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Abstract 
 

Wood is the most abundant biomass on Earth. Besides cellulose, the main component, 

wood also contains a substantial amount of hemicelluloses. For paper making 

purpose, cellulose is the main raw material and only a minor amount of 

hemicelluloses is used, thus, a great part of hemicelluloses is considered as by-product 

in paper making process. These hemicelluloses can be hydrolyzed into monomer 

sugars and then served as feed stock for bacterial fermentation for the accompanying 

production of value-added bio-fuels and other chemicals. 

 

Hemicellulose (xylan) can be hydrolyzed chemically or enzymatically. In chemical 

hydrolysis predominant applied chemicals are H2SO4 and NaOH and enzymatic 

hydrolysis is carried out by enzymes.  

 

Enzymatic hydrolysis occurs at mild operating conditions of temperature, pH and 

pressure, also it is environment friendly. Due to the complex chemical nature of 

xylan, its complete breakdown requires the action of a complex of several hydrolytic 

enzymes with diverse modes of action and specificity. This complex usually consists 

of the enzymes, endo-1, 4-β-xylanase, β-D-xylosidase, acetyl xylan esterase,  

α-glucuronidase and arabinase. 

 

In this project two commercial enzyme mixtures, Celluclast 1.5 L and Pulpzyme HC, 

were used. Celluclast has mainly β-xylosidase activity while Pulpzyme has β-1, 4 

xylanase activity. 

 

The experiments were carried out at the conditions of, temperature 40-60 °C, pH 5-7 

and Celluclast to Pulpzyme ratio 0-100 %. Seventeen experiments were run. The 

results show that pH is the most important factor, low pH (at pH 5) result in a higher 

yield of xylose. Temperature and Celluclast to Pulpzyme ratio are also important 

factors. Celluclast to Pulpzyme ratio in the range 50–70% results high xylose yield, 

this can be explained by the fact that the preparation of Celluclast 1.5 L exhibits β-

xylosidase activity which is responsible for debranching xylobiose and short chain 

xylo-oligisaccharides. 
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1- Introduction 
 

1.1 Objective 
 

Besides cellulose, the main component, wood also contains a substantial amount of 

hemicelluloses. For paper making purpose, cellulose is the main raw material and 

only a minor amount of hemicelluloses is used, to add strengthening properties to the 

paper. Thus, a great part of hemicelluloses in wood is considered as a by-product in 

paper making process. An alternative fate for the hemicelluloses from wood is to 

serve as feed stock for bacterial fermentation and the accompanying production of 

value added bio-fuels and other chemicals.  

 

The most abundant birch wood hemicellulose is glucuronoxylan, where xylan is the 

most common backbone structure. To completely hydrolyze this structure into 

monosaccharides a combined action of several enzymes is required. These include 

enzymes which cleave internal bonds (endo-enzymes), enzymes which hydrolyse 

oligosaccharides and disaccharides from end of the chain (exo-enzymes) and enzymes 

which hydrolyse glucuronoyl and the acetyl residues i.e. endo-1, 4-β-xylanase, β-

xylosidase, α-glucuronidase, and acetyl xylan esterase.  

 

The objective of this master thesis was to investigate the efficiency of two 

commercial enzyme mixtures in converting hemicelluloses extracted from birch wood 

into monomeric sugars that can be used for fermentation.  

 

The enzyme mixtures used were Pulpzyme HC and Celluclast 1.5 L (Novozymes®), 

possessing xylanase activity. According to the supplier, Pulpzyme HC has optimal 

activity in the pH range 6-8 at 50-60 °C and Celluclast is likely to have high activity 

in the pH range 5-6 (or even lower) at 40-50 °C. For the project we used the 

temperatures 40, 50 and 60 °C, pH 5, 6 and 7 and enzyme mixtures ratio ranging from 

0 to 100 % with respect of Celluclast. 

 

1.2 Background 
 

Hemicelluloses are polymers of different monomeric sugars (monosaccharide), for 

example xylose, mannose, glactose, rhamnose and arabinose. In order to use 

hemicelluloses as feed stock, the polymeric structure have to be converted into 

monosaccharides, which bacteria can use as a carbon and energy source. One fast and 

efficient way of achieving this is to treat hemicelluloses with strong acid or alkali i.e. 

chemical hydrolysis. However during this process sugars can degrade into compounds 

that are toxic to micro-organisms. An alternative depolymerisation process is to use 

certain enzymes that can degrade or help to degrade hemicelluloses. 

 

1.2.1 Biomass 
 

Biomass is plant material like trees, agriculture crops, grasses and other biological 

material [1]. Biomass is a huge storage of energy [2]. Biomass mainly consists of 
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carbohydrates, which are polymers of sugars. Depending on the composition, biomass 

can be divided into two major groups: 

 

� Lignocellulosic biomass 

� Starch based biomass 

 

Lignocellulosic Biomass 
 

Lignocellulosic biomass includes wood, forestry waste, grass, agriculture residues and 

municipal solid waste [3]. In this work only wood is considered. It is mainly 

composed of the followings [4]: 

� Cellulose 

� Hemicelluloses 

� Lignin 

� Extractives and Ashes 

 

In this work birch wood from northern Sweden was used. Its composition is presented 

in Figure 1. 

