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A dilute acid hydrolysis of rice husk (RH), wheat straw (WS), and their 
extractive-free residues was investigated with the objective of recovering 
the highest yield of xylose while keeping at minimum its conversion into 
furfural. The hydrolysis conditions were determined for different 
concentrations of sulfuric acid and different reaction times at 121 °C. The 
pre-extraction with ethanol-water (1:1, v/v) was also examined as a 
parameter. Using response surface methodology, the optimum conditions 
for xylose production were identified as 1.8% of acid and 41.4 min of 
hydrolysis time for RH, while those for its counterpart EF-RH (extractives-
free rice husks) were 1.0% acid concentration, for 60 min. The same 
conditions were also predicted for WS and its EF-WS. Under these 
conditions, the xylose yield was 79.6%, 82.8%, 94.3%, and 88.6% for RH, 
EF-RH, WS, and EF-RW, respectively. Under these conditions the minimal 
furfural yields obtained were 1.2% and 1.3% for RH and EF-RH, and 0.8% 
and 1.5%, for WS and EF-WS, respectively. These results suggested that 
the pre-extraction step before the acid hydrolysis affected, at least in part, 
the xylose recovery from RH, but it was not necessary for a better xylose 
yield of WS for its bioconversion into valuable bioproducts like xylitol. 
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INTRODUCTION 
 

The major concern associated with the use of petroleum and its derivatives to supply 

energy and raw materials for commodity products is its negative impact on the 

environment. Likewise, the petroleum source is limited, while its consumption leads to 

higher greenhouse gas emissions that contribute to global warming. Moreover, since the 

war in Ukraine, many developing countries have realized that their dependence on fossil 

fuels is a major geopolitical issue that places them in a week position in presence of 

petroleum-producing countries. Hence, there is considerable interest to accelerate the 

energy transition by promoting alternative and sustainable sources of carbon, which can 

provide chemical compounds and energy needs. Lignocellulosic biomass is the most 

abundant resource on earth and is mainly composed of cellulose, hemicelluloses, and 

lignins (Juhasz et al. 2005). As a renewable resource, lignocellulosic biomass has the 

potential to replace most petroleum-based chemicals (Moreira et al. 2011). Cellulose and 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Kasangana et al. (2022). “Xylose recovery,” BioResources 17(4), 6131-6147.  6132 

hemicelluloses are polysaccharides, which can be hydrolysed to simple sugars that are 

fermentable into bioethanol. Lignins are phenolic polymers that can be used to produce, 

among other applications, biohydrogen and biomethane through gasification (Resende et 

al. 2008; Cao et al. 2021). However, the production of a renewable source of energy is not 

the only available application of lignocellulosic biomass. Cellulose can be extracted and 

modified to develop biomaterials with biomedical applications because of its 

biocompatibility (Hickey and Pelling 2019). Hemicelluloses can also be converted into 

biochemicals and biomaterials, while its monomers, such as xylose, can be recovered 

through pretreatment or hydrolysis for other applications (Ajao et al. 2018). Lignin is also 

identified as a valuable candidate for the production of hydrocarbons (benzene, toluene, 

etc.), simple phenols (vanillin, eugenol), polymeric macromolecules (carbon fiber and 

thermosets), nutraceuticals, drugs, and cosmetics (Cao et al. 2018; Sugiarto et al. 2021). 

Lignocellulosic agro-wastes, such as rice husk and wheat straw, have high 

potentials to be valorized into value-added products. Since they are considered poor quality 

nutrients, they are either left in the fields, used in bedding, or burned (Li et al. 2008). Rice 

husk is a massive by-product from rice milling and contributes to 20 to 25 wt% of the dry 

weight of paddy rice (Yu et al. 2009). The worldwide production of milled rice in 2021 

was about 518 million tonnes (FAO 2022), which generates about 130 to 173 million 

tonnes of rice husk globally. The chemical composition of rice husks is close to 25% 

hemicellulose, 22% lignin, 38% cellulose, 20% amorphous silica, and 2% other organic 

components (Zhang et al. 2014, 2015; Abaidea et al. 2019). Because of the substantial 

amount of cellulose and hemicelluloses present, most studies have focused on the 

comprehensive use of rice husks, primarily in terms of sugars production (Megawati et al. 

2011; Zhang et al. 2015), bioethanol (Banerjee et al. 2009) or valorization of silica (Pandey 

et al. 2014). 

Wheat straw is a by-product supplied in vast quantities annually from wheat 

harvest. Depending on the climate and wheat varieties, the straw produced is about 130 

wt% of the weight of grain harvested (i.e., 1.3 kg of straw per kg grain) (Ruiz et al. 2011). 

The worldwide production of wheat in 2021 was about 770 million tonnes (FAO 2022). 

This implies an approximate annual production of 1000 million tonnes of wheat straw. The 

chemical composition of wheat straw varies, but it is typically composed of 21% to 28% 

hemicellulose, 11% to 23% lignin, 33% to 40% cellulose, 4% to 6% silica and silicates, 

and 7% to 10% ash (Khan and Mubeen 2012; Rajput et al. 2018). According to Makhatov 

et al. (2021), the hemicellulose content can reach up to 30 wt%, however the high density 

of wheat straw makes it difficult to use traditional technologies for its processing into 

xylose (or glucose) through hydrolysates for bio-alcohols formation. This high 

hemicellulos content, compared to other agro-residues (sugarcane bagasse, corn cob, corn 

stover, etc.), indicates the potential of this material for production of xylose, which may be 

used as a raw material for the production of xylitol. However, most studies reported that 

hemicelluloses are difficult to remove from the straw by hydrolysis. Generally, the residual 

hemicelluloses co-crystallize with cellulose and tend to remain in cellulose (Yang et al. 

2011). 

As a means to hydrolyze hemicellulose, such as xylan, to get access to xylose, a 

high amount of energy is required to break the C-O -C bonds (Dhepe 2010). Processes 

based on acids (Delfín-Ruíz et al. 2020), alkali (Khat‑udomkiri et al. 2018), and enzymes 

(Hansen et al. 2011) do exist, but they often require optimization to effectively extract the 

hemicellulose Among these processes, acid hydrolysis is one of the oldest, simplest, and 

most efficient methods of producing xylose from biomass, which can use concentrated or 
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dilute acid solutions. Several researchers have studied the dilute acid hydrolysis of different 

lignocellulosic wastes, such as corn stover (Lloy, 2005; Qin et al. 2012), eucalyptus residue 

(Canettieri et al. 2007), palm waste (Rahman et al. 2007), rapeseed straw (Castro et al. 

