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Hemicellulose was isolated from poplar powder using alkaline hydrolysis 
coupled with alcohol precipitation. Response surface methodology was 
applied to study the effects of sodium hydroxide concentration, reaction 
time, and temperature on the extraction yield. The optimal conditions for 
the extraction of the hemicellulose from poplar powder were an alkaline 
mass fraction of 9.5%, reaction time of 4 h and 12 min, and temperature 
of 78 °C. The extraction yield reached 52.8% under this optimal condition. 
Fourier-transform infrared spectroscopy, nuclear magnetic resonance, 
thermogravimetric analysis, and sugar component analyses showed that 
the obtained hemicellulose with excellent water absorption and heat 
resistance consisted mainly of 4-O-methyl-glucurono-xylan, and the molar 
ratio of xylose to glucuronic acid on the molecule chains was 3.95. 
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INTRODUCTION 
 

With the exhaustion of petrochemical resources, the serious pollution of 

environment, and the looming global energy crisis, the development of renewable biomass 

resources for fuels and materials harvesting is imperative (Hansen and David 2008; Farhat 

et al. 2017; Ibn Yaich et al. 2017). Efficient exploitation and utilization of materials and 

energies from renewable resources are of great importance for the sustainable development 

of human society (Tunc et al. 2010; Cherubini 2010; Putro et al. 2016). Cellulose, 

hemicellulose, and lignin are the main components of plant cell walls, making them the 

most abundant biomass resources in nature. Hence, the utilization of cellulose, 

hemicellulose, and lignin in papermaking, food packaging, and bio-medical fields has 

become a research hotspot in recent years. 

Different from cellulose and lignin, hemicellulose is made of homogeneous or 

heterogeneous polysaccharides connected by different monosaccharides with diverse 

binding methods. The typical structural unit of hemicellulose includes neutral sugars (D-

xylose, L-arabinose, D-galactose) and glucuronic acid (Scheller and Ulvskov 2010). Its 

characteristics of non-toxicity and biodegradability make hemicellulose suitable for food 

functional packaging materials, edible film, and biological medicine (Mikkonen and 

Tenkanen 2012). However, the diverse compositions and amorphous structures of 

hemicellulose increase the difficulty of its separation, purification, and modification. 

Therefore, research on hemicellulose is less adequate than that on cellulose and lignin. The 

current extraction methods of hemicellulose include steam explosion (Wang et al. 2010; 

Martin-Sampedro et al. 2014), hot water treatment (Liu 2010; Liu et al. 2012; Krogell et 

al. 2013; Cheng et al. 2014; Azhar et al. 2015), ultrasonic treatment (Pei et al. 2015), 

alkaline extraction (Methacanon et al. 2003; Krawczyk et al. 2008; Cheng et al. 2011; 
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Johakimu and Andrew 2013; Sun et al. 2013), acid extraction (Walton et al. 2010; Guerra-

Rodríguez et al. 2012; Wang et al. 2012), and organic solvent extraction (Saake et al. 2001; 

Hu et al. 2009; Xu et al. 2013). Of all the aforementioned approaches, alkaline extraction 

has the advantage of higher extraction yields, less destructiveness of molecular structures, 

and a higher polymerization degree of the obtained hemicellulose (Sun et al. 2016). 

Poplar is a hardwood of the genus Populus, which is mainly distributed in the north 

temperate zone. Due to its fast-growing nature and good adaptability, poplar is widely 

planted in China as an important artificial forest species. During the extensive application 

of wood processing, a large amount of poplar powder is produced and discarded, resulting 

in the waste of biomass resources and environmental pollution. The hemicellulose content 

in discarded poplar powder is generally 20% to 25% and sometimes up to 35% (Alekhina 

et al. 2014). The effective extraction of hemicellulose from these wastes is of great 

significance to the full utilization of poplar powder. Alkaline extraction of hemicellulose 

from poplar was reported (Sun et al. 2001), in which poplar hemicellulose was extracted 

with 8.5% mass fraction of NaOH solution at 20 °C. However, the influence of alkaline 

pretreatment on the extraction efficiency of hemicellulose from poplar was not thoroughly 

studied, and a systematic characterization analysis of the obtained hemicellulose has not 

been reported. 

Response surface methodology (RSM) is a combination method of mathematical 

and statistical theories to solve multivariable problems (Thompson 1982). Using 

reasonable experimental design and processing of experimental data, the functional 

relationship between factors and response values is fitted by multiple quadratic regression 

equations (Thompson 1982). The optimal process parameters are determined through the 

analysis of regression equations. Due to fewer test runs, shorter duration, and higher 

precision, RSM is used to reduce experimental cost, optimize processing conditions, 

improve product quality, and solve practical problems in food and chemical manufacturing 

(Mu 2001). In the development and utilization of biomass resources, RSM has been 

successfully applied to enhance the yield of hemicellulose extracted from Cornus 

officinalis residue (Shao et al. 2011), to improve dilute acid pretreatment of straw 

hemicellulose (Won et al. 2012), and to optimize NaOH extraction of bagasse 

hemicellulose (Yao et al. 2015). 

In this study, hemicellulose was extracted from poplar powder by alkaline 

hydrolysis followed by alcohol precipitation. The parameters of alkali concentration, 

reaction time, and temperature in the extraction process were optimized by RSM. The 

composition and structure of the obtained hemicellulose were analyzed. 

 
 
EXPERIMENTAL 
 

Materials and Instruments 
Poplar powder was obtained from five-year-old poplar in the Hebei region, the 

hemicellulose content of which was 30.5%. The particle size was in the range 0.2 mm to 

0.8 mm. The NaOH, HCl, NaClO, H2SO4, Ba(OH)2, and KH2PO4 were purchased from 

Sinopharm Chemical Reagent Co., Ltd (Shanghai, China), and glacial acetic acid was 

purchased from Beijing Chemical Plant (Beijing, China). The 95% ethanol was purchased 

from Tianjin Oke Chemical Reagent Co., Ltd. (Tianjin, China); standardized reagents for 

chromatographic analysis were purchased from Sigma Co., Ltd. (Beijing, China). The 

instruments used in this study are listed in Table 1. 
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Table 1. Instruments Used for the Experiments and Analysis 

Name Model Manufacturer 

High Speed Refrigerated 
Centrifuge 

CR 22G 
Beijing Tianlin Hengtai Technology Co., Ltd. 

