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INTRODUCTION AND AIMS 

Renewable energy sources and raw materials are playing an important role to replace fossil 

resources. One of them is biomass, which is produced in large quantities around the world. 

Biomass is the organic matter produced by different living organisms (animals, plants and 

microorganisms). Biomass is the only renewable energy source that contains carbon, so it may 

be suitable for the production of energy, biofuels and bio-based chemicals. It can reduce the 

harmful environmental impact of fossil fuels. The largest production of biomass is plant 

biomass, which generates organic components through photosynthesis using a light source 

and carbon dioxide. The main component of plant biomass is the lignocellulose, which mainly 

consists of cellulose, hemicellulose, and lignin. Lignocellulose-based biomass is mainly 

forestry and agricultural by-products, so it is cheaply available in large quantities, making it 

suitable for the production of value-added products from it. One of the possibilities for the 

utilisation of lignocellulose-based biomass is the biorefinery approach, which is analogous to 

petrochemical refining. Biorefinery is a complex system in which the by-products generated 

during each process can be the initial material for a subsequent process, which increases the 

number of the potential value-added products and reduces the waste generated. 

The aim of my doctoral thesis was the utilisation of two agro-industrial by-products (wheat 

bran and brewer’s spent grain) through sugar-platform biorefinery concept in order to produce 

value-added products. During my work arabinose-, xylose-, and glucose-rich liquid fractions 

were generated by acidic and enzymatic hydrolyses to produce value-added products. The 

production of arabinose, xylitol and bioethanol was investigated in a biotechnological way. In 

addition, bacterial enzyme production was also investigated on various cellulose and/or 

hemicellulose model substrates and agro-industrial by-products to enhance the degradation of 

lignocellulose-based biomass. The detailed aims of the dissertation are the followings: 

1. Development of an acid fractionation of wheat bran to produce arabinose-rich and xylose-

rich liquid and cellulose-rich solid fractions 

2. Investigation of arabinose biopurification and xylitol fermentation on wheat bran 

hydrolysates by using Ogataea zsoltii NCAIM Y.01540 yeast 

3. Investigation of the combined effect of aeration and initial xylose concentration on xylitol 

fermentation by using Candida boidinii NCAIM Y.01308 yeast on semi-defined xylose 

medium using full factorial (32) experimental design 

4. Investigation of wheat bran hydrolysate as medium for xylitol fermentation using Candida 

boidinii NCAIM Y. 01308 

5. Development of an acid fractionation of brewer’s spent grain to produce arabinose-rich and 

xylose-rich liquid and cellulose-rich solid fractions. Investigation of the enzymatic hydrolysis 

of the cellulose-rich solid fraction in order to produce bioethanol by Saccharomyces 

cerevisiae 
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6. Investigation of bacterial lignocellulose-degrading enzyme production by Cellulomonas 

fimi B-402 and Cellulomonas sp. B6 on different model substrates and agro-industrial by-

products. Performing enzymatic hydrolysis on extruded barley straw by the obtained enzyme 

preparations 

BACKGROUND 

Biomass is a valuable renewable alternative to substitute fossil resources, as it can be used to 

produce energy, biofuels and biomass-based chemicals. Its advantage over fossil resources is 

that its use emits less carbon dioxide, which has a detrimental effect on the environment by 

causing global warming. One possibility for biomass processing is the biorefinery approach. 

The purpose of biorefineries is to produce as many products as possible while minimising the 

waste generated. There are many types of biorefineries; one promising type is the 

lignocellulose-based biorefinery. Lignocellulose-based biomass is a variety of forestry and 

agricultural by-products containing mainly cellulose, hemicellulose and lignin. Examples of 

lignocellulose-based agro-industrial by-products are brewer’s spent grain and wheat bran, 

which are by-products of the brewery and the wheat milling industry, respectively. 

Due to the complex structure of lignocellulose, pretreatment is required for the subsequent 

hydrolysis step. There are several types of pretreatment: physical, chemical, physicochemical, 

and biological pretreatments. A commonly used pretreatment method is dilute acid 

pretreatment, where sulphuric acid is the most used chemical agent. As a result of the 

treatment, most of the hemicellulose fraction is solubilised, while the cellulose and lignin 

fractions are partially hydrolysed, thus facilitating the next hydrolysis step. The disadvantage 

of dilute acid treatment is that harmful inhibitor compounds can be formed, and the next 

fermentation step requires a pH adjustment which can be economically disadvantageous. 

Another negative factor is that acid pretreatment requires special equipment due to the 

possible corrosion. 