2011; Jeong and Oh 2011; Lee and Jeffries 2011), wheat straw (Akpınar et al. 2012; 

Liavoga et al. 2007), rice husk (Dagnino et al. 2013; Zhang et al. 2010), and rice straw 

(Hsu et al. 2010; Kim et al. 2012; Lee and Jeffries 2011; Roberto et al. 2003). In fact, dilute 

acid hydrolysis is often useful when lignocellulosic biomass has a significant content of 

hemicellulose since the hemicellulose fraction is more easily hydrolyzed than cellulose 

(Lloyd and Wyman 2005). However, there are several disadvantages of the dilute acid 

hydrolysis of the lignocellulosic biomass, such as the production of inhibitors, including 

acetic acid, furfural (Panagiotopoulos et al. 2012) and phenolics from lignin degradation 

products (Akpınar et al. 2012; Temiz and Akpinar 2017). To this list, it is important to also 

add the production of extractives (notably free phenolics) released from lignocellulosic 

biomass during the hydrolysis process. The presence of these compounds is undesirable 

because they either decrease the purity or the production of xylose or inhibit its further 

microbial metabolism into different products. (Liu et al. 2012).  

In the present work, the effect of pre-extraction treatments of rice husks and wheat 

straw, before the dilute acid hydrolysis, was investigated relative to the recovery of xylose. 

The pre-extraction consisted of removing extractives (phenolics, etc.), using ethanol-water 

(1:1, v/v) as solvent system, from rice husks and wheat straw. The pre-extraction could 

increase the porosity of both lignocellulosic agro-wastes and thus, through better 

penetrability of acid solution, it could improve the dilute acid hydrolysis of xylan into 

xylose. Moreover, application of the pre-extraction step was also investigated to evaluate 

the quality of the hydrolysed material for further conversion through the organosolv 

process applying the same pre-extraction step with ethanol-water (1:1, v/v) (Kasangana et 

al. 2020). In this study, the xylose and furfural yields were systematically determined under 

the various acid hydrolysis conditions of rice husks and wheat straw. The hydrolysis 

conditions, such as the concentration of sulfuric acid and the hydrolysis time, were 

optimized via response surface methodology. The extractive-free residues of rice husks and 

wheat straw were compared with their non-extracted counterparts. The major goal of this 

research was to achieve the maximal conversion of xylan hemicellulose, from rice husks 

and wheat straw, into xylose, while keeping at minimum its further acid conversion into 

furfural. 

 

 

EXPERIMENTAL 
 

Materials 
The ground rice husks (RH) were obtained as a by-product of another project from 

the Department of Chemical Engineering. The RH powder was sieved with a sieve shaker 

(C. E. Tyler Rotap Sieve 3990 in Painesville, OH, USA) to keep only particles between 

20- to 60-meshes. The particles were washed with distilled water and then oven-dried at 

40 °C for 24 h prior to experiments. Wheat straw (WS) was purchased from a local 

producer (Saint-Augustin-de-Desmaures, Quebec, Canada). It was dried in an industrial 

wood dryer and cut into small pieces before storage in plastic bags at room temperature. 

Prior to the experiments, the wheat straw was grounded by a laboratory mill (Retsch ZM 

100, Retsch, USA; Verder Scientific, Inc., Newtown, MA, USA) and sieved with an 
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automatic sieve shaker (to pass through 20- to 60-mesh sieve) to obtain a similar particle 

size as with RH. 

 

Methods 
Chemical composition analysis 

Before the acid hydrolysis of xylan in the samples, the chemical composition of RH 

and WS was determined according to the National Renewable Energy Laboratory (NREL) 

standard method (Sluiter et al. 2008). 

 

Pre-extraction process 

Pre-extraction was performed to remove the extractives from RH and WS materials 

and to evaluate its effect on the final xylan hydrolysis. A total of 100 g for each sample 

(RH and WS) was extracted with 1.0 L of an ethanol-water mixture (1:1, v/v) in a Soxhlet 

extractor at 80 °C for 6 h. After filtration, the extractive-free samples were dried in an oven 

at 40 °C for 48 h prior to analysis. Before the hydrolysis process, the moisture content of 

each sample was measured as reported by NREL standard method. The pre-extraction 

procedure is an integral step of the organosolv process, and it will be applied to the agro-

wastes residues after hydrolysis (Kasangana et al. 2020).  

 

Hydrolysis process 

The hydrolysis of RH, WS, and their extractive-free counterparts (EF-RH and EF-

WS) was performed in an autoclave at 121 °C and at constant pressure (15 psi). The solid-

to-acid ratios were set at 1:10 for rice husk and at 1:20 for wheat straw because of its higher 

capacity to absorb water. The reaction was carried out under various sulfuric acid 

concentrations (1%, 2%, and 3%) and hydrolysis times (20, 40, and 60 min), according to 

the conditions reported in the central composite design matrix (Table 1). After a specified 

time, the resulting hydrolysate was cooled to room temperature, neutralized by the addition 

of CaCO3, filtered through a syringe filter (0.45 μm), and stored at 4 °C prior to high 

performance liquid chromatography (HPLC) analysis. 

 

Table 1. Range and Levels of Independent Process Variables Used in the 
Experimental Design 

Variables Symbol 
Range and Levels 

-1 0 1 

Sulfuric acid concentration (%) X1 1 2 3 

Hydrolysis time (min) X2 20 40 60 

 

Analytical methods 

Xylose in the acid hydrolysate was analyzed using an Agilent 1200 Series HPLC 

system (Agilent Technologies, Santa Clara, CA, USA), equipped with a Rezex RHM-

Monosaccharide H+ 8% column (300 mm × 7.8 mm) and RI detector. Nanopure water was 

used as the mobile phase with a flow rate of 0.5 mL/min and the oven temperature was 

fixed at 75 °C. Furfural was analyzed by an Agilent 1100 Series HPLC system (Agilent 

Technologies, Santa Clara, CA, USA) using Zorbax SB-C18 column (250 mm × 4.6 mm, 

5 μm) and its detection was done by diode-array detector (DAD) at 277 nm using a standard 

furfural solution. Furfural was eluted with a gradient of nanopure water and acetonitrile 

(95:5) mixture at a flow rate of 0.7 mL/min (Kasangana et al. 2020). All the experiments 
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and analyses were conducted in duplicate. The mass yields of xylose and furfural were 

calculated based on the weight of xylan in each sample. 

 

Statistical analysis and response surface methodology 

Statistical analysis and the response surface regression were performed using 

Minitab 21.0 (Minitab, State College, PA, USA) software. The response surface 

methodology (RSM) was used for statistical data treatment and optimization of the 

hydrolysis conditions. A two-factor, three-level central composite design (Table 1) was 

selected to optimize the maximum xylose yield and minimum furfural yield in each 

hydrolysate by deriving a second-order polynomial equation (Eq. 1) and building response 

surface plots to predict result outcomes, 

 𝑌1,2 = 𝛽0 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽1,2𝑋1𝑋2 + 𝛽1,1𝑋1
2 + 𝛽2,2𝑋2

2   (1) 

where β, Y, and X represent the regression coefficients, dependent, and independent 

variables, respectively. As mentioned above, the parameters investigated were sulfuric acid 

concentration (X1), hydrolysis time (X2), and the response variables were xylose (Y1) and 

furfural (Y2) concentrations, obtained through eighteen combinations. The matrix studied 

for the hydrolysis is shown in Table 3. The statistical significance of regression coefficients 

and effects was checked by analysis of variance (ANOVA). 