   

 
 

Figure 1. Composition of birch wood, ASL-Acid soluble lignin, AIL-Acid insoluble 

lignin [5].  

 

Cellulose  
 

Cellulose is a linear unbranched polymer of hexose sugars. Its degree of 

polymerization is estimated to be from 2000 to 27000 glucan units. The amount of 

cellulose is usually between 32-54% of lignocellulosic dry weight [4]. Its specific 

structure favors the ordering of the polymer chains into highly crystalline structure 

that is water insoluble and resistant to depolymerisation [6]. 

 

Hemicelluloses  
 

Hemicelluloses are a group of polysaccharides. Their amount is usually between 11-

37%. Due to their branched structure they are easily hydrolyzed to their monomer 

components consisting of xylose, manose, glucose, glactose, arabinose and small 

amounts of glucoronic acid and methyl glucoronic acid [4]. Hemicelluloses make 

hydrogen bonds to cellulose micro‒fibrils, forming a network that provides the 

structural backbone to the material [6]. Softwoods and hardwood differ in 
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composition and structure of the hemicelluloses. Softwood hemicelluloses have a 

higher proportion of manose and glucose units than hardwood hemicelluloses, which 

usually contain higher amount of xylose units [3]. 

 

Xylan 
 

Xylan is a complex polysaccharide comprising a backbone of xylose residues linked 

by β-1, 4-glycosidic bonds. It is the second most abundant hemicellulosic 

polysaccharide in nature. It is commonly found in cell walls of plants, representing up 

to 30-35% of the total dry weight. Hardwood xylanes are highly acetylated (e.g. birch 

wood xylan contains more than 1 mol of acetic acid per 2 mol of xylose). Acetylation 

is more frequent at the C-3 than at the C-2 position. The presence of these acetyl 

groups is responsible for the partial solubility of xylan in water. These acetyl groups 

are readily removed when xylan is subjected to alkali extraction. Most xylans occur as 

heteropolysaccharides, containing different substituent groups in the backbone chain 

and in the side chain. The common substituents found on the backbone of xylan are 

acetyl, arabinosyl and glucuronysyl residues [7]. Its structure is shown in Figure 2. 

 

 
 

Figure 2. Xylan structure. 

 

Xylose 
 

Xylose is a monosaccharide containing five carbon atoms including an aldehyde 

functional group. Its chemical formula is C5H10O5. Its structure is shown in Figure 3. 

  

 
Figure 3. Xylose structure. 

 

Lignin  
 

Lignin is a very complex molecule and constructed of phenyl propane units linked in 

a three dimension structure. It is extremely resistant to enzymatic and chemical 

degradation. There is acid soluble lignin (ASL) also acid insoluble lignin (AIL).  

Many aspects of its chemistry are unclear. It is reported that chemical bonds exist 

between lignin and hemicelluloses and even cellulose [4]. In some cell walls, lignin 

gives them more strength and provides resistance against diseases and pests. 
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Extractives and Ash  
 

This group represents a minor fraction (1-5%). They are wood compounds soluble in 

water and neutral organic solvents. They contain both hydrophilic and lypophilic 

constituents [4]. 
 

Starch Based Biomass 
 

Starch based biomass is energy storage biomass, in the form of starch. It generally, 

consists of crops like wheat, maize etc. Starch is a polymer of hexose sugars. 
 

1.2.2 Uses of Biomass 
 

The main use of biomass is as solid fuel, but it can also be converted into liquid or 

gaseous forms, for the production of fuels, chemicals, heat or electric power [1]. But 

here we will focus on its use for fermentative conversion into fuels and chemicals. 

Biomass is converted into monomeric sugars by chemical (acidic or alkaline) or 

enzymatic hydrolysis, followed by fermentation of these monomeric sugars producing 

different fuels (like ethanol, butanol) and chemicals [8]. 
 

1.2.3 Hydrolysis of Lignocellulosic Biomass 
 

During hydrolysis the polymers of cellulose and hemi-cellulose are degraded into 

their monomeric subunits. Complete hydrolysis of cellulose gives glucose, whereas 

hemi-cellulose hydrolysis results in several hexoses and pentoses. Main sugar in 

hemi-cellulose derived from hardwood and crop residues is usually xylose, whereas in 

softwood it is mannose [4]. 

 

Before hydrolysis the biomass is pre-treated to disorganize the micro- and macro 

fibrils, in order to release the polymer chains of hemi-cellulose and cellulose and 

modify the pores in them to allow the chemicals and/or enzymes to penetrate into the 

fibres for chemical or enzymatic hydrolysis [9]. There should be no degradation, loss 

of carbohydrates and formation of inhibitory by-product during pre-treatment. There 

are several physical, chemical and biological methods for pre-treatment. 

