequent reactions before HPLC analysis. 

 

Phosphoric Acid Pretreatment for Cellulose 
The effects of the initial CrI of the Avicel on the kinetics of the hydrolysis reaction 

were also investigated. Phosphoric acid was used to pretreat the Avicel samples to generate 

different CrIs, which permitted the examination of the effect of CrI on the hydrolysis 

reaction. The phosphoric acid solvent has been used previously for cellulose 

decrystallization because of its nontoxic, non-corrosive, and safe properties compared with 

other inorganic acids (Zhang et al. 2009). It has also been shown that the ice-cold 

phosphoric pretreatment has an insignificant impact on the degree of polymerization 

(Zhang and Lynd 2005). 
The pretreatment procedure using phosphoric acid was modified and scaled up from 

Hall et al. (2010). In this study, 3 mL of deionized water was added to 10 g of Avicel to 

make a slightly moistened substrate. The Avicel sample was then mixed with 150 mL of 

ice-cold phosphoric acid (77% to 85 wt.%, 0 °C) and held for 60 min in an ice bath 

accompanied by constant manual stirring. After the pretreatment, 200 mL of ice-cold 

acetone (0 °C) was added to the mixture to regenerate the cellulose. The mixture was then 

vacuum-filtered using a coarse fritted filtered funnel and washed three times with 200 mL 

of ice-cold acetone (0 °C) and four times with 1 L of deionized water until the pH of the 

filtrate reached 2.6 to 3.0. The pretreated cellulose was dehydrated by freeze-drying 

(lyophilization) for two days until the weight of the cellulose changed by less than 0.5 g. 

The weight of the samples was slightly over the initial dry weight (10 g), which was 

assumed to be due to residual water. The cellulose was sampled so that a measurement of 

X-ray diffraction could be conducted, and the remaining portion was utilized for 

concentrated sulfuric acid hydrolysis. The pretreated Avicel samples of approximately 10 

g were preheated to 50 °C and hydrolyzed with 150 mL of 40 wt.% sulfuric acid at 80 °C. 

 

Degree of Cellulose Crystallinity using X-Ray Diffraction 
The measurement of CrI of all samples using XRD followed the procedure 

described by Kang et al. (2013). XRD patterns of the lyophilized samples were recorded 

with an X’pert PRO X-ray diffractometer (PANanalytical BV, Almelo, the Netherlands) 

using Cu=Kα1 irradiation (1.54 Å) at 45 kV and 40 mA. The scattering angle (2θ) ranged 

from 10° to 40° with a scan speed of 0.021425 s-1 and a step size of 0.0167°. 

 

HPLC Chemical Analyses 
The sugar and byproduct components from the hydrolysate samples from the 

reaction samples were analyzed using HPLC (Shimadzu). A Bio-Rad (Hercules, CA) 

Aminex HPX-87H column was used, and the analysis was conducted at 50 °C using the 

eluent of 0.005 M H2SO4 at 0.6 mL/min. The injection volumes were 20 μL for all the 

samples and 3 μL for the samples from the hydrolysis of pretreated Avicel where the 

calibration curves with corresponding volumes were used to analyze each component. All 

the samples were stored at 5 °C in the Shimadzu autosampler SIL-20AC during the analysis 

to stop possible decomposition reactions. The sugars, including glucose and xylose, were 

detected using a Refractive index RID-10A, while the byproducts, including formic acid, 

levulinic acid, HMF, and furfural, were detected using a Shimadzu UV-Photodiode Array 

