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ABSTRACT 18 
 19 

Biotechnological xylitol production can be enhanced if the needed xylose solutions can be obtained 20 
from hydrolysis of low-cost lignocellulosic wastes. The hydrolysis of wheat straw to obtain xylose solutions has 21 
a double consequence, the elimination of a waste and the generation of a value-added product. The objective of 22 
this work was to study the xylose production from wheat straw by sulphuric acid hydrolysis at 130ºC. Several 23 
acid concentrations (1, 2, 3, 4 or 5%) were evaluated. Kinetic models were developed to explain the variation 24 
with time of xylose, glucose, arabinose, furfural, 5-(hydroxymethyl)furfural and acetic acid in the hydrolysates. 25 
Optimal conditions found were 2% H2SO4 at 130ºC for 29 min, which yielded a solution with xylose, 18.9 g/L; 26 
glucose, 3.5 g/L; arabinose, 3.1 g/L; furfural, 0.6 g/L; HFM, 0.3 g/L and acetic acid, 2.3 g/L. In these conditions, 27 
99% of the hemicelluloses and 11% of the glucan were hydrolysed. 28 
 29 
Keywords: acid hydrolysis; straw; wheat; HMF; furfural; xylose; glucose; lignocellulosic wastes 30 

31 



 2 

Nomenclature 32 
 33 
[]  concentration 34 
αx  ratio for the xylan fractions in raw material (g of susceptible xylan/ g of total xylan). 35 
αG   ratio for the glucan fractions in raw material (g of susceptible glucan/ g of total glucan). 36 
αA   ratio for the glucan fractions in raw material (g of susceptible araban/ g of total araban). 37 
αF   ratio for the furfural fractions in raw material (g of susceptible furfural/ g of total furfural). 38 
αH   ratio for the 5-hydroxymetil-2-furaldehyde fractions in raw material (g of susceptible 5-39 

hydroxymetil-2-furaldehyde / g of total 5-hydroxymetil-2-furaldehyde). 40 
αAc   ratio for the acetic acid fractions in raw material (g of susceptible acetic acid/ g of total acetic 41 

acid). 42 
a  regression parameter 43 
A  arabinose concentration (g/L) 44 
A0  initial arabinose concentration (g/L) 45 
An  araban concentration (g/L) 46 
Acn0  potential acetic acid concentration (g/L) 47 
AcH  acetic acid concentration (g/L) 48 
C  acid concentration (%) 49 
CXn0  initial composition of xylan 50 
F  furfural concentration (g/L) 51 
F0  potential concentration of furfural (g/L) 52 
G  glucose concentration (g/L) 53 
G0  initial glucose concentration (g/L) 54 
Gn  glucan concentration (g/L) 55 
HMF  5-hydroxymetil-2-furaldehyde 56 
k1  rate of the generation reaction (min-1) 57 
k2  rate of the decomposition reaction (min-1) 58 
M  monomer concentration (g/L) 59 
M0  initial monomer concentration (g/L l) 60 
n  regression parameter 61 
P  polymer concentration (g/L) 62 
P0  initial polymer concentration (g/L) 63 
t  time (min) 64 
WSR  water / solid ratio 65 
 66 
 67 

68 
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1. Introduction 69 
 70 

Wheat straw, a waste in the wheat seed production, is an abundant, renewable and low-cost 71 
lignocellulosic material, which is commonly used as feedstuffs. The structure of wheat straw is composed of 72 
cellulose, hemicellulose, and lignin. Cellulose is a crystalline glucose polymer and hemicellulose is a complex 73 
amorphous polymer. The most abundant building block of hemicellulose is xylan, a xylose polymer. Cellulose 74 
consists of a linear polysaccharide. Cellulose is a crystalline material while hemicellulose is amorphous because 75 
of its branched nature. Hemicellulose is relatively easy to hydrolyze to its monomer sugars compared to 76 
cellulose. Therefore the hydrolysis of wheat straw could be a good alternative for the xylose production [1]. 77 

Xylose can be used as a carbon and energy source in fermentation processes. Among others, the 78 
bioconversion from xylose to xylitol is of interest as it is a polyol with important applications as a sweetener. 79 
Xylitol has important advantages over glucose or saccharose, such as anticarcinogenicity, low caloric value and 80 
negative heat of dissolution [2-4]. Economic interest in xylitol production by fermentation can be enhanced if 81 
the required xylose solutions can be obtained from the hydrolysis of low-cost lignocellulosic wastes. The 82 
hydrolysis of wheat straw to obtain xylose solutions has a double consequence, the elimination of a waste and 83 
the production of a value-added product that enhances the economics of the process [5]. 84 
 Dilute acids can be used as catalysts of a partial hydrolysis called prehydrolysis. This is a hydrolysis of 85 
the hemicellulosic fraction. The cellulose and lignin fractions remain almost unaltered and they can be used for 86 
further processing. H2SO4 [6-7], HCl [8], HF [9], H3PO4 [10], HNO3 [11] or CH3COOH [12] are acids 87 
commonly employed as catalysts, being H2SO4 the most used. 88 

