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Xylose residue (XR), the abundant industrial residue from commercial xylose 
production, was delignified using alkali as a substrate for ethanol production 
via simultaneous saccharification and fermentation (SSF). It was found that 
pretreatment with 1.5% (w/v) NaOH at 140 °C for 1.5 h was optimal for 
delignification efficiency (72.2%) and low cellulose loss (7.1%). The physical 
changes in samples after alkaline pretreatment were characterized for 
crystallinity and imaged using scanning electron microscopy (SEM), which 
demonstrated that the surface of samples became coarser with lignin 
removal. There were rather significant changes in cellulose crystallinity. The 
widespread accessibility of cellulose in XR favored enzymatic hydrolysis and 
achieved considerable bioconversion (98.8% with 15 PFU/g substrate). The 
maximum for ethanol concentration using SSF bioconversion reached 16.3 
g/L, which was about four times more than that of the untreated sample. XR 
treated using the processes of alkaline pretreatment and SSF was an 
excellent substrate for bioconversion. 
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INTRODUCTION 
 

 After the energy crisis of the mid-1970s, the perceived risk of running out of 

conventional fossil fuels led to crash programs in developing new renewable and 

sustainable energy sources (Turner 1999). Second-generation bio-ethanol, which is 

produced from biomass materials via enzymatic hydrolysis and fermentation (Limayem 

and Ricke 2012), is one such viable alternative to fossil fuels (Rajkumar et al. 2013). Its 

technology is one of the most feasible and economical technologies in the world for 

decreasing net carbon emission, adding energy efficiency, and reducing energy 

dependency, potentially overcoming the limitations of first-generation bioethanol 

(Mohammed et al. 2013; O’Keefe et al. 2014).  

Normally, in the process of commercial xylose production, xylose is produced by 

the acidic hydrolysis of hemicellulose with a mineral acid (sulfuric acid 1.5%), and the 

solid residue is considered a waste byproduct and is mainly used for heat generation 

currently. However, XR is a promising potential lignocellulosic source for bioethanol 

production because it is enriched in cellulose and almost free of hemicellulose, which is 

hydrolyzed during xylose production. The lignin in XR can be more easily removed or 

altered because of deploymerization and re-polymerization reactions (Wang et al. 2012). 

China is already one of the world’s largest xylose producers, generating millions of 

tonnes of XR annually (Fan et al. 2014). Hence, making good use of this rich resource is 
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vitally important for China in its attempt to improve environmental quality, increase the 

economics of biomass utilization, and boost rural incomes. 

However, there are still issues hindering the bioconversion of XR into ethanol. 

The lignin sheath limits the accessibility of the enzymes to the cellulose. For lignin, its 

physicochemical features of low molecular weight and hydrophobicity restrict the 

swelling of cellulose and, therefore, negatively affect the accessible surface area 

(Donohoe et al. 2008; Arantes and Saddler 2010). Additionally, cellulase can be 

irreversibly adsorbed on lignin via hydrophobic interactions, ionic bond interactions, and 

hydrogen bond interactions, consequently reducing the efficiency of saccharification. 

Inhibitors generated in xylose production have negative effects on fermentation (Monlau 

et al. 2015). Organic acids, which are soluble in the lipids of the cell membrane and 

dissociate inside the yeast cells at physiological pH, are the main inhibitors generated in 

xylose production (Chandel et al. 2013). These acids could potentially prolong the lag 

phase of fermentation, and they are expected to reduce the effect on enzymes associated 

with glycolysis (Kim et al. 2008; Parawira and Tekere 2011). Therefore, pretreatment is a 

necessary step towards solving these issues. Significant prior research has been 

conducted on a suite of pretreatment processes for bioethanol processes, such as 

ammonia fiber explosion (Jackson et al. 2011), acid hydrolysis (Ji et al. 2015), alkaline 

pretreatment (Ji et al. 2014), and biological treatment (Abubackar et al. 2011). Of these, 

the use of alkali in the pretreatment of XR has received the least attention. Alkaline 

pretreatment removes lignin without having major impacts on the cellulose component. It 

also breaks open the polymeric structures of lignin and hemicellulose, and enhances the 

accessibility of enzymes to the solid substrate during enzymatic hydrolysis (McMillan 

1997; Saha et al. 2011). The removal of inhibitors is also a factor in evaluating 

pretreatment performance. The inhibition of these organic acids could be easily offset by 

alkaline pretreatment (Pirzadah et al. 2014). The solvent pretreatment based on alkali has 

potential advantages on improving the efficiency of enzymatic hydrolysis.  