 

Steaming with or without explosion is a popular pre-treatment method. It removes the 

major part of hemicelluloses from the material and makes it more susceptible to 

chemical or enzymatic digestion. The material is treated with high-pressure steam. 

Steam explosion is initiated at a temperature of 160-260
o
C, from several seconds to 

few minutes before the material is exposed to atmospheric pressure [9, 10]. Hemi-

cellulose sugars solubilise extensively during steam explosion. Steam explosion is a 

basic pre-treatment method of lignocellulosic materials because the process is tested 

at various institutions and satisfies all the requirements of a pre-treatment process. It 

has relatively moderate energy cost and the process is demonstrated on commercial 

scale at Masonite plants [11]. 

After pre-treatment, cellulose and hemicelluloses are hydrolysed into monomeric 

sugars by two methods: 
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� Chemical hydrolysis 

� Enzymatic hydrolysis 

 

Chemical hydrolysis 
 

In chemical hydrolysis the material is exposed to a chemical at a specific temperature 

for a period of time which results in sugar monomers. Predominantly applied 

chemicals are acids although alkali (NaOH) is also used. The most investigated acid is 

sulphuric acid, although other acids like HCl [12] have also been used. Acid 

hydrolysis is divided into two categories depending on the concentration of the acid 

applied. 

 

• Concentrated-acid hydrolysis 

• Dilute-acid hydrolysis 

 

Concentrated-acid hydrolysis 
 

Concentrated hydrolysis is a relatively old process. This process gives higher sugar 

yield (e.g. 90 % of theoretical glucose yield) compared to dilute process, and can be 

operated at lower temperature. On the other hand, as concentration of the acid is very 

high, usually 30-70% by volume, so its dilution and heating, during hydrolysis, makes 

it very corrosive. Therefore the process requires special expensive construction 

material like alloys or non-metallic such as ceramic or carbon -brick lining. Acid 

recovery is also a high energy-demanding process. In addition, sulphuric acid 

neutralization process produces large amounts of gypsum. Furthermore, the 

environmental impact strongly limits the acid applications. High maintenance and 

investment costs have greatly reduced the commercial use of this process [13, 14, 15].  
 

Dilute acid hydrolysis 
 

This is the most common applied method among the chemical hydrolysis methods. 

This method can be used either as a pre-treatment preceding enzymatic hydrolysis, or 

as the main method of hydrolysing. It is mostly performed in batch mode with 

retention time for few minutes. A major part of hemicelluloses is hydrolysed at 

temperatures less than 200
o
C, while maximum glucose yield requires a temperature 

higher than 220
o
C. The concentration of acid is usually 0.5-2% by volume [15, 16].  

 

A main drawback of this process, particularly in one stage, is degradation of sugars 

and formation of undesirable by-products. This not only lowers the yield of sugars but 

the by-products may inhibit the formation of main products during subsequent 

fermentation. In order to avoid this degradation and formation of inhibitors, the 

hydrolysis process can be carried out in two (or more) steps at different conditions.  

 

Enzymatic hydrolysis 
 

Enzymes are usually proteins of high molecular weight (15000<MW<several millions 

Daltons) that act as catalysts. Enzymes are specific, versatile and very effective 

biological catalysts, resulting in much higher reaction rates as compared to chemically 

catalyzed reactions under ambient conditions. More than 2000 different enzymes are 
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known. Some enzymes require a non-protein group for their activity, this group is 

either a cofactor such as metal ions Mg, Zn, Mn, Fe or a coenzyme such as a complex 

organic molecule, or some vitamins. Enzymes that occur in several different 

molecular forms, but catalyze the same reaction, are called isozymes. 

 

Cellulose and hemicelluloses can be hydrolyzed by specific enzymes. Substrate 

quality, substrate concentration, enzyme activity, applied pre-treatment method and 

hydrolysis conditions such as pH and temperature are the major factors in enzymatic 

hydrolysis. The optimum temperature and pH conditions of different enzymes are 40-

50
o
C and pH 4–5 [17]. Use of surfactants can also affect the hydrolysis by modifying 

the cellulose surface properties such as adsorption of surfactants to lignin, which 

reduces unproductive binding of enzymes to lignin [18, 19]. 

 

Due to complex chemical nature and heterogeneity of -xylan, its complete breakdown 

requires the action of a complex of several hydrolytic enzymes with diverse modes of 

action and specificity. The xylanolytic enzyme system carrying out the xylan 

hydrolysis is usually composed of a repertoire of hydrolytic enzymes i.e. endo-1, 4-β-

xylanase, β-D-xylosidase, acetyl xylan esterase, α-glucuronidase and arabinase. All 

these enzymes act cooperatively to convert xylan into its monomeric units [7, 20-22]. 

A description of these enzymes is given below and their mechanism of action is 

explained in Figure 4. 

