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Hemicellulose is an abundant and underutilized carbohydrate polymer in plants. 
The objective of this study was to understand the effect of delignification on 
hemicellulose extraction efficiency with different types of lignocellulosic biomass. 
In the case of pine, with a prior sodium chlorite or peracetic acid delignification, 
more than 50% of the original hemicellulose in the biomass could be extracted 
using a 10% sodium hydroxide solution; without delignification, only 3.4% of 
hemicellulose could be extracted from pine. In contrast, without prior 
delignification, acceptable hemicellulose extraction efficiencies (55.5% and 50.7%, 
respectively) were achieved from switchgrass and poplar. In addition, the effect of 
hemicellulose extraction processes on the enzymatic convertibility of the cellulose-
rich residues after extraction was determined. The cellulose-rich residues from 
switchgrass after hemicellulose alkali extraction showed high glucose recovery 
with enzyme hydrolysis with or without prior delignification. For pine and poplar, 
high glucose recovery with enzyme hydrolysis of the cellulose-rich residues only 
occurred if the sample had a delignification step prior to hemicellulose extraction. 
This information on commercially available biomass feedstocks is useful for those 
considering isolating hemicellulose within a biorefinery concept. 
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INTRODUCTION 
  

Lignocellulosic biomass has great potential to serve as a sustainable raw material supply 

for fuels, chemicals, and biopolymers because of its availability, high sugar content, and low price. 

Lignocellulosic biomass is comprised of 25 to 55% cellulose, 25 to 40% hemicellulose, and 10 to 

35% lignin (Sun and Cheng 2002). Hemicelluloses, the second most abundant class of 

biopolymers, have emerged as an immense renewable resource of biopolymers (Gírio et al. 2010). 

Hemicelluloses are not chemically homogeneous but rather a group of polysaccharides having a 

low degree of polymerization in the range of 80 to 200 (Paszner 1988). Due to challenges in 

isolating hemicelluloses, the extraction of hemicellulose from lignocellulosic materials such as 

wood is not practiced commercially.  

During the production of bioethanol from lignocellulosic material, the removal of lignin 

and hemicellulose in pretreatments prior to biochemical conversion of the carbohydrates to sugars 

improves the rate and extent of conversion of the cellulose but has disadvantages in 

implementation due to the complexity of the recovery processes for pretreatment liquors in a green-

field operation. In addition, hemicellulose can be degraded to enzymatic inhibitors during 

pretreatments, which decreases the rate of conversion during enzymatic hydrolysis for bioethanol 
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conversion process. For example, dilute acid pretreatment has been found to generate a significant 

amount of enzymatic inhibitors, such as furfural, acetic acid, and phenolic compounds (Rajan and 

Carrier 2014).  

Xylose present in fermentation solutions can also cause problems for fermentation 

technology. Most of the common fermentation microorganisms are unable to convert both the 

hexose and the pentose contents of biomass to ethanol. For instance, Saccharomyces cerevisiae, 

which can utilize glucose efficiently, is tolerant of higher ethanol concentrations as well as 

inhibitors, but it has a low efficiency in the conversion of xylose (Huang et al. 2017). Therefore, 

for all the reasons above, it is beneficial to extract hemicellulose before converting cellulose to 

sugars for fermentation to ethanol. In addition, if a commercially viable application for 

hemicellulose is developed, then the overall economics of a lignocellulosic bioethanol process 

would be greatly improved.   

Hemicellulose-based polymers can be applied as wet end additives in papermaking, 

substituting for starch. Hardwood xylan obtained by alkaline extraction, for instance, has been 

shown to be effective in improving the fiber bonding and surface sizing in papermaking (Fuhrmann 

and Krogerus 2009). High molar mass hemicellulose may be used in novel industrial applications 

such as biodegradable biopolymers and barrier films. Ongoing research in the authors’ laboratory 

is being done to utilize hemicelluloses in absorbent and superabsorbent applications.  

Alkaline treatment can be an effective process to remove hemicellulose, and it has been 

used in many studies for the extraction of hemicellulose from different types of biomass (Lawther 

et al. 1996; Vena et al. 2013) or used as a pretreatment method to increase the enzymatic 

convertibility of cellulose substrate (Zhao et al. 2008b; Meng et al. 2014). Alkali treatment can 

disrupt the cell wall of biomass efficiently through hydrolyzing uronic and acetic esters; it also can 

cleave the α-ether linkages between lignin and hemicellulose and the ester bonds between lignin 

and/or hemicellulose and hydroxycinnamic acids (Jackson 1977). Sodium hydroxide, specifically, 

has been shown to be very effective for the removal of hemicellulose, as well as lignin (Sun et al. 

1995; Wen et al. 2011). Xiao et al. (2001) evaluated the delignification and hemicellulose 

extraction yield of alkaline extraction with 1.0 M NaOH at 30 °C for 18 h on dewaxed maize stems, 

rye straw, and rice straw. They reported 78.0%, 68.8%, and 82.1% of the original lignin, and 

72.1%, 72.6%, and 84.6% of the original hemicellulose dissolved in the solution, respectively. 

Alkali can promote a swollen state of the biomass and modifications to the crystalline state of the 

cellulose, increasing the accessibility for enzymes (Hendriks and Zeeman 2009). Higher extraction 

temperatures can extract higher molecular weight hemicellulose; however, high temperature can 

also increase the peeling reaction during alkaline extraction process. As reported by Bian et al. 