The above acids release protons that break the heterocyclic ether bonds between the sugar monomers in 89 
the polymeric chains formed by the hemicelluloses and the cellulose. The breaking of these bonds releases 90 
several compounds, mainly sugars such as xylose, glucose and arabinose. Other compounds released are 91 
oligomers, furfural and acetic acid. A quantitative hydrolysis of the hemicelluloses can be performed almost 92 
without damage to the cellulose because the bonds in hemicelluloses are weaker than in cellulose. Therefore, a 93 
solid waste formed by cellulose and lignin is obtained in the prehydrolysis of wheat straw. This by-product can 94 
be use for the production of glucose solutions to be used in the production of lactic acid or ethanol by 95 
fermentation or for the production of paper pulp [13]. 96 

Few studies dealing with the acid hydrolysis of wheat straw exists. Acetic acid was used to pretreat and 97 
fractionate wheat straw. A 25% acetic acid solution at 160ºC could removed all xylan and 26.2% of lignin in the 98 
wheat straw [12]. Sulphuric acid was used for the hydrolysis of wheat straw at 121ºC as a pretreatment for the 99 
enzymatic hydrolysis of the cellulose fraction [14] for the bioethanol production [15,17]. 100 

The hydrolysates obtained in the prehydrolysis of wheat straw can be used after neutralization for 101 
conversion to xylitol [4] or single cell protein [18] due to the high xylose content. However, furan derivatives 102 
such as furfural and 5-hydroxymethyl-furfural (HMF), as well as aliphatic acids such as acetic acid are 103 
inhibitory compounds present in lignocellulose hydrolysates. For the fermentation process, the presence of these 104 
inhibitory compounds in the hydrolysates can hinder or prevent a subsequent fermentation step. Therefore, 105 
hydrolysates with low concentrations of inhibitors are required. 106 
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 This work deals with the acid hydrolysis of wheat straw using sulphuric acid at 130ºC. Kinetic models 107 
were developed to explain the variation with time of the main products generated. The hydrolysis was optimised 108 
to obtained xylose solutions with low concentration of growth inhibitors. 109 
 110 
2. Materials and methods 111 
 112 
 The raw material used, wheat straw, was collected in a local industry (Pitita cereals, Dozón, Spain). It 113 
was air dried, milled, screened to select the fraction of particles with a size lower than 0.5 mm, homogenized in 114 
a single lot and stored until needed. 115 

Analyses of the main fractions (cellulose, hemicelluloses and Klason lignin) were carried out using a 116 
quantitative acid hydrolysis under standard conditions [19]. The main composition of the wheat straw is shown 117 
in Table 1. 118 

Treatments were performed at 130ºC in media containing 1, 2, 3, 4 or 5 g H2SO4 / 100 g liquor using a 119 
charge of 1 g wheat straw / 12 g liquor on dry basis. Samples were collected at several reaction times in the 120 
range 0-180 min. 121 

The experiments were performed in 5 sets. The operational conditions of the sets are shown in Figures 122 
1-2. At given reaction times, samples of liquors were taken from the reaction media and analysed. The samples 123 
were diluted with water (1/10 v/v), centrifuged to separate the water-insoluble phenolic fraction and analysed by 124 
HPLC for glucose, xylose, arabinose, acetic acid, furfural and HMF. The HPLC analyses were carried out using 125 
a Transgenomic ION-300 column (oven temperature = 45ºC) with isocratic elution (flow rate= 0.4 ml/min; 126 
mobile phase: H2SO4 0.0025 M). RI detector was used for all compounds excepting furfural and HMF that were 127 
detected spectrophotometrically by DAD.  128 

All experiments were carried out in triplicate and means are given. Non-linear regression analyses of 129 
experimental data were performed with a commercial optimisation routine using Newton´s method (Solver, 130 
Microsoft Excel 2003, Microsoft Corporation, Redmond, WA, USA) by minimizing the sum of the squares of 131 
deviations between experimental and calculated data according the philosophy reported elsewhere [20]. 132 
 133 
3. Results 134 
 135 
3.1. Raw material composition and potential concentrations 136 
 The composition of the wheat straw used in this study is shown in Table 1. The main fractions of wheat 137 
straw were in the same range as other herbaceous materials, such as rice, barley straw [19] and sorghum straw 138 
[21]. For example, the glucan content in wheat straw determined in our study was 34.5%. It compares very well 139 
with 35.5% found by Wang et al. [12]. The high content of xylan (20.2%) makes this waste adequate for xylose 140 
production. 141 