 

Endo-1, 4-β-xylanase 
 

Endo-1, 4-β-xylanase (1,4-β-D-xylan xylanohydrolase; EC3.2.1.8) cleaves the 

glycosidic bond in the xylan structure, reducing the degree of polymerization of the 

substrate. The enzyme doe not attack xylan randomly, but the sites where hydrolysis 

occurs depend on the nature of the substrate i.e. degree of branching, chain length, 

presence of substituents [23]. The main hydrolysis products are β-D-xylopyranosyl 

oligomers but later on small molecules such as mono-, di- and trisaccharides of β-D-

xylopyranosyl may be produced. The hydrolysis reaction may be written as follows: 

 

H(C5H8O4)n + H2O  →   H(C5H8O4) n-p OH + H(C5H8O4) p OH 

 

In general, the endoxylanase show peak activity between 40-80
o
C and pH 4-6.5 but 

optimum conditions are found outside these ranges [24]. 

 

β-D-Xylosidase 
 

β-D- xylosidases (1, 4-β-Dxylan xylohydrolase; EC 3.2.1.37) may be classified 

according to their relative affinities for xylobiose and larger xylo-oligosaccharides. 

Xylobiases and exo-1,4-β-xylanases are distinct entities [20] but are treated as 

xylosidases that hydrolyse small xylo-oligosaccharides and xylobiose releasing β-D-

xylopyranosyl residues. The best substrate for β-xylosidases is xylobiose and their 

affinity for xylo-oligosaccharides is inversely proportional to its degree of 

polymerization. The main role of β-xylosidase comes into play after the xylan has 

suffered several successive hydrolyzes by xylanase. Due to this reaction there is 

accumulation of short oligomers of β-D-xylopyranosyl, which inhibits the 

endoxylanase, β-xylosidase hydrolyzes these products, removing the cause of 
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inhibition and increasing xylan hydrolysis. The optimum conditions for its activity are 

40-80
o
C and pH 4-5 [24]. 

 

Acetyl xylan esterase 
 

Acetyl xylan esterase (EC 3.1.1.6) removes the O-acetyl groups from positions 2 and 

3 on the β-D-xylopyranosyl residues of acetyl xylan. This enzyme plays an important 

role in hydrolysis, since the acetyl groups can interface with the enzymes that cleave 

the backbone by steric hinderance, thus their removal facilitates the action of 

endoxylanases [24]. 

 

Arabinase 
 

Arabinase removes L-arbinose residues, substituted at the positions 2 and 3 of the β-

D-xylopyranosyl. There are two types of arabinases: exo-α-L-arabinofuranosidase 

(EC 3.2.1.55) and endo-1,5-α-Larabinase (EC 3.2.1.99).[24] 

 

α- Glucuronidase 
 

α- Glucuronidase (EC 3.2.1) hydrolyzes the α-1, 2 bonds between the glucoronic acid 

residues and β-D-xylopyranosyl backbone units found in glucuronoxylan. Acetyl 

groups close to the glucuronosyl substituents can partially hinder the α-glucuronidase 

activity [24]. 

 

In Table 1 a summary of these enzymes and their modes of action is given. 

 

Table 1. Different enzymes and their mode of action [25]. 

 

Enzyme Mode of action 

Endo-xylanase 

 

 

Exo-xylanase 

 

 

β-xylosidase 

 

 

α-arabinofuranosidase 

 

 

α-glucuronidase 

 

acetyl xylan esterase 

Hydrolyzes mainly interior β-1,4-xylose linkages of 

the xylan backbone 

 

Hydrolyzes β-1,4-xylose linkages releasing 

xylobiose 

 

Release xylose from xylobiose and short chain 

xylo-oligisaccharides 

 

Hydrolyzes terminal non reducing α-

arabinofuranose from arabinoxylans 

 

Release glucuronic acid from glucuronoxylans 

 

Hydrolyzes acetyl ester bonds in acetyl xylans 
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Figure 4. Xylan structure showing different substituent groups with sites of attack   

by xylanases [7].          

                 

Synergism among these enzymes enhances the susceptibility of xylan to be attacked 

by endoxylanases [26]. Thus, addition of acetxylan esterase to xylan results in the 

formation of acetic acid and a less acetylated xylan, having more accessibility for 

endoxylanase hydrolysis. On the other hand, small acetylated xylo-oligosaccharides, 

produced by endoxylanase are the preferred substrates of the esterases. Also as 

already mentioned, β-xylosidases remove xylo-oligosaccharides, the product 

inhibition of xylanase, allowing a more efficient hydrolysis of xylan. Similarly, by 

adding α-arabinofuranosidase to endoxylanase, the saccharification of arabinoxylan 

can be enhanced [7]. 

 

1.2.4 Comparison of Chemical and Enzymatic 
Hydrolysis 
 

Enzymatic hydrolysis of biomass has many advantages over chemical hydrolysis. 

Some are discussed below: 

 

1- Enzymatic hydrolysis is carried out at low temperature while chemical hydrolysis 

requires high temperature which causes high use of steam and power, resulting in high 

production cost. 

 

2- Enzymatic hydrolysis is carried out at mild pH conditions while chemical requires 

low pH (in case of acidic hydrolysis) or high pH (in case of alkaline hydrolysis). 
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3- In enzymatic hydrolysis high yields are obtained even close to 100%, which is not 

possible in chemical hydrolysis. 