(2012), the highest molecular weight hemicellulose of 93,300 g mol-1 extracted from sugarcane 

bagasse was achieved with 10% KOH at 35 °C.  

The structures and composition of lignocellulosic biomass vary with species, causing the 

extractability of hemicellulose and enzymatic hydrolysis of different species to be significantly 

different. In general, softwood lignocellulose is considered as the most recalcitrant material for 

hemicellulose extraction (and as well for enzymatic hydrolysis), which is likely due to the highly 

lignified structure and the nature of the lignin component. The effect of delignification on 

hemicellulose extraction and enzymatic hydrolysis of different species is expected to be different. 

It is well known that lignin is one of the major barriers for enzymatic hydrolysis; the removal of 

lignin usually improves enzymatic hydrolysis (Yu et al. 2011). However, little research has been 
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reported on the effect of different delignification methods on hemicellulose extraction from 

different types of lignocellulosic biomass.  

Sodium chlorite delignification (NaClO2, SC), which is used commonly in research, is 

effective in the removal of lignin from all types of lignocellulosic biomass; however, a certain 

limited amount of degradation of hemicellulose may occur during such treatment (Hubbell and 

Ragauskas 2010). Peracetic acid delignification (PAA) is reported to be a more selective procedure 

than SC (Kumar et al. 2013). In totally chlorine free bleaching (TCF), peracetic acid has been used 

mainly as a delignifier because of its selectivity (López et al. 2002). The selectivity of peracetic 

acid has been utilized to improve pulp strength by reducing the amount of less-selective bleaching 

chemicals while achieving the same final pulp brightness level. Also, a procedure using an alkaline 

aqueous alcohol mixture (Ethanol/NaOH) for delignification (EN) has been evaluated, as a 

replacement for SC and PAA (Ebringerova and Heinze 2000; Ayoub et al. 2013; Jiang et al. 2014). 

Organic solvents may be recovered by distillation and recycled. In addition, in this process the 

dissolved lignin together with other dissolved components such as extractives can be recovered. 

However, the hemicellulose product obtained from the relatively milder EN delignification may 

have a higher content of lignin and degradation products than SC and PAA (Jiang et al. 2014).  

In the present work, the hemicellulose extractability of three different types of 

lignocellulosic biomass, switchgrass (SG) poplar and pine, were evaluated, as well as the 

enzymatic convertibility of the cellulose-rich residues produced after the alkaline extraction. The 

effect of Ethanol/NaOH delignification, sodium chlorite delignification, and peracetic acid 

delignification on alkaline hemicellulose extraction from these biomasses and the enzymatic 

convertibility of cellulose-rich residues were determined. The structures and properties of 

extracted hemicelluloses were characterized by viscosity molecular weight, FT-IR, and 

thermogravimetric analyzer (TGA). Interesting differences in the hemicellulose products obtained 

were determined for different biomass and delignification processes. 

 
 
MATERIAL AND METHODS 
 

Material 
Three types of biomass, including switchgrass (Panicum virgatum, provided by the Center 

for Renewable Carbon, Knoxville, TN), poplar (two-year-old fast growing poplar, provided by 

ArborGen Inc., Ridgeville, SC), and pine (Pinus, provided by International Paper, Riegelwood, 

NC) were used in this research.  The air dried sample was ground by a Wiley mill, and the particles 

sieved to obtain a size fraction between a 40 and 80 mesh (0.420 mm and 0.177 mm). The retained 

fraction was collected in a sealed plastic bag and stored at room temperature for subsequent 

treatments.  

 
Hemicellulose Extraction 

Hemicellulose was extracted from switchgrass, poplar, and pine with or without prior 

delignification (Fig. 1). An amount of 5 gram of raw biomass was used as starting material.   

 
Delignification 

Ethanol and Sodium Hydroxide Method (EN): An aqueous alcohol treatment was used to 

remove lignin under atmospheric pressure. The aqueous alcohol consisted of 70% (v/v) ethanol 
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and 30% (v/v) NaOH solution (1% (w/w)). The treatment was conducted in a 250 mL boiling flask 

equipped with condenser at a liquid/solids ratio of 20 with stirring. The temperature was controlled 

at 75 °C using an oil bath. After 2 h, the suspension was allowed to cool to room temperature and 

filtered to collect the delignified sample #2. The sample was washed with 70% ethanol to remove 

the soluble lignin. 

Sodium Chlorite Method (SC): The biomass was delignified with sodium chlorite in acidic 

condition at 75 °C for 4 h. The treatment was conducted in a 500 mL Erlenmeyer flasks in a water 

bath with an initial liquid to solids ratio of 30. An amount of 0.3 g/g solids of sodium chlorite 

(NaClO2) and 0.25 mL/g solids of acetic acid were added initially. The slurry was thoroughly 

mixed by shaking the flasks, and then a 50 mL Erlenmeyer flask was inverted in the neck of the 

reaction flask. The flasks were incubated in a fume hood with intermittent mixing, and fresh 

charges of sodium chlorite and acetic acid were added to the reaction every 1 h for up to 4 h. After 

reaction, the slurry was vacuum filtered and washed with DI water until the pH of the filtrate was 

nearly neutral.  