Enzymatic hydrolysis is also an important step for the utilisation of lignocellulosic biomass, 

which releases the monomeric sugars, which are required for the next fermentation step. 

Cellulase and xylanase enzyme complexes are most commonly used for enzymatic hydrolysis. 

The use of cellulases results in the hydrolysis of cellulose, which releases glucose monomers 

by the synergistic effect of several enzymes. Xylanases release xylose from the xylan 

backbone of the hemicellulose fraction. Since hemicellulose is a heteropolymer, xylan is also 

present in a substituted form. Thus, other side chains degrading enzymes are required for 

efficient enzymatic degradation. In addition, the efficiency of enzymatic hydrolysis is 

influenced by several factors, such as pH, temperature or initial dry matter content. Various 

value-added products can be produced from the released sugars. 

Xylitol is a naturally occurring C5 sugar alcohol (pentitol). The great advantage of xylitol is 

that it provides the same sweetness as sucrose but has four times fewer calories. People with 

diabetes can consume it since its absorption is insulin-independent and does not raise blood 

sugar levels. Xylitol can be prepared in two ways: chemically (reduction by Raney nickel 

catalyst) and biotechnologically from xylose. The advantage of biotechnological production is 

that it takes place under milder conditions and does not require a pure xylose solution. 
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Xylitol can be produced biotechnologically mainly by yeasts, which have a suitable metabolic 

pathway for xylitol production. One of the most commonly used yeast for xylitol fermentation 

is the genus Candida, which is capable of producing xylitol with high efficiency. The 

production of xylitol is influenced by several factors (pH, temperature, aeration, inhibitors and 

so on). Aeration is a key factor in the production of xylitol since its production takes place 

under microaerobic conditions. High initial xylose concentrations can also negatively affect 

xylitol fermentation due to the effect of high osmotic stress. During the breakdown of 

lignocellulose, toxic compounds (inhibitors) can be produced (especially during the 

pretreatment), which have negative effects on fermentation. Therefore, in some cases, a 

detoxification step is required to remove these inhibitor components. 

Arabinose is also a valuable product that can be used in several ways such as a precursor to 

different drugs, as a food additive or as a sweetener. One way to produce arabinose is the 

hydrolysis of the arabinose-rich lignocellulosic biomass. Mild acidic treatment can release the 

arabinose from the biomass, however, in addition to arabinose, other sugars are also 

solubilised, which must be removed in order to obtain crystalline arabinose with appropriate 

purity. A suitable method for this is arabinose biopurification. Some microorganisms are not 

able to utilise arabinose, while it can metabolise all other sugars presenting in the hydrolysate. 

Lignocellulose-based biomass is also suitable for the production of bioethanol due to its high 

cellulose content, which can be used as biofuel to replace fossil fuels. 

Enzymatic hydrolysis is one of the bottlenecks in the utilisation of lignocellulosic biomass. 

Some bacteria are able to produce lignocellulose-degrading enzymes. The advantage of 

bacterial enzyme production is that they have a high growth rate and the enzymes, they 

produce, can be used in a wide range of environmental factors (e.g., pH, temperature) that can 

be a positive effect on industrial uses. One representative of this is the genus Cellulomonas, 

which produces both cellulase and xylanase enzymes with sufficient efficiency, which are key 

enzymes in the degradation of lignocellulose biomass. 
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MATERIALS AND METHODS 

Raw materials 

For the dilute acid fractionations, the brewer’s spent grain was donated by Dreher Ltd., while 

the wheat bran was donated by Gyermely Ltd.. The model substrates, used for bacterial 

enzyme production, were Solka-floc and carboxymethyl cellulose. The agro-industrial by-

products, used also for enzyme production, were pretreated sweet corn cobs, pretreated waste 

paper and wheat bran (from a dietary shop). Extruded barley straw was used for enzymatic 

hydrolysis. 

 

Microorganisms 

Candida boidinii NCAIM Y.01308 and Ogataea zsoltii NCAIM Y.01540 were from the 

National Collection of Agricultural and Industrial Microorganisms (NCAIM, Hungary). The 

two strains were maintained on malt agar (2 w/v% malt extract and 2 w/v% agar) until they 

were used. Saccharomyces cerevisiae was purchased from Lesaffre Ltd.. Cellulomonas sp. B6 

was isolated from a subtropical soil sample, while Cellulomonas fimi B-402 was obtained 

from the Northern Regional Research Lab (NRRL, USA). Cellulomonas strains were 

maintained in Luria-Bertani medium (10 g/L tryptone, 5 g/L yeast extract and 10 g/L NaCl 

supplemented with 20 w/w% glycerol at -80°C) until they were used. 

