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The effects of pH on residual solids (RS), total dissolved solids (TDS), 
carbohydrates, and lignin in eucalyptus during hydrothermal pretreatment 
were studied. The balance between RS and TDS was obtained at pH 4.0 
in hydrothermal pretreatment with pre-adjustment pH. The yield of 
hemicellulose increased, and oligosaccharides dominated. Hemicellulose 
had the highest dissolution rate, and cellulose and lignin had the lowest 
dissolution rate at pH 4.0. The crystallinity index (CrI) and structural 
transformation of lignin was analyzed by X-ray diffraction (XRD) and 
nuclear magnetic resonance spectroscopy (NMR) with or without 
pretreatment. The CrI at pH 4.0 was 64.2% higher than that with the 
traditional hydrothermal pretreatment (62.1%). The β-O-4 bonds, OMe, 
and phenylcoumarane of lignin were protected. The highest hemicellulose 
extraction and minimal physicochemical structural changes were obtained 
at pH 4.0. 
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INTRODUCTION 
 

 The efficient extraction of hemicellulose is a prerequisite for high value utilization 

of woody biomass. Hemicellulose has been extracted by many different methods, i.e., 

chemical (Jiang et al. 2014; Zhang et al. 2016; Liu et al. 2018), physical (Chandra et al. 

2015), biological (Kaur et al. 2016; Zhou et al. 2020), and combined pretreatments 

(Amidon and Liu 2009). Hydrothermal pretreatment is one of the main physical 

pretreatment methods (Zhuang et al. 2016; Goldmann et al. 2017). It has the advantages of 

low energy consumption, low requirement for chemical substances, little influence on 

physicochemical structure, and high recovery rate of hemicellulose (Yao et al. 2015, 2017; 

Ge et al. 2020). 

The extraction efficiency of hemicellulose is affected by temperature, time, and 

solid-to-liquid ratio during hydrothermal pretreatment. Li et al. (2010) studied the effects 

of time and temperature on the extraction of hemicellulose from mixed hardwood (maple, 

poplar, birch). The results showed that 11.0% xylan was removed at 170 °C. Cebreiros et 

al. (2018) studied the effects of liquid ratio and temperature on extraction of hemicellulose 

from eucalyptus; the removal rate of hemicellulose was 61.0% at 160 °C and solid-to-liquid 

ratio 1:6. The oligomer in the reaction solution was 10.2 g/L. Thus, the best effect of 

traditional hydrothermal pretreatment (THP) for hemicellulose extraction varies with the 

raw materials (Liu et al. 2012). A hydrothermal pretreatment with pre-adjustment to pH 
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4.0 greatly improves the hemicellulose extraction efficiency of bagasse because the 

dissolution and degradation of cellulose and lignin are inhibited (Yao et al. 2015). The 

physicochemical structure of residual solids (RS) is less affected. Thus, it is important to 

study whether this new hydrothermal pretreatment method has wide applicability to 

different materials. 

In this paper, the effect of pH on cellulose, hemicellulose, and lignin contents 

during hydrothermal pretreatment of eucalyptus was studied. The degradation and 

dissolution of main components were analyzed. The structural changes in cellulose and 

lignin with or without pretreatment were analyzed by x-ray diffraction (XRD) and nuclear 

magnetic resonance spectroscopy (NMR). 

 

 

EXPERIMENTAL 
 
Materials 
 Eucalyptus chip was purchased from local factories (Tianjing, China). It was dried 

and cut into 50 mm × 4 mm samples. The chemical composition of eucalyptus chip was 

analyzed by NREL methods (Huang et al. 2020). The results are shown in Table 1. 