Peracetic Acid Method (PAA): Peracetic acid delignification was performed at 25 °C and 

5 % (w/w) solids loadings (Kumar et al. 2013). The reaction was conducted in 500 mL Erlenmeyer 

flasks and heated in a temperature controlled water bath. A peracetic acid loading of 5 g/g dry 

solids and a reaction time of 48 h were used. After the reaction, the slurry was vacuum filtered, 

and the solids were washed with room temperature deionized water until the filtrate pH was close 

to neutral. 
 

 
Fig. 1. Scheme of hemicellulose extraction and enzymatic hydrolysis. Hemicellulose was extracted form 
untreated samples, Ethanol/NaOH (EN) delignified samples, sodium chlorite (SC) delignified samples and 
peracetic acid (PAA) delignified samples 
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Alkaline extraction 

As shown in Fig. 1, hemicellulose was isolated using 10% (w/w) NaOH from untreated 

samples (#1) and delignified samples (#2). The alkaline extraction was conducted at 50 °C for 3 h 

with a liquid/solids ratio of 20. At the end of the extraction period, the suspension was filtered with 

house vacuum on Whatman GF/A glass microfiber filter paper to collect the filtrate containing 

hemicellulose. The cellulose-rich residues #3 was washed with deionized water and collected for 

chemical composition analysis and the enzymatic hydrolysis. The pH of hemicellulose enriched 

filtrate was adjusted to 5.5 with 6 M acetic acid then 2.5 volumes of 95% ethanol (v/v) were added 

to precipitate the  hemicellulose. The pellets of hemicellulose were washed with 70% ethanol and 

then freeze–dried to yield hemicellulose powder #4. 

 

Enzymatic Hydrolysis 
The enzymatic convertibility of cellulose-rich residues #3 isolated after the hemicellulose 

extraction process was evaluated. Cellulase (Cellic® CTec2) and hemicellulase (Cellic® HTec2) 

provided by Novozymes North America (Franklinton, NC) were used. The enzymatic hydrolysis 

was conducted following a procedure reported by the team (Geng et al. 2015). Enzymatic 

hydrolysis was carried out at 5 % solids loading with a total mass of 20 gram in a 50 mL conical 

tube at 50 °C with shaking at 180 rpm for 96 h. A 1 mM sodium acetate buffer solution (pH 4.8) 

was used for pH adjustment and microbial control. Enzyme dosage was 5 FPU/g-substrate. The 

residues and hydrolysate after the hydrolysis were separated via micro-centrifugation for 10 min 

at 13,000 rpm, and the monomeric sugars were analyzed by HPLC. All the determinations were 

conducted in duplicate. 

 

Chemical Composition Analysis 
Lignin and carbohydrate content were evaluated using the NREL protocol for the raw 

materials #1, delignified samples #2, cellulose-rich residues #3, and hemicellulose #4  (Sluiter et 

al. 2008).  

The sugar content was determined on a high-performance liquid chromatography (HPLC) 

system (Agilent 1200, Agilent, Santa Clara, CA, USA) equipped with an Agilent guard column, 

degasser, pump, and refractive index detector (RID, following a modified NREL Laboratory 

Analytical Procedure) (Sluiter et al. 2008). Calcium carbonate was used to adjust the pH of the 

acid hydrolysis hydrolysate. The acid hydrolysis hydrolysate and enzymatic hydrolysis 

hydrolysate samples were filtered using a 0.22 μm nylon syringe filter before being injected into 

HPLC. The column temperature of the HPLC was 80 °C. HPLC grade Milli-Q water was used as 

the mobile phase. The samples of hydrolysate were analyzed with a 20 uL injection volume and 

0.5 mL/min flow rate.  

 

Viscosity Molecular Weight 
To characterize the extracted hemicelluloses, the average viscosity molecular weight was 

calculated. For this it was necessary to determine the intrinsic viscosity ([η]) obtained by combined 

application of Huggins and Kramer equations 1 and 2, 

𝜂𝑠𝑝

𝑐
= [𝜂] + 𝑘1[𝜂]

2𝑐                                                                                          (1) 

ln𝜂𝑟

𝑐
= [𝜂] + 𝑘2[𝜂]

2𝑐                                                                                        (2) 
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where the specific viscosity ηsp= (η – ηs)/ ηs, relative viscosity ηr = η/ηs, and η and ηs are the 

viscosities of the solution and the solvent respectively. A concentration of 0.4 M 

cupriethylenediamine (CED) solution was used. The specific viscosity (ηsp) of hemicelluloses 

within a concentration range from 0.1 g/L to 0.5 g/L were measured using a capillary viscosimeter 

at 25 °C. Then the intrinsic viscosity was calculated based on Eqs. 1 and 2. The number average 

degree of polymerization (Pn) of hemicellulose was calculated from the intrinsic viscosity (Table 

2) based on Staudinger-Mark-Houwink equation 3,  

[𝜂] = 𝐾�̅�𝑛
𝑎                                                                                                        (3) 

where K=2.2 x 10-2 and a = 0.72 are empirical constants for xylan in 0.4 M CED solution 

(Koshijima et al. 1965). As reported by the cited authors, hemicellulose had a number-average 

molecular weight of 31,500 g/mole, corresponding to a degree of polymerization of 200. The 

viscosity average molecular weight �̅�𝑣 can be calculated by Eq. 4. 

