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ABSTRACT 

Renewable energy sources, such as biomass, are receiving increasing attention due to 

the depletion of fossil fuels and the increased emission of greenhouse gas, causing 

environmental problems such as global warming. Lignocellulose-based biomass is produced in 

large quantities around the world, and it mainly consists of forestry and agricultural by-

products. By utilising them through a biorefinery approach, energy, biofuels and chemicals can 

be produced. 

The present PhD study focuses on the fractionation of two agro-industrial residues, 

wheat bran and brewer’s spent grain, in order to obtain value-added products. Both raw 

materials have high carbohydrate content (glucan, xylan and arabinan). Thus, a sugar-platform 

biorefinery concept, based on dilute sulphuric acidic treatments, enzymatic hydrolyses and 

fermentative process steps, was implemented to produce value-added products: arabinose, 

xylitol and bioethanol. Since enzymatic hydrolysis is an important process for the degradation 

of lignocellulosic biomass, enzyme production was also investigated by bacterial strains. 

Optimisation of dilute sulphuric acid treatment was carried out by statistical evaluation 

in order to obtain an arabinose-rich hydrolysate from wheat bran. Two conditions were obtained 

by desirability function approach: 1.16 w/w% sulphuric acid treatment for 50 minutes and 1.61 

w/w% sulphuric acid treatment for 47 minutes. The achieved total glucose, xylose and 

arabinose yields were 51.1%, 40.7% and 62.3%, respectively, in the case of 1.16 w/w% 

sulphuric acid treatment for 50 minutes. In the other case (1.61 w/w% sulphuric acid treatment 

for 47 minutes), 51.0% total glucose, 45.1% total xylose and 73.7% total arabinose yields were 

reached. Since the sugars were mainly present in oligomer form, an additional hydrolysis step 

was carried out in autoclave (120°C for 60 minutes) to release monomers. This resulted in 

arabinose-enriched hydrolysates in both cases. The remained solid residues were used in second 

acidic hydrolysis to obtain xylose-rich hydrolysates. Thus, 1 w/w% sulphuric acid treatment in 

autoclave (121°C) for 30 minutes was carried out, which resulted in hydrolysates having xylose 

concentration higher than 20 g/L. The cellulose content was more than 50% in the solid 

fractions obtained after the second acidic treatment. Hence the two-step acidic hydrolysis is an 

appropriate method for the fractionation of wheat bran in a sugar-platform biorefinery 

approach. 

 Arabinose biopurification was performed on the arabinose-enriched wheat bran 

hydrolysates by Ogataea zsoltii NCAIM Y.0150 yeast. The arabinose purity was more than 

90% after 42 hours of biopurification, in which only low arabinose consumption occurred. 

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

NCAIM Y.01540 in shake flasks and a bioreactor. Maximum xylitol yields of 56.2-57.0% were 

reached after 48 hours in shake flasks. The optimal oxygen transfer rate (3.5 mmolO2/(L×h)) 

was determined on a semi-defined xylose medium. A maximum xylitol yield of 52.3% was 

achieved on xylose-rich wheat bran hydrolysate under optimised conditions in bioreactor. 
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Based on the results Ogataea zsoltii NCAIM Y.0150 is an appropriate microorganism for the 

utilisation of the hemicellulose fractions of wheat bran. 

 The combined effects of aeration (via oxygen transfer rate, 1.1-3.1 mmolO2/(L×h)) and 

initial xylose concentration (30-80 g/L) on xylitol fermentation by Candida boidinii NCAIM 

Y.01308 were investigated through full factorial experimental design. According to the 

statistical evaluation of the results, obtained on semi-defined xylose medium, the low oxygen 

transfer rate (1.1-1.5 mmolO2/(L×h)) and low initial xylose concentration (20-30 g/L) were 

favourable to reach high maximum xylitol yield. The fitted model of maximum productivity 

predicted a maximum point at 2.7 mmolO2/(L×h) oxygen transfer rate and 71 g/L initial xylose 

concentration with a value of 0.96 g/(L×h) within the design space. Xylitol fermentation was 

also performed on xylose-rich wheat bran hydrolysate, resulting in a high xylitol yield (60%). 

Thus, wheat bran hydrolysate was found to be suitable for xylitol production.  

Fractionation of the brewer’s spent grain was also performed. Optimisation of the first 

acidic hydrolysis to obtain arabinose-rich hydrolysate resulted in the following condition: 1.85 

w/w% sulphuric acid concentration and 19.5 minutes reaction time. The total arabinose, xylose 

and glucose yield of the obtained hydrolysate were 75.7%, 36.1 % and 13.0%, respectively. 

Second acidic hydrolysis of the solid residue obtained after the first step was performed in the 

same way as in the case of wheat bran. The second acidic treatment resulted in a xylose-rich 

hydrolysate, containing 14.5 g/L xylose, 3.2 g/L glucose and 1.9 g/L arabinose. The remained 

solid residue after the second acidic hydrolysis contained 32.2% cellulose. Enzymatic 

hydrolysis of the solid fraction by Cellic Ctec3 (Novozymes A/S, Denmark) commercial 

enzyme complex was performed at chosen enzyme dosage (0.04 g enzyme/g dry matter) and 

solids loading (15%). Bioethanol fermentation on the enzymatic hydrolysate by Saccharomyces 

cerevisiae resulted in 16.9 g/L ethanol from 46.1 g/L glucose, corresponding to 71.6% ethanol 

yield. Therefore, BSG is a suitable lignocellulose-based biomass for utilisation in a biorefinery 

concept. 

 Production of xylanase and carboxymethyl cellulase enzymes on different carbon 

sources was investigated by Cellulomonas sp. B6 and Cellulomonas fimi B-402. Wheat bran 

(~3.0 U xylanase/mL) and pretreated waste paper (~1.4 U xylanase/mL) were the most suitable 

carbon sources to obtain high extracellular xylanase activity in the case of Cellulomonas sp. B6 

and Ce. fimi B-402, respectively. Hence, these Cellulomonas strains are suitable for enzyme 

production on lignocellulose-based raw materials. The enzymatic hydrolysis of extruded barley 

straw released 5.8 g/L xylose by using the enzyme mixture of Cellulomonas sp. B6 (15.0 U 

xylanase/mL of extracellular and 1.5 U xylanase/mL intracellular enzyme activities).  

Based on the results of this study, both wheat bran and brewer’s spent grain are suitable 

for utilisation in sugar-platform biorefineries producing value-added products such as xylitol, 

arabinose and bioethanol. Moreover, wheat bran was suitable as a carbon source in bacterial 

enzyme production. 
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1 INTRODUCTION  

Energy supply is an important factor for humanity, as the rate of energy consumption is 

increasing due to the growing population. The energy demand is mainly ensured by fossil fuels. 

Fossil energy sources provide about 80% of the energy supply. Fossil fuels consist of coal, 

natural gas and petroleum oil. The transport sector is one of the major users of fossil fuels, 

through petrol and diesel, which are produced by refining petroleum. Fossil fuels are non-

renewable energy resources, meaning their use is finite, however, their extraction is still assured 

for a long time. The main disadvantage of fossil fuels is that their use emits large amounts of 

carbon dioxide, which has a detrimental effect on the environment. Carbon dioxide is one of 

the greenhouse gases, which emissions increase the average temperature causing global 

warming (Chiari and Zecca 2011; McGlade and Ekins 2015; Abas et al. 2015). 

Therefore, increasing efforts are being made to reduce carbon dioxide emissions, one 

important aspect of which is the Paris Agreement. The aim of the Paris Agreement, which has 

been declared by many countries, is to reduce greenhouse gas emissions and keep average 

temperature rises low (Savaresi 2016). Nuclear energy is one of the possibilities, since nuclear 

power is low carbon energy, and it is contributing on a large scale to a low carbon economy 

(Mathew 2022). On the other hand, due to the harmful effects of radioactivity (on the 

environment and human body) and previous nuclear accidents, the use of nuclear energy is not 

very popular in the world today (Roeser 2011).  

The use of renewable energy sources is a promising way to replace fossil fuels and 

reduce greenhouse gas emissions. One definition of the renewable resources is the following: 

“Renewable energy is obtained from the continuing or repetitive currents of energy occurring 

in the natural environment and includes non-carbon technologies such as solar energy, 

hydropower, wind, tide and waves and geothermal heat, as well as carbon-neutral technologies 

such as biomass” (Verbruggen et al. 2010). The utilisation of biomass is a promising alternative 

to replacing fossil fuels. Biomass is the mass of living organisms that includes plants, animals 

and microorganisms (Houghton 2008). Heat and electricity can be produced from biomass 

using power plants in the same way as by burning coal (Demirbas 2007). Anaerobic digestion 

of biomass produces methane gas, which is used for energy purposes (Nallathambi Gunaseelan 

1997).  

Moreover, from a biochemical perspective, biomass means cellulose, lignin, sugars, fats 

and proteins, which allows other valuable products to be produced from it in addition to energy 

and biofuels (Houghton 2008; Dessie et al. 2020). This makes biomass suitable for the 

production of chemicals and platform molecules, which are mainly made from fossil resources 

currently. As a result, the harmful environmental effects of utilising fossil resources can be 

further reduced. Biomass utilisation in a biorefinery concept is an appropriate method to 

produce bio-chemicals and products. The essence of biorefining is to produce as many products 

as possible from biomass in an integrated system, similar to petrochemical refining of crude oil, 

with as little waste as possible (Vinoth Kumar et al. 2016; Kohli et al. 2019) 
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One group of biomass is plant biomass. It is mainly produced by photosynthesis. In 

photosynthesis, organic energy (e.g., sugar) is generated from inorganic materials (such as 

carbon dioxide) using a light energy source (Evans 2013). Plant biomass is a valuable raw 

material due to its high carbon content. The main advantage of utilising (plant) biomass is that 

the carbon cycle is closed in this case, so its use does not have a significant impact on carbon 

dioxide emissions compared to fossil fuels (Wyman 1994). 

The largest group of plant biomass is lignocellulose-based biomass. Lignocellulose-

based biomass is a group of various forestry and agricultural by-products, which is present in 

large quantities around the world. Its main components are cellulose, hemicellulose and lignin. 

With proper fractionation and processing, lignocellulosic biomass can be used to produce 

energy, biofuels and other value-added products (Lange 2007; Kumar et al. 2016). 

My study focuses on the complex utilisation of different agricultural by-products, where 

the goal is to produce as many value-added products as possible with different fractionation, 

hydrolysis and fermentation steps.  
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2 BACKGROUND 

2.1 The biorefinery concept 

The growing population and consumer demands of the world are leading to increasing 

energy consumption (Wagle et al. 2022). The largest amount of the required energy is covered 

by fossil energy sources (~78%) (Singh et al. 2022). Fossil fuels are coal, oil and natural gas 

(Abas et al. 2015). The main problems with fossil energy sources are that their availability is 

finite, and their use is associated with high greenhouse gas emissions. The use of fossil fuels is 

the largest source of carbon dioxide emissions, causing environmental problems such as the 

increasing average temperature year by year (Conteratto et al. 2021; Shahid et al. 2021). 

Therefore, it is important to find alternatives that reduce greenhouse gas emissions. One of them 

is renewable energy sources. Renewable energy can be “any naturally occurring, theoretically 

inexhaustible source of energy”. The renewable energy sources are the followings: conventional 

biomass, hydropower, wind energy, geothermal heat and solar systems. Nowadays, renewable 

resources cover about 19% of the world's energy production (Shahid et al. 2021; Velvizhi et al. 

2022).  

Of the renewable energy sources, only biomass has organic carbon content, so it may be 

suitable to replace fossil fuels. Biomass is an abundant, renewable source of energy and 

materials, with a volume of more than 2×1011 tonnes/year. Biomass is “any organic matter that 

is available on a renewable or recurring basis (excluding old-growth timber), including 

dedicated energy crops and trees, agricultural food and feed crop residues, aquatic plants, wood 

and wood residues, animal wastes, and other waste materials” (Bracmort and Gorte 2010). The 

advantage of using biomass is that its use takes place in a closed carbon dioxide cycle 

theoretically, so the emission of it does not have a negative impact on the environment (Figure 

1) (Gustavsson et al. 1995). Biomass can be divided into several groups based on its source. 

These can be of animal, plant, microbial and other origins such as municipal waste. The largest 

amount of these is plant biomass (Sindhu et al. 2019). There are several ways to use plant 

biomass. Direct combustion of biomass can generate heat and electricity, but its large-scale use 

cannot compete economically with energy production from fossil fuels (Siddiqui et al. 2013). 

In addition, various biofuels such as biodiesel, bioethanol, biogas biohydrogen, etc. can be 

produced from biomass (Nigam and Singh 2011; Sindhu et al. 2019).  

One of the advantages of using biomass is that, in addition to energy and fuels, other 

valuable bio-chemicals and bio-products can be produced from it (Kohli et al. 2019). The 

production of bio-based chemicals and products is also very important in addition to the 

production of energy and biofuels, as many of the compounds, which are usually produced from 

petrochemicals on an industrial scale, can be produced from biomass. Several platform 

molecules can be produced from biomass, such as 5-hydroxymethylfurfural (HMF), levulinic 

acid, or succinic acid, from which various high-value organic chemicals as well as fuel 

additives, flavouring agents, pesticides and polymers can be prepared. The advantage of bio-

chemicals is that they are produced from renewable resources (biomass) and their production 
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and application contribute to lower emission of carbon dioxide compared to those derived from 

fossil resources. Therefore, biomass has the potential to be the basis of a bio-based economy, 

which has lower environmental impact compared to our current economy relying on the 

petrochemical industry (Kumar et al. 2008; Kaur et al. 2014; Okolie et al. 2021). 

A good alternative for the efficient utilisation of plant biomass is the biorefinery 

concept. It was defined by the International Energy Agency Task 42: “Biorefining is the 

sustainable processing of biomass into a spectrum of bio-based products (food, feed, chemicals, 

materials) and bioenergy (biofuels, power and/or heat)” (Jungmeier et al. 2013). In general, the 

biorefinery is an integrated system that produces energy biofuels, chemicals  and other value-

added products through various thermochemical and biochemical conversions (Ng et al. 2017). 

The aim of the biorefinery approach is the utilisation of raw materials and by-products 

generated in different processes, resulting in a waste-free integrated technology with the 

production of as many value-added products as possible (Esquivel-Hernández et al. 2021). The 

biorefinery concept is analogous to the petrochemical refineries (Maity 2015). It is a promising 

methodology which is indicated by the rapidly increasing number of scientific publications in 

the field (Garcia-Ochoa et al. 2021). 

 

 

Figure 1. The difference in carbon dioxide emission between fossil fuels and biofuels 

(personal communication) 

Based on the number of raw materials and products, biorefineries can be divided into 3 

phases. Phase 1 includes biorefineries that produce a single product from a single initial raw 

material. The most common examples of phase I are the production of ethanol from corn by 

dry-milling method and the utilisation of oilseeds in order to produce biodiesel by 

transesterification method from the recovered lipids. Phase II also starts from a single initial 

material but produces multiple products. A very common example of this is the complex 

utilisation of corn grain by wet-milling method to produce various sugar products, bioethanol, 

protein and feed products. During wet-milling, the corn is soaked in dilute sulphur dioxide in 
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the first step to facilitate the fractionation of the corn grain (germ, fibre, and starch as primary 

components), compared to dry-milling, where the dried corn is simply ground and used without 

separating its constituents (Rausch and Belyea 2006). Finally, phase III is a biorefinery concept 

that uses multiple initial materials to produce a variety of value-added products (Kamm and 

Kamm 2004; Fernando et al. 2006; Shahid et al. 2021).  

Nowadays, the biggest focus is on phase III biorefineries. They can be also divided into 

several categories. The whole-crop biorefinery produces biofuels and various value-added 

products through the complete valorisation of crops (e.g. grain, straw, stover etc.) (Arevalo-

Gallegos et al. 2017). Green biorefineries separate the fibre-rich press cake and the nutrient- 

and protein-rich green juice from green plants (such as alfalfa or clover) by wet fractionation, 

which makes it possible to produce value-added products (Velvizhi et al. 2022). Marine 

biorefineries produce value-added products by processing aquatic biomass such as micro- and 

macroalgae (Balina et al. 2017). Lignocellulose-based biorefineries, which utilise the 

lignocellulosic biomass, have thermochemical and biochemical routes. Thermochemical route 

uses different thermochemical methods (torrefaction, pyrolysis, gasification) to produce value-

added products, which are mainly different types of biofuels (Tanger et al. 2013). Biochemical 

route is also used to produce biofuels and value-added products after the proper pretreatment, 

hydrolysis and fermentation steps of lignocellulose-based biomass (Singhvi et al. 2014). The 

two-platform biorefinery concept combines thermochemical and biochemical processes of the 

lignocellulosic biomass (Reshmy et al. 2022). There may be overlaps between the groups, as 

lignocellulose-based biorefining is part of both whole-crop and green biorefineries, for 

example.  

There is a great potential in the processing of lignocellulose-based waste biomass by 

biorefinery approach. This type of biomass occurs in large quantities and is readily available 

(Garcia-Ochoa et al. 2021). As it consists mostly of forestry and agricultural by-products, its 

use does not cause a conflict in the food industry compared to cereals, rich in starch and oil (Di 

Gruttola and Borello 2021; Wagle et al. 2022).  

On the other hand, today’s lignocellulose-based biorefineries, which produce mainly 

biofuels, cannot compete with petroleum refineries, so it is worth investigating the factors that 

affect the operation of biorefineries, such as location, feedstock, conversion technology and 

final product(s) in order to realise a feasible biorefinery concept. Therefore, efforts should be 

made to utilise all components of lignocellulosic biomass as much as possible, for example by 

producing as many value-added products as possible in addition to biofuels (Zetterholm et al. 

2020; Rajesh Banu et al. 2021).  

For the industrialisation of lignocellulose-based biorefineries, 6 main steps need to be 

considered, namely selection and pre-processing of selected biomass, effective pretreatment, 

on-site or off-site production of hydrolytic enzyme cocktail, enzymatic saccharification, hexose 

and pentose fermentation and downstream processing (Singh et al. 2022). 
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2.2 Utilisation of lignocellulose-based biomass  

2.2.1 The structure of lignocellulose  

Lignocellulose-based biomass consists mainly of three different types of polymers, 

which occur in different amounts in each raw material depending on their origin. In terms of 

their typical distribution, it contains 35-50% cellulose, 20-35% hemicellulose and 15-25% 

lignin (Figure 2). In addition, it also contains small amounts of minerals, phenolic substituents, 

lipids and proteins (Isikgor and Becer 2015; Rajesh Banu et al. 2021; Awoyale et al. 2021). 

 

Figure 2. The structure of lignocellulosic biomass (Isikgor and Becer 2015) 

The main component of the lignocellulosic biomass is cellulose. Cellulose is a linear 

homopolymer of D-glucose linked by β-D-1,4 glycosidic bonds, forming cellobiose as the 

repeating unit (Mussatto and Teixeira 2010). The degree of polymerisation depends on the raw 

material. Between the cellobiose units, intra- and inter-molecular hydrogen bonds exist due to 
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the high number of hydroxyl groups. Thus, a complex structure is established, forming a crystal 

structure of the cellulose (Hallac and Ragauskas 2011). Due to the stable crystalline structure, 

the degradation of cellulose is complicated (Qian 2014). The long-chain cellulose polymers are 

linked by Van der Walls and hydrogen bonds, which resulted in microfibrils. In the microfibrils, 

crystalline and amorphous structures are also found. Further interconnections between the 

microfibrils construct macrofibrils (Mussatto and Teixeira 2010; Qian 2014).  

Lignin is the second most abundant naturally occurring complex organic material and 

the most abundant natural aromatic polymer in nature (Bajwa et al. 2019; Chio et al. 2019). The 

complex structure of lignin is amorphous, which is randomly built up from different cross-

linked phenolic polymers. The three main aromatic compounds are p-coumaryl alcohol, 

coniferyl alcohol and sinapyl alcohol (Ponnusamy et al. 2019). It contains several functional 

groups such as aliphatic, hydroxyl, phenolic hydroxyl and methoxyl groups (Chio et al. 2019). 

The structure of lignin is also highly influenced by the extraction methods it derives from. 

Lignin can be distinguished from each other according to their extractions and functional 

groups: e.g. kraft lignin, organosolv lignin, soda lignin and lignosulfonates (Bajwa et al. 2019). 

Lignin ensures strength and impermeability to the plant cell wall and resistance against different 

plant pathogens (Lee et al. 2019).  

Hemicellulose is a heteropolymer, which has an amorphous structure. The group of 

hemicelluloses contains different heteropolymers including xylan, galactomannan, 

glucuronoxylan, arabinoxylan, glucomannan and xyloglucan (Scheller and Ulvskov 2010; 

Isikgor and Becer 2015). Hemicelluloses mainly contain pentose sugars (xylose and arabinose), 

hexose sugars (glucose, galactose and mannose), glucuronic acid and L-rhamnose and L-fucose 

units in a small amount (Lu et al. 2021). The composition and structure of the hemicellulose, 

the length and main components of the chain and the composition of the side chains mainly 

depend on the type of the lignocellulose (Lu et al. 2021). Hardwoods contain mainly xylan as 

the backbone of their hemicellulose, while the main chain of softwoods is glucomannan. Xylans 

are heteropolymers consisting of D-xylose units in the backbone linked by β-1,4 bonds. In 

addition, arabinose, glucuronic acid and acetyl groups can be present on the side chains. 

Glucomannans contain D-glucose and D-mannose as backbone chain components (Tonozuka 

et al. 2014). Hemicellulose promotes the cell wall strength by associating cellulosic fibres and 

lignin in the lignocellulosic matrix (Isikgor and Becer 2015). 

2.2.2 Pretreatment of lignocellulose biomass 

In order to be able to access and release the valuable sugar components from 

lignocellulosic biomass, a pretreatment step is required. Many types of pretreatment exist, such 

as physical, chemical, physicochemical and biological pretreatments (Figure 3) (Binod et al. 

2010). 

Physical pretreatment includes various mechanical methods such as grinding and 

milling, which increase the surface area of raw materials to enhance the subsequent hydrolysis 

step. They are reducing the degree of polymerisation and crystallinity of the cellulose part. The 

advantage of the physical pretreatment is that it is an eco-friendly process, which does not use 

any chemicals (like acid or alkali). In general, reduction of the particle size is an important and 
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essential step in the pretreatment of lignocellulosic biomass. A major disadvantage of particle 

size reduction is the high energy demand of the process (Baruah et al. 2018; Rahmati et al. 

2020). Other types of physical pretreatment also exist, such as microwave, radiation and 

ultrasonic treatment, which improve the availability and reactivity of the cellulose fraction 

(Kucharska et al. 2018). 

 

Figure 3. Different pretreatment technologies for lignocellulosic biomass (Arora et al. 2020) 

Another common pretreatment is chemical pretreatment. Alkaline pretreatment is one 

of them. The chemicals in alkaline pretreatment are hydroxyl derivatives of sodium, potassium, 

calcium and ammonium salts, of which sodium hydroxide is the most commonly used. One of 

the main effects of alkali treatment is the breakdown of ester and glycosyl side bonds between 

the lignocellulosic components (cellulose, hemicellulose and lignin). As a result of the 

treatment, the cellulose swells, the inner surface of the cellulose increases and the degree of 

polymerization decreases, the hemicellulose dissolves and the lignin decomposes partly. These 

effects increase the efficiency of a subsequent hydrolysis step. The advantage of alkaline 

pretreatment is that it takes place at ambient temperature and pressure, but requires a long 

treatment time (up to days) (Taherzadeh and Karimi 2008; Alvira et al. 2010; Kumar and 

Sharma 2017).  

Acid pretreatment also degrades the structure of lignocelluloses by dissolving the 

hemicellulose and partly the lignin and the cellulose fractions. Two types of acid pretreatment 

exist: concentrated and dilute acid pretreatments.  

Dilute acid pretreatment is one of the most commonly used chemical pretreatment 

methods. Dilute acidic conditions generally occur at an acid concentration of 10% or less and 

a temperature between 100 and 240°C (Chen et al. 2017). For dilute acid pretreatment, different 

acids are used, e.g., nitric acid, hydrochloric acid, sulphuric acid and phosphoric acid. Of these, 

sulphuric acid is the most commonly used and investigated acid (Chen et al. 2017). During 

dilute acid pretreatment, the lignin and hemicellulose fractions are partially hydrolysed. 

Moreover, the hemicellulose fraction is mostly present in monomeric form in the obtained 

hydrolysate (Galbe and Wallberg 2019). Under appropriate conditions (higher temperature and 
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acid concentration, longer treatment time), the cellulose fraction can also be partially 

hydrolysed. Two types of dilute acid pretreatment are developed: high temperature (above 

180°C) for a short duration (1–5 min) and low temperature (<120°C) for a long duration (30–

90 min). The first is usually operated in continuous mode while the second is operated mainly 

in batch mode (Kumar and Sharma 2017; Zhou et al. 2021). The efficiency of the dilute acid 

treatment is influenced by several factors, such as particle size of the raw material, liquid-solid 

ratio, temperature, time and concentration of acid (Agu et al. 1997; Chen et al. 2017). Optimal 

conditions can be set depending on the main goal of the dilute acid treatment. This can be the 

hydrolysis of the (hemicellulose) sugars from the lignocellulose-based biomass or a 

pretreatment step to enhance the subsequent enzymatic hydrolysis (de Jong and Gosselink 

2014). However, dilute acid treatment at high temperatures produces harmful inhibitory 

chemicals (furfural and HMF) during the degradation of monomeric sugars (Kumar and Sharma 

2017). To avoid the presence of high amount of inhibitors in the hydrolysates, two-step acidic 

hydrolysis is a promising method. In the first step, hemicellulose sugars can be solubilised under 

milder conditions and then the degradation of part of the cellulose structure can be performed 

under harsher conditions (Zhou et al. 2021). The advantage of dilute acid pretreatment is that 

acids do not need to be recovered necessarily (compared to concentrated acid treatment) due to 

the low acid consumption (Tomás-Pejó et al. 2011). On the other hand, neutralisation after an 

acidic treatment is required to provide appropriate conditions for subsequent (enzymatic) 

hydrolysis and fermentation steps (Singh et al. 2015). In some cases, other by-products may be 

formed as a result of neutralisation, such as the formation of gypsum during the neutralisation 

of sulphuric acid with calcium hydroxide, therefore, their disposal must be ensured. Hence, the 

neutralisation process increases the cost of the treatment (Jönsson and Martín 2016). Moreover, 

the high temperature and the use of acids require high energy investment and special equipment, 

respectively (de Jong and Gosselink 2014).  

Concentrated acid pretreatment also uses different acids (sulphuric, hydrochloride and 

phosphoric) in high concentration. The advantage of concentrated acid treatment is that it can 

take place under lower temperature and pressure, and the treatment results in higher hydrolysis 

of the cellulose compared to dilute acid treatment. In addition, due to the milder condition, the 

formation of inhibitors might be less in certain cases in comparison with dilute acid 

pretreatment under harsh condition (Refaat 2012; Jung, Young Hoon 2014). However, it is a 

very corrosive process requiring special equipment, which can make the process very 

expensive. Due to the high amount of acid consumed in the process, it could be beneficial to 

separate it from the hydrolysate and reuse it. However, it can also make this pretreatment 

method expensive (Agbor et al. 2011; Jung, Young Hoon 2014).  

The group of chemical pretreatments also includes ionic liquids and organosolv 

pretreatments. They can also improve the efficiency of cellulose release in a subsequent 

enzymatic hydrolysis step. They are very expensive due to the high chemical demand, so their 

large-scale application has not been implemented yet (Putro et al. 2016; Wang et al. 2017). 

Physicochemical pretreatments are also used for the disruption of the lignocellulose 

structure. The most commonly used physicochemical pretreatment is the steam explosion. The 

essence of steam explosion is that the lignocellulose-based biomass is treated in an aqueous 
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medium at a high temperature (160−260°C) for a few minutes by forming saturated steam, 

which can efficiently access to the inner matrix of lignocellulose. The saturated steam is then 

released, causing flash evaporation of superheated water occur due to a sudden pressure drop 

(Kumar et al. 2009; Pielhop et al. 2016). The rapid pressure drop and the expanded steam 

destruct the structure of the biomass by the “explosion”, ensuring better accessibility of 

enzymes through disrupting crystallinity of cellulose, partial delignification and hydrolysis of 

hemicellulose (Kumar et al. 2009). Steam explosion has moderate energy requirements and low 

environmental impacts (Pielhop et al. 2016). On the other hand, the disruption of 

lignin−carbohydrate matrix is incomplete, and the hemicellulose solubilisation is low. 

Moreover, during the steam explosion, inhibitory compounds are also formed, which negatively 

affects the subsequent enzymatic hydrolysis and fermentation (Agbor et al. 2011). There are 

several types of steam explosion where the medium is not only water but contains other 

components, such as carbon dioxide, sulphur dioxide or sulphuric acid, in order to increase the 

efficiency of steam explosion. However, the addition of chemical components increases the 

cost of the pretreatment due to subsequent neutralisation step and recovery of the chemicals 

(Singh et al. 2015). 

Pretreatment can also be performed by biological methods. Some microorganisms have 

sufficient enzymes to degrade lignocelluloses. The purpose of the biological pretreatment is 

usually the decomposition of lignin, which is most frequently performed by white-rot fungi. 

This type of fungus possesses proper lignin-degrading enzymes. The advantage of biological 

treatment is that it is carried out in mild conditions, resulting in lower energy consumption 

compared to other pretreatment methods. On the other hand, the degradation of lignin is very 

slow, which is not a positive factor from an economic point of view. In addition, this type of 

fungus utilises part of the cellulose and hemicellulose fractions during the pretreatment, which 

also has a negative effect on the amount of sugars recovered (Kanta et al. 2019). Other fungi 

(soft and brown rot fungi) and bacteria are also capable of degrading the lignin and partially the 

cellulose fractions to enhance the enzymatic hydrolysis step (Sindhu et al. 2016; Vasco-Correa 

et al. 2016). 

2.2.3 Enzymatic hydrolysis 

Although the main components of lignocellulose (cellulose, hemicellulose and lignin) 

were partially hydrolysed as a result of the pretreatments, mentioned in Section 2.2.2, complete 

hydrolysis could not be achieved to release high amount of monomers. Therefore, an additional 

hydrolysis step is necessary, which is performed using different enzymes (Mussatto and 

Teixeira 2010; Luo et al. 2019). In the following, the focus will be on the enzymatic hydrolysis 

of the cellulose and hemicellulose fractions, as value-added products can be easily produced 

from the monomer sugars (and possibly from oligomeric fractions too) released from them. 

Lignin degradation is mainly aimed in the pretreatment steps, as mentioned in the previous 

section (Section 2.2.2). 

The most important group of lignocellulose-degrading enzymes is the cellulases, which 

participate in the breakdown of cellulose to obtain glucose as a fermentable sugar. To 

decompose cellulose, a complex cellulase enzyme system is necessary, involving 
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endoglucanases, exoglucanases and β-glucosidases. The synergistic action of these three 

enzyme groups is essential for successful cellulose degradation. Endoglucanases cleave the 

bonds of the amorphous region in the linear cellulose chain, resulting in cello-oligosaccharides 

with new reducing and non-reducing ends. Exoglucanases, also known as cellobiohydrolases, 

are able to cleave dimers from the cello-oligosaccharides to release cellobiose units. Depending 

on the type of exoglucanases, they are able to cleave the chain at both reducing and non-

reducing ends. The resulting cellobiose units are hydrolysed by β-glucosidases, which release 

monomer glucose units (Binod et al. 2011; Bhalla et al. 2013; Reshmy et al. 2022). Cellulases 

can be used in many industries such as the pulp and paper industry, food industry and textile 

industry (Kuhad et al. 2011). 

Since hemicellulose is a diverse heteropolymer, a multiple enzyme complex is required 

for its complete degradation. Depending on the composition, the following enzymes may be 

necessary: endo-β-1,4-xylanases, xylan 1,4-β-xylosidases, α-arabinofuranodisases, α-

glucuronidases, acetylxylan esterases, feruloyl esterases, mannan endo-1,4-β-mannanases, β-

1,4-mannosidases and arabinan α-L-arabinosidases (Bhalla et al. 2013). One of the important 

components of hemicellulose is xylose, which is suitable to be converted into value-added 

products. Xylose is present in large amounts in the raw materials of which the hemicellulose 

part contains xylan backbone. Although the structure of a substituted xylan is more complicated 

compared to cellulose, it is more accessible for hydrolytic enzymes (Gilbert and Hazlewood 

1993). In the first step, shorter chains of oligosaccharides are released, and then monomeric 

sugars are obtained by breaking down the oligomers. The synergistic action of the 

corresponding enzymes is also important in this case. Endo-β-1,4-xylanases randomly cleave 

glycosidic bonds along the xylan chain to form oligosaccharides (Prade 1996). From the 

oligosaccharides, 1,4-β-xylosidase cleaves monomeric xylose units (Prade 1996). Various 

substituents also occur on the xylan chain, so these must be removed to increase the efficiency 

of xylan degradation. Some xylanases are unable to degrade substituted xylans, therefore 

degradation of the side chain bonds is inevitable (Gilbert and Hazlewood 1993). Substituted 

xylans can be very diverse, so the enzymes that break down side bonds have different 

efficiencies on them (Bhardwaj et al. 2019). Some of the major side-chain degrading enzymes 

in the degradation of substituted xylan are: α-L-arabinofuranosidases, glucuronidases and 

acetylxylan esterases. The α-L-arabinofuranosidase, as side chain degrading enzyme, cleaves 

the arabinose units from side chains. Glucuronidase removes glucuronic acid from the side 

chains. Acetylxylan esterase releases acetate groups (Binod et al. 2011). Xylanases are used in 

many industrial applications such as pulp and paper, textile, food and feed and chemical and 

pharmaceutical industries (Bhardwaj et al. 2019). 

The efficiency of the enzymatic biomass hydrolysis is affected by numerous factors such 

as pH, biomass loading, temperature, enzyme dosage, product inhibition, etc. (Sen 2014). One 

important factor of them is the solids loading of the biomass. The high solids loading is 

advantageous to obtain high sugar concentration after the hydrolysis step. As a result, higher 

product concentrations can be achieved in the next fermentation step. It is advantageous from 

an economic point of view by reducing capital and operation costs (Wang et al. 2012; 

Modenbach and Nokes 2013). However, solids loading is a limiting factor, one of the reasons 
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being the presence of free water. When an appropriate amount of free water is present, the 

viscosity of the solution is adequate to ensure proper mixing conditions. At about 20% solids 

loading (depending on the raw material), very little free water is present, thus mixing and 

inhomogeneity problems can occur. Another problem is the possible product inhibition by 

increasing the solids loading. In this case, the presence of high concentration of the product 

reduces the activity of given enzyme. Product inhibition is more characteristic of cellulases than 

xylanases (Modenbach and Nokes 2013; da Silva et al. 2020). In the case of cellulases, high 

solids loading can have a negative effect on glucose yield, it can be decreased by increasing the 

solids loading (Modenbach and Nokes 2013). Fockink et al. (2017) studied the effect of 

substrate total solids and enzyme loading on the efficiency of enzymatic hydrolysis by Cellic 

Ctec3. The raw material was steam-exploded sugar cane bagasse with a cellulose content of 

54.5%. The substrate total solids ranged from 8 to 22%, while the enzyme loading ranged from 

1.4 to 44.9 Filter Paper Units/g glucan based on a central composite rotatable design of 

experiments. The time of the enzymatic hydrolysis was 96 hours. The highest sugar 

concentration (110 g/L) was achieved at 20% substrate total solids and 38.6 Filter Paper Unit/g 

glucan enzyme dosage when the glucose conversion was approximately 70% (Fockink et al. 

2017). López-Linares et al. (2014) investigated the effect of solids loadings during enzymatic 

hydrolysis of acid pretreated rapeseed straw by Cellic Ctec3. Solids loading was tested at 3 

values: 7.5, 15 and 20 w/v%. The achieved glucose concentrations were 38, 71 and 88 g/L in 

the cases of 7.5, 15 and 20 w/v% solids loading, respectively. Thus, the highest glucose 

concentration was obtained at 20 w/v% solids loading. However, the glucan conversion was 

decreased by increasing the solids loading. While at 7.5 w/v% solids loading the glucan 

conversion was 75%, this value was only 64.5% in the case of 20 w/v% solids loading (López-

Linares et al. 2014). 

2.3 Production of value-added products from sugars released from 

lignocellulosic biomass 

 The monomeric sugars (or oligomers) released during enzymatic hydrolysis are suitable 

for the production of value-added products. It may be possible to obtain value-added products 

after enzymatic hydrolysis, such as arabinoxylo-oligosaccharides (AXOS), which have a 

prebiotic effect. However, value-added products are most often produced by fermentation of 

C6 and C5 sugars (e.g. to bioethanol, lactic acid, succinic acid and xylitol) (Broekaert et al. 

2011; Takkellapati et al. 2018). 

2.3.1 Xylitol 

Xylitol is a five-carbon sugar alcohol (pentitol), which occurs naturally in different fruits 

and vegetables. It has a high global market due to its positive health effects. Its sweetness is 

equal to that of sucrose, but it has lower energy content. Its consumption is especially 

recommended for people with diabetes because it does not significantly increase the level of 

insulin in the blood (Chen et al. 2010). In addition to providing a sweet taste, it protects the 

teeth and has a cooling effect, so it is often used in chewing gums and toothpaste (Granström 

et al. 2007). Xylitol can be extracted from vegetables and fruits, however, these processes are 

not economical on an industrial scale due to the low xylitol content and high cost of these raw 
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materials (Chen et al. 2010). Xylitol is produced from pure xylose by a chemical process on an 

industrial scale nowadays. The process involves chemical reduction (hydrogenation) of xylose 

by catalyst (a Ni-Al2 alloy) at high temperature and high pressure. The disadvantage of the 

chemical process is that the catalytic reaction requires high purity xylose, thus several 

purification steps and specific equipment are required, making it a costly process (Albuquerque 

et al. 2014). An alternative method is the biotechnological production (fermentation) of xylitol 

by various microorganisms. The advantage of biological reduction over catalytic hydrogenation 

is that it can be carried out under milder conditions and does not require a high-purity xylose 

solution, allowing the direct utilisation of hydrolysates derived from agro-industrial wastes 

(Dasgupta et al. 2017).  

 

Figure 4. Xylose metabolic pathway in yeasts  (Chen et al. 2010) 

High xylitol production is achievable by yeasts because their xylose utilisation usually 

occurs in two steps. In the first step, yeasts use xylose reductase to form D-xylitol from D-

xylose. Xylose reductase belongs to aldose reductases (EC 1.1.1.21), and it is an NADH- or 

NADPH-dependent enzyme. Xylitol is either secreted to the fermentation medium or further 

converted (oxidised) to D-xylulose by NADH- or NADPH-dependent xylitol dehydrogenase 

(EC 1.1.1.9). Extracellular accumulation of xylitol is clearly influenced by the ratio of these 

enzyme activities (Rafiqul and Sakinah 2013). Then, D-xylulose is converted into xylulose-5-

phosphate by xylulokinase (EC 2.7.1.17), which enters the pentose-phosphate cycle or the 

glycolysis (Figure 4) (Ahuja et al. 2020). In most bacteria, D-xylose is utilised by the enzyme 

of xylose isomerase (EC 5.3.1.5) which results in the formation of D-xylulose directly from 

xylose. However, some bacteria are capable of reducing xylose to produce xylitol. In some 

bacteria, such as Corynebacterium sp. and Enterobacter liquefaciens, xylose reductase is found 
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to convert xylose to xylitol (Dasgupta et al. 2017). Some filamentous fungi are also able to 

produce xylitol but their xylitol production is generally lower compared to that of yeasts (Meng 

et al. 2022). Hence, the most important and studied xylitol producers are yeasts, especially those 

belonging to the genus Candida, having the exceptional capability for xylitol production 

(Antunes et al. 2017).  

2.3.1.1 Factors influencing the xylitol production by Candida species 

Xylitol fermentation is affected by several factors such as aeration, pH, temperature, 

inhibitors, initial sugar (xylose) concentration, etc. (Suva et al. 1998). In the following, the 

emphasis will be on the effects of aeration, initial xylose concentration, inhibitors and sugar 

profile on xylitol production. 

One of the most important factors affecting xylitol fermentation by using yeasts is 

aeration. The oxygen supply influences the achievable xylitol yield by determining the amounts 

of carbon sources utilised for cell growth and product formation. Micro-aerobic condition is 

favourable for xylitol accumulation. With a limited oxygen supply, the electron transfer system 

is unable to reoxidise all NADH produced by respiration and/or fermentation, resulting in 

increased intracellular NADH levels and decreased NAD+. Due to the shift in equilibrium 

(towards NADH), xylitol dehydrogenase is unable to convert the xylitol to xylulose. This 

biochemical process leads to xylitol accumulation (Winkelhausen and Kuzmanova 1998; 

Domingues et al. 2021). Thus, to improve xylitol production, oxygen levels should be carefully 

monitored to maintain xylose reduction but minimise further conversion of the produced xylitol. 

In the literature, the degree of aeration can be given in several ways such as vessel volume per 

minute (vvm), volume mass transfer coefficient (KLa) or oxygen transfer rate (OTR), making 

it difficult to compare the results in terms of aeration. Ding and Xia (2006) studied the effect of 

aeration on xylitol production in synthetic medium containing 80 g/L xylose by Candida sp. 

ZU04. The rate of aeration varied between 0.1, 0.3, 0.5 and 0.7 vvm. By increasing the aeration 

level, the xylitol yield continuously decreased, thus the highest xylitol yield with a value of 0.62 

g/g was observed at the lowest aeration level (0.1 vvm). However, in this case, the fermentation 

time was longer compared to the cases of higher aeration levels. Moreover, in the case of the 

lowest aeration, significant amount of xylose remained in the medium, even after 132 hours. 