(Beijing, China) 

Fourier Transform Infrared 
Spectroscope 

iN10 MX Thermo Scientific (Waltham, MA, USA) 

Thermogravimetric Analyzer Q50 TA Instruments (Newcastle, DE, USA) 

Nuclear Magnetic 
Resonance Spectrometer 

AV 600 Bruker Instruments (Karlsruhe, Germany) 

Liquid Chromatograph Agilent 1200 Agilent Technologies (Santa Clara, CA, USA) 

 
Extraction of Poplar Hemicellulose  

Hemicellulose was obtained from poplar powder through an alkaline hydrolysis 

followed by the alcohol precipitation approach (Fig. 1). The poplar powder was Soxhlet 

extracted with toluene and ethanol (2:1, v/v) for 6 h. The resulting defatted powder was 

dried for 12 h at 60 °C and then re-extracted with 0.6% (w/v) NaClO solution for 1 h at 

75 °C. During the procedure, the solid-liquid ratio was 1:20 (w/v), and the pH was adjusted 

to 4.0 with acetic acid. After being filtered, rinsed, and dried, the filter residue was put into 

NaOH solution for a certain period of time at a certain temperature. The solid-liquid ratio 

was also 1:20 (w/v). Until the end of the reaction, the excess alkali was neutralized with 

HCl, and the pH was adjusted to 5.5. After refiltration, the resultant filtrate (containing 

hemicellulose) was precipitated with 95% (v/v) ethanol (1:3, v/v). The mixture was left to 

stand for 12 h before polar hemicellulose was obtained by centrifugation followed by 

drying the filter residue. 

 

 
 

Fig. 1. Flow chart for alkaline extraction of poplar hemicellulose 
 

Response Surface Experimental Design 
Results of an earlier single-factor experiment showed that the hemicellulose 

extraction yield reached the peak under the conditions of 9% NaOH with a reaction time 

of 4 h and 70 °C, respectively (Hu 2017). According to the Box-Behnken central 
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combinatorial experiment design principle (Box and Behnken 1960; Ferreira et al. 2007), 

NaOH concentration (A), reaction time (B), and temperature (C) were selected as three 

independent variables of the three-level factorial design model in RSM, and the 

hemicellulose extraction yield (%, Rx) was the response value. Each experimental condition 

was done in three parallel tests, and the average value was reported. Table 2 presents the 

actual levels, corresponding to the codes of the process variables. 

 

Table 2. Factors and Levels 

Levels 
Factors 

A: NaOH Concentration (%) B: Reaction Time (h) C: Temperature (°C) 

-1 7 3 60 

0 9 4 70 

1 11 5 80 

 

The response value Rx was calculated as Eq. 1, 

𝑅x =
𝑚x

𝑚0
× 100%                                                                                            (1) 

where Rx is the extraction yield of hemicellulose (%), mx is the total mass of xylose, 

mannose, arabinose, and glucuronic acid of extracted hemicellulose (g), and m0 is the total 

mass of xylose, mannose, arabinose, and glucuronic acid of defatted poplar powder (g).  

The response surface quadratic model was analyzed by using Design-Expert 

software (State-Ease, New York, NY). 

 

Analytical Methods 
Gel permeation chromatography (GPC) 

The molecular weight of hemicellulose was determined by GPC with a TSKG-5000 

PWxL gel column (Beijing, China) under a pressure of 518 psi at 35 °C. The flow phase 

was 0.02 mol/L KH2PO4 aqueous solution at a pH of 6.0, with velocity of 0.6 mL /min. 

The injection volume was 20 μL. 

 

Ion chromatography (IC) 

The chemical composition of hemicellulose was analyzed by IC, and sugars were 

released from samples by acid hydrolysis. Hemicellulose of 300.0 mg ± 10.0 mg was 

solubilized in 84 g ± 0.04 g of distilled water and 3.00 mL ± 0.01 mL of H2SO4 (72%, w/v). 

After being mixed, the sample was placed in the autoclave for 1 h at 121 °C. Then the pH 

of the reaction product was adjusted from 5 to 6 with Ba(OH)2. After centrifugation, the 

supernatant was filtered by a microporous membrane with a pore size of 0.22 μm. The 

content of dextran and xylose in hemicellulose was calculated by the filtrate and the 

determination of glucuronic acid is available in the literature (Li et al. 2007). 

Aminex HPX-87P column (300 mm × 78 mm) (Bio Rad Laboratories, Hercules, 

CA, USA) was maintained at 80 °C. Degassed ultrapure water was used as the flow phase 

with a flow rate of 0.4 mL/min and injection volume of 0.5 μL. The assorted monitor was 

a differential refraction detector. The standard elution time was calibrated with L-

arabinose, D-glucose, D-xylose, D-galactose, and D-mannose. The type of monosaccharide 

in the sample was determined by comparing the retention time of the standard substance 

and that of the sample; the percentage of monosaccharide in the sample was calculated 

according to the peak area. 
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Fourier-transform infrared spectroscopy (FT-IR) 

The chemical functional groups of hemicellulose were analyzed by FT-IR. The 

spectra were obtained at a resolution of 4 cm-1 with 32 scans in the range from 4000 cm-1 

to 450 cm-1. 

 

Nuclear magnetic resonance (1H-NMR) 

Hemicellulose amounts of 10 mg were placed in the 5 mm diameter NMR tube. 