 

Two-step acidic hydrolysis for the fractionation of wheat bran and brewer’s spent grain 

The first acidic hydrolysis was performed according to the experimental design using 

sulphuric acid. Sulphuric acid concentrations of 0.25, 1.25 and 2.25 w/w% and 25, 75 and 125 

minutes were set in the case of wheat bran. Sulphuric acid concentrations of 0.5, 1.25 and 2.0 

w/w% and 10, 30 and 50 minutes were used in the case of brewer’s spent grain. The 

permanent conditions of the experiment were 90°C and 10% initial dry matter content. The 

second acidic hydrolysis was performed with 1 w/w% sulphuric acid at 121°C for 30 minutes 

in both cases, with an initial dry matter content of 7.5% for wheat bran and 10% for brewer’s 

spent grain. 

 

Arabinose biopurification on wheat bran hydrolysates 

Arabinose biopurification was performed on arabinose-rich wheat bran hydrolysates in shake 

flasks by O. zsoltii NCAIM Y.01540. The fermentation conditions were the followings: 37°C, 

pH=6 and 220 rpm shaking with 20 mL working volume in 100-mL shake flasks for 96 hours. 

 

Investigation of xylitol fermentation on semi-defined xylose medium and wheat bran 

hydrolysates 

Factors influencing xylitol fermentation were investigated by C. boidinii NCAIM Y.01308 

(combined effect of aeration and initial xylose concentration) and O. zsoltii NCAIM Y.01540 

(pH and aeration) on semi-defined xylose medium (10 g/L yeast extract; 15 g/L KH2HPO4, 1 

g/L MgSO4.7H2O, 3 g/L (NH4)2HPO4). For both yeast strains, xylitol fermentation was also 

performed on xylose-rich wheat bran hydrolysates. 
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Enzymatic hydrolysis and bioethanol fermentation 

Enzymatic hydrolysis was performed on the cellulose-rich solid residue of brewer’s spent 

grain by Cellic Ctec 3 (Novozymes A/S, Denmark) commercial enzyme preparation, where 

the initial dry matter content (5%, 10% and 15%) and enzyme dosage (0.01, 0.03 and 0.05 g 

enzyme/g dry matter) were set according to experimental design. After the hydrolysis at the 

chosen point, bioethanol fermentation was performed from the released glucose-rich fraction 

by using Saccharomyces cerevisiae. 

 

Bacterial enzyme production 

Extracellular enzyme production of Cellulomonas strains (sp. B6 and fimi B-402) was 

investigated in shake flasks on a minimal medium supplemented with 1% carbon sources 

(Solka-floc, carboxymethyl cellulose, pretreated sweet corn cob, pretreated waste paper, and 

wheat bran (from dietary shop)). The experiments were repeated in a bioreactor with the 

carbon source showing the highest xylanase activity in both cases. The enzymatic hydrolysis 

of the extruded barley straw was performed with appropriate enzyme preparations. 

 

RESULTS AND DISCUSSION 

Based on the compositional analysis of wheat bran, it was suitable for the fractionation in 

sugar-platform biorefinery concept. The aim of the first acidic hydrolysis of wheat bran was 

to obtain an arabinose-rich fraction. Two settings were used in order to maximise the 

arabinose yield, while keeping the other two components (xylose and glucose) low value, by 

using a desirability function. One condition was a 1.16 w/w% sulphuric acid treatment for 50 

minutes, which resulted in 62.3% total arabinose, 40.7% total xylose and 51.1% total glucose 

yield. In the other case, a treatment with 1.61% w/w sulphuric acid for 47 minutes was 

obtained, which resulted in 73.7%, 45.1% and 51.0% of total arabinose, xylose and glucose 

yield, respectively. The remaining solid residues were treated with 1 w/w% sulphuric acid in 

an autoclave (121°C, 1 bar) for 30 minutes in order to dissolve the remaining hemicellulose 

fraction while the cellulose fraction keeps intact. As a result of the treatment, a xylose-rich 

liquid fraction (>20 g/L xylose) and a cellulose-rich solid fraction (>50% dry matter) were 

obtained. 

The resulting arabinose-rich hydrolysate mainly consisted of oligomers, thus, releasing the 

monomers was carried out by oligomer hydrolysis in an autoclave (120°C) for an hour. The 

obtained hydrolysates (mainly consisting of monomers) were used for arabinose 

biopurification by O. zsoltii NCAIM Y.01540. The biopurification resulted in 91-94% 

arabinose puritites (compared to other sugars presented) after 42 hours compared to the initial 

arabinose purity of 27-28%. 