SPD-M20A at wavelengths of 207, 207, 270, and 310 nm, respectively. 
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Kinetic Model  
Several reaction mechanisms for the hydrolysis of biomass have been considered 

in previous studies. The reversible transformation between the crystalline and the 

amorphous structure of the cellulose has been discussed (Mosier et al. 2005). The reaction 

scheme, including the generation of the cellulose nanocrystals, has been addressed in 

several works (Habibi et al. 2010; Kwon et al. 2014; Wang et al. 2014). Several 

modifications of the kinetic model, including, for example, the biphasic behavior (Carrasco 

and Roy 1992; Lu and Mosier 2008; Chen et al. 2015), as well as the potential degree of 

reaction and dissolution (Zhao et al. 2014; Dong et al. 2015) have also been considered. In 

the present study, a relatively simple kinetic expression was employed that could be 

included into the reactive separation system (Kanchanalai et al. 2014). Under this 

consideration, the kinetic model from Saeman (1945) was used to fit the kinetics of the 

concentrated acid hydrolysis for all reaction paths. Two homogeneous consecutive first-

order reactions were assumed in both the cellulose and hemicellulose hydrolysis, as shown 

in Eq. 1. 
  

  (1) 
 

The kinetic models for sugar concentration from each set of experiments are shown as 

follows. 

 

Biomass hydrolysis reaction (experiment set 1 and set 3) 
 

   (2) 

  (3) 

 

where B and C are the concentrations of biomass and sugar, respectively, and the analytical 

solution for the sugar concentration is: 
 

  (4) 

where 

  (5) 

 

Equation 5 shows the expression for the initial equivalent sugar concentration ( ), where 

 is the fraction of sugar consisting in the biomass. 

 

Sugar decomposition reaction (experiment set 2 and set 4) 
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   (7) 
 

The Arrhenius expression was used to estimate the kinetic constant, which depends on the 

temperature, and the effects of acid concentration were included in the pre-exponential 

factor (Lee et al. 2000) as follows: 

   (8) 

 

Parameter Estimation 
The kinetic parameters of the concentrated acid hydrolysis for both C5 and C6 

could be estimated using least-square minimization. Two optimization problems were set 

up for the reaction paths of C5 and C6, where the objective function was given as follows. 
 

  (9) 

 

In this objective function, the sum of the squared error of the sugar concentration is 

minimized where Cexp,i is the concentration of sugar at the ith data point of the jth 

experiment, and Ccal is the sugar concentration found from the kinetic model in Eqs. 4 and 

7. In this fitting, five batch experiments of the biomass hydrolysis (S1) and five batch 

experiments of sugar decomposition (S2) were used to fit k1 and k2 for C5 and C6 sugars 

(see Eq. 1). The remaining batch experiment from each set was excluded from the 

minimization and instead used to validate the kinetic parameters (Table 1). 

It should be noted that the fraction of xylose consisting in the biomass (fs in Eq. 4) 

in xylan was not measured; however, the composition analysis from Kumar et al. (2013) 

for the same product catalog from the same manufacturer showed that this beechwood 

xylan contained approximately 69.6% xylan. In this fitting, fs for xylan was estimated from 

the minimization and compared with this reference. The Avicel contained 100% glucans, 

and thus = 1. 

There were six kinetic parameters to be estimated, including the pre-exponent 

factor (k0), the exponent of acid concentration (n), and the activation energy (Ea) from Eq. 

8 for the two consecutive reactions in Eq. 1 for C5 and C6. The concentration of H2SO4, in 

% w/v, was used to fit the kinetic parameters (Table 2). 

 

Table 2. Sulfuric Acid Concentration Used to Fit the Kinetic Model 

%wt. 10 20 30 40 50 

%w/v 10.7 22.8 36.6 52.4 70.0 

 

In addition to the kinetic parameters, the initial concentrations of sugar (C0) in the 

five batch experiments of set 2 (C5) and set 4 (C6) were allowed to vary and were estimated 

from the minimization. This was because the measurement of C0 was very difficult; the 

reaction vessel may not have been stirred sufficiently at the beginning of each experiment, 

and the reaction may have proceeded in the time between sampling and HPLC analysis. 

Additionally, it was found that these parameters were sensitive to the fitting procedure. 

Nevertheless, the initial concentration could not be greatly different from the nominal value 

of 
in
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and C6. To allow for a somewhat minor deviation from the nominal value, Tikhonov 

regularization was used in the objective function, Eq. 9, with a small parameter, ρ (Hansen 

2010). In this optimization problem, there were 12 degrees of freedom in the C5 fitting and 

11 degrees of freedom in the C6 fitting. 