The solid sample was dissolved in 1 mL D2O for analysis. 

 

Thermogravimetric analysis (TGA) 

Thermal stability of the hemicellulose was carried out on a thermogravimetric 

analyzer. The test temperature ranged from 40 °C to 600 °C with the nitrogen flow rate 

maintained at 100 mL/min and the heating rate of 20 °C/min.  

 

 
RESULTS AND DISCUSSION 
 

Response Surface Optimization of Extraction Conditions 
Response surface results and variance analysis 

In this paper, a Box-Behnken experimental design was used to optimize the NaOH 

concentration (A), reaction time (B), and temperature (C) in the extraction of hemicellulose 

from poplar powder by evaluating the extraction yield (%) Rx of hemicellulose. The 

statistical treatment combinations of the test variables along with the measured response 

values, expressed as the extraction yield of each combination, are summarized in Table 3. 

 

Table 3. Response Surface Experimental Design and Results 

No. 
A: NaOH Concentration 

(%) 
B: Reaction Time 

(h) 

C: Temperature  

(℃) 
Rx: Extraction Yield 
of Hemicellulose (%) 

1 9.0 3.0 60.0 35.7 

2 9.0 5.0 80.0 45.9 

3 9.0 5.0 60.0 35.4 

4 9.0 4.0 70.0 51.9 

5 7.0 3.0 70.0 16.9 

6 7.0 4.0 80.0 30.6 

7 7.0 4.0 60.0 34.5 

8 7.0 5.0 70.0 28.7 

9 11.0 3.0 70.0 29.8 

10 11.0 4.0 60.0 37.1 

11 9.0 4.0 70.0 53.5 

12 11.0 5.0 70.0 32.4 

13 9.0 4.0 70.0 48.6 

14 11.0 4.0 80.0 45.0 

15 9.0 4.0 70.0 51.5 

16 9.0 3.0 80.0 34.8 

17 9.0 4.0 70.0 52.1 

 

The application of RSM produced the following regression equation (Eq. 2), which 

was an empirical relationship between extraction yield and the test variables in coded units,  
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Rx = -399.47 + 54.254A + 87.23B + 0.3065C-1.15AB + 0.145AC  

+ 0.285BC-3.215A2 - 11.71B2 - 0.0186C2          

           (2)                                                                                                      

where Rx is the predicted poplar hemicellulose extraction yield, and A, B, and C are the 

coded values for the three variables, i.e., NaOH concentration (%), reaction time (h), and 

temperature (°C) respectively. 

The analysis of variance (ANOVA) data are shown in Table 4. 

 

Table 4. Variance Analysis of the Response Surface Model 

Source Sum of Square DF Mean Square F-value P-value  

Model 1720.30 9 191.14 72.37 < 0.0001** 

A 141.12 1 141.12 53.43 0.0002** 

B 79.38 1 79.38 30.06 0.0009** 

C 23.12 1 23.12 8.75 0.0211* 

AB 21.16 1 21.16 8.01 0.0254* 

AC 34.81 1 34.81 13.18 0.0084** 

BC 32.49 1 32.49 12.30 0.0099** 

A2 696.34 1 696.34 263.65 < 0.0001** 

B2 577.36 1 577.36 218.60 < 0.0001** 

C2 14.57 1 14.57 5.52 0.0512 

Residual 18.49 7 2.64 - - 

Lack of fit 5.56 3 1.85 0.57 0.6621 

Pure error 12.93 4 3.23 - - 

Cor total 1738.78 16 - - - 

*Means significant (P < 0.05), **means highly significant (P < 0.01) 

 

The statistical significance of each variable in the model to the response value was 

verified by the F test (Qi et al. 2009). The larger F-value and the smaller P-value indicated 

that the significance of the influence of the variable on the response value was higher 

(Majumder and Goyal 2008). The F-value of the model was found to be 72.47 and the P-

value was less than 0.0001, which indicated that the model terms were highly significant. 

The coefficient of the variation (CV) indicated the degree of precision with which the 

treatments were compared. A relatively lower value of CV, 4.16%, indicated a better 

precision and reliability of the experiments (Hou and Chen 2008). 

 The good fitting of the models was checked by the coefficient of determination 

(R2). The R2 is always between 0 and 1, and the closer the R2 value is to 1.0, the better the 

model predicted the response. Normally, a regression model with an R2 higher than 90% 

is regarded as a high correlation. The R2 value of the model was 98.94%, which implied 

that only 1.06% of the total variation could not be attributed to the model, and the model 

fit well to the observed data.  

The lack of fit was non-significant (P-value = 0.6621 ˃ 0.05), which illustrated that 

the RSM model was reliable and could be used to predict the actual situation of extracting 

hemicellulose from poplar powder (Yao et al. 2015). 

As shown in Table 4, the influence of selected factors for hemicellulose extraction 

yield followed the order of A (NaOH concentration) > B (reaction time) > C (temperature) 

according to the F-value. In the present work, factors A, B, AC, BC, A2, and B2 (P-value < 

0.01) had highly significant impacts on extraction and factors C and AB (P-value < 0.05) 

had significant influence on the extraction yield. 
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Interactions between variables  

The regression model was analyzed by the software, Design-Expert, and the RSM 

three-dimensional (3D) graphs were obtained (Figs. 2, 3, and 4). Various response surface 

plots and contour plots showed the extraction yield plotted as functions of interactive 

variables. All three response surface diagrams have extreme points (the highest point of 

response surface, as well as the center point of the smallest ellipse of contour line). The 

extreme point demonstrated that the maximum of productive hemicellulose would exist 

above the selected condition. 

As shown in Fig. 2, under the relatively short reaction time, alkaline concentration 

had little effect on the extraction yield of hemicellulose, and the increase in alkaline 

concentration could not improve the extraction yield effectively. However, when the 

reaction time was up to 4 h, higher NaOH concentrations enhanced the extraction yield, 

suggesting that the dissolution of hemicellulose in alkaline solution required plenty of time. 