The xylitol productivity showed an opposite trend, it was increased by increasing the aeration. 

In addition, cell growth also increased continuously by increasing the aeration. The results also 

confirmed that xylose depletion and xylitol productivity increased by increasing aeration. In 

contrast, lower aeration was preferred for higher xylose yield. This was also confirmed by the 

experiments of Winkelhausen et al. (2004), where the efficiency of xylitol fermentation was 

studied under anaerobic and micro-aerobic conditions by using C. boidinii NRRL Y-17213. 

Xylitol production on model xylose medium was investigated by varying the KLa value of the 

system. By increasing the KLa value, the xylose consumption rate and the cell growth were 

increased continuously, while the xylitol yield was decreased. No cell growth was observed 

under anaerobic condition and xylose depletion was only 11%, which is significantly lower 

compared to the results obtained under micro-aerobic condition (>70%). Mareczky et al. (2016) 

also studied the effect of aeration through OTR on xylitol fermentation by different Candida 

strains (C. boidinii NCAIM Y.01308; C. guilliermondii NCAIM Y.01050; C. parapsilosis 
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NCAIM Y.01011) on xylose semi-defined medium by varying the working volume level. The 

maximal OTR was determined for each filling volume. Higher OTR (6.3–6.5 mmolO2/(L×h)) 

resulted in low xylitol yields in all cases. Reduction in OTR to 5.7-6.1 mmolO2/(L×h) resulted 

in a significant increase in xylitol yields. The obtained xylitol yields were approximately 3.5-

fold higher compared to that achieved at higher aeration levels. The highest xylitol yields were 

obtained at OTRs of 5.7 (45.9%), 5.7 (46.8%) and 6.1 (46.9%) mmolO2/(L×h) in the cases of 

C. boidinii NCAIM Y.01308; C. guilliermondii NCAIM Y.01050 and C. parapsilosis NCAIM 

Y.01011, respectively. At lower OTR (2.8 mmolO2/(L×h)), the xylitol yields were reduced. 

Hence, aeration is an important factor in xylitol fermentation. High aeration has a 

positive effect on cell growth and xylose depletion, however, limited aeration is preferred for 

xylitol production. 

Another factor influencing xylitol production is the initial xylose concentration. By 

increasing the xylose concentration, higher xylitol concentrations can be achieved. However, 

too high xylose concentration increases the osmotic pressure (or reduces the water activity), 

which affects negatively the membrane transport system and inhibits the cell metabolism (Kim 

et al. 2002; Tamburini et al. 2015). Tamburini et al. (2015) studied the effect of initial xylose 

concentration on xylitol productivity on a synthetic medium containing xylose by using C. 

tropicalis DSM 7524. The xylose concentration was varied between 15 and 300 g/L by selecting 

11 different points. By increasing the initial xylose concentration to 80 g/L, xylitol productivity 

continuously increased, reaching a maximum value of 0.616 g/(L×h). Further increasing the 

initial xylose concentration, a significant decrease was observed in xylitol productivity, and the 

lowest value was measured at 300 g/L initial xylose concentration (0.020 g/(L×h)). At the 

lowest initial xylose concentration (15 g/L) the xylitol volumetric productivity was also low 

(0.027 g/(L×h)). Kim et al. (2002) investigated the effect of the initial xylose concentration on 

xylitol yield at 4 points (50, 100, 200, 300 g/L) by C. tropicalis ATCC 13803. Initial xylose 

concentration of 100 g/L resulted in the highest xylitol yield which was 0.81 g/g. The worst 

result (0.46 g/g) was obtained at 300 g/L initial xylose concentration. Vandeska et al. (1995) 

achieved different results when they investigated the effect of initial xylose concentration by 

varying it between 20-200 g/L and using C. boidinii NRRL Y-17213 on model xylose medium. 

The maximum xylitol yield was achieved at 150 g/L initial xylose concentration with a value 

of 51.65% after 14 days. The worst maximum xylitol yield was obtained with a value of 5.49% 

after 2 days when the initial xylose concentration was 20 g/L. At 200 g/L initial xylose 

concentration, the xylose depletion was only 22% of the initial xylose concentration, which was 

significantly lower than the xylose depletion measured at other investigated initial xylose 

concentrations, which approximately varied between 80 and 85%. 

Based on the presented results, xylitol fermentation is significantly affected by the initial 

xylose concentration. Its efficiency significantly decreases at 200-300 g/L initial xylose 

concentration depending on the strain applied. However, the low xylose concentration is also 

unfavourable for xylitol fermentation.  

Some chemicals can adversely affect fermentation. These inhibitor components are 

usually formed during the pretreatment of lignocellulosic biomass. The amount and type of 
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inhibitors formed are affected by the feedstock and the method of pretreatment. Inhibitors are 

usually formed by the degradation of the main components (cellulose, hemicellulose and 

lignin). They can be grouped in numerous ways. One way, to do this, is to group them according 

to the chemical properties and the origin of the inhibitor as follows: sugar-derived aldehydes 

(e.g. furfural, HMF and syringaldehyde), short-chain organic acids and aldehydes (e.g. acetic 

acid, formic acid and vanillin) and aromatic compounds (e.g. phenols) (Sjulander and Kikas 

2020). These components act differently in fermentation. For example, furfural inhibits 

microbial enzymes such as glycolytic enzymes. Aromatic compounds have a negative effect on 

the cell membrane, thus reducing the resistance of the cells to external influences. Acetic acid 

can interfere with nutrient uptake (Wang et al. 2015; Sjulander and Kikas 2020). Inhibitors do 

not always have negative effects on fermentation. This is greatly influenced by the strain used 

for fermentation and the concentration of inhibitors. Pereira et al. (2011) studied the effects of 

several inhibitor components on the xylitol production by C. guilliemondii ATCC 201935. 

Xylitol fermentation was not influenced negatively by the presence of 1 g/L acetic acid, 0.4 g/L 

ferulic acid and 0.8 g/L syringaldehyde in a phosphate-buffered xylose model medium. Felipe 

et al. (1995) found that 1 g/L of acetic acid stimulated the production of xylitol, however, further 

increasing the acetic acid concentration had a negative effect on the xylitol productivity by C. 

guilliemondii FTI 20037. Based on the results achieved by Wannawilai et al. (2017), furfural 

had a positive effect on xylitol yield when its concentration was not more than 0.3 g/L in the 

case of fermentation by C. magnoliae TISTR 5663.  

However, the amount of inhibitors in lignocellulose-based hydrolysates is generally 

higher than those mentioned in previous examples, thus detoxification step is usually needed to 

reduce the amount of these components prior to xylitol fermentation (Romero-García et al. 

2022). Detoxification can be performed physically, chemically and biologically, or a 

combination thereof (Chandel et al. 2013). One common method of detoxification is 

overliming, which is an alkali treatment. The pH of the hydrolysate is adjusted to about 9-10, 

mainly using calcium hydroxide. The formed precipitates are removed and then the pH is 

adjusted to that required for fermentation by (sulphuric) acid. This treatment can be reduced the 

furfural and HMF concentrations. Overliming has no effect on acetic acid concentration 

(Palmqvist and Hahn-Hägerdal 2000). Another way to remove HMF and furfural may be to use 

reducing agents like sulphite (Palmqvist and Hahn-Hägerdal 2000). Activated carbon treatment 

can remove the phenolic components, furfural, HMF and formic acid with good efficiency from 

lignocellulosic hydrolysates, but cannot effectively remove acetic acid (Villarreal et al. 2006). 

Inhibitors such as acetic acid, furfural and HMF can also be removed by ion-exchange resin 

treatment using various anion and cation exchange resins (Nilvebrant et al. 2001). Some 

microorganisms produce enzymes, mainly laccase peroxidase, that can reduce the amount of 

toxic components. In addition, some microorganisms may be able to metabolise inhibitors such 

as organic acids (like acetic acid) and phenolic components (Morozova and Semyonov 2016). 

López-Linares et al. 2020 investigated the effect of two detoxification methods, activated 

carbon and ion exchange, on xylitol fermentation using hydrolysate of exhausted olive pomace. 

In this case, the ion-exchange resin treatment showed better results and higher xylitol 

concentration by using C. boidinii NCAIM Y.01308. (López-Linares et al. 2020). Romero-

García et al. (2022) investigated various detoxification methods to enhance xylitol fermentation 
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using C. boidinii NCAIM Y.01308. For xylitol fermentation on olive stones hydrolysates, 

biological detoxification by Saccharomyces cerevisiae was the best detoxification to increase 

xylitol productivity compared to treatments with vacuum evaporation, activated carbon, 

overliming and combinations of them. 

In addition to inhibitor components, the sugar profile of the lignocellulosic hydrolysates 

also influences the efficiency of xylitol production. In addition to xylose, the lignocellulosic 

hydrolysates generally contain other sugars too, such as arabinose and glucose (Yang et al. 

2018). Mussatto et al. (2006) studied xylitol fermentation on a model medium containing 

different sugars (85 g/L xylose, 17 g/L glucose and 9 g/L arabinose) by using C. guilliermondii 

FTI 20037. The results showed that the presence of arabinose had no effect on xylitol 

fermentation. However, the glucose present reduced the xylose utilisation by 30% compared to 

the case when the medium contained only xylose. A kinetic study of this effect was performed 

by Tochampa et al. (2005). The result showed that if the glucose to xylose ratio was higher than 

0.1, it had a negative effect on the xylitol fermentation. This statement was also confirmed by 

López-Linares et al. (2020) by using C. boidinii NCAIM Y.01308. When the model xylose 

solution (23.7 g/L) was supplemented by 4.9 g/L glucose, a lower maximum xylitol 

concentration was achieved compared to the medium without glucose supplementation. A two-

step fermentation technique may be a good alternative to reduce the glucose concentration 

before xylitol production. A two-step fermentation process was presented by Ding and Xia 

(2006). In the first step, the applied yeast consumed the glucose under aerobic condition, while 

in the second stage, the aeration was decreased to provide  an appropriate condition for xylitol 

fermentation on the glucose-depleted hydrolysate (Ding and Xia 2006). 

Since xylitol fermentation is affected by many factors, it is worth investigating the 

effects of each environmental factor simultaneously. Response surface methodology is a good 

method to perform a complex evaluation of results obtained from designed experiments. It 

allows the evaluation of the combined effect of several factors by a reduced number of 

experiments. In addition, response surface methodology provides an opportunity to statistically 

determine the optimal condition in terms of a certain target parameter, thus it can help to 

increase the efficiency of xylitol production. Mussatto and Roberto (2008) studied the effect of 

initial xylose concentration and nutrient supplementation on xylitol fermentation by using C. 

guilliermondii FTI 20037 on brewer’s spent grain hydrolysate. The statistical evaluation 

predicted the optimal condition at an initial xylose concentration of 70 g/L without nutrient 

supplementation, resulting in xylitol yield and productivity of 0.78 g/g and 0.58 g/(L×h), 

respectively. Silva and Roberto (2001) investigated the effect of the initial cell mass and xylose 

concentration on xylitol production by C. guilliermondii FTI 20037 on rice straw hydrolysate. 

The initial xylose concentration and cell mass were set to 30, 60 and 90 g/L and 1, 3 and 5 g/L, 

respectively. After the statistical evaluation, optimum condition was obtained at an initial 

xylose concentration of 82 g/L and cell concentration of 3 g/L, resulting in a xylitol yield of 

0.65 g/g. Canilha et al. (2005) studied the initial pH, the initial xylose concentration and several 

medium components (ammonium sulphate, calcium chloride and rice bran extract) by response 

surface methodology to increase the efficiency of xylitol fermentation. The experiment was 

performed on wheat straw hydrolysate (19.5 g/L xylose concentration) by C. guilliermondii FTI 



 

18 

 

20037. Based on the statistical evaluation, the following conditions were found to be optimal: 

threefold concentrated hydrolysate supplemented with ammonium sulphate (1.0 g/L) and rice 

bran extract (5.0 g/L), which pH was adjusted to 6.0 prior to inoculation. Under these 

conditions, xylitol productivity of 0.34 g/(L×h) and a xylitol yield of 0.49 g/g xylitol were 

achieved.  

2.3.1.2 Xylitol fermentation on xylose-rich lignocellulose hydrolysate by Candida boidinii 

Fehér et al. (2015) studied xylitol fermentation on a xylose-rich hydrolysate derived 

from corn fibre. The hydrolysate was detoxified by activated carbon due to its high total phenol 

content. The hydrolysate contained 2.2 g/L glucose, 24.1 g/L xylose and 6.1 g/L arabinose. The 

activated carbon did not remove considerably the acetic acid from the hydrolysate, it contained 

2.3 g/L acetic acid after detoxification. Fermentation was performed under micro-aerobic 

condition with the OTR level of 2.8 mmolO2/(L×h) by C. boidinii NCAIM Y.01308. A xylitol 

yield of 53% was achieved after 72 hours, which corresponded to 10.4 g/L xylitol concentration. 

The xylose yield was 5% lower compared to the result obtained on a semi-defined xylose 

medium. Ethanol production was observed during the early phase of fermentation however it 

was depleted after 48 hours.  

Santana et al. (2018) used a concentrated cocoa pod husk hemicellulose hydrolysate for 

xylitol production using C. boidinii XM02G. Since the hydrolysate had high total phenol 

content, it was detoxified by activated carbon treatment. The initial xylose and glucose 

concentrations were similar (nearly 25 g/L). The high glucose concentration was derived from 

the partial hydrolysis of cellulose. During the fermentation, it was observed that the yeast 

assimilated the glucose first, and no xylitol production occurred. After the glucose 

concentration reduced to a low level (after 120 hours), xylose utilisation started, which was 

associated with the production of xylitol. The highest xylitol concentration (11.34 g/L) was 

reached after a very long fermentation time (372 hours), corresponding to a xylitol yield of 0.52 

g/g.  

López-Linares et al. (2020) treated extruded olive pomace to produce a xylose-rich 

hydrolysate. Due to the high amount of inhibitors, C. boidinii NCAIM Y.01308 was unable to 

produce xylitol on this hydrolysate, thus detoxification step was required. Detoxification was 

performed using an ion exchange resin. Xylitol fermentation on the detoxified hydrolysate 

resulted in a xylitol yield of 0.43 g/g (5.97 g/L xylitol concentration) after 96 hours. Compared 

to the results obtained on the synthetic medium (with a similar sugar profile as the hydrolysate) 

without inhibitors, a yield of 0.52 g/g was obtained after 48 hours. Thus, the xylitol yield 

achieved on the hydrolysate was 83% of that obtained on the synthetic medium. A small amount 

of ethanol was also produced during the fermentation. 

Based on these results, it can be concluded that C. boidinii is suitable for the production 

of xylitol from lignocellulose-based hydrolysates however detoxification is usually required 

due to its sensitivity against the high concentration of inhibitory components of the 

hydrolysates. 
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2.3.2 Arabinose 

Arabinose is a five-carbon monosaccharide (aldose) with the formula of C5H10O5. It is 

mainly found in its „L”-form in the nature (Seiboth and Metz 2011). It is used for the production 

of different flavours and as an important intermediate in the synthesis of antiviral drugs (Fehér 

et al. 2015c). It can also be used as a sweetener and its consumption is especially recommended 

for people with diabetes because it does not increase significantly the level of insulin in blood 

(Krog-Mikkelsen et al. 2011). The industrial production of L-arabinose today is performed from 

gum arabic. The arabinose is extracted by an acidic treatment that is followed by complex and 

expensive purification steps to obtain pure crystalline arabinose. The limited access of gum 

arabic and the increasing application of pure arabinose resulted in an increasing market price 

of arabinose (Hu et al. 2018). Consequently, the implementation of alternative productions of 

arabinose is targeted by several researches nowadays (Fehér 2018). The pectin-rich or 

lignocellulose-based biomass can replace gum arabic, due to their considerable arabinose 

content, reducing the price of raw materials (Fehér et al. 2015c; Cárdenas-Fernández et al. 

2018). A possible way to produce arabinose from biomass with high L-arabinose content is the 

combination of alkaline and acidic treatments. In the first step, arabinoxylan can be extracted 

by alkali treatment and after its separation, the arabinose can be released by acidic hydrolysis. 

However, the harmful substances required (e.g. strong alkaline solution) and the high amount 

of salts, produced during the neutralisation step between alkali and acidic treatments, make this 

process unfavourable (Hu et al. 2018).  

Enzymatic hydrolysis is an alternative method for the production of L-arabinose. L-

arabinose can be selectively released from arabinose-rich biomass by enzymatic hydrolysis 

(Fehér et al. 2015a). High purity arabinose can also be obtained from pectin by enzymatic 

hydrolysis. Cárdenas-Fernández et al. (2018) studied the enzymatic hydrolysis of sugar beet 

pectin obtained by steam explosion that had high arabinose content (50% of the total 

monosaccharide content). Using an immobilized α-L-arabinofuranosidase enzyme, arabinose 

was released from the pretreated sugar beet pulp. It was then separated by tangential membrane 

filtration and a 92% pure arabinose solution was obtained. Thus, α-L-arabinofuranosidases are 

effectively release the L-arabinose units from the hemicellulose part of the lignocellulosic 

biomass.  

Arabinose biopurification 

Acid treatment of lignocellulose-based biomass with arabinoxylan hemicellulose under 

mild condition can also release arabinose. Bravo et al. (2017) investigated dilute acid hydrolysis 

of Pinus sp. under a mild condition with hydrochloric acid. It was shown that a two-step 

hydrochloric acid treatment (65°C and 80°C for 18 h and 4 h with 3% HCl, respectively) 

successfully dissolved arabinose. However, no xylose was detected in the remaining solid 

residue, meaning xylose was also present in the liquid phases in monomeric or oligomeric form. 

Acid-catalysed microwave pretreatment of extruded wheat bran also resulted in efficient 

solubilisation of arabinose (90% arabinose yield), however xylose was also solubilised with the 

same yield (Aguedo et al. 2013). Based on these pretreatments and hydrolysis steps of 

lignocellulose-based biomass, the obtained hydrolysates also contain sugars other than 
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arabinose, which must be removed to obtain sufficiently pure crystalline arabinose (Cheng et 

al. 2011). Arabinose biopurification is a promising method to obtain pure arabinose solutions 

from hydrolysates containing a mixture of different sugars. 

The purpose of biopurification is to use a microorganism that metabolises all the sugars 

except arabinose. Cheng et al. (2011) screened 306 yeast strains, from which Pichia anomala 

Y161 was the most suitable for biopurification of arabinose. On a xylose mother liquor medium 

with high arabinose content (153 g/L), 86.1% arabinose purity was achieved after 75 hours of 

fermentation. The obtained arabinose solution was successfully crystallised with an appropriate 

purity after the treatment. Fehér et al. (2015) also performed a successful biopurification of 

arabinose on arabinose-rich corn fibre hydrolysate using C. boidinii NCAIM Y.01308, resulting 

in a 90% pure arabinose solution after 48 hours. Biopurification is a cheap and easy method 

that is extremely important for industrial feasibility. On the other hand, biopurification does not 

convert the other sugars into value-added products, so this method is only reasonable when an 

arabinose-rich hemicellulose hydrolysate is present, and the produced cell mass can be further 

utilised, for example as the inoculum for another fermentation step (e.g. xylitol fermentation) 

(Fehér et al. 2015b). 

2.3.3 Bioethanol 

Bioethanol is ethanol that is produced in microbial fermentation of sugars (mainly 

glucose) derived mainly from plant biomass. Based on the raw material, it can be grouped into 

first-, second- and third-generation bioethanol (Lee and Lavoie 2013). Starch- and sugar-rich 

raw materials, such as various grains and high-sugar crops, are used to produce first-generation 

bioethanol. Brazil and the United States produce the largest quantities of first-generation 

bioethanol. The former uses sugar cane, while the latter uses corn to produce it. First-generation 

bioethanol production today is a working technology on an industrial scale (Bertrand et al. 

2016; Halder et al. 2019). The problem with first-generation fuels is that the raw materials are 

also used by the food industry, contributing to rising food prices, deforestation and non-food 

use of arable lands (Mohr and Raman 2013). The raw material for second-generation bioethanol 

is the lignocellulose-based biomass. It is available in large quantities at a low cost (Robak and 

Balcerek 2018). Its advantage over first-generation bioethanol is that it is produced from 

forestry and agro-industrial by-products that are not used for food purposes. However, the 

complex structure of the lignocellulose makes more complicated to release sugars than in the 

case of first-generation bioethanol production. Therefore, lignocellulosic bioethanol production 

is currently a more expensive process compared to first-generation bioethanol (Sims et al. 2010; 

Arshadi and Grundberg 2011). Hence, only a few lignocellulosic bioethanol plants exist on an 

industrial scale today mainly in Brazil, China and the United States of America (Halder et al. 

2019). There is also a third generation of bioethanol which is based on the processing of algae 

biomass (Jambo et al. 2016). 

From the sugars released from biomass, bioethanol is produced using yeasts. Of these, 

the most widely used strain is S. cerevisiae. It produces alcohol from glucose under anaerobic 

condition. During glycolysis, it catabolises sugars into pyruvic acid, which is broken down by 

pyruvate dehydrogenase to acetaldehyde and carbon dioxide. The resulting acetaldehyde is 
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converted to ethanol by the alcohol dehydrogenase while NAD+ is released (Pronk et al. 1996). 

S. cerevisiae has a high tolerance to ethanol and other stress factors (inhibitors) (Sharma et al. 

2018). However, S. cerevisiae is unable to ferment certain sugars, such as pentoses. On the 

other hand, it can be easily genetically modified and effectively used in industrial-scale 

fermentations. Other microorganisms which can utilise C5 sugars are also investigated for 

bioethanol production. The difficulty of bioethanol production from pentoses is that it takes too 

long time compared to glucose fermentation, which is a disadvantage from an economic point 

of view (Sharma et al. 2018) 

Bioethanol can be an alternative fuel to replace fossil fuels for example in the 

transportation sector. Its advantage over fossil fuels is that its use emits less greenhouse gases 

due to the previously mentioned (Section 2.1, Figure 1) closed-cycle carbon emission 

(Gustavsson et al. 1995; Deshavath et al. 2022). However, its combustion produces less energy 

than gasoline. Approximately 1.5 to 1.8 times more bioethanol is needed to achieve the same 

amount of energy generated by burning one unit of gasoline (Yüksel and Yüksel 2004). 

Nowadays, it is mostly mixed with gasoline in the right proportions. Bioethanol above a certain 

ratio (above about 20% ethanol to gasoline) is detrimental to gasoline-powered engines that are 

common today (Raj et al. 2022). 

2.4 Potential agro-industrial by-products for utilisation in a biorefinery 

concept 

High amount of biomass is produced in the agriculture (950 million tonnes of biomass 

annually in EU), and its processing results in large amounts of by-products that should be 

valorised (Saleem 2022). However, handling of the large amount of by-products generated each 

year is still problematic. These are often placed without any treatment on landfills, creating 

breeding grounds for some harmful (disease-causing) microorganisms, or they are burned for 

heat and electricity production, which can cause an environmental problem by emitting various 

greenhouse gases. However, these by-products contain valuable ingredients that can be used to 

produce value-added products. The largest part of the generated by-products comes from the 

agri-food industry. These can be various peels from the production of juice (e.g., apple, orange), 

cakes from the production of vegetable oil or even husks from the processing of cereals 

(Ravindran et al. 2018; Sadh et al. 2018). In the following part, the possible utilisations of two 

lignocellulose-rich by-products of the agri-food industry, namely wheat bran and brewer’s 

spent grain, are presented. 

2.4.1 Wheat bran 

Wheat is one the most common cereals for human consumption and livestock feed. One 

of the by-products of the milling process of wheat is the wheat bran (WB). Its amount is 

approximately 25% of the dry weight of the grain. Around 150 million tons of WB are produced 

worldwide each year (Prückler et al. 2014). WB can be divided into 3 main parts: the pericarp, 

the aleurone layer and the testa. Their chemical composition is different, but it can be said that 

each part is rich in lignocellulose (cellulose, hemicellulose and lignin). In addition, various 

sterols and alkylresorcinols can be found in the testa. The aleurone layer is also rich in various 
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proteins (e.g. enzymes), vitamins (B, E), various phenolic compounds, lipids, minerals, phytic 

acid and plant sterols (Figure 5). The pericarp contains significant amounts of cell wall-bound 

antioxidants linked to the lignocellulosic moiety (Onipe et al. 2015). 

Table 1. General composition of wheat bran (Apprich et al. 2014) 

Compound 
Amount 

(%) 

Water 12.1 

Protein 13.2-18.4 

Fat 3.5-3.9 

Phytosterols 0.16-0.17 

α-Linolenic acid 0.16 

Total carbohydrates 56.8 

Starch 13.8-24.9 

Cellulose 11.0 

Total arabinoxylans 10.9-26.0 

Total β-glucan 2.1-2.5 

Phenolic acids 1.1 

Ferulic acid 0.02-1.5 

Phtyic acid 4.2-5.4 

Ash 3.4-8.1 

 

One of the possibilities for the direct utilisation of WB is using it for animal feed 

purposes. It is usually mixed with fodder in a proper amount. It improves feed quality and 

digestibility due to its high fibre content (Friedt and McKinnon 2012). In addition, it can also 

be used for food purposes by mixing it with different foods. Consuming the right amount of 

WB, as a dietary supplement, has a positive effect on human health (Stevenson et al. 2012). It 

is used in the largest quantities in bakery products and the production of breakfast cereals 

(Prückler et al. 2014; Sobota et al. 2015). On the other hand, its high carbohydrate (fibre), 

relatively high protein and low lignin content (Table 1) make it suitable to be converted into a 

wide range of value-added products. It can be used as an energy source or can be converted into 

biofuels such as biogas, bioethanol or biohydrogen (Pan et al. 2008; Cioabla et al. 2012; Favaro 

et al. 2013). In addition, after appropriate hydrolysis of wheat bran, it can be utilised to produce 

other value-added platform compounds such as succinic acid and lactic acid (John et al. 2006; 

Dorado et al. 2009).  
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Figure 5. The structure of wheat grain (Onipe et al. 2015)  

2.4.2 Brewer’s spent grain 

Brewer’s spent grain (BSG) is a by-product of the breweries. The BSG is obtained after 

the mashing process when the formed wort is separated from the solid phase. The remained 

solid residue after the separation is the BSG (Figure 6) (Xiros and Christakopoulos 2012). BSG 

accounts for 85% of the by-products generated, which means that about 20 kg of BSG is 

produced in the production of 100 L of beer. The amount of BSG, generated in brewery, is 

estimated at 39 million tonnes per year globally (Lynch et al. 2016). The advantage of BSG is 

that it is cheaply available in large quantities all year round (Mussatto et al. 2006a). However, 

despite the large amount of BSG produced, its direct utilisation is difficult due to transportation 

and storage problems caused by its high moisture content (around 70-80%) (Stroem et al. 2009). 

Therefore, it is mainly used for animal feed on local farms. Its nutrition value is high and it is 

applicable for feeding cattle (Westendorf and Wohlt 2002). 

Table 2. Chemical composition of brewer’s spent grain (Lynch et al. 2016) 

Compound Amount (%) 

Protein 15.2-24.0 

Fat 10.6 

Cellulose 16.8-25.4 

Total arabinoxylans 21.8-28.4 

Lignin 11.9-27.8 

Ash 2.4-4.6 

 

BSG is a lignocellulose-based material, thus its main components are cellulose, 

hemicellulose and lignin. The hemicellulose of BSG is composed of arabinoxylans (Table 2). 

Glucose, xylose and arabinose, as sugar components, are found in the highest amounts in BSG. 

In addition, it is also rich in protein, and it contains several essential amino acids. The 

phosphorus and calcium contents are also significant compared to other lignocellulose-based 

biomass (Mussatto 2014). Like wheat bran, it can be also potentially used for producing energy 
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carriers such as biofuels. The flour, obtained by grinding BSG, can also be used in the food 

industry to enhance the properties (texture and sensory) of bakery products (Waters et al. 2012). 

Extraction and valorisation of the arabinoxylan content of BSG are also receiving considerable 

attention. After appropriate extraction steps, an arabinoxylan fraction can be produced, which 

may have prebiotic properties (Amorim et al. 2019). In addition, there are a number of studies 

investigating the production of other value-added products (e.g. bioethanol, citric acid and lactic 

acid) from BSG (Mitri et al. 2022). 

 

Figure 6. The structure of brewer’s spent grain (Bianco et al. 2020)  

2.5 Enzyme production by bacteria 

The cost of lignocellulose-degrading enzymes, such as cellulases and xylanases, is one 

of the bottlenecks in the utilisation of lignocellulose-based biomass to produce cost-effective 

fuels and chemicals. Therefore, it is important to find cost-saving solutions that reduce the cost 

of enzymes (Ferreira et al. 2021). The solution to this can be the production of enzymes on 

cheap agro-industrial by-products and wastes (Bharathiraja et al. 2017). Both fungi and bacteria 

are applicable to produce hemicellulase and cellulase enzymes. Lignocellulose-degrading 

enzymes, focusing on the production of cellulase and xylanase, are usually produced by fungi 

due to their high enzyme production capability and the easy extraction and purification steps 

(Haltrich et al. 1996). However, nowadays bacteria that produce lignocellulose-degrading 

enzymes are receiving increasing attention, due to their favourable properties. Bacteria have a 

high growth rate. The enzymes produced by bacteria can function over a wide range of 

environmental parameters (e.g., pH and temperature) which can be advantageous for several 

industrial processes. Moreover, bacterial cellulases are present in a multi-complex 

(cellulosome), which positively affects the enzyme functions and synergistic interactions (Maki 

et al. 2009; Sethi et al. 2013). 

The major cellulase and xylanase producer bacteria belong to the following genera: 

Bacillus, Clostridium, Cellulomonas and Paenibacillus (Liang et al. 2014). Strains belonging 

to the genus Cellulomonas are able to produce a multi-enzyme complex since having both 
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xylanase and cellulase activities, which is an important factor for degradation of lignocellulosic 

biomass (Sánchez-Herrera et al. 2007). The beneficial property of the genus Cellulomonas is 

its ability to utilise crystalline celluloses for their growth and production of extracellular 

cellulases (Agrawal 2014). Some strains of Cellulomonas have a complex set of enzymes 

capable of completely degrading the xylan or cellulose. Rapp and Wagner (1986) found that 

Ce. uda also had endo-type β-xylanase and β-xylosidase activities. Rajoka et al. (1997) 

investigated cellulolytic enzyme production in the case of Ce. biazotea grew on different model 

substrates and agro-industrial by-products as carbon sources. It was found that in each case the 

strain showed carboxymethyl cellulase, filter paper-degrading and β-glucosidase enzyme 

activities. The value of these enzyme activities varied depending on the carbon source on which 

the strain grew. Cellulomonas strains may have other side enzyme activities. Secretome 

proteomic analysis of two Cellulomonas strains (Ce. flavigena and Ce. fimi) was investigated, 

suggesting that in addition to xylanase and cellulase enzymes, they also contain other 

carbohydrate degrading enzyme functions such as α-L-arabinofuranosidases (Wakarchuk et al. 

2016). Agro-industrial by-products can be good raw materials for enzyme production by 

Cellulomonas genus since their growth on polymers (carboxymethyl cellulose, xylan) resulted 

in higher enzyme activity compared to monomeric or dimeric sugars (Khanna and Gauri 1993; 

Pérez-Avalos et al. 1996). 
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3 AIMS OF THE STUDY 

The general aim of my study is to investigate the utilisation of lignocellulose-based 

agro-industrial by-products (wheat bran and brewer’s spent grain) in a biorefinery concept. The 

study focuses on the production of value-added products via investigation of pretreatment, 

enzymatic hydrolysis and fermentation processes. The bacterial enzyme production on different 

carbon sources is also studied to decompose lignocellulosic biomass.  

 

Detailed aims of the presented study are the followings: 

- Investigate the fractionation of wheat bran to obtain arabinose- and xylose-rich liquid 

fractions and a cellulose-rich solid fraction, and the production of value-added products from 

the obtained liquid fractions by Ogataea zsoltii NCAIM Y.01540. 

- Investigate the effects of initial xylose concentration and oxygen transfer rate on xylitol 

fermentation by Candida boidinii NCAIM Y.01308, and determine the optimum condition. 

Investigate xylitol fermentations on xylose-rich lignocellulose-based hydrolysates.  

- Investigate the fractionation of brewer’s spent grain to obtain arabinose- and xylose-

rich liquid fractions and a cellulose-rich solid fraction, and determine the optimal condition for 

the enzymatic hydrolysis of the cellulose-rich solid fraction to subsequently produce 

bioethanol. 

- Investigate the extracellular enzyme (xylanase, carboxymethyl cellulase) production 

by Cellulomonas strains (Cellulomonas sp. B6 and Cellulomonas fimi B-402) on different 

carbon sources, and test the obtained enzyme preparations in enzymatic hydrolysis of 

lignocellulosic biomass. 

 

The work was carried out at the Biorefinery Research Group, Department of Applied 

Biotechnology and Food Science, Budapest University of Technology and Economics. Part of 

the enzyme production experiments was performed in the Biotechnology Institute of National 

Agricultural Technology Institute (INTA), Buenos Aires, Argentina.  
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4 MATERIALS AND METHODS 

4.1 Microorganisms 

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

purchased from the National Collection of Agricultural and Industrial Microorganisms 

(NCAIM). The strains were maintained at 4°C on malt agar slants (2 w/v% malt extract and 2 

w/v% agar). Commercial baker’s yeast (Saccharomyces cerevisiae) was purchased from 

Lesaffre Hungary Ltd. (Budapest, Hungary). Cellulomonas sp. B6 was isolated from a bacterial 

consortium obtained from a native subtropical forest soil sample (Piccinni et al. 2016). 

Cellulomonas fimi B-402 was purchased from Northern Regional Research Lab (NRRL) 

Agricultural Research Service Culture Collection (IL, USA). The Cellulomonas strains were 

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

with 20 w/w% glycerol at -80°C.  

4.2 Raw materials 

Wheat bran (WB) was kindly donated by Gyermelyi Ltd. (Gyermely, Hungary). 

Brewer’s spent grain (BSG) was provided by Dreher Ltd. (Budapest, Hungary). The dried raw 

materials were stored at room temperature. For enzyme production experiments, Solka-floc 

(SF), kindly donated by Lund University (Sweden), and water-soluble carboxymethyl cellulose 

(CMC) with low viscosity (Sigma-Aldrich, USA) were used as model substrates and WB, 

pretreated waste paper (PWP), pretreated sweet corn cob (PSCC) were used as lignocellulose-

based carbon sources. The water-insoluble SF, which is obtained from pinewood after several 

extraction steps, contained 76% cellulose and 12% hemicellulose (Sipos et al. 2010). To obtain 

PWP, corrugated cardboard, as waste paper, was cut into small pieces (<0.5 cm) and mixed 

with distilled water to obtain 10 w/w% dry matter. After homogenisation with a hand blender, 

the obtained suspension was treated in autoclave (121°C, 1 bar) for 30 minutes. PSCC was 

obtained after the alkali extrusion step of sweet corn cob, and it was provided by the French 

National Institute of Agricultural Research. WB, used for enzyme production experiments, was 

purchased from a dietary shop and it is referred to as WB-D. Extruded barley straw (EBS), used 

for enzymatic hydrolysis experiments, was provided by the Spanish Center for Energy, 

Environmental and Technological Research. 

4.3 Compositional analysis 

The dry matter (DM) content of raw materials was determined by XM 60 (Precisa 

Gravimetrics AG, Switzerland) rapid moisture analyser. The structural carbohydrates and 

Klason-lignin analyses were performed according to the method of the National Renewable 

Energy Laboratory (NREL) with minor modifications (Sluiter et al. 2012). In the first step, 2.5 

mL 72 w/w% sulphuric acid was added to 0.5 grams of raw materials, and it was treated for 2 

hours at room temperature. After that, 75 mL of distilled water was added, and it was treated in 

autoclave (121°C, 1 bar) for an hour. The acid-insoluble components were removed by vacuum 

filtration on a G4 glass filter and washed with hot distilled water to neutralise. The sugar 

concentrations of the obtained supernatants were analysed by High-Performance Liquid 
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Chromatography (HPLC). The solid residue was dried overnight at 105°C and the Klason-lignin 

content was determined by gravimetric analysis. Determination of the inorganic components 

was performed in a muffle furnace equipped with ramping programme (550°C, 6 hours) (Sluiter 

et al. 2008). The starch content was determined by α-amylase treatment. The raw material was 

suspended in sodium-acetate buffer (0.1M, pH=4.8), and the enzyme dosage of amylase was 

5g enzyme/kg dry matter. The suspension was treated at 90°C for 3 hours. In the next step, the 

solid fraction was removed by filtration and the supernatant was treated by 4 w/w% sulphuric 

acid at 121°C for 15 minutes to decompose the oligomers. The glucose content was determined 

by HPLC system (Fehér et al. 2015b). Protein content of the raw materials was determined by 

Dumas method (Hames et al. 2008). Compositional analysis was carried out in triplicates except 

for the protein determination which was only performed in duplicates. 

4.4 First acidic hydrolysis of wheat bran and brewer’s spent grain 

WB and BSG were suspended in a properly diluted sulphuric acid solution. The 

hydrolysis was performed with 10 w/w% dry matter content at 90°C without agitation. The acid 

concentration and the reaction time were set according to experimental design based on 

preliminary experiments. The reaction time and acid concentration were set to 25, 75 and 125 

minutes and 0.25, 1.25 and 2.25 w/w% in the case of WB, respectively. In the case of BSG, the 

reaction time and acid concentration were set to 10, 30 and 50 minutes and 0.5, 1.25 and 2 

w/w%, respectively. A ten minutes warm-up time was applied before the reaction time. After 

the treatments, the suspensions were cooled down for 5 minutes and the solid fractions were 

removed by filtration on a 50 µm pore-sized nylon filter. The experiments were repeated in 

triplicates at the optimum conditions determined by the statistical evaluation. WB hydrolysates, 

obtained under the optimum conditions, were used for arabinose biopurification. The obtained 

solid residues were washed with distilled water to neutralise and dried at 50°C for 48 hours for 

further experiments.  

4.5 Second acidic hydrolysis of wheat bran and brewer’s spent grain 

The solid residues of WB and BSG, obtained after the optimised first acidic hydrolysis, 

were treated by 1 w/w% sulphuric acid in autoclave (121°C, 1 bar) for 30 minutes. The initial 

dry matters of WB and BSG were 7.5 w/w% and 10 w/w%, respectively. The difference in the 

dry matter content was required because of inhomogeneity problems (inadequate wetting at 

higher dry matter content) in the case of WB. After the second acidic treatment, the solid 

fractions were removed by filtration with 50 µm pore-sized nylon filter. The obtained liquid 

fractions were used for xylitol production experiments. For neutralisation, the solid fractions 

were washed with distilled water and stored at 50°C for 48 hours. The solid fraction of the BSG 

was used for enzymatic hydrolysis experiments. The experiments were carried out in triplicates.  

4.6 Enzymatic hydrolysis of brewer’s spent grain 

The enzymatic hydrolysis was performed by using the solid fraction of BSG after the 

second acidic hydrolysis. The hydrolysis was performed by Cellic Ctec 3 (Novozymes A/S, 

Denmark) cellulase enzyme complex at 50°C for 72 hours at 125 rpm shaking. The solid residue 
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of BSG was suspended in sodium-acetate buffer (0.1M, pH=5.0), where the solids loading (5-

15%) and the enzyme dosage (0.01-0.05 g enzyme/g DM) were set according to experimental 

design. The experiment was repeated at the chosen condition (15 w/w% solids loading and 0.04 

g enzyme/g DM), and the obtained liquid fraction was separated by filtration through a 50 µm 

pore-sized nylon filter. The liquid fraction was used for bioethanol production experiment. The 

experiments under the chosen condition were performed in triplicates.  

4.7 Preparation of Ogataea zsoltii and Candida boidinii inoculum 

Single colonies of yeasts were transferred to glucose agar slants (1 w/v% glucose, 1 

w/v% peptone, 0.3 w/v% yeast extract and 2 w/v% agar) and maintained at 30°C for 72 hours 

at room temperature. After that, the cells were transferred to semi-defined xylose medium 

containing 10 g/L yeast extract, 15 g/L KH2PO4, 1 g/L MgSO4.7H2O, 3 g/L (NH4)2HPO4 and 

30 g/L xylose. The inoculum process was carried out at 30°C and 220 rpm shaking for 72 hours. 

The obtained inoculums of O. zsoltii NCAIM Y.01540 and C. boidinii Y.01308 were used for 

arabinose biopurification or xylitol fermentation. 

4.8 Preparation of Saccharomyces cerevisiae inoculum 

S. cerevisiae was propagated in the medium containing the following components: 50 

g/L glucose, 0.3 g/L MgSO4.7H2O, 2 g/L NH4Cl and 1 g/L K2HPO4. The cultivation was carried 

out at 30°C and 220 rpm shaking for 24 hours. The obtained inoculum with active baker’s yeast 

was used for bioethanol fermentation. 

4.9 Preparation of Cellulomonas strains inoculum 

From glycerol stocks of Cellumononas strains (Cellulomonas sp. B6 and Ce. fimi B-

402), a loopful was spread into LB agar plates (LB medium containing 15 g/L agar) and stored 

at room temperature until colonies was observed in the plates. Single colonies of the two strains 

were transferred into shake flasks containing LB medium. They were shaken at 220 rpm, 30°C 

for 24 hours and 72 hours, in the case of Cellulomonas. sp. B6 and Ce. fimi B-402, respectively.  