The primary goal of this study was to improve ethanol productivity by alkaline 

pretreatment and simultaneous saccharification and fermentation (SSF). Alkaline 

pretreatment were optimized as an effective means of delignification and removal of 

inhibitors from XR under different temperatures (from 80 °C to 160 °C) and sodium 

hydroxide concentrations (from 0% to 2%). The substrate features were evaluated with 

regard to sugar composition, crystal structure, surface morphology, and chemical 

structure to define the advantages of alkaline pretreatment. The appropriate enzyme 

dosage was chosen to enhance the transformation of XR cellulose into high yields of 

glucose and ethanol using enzymatic hydrolysis and SSF, respectively.  

 
 
EXPERIMENTAL 
 

Materials  
XR was kindly provided by the Shandong Lujian Biotechnology Co. Ltd. 

(Shandong, China). Before pretreatment, the sample was passed through a 0.9-mm screen 

to remove impurities such as large particles and stones. On the basis of dry weight, it was 

composed of 46.1% cellulose, 6.4% hemicellulose, and 32.2% lignin. The concentration 

of lactic acid and acetic acid (organic acids) in raw XR was 0.21 g/g solid and 0.06 g/g 

solid, respectively.  
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Alkaline Pretreatment  
The pretreatment was performed in a sealed, Teflon-lined, stainless-steel 

autoclave containing 3 g of solid and 30 mL of reaction solution at concentrations of 0, 1, 

1.5, and 2% NaOH (w/v). Samples were treated for 1.5 h. Treatments were performed at 

temperatures of 80, 100, 120, 140, and 160 °C in an oil bath. After pretreatment, the solid 

phase and liquid phase were separated by filtration under vacuum with a 400-mesh filter 

cloth. The solid residue was rinsed with water until it reached neutral pH, oven-dried 

(105 °C), and stored for further chemical analysis and bioconversion. The vacuum-

filtered liquid was collected, and lignin in the liquid phase was determined using a 

separation procedure (Sun et al. 2000). The untreated sample was labeled Z0, and the 

treated samples were labeled Z1, Z2, Z3, Z4, Z5, Z6, and Z7 (Table 1). All assays were 

conducted in triplicate.  

 

Table 1. Crystallinity Indexes (CrI) of the Untreated Sample and Cellulosic 
Residues after Pretreatment 

Sample 
NaOH Concentration 

(w/v) 
Reaction 

Temperature(°C) 
CrI 
(%) 

Z0 - - 43.1 
Z1 1 80 44.1 
Z2 1 100 44.4 
Z3 1 120 45.2 
Z4 1 140 47.9 
Z5 1 160 45.6 
Z6 1.5 140 50.9 
Z7 2 140 45.1 

 
Enzyme and Yeast 

The filter paper activity of cellulase was 145 FPU/g (Adney and Baker 1996). The 

cellulase was purchased from Shanghai Youtell Biochemical Co. Ltd. (Shanghai, China). 

Saccharomyces cerevisiae was purchased from the Angel Yeast Co. Ltd. (Hubei, China). 

Dry yeast was activated at 40 °C for 30 min in 2% glucose solution and then at 30 °C for 

2 h. 

 

Enzymatic Hydrolysis 

The enzymatic hydrolysis experiments were performed in 25-mL stoppered 

conical flasks containing 1 g of solid residue after pretreatment, enzyme solution, 

different enzyme loadings (5, 10, 15, and 20 FPU cellulose/g substrate), and 10 mL of 

acetate buffer (pH = 4.8). The flasks were incubated at 48 °C and stirred in a rotary 

shaker at 150 rpm. Supernatant samples of 0.1 mL were taken from the reaction mixture 

at 4, 8, 12, 24, 30, 36, 48, and 72 h. The released monosaccharides of centrifugal samples 

were analyzed using a high-performance anion exchange chromatography (HPAEC) 