Using the value of water/solid ratio and the composition of raw material, the potential concentration of 142 
each sugar can be calculated assuming a total conversion of polysaccharides to sugar without degradation. This 143 
is an ideal situation because it is known that hemicelluloses are degraded to furfural at the same time that this is 144 
released. On the other hand, it is not possible, in acid hydrolysis, to obtain the total and simultaneously 145 
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conversion of cellulose and hemicelluloses. For comparative purposes and kinetic calculations, the maximum 146 
concentrations for each sugar were calculated using the following equation [22]: 147 

ρ
WSR
CPnFP 0

0 =         (1) 148 

 149 
where P0 is the maximum (potential) concentration of each sugar (in g/L), F is the stoichiometric factor due to 150 
the hydration of molecules during the hydrolysis (Fpentoses is 150/132 and Fhexoses is 180/162), CPn0 is the 151 
composition of raw material for the polysaccharide Pn (in g of polysaccharide/g of raw material, on dry basis), 152 
WSR is the water/solid ratio used (12 g/g) and ρ is the density of hydrolysates (1025 g/L). Applying Eq. (1), it 153 
was obtained the potential composition of the liquors (29.9 g glucose/L; 19.7 g xylose/L and 3.3 g arabinose/L). 154 
The potential concentration of acetic acid generated by the hydrolysis of acetyl groups was not determined 155 
because the content of acetyl groups was not determined in the sorghum straw. 156 

In the acid hydrolysis, furfural is generated by dehydration of pentoses (xylose and arabinose) and 157 
HMF by dehydration of hexoses (glucose in this case). Using the stoichiometric factors (Ffurfural =96/132 and 158 
FHMF = 126/162) was also obtained the potential concentration of furfural (14.6 g furfural/L) and HMF (22.9 g 159 
HMF/L). Obviously, the conditions to obtain the potential concentrations for furfural and HMF also lead to 160 
obtain zero concentration of monosaccharides. 161 

 In the acid hydrolysis with dilute acids, it is known that the main fraction affected is the 162 
hemicelluloses, remaining the cellulose almost unaltered. Therefore, the HMF concentration expected that can 163 
be obtained from the dehydration of glucose should be negligible. 164 

 165 
3.2. Composition of hydrolysates 166 
 Hydrolysates were obtained using H2SO4 at 130ºC. Figure 1 shows concentration of xylose, glucose, 167 
arabinose. The xylose concentration reached up to 19.7 g/L. It was obtained in the experiment performed using 168 
1% H2SO4 for 60 min, corresponding to 100% of the potential concentration predicted. 169 

It was observed that the xylose concentration reached a maximum value and then decreased with the 170 
reaction time and with the acid concentration. This suggests that xylose undergoes decomposition reactions 171 
promoted by the sulphuric acid concentration, and they are conducting probably to the furfural synthesis. 172 

During the hydrolysis of wheat straw, other sugars are released to liquors, mainly glucose and 173 
arabinose. Glucose proceeds from the cellulosic fraction or from some heteropolymers of the hemicellulosic 174 
fraction while arabinose proceeds only from the hemicellulosic fraction. The glucose concentration was affected 175 
by the sulphuric acid concentration. The maximum value was 7.3 g/L in the experiments performed with 5% 176 
H2SO4 at 130 ºC for 180 min, corresponding to 37% of the potential glucose predicted. In experiments 177 
performed in severe conditions, an increase in the glucose concentration was observed over a long time. This 178 
fact suggests that glucose release is promoted by the acid concentration. 179 

Arabinose is presented as furanose, thus it was hydrolysed more quickly than the pyranoses glucose 180 
and xylose (Fendel et al., 1984) as can be observed in Fig. 1. The occurrence of arabinose showed a similar 181 
pattern than xylose. The maximum concentration (3.3 g/L) was obtained using the lowest concentration of acid 182 
(1%) for 180 min. The increase in the concentration of sulphuric acid leads to a decrease in the arabinose 183 
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concentration, suggesting degradation reactions toward furfural. As in the case of xylose, a quantitative 184 
conversion was obtained since the potential concentration was reached. 185 

Figure 2 shows the furfural, HMF and acetic acid concentrations. Furfural was generated as a 186 
degradation product from pentoses such as xylose and arabinose. The furfural concentration increased with the 187 
reaction time and the concentration of the catalyst, sulphuric acid. The higher value reached was 4.0 g furfural/L 188 
in the experiment with 4-5% H2SO4 at 130 ºC for 180 min. 189 

HMF was generated as a degradation product from glucose. The higher value reached was 0.3 g 190 
HMF/L in the experiment with 1% H2SO4 at 130 ºC for 60 min. the concentration of HMF decreased for long 191 
time of treatment. This effect was stronger at high acid concentrations. This suggests that further reactions 192 
occurred. HMF can be converted to 2,5-dimethylfuran (DMF), a liquid transportation fuel with 40 percent 193 
greater energy density than ethanol [1].  194 