Moreover, excessive reaction time led to reduced extraction yield, probably due to the loss 

of acetyl and other groups on hemicellulose during the process. 
 

 
Fig. 2. Contour map and 3D diagram of the relationship between NaOH concentration and 
reaction time 

 
Fig. 3. Contour map and 3D diagram of relationship between NaOH conc. and temperature 
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Fig. 4. The contour map and 3D diagram of the relationship between reaction time and 
temperature 
 

Figure 3 shows that when the temperature was kept constant, the alkaline 

concentration had a significant influence on the extraction yield, and the optimal NaOH 

concentration was around 10%. At a certain concentration of NaOH, the extraction yield 

increased to a peak value and then decreased with the further increases in temperature. 

However, the elliptical curvature of contour line shown in Fig. 4 suggested that reaction 

time was more influential than the temperature with respect to the extraction yield. 

In summary, the effect of NaOH concentration on the extraction yield of 

hemicellulose was the most important with the sharp response surface curve observed. 

While the reaction time and the temperature took the second and third places with their 

gentle response surface curves. The above inference revealed from graphs was consistent 

with the variance analysis of the response surface model. 

 

Optimization and verification of extraction conditions  

Through the calculation using the RSM analysis, the optimal conditions of poplar 

hemicellulose extraction were found to be a NaOH concentration of 9.47%, reaction time 

of 4.21 h, and 78 °C. The predicted extraction yield was 53.0% in this case. The reliability 

and practicality of the RSM model required validation. Adopting the predicted conditions 

and considering the convenience of practical operation, the authors amended the optimal 

experimental conditions, i.e. NaOH concentration of 9.5%, reaction time of 4 h 12 min, 

and 78 °C. The average extraction yield of three experiments was 52.8%, which was 

notably higher than that in the existing literature (Duan et al. 2013; Zhang 2016). The 

experimental value was only 0.23% different from the theoretical value, which 

demonstrated that the model was effective and reasonable. 

 

Characterization of Poplar Hemicellulose 
All the hemicellulose samples used for characterization were extracted from poplar 

powder under the amended optimal experimental conditions (i.e., NaOH concentration of 

9.5%, reaction time of 4 h 12 min and 78 °C). 
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Molecular weight distribution of hemicellulose 

The molecular weight distribution of hemicellulose was evaluated by gel 

permeation chromatography (GPC). The measured weight-average molecular weight (Mw) 

was 23,380 and the number-average molecular weight (Mn) was 7560 Daltons. This 

illustrated that the alkaline hydrolysis and alcohol precipitation method was less destructive 

to the structure of hemicellulose. A wide dispersion coefficient, 3.09, was consistent with 

a previous report of alkaline extracted hemicellulose (Peng 2010). 

 

Compositional analysis of hemicellulose 

The monosaccharide composition of hemicellulose was analyzed by ion 

chromatography (IC), and the results are summarized in Table 5. Xylose was the main 

structural unit composed of hemicellulose, which accounted for 77.4%. Glucuronic acid is 

mainly 4-O-methyl glucuronic acid and accounted for 19.6%. Other monosaccharides such 

as glucose, rhamnose, and arabinose were less than 1.0%, and only galactose was more 

than 1.0%. The IC analysis indicated that the main composition of extracted poplar 

hemicellulose was 4-O-methyl-glucurono-xylan. The molar ratio of xylose to glucuronic 

acid on the molecule chains was found to be 3.95. The branching degree of extracted 

hemicellulose was not high, which was beneficial to further modification due to the lower 

steric hindrance (Wu 2014). 

 

Table 5. Content of Neutral Sugar and Glucuronic Acid in Extracted 
Hemicellulose 

Xylose

（%） 

Glucuronic 

Acid （%） 

The Molar Ratio of 
Xylose to 

Glucuronic Acid 

Glucose

（%） 

Galactose

（%） 

Arabinose

（%） 

Rhamnose

（%） 

77.38 19.60 3.95 0.30 1.41 0.74 0.57 

 

Chemical structural of hemicellulose 

The FT-IR spectrum of the extracted poplar hemicellulose is shown in Fig. 5.  

 

 
Fig. 5. The FT-IR spectrum of the extracted poplar hemicellulose 
 

file:///D:/Youdao/Dict/7.3.0.0817/resultui/dict/?keyword=rhamnose
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The absorption peak at 3425 cm-1 was ascribed to the stretching vibration 

absorption peak of hydroxyl (―OH) in the sugar unit. The C―H stretching vibration 

absorption peak at 2925 cm-1 was from methyl or methylene (Shao et al. 2011). The 

absorption peak at 1640 cm-1 was due to water absorbed by hydroxyls on the molecule 

chains (Chen et al. 2013). The strong absorption peak at 1415 cm-1 was produced by the 

symmetrical stretching vibration of the glycuronate ―COO-, confirming the presence of 

the glucuronic acid (Peng 2010). The stretching vibration of the C―C bond accounted for 

the peak centered at 1262 cm-1. The peak at 1044 cm-1 was the typical absorption peak of 

hemicellulose, which could be ascribed to the stretching vibration of C―O and C―C 

bonds or the bending vibration of  C―OH (Chaikumpollert et al. 2004; Sun et al. 2004). 

The characteristic absorption peaks at 897 cm-1 indicated that β-glycosidic bonds were the 

connections of xylose units within poplar hemicellulose (Sun and Tomkinson 2002). The 

characteristic peak of lignin 1506 cm-1 did not appear, implying that the extracted 

hemicellulose contained little or no lignin (Sun et al. 1998). 