�̅�𝑣 = 31,500 × 𝑃𝑛/200                                                                                  (4) 

 

FT-IR Spectroscopy 
FT-IR spectra of hemicelluloses extracted from SC delignified samples were done with a 

Frontier FT-IR spectrometer (PerkinElmer Inc., USA). An amount of 200 mg of KBr was mixed 

with about 20 mg of hemicellulose and ground together using a mortar-pestle. The mixture was 

then pelletized using a PerkinElmer 15 ton manual hydraulic press. The spectra were recorded in 

the range of 4000 to 600 cm with 32 scans per sample. The KBr background was subtracted from 

the spectra.  

 

TGA 
Thermal stability of hemicelluloses extracted from SC delignified sample was determined 

using a TGA Q500 (TA Inc., New Castle, DE). About 15 mg of samples were placed in a platinum 

pan and run from room temperature to 600 °C at a rate of 10 °C /min in a nitrogen atmosphere.  

 

 

RESULTS AND DISCUSSION 
 
Composition of Raw Materials 

The group of materials termed hemicellulose includes polysaccharides of different 

structures containing glucose, xylose, mannose, galactose, arabinose, and so on, in various 

amounts or traces dependent on the natural source (Ebringerova and Heinze 2000). As shown in 

Table 1, among the three types of biomass studied herein, switchgrass had the highest 

hemicellulose (sum of xylan, galactan, arabinan, and mannan) content (32.8%) and the lowest 

lignin content (20.1%).  Pine had the highest lignin content (29.9%). Lignin present in the biomass 

is expected to limit both the extractability of hemicellulose and the enzymatic convertibility of the 

cellulose-rich residues, supposedly because of the physical barrier and chemical linkages between 

hemicellulose and lignin and cellulose and lignin. A relatively high ratio of xylan (72.5%) in 

hemicellulose is an important feature of switchgrass. As shown in Fig. 2, 65.4% of the 

hemicellulose present in poplar was xylan. The 4-O-methyl-D-glucurono-D-xylan represents more 

than 90% of the hemicellulose component in hardwoods and herbal plants of the temperate zone 

(Ebringerová 2005). In softwoods, acetylated galactoglucomannan is the main hemicellulose with 
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mannan being predominant in pine (Peng et al. 2012b). Generally, (L-arabino)-D-glucurono-D-

xylans is the second most abundant hemicellulose component in softwood (Ebringerová 2005).   

 

Table 1. Main Chemical Composition (% of the raw material) of Switchgrass, Poplar, 
and Pine 

Chemical Composition, % SG Poplar Pine 

Lignin 20.1 24.9 29.9 

Glucan 39.1 40.7 43.1 

Xylan 25 14.2 7.5 

Galactan 2.1 1.6 2.5 

Arabinan & Mannan 5.7 5.9 13.3 

Ash 1.7 0.1 0.3 

 

Efficiency of Delignification 
A robust biorefinery would take biomass and utilize its different components to make 

multiple coproducts. This might include cellulose, lignin, and hemicellulose products and 

fractionated components of such materials.  In this regard, since lignin can cause physical and 

chemical barriers to hemicellulose extraction and enzymatic hydrolysis, delignification may be a 

key step for both hemicellulose extraction and enzymatic hydrolysis of the extraction residues and 

promote the biorefinery concept. In order to minimize the degradation of carbohydrate, a mild 

delignification method, aqueous alcohol (Ethanol/1% NaOH, 7:3) delignification at atmospheric 

pressure was one method evaluated to remove lignin. As shown in Fig. 2 (A-C), most of the 

carbohydrate remained in the delignified samples EN_ #2. However, the lignin removal efficiency 

of such treatment was limited and varied with the type of biomass. An amount of 22.4% of the 

original lignin could be removed from switchgrass; however, very low amounts of lignin were 

removed from poplar and pine, 4% and 11%, respectively. Aqueous alcohol delignification 

requires a very high temperature (100 to 250 °C) to result in an effective delignification (Muurinen 

2000). Increasing temperature can increase the degree of delignification; however, this will also 

degrade the hemicellulose (Demirba 1998). 

SC is very effective in removing lignin from all types of biomass. As shown for SC_#2 in 

Fig. 2 (A-C), 89.1%, 92.0%, and 87.0% of the lignin was removed with sodium chlorite 

delignification from switchgrass, poplar, and pine, respectively. However, a significant amount of 

degradation of carbohydrate, especially hemicellulose, occurred during such treatment. There were 

5.9%, 1.7%, and 11.1% of the original glucan degraded from switchgrass, poplar, and pine, 

respectively, Fig. 2. A high percentage of hemicellulose was removed during NaClO2 

delignification, 24.7%, 18.4%, and 33.5% switchgrass, poplar, and pine, respectively. As reported 

by Kumar et al. (2013), NaClO2 delignification was less selective on untreated lignocellulosic 

biomass and resulted in about 18% loss of the glucan, 38% loss of the xylan, and 30% loss of the 

arabinan for switchgrass. The non-negligible degradation of hemicellulose results in a lower 

molecular weight (see later). The chlorite procedure is selective in removing lignin only during the 

first 60% of delignification; a certain amount of hemicellulose is expected to degrade in the later 

stage (Ahlgren and Goring 1971).  