The acetic acid derives from the hydrolysis of the acetyl groups bound to the hemicellulosic monomers. 195 
Acetic acid at relative high concentrations is an inhibitor of microorganism growth. Ferrari et al. [23] reported 196 
that 10.5 g acetic acid/l hindered the growth of Pichia stipitis. In our study, 2.3-2.6 g acetic acid/L was the 197 
maximum reached in all experiments. Through material balances, the initial acetyl groups can be determined. It 198 
was 2 g acetyl groups/100 g dry wheat straw. This value was slightly lower than that obtained for sugar cane 199 
bagasse, 3.2-3.5 g acetyl groups/100 g [7]. 200 

 201 
4. Discussion 202 
 203 

Usually the models proposed in the literature consider a sequence of pseudo-homogeneous irreversible 204 
first-order reactions. The first model used successful was proposed by Saeman [24] based on the hydrolysis of 205 
cellulose to yield glucose and then toward decomposition products. The Saeman model was designed for the 206 
hydrolysis of cellulose from fir wood using sulphuric acid. Later the model was also applied to the hydrolysis of 207 
the hemicellulosic fraction [22,25]. Therefore, it can be generalized like in Eq. (1): 208 
 209 

productsion DecompositMonomersPolymers 21 →→ kk    (1) 210 

 211 
Where k1 is the rate of the generation reaction (min-1) and k2 is the rate of the decomposition reaction 212 

(min-1). Solving the differential equations, the following model predicts the concentration of monomers: 213 
 214 

 ( )tktktk ee
kk

kPeMM ⋅−⋅−⋅− −⋅
−

⋅+⋅= 212

12

1
00      (2) 215 

 216 
Where M and P are concentrations of monomer and polymer expressed in g/L, t is time and subscript 0 indicates 217 
initial conditions. P0 was calculated as described in section 3.1. 218 

The fitting of experimental data to Eq. (2) frequently was not enough successful. Therefore, the kinetic 219 
model was modified to include the existence of two fractions, one easy to hydrolyse and the other difficult to 220 
hydrolyse. This fact was previously described by other authors [5]. It is frequent to find that one fraction does 221 
not react in some experimental conditions [19,20]. The parameter α represents the ratio between the fractions (g 222 



 7 

of susceptible polymer/ g of total polymer) in the raw material. Eq. (2) was modified to include α as is shown in 223 
Eq. (3). 224 
 225 

 ( )tktk

12

1
0

tk
0

212 ee
kk

kPeMM ⋅−⋅−⋅− −⋅
−

⋅⋅α+⋅=      (3) 226 

 227 
4.1. Kinetic modelling of xylose concentration 228 
 Xylose is the main product of the hydrolysis of wheat straw. The Eq. (3) adapted for xylose could be as 229 
following: 230 

( )tktk
x

tk ee
kk

kXneXX ⋅−⋅−⋅− −⋅
−

⋅⋅+⋅= 212

12

1
00 α     (4) 231 

Where X is the xylose concentration (g/l); X0 is the initial xylose concentration (determined by 232 
regression, g/L); Xn0 is the xylan concentration corresponding with the quantitative conversion to xylose (29.20 233 
g/L); k1 is the rate of the generation reaction from xylan to xylose (min-1); k2 is the rate of the decomposition 234 
reaction from xylose to furfural (min-1); αx is the ratio for the xylan fractions in raw material (g of susceptible 235 
xylan/ g of total xylan). 236 

Data was fitting applying Eq. (4) and Fig. 1 shows the experimental and predicted data for xylose 237 
concentrations. The fitting was performed separately for each set. Table 2 shows the kinetic and statistical 238 
parameters of the fitting. The statistical parameters r2 and F-test probability corroborate that the two-fraction 239 
model fits very well. 240 
 Comparing the values of k1 with k2, it can be observed that the kinetic coefficients of generation 241 
reactions of xylose are around 30-fold higher than those of the degradation reactions. Generalizing, the values of 242 
kinetic coefficient increase with the concentration of catalyst, k1 slightly and k2 strongly. 243 

The value of α was in the range 0.182-0.634. The average, 0.306 g/g, is lower that values reported for 244 
dilute-acid hydrolysis of other materials. For example, Kim and Lee [26] reported values of α in the range 0.58-245 
0.80 g/g for oak hydrolysis. Eken-Saraçoğlu et al. [27] found values of 0.84 g/g for corn cob and 0.86 g/g for 246 
sunflower seed hulls. Using bagasse waste, Nee and Yee [28] obtained a value of 0.65 g/g. For sugar cane 247 
bagasse, it was obtained values in the range 0.554-0.998 g/g [7]. 248 