The chemical structure of poplar hemicellulose was further characterized by 1H-

NMR (Fig. 6), and the results of the chemical shift assignment are listed in Table 6. The 

signal peak generated by D2O was at 4.75 ppm, and the peak at 4.4 ppm to 5.3 ppm 

represented the signal peak of the end proton (α configuration 5.0 ppm to 5.3 ppm, β 

configuration 4.4 ppm to 4.6 ppm) (Kormelink et al. 1993; Kardošová et al. 1998; Teleman 

et al. 2000; Chiarini et al. 2004; Moine et al. 2007; Nabarlatz et al. 2007). The signal 

peaks at 4.44 ppm, 3.55 ppm, 3.72 ppm, and 4.08(3.35) ppm that represented C1―H, 

C3―H, C4―H, and C5―H keys of β (1→4) connected to xylose. The peak at 3.42 ppm 

belonged to the methyl protons signal peak of 4-O-methyl glucuronic acid, illustrating that 

4-O-methyl glucuronic acid was substituted for the C2 position of poplar hemicellulose. 

Meanwhile, its main C4—H and C1—H signal peaks were found at 3.17 ppm and 5.22 ppm. 

The 1H-NMR results corresponded to the IC and FT-IR analysis. 

 

 
 

Fig. 6. The 1H-NMR spectrum of extracted poplar hemicellulose  
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Table 6. Chemical Shift Assignment of Extracted Poplar Hemicellulose 

Sugar Moiety 
Chemical shift (ppm) 

C1-H C2-H C3-H C4-H C5-Hax C5-Heq OCH3 

β (1→4) xylose 4.44 nf 3.55 3.72 3.34 4.08 - 

4-O-methyl glucuronic acid 5.22 nf nf 3.17 nf - 3.42 

C5—Hax: hydrogen on the axial bond; C5—Heq: hydrogen on the equatorial bond; nf: no obvious 
signal peaks 

 

Thermal properties of hemicellulose 

The thermal stability of poplar hemicellulose was evaluated by thermogravimetric 

analysis (TGA), and the TGA/DTG curves of poplar hemicellulose are shown in Fig. 7. 

The thermal weight loss of hemicellulose mainly occurred in the stages of 40 °C to 200 °C, 

200 °C to 350 °C, and 350 °C to 600 °C. The weight loss between 40 °C and 200 °C was 

caused by evaporation, which was also confirmed with the water absorption peak of 1640 

cm-1 in the FT-IR spectrum (Sun and Tomkinson 2002). The main weight loss stage of 

hemicellulose occurred in the range of 200 °C to 350 °C, with the corresponding initial 

decomposition temperature of 214 °C and the thermal decomposition rate peak temperature 

of 251 °C. At this stage, the C―O, C=O, and other bonds on the polymer side chains 

cracked, which produced large quantities of gas such as steam, carbon monoxide, carbon 

dioxide, methane, and acetic acid (Shukry et al. 2008). When the temperature exceeded 

350 °C, the thermal decomposition rate of hemicellulose was prominently reduced and 

entered the carbonization process, namely the C―C main chains on the polymer skeleton 

cracked accompanied by the production of some flammable gases (Soliman et al. 1997; 

Yang et al. 2012). 

 
Fig. 7. TGA/DTG curves of extracted poplar hemicellulose 

 
 

Temperature (°C) 

D
e
ri

v
. 
W

e
ig

h
t 

[%
/ 
(°

C
)]

 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Shao et al. (2019). “Hemicellulose alkali extraction,” BioResources 14(2), 3844-3859.  3855 

CONCLUSIONS 
 

1. The maximum extraction yield of hemicellulose obtained with Box-Behnken design 

was 52.8% for the optimum extraction parameters by RSM analysis (NaOH 

concentration of 9.5%, reaction time of 4 h 12 min, and temperature of 78 °C). 

2. Under the optimal condition, alkaline extraction was less damaging to the structure of 

hemicellulose. Moreover, the obtained hemicellulose had a high degree of 

polymerization and a low degree of branching. The FT-IR and TGA analysis 

demonstrated excellent water absorption and heat resistance of hemicellulose, which 

were conducive to subsequent processing and utilization. 

3. This efficient extraction of hemicellulose is an alternative and promising process for 

transforming poplar residue into chemicals of high utilization value in papermaking, 

food packaging, and biomedical fields. Development of technology to modify and 

exploit poplar hemicellulose, to make advantageous use of its good biodegradability, 

barrier performance, and heat resistance, should become the focus of future research.  

 

 

ACKNOWLEDGMENTS 
 

Financial support from National Natural Science Foundation of China (Grants No. 

31570575, 51473007, and 21606005) and Beijing Natural Science Foundation (Grant No. 

2192016) is gratefully acknowledged. 

 

 

REFERENCES CITED 
 

Alekhina, M., Mikkonen, K. S., Alen, R., Tenkanen, M., and Sixta, H. (2014). 

“Carboxymethylation of alkali extracted xylan for preparation of bio-based packaging 

films,” Carbohydrate Polymers 100, 89-96. DOI: 10.1016/j.carbpol.2013.03.048 

Azhar, S., Henriksson, G., Theliander, H., and Lindström, M. E. (2015). “Extraction of 

hemicelluloses from fiberized spruce wood,” Carbohydrate Polymers 117, 19-24. 