 

Table 1. Chemical Composition of Eucalyptus (%) 

Cellulose Hemicellulose AIL ASL 

44.70 24.00 23.42 3.67 

AIL: acid insoluble lignin; ASL: acid soluble lignin 
 
Methods 

A six-pot digester with a rotating function (Green Wood, Greenwood County, 

USA) was used. Eucalyptus chips (oven dry 50 g) were first mixed with water (250 mL) 

and then placed in the reactor. The pH (3.0 to 5.0) of the pretreatment solution was adjusted 

by sodium hydroxide or acetic acid. The maximum heating temperature was 170 °C, which 

was held for 60 min. The reaction solution was collected after the reaction was terminated 

by cold water (Yao et al. 2015). 

Eucalyptus fiber was analyzed with or without pretreatment by two-step acidolysis, 

as described previously (Huang et al. 2020).  

The mixture collected at the end of the reaction was centrifuged, and the 

supernatant was passed through a 0.22 μm membrane filter (Whitfield et al. 2016). Further 

hydrolyzed products were obtained by adding 99.80% concentrated sulfuric acid into the 

reaction solution and reacting for 1 h at 121 °C. The sugar content in the reaction (glucose, 

xylose, arabinose, galactose, and mannose) and further hydrolysates were analyzed by ion 

chromatography (IC) (THERMO, Waltham, USA) (Sluiter et al. 2012). 

The RS, hydrolysates, and a small amount of insoluble residues were obtained by 

hydrothermal pretreatment. The hydrolysate was centrifuged at 10000 rpm for 10 min and 

collected. The total dissolved solids (TDS) were obtained after freeze drying. 

The crystallinity of raw material (RM) and RS was analyzed by XRD (LTD, City, 

Japan) with the following parameters: CuKa (λ = 1.5406 A); voltage, 40 v; current, 35 mA; 

scanning range, 2θ = 5 to 45°; and scanning speed, 5/°min. The crystallinity index was 

calculated (French and Cintron 2013). 

The lignin in the RM and RS were separated by enzyme treatment and weak acid 
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hydrolysis (Yuan et al. 2011). Spectra were recorded at 25 °C on a Bruker MSL-300 

spectrometer (Karlsruhe, Germany). A total of 40 mg lignin was dissolved in 0.7 mL of 

DMSO-d6 solution. 

 
 
RESULTS AND DISCUSSIONS 
 

Content Change of RS and TDS 
The RS and TDS are important indexes to evaluate the effect of pretreatment. 

Woody biomass has different final pH values of reaction mixture in THP. The effects of 

pH on RS and TDS in hydrothermal pretreatment were studied. The final pH value was 

3.0, 3.6, 4.0, 4.5, and 5.0, respectively. Other reaction conditions were a solid-to-liquid 

ratio of 1:5, temperature of 170 °C, and time 60 of min. The results are shown in Fig. 1. 

 

 
Fig. 1. Effects of pH on RS and TDS in hydrothermal pretreatment 

 

The yield of RS increased with the increasing pH, from 73.8% at pH 3.0 to 83.8% 

at pH 5.0. However, the yield of TDS decreased with increasing pH, from 15.2% at pH 3.0 

to 9.5% at pH 5.0. Hence, the dissolution and degradation of carbohydrates and lignin were 

intensified by the increasing acidity. The final pH value of reaction liquid from THP was 

3.6. The yield of RS and TDS was 75.1% and 14.6%, respectively. At pH 4.0, the yield of 

RS increased to 79.1%, but TDS decreased to 14.6%. The yield of RS increased, while the 

yield of TDS decreased slightly at pH 4.0. The balance between RS and TDS was obtained 

at pH 4.0 in hydrothermal pretreatment with pre-adjustment pH. 