 

 

RESULTS AND DISCUSSION 
 

Compositional Analysis  
The initial chemical compositional (cellulose, hemicellulose (pentosans), lignin, 

extractives, ashes contents) analysis of RH and WS were carried out before pre-extraction 

and acid-hydrolysis of each sample.  

 

Table 2. Compositional Analyses of RS and WS 

Chemical 
Composi-

tion 

Rice Husk (RS) Wheat Straw (WS) 

This 
Study 
(%) 

Ref. 
Study 
(%) 

Reference 
This 

Study 
(%) 

Ref. 
Study 
(%) 

References 

Extrac-
tives 

2 3 
Al-Rubaia'ay and 

Shakir 2018; 
Sherif et al. 2021 

7 4 
Kabel et al. 2007; Nabarlatz 
et al. 2007; Carvalheiro et al. 

2009 

Cellulose 40 36-40 

Sarkar and Aikat 
2013; Al-

Rubaia'ay and 
Shakir 2018  

41 
37 to 

48 

Al-Rubaia'ay and Shakir 
2018; Saha et al. 2005; Ruiz 

et al. 2011 

Lignin 25 17-24 
Zhang  

et al. 2015; Sherif 
et al. 2021 

24 
14 to 

25 

Ruiz et al. 2011; Michelin and 
Teixeira 2016; Al-Rubaia'ay 

and Shakir 2018 

Xylan  18 17-20 
Megawati et al. 
2011;  Zhang et 

al. 2020 
25 

18 to 
24 

Saha et al. 2005; Kabel et al. 
2007; Nabarlatz et al. 2007; 
Carvalheiro et al. 2009; Ruiz 

et al. 2011  

Ash 16 12 
Chen et al. 2013; 
Al-Rubaia'ay and 

Shakir 2018  
2 

1.6 to 
10 

Carvalheiro et al. 2005; Al-
Rubaia'ay and Shakir 2018  
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Table 2 shows that the extractive content of RH (2%) was lower than that of WS 

(7%), while its ash content (16%) was substantially higher than that of WS (2%). RH is 

well known as being rich in amorphous silica, the contents of which range between 15 and 

25 wt% (Chen et al. 2013; Temiz and Akpinar 2017). According to Carvalheiro et al. 

(2009), the high content of extractives in WS might be partially explained by the presence 

of proteins that can constitute approximately 5 wt% of the material. 

The contents of cellulose and Klason lignin were similar in both lignocellulosic 

agro-wastes. The lignin content in WS seemed somewhat higher in comparison with values 

generally reported in the literature, but close to those reported by Kabel et al. (2007) and 

by Michelin and Teixeira (2016). In terms of hemicellulose, its content in WS was found 

to be higher than that of RH, but it was in general agreement with those reported in the 

literature (Megawati et al. 2011; Al-Rubaia'ay and Shakir 2018). It is important to highlight 

that the chemical composition of RH and WS can be expected to vary depending on their 

variety, climate, and the geographic location (Carvalheiro et al. 2009; Ji et al. 2017). 

 
Limit Values of Xylose and Furfural 

The efficiency of hemicelluloses hydrolysis of various lignocellulosic biomass for 

recovering the maximum sugar yield or sugar degradation products depends on the type of 

material and the processing conditions (Rahman et al. 2007). In this work, under the range 

of conditions selected, i.e., sulfuric acid concentration (1%, 2%, and 3%) and hydrolysis 

time (20 min, 40 min, and 60 min), a series of hydrolysis experiments were conducted on 

RH and WS, as well as using their extractive-free residues (EF-RS and EF-WS, 

respectively) at constant temperature (121 °C). The yields of xylose and furfural under the 

different conditions are also reported in Table 3.  

 

Table 3. Hydrolysis Conditions, Experimental Design, and Results Obtained by 
Dilute Acid Hydrolysis of RH and WS and their Extractive-Free Residues  

Run 
Number 

Acid  
(wt%) 

Time 
(min) 

RH EF-RH WS EF-WS 

Xylose 
(%) 

Furfural 
(%) 

Xylose  
(%) 

Furfural 
(%) 

Xylose 
(%) 

Furfural 
(%) 

Xylose 
(%) 

Furfural 
(%) 

1 1 20 63.5 0.8 61.2 0.2 60.7 0.4 70.6 0.4 

2 3 20 72.4 1.5 73.0 1.4 80.7 1.7 79.5 1.7 

3 1 60 78.8 1.7 83.3 1.3 91.2 0.9 89.0 1.7 

4 3 60 77.1 2.9 78.4 3.3 84.1 3.7 83.7 3.9 

5 1 40 72.6 1.0 74.9 0.8 81.6 0.8 81.9 1.0 

6 3 40 75.3 2.3 77.5 2.6 84.3 2.9 83.6 3.2 

7 2 20 71.1 0.6 73.3 0.9 52.7 0.5 80.2 1.1 

8 2 60 87.8 2.2 87.3 2.4 91.1 1.6 91.1 2.9 

9 2 40 79.9 1.4 81.9 1.9 83.3 1.2 86.7 2.3 

10 1 20 63.4 0.6 60.8 0.2 59.3 0.2 69.2 0.4 

11 3 20 72.2 1.4 72.8 1.4 79.7 1.6 79.5 1.7 

12 1 60 78.4 1.7 81.9 1.3 91.1 0.9 88.4 1.3 

13 3 60 76.7 2.9 77.4 3.2 84.1 3.7 82.7 3.8 

14 1 40 71.8 1.0 74.5 0.8 80.0 0.8 81.3 1.0 

15 3 40 74.9 2.3 76.9 2.6 84.3 2.9 83.5 3.2 

16 2 20 70.9 0.6 72.9 0.9 52.1 0.3 80.0 1.1 

17 2 60 87.4 2.2 85.5 2.4 90.7 1.4 89.9 2.9 

18 2 40 79.1 1.2 81.5 1.9 82.3 1.1 86.5 2.3 
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For all the conditions studied, the xylose yield increased with the acid concentration 

in the initial stages of hydrolysis, and then it declined after the xylose yield reached its 

maximum value. For RH, the maximum xylose concentration 87.8% was reached when 

2% of acid was used for 60 min of hydrolysis time. For the same duration, the maximum 

furfural yield reached 2.9% with 77.1% of xylose yield for 3% of acid solution. This 

behavior indicates that the furfural concentration increased with process severity (i.e., 

increase in acid concentration or hydrolysis time), which eventually reduced the xylose 

yield. In contrast, the maximum xylose yield for EF-RH (87.3%) was close to that of RH 

(87.8%) under the same conditions. However, a difference was observed in terms of 

furfural production, which was somewhat lower for RH (2.2%) than for ER-RH (2.4%).  