 
 
RESULTS AND DISCUSSION 
 

The experiments outlined in Table 1 were carried out to investigate the reaction 

kinetics. In all sets of experiments, the color of the mixture became yellow and then dark 

brown because the dark insoluble humin particles continued to form as a result of the sugar 

(xylose and glucose) decomposition reactions. In addition, it was observed that compared 

to the xylan, the Avicel was much more difficult to solubilize into the liquid mixture 

because of its more crystalline structure. 

 

Xylan Hydrolysis and Xylose Decomposition 
Figure 2 depicts the xylose concentration from xylan hydrolysis over different 

reaction times from the experiments in set 1. It can be seen that under almost all reaction 

conditions, the xylose concentration rose rapidly to its maximum and was then reduced 

because of the sugar decomposition reaction. The effect of temperature can be seen in Fig. 

2a, where the concentration of H2SO4 was constant at 10 wt.%. In this figure, the xylose 

concentration can be seen to increase slowly over the course of the seven hours at the 

reaction temperature of 80 °C. When conducted in the higher temperature range of 90 to 

100 °C, the xylose concentration increased more rapidly within the first 60 min, reached 

its maximum at approximately 28 to 29 g/L, and then remained almost constant with a 

slight reduction, which indicated a low rate of the xylose decomposition reaction. 

The effect of acid concentration can be seen clearly in Fig. 2b, where increasing the 

concentration of H2SO4 under the constant temperature of 80 °C rapidly increased the rate 

of xylose generation. It can be seen that at 40% H2SO4, the xylose concentration increased 

quickly to its maximum within the first 15 min, and then it began to decrease more quickly 

than it had in the other conditions, which indicated a higher xylose decomposition rate. 

 

 
 

Fig. 2. Xylose concentration from xylan hydrolysis (experiment set 1) as a function of hydrolysis 
reaction time: (a) 80 to 100 °C at 10 wt.% H2SO4 and (b) 10 to 40 wt.% H2SO4 at 80 °C 
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The yield of xylose 
0/ eqC C  can be calculated from Eq. 4, where fs could be obtained 

by solving the optimization problem, which is discussed in the kinetic model fitting section. 

It was found that a very high xylose yield of more than 95% could be achieved with an 

appropriate reaction time. 

The rate of xylose decomposition was further investigated in the batch experiment 

set 2, where more severe reaction conditions were employed compared to those used for 

the xylan hydrolysis (Fig. 3). As can be seen in Fig. 3a, when under constant 10 wt.% 

H2SO4 the temperature was increased, the decomposition rate of xylose also increased, and 

at 100 °C, the xylose had been completely consumed after approximately 300 min. 

Likewise, under constant 100 °C, increasing the concentration of H2SO4 noticeably 

increased the decomposition rate of xylose, as shown in Fig. 3b. Under the most severe 

conditions (50 wt.% H2SO4, 100 °C), the xylose concentration decreased greatly, and then 

completely decomposed after approximately 90 min. 

The xylose decomposition reaction was able to be confirmed from the furfural and 

formic concentrations, as illustrated in Figs. 4 and 5, respectively. As can be seen in these 

figures, the concentration of furfural increased rapidly at high temperatures and high 

concentrations of H2SO4 until the concentration reached its maximum, and then was 

reduced greatly because of the subsequent decomposition to form formic acid. There were 

also other byproducts, such as humins and some unknown byproducts, which were not 

quantified. 

 

 
 

Fig. 3. Xylose concentration from xylose decomposition (experiment set 2) vs. hydrolysis reaction 
time: (a) 80 to 100 °C at 40 wt.% H2SO4 and (b) 20 to 50 wt% H2SO4 at 100 °C 
 

 

 
 

Fig. 4. Furfural concentration from xylose decomposition (experiment set 2) vs. hydrolysis reaction 
time: (a) 80 to 100 °C at 40 wt.% H2SO4, and (b) 20 to 50 wt.% H2SO4 at 100 °C 
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Fig. 5. Formic acid concentration from xylose decomposition (experiment set 2) vs. hydrolysis 
reaction time: (a) 80 to 100 °C at 40 wt.% H2SO4, and (b) 20 to 50 wt.% H2SO4 at 100 °C 