It is normal to find that α also varies with the operational conditions. Hydrolysing Pinus pinaster [29] 249 
at atmospheric pressure with dilute sulphuric acid, α was in the range 0.57-0.63 g/g, however, it was 0.86-0.87 250 
g/g if the hydrolysis is at higher pressure [30]. 251 
 For wheat straw, we have also found that α varies with the concentration of the catalyst, decreasing 252 
with the increasing of the acid concentration. At time 0, the concentration of xylose increased with the acid 253 
concentration. The values of M0 predicted by the model also increased from 7.55 g/L with 1% of sulphuric acid 254 
concentration to 16.52 g/L using 5% of sulphuric acid. This suggests an almost instant hydrolysis of a part of the 255 
easy fraction. Therefore, in this case the decreasing of the values of α with the acid concentration could be 256 
associated with a quicker hydrolysis of the easy fraction more than a decreasing of the amount of easy fraction. 257 

It is common to model the effect of the acid concentration on k1 as follow [31,32]: 258 
 259 
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 nCak ⋅=1          (5) 260 

 261 
Where a and n are the regression parameters and C is the acid concentration in % (w/w). Using the 262 

values previously obtained for k1 and applying a non-linear regression analysis to the model of Eq. (5), k1 263 
correlated with H2SO4 concentration as shown in Eq. (6). 264 
 265 

 Ck 00420.01 =         (6) 266 

 267 
This equation can be considered well fitted (r2 = 0.9467 and the value of F-test probability = 0.9616).  268 

 The effect of acid concentration on k2 was also modelled using the same equation. In this case, the 269 
equation best fitted was: 270 

  34.1
2 00059.0 Ck =         (7) 271 

 272 
The regression parameter a for k1 was more than 10-folds higher than that for k2. Both values of the 273 

regression parameter n (1 for k1 and 1.34 for k2) were in the range reported in the literature for similar 274 
lignocellulosic materials: n = 1.55 [27], n = 0.80 [33] and n = 0.66 [26]. 275 
 Knowing these parameters is possible to predict the xylose concentration for any time and acid 276 
concentration in the range of study. 277 
 278 
 279 
4.2. Kinetic modelling of glucose concentration 280 
 Glucose is a by-product obtained in the acid hydrolysis of wheat straw. The glucose released in the 281 
hydrolysis can proceed from both hemicellulosic heteropolymers and cellulose. The glucose from cellulose is 282 
not usually hydrolysed in the range of operational conditions commonly used for the acid hydrolysis. Therefore, 283 
it is probable that the released glucose proceed almost quantitatively from hemicelluloses.  284 

From glucose, the reaction can lead to decomposition products, mainly HMF. This is formed in acid 285 
medium due to the release of 3 molecules of water from hexose. 286 
 The potential concentration of glucose was 29.9 g/L. It was also considered that there is a glucan 287 
fraction that it is susceptible to react and other not susceptible. The parameter αG represents the ratio between 288 
the glucan fractions (g of susceptible glucan/ g of total glucan) in the raw material. Consequently, the glucose 289 
concentration can be calculated by Eq. (8). 290 
 291 
 292 

 ( )tktk

12

1
0G

tk
0

212 ee
kk

kGneGG ⋅−⋅−⋅− −⋅
−

⋅⋅α+⋅=      (8) 293 

 294 
Where G is the glucose concentration (g/l); G0 is the initial glucose concentration (determined by 295 

regression, g/L); Gn0 is the glucan concentration corresponding with the quantitative conversion to glucose 296 
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(29.20 g/L); k1 is the rate of the generation reaction from glucan to glucose (min-1); k2 is the rate of the 297 
decomposition reaction from glucose to HMF (min-1).  298 

Table 3 shows the kinetic and statistical parameters fitting the model of Eq. (8) for glucose generated. 299 
Fig. 1 shows the experimental and predicted data in these hydrolyses. The values of r2 and F-test probability 300 
showed a good agreement between experimental and predicted data. 301 

The kinetic parameters of glucose released (k1) decreased with the increase of the acid concentration. 302 
This can be associated with the increase of the initial glucose concentration (G0) promote by the increase of the 303 
acid concentration more than a low catalytic effect at high acid concentrations.  304 

Kinetic parameters of decomposition reactions of glucose (k2) was 0. It can be supposed that this is due 305 
to the high energy of activation of the reactions of glucose degradation to HMF. The decomposition reaction 306 
occurred but it was at so low speed that it was not detected by the significant digits used for k2 in the modelling.   307 

The parameter αG was affected slightly by acid concentration. Only 11-18% of glucan was susceptible 308 
to hydrolysis. This fraction proceeds from hemicellulosic heteropolymers. It can be concluded that 18% 309 
represents the glucose in the hemicelluloses of wheat straw. This value compared very well with that obtained 310 
for sugar cane bagasse, 18.2% [7]. 311 

Using the values previously obtained for k1 and applying a non-linear regression, k1 correlated with 312 
H2SO4 concentration as shown in Eq. (9).  313 
 314 