system (Dionex ICS-3000, ThermoScientific, Waltham, USA) equipped with a pulse 

amperometric detector (PAD) and a PA-20 (4 × 250 mm). The eluent 4 mM H2SO4 was 

employed at a flow rate of 0.4 mL/min at 50 °C. All enzymatic hydrolysis experiments 

were performed in triplicate. The rate of enzymatic digestion was calculated using the 

following formula, 

YEnzymatic digestibility (%) = 
1.1)equivalent glucose (g Cellulose

100(g) Glucose




         (1) 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zhou et al. (2016).  “Enhanced bioethanol production,” BioResources 11(3), 7551-7565.  7554 

where cellulose represents the amounts of cellulose in the substrate after pretreatment and 

glucose represents the glucose in the enzymatic hydrolysates after different times of 

enzymatic hydrolysis. 

 

Simultaneous Saccharification and Fermentation (SSF) 
The SSF experiments were performed under non-sterile conditions. Initially, 1 g 

of cellulosic residue, 10 g/L yeast extract, and 20 g/L peptone containing 16 mL of 

sodium acetate buffer (pH 4.8) were added to a 50-mL Erlenmeyer flask sealed with a 

rubber stopper and fitted with a one-way air valve to maintain an anaerobic environment. 

The flask was sterilized at 120 °C for 20 min. After cooling, cellulase (Youtell, 15 FPU/g 

substrate) and S. cerevisiae (3.75 g/L) were activated and added to the reaction system. 

The system was incubated in a shaker at 40 °C and 120 rpm for 48 h. All measurements 

were performed in triplicate. The concentrations of ethanol, glucose, and xylose were 

analyzed using the HPLC system. The ethanol production yield was calculated using the 

following formula, 

YEthanol (%) = 
0.568(g) Cellulose

100 (g) Ethanol




                                                     (2) 

where ethanol (g) is the ethanol acquired after fermentation. 

 

Analytical Methods  
The surface morphology of untreated and pretreated XR was observed through an 

S-3400N scanning electron microscope (SEM) (Hitachi, Japan) operated at 10 kv 

acceleration voltage. Prior to the analyses, all samples were coated with gold (E-1010, 

Hitachi, Japan) to prevent static charge build-up. The composition of pretreated samples 

was estimated using analytical methods for biomass (Sluiter et al. 2008). The chemical 

structures of untreated and pretreated samples were characterized using a 

ThermoScientific Nicolet iN10-MX FT-IR chemical imaging microscope (Madison, 

USA). All solid samples were dried and mixed with potassium bromide (KBr) before 

being pressed into discs. The samples were scanned in the range of 4000-500 cm-1 with a 

resolution of 4 cm-1. XRD measurements were performed with Ni-filtered CuKq radiation 

(λ = 1.54 Å) using an XRD 6000 instrument (D8 ADVANCE, Bruker AXS, Karlsruhe, 

Germany). The operating voltage and current were 40.0 kV and 40.0 mA, respectively. 

The crystallinity indexes (CrI) of the samples were calculated according to Segal et al. 

(1959), 

CrI (%) = 100
I

I  - I

002

Amorphous002
                                                               (3) 

where I002 and IAmorphous represent the maximum and minimum intensity of diffraction at 

2θ of 22.4 to 22.5° and 18.0 to 19.0°, respectively. 
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RESULTS AND DISCUSSION 
 

Composition Analysis 

The composition of samples that were pretreated with NaOH were comparable to 

those of raw materials. The results in Fig. 1 clearly show the influence of an increase in 

temperature on the contents of lignin and hemicelluloses in the samples at a given NaOH 

loading. The contents of lignin and hemicelluloses in the pretreated samples decreased 

with increasing temperature. At a loading of 1% NaOH (w/v), the content of lignin 

decreased from 25.1% at 80 °C (Z1) to 11.5% at 160 °C (Z5), and the content of the 

hemicelluloses decreased from 3.6% at 80 °C (Z1) to 1.1% at 160 °C (Z5). While 

increasing pretreatment temperature clearly promoted the removal of lignin and 

hemicelluloses, increases in NaOH loading also had a major effect. At 140 °C and 1% 

NaOH (w/v) (Z4), the pretreated solid exhibited a composition of 13.5% lignin and 1.3% 

hemicelluloses by weight. Increasing the loading of NaOH to 2% (Z7) decreased the 

lignin and hemicellulose content to 8.5% and 0.7%, respectively. After pretreatment with 

1.5% NaOH (w/v) at 140 °C, the lignin and hemicellulose content dropped to 8.9% and 

0.75%, respectively, indicating that 72.2% of lignin was removed. The lignin removal in 

sample Z6 was highly comparable to other pretreatment methods at optimal conditions. 