 

Cellulose Hydrolysis and Glucose Decomposition 
The concentrations of glucose from the Avicel hydrolysis when subjected to 

different reaction times (experiment set 3) are illustrated in Fig. 6. As can be seen in the 

figure, a similar trend could be observed as that between the glucose concentration and the 

xylose concentration from experiment set 1, such that the concentration of sugar increased 

with increases in reaction time for most reactions conditions. Figure 6a compares the 

glucose concentration at different temperature under constant 40 wt.% H2SO4, 

demonstrating that the glucose concentration increased with temperature. 

The effect of changing the H2SO4 concentration on the rate of Avicel hydrolysis 

can be directly seen in Fig. 6b, which depicts a reaction conducted at 100 °C. The glucose 

concentration increased when the acid concentration was increased from 20 wt.% to 40 

wt.%. However, at 50 wt.% H2SO4, the glucose concentration increased with the increase 

in reaction time and reached its maximum value of 29.0 g/L at approximately 120 min, 

before decreasing thereafter as a result of the relatively fast glucose decomposition 

reaction. 

 
Fig. 6. Glucose concentration from Avicel hydrolysis (experiment set 3) as a function of hydrolysis 
reaction time: (a) 80 to 100 °C at 40 wt.% H2SO4, and (b) 20 to 50 wt.% H2SO4 at 100 °C 

 

It should be noted that the glucose yield (
0/ eqC C  ) under these reaction conditions 

was approximately 10% to 26%, which is relatively low compared to the xylose yield from 

the xylan hydrolysis. This relatively low yield indicated a much slower reaction rate for 

the cellulose hydrolysis reaction because of its crystalline structure. 
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Fig. 7. Glucose concentration from glucose decomposition (experiment set 4) vs. hydrolysis 
reaction time: (a) 80 to 100 °C at 40 wt.% H2SO4 and (b) 20 to 50 wt.% H2SO4 at 100 °C 

  

In Fig. 7, the concentration of glucose from the glucose decomposition reaction 

(experiment set 4) is shown as a function of reaction time. It can be seen that at the constant 

acid concentration of 40 wt.%, the glucose concentration decreased when the temperature 

was increased (see Fig. 7a); the decrease in glucose concentration also occurred when the 

acid concentration was increased (see Fig. 7b) under the constant temperature of 100 °C. 

By comparing the glucose concentration in Fig. 7 and the xylose concentration in Fig. 3, it 

can be seen that the glucose decomposed at a much slower rate than the xylose did. The 

change in the rate of glucose decomposition from this set of experiments was confirmed 

by an examination of the byproduct concentrations, namely of HMF, formic acid, and 

levulinic acid, which are illustrated in Figs. 8, 9, and 10, respectively.  
 

 
 

Fig. 8. HMF concentration from glucose decomposition (experiment set 4) vs. hydrolysis reaction 
time: (a) 80 to 100 °C at 40 wt.% H2SO4 and (b) 20 to 50 wt.% H2SO4 at 100 °C 
 

 
 

Fig. 9. Formic acid concentration from glucose decomposition (experiment set 4) vs. hydrolysis 

reaction time: (a) 80 to 100 °C at 40 wt.% H2SO4 and (b) 20 to 50 wt.% H2SO4 at 100 °C 
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As can be seen in these figures, the concentration of HMF was relatively low and 

tended to decrease more quickly at higher temperatures and at higher acid concentrations, 

which indicated a low stability to the reaction conditions. In contrast, the formic acid and 

levulinic acid, which are decomposition products of HMF, were the more stable 

components, as can be seen from their higher concentrations. 