Table 3 also reports the same trend for WS and ER-WS. Nevertheless, it was 

observed that under the same processing conditions (1% acid for 60 min), the same xylose 

yield (91.1%) was obtained from both samples. Nevertheless, the furfural yield under the 

same conditions was completely different between both samples. This indicates that the 

hydrolysis of WS might not be completed under these conditions and some xylose 

remained in WS, which would need more time to be extracted due to the presence of 

extractives delaying the hydrolysis reaction. 

 

Statistical Modelling and Validation 
The effect of sulfuric acid concentration and hydrolysis time on the yields of xylose 

and furfural were evaluated using regression analysis. The equations (Supporting data, Eqs. 

2 through 9) were generated based on the outcomes of the regression analysis. 

Table 4 reports that the Model F-values for xylose yield (Y1, Y3) and furfural yield 

(Y2, Y4) from RH and its EF-RH were significant at the 95% confidence level. Although 

not perfect, the determination coefficients (R2) for Y1 and Y2 were in the 0.90 to 0.99 range, 

implying that 90% to 99% of the variability in the response could be well explained by the 

model. The Adj. R2 values of both were also higher or equal to 90%, which illustrates that 

the model fit well. The significance of each variable and their interaction was evaluated 

using the P-value. In both cases, the individual variables (X1 and X2), their interaction (X1 

X2), and quadratic effect (X1
2 and X2

2) were all significant, but the quadratic effect (X2
2) of 

RH was not significant because the P-values of both models (Y1 and Y2) were greater than 

0.05. This suggests that the effectiveness of xylan conversion into xylose and its 

degradation into furfural were mainly affected by the acid concentration and reaction time 

as an individual factor. For RH, this indicates that xylose and furfural yields did not always 

substantially increase with the hydrolysis time. 

Table 4 presents the results of the ANOVA analysis for xylose (Y5, Y7) and furfural 

(Y6, Y8) yields for WS and EF-WS. In all cases, the model was statistically significant, as 

shown by the higher F value and lower P-value (< 0.0001). The goodness of fit of each 

model was also examined by the determination coefficient (R2 between 0.90 and 0.99), 

which implied that the sample variation of 90% to 99% was attributable to the variables, 

thus confirming the significance of each model. In terms of the significance of each 

variable and their interaction, X1, X2, X1 X2, X1
2, and X2

2 were significant of all models 

except for Y5 for which X1 and X1X1 were not significant. This indicates that the acid 

concentration (X1) did not strongly affect the hydrolysis of xylan to xylose. Meanwhile, the 

increased yield of xylose was attributed to the interactive effect of variables X1X2 (acid 

concentration and hydrolysis time) because this interaction had an important effect (P < 

0.004). 
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Table 4. Analysis of Variance of Xylose Yield and Furfural Yield for RH, WS, and their Extractive-Free Residues                      
(EF-RH and EF-WS) 

RH EF-RH WS EF-WS 

Sourcea F value ProbF F value Prob > F F value Prob > F F value Prob > F 

  Y1  Y2 Y1  Y2 Y3  Y4 Y3  Y4 Y5  Y6 Y5  Y6 Y7  Y8 Y7  Y8 

Model 52.5 101.2 0 0 453.9 746.4 0 0 17.1 598.9 0 0 367.4 280.6 0 0 

X1 12.9 184.9 0.004 0 82.4 1997.8 0 0 3.2 1888.0 0.101 0 38.4 764.5 0 0 

X2 167.5 293.6 0 0 1393.8 1622.3 0 0 61.5 659.6 0 0 1123.9 575.5 0 0 

X1  59.9 22 0 0.001 380.3 13.6 0 0.003 3.0 261.5 0.106 0 270.7 6.8 0 0.023 

X2 X2 0.6 0.4 0.45 0.555 51.6 35.1 0 0 5.2 30.6 0.041 0 46.0 21.2 0 0.001 

X1 X2 21.3 5.2 0.001 0.043 361.9 63.2 0 0 12.6 155.1 0.004 0 357.9 34.8 0 0 

Lack-
of-Fit 

91.4 13.3 0 0.001 0.8 60.8 0.531 0 296.7 2.3 0 0.151 1.43 2.8 0.297 0.1 

R2 (%) 95.6 97.7   99.5 99.6   87.7 99.6   99.4 99.1   
AdjR2 

(%) 
93.8 96.7     99.5 99.5     82.6 99.6     99.1 98.8   

 
a where Y1, Y3, Y5, and Y7 represent the xylose yields and Y2, Y4, Y6, and Y8 represent the furfural yields as a function of acid concentration (X1) and 
reaction time (X2) 
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Pre-Extraction Effect Based on Response Surface Methodology 
RSM was used to find the optimal conditions for the maximum release of xylose 

from RH, WS, and their extractive-free counterparts using sulfuric acid with minimal 

furfural formation (Figs. 1 and 2). The high furfural yield indicates that the xylose produced 

from xylan was highly dehydrated during the hydrolysis process. Additionally, the 

presence of furfural (an aromatic compound) in hydrolysate causes problems related to the 

inhibition of further fermentation of sugars (xylose or glucose) into different products such 

as xylitol (Karimi et al. 2006; Temiz and Akpinar 2017). However, the furfural alone is 

not a potential inhibitor of the microbial mechanism during xylitol production. Several 

studies have shown that the glucose level in the xylose-based fermentation of hydrolysate 

is another important parameter that should be examined because of its adverse effect on 

the bioconversion of xylose into other chemicals such as xylitol and bioethanol (Roberto 

et al. 2003; Zhang et al. 2015; Delfín-Ruíz et al. 2020). It is also the main cause of the 

reduced selectivity in the liquid hydrolysate. The present study did not determine the 

selectivity factor (xylose/glucose ratio) of each hydrolysate, but examined the optimal 

conditions to minimize the furfural yield in the hydrolysate, which can also provide more 

information about the efficiency of xylan hydrolysis (Temiz and Akpinar 2017). 

 

 
 

Fig. 1. Response surface obtained from the optimization of hydrolysis of lignocellulosic agro-
wastes, where A and C correspond to the optimization of the maximum xylose concentration in RH 
and EF-RH, respectively; B and D correspond to the optimization of minimum furfural concentration 
in RH and EF-RH, respectively  
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Fig. 2. Response surface obtained from the optimization of hydrolysis of lignocellulosic agro-
wastes, where E and F correspond to the optimization of the maximum xylose concentration in 
WS and EF-WS, respectively; G and H correspond to the optimization of minimum furfural 
concentration in WS and EF-WS, respectively 
 

Table 5. Results of Hydrolysis Done at Optimum Conditions 
 

  RH EF-RH WS EF-RH 

Optimum hydrolysis 
conditions 

1.8% acid, 
41.4 min 

1% acid, 60 
min 

1% acid, 60 
min 

1% acid, 60 min 

Xylose yield        
(predicted, %) 

79.6 73 80.7 79.5 

Xylose (actual, %) 78.8 83.3 91.2 89 

Furfural (predicted, %) 77.1 78.4 84.1 83.7 

Furfural (actual, %) 72.6 74.9 81.6 81.9 

 

 

As illustrated in Table 5, the optimum conditions for the xylose yield of RH at 121 

°C were predicted based on the regression equations (Supporting Data, Eqs. 2 to 9) as 1.8% 

of acid concentration and 41.4 min as hydrolysis time. Under these conditions, the xylose 

and furfural yields were 79.6% and 1.3%, respectively. To validate these predicted values 

of the model, an experiment was performed on RH under the established optimal 

conditions. The obtained xylose yield (80.8 ± 2.9%) was in good agreement with the 

predicted model value (79.6%), while the furfural yield exhibited a lower value (0.20 ± 
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0.06% vs. 1.3%), which corresponded to a minimum yield of furfural desired for this study. 