4- There is very low formation of inhibitory compounds in enzymatic hydrolysis, 

whereas this problem can be severe for chemical hydrolysis. 

 

5- Enzymatic hydrolysis is environment friendly, no toxic vapour are released during 

it as in case of chemical hydrolysis, especially in the case of acidic hydrolysis where 

fumes of sulphuric acid or HCl makes the environment badly polluted. 

 

6- Enzymatic hydrolysis does not cause equipment corrosion which happens severely 

in chemical hydrolysis. 

 

Despite a number of advantages, major drawback with enzymatic hydrolysis is that, 

the presence of solid residuals (mainly lignin) and dissolution of the enzymes in the 

hydrolyzates makes the enzymes difficult to separate and recycle to reduce the cost, 

however research is in progress [17, 20]. 

 

1.2.5 Fermentation of Biomass 
 

Basically there are three ways to go to fermentation products from biomass: 

 

� Starch based biomass fermentation 

� Basic lignocellulosic biomass fermentation 

� Integrated lignocellulosic biomass fermentation [8] 

I 

Starch based biomass fermentation  
 

In starch based biomass (corn) fermentation there are two major processes: the wet 

mill and the dry-grind. In general, the wet mill process produces high value products 

such as fibre, germ and gluten by pre-processing prior to fermentation, thus it is more 

expensive and energy intensive. The conventional dry mill consists of grinding, 

cooking, liquefaction, saccharification of starch to sugars and fermentation of sugars 

followed by product separation processes [8].  
 

Basic lignocellulosic biomass to fermentation 
 

Although significant progress [5, 27‒29] has been made in the conversion of 

lignocellulosic biomass to fermentation products, it is not yet commercialised due to 

existing economic, technical and commercial barriers. However, the lignocellulosic 

fermentation fuels are more effective and promising than starch based biomass 

fermentation fuels because these result in less CO2 emission than starch as well as 

higher fossil fuel displacement potential. The process for conversion of cellulosic 

biomass to fermentation products mainly consists of the steps: feedstock handling, 

pre-treatment, detoxification/conditioning, saccharification, fermentation, product 

separation, purification, wastewater treatment, product storage, lignin combustion for 

production of electricity and steam and all other utilities [8]. 
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Integrated lignocellulosic biomass to fermentation 
 

A new concept- the forest bio-refinery, based on the existing paper and pulp mill was 

proposed to produce chemicals and fuels together with pulp and paper in order to 

optimise the pulp mills economy and increase profit [8]. Generally the process 

involves careful pre-extraction of hemicellulosic sugars prior to pulping and isolation 

of short and long fibre after pulping, the long fibre is used for paper making and short 

fibre is used for fermentation to produce fuels and chemicals. Lignin dissolved in 

black liquor can be gasified to produce syngas and syngas can be further used to 

produce fuels, chemicals, power and steam. 

 

Thus, the integrated forest bio-refinery makes full use of all the feedstock components 

to produce value added multiple co-products like bio-fuels, chemicals, electricity and 

steam along with the major products like paper and other fiber based material such as 

bio-composites [8]. 
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2-Method 

 

2.1 Xylan Extraction of Birch Wood 
 

Birch wood chips from Smurfit Kappa, Piteå, Sweden with a size between 45 x 7 mm 

in length and width and less than 8 mm in thickness were used. Five hot water 

extractions were performed in rotating autoclave cylinders for 90 minutes 

isothermally at approximately 7 bars pressure. Heating was carried out at a rate of 

approximately 1.6
o
C /min till the temperature 160-165

o
C was achieved. 

Approximately 500 g of chips were added to each autoclave cylinder with water. The 

water to dry wood ratio was 2:1. After sealing, the cylinders were put in a rotating 

heating device and heated to the required temperature. After 90 minutes the cylinders 

were cooled to 60
o
C and the liquid was separated from the wood chips .The liquid 

was collected for subsequent hydrolysis and analysis. The chips were stored in water 

overnight. Next day the chips were separated from water and dried at ambient 

temperature. The final pH and dry solid content in the chips were measured by 

conventional methods. Before hydrolysis, xylose concentration in the extracted 

liquors was measured by High Performance Liquid Chromatography (HPLC) analysis 

as described below.  

 

2.2 Acid Hydrolysis of Extracted Liquor 
 

Four experiments for acid hydrolysis using concentrated sulphuric acid 4% by volume 

were done at the same conditions of 121
o
C for 60 minutes. The liquor after hydrolysis 

was analysed by methods described by National Renewable Energy Laboratory 

(NREL) [30]. 

 

2.3 Enzymatic Hydrolysis of Extracted Liquor 
 

The experimental matrix contained seventeen enzymatic hydrolysis experiments at 

different conditions as described in Table 2. All the hydrolysis reactions were 

performed in a 1 L autoclavable bioreactor system from Applikon Biotechnology, 

Netherland. Supervisory control was done by the programme BioXpert NT version 

2.2 xs, also from Applikon Biotechnology.         