DOI: 10.1016/j.carbpol.2014.09.050 

Box, G. E. P., and Behnken, D. W. (1960). “Some new three level designs for the study 

of quantitative variables,” Technometrics 2(4), 455-475. DOI: 

10.1080/00401706.1960.10489912 

Chaikumpollert, O., Methacanon, P., and Suchiva, K. (2004). “Structural elucidation of 

hemicelluloses from Vetiver grass,” Carbohydrate Polymers 57(2), 191-196. DOI: 

10.1016/j.carbpol.2004.04.011 

Cheng, H., Li, J. L., Feng, Q. H., Zhan, H. Y., and Xie, Y. M. (2014). “Hot water 

extraction of corn stover: Hemicellulose fractionation and its effect on subsequent 

soda-AQ pulping,” BioResources 9(2), 2671-2680. DOI: 10.15376/biores.9.2.2671-

2680 

Cheng, H. L., Zhan, H. Y., Fu, S. Y., and Lucia, L. A. (2011). “Alkali extraction of 

hemicellulose from depithed corn stover and effects on soda-AQ pulping,” 

BioResources 11(1), 196-206. DOI: 10.15376/biores.11.1.196-206 

Chen, Q. Q., Jiang, H., Zhang, Y., and Ge, J. H. (2013). “Optimization of extraction and 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Shao et al. (2019). “Hemicellulose alkali extraction,” BioResources 14(2), 3844-3859.  3856 

characterization of hemicelluloses from hybrid poplar residues,” Biomass Chemical 

Engineering 47(3), 39-43. DOI: 10.3969/j.issn.1673-5854.2013.03.008 

Cherubini, F. (2010). “The biorefinery concept: Using biomass instead of oil for 

producing energy and chemicals,” Energy Conversion and Management 51(7), 1412-

1421. DOI: 10.1016/j.enconman.2010.01.015 

Chiarini, L., Cescutti, P., Drigo, L., Impallomeni, G., Herasimenka, Y., Bevivino, A., 

Dalmastri, A., Tabacchioni, S., Manno, G.,  Zanetti, F., and Rizzo, R. (2004). 

“Exopolysaccharides produced by Burkholderia cenocepacia recA lineages IIIA and 

IIIB,” Journal of Cystic Fibrosis 3(3), 165-172. DOI: 10.1016/j.jcf.2004.04.004 

Duan, C., Feng W. Y., Zhang, Y. L., Xu M., and Zhang S. Y. (2013). “Effect of 

autohydrolysis on pre-extraction of hemicelluloses and subsequent kraft pulping of 

triploid poplar,” Transactions of China Pulp and Paper 28(2), 1-7. DOI: 

10.3969/j.issn.1000-6842.2013.02.001 

Farhat, W., Venditti, R. A., Hubbe, M., Taha, M., Becquart, F., and Ayoub, A. (2017). “A 

review of water-resistant hemicellulose-based materials: Processing and 

applications,” ChemSusChem 10(2), 305-323. DOI: 10.1002/cssc.201601047 

Ferreira, S. L. C., Bruns, R. E., Ferreira, H. S., Matos, G. D., David, J. M., Brandão, G. 

C., Silva, E. G. P. D., Portugal, L. A., Reis, P. S. D., and Souza, A. S. (2007). “Box-

Behnken design: An alternative for the optimization of analytical methods,” Analytica 

Chimica Acta 597(2), 179-186. DOI: 10.1016/j.aca.2007.07.011 

Kormelink, F. J. M., Hoffman, R. A., Gruppen H., Voragen, A. G. J., Kamerling, J. P., 

and Vliegenthart, J. F. G. (1993). “Characterisation by 1H NMR spectroscopy of 

oligosaccharides derived from alkali-extractable wheat-flour arabinoxylan by 

digestion with endo-(1→4)-β-D-xylanase III from Aspergillus awamori,” 

Carbohydrate Research 249(2), 369-382. DOI: 10.1016/0008-6215(93)84101-B 

Guerra-Rodríguez, E., Portilla-Rivera, O. M., Jarquín-Enríquez, L., Ramírez, J. A., and 

Vázquez, M. (2012). “Acid hydrolysis of wheat straw: A kinetic study,” Biomass & 

Bioenergy 36, 346-355. DOI: 10.1016/j.biombioe.2011.11.005 

Hansen, N. M. L., and David, P. (2008). “Sustainable films and coatings from 

hemicelluloses: A review,” Biomacromolecules 9(6), 1493-1505. DOI: 

10.1021/bm800053z 

Hou, X. J., and Chen, W. (2008). “Optimization of extraction process of crude 

polysaccharides from wild edible BaChu mushroom by response surface 

methodology,” Carbohydrate Polymers 72(1), 67-74. DOI: 

10.1016/j.carbpol.2007.07.034 

Hu, G., Huang, S., Cao, S., and Ma, Z. (2009). “Effect of enrichment with hemicellulose 

from rice bran on chemical and functional properties of bread,” Food Chemistry 

115(3), 839-842. DOI: 10.1016/j.foodchem.2008.12.092 

Hu, Y. (2017). Isolation, Film Preparation and Barrier Properties of Poplar 

Hemicellulose Investigation, Master’s Thesis, Beijing Technology and Business 

University, Beijing, China. 

Ibn Yaich, A., Edlund, U., and Albertsson, A. C. (2017). “Transfer of biomatrix/wood 

cell interactions to hemicellulose-based materials to control water interaction,” 

Chemical Reviews 117(12), 8177-8207. DOI: 10.1021/acs.chemrev.6b00841 

Johakimu, J., and Andrew, J. (2013). “Hemicellulose extraction from South African 

eucalyptus grandis using green liquor and its impact on kraft pulping efficiency and 

paper making properties,” BioResources 8(3), 3490-3504. DOI: 

10.15376/biores.8.3.3490-3504 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Shao et al. (2019). “Hemicellulose alkali extraction,” BioResources 14(2), 3844-3859.  3857 

Kardošová, A., Matulová, M., and Malovı́Ková, A. (1998). “(4-O-Methyl-alpha-D-

glucurono)-D-xylan from Rudbeckia fulgida, var. sullivantii (Boynton et Beadle),” 

Carbohydrate Research 29(41), 99-105. DOI: 10.1002/chin.199841221 

Krawczyk, H., Persson, T., Andersson, A., and Jönsson, A. S. (2008). “Isolation of 

hemicelluloses from barley husks,” Food and Bioproducts Processing 86(1), 31-36. 