Furthermore, the xylose yield obtained from RH was similar to that reported by Karimi et 

al. (2006), but lower than what was reported by Temiz and Akpinar (2017), who treated 

RH at 127 °C with 2.6% H2SO4 for 60 min and achieved a xylose yield and furfural yield 

of 87.7% and 0.5%, respectively.  

In contrast, the xylose yield of RH was slightly lower than that of EF-HS, which 

produced 82% of xylose yield and 1.3% of furfural yield, under the optimal conditions of 

1% acid for 60 min. Although the yield difference (79.6% vs. 82.0%) was not important, it 

reveals the effect of extractives on xylose yield during the hydrolysis of xylan. One of the 

extractive groups mentioned in various studies is the phenolic group (sometimes 

originating from lignin degradation), acting as an inhibitor of the xylan acid hydrolysis. 

Besides these extractives, it is well known that RH contains a high concentration of silica. 

The study of Khaleghian et al. (2017) revealed that removing the silica from rice straw 

improved the xylan hydrolysis and ethanol production. In contrast, the yields of furfural 

were almost the same in RH and EF-RH, which confirms that the hydrolysis of RH was 

more affected by the acid concentration than by the hydrolysis time, while EF-RH was 

significantly affected by both variables, which is consistent with the ANOVA analysis 

presented in Table 4. 

Regarding the results of WS and EF-WS reported in Table 5, RSM predicted the 

same optimal reaction conditions for the recovery of xylose at 121 °C as 1% acid for 60 

min. Under these conditions, the WS presented a xylose yield of 94.3% with 0.8% for 

furfural, while EF-WS gave 88.7% of xylose yield with 1.5% for furfural. This predicted 

yield of xylose and furfural was in good agreement with that experimentally obtained under 

the same conditions and is reported in Table 3 (run number 12). Furthermore, in both cases, 

the xylose yield was higher than that reported by others such as Makhatov et al. (2021), 

who achieved a xylose yield of 75% to 77% at a H2SO4 concentration of 2 to 3 wt% for 5 

h. However, Ji et al. (2017) and Ranganathan et al. (1985) found that autoclaving WS at 

140 to 210 °C with 0.5% to 1.5% acid produced 80% to 95% xylose. In contrast with RH 

and EF-RH, these results showed that the presence of extractives in WS improved the 

xylose yield, while its absence had a negative effect. In this case, the explanation is easier 

to provide because both yields were achieved under the same optimal conditions. These 

results can be justified when referring to studies on the chemical composition of the WS 

hydrolysate in terms of phenolic compound amounts released extractives or by lignin 

degradation. It is well known that acid hydrolysis process not only breaks down the 

hemicellulose to monosaccharides, but it also cleaves some of the β-0-4 alkyl-aryl linkages 

in lignin and lignin-hemicellulose linkages to form soluble phenolic compounds (Akpinar 

et al. 2012; Garrote et al. 2004; Nabarlatz et al. 2007). Lignin is either covalently linked 

to polysaccharides via sugar residues, or phenolic acids esterify to polysaccharides. 

Although most of the lignin is acid-insoluble (Klason lignin), a part of it can be solubilized 

in acidic media (acid-soluble lignin). Therefore, while hot water can extract the free 

phenolic acids, acid hydrolysis can release simple esterified phenolic acids. Apkima et al. 

2012 reported that under various conditions (for instance, 120 °C, 45 min and 4.7% acid 

concentration), the esterified ferulic acids yield in WS hydrolysate was higher than free 

ferulic acids yield, which confirmed the highest antioxidant characteristics of esterified 

ferulic acids (Akpinar et al. 2012). Moreover, the yield in phenolic compounds, including 

free and esterified ferulic acid, was not affected significantly by the sulfuric acid 

concentration and the reaction time used in the acid hydrolysis stage, but was strongly 

affected by the temperature. When the overall xylose yield and phenolic content of the acid 
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hydrolysate of wheat straw were compared with those obtained from previous studies 

carried out for the production of xylose (Akpınar et al. 2012; Roberto et al. 2003) and 

phenolic compounds (Moure et al. 2008) from lignocellulosic materials with acid 

hydrolysis, it was found that the xylose yield and the phenolic contents were similar. 

Therefore, the results of this study could also suggest that phenolic compounds originated 

from lignin degradation in EF-WS negatively impacted its xylose production. In terms of 

furfural formation, the absence of extractives promoted the reaction of xylose degradation 

into furfural, while their presence delayed it. Similarly, both Al-Rubaia'ay and Shakir 

(2018) and Torget et al. (1991) reported that xylose is typically more sensitive to 

degradation to furfural, especially at acid concentrations over 1% and reaction temperature 

above 120 °C. Moreover, the difference in furfural content showed that the hydrolysis of 

EF-WS was more affected by the acid concentration, which promoted xylose degradation 

and therefore decreased its yield, while WS was mainly affected by the hydrolysis time to 

achieve higher xylose yield. 

 

 

CONCLUSIONS 
 

1. For a constant temperature of 121 °C, the optimal processing conditions to achieve 

maximum xylose yield and minimum furfural yield were 1.8% of sulphuric acid and 

41.4 min of hydrolysis time, respectively for rice husk (RH), while the conditions for 

the pre-extracted wheat straw (EF-WS) were 1% of acid for 60 min. The same 

conditions were obtained for WS and its EF-WS counterpart. 

2. The validation experiments were performed on RH, WS, and their extractive-free 

counterparts under optimal conditions. The experimental yields were in agreement with 

the predicted model values, except for the furfural yield of RH, which showed a lower 

value (0.20 ± 0.06% vs. 1.3%), but corresponded to a minimum yield of furfural desired 

for this study. 

3. The parameters affecting the xylose yield from the acid hydrolysis of RH, WS, and 

their extractive-free counterparts were mainly the reaction time followed by acid 

concentration. 

4. The pre-extraction of RH was favorable to optimal yield of xylose with the lowest yield 

of furfural during the acid-hydrolysis of rice husks, which was not the case for the 

hydrolysis of WS, from which a higher xylose yield was achieved than from its 

extractive-free counterpart under the same hydrolysis conditions. 

 

5. From all the results obtained, the pre-extraction step differently affected two 

lignocellulosic agro-wastes and, therefore, this effect depends on the type of biomass. 