The removal of 22.4% and 69.2% lignin were obtained with dilute acid and ionic liquid 

pretreatments of switchgrass (Li et al. 2010). The remaining lignin and hemicellulose 

contents of samples Z5 and Z7, which were treated at a more severe condition of 160 °C 

or 2% NaOH, was only slightly decreased compared with Z6. Lignin is the main 

recalcitrant component affecting bioconversion from XR to ethanol. Hence, alkaline 

pretreatment is a crucial step towards overcoming this recalcitrance by dissolving lignin 

and hemicellulose.  

 
 

Fig. 1. The relative composition of XR after alkaline pretreatment compared with the untreated 
sample (Z0) 

 

Alkaline pretreatment breaks the ester bonds cross-linking lignin and xylan, 

swells the fibers, and disrupts lignin structure (Sun et al. 2000). The effective removal of 

lignin makes the polysaccharides more amenable to digestion using cellulolytic enzymes 

(Eggeman and Elander 2005; Himmel et al. 2007; Wyman et al. 2009; Ding et al. 2012; 
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Karp et al. 2014). The content of cellulose also decreased, accompanied by the gradual 

removal of hemicelluloses and lignin. The cellulose content decreased from 46.1% (Z0) to 

42.4% (Z7), corresponding 7.7% mass loss, and the cellulose loss of sample Z6 (7.1%) 

was lower compared with Z7. Thus, considering lignin removal, content of cellulose, and 

energy and chemical savings, pretreatment with 1.5% NaOH (w/v) at 140 °C (Z6), which 

reduced lignin content to 8.9% and increased cellulose content to 42.9%, was an 

appropriate method for alkaline delignification. 

 
Physical Changes after Alkaline Delignification 

The residual solids remaining after alkaline pretreatment were characterized for 

crystallinity index (CrI; Table 1) and imaged using SEM to reveal physical changes in the 

carbohydrate portions of the biomass. The changes in crystallinity were relatively low as 

pretreatment severity was increased. The CrI increased after pretreatment; this increase 

was most apparent in the pretreatment at 140 °C and 1.5% NaOH (w/v) (Z6). The main 

reasons for this were the microstructure change and simultaneous removal of multiple 

fractions of XR. The treatment of cellulose samples with NaOH caused the 

polymorphous lattice to change from cellulose Ι to II via Na-cellulose, which is a 

mercerization reaction (Gupta et al. 2013), and the conversion from cellulose I to II 

decreased the CrI (Kong and Eichhorn 2005). However, alkaline pretreatment breaks 

cellulose hydrogen bonds, and the cellulose removed was mostly amorphous or para-

crystalline cellulose (Wang et al. 2013), as amorphous cellulose has a greater accessible 

surface and is more susceptible to attack. Amorphous cellulose is destroyed first during 

alkaline pretreatment (Yoon et al. 2011). And the destruction of amorphous cellulose is 

critical for the change of CrI. The results shown in Table 1 confirms this change.  

In terms of surface characteristics, alkali delignification loosened the structure of 

the samples (Fig. 2). SEM images of the untreated and pretreated samples show dramatic 

changes in the microstructure. The surface of the raw sample (Fig. 2a) was very flat and 

smooth. After pretreatment, the surface became porous and coarse. The sample Z6 (Fig. 

2h) exhibited the roughest surface structure and had the largest quantity of holes. These 

holes reflected the removal of lignin and hemicellulose dissolution. They made the 

sample more accessible to enzymes and, thus, enhanced the saccharification process.  