It has been reported that PAA delignification was more selective than SC delignification 

(Kumar et al. 2013). PAA is recognized as a powerful oxidizing agent that can oxidize the aromatic 

ring in lignin, generating dicarboxylic acid and their lactones (Zhao et al. 2008a). This 

delignification method removed 90%, 98.4%, and 81.6% of lignin from switchgrass, poplar, and 
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pine, respectively (Fig. 2). During PAA treatment, 9.2%, 7.6%, and 12.8% of glucan and 24.1%, 

24.9%, and 30.0% of hemicellulose were solubilized from switchgrass, poplar, and pine, 

respectively.  

 

  

 

 
 
Fig. 2. Main components of raw materials (#1) 
and delignified samples (#2) resulting from 
switchgrass (A), poplar (B) and pine (C). All 
data based on 100 g of raw material. EN_#2 
indicates delignified samples resulting from 
ethanol/NaOH delignification, SC_#2 
indicates delignified samples resulting from 
NaClO2 delignification, and PAA_#2 indicates 
delignified samples resulting from peracetic 
acid delignification.  

 

There was slightly more glucan removed for all three types of biomass during PAA 

delignification relative to SC delignification (Fig. 2). The degradation of hemicellulose during 

PAA delignification was similar to SC. Overall, PAA delignification showed a similar or very 

slightly lower selectivity to SC in this study. PAA had the best effectiveness on the poplar biomass, 

in which 98.4% of lignin, 7.6% of glucan and 30.0% of hemicellulose were removed. The 

carbohydrate degradation with PAA here is reasonable when compared to that reported by Yin et 

al. (2011), in which 10% of glucan and 13% of xylan were degraded along with a 57% of lignin 

removal from aspen.  

 

Effect of Delignification on Hemicellulose Extraction Efficiency  
Hemicellulose was extracted from the no-delignification samples, ethanol/sodium 

hydroxide (EN) delignified samples, NaClO2 delignified samples (SC), and PAA delignified 

samples. As shown in Table 2, even without delignification, a reasonable extraction yield of 

hemicellulose on the starting raw biomass material of 24.8% could be achieved from switchgrass. 

An amount of 55.5% of the hemicellulose was extracted from the original hemicellulose present 

in the raw material. This result is in reasonable agreement with a report that a yield of 18% of 

hemicellulose was extracted from untreated switchgrass with a lower NaOH concentration (7% 

(w/w)) at a higher temperature (85 °C) (Stoklosa and Hodge 2012).  
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Table 2. Hemicellulose Extraction Efficiency for Individual Sugars and the Overall 
Extraction 

 Delignification Yield*1, % Extraction Efficiency*2, % 

Xylan Galactan Arabinan & 
Mannan 

Overall 
Efficiency 

SG NO 24.8 60.8 19.0 45.6 55.5 

EN 24.5 60.4 19.0 40.4 54.3 

SC 28.8 72.8 19.0 49.1 65.2 

PAA 31.1 74.8 19.0 45.6 66.2 

Poplar NO 15.8 71.8 6.3 11.9 50.7 

EN 14.7 64.1 6.3 15.3 46.5 

SC 23.7 90.1 18.8 25.4 67.3 

PAA 22.1 90.1 18.8 23.7 66.8 

Pine NO 1.5 5.3 4.0 2.3 3.4 

EN 1.7 5.3 4.0 3.8 4.3 

SC 21.7 62.7 40.0 45.1 50.2 

PAA 22.2 66.7 32.0 41.4 48.5 

*1: Yield of precipitated hemicellulose stream is based on the raw biomass before delignification total 
weight. Note that there were mass losses during precipitation due to some lignin, low molecular weight 
sugars and extractives not precipitating in ethanol.  
*2: Extraction efficiency for individual sugars equals the amount of the individual sugar in extracted 
hemicellulose sample #4 relative to the amount of this sugar in the original material #1; Extraction 
efficiency for overall efficiency equals the total amount of Xylan+Galactan+Arabinan and Mannan in 
extracted hemicellulose sample #4 relative to the total amount of Xylan+Galactan+Arabinan in the 
original material #1.    

 

Compared with no delignification, EN delignification did not result in higher hemicellulose 

yields (24.5%) from switchgrass, even though 22.4% of the original lignin was removed during a 

prior delignification treatment. A high hemicellulose extraction yield of 28.8% of switchgrass was 

achieved from the NaClO2 delignified sample, in which 89.1% of lignin was removed from the 

raw material in a previous step. The highest hemicellulose extraction yield achieved from 

switchgrass was 31.1%, resulting from the PAA delignified sample. 

There are two ways to explain the slightly higher yield of hemicellulose resulting from a 

PAA-delignified sample. One explanation is that the degradation of hemicellulose during PAA 

delignification treatment was slightly lower than that of SC delignification, which resulted in a 

higher hemicellulose extraction efficiency. Another explanation is that some lignin was present in 

the extracted hemicellulose sample and that this contributed to the total hemicellulose enriched 

sample yield. As shown in Fig. 3, the hemicellulose product extracted from PAA delignified 

sample had a slightly higher lignin content (0.5%) than that extracted from SC delignified sample 

(0%). The removal of lignin with SC delignification and PAA delignification increased the 

extraction efficiency significantly with switchgrass (Table 2), which indicated that the linkages 

between xylan and lignin were a main barrier that limited the hemicellulose extractability of 

switchgrass. This suggests that breaking the lignin-xylan complex linkages in switchgrass may 

increase the hemicellulose extractability.  