 63.0
1 02930.0 −= Ck         (9) 315 

 316 
This equation can be considered well fitted (r2 = 0.9104 and the value of F-test probability = 0.8726). 317 

Since k2 was 0, it was not modelled in function of the acid concentration.  318 
 319 

 320 
4.2. Kinetic modelling of arabinose concentration 321 
 The arabinose released in the hydrolysis proceeds from the hemicellulosic heteropolymer of wheat 322 
straw, accompanying xylose. The potential concentration was 3.3 g/L. Consequently, the arabinose 323 
concentration can be calculated by Eq. (10). 324 
 325 

 ( )tktk
A

tk ee
kk

kAneAA ⋅−⋅−⋅− −⋅
−

⋅⋅+⋅= 212

12

1
00 α     (10) 326 

Where A is the arabinose concentration (g/l); A0 is the initial glucose concentration (determined by 327 
regression, g/L); An0 is the glucan concentration corresponding with the quantitative conversion to glucose 328 
(3.24 g/L); k1 is the rate of the generation reaction from araban to arabinose (min-1); k2 is the rate of the 329 
decomposition reaction from glucose to furfural (min-1).  330 

Table 4 shows the kinetic and statistical parameters fitting the model of Eq. (10). Fig. 1 shows the 331 
experimental and predicted data in these hydrolyses. Overall, the values of r2 and F-test probability showed a 332 
good agreement between experimental and predicted data. However for 5% sulphuric acid the model did not fit 333 
well (r2 was 0.7106 and F-test probability was 0.6646). With 4-5% of sulphuric acid a quick decrease of 334 
arabinose concentration with the time was observed. The values of k1 fitted did not show a clear trend but the 335 
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values of k2 increased with the acid concentration, showing a reaction toward furfural. A0 was in the range 2.19-336 
2.38 g/L. The modelling of the effect of the acid concentration did not fit well. 337 
 338 
4.3. Kinetic modelling of furfural concentration 339 

In the hydrolysis of wheat straw, furfural (a decomposition product of pentoses), HMF (a 340 
decomposition product of hexoses), and phenolic compounds (decomposition products of lignin) are generated. 341 
Dilute-acid hydrolysis affects hemicelluloses and, only in strict conditions, cellulose. Therefore, the amount of 342 
phenolic compounds in the hydrolysates of wheat straw is negligible, the amount of HMF expected should be 343 
low and the main decomposition product should be furfural. All these products can continue the reactions 344 
toward other products or polymers. Furfural is the triple dehydration product of xylose. Based on furfural results 345 
from Fig. 2, a similar model to those used for pentoses and hexones can be considered. Eq. (11) expresses the 346 
furfural concentration (F) as a function of time (t). 347 
 348 

 ( )tktk
F

tk ee
kk

kFneFF ⋅−⋅−⋅− −⋅
−

⋅⋅+⋅= 212

12

1
00 α          (11) 349 

 350 
Where F is the furfural concentration (g/L); F0 is the initial glucose concentration (determined by 351 

regression, g/L); Fn0 is the furfural concentration corresponding with the quantitative conversion from pentoses 352 
(14.29 g/L); k1 is the rate of the generation reaction from pentoses to furfural (min-1); k2 is the rate of the 353 
decomposition reaction from furfural to polymers (min-1).  354 

Table 5 shows the kinetic and statistical parameters obtained in the fitting of the furfural generated in 355 
the hydrolysis. Fig. 2 shows the comparison between experimental and predicted data. 356 

It can be observed that all parameters were affected by H2SO4 concentration. F0 varied from 0 g/L using 357 
2% H2SO4 to 0.17 g/L using 5% H2SO4. The same behaviour was observed for the hydrolysis of sorghum straw 358 
but in that case the highest concentration reached was 3.33 g/L [21]. Highest F0 values were obtained for sugar 359 
cane bagasse [7]. 360 
 361 
4.3. Kinetic modelling of HMF concentration 362 

HMF is a decomposition product of hexoses. The concentration of glucose released was low. Then the 363 
expected HMF concentration should be very low. Based on HMF results from Fig. 2, a similar model to those 364 
used for HMF can be considered including the reaction toward other products. Eq. (12) expresses the HMF 365 
concentration (H) as a function of time (t). 366 
 367 

 ( )tktk
H

tk ee
kk

kHneHH ⋅−⋅−⋅− −⋅
−

⋅⋅+⋅= 212

12

1
00 α          (12) 368 

 369 
Where H is the HMF concentration (g/L); H0 is the initial glucose concentration (determined by 370 

regression, g/L); Hn0 is the HMF concentration corresponding with the quantitative conversion from glucose 371 
(23.36 g/L); k1 is the rate of the generation reaction from glucose to HMF (min-1); k2 is the rate of the 372 
decomposition reaction from HMF to polymers or 2,5-dimethylfuran (min-1). Table 6 shows the kinetic and 373 
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statistical parameters obtained in the fitting of the HMF generated in the hydrolysis. Fig. 2 shows the 374 
comparison between experimental and predicted data. 375 