 

    
 

    
 
Fig. 2. Scanning electron micrographs of sample surfaces before (a) and after (b, c, d, e, f, g, and 
h) alkaline pretreatment. The samples were (b) Z1, (c) Z2, (d) Z3, (e) Z4, (f) Z5, (g) Z6, and (h) Z7. 
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FTIR Analysis 
The chemical structures of both untreated and pretreated XR were investigated 

using FTIR (Fig. 3). The cellulose structure did not change significantly during the 

alkaline pretreatment. However, there were changes in certain functional groups and 

linkages of cellulose after alkaline pretreatment. The band at 897 cm-1 characterized the 

C-O-C stretching at the β-1,4-glycosidic linkage, which is strong and sharp if cellulose II 

or amorphous cellulose is present (Xu et al. 2010). The band at 1425 cm-1 represented 

CH2 scissoring motion, which is more apparent in crystalline cellulose (Kuo and Lee 

2009). The absorbance at 897 cm-1 was more intense in untreated than in pretreated 

samples, and the lowest absorbance among the samples appeared at Z6. Conversely, the 

intensity of the absorption band at 1425 cm-1 in pretreated samples was stronger than in 

untreated samples. Hence, the untreated XR sample contained more amorphous cellulose 

than that in pretreated XR samples. Alkaline pretreatment also removed lignin from XR 

(Fig. 3). The peaks at 1514 cm-1 characterized the aromatic skeletal modes of lignin, 

whereas the peak at 1330 cm-1 was associated with the aromatic hydroxyl groups 

generated by the cleavage of ether bonds within lignin (Hsu et al. 2010). The intensity of 

these bands weakened after pretreatment, which indicated that the biomass was 

delignified effectively during pretreatment. Additionally, the absorption peak located at 

1733 cm-1 was weak; it was associated with the alkyl ester of the acetyl groups in 

hemicellulose. The intensity of the band at 1053 cm-1 due to C-O stretching in cellulose 

and hemicellulose (Lei et al. 2013) was also reduced in alkali-pretreated bagasse. This 

result supports previous findings that hemicellulose is destroyed during the pretreatment.  

 
Fig. 3. FTIR spectra of untreated and pretreated XR 

 

Effects of Pretreatment Conditions on Enzymatic Hydrolysis 
Both the content and complex structure of residual lignin associated with 

cellulose after pretreatment have significant influence on the subsequent enzymatic 

hydrolysis (Mohamed et al. 2015). As shown in Fig. 4a, enzymatic saccharification of 

untreated XR (at 72 h) led to a glucose yield of 25.6%. After alkaline pretreatment, faster 

saccharification rates and higher sugar yields were achieved. For enzymatic 

saccharification at a pretreatment temperature of 160 °C, the highest enzymatic 
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digestibility achieved with the pretreated solid approached 92.5% with the addition of 15 

FPU cellulase/g substrate. At cellulase loadings of 5 and 20 FPU cellulase/g substrate, 

less glucose was obtained in the pretreated samples than that at a cellulase loading of 15 

FPU cellulase/g substrate. At a given cellulase loading of 15 FPU cellulase/g substrate, 

the highest enzymatic saccharification was observed at 140 °C and 1.5% NaOH (w/v). 

Alkaline pretreatment substantially enhanced saccharification performance, as illustrated 

by the highest enzymatic digestion of 98.8% with 1.5% NaOH (w/v) and 15 FPU/g 

substrate at 140 °C. However, the enzymatic digestion of other samples was reduced with 

more severe pretreatment and more enzyme dosages. This phenomenon showed that the 

lignin have a negative effect on enzymatic hydrolysis. It is reasonable to assume that the 

removal of lignin enhanced the efficiency of cellulose hydrolysis (Selig et al. 2007). This 

mechanism reflects the fact that lignin is a major limitation in the digestion of 

lignocellulosic materials due to its restriction of the fiber swelling, irreversible 

inactivation of cellulase, and reduction of cellulose accessibility (Yoon et al. 2011). The 

relatively low lignin content reduced non-productive binding between lignin and 

cellulose (Xu et al. 2015), and the structures of samples were “loosened” by this action, 

which greatly increased the available surface area for enzymatic attack (Fig. 2). Another 

phenomenon worth noting was that the conversion showed a small trend of increase after 

48 h incubation. This result seemed to be due to the decreased cellulose content, which 

led to the unsaturated status of active cellulase. 