A considerable amount of hemicellulose (15.8% yield on starting biomass and 50.7% 

overall hemicellulose extraction) was extracted from poplar without delignification (Table 2). 

Only 4% of lignin was removed with EN delignification, which resulted in a slightly lower 

hemicellulose extraction efficiency (46.5%), probably because of a slight degradation of 

hemicellulose during such treatment. The highest hemicellulose extraction efficiency of 67.3% 
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was achieved with NaClO2 delignification, which resulted in a whiter color of the extracted 

hemicellulose. The hemicellulose extraction yield on original biomass (22.1%) resulting from 

PAA delignification was slightly lower than that of SC delignification (23.7%) because more 

hemicellulose was degraded during PAA treatment. The increasing percentage of hemicellulose 

extraction yield resulting from SC and PAA delignification of poplar was more significant than 

switchgrass, which indicates the barrier of lignin present in hardwood was more important than 

that for the perennial plant switchgrass. 

In the case of pine, without delignification or with EN delignification, less than 5% of 

hemicellulose could be extracted, Table 2.  However, 50.2% and 47.5% of hemicellulose could be 

extracted after SC and PAA delignification of the pine, respectively. In contrast to switchgrass and 

poplar, the hemicellulose present in pine was only appreciably extractable following an efficient 

delignification step. This may be caused by a higher lignin content in softwoods (Table 1), in which 

the polysaccharides in the secondary wall are more encrusted and less accessible to the alkali. The 

lignin-carbohydrate complexes present in lignocellulosic biomass could be another reason that 

limited the hemicellulose extractability.  

With SC delignification, 86.6%, 82.5% and 75.5% of the hemicellulose present in the 

delignified biomass was extracted from the delignified switchgrass, poplar and pine, respectively. 

The reason that the extraction efficiency of the NaClO2 delignified pine was lower than the others 

could be related to the different structure of the main type of hemicellulose present in the different 

species. The main type of hemicellulose presented in softwood is galactoglucomannans, which has 

a more linear structure than hardwood and grass hemicelluloses, contributing to lower solubility 

and a lower extraction yield (Ebringerová 2005).   
 

 
 

Fig. 3. Visual appearance and lignin content of hemicellulose products extracted from switchgrass, 
poplar, and pine 
 

Effect of Delignification on Hemicellulose Purity  
Delignification often increases the hemicellulose extractability of biomass, but it may also 

impact the purity of hemicellulose products. As shown in Fig. 3, the hemicellulose extracted from 

untreated biomass had a darker color and higher lignin content than those extracted from 

delignified samples. EN delignification did not result in higher hemicellulose yields, but it 

produced a lighter color of extracted hemicellulose relative to the no delignification samples due 
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to lower lignin content. Hemicellulose extracted from SC delignified switchgrass had the lightest 

color and an undetectable amount of lignin. In contrast to no delignification and EN delignification 

samples, SC and PAA achieved a higher hemicellulose yield and purity, and the hemicellulose 

products had a lighter color.  

 

Effect of Delignification on Hemicellulose Molecular Weight 
Both SC and PAA delignification processes can remove lignin efficiently; however, a 

significant amount of degradation of hemicellulose occurred during the delignification process, 

resulting in a lower number average molecular weight of extracted hemicelluloses (Table 3). SC 

and PAA delignification showed a more significant effect on the molecular weight of 

hemicelluloses extracted from poplar. As shown in Table 3, compared with the molecular weight 

(26,400) of hemicellulose extracted form untreated poplar, the molecular weight of hemicellulose 

extracted from SC delignified poplar decreased to 14,100. The degradation of hemicellulose during 

SC and PAA delignification were similar; however, the viscosity molecular weight of 

hemicellulose resulted from PAA delignification was slightly higher than that extracted from SC 

delignified samples. This can be explained by the hemicellulose extracted from PAA delignified 

having a more linear structure. As shown in Table 2, the PAA delignified hemicellulose had higher 

xylan (backbone component) yield and lower arabinan and mannan (side chain component) yield, 

which would indicate more linearity. At the same molecular weight, a linear polymer structure is 

expected to have a higher viscosity than a branched polymer.  

 

Table 3. Intrinsic Viscosity ([η]), Number Average Degree of Polymerization (Pn), and 
Number Average Molecular Weight (Mw) of the Extracted Hemicelluloses  

 Delignification [η] Pn Mw 

SG NO 0.81 150 23,600 

EN 0.78 143 22,500 

SC 0.72 128 20,200 

PAA 0.81 149 23,400 

Poplar NO 0.88 167 26,400 

EN 0.84 158 24,900 

SC 0.56 89 14,100 

PAA 0.60 99 15,500 

Pine NO 0.62 103 16,300 

EN 0.60 100 15,700 

SC 0.59 97 15,300 

PAA 0.60 100 15,700 

 

The molecular weight of extracted pine hemicellulose was much lower than switchgrass 

and poplar for all samples. Since only a very limited amount of hemicellulose can be extracted 

from the untreated pine, the true molecular weight of the native, un-degraded softwood 

hemicellulose is not known. 