4.10 Arabinose biopurification 

Arabinose-enriched WB hydrolysates, obtained during the optimised first acidic 

hydrolyses, were used for arabinose biopurification. It was performed in shake flasks by using 

O. zsoltii NCAIM Y.01540. The condition of arabinose biopurification was the following: 37°C 

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

initial cell concentration was 1.5 g/L. The pH was adjusted to 6 by Ca(OH)2. The obtained 

gypsum was removed by filtration through filter paper. The fermentations were monitored by 

daily sampling. The samples were analysed by spectrophotometer and HPLC. The experiments 

were carried out in triplicates. 

 

 



 

30 

 

4.11 Xylitol fermentation in shake flasks 

The xylitol fermentation was carried out by using C. boidinii NCAIM Y.01308. Xylitol 

fermentation was performed on semi-defined xylose medium containing 10 g/L yeast extract, 

15 g/L KH2PO4, 1 g/L MgSO4.7H2O and 3 g/L (NH4)2HPO4. The initial xylose concentration 

was set according to the experimental design (30, 55 and 80 g/L). In order to validate the 

obtained models, fermentations with initial xylose concentrations of 30 and 71 g/L were 

performed. The sugar and the other components were sterilised (121°C for 20 minutes) 

separately to avoid the Maillard reaction. The initial cell concentration was 5 g/L. The reaction 

temperature was 30°C. Other conditions were the followings: 50 mL working volume in 100-

mL shake flasks, pH=6, 125 rpm shaking for 96 hours. The working volume was varied to be 

35, 50 and 65 mL in the case of the experimental design. Fermentations were monitored by 

daily sampling and analysed by spectrophotometer and HPLC: The model validation test was 

carried out in duplicates. The effect of pH was investigated on xylitol production by using O. 

zsoltii NCAIM Y.01540, where pH=4, 5 and 6 of the semi-defined xylose media (30 g/L initial 

xylose concentration) were used with the following conditions: 50 mL working volume in 100-

mL shake flasks, 37°C, pH=6 and 125 rpm shaking for 96 hours. The experiment was carried 

out in triplicates. 

Xylitol fermentations were also performed by C. boidinii NCAIM Y.01308 and O. 

zsoltii NCAIM Y.01540 on xylose-rich WB hydrolysates. The conditions were the same as 

described previously for the semi-defined xylose medium (50 mL working volume in 100-mL 

shake flasks, 125 rpm shaking and 30°C and 37°C in the cases of C. boidinii NCAIM Y.01308 

and O. zsoltii NCAIM Y.01540, respectively). The pH was also set to 6 by Ca(OH)2, forming 

gypsum, which was removed by filtration using filter paper. The experiments were carried out 

in duplicates and triplicates in the cases of C. boidinii NCAIM Y.01308 and O. zsoltii NCAIM 

Y.01540, respectively. 

4.12 Xylitol fermentation in bioreactor 

Xylitol fermentation was also performed in a 3-L bench-top bioreactor to investigate the 

effect of aeration on xylitol production using semi-defined xylose medium (30 g/L initial xylose 

concentration) in the case of O. zsoltii NCAIM Y.01540. The oxygen transfer rate (OTR) in the 

fermentation system was set to 2.5, 3, 3.5 and 4 mmolO2/(L×h). The pH was set to 4, and the 

fermentations were carried out in 1L working volume at 37°C with 5 g/L initial cell 

concentration. The fermentation was monitored by sampling every 12 hours. Samples were 

analysed by spectrophotometer and HPLC. At the optimum level of OTR, the fermentation was 

repeated on xylose-rich WB hydrolysate. The fermentations in the bioreactor were carried out 

without replicates. 

4.13 Bioethanol production 

The bioethanol production was performed by using S. cerevisiae on a glucose-rich BSG 

hydrolysate, obtained after the enzymatic hydrolysis at chosen point (15 w/w% solids loading 

and 0.04 g enzyme/g DM enzyme dosage). The initial cell concentration was 5 g/L. The 
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fermentation was performed in 15-mL glass flasks with 5 mL working volume at 30°C, 125 

rpm shaking for 72 hours. Anaerobic condition was provided by gassing out the medium with 

pure nitrogen gas. The fermentation was monitored by daily sampling and analysed by 

spectrophotometer and HPLC. The experiments were carried out in duplicates. 

4.14 Enzyme production by Cellulomonas strains 

The enzyme production was carried out on minimal medium (MM) (1.67 g/L K2HPO4, 

0.87 g/L KH2PO4, 0.05 g/L NaCl, 0.1 g/L MgSO4.7H2O, 0.04 g/L CaCl2, 0.004 g/L FeCl3, 0.005 

g/L NaMoO4.2H2O, 0.01 g/L biotin, 0.02 g/L nicotinic acid, 0.01 g/L pantothenic acid, 1 g/L 

NH4Cl and 1 g/L yeast extract) supplemented with a carbon source of 1 w/w% model substrate 

(SF or CMC) or 1 w/w% biomass (WB-D, PWP or PSCC). The medium was sterilised in 

autoclave (121°C for 20 minutes) without microelements (FeCl3, NaMoO4.2H2O, biotin, 

nicotinic acid and pantothenic acid) in order to avoid their degradation. The microelements 

were added in solutions at proper amounts after filtration with a 0.2 µm pore-sized syringe filter 

to ensure sterile condition. The initial cell concentration was set to optical density of 0.05. The 

experiments were performed in 100-mL shake flasks containing 20 mL medium at 30°C and 

220 rpm shaking for 72 hours. It was carried out in triplicates. 

Enzyme production was repeated on the carbon sources resulting in the highest xylanase 

enzyme activity in a bench-top bioreactor (Jfermi Ltd., Hungary) with both of the Cellulomonas 

strains. The enzyme production conditions were the same as in shake flasks. The working 

volume was 300 mL. The aeration was controlled to ensure aerobic condition (dissolved oxygen 

(DO)> 20%). They were carried out without replicates. 

4.15 Preparation of extra- and intracellular enzyme fractions 

The extracellular enzyme fraction was the supernatant of the 72-hours enzyme 

production experiments. The solid fraction was separated by centrifugation (6000xg 10 min). 

The supernatant was supplemented by 0.04 w/w% sodium azide and stored until enzyme 

activity measurement. To obtain intracellular enzyme preparation, the solid fraction of the 

fermentation broth was resuspended in citrate buffer (100 mM, pH=6) in a ratio of 1 to 10 w/w. 

Then it was ultrasonicated (six pulses of 10 s, 28% amplitude) on ice and centrifuged (10000xg, 

30 min). The obtained supernatant was the intracellular enzyme fraction. 

4.16 Enzymatic hydrolysis of extruded barley straw 

The enzymatic hydrolysis was performed on EBS by using extra- and intracellular 

enzyme fractions of Cellulomonas sp. B6. The enzymatic hydrolysis was carried out at 45°C 

and 220 rpm shaking for 72 hours. The hydrolysis was stopped by 5-minutes boiling. The solid 

fraction was removed by centrifugation (6000xg, 15 min), and D-xylose assay kit (Megazyme, 

Ireland) was used to determine the amount of released xylose. A thin-layer chromatography 

(TLC) analysis was also performed on the supernatant to determine the quality of possibly 

solubilised oligomers.  
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4.17 Analytical methods 

4.17.1 Determination of sugars, organic acids, alcohol, phenols and total protein   

Concentration of different sugars (glucose, xylose and arabinose), xylitol, acetic acid, 

ethanol, furfural and 5-hydroxymethylfurfural (HMF) was determined by HPLC, equipped with 

a refractive index detector. The separation was accomplished by BIO-RAD Aminex HPX-87H 

column with Micro-Guard Cation H+ Refill Cartridge (30 × 4.6 mm) guard column at 65°C 

with 0.5 mL/min flow rate. The injection volume was 40 μL and the mobile phase was 5 mM 

sulphuric acid. The xylooligosaccharides were determined by TLC analysis, according to the 

method described by Ghio et al. (2018). The total phenol content of liquid samples was 

determined by the method detailed by Guo et al. (2013). Total protein content of the liquid 

samples was analysed by the method noted by Bradford (Bradford 1976). 

4.17.2 Determination of oxygen transfer rate 

To determine the OTR in the fermentation systems, a gassing-out method was used 

(Wise 1950). The maximum level of DO concentration (C*) was measured by VisiFerm 225 

optical DO sensor (HAMILTON Bondauz AG, Switzerland). The volumetric mass transfer 

coefficient (KLa) can be determined with the following method. The DO was eliminated from 

the medium by bubbling nitrogen gas to reach zero level of oxygen. After that, aeration by air 

was started and the increasing DO concentration was measured until it reached a constant value. 

The expression of -ln(1-(C/C*)) was plotted as a function of time, where C is the actual DO 

concentration at a given point in time. The value of the slope, obtained by linearisation, was 

equal to the value of KLa. From this, the OTR can be calculated by multiplying KLa and C*. 

The OTR was varied by changing the filling volume in shake flasks (35, 50 and 65 mL). In the 

bioreactor, OTR measurement was performed with 1 L working volume and 300 rpm agitation 

by varying the aeration rate between 0.3 and 1.1 vessel volume per minute (vvm).  

4.17.3 Cell concentration 

Cell concentration was determined by optical density measurement at wavelength of 

600 nm in a spectrophotometer. The cell concentration was calculated based on a calibration 

curve. It was established by gravimetrical analysis of dry cell mass in cell suspensions with 

different optical densities.  

4.17.4 Determination of total sugar 

Total sugar includes the amount of monomers and solubilised oligomers for a certain 

sugar component. Since the quantitative measurement of oligomers was not possible, oligomer 

hydrolysis was used to decompose oligomers into monomers. Oligomer hydrolysis was carried 

out by mixing 8 w/w% sulphuric acid and the appropriate sample in a ratio of 1 to 1 v/v, and 

the mixture was treated in autoclave (120°C, 1 bar) for 20 minutes. After this, the total sugar is 

determined and the amount of oligomers can be calculated.  
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4.17.5 Calculations of sugar, xylitol and ethanol yields and arabinose purity 

Sugar yields in the different hydrolysis steps were expressed as a percentage. The sugar 

yields were calculated based on the amount of sugar obtained by the hydrolysis step in 

comparison with the corresponding sugar composition of the feedstock. Calculation of 

monomer and total sugar yields was accomplished. 

The arabinose purity in the biopurification step was calculated by the ratio of the amount 

of arabinose to the total amount of sugars and expressed as a percentage. 

The xylitol yield in xylitol fermentation experiments was calculated by dividing the 

achieved xylitol concentration by the theoretical xylitol concentration calculated from the initial 

xylose concentration by assuming complete (stoichiometric) conversion, and it was expressed 

as a percentage. The specific xylitol yield was given by the quotient of the produced xylitol and 

the consumed xylose at the given time point. The xylitol volumetric productivity was calculated 

by dividing the xylitol concentration by the time when it was reached. 

The ethanol yield in bioethanol production experiments was calculated by dividing the 

achieved ethanol concentration by the theoretical ethanol concentration calculated from the 

initial glucose concentration by assuming complete (stoichiometric) conversion, and it was 

expressed as a percentage. 

4.17.6 Determination of enzyme activities 

Xylanase and carboxymethyl cellulase (CMCase) activities were determined based on 

the measurements of released reducing sugars. One mL properly diluted sample was added to 

the proper substrate solution (citrate buffer (0.1M, pH=6) containing 1 w/w% beechwood xylan 

or 2 w/w% CMC. The hydrolysis reaction was performed at 40°C for 10 minutes with 

continuous agitation. The released reducing sugars were measured spectrophotometrically by 

following the 3,5-dinitrosalicylic acid (DNS) method (Miller 1959). Standard curves were 

determined with xylose for xylanase activity determination and with glucose for CMCase 

enzyme activity determination. The enzymatic assays were performed in triplicates. Reducing 

sugar content of enzyme and substrate samples were also measured as controls in all of the 

cases. The activity was expressed as an international unit (U), which defines the required 

amount of enzyme to release 1 µmole product per minute at the given reaction conditions. 

4.18 Statistical evaluation 

For each optimisation by statistical evaluation, a 32 full factorial experimental design 

was performed.  

During the first acidic hydrolysis of BSG and WB, the effects of reaction time and acid 

concentration on monomeric and total sugar yields (glucose, xylose and arabinose) were 

investigated. In the case of WB, the reaction time and sulphuric acid concentration were set to 

25, 75 and 125 minutes and 0.25, 1.25 and 2.25 w/w%, respectively. In the case of BSG, the 

reaction time and acid concentration were set to 10, 30 and 50 minutes and 0.5, 1.25 and 2 

w/w%, respectively. 
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During the xylitol fermentation on semi-defined xylose model medium by C. boidinii 

NCAIM Y.01308, the effects of initial xylose concentration and aeration (via OTR) on 

maximum xylitol yield, maximum xylitol volumetric productivity and xylitol yield after 24 

hours were investigated. The initial xylose concentration (referred to as IXC in Equation 6-8) 

and OTR were set to 30, 55 and 80 g/L and 1.1, 2.1 and 3.1 mmolO2/(L×h), respectively. 

During enzymatic hydrolysis of the cellulose-rich solid fraction of BSG, the effects of 

enzyme dosage and solids loading on the glucose yield and the glucose concentration were 

investigated. The enzyme dosage and solids loading were set to 0.01, 0.03 and 0.05 g enzyme/g 

DM and 5, 10 and 15%, respectively. 

A second-order polynomial model was fitted into the measured dependent variables 

(Equation 1). The fitted model was the following in each case: 

Y=b0+b1X1+b2X2+b12X1X2+b11X1
2+b22X2

2      (Equation 1.) 

where Y is the dependent variable, X1 and X2 are the independent variables, b0 is the intercept 

coefficient, b1 and b2 are the first-order coefficients, b12 is the coefficient for the interaction of 

the two independent variables, and b11 and b22 are the second-order coefficients. The 

independent variables were included in the model with their real physical units. If necessary, 

the model was reduced by non-significant terms, and then the validity of the reduced model 

was checked with an F-test (α = 0.05). Pareto diagram was also used in order to investigate the 

influence of the independent variables and their interactions on the dependent variables. 

For the optimisation of first acidic hydrolysis in the case of WB and BSG, desirability 

function (D-function) approach, investigating the total arabinose and total xylose yield, was 

implemented (Equation 2). The response variables (Yi) were transformed into desirability 

values (dj), where di had a value from 0 to 1 depending on the given settings, while j (1,2…n) 

represented the number of the individual desirability functions. The D-function was calculated 

by the geometric means of the individual desirability functions: 

𝑫 = √𝒅𝟏 ∗ 𝒅𝟐 ∗ … ∗ 𝒅𝒏
𝒏           (Equation 2.) 

The settings of the desired intervals for total arabinose yield and total xylose yield were 

the following in both cases: 50%≤total arabinose yield≤100% and 0%≤total xylose yield≤50%, 

where total xylose yield=0% and total arabinose yield=100% corresponded to d1 and d2 values 

of 1 and total xylose yield=50% and total arabinose yield=50% corresponded to d1 and d2 values 

of 0. Another set was also investigated in the case of WB, which was the following: 0%≤total 

arabinose yield≤100% and 0%≤total xylose yield≤100%, where total xylose yield=0% and total 

arabinose yield=100% corresponded to d1 and d2 values of 1 and total xylose yield=100% and 

total arabinose yield=0% corresponded to d1 and d2 values of 0. 

The effect of the pH on xylitol production by using O. zsoltii NCAIM Y.01540 was 

evaluated by one-way ANOVA (α = 0.05 significance level).  
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5 RESULTS AND DISCUSSION 

5.1 Utilisation of wheat bran in a sugar-platform biorefinery 

5.1.1 Compositional analysis 

Wheat bran (WB), an agro-industrial by-product, was investigated in order to develop 

novel potentialities for its utilisation in biorefinery approach. Results of the compositional 

analysis of WB are shown in Table 3. Two batches of WB (I and II) were used in this study 

since WB I ran out during the experiments. There were considerable differences in the 

composition of the two batches, which can be explained by the influence of several factors on 

WB composition, such as wheat variety, harvest time and processing method (Babu et al. 2018).  

Table 3. Composition of wheat bran (WB) batches used for the experiments 

 
Wheat bran 

I 

Wheat bran 

 II 

 Percentage of dry matter (%) 

    Non-starch  glucan       13.5 (0.5)            10.8 (0.4) 

Starch          8.7 (0.2)         15.8 (0.4) 

Xylan          20.7 (0.4)         16.8 (0.1) 

Arabinan          11.4 (0.3)        9.5 (0.1) 

Protein          n.m.          17.4 (0.3) 

Klason-lignin          11.9 (0.6)         6.4 (0.3) 

Ash          7.4 (0.1)         5.7 (0.1) 

Other*          26.4**  17.6 

n.m. - not measured 
* unmeasured residue of the dry matter 

**contains also the protein  

Standard deviations are in parenthesis 

 

The total structural carbohydrate contents of WB I and WB II were similar (>50%). On 

the other hand, there was a difference in the amount of the different structural carbohydrates. 

The glucan content was higher in the case of WB II (26.6%) since its starch content (15.8%) 

was significantly higher compared to the starch content of WB I (8.7%). Therefore, the relative 

content of the other two structural carbohydrates, xylan and arabinan, was higher in the case of 

WB I. The xylan contents were higher than 15% in both of the cases, which was promising to 

be separated to produce value-added products, e.g. xylitol. The arabinan contents were also 

notable (11.4% and 9.5%) in both of the cases. A notable difference was also observed in the 

Klason-lignin content, which was significantly higher in the case of WB I. Considerable amount 

of protein was also detected in the case of WB II (17.4%). It was not measured in the case of 

WB I. The protein content can be important to provide nitrogen source when WB or its 

hydrolysate are used in different fermentations.  
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5.1.2 Fractionation of wheat bran 

Based on the compositional analysis, WB is a proper agro-industrial by-product to 

produce value-added products through sugar-platform biorefining. The purpose of this part of 

the study was to separate the different sugar components by acidic hydrolyses to obtain 

arabinose- and xylose-rich liquid fractions and cellulose-rich solid fraction. For the 

investigation of this fractionation, WB I was used. 

5.1.2.1 First acidic hydrolysis of wheat bran 

The aim of the first acidic hydrolysis was to obtain an arabinose-rich hydrolysate while 

keeping the xylan and glucan fraction intact during the hydrolysis as much as possible. 

Therefore, a dilute sulphuric acid treatment was carried out to investigate the monomer and 

total (solubilised) sugar yields by a full factorial experimental design (32) by changing the 

reaction time (25, 75 and 125 minutes) and sulphuric acid concentration (0.25, 1.25 and 2.25 

w/w%). The results of total sugar yields, obtained during the experimental design, are shown 

in Table 4.  

Table 4. Total sugar yields in the first acidic hydrolyses of wheat bran I carried out according to full 

factorial (32) experimental design 

 

Runs Sulphuric 

acid 

concentration 

Reaction 

time  

Total Xylose 

 Yield 

Total Arabinose 

Yield 

Total Glucose 

Yield  
 

 S, (w/w %) T, (minutes) (% of theoretical) (% of theoretical) (% of theoretical) 

1 0.25 25 15.2 5.8 29.3 

2 1.25 25 41.2 47.4 50.2 

3 2.25 25 49.2 82.4 54.4 

4 0.25 75 15.7 8.2 30 

5 (C) 1.25 75 47.3 76 51.4 

6 (C) 1.25 75 49.2 78.2 51.6 

7 (C) 1.25 75 44.4 72.6 48.4 

 8 2.25 75 69.7 94.3 49.7 

9 0.25 125 16.7 9.2 31.8 

10 1.25 125 56.9 85.5 50.2 

11 2.25 125 76.6 97.5 50.4 

(C) - centrum point of experimental design 
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Total glucose yield=20.757+37.112×S-9.638×S2     (Equation 3.) 

Total xylose yield=5.561+0.030×T+32.686×S-7.112×S2+0.130×S×T   (Equation 4.) 

Total arabinose yield=-32.143+0.455×T+89.673×S-20.879×S2    (Equation 5.) 

The total glucose yield varied between 29.3-54.4%. It was around 50% in all of the 

cases, which might be due to the solubilised starch fraction of WB. On the other hand, the starch 

content corresponded to only 39% of the total glucan, thus the non-starch glucan was also 

solubilised partly in most of the cases. It might be a β-glucan fraction, which can be present in 

the WB with around 2.5% of dry matter. Its solubilisation is easier than cellulose, and assuming 

the complete dissolution of it, approximately a total glucose yield of 50% would be obtained 

(Li et al. 2006; Nguyen et al. 2020). The statistical evaluation showed that the linear and 

quadratic terms of sulphuric acid concentration had significant effects on total glucose yield 

(Equation 3, Figure 7A). The total xylose yield was continuously increased by increasing the 

sulphuric acid concentration and reaction time. The total xylose yield was varied between 15.2-

76.6% and the highest total xylose yield was obtained at the harshest condition (2.25 w/w% 

sulphuric acid concentration for 125 minutes). For the total xylose yield, the linear terms of acid 

concentration and reaction time, the quadratic term of acid concentration and the interaction of 

the linear terms of acid concentration and reaction time had significant effects (Equation 4, 

Figure 7B). The total arabinose yield was also continuously increased by increasing the two 

factors (sulphuric acid concentration and reaction time), resulting in almost complete arabinose 

solubilisation (97.5% total arabinose yield) at the harshest condition. The linear terms of 

reaction time and sulphuric acid concentration and the quadratic term of sulphuric acid 

concentration had significant effects on total arabinose yield (Equation 5, Figure 7C). 

Investigating the monomer yields of glucose, xylose and arabinose, they were varied between 

0.4.-31.1%, 9.5-11.8% and 6.6-26.8%, respectively. According to this, the solubilised 

hemicellulose sugars are mainly present in oligomer form.  
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Figure 7. The fitted response surfaces of total glucose yield (A), total xylose yield (B) and total 

arabinose yield (C) obtained by first acidic hydrolysis of wheat bran I 

At the harshest condition, the total arabinose yield was very high, however, the total 

xylose yield was also high (76.6%), which was unfavourable to the defined aims. Thus, the 

optimum condition, considering the total arabinose and xylose yields, was determined using 

desirability function (D-function) approach. Two settings were used during the D-function 

optimisation in order to obtain appropriate conditions for high arabinose but low xylose yields. 

In the first option, the desired values were set according to the followings: the total arabinose 

yield is not less than 50%, while the total xylose yield is not more than 50%. For this setting, a 
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1.16 w/w% sulphuric acid treatment for 50 minutes was obtained as the most favourable (Figure 

8A). The fitted models predicted 49.4%, 42.4% and 64.6% total glucose, xylose and arabinose 

yields with predicted intervals of 40.6-58.2%, 30.7-54.1% and 51.2-78.1%, respectively. 

During the D-function optimisation with the second setting, total arabinose and xylose yields 

were allowed to be changed between 0 and 100%. These settings of the D-function resulted in 

the following optimal condition: 1.61 w/w% sulphuric acid treatment for 47 minutes (Figure 

8B). At this condition, 53.3% total glucose yield, 50.3% total xylose yield and 78.9% total 

arabinose yield were predicted by the models. The predicted intervals of the total glucose, 

xylose and arabinose yields were 44.5-62.1%, 38.6-62.0% and 65.4-92.3%, respectively. 

 

Figure 8. Optimisation of the first acidic hydrolysis of wheat bran I in term of selective arabinose 

solubilisation by using D-function approach with the first (A) and second (B) settings for desired 

intervals of response variables 
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To verify the obtained models, experiments were carried out in triplicates at the two 

conditions obtained by D-function analyses as optimal conditions. The total glucose, xylose and 

arabinose yields were 51.1%, 40.7% and 62.3%, respectively, at the condition of 1.16% 

sulphuric acid treatment for 50 minutes. The experimentally obtained results were similar to 

the predicted values, and they were in the predicted intervals. At the other condition (1.61% 

sulphuric acid treatment for 47 minutes), 51.0%, 45.1% and 73.7% total glucose, xylose and 

arabinose yields were achieved, respectively. These results were a little bit lower than the 

predicted values, but they were in the predicted intervals too (Table 5). Since both of the 

conditions resulted in sugar yields within the predicted intervals, it can be said that the obtained 

models were verified and were adequate. Moreover, all results were within the confidence 

intervals too, which indicates the high accuracy of the models (Table 5). Since most of the 

solubilised sugars were in oligomer form, an additional hydrolysis step was performed to 

decompose the oligomers to monomers in autoclave (121°C, 1 bar) for an hour, as suggested 

by Fehér et al. (2015b). The oligomer hydrolysis resulted in a liquid fraction containing 12.6 

g/L xylose, 9.3 g/L glucose, 8.2 g/L arabinose and 0.1 g/L acetic acid in the case of the first 

acidic step of 1.16% sulphuric acid treatment for 51 minutes, and it was referred to as WBI/A1 

hydrolysate. In the other case (1.61 w/w% sulphuric acid treatment for 47 minutes), after the 

oligomer hydrolysis step, the concentrations were the following: 0.3 g/L acetic acid, 12.6 g/L 

xylose, 12.8 g/L glucose and 10.1 g/L arabinose, and the hydrolysate was referred to as 

WBI/A2. The arabinose concentration was higher in the case of WB1/A2 hydrolysate. Glucose 

and xylose concentrations were high in both cases, despite having significantly lower yields 

compared to arabinose. This is due to their higher amount in WB I. The solid residues, obtained 

after 1.16 w/w% sulphuric acid treatment for 50 minutes and 1.61 w/w% sulphuric acid 

treatment for 47 minutes, were referred to as WBI/A1-S and WBI/A2-S, respectively. The 

structural carbohydrate contents were 28.9% glucan, 26.8% xylan and 11.6% arabinan of dry 

matter in the case of WB1/A1-S and 31.0% glucan, 25.3% xylan and 9.0% arabinan of dry 

matter in the case of WB1/A2-S. Compared to the initial composition of WBs, the relative 

glucan and xylan contents were significantly increased in both cases. The relative arabinan 

content remained the same as the initial content in the case of WBI/A1-S and it became a little 

bit lower in the case of WBI/A2-S. It is in line with the higher release of arabinose in the case 

of 1.61 w/w% sulphuric acid treatment for 47 minutes. On the other hand, the xylan content 

was higher in the case of WBI/A1-S compared to WBI/A2-S, which can be advantageous for a 

second acidic hydrolysis step to produce xylose-rich hydrolysate.  
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Table 5. Total sugar yields of model predictions and verification experiments of wheat bran I first 

hydrolysis at the optimised conditions obtained by D-function 

Treatments 1.16 w/w% sulphuric acid, 

50 minutes 

1.61 w/w% sulphuric acid, 

47 minutes 

Total yield 

(% of theoretical) 

Arabinose Xylose Glucose Arabinose Xylose Glucose 

Predicted 64.6 42.4 49.4 78.9 50.3 53.3 

Confidence 

intervals 

58.6-70.6 37.2-47.6 45.4-53.3 72.9-84.8 45.1-55.4 49.4-57.2 

Predicted 

intervals 

51.2-78.1 30.7-54.1 40.6-58.2 65.4-92.3 38.6-62.0 44.5-62.1 

Experimentally 

obtained 

62.3(0.6) 40.7(0.5) 51.1(0.6) 73.7(1.0) 45.1 (1.5) 51.0(0.6) 

Standard deviations are in parenthesis. 

In conclusion, arabinose-enriched hydrolysates were obtained by optimisations of the 

first acidic hydrolysis of WB. However, the arabinose concentration was similar to the 

concentrations of xylose and glucose in the obtained hydrolysates. WBI/A1 and WBI/A2 

hydrolysates were used in arabinose biopurification experiments. 

5.1.2.2 Second acidic hydrolysis 

The aim of the second acidic hydrolysis was to solubilise the remained hemicellulose 

fraction in order to obtain xylose-rich hydrolysate, while the glucan fraction remains intact. 

Thus, a 1 w/w% sulphuric acid treatment was carried out in autoclave (121°C, 1 bar) for 30 

minutes on WBI/A1-S and WBI/A2-S solid residues, based on the results of Fehér et al. 

(2015b). In both cases, all of the sugars were present in monomer form in the obtained 

hydrolysates. The liquid fraction after the treatment of WBI/A1-S contained 0.9 g/L glucose, 

22.2 g/L xylose, 9.9 g/L arabinose and 0.3 g/L acetic acid, and it was referred to as WBI/X1 

hydrolysate. The hydrolysis of WBI/A2-S resulted in a hydrolysate containing 0.9 g/L glucose, 

21.3 g/L xylose and 7.7 g/L arabinose, and it was referred to as WBI/X2 hydrolysate. High 

xylose concentrations were achieved in both of the cases (22.2 g/L and 21.3 g/L). The xylose 

concentration was significantly higher compared to the obtained arabinose and glucose 

concentrations. The higher xylose concentration of WBI/X1 was caused by the higher xylan 

content of WB/A1-S. The glucose concentration was very low in both cases, indicating low 

solubilisation of the cellulose part. According to this, the obtained two hydrolysates can be 

called as xylose-rich liquid fractions. These xylose-rich hydrolysates were used for xylitol 

fermentation. The solid residues of WBI/A1-S and WBI/A2-S contained around 50% glucan of 

dry matter, which was probably cellulose. The xylan and arabinan contents were very low, 5.0-
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5.7% and 0.3% of dry matter, respectively. Hence, the obtained solid fractions can be called as 

cellulose-rich solid fractions. 

5.1.3 Arabinose biopurification by Ogataea zsoltii NCAIM Y.01540 

The purpose of the arabinose biopurification is to eliminate the sugars except arabinose 

by an appropriate microorganism, resulting in a pure arabinose solution. For this experiment, 

Ogataea zsoltii NCAIM Y.01540 yeast was used, which was isolated in Hungary (Péter et al. 

2003). According to the preliminary experiments, O. zsoltii NCAIM Y.01540 was suitable for 

biopurification on semi-defined medium (Pencz et al. 2016). In this study, WBI/A1 and 

WBI/A2 hydrolysates were used for arabinose biopurification experiments. During arabinose 

biopurification on WBI/A1 hydrolysate, the cell concentration increased to 9.4 g/L in the first 

24 hours from 1.5 g/L and after that it did not increase considerably, reaching 10.4 g/L at the 

end of the fermentation (Figure 9A). The glucose content was totally consumed after 24 hours. 

The xylose concentration was reduced to 0.3 g/L at the end of the fermentation; however, it was 

already below 1.0 g/L after 36 hours. Preliminary experiments showed that the cells started to 

metabolise arabinose after the xylose concentration was reduced below 1.0 g/L, which occurred 

between 24 and 48 hours. Thus, 6-hours sampling was carried out between these intervals in 

order to find the optimal point to stop arabinose biopurification. The arabinose started to 

decrease continuously after 36 hours, reaching 2.1 g/L and 3.0 g/L arabinose concentrations at 

the end of the fermentation in the cases of WBI/A1 and WBI/A2, respectively. In the case of 

WBI/A2 hydrolysate, the cell concentration increased to a similar concentration (9.6 g/L) after 

24 hours, but at the end of the fermentation, the cell concentration was significantly higher (12.4 

g/L) (Figure 9B) compared to WBI/A1 hydrolysate. It could be caused by the higher initial 

glucose concentration in this case. The glucose was also completely depleted after 24 hours. 

On the other hand, the xylose consumption rate was lower than in the case of WBI/A1 

hydrolysate, due to the higher initial glucose concentration. However, the xylose concentration 

was reduced below 1.0 g/L after 42 hours. The initial arabinose content was 8.2 g/L in WBI/A 

hydrolysate and 10.0 g/L in WBI/A2 hydrolysate. The arabinose purity was 83.9% after 36 

hours in the case of WBI/A1 hydrolysate. At this point, the arabinose concentration remained 

the same as the initial concentration. The purity was increased to 91.2% after 42 hours, but the 

arabinose concentration was reduced by 1.1 g/L (7.1 g/L arabinose). In the case of WBI/A2 

hydrolysate, the arabinose purity was 89.8% after 36 hours when the arabinose concentration 

was unaltered. The purity was also higher after 42 hours (93.8%), however, the arabinose 

concentration was decreased to 9.7 g/L. It is also important to note that in the case of WBI/A1 

hydrolysate, small amount of glucose oligomers was present, which were not consumed during 

the fermentation (see chromatograms of Appendix 1). Therefore, the arabinose purity was lower 

if the oligomers were considered in this case. Hence, WBI/A2 hydrolysate was preferable for 

arabinose biopurification. In this case, the arabinose purity was high enough (after 36 hours and 

42 hours too) for a subsequent crystallisation step (Cheng et al. 2011). The achieved purity of 

arabinose in this case was higher than the purities achieved with other microorganisms 

(Candida boidinii and Pichia anomala) on different hydrolysates (Cheng et al. 2011; Fehér et 

al. 2015b). 
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Figure 9. Profiles of the arabinose biopurifications of WBI/A1 (A) and WBI/A2 (B) hydrolysates. 

Standard deviations are calculated from triplicates 

5.1.4 Xylitol fermentation in shake flasks and bench-top bioreactor by Ogataea zsoltii 

NCAIM Y.01540 

Since promising results were obtained in the arabinose biopurification experiments, the 

xylitol production ability of O. zsoltii NCAIM Y.01540 was also investigated. Preliminary 

experiments showed that O. zsoltii NCAIM Y.01540 is an appropriate microorganism for 

xylitol production (data not shown). Therefore, xylitol fermentation experiments were carried 

out on WBI/X1 and WBI/X2 hydrolysates in shake flasks to investigate the efficiency of xylitol 

production on lignocellulose-based xylose-rich hydrolysates. The efficiency of the xylitol 

fermentation was investigated through maximum xylitol yield, maximum xylitol volumetric 

productivity and maximum specific xylitol yield. The fermentation profiles on WBI/X1 and 

WBI/X2 were similar (Figure 10). The cell concentration did not change considerably for 48 

hours, but after that, the cell mass slightly increased resulting in 10 g/L in both cases. The 

glucose concentration was very low at the beginning of fermentations (0.9 g/L glucose), which 

was totally consumed after 24 hours. The xylose was continuously reduced, and the 

concentration of xylose was zero after 72 hours in both cases. The highest xylitol concentrations 

were reached after 48 hours. At this point, it was 10.9 g/L in both cases which correlated to 

56.2% and 57.0% maximum xylitol yields for WBI/X1 and WBI/X2 hydrolysates, respectively. 

At this point, 4.3 g/L and 3.2 g/L xylose remained which corresponded to 20.4% and 15.4% of 

the initial xylose concentrations in the cases of WBI/X1 and WBI/X2 hydrolysates, 
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respectively. Thus, the maximum specific xylitol yields, obtained at the same point as the 

maximum xylitol yields, were 0.72 g/g xylose consumed and 0.68 g/g xylose consumed in the 

cases of WBI/X1 and WBI/X2 hydrolysates, respectively. After reaching the maximum point, 

the xylitol concentration started to decrease, and it was totally consumed at the end of the 

fermentations (Figure 10). The maximum xylitol volumetric productivities were reached after 

24 hours with the values of 0.34 g/(L×h) and 0.35 g/(L×h) in the cases of WBI/X1 and WBI/X2 

hydrolysates, respectively. The arabinose consumption was started after 72 hours in both cases 

when the xylitol concentrations were low.  

 

Figure 10. Profiles of the xylitol fermentations on WBI/X1 hydrolysate (A) and WBI/X2 

hydrolysate (B) by Ogataea zsoltii NCAIM Y.01540 Standard deviations are calculated from 

triplicates 

Before scale-up experiments, the effect of the pH on xylitol fermentation by O. zsoltii 

NCAIM Y.01540 was also investigated in shake flasks on xylose semi-defined medium. 

Different initial pHs (4, 5 and 6) of the medium were adjusted. The maximum xylitol 

concentration was varied between 14.0-15.0 g/L, and they were reached after 72 hours. The 

maximum xylitol yields were 49.9%, 50.4% and 51.8% at initial pHs of 4, 5 and 6, respectively. 

According to the statistical evaluation of the results, the pH had no significant effect (α=0.05) 

on the maximum xylitol yield within the investigated range. At the point of the maximum xylitol 

yield, 4.3% (pH=4), 22.2% (pH=5) and 21.7% (pH=6) of the initial xylose remained. Based on 

this, the xylose consumption rate was higher at pH=4 compared to the other two conditions. 

The maximum xylitol volumetric productivity was reached after 24 hours, resulting in 0.40 

g/(L×h) in all of the cases. Thus, the initial pH had no significant effect (α=0.05) on the 
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maximum xylitol volumetric productivity too. On the other hand, the maximum specific xylitol 

yield was higher at pH=4 compared to the other two cases. The maximum specific xylitol yields 

were 0.32, 0.29 and 0.27 g/g xylose consumed after 72 hours at initial pHs of 4, 5 and 6, 

respectively. Moreover, lower initial pH (pH=4 in this case) of the fermentation reduces the 

chance of bacterial contamination and the required amount of Ca(OH)2 for pH adjustment after 

the acidic hydrolysis, resulting in less gypsum formation, which is beneficial from the economic 

point of view of the process. Thus, pH=4 was set to the following experiments. 

One of the most important factors influencing xylitol fermentation is aeration. Hence, 

the effect of aeration on xylitol production by Ogataea zsoltii NCAIM Y.01540 was 

investigated in bioreactor using semi-defined xylose medium. Four aeration levels were set by 

changing the oxygen transfer rate (OTR), which were the followings: 2.5, 3, 3.5 and 4 

mmolO2/(L×h). The dissolved oxygen (DO) level fell to zero at the beginning of the 

fermentations in all of the cases and it did not change considerably later, which ensured the 

micro-aerobic condition needed for xylitol production. During the fermentations, notable 

evaporation was observed, thus the obtained results were corrected accordingly. A continuous 

evaporation rate was assumed to correct the data within the fermentation time. The cell mass 

did not change at OTR level of 2.5 mmolO2/(L×h), while it was slightly increased in the three 

other cases (3, 3.5 and 4 mmolO2/(L×h)), resulting in 6.8-8.0 g/L cell concentration at the end 

of the fermentations. The xylose concentration continuously decreased, while the xylitol 

concentration continuously increased during the 96-hours fermentations. In each case, the 

highest maximum xylitol concentration was achieved after 96 hours, except at 4 mmolO2/(L×h) 

OTR (89 hours). The highest maximum xylitol concentration was 15.7 g/L at 3.5 

mmolO2/(L×h) OTR value. Therefore, the highest maximum xylitol yield was 52.8% at 3.5 

mmolO2/(L×h) OTR (Figure 11A). In the other cases, 39.2%, 47.1% and 47.9% maximum 

xylitol yields were achieved at OTR values of 2.5, 3 and 4 mmolO2/(L×h), respectively. At the 

end of the fermentations, small amounts of xylose (0.1-5.9 g/L) were observed depending on 

the OTR. The remained xylose at the end of the fermentation in comparison with the initial 

concentration (expressed as percentage) were the followings: 19.1% (OTR: 2.5 

mmolO2/(L×h)), 8.9% (OTR: 3 mmolO2/(L×h)), 5.6% (OTR: 3.5 mmolO2/(L×h)) and 1.9% 

(OTR: 4 mmolO2/(L×h)). The fermentation was run for 120 hours in the case of 3 

mmolO2/(L×h)) OTR where the achieved xylitol yield decreased by 14.1%, compared to the 

xylitol yield after 96 hours. Hence, 96-hours fermentation time was enough for the xylitol 

production. The maximum specific xylitol yields, which were obtained at the points of 

maximum xylitol yields, were 0.48, 0.45, 0.57 and 0.47 g/g xylose consumed in the cases of 

2.5, 3, 3.5 and 4 mmolO2/(L×h) OTR, respectively. Hence, the highest value of maximum 

specific xylitol yield was also achieved at the OTR value of 3.5 mmolO2/(L×h). The maximum 

xylitol productivities were reached after 24 hours with the values of 0.35, 0.26, 0.34 and 0.32 

g/(L×h) in the cases of 2.5, 3, 3.5 and 4 mmolO2/(L×h) OTR, respectively. Thus, notable 

differences in the maximum xylitol volumetric productivities achieved were not observed 

except at 3 mmolO2/(L×h) OTR. At the point of the maximum xylitol yields, the xylitol 

volumetric productivities were decreased considerably, resulting in values between 0.10-0.16 

g/(L×h).  
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Figure11. Profiles of xylitol fermentations by Ogataea zsoltii NCAIM Y.01540 in bench-top 

bioreactor on semi-defined medium (A) and WBI/X2 hydrolysate at 3.5 mmolO2/(L×h) (B) 

Xylitol fermentation was also performed on WBI/X2 hydrolysate. The experiment was 

carried out at pH=4 and 3.5 mmolO2/(L×h) OTR value, based on the previous experiments 

performed on semi-defined xylose medium. The sugar concentrations of WBI/X2 hydrolysate 

were slightly reduced due to the pH adjustment. Thus, the hydrolysate contained 18.8 g/L 

xylose, 0.6 g/L glucose and 8.3 g/L arabinose. The DO concentration sharply decreased at the 

beginning of the fermentation. It reached the zero value, but later than it did during the 

fermentation on semi-defined medium. A slight increase in DO concentration was observed 

after 72 hours (Figure 11B). The cell mass continuously increased during the fermentation, 

resulting in 7.4 g/L concentration. Since the xylitol concentration was still high after 96 hours, 

the arabinose concentration remained unaltered during the fermentation. The glucose was 

totally consumed after 24 hours, similarly to the shake flasks experiments. The xylose 

concentration was continuously decreased, achieving 0.3 g/L at the end of the fermentation. In 

contrast, xylitol concentration was continuously increased until 51 hours, when it was 10.0 g/L 

(Figure 11B). After reaching this value, the xylitol concentration was decreased, and it was 

totally consumed by the end of the fermentation. The maximum xylitol yield was 52.3%, while 

the maximum specific xylitol yield was 0.55 g/g xylose consumed, both were reached after 51 

hours. At this point, 4.8% of the initial xylose was present, which was significantly lower than 

that obtained in shake flasks (Figure 10A 10B and 11B). The maximum xylitol yield was similar 
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to that obtained on semi-defined xylose medium at the same OTR level (3.5 mmolO2/(L×h)) 

and on the WBI/X1 and WBI/X2 hydrolysates in shake flasks. The maximum xylitol volumetric 

productivity was 0.24 g/(L×h), which was a little bit lower than in the shake flask experiments 

and on semi-defined xylose medium in bioreactor. At the point of the achieved maximum 

xylitol yield, the volumetric productivity was 0.21 g/(L×h).  