DOI: 10.1016/j.fbp.2007.10.018 

Krogell, J., Korotkova, E., Eränen, K., Pranovich, A., Salmi, T., Murzin, D., and Willför, 

S. (2013). “Intensification of hemicellulose hot-water extraction from spruce wood in 

a batch extractor – Effects of wood particle size,” Bioresource Technology 143(17), 

212-220. DOI: 10.1016/j.biortech.2013.05.110 

Li, J., Kisara, K., Danielsson, S., Lindstrom, M. E., and Gellerstedt, G. (2007). “An 

improved methodology for the quantification of uronic acid units in xylans and other 

polysaccharides,” Carbohydrate Research 342(11), 1442-1449. DOI: 

10.1016/j.carres.2007.03.031 

Liu, S., Lu, H., Hu, R., Shupe, A., Lin, L., and Liang, B. (2012). “A sustainable woody 

biomass biorefinery,” Biotechnology Advances 30(4), 785-810. DOI: 

10.1016/j.biotechadv.2012.01.013 

Liu, S. (2010). “Woody biomass: Niche position as a source of sustainable renewable 

chemicals and energy and kinetics of hot-water extraction/hydrolysis,” Biotechnology 

Advances 28(5), 563-582. DOI: 10.1016/j.biotechadv.2010.05.006 

Majumder, A., and Goyal, A. (2008). “Enhanced production of exocellular glucansucrase 

from Leuconostoc dextranicum NRRL B-1146 using response surface method,” 

Bioresource Technology 99(9), 3685-3691. DOI: 10.1016/j.biortech.2007.07.027 

Martin-Sampedro, R., Eugenio, M. E., Moreno, J. A., Revilla, E., and Villar, J. C. (2014). 

“Integration of a kraft pulping mill into a forest biorefinery: Pre-extraction of 

hemicellulose by steam explosion versus steam treatment,” Bioresource Technology 

153, 236-244. DOI: 10.1016/j.biortech.2013.11.088 

Methacanon, P., Chaikumpollert, O., Thavorniti, P., and Suchiva, K. (2003). 

“Hemicellulosic polymer from Vetiver grass and its physicochemical properties,” 

Carbohydrate Polymers 54(3), 335-342. DOI: 10.1016/S0144-8617(03)00182-6 

Mikkonen, K. S., and Tenkanen, M. (2012). “Sustainable food-packaging materials based 

on future biorefinery products: Xylans and mannans,” Trends in Food Science & 

Technology 28(2), 90-102. DOI: 10.1016/j.tifs.2012.06.012 

Moine, C., Krausz, P., Chaleix, V., Saint-Catherine, O., Kraemer, M., and Gloaguen, V. 

(2007). “Structural characterization and cytotoxic properties of a 4-O-

methylglucuronoxylan from Castanea sativa,” Journal of Natural Products 70(1), 60-

66. DOI: 10.1021/np060354p 

Mu, Y. D. (2001). “Response surface methodology and its application in food industry,” 

Journal of Zhengzhou Institute of Technology 22(3), 91-94. DOI: 10.3969/j.issn.1673-

2383.2001.03.023 

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

by-products for the production of xylo-oligosaccharides,” Carbohydrate Polymers 

69(1), 20-28. DOI: 10.1016/j.carbpol.2006.08.020 

Pei, F. X., Li, Z. Z., Ren, H. W., Zhang, M. F., Song, Y., Wang, T., Xie, D., and Yu, C. 

L. (2015). “Extraction optimization of hemicellulose A from distillers grains by 

response surface methodology,” Cereals and Oils Processing (9), 54-56. DOI: 

10.3969/j.issn.2095-6495.2015.09.014 

Peng, F. (2010). Isolation, Fractionation, Characterization and Modification of 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Shao et al. (2019). “Hemicellulose alkali extraction,” BioResources 14(2), 3844-3859.  3858 

Hemicellulose from Agricultural and Forestry, Ph.D. Dissertation, South China 

University of Technology, Guangzhou, China. 

Putro, J. N., Soetaredjo, F. E., Lin, S. Y., Ju, Y. H., and Ismadji, S. (2016). “Pretreatment 

and conversion of lignocellulose biomass into valuable chemicals,” RSC Advances 

6(52), 46834-46852. DOI: 10.1039/C6RA09851G 

Qi, B. K., Chen, X. R., Shen, F., Su, Y., and Wan, Y. H. (2009). “Optimization of 

enzymatic hydrolysis of wheat straw pretreated by alkaline peroxide using response 

surface methodology,” Industrial & Engineering Chemistry Research 48(15), 7346-

7353. DOI: 10.1021/ie8016863 

Saake, B., Kruse, T., and Puls, J. (2001). “Investigation on molar mass, solubility and 

enzymatic fragmentation of xylans by multi-detected SEC chromatography,” 

Bioresource Technology 80(3), 195-204. DOI: 10.1016/s0960-8524(01)00089-x 

Scheller, H. V., and Ulvskov, P. (2010). “Hemicelluloses,” Annu. Rev. Plant Biol. 61, 

263-289. DOI: 10.1146/annurev-arplant-042809-112315 

Shao, Y., Zhang, C., Guo, Y., Xi, P. Z., and Guo, J. (2011). “Extraction of soluble dietary 

fiber and hemicellulose from Cornus officinalis residue and preparation of fiber 

drinking water,” Frontiers of Agriculture in China 5(3), 375-381. DOI: 

10.1007/s11703-011-1078-2 

Shukry, N., Fadel, S. M., Agblevor, F. A., and El-Kalyoubi, S. F. (2008). “Some physical 

properties of acetosolv lignins from bagasse,” Journal of Applied Polymer Science 

109(1), 434-444. DOI: 10.1002/app.28059 

Soliman, A. A. A., El-Shinnawy, N. A., and Mobarak, F. (1997). “Thermal behaviour of 

starch and oxidized starch,” Thermochimica Acta 296(1-2), 149-153. DOI: 

10.1016/S0040-6031(97)00040-3 

Sun, H., Hu, Y., Yang, B., and Xu, G. Z. (2016). “Preparation and properties of 

poly(vinyl alcohol)/hemicellulose/nanocrystalline cellulose composite film,” Acta 