 

FT-IR Spectra 
The chemical structure of hemicelluloses extracted from SC delignified samples was 

analyzed using FTIR through pelleting the sample with KBr powder. As shown in Fig. 4, there 

was a strong absorption band at ~1038 cm-1 for all three hemicelluloses. As reported by 

Kačuráková et al. (2000), each particular polysaccharide has a specific band maximum in the 1200 
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to 1000 cm-1 region, which is dominated by ring vibrations overlapped with stretching vibrations 

of (C-OH) side groups and the (C-O-C) glycosidic bond vibration. There are slight differences of 

absorption of the linkages between different backbone units. The linear and branched (1-4)-β-

xylans such as glucuronoxylan and arabinoxylans showed the main band maximum at about 1047 

cm-1. The glucomannan showed in addition to the 1034 cm-1 glucan band a further band at 1064 

cm-1 due to the mannose units. The absorption band of 984 cm-1 showed in the spectral of 

swtichgrass and poplar hemicellulose indicates the presence of arabinosyl side chain in these two 

hemicelluloses (Carvalho 2015). However, there are no arabinosyl units in pine hemicellulose. The 

dominance of β-glycosidic linkages between the xylose units or glucose and mannose units were 

evidenced by the presence of a sharp band at 897 cm-1 (Gupta et al. 1987). The absorption band of 

3350 cm-1 contributed to the hydroxyl stretching vibration of hemicelluloses (Sun et al. 2004). The 

absorption band of 2881 cm-1 was related to C-H stretching vibrations caused by the water involved 

in the hydrogen bonding (Sun et al. 2004). The vibration of ionized carboxyl group absorb at 1590 

to 1550 cm-1 (νa (COO-)) and 1410 to 1350 cm-1 νs (COO-)), which are overlapped with other 

absorption bands. Water present in hemicelluloses have absorption at 1600 cm-1 (Kacurakova et 

al. 2000). Since there are low amount of lignin present in extracted hemicelluloses, the aromatic 

skeletal vibration can have a slight band at ~1510 cm-1. 

 

 
 

Fig. 4. The FT-IR spectra of hemicelluloses extracted from SC delignified switchgrass, poplar, and pine 
 

TGA 
Thermogravimetric analysis (TGA) was used to study the thermal behavior of 

hemicelluloses extracted from SC delignified samples (Fig. 5). The derivative of the weight loss 

versus temperature (DTG) curves of hemicelluloses show two weight loss regions, a minor weight 

loss at 200 to 250 °C  and a major weight loss at 250 to 300 °C. The minor weight loss at 200 to 

250 °C contributed to the loss of bonded water and dehydration. The maximum rate of weight loss 

of hemicelluloses was also observed between 260 °C and 290 °C, which is caused by the 

concurrent hemicelluloses degradation processes such as depolymerization and decomposition of 

glycosyl units, followed by the formation of a charred residue (Peng et al. 2012a). The higher 

molecular weight of hemicellulose extracted from SC delignified switchgrass may have resulted 

in a higher thermal stability than the other hemicelluloses (Table 3).  
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Fig. 5. Thermograms of hemicelluloses extracted from SC delignified switchgrass, poplar, and pine 

 

Effect of Hemicellulose Extraction Processes on Enzymatic Convertibility of 
Cellulose-rich Residues 

In order to fully utilize lignocellulosic biomass and improve the economics of a biorefinery 

that includes a hemicellulose extraction process, the cellulose-rich residues resulting from the 

delignification and/or hemicellulose extraction process (Fig. 1) might be used to produce 

lignocellulosic, non-food based sugars. To examine this, the glucose conversion of the cellulose-

rich residues and the overall conversion efficiencies of glucose based on the raw biomass were 

evaluated to investigate the effect of delignification and hemicellulose extraction process on the 

enzymatic convertibility of the cellulose-rich residues. As shown in Table 4, an efficient prior 

delignification and an alkaline extraction could result in a very high glucan content in the residues. 

Enzyme hydrolysis was performed on the residues for 96 hours at 5% solids with very low enzyme 

charge, 5 FPU/gram substrate. The results indicate that the steps taken in hemicellulose extraction 

result in cellulose-rich residues that are readily converted to sugar by enzyme hydrolysis, Table 4.  