In this study, the pre-extraction step was favorable to the better penetration of acid 

solution into the compact structure of RH, which enhanced the hydrolysis and thus 

contributed to the high xylose yield that is available for the further conversion 

processes.  In contrast, the result from WS and EF-WS indicates that under the same 

optimal conditions, the presence of extractives was not harmful, and the pre- extraction 

was not favorable as was the case for rice husks. 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Kasangana et al. (2022). “Xylose recovery,” BioResources 17(4), 6131-6147.  6143 

Conflicts of Interest 
There are no conflicts to declare. 

 

 

ACKNOWLEDGMENTS 
 

The authors are grateful to IC-IMPACTS for funding this research. Thanks are also 

extended to Centre de Recherche sur les Matériaux Renouvelables (CRMR) and Centre de 

Recherche sur les Matériaux Avancés (CERMA) for their technical support.  

 

 

REFERENCES CITED 
 

Abaidea, E. R., Ugalde, G., Di Luccia, M., Moreira, R. F. P. M., Tres, M. V., Zabot, G. 

L., and Mazutti, M. A. (2019). “Obtaining fermentable sugars and bioproducts from 

rice husks by subcritical water hydrolysis in a semi-continuous mode,” Bioresource 

Technol. 272, 510-520. DOI: 10.1016/j.biortech.2018.10.075 

Ajao, O., Marinova, M., Savadogo, O., and Paris. J. (2018). “Hemicellulose based 

integrated forest biorefineries: Implementation strategies,” Ind. Crop. Prod. 126, 250-

260. DOI: 10.1016/j.indcrop.2018.10.025 

Akpınar, O., Sabanci, S., Levent, O., and Sayaslan, A. (2012). “Evaluation of antioxidant 

activity of dilute acid hydrolysate of wheat straw during xylose production,” Ind. 

Crops Prod. 40, 39-44. DOI:10.1016/j.indcrop.2012.02.035 

Al-Rubaia'ay, H. F., and Shakir, K. A. (2018). “Production of xylose using acid 

hydrolysis of wheat straw,” Iraqi J. Agric. Sci. 49(2), 219-227.  

Banerjee, S., Sen, R., Pandey, R. A., and Chakrabarti, T. (2009). “Evaluation of wet air 

oxidation as a pretreatment strategy for bioethanol production from rice husk and 

process optimization,” Biomass Bioenerg. 33(12), 1680-1686. DOI: 

10.1016/j.biombioe.2009.09.001 

Canettieri, E. V., Moraes Rocho, G. J., Carvalho Jr., K. A., and Almeida e Silva, J. B. 

(2007). “Optimization of acid hydrolysis from the hemicellulosic fraction of 

Eucalyptus grandis residue using response surface methodology,” Bioresour. 

Technol. 98, 422-428. DOI: 10.1016/j.biortech.2005.12.012 

Cao, C., Xie, Y., Li, L., Wei, W., Jin, H., Wang, S., and Li, W. (2021). “Supercritical 

water gasification of lignin and cellulose catalyzed with co-precipitated CeO2-ZrO2,” 

Energy Fuels 35(7), 6030-6039. DOI: 10.1039/c7gc02795h 

Cao, L., Yu, I. K. M., Liu, Y., Ruan, X., Tsang, D. C. W., Hunt, A. J., Ok, Y. S., Song, 

H., and Zhang, S. (2018). “Lignin valorization for the production of renewable 

chemicals: State-of-the-art review and future prospects,” Bioresource Technol. 269, 

465-475. DOI: 10.1016/j.biortech.2018.08.065 

Carvalheiro, F., Silva-Fernandes, T., Duarte, L. C., and Girio, F. (2009). “Wheat straw 

autohydrolysis: Process optimization and products characterization,” Appl. Biochem. 

Biotechnol. 153(1-3), 84-93. DOI: 10.1007/s12010-008-8448-0 

Castro, E., Diaz, M. J., Cara, C., Ruiz, E., Romero, I., and Moya, M. (2011). “Dilute acid 

pretreatment of rapeseed straw for fermentable sugar generation,” Bioresour. Technol. 

102, 1270-1276. DOI :10.1016/j.biortech.2010.08.057 

Chen, H., Wang, W., Martin, J. C., Oliphant, A. J., Doerr, P. A., Xu, J. F., DeBorn, K. 

M., Chen, C., and Sun, L. (2013). “Extraction of lignocellulose and synthesis of 

https://doi.org/10.1016/j.indcrop.2012.02.035


 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Kasangana et al. (2022). “Xylose recovery,” BioResources 17(4), 6131-6147.  6144 

porous silica nanoparticles from rice husks: A comprehensive utilization of rice husk 

biomass,” ACS Sustainable Chem. Eng. 2(1), 254-259. DOI: 10.1021/sc300115r 

Dagnino, E. P., Chamorro, E. R., Romano, S. D., Felissia, F. E., and Area, M. C. (2013). 

“Optimization of the acid pretreatment of rice hulls to obtain fermentable sugars for 

bioethanol production,” Ind. Crop. Prod. 42, 363-368. DOI: 

10.1016/j.indcrop.2012.06.019 

Delfín-Ruíz, M. E., Calderón-Santoyo, M., Ragazzo-Sánchez, J. A., Gómez-Rodríguez, 

J., López-Zamora, L., and Aguilar-Uscanga, M. G. (2020). “Acid pretreatment 

optimization for xylose production from Agave tequilana Weber var. azul, Agave 

americana var. oaxacensis, Agave karwinskii, and Agave potatorum bagasses using a 

Box-Behnken design,” Biomass Convers. Biorefinery 10(4), 949–958. DOI: 

10.1007/s13399-019-00497-z 

Dhepe, P. L., and Sahu, R. (2010). “A solid-acid-based process for the conversion of 

hemicellulose,” Green Chem. 12(12), 2153-2156. DOI: 10.1039/c004128a 

FAO (2022). “FAO Cereal supply and demand brief,” FAO of the United Nations, Rome, 

Italty, (https://www.fao.org/worldfoodsituation/csdb/en/), Accessed 01 May 2022. 

Garrote, G., Cruz, J. M., Moure, A., Dominguez, H., and Parajo, J. C. (2004). 

“Antioxidant activity of byproducts from the hydrolytic processing of selected 

lignocellulosic materials,” Trends Food Sci. Technol. 15, 191-200. 

DOI:10.1016/j.tifs.2003.09.016 

Hansen, M. A. T., Kristensen, J. B., Felby, C., and Jorgensen, H. (2011). “Pretreatment 

and enzymatic hydrolysis of wheat straw (Triticum aestivum L.)-The impact of lignin 

relocation and plant tissues on enzymatic accessibility,” Bioresource Technol. 102(3), 

2804-2811. DOI: 10.1016/j.biortech.2010.10.030 

Hickey, R. J., and Pelling, A. E. (2019). “Cellulose biomaterials for tissue engineering,” 

Front. Bioeng. Biotechnol. 7, article no. 45. DOI: 10.3389/fbioe.2019.00045 

Hsu, T., Guo, G., Chen, W., and Hwang, W. (2010). “Effect of dilute acid pretreatment of 

rice straw on structural properties and enzymatic hydrolysi,” Bioresour. Technol. 101, 

4907-4913. DOI:10.1016/j.biortech.2009.10.009 

Jeong, T. S., and Oh, K. K. (2011). “Optimization of fermentable sugar production from 

rape straw through hydrothermal acid pretreatment,” Bioresour. Technol. 102, 9261-

9266. DOI: 10.1016/j.biortech.2011.06.092 

Ji, X., Ma, H., Tian, Z., Lyu, G., Fang, G., Chen, J., and Saeed, H. A. M. (2017). 