5.1.5 Optimisation of xylitol fermentation by Candida boidinii NCAIM Y.01308 

Another wild-type yeast strain, Candida boidinii NCAIM Y.01308, was also 

investigated for xylitol production. Previous studies showed that C. boidinii NCAIM Y.01308 

is capable of producing xylitol in considerable amounts (Fehér et al. 2015b; López-Linares et 

al. 2020). The aim of this part of the study was to investigate the combined effects of aeration 

(through OTR: 1.1, 2.1 and 3.1 mmolO2/(L×h)) and initial xylose concentration (30, 55 and 80 

g/L) on xylitol fermentation of C. boidinii NCAIM Y.01308 on semi-defined xylose medium. 

Hence a 32 full factorial experimental design was performed, where the maximum xylitol yield, 

the xylitol yield after 24 hours and maximum xylitol volumetric productivity were statistically 

evaluated. The results of the experimental design are shown in Table 6. 

The highest maximum xylitol yield (58%) was achieved at 30 g/L initial xylose 

concentration and 2.1 mmolO2/(L×h) OTR. The maximum xylitol yield decreased by increasing 

initial xylose concentration and OTR. The required time to reach the maximum xylitol yield 

mainly depended on the initial xylose concentration. Maximum xylitol yields were reached after 

24, 72 and 96 hours in the cases of 30, 55 and 80 g/L initial xylose concentrations, respectively. 

At 30 g/L initial xylose concentration and 1.1 mmolO2/(L×h) OTR, it was reached after 48 

hours. According to the statistical evaluation, the linear terms of OTR and initial xylose 

concentration and the quadratic term of OTR had significant effects on maximum xylitol yield 

(Equation 6). The fitted surface of maximum xylitol yields showed that high xylitol yields can 

be obtained at low OTR level and low initial xylose concentration (Figure 12A). It predicted 

around 58-63% maximum xylitol yields at 20-30 g/L initial xylose concentration and 1.1-1.5 

mmolO2/(L×h) OTR level. The maximum xylitol volumetric productivities were reached after 

24 hours in all fermentations. The highest maximum xylitol volumetric productivity (0.93 

g/(L×h)) was obtained at 3.1 mmolO2/(L×h) OTR and 80 g/L initial xylose concentration. 

Lower values of maximum xylitol productivity were achieved at low OTR (1.1 mmolO2/(L×h)) 

compared to higher OTR values (2.1 and 3.1 mmolO2/(L×h)) at the same initial xylose 

concentration. Maximum xylitol volumetric productivity increased by increasing the initial 

xylose concentration. However, differences in the productivity between 55 g/L and 80 g/L 

xylose concentration were not as high as in the case when the initial xylose concentration was 

changed from 30 g/L to 55 g/L. All terms (the linear and quadratic terms of OTR and initial 

xylitol concentration and the interaction between the two factors) had significant effects on 

maximum xylitol volumetric productivity (Equation 7). Thus, the two factors (OTR, initial 

xylose concentration) were not independent of each other. The fitted model of the maximum 

xylitol volumetric productivity predicted a maximum value (0.96 g/(L×h)) at 71 g/L initial 

xylose concentration and 2.7 mmolO2/(L×h) OTR (Figure 12B).  
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Maximum xylitol yield=65.80+6.37*OTR-2.44*OTR2-0.37*IXC    (Equation 6.) 

Maximum xylitol volumetric productivity = -0.48+0.59*OTR-0.14*OTR2+0.02*IXC-

0.0002*IXC2+0.002*OTR*IXC        (Equation 7.) 

Xylitol yield after 24 hours = 34.04+40.84*OTR-8.65*OTR2-1.02*IXC+0.005*IXC2  (Equation 8.) 

Table 6. Results of xylitol fermentations during the designed experiments (32) by using Candida 

boidinii NCAIM Y.01308 

Runs 
Oxygen 

transfer rate 

Initial xylose 

concentration 

Maximum 

xylitol 

yield 

Elapsed 

time to 

reach 

maximum 

xylitol 

yield 

Maximum 

xylitol 

volumetric 

productivity 

Xylitol 

yield 

after 24 

hours 

 mmolO2/(L×h) g/L % h g/(L×h) % 

1 3.1 30 49 24 0.61 49* 

2 2.1 30 58 24 0.66 58* 

3 1.1 30 58 48 0.49 41 

4 3.1 55 42 72 0.88 35 

5(C) 2.1 55 50 72 0.88 39 

6(C) 2.1 55 48 72 0.91 40 

7(C) 2.1 55 49 72 0.92 40 

8 1.1 55 52 72 0.59 26 

9 3.1 80 34 96 0.93 27 

10  2.1 80 36 96 0.87 26 

11  1.1 80 39 96 0.6 18 

* - equal to the maximum xylitol yield 

(C) - centrum point of experimental design 

 

Since the maximum xylitol productivities were reached after 24 hours in all 

fermentations, xylitol yields after 24 hours were also evaluated statistically. Maximum xylitol 

yield was equal to the xylitol yield reached after 24 hours in two cases (30 g/L initial xylose 

concentration and 2.1 and 3.1 mmolO2/(L×h)). The highest xylitol yield after 24 hours (58%) 

was the same as the highest maximum xylitol yield. The tendency of the xylitol yield after 24 

hours was similar to that was obtained in the case of maximum xylitol yields: the xylitol yields 

after 24 hours were reduced by increasing the initial xylose concentration. All of the terms had 

significant effects on the xylitol yield after 24 hours, except the interaction between the initial 
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xylose concentration and OTR (Equation 8). According to the fitted surface area, low initial 

xylose concentration (20-30 g/L) and 2.0-2.5 mmolO2/(L×h)) OTR were optimal to achieve 

high xylitol yield after 24 hours (Figure 12C).  

 

Figure 12. The fitted surface areas of (A) maximum xylitol yield, (B) maximum xylitol volumetric 

productivity and (C) xylitol yield after 24 hours, derived from designed xylitol fermentation 

experiments using Candia boidinii NCAIM Y.01308 

Considerable amount of xylose remained in the medium when high initial xylose 

concentrations (80 g/L) were applied. The highest xylose concentration (30.3 g/L) remaining at 
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the point of the maximum xylitol yield was measured at 1.1 mmolO2/(L×h) OTR (Table 7). 

Based on this, extending the fermentation time would be advantageous for high initial xylose 

concentrations, however, a longer fermentation time could have a negative effect from 

economic point of view.  

Since considerable amount of xylose remained in the medium at the time of the 

maximum xylitol yield, specific xylitol yields were also investigated (Table 7). Due to the 

remained xylose concentration, the maximum specific xylitol yields were higher compared to 

maximum xylitol yields. The highest value (0.71 g/g xylose consumed) was achieved at the 

condition of 30 g/L initial concentration and 2.1 mmolO2/(L×h) OTR. At this point, 17% of the 

initial xylose concentration remained. The cell growth varied between 0.5-1.9 g/L, so slight 

increase of the cell mass was observed in all of the cases. Ethanol formation was observed 

during the fermentations, which is an unfavourable product during xylitol fermentation. The 

highest ethanol concentration was detected at 80 g/L initial xylose concentration and 3.1 

mmolO2/(L×h) OTR, with a value of 7.8 g/L (Table 7). 

Table 7.  Fermentation parameters to characterize xylitol fermentations performed according to (32) 

experimental design using Candida boidinii NCAIM Y.01308 

Runs 

Remained xylose 

concentration at the point 

of maximum xylitol yield 

Specific xylitol yield at 

the point of maximum 

xylitol yield 

Maximum ethanol 

concentration 

 g/L g/g g/L 

1 3.0 0.55 4.0 

2 4.5 0.71 2.7 

3 1.4 0.61 2.0 

4 0.2 0.43 2.0 

5 (C) 0.5 0.51 6.1 

6 (C) 0.4 0.49 5.9 

7 (C) 0.6 0.50 6.0 

8 5.3 0.58 5.7 

9 9.7 0.39 7.8 

10 19.8 0.49 5.9 

11 30.3 0.64 3.9 

(C) - centrum point of experimental design 
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In the next step, the validity of the models and reproducibility of the experiments were 

investigated by choosing two different conditions within the design space. For the 

reproducibility test, the point of 30 g/L and 2.1 mmolO2/(L×h) was chosen, which was one of 

the points of the experimental design. This point was selected because the highest maximum 

xylitol yield was achieved here. During the repetition of xylitol fermentation at 30g/L initial 

xylose concentration and 2.1 mmolO2/(L×h) OTR, the maximum xylitol concentration was 

achieved after 24 hours, and it was slightly decreased after (Figure 13A). The achieved 

maximum xylitol yield was 55%, which was close to the predicted value (57%) and it was 

within the predicted interval (54-61%). Maximum xylitol yield was reached after 24 hours, thus 

the xylitol yield after 24 hours was the same. The model of xylitol yield after 24 hours predicted 

55%, which was the same as experimentally reached. The maximum xylitol volumetric 

productivity was also achieved after 24 hours with a value of 0.75 g/(L×h). It was higher than 

what the model predicted (0.68 g/(L×h)), but it was within the predicted interval (0.57-0.79 

g/(L×h)). A 4.3 g/L xylose concentration remained at the point of the maximum xylitol yield 

(14.4% of the initial xylose concentration), corresponding to the specific xylitol yield of 0.64 

g/g xylose consumed. The cell concentration slightly increased by 0.8 g/L during the 

fermentation. Ethanol production was also observed during the fermentation with the highest 

value of 4.3 g/L after 48 hours, however it was totally depleted at the end of the fermentation.  

Table 8. Maximum xylitol yield, maximum xylitol volumetric productivity and xylitol yield after 

24 hours of model predictions and verification experiments 

Conditions 

30 g/L initial xylose, 2.1 mmolO2/(L×h) 

oxygen transfer rate, semi-defined 

medium 

71 g/L initial xylose, 2.1 mmolO2/(L×h) 

oxygen transfer rate, semi-defined 

medium 

Parameters 

 

Maximum 

xylitol yield 

Maximum 

xylitol 

volumetric 

productivity 

Xylitol 

yield after 

24 hours 

Maximum 

xylitol 

yield 

Maximum 

xylitol 

volumetric 

productivity 

Xylitol 

yield after 

24 hours 

% g/(L×h) % % g/(L×h) % 

Predicted 57 0.68 55 42 0.92 32 

95% prediction 

interval 
54-61 0.57-0.79 51-59 39-46 0.81-1.02 29-36 

Experimentally 

obtained 
55 (0.18) 0.75 (0.00) 55 (0.18) 46 (1.67) 1.01 (0.01) 32 (1.43) 

Standard deviations are in parenthesis 

Validation of the obtained models was performed on a previously unmeasured point 

within the design space. The selected condition was 71 g/L initial xylose concentration and 2.1 

mmolO2/(L×h) OTR. This point was near the point where the model predicted the highest 

maximum xylitol volumetric productivity (71 g/L initial xylose concentration and 2.7 

mmolO2/(L×h)). The xylose concentration continuously decreased during the fermentation in 
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contrast to the xylitol production, which increased continuously, reaching the maximum 

concentration after 96 hours (Figure 13B). The maximum xylitol yield was 46%, which was a 

little bit higher than what the model predicted (42%). On the other hand, the predicted interval 

was 39-46%, which means that the experimentally obtained result was within this interval 

(Table 8). The xylitol yield after 24 hours was 32%, which was equal to the predicted value 

obtained by the model (Table 8). The maximum xylitol productivity was also higher (1.01 

(g/L×h)) than the predicted value (0.92 (g/L×h)) and it was obtained after 24 hours. The 

predicted interval was 0.81-1.02 g/(L×h), thus the experimentally reached productivity was 

within this (Table 8). The specific xylitol yield was 0.49 g/g xylose consumed at the point of 

the maximum xylitol yield. At this point, 3% of the initial xylose concentration remained (2.3 

g/L). The cell mass increased during the fermentation by 1 g/L. Ethanol concentration was 

slightly increased during the fermentation, reaching a maximum value of 13.8 g/L after 96 

hours.  

According to the experimentally obtained results, the fitted models are adequate, and 

the results can be predicted with good responsibility. Moreover, in the case of xylitol yield after 

24 hours, the predictions of the model were the same as experimentally obtained, which proves 

the high accuracy of the fitted models. 

 

Figure 13. Profiles of fermentations performed at 2.1 mmolO2/(L×h) OTR on semi-defined medium 

containing an initial xylose concentration of 30 g/L (A) and 71 g/L (B) using Candida boidinii 

NCAIM Y.01308. Standard deviations are calculated from duplicates 
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The obtained models of maximum xylitol yield, maximum xylitol volumetric 

productivity and xylitol yield 24 hours were tested on xylose-rich WB hydrolysate in shake 

flasks. Since the WB I ran out during the previous experiments, a new batch of WB was used 

for this experiment. The composition of the new batch (WB II) was a little bit different (Table 

3). 

For this experiment, xylose-rich WB hydrolysate was used. This was obtained by 

treating the solid residue of WB II with 1 w/w% sulphuric acid for 30 minutes at 121°C after a 

treatment with 1.16 w/w% sulphuric acid for 47 minutes at 90°C, and it was referred to as 

WBII/X1 hydrolysate. The sugar concentrations of the hydrolysate were the followings: 0.8 g/L 

glucose, 22.6 g/L xylose and 12.4 g/L arabinose. Compared to WBI/X1, the composition was 

similar, except the arabinose concentration, which was higher in this case. The WBII/X1 was 

chosen because its initial xylose concentration was higher than WB hydrolysate obtained by 

treating the solid residue of WB II with 1 w/w% sulphuric acid after treatment with 1.61 w/w% 

sulphuric acid (21.1 g/L), which was referred to as WBII/X2 hydrolysate. The ratio of glucose 

to xylose (0.4:10) was below 0.1, which is favourable for xylitol fermentation (Tochampa et al. 

2005). Some potential inhibitors (phenols, furfural, 5-hydroxymethylfurfural (HMF) and acetic 

acid) were also analysed in this case. This hydrolysate contained phenols as inhibitor 

compounds with a value of 1.4 g/L. Furfural and HMF were not detected. In addition, the acetic 

acid concentration was 1 g/L, which might enhance xylitol production (Felipe et al. 1995). A 

total protein content of 7.3 g/L was also measured in the hydrolysate, which can serve as 

nitrogen source during xylitol fermentation. Based on this, the composition of the hydrolysate 

was assumed to be appropriate for xylitol production. The fermentation condition (30°C, pH=6 

and 5g/L initial cell concentration) was the same as the one used for the experimental design 

on semi-defined medium. The working volume was 50 mL in 100 mL-shake flasks. The OTR 

value of the WBII/X2 hydrolysate was measured in order to investigate the applicability of the 

previously established models on this hydrolysate. At this working volume, the OTR was 1.6 

mmolO2/(L×h), which is lower than that obtained on semi-defined xylose medium. The 

fermentation profile on WBII/X2 hydrolysate was similar to that obtained on semi-defined 

xylose medium with 30 g/L initial xylose concentration (Figure 13A, Figure 14). During the 

fermentation, the maximum xylitol yield was reached after 24 hours, and it was 60% (14.2 g/L 

xylitol concentration). This yield was a little bit higher than what was achieved by O. zsoltii 

NCAIM Y.01540 (56.2%) on WBI/X1 hydrolysate. After 24 hours, 3.4 g/L xylose remained in 

the hydrolysate, which was 15% of the initial xylose concentration. It was similar to that 

obtained on 30 g/L semi-defined xylose medium (14.4%). The maximum specific xylitol yield 

was also achieved after 24 hours with a value of 0.72 g/g xylose consumed. The maximum 

xylitol productivity was 0.58 g/(L×h), which was also obtained after 24 hours. During this 

experiment, ethanol formation was also detected, however, it was not detectable by the end of 

the fermentation. The obtained experimental results were compared to the values predicted by 

the models established previously. The models predicted 61% maximum xylitol yield with a 

prediction interval of 58–65%, and 57% xylitol yield after 24 hours with a prediction interval 

of 52–61%. Thus, the experimentally measured xylitol yield (60%) fitted in the prediction 

intervals of both models. Maximum xylitol volumetric productivity was predicted to be 0.49 

g/(L×h) with a prediction interval of 0.35–0.63 g/(L×h), showing a good agreement with the 
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experimentally obtained value (0.58 g/(L×h)). Based on this, the models implemented on semi-

defined medium can be used with good reliability for fermentations on wheat bran hydrolysate, 

and the efficiency of the fermentation (yield, productivity) can be predicted.   

 

Figure 14. Profile of the xylitol fermentation on WBII/X1 hydrolysate using Candida boidinii 

NCAIM Y.01308. Standard deviations are calculated from duplicates 

5.2 Utilisation of brewer’s spent grain in sugar-platform biorefinery 

approach 

5.2.1 First acidic hydrolysis of brewer’s spent grain 

Brewer’s spent grain (BSG) is also an agro-industrial residue, which is produced in high 

quantity. The total structural carbohydrate content of this lignocellulose-based raw material was 

high (~40%), but lower compared to the previously used WB. The lower relative content of 

carbohydrates may be caused by its higher protein content (32.6%), which is significantly 

higher than that of the WB. The glucan, xylan and arabinan contents (17.9% glucan, 15.0% 

xylan, 7.4% arabinan) of BSG were also lower compared to WB, however, these quantities are 

still considerable (Table 9).  
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Table 9. Composition of brewer’s spent grain (BSG) used for the experiments 

 

* unmeasured residue of the dry matter 

Standard deviations are in parenthesis 

Based on the composition of BSG, it is a potential raw material for a two-step acidic 

hydrolysis, that is previously introduced for WB, to produce arabinose- and xylose-rich liquid 

and cellulose-rich solid fractions. In the first step, the aim was to solubilise the arabinan part of 

BSG to release arabinose, meanwhile keeping the xylan and glucan fractions in the solid part. 

Thus, a 32 full factorial experimental design was carried out to investigate the effects of reaction 

time (10, 30 and 50 minutes) and sulphuric acid concentration (0.5, 1.25 and 2 w/w%) on total 

and monomer sugar yields (glucose, xylose and arabinose) and to optimise the reaction 

conditions to produce an arabinose-rich hydrolysate. 

Table 10. The results of the first acidic hydrolyses of brewer’s spent grain during experimental design 

 

Runs 

Reaction 

time    

Sulphuric 

acid 

concentration 

Total 

Xylose 

Yield 

Total 

Arabinose 

Yield  

Total 

Glucose 

Yield  

Monomer 

Xylose 

Yield  

Monomer 

Arabinose 

Yield 

Monomer 

Glucose 

Yield 

  (T, min)  (S, w/w %)  (%) (%) (%) (%)  (%)  (%) 

1 10 0.50 9.3 25.2 5.9 0.5 11.9 0.3 

2 10 1.25 20.4 48.0 6.3 0.9 34.6 0.5 

3 10 2.00 28.5 67.1 8.2 1.6 54.2 0.6 

4 30 0.50 16.6 40.1 6.4 0.9 22.5 0.6 

5 (C) 30 1.25 29.4 65.3 11.4 1.5 53.4 0.6 

6 (C) 30 1.25 29.7 66.0 8.7 1.7 49.6 0.7 

7 (C) 30 1.25 27.1 60.0 11.1 2.0 59.9 0.8 

8 (C) 30 1.25 32.6 72.5 8.9 1.6 53.8 0.5 

9 30 2.00 38.9 74.1 12.6 4.0 66.2 1.0 

10 50 0.50 24.1 53.8 9.1 0.9 34.9 0.5 

11 50 1.25 36.4 73.3 13.1 3.1 64.0 0.9 

12 50 2.00 56.2 90.5 16.5 8.1 80.3 1.4 

(C) - centrum point of the experimental design 

 

 
Brewer’s spent grain 

 Percentage of dry matter 

Non-starch  glucan             14.7 (0.2) 

Starch               3.2 (0.1) 

Xylan 15.0 (0.2) 

Arabinan               7.4 (0.2) 

Protein 32.6 (0.2) 

Klason-lignin 19.0 (2.0) 

Ash               4.0 (0.2) 

Other*               4.1 
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The results of the experimental design are shown in Table 10. Statistical evaluation of 

the experimental design showed that the linear terms of reaction time and acid concentration 

had significant effects on total and monomer sugar yields, except for the monomer xylose yield, 

where the quadratic term of sulphuric acid and the interaction between the two factors also had 

significant effects (Equation 9-14). The fitted models showed that by increasing the reaction 

time and acid concentration, the total sugar yields increased constantly (Figure 15A-C). The 

total glucose yield was between 5.9-16.5%, which can be derived from the starch content since 

starch solubilisation can easily occur during dilute acid treatments (Kapdan et al. 2011). The 

starch content of the glucan fraction was 17.9%. Therefore, total solubilisation of the starch 

fraction did not occur, small part of the starch remained in the solid fraction, even during the 

harshest treatment (2 w/w% sulphuric acid for 30 minutes). The total xylose yield was increased 

from 9.3% to 56.2% by varying the reaction time and sulphuric acid concentration. At the 

harshest condition, the total xylose yield was more than 50%. At the harshest treatment, almost 

all of the arabinose was solubilised (90.5% total arabinose yield). The total arabinose yield was 

the highest compared to other total sugar yields in all of the cases. 

Total glucose yield = 0.87 + 0.15 × T + 3.53 × S    (Equation 9.) 

Total xylose yield = -5.95 + 0.49× T + 16.37 × S     (Equation 10.) 

Total arabinose yield = 10.71 + 0.64 × T + 25.04 × S    (Equation 11.) 

Monomer glucose yield = −0.08 + 0.01 × T + 0.34 × S    (Equation 12.) 

Monomer xylose yield = 2.45 − 0.05 × T − 4.24 × S + 1.51 × S2 + 0.10 × T × S   

          (Equation 13.) 

Monomer arabinose yield = −7.37 + 0.65 × T + 29.22 × S   (Equation 14.) 
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Figure 15. Fitted surfaces of the total xylose yield (A), total arabinose yield (B), total glucose yield 

(C), monomer xylose yield (D), monomer arabinose yield (E) and monomer glucose yield (F) of the 

first acidic hydrolysis of brewer’s spent grain 

Monomer glucose and xylose yields were far from the corresponding total sugar yields 

(Figure 15D, 15F). On the other hand, the monomer arabinose yield was high in all of the cases, 

resulting in a monomer arabinose yield of more than 80% at the harshest condition (Figure 

15E). Based on these results, it can be concluded that the arabinose was mainly present in 

monomeric form, while glucose and xylose were present in oligomeric form in the obtained 

hydrolysates. Since the xylose and glucose were mainly found in oligomers in the hydrolysates, 

glucooligosaccharides (GOS) and arabinoxilo-oligosaccharides (AXOS) yields and the ratio of 

arabinose and xylose in the AXOS fraction (referred to as a A/X ratio) were also investigated 
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(Table 11). The AXOS and GOS yields continuously increased by increasing the reaction time 

and sulphuric acid concentration, reaching 15.1 and 35.7% maximum GOS and AXOS yields 

at the harshest treatment, respectively (Figure 16). The AXOS yield was two times higher than 

the GOS yield. Statistical evaluation showed that the linear terms of sulphuric acid 

concentration and reaction time had significant effects on the GOS and the AXOS yields 

(Equation 15-16). 

Table 11. The oligomer yields and the A/X ratio in AXOS fraction obtained in the first acidic 

hydrolysis of brewer’s spent grain during experimental design 

Runs 
Glucooligosaccharides 

yield (%) 

Arabinoxilo-

oligosaccharides 

yield (%) 

A/X ratio in 

arabinoxilo-

oligosaccharides 

1 5.6 10.4 0.74 

2 5.8 17.6 0.34 

3 7.6 22.3 0.23 

4 5.8 16.3 0.55 

5 (C) 10.8 23.1 0.22 

6 (C) 8.0 20.5 0.20 

7 (C) 10.4 24.6 0.20 

8 (C) 8.4 22.4 0.20 

9 11.6 26.0 0.11 

10 8.5 21.7 0.40 

11 12.2 25.4 0.14 

12 15.1 35.7 0.10 

(C) - centrum point of experimental design 

GOS yield = 0.95 + 0.14 × T + 3.19 × S      (Equation 15.) 

AXOS yield = 4.13 + 0.27 × T + 7.90 × S      (Equation 16.) 

(A/X) ratio = 1.28 − 0.02 × T + 0.00009 × T2 − 0.94 × S + 0.23 × +0.003 × T × S  

          (Equation 17.) 

The A/X ratio in AXOS was varied between 0.10-0.74. The highest A/X ratio in AXOS 

was observed in the weakest treatment (0.5 w/w% sulphuric acid for 10 minutes) and it 

decreased by increasing the reaction time and acid concentration (Figure 16C). According to 

this, the arabinose part of the hemicellulose fraction was more sensitive to the acidic hydrolysis. 

It could partly be because arabinose is present as a side-chain component while xylose is 

constituent of the xylan backbone (González et al. 1986). The statistical evaluation showed that 

all of the terms had significant effects on the A/X ratio in AXOS, except the quadratic term of 

sulphuric acid concentration (Equation 17). Based on the results, the arabinose solubilisation 

was more favourable under mild acidic conditions compared to that of xylose. Moreover, the 

arabinose was mainly present in monomer form in the hydrolysate, while the xylose was 

obtained at mainly in oligomer form. In addition, the cellulose fraction of the BSG remained 

intact. Based on the obtained results, BSG is an appropriate raw material to produce arabinose-

rich hydrolysate. 
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Figure 16. Fitted surfaces of the glucooligosaccharides (GOS) yield (A), arabinoxylo-oligosaccharides 

(AXOS) yield (B) and the A/X ratio in AXOS (C) obtained during the first acidic hydrolysis of 

brewer’s spent grain 

Although arabinose solubilisation was accomplished almost completely under the 

harshest condition, the total xylose yield was also high (>50%), which was unfavourable for 

the next hydrolysis step aiming the production of xylose-rich hydrolysate. Thus, optimisation 

of the first acidic hydrolysis was performed by D-function approach to obtain an arabinose-rich 

hydrolysate with moderate content of xylose. During optimisation, the following criteria were 

set: the total arabinose yield should be more than 50%, while the total xylose should not be 

more than 50%. The following condition was obtained as a result of D-function optimisation: 

1.85 w/w% sulphuric acid concentration and 19.5 minutes reaction time. The monomer and 

total sugar yields (glucose, xylose and arabinose) were predicted at the optimal condition by 
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the fitted models, which were the followings: 32.3%, 9.8% and 69.8% total yield of xylose, 

glucose and arabinose, and 2.4%, 0.7% and 58.6% monomer yield of xylose, glucose and 

arabinose, respectively (Table 12). In order to validate the obtained models, an experiment 

under optimal condition was carried out in triplicates. 

Table 12. The validation of the models of the first acidic hydrolysis of BSG under optimised condition 

  

Total 

Xylose 

Yield 

(%) 

Total 

Arabinose 

Yield  

(%) 

Total 

Glucose 

Yield 

(%) 

Monomer 

Xylose 

Yield  

(%) 

Monomer 

Arabinose 

Yield  

(%) 

Monomer 

Glucose 

Yield  

(%) 

Arabino-xilo-

oligosaccharides 

Yield (%) 

A/X 

ratio 

in 

AXOS 

Predicted 32.3 69.8 9.8 2.4 58.6 0.7 23.8 0.17 

-95.% 

Conf. 
28.4 60.6 7.3 2.0 51.0 0.5 20.7 0.15 

+95.% 

Conf. 
36.3 78.9 12.3 2.8 66.2 0.9 26.9 0.18 

-95.% 

Pred. 
24.2 51.1 4.7 1.5 43.1 0.3 17.5 0.13 

+95.% 

Pred. 
40.5 88.4 14.9 3.2 74.1 1.2 30.1 0.20 

Measure

d 

average 

36.1 75.7 13.0 2.2 65.5 0.5 26.1 0.15 

Standard 

deviation 
2.2 5.0 1.0 0.3 4.4 0.2 1.6 0.01 

  

The total sugar yields, obtained experimentally under the optimised condition, were the 

followings: 13.0% total glucose yield, 36.1% total xylose yield and 75.7% total arabinose yield 

(Table 12). This treatment was also resulted in 2.2%, 0.5% and 65.5% monomer glucose, xylose 

and arabinose yields, respectively. All of the obtained sugar yields were within the predicted 

intervals, which confirm the validity of the fitted models. Moreover, they fell into the 

confidence intervals, which prove high accuracy of the fitted models. The reproducibility of 

hydrolyses was also tested by repeating the experiment under the optimal condition in 

triplicates. Focusing on the total sugar yields, the following results were obtained at the 

optimum condition: 11.9% total glucose yield, 29.9% total xylose yield and 69.7% total 

arabinose yield. These results were also within the predicted intervals, which confirm the 

reproducibility of the experiments. Thus, the achievable sugar yields (glucose, xylose and 

arabinose) during the first acidic hydrolysis of BSG are predictable and reproducible within the 

design space. The obtained liquid fraction contained 0.1 g/L glucose, 0.4 g/L xylose, 6.2 g/L 

arabinose and 6.6 g/L AXOS. The A/X ratio in AXOS was 0.15. A TLC analysis was carried 

out in order to investigate the quality of the oligomers in the liquid fraction. According to the 

TLC results, the main oligomer was the xylobiose (Appendix 2). Based on the composition of 

the liquid fraction, the monomer and oligomer fractions could be separated by a proper 

separation step (e.g. nanofiltration) (Wijaya et al. 2020), resulting in two possible fractions: 

arabinose- and AXOS-rich fractions. The solid fraction derived from the optimised first acidic 

hydrolysis of BSG contained 18.4% glucan, 12.7% xylan, 1.4% arabinan and 19.4% Klason-

lignin on dry basis. Although the relative glucan content did not change significantly compared 

to the initial BSG, the starch content was reduced to 1% of dry matter. The main part of the 
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starch content of BSG was probably released during the first acidic hydrolysis, while the 

cellulose part remained intact. The remained solid fraction was used for the second acidic step. 

 

5.2.2 Second acidic hydrolysis of brewer’s spent grain 

The second acidic step aimed to solubilise the remained hemicellulose part of the solid 

fraction in monomer form and keep intact the cellulose during the hydrolysis to obtain a xylose-

rich liquid fraction and a cellulose-rich solid fraction. Therefore, a dilute sulphuric acid 

treatment (1 w/w%) was carried out in autoclave (121°C, 30 minutes) which was similar to that 

applied in the case of WB. Oligomers were not observed in the hydrolysate derived from the 

second acidic hydrolysis. The complete arabinose solubilisation and around 90% xylose yield 

indicated a successful hydrolysis of the hemicellulose fraction. The glucose yield was 14.2%, 

indicating that not only the remained starch fraction was hydrolysed, but partial release of non-

starch glucan was also accomplished. The liquid fraction of the second acidic hydrolysis 

contained 14.5 g/L xylose, 3.2 g/L glucose and 1.9 g/L arabinose. Thus, the xylose 

concentration was significantly higher than the concentration of the other two sugars (glucose 

and arabinose). Hence, a xylose-rich liquid fraction was obtained by the second dilute acidic 

hydrolysis of BSG. However, the xylose concentration was lower compared to WB 

hydrolysates. The acetic acid concentration (1.3 g/L) was almost the same as in the case of 

WBII/X1 hydrolysate. The total phenol content (2.2 g/L) was a little bit higher than that of 

WBII/X1 hydrolysate, and small amount of formic acid 0.6 (g/L) was measured, which is also 

an inhibitory compound. Thus, the xylose-rich BSG hydrolysate contained more inhibitory 

compounds compared to the hydrolysates of WB. Furfural and HMF were also not detected, as 

in the cases of wheat bran hydrolysates. Moreover, the ratio of glucose to xylose (0.2) was 

higher than 0.1, which might be unfavourable for xylitol production. Due to this, the preliminary 

xylitol fermentation experiments by C. boidinii NCAIM Y.01308 on BSG hydrolysate were 

inefficient (data not shown). 

The composition of the solid fraction remained after the second acidic hydrolysis was 

the following: 32.2% glucan, 5.1% xylan and 31.1% Klason-lignin on dry basis. Arabinan was 

not detected during the structural carbohydrate analysis, which confirmed the complete 

arabinose solubilisation during the second acidic treatment. The relative glucan content of the 

solid residue was increased significantly compared to the solid residue after the first acidic 

hydrolysis. Since no starch was detected during the analysis, the glucan content was probably 

cellulose. The relative xylose content of the residue was also reduced significantly, thus this 

fraction could be called as a cellulose-rich solid fraction. 

5.2.3 Optimisation of the enzymatic hydrolysis of the cellulose-rich brewer’s spent grain 

fraction  

Enzymatic hydrolysis was performed to release the glucose from the cellulose-rich solid 

residue of BSG by a commercial cellulase enzyme complex (Cellic Ctec3, Novozymes A/S, 

Denmark). The experiments were carried out through a full factorial (32) experimental design, 

where the concentration and yield of the liberated glucose were investigated, and the enzyme 
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dosage (0.01, 0.03 and 0.05 g enzyme/g DM) and solids loadings (5, 10 and 15%) were varied. 

This investigation aimed to find an appropriate condition to maximise the glucose concentration 

and yield, in order to enhance the subsequent bioethanol production step. The results of the 

experimental design are shown in Table 13.  

 

Table 13. The results of the enzymatic hydrolyses of BSG during the experimental design 

Runs Enzyme dosage  Solids loading 
Glucose 

concentration  
Glucose yield  

 (E, g enzyme/g DM) (SL, w/w %) (g/L) (%) 

1 0.01 5 10.3 54.5 

2 0.01 10 19.4 48.9 

3 0.01 15 33.9 53.7 

4 0.03 5 12.6 66.8 

5 (C) 0.03 10 30.8 77.6 

6 (C) 0.03 10 30.5 76.7 

7 (C) 0.03 10 29.5 74.2 

8 (C) 0.03 10 28.6 71.9 

9 0.03 15 43.9 69.6 

10 0.05 5 12.9 68.4 

11 0.05 10 30.0 78.0 

12 0.05 15 49.2 77.9 

(C) - centrum point of experimental design 

The achieved glucose concentration was varied between 10.3-49.2 g/L. The glucose 

concentration was increased by increasing the solids loading and the enzyme dosage, thus the 

highest concentration was obtained at the point of 0.05 g enzyme/g DM enzyme dosage with 

15% solids loading. The statistical evaluation showed that the linear terms of enzyme dosage 

and solids loading, the quadratic term of enzyme dosage and the interaction between the two 

independent variables had significant effects on glucose concentration (Equation 18). By further 

increasing the solids loading and the enzyme dosage, the glucose concentration could be 

increased according to the fitted surface of the model (Figure 17A). The glucose yield varied 

between 48.9-78.0%. The highest glucose yield was reached at 0.03 g enzyme/g DM enzyme 

dosage and 10% solids loading. Only the linear and quadratic terms of solids loading had 

significant effects on glucose yield (Equation 19). Investigating the fitted surface area, glucose 

yield did not change significantly by increasing the enzyme loading above 0.04 g enzyme/g 

DM, (Figure 17B). D-function approach was not used in this case, since the glucose 

concentration clearly depends on the solids loading. The solids loading could not be further 

increased due to inhomogeneity and mixing problems. Hence, condition of 0.04 g enzyme/g 

DM enzyme dosage and 15% solids loading was chosen to maximise the efficiency of the 

enzymatic hydrolysis.  
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Glucose concentration = −6.32 + 426.31 × E − 8425.04 × E2 + 2.09 × SL + 31.64 × E × SL 

          (Equation 18.) 

Glucose yield = 35.25 + 1943.36 × E − 23054.41 × E2    (Equation 19.) 

 

The model predicted 76.1% glucose yield with a predicted interval of 67.4-84.8%, and 

47.7 g/L glucose concentration with a predicted interval of 43.9-51.4 g/L at 0.04 g enzyme/g 

DM enzyme dosage and 15% solids loading. To verify the fitted models, experiments were 

repeated at the chosen point in triplicates.  

 

Figure 17. Fitted surfaces of glucose concentration (A) and glucose yield (B) obtained in designed 

experiments of enzymatic hydrolyses of cellulose-rich, brewer’s spent grain residue 

 

The achieved glucose yield and concentration at 0.04 g enzyme/g DM enzyme dosage 

and 15% solids loading were 75.5% and 46.1 g/L, respectively. The obtained results were close 

to the predicted values, and they were in the predicted intervals. Hence, verification of the 

models was successful. Although these glucose yield and concentration were a little bit lower 

than the highest glucose yield and concentration (78.0% and 49.2 g/L) achievable according to 

the experimental design (0.05 g enzyme/g DM enzyme dosage, 15% solids loading), the 

selected condition (0.04 g enzyme/g DM enzyme dosage, 15% solids loading) required lower 

amount of enzymes which can be highly advantageous from an economic point of view. It is 

also important to note that the obtained glucose-rich hydrolysate also contained 6.7 g/L xylose 
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from the remained xylan part of the cellulose-rich solid fraction, due to the presence of other 

activities (e.g. xylanases) in Cellic Ctec 3 enzyme complex (Raj et al. 2022). It corresponded 

to 62.1% xylose yield. 

5.2.4 Bioethanol production on the glucose-rich liquid fraction of brewer’s spent grain 

Bioethanol fermentation was carried out on the glucose-rich hydrolysate of BSG by 

using commercial baker’s yeast (Saccharomyces cerevisiae). The fermentation profile is shown 

in Figure 18. Cell mass did not change significantly during the fermentation. The glucose was 

totally depleted after 24 hours (Figure 18). The maximum ethanol concentration was achieved 

after 24 hours with a value of 16.9 g/L. The xylose concentration did not change during the 

fermentation, since S. cerevisiae cannot utilise pentose sugars (Tesfaw and Assefa 2014). The 

ethanol concentration was slightly decreased after 24 hours, which might be caused by 

evaporation. Hence, 24-hours fermentation was eligible for bioethanol production. The 

maximum ethanol yield and productivity were 71.6% and 0.72 g/(L×h), respectively. If the 

xylose concentration is taken into account in the calculation of ethanol yield, the achieved 

ethanol yield would be 64.3%. 

 

 

Figure 18. Profile of bioethanol production by S. cerevisiae on enzymatic hydrolysate of BSG residue. 

Standard deviations are calculated from duplicates 

 

5.3 Enzyme production by Cellulomonas bacteria 

Enzymatic hydrolysis is one of the key steps in the utilisation of lignocellulose-based 

biomass. This requires proper enzymes, which is a cost-increasing factor in lignocellulose-

based biorefineries. Enzyme production induced by low-cost agricultural by-products could be 

a solution. Thus, the aim of this part was to investigate the production of xylanase and 

carboxymethyl cellulase (CMCase) enzyme activities on different model substrates and agro-

industrial by-products by novel bacteria. Certain microorganisms are capable of producing 

multiple polysaccharides-degrading enzymes. One of them is the Cellulomonas genus, from 

which the enzyme production of Ce. fimi B-402 and Cellulomonas sp. B6 was investigated. 

Strains were cultivated on minimal medium containing 1% different carbon sources: Solka-floc 
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(SF), carboxymethyl cellulose (CMC), pretreated waste paper (PWP), pretreated sweet corn 

cob (PSCC) or wheat bran (WB-D). The extracellular enzyme activities of xylanase and 

carboxymethyl cellulase (CMCase) were measured after 72-hours fermentation.  

The highest xylanase activity was obtained on WB-D carbon source with a value of 3.06 

U/mL in the case of Cellulomonas sp. B6. The xylanase enzyme activities achieved on other 

carbon sources were compared to this maximum value, obtaining relative xylanase activities. 

Relative xylanase activity values obtained on different carbon sources are shown in Figure 19 

in the case of Cellulomonas sp. B6. PSCC and PWP resulted in 60.6% and 50.5% relative 

xylanase activities, respectively. The lowest xylanase activities were reached on CMC (12.1% 

relative activity) and SF (21.4% relative activity). These are cellulose-based model substrates, 

which might explain the lower xylanase activities. The results suggest that agro-industrial by-

products are suitable for xylanase production by using Cellulomonas. sp. B6. The CMCase 

activity was between 0.1-0.2 U/mL in the case of agro-industrial by-products (WB-D, PWP and 

PSCC). In the case of model substrates (CMC and SF), it was below 0.1 U/mL. Therefore, 

CMCase production was also better on agro-industrial by-products, however it was very low 

compared to the xylanase production. 