 

Dissolution of Three Major Compositions 
The changes in RS and TDS were mainly caused by variations in the cellulose, 

hemicellulose, and lignin contents. The extraction efficiency and solid quality are directly 

affected by the change in the dissolution rate of these components. Therefore, the effects 

of pH on the dissolution rate of hemicellulose, cellulose, and lignin were studied. The final 

pH of the reaction liquid was 3.0, 3.2, 4.0, 4.5 or 5.0. The other pretreatment conditions 

were the same as the above experiments. The results are shown in Fig. 2. 
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Fig. 2. Effects of pH on the dissolution yield of hemicellulose, cellulose and lignin 
 

The dissolution yield of hemicellulose was 24.0% at pH 3.0. It decreased by 34.4% 

at pH 4.0. It started to decrease when the pH was greater than 4.0 and decreased to 19.2% 

at pH 5.0. This result reflects that the fracture of glycosidic bonds of hemicellulose was 

promoted at pH 4.0. The dissolution of hemicellulose was promoted (Yao et al. 2017). The 

dissolution of hemicellulose is usually accompanied by the dissolution and degradation of 

cellulose. However, in these experiments, the dissolution of cellulose was the lowest at pH 

4.0 (4.5%). The results showed that the dissolution of cellulose was inhibited at pH 4.0. 

In addition to carbohydrate dissolution, a small amount of lignin was dissolved 

during hydrothermal pretreatment. Under acidic conditions, the α-O-4 and β-O-4 bonds in 

lignin undergo homolytic cleavage (Batalha et al. 2015), releasing aromatic compounds 

(Santos et al. 2018) and dissolving them in the reaction solution. In addition, a part of lignin 

is dissolved in AIL in the form of lignin-carbohydrate complexes (Trajano et al. 2013). 

The dissolution rate of lignin was the lowest at pH 4.0, similar to cellulose. This suggests 

that the dissolution and degradation of lignin was inhibited at pH 4.0. This was attributed 

to the effect of pH on the degradation of components, condensation, and deposition of 

dissolved substances in the pretreatment process (Chen et al. 2010). Similar to acidic 

hydrolysis of cellulose, the glycosidic bonds of hemicellulose break in an acidic medium, 

leading to degradation of hemicellulose. But the structural differences between 

hemicellulose and cellulose lead to differences in the breaking of glycosidic bonds. Uronic 

acid ligands are the most difficult to dissolve due to the effect of hydroxyl on the stability 

of glycosidic bonds. As a result, the stability of cellulose glycoside bonds is greater than 

that of hemicellulose glycosidic bonds. Therefore, the breaking of hemicellulose glycosidic 

bonds and cellulose glycosidic bonds was different at pH 4.0. Compared with THP (pH 

3.6), the dissolution of hemicellulose was promoted, while the dissolution of cellulose and 

lignin was inhibited in hydrothermal pretreatment with pre-adjustment pH (pH 4.0).  

 



 

PEER-REVIEWED ARTICLE                  bioresources.com 

 

 

Yang et al. (2020). “Hemicellulose extraction pH,” BioResources 15(3), 6627-6635.  6631 

Sugar Content Analysis 
The separation and purification of the effective components of hydrolysate is 

affected by the ratio of oligomers and monosaccharides. The effects of pH on the yield of 

total sugars, oligose, and monose in hydrolysates were studied. The availability of 

hydrolysate components was evaluated. Other conditions of pretreatment were the same as 

the above experiments. The results are shown in Fig. 3. 

 

 
 

Fig. 3. Effects of pH on the yield of monose, oligose, and total sugar from eucalyptus 

 

The total sugar concentration decreased from 23.7 to 4.1 g/L with increasing pH. 

The monose concentration rapidly decreased from pH 3.0 to 0.67 g/L at pH 4.0. It was 

almost unchanged between pH 4.0 to 5.0. The highest oligose concentration was 12.7 g/L 

at pH 4.0. The total sugar concentration was similar to that of monose, but the oligose was 

the lowest at pH 3.0. This result suggests that the ability to convert oligose to monose 

increases with increasing acidity. The total amount of hemicellulose extracted at this time 

was large, but most hemicellulose was in the form of monose, which is not conducive to 

the separation and purification of components. The concentration of monose decreased 

with increasing pH, indicating that oligose degradation was inhibited. At the same time, 

the total sugar concentration was reduced. This result demonstrated that hemicellulose 

extraction was inhibited. However, the monose concentration increased to its maximum 

value at pH 4.0. At pH 4, hemicellulose was present as oligose. The results were consistent 

with previous studies, showing that larger molecular weight hemicellulose was obtained 

by buffer solution at pH 4.0 (Persson et al. 2009; Song et al. 2011). The extraction 

efficiency of hemicellulose was the highest at pH 4.0 in hydrothermal pretreatment with 

pre-adjustment pH. This is consistent with previous studies on bagasse (Yao et al. 2015). 