 

 
 

Fig. 10. Levulinic concentration from glucose decomposition (experiment set 4) vs. hydrolysis 
reaction time: (a) 80 to 100 °C at 40 wt.% H2SO4, and (b) 20 to 50 wt.% H2SO4 at 100 °C 

 

Some minor inconsistency can be observed regarding the stoichiometry of the 

byproducts. It has been reported that HMF decomposes into formic and levulinic acid in 

the molar ratio of 1:1 (Girisuta et al. 2006b). However, it was found that the molar 

concentration of the formic acid was slightly higher than that of the levulinic acid, by up 

to 30% at the end of the experiment. This could have been due to a potential error in the 

HPLC analysis whereby some unknown impurities overlapped the peak of formic acid, or 

a result of unknown reaction paths. Further experiments should be performed to investigate 

this observation. 

 

Kinetic Model Fitting for Concentrated Acid Hydrolysis  
The optimization was carried out using the “fminsearch” function in MATLAB, 

2014b, and the optimal values of the kinetic parameters as well as the other estimated 

parameters found from the minimization are shown in Table 3. As can be seen in the table, 

the value C0 of both C5 and C6 only deviated slightly from the nominal value 
in

prepC  = 30 

g/L for all conditions, and the composition of xylan (fs) was consistent with the analysis 

from the reference (Kumar et al. 2013). 
 

Table 3. Estimated Kinetic Parameters for Each Reaction Path 

Parameter Optimal values 

C0 (g/L) of xylose in experiment set 2 29.5, 30.2, 29.7, 28.8, 29.6, 28.1 
C0 (g/L) of glucose in experiment set 4 29.1, 30.5, 30.1, 28.3, 29.3, 28.6 
fs for xylan 70.6% 

Reactions k0 (min-1(%w/v)-n) n Ea (kJ/mol) 

Xylan hydrolysis 1.42×1017 1.96 142.52 
Xylose decomposition 3.15×1014 2.88 151.30 
Avicel hydrolysis 2.96×1010 2.94 129.98 
Glucose decomposition 1.76×1010 3.00 127.32 
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In the estimated value of the kinetic parameters shown in Table 3, the activation 

energy (Ea) of the xylan and xylose was higher than that of Avicel and glucose, which 

indicated that the rates of the C5 reaction paths were more sensitive to temperature. In 

terms of the acid concentration, the values of the exponent n for the Avicel hydrolysis and 

glucose decomposition were similar. However, the value of n for the xylan hydrolysis was 

lower than that of the xylose decomposition. This means that, compared to the rate of xylan 

hydrolysis, the rate of xylose decomposition was more sensitive to the acid concentration. 

Therefore, a very high acid concentration may have not been favorable for the C5 reaction 

paths because of the higher rate of xylose decomposition. 

The fitted model of the C5 paths was compared with the experimental results for 

each reaction condition (Figs. 2 and 3). Furthermore, the parameters were validated using 

the estimated values to predict the kinetics of the xylan hydrolysis at H30-T80 in experiment 

set 1 and kinetics of the xylose decomposition at H40-T100 in experiment set 2; a good 

prediction was observed for both batch experiments. From these results, it could be seen 

that the mechanism of the first-order kinetic model with two consecutive reactions was 

sufficiently accurate to estimate the xylose concentration from the concentrated acid 

hydrolysis of xylan. 

Comparisons between the experiment results with the fitted model of C6 for the 

Avicel hydrolysis and the glucose decomposition reaction are illustrated in Figs. 6 and 7, 

respectively. As can be seen in Fig. 6b, the predicted glucose yield slightly underestimated 

the experimental results of the condition H20-T100. Therefore, caution should be exercised 

in using the model at low sulfuric acid concentrations. To further assess the reliability of 

the model for the C6 path, the model was validated in the prediction of the glucose 

concentration from the Avicel hydrolysis and glucose decomposition at the reaction 

condition of H40-T100. It can be seen from Fig. 6 that compared with the experimental 

results, the model gave a satisfactory prediction for the glucose concentration. The 

prediction of the glucose concentration from glucose decomposition at H40-T100 shown in 

Fig. 7 was slightly lower than that from the experiments. It could be concluded that the 

first-order two consecutive reaction mechanism shown in Eq. 1 was sufficient to predict 

the kinetics of the concentrated acid hydrolysis for Avicel and the glucose decomposition 

reaction. 