 

 

Figure 19. Relative xylanase activities of extracellular enzyme fractions produced by Cellulomonas 

sp. B6 on different carbon sources, from 72-h cultures. CMC: carboxymethyl cellulose, SF: Solka-

floc, PSCC: pretreated sweet corn cob, PWP: pretreated waste paper, WB-D: wheat bran. Bars 

represent average values and standard deviation of triplicate cultures. Relative activities are expressed 

as the percentage of the maximal activity which was achieved on WB-D 

The highest xylanase activity was achieved on PWP in the case of Ce. fimi B-402. In 

this case, the highest xylanase activity was 1.32 U/mL, which was lower compared to the 

highest xylanase activity reached by Cellulomonas sp. B6 on WB-D. Relative xylanase 

activities of 41.5% and 47.6% were achieved on the carbon sources of WB-D and PSCC, 

respectively, compared to the maximum xylanase activity obtained on PWP (Figure 20). The 

cultivation on SF resulted in 76.1% relative xylanase activity. The lowest relative xylanase 

activity was 17.4%, and it was obtained on CMC. Based on these results, the non-modified 
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cellulose-rich substrates (WP and SF) seem to be a good inducer for xylanase enzyme 

production in the case of Ce. fimi B-402. The CMCase activity was below 0.2 U/mL in all of 

the cases.  

 

 

Figure 20. Relative xylanase activities of extracellular enzyme fractions produced by Cellulomonas 

fimi B-402 on different carbon sources, from 72-h cultures. CMC: carboxymethyl cellulose, SF: Solka-

floc, PSCC: pretreated sweet corn cob, PWP: pretreated waste paper, WB-D: wheat bran. Bars 

represent average values and standard deviation of triplicate cultures. Relative activities are expressed 

as the percentage of the maximal activity which was achieved on PWP 

Enzyme productions resulting in the highest xylanase activities were reproduced in 

bioreactor (500 mL bench-top bioreactor). Thus, 1% WB-D and 1% PWP were used as carbon 

sources in the cases of Cellulomonas. sp. B6 and Ce. fimi B-402, respectively, and the 

extracellular xylanase activities were determined.  

The profile of Cellulomonas. sp. B6 fermentation on 1% WB-D is shown in Figure 21. 

The pH did not change during the fermentation. Since the growth of cells could not be 

monitored through optical density measurements (due to the interference of the solid particles), 

information about cell growth was gathered by the measurement of DO concentration and the 

amount of released carbon dioxide throughout the fermentation. The DO continuously 

decreased for 24 hours and was kept 20% saturation level due to the controlling system. After 

that, the DO started to increase except at around 40 hours, when a slight decrease of DO was 

observed. These results were in line with the profile of the carbon dioxide level in the gas outlet 

line. It sharply increased for 24 hours and after that, it started to decrease. A slight increase was 

also observed at around 40 hours. According to the data of DO and carbon dioxide, it might be 

claimed that considerable metabolic activity of the cells occurred in the first 24 hours. In the 

first 24 hours, extracellular xylanase enzyme activity was significantly increased (from 0.23 

U/mL), reaching 2.35 U/mL. The highest xylanase activity (3.25 U/mL) was achieved after 48 

hours. The final activity, after 72 hours, was 3.04 U/mL, indicating a slight decrease in activity 

(Figure 21). This xylanase enzyme activity was similar to what was achieved in shake flask 

(3.06 U/mL) enzyme production. Thus, the scaling-up experiment with Cellulomonas. sp. B6 
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was successful. Moreover, it was pointed out that the fermentation time can be reduced to 48 

hours.  

 

Figure 21. Dissolved oxygen and produced carbon dioxide profiles of Cellulomonas sp. B6 cultures 

on wheat bran (WB-D) in bench-top bioreactor (500 mL). Temperature was maintained at 30°C  

In the case of Ce. fimi B-402, extracellular xylanase activity reached its maximum value 

after 72 hours during enzyme production on 1% PWP. The xylanase activity slightly increased 

during the fermentation (Figure 22). The maximum xylanase activity was 1.45 U/mL after 72 

hours which was similar to that obtained in shake flasks. Thus, this scaling-up experiment was 

also successful. The pH also did not change considerably during the fermentation (Appendix 

3). Monitoring of DO was imprecise due to the high amount of PWP in the medium, which 

sticks easily to the DO sensor. The xylanase enzyme activity was much higher in the case of 

Cellulomonas sp. B6 and less time was needed to reach the highest activity.  

 

Figure 22. Extracellular xylanase activities during the aerobic culture of Cellulomonas sp. B6 (grey 

bars) and Ce. fimi B-402 (white bars) on WB-D and PWP, respectively, in bench-top bioreactor 
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5.3.1 Enzymatic hydrolysis of lignocellulose-based biomass by the produced enzyme 

preparations 

Since the highest xylanase activity was achieved on 1% WB-D by Cellulomonas. sp. 

B6, further investigation was performed with that. In the first step, possible side activities, such 

as cellobiohydrolase, arabinofuranosidase, β-xylosidase and β-glucosidase of this extracellular 

enzyme fraction were determined. To do this, the extracellular enzyme preparation was 

concentrated as follows: the enzyme preparation was lyophilised, and the resulting sample was 

re-dissolved to obtain a 10 times concentrated solution. This was necessary in order to identify 

the possible low side activities. The CMCase activity of the concentrated enzyme fraction was 

3.6 U/mL. It also had all previously mentioned side activities. However, they were far from the 

xylanase activity. The concentrated sample exhibited α-arabinofuranosidase activity with a 

value of 1 U/mL. The β-xylosidase and β-glucosidase activities of the sample were 0.4 and <0.1 

U/mL, respectively. The cellobiohydrolase activity was 0.1 U/mL. 

Xylanase activity of the re-dissolved enzyme fraction to the original volume was also 

measured in order to investigate its stability during lyophilisation. Lyophilisation caused 15-

25% reduction in the xylanase enzyme activity. 

From the cell fraction of the fermentation on 1% WB-D by Cellulomonas sp. B6, 

intracellular enzyme (IE) fraction was also prepared, and intracellular xylanase activity was 

measured. Compared to the extracellular xylanase activity, the intracellular xylanase activity 

was lower, approximately by 90% (Appendix 4). The side activities of IE (CMCase, 

arabinofuranosidase, β-xylosidase and β-glucosidase) were similar to those measured in the 10 

times concentrated extracellular enzyme fraction (Appendix 4).   

To investigate the degradation efficiency of the obtained enzyme fractions, enzymatic 

hydrolysis was carried out using extruded barley straw (EBS). Enzyme fractions with different 

xylanase activities were prepared from the lyophilised extracellular enzyme (LEE) fraction and 

the intracellular enzyme (IE) fraction in order to find the appropriate enzyme mixture to degrade 

EBS. The xylanase activities of the LEE were the followings: 30 U/mL, 15 U/mL and 7.5 U/mL. 

Supplementation with IE were tested by using the following enzyme mixtures: 15 U/mL of LEE 

with 1.5 U/ mL of IE, 7.5 U/mL of LEE with 0.75 U/mL of IE and 3 U/ mL of LEE with 0.3 

U/mL of IE. The enzymatic hydrolysis was successful in all of the cases (Figure 23). The 

released xylose concentration was more than 2.5 g/L in these cases. According to these results, 

the addition of IE significantly increased the liberation of xylose, due to the presence of 

additional hemicellulose degrading activities (Figure 23, Appendix 4). The highest released 

xylose concentration was achieved in the case of 15 U xylanase/mL of LEE and 1.50 U 

xylanase/mL of IE with a value of 5.8 g/L. This was also confirmed by TLC analysis (Appendix 

5). In conclusion, the proper mixture of LEE and IE is capable of decomposing the 

lignocellulose part of EBS. 
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Figure 23. Released xylose during hydrolysis of extruded barley straw by using different mixtures of 

lyophilised extracellular (LEE) and intracellular (IE) fractions of Cellulomonas sp. B6 grown on wheat 

bran (WB-D). The enzyme mixtures were the following: 30 U xylanase/mL of LEE (A), 15 U 

xylanase/mL of LEE (B), 7.5 U xylanase/mL of LEE (C), 15 U xylanase/mL of LEE + 1.5 U 

xylanase/mL of IE (D), 7.5 U xylanase/mL of LEE + 0.75 U xylanase/mL of IE (E) and 3 U 

xylanase/mL of LEE + 0.3 U xylanase/mL of IE (F). G: Substrate control without enzymes. Xylose 

concentration was determined by enzymatic colorimetric assay from D xylose Kit (Megazyme) 

 

  



 

70 

 

6 SUMMARY AND OUTLOOKS 

The work presented in this thesis showed the utilisation of two different agro-industrial 

by-products, wheat bran and brewer’s spent grain, in a biorefinery approach. A novel two-step 

acidic fractionation was developed and optimised to produce arabinose- and xylose-rich liquid 

fractions from them. Production of different value-added products (arabinose, xylitol, 

bioethanol) with different yeast strains was also investigated and successfully accomplished. 

Enzyme production on different carbon sources by novel bacteria was also investigated to 

produce appropriate enzyme mixtures to efficiently decompose the hemicellulose fraction of 

lignocellulose-based biomass. 

The compositional analysis of wheat bran showed that it is an appropriate raw material 

for utilisation in sugar-platform biorefinery approach due to its high arabinose and xylose 

content. First acidic hydrolysis was optimised to obtain arabinose-rich hydrolysate through 

statistical evaluation of the experimental design, where sulphuric acid concentration and 

reaction time were varied. Two conditions were obtained by desirability function approaches 

to maximise the total arabinose yield, while minimise the total xylose yield. In the first case, a 

1.16 w/w% sulphuric acid treatment for 50 minutes was obtained, which resulted in 51.1% total 

glucose, 40.7% total xylose and 62.3% total arabinose yields. In the second case, a 1.61 w/w% 

sulphuric acid treatment for 47 minutes was obtained and 51.0%, 45.1% and 73.7% of total 

glucose, xylose and arabinose yields were reached, respectively. All of the results were within 

the predicted intervals obtained by the fitted models of the experimental design. This indicated 

the adequacy of the models. Hence, the sugar yields are predictable within the design space. 

Since the sugars were mainly present in oligomer form, one-hour treatment in autoclave was 

carried out in both cases to decompose the oligomers, which resulted in WBI/A1 and WBI/A2 

arabinose-enriched hydrolysates, respectively. Second acidic hydrolysis was performed in both 

cases on the solid residue obtained after the first acidic hydrolyses (WBI/A1-S and WBI/A2-S) 

to obtain xylose-rich liquid fractions. A 1 w/w% sulphuric acid treatment was performed in 

autoclave (121°C, 1bar) for 30 minutes, resulting in a hydrolysate containing 0.9 g/L glucose, 

22.2 g/L xylose and 9.9 g/L arabinose (WBI/X1 hydrolysate) in the case of WBI/A1-S. In the 

other case (WBI/A2-S), the hydrolysate (WBI/X2 hydrolysate) contained 0.9 g/L glucose 21.3 

g/L xylose and 7.7 g/L arabinose. The obtained solid fractions derived from the second acidic 

hydrolyses contained more than 50 w/w% cellulose, thus they can be called cellulose-rich solid 

fractions. Thus, a new fractionation process including two sequential acidic step was developed 

to obtain arabinose-rich and xylose-rich liquid fractions and cellulose-rich solid fraction from 

wheat bran. 

Ogataea zsoltii NCAIM Y.01540 was tested in arabinose biopurification experiments 

on WBI/A1 and WBI/A2 hydrolysates. Preliminary experiments showed that the strain started 

to metabolise the arabinose after the other two sugars (glucose, xylose) were present at low 

values. In both cases, reduction in the arabinose concentration was observed between 24 and 

48 hours. In the case of WBI/A1, the arabinose purity was 83.9% after 36 hours without a 

decrease in arabinose. Higher arabinose purity (91.2%) was achieved after 42 hours, however, 

the arabinose concentration was reduced by 1.1 g/L. In the case of WBI/A2 hydrolysates, the 

arabinose purity was 89.9% after 36 hours, where the arabinose concertation was also unaltered. 
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The arabinose purity was 93.8% after 42 hours, but the arabinose concentration was decreased 

by 0.3 g/L in this case. The purities, obtained after 42 hours, are considered to be high enough 

for a following crystallization step. Thus, O. zsoltii was successfully applied for arabinose 

biopurification on arabinose-rich wheat bran hydrolysate for the first time. 

O. zsoltii NCAIM Y.01540 was also tested in xylitol fermentation by using WBI/X1 

and WBI/X2 hydrolysates. The fermentation profiles were the same in both cases. The highest 

xylitol yields were reached after 48 hours, which were 56.2% and 57.0% in the cases of WBI/X1 

and WBI/X2 hydrolysates, respectively. The maximum xylitol volumetric productivities were 

0.34 g/(L×h) and 0.35 g/(L×h), and they were achieved after 24 hours in the cases of WBI/X1 

and WBI/X2 hydrolysates, respectively. The experiment was scaled up in bioreactor after the 

determination of optimum aeration level (3.5 mmolO2/(L×h)) on semi-defined xylose medium. 

Xylitol fermentation was performed on WBI/X2 hydrolysate in bioreactor, where the maximum 

xylitol yield and volumetric productivity were 52.3% and 0.24 g/(L×h), respectively. Thus, 

successful xylitol fermentation by O. zsoltii was demonstrated for the first time. In addition, 

yeast-mediated xylitol production on wheat bran hydrolysate was also firstly reported.  

As a new approach, the combined effect of aeration and initial xylose concentration on 

xylitol fermentation by using C. boidinii NCAIM Y.01308 was investigated by 32 full factorial 

experimental design on semi-defined xylose medium. Maximum xylitol yield, maximum xylitol 

volumetric productivity and xylitol yield after 24 hours were statistically evaluated as response 

variables. According to the fitted surface area of maximum xylitol yield, high xylitol yield can 

be obtained at low aeration level (1.1-1.5 mmolO2/(L×h)) and initial xylose concentration (20-

30 g/L). The fitted surface area of xylitol yield after 24 hours showed similar results with a little 

bit higher aeration level as an optimum (2-2.5 mmolO2/(L×h)). The statistical evaluation of the 

maximum xylitol productivity showed a maximum point at 2.7 mmolO2/(L×h) OTR and 71 g/L 

initial xylose concentration with a value of 0.96 g/(L×h). In order to investigate the 

reproducibility and to validate the models, two points were chosen for further experiments: 30 

g/L and 71 g/L initial xylose concentrations at 2.1 mmolO2/(L×h) OTR. In both cases, the 

experimentally reached results (maximum xylitol yield, the maximum xylitol productivity and 

the xylitol yield after 24 hours) were within the predicted intervals of the models. Hence the 

investigated parameters are predictable within the design space. The obtained models were also 

tested on xylose-rich WBII/X1 hydrolysate. The achieved maximum xylitol yield and the 

maximum xylitol productivity were 60% and 0.58 g/(L×h), respectively, after 24 hours. These 

were also within the predicted intervals of the models, thus, the models were found to be 

appropriate for xylitol production on wheat bran hydrolysate too.  

A two-step acidic fractionation process was also developed for brewer’s spent grain. 

The first acidic hydrolysis was optimised similarly to wheat bran (by investigating the effect of 

sulphuric acid concentration and reaction time on monomer and total sugar yields) to obtain 

arabinose-rich hydrolysate. The optimal condition was 1.85 w/w% sulphuric acid treatment for 

19.5 minutes. The adequacy of the obtained models was confirmed by carrying out experiments 

at this point. The total sugar yields of xylose, glucose and arabinose were 36.1%, 13.0% and 

75.7%, respectively. The hydrolysate contained 0.1 g/L glucose, 0.4 g/L xylose, 6.2 g/L 

arabinose and 6.6 g/L arabinoxylo-oligosaccharides (AXOS). Hence, besides the arabinose, 
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significant amount of AXOS was also produced, which can be also a value-added product. 

Second acidic hydrolysis on the solid residue was carried out in the same way as for wheat bran 

(except the dry matter content of the hydrolysate, which was 10% in this case). Composition of 

the liquid fraction after the second acidic hydrolysis was the following: 14.5 g/L xylose, 3.2 

g/L glucose and 1.9 g/L arabinose. The cellulose content of the remained solid residue was 

32.2%. Enzymatic hydrolysis of this solid residue was investigated by Cellic Ctec3 

(Novozymes A/S, Denmark) cellulase enzyme complex. The most favourable condition for the 

enzymatic hydrolysis was chosen by evaluating the results of designed experiments. It was 0.04 

g enzyme/g DM enzyme dosage and 15% solids loading, resulting in 46.1 g/L glucose (75.5% 

glucose yield). Ethanol fermentation was performed on this hydrolysate, which resulted in 

71.6% (of theoretical) ethanol yield and 0.72 g/(L×h) ethanol volumetric productivity by 

Saccharomyces cerevisiae.  

Xylanase and cellulase (CMCase) enzyme production was investigated on minimal 

medium containing different carbon sources (PWP, PSCC, WB-D, SF and CMC) by 

Cellulomonas sp. B6 and Ce. fimi B-402 in shake flasks for the first time. In the case of 

Cellulomonas sp. B6, WB-D was the best carbon source, resulting in 3.06 U/mL xylanase 

activity. In the case of Ce. fimi B-402, the highest xylanase activity was achieved on PWP with 

a value of 1.32 U/mL. The CMCase activity was low in all of the cases. Scaling-up experiments 

were carried out in bioreactor using the best carbon sources in both cases. The results were 

similar compared to the shake flasks experiments. Less time was needed for Cellulomonas sp. 

B6 (48 hours) to reach its maximum xylanase activity compared to Ce. fimi B-402 (72 hours). 

Other side activities of the extracellular enzyme fraction and the intracellular activities were 

also measured after the fermentation on WB-D by Cellulomonas sp. B6. Enzymatic hydrolysis 

was performed on extruded barley straw to determine the proper mixture of extracellular and 

intracellular enzyme activities. The optimal mixture was 15 U xylanase/mL of lyophilised 

extracellular enzyme fraction and 1.5 U xylanase/mL of intracellular enzyme fraction, which 

released 5.8 g/L xylose from extruded barley straw. 

Based on the experimental design performed by using C. boidinii NCAIM Y.01308, low 

xylose concentration was ideal to maximise xylitol yield. Therefore, in addition to batch 

fermentation, investigation of other fermentation techniques, such as fed-batch and continuous 

fermentations, should be considered in the future. On the other hand, metabolic evolution of C. 

boidinii NCAIM Y.01308 will be investigated to improve the efficiency of xylitol fermentation 

at higher initial xylose concentration. 

The high arabinose purity, reached after arabinose biopurification, is a promising result 

to produce arabinose from wheat bran. The downstream process of the arabinose-rich 

hydrolysates will be investigated to produce crystalline arabinose. The downstream process 

after xylitol fermentation will also be investigated to produce crystalline xylitol. In the case of 

BSG, the first acidic hydrolysis resulted in arabinoxylo-oligosaccharides, which can be used as 

a value-added product, such as prebiotic. Thus, the prebiotic effect of the arabinoxylo-

oligosaccharide fraction obtained from BSG will be investigated. 
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Since the enzymatic hydrolysis of the cellulose-rich solid residue of brewer’s spent grain 

was successful, the utilisation of the cellulose fraction obtained from wheat bran is also worth 

to be investigated. Based on the compositional analysis of the solid residue obtained after the 

two-step acidic hydrolysis of wheat bran, it has higher cellulose content compared to solid 

residue of brewer’s spent grain. Hence, it is a promising raw material to produce biofuels (e.g. 

bioethanol) and other potential value-added products.  

As promising results were obtained in the fractionation of wheat bran and brewer’s spent 

grain, these agro-industrial residues could be used in biorefinery process based on the developed 

fractionation processes. Hence, techno-economic analysis will be performed to investigate the 

feasibility of the biorefinery concept including these fractionation steps. 

Since Cellulomonas sp. B6 showed the highest xylanase activity on wheat bran, the 

enzyme production step can be integrated into the utilisation of wheat bran in a biorefinery 

process. Therefore, the investigation of fermentations by mixed culture of bacteria and yeasts 

is also planned in order to enhance the efficiency of degradation and conversion of 

lignocellulose-based biomass into value-added products within a consolidated bioprocess.  
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7 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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8 APPENDIX 

 

Appendix 1.  Chromatograms of WBI/A1 (A) and WBI/A2 (B) wheat bran hydrolysates 

 

Appendix 2. The TLC analysis of the optimised first acidic hydrolysate of BSG, G: glucose, A: 

arabinose, C: cellobiose, X1: xylose, X2: xylobiose, X3: xylotriose, X4: xylotetraose, X5: 

xylopentaose, X6: xylohexaose S1-3: the hydrolysate obtained under optimised condition of the first 

acidic hydrolysis step of brewer’s spent grain 
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Appendix 3. Profile of Ce. fimi B-402 cultures on pretreated waste paper (PWP) in bench-top 

bioreactor. Temperature was maintained at 30 °C. 

 

Appendix 4. Different enzyme activites of the lyophilised extracellular and intracellular enzyme 

fractions of Cellulomonas. sp. B6 cultivated on wheat bran (WB-D). 

Activity (U/mL) 

  LEE (10X)* LIE** 

Xylanase 32.0 (5.1) 1.9 (0.8) 

CMCase 3.6 (0.5) 0.5 (0.2) 

α-arabinofuranosidase 0.8 (0.0) 1.1(0.3) 

β-xylosidase 0.3 (0.1) 0.5 (0.0) 

β-glucosidase <0.1 <0.1 

cellobiohydrolase 0.1 <0.1 
*LEE (10X) – ten times concentrated extracellular enzyme obtained from lyophilised sample 

**LIE – lyophilised intracellular enzyme 

Standard deviations are calculated from biological duplicates and indicated in parenthesis. Each assay was also 

performed in technical triplicates. 
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Appendix 5. TLC profiles of the hydrolysates obtained from extruded barley straw (EBS) by using 

different mixtures of extracellular (LEE) and intracellular (IE) fractions of Cellulomonas sp. B6 grown 

on wheat bran (WB-D). B and C correspond to 15 U xylanase/mL of LEE and 7.5 U xylanase/mL of 

LEE, respectively. D and E correspond to 15 U xylanase/mL of LEE with 1.5 U xylanase/mL of IE 

and 7.5 U xylanase/mL of LEE with 0.75 U xylanase/mL of IE, respectively. G: Substrate control. EC: 

Enzymatic extract control. COS: Cellooligosaccharide (the number meaning the degree of 

polymerization G1-C4) standards. XOS: Xylooligosaccharide standards (the number meaning the 

degree of polymerization X1-X4) 
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A B S T R A C T

Wheat bran is an agro-industrial by-product having huge potential for value-added utilisation in biorefinery
processes. In this study, a two-step, dilute-sulphuric-acid fractionation process was developed to gain xylose-rich
and arabinose-enriched hydrolysates separately. In the first step the reaction time and acid concentration were
optimised by statistical evaluation. Depending on the parameters of the optimisation, two process conditions
resulting in high arabinose (62–74%) but low xylose yields (41–45%) were determined. Arabinose biopur-
ification of the obtained hydrolysates by Ogataea zsoltii resulted in pure arabinose solutions (arabinose purity of
91–94%). The second acidic hydrolysis resulted in xylose-rich hydrolysates containing 20 g/L xylose. The effect
of pH and aeration on the xylitol fermentation by Ogataea zsoltii was investigated. Xylitol fermentation on the
xylose-rich hydrolysate under the best conditions resulted in a xylitol yield of 53% in the bioreactor. Hence, an
integrated process for arabinose and xylitol production from wheat bran was invented.

1. Introduction

Utilization of lignocellulosic biomass has a very important role in
today’s biorefinery processes. Lignocellulosic biomass mainly consists
of cellulose, hemicellulose and lignin in different ratios depending on
the source (Saini et al., 2015). Many useful products can be obtained by
the suitable processing of lignocellulosic biomass in a biorefinery ap-
proach (De Bhowmick et al., 2018). The aim of the biorefinery concept
is the utilisation of all the biomass components to produce a wide range
of value added bioproducts and bioenergy (Elmekawy et al., 2013).
Wheat bran can serve as a potential lignocellulosic feedstock for bior-
efining (Apprich et al., 2014). Wheat bran is a by-product of the wheat
milling process, which is approximately 25% of the total grain re-
garding dry weight (Das Neves et al., 2006; Prückler et al., 2014).
Approximately 90 million tonnes of wheat bran are produced in the
world annually (Prückler et al., 2014). The structure of the wheat bran
is complex, consisting of several different layers such as aleuron, testa
and pericarp (Stevenson et al., 2012). Wheat bran contains about 53%
dietary fibre among many other components such as proteins, vitamins,
minerals and other bioactive compounds (e. g. alkylresorcinols, ferulic
acid, flavonoids, carotenoids, lignans and sterols) (Onipe et al., 2015).
Nowadays the food and feed industry extensively use wheat bran to
improve the quality of food (e.g. donuts, pasta) and feed products (Kim
et al., 2012; Sobota et al., 2015). Wheat bran contains around 14%

starch, 11% cellulose and 26% arabinoxylan (Hemery et al., 2007). The
selective recovery and utilisation of those carbohydrate fractions has a
huge potential in terms of the value-added utilisation of wheat bran in a
biorefinery process (Apprich et al., 2014; Celiktas et al., 2014).

Xylose is a five-carbon monosaccharide. It is found in the hemi-
cellulose fraction of different lignocellulosic biomass as the building
block of xylans (Rafiqul and Sakinah, 2012). One of the most common
utilisations of xylose is the conversion into xylitol. Xylitol is a polyol
which can be used in the food industry as a low-caloric sweetener
(Zhang et al., 2018). It is recommended for diabetic patients because its
metabolism is independent of insulin (Hassinger et al., 1981; Ur-
Rehman et al., 2015). On an industrial scale, xylitol is produced by
chemical hydrogenation of pure xylose, which requires a multi-step
process of xylose purification (Delgado Arcaño et al., 2018; Yi and
Zhang, 2012). Another alternative is the biotechnological production of
xylitol (Cheng et al., 2011). Several microorganisms can convert the
xylose obtained during hydrolysis of lignocellulosic biomass into xylitol
(Barbosa et al., 1988; Rafiqul and Sakinah, 2013; Yoshitake et al.,
1973).

Arabinose is a five-carbon sugar which can be used in the food and
the pharmaceutical industries (Jiang et al., 2015). It can be used as a
natural sweetener with an additional health-promoting effect, as it can
inhibit the sucrase activity in the small intestine (Fehér, 2018; Krog-
Mikkelsen et al., 2011). Arabinose is mainly produced from arabic gum
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by acid hydrolysis (Cheng et al., 2011). On the other hand, there are
many studies mentioning the production of arabinose from different
lignocellulosic residues. Arabinose can be liberated from the lig-
nocellulosic biomass by using different methods like acid catalysed
(Bravo et al., 2017) or enzymatic hydrolysis (Kurakake et al., 2011).
However, the hydrolysates may also contain other sugars resulting in
the necessity of purification steps before crystallization (Aguedo et al.,
2013; Shibanuma and Nordisk, 1999). There are several purification
methods such as chromatographic purification or biopurification
(Aguedo et al., 2013). During biopurification the adequate micro-
organisms consume all of the sugars except arabinose, resulting in pure
arabinose solution regarding the sugar content of the hydrolysate
(Cheng et al., 2011; Fehér et al., 2015a).

In order to make the carbohydrates of the lignocellulose structure
accessible for enzymatic decomposition, a pretreatment step is re-
quired. Many pretreatment methods have been investigated so far, such
as thermo-chemical, enzymatic and biological pretreatments (Chen
et al., 2017). Different pretreatment methods and the following enzy-
matic treatments can be combined in a process called biomass fractio-
nation to obtain several valuable fractions separately. Thermo-chemical
pretreatments are widely used to decompose hemicelluloses (Putro
et al., 2016; Silverstein et al., 2007; Zhao et al., 2008), from which
diluted sulphuric acid pretreatment is the most commonly used method
(Sritrakul et al., 2017).. In this study sulphuric acid treatments of wheat
bran were investigated to fractionate the main sugar constituents of the
lignocellulose structure into separated process streams, resulting in an
arabinose-enriched hydrolysate, a xylose-rich hydrolysate and cellu-
lose-rich solid fraction. The arabinose-enriched hydrolysate was tested
in arabinose biopurification experiments to gain pure arabinose solu-
tion. The xylose-rich hydrolysate was used in xylitol fermentation ex-
periments.

2. Materials and methods

2.1. Microorganism

Ogataea zsoltii NCAIM Y.01540 was purchased from the National
Collection of Agricultural and Industrial Microorganisms (Budapest,
Hungary). Ogataea zsoltii NCAIM Y.01540 was maintained at 4 °C on
agar slants containing 1 w/w % glucose, 1 w/w % peptone, 0.3 w/w %
yeast extract and 2 w/w % agar.

2.2. Wheat bran

Wheat bran was kindly donated by Gyermelyi Ltd. (Gyermely,
Hungary) and was stored at room temperature.

2.3. Compositional analysis

The dry content of wheat bran was measured by rapid moisture
analyser (Precisia XM 60). The starch content of wheat bran was de-
termined by enzymatic hydrolysis, according to the method described
by Fehér et al. (2015a). Wheat bran was suspended (3 w/w % dry
matter content) in sodium-acetate buffer (pH = 4.8) and thermostable
α-amylase was added at the dose of 5 g enzyme/kg dry wheat bran.
Thermostable α-amylase was kindly donated by Hungrana Starch and
Isosugar Manufacturing and Trading Co. Ltd. (Szabadegyháza, Hun-
gary). The suspension was treated at 90 °C for 3 h with continuous
stirring at 250 rpm. The suspension was filtered through a 50 μm pore
sized nylon filter and the supernatant was treated with 4 w/w % sul-
phuric acid (121 °C, 15 min) to decompose the oligosaccharides. The
glucose content was determined by a high-performance liquid chro-
matography (HPLC) system. Determination of structural carbohydrates
(glucan, xylan and arabinan) and the acid-insoluble material (Klason-
lignin) of wheat bran was performed according to the method of the
National Renewable Energy Laboratory (Sluiter et al., 2012) with minor

modifications. A half gram of dry wheat bran was mixed with 2.5 mL of
72 w/w % sulphuric acid and stirred several times at room temperature
for 2 h. After that 75 mL of distilled water was added and the suspen-
sion was treated at 121 °C in autoclave for 1 h. The acid-insoluble
fraction was separated by filtration through a G4 glass filter and washed
twice with hot distilled water. Then the solid residue dried at 105 °C
overnight and measured gravimetrically (Fehér, 2015). The mono-
saccharide content of the supernatant was determined by HPLC system.
The carbohydrate (glucan, xylan and arabinan) content of wheat bran
was calculated from the monosaccharide concentrations taking into
account the depolymerisation factor. Xylose and galactose was not se-
parated in the HPLC system used in this study. However, according to
the study of Palmarola-Adrados et al. (2005), the galactose content is
only 5.5–6% of the xylose content in the case of wheat bran. Hence, the
xylan and galactan content was referred to as xylan in this study. The
difference of the total glucan and starch content was defined as non-
starch glucan content. The compositional analysis was carried out in
triplicates.

2.4. Inoculum preparation

Ogataea zsoltii NCAIM Y.01540 was transferred from the agar slants
into the inoculum medium (pH = 6) which contained the following
components: 10 g/L yeast extract, 15 g/L potassium phosphate mono-
basic (KH2PO4), 1 g/L magnesium sulphate (MgSO4×7H2O), 3 g/L
ammonium phosphate ((NH4)2HPO4) and 30 g/L xylose (Fehér et al.,
2015a). The cell cultivation was performed in 750-mL Erlenmeyer
flasks containing 200 mL inoculum medium. The xylose solution was
sterilized separately from the solution of the other components. Ster-
ilizations were performed at 120 °C for 20 min. The conditions of the
cultivation were the following: 30 °C, 220 rpm rotation speed and 72 h.
At the end of the cultivation the cells were separated by centrifugation
(5000×g, 5 min) and washed with sterile distilled water. The required
amount of cell mass was re-suspended in the xylitol fermentation or
biopurification media (Fehér et al., 2015a).

2.5. First acidic hydrolysis according to experimental design

Acidic hydrolyses were carried out in 250-mL glass flasks containing
200 g reaction mixture of suspended wheat bran in diluted acid solu-
tion. The reaction mixture contained 10 w/w % dry wheat bran and
0.25, 1.25 or 2.25 w/w % sulphuric acid. The reaction mixtures were
incubated at 90 °C in water bath for 25, 75 or 125 min. A ten minute
warm-up period was applied before the incubation time in order to
reach the incubation temperature in the reaction mixtures. The flasks
were cooled down by placing them into cold water for 5 min and the
reaction mixtures were filtered through a 50 μm pore sized nylon filter.
The obtained supernatants were analysed for solubilised sugars. In
order to verify the results of the statistical optimisation of the first
acidic treatment, acidic hydrolyses were carried out under the condi-
tions of 1.16 w/w % sulphuric acid, 50 min and 1.61 w/w % sulphuric
acid, 47 min. The obtained supernatants were separated through a
50 μm pore sized nylon filter and treated at 120 °C for 60 min to de-
compose oligosaccharides. These hydrolysates were referred to as I/A
and I/B hydrolysates, respectively, and they were used in arabinose
biopurificiation experiments. The remaining solid residues were wa-
shed by distilled water to get neutral pH and dried at 50 °C for 48 h. The
solid residues were referred to as S-I/A and S-I/B, respectively.

2.6. Second acidic hydrolysis

The solid residues of the first hydrolyses (S-I/A and S-I/B) were used
in the second acidic hydrolysis. It was carried out in a suspension
containing 7.5 w/w % dry matter and 1 w/w % sulphuric acid at 121 °C
for 30 min. The reaction mixture was filtrated through a nylon filter
(pore size 50 μm). The obtained supernatants were referred to as II/A
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(from hydrolysis of S-I/A) and II/B (from hydrolysis of S-I/B) hydro-
lysates and they were used in xylitol fermentation experiments. The
solid residues were washed with distilled water until pH reached a
neutral level and dried at 50 °C. The solid residues were referred to as S-
II/A and S-II/B, respectively.

2.7. Arabinose biopurification

The first acidic (I/A and I/B) hydrolysates were used as the fer-
mentation medium of arabinose biopurification by using Ogataea zsoltii
NCAIM Y.01540. The pH was adjusted to pH = 6 with (Ca(OH)2), the
formed gypsum was separated by filtration (filter paper) and then the
supernatant was sterilised at 121 °C for 20 min in autoclave. Arabinose
biopurification was performed in 100 m L-shake flasks containing
20 mL medium at 37 °C in a rotary shaker (225 rpm) for 96 h (Fehér,
2015). The initial cell concentration was set to be 1.5 g/L. Arabinose
biopurification was followed by daily sampling. Samples were analysed
by spectrophotometer and HPLC. The experiments were carried out in
triplicates.

2.8. Xylitol fermentation on a semi-defined medium

Fermentation experiments aiming the investigation of the effect of
pH on xylitol production by Ogataea zsoltii NCAIM Y.01540 were per-
formed in 100 m L-shake flasks containing 50 mL semi-defined medium
at 37 °C in a rotary shaker (125 rpm) for 96 h. The semi-defined fer-
mentation medium contained 10 g/L yeast extract, 15 g/L KH2PO4, 1 g/
L MgSO4×7H2O, 3 g/L (NH4)2HPO4 and 30 g/L xylose (Fehér, 2015).
The pH was adjusted to pH = 4, pH = 5 or pH = 6 by adding sulphuric
acid (72 w/w %). The initial cell concentration of Ogataea zsoltii NCAIM
Y.01540 was 5 g/L in each flask. Fermentations were followed by daily
sampling. Samples were analysed by spectrophotometer and HPLC. The
experiments were carried out in triplicates.

Fermentation experiments aiming the investigation of the effect of
aeration on xylitol production by Ogataea zsoltii NCAIM Y.01540 were
performed on a semi-defined medium. The pH was adjusted to pH = 4
by adding sulphuric acid (72 w/w %). The fermentations were per-
formed at the aeration resulting in 2.5–3.5 mmol O2/(L*h) OTR, at
37 °C for 96 h in a 3-L bench-top bioreactor. The working volume was
1 L. The fermentations were followed by continuous monitoring of
dissolved oxygen and pH, and by sampling in every 12 h. Samples were
analysed by spectrophotometer and HPLC. The experiments were car-
ried out without replicates.

2.9. Xylitol fermentation on the second-acidic hydrolysate

The II/A and II/B hydrolysates were used for xylitol fermentation.
The pH was adjusted to pH = 6 (shake flasks) or pH = 4 (bioreactor)
with Ca(OH)2. The precipitated gypsum was removed by filtration
(filter paper) and then the supernatant was sterilised at 121 °C for
20 min in autoclave. The fermentations were performed in 100 m L-
shake flasks containing 50 mL medium at 37 °C in a rotary shaker
(125 rpm) (in triplicates) or in 3-L bench-top bioreactor containing 1 L
hydrolysate at 3.5 (mmol O2/(L × h)) OTR and 37 °C (without re-
plicates) for 96 h. The initial cell concentration of Ogataea zsoltii NCAIM
Y.01540 was 5 g/L in each case. The fermentations were followed
through daily sampling in the case of shake flasks and 12 -h sampling in
the case of bench-top bioreactor. Samples were analysed by spectro-
photometer and HPLC.

2.10. Analytical methods

2.10.1. Concentration of sugars, alcohols and organic acids
Concentrations of glucose, xylose, arabinose, xylitol, ethanol and

acetic acid were determined by HPLC using BioRad a (Hercules, CA,
USA) Aminex HPX-87H (300 × 7.8 mm) column equipped with a

Micro-Guard Cation H + Refill Cartridge (30 × 4.6 mm) pre-column at
65 °C, and a refractive index detector. The eluent was 5 mmol/L sul-
phuric acid at a flow rate of 0.5 mL/min. The injection volume was
40 μL (Fehér, 2015).

2.10.2. Cell concentration
Cell concentration was determined by measuring optical density at a

wavelength of 600 nm by spectrophotometer (Ultrospec III, Pharmacia
LKB, Uppsala, Sweden). The cell concentration was calculated by using
a calibration curve based on the relationship of optical density and cell
dry weight (Fehér et al., 2015a).

2.10.3. Oxygen transfer rate in bench-top bioreactor
The oxygen transfer rate (OTR) in bench-top bioreactor filled with

media of xylitol fermentation (semi-defined fermentation medium or
second acidic hydrolysate) was calculated by multiplying the maximum
level of dissolved oxygen concentration (C*) and the gas-liquid mass
transfer coefficient (KLa), and was expressed in the dimension of mmol
O2/(Lxh). The KLa was determined by a non-fermentative gassing-out
method (Roseiro et al., 1991). The measurements of KLa were per-
formed at 37 °C with medium volume of 1 L and agitation speed of
300 rpm by varying the aeration rate (0.3, 0.5, 0.7 and 1.1 vvm of air).
The C* and the actual dissolved oxygen concentration (C) were mea-
sured by optical oxygen sensor (VisiFerm DO 120, HAMILTON Bonaduz
AG, Switzerland). The values of the expression of -ln(1-(C/C*)) were
plotted against time and the slope of the fitted linear curve gave the
value of KLa (Fehér, 2015).

2.10.4. Determination of total sugar content
Total sugars include monomer sugars and solubilised sugar oligo-

mers. To determine the total sugar content (arabinose, xylose, glucose)
of the hydrolysates, a weak acid hydrolysis was performed. The samples
were mixed with 8 w/w % sulphuric acid at a volume ratio of 1:1 and
treated at 120 °C in autoclave for 15 min to decompose sugar oligomers
into monomers. Monomer sugar concentrations were determined by
HPLC (Fehér et al., 2015b).

2.10.5. Calculations of sugar yields, arabinose purity and xylitol yields
Sugar yields of the acidic treatments were expressed as percentages

of the theoretical sugar yields. Theoretical sugar yields were calculated
based on the composition of the feedstock by assuming a total hydro-
lysis of the corresponding carbohydrate fractions. Yields of mono-
saccharides and total sugars were distinguished.

Arabinose purity in the biopurification broth was defined as the
percentage of arabinose to the sum of all monomer sugars (glucose,
xylose, arabinose).

Xylitol yields obtained in xylitol fermentation experiments were
expressed as a percentage of theoretical or as the amount of xylitol
produced divided by the amount of xylose consumed. Theoretical xy-
litol yield was calculated from the initial xylose concentration by as-
suming a complete (stoichiometric) conversion.

2.11. Statistical evaluation and optimisation

Statistical evaluation was performed to investigate the effects of the
two independent variables (sulphuric acid concentration and reaction
time) and their interaction on the yields of total arabinose, total xylose
and total glucose, which were the response variables of the first acidic
hydrolysis of wheat bran. Design of the experiments and the statistical
evaluation of the results were performed by following the method de-
tailed by Fehér (2015). A full factorial, orthogonal design of experi-
ments (32) with triplicates in the centre point was performed in order to
reduce the number of experiments. The sulphuric acid concentrations
and reaction times were set according to the following: 0.25, 1.25,
2.25% w/w and 25, 75, 125 min. The results were evaluated by Sta-
tisticaTM v.13 (Statsoft®, Tulsa, USA) software. A second-order,
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polynomial function was fitted to the measured data and analysis of
variance was performed. The quadratic model used was the following:

= + + + + +Y b0 b1X1 b2X2 b12 X X b11 X b22 X1 2 1
2

2
2 (1)

where Y represents the response variable, b0 is the intercept, b1and b2

are the linear coefficients, b11 and b22 are the quadratic terms and X1,
X2 represent the independent variables studied. The independent vari-
ables were expressed in original physical values. The model was re-
duced by the insignificant effects, where possible. The value of a lack of
fit test was used to check the integrity of the reduced model. The sta-
tistical significance of this value was tested by using an F-test at the
significance level of 5%. The statistical significance of the effect of the
variables was checked by Pareto chart. The desirability function ap-
proach was used to determine the optimal conditions in terms of total
arabinose and total xylose yields simultaneously. The desirability
function D involves transformation of each estimated response variable
Yi to a desirability value di, where 0 ≤ di ≤ 1, and i = 1, 2, …,k
corresponded to the number of estimated response variables. The in-
dividual desirabilities are then combined using the geometric mean:

D = (d1 × d2 × … × dk)1∕k (2)

This single value of D gives the overall assessment of the desirability
of the combined response levels. In our study, d1 and d2 functions were
set to change linearly by changing total arabinose and total xylose
yields, respectively. The desired intervals for the response variables
were the following: First settings: 0 ≤ total xylose yield ≤ 50 and 50 ≤
total arabinose yield ≤ 100, where total xylose yield = 0 and total
arabinose yield = 100 corresponded to d1 and d2 values of 1, and total
xylose yield = 50 and total arabinose yield = 50 corresponded to d1

and d2 values of 0; second settings: 0 ≤ total xylose yield ≤ 100 and 0
≤ total arabinose yield ≤ 100, where total xylose yield = 0 and total
arabinose yield = 100 corresponded to d1 and d2 values of 1, and total
xylose yield = 100 and total arabinose yield = 0 corresponded to d1

and d2 values of 0.
One-way ANOVA was used to investigate the effect of the pH on

xylitol production in xylitol fermentation experiments at the sig-
nificance level of p < 0.05. It was performed in StatisticaTM v.13
(Statsoft®, Tulsa, USA) software.