Further, the sugar stream produced was a relatively pure glucose stream with very little xylose and 

other sugars (Table 4), due to the removal of other sugars during hemicellulose extraction. This 

relatively pure glucose stream would allow a subsequent fermentation process to be simple and 

efficient.  
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Table 4. Yield*1 and Main Chemical Composition of Cellulose-rich Residues*2 Achieved 

with Different Delignification Methods and Hemicellulose Extraction and the 

Concentration of Sugars in the Sugar Stream Resulting from Enzymatic Hydrolysis of 

Cellulose-rich Residues 

 Pretreatment 

Main chemical composition of cellulose-
rich residues, % 

Sugar 
concentration in 
sugar stream, 

mg/mL 

Glucose 
conversion*4, 

% 

Yield Lignin Glucan Hemicellulose Glucose 
Other 

sugars*3 

SG 

NO_E 51.9 15.1 61.3 11.4 33.4 5.5 93.3 

EN_E 53.9 13.5 62.4 13.5 33.2 6.2 91.1 

SC_E 36.0 1.4 84.5 4.9 48.7 2.3 98.6 

PAA_E 33.2 0.0 92.5 3.1 48.7 2.6 90.6 

Poplar 

NO_E 71.2 31.8 48.7 7.9 16.3 5.4 57.2 

EN_E 72.6 31.5 49.5 8.6 17.1 5.0 59.0 

SC_E 38.6 1.0 86.3 6.0 52.4 2.7 99.1 

PAA_E 31.7 0.0 96.3 2.5 47.7 2.6 87.4 

Pine 

NO_E 93.9 29.6 41.3 18.8 5.5 3.9 22.8 

EN_E 83.8 29.7 41.7 19.0 7.0 4.6 28.6 

SC_E 43.5 0.3 78.0 8.6 42.4 5.4 92.9 

PAA_E 40.3 1.7 80.0 8.9 36.9 6.2 78.8 

*1: Based on raw material before delignification total weight 
*2: Based on oven dry cellulose-rich residues 
*3: Other sugars included xylose, galactose, arabinose, and mannose 
*4: Glucose conversion is calculated as the amount of glucose released by enzymatic hydrolysis 
divided by the amount of glucose in the cellulose rich residue 

 

Figure 6 shows the glucose recovery for the cellulose-rich residue, as well as the original 

biomass (untreated) calculated as the glucose in the enzymatic hydrolysate relative to the glucose 

in the original biomass raw materials.  
 

 
 

Fig. 6. Glucose recovery after 96 h of enzymatic hydrolysis of untreated material and cellulose-rich 
residues resulted alkaline extraction from raw material (NO_E) and delignified samples (EN_E, SC_E and 
PAA_E). Glucose recovery equals glucose in enzymatic hydrolysate relative to glucose in raw materials. 
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The original biomass (untreated) showed an overall glucose recovery of less than 10%.  

With a hemicellulose alkali extraction step and no delignification (NO_E), a high glucose recovery 

of 83.6% was achieved with switchgrass (sugar conversion: 93.3%). However, for the same 

conditions, only about a 50% overall glucose recovery from the cellulose-rich residue of poplar 

and 20% of glucan from pine was realized.  This is in agreement with other findings that non-

woody plants are less resistant to enzymatic hydrolysis than woody plant materials (Galbe and 

Zacchi 2007). With the removal of hemicellulose in the extraction stage and the associated 

swelling/disruption of cellulose, the accessible surface area of cellulose in the substrate increased 

significantly, which increased the accessibility of cellulose to enzyme and improved the enzymatic 

conversion and recovery for all biomass types.  

Mild delignification with ethanol and sodium hydroxide and alkali extraction (EN_E) did 

not provide any benefit in sugar recovery relative to the samples with only alkali extraction 

(NO_E).  However, delignification with sodium chlorite and alkali extraction (SC_E) was 

associated with increased glucose recovery of poplar and pine to 85.0% and 73.1%, respectively, 

relative to the no delignification samples (NO_E) (Fig. 6). These samples had lignin concentrations 

of less than 2% (Table 4).  

Generally, it is believed that lignin is one of the major barriers for enzymatic hydrolysis, 

and the removal of lignin usually effectively improves the enzymatic saccharification (Geng et al. 

2014). The negative impact of lignin on enzymatic hydrolysis is typically from two aspects: that 

the lignin blocks the accessibility of enzymes and that the lignin adsorbs the enzymes non-

productively (Kumar and Wyman 2009). Delignification is expected to increase the accessible 

surface area and decrease irreversible adsorption of enzyme to lignin (Yu et al. 2011). This was 

demonstrated with the poplar and pine samples in this study, but not as much with the switchgrass 

(compare switchgrass samples untreated versus NO_E which had similar lignin contents but 

drastically different sugar recoveries, Table 4 and Fig. 6).  The removal of more hemicellulose in 

the delignification and extraction steps and the different type of lignin present cause the cellulose-

rich residue of the poplar to have a higher sugar recovery than the pine. In summary, the combined 

effects of delignification and the subsequent hemicellulose extraction step produces cellulose-rich 

samples that are readily hydrolysable by enzyme, as is expected.  

 

 

CONCLUSIONS 
 

1. The presence of lignin impacts the hemicellulose extraction differently for different biomasses, 

with pine being very sensitive to lignin, whereas switchgrass and poplar not being sensitive. 

2. Both sodium chlorite and peracetic acid effectively removed lignin and improved the 

hemicellulose extraction significantly.  

3. The extracted and precipitated hemicellulose stream of biomass that had been treated with 

sodium chlorite and peracetic acid, providing effective delignification, generally exhibited a 

higher yield, lower molecular weight, lighter color, and lower lignin content than without the 

treatment. 

4. The cellulose-rich residues from switchgrass showed high glucose recovery with enzyme 

hydrolysis with or without delignification. For pine and poplar, high glucose recovery with 
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enzyme hydrolysis for the cellulose-rich residues only occurred if the sample had an effective 

delignification step prior to hemicellulose alkali extraction.     
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