“Production of xylose from diluted sulfuric acid hydrolysis of wheat straw,” 

BioResources 12(4), 7084-7095. DOI: 10.15376/biores.12.4.7084-7095 

Juhasz, T., Szengyel, Z., Reczey, K., Siika-Aho, M., and Viikari, L. (2005). 

“Characterization of cellulases and hemicellulases produced by Trichoderma reesei 

on various carbon sources,” Process Biochem. 40(11), 3519-3525. DOI: 

10.1016/J.PROCBIO.2005.03.057 

Kabel, M. A., Bos, G., Zeevalking, J., Voragen, A. G. J., and Schols, H. A. (2007). 

“Effect of pretreatment severity on xylan solubility and enzymatic breakdown of the 

remaining cellulose from wheat straw,” Bioresource Technol. 98(10), 2034-2042. 

DOI: 10.1016/j.biortech.2006.08.006 

Karimi, K., Kheradmandinia, S., and Taherzadeh, M. J. (2006). “Conversion of rice straw 

to sugars by dilute-acid hydrolysis,” Biomass Bioenerg. 30(3), 247-253. DOI: 

10.1016/j.biombioe.2005.11.015 

Kasangana, P. B., Bhatta, S., and Stevanovic, T. (2020). “Effect of pre-extraction on 

composition of residual liquor obtained from catalytic organosolv pulping of sugar 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Kasangana et al. (2022). “Xylose recovery,” BioResources 17(4), 6131-6147.  6145 

maple bark,” Sustain. Chem. 1(1), 23-32. DOI: 10.3390/suschem1010002 

Khaleghian, H., Molaverdi, M., and Karimi, K. (2017). “Silica removal from rice straw to 

improve its hydrolysis and ethanol production,” Ind. Eng. Chem. Res. 56(35), 9793-

9798. DOI: 10.1021/acs.iecr.7b02830 

Khan, T. S., and Mubeen, U. (2012). “Wheat straw: A pragmatic overview,” Curr. Res. J. 

Biol. Sci. 4(6), 673-675. 

Khat‑Udomkiri, N., Sivamaruthi, B. S., Sirilun, S., Lailerd, N., Peerajan, S., and 

Chaiyasut, C. (2018). “Optimization of alkaline pretreatment and enzymatic 

hydrolysis for the extraction of xylooligosaccharide from rice husk,” AMB Express 

115(8), 1-10. DOI: 10.1186/s13568-018-0645-9 

Kim, S. B., Lee, S. J., Jang, E. J., Han, S. O., Park, C., and Kim, S. W. (2012). “Sugar 

recovery from rice straw by dilute acid pretreatment,” J. Ind. Eng. Chem.18, 183-187. 

DOI:10.1016/j.jiec.2011.11.016 

Lee, J. W., and Jeffries, T. W. (2011). “Efficiencies of acid catalysts in the hydrolysis of 

lignocellulosic biomass over a range of combined severity factors,” Bioresour. 

Technol. 102, 5884-5890. DOI:10.1016/j.biortech.2011.02.048 

Lloyd, T. A., and Wyman, C. E. (2005). “Combined sugar yields for dilute sulfuric acid 

pretreatment of corn stover followed by enzymatic hydrolysis of the remaining 

solids,” Bioresour. Technol. 96, 1967-1977. DOI: 10.1016/j.biortech.2005.01.011 

Li, L., Ying, W., Qiang, Z., Jin-Xiang, L., Xiao-Guang, Y., and Jun, J. (2008). “Wheat 

straw burning and its associated impacts on Beijing air quality,” Sci. China Ser. D-

Earth Sci. 51(3), 403-414. DOI: 10.1007/s11430-008-0021-8 

Liavoga, A. B., Bian, Y., and Seib, P. A. (2007). “Release of D-xylose from wheat straw 

by acid and xylanase hydrolysis and purification of xylitol,” J. Agric. Food Chem. 55, 

7758-7766. DIO:10.1021/jf070862k 

Liu, X., Lu, M., Ai, N., Yu, F., and Ji, J. (2012). “Kinetic model analysis of dilute 

sulfuric acid-catalyzed hemicellulose hydrolysis in sweet sorghum bagasse for xylose 

production,” Ind. Crop. Prod. 38, 81-86. DOI: 10.1016/j.indcrop.2012.01.013 

Makhatov, Z. H., Yelemanova, Z. H., Aitkulova, R., Narymbayeva, Z., Dairabayeva, A., 

Doltayeva, B., Torlanova, B., and Arystanbaev, K. (2021). “Hydrolysis of wheat 

straw hemicelluloses for maximum xylose extraction,” IOP Conf. Ser. Earth Environ. 

Sci. 939, Article ID 012006. DOI: 10.1088/1755-1315/939/1/012006 

Megawati, Sediawan, W. B., Sulistyo, H., and Hidayat, M. (2011). “Kinetics of 

sequential reaction of hydrolysis and sugar degradation of rice husk in ethanol 

production: Effect of catalyst concentration,” Bioresource Technol. 102(2), 2062–

2067. DOI: 10.1016/j.biortech.2010.09.084 

Michelin, M., and Teixeira, J. A. (2016). "Liquid hot water pretreatment of multi 

feedstocks and enzymatic hydrolysis of solids obtained thereof," Bioresource 

Technol. 216, 862–869. DOI: 10.1016/j.biortech.2016.06.018 

Moure, A., Dominguez, H., and Parajo, J. C. (2008). “Antioxidant activity of fractions 

from acid hydrolysate of almond shells,” J. Food Process Eng. 31, 817-832. 