It can be observed that all parameters were affected by H2SO4 concentration. H0 varied from 0.03 g/L 376 
using 2% H2SO4 to 0.17 g/L using 5% H2SO4. The values of k1 and k2 increased with H2SO4 concentration, 377 
being very high the values of k2 respect to k1. This suggests that the HMF release reacts toward polymerization 378 
products or 2,5-dimethylfuran. Anyway, the HMF concentration was very low. 379 
 380 
4.4. Kinetic modelling of acetic acid concentration 381 
 The acetic acid is generated for the hydrolysis of the acetyl groups present in the hemicellulosic 382 
heteropolymers. Based on the experimental data, degradation reactions of the acetic acid was not observed in 383 
accordance with the results for sorghum straw and other lignocellulosic materials [19-21]. Therefore, the model 384 
of Eq. (13) expresses the acetic acid concentration (Ac) as a function of time (t) in the hydrolysis of wheat 385 
straw. 386 
 387 

 ( )tktk
Ac

tk ee
kk

kAcneAcAc ⋅−⋅−⋅− −⋅
−

⋅⋅+⋅= 212

12

1
00 α     (13) 388 

 Where Ac0 is the initial acetic acid concentration (g/L); Acn0 is the potential concentration of acetyl 389 
groups; k1 is the rate of acetic acid generation (min-1) and k2 is the rate of the decomposition reaction (min-1).  390 

The Ac0 was introduced as a regression parameter. Acn0 is not easy to determine, therefore it was 391 
included in the same regression parameter than αAc.  392 

Table 7 shows the kinetic and statistical parameters obtained in the fitting of the acetic acid generated 393 
in the hydrolysis of wheat straw. The values of r2 showed that only the equations obtained for 1% and 2% 394 
H2SO4 were well fitted. Fig. 2 shows the agreement between experimental and predicted data. 395 

Ac0 varied from 1.23 g/L using 2% H2SO4 to 2.33 g/L using 6% H2SO4. Ac0 was clearly affected by 396 
H2SO4 concentration. The bad regression could be due to the low acetic acid concentration, with a quick and 397 
stable release to give values around 2.4 g/L. 398 
 399 
 400 
4.5. Overall optimisation 401 
 It is important to obtain sugar solutions with low concentrations of inhibitor (furfural, HMF and acetic 402 
acid) if the hydrolysates of wheat straw are going to be used as carbon source in fermentation media. 403 

For comparative purposes, the optimum values are those that result in a high concentration of xylose 404 
and a low concentration of potential microorganism growth inhibitors like furfural, HFM and acetic acid. Fig. 1-405 
2 show that the optimum could be using a reaction time around 15-30 min. 406 

Using the models, the optimum for xylose was predicted using 29.3 min and 2% H2SO4. using theses 407 
conditions, a hydrolysates with the following composition can be obtained: xylose, 18.9 g/L; glucose, 3.5 g/L; 408 
arabinose, 3.1 g/L; furfural, 0.6 g/L; HFM, 0.3 g/L and acetic acid, 2.3 g/L. 409 

Furthermore, the glucose concentration is low, indicating a small degradation of the cellulosic fraction. 410 
This is favourable if it is desired a later use of the solid residue. For instance, applications for the solid residue 411 
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are the production of cellulosic paste, the generation of glucose solutions by enzymatic hydrolysis or the 412 
production of HFM as precursor of 2,5-dimethylfuran (DMF), a liquid fuel [1]. 413 
 414 
Conclusion  415 
 The kinetic models developed allow the prediction of the reaction time for the optimal values of the 416 
hydrolysis of wheat straw. The operational conditions 2% H2SO4 at 130 ºC for 29.3 min were selected because it 417 
resulted in solutions with high concentration of fermentable sugars (25.5 g/L) and low concentrations of growth 418 
inhibitors (less than 0.9 g/L for furfural-HMF and 2.3 g/L for acetic acid). In these conditions, approximately 419 
99% of the hemicellulosic sugars were hydrolysed with a small concentration of by-products and only 12% 420 
degradation of the glucan fraction. 421 
 422 
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Table 1 500 
Main components of wheat straw used in this study 501 
 502 

Components Percentage dry weight 

Glucan 34.5 ± 3.3 

Xylan 20.2 ± 2.1 

Araban 3.4 ± 0.2 

Klason lignin 18.2 ± 1.5 

Extracts 6.4 ± 1.0 

Others 15.3 ± 1.0 

503 
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Table 2 504 
Kinetic and statistical parameters of xylose released for the H2SO4 hydrolysis of wheat straw at 130ºC 505 
 506 