 

The enzyme mixtures used were Celluclast 1.5L, provided as liquid and Pulpzyme 

HC, provided a powder, from Novozymes®, Denmark. The protein concentration of 

each mixture determined by Bradford assay [31] was 45.34 mg/mL for Celluclast and 

156.70 mg/g for Pulpzyme. Celluclast enzyme has cellulase activity but also 

hemicelluloses activity provided by β-xylosidase. Its source is Trichoderma reesei 

which is a filamentous fungus [27] and the enzyme mixture is likely to have high 

activity in the pH range 5-6 at 40-50
o
C. Pulpzyme HC contains β-1, 4 xylanase 

activity. Its source is Bacillus sp. which is a bacteria. It has optimal activity in the pH 

range 6-8 at 50-60
o
C. 

 

In each experiment, 0.3 L liquor from the birch wood extraction was used for 

hydrolysis. The required pH was attained by using 10 M NaOH. Experiments were 
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conducted at different temperatures (ranging from 40-60
o
C), enzyme ratios and pH (5-

7) as shown in Table 2. The enzyme ratio is with respect to Celluclast, 100% 

celluclast means 3.5g of celluclast and 100 % pulpzyme means 1g of pulpzyme. 

 

Table2. Factors studied in enzymatic hydrolysis. 

 

Experiment 

!o.     

Experiment 

!ame 

Run 

order  

Temperature 

(
o
C) pH 

Celluclast : Pulpzyme 

Ratio 

1 N1 7 40 5 0 

2 N2 4 60 5 0 

3 N3 12 40 7 0 

4 N4 10 60 7 0 

5 N5 13 40 5 100 

6 N6 16 60 5 100 

7 N7 3 40 7 100 

8 N8 11 60 7 100 

9 N9 8 40 6 50 

10 N10 9 60 6 50 

11 N11 17 50 5 50 

12 N12 5 50 7 50 

13 N13 1 50 6 0 

14 N14 6 50 6 100 

15 N15 15 50 6 50 

16 N16 14 50 6 50 

17 N17 2 50 6 50 

 

The enzymatic hydrolysis was conducted for 48 hours, and samples were taken at 

initial (T0) then after 2 (T2), 8 (T8), 24 (T24) and 48 (T48) hours for HPLC analysis. In 

order to inactive the enzymes and stop further hydrolysis, the samples were incubated 

for 10-15 minutes at 100
o
C, and then freezed. 

 

2.4 Acid and Sugar Analysis 
 

The concentrations of acetic acid and sugars (glucose, xylose) were quantified by 

HPLC using Perkin Elmer system equipped with Series 200 refractive index detector.  

 

From every sample, 1 mL was transferred to a test tube, diluted with 9 mL distilled 

water and filtered with 25 mm Syringe Filter w/0.2µm Cellulose Acetate Membrane. 

Using 0.005 M H2SO4 at flow rate of 0.6 mL/min as mobile phase, the sample was 

separated on an Aminex HPX-87H carbohydrate column (Bio-Rad) equilibrated at 

65
o
C.For controlling the HPLC system and for integration of the peak areas from the 

chromatograms the software Total Chrome from Perkin Elmer was used. The peak 

areas were compared with standard curves for respective substance in Microsoft Excel 

in order to get the concentration for each substance. 
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2.5 Data Analysis and Optimization 
 

Data obtained was imported to SIMCA 10.5 software for different analyses like PLS 

(Projections to latent structures) model overview, Variable importance (VIP) plot and 

Coefficient plot. The variables, temperature (Temp.), pH and enzyme ratio (Enz.) 

were the controlled variables. 
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3- Results and Discussion 
 

3.1 Extracted Liquor 
 

The amounts of xylose, glucose and acetic acid in the birch wood extracted liquor 

determined by HPLC analysis are shown in Table 3. 

 

Table 3. Xylose, glucose and acetic acid in birch wood extracted liquor. 

 

Component [g/L] 

Xylose 21,5 

Glucose 0,7 

Acetic acid 11,37 

Furfural 0,96 

Hydroxy methyl furfural 0 

 

As liquid to dry wood ratio in the extraction of wood chips was 2:1, and considering 

Figure 1 and results shown in Table 3, the calculations showed that 18.2% of xylose 

was extracted in the liquor from the woodchips. The results also show that the 

cellulose mostly remained intact. 

 

3.2 Acid Hydrolysis 
 

The average amount of xylose, glucose and acetic acid in the extracted liquor after 

acid hydrolysis from four experiments determined by HPLC analysis is shown in 

Table 4. 

 

Table 4. Xylose, glucose and acetic acid in the extracted liquor after acid hydrolysis. 