3. Results and discussion

3.1. Compositional analysis

The total carbohydrate content of wheat bran was 54.2 w/w % of
dry matter (Table 1), which is quite similar to that obtained in other
studies (Hemery et al., 2007; Tirpanalan et al., 2014; Wood et al.,
2016). The glucan content was 22.2 w/w % from which the starch

content was 8.7 w/w % of dry matter. In general the starch content of
wheat bran is around 13.8–15.7 w/w % of the dry weight (Apprich
et al., 2014; Hemery et al., 2007; Wood et al., 2016), which is much
higher than in our case. The non-starch glucan (cellulose and β-glucan)
was 13.5 w/w % of dry matter. Hemery et al. (2007) published a wheat
bran cellulose content of 11 w/w %, while Li et al. (2006) reported that
the β-glucan content of wheat bran is 2.1–2.5 w/w % of dry matter. The
sum of those values correlates to the non-starch glucan content mea-
sured in this study. The xylan and arabinan content was 26.8 w/w %
and 11.6 w/w % of dry matter, respectively (Table 1). These values
were higher than those mentioned by others (Chotěborská et al., 2004;
Wood et al., 2016), so the wheat bran used in this study can be a
promising raw material to produce arabinose and xylitol in a bior-
efinery approach. The measured content of Klason-lignin was 12 w/w %
regarding dry matter (Table 1). Generally, lower values can be found in
the literature regarding the lignin content of wheat bran; however, they
show wide variability (Babu et al., 2018; Chotěborská et al., 2004;
Palmarola-Adrados et al., 2005; Rahman et al., 2017).

3.2. Acidic fractionation of wheat bran

Acidic fractionation of wheat bran was investigated to develop a
novel process for the selective recovery of arabinose and xylose in se-
parated liquid fractions. In order to achieve this goal, a two-step, di-
luted sulphuric acid treatment was studied, which results in an arabi-
nose-enriched hydrolysate in the first step and a xylose-rich hydrolysate
in the second step.

3.2.1. First acidic hydrolysis of wheat bran
The first step of the acidic fractionation of wheat bran was carried

out according to designed experiments, which allow the investigation of
the effects of sulphuric acid concentration and reaction time (in-
dependent variables) on the solubilised total xylose, total arabinose and
total glucose yields (response variables), the study of the possible in-
teractions between independent variables, and the optimisation of the
process in terms of the selective arabinose recovery. The results were
evaluated by statistical analysis.

The monomer yields of sugars were also investigated. The monomer
yield of glucose increased from 0.4% to 31.1% by increasing reaction
time and acid concentration, probably due to the hydrolysis of the
starch. The monomer yield of arabinose varied between 6.6% and
26.8% (Table 2). It was increased by the increasing sulphuric acid
concentration and reaction time. The monomer yield of xylose varied
from 9.5% to 11.8% (Table 2), though without a clear tendency related
to the reaction time and acid concentration.

In order to get information about the total solubilised sugar content,
a weak acid hydrolysis was carried out. Statistical analyses were per-
formed to determine the significance of the effects of independent

Table 1
Structural carbohydrates and Klason-lignin of wheat bran and solid residues
obtained from acidic treatments.

Percentage of dry matter

Wheat bran S-I/A S-I/B S-II/A S-II/B
Glucan 22.2(0.5) 28.9(0.9) 31.0(0.6) 50.7(0.7) 49.1(0.4)
Xylan 20.7(0.4) 26.8(0.7) 25.3(0.6) 5.0(0.1) 5.7(0.1)
Arabinan 11.4(0.3) 11.6(0.2) 9.0(0.2) 0.3(0) 0.3(0)
Klason lignin 11.9(0.6) 18.8(0.4) 18.8(0.5) 36.6(0.5) 36.2(0.2)

The measurements were carried out in triplicates. Standard deviations pre-
sented in parentheses.
S-I/A: solid residue of the I/A (1.16 w/w % sulphuric acid, 90 °C, 50 min) acidic
hydrolysis of wheat bran. S-I/B: solid residue of the I/B (1.61 w/w % sulphuric
acid, 90 °C, 47 min) acidic hydrolysis of wheat bran. S-II/A: Solid residue of the
second acidic hydrolysis (1 w/w % sulphuric acid, 120 °C, 30 min) of S-I/A. S-
II/B: solid residue of the second acidic hydrolysis (1 w/w % sulphuric acid,
120 °C, 30 min) of S-I/B.

Table 2
Monomer sugar yields in the first acidic hydrolysis carried out according to full
factorial experimental design.

Sulphuric acid
concentration
(w/w %)

Reaction
time (min)

Xylose (% of
theoretical)

Arabinose (%
of theoretical)

Glucose (% of
theoretical)

0.25 25 11.2 6.6 0.4
1.25 25 9.5 12.1 10.8
2.25 25 9.8 13.2 22.1
0.25 75 10.8 7.8 0.6
1.25 75 9.7 13.0 21.9
2.25 75 10.8 19.6 29.0
0.25 125 10.5 8.1 0.7
1.25 125 9.8 14.2 25.2
2.25 125 11.8 26.8 31.1
1.25 75 9.8 13.1 22.9
1.25 75 9.8 13.0 21.7
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variables and their interactions on the selected response variables, and
to fit model equations to the response variables. The statistical analysis
showed that the reaction time and the sulphuric acid concentration
have different effects on total arabinose, total xylose and total glucose
yields (Fig. 1). The model equations for the response variables are
presented in Eqs. 3–5, in the form of Eq. 1 reduced by the statistically
insignificant terms. The dimensions of the independent and response
variables are given in Table 3.

Total arabinose yield=-32.143+0.455×T+89.673×A-20.879×A2

(3)

Total xylose yield=5.561+0.030×T+32.686×A-7.112×A2

+0.130×A×T (4)

Total glucose yield=20.757+37.112×A-9.638×A2 (5)

The total glucose yield varied between 29.3% and 54.4% (Table 3),
and it depended on the acid concentration in a quadratic way (Eq. 5).
The reaction time had no effect on the glucose yield in the range in-
vestigated (Eq. 5). Supposedly the whole starch fraction was solubilised

during most of the acidic hydrolyses; however, that corresponded to a
glucose yield of only 39%. The other part of the solubilised glucose
might have been derived from β-glucans. The measured highest total
glucose yield corresponds to the assumption of a β-glucan content of
2.5 w/w % and complete solubilisation of that. A β-glucan content of
2.5 w/w % of dry wheat bran was reported by Li et al. (2006). The
glucose yield decreased under the conditions of high sulphuric acid
concentration (2.25% w/w) and long reaction time (125 min) (Fig. 1),
which was probably caused by partial glucose degradation. The total
arabinose yield continuously increased from 5.8% to 97.5% (Table 2)
by increasing the sulphuric acid concentration and the reaction time. It
varied as a quadratic function of sulphuric acid concentration and
linear function of reaction time (Equation 3). By increasing the sul-
phuric acid concentration, the slope of the curve of total arabinose yield
markedly decreased (Fig. 1). The total xylose yield varied between
15.2% and 76.6% (Table 3) and also continuously increased by raising
the sulphuric acid concentration and reaction time (Fig. 1). The linear
terms of acid concentration and reaction time, the quadratic term of
acid concentration and the interaction of the linear terms of acid con-
centration and reaction time have a significant effect on the total xylose
yield (Eq. 4). According to the evaluation of the standardized effects of
the independent variables and their interactions by Pareto chart, the
linear term of acid concentration has the greatest effect on the total
sugar yields (Fig. 1).

The differences between the monomer and total sugar yields (Tables
2 and 3) related to the hemicellulosic sugars indicate that most of the
xylose and arabinose were solubilised in the form of oligosaccharides
(arabino-xylooligosaccharides) during the first acidic hydrolysis.
Therefore, in order to produce a hydrolysate containing monomer su-
gars, a final hydrolysis step is required to decompose oligosaccharides.

The optimization of the first acidic hydrolysis in terms of the se-
lective solubilisation of arabinose was performed by using D-function
approach with two different settings for the desired intervals of the
response variables (see 2.11 section). Hence, two different conditions
were determined by the optimisations of the D-function. According to
the optimisation by using the first settings of the requirements (section
2.11) the optimal condition is 1.16 w/w % sulphuric acid concentration

Fig. 1. The fitted response surfaces of total arabinose yield (A), total xylose yield (B) and total glucose yield (C), and Pareto charts belonging to them.
T(L): linear term of reaction time T(Q): quadratic term of reaction time A(L): linear term of acid concentration A(Q): quadratic term of acid concentration T × A:
interaction between reaction time and acid concentration)

Table 3
Total sugar yields in the first acidic hydrolysis carried out according to full
factorial experimental design.

Sulphuric acid
concentration (A)
(w/w %)

Reaction
time (T)
(min)

Xylose (% of
theoretical)

Arabinose (%
of theoretical)

Glucose (% of
theoretical)

0.25 25 15.2 5.8 29.3
1.25 25 41.2 47.4 50.2
2.25 25 49.2 82.4 54.4
0.25 75 15.7 8.2 30.0
1.25 75 47.3 76.0 51.4
2.25 75 69.7 94.3 49.7
0.25 125 16.7 9.2 31.8
1.25 125 56.9 85.5 50.2
2.25 125 76.6 97.5 50.4
1.25 75 49.2 78.2 51.6
1.25 75 44.4 72.6 48.4
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and 50 min reaction time (Fig. 2). At this condition the model predicts a
total arabinose yield of 64.6%, a total xylose yield of 42.4% and a total
glucose yield of 49.4%. According to the model predictions the total
arabinose yield, total xylose yield and total glucose yield should be
within the confidence intervals of 58.6%–70.6%, 37.2%–47.6% and
45.4%–53.3% respectively, at a 95% confidence level. The optimisation
by using the second settings of the requirements (section 2.11) results in
the optimal condition of 1.61 w/w % sulphuric acid concentration and
47 min reaction time (Fig. 3). At this condition the model predicts a
total arabinose yield of 78.9%, a total xylose yield of 50.3% and a total
glucose yield of 53.3%. The confidence intervals at a 95% confidence
level are 72.9%–84.8%, 45.1%–55.4% and 49.4%–57.2% for the total
arabinose yield, total xylose yield and total glucose yield, respectively.

To verify the fitted models, hydrolysis experiments were carried out
at 1.16 w/w % sulphuric acid concentration for 50 min, and at 1.61 w/
w % sulphuric acid concentration for 47 min. The hydrolysate obtained

at 1.16 w/w % sulphuric acid concentration and 50 min reaction time
resulted in a total arabinose yield of 62.3% (8.3 g/L), a total xylose
yield of 40.7% (10.9 g/L) and a total glucose yield of 51.1% (14.7 g/L).
The hydrolysate obtained at 1.61 w/w % sulphuric acid concentration
and 47 min reaction time resulted in 73.7% total arabinose yield
(10.71 g/L), 45.1% total xylose yield (11.1 g/L) and 51.0% total glucose
yield (14,6 g/L). The yields derived from experiments of model ver-
ification are in line with the predicted yields as they are within the
confidence interval, proving the goodness of the fitted model (Table 4).

To decompose the solubilised oligosaccharides in the hydrolysates
derived from the first acidic treatments under optimised conditions
(1.16 w/w % sulphuric acid and 50 min reaction time, 1.61 w/w %
sulphuric acid and 47 min reaction time) before the following process
steps, an additional hydrolysis step was performed on the supernatants.
The supernatants were treated at 120 °C for 60 min in autoclave without
adding extra amount of sulphuric acid. The supernatant of the

Fig. 2. Optimisation of the first acidic hydrolysis of wheat bran in term of selective arabinose solubilisation by using D-function approach with the first settings for
desired intervals of response variables.

Fig. 3. Optimisation of the first acidic hydrolysis of wheat bran in term of selective arabinose solubilisation by using D-function approach with the second settings for
desired intervals of response variables.
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hydrolysis performed at 1.16 w/w % sulphuric acid for 50 min is re-
ferred to as I/A hydrolysate, while the separated solid fraction is re-
ferred to as S-I/A.

I/A hydrolysate contained 12.6 g/L xylose, 9.3 g/L glucose, 8.2 g/L
arabinose and 0.12 g/L acetic acid. Compared to the results derived
from total sugar determination by weak acid hydrolysis, the arabinose
and xylose concentration in I/A hydrolysate is similar, but the glucose
concentration is significantly lower. It indicates that the hydrolysis
conditions under the additional hydrolysis step (1.16 w/w % sulphuric
acid, 60 min, 120 °C) were not harsh enough to decompose all the
glucan oligomers, but the arabino-xylooligomers were completely hy-
drolysed into monomers. In the HPLC chromatogram obtained after the
additional hydrolysis step, peaks indicating the existence of oligomer
sugar fraction are present, while in the chromatogram derived from the
total sugar determination, those peaks are missing. The total sugar
determination by weak acid hydrolysis was performed under harsher
conditions (120 °C, 15 min, 4 w/w % sulphuric acid concentration,)
compared to the additional hydrolysis steps (120 °C, 60 min, 1.16 w/w
% or 1.61 w/w % sulphuric acid).

The supernatant and the solid fraction of the hydrolysis performed
at 1.61 w/w % sulphuric acid concentration for 47 min reaction time
are referred to as I/B hydrolysate and S-I/B, respectively. I/B hydro-
lysate contained 0.3 g/L acetic acid, 12.6 g/L xylose, 12.8 g/L glucose
and 10.1 g/L arabinose. These concentrations are very similar to those
obtained during the total sugar determination by weak acid hydrolysis,
indicating that the conditions of the additional hydrolysis step (1.61 w/
w % sulphuric acid, 60 min, 120 °C) were harsh enough to decompose
all the solubilised oligosaccharides into monomers in this case.

According to the structural carbohydrate analyses of the solid re-
sidues, S-I/A solid fraction contains 28.9% glucan, 26.8% xylan and
11.6% arabinan of dry matter, S-I/B solid fraction contains 31.0%
glucan, 25.4% xylan and 9.0% arabinan of dry matter (Table 1).

Hence, an appropriately mild sulphuric acid treatment of wheat
bran is suitable to produce an arabinose-enriched liquid fraction, while
the main part of the xylan and cellulose remains intact in the solid
fraction.

3.2.2. Second acidic hydrolysis
S-I/A and S-I/B solid residues were utilized in a second acidic hy-

drolysis aiming the selective solubilisation of the remaining xylan

fraction. The conditions of the second acidic hydrolysis were set based
on the results of Fehér et al. (2015b) concerning corn fibre fractionation
(120 °C, 30 min, 1 w/w % sulphuric acid). The second acidic treatment
of S-I/A solid residue resulted in a liquid fraction containing 0.9 g/L
glucose (3.6% of theoretical), 22.2 g/L xylose (101.2% of theoretical),
9.9 g/L arabinose (107.2% of theoretical) and 0.3 g/L acetic acid. The
supernatant of the second acidic treatment of S-I/B solid residue con-
tained 0.9 g/L glucose (3.5% of theoretical) 21.3 g/L xylose (109.4% of
theoretical), 7.7 g/L arabinose (116.3%of theoretical) and 0.3 g/L
acetic acid. They are referred to as II/A hydrolysate and II/B hydro-
lysate, respectively. Yields higher than 100% are probably caused by
partial sugar degradation during the determination of structural car-
bohydrate content of the solid fractions. The solid residues of II/A hy-
drolysate and II/B hydrolysate are referred to as S-II/A and S-II/B, re-
spectively. The compositional analysis of these solid residues showed
that the glucan content were increased by up to 50 w/w % of dry matter
(Table 1). Hence, those solid fractions can be called as cellulose-rich
solid residues. The arabinose and xylan contents of the residues were
around 0.3 w/w % and 5 w/w %, respectively (Table 1) The Klason-
lignin content of the solid residues increased up to 36 w/w % of dry
matter in both cases (Table 1).

3.3. Arabinose biopurification

On the arabinose-enriched hydrolysates of I/A and I/B an arabinose
biopurification treatment was performed in order to improve the ara-
binose purity of the hydrolysates by using the appropriate micro-
organism that consumes all of the sugars except the arabinose. Based on
the results of preliminary experiments and results published by Pencz
et al. (2016) Ogataea zsoltii NCAIM Y.01540 was chosen for the arabi-
nose biopurification experiments.

The fermentation profiles of the biopurifications on I/A and I/B
hydrolysates were similar (Fig. 4). The cell concentrations increased
quickly in the first 24 h. In the I/A hydrolysate the cell concentration
was increased from 1.5 g/L to 9.4 g/L and in the I/B hydrolysate it was
increased also from 1.5 g/L to 9.6 g/L in the first 24 h. At the end of the
fermentations the cell concentrations were 10.4 g/L in the I/A hydro-
lysate and 12.4 g/L in the I/B hydrolysate. The differences may have
been caused by the difference in the glucose concentrations (I/A:
9.26 g/L I/B: 12.8 g/L); however, a slight reduction of the cell

Table 4
Total sugar yields of model predictions and verification experiments.

16 w/w% sulphuric acid, 50 minutes 61 w/w% sulphuric acid, 47 minutes

Total yield (% of theoretical) Arabinose Xylose Glucose Arabinose Xylose Glucose

Predicted 64.6 42.4 49.4 78.9 50.3 53.3
Confidence intervals 58.6-70.6 37.2-47.6 45.4-53.3 72.9-84.8 45.1-55.4 49.4-57.2
Predicted intervals 51.2-78.1 30.7-54.1 40.6-58.2 65.4-92.3 38.6-62.0 44.5-62.1
Experimentally obtained 62.3(0.6) 40.7(0.5) 51.1(0.6) 73.7(1.0) 45.1 (1.5) 51.0(0.6)

Standard deviations are calculated from duplicates and presented in parentheses. Confidence intervals correspond to the significance level of 5%.

Fig. 4. Profiles of the arabinose biopurification of the I/A (A) and the I/B (B) hydrolysates.
Conditions: 50 mL hydrolysate in 100 m L-flask, pH = 6, 37 °C, 225 rpm shaking. Standard deviations are calculated from triplicates.
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concentration in the case of I/A hydrolysate also contributes. The glu-
cose was completely consumed by the cells after 24 h in both of the
hydrolysates. At the beginning of the fermentation the xylose con-
centration was 12.6 g/L in both of the hydrolysates. The xylose con-
centrations were 0.3 g/L (I/A hydrolysate) and 0.4 g/L (I/B hydro-
lysate) at the end of the fermentations. The xylose concentration was
reduced below 1 g/L after 36 h in I/A hydrolysate and after 42 h in I/B
hydrolysate. Afterwards, the xylose consumption rate was very slow in
both of the hydrolysates. The xylose consumption was faster in the case
of I/A hydrolysate which could be caused by the smaller amount of
glucose compared to I/B.

The arabinose content was 8.2 g/L in the I/A hydrolysate and
10.0 g/L in the I/B hydrolysate. The arabinose concentration was re-
duced significantly to 2.1 g/L (I/A hydrolysate) and 3.0 g/L (I/B hy-
drolysate) at the end of the fermentations (96 h). The results showed
that the arabinose consuming started after 36 h in both of the hydro-
lysates when there were no glucose and the amount of xylose was very
low in the hydrolysates. Little amount of acetic acid (approximately
0.1-0.3 g/L) was present at the beginning of fermentations on both of
the hydrolysates and it was completely consumed in the first 24 h.
There was no ethanol production during the fermentations. In the case
of the I/A hydrolysate, the arabinose purity was 83.9% after 36 h, while
the arabinose concentration was unaltered (Table 5). After 42 h the
arabinose purity reached 91.2%, however part of the arabinose was
consumed by the yeast resulting in the arabinose concentration of
7.1 g/L (Table 5). In the case of I/B hydrolysate the purity of arabinose
was 89.8% after 36 h, while the arabinose concentration was the same
as the initial (Table 5). The highest arabinose purity (93.8%) was ob-
served at 42 h, however the arabinose concentration decreased to 9.7 g/
L (Table 5). After 42 h the concentration of the other sugars was con-
stant but the arabinose concentration continuously decreased due to the
consumption by the yeast. It is also important to mention that the
utilisation of oligosaccharides by Ogataea zsoltii NCAIM Y.01540 yeast
seemed to be negligible on the chromatograms (data not shown). As it
was mentioned previously, the I/A hydrolysate contained more oligo-
mers, so it was not as pure as the I/B hydrolysate if we investigate the
arabinose purity regarding the total sugars (oligomers and monomers)
after the biopurification. Unfortunately, oligomer content was not
quantified in this case.

Cheng et al. (2011) reached 86.1% arabinose purity after 75 h of
biopurification of xylose mother liquor with Pichia anomala yeast. The
purified supernatant was acceptable for crystallization after a con-
centration step. Pencz et al. (2016) tested Ogataea zsoltii yeast in ara-
binose purification on a semi-defined medium containing 10 g/L ara-
binose, 10 g/L glucose, 5 g/L xylose and 5 g/L galactose as carbon
source. The results showed that the cells started to consume the ara-
binose only after 24 h when the concentration of other sugars became
very low. The achieved arabinose purity was 93% after 24 h of bio-
purification (Pencz et al., 2016). Fehér et al. (2015a) investigated
arabinose biopurification on a semi-defined medium and corn fibre
hydrolysate by using Candida boidinii yeast. In this study, the arabinose
concentration was not decreased during the whole fermentation (96 h)
and the final purity of arabinose was 97% (13 g/L) and 90% (9.2 g/L
arabinose) in semi-defined medium and corn fibre hydrolysate, re-
spectively (Fehér et al., 2015a).

3.4. Xylitol fermentation in shake flasks

In preliminary experiments, Ogataea zsoltii NCAIM Y.01540 yeast
was investigated in terms of its capability of converting xylose into
xylitol, and it has been found that Ogataea zsoltii NCAIM Y.01540 is a
promising candidate for xylitol production (data not shown). Thus,
xylitol fermentation experiments were carried out on the hydrolysates
of II/A and II/B by using Ogataea zsoltii NCAIM Y.01540 yeast. The
fermentation profiles obtained were similar in both cases (Fig. 5). The
cell concentration was nearly constant (5 g/L) until the xylitol con-
centration reached their maximum. After that the cells started to con-
sume xylitol and the cell mass increased until the end of the fermen-
tation (96 h), resulting in 10 g/L cell concentration. The xylose content
was completely depleted within 72 h of fermentation. The acetic acid
(0.3 g/L) was completely consumed within 24 h. A low amount of acetic
acid does not have a negative effect on xylitol fermentation, but it could
enhance the xylitol yield and productivity (Cheng et al., 2009; Felipe
et al., 1995). The xylitol concentration continuously increased until
48 h reaching their maximum value of 11.9 g/L there in both cases.
After 48 h, the cells started to metabolize the secreted xylitol, which
indicates that the fermentation should be terminated after 48 h in both
cases. The arabinose consumption started after 72 h when the xylitol
and xylose were almost depleted. Maximum xylitol yields (expressed as
percentage of theoretical) were 56.2% and 57.0% in the cases of II/A
hydrolysate and II/B hydrolysate, respectively. On the other hand the
xylitol yields were 0.72 and 0.68 g xylitol/g xylose consumed on the II/
A and II/B hydrolysates, respectively. At this point the xylose con-
centrations were 20.4% and 15.4% of the initial xylose concentrations
in the cases of II/A and II/B hydrolysates, respectively. The maximum
xylitol volumetric productivity was reached after 24 h in both cases
resulting in the values of 0.34 g/(L × h) and 0.35 g/(L × h) in the cases
of II/A and II/B hydrolysates, respectively. The xylitol volumetric
productivity at the maximum xylitol concentration was 0.24 g/(L × h)
on both of II/A and II/B hydrolysates.

The effects of the initial pH on the xylitol fermentation by using
Ogataea zsoltii NCAIM Y.01540 yeast were investigated at three dif-
ferent pH-s (pH = 4, 5, 6) on semi-defined medium containing only
xylose as carbon source. The maximum xylitol yields (expressed as
percentage of theoretical) were 49.9%, 50.4% and 51.8% at initial pH-s
of 4, 5 and 6, respectively. In the other way the yields were 0.32, 0.29
and 0.27 g xylitol/g xylose consumed at initial pH-s of 4, 5 and 6, re-
spectively. Each fermentation reached the maximum xylitol yield after
72 h. At the end of the fermentations (96 h) the pH-s of the media were
decreased to 3.6, 3.8 and 4.5 in the cases of pH 4, 5 and 6; respectively.
According to the statistical evaluation the initial pH had no significant
effect (P < 0.05) on the achievable xylitol yield. The maximum con-
centrations were in the range of 14–15 g/L. The maximum xylitol vo-
lumetric productivity was 0.4 g/(L × h) in each fermentation, and it
was reached after 24 h. At the maximum yields (72 h) the productivities
were decreased to 0.20-0.21 g/(L × h), and 24.3% (pH = 4), 22.2%
(pH = 5) and 21.7% (pH = 6) of the initial xylose remained. Also the
initial pH had no significant effect (P < 0.05) on the maximum xylitol
productivity. As the initial pH had no significant effect on the maximum
xylitol yield and xylitol volumetric productivity, the pH was set to 4 in
the following experiments carried out in bench-top bioreactor. At lower

Table 5
Arabinose concentration and purity of I/A and I/B hydrolysates during biopurifictaion by using Ogataea zsoltii NCAIM. 01540.

I/A hydrolysate I/B hydrolysate

Time (h) 0 36 42 96 0 36 42 96

Arabinose conc.(g/L) 8.2(0) 8.2(0.1) 7.1(0.4) 2.2(0.6) 10.0(0.1) 10.4(0.3) 9.7(0.1) 3(0.1)
Purity (%) 27.4 89.8 91.2 83.8 28.3 83.9 93.8 90.9

Standard deviations are calculated from triplicates and presented in parentheses.
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pH there is a smaller chance for bacterial contamination. Also, lower
amount of Ca(OH)2 is required to adjust the pH after the acidic pre-
treatment, hence lower amount of gypsum is precipitated retaining
lower amount of xylose-containing liquid during solid-liquid separa-
tion.

3.5. Xylitol fermentation in a bioreactor

The effects of aeration on the achievable xylitol yield and xylitol
volumetric productivity during xylitol fermentation by using Ogataea
zsoltii NCAIM Y.01540 were investigated on semi-defined medium in
bench-top bioreactor by varying the oxygen transfer rate (OTR) be-
tween 2.5 and 4 mmol O2/(L × h) at a step size of 0.5. During the
fermentations in bioreactor, notable amount of fermentation medium
was evaporated. Thus, the measured concentration of xylitol and other
components (glucose, xylose and arabinose) were corrected accord-
ingly. The highest xylitol yield was 52.8% of theoretical and was ob-
tained at the OTR value of 3.5 mmol O2/(L × h). The achieved xylitol
yields were 39.2%, 47.1% and 47.9% of theoretical at the OTR values of
2.5, 3 and 4 mmol O2/(L × h), respectively. In another aspect the xy-
litol yields were 0.48, 0.45, 0.57 and 0.47 g xylitol/g xylose consumed
at the OTR-s of 2.5, 3, 3.5, and 4 mmol O2/(L × h), respectively. The
profiles of the fermentations were similar in all cases. Fig. 6A shows the
profile of the fermentation performed at 3.5 mmol O2/(L × h) OTR. The
xylose concentration continuously decreased, while the xylitol con-
centration continuously increased until 96 (OTR: 2.5,3, 3.5) or 72
(OTR: 4) hours of fermentation. The fermentation at 3.0 mmol O2/
(L × h) OTR run until 120 h (data not shown). At this point the xylitol
concentration decreased by 14.1% compared to the xylitol concentra-
tion at 96 h, suggesting that the fermentations were stopped close to the
maximum xylitol yields achievable. The cell concentrations were nearly
constant during the fermentation on 2.5 mmol O2/(L × h) OTR value
and slightly increased until the end of the fermentation on 3, 3.5,
4 mmol O2/(L × h) OTR values, reaching the final cell concentrations of
6.8–8 g/L. The dissolved oxygen concentrations were 0 until 40–50 h of
fermentations indicating that the fermentations run under micro-
aerobic conditions. The highest xylitol yield corresponded to the xylitol
concentration of 15.7 g/L. The maximum productivities, which were
obtained after 24 h in all the cases, were 0.35, 0.26, 0.34 and 0.32 g/
(L × h) at the OTR values of 2.5, 3, 3.5, and 4 mmol O2/(L × h),

respectively. At the end of the fermentations the productivities were
decreased to 0.10-0.16 g/(L × h). At the end of the fermentations (96 h)
19.1% (OTR: 2.5 mmol O2/(L × h)), 8.9% (OTR: 3 mmol O2/(L × h)),
5.6% (OTR: 3.5 mmol O2/(L × h)) and 1.9% (OTR: 4 mmol O2/(L × h))
of the initial xylose remained, so the rate of the xylose consumption was
increased by raising the OTR. Ethanol was not detected during the
fermentations.

Xylitol fermentation was performed on II/B hydrolysate containing
18.8 g/L xylose, 0.6 g/L glucose and 8.3 g/L arabinose in a bench-top
bioreactor. Based on the previous results the OTR was set to 3.5 mmol
O2/(L × h) and the pH was adjusted to 4. The fermentation profile was
quite similar to that obtained during the xylitol fermentations in shake
flasks (Fig. 6B and 5). The xylose concentration continuously decreased
during the fermentation. The xylose consumption rate decreased after
51 h when the xylose concentration became lower than 1 g/L. The xy-
lose concentration decreased to 0.3 g/L by the end of the fermentation.
Cell mass was slowly increased from 4.5 g/L to 7.4 g/L. The arabinose
concentration was unaltered throughout the fermentation. Ethanol was
not measured during the fermentation. The dissolved oxygen was de-
creased to almost 0% during the first day and it didn’t change notably
(3%) until the end of the fermentation. So the fermentation was carried
out under micro-aerobic conditions. The xylitol concentration increased
for 51 h until reaching its maximum and then decreasing. So the fer-
mentation should be stopped at this time. Xylitol was then completely
consumed by the end of the fermentation (96 h). The maximum xylitol
concentration was 10 g/L concerning the xylitol yield of 52.3% of
theoretical or 0.55 g xylitol/g xylose consumed. At the point of the
maximum xylitol yield, 4.8% of the initial xylose remained, which is in
accord with the value obtained in fermentation on semi-defined
medium at 3.5 mmolO2/(L × h). The achieved xylitol yield was similar
to those obtained on semi-defined medium at similar OTR value
(maximum xylitol yield of 52.8% of theoretical at 3.5 mmol O2/(L × h)
OTR (Fig. 6)), and on II/A and II/B hydrolysates in shake flaks (56.2%
and 57% of theoretical). The xylitol volumetric productivity at the
maximum xylitol yield was higher (0.21 g/(L × h)) compared to the
fermentations performed on semi-defined medium at different OTR
values (0.10-0.16 g/(L × h)), but lower than that of obtained in the
fermentations on II/A and II/B hydrolysates in shake flasks (0.24 g/
(L × h)). The maximum xylitol volumetric productivity was 0.23 g/
(L × h) which was achieved at 40 h. It is lower compared to those

Fig. 5. Profiles of the xylitol fermentations on II/A hydrolysate (A) and II/B hydrolysate (B) Conditions: 50 mL hydrolysate in 100 m L-flask, pH = 6, 37 °C, 125 rpm
shaking. Standard deviations are calculated from triplicates.

Fig. 6. Profiles of xylitol fermentations in bench-top bioreactor on semi-defined medium (A) and II/B hydrolysate (B).
Conditions: pH = 4, 3.5 mmol O2/(L × h) OTR, 37 °C, working volume of 1 L.
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obtained during the fermentations on semi-defined medium in a bior-
eactor (0.26-0.35 g/(L × h)) and on the hydrolysates of II/A and II/B in
shake flasks (0.34 and 0.35 g/(L × h)).

Mussatto and Roberto (2005) used a sulphuric acid treatment to
obtain xylose-rich hydrolysate from brewer’s spent grain and then
produce xylitol by using Candida guilliermondii yeast. Under the op-
timum conditions (120 °C, 17 min, 100 mg sulphuric acid/g dry matter,
1:8 g/g liquid/solid ratio) of sulphuric acid treatment, a hydrolysate
was obtained containing 21.8 g/L xylose. During xylitol fermentation in
shake flasks, 10.7 g/L xylitol was produced in 24 h resulting in the
xylitol yield of 48.3% of theoretical and xylitol volumetric productivity
of 0.45 g/(L × h) (Mussatto and Roberto, 2005). Fehér et al. (2015a)
used a two-step acidic hydrolysis on corn fibre to obtain a xylose-rich
hydrolysate containing 19.3 g/L xylose. Xylitol fermentation on the
xylose-rich hydrolysate by using Candida boidinii yeast resulted in a
maximum xylitol yield of 53% of theoretical in 72 h, which corre-
sponded to the xylitol volumetric productivity of 0.14 g/(L × h).

4. Conclusion

A novel, two-step acidic fractionation of wheat bran was developed
and optimized in the first step in order to obtain arabinose-enriched
hydrolysates, xylose-rich hydrolysates and cellulose-rich solid fraction.
Ogataea zsoltii was successfully applied to improve the arabinose purity
of the first hydrolysates in an aerobic biopurification process and to
produce xylitol on the second hydrolysates. The effect of initial pH and
aeration on the xylitol production was investigated, allowing for the
improvement of the achievable yield and productivity. Based on the
results, the invented biorefinery process could produce around 8–9.5 g
arabinose and 6.5–7 g xylitol from 100 g wheat bran.
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Abstract: Crop residues can serve as low-cost feedstocks for microbial production of xylitol, which
offers many advantages over the commonly used chemical process. However, enhancing the effi-
ciency of xylitol fermentation is still a barrier to industrial implementation. In this study, the effects
of oxygen transfer rate (OTR) (1.1, 2.1, 3.1 mmol O2/(L × h)) and initial xylose concentration (30, 55,
80 g/L) on xylitol production of Candida boidinii NCAIM Y.01308 on xylose medium were investi-
gated and optimised by response surface methodology, and xylitol fermentations were performed
on xylose-rich hydrolysates of wheat bran and rice straw. High values of maximum xylitol yields
(58–63%) were achieved at low initial xylose concentration (20–30 g/L) and OTR values (1.1–1.5 mmol
O2/(L × h)). The highest value for maximum xylitol productivity (0.96 g/(L × h)) was predicted
at 71 g/L initial xylose and 2.7 mmol O2/(L × h) OTR. Maximum xylitol yield and productivity
obtained on wheat bran hydrolysate were 60% and 0.58 g/(L × h), respectively. On detoxified
and supplemented hydrolysate of rice straw, maximum xylitol yield and productivity of 30% and
0.19 g/(L × h) were achieved. This study revealed the terms affecting the xylitol production by
C. boidinii and provided validated models to predict the achievable xylitol yields and productivities
under different conditions. Efficient pre-treatments for xylose-rich hydrolysates from rice straw
and wheat bran were selected. Fermentation using wheat bran hydrolysate and C. boidinii under
optimized condition is proved as a promising method for biotechnological xylitol production.

Keywords: wheat bran; rice straw; acidic hydrolysis; fermentation; aeration; detoxification

1. Introduction

Biotechnological valorization of lignocellulosic residues derived from the agro-industrial
sector is of great importance in many countries with intense agriculture in order to deal
with the increasing demand of the society for energy and materials, the mitigation of
greenhouse gas emissions and waste production and the development of a bio-based
circular economy [1]. For such a sustainable bio-based economy, biorefineries that provide
integrated facilities to produce a wide range of bio-products and bioenergy from biomass
residues within a zero waste approach are considered as main pillars [2]. Around 4.6 billion
tonnes of lignocellulosic biomass are produced annually as agricultural residues worldwide,
of which only about 25% are used intensively [3,4]. However, they could serve as cheap,
renewable and widely available raw materials for biorefineries [5].

Wheat (Triticum aestivum) and rice (Oryza sativa) are considered the most important
crops in the human diet by contributing about 20% and 19% of the average calorie intake
at global level, respectively [6]. The current worldwide production of wheat and rice are
estimated at around 760 and 500 million tonnes, respectively, by FAO [7,8]. Moreover,
increased demands for wheat and rice in the near future are usually predicted [9,10]. Hence,
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the intense cultivation and processing of these crops generate huge amount of lignocel-
lulosic by-products having the potential to be valorized in biorefinery processes [10,11].
Wheat bran and rice straw are the main lignocellulosic by-products of wheat-milling and
rice-harvesting processes, with an estimated global production of 150 and 730 million
tonnes per year, respectively [12,13]. They contain a considerable amount of xylan-type
hemicellulose fractions besides cellulose and lignin [14,15]. In an appropriate biorefinery
process, the main constituents of the lignocellulosic raw material (cellulose, hemicellulose,
lignin, protein etc.) can be sharply separated and converted into high-value platform
chemicals, bio-products and energy [16]. Due to the relatively high xylan content of wheat
bran and rice straw, one of the most promising platform chemicals that can be produced
from them in a biorefinery is xylitol [17,18].

Xylitol is a five-carbon polyol that is mainly used in the food industry as an alternative
sweetener. It has an equivalent sweetness to sucrose but with lower caloric value and
glycemic index. It is an ideal sweetener for diabetics because its metabolism is independent
of insulin [19,20]. Moreover, due to its other specific properties, it is extensively used
in personal health products such as mouthwash and toothpaste [21]. It is also used
in cosmetics and by the pharmaceutical industry as therapeutic or coating agents [22].
Xylitol is currently produced by the chemical reduction of xylose on an industrial scale.
However, a high purity of xylose is required for the chemical reduction process to avoid
the formation of by-products (e.g., arabitol). Thus an extensive xylose purification step
is inevitable prior to the chemical reduction, which contributes to the high production
cost of xylitol [23,24]. On the other hand, xylitol can be produced by a microbial process.
The microbial reduction takes place under mild conditions (in terms of pressure and
temperature), and it does not require highly pure xylose as a carbon substrate, thus allowing
the direct utilization of hemicellulosic hydrolysates that contain a mixture of sugars [25].
There are several microorganisms among bacteria, yeasts, and fungi with the capability of
producing xylitol, though, the most efficient species belong to yeasts of Candida, such as
C. tropicalis, C. guilliermondi, and C. boidinii [26]. However, there are several factors (e.g., pH,
temperature, aeration, initial substrate concentration, inoculum level, medium composition
etc.) affecting the xylitol fermentation. Oxygen supply and initial substrate concentration
are considered as critical variables [27,28]. For the efficient production of xylitol, yeasts
usually require a so-called micro-aerobic condition, providing oxygen limitation during
the xylitol formation phase of the fermentation. The aeration conditions are usually
characterized by the oxygen transfer rate (OTR) or oxygen mass transfer coefficient (kLa)
of the fermentation system applied. The optimal OTR for xylitol production strongly
depends on the yeast strain and fermentation medium applied, so it has to be determined
in every case. Moreover, it can be affected by other fermentation parameters as well.
Interestingly, the possible interactions between the fermentation parameters affecting the
xylitol production are poorly investigated in the literature on this topic. Many studies
reported that high xylose concentration can strongly inhibit xylitol production [29,30];
however, possible explanations were usually only hypothesized. Further investigations on
the effects of the initial substrate concentration and its interaction with other fermentation
parameters are still required in order to provide a proper explanation of the phenomena.
Xylose-rich, hemicellulosic hydrolysates derived from the pre-treatment or fractionation
processes of lignocellulosic residues are promising raw materials for biotechnological
xylitol production [31].

In this study, the effects of initial xylose concentration and aeration on the xylitol
production of Candida boidinii were investigated and the xylitol production was optimised.
In addition, xylose-rich hydrolysates derived from acidic pre-treatments of wheat bran
and rice straw were characterized and tested in xylitol fermentation by C. boidinii. This
study revealed the main factors affecting the xylitol production of C. boidinii and provided
validated models to predict xylitol yield and productivity depending on the initial xylose
concentration and OTR. Moreover, promising methods to obtain xylose-rich hydrolysates
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from rice straw and wheat bran were selected and xylitol production under the most
favorable conditions was successfully performed.

2. Materials and Methods
2.1. Microorganism

Candida boidinii NCAIM Y.01308 was purchased from the National Collection of Agri-
cultural and Industrial Microorganisms (Budapest, Hungary). The strain was maintained
at 4 ◦C on malt agar slants: 2 w/w% malt extract and 2 w/w% agar.

2.2. Lignocellulosic Materials

Wheat bran was provided from Gyermelyi Ltd. (Gyermely, Hungary). Ground rice
straw (average particle size of 1.42 mm) was provided from Suranaree University of
Technology (Nakhon Ratchasima, Thailand). Wheat bran and rice straw had dry matter
contents of 91.6% and 91.2%, respectively, and they were stored at room temperature.