Xylitol fermentation was also performed on xylose-rich wheat bran hydrolysate by O. zsoltii. 

NCAIM Y.01540. The maximum xylitol yield was reached after 48 hours in a yield of 56-

57% in shake flask experiments. After determining the optimal aeration level (3.5 

mmolO2/(L×h)) oxygen transfer rate) on a semi-defined xylose medium, a 52.3% maximum 

xylitol yield was achieved on wheat bran hydrolysate after 48 hours in a bench-top bioreactor. 



Soma Bedő – Thesis Book  2022   

7 
 

The combined effect of two factors (aeration and initial xylose concentration), influencing the 

xylitol fermentation, was investigated on maximal xylitol yield and volumetric productivity 

by C. boidinii NCAIM Y.01308 on a semi-defined xylose medium. The obtained results 

showed that low aeration (1.1-1.5 mmolO2/(L×h)) and low initial xylose concentration (20-30 

g/L) were the most suitable to achieve high maximum xylitol yield (58-63%). While at the 

maximum xylitol volumetric productivity, it was found that the two factors were not 

independent of each other, and a maximum point was predicted at 71 g/L initial concentration 

and 2.7 mmolO2/(L×h) with a value of 0.96 g/(L×h). The model equations, obtained by 

statistical evaluation of experimental design, could also be interpreted for wheat bran 

hydrolysate since the maximum xylitol yield (60%) and maximum volumetric productivity 

(0.58 g/(L×h)) were within the prediction intervals obtained by the models. 

Based on the compositional analysis of the brewer’s spent grain, it was also suitable for the 

sugar-platform biorefinery concept. The aim of the dilute sulphuric acid treatment was the 

same as for wheat bran. The first acidic hydrolysis was also optimised statistically to obtain 

an arabinose-rich liquid fraction. As a result, a 1.85 w/w% sulphuric acid treatment for 19.5 

minutes was determined by desirability function. The total yields of sugars at this optimum 

point were 75.7% arabinose, 36.1% xylose and 13.0% glucose. After the treatment, the liquid 

fraction contained 0.1 g/L glucose, 0.4 g/L xylose, 6.2 g/L arabinose, and 6.6 g/L arabino-

xylooligosaccharides. The second acidic hydrolysis was carried out in the same way as for 

wheat bran, resulting in xylose-rich hydrolysate (90% total xylose yield and 14.5 g/L xylose 

concentration). The remained cellulose-rich solid fraction was used for enzymatic hydrolysis 

to obtain a glucose-rich liquid fraction. At the chosen point (15% initial dry matter, 0.04 g 

enzyme/g dry matter enzyme dosage), 46.1 g/L glucose concentration was achieved from 

which 16.9 g/L bioethanol (71.6% bioethanol yield) was produced after 24 hours by 

Saccharomyces cerevisiae. 

Bacterial enzyme production was performed by Cellulomonas strains on a minimal medium 

supplemented by different carbon sources. For Cellulomonas sp. B6, the optimal substrate 

was the wheat bran, on which showed 3.06 U/mL extracellular xylanase activity. For Ce. fimi 

B-402, the optimal substrate was pretreated waste paper, on which showed 1.32 U/mL 

extracellular xylanase activity. Carboxymethyl cellulase activity was around 0.20 U/mL for 

each carbon source and strain. Scaling-up experiments were repeated successfully in a 

bioreactor on the substrates with the highest xylanase activity reached in shake flasks. In the 

case of Cellulomonas sp. B6, the intracellular enzyme and the side-chain degrading enzyme 

activities were also investigated. By an appropriate enzyme mixture of intra- and extracellular 

enzyme fraction (15 U xylanase/mL extracellular and 1.5 U xylanase/mL intracellular enzyme 

activity), 5.8 mg/mL xylose monomer was released from the extruded barley straw.   
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NOVEL SCIENCE FINDINGS 

1. A new, two-step acidic fractionation process was developed to produce arabinose-rich and 

xylose-rich liquid fractions and cellulose-rich solid fraction from wheat bran and brewer’s 

spent grain. Statistical optimisation of the first acidic hydrolyses resulted in arabinose-

enriched liquid fractions (1.16 w/w% sulphuric acid for 50 minutes and 1.61 w/w% for 47 

minutes at 90°C in the case of wheat bran and 1.85 w/w% sulphuric acid for 19.5 minutes at 

90°C in the case of brewer’s spent grain). The second acidic hydrolysis (1 w/w% sulphuric 

acid, 121°C for 30 minutes) of the solid residues of wheat bran and brewer’s spent grain 

resulted in xylose-rich liquid fractions and cellulose-rich solid fractions (Paper I, III). 