Polymerica Sinica 30(4), 12-22. DOI: 10.11777/j.issn1000-3304.2016.16140 

Sun, J. X., Sun, X. F., Sun, R. C., and Su, Y. Q. (2004). “Fractional extraction and 

structural characterization of sugarcane bagasse hemicelluloses,” Carbohydrate 

Polymers 56(2), 195-204. DOI: 10.1016/j.carbpol.2004.02.002 

Sun, R. C., Fang, J. M., Rowlands, P., and Bolton, J. (1998). “Physicochemical and 

thermal characterization of wheat straw hemicelluloses and cellulose,” Journal of 

Agricultural and Food Chemistry 46(7), 2804-2809. DOI: 10.1021/jf971078a 

Sun, R. C., Fang, J. M., Tomkinson, J., Geng, Z. C., and Liu, J. C. (2001). “Fractional 

isolation, physico-chemical characterization and homogeneous esterification of 

hemicelluloses from fast-growing poplar wood,” Paper Chemicals 44(1), 29-39. DOI: 

10.1016/S0144-8617(00)00196-X 

Sun, R. C., and Tomkinson, J. (2002). “Characterization of hemicelluloses obtained by 

classical and ultrasonically assisted extractions from wheat straw,” Carbohydrate 

Polymers 50(3), 263-271. DOI: 10.1016/s0144-8617(02)00037-1 

Sun, S. L., Wen, J. L., Ma, M. G., and Sun, R. C. (2013). “Successive alkali extraction 

and structural characterization of hemicelluloses from sweet sorghum stem,” 

Carbohydrate Polymers 92(2), 2224-2231. DOI: 10.1016/j.carbpol.2012.11.098 

Teleman, A., Lundqvist, J., Tjerneld, F., Stålbrand, H., and Dahlman, O. (2000). 

“Characterization of acetylated 4-O-methylglucuronoxylan isolated from aspen 

employing 1H and 13C NMR spectroscopy,” Carbohydrate Research 329(4), 807-815. 

DOI: 10.1016/s0008-6215(00)00249-4 

Thompson, D. D. (1982). “Response surface experimentation,” Journal of Food 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Shao et al. (2019). “Hemicellulose alkali extraction,” BioResources 14(2), 3844-3859.  3859 

Processing and Preservation 6(3), 155-188. DOI: 10.1111/j.1745-

4549.1982.tb00650.x 

Tunc, M. S., Lawoko, M., and Heiningen, A. V. (2010). “Understanding the limitations 

of removal of hemicelluloses during autohydrolysis of a mixture of southern 

hardwoods,” BioResources 5(1), 356-371. DOI: 10.15376/biores.5.1.356-371 

Walton, S., van Heiningen, A., and van Walsum, P. (2010). “Inhibition effects on 

fermentation of hardwood extracted hemicelluloses by acetic acid and sodium,” 

Bioresource Technology 101(6), 1935-1940. DOI: 10.1016/j.biortech.2009.10.043 

Wang, K., Jiang, J. -X., Xu, F., Sun, R. C., and Baird, M. S. (2010). “Influence of steam 

pressure on the physicochemical properties of degraded hemicelluloses obtained from 

steam-exploded Lespedeza stalks,” BioResources 5(3), 1717-1732. DOI: 

10.15376/biores.5.3.1717-1732 

Wang, K., Yang, H., Yao, X., Xu, F., and Sun, R. C. (2012). “Structural transformation 

of hemicelluloses and lignin from triploid poplar during acid-pretreatment based 

biorefinery process,” Bioresource Technology 116, 99-106. DOI: 

10.1016/j.biortech.2012.04.028 

Won, K. Y., Um, B. H., Kim, S. W., and Oh, K. K. (2012). “Fractionation of barley straw 

with dilute sulfuric acid for improving hemicellulose recovery,” Korean Journal of 

Chemical Engineering 29(5), 614-620. DOI: 10.1007/s11814-011-0218-y 

Wu, S. P. (2014). Studies and Application of Functional Biomaterials Based on 

Hemicellulose-Chitosan, Ph.D. Dissertation, Wuhan University, Wuhan, China. 

Xu, J. K., Sun, Y. C., Xu, F., and Sun, R. C. (2013). “Characterization of hemicelluloses 

obtained from partially delignified Eucalyptus using ionic liquid pretreatment,” 

BiorResources 8(2), 1946-1962. DOI: 10.15376/biores.8.2.1946-1962 

Yaich, A. I., Edlund, U., and Albertsson, A. C. (2017). “Transfer of biomatrix/wood cell 

interactions to hemicellulose-based materials to control water interaction,” Chemical 

Reviews 117(12), 8177-8207. DOI: 10.1021/acs.chemrev.6b00841 

Yang, L., Zhang, H. Y., Yang, Q., and Lu, D. N. (2012). “Bacterial cellulose-poly(vinyl 

alcohol) nanocomposite hydrogels prepared by chemical crosslinking,” Journal of 

Applied Polymer Science 126(S1), E245-E251. DOI: 10.1002/app.36854 

Yao, S., Nie, S., Yuan, Y., Wang, S., and Qin, C. (2015). “Efficient extraction of bagasse 

hemicelluloses and characterization of solid remainder,” Bioresource Technology 

185, 21-27. DOI: 10.1016/j.biortech.2015.02.052 

Zhang, Z. S. (2016). Effect of Ultrasonic Chemical and Enzyme Treatment on Separation 

Efficiency of Poplar Wood Hemicellulose, Master’s Thesis, Qilu University of 

Technology, Jinan, China. 

 

Article submitted: January 15, 2019; Peer review completed: March 9, 2019; Revised 

version received: March 18, 2019; Accepted: March 20, 2019; Published: March 26, 

2019. 

DOI: 10.15376/biores.14.2.3844-3859 