 

Component [g/L] 

Xylose 59.68 

Glucose 2.09 

Acetic acid 22.48 

Furfural 1.3 

Hydroxy methyl furfural 0 

 

The results show that 50.5% of xylose is recovered from the wood chips after 

extraction and acid hydrolysis. The results also show that acetic acid concentration 

also increased after hydrolysis. Acetic acid concentration gives an indication, how 

much xylose is hydrolyzed since each xylose unit in birch wood xylan has 0.7 acetate 

units attached to it [27]. No HMF (Hydroxy methyl furfural) was detected, probably 

there is no degradation of sugars as hydrolysis is done at low acid concentration. 
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3.3 Enzymatic Hydrolysis 
 

The amounts of glucose, xylose and acetic acid after enzymatic hydrolysis for the T48 

(after 48 hrs) samples are shown in Table 5, and comparison of the enzymatic 

hydrolysis with acidic hydrolysis is shown in Table 6. 
 

The main carbohydrates extracted from birch wood are acetyl-and 4-O-methyl-

glucurono substituted xylo-oligomers and xylose. Most of the oligomers has a degree 

of polymerization of less than 10 and monomeric xylose comprises about 10% of the 

total xylo-oligomers [32]. 

 

Table 5. Amounts of xylose, glucose and acetic acid after enzymatic hydrolysis. 

 

Experiment 

!o. 

Factors Responses 

Temperature 

(
o
C) pH 

Celluclast : 

Pulpzyme Ratio 

Xylose 

(g/L) 

Glucose 

(g/L) 

Acetic acid 

     (g/L)                

1 40 5 0 34.81 1.99 17.0 

2 60 5 0 29.39 1.73 18.88 

3 40 7 0 27.76 2.41 22.56 

4 60 7 0 17.81 1.09 19.43 

5 40 5 100 42.67 1.44 21.36 

6 60 5 100 31.24 1.58 20.11 

7 40 7 100 18.64 1,14 19.91 

8 60 7 100 18.67 0.91 19.72 

9 40 6 50 31.69 1.6 19.57 

10 60 6 50 19.14 1.23 16.99 

11 50 5 50 51.4 2.15 22.28 

12 50 7 50 21.83 1.16 21.17 

13 50 6 0 29.34 1.89 20.16 

14 50 6 100 20.89 1.24 16.7 

15 50 6 50 34.52 2.1 21.18 

16 50 6 50 35.29 2.28 22.94 

17 50 6 50 28.57 1.99 21.43 

 

PLS model overview for the data in Table 6 is shown in Figure 5. PLS is a method for 

relating two data matrices, X and Y, to each other by a linear multivariate model [33]. 

Here X matrix comprises temperature, pH, enzyme ratio and Y matrix comprises the 

responses. R
2
 is a measure of fit, i.e. how well PLS model fits the data and Q

2
 is the 

percent of the variation of the response predicted by the model i.e. how well the 

model predicts new data. The values of R
2
 and Q

2 
are between 0 and 1. A useful 

model should have a large value of R
2
 and Q

2 
[33]. In Figure 5, R

2
 value for xylose 

78% which is good, and Q
2
 value 17%. 
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Table 6. Comparison of xylose, glucose and acetic acid amounts after enzymatic 

hydrolysis and acid hydrolysis. 

 

Experiment 

        !o.    

                 Factors               Responses 

Temperature  

      (
o
C) pH 

Celluclast : 

Pulpzyme 

Ratio     

Xylose  

(% of acid 

hydrolysis) 

Glucose 

(% of acid 

hydrolysis) 

Acetic Acid 

(% of acid 

hydrolysis) 

1 40 5 0 35% 93% 50% 

2 60 5 0 21% 74% 68% 

3 40 7 0 16% 123% 101% 

4 60 7 0 0% 28% 73% 

5 40 5 100 55% 53% 90% 

6 60 5 100 26% 63% 79% 

7 40 7 100 0% 32% 77% 

8 60 7 100 0% 15% 75% 

9 40 6 50 27% 65% 74% 

10 60 6 50 0% 38% 51% 

11 50 5 50 78% 104% 98% 

12 50 7 50 1% 33% 88% 

13 50 6 0 21% 86% 79% 

14 50 6 100 0% 39% 48% 

15 50 6 50 34% 101% 89% 

16 50 6 50 36% 114% 104% 

17 50 6 50 19% 93% 91% 

 

 

 
 

 
 
Figure 5. Model overview, Summary of Fit. 
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In Figure 6 the plot summarizes importance of the controlled variables, temperature 

(Temp.), pH and enzyme ratio (Enz) of the process. They are sorted by order of 

importance. A VIP (variable importance) value of 1.0 or above of a variable indicates 

that the variable is important [33]. Figure 6 shows that both pH and temperature have 

VIP value more than 1 i.e. 1.52 and 1.3 which shows they are important variables and 

enzyme ratio has VIP of 0.95 which is close to 1.0, is also an important variable.  

 

 
Figure 6. VIP plot for PLS model (temperature, pH, enzyme ratio). 