DOI:10.1111/j.1745-4530.2007.00192.x 

Moreira, L. R. S., Milanezi, N. G., and Filho, E. X. F. (2011). “Enzymology of plant cell 

wall breakdown: An update,” in: Routes to Cellulosic Ethanol, M. S. Buckeridge 

(ed.), New York, NY, Springer, pp. 73-96. DOI: 10.1007/978-0-387-92740-4 

Nabarlatz, D., Ebringerova, A., and Montané, D. (2007). “Autohydrolysis of agricultural 

by-products for the production of xylo-oligosaccharides,” Carbohydr. Polym. 69(1), 

20-28. DOI: 10.1016/j.carbpol.2006.08.020 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Kasangana et al. (2022). “Xylose recovery,” BioResources 17(4), 6131-6147.  6146 

Pandey, S., Mewada, A., Thakur, M., Pillai, S., Dharmatti, R., Phadke, C., and Sharon, 

M. (2014). “Synthesis of mesoporous silica oxide/C-dot complex (meso-SiO2/C-dots) 

using pyrolysed rice husk and its application in bioimaging,” RSC Adv. 4(3), 1174-

1179. DOI: 10.1039/C3RA45227A 

Panagiotopoulos, I. A., Lignos, G. D., Bakker, R. R., and Koukios, E. G. (2012). “Effect 

of low severity dilute-acid pretreatment of barley straw and decreased enzyme 

loading hydrolysis on the production of fermentable substrates and the release of 

inhibitory compounds,” J. Clean. Prod. 32, 45-51. DOI: 

10.1016/j.jclepro.2012.03.019 

Qin, L., Liu, Z. H., Li, B. Z., Dale, B. E., and Yuan, Y. J. (2012). “Mass balance and 

transformation of corn stover by pretreatment with different dilute organic acids,” 

Bioresour. Technol. 112, 319-326. DOI: 10.1016/j.biortech.2012.02.134 

Rahman, S. H. A., Choudhury, J. P., Ahmad, A. L., and Kamaruddin, A. H. (2007). 

“Optimization studies on acid hydrolysis of oil palm empty fruit bunch fiber for 

production of xylose,” Bioresource Technol. 98(3), 554-559. DOI: 

10.1016/j.biortech.2006.02.016 

Rajput, A. A., Zeshan, and Visvanathan, C. (2018). “Effect of thermal pretreatment on 

chemical composition, physical structure and biogas production kinetics of wheat 

straw,” J. Environ. Manage. 221, 45-52. DOI: 10.1016/j.jenvman.2018.05.011 

Ranganathan, S., Macdonald, D. G., and Bakhshi, N. N. (1985). “Kinetic studies of wheat 

straw hydrolysis using sulphuric acid,” Can. J. Chem. Eng. 63(5), 840-844. DOI: 

10.1002/cjce.5450630521 

Resende, F. L. P., Fraley, S. A., Berger, M. J., and Savage, P. E. (2008). “Noncatalytic 

gasification of lignin in supercritical water,” Energy Fuels 22(2), 1328-1334. DOI: 

10.1021/ef700574k 

Roberto, I. C., Mussatto, S. I., and Rodrigues, R. C. L. B. (2003). “Dilute-acid hydrolysis 

for optimization of xylose recovery from rice straw in a semi-pilot reactor,” Ind. Crop 

Prod. 17(3), 171-176. DOI: 10.1016/S0926-6690(02)00095-X 

Ruiz, H. A., Ruzene, D. S., Silva, D. P., Quintas, M. A. C., Vicente, A. A., and Teixeira, 

J. A. (2011). “Evaluation of a hydrothermal process for pretreatment of wheat straw 

effect of particle size and process conditions,” J. Chem. Technol. Biotechnol. 86(1), 

88-94. DOI: 10.1002/jctb.2518 

Saha, B. C., Iten, L. B., Cotta, M. A., and Wu, Y. V. (2005). “Dilute acid pretreatment, 

enzymatic saccharification and fermentation of wheat straw to ethanol,” Process 

Biochem. 40, 3693-3700. DOI:10.1016/j.procbio.2005.04.006 

Sarkar, N., and Aikat, K. (2013). “Kinetic study of acid hydrolysis of rice straw,” ISRN 

Biotechnology 2013, article no. 170615, 1-5. DOI: 10.5402/2013/170615 

Sherif, N., Gadalla, M., and Kamel, D. (2021). “Acid-hydrolysed furfural production 

from rice straw bio-waste: Process synthesis, simulation, and optimisation,” S. Afr. J. 

Chem. Eng. 38, 34-40. DOI:10.1016/j.sajce.2021.08.002 

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., and Crocker, D. 

(2008). Determination of Structural Carbohydrates and Lignin in Biomass, 

(NREL/TP-510-42618), National Renewable Energy Laboratory, Golden, CO, USA.  

Sugiarto, S., Leow, Y., Tan, L. C., Wang, G., and Kai, D. (2021). “How far is lignin from 

being a biomedical material?,” Bioact. Mater. 8, 71-94. DOI: 

10.1016/j.bioactmat.2021.06.023 

 

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Kasangana et al. (2022). “Xylose recovery,” BioResources 17(4), 6131-6147.  6147 

Temiz, E., and Akpinar, O. (2017). “The effect of severity factor on the release of xylose 

and phenolics from rice husk and rice straw,” Waste Biomass Valor. 8(2), 505-516. 

DOI: 10.1007/s12649-016-9608-z 

Torget, R., Walter, P., Himmel, M., and Grohmann, K. (1991). “Dilute-acid pretreatment 

of corn residues and short-rotation woody crops,” Appl. Biochem. Biotechnol. 28-29, 

75-86. DOI: 10.1007/BF02922590 

Yang, P., Kobayashi, H., and Fukuoka, A. (2011). “Recent developments in the catalytic 

conversion of cellulose into valuable chemicals,” Chinese J. Catal. 32(5), 716-722. 

DOI: 10.1016/S1872-2067(10)60232-X 

Yu, J., Zhang, J., He, J., Liu, Z., and Yu, Z. (2009). “Combinations of mild physical or 

chemical pretreatment with biological pretreatment for enzymatic hydrolysis of rice 

hull,” Bioresource Technol. 100(2), 903-908. DOI: 10.1016/j.biortech.2008.07.025 

Zhang, H., Zhao, X., Ding, X., Lei, H., and Chen, X. (2010). “A study on the consecutive 

preparation of D-xylose and pure superfine silica from rice husk,” Bioresour. Technol. 

101, 1263-1267. DOI: 10.1016/j.biortech.2009.09.045 

Zhang, H., Ding, X., Wang, Z., and Zhao, X. (2014). “Consecutively preparing D-xylose, 

organosolv lignin, and amorphous ultrafine silica from rice husk,” Bioinorg Chem. 

Appl. 2014, article ID 603481. DOI: 10.1155/2014/603481 

Zhang, H., Ding, X., Chen, X., Ma, Y., Wang, Z., and Zhao, X. (2015). “A new method 

of utilizing rice husk: Consecutively preparing D-xylose, organosolv lignin, ethanol 

and amorphous superfine silica,” J. Hazard. Mater. 291, 65-73. DOI: 

10.1016/j.jhazmat.2015.03.003  

Zhang, M., Wang, Y., Hui, K. S., Liu, L., and Zhang, C. (2020). “Microwave-assisted 

acid-catalyzed hydrolysis of hemicelluloses in rice husk into xylose,” Conf. Ser.: 

Earth Environ. Sci. 513, article no. 012016. DOI: 10.1088/1755-1315/513/1/012016 

 

Article submitted: May 8, 2022; Peer review completed: June 25, 2022; Revised version 

received and accepted: September 10, 2022; Published: September 14, 2022. 

DOI: 10.15376/biores.17.4.6131-6147  

 

 

  

 

 

  