The results show that the hydrothermal pretreatment with pre-adjustment pH has wide 

applicability for different woody biomass. 

 

Crystallinity Analysis 
Previous studies showed that a small amount of cellulose is dissolved and degraded 

during hydrothermal pretreatment. Here, the effect on the structure of cellulose was 

analyzed by determining the crystallinity index (CrI) of RM, THP, and HP. The results are 
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shown in Fig. 4. Two peaks at 2θ = 16.5° and 2θ = 22.5° were attributed to the typical 

cellulose-I structure scattering intensity (Jonoobi et al. 2015; Kamthai and Magaraphan 

2017; Mohomane et al. 2017). The peak position did not change, and the CrI increased 

from 60.5% to 62.1% after THP. This is due to the dissolution of a large amount of 

hemicellulose and a small amount of cellulose in pretreatment (Golbaghi et al. 2017). In 

addition, the CrI of HP was 64.2%. Compared with THP, the CrI of HP was larger. This 

result shows that hemicellulose extraction was promoted, and the dissolution and 

degradation of cellulose were inhibited. The structure of the cellulose was protected in 

hydrothermal pretreatment with pre-adjustment pH (pH 4.0). The cellulose content in RS 

after pretreatment was higher. 

 

 
 

Fig. 4. CrI of eucalyptus with or without pretreatment 

 

Analysis of Lignin Structure 
The above studies showed that lignin dissolution and degradation were inhibited 

during HP (pH 4.0), and the lignin content in the residual solids increased. The effect of 

lignin dissolution and degradation on structure was analyzed by 2D-HSQC-NMR, as 

shown in Fig. 5. The HSQC cross-signals of lignin were compared with reference data (Sun 

et al. 2015; Chen et al. 2019).  The lignin side-chain signals of eucalyptus (Fig.  5a) were 

mainly OMe, β-O-4, phenylcoumarane, and resinol. The main lignin structural units of 

eucalyptus were S-unit and G-unit. The signals S2,6 and S′2,6 from S-unit were observed at 

δC/δH 103.8/6.71, 106.2/7.23, and 7.07, respectively. The G-unit signal of eucalyptus was 

mainly including G2, G5, and G6. All signals were weakened (Fig.  5b) after THP. Thus, 

the eucalyptus lignin structure was dissociated during the THP process. This result was 

consistent with the changes in lignin content. However, the signals S2,6, S′2,6, OMe, Cγ and 

Aβ(S) were enhanced compared with HP (Fig.  5c), indicating that the β-O-4 bonds, OMe, 

and phenylcoumarane in G-unit and S-unit were protected. The results showed that the 

structural dissociation of eucalyptus lignin was inhibited in hydrothermal pretreatment with 

pre-adjustment pH (pH 4.0). 
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Fig. 5. 2D-HSQC NMR spectra of eucalyptus (a: RM; b: THP; c: HP) 
 

 

CONCLUSIONS 
 

1. The extraction efficiency of eucalyptus hemicellulose was improved in hydrothermal 

pretreatment with pre-adjustment pH (pH 4.0). The extracted hemicellulose was mainly 

in the form of oligose. The content of cellulose and lignin in hydrolysate was lower.  

2. The pretreatment was conducive to the effective separation and purification of 

hemicellulose. The eucalyptus had higher CrI after pretreatment. The structural 

dissociation of lignin was inhibited. The results show that the hydrothermal 

pretreatment with pre-adjustment pH has wide applicability for different woody 

biomass. 
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