In this study, enzymatic digestibility reached 98.8% under the appropriate 

conditions. However, organic solvent-treated poplar that was fermented in the same 

solid-liquid ratio only had 80% enzymatic digestibility (Wang et al. 2012). Hydrothermal 

treated corncobs had 97.8% enzymatic digestibility (Sun et al. 2014). An enzymatic 

digestibility of 88.2% can be obtained by optimizing alkaline hydrogen peroxide 

pretreatment conditions from poplar as previously described (Zhang et al. 2014). Hence, 

enhanced enzymatic hydrolysis following alkaline pretreatment and the appropriate 

cellulase loading is an effective method for the conversion of XR cellulose into glucose.  
 
Simultaneous Saccharification and Fermentation (SSF) 

SSF was conducted to evaluate the ethanol production from alkaline-pretreated 

XR samples. In Fig. 5, the untreated sample Z0 showed a low ethanol yield of 4.8 g/L 

(equivalent to 16.9%), while the highest ethanol production was 15.9 g/L (equivalent to 

55.9%) with 1% NaOH (w/v) at various temperatures. Sample Z6 with 1.5% NaOH (w/v) 

at 140 °C had the highest ethanol production of 16.3 g/L (equivalent to 57.4%). These 

results showed that under the highest glucose conversion condition, the ethanol content 

was also highest. Furthermore, as shown in Figs. 3 and 4, the conversion rate of glucose 

and xylose contents increased rapidly during the first 32 h, but later, the glucose and 

xylose conversion was flat. Hence, the conversion during the first 32 h was more 

effective than in the following hours. 

In a previous study, acid-pretreated rice straw had a lower ethanol production of 

10 g/L (Belal 2013). An ethanol concentration of 3.8 g/L was obtained from microalgae 

by optimizing AP pretreatment conditions and the SSF approach (Harun et al. 2010). 

Under acid treatment, the ethanol concentration could reach 7.2 g/L (Harun and Danquah 

2011). Rocha et al. (2013) suggested the agro-industrial biomass can obtain only an 11.7 

g/L ethanol concentration using crude enzyme complex Aspergillus niger at 35 °C. 

However, Li et al. (2014) pointed out that under alkaline pretreatment with 12% NaOH 

(w/v), the final ethanol concentration reached as high as 40.59 g/L corresponding to 
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74.2% of the theoretical maximum from the xylan-removed sugarcane bagasse (XRSB). 

In conclusion, XR treated by alkaline pretreatment and SSF is a promising potential 

source of high ethanol content. 

 

 

 

 
Fig. 4. The effect of temperature (a), NaOH concentration (b), and enzyme dosage, (c) on 
enzymatic hydrolysis; Values represent conversions of glucan present in the residual pretreated 
solids 
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Fig. 5. The effect of temperature (a) and NaOH concentration (b) on ethanol generated by SSF 

 
Overall Mass Balance 

Figure 6 shows the complete process from pretreatment to SSF. The overall mass 

balance started at 100 g of XR with Z6 (pretreated with 1.5% NaOH (w/v) at 145 °C for 

1.5 h). After pretreatment, the liquid and solid phases were separated by filtration. The 

pretreatment yield was 87.3 g of pretreated solid. Considering the enzymatic hydrolysis, 

71.9 g of glucose was obtained from 100 g of XR. A total of 4.5 g of lignin was 

precipitated from the liquid phase with 6 N HCl. The bioprocess using SSF resulted in 

28.4 g of ethanol.  
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Fig. 6. Mass balance for pretreatment and SSF using XR as feedstock 

 
 
CONCLUSIONS 
 

1. Industrial xylose residue (XR) was found to be an appropriate material for bioethanol 

production. 

2 Using the optimal conditions of 1.5% NaOH (w/v) at 145 °C for 1.5 h, up to 72.2% of 

the lignin in XR was efficiently degraded. 

3. The sugar yields after enzymatic hydrolysis were further enhanced by lignin removal 

and physical changes. The enzymatic digestion ranged from 25.6% (Z0) to 98.8% (Z6). 

4. The maximum ethanol concentration (16.3 g/L) was obtained by simultaneous 

saccharification and fermentation with an enzyme dose of 15 FPU/g substrate. 
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