2.3. Compositional Analysis

The amounts of structural carbohydrates (glucan, xylan and arabinan) and lignin in
rice straw and wheat bran regarding their dry matter content (w/w%) were determined
according to the method published by the National Renewable Energy Laboratory [32]. De-
termination of the protein content of the raw materials was performed by using the Dumas
method [33]. The inorganic content was determined gravimetrically after incineration of
the raw materials in muffle furnace equipped with a ramping program [34].

The ground rice straw contained 38.8% glucan, 19.4% xylan, 3.8% arabinan, 14.0%
lignin, 3.7% protein, and 13.2% inorganic compounds (w/w, on dry basis). Wheat bran
contained 26.6% glucan, 16.8% xylan, 9.5% arabinan, 6.4% lignin 17.4% protein, and 5.7%
inorganic compounds (w/w, on dry basis).

2.4. Preparation of Xylose-Rich Hydrolysates from Wheat Bran and Rice Straw

Xylose-rich hydrolysates from ground and fine ground rice straw samples were
prepared by using phosphoric and sulfuric acids. Ground rice straw (average particle
size: 1.42 mm) was treated in a blade grinder for 10 min to obtain the fine ground rice
straw (average particle size 0.67 mm). The phosphoric acid treatment of ground and fine
ground rice straws was performed according to the method of Jampatesh et al. [35]. Briefly,
ground and fine ground rice straw samples were soaked in 2N phosphoric acid for 4 h
at room temperature and 220 rpm. The dry matter (DM) content of the reaction mixtures
was 10 w/v%. (Thus, the obtained reaction mixtures contained 5.9 w/w% phosphoric acid.)
After the soaking, the reaction mixtures were treated in autoclave at 121 ◦C for 30 min and
then filtered through a nylon filter with 50 µm pore size to separate the obtained xylose-rich
hydrolysates and the remaining solid fractions. The xylose-rich hydrolysates derived from
the phosphoric acid treatments of ground and fine ground rice straws are referred to as
GRS/P and FGRS/P, respectively. The sulfuric acid pre-treatments of ground and fine
ground rice straws were performed in reaction mixtures containing 1.5 w/w% sulfuric acid
and 10 w/w% DM content. The reaction mixtures were treated in autoclave at 121 ◦C for
30 min. Then the xylose-rich supernatants were separated from the solid fractions by using
a nylon filter with 50 µm pore size. The xylose-rich hydrolysates derived from the sulfuric
acid treatment of ground and fine ground rice straws are referred to as GRS/S and FGRS/S,
respectively. Xylose-rich hydrolysates from wheat bran were prepared following a two-step
acidic hydrolysis process detailed in our previous study [17]. Briefly, wheat bran (10 w/w%
DM) was treated in the first step in a 90 ◦C water bath by using 1.16 w/w% sulfuric acid for
50 min or 1.61 w/w% sulfuric acid for 47 min, resulting in solid residues referred to as WBI
and WBII, respectively. In the second step, WBI and WBII (7.5% w/w DM) were treated
by using 1 w/w% sulfuric acid solution in an autoclave for 30 min at 121 ◦C in order to
obtain xylose-rich hydrolysates referred to as WB1/S and WB2/S, respectively. WB1/S
and WB2/S were separated from the solid residues by using a nylon filter with 50 µm pore
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size. The conditions of the acidic hydrolyses of ground and fine ground rice straws and
wheat bran are summarized in Table 1. Xylose-rich hydrolysates of GRS/S and WB1/S
were used for xylitol fermentation experiments.

Table 1. Different pre-treatment methods of rice straw and wheat bran for xylose-rich hydrolysates.

Type of Acid Raw Material
Treatments Xylose-Rich

HydrolysateFirst Step Second Step

H3PO4

ground
rice straw

soaking (10% DM,
2N acid, 4 h, 25 ◦C) in autoclave (soaked slurry, 121 ◦C, 30 min) GRS/P

fine ground
rice straw

soaking (10% DM,
2N acid, 4 h, 25 ◦C) in autoclave (soaked slurry, 121 ◦C, 30 min) FGRS/P

H2SO4

ground
rice straw

in autoclave (10% DM,
1.5% acid, 121 ◦C, 30 min) - GRS/S

fine ground
rice straw

in autoclave (10% DM,
1.5% acid, 121 ◦C, 30 min) - FGRS/S

wheat bran in water bath (10% DM,
90 ◦C, 1.16% acid, 50 min)

in autoclave (first solid residue, 7.5% DM,
1% acid sol., 121 ◦C, 30 min) WB1/S

wheat bran in water bath (10% DM,
90 ◦C, 1.61% acid, 47 min)

in autoclave (first solid residue, 7.5% DM,
1% acid sol., 121 ◦C, 30 min) WB2/S

2.5. Treatments and Supplementations of the Xylose-Rich Hydrolysates before Xylitol Fermentation

The pHs of GRS/S and WB1/S were adjusted to 6 by adding Ca(OH)2, and the
precipitated gypsum was removed by filtration (filter paper). In certain cases, the rice
straw hydrolysate (GRS/S) was supplemented with 2 g/L ammonium-sulphate or pep-
tone. A combined treatment of GRS/S including a clarification by activated carbon and a
subsequent supplementation with 2 g/L peptone was also tested. The clarification was
performed by using 5 w/w% activated carbon (Norit DX ULTRA 8005.3) for 30 min with
continuous stirring. The activated carbon was then separated by filtration through paper
filter. After the treatments described above, all of the hydrolysates were sterilized in
autoclave at 121 ◦C for 20 min.

2.6. Inoculum Preparation

A single colony of Candida boidinii NCAIM Y.01308 was transferred from the malt agar
slants into glucose agar (1 w/v% glucose, 1 w/v% peptone, 0.3 w/v% yeast extract, and 2 w/v%
agar) and propagated for three days at room temperature. Then the cells were transferred
into the inoculum medium (pH 6) containing 10 g/L yeast extract, 15 g/L KH2PO4, 1 g/L
MgSO4.7H2O, 3 g/L (NH4)2HPO4, and 30 g/L xylose. The cells were propagated in the
inoculum medium for 72 h at 220 rpm and 30 ◦C.

2.7. Xylitol Fermentation

Xylitol fermentation experiments were performed using Candida boidinii NCAIM
Y.01540 in shake flasks. Xylitol fermentation on a semi-defined xylose medium was carried
out in 100 mL-shake flasks containing 35, 50, or 65 mL medium (pH 6) at 30 ◦C in a
rotary shaker (125 rpm) for 96 h. The semi-defined xylose medium contained 10 g/L yeast
extract, 15 g/L KH2PO4, 1 g/L MgSO4.7H2O, 3 g/L (NH4)2HPO4 and 30, 55, or 80 g/L
xylose. Before inoculation, the solutions containing the xylose and other components were
sterilized in an autoclave (121 ◦C, 20 min) separately to avoid the Maillard reaction. Initial
cell concentrations were 5 g (dry cell mass)/L. The experiments were carried out according
to designed experiments (Table 2). The experiments for model validation were carried out
in duplicates.
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Table 2. Results of xylitol fermentation during the designed experiments (32) by using Candida boidinii NCAIM Y.01308. (OTR: oxygen
transfer rate, IXC: initial xylose concentration).

OTR
IXC

(Nominal
Values)

Max.
Xylitol
Yield

Time of Max.
Xylitol Yield

Max. Xylitol
Productivity

24-h
Xylitol
Yield

Xylose at
Max. Xylitol

Yield

Spec. Xylitol
Yield at Max.
Xylitol Yield

Max.
Ethanol

mmol
O2/(L × h) g/L % h g/(L × h) % g/L g/g g/L

3.1 30 49 24 0.61 49 * 3 0.55 4
2.1 30 58 24 0.66 58 * 4.5 0.71 2.7
1.1 30 58 48 0.49 41 1.4 0.61 2
3.1 55 42 72 0.88 35 0.2 0.43 2
2.1 55 50 72 0.88 39 0.5 0.51 6.1
2.1 55 48 72 0.91 40 0.4 0.49 5.9
2.1 55 49 72 0.92 40 0.6 0.5 6
1.1 55 52 72 0.59 26 5.3 0.58 5.7
3.1 80 34 96 0.93 27 9.7 0.39 3.1
2.1 80 36 96 0.87 26 19.8 0.49 5.9
1.1 80 39 96 0.6 18 30.3 0.64 2.8

* Equal to the maximum xylitol yield.

Xylitol fermentations on xylose-rich hydrolysates of wheat bran and rice straw (WB1/S,
GRS/S, and GRS/S supplemented with ammonium-sulphate; GRS/S supplemented with
peptone, and GRS/S clarified by activated carbon and supplemented with peptone) were
performed in 100-mL shake flasks filled with 50 mL hydrolysates at 30 ◦C in a rotary shaker
(125 rpm) for 96 h. The initial cell concentrations were 5 g (dry cell mass)/L.

All the fermentations were monitored by taking and analyzing samples every 24 h.
The samples were analyzed by spectrophotometer for optical density and high-performance
liquid chromatography (HPLC) for sugars, alcohols and organic acids.

2.8. Analytical Methods
2.8.1. Concentration of Sugars, Alcohols, Organic Acids, Phenols, and Total Protein

Concentrations of glucose, xylose, arabinose, xylitol, ethanol, acetic acid, formic acid,
furfural, and hydroxymethylfurfural (HMF) were determined by HPLC using BioRad
(Hercules, CA, USA) Aminex HPX-87H (300 × 7.8 mm) column equipped with Micro-
Guard Cation H+ Refill Cartridge (30 × 4.6 mm) pre-column at 65 ◦C, and a refractive index
detector. The eluent was 5 mmol/L sulfuric acid at a flow rate of 0.5 mL/min. The injection
volume was 40 µL. Due to the overlapping peaks of xylose and galactose, those sugars
were determined as one component in the xylose-rich hydrolysates of wheat bran and rice
straw. It was referred to as xylose throughout the text because of the low concentration of
galactose expected in the hydrolysates [14,36]. The total phenol content was determined
by the Folin-Ciocalteu (FC) reagent according to the method described by Guo et al. [37].
The total protein content of the hydrolysates was determined by the Bradford method [38].

2.8.2. Cell Concentration

The cell concentration in fermentation samples was determined by measuring the
optical density at a wavelength of 600 nm by spectrophotometer (Ultrospec III, Pharmacia
LKB, Uppsala, Sweden). The cell concentration was calculated by using a calibration curve
based on the relationship of optical density and cell dry weight [39].

2.8.3. Thin-Layer Chromatography

Thin-layer chromatography (TLC) was performed to qualitatively analyse the xylo-
oligomeric composition of liquid samples. The samples (5 µL) and the standard mix-
ture (5 µL) containing xylose and xylo-oligosaccharides (DP2-DP6) (Megazyme, Bray,
Ireland) were dotted on a silica gel plate. The analysis was performed using butanol/acetic
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acid/water (2:1:1) as running solvent and revealed by water/ethanol/sulfuric acid (20:70:3)
solution with 1% v/v orcinol over flame [40].

2.8.4. Determination of Oxygen Transfer Rate

Oxygen transfer rate (OTR) in shake-flask fermentation systems was determined by
multiplying the maximum level of dissolved oxygen concentration (C*) achievable and the
gas–liquid mass transfer coefficients (kLa). The C* was determined by optical oxygen sensor
(VisiFerm DO 120, HAMILTON Bonaduz AG, Switzerland) in shake flasks containing semi-
defined xylose medium or xylose-rich hydrolysates (WB1/S, GRS/S) at 30 ◦C. The kLa
was determined by a non-fermentative gassing-out method [41]. Dissolved oxygen was
removed from the fermentation medium by bubbling it with nitrogen gas. After that, the
headspace of the flasks was washed out with air, and the shaking was restarted. Then the
dissolved oxygen concentration was continuously increased until reaching a constant value
(maximum level of dissolved oxygen concentration (C*)). The expression of -ln(1-(C/C*))
was plotted as a function of time, where C is the actual dissolved oxygen concentration at
that given point in time. A linear curve was fitted to the plotted data. The slope of the fitted
linear curve was equal to the value of kLa [42]. The OTR in 100-mL shake flasks filled with
35, 50, and 65 mL semi-defined xylose medium were 1.1 (0.1), 2.1 (0.1), and 3.1 (0.1) mmol
O2/(L × h), respectively, with the standard deviations indicated in parenthesis. The OTR
values of the wheat bran and rice straw hydrolysates were 1.6 (0.2) and 2.1 (0.2) mmol
O2/(L × h), respectively. OTR values of 1.1, 2.1, and 3.1 mmol O2/(L × h) in semi-defined
medium correspond to kLa values of 5, 10, and 15 (1/h), respectively. OTR values of
1.6 mmol O2/(L × h) in WB1/S and 2.1 mmol O2/(L × h) in GRS/S correspond to kLa
values of 8 and 10 (1/h), respectively.

2.9. Calculation of Xylose Yield, Xylitol Yield, Xylitol Volumetric Productivity, Specific Xylitol
Yield and Combined Severity Factor

Xylose yield obtained during the hydrolysis of wheat bran and rice straw was ex-
pressed as percentage of theoretical. Theoretical xylose yield was calculated from the
composition of the raw material used by assuming a complete hydrolysis of its xylan
content into xylose.

Xylitol yield achieved in xylitol fermentation experiments was also expressed as
percentage of theoretical. Theoretical xylitol yield was calculated from the initial xylose
concentration by assuming a complete (stoichiometric) conversion into xylitol. Xylitol
volumetric productivity (g/(L × h)) was calculated by dividing the xylitol concentration
by the elapsed fermentation time. The specific xylitol yield was calculated as the amount
of xylitol produced divided by the amount of xylose consumed and expressed as g/g.

In order to compare different pre-treatment methods, combined severity factor was
calculated according to Wyman et al. [43].

2.10. Statistical Evaluations and Optimisation

A full factorial, orthogonal design of experiments (32) with triplicates in the center
point was performed in order to investigate the effects of two independent variables (OTR,
initial xylose concentration) and their interactions on the maximum xylitol yield, maximum
xylitol volumetric productivity and the xylitol yield after 24 h of fermentation. Maximum
xylitol yield and maximum xylitol volumetric productivity refers to the highest values
achieved during the given experiment. The results were evaluated by StatisticaTM v.13
(TIBCO Software, Palo Alto, USA) software. The settings of the two factors of initial
xylose concentration and OTR value were the following: 30, 55, and 80 g/L initial xylose
concentration and 1.1, 2.1, and 3.1 mmol O2/(L × h) OTR (Table 2). A quadratic polynomial
model was fitted to the measured data. The adequacy of the model was tested with an
F-test (p = 0.05). The fitted model is described by Equation (1).

Y = β0 + β1X1 + β2X2 + β12X1X2 + β11X2
1 + β22X2

2 (1)
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where Y represents the response variable, β0 is the interception coefficient, b1 and b2
are the linear terms, β11 and β22 are the quadratic terms and X1 and X2 represent the
independent variables studied [44]. The model was reduced by non-significant terms,
where it was possible. In the model equations, the original numerical values of OTR and
initial xylose concentration were used without their units, and initial xylose concentration
was referred to as IXC. The Pareto chart was also used to investigate the effects of the terms
and interactions of the independent variables. Critical values of the fitted models were
determined within the experimental range in order to find the optimum condition of xylitol
fermentation.

To investigate the effect of the particle size of rice straw on the acidic hydrolysis,
a grinding process was applied prior to acidic treatment, and the results were evaluated by
one-way ANOVA analysis at a significance level of 5%. It was performed by StatisticaTM
v.13 (TIBCO Software, Palo Alto, USA) software.

3. Results
3.1. Investigating the Effects of OTR and Initial Xylose Concentration on Xylitol Production by
Candida boidinii

In order to investigate the effects of initial xylose concentration and OTR on xylitol
production, statistical analysis of the results of the designed experiments was performed
(Table 2).

Three dependent parameters of the fermentation were evaluated: the maximum
xylitol yield, the maximum xylitol volumetric productivity and the xylitol yield after 24 h
(Table 2). Maximum xylitol yields were between 34–58, and the fitted model showed that
the maximum xylitol yield was affected by the linear and quadratic terms of initial xylose
concentration and by the linear term of OTR (Equation (2)). The maximum xylitol yields
were reached at different times depending on the initial xylose concentration (Table 2).
In general, they were obtained after 24, 72, and 96 h in the cases of 30, 55, and 80 g/L initial
xylose concentrations, respectively, independent of the OTR applied. There was only one
exception (1.1 mmol O2/(L × h) of OTR and 30 g/L initial xylose concentration) where the
maximum xylitol yield was reached in 48 h. The highest maximum xylitol yield (58%) was
obtained in the case of 30 g/L initial xylose concentration with 2.1 mmol O2/(L × h) OTR
after 24 h. The fitted surface (Figure 1A) clearly shows that high xylitol yields (58–63%) can
be achieved at low initial xylose concentrations (20–30 g/L) and OTR values (1.1–1.5 mmol
O2/(L × h)). When 30 and 55 g/L initial xylose concentrations were applied, only small
amounts of xylose were remaining at the points of the maximum xylitol yields (Table 2).
Maximum xylitol volumetric productivities were obtained after 24 h in all of the cases,
and the values varied between 0.49 and 0.93 g/(L × h) (Table 2). The statistical analysis
showed that all of the terms (linear and quadratic terms of initial xylose concentration,
linear and quadratic terms of OTR, and the interaction between the linear terms of initial
xylose concentration and OTR) had a significant effect on the maximum xylitol volumetric
productivity (Equation (3)). The fitted model predicted a highest value (0.96 g/L × h) for
maximum xylitol volumetric productivity in the case of 71.1 g/L initial xylose concentration
and 2.7 mmol O2/(L × h) OTR (Figure 1B). Xylitol yields after 24 h of fermentation were
also included in the evaluation in order to investigate the effects of the two independent
factors at the time points of the maximum xylitol productivities. The maximum xylitol
yield and the xylitol yield after 24 h were equal when the maximum xylitol yield was
reached at 24 h. However, this occurred in only two cases (initial xylose concentration
30 g/L and OTR 3.1 or 2.1 mmol O2/(L × h)). All of the terms of the independent factors
had significant effect on xylitol yield after 24 h, except the term of the interaction between
the linear terms of initial xylose concentration and OTR (Equation (4)). The fitted surface
(Figure 1C) clearly shows that the optimal OTR range in terms of the xylitol yield after 24 h
is between 2.0–2.5 mmol O2/(L × h). Hence, it is different than the optimal OTR range
for the maximum xylitol yield (1.0–1.5 mmol O2/(L × h)). The fitted surface area (Figure
1C) also shows that the lower initial xylose concentration resulted in higher xylitol yield
after 24 h which was similar to that experienced in the case of maximum xylitol yields.
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At the end of the fermentations, xylose was completely consumed in most of the cases,
except in the cases of 80 g/L initial xylose concentration, where 30.3, 19.8, and 9.7 g/L
xylose remained at OTR 1.1, 2.1 and 3.1 mmol O2/(L × h), respectively (Figure S1). A small
amount of xylose (5.3 g/L) also remained in the case of 60 g/L initial xylose concentration
at 1.1 mmol O2/(L × h) OTR (Figure S1). The cell concentrations increased by 0.5–1.9 g/L
throughout the fermentations, and they showed an increasing tendency by increasing the
OTR (Figure S1). At the end of the fermentations, different ethanol concentrations were
observed depending on the initial xylose concentration and OTR values applied (Table 2).
The ethanol production was increased by increasing the initial xylose concentration and
OTR. The highest ethanol concentration was 7.8 g/L at 80 g/L initial xylose concentration
and 3.1 mmol O2/(L × h) OTR (Table 2).

Maximum xylitol yield = 65.80 + 6.37 × OTR − 2.44 × OTR2 − 0.37 × IXC (2)

Maximum xylitol volumetric productivity = −0.48 + 0.59 × OTR − 0.14 × OTR2 + 0.02 × IXC − 0.0002 × IXC2 + 0.002 × OTR × IXC (3)

Xylitol yield after 24 h = 34.04 + 40.84 × OTR − 8.65 × OTR2 − 1.02 × IXC + 0.005 × IXC2 (4)
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In order to check the reproducibility of the fermentations and validate the fitted
models, experiments were performed under two different conditions. In the first case,
fermentations were performed under the conditions where the highest maximum xylitol
yield was obtained during the designed experiments (30 g/L initial xylose concentration,
2.1 mmol O2/(L × h) OTR). In the second case, a previously unmeasured point was
selected, namely, 71 g/L initial xylose concentration and 2.1 mmol O2/(L × h) OTR. This
was near to the point where the highest maximum xylitol volumetric productivity was
predicted by the model (71.1 g/L initial xylose concentration, 2.7 mmol O2/(L × h)).
Fermentation profiles of the validation experiments are shown in Figure 2. In the first
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case, 55% maximum xylitol yield and 0.75 g/(L × h) maximum xylitol productivity were
achieved. The xylitol concentration reached its maximum value at 24 h, and then, it slightly
decreased until the end of the fermentation (Figure 2A). A small amount of ethanol was
produced in the first 48 h (4.3 g/L); however, that was completely consumed by the
cells until the end of the fermentation (Figure 2). The maximum productivity was also
obtained after 24 h. A small amount of xylose (4.7 g/L) remained in the broth at this point,
but it was completely depleted after 48 h (Figure 2A). The achieved xylitol yields and
volumetric productivity are in accord with the ones predicted by the fitted model and
previously obtained during the designed experiments (Tables 2 and 3), indicating the good
reproducibility of the fermentations. All the results fitted into the predicted intervals of the
models (Table 3). In the second case, 46% maximum xylitol yield, 32% 24-h xylitol yield,
and 1.01 g/(L × h) maximum xylitol productivity were achieved. These values are similar
to that predicted by the fitted models, and all of them are in the prediction intervals (Table
3). The fermentation profile observed was quite different to that of the first case (Figure
2B). The xylitol concentration continuously increased, meanwhile the xylose concentration
decreased until the end of the fermentation. In addition, a significant amount of ethanol
was produced by the end of the fermentation (13.8 g/L). In both cases, a small increase in
the cell concentration (0.8–1 g/L) was also observed. Based on the results of the verification
experiment, it can be concluded that the fitted models are adequate and suitable for good
predictions within the experimental range.
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Table 3. Maximum xylitol yield, maximum xylitol volumetric productivity, and xylitol yield after 24 h of model predictions and
experiments. (OTR: oxygen transfer rate, IXC: initial xylose concentration.)

Conditions 30 g/L IXC, 2.1 mmol O2/(L × h) OTR,
Semi-Defined Medium

71 g/L IXC, 2.1 mmol O2/(L × h) OTR,
Semi-Defined Medium

Parameters
Max.. Xylitol

Yield
Max. Xylitol
Productivity

24-h Xylitol
Yield

Max. Xylitol
Yield

Max. Xylitol
Productivity

24-h Xylitol
Yield

% g/(L × h) % % g/(L × h) %

Predicted 57 0.68 55 42 0.92 32

95% prediction
interval 54–61 0.57–0.79 51–59 39–46 0.81–1.02 29–36

Experimentally
obtained 55 (0.18) 0.75 (0.00) 55 (0.18) 46 (1.67) 1.01 (0.01) 32 (1.43)

Standard deviations are calculated from duplicates and presented in parentheses.
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3.2. Xylose-Rich Hydrolysates from Rice Straw and Wheat Bran

In order to produce xylose-rich hydrolysates, acidic pre-treatments of wheat bran and
rice straw were investigated. In the case of wheat bran, two-step sulfuric acid hydrolyses,
suggested in our previous study [17], were performed, resulting in two types of xylose-rich
hydrolysates (Table 1). In the case of rice straw, a phosphoric acid hydrolysis, proposed by
Jampatesh et al. [35] as an optimal pre-treatment for succinate production and with high
hemicellulose saccharification yield, was used. The effects of the particle size on the effi-
ciency of phosphoric acid pre-treatment were evaluated by using ground (average particle
size of 1.42 mm) and fine ground (average particle size of 0.67 mm) rice straw samples
(Table 1). In addition, sulfuric acid pre-treatments of ground and fine ground rice straws
under mild conditions were also examined (Table 1). In order to predict the applicability of
those hydrolysates in xylitol fermentation experiments, the sugar compositions, amount
of inhibitory compounds and protein content were evaluated. The sugar composition of
the wheat bran hydrolysates were quite similar to that obtained previously [17] (Table 4);
however, a higher amount of acetic acid (0.7–1 g/L (Table 4) compared to 0.3 g/L [17]) was
observed in this study. Interestingly, only phenolic substances were observed as inhibitory
compounds beside acetic acid. Furfural, HMF and formic acid were not detected in the
hydrolysates (Table 4). In addition, wheat bran hydrolysates contained relatively high
amount of solubilized proteins (7 g/L), which is advantageous in terms of their fermentabil-
ity. WB1/S contained a slightly higher amount of xylose (22.6 g/L) compared to WB2/S
(21.1 g/L) (Table 4); hence, WB1/S was selected for xylitol fermentation experiments. In the
case of rice straw, sulfuric acid and phosphoric acid treatments by using ground and fine
ground raw material were investigated, resulting in four different types of xylose-rich
hydrolysate (Table 1). In the case of using phosphoric acid, glucose concentration of the
hydrolysates was not quantified, because of the overlapping peaks of phosphoric acid
and glucose in our HPLC analyses. The phosphoric acid treatment of ground and fine
ground rice straws yielded relatively low xylose concentrations of 11.1 g/L and 11.0 g/L,
respectively. These concentrations correspond to the xylose yields of 69% and 68%, respec-
tively. The total concentration of furfural, formic acid, HMF and acetic acid was around
3 g/L in both cases, which is similar to that obtained by Jampatesh et al. [35] under the
same conditions. Besides those inhibitors, GRS/P and FGRS/P also contained considerable
amounts of phenolic substances, resulting in total inhibitor concentrations of 4.5 g/L and
4.2 g/L, respectively (Table 4). Comparing the xylose and different inhibitor concentrations
of GRS/P and FGRS/P at 0.05 significance level, significant differences were not observed.
Thus, it could be concluded that particle size of rice straw does not have a significant
effect on the performance of the phosphoric acid hydrolysis within the investigated range.
Sulfuric acid treatment of ground and fine ground rice straws resulted in 20.6 g/L and
19.9 g/L xylose, respectively. These values correspond to the xylose yields of 94% and
91%, respectively, which are considerably higher than the xylose yields achieved during
the phosphoric acid treatment. That could be partly because of an incomplete degradation
of the solubilized xylan part in the case of the phosphoric acid treatment. Thin-layer
chromatography analysis showed sharper spots for the xylo-oligosaccharides (DP 2–6)
when phosphoric acid treatment was performed, suggesting an incomplete hydrolysis of
xylan (Figure S2). When the severity factors of the two treatments were compared, a value
of 1.3 was obtained for both treatments, suggesting that sulfuric acid is more efficient in
decomposing hemicellulose completely. The total inhibitor concentrations of GRS/P and
FGRS/P were 4.5 g/L and 4.2 g/L, respectively (Table 4). Significant differences were not
observed when the xylose and different inhibitor concentrations of GRS/S and FGRS/S
were compared at 0.05 significance level. Thus, particle size had no significant effect on the
quality of the sulfuric acid hydrolysates within the investigated range. The protein content
of both the sulfuric acid- and phosphoric acid-catalyzed hydrolysates was very low (below
1 g/L) (Table 4). The hydrolysates from wheat bran seemed to be a better medium for
xylitol production due to their higher xylose but lower inhibitor content, compared to the
hydrolysates from rice straw. However, in terms of the concentration of other sugars, rice
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straw hydrolysates were more advantageous. They contained much less arabinose beside
the xylose, which can enhance the purity of the fermented broth. GRS/P contained quite
low xylose concentration, which would probably result in decreased xylitol production,
thus only GRS/S was tested in xylitol fermentation beside WB1/S.

Table 4. Composition of different lignocellulosic hydrolysates.

Composition (g/L)

WB1/S WB2/S GRS/S FGRS/S GRS/P FGRS/P

Glucose 0.8 (0.1) 1.0 (0.0) 5.5 (0.1) 5.3 (0.3) n.m. n.m.
Xylose 22.6 (1.3) 21.1 (0.4) 20.6 (0.7) 19.9 (0.5) 11.1 (0.5) 11.0 (0.2)

Arabinose 12.4 (0.6) 9.1 (1.3) 3.9 (0.2) 3.7 (0.2) 3.3 (0.1) 3.2 (0.1)
Protein 7.3 (0.3) 7.0 (0.4) 0.3 (0.0) n.m. 0.7 (0.0) n.m.

Acetic acid 1.0 (0.1) 0.8 (0.0) 2.4 (0.2) 2.4 (0.1) 1.6 (0.1) 1.3 (0.0)
Formic acid n.d. n.d. 1.1 (0.2) 1.1 (0.0) 1.0 (0.1) 1.0 (0.0)

HMF n.d. n.d. 0.5 (0.1) 0.5 (0.0) 0.6 (0.0) 0.5 (0.0)
Furfural n.d. n.d. n.d. n.d. n.d. n.d.
Phenols 1.4 (0.1) 1.4 (0.1) 1.4 (0.3) 1.7 (0.1) 1.3 (0.1) 1.4 (0.0)

Total inhibitors 2.5 2.4 5.4 5.7 4.5 4.2

n.m.: not measured; n.d.: not detected; Standard deviations are calculated from triplicates and presented in parentheses.

3.3. Xylitol Fermentation on Xylose-Rich Hydrolysates of Rice Straw and Wheat Bran

In Section 3.1, the effects of OTR and initial xylose concentration on the xylitol produc-
tion of Candida boidinii were investigated. The applicability and adequacy of the models for
maximum xylitol yield (Equation (2)), maximum xylitol volumetric productivity (Equa-
tion (3)), and xylitol yield after 24 h (Equation (4)), developed by using semi-defined
medium, were also tested in the case of using xylose-rich hydrolysates derived from rice
straw (GRS/S) and wheat bran (WB1/S). Xylitol fermentation experiments on the xylose-
rich hydrolysates were performed under the aeration condition that provided 2.1 mmol
O2/(L × h) OTR value in the case of semi-defined medium. However, these conditions
resulted in 1.6 mmol O2/(L × h) OTR when WB1/S was used, probably due to the different
chemical composition. Xylitol fermentation on WB1/S showed similar profile than that of
the fermentation obtained by using semi-defined medium (30 g/L initial xylose, 2.1 mmol
O2/(L × h) OTR) (Figures 2A and 3A); however, both the initial xylose concentration
(22.1 g/L) and the OTR (1.6 mmol O2/(L × h)) were a bit lower in the case of WB1/S.
Maximum xylitol concentration (14.2 g/L) was obtained at 24 h, resulting in the maxi-
mum xylitol yield of 60% (spec. xylitol yield: 0.72 g/g) (Figure 3A). The maximum xylitol
productivity was also reached after 24 h, and it was 0.58 g/(L × h). Predictions for the
maximum xylitol yield, xylitol yield after 24 h, and maximum xylitol volumetric produc-
tivity were calculated by the previously fitted models (Equations (2)–(4)) using 22.1 g/L
initial xylose concentration and 1.6 mmol O2/(L × h) OTR value as input parameters.
The maximum xylitol yield was achieved also in 24 h, thus it was equal to the xylitol yield
after 24 h. Due to the fact that different models were fitted to the maximum and 24-h xylitol
yields, the models provided slightly different predictions for those response variables but
with overlapping predicted intervals. The models predicted 61% maximum xylitol yield
with a prediction interval of 58–65%, and 57% xylitol yield after 24 h with a prediction
interval of 52–61%. Thus, the experimentally measured xylitol yield (60%) fitted in with
the predictions of both models. Maximum xylitol productivity was estimated to be 0.49
g/(L × h) by the model with a prediction interval of 0.35–0.63 g/(L × h), showing a good
agreement with the experimentally obtained value (0.58 g/(L × h)). Therefore, the models
developed by using semi-defined medium were found appropriate to provide adequate
predictions for xylitol fermentations on WB1/S, indicating that wheat bran hydrolysate
is a suitable raw material to produce xylitol by using Candida boidinii NCAIM Y.01308.
Ethanol production was observed in both cases of using a semi-defined medium or WB1/S.
The ethanol concentration reached its maximum in 48 h, and then, ethanol was totally
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consumed by the end of the fermentation (Figures 2A and 3A). The growth of the cells
was also similar in both cases. The cell concentrations increased by about 1 g/L during
the fermentations. The profiles of xylose decrease were also similar, except that a small
amount of xylose seemed to remain in wheat bran hydrolysate (Figure 3A). It could be
explained by the presence of small amount of galactose in the wheat bran hydrolysate [36],
which could be detected as xylose due to the overlapping peaks in the HPLC analysis used
in this study. Residual galactose during xylitol fermentation on corn fiber hydrolysate
by Candida boidinii was observed in our previous study [39]. Xylitol fermentations were
also performed on GRS/S under the same aeration condition, resulting in similar OTR
value (2.1 mmol O2/(L × h)) to that measured in the semi-defined medium. The profile
of the xylitol fermentation on GRS/S (Figure 3B) was different from that observed on the
semi-defined medium or WB1/S. Although the initial xylose concentration was similar to
that in WB1/S, the achieved maximum xylitol yield was significantly lower (20%, spec.
xylitol yield: 0.26 g/g), and it was reached latter (72 h). The remaining xylose concentration
(3.4 g/L) at this point was similar to that observed in the cases of a semi-defined medium
and WB1/S (Figures 2A and 3A,B). However, it could contain small amount of galactose as
well, which was not analyzed in this study. The xylitol yield after 24 h (19%) was similar
to the maximum xylitol yield (20%), but at 24 h, the remaining xylose concentration was
much higher (8 g/L). This is almost half of the initial xylose concentration and nearly twice
of the xylose concentration measured in semi-defined medium and WB1/S after 24 h of fer-
mentation (Figures 2A and 3A,B). The maximum xylitol volumetric productivity obtained
in 24 h was also very low (0.14 g/(L × h)) compared to the previous fermentations. In the
case of GRS/S, a higher amount of ethanol was produced (8.4 g/L after 72 h) compared to
the previous cases. Moreover, ethanol production exceeded xylitol production (Figure 3B).
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Figure 3. Profiles of the xylitol fermentations on WB1/S (A) GRS/S (B) GRS/S supplemented with
2 g/L peptone (C) and GRS/S treated by activated carbon and supplemented with 2 g/L peptone
(D) using Candida boidinii NCAIM Y.01308. Standard deviations are calculated from duplicates.

Since GRS/S hydrolysate had a low protein content (Table 4), supplementations with
2 g/L of inorganic (ammonium sulphate) or organic (peptone) nitrogen sources were inves-
tigated with the aim of enhancing xylitol production. In the case of supplementation with
ammonium-sulphate, the maximum xylitol yield was 15% (spec. xylitol yield: 0.22 g/g
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at this point), and it was achieved after 48 h (data not shown). The xylitol yield after 24 h
and the maximum xylitol productivity were 10% and 0.08 g/(L × h), respectively (data
not shown). All of these results are lower than that achieved without supplementation.
In contrast, the addition of peptone resulted in a small increase in maximum xylitol yield
(25%, (spec. xylitol yield: 0.30 g/g at this point)), xylitol yield after 24 h (15%) and maxi-
mum xylitol volumetric productivity (0.15 g/(L × h)) (Figure 3C) as well. Hence, xylitol
fermentation was slightly enhanced by adding peptone; however, ethanol concentration
was also considerably increased. The ethanol concentration was 10 g/L at 48 h beside only
5 g/L of xylitol (Figure 3C).

To improve xylitol fermentation on GRS/S, activated carbon treatment was tested
in addition to the supplementation with peptone. After the activated carbon treatment,
detectable amount of phenols and HMF were not present in GRS/S. On the other hand,
the amount of organic acids (0.9 g/L formic acid and 2.4 g/L acetic acid) were not reduced
significantly compared to the GRS/S without detoxification (1.1 g/L formic acid and
2.4 g/L acetic acid). Moreover, the activated carbon treatment caused significant xylose loss,
resulting in 15.4 g/L initial xylose concentration. After the detoxification step, GRS/S was
also supplemented by 2 g/L peptone. Due to the activated carbon treatment, the maximum
xylitol yield increased to 30% (spec. xylitol yield: 0.33 g/g), and it was reached after
48 h. The xylitol yield after 24 h and the maximum xylitol productivity were 29% and
0.19 g/(L × h), respectively. All of these results are lower compared to those achieved
on WB1/S or a semi-defined medium under similar aeration conditions. The ethanol
production was reduced due to the detoxification step, resulting in only 4.7 g/L ethanol
concentration at the point of the maximum xylitol yield. This was a half of the ethanol
produced in the hydrolysate without detoxification. The maximum specific xylitol yields
were reached after 24 h in all fermentations on lignocellulosic hydrolysates. The specific
xylitol yields were 0.35 g/g, 0.24 g/g, 0.35 g/g, and 0.38 g/g in the cases of GRS/S,
GRS/S supplemented with ammonium-sulphate, GRS/S supplemented with peptone,
GRS/S clarified by activated carbon and supplemented with peptone, respectively. The cell
concentrations increased by 1–1.8 g/L during the fermentations, except in the cases of
GRS/S supplemented with peptone and detoxified GRS/S with peptone supplementation,
where the cell mass did not change. Small amount of glucose (3.5–5 g/L) was also present
in the rice straw hydrolysates, which was totally consumed after 24 h (Figure 3B–D).

4. Discussion

The effects of initial xylose concentration and aeration (OTR) on maximum xylitol
yield, maximum xylitol volumetric productivity, and xylitol yield after 24 h were investi-
gated first in this study, by using Candida boidinii NCAIM Y.01308 in a semi-defined xylose
medium. Vandeska et al. [45] investigated the effect of the initial xylose concentration on
the achievable xylitol yield during fermentation on a model xylose medium by C. boidinii
NRRL Y17213. They varied the initial xylose concentration between 20 and 200 g/L under
the same aeration conditions (50 mL medium in 125 mL-flask, 150 rpm shaking), and con-
cluded that the xylitol yield of 14 days fermentation continuously increased from 6% to
the maximum value of 52% by increasing the initial xylose concentration from 20 g/L to
150 g/L. Interestingly, initial xylose concentration of 200 g/L significantly inhibited the
xylitol fermentation. Vongsuvanlert and Tani [46] reported that a xylose concentration of
150 g/L resulted in lower xylitol production than that of 100 g/L, when C. boidinii no. 2201
was used on xylose basal medium. They performed the fermentations in 500 mL-flasks
filled with 100 mL medium at 100 rpm shaking. Those studies showed that under given
conditions of aeration, increasing xylose concentration increased the xylitol production
until a certain value above which it had a negative effect. Osmotic stress on the cells is
often hypothesized as a possible reason for the negative effect of high xylose concentra-
tion [46,47]. However, in our study, a decreasing tendency in the xylitol yield was observed
by increasing the xylose concentration under the investigated range of xylose concentration
and aeration. Oxygen availability during xylitol fermentation is a key factor due to its
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influence on the intracellular redox balance. The key enzymes for assimilation of D-xylose
in yeasts are the xylose reductase (XR), which catalyses the reduction of D-xylose to xylitol
requiring NAD(P)H as cofactor, and the NAD-dependent xylitol dehydrogenase (XDH)
catalysing the xylitol conversion to xylulose [48]. Xylitol accumulation under microaerobic
conditions is the result of a deficient NAD regeneration by the respiratory chain which
leads to diminished XDH activity [45,48]. In addition, formation of certain by-products
during the xylitol fermentation can also contribute to maintaining the intracellular cofac-
tor balance [49]. Winkelhausen et al. [50] investigated the effect of different kLa values
on the xylitol production of C. boidinni NRRL Y17213 in a xylose model medium using
shake flasks (50 g/L initial xylose concentration) and fermenter (130 g/L initial xylose
concentration). The kLa values were varied between 0 and 46 1/h in shake flasks, and it
was concluded that increasing kLa resulted in decreasing xylitol and increasing cell mass
production. Interestingly, the highest specific xylitol yield (0.3 g/g) was achieved under
anaerobic conditions (0 1/h kLa). As a comparison, Winkelhasuen et al. [50] achieved
a specific xylitol yield of 0.16 g/g at 50 g/L initial xylose concentration and 16 1/h kLa
after 96 h, which is lower than that of obtained in our study (0.43 g/g) at an initial xylose
concentration of 55 g/L and kLa of 15 1/h (3.1 mmol O2/(L × h) OTR) after 72 h. The
lower initial cell concentration (1.3 g/L) applied by Winkelhasuen et al. [50] compared to
that of used in our study (5 g/L) could be one of the reasons for that. However, it is clear
that xylitol producing capability can significantly differ with the subspecies of Candida
boidinii also. Subspecies isolated from different environmental conditions might have XR
and XDH enzymes with different characteristics, and different metabolic pathways for
co-factors regeneration might have been activated in them, resulting in variable capability
in xylitol fermentation under certain fermentation conditions. During the fermentations in
a bioreactor using 130 g/L initial xylose and 5 g/L initial cell concentrations, Winkelhasuen
et al. [50] achieved the highest specific xylitol yield (around 0.45 g/g) and xylitol volumetric
productivity (around 0.26 g/(L × h)) at kLa of 47 1/h. It seemed that the increase in xylose
and aeration together caused an increase in xylitol yield and productivity, however the
increased initial cell mass could also have a positive effect on that. In our study, it was
concluded that both initial xylose concentration and OTR had significant effects on the
maximum xylitol yield and xylitol yield achieved after one day. However the interaction
between xylose concentration and OTR had no significant effect within the investigated
experimental range. It is worth it to note that the extent of their effects and their significant
terms were different when the achievable maximum xylitol yield and the xylitol yield after
a certain fermentation time (e.g., one day) was examined. In contrast, when the maximum
xylitol volumetric productivity was evaluated, a clear interaction between OTR and initial
xylose concentration was observed.