Some mechanisms were neglected in the models considered in this study. First, the 

kinetic model used in the work for all reaction paths of C5 and C6 did not consider the 

effect of mass transfer resistance. A study by Brennan and Wyman (2004) showed that the 

mass transfer model could explain many features of the biomass hydrolysis for the 

continuous flowthrough system. Mass transfer is an important phenomenon in the 

processing of biomass particles, but it is good modeling practice to try to separate the 

intrinsic kinetics from the mass transfer where possible. In addition, the initial value of CrI 

of the Avicel was not included in this kinetic model; this is discussed in the next section. 

 

Cellulose Crystallinity Index and Its Effect on Hydrolysis Reaction  
Figure 11 shows the CrI of the pretreated Avicel at various phosphoric acid 

concentrations. It was confirmed that there was a strong correlation between the acid 

concentration and the CrI, which decreased as acid concentration increased. Whereas the 

CrI of the non-pretreated Avicel was approximately 56.7%, for the pretreated Avicel, a 

steep change in CrI was observed in the narrow range of phosphoric acid concentration 

between 77 and 80 wt.%. On the other hand, a relatively small change was observed when 
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the acid concentration was greater than 80 wt.%. A very similar trend was also observed in 

previous work (Hall et al. 2010). 

 

 
Fig. 11. Effect of phosphoric acid concentration on the crystallinity index 

 

During the pretreatment experiment, a great amount of swelling was observed in 

the Avicel samples. The swelling was most pronounced at the H3PO4 concentration of 

approximately 80 wt.%, while it was much less pronounced at higher and lower 

concentrations. 

The initial CrI of the Avicel strongly influenced the rate of the hydrolysis reaction. 

Figure 12a illustrates the glucose yields at different initial CrIs from the 7-h concentrated 

sulfuric hydrolysis reaction using partially decrystallized Avicel. As can be seen in the 

figure, for the non-pretreated sample where CrI = 56.7%, the final glucose yield (t = 420 

min) was approximately 8.4%. The final yield increased to 22% when the initial CrI was 

nearly 37%, and further increased to 35% when the initial CrI was only 12%. When the 

initial CrI was smaller than 10%, the samples became almost completely amorphous, which 

rendered them more accessible and enabled the acid to penetrate and hydrolyze the 

cellulose, whereupon the final glucose yield increased to approximately 45%. The trend 

can be seen clearly in Fig. 12b, with a few outliers that may have come from errors in CrI 

measurement.  

 

 
 

Fig. 12. (a) Glucose yield as a function of hydrolysis reaction time for different initial CrI values 
and (b) final glucose yield from hydrolysis reaction at different initial CrI values 
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From these results, it was apparent that the initial CrI had a strong impact on the 

hydrolysis rate, such that the more amorphous forms of cellulose enabled the acid to 

penetrate and extract greater amounts of glucose, thereby increasing the glucose yield. Real 

biomass could have varying values of CrI, and the inclusion of a pretreatment step, which 

requires an understanding of the kinetics of the hydrolysis reaction of biomass with 

different initial CrI values, may be necessary to increase the sugar yield. A more 

complicated kinetic model for cellulose hydrolysis, which includes the effects of CrI, 

should be further investigated and validated in future work. 

 

 
CONCLUSIONS 
 

1. Several batch experiments were performed to compare the reaction kinetics of the 

concentrated acid hydrolysis of microcrystalline cellulose (Avicel) and xylan from 

beechwood as well as the decomposition of glucose and xylose in the temperature range 

of 80 to 100 °C and at sulfuric acid concentrations of 10 to 50 wt.%.  

2. Using a reaction mechanism that consisted of two consecutive reactions, the kinetic 

parameters were estimated for the purposes of fitting the model and being able to 

predict the concentration of sugars; good agreement between the experimental results 

and the kinetic model was found. 

3. Microcrystalline cellulose was pretreated with phosphoric acid at various 

concentrations to generate samples with different CrI values. It was observed that the 

initial CrI of the microcrystalline cellulose decrystallized to different extents strongly 

affected the kinetics of the hydrolysis reaction. 
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