Operational set αX (g/g) X0 (g/L) k1 (min-1) k2
 (min-1) r2 F test 

prob 

1% H2SO4  0.634 7.55 0.1068 0.00026 0.9932 0.9930 

2% H2SO4  0.294 14.22 0.1122 0.00124 0.9758 0.9756 

3% H2SO4  0.227 16.10 0.1139 0.00302 0.9942 0.9852 

4% H2SO4  0.195 16.18 0.1173 0.00389 0.9903 0.9929 

5% H2SO4  0.182 16.52 0.1252 0.00494 0.9909 0.9937 

507 
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Table 3 508 
Kinetic and statistical parameters of glucose released for the H2SO4 hydrolysis of wheat straw at 130ºC 509 
 510 

Operational set αG (g/g) G0 (g/L) k1 (min-1) k2
 (min-1) r2 F test 

prob 

1% H2SO4  0.118 0.96 0.0279 0.00000 0.9817 0.9602 

2% H2SO4  0.114 1.85 0.0228 0.00000 0.9619 0.9942 

3% H2SO4  0.106 2.56 0.0154 0.00000 0.9539 0.9519 

4% H2SO4  0.140 2.78 0.0105 0.00000 0.9609 0.9594 

5% H2SO4  0.180 2.88 0.0086 0.00000 0.9831 0.9826 

 511 
 512 

513 
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Table 4 514 
Kinetic and statistical parameters of arabinose released for the H2SO4 hydrolysis of wheat straw at 130ºC 515 
 516 

Operational set αA (g/g) A0
 k1 (min-1) k2

 (min-1) r2 F test 

prob 

1% H2SO4  0.319 2.19 0.0615 0.00000 0.8885 0.9331 

2% H2SO4  0.309 2.25 0.0892 0.00042 0.8564 0.8431 

3% H2SO4  0.305 2.38 0.1030 0.00199 0.9199 0.9227 

4% H2SO4  0.316 2.31 0.0960 0.00222 0.9100 0.9121 

5% H2SO4  0.225 2.35 0.1636 0.00193 0.7106 0.6646 

 517 
 518 

519 
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 520 
 521 
Table 5 522 
Kinetic and statistical parameters of furfural released for the H2SO4 hydrolysis of wheat straw at 130ºC. 523 
 524 

Operational set αF (g/g) F0
 k1 (min-1) k2

 (min-1) r2 F test 

prob 

1% H2SO4  0.746 0.00 0.0007 -0.00062 0.9943 0.9453 

2% H2SO4  0.731 0.00 0.0020 0.00192 0.9973 0.9877 

3% H2SO4  0.698 0.04 0.0037 0.00251 0.9990 0.9990 

4% H2SO4  0.720 0.10 0.0051 0.00446 0.9978 0.9958 

5% H2SO4  0.720 0.17 0.0048 0.00454 0.9945 0.9942 

 525 
526 
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Table 6 527 
Kinetic and statistical parameters of HMF released for the H2SO4 hydrolysis of wheat straw at 130ºC. 528 
 529 

Operational set αH (g/g) H0 (g/L) k1 (min-1) k2 (min-1) r2 F test 

prob 

1% H2SO4  0.091 0.03 0.0046 0.02059 0.9911 0.9913 

2% H2SO4  0.106 0.08 0.0092 0.06199 0.9841 0.9925 

3% H2SO4  0.164 0.12 0.0116 0.14199 0.9582 0.9531 

4% H2SO4  0.260 0.14 0.0119 0.26800 0.8995 0.9359 

5% H2SO4  1.000 0.17 0.0109 1.08496 0.8463 0.9469 

 530 
 531 

532 
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Table 7 533 
Kinetic and statistical parameters of acetic acid released for the H2SO4 hydrolysis of wheat straw at 130ºC. 534 
 535 

Operational set αAcAcn0 (g/L) Ac0 (g/L) k1 (min-1) k2 (min-1) r2 F test 

prob 

1% H2SO4  1.13 1.23 0.0590 0.00000 0.9687 0.9676 

2% H2SO4  0.63 1.86 0.0587 0.00000 0.9426 0.9400 

3% H2SO4  0.43 2.12 0.1010 0.00065 0.8622 0.8535 

4% H2SO4  0.14 2.31 0.1500 0.00000 0.6122 0.5330 

5% H2SO4  0.19 2.33 0.0994 0.00027 0.5823 0.4914 

 536 
 537 

538 
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Legends of figures 539 
 540 
 541 
Figure 1. Experimental and predicted dependence of the xylose, glucose and arabinose concentration on time at 542 

several H2SO4 concentrations. 543 
Figure 2. Experimental and predicted dependence of the furfural, HMF and acetic acid concentration on time at 544 

several H2SO4 concentrations.  545 
 546 
 547 
 548 

549 



 23 

 550 
 551 

Figure 1 552 
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 553 
Figure 2 554 
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