 

In Figure 7 the coefficient plot shows in what direction X-variables are affecting the 

response variable. A negative direction for a variable means that it should be 

decreased to increase the response and conversely a positive direction for a variable 

means that it should be increased to increase the response [33]. Figure 7 shows that 

pH should be decreased (within our selected experimental range i.e. 5-7) for high 

xylose yield. Results for experiment no. 3, 4, 5, 7, 8, 11 and 12 in Table 6 also favor 

this thing that low pH (at 5 pH ) yields high xylose (experiment no. 5, 11) and high 

pH ( at pH 7) yields low xylose (experiment no. 3, 4, 7, 8, 12). This can be explained 

by the fact that low pH promotes celluclast activity.  

 

When there is low pH acetate group is released which forms acetic acid. Presence of 

acetyl xylan esterase in enzyme mixtures produced by different xylanolytic fungi has 

previously been shown [34]. These esterases are specific to acetylated xylan and act 

synergistically with xylanase to breakdown xylan structure.   
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Figure 7. Coefficient plot for response of xylose. 

 

Attempts to find the optimal region for the controlled variables were done by 

constructing contour plots. Contour plots were used as “maps”, trying to clarify where 

the best operating conditions were to be expected. As there were three controlled 

variables and every variable has three values i.e., Temp. (40
o
C, 50

o
C, 60

o
C), pH (5, 6, 

7) and Enz. (0, 50,100), so there are nine possible contour plots which are shown in 

Figures 8, 9 and 10. The contour plots show all the three variable effects on the 

percentage of xylose hydrolyzed enzymatically as compared to its acidic 

hydroxylation and red region in every plot shows maximum percentage of xylose 

region. Contour plots are shown in Figures 8, 9 and 10, red region in every plot shows 

maximum xylose percentage region.  

 

Figure 10a shows that when Celluclast proportion is higher, the resulting xylose yield 

is also high, it is best in the range 50-70%. This can be explained by the fact that the 

preparation of Celluclast 1.5 L exhibits β-xylosidase activity which is well capable of 

debranching xylobiose and short chain xylo-oligisaccharides, whereas Pulpzyme HC 

preparation lacks the debranching enzymatic activity. The presence of Pulpzyme is 

also necessary as experiments no.7, 8 and 14 show it. It is apparent that in addition to 

the substituent cleaving activity, β-xylosidase is a key enzyme for the production of 

xylose, however its capability to produce xylose alone is limited, it increases 

remarkably the xylose yield when added to the enzyme mixture containing xylanase 

and esterase. 

 

Hydrolysis releases not only xylose, but also acetate. De-acetylating in acid 

hydrolysis of birch wood was studied recently [35] while not much work has been 

reported during enzymatic hydrolysis [27]. Thus, pH is slightly lowered during the 
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process due to acetic acid formed, so the reaction mixture is buffered with 10 M 

NaOH. Due to this lowering pH, enzyme activity is normally not affected to a large 

degree. 

 

It is obvious that hydrolysis of xylan represents the sum of the actions of several 

various enzyme activities. In addition to the enzymes hydrolyzing 1, 4-glycosidic 

bonds and acting synergistically to produce xylose from the β-D-xylosidic backbone, 

enzymes capable of releasing the substituents are also needed. In case of birch wood,  

the role of α-1, 2-glucuronidases, esterases and enzymes which remove the side-

groups from xylane structure is very important. 

 

 
    (a)                                                  (b)                                                  (c) 

Figure 8. Contour plots for xylose percentage at temperatures (a) 40
o
C (b) 50

o
C and 

(c) 60
o
C.     

                                               

 
(a)                                                 (b)                                                 (c) 

Figure 9. Contour plots for xylose percentage for Celluclast to Pulpzyme ratios (a) 0 

(b) 50 and (c) 100. 
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    (a)                                                (b)                                                  (c) 

Figure 10. Contour plots for xylose percentage at pH (a) 5 (b) 6 and (c) 7.  

 
Figure 10a shows maximum percentage of xylose. This was validated by an additional 

enzymatic hydrolysis experiment performed at the following conditions selected from 

Figure 10 a. 

 

Table 7. Operating conditions for additional experiment. 

 

Temperature 44
o
C 

pH 5 

Celluclast : Pulpzyme Ratio     70 : 30 

 

The xylose percentage value obtained from this experiment was 64% and Table 6 

shows that only in experiment no.11 the xylose percentage is greater than 64%. 
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4- Conclusion 

 

Enzymatic conversion of hemicelluloses into value-added products gives new ways to 

use a variety of unutilized and underutilized biomass for practical purpose. In this 

work, efficiency of the commercial enzyme mixtures, Celluclast 1.5L and Pulpzyme 

HC in hydrolysis of birch wood xylan was studied. It was investigated, how the 

factors temperature, pH and enzyme ratio affect the resulting xylose concentration. 

The most important factor is pH as results in Table 6 and Figure 6 show. The results 

of experiments no.1, 5, and 11 in Table 6 show that pH around 5 gives high yield. 

Temperature and Celluclast to Pulpzyme ratio are also important. According to the 

results obtained it is recommended to increase the proportion of Celluclast, as Figure 

10a shows it is best in the range 50-70% gives the highest xylose concentration. The 

presence of Pulpzyme is very important as supported by results from experiments 

no.7, 8 and 14. 
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