2. Ogataea zsoltii NCAIM Y.01540 was successfully used for arabinose biopurification on 

arabinose-rich wheat bran hydrolysates for the first time. Arabinose purities of 91-94% were 

achieved after 42 hours of biopurifications (Paper I). 

3. Biotechnological xylitol production on wheat bran hydrolysate was firstly demonstrated. 

Xylitol fermentation on xylose-rich wheat bran hydrolysate by Ogataea zsoltii NCAIM 

Y.01540 resulted in a maximum xylitol yield of 52.3% and a maximum xylitol volumetric 

productivity of 0.21 g/(L×h) at 3.5 mmolO2/(L×h) oxygen transfer rate. The xylitol 

fermentation by O. zsoltii yeast was firstly reported. Candida boidinii NCAIM Y.01308 was 

also found to be appropriate for efficient production of xylitol (60% xylitol yield, 0.58 

g/(L×h) xylitol volumetric productivity) on xylose-rich wheat bran hydrolysate (Paper I and 

II). 

4. The combined effects of initial xylose concentration and oxygen transfer rate on xylitol 

production of Candida boidinii NCAIM Y.01308 was firstly investigated. Relatively low 

initial xylose concentration (20-30 g/L) and relatively low oxygen transfer rate (1.1-1.5 

mmolO2/(L×h)) are favourable to reach high xylitol yield (58-63%) by using C. boidinii. In 

contrast, relatively high initial xylose concentration (71 g/L) and moderate oxygen transfer 

rate (2.7 mmolO2/(L×h)) is optimal for high xylitol volumetric productivity (0.96 g/(L×h)). 

The effects of initial xylose concentration and oxygen transfer rate on the maximum xylitol 

yield are independent of each other, while the interaction of these factors has a significant 

effect on the maximum xylitol volumetric productivity (Paper II). 

5. Pretreated waste paper was found to be an appropriate raw material for xylanase enzyme 

production by using Cellulomonas fimi B-402. Extracellular xylanase enzyme activity of 1.4 

U/mL was achieved on minimal medium containing 1% pretreated waste paper as a carbon 

source after 72 hours cultivation in bioreactor (Paper IV). 

6. Wheat bran was found to be an appropriate raw material for xylanase enzyme production 

by using Cellulomonas sp. B6. Extracellular xylanase enzyme activity of 3 U/mL was 

achieved on minimal medium containing 1% wheat bran as a carbon source after 48 hours 

cultivation in bioreactor. Enzyme mixtures of extracellular and intracellular enzymes of 

Cellulomonas sp. B6 efficiently released xylose from extruded barley straw (Paper IV). 
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POSSIBLE APPLICATIONS 

Two-step acidic fractionation of wheat bran can be a base for the implementation of a sugar-

platform biorefinery producing different value-added products such as arabinose and xylitol 

from it. Ogataea zsoltii NCAIM Y.01540 is a suitable microorganism for arabinose 

biopurification, thus it is able to produce high-purity arabinose solution with sufficient 

efficiency. The xylose-rich liquid fraction of wheat bran is also a suitable fermentation 

medium for xylitol production by Candida boidinii NCAIM Y.01308 and Ogataea zsoltii 

NCAIM Y.01540. Additional value-added products can be obtained by enzymatic hydrolysis 

of the resulting cellulose-rich fraction. 

Brewer’s spent grain is also suitable for the biorefinery concept, as its acid fractionation 

resulted in arabinose and arabino-xylooligosaccharides and xylose-rich liquid fraction, which 

may be suitable for the production of value-added products. The cellulose-rich solid fraction 

can be degraded enzymatically with sufficient efficiency and can be used for the production 

of bioethanol as a value-added product. 

The results, obtained by the fractionation and utilisation of wheat bran and brewer's spent 

grain, can serve as the basis for a technological-economic analysis, which can be used to 

investigate the feasibility of the sugar-platform biorefinery. 

Cellulomonas strains can efficiently degrade the lignocellulose-based biomass and they might 

have the ability of product formation as well. So it is worthwhile to investigate the possibility 

of performing lignocellulose degradation and value-added product formation at the same time, 

even by mixed cultures, to achieve a consolidated bioprocess.  
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