Xylitol fermentation on lignocellulosic hydrolysates by using Candida boidinii was
previously tested by other studies. Santana et al. [51] investigated Candida boidinii XM02G
(4 g/L initial cell mass) on cocoa pod husk hemicellulose hydrolysate detoxified by ac-
tivated carbon, and a specific xylitol yield of 0.52 g/g was achieved after 372 h of fer-
mentation. Fehér et al. [39] published a xylitol yield of 53% of theoretical and a xylitol
volumetric productivity of 0.14 g/(L × h) reached after 72 h of fermentation by using
C. boidinii NCAIM Y.01308 (5 g/L initial cell mass) on corn fibre hydrolysate detoxified by
activated carbon. Lopez-Linares et al. [52] investigated the xylitol production of C. boidinii
NCAIM Y.01308. (5 g/L initial mass) on exhausted olive pomace hydrolysate detoxified
by ion-exchange resin and achieved 0.43 g/g specific xylitol yield and 0.07 g/(L × h)
volumetric productivity after 96 h. In this study, the xylitol yield, the specific xylitol yield,
and the volumetric productivity were 60%, 0.72 g/g, and 0.58 g/(L × h), respectively, on
WB1/S after 24 h. Those results exceeded the ones mentioned before. It is also important
to note that in the case of WB1/S, no detoxification step was required prior to the fermenta-
tion. In our previous study, xylitol fermentation was performed by using Ogataea zsoltii
NCAIM Y.01540 on xylose-rich wheat bran hydrolysate [17]. Comparing the maximum
xylitol yields and volumetric productivities achieved under the same conditions by using
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O. zsoltii NCAIM Y.01540 (56% and 0.24 g/(L × h)) and C. boidinii NCAIM Y.01308 (60%
and 0.58 g/(L × h)), xylitol production of C. boidinii NCAIM Y.01308 was found to be more
advantageous. Based on these results, this study confirms that the xylose-rich hydrolysate
of wheat bran is a suitable medium for xylitol fermentation without detoxification.

Mayerhoff et al. [53] investigated different yeast strains to ferment xylitol on sulfuric
acid treated rice straw hydrolysate. In their work, the initial xylose concentration was
53.9 g/L and 50 mL medium was used in 125 mL-flasks at 200 rpm shaking. High spe-
cific xylitol yields (>0.6 g/g) were achieved after 75 h by several Candida strains such as
C. guilliermondii FTI-20037, C. mogii NRRL Y-17032, C. parapsilosis IZ-1710, and C. veronae
IZ-945. However, it was only 0.17 g/g by using C. boidinii NRRL Y-17213. Compared
to that, a higher specific xylitol yield was achieved by C. boidinii NCAIM Y.01308 in our
study (0.26 g/g after 72 h). Nitrogen source in the fermentation media is also an important
factor influencing the xylitol production. Since rice straw hydrolysates contained very low
amount of proteins, supplementation by ammonium-sulphate and peptone was tested in
this study. Generally, organic nitrogen sources (e.g., yeast extract and urea) result in higher
xylitol yield compared to the inorganic ones [54]. In accord with that, higher maximum xyl-
itol yield was achieved on peptone-supplemented GRS/S (25%) compared to GRS/S (20%).
Silvia and Roberto [55] also investigated the effect of the nutrient supplementation (2 g/L
(NH4)2SO4, 0.1 g/L CaCl2*2H2O and 10 g/L rice bran extract) of rice straw hydrolysate
in order to improve the xylitol production of C. guilliermondii FTI 20037. They found that
the nitrogen supplementation had no effect on the specific xylitol yield (0.36–0.37 g/g)
achieved. In this study, a similar result was obtained, supplementation of GRS/S with
peptone did not improve the specific xylitol yield (0.35 g/g after 24 h); however it increased
the maximum xylitol yield from 20% to 25% of theoretical. Zeid et al. [56] investigated the
effects of activated carbon treatment on xylitol production by C. tropicalis and C. guillier-
mondii using rice straw hydrolysate. After the activated carbon treatment, specific xylitol
yields were increased from 0.25 g/g and 0.47 g/g to 0.61 g/g and 0.69 g/g in the cases of
C. tropicalis and C. guilliermondii, respectively. Similarly, as a result of the activated carbon
treatment of GRS/S, the maximum xylitol yield was increased from 25% to 30% in this
study. Lopez Linares et al. [52] published a specific xylitol yield of 0.36 g/g achieved on
exhausted olive pomace hydrolysate treated by activated carbon after 72 h of fermentation
by C. boidinii NCAIM Y.01308 (5 g/L initial cell mass, 50 mL medium in 100 mL-flask,
150 rpm shaking). That is slightly lower than that obtained in our study (0.38 g/g) using
peptone-supplemented GRS/S treated by activated carbon and the same yeast strain. One
of the reasons for the low xylitol yields obtained in our study on rice straw hydrolysates
is probably the presence of considerable amount of glucose (glucose/xylose ratio of 0.29
in GRS/S). A glucose/xylose ratio that is higher than 0.1 could negatively affect xylitol
fermentation [52]. Moreover, the activated carbon treatment was not effective in removing
the organic acids from GRS/S, which could also contribute to the insufficient bioconversion
of xylose into xylitol. Bio-purification processes selectively removing organic acids and
glucose from lignocellulosic hydrolysates [57,58] or appropriate genetic modifications of
the xylose-fermenting microorganisms [59,60] are promising ways to overcome these kinds
of obstacles.

5. Conclusions

Xylitol fermentation by C. boidinii NCAIM Y.01308 was optimised by investigating the
effects of oxygen transfer rate and initial xylose concentration applied. The fitted models
of maximum xylitol yield, maximum xylitol volumetric productivity, and xylitol yield after
24 h were verified and they were successfully used to predict xylitol production on wheat
bran hydrolysate. Wheat bran hydrolysate was found to be an outstanding substrate for
C. boidinii NCAIM Y.01308 to produce xylitol. Meanwhile, xylitol fermentation on rice straw
hydrolysates by C. boidinii NCAIM Y.01308 requires further investigations to be improved.
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Abstract: Brewer’s spent grain (BSG) is the main by-product of the beer brewing process. It has
a huge potential as a feedstock for bio-based manufacturing processes to produce high-value bio-
products, biofuels, and platform chemicals. For the valorisation of BSG in a biorefinery process,
efficient fractionation and bio-conversion processes are required. The aim of our study was to develop
a novel fractionation of BSG for the production of arabinose, arabino-xylooligomers, xylose, and
bioethanol. A fractionation process including two-step acidic and enzymatic hydrolysis steps was
investigated and optimised by a response surface methodology and a desirability function approach
to fractionate the carbohydrate content of BSG. In the first acidic hydrolysis, high arabinose yield (76%)
was achieved under the optimised conditions (90 ◦C, 1.85 w/w% sulphuric acid, 19.5 min) and an
arabinose- and arabino-xylooligomer-rich supernatant was obtained. In the second acidic hydrolysis,
the remaining xylan was solubilised (90% xylose yield) resulting in a xylose-rich hydrolysate. The last,
enzymatic hydrolysis step resulted in a glucose-rich supernatant (46 g/L) under optimised conditions
(15 w/w% solids loading, 0.04 g/g enzyme dosage). The glucose-rich fraction was successfully used
for bioethanol production (72% ethanol yield by commercial baker’s yeast). The developed and
optimised process offers an efficient way for the value-added utilisation of BSG. Based on the
validated models, the amounts of the produced sugars, the composition of the sugar streams and
solubilised oligo-saccharides are predictable and variable by changing the reaction conditions of
the process.

Keywords: biorefinery; response surface methodology; dilute acid hydrolysis; enzymatic hydrol-
ysis; lignocellulosic residue; arabino-xylooligosaccharide; arabinose; xylose; D-function approach;
Saccharomyces cerevisiae

1. Introduction

Brewer’s spent grain (BSG) is a by-product of the brewing industry. It is the solid
residue of the mashing process, which contributes to 85% of the total by-product of the
brewing [1]. BSG is a cheap raw material produced all year round in large quantities from
small breweries to large ones [2]. Around 34 million tonnes of BSG are generated annually,
which means approximately 8.5 million tonnes of dry BSG [3]. BSG mainly consists of
lignocellulose (cellulose, hemicellulose, and lignin), proteins, and minerals [1]. Due to its
high moisture content, the transport and long-term storage of BSG are difficult [4]. Thus,
nowadays it is mainly used for feeding cattle in local farms [5].

BSG can be used for energy purposes to produce electricity by combustion [6]. How-
ever, BSG needs to be dried in advance of direct combustion and large amount of harmful
NOx is released during the process [6,7], making it less advantageous. Another option to
produce energy from BSG is the production and subsequent combustion of biogas derived
from the anaerobic digestion of that [8].

BSG can be widely used in the food industry. It can increase the nutrient content of
various bakery products [9]. However, white flour can only be partially replaced by BSG
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powder to avoid an unpleasant taste and brown colour of the obtained products [10]. Due
to the high content of essential amino acids in BSG, the protein composition of different
foods and feeds can also be improved [11,12]. BSG has antioxidant properties due to their
phenolic components (mainly ferulic and p-coumaric acids) [13], thus it can be used in
functional foods as well.

Recently, many studies have revealed the potential of BSG as a raw material for
biotechnological conversion processes to produce value-added bio-products, platform
chemicals, or biofuels. BSG can serve as a protein-rich raw material in solid state fermenta-
tion processes, mainly aimed at the production of enzymes such as proteases, xylanases,
and cellulases [14–16]. BSG contains a high amount of hemicellulose, which is composed
of arabinoxylan polymers [17]. The xylose content of that can be released in monomeric
form by using different (acidic, enzymatic) hydrolysis techniques [18,19]. BSG hydrolysates
containing a high concentration of xylose are considered promising fermentation media
for the microbial production of xylitol, which is a high-value bio-product with several
possible applications [18]. Moreover, various arabino-xylooligosaccharides (AXOS) can
also be prepared from BSG by the incomplete hydrolysis of its solubilised hemicellulosic
polymers [20]. AXOS are promising substances in functional foods due to their potential
prebiotic properties [21]. Second-generation bioethanol can be produced from the glucan
fraction of BSG [22]. Bioethanol production from BSG does not result in increasing food
prices, deforestation, or reduction of arable land [23], making it an advantageous and
possibly sustainable process for biofuel production.

Valorising BSG in a biorefinery process could allow the combined production of a wide-
range of bio-chemicals, biofuels, and platform molecules. As an example, Davila et al. [24]
proposed a biorefinery process producing ethanol, xylitol, and polyhydroxybutyrate from
BSG. However, for the successful conversion of lignocellulosic biomass into a spectrum
of value-added products, an efficient fractionation process is required to separate the
main constituents of the raw material [25]. Pre-treatment methods, such as liquid hot
water/autohydrolysis [26,27], microwave-assisted hydrothermal [28], acidic [29] alkali [30],
nonthermal plasma [31], ultrasonic-assisted [32], steam explosion [33] enzymatic (proteases,
glycoside hydrolases, laccases) [34,35], microbial [21], and different combinations of those
treatments [36,37] have been extensively studied over the past years in order to separate the
protein, lignin, and different carbohydrate fractions from BSG. However, most of them had
the main focus of separating one selected component or simply enhancing a subsequent
enzymatic hydrolysis step. For the complex valorisation of BSG in a biorefinery process,
different pre-treatments must be merged into a sequential fractionation process, which
allows the separation of many different components. The most favourable fractionation
of BSG, containing different pre-treatments, has to be developed according to the main
purpose and products of the biorefinery process [38]. For example, separating high value
components in advance of bioethanol production from BSG would be extremely important
from an economic point of view, since many studies have pointed out that in most of the
cases the lignocellulosic bioethanol production can only be economically viable as part of a
biorefinery process producing other, high value bio-products [39–41].

The main goal of this study was to invent a complex and responsive fractionation
process that could enhance the viability of bioethanol production from BSG by allowing
the prior and selective fractionation of different high-value hemicellulosic components,
and thus embed bioethanol production into a biorefinery process. Hence, our aim was
to develop and optimise a novel fractionation method consisting of different hydrolytic
process steps in order to separately obtain arabinose-rich and xylose-rich hydrolysates from
BSG, beside a glucose-rich hydrolysate that is applicable for efficient bioethanol production.

2. Materials and Methods
2.1. Microorganisms and Lignocellulosic Raw Material

Commercial baker’s yeast (Saccharomyces cerevisiae) was purchased from Lesaffre
Hungary Ltd. (Budafok, Hungary). Brewer’s spent grain (BSG) was kindly donated
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from Dreher Co. Ltd. (Budapest, Hungary). It was dried at 40 ◦C and then stored at
room temperature.

2.2. Compositional Analysis

The dry content of BSG was measured by rapid moisture analyser (Precisa XM 60).
The glucan, xylan, arabinan and Klason-lignin contents were analysed by using the NREL
(National Renewable Energy Laboratory) method [42] with minor modifications detailed
by Fehér et al. [43]. The starch content was determined according to the method described
by Bedő et.al [44]. The crude protein content was determined by Dumas method [45]. The
inorganic compounds were determined gravimetrically after treated at 550 ◦C for 6 h in
muffle furnace equipped with a ramping program [46]. The compositional analyses were
carried out in triplicates.

2.3. First Acidic Hydrolysis

The first acidic hydrolysis was performed on a suspension of BSG and dilute sulphuric
acid in 25 g reaction mixture in 100 mL glass flasks. The reaction time (10, 30, 50 min)
and the sulphuric acid concentration (0.5, 1.25, 2.0 w/w%) were varied according to a
full factorial experimental design. The range of the reaction time and sulphuric acid
concentration were determined according to preliminary tests and previous studies [43,44].
Hydrolyses occurred at 90 ◦C reaction temperature in water bath without agitation. A
warm-up period of 10 min was applied in all cases before starting to measure the reaction
time in order to reach the reaction temperature. The dry matter content of the reaction
mixtures was 10 w/w%. After the reaction, the hydrolysates were cooled down in a cold-
water bath for 5 min and the mixtures were filtered through a nylon filter with 50 µm pore
size. The supernatants were analysed for solubilised sugars. The experiment was repeated
at optimum conditions: 1.85 w/w% sulphuric acid concentration and 19.5 min reaction time.
In this case, the solid residue was neutralized by distilled water, dried at 40 ◦C, and stored
at room temperature until the next hydrolysis step.

2.4. Second Acidic Hydrolysis

In the second acidic hydrolysis, the solid residue of the optimised first acidic hydroly-
sis was treated in autoclave at 121 ◦C for 30 min without agitation in a reaction mixture
containing 1 w/w% sulphuric acid and 10 w/w% dry matter, in order to completely solu-
bilise the hemicellulose fraction. The reaction conditions were selected based on previous
study [44] and preliminary tests. After the treatment, the solid residue was separated by
a nylon filter with 50 µm pore size and washed with distilled water to neutralise. It was
dried at 40 ◦C and then stored at room temperature until further experiments.

2.5. Enzymatic Hydrolysis

Enzymatic hydrolysis was carried out on the solid residue of the second acidic hydrol-
ysis by Cellic® CTec 3, which was kindly donated from Novozymes A/S (Copenhagen,
Denmark). The total weight of the reaction mixture was 15 g. The enzyme dosage (0.01,
0.03, 0.05 g enzyme mixture/g dry matter, referred to as g/g DM) and the solids loading (5,
10, 15 w/w% on dry basis) were varied according to a full factorial experimental design. The
enzymatic hydrolyses were performed in acetate buffer (0.1 M, pH = 5) at 50 ◦C for 72 h by
shaking at 125 rpm. The hydrolysis was repeated in duplicates under optimal conditions:
15 w/w% solids loading and 0.04 g/g DM enzyme dosage. The glucose content of the liquid
phase was analysed by high-performance liquid chromatography.

2.6. Inoculum Preparation

To obtain an active culture of baker’s yeast for the inoculation of ethanol fermentation
experiments, Saccharomyces cerevisiae was propagated in a medium containing 50 g/L
glucose, 0.3 g/L magnesium sulphate heptahydrate (MgSO4·7H2O), 2 g/L ammonium
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chloride (NH4Cl), and 1 g/L dipotassium hydrogenphosphate (K2HPO4). The inoculum
was cultured at 30 ◦C and 220 rpm shaking for 24 h.

2.7. Ethanol Fermentation

Ethanol fermentation was performed on the hydrolysate obtained from the optimised
enzymatic hydrolysis, by Saccharomyces cerevisiae at 30 ◦C, 150 rpm shaking for 72 h.
The initial cell concentration was 5 g/L. The working volume was 5 mL in 15 mL-glass
flasks. After the inoculation, the flasks were purged by nitrogen in order to provide
anaerobic conditions. The fermentation was carried out in duplicates and monitored by
daily sampling.

2.8. Analytical Methods
2.8.1. Determination of Sugars, Ethanol and Inhibitor Compounds

Concentrations of glucose, xylose, arabinose, ethanol, acetic acid, formic acid, 5-
hydroxymethyl-furfural (HMF), and furfural were quantified by high-performance liquid
chromatography (HPLC) with refractive index detection. Separation was achieved on
BioRad (Hercules, CA, USA) Aminex HPX-87H (300 × 7.8 mm) column equipped with
Micro-Guard Cation H+ Refill Cartridge (30 × 4.6 mm) guard column, heated at 65 ◦C,
using 5 mmol/L sulphuric acid at a flow rate of 0.5 mL/min [43]. Xylooligosaccharides
were analysed by thin layer chromatography (TLC) according to the method detailed by
Ontañon et al. [47]. Total phenol contents were determined by the Folin–Ciocalteu method
according to Guo et al. [48].

2.8.2. Determination of Total Sugar Content

Liquid samples were mixed with 8 w/w% sulphuric acid at a volume ratio of 1:1, and
treated in an autoclave (121 ◦C; 1 bar) for 20 min in order to decompose the solubilised
oligosaccharides into monomers. Monosaccharides were then quantified by HPLC and the
results were referred to as total amount of solubilised sugars. Hence, the amount of total
sugars includes the amounts of solubilised monomers and oligomers together.

2.8.3. Determination of Cell Concentration

Cell concentration was analysed by measuring optical density at a wavelength of
600 nm (Ultrospec III spectrophotometer, Pharmacia LKB, Uppsala, Sweden). The cell
concentration was calculated by using a calibration curve based on dry cell mass measure-
ments.

2.9. Calculation of Yields of Sugars, GOS and AXOS, A/X Ratio and Ethanol Yield

Sugar yields of the hydrolytic process steps were expressed as a percentage of theo-
retical based on the composition of the starting material that is used in the given process
step. Yields of monosaccharides (monomer yields of glucose, xylose, and arabinose), yields
of total sugars (total yields of glucose xylose and arabinose), and yields of oligosaccha-
rides (yields of gluco-oligosaccharide and arabino-xylooligosaccharide) were distinguished.
The yields of gluco-oligosaccharide (GOS) and arabino-xylooligosaccharide (AXOS) were
calculated by subtracting the monomer sugar yields from the total sugar yields. In the
calculation of AXOS yield, the amounts of xylose and arabinose were summed up in both
of the cases of total and monomer yields, since these sugars are present together as an
arabinoxylan in BSG [20].

The A/X ratio was calculated as the ratio of the amount of arabinose and xylose
present in the AXOS fraction.

The ethanol yield was calculated by dividing the amount of produced ethanol by
the theoretical maximum by assuming a complete stoichiometric conversion of the initial
glucose concentration to ethanol, and it was expressed as a percentage of the theoretical.
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2.10. Statistical Evaluation

Response surface methodology (RSM) was used to optimise the solubilisation of
arabinose during the first acidic hydrolysis. A 32 full factorial experimental design was
performed with 3 replicates at the centre point. The independent variables were the reaction
time and the sulphuric acid concentration, which were set to be 10, 30, and 50 min and
0.5, 1.25, and 2 w/w%, respectively. The effects of these variables on the response variables
(monomer yields of glucose, xylose, and arabinose; total yields of glucose, xylose, and
arabinose; yields of GOS and AXOS, A/X ratio) were investigated. A quadratic polynomial
model (Equation (1)) was fitted to the measured values:

Y = b0 + b1X1 + b2X2 + b12X1X2 + b11X2
1 + b22X2

2 (1)

where Y is the dependent variable, X1 and X2 are the independent variables, b0 is the
intercept, b1, b2 are the linear terms, b12 is the term of the interaction between the two
independent variables, and b11 and b22 are the quadratic terms. The statistical evaluation
was performed by StatisticaTM v.13 software (TIBCO Software, Palo Alto, Santa Clara,
CA, USA). The adequacy of the models was tested by F-test (α = 0.05 significance level).
The models were reduced by the non-significant variables. The effect of the independent
variables was also checked by Pareto chart. In the model equations of the first acidic
hydrolysis (Equations (3)–(11)), the reaction time is referred to as T expressed in minutes,
and the sulphuric acid concentration is referred to as S expressed in w/w%.

Desirability function (D-function) approach was used to determine the optimum
conditions regarding total arabinose and total xylose yields simultaneously. The response
variables (Yi) were transformed into desirability values (dj), where di was a value from 0
to 1 depending on the given settings, while j (1, 2, . . . , n) represented the number of the
individual desirability functions. The D-function was calculated by the geometric means
of the individual desirability functions (Equation (2)):

D = n
√

d1 × d2 × . . . × dn (2)

The settings of the desired intervals for total arabinose yield and total xylose yield
were the followings: 50% ≤ total arabinose yield ≤ 100% and 0% ≤ total xylose yield ≤
50%, where total xylose yield = 0% and total arabinose yield = 100% corresponded to d1 and
d2 values of 1, and total xylose yield = 50% and total arabinose yield = 50% corresponded
to d1 and d2 values of 0.

RSM was also used to optimise the enzymatic hydrolysis of the BSG residue, using 32

full factorial experimental design. The effects of the independent variables (enzyme dosage
and solids loading) were investigated on the achievable glucose concentration and glucose
yield (as response variables). The independent variables of enzyme dosage and solids
loading were set to 0.01, 0.03, and 0.05 g/g DM and 5, 10, and 15 w/w%, respectively. The
statistical evaluation of the enzymatic hydrolysis was also performed by using a quadratic
polynomial model. In the model equations of enzymatic hydrolysis (Equations (12) and
(13)), the solids loading is referred to as SL expressed in %, and the enzyme dosage is
referred to E expressed in g/g DM.

3. Results and Discussion
3.1. Optimisation of the First Acidic Hydrolysis of BSG to Produce an Arabinose-Rich Hydrolysate

The BSG contained 17.9% glucan (from this 3.2% is starch), 15.0% xylan, 7.4% arabinan,
19.0% Klason-lignin, 32.6% crude protein, and 4.0% inorganic compounds on dry basis.
The aim of the first acidic treatment was to preferentially release arabinose from BSG,
and meanwhile retain the xylan and glucan part insoluble, resulting in a liquid fraction
with arabinose as the main constituent and a solid fraction containing the main part of
the initial xylan and glucan content of BSG. The effects of the reaction time and sulphuric
acid concentration both on total and monomer yields of glucose, xylose, and arabinose
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were investigated, and the optimal reaction conditions in terms of the production of an
arabinose-rich hydrolysate were determined.

The results of the full factorial (32) experimental design were shown in Table 1. The
linear terms of time and sulphuric acid concentration had significant effects on all of the
investigated response variables, except on the monomer xylose yield, where the quadratic
term of time and the interaction between time and acid concentration also had significant
effects (Equations (3)–(8)). Increasing the acid concentration and reaction time of the first
acidic hydrolysis resulted in increasing monomer and total sugar yields throughout the
experimental design (Figure 1). The linear term of the sulphuric acid concentration had the
highest effect on the achievable sugar yields in all of the cases, except on the total glucose
yield, where the linear term of the reaction time had (Figure S1).

Total glucose yield = 0.87 + 0.15 × T + 3.53 × S (3)

Total xylose yield = −5.95 + 0.49 × T + 16.37 × S (4)

Total arabinose yield = 10.71 + 0.64 × T + 25.04 × S (5)

Monomer glucose yield = −0.08 + 0.01 × T + 0.34 × S (6)

Monomer xylose yield = 2.45 − 0.05 × T − 4.24 × S + 1.51 × S2 + 0.10 × T × S (7)

Monomer arabinose yield = −7.37 + 0.65 × T + 29.22 × S (8)

Table 1. The experimental setup and results of the first acidic hydrolysis of BSG.

Runs
Reaction

Time
(T, Min)

Sulphuric
Acid Con-
centration
(S, w/w%)

Total
Xylose
Yield
(%)

Total
Arabinose

Yield
(%)

Total
Glucose

Yield
(%)

Monomer
Xylose
Yield
(%)

Monomer
Arabinose

Yield
(%)

Monomer
Glucose

Yield
(%)

1. 10 0.50 9.3 25.2 5.9 0.5 11.9 0.3
2. 10 1.25 20.4 48.0 6.3 0.9 34.6 0.5
3. 10 2.00 28.5 67.1 8.2 1.6 54.2 0.6
4. 30 0.50 16.6 40.1 6.4 0.9 22.5 0.6

5. (C) 30 1.25 29.4 65.3 11.4 1.5 53.4 0.6
6. 30 2.00 38.9 74.1 12.6 4.0 66.2 1.0
7. 50 0.50 24.1 53.8 9.1 0.9 34.9 0.5
8. 50 1.25 36.4 73.3 13.1 3.1 64.0 0.9
9. 50 2.00 56.2 90.5 16.5 8.1 80.3 1.4

10. (C) 30 1.25 29.7 66.0 8.7 1.7 49.6 0.7
11. (C) 30 1.25 27.1 60.0 11.1 2.0 59.9 0.8
12. (C) 30 1.25 32.6 72.5 8.9 1.6 53.8 0.5

(C) refers to the centrum points of the experimental design.

The response surface of the total xylose yield clearly showed that a considerable
amount of xylan was solubilised at an increased reaction time or sulphuric acid concentra-
tion, resulting in a total xylose yield of 56.2% at the harshest reaction condition (2 w/w%
sulphuric acid concentration and 50 min reaction time) investigated. The total glucose
yields were much lower (5.9–16.5%) than the total xylose yields (9.3–56.2%) in all runs. The
released glucose might be derived from the hydrolysis of the starch content of BSG, as the
starch fraction can be easily hydrolysed by dilute sulphuric acid treatment [49]. The highest
total glucose yield was 16.5%. Since the starch content constitutes 17.9% of the glucan
fraction in BSG, small amount of starch was probably remained in the solid fraction in all
of the cases. In the harshest treatment of the first acidic hydrolysis, a total arabinose yield
of 90.5% was achieved indicating that the arabinose was almost completely solubilised.
The total arabinose yields were significantly higher (25.2–90.5%) than the total yields of
glucose and xylose in all runs of the designed experiments.
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On the other hand, the monomer yields of xylose varied from 0.5 to 8.1% in the hy-
drolysates, which indicates that the xylan fraction is barely hydrolysed into its monomeric
constituent. Thus, the xylan part was mainly present in oligomeric form in the supernatants.
The monomer yields of glucose were also very low (0.3–1.4%). It was also observed that the
monomer arabinose yields were close to the total arabinose yields. Thus, the solubilised
arabinose content was mainly present in monomeric form in the hydrolysates. Compared
to the monomer yields of glucose and xylose, the arabinose yields were significantly higher
in all of the runs.

Since the glucan and the xylan are mainly solubilised in the form of oligomers, the
effects of reaction time and sulphuric acid concentration on the yields of GOS, AXOS, and
A/X ratio in AXOS were also statistically evaluated. These results are shown in Table 2.
The GOS and AXOS yields were varied between 5.6–15.1% and 10.4–35.7%, respectively,
within the investigated experimental range.

Table 2. Yields and composition (A/X ratio) of oligosaccharides obtained in the first acidic hydrolysis
of BSG.

Runs GOS Yield
(%)

AXOS Yield
(%) A/X Ratio in AXOS

1. 5.6 10.4 0.74
2. 5.8 17.6 0.34
3. 7.6 22.3 0.23
4. 5.8 16.3 0.55

5. (C) 10.8 23.1 0.22
6. 11.6 26.0 0.11
7. 8.5 21.7 0.40
8. 12.2 25.4 0.14
9. 15.1 35.7 0.10

10. (C) 8.0 20.5 0.20
11. (C) 10.4 24.6 0.20
12. (C) 8.4 22.4 0.20

(C) refers to the centrum points of the experimental design.
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The linear terms of sulphuric acid concentration and reaction time had significant
effects on the GOS and the AXOS yields (Equations (9) and (10), Figure S2). It was observed
that increasing reaction time and sulphuric acid concentration continuously increased
the GOS and AXOS yields (Figure 2), resulting in maximum yields of 15.1% and 35.7%,
respectively. AXOS yields were at least two times higher than the GOS yields in all runs. All
of the terms (linear and quadratic terms of sulphuric acid concentration and reaction time
and interaction between the two variables) had significant effects on the A/X ratio in AXOS
(Equation (11), Figure S2). By increasing the acid concentration and reaction time of the
first acidic hydrolysis, the A/X ratio in AXOS decreased from 0.74 to 0.10, indicating that
the arabinose moieties are more sensitive for the acidic hydrolysis compared to the xylose
units of the AXOS (Table 2). The linear term of sulphuric acid concentration had the major
impact on both the A/X ratio and AXOS yield, however, it has a negative effect on the A/X
ratio but positive effect on the AXOS yield (Equations (10) and (11)). In the first run, an
A/X ratio of 0.74 in the solubilised AXOS was observed which exceeds the A/X ratio in
the raw BSG (0.49). That might suggest the presence of an arabinose-rich part within the
arabinoxylan of BSG, which is less recalcitrant against acidic solubilisation compared to the
other part of the arabinoxylan structure. However, further studies investigating the exact
structure of the solubilised oligomers are needed to confirm or contradict this hypothesis.

GOS yield = 0.95 + 0.14 × T + 3.19 × S (9)

AXOS yield = 4.13 + 0.27 × T + 7.90 × S (10)

(A/X) ratio = 1.28 − 0.02 × T + 0.00009 × T2 − 0.94 × S + 0.23 ×+0.003 × T × S (11)
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These results showed that under mild conditions of the first acidic hydrolysis, solu-
bilisation of the arabinose content of BSG is more favourable compared to the hydrolysis
of xylan. The arabinose is mainly liberated as monomers, meanwhile most of the solu-
bilised xylose are present in oligomers. The cellulose fraction of the BSG glucan is probably
remained intact during the first acidic hydrolysis. These results are in accord with those
statements indicating that the acidic hydrolysis of arabinose side chains from AXOS is
preferential over the hydrolysis of xylose units, and that the cellulose fraction is recalcitrant
against the dilute acidic hydrolysis under mild conditions [50,51].

Based on the previous results, optimisation of the reaction conditions (reaction time,
sulphuric acid concentration) of the first acidic hydrolysis was performed in order to
solubilise a high amount of arabinose but retain the main part of the xylan in the solid
fraction. To be able to find a good compromise between those contradicting aims, D-
function approach was applied. The aim was to maximise the total arabinose yield, but at
the same time keep the total xylose yield below 50%. The optimal conditions according to
the D-function optimisation were the followings: 1.85 w/w% sulphuric acid concentration
and 19.5 min reaction time (Figure S3). Under this condition, the fitted models predicted
32.3%, 9.8%, and 69.8% total yields of xylose, glucose, and arabinose, respectively. The
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predicted values were 2.4%, 0.7%, and 58.6% for monomer yields of xylose, glucose, and
arabinose, respectively. In the case of AXOS yield and A/X ratio in AXOS, the model
predicted 23.8% and 0.17, respectively (Table 3).

Table 3. Model predictions and experimental results of the first acidic hydrolysis of BSG under optimised conditions.

Total
Xylose
Yield
(%)

Total
Arabinose

Yield
(%)

Total
Glucose

Yield
(%)

Monomer
Xylose
Yield
(%)

Monomer
Arabinose

Yield
(%)

Monomer
Glucose

Yield
(%)

AXOS
Yield
(%)

A/X Ratio
in AXOS

Predicted 32.3 69.8 9.8 2.4 58.6 0.7 23.8 0.17

−95.%
Conf. 28.4 60.6 7.3 2.0 51.0 0.5 20.7 0.15

+95.%
Conf. 36.3 78.9 12.3 2.8 66.2 0.9 26.9 0.18

−95.%
Pred. 24.2 51.1 4.7 1.5 43.1 0.3 17.5 0.13

+95.% Pred. 40.5 88.4 14.9 3.2 74.1 1.2 30.1 0.20

Measured
average 36.1 75.7 13.0 2.2 65.5 0.5 26.1 0.15

Standard
deviation 2.2 5.0 1.0 0.3 4.4 0.2 1.6 0.01

To validate the fitted models and obtain a liquid fraction with high arabinose content
and a solid fraction containing the main part of the xylan of raw BSG, experiments under
the optimised conditions were performed. The first acidic hydrolysis of BSG under the
optimised conditions resulted in 36.1% total xylose yield, 13.0% total glucose yield, 75.7%
total arabinose yield, 2.2% monomer xylose yield, 0.5% monomer glucose yield, 65.5%
monomer arabinose yield, 26.1% AXOS yield, and 0.15 A/X ratio in the solubilised AXOS.
Based on these, all of the response variables fit well into the prediction intervals of the
models (Table 3), which proves that the models are adequate. Moreover, the measured
values were also within the confidence intervals (except total glucose yield), indicating
the high accuracy of the models. These could allow us to vary the amount of solubilised
sugars, sugar oligomers, and the composition (A/X ratio) of the solubilised arabino-
xylooligomers by changing the reaction conditions according to our aims. In order to test
the reproducibility of the experiments and reaffirm the reliability of the model predictions,
measurements under the optimised conditions were repeated with a new sample of BSG.
In this case, 11.9% total glucose yield, 29.9% total xylose yield, and 69.7% total arabinose
yield were achieved. All of these values fall into the confidence interval of the model.

Xu et al. [52] published a method to separate an arabinose fraction from corn stover
by acetic acid hydrolysis. They achieved a total arabinose yield of 52.2% by using 0.01 g/g
acetic acid at 195 ◦C for 15 min. The yield of monomer arabinose (18.7%) was lower than
the yield of arabinose in oligomeric form (24.9%). In our study higher total arabinose
yield was reached (75.7%) and the arabinose was mainly obtained in monomeric form
(65.5%). Shibanuma et al. [53] investigated the selective arabinose release from corn fibre
with different diluted acids. In the optimum conditions (0.3 N oxalic acid at 100 ◦C for
100 min), the arabinose and xylose yields were 55% and 15%, respectively. Compared to
this, both of the total arabinose and xylose yields were higher in our study. In our previous
studies, optimisation of mild sulphuric acid pre-treatments of wheat bran and corn fibre
was performed to obtain arabinose-rich hydrolysates. The arabinose yields achieved by
using wheat bran (73.7%) and corn fibre (75.9%) were similar to that obtained in this
study [43,44]. Several studies investigated the sulphuric acid hydrolysis of BSG, however,
they mainly aimed to solubilise the whole hemicellulose fraction in a one-step process.
Solubilising the whole hemicellulose fraction in one step results in a liquid fraction with
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higher xylose and lower arabinose concentration [54–56], however making the separated
use of arabinose and xylose more difficult.

The liquid fraction derived from the optimised first acidic hydrolysis of BSG contained
0.4 g/L xylose, 6.2 g/L arabinose, and 6.6 g/L AXOS. The amounts of inhibitors (acetic acid,
formic acid, HMF, furfural, and total phenol) were also determined. The acetic acid, formic
acid, and total phenol concentrations were 0.4 g/L, 0.1 g/L, and 0.6 g/L, respectively. On
the other hand, HMF and furfural were not present in detectable amounts. The first acidic
hydrolysis was also repeated by using higher weights of the reaction mixtures (100 g, 400 g,
and 800 g), resulting in similar results in all of the cases. In the case of the reaction mixture
of 800 g, 74.5% total arabinose yield, 37.5% total xylose yield, 13.2% total glucose yield,
61.1% monomer arabinose yield, 3.9% monomer xylose yield, 1.3% monomer glucose yield,
27.4% AXOS yield, and 0.20 A/X ratio were obtained.

The supernatants were analysed by TLC in order to qualitatively evaluate the com-
position of the AXOS fraction. According to the TLC analysis, the main fraction of the
solubilised oligosaccharides was probably xylobiose (Figure S4). The monomer arabinose
and (A)XOS could be separated by different membrane and chromatographic methods
in order to obtain pure arabinose-rich and an (A)XOS-rich solutions [57,58]. A promising
method for that was investigated by Wijaya et al. [59] and it included the combination of
ultra- and nanofiltrations. After the filtration steps, 90.1% xylose recovery was achieved
from a xylooligosaccharides-rich, empty fruit brunch hydrolysate [59]. Hence, the first
acidic hydrolysate of BSG might be further processed by membrane technology to obtain
pure arabinose and AXOS-rich solutions [59] for the production of crystalline arabinose and
AXOS preparation, respectively. Arabinose can be used as a platform molecule for drug
synthesis in the pharmaceutical industry or as a healthy sweetener in the food industry [51],
while AXOS might be used as prebiotic substance in functional foods, among other possible
applications [60,61].

After the first acidic treatment of BSG under optimised conditions, a solid fraction
containing 18.4% glucan (from this 1.0% starch), 12.7% xylan, 1.4% arabinan, and 19.4%
Klason-lignin (on dry basis) was obtained. The presence of a small amount of starch in
the solid residue is in accord with the total glucose yield of 13% during the optimised first
acidic hydrolysis. This confirms that the solubilised glucose was probably derived only
from starch, and the cellulose fraction was remained intact in this step. The solid faction
was used in the second acidic hydrolysis step.

3.2. Solubilisation of the Hemicellulose Fraction from the Solid Residue of the First Acidic
Hydrolysis of BSG

The aim of the second acidic hydrolysis was to release the remained hemicellulose
fraction from the solid residue obtained after the optimised first acidic hydrolysis of BSG,
in order to produce a liquid fraction with high xylose content and a solid fraction with
enhanced glucan (cellulose) content.

The second acidic hydrolysis was performed by using 1 w/w% sulphuric acid concen-
tration at elevated temperature (121 ◦C), which resulted in the complete decomposition of
the solubilised polysaccharides. As the solubilised sugars were only present in monomeric
form in the hydrolysate, total and monomer sugar yields were equal in this case. A xylose
yield of 89.7% and complete arabinose solubilisation were achieved, indicating that the
solubilisation of the remaining hemicellulose fraction was successful. The glucose yield
was 14.2%, suggesting that in addition to the residual starch, other parts of the glucan
fraction (cellulose or β-glucan) were also partially hydrolysed. In our previous studies,
dilute sulphuric acid treatments of pre-treated corn fibre and wheat bran using similar
reaction conditions were investigated [43,44]. In those studies, similar results were ob-
tained resulting in the solubilisation of the hemicellulose fraction, and production of a
glucan-enhanced solid fraction.

The liquid fraction, obtained after the second acidic hydrolysis, contained 14.5 g/L
xylose, 3.2 g/L glucose, and 1.9 g/L arabinose. The xylose concentration was significantly
higher than that of the glucose and arabinose, thus the hydrolysate was referred to as a
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xylose-enriched hydrolysate. However, the xylose concentration was lower than those
obtained in our previous studies using wheat bran (21.3 g/L) and corn fibre (28 g/L). On
the other hand, the initial xylan content of the wheat bran (20.7%) and corn fibre (19%)
were higher than the xylan content of BSG (13.1%) [43,44]. The xylose-enriched hydrolysate
of BSG could serve as a raw material for xylitol production [18] or other fermentative
bio-processes [62]. Xylitol could be also a high-value product in a BSG biorefinery due to
its wide applicability in the food, cosmetic, and pharmaceutical industry [63,64].

Inhibitor compounds in the second acidic hydrolysate of BSG were also quantified.
The acetic acid, formic acid, and total phenol concentrations were 1.3 g/L, 0.6 g/L, and
2.2 g/L, respectively, while HMF and furfural were not detected. Compared to the first
acidic hydrolysate, the concentrations of organic acids and phenolic compounds were
increased. The remaining solid fraction after the second acidic hydrolysis of BSG contained
32.2% glucan, 5.1% xylan, and 31.1% Klason-lignin on dry basis. Arabinan was not detected.
These results confirmed that a solid fraction with enhanced glucan content was obtained
after the second hydrolytic process step.

3.3. Optimisation of the Enzymatic Hydrolysis of the Solid Resiude Obtained in the Second Acidic
Hydrolysis of BSG

The aim of the enzymatic hydrolysis was to hydrolyse the cellulose content from the
solid residue of the second acidic hydrolysis of BSG, and thus result in a liquid fraction
with high glucose concentration. The effects of the enzyme dosage and solids loading on
the achievable glucose yield and concentration were investigated. Optimisation was also
accomplished in order to maximize the efficiency of the enzymatic hydrolysis, and thus
enhance the bioethanol production in the following process step. Results of the enzymatic
hydrolysis experiments are shown in Table 4.

Table 4. The experimental set and results of the enzymatic hydrolysis of BSG residue.

Runs Enzyme Dosage
(E, g/g DM)

Solids Loading
(w/w%)

Glucose
Concentration

(g/L)

Glucose Yield
(%)

1. 0.01 5 10.3 54.5
2. 0.01 10 19.4 48.9
3. 0.01 15 33.9 53.7
4. 0.03 5 12.6 66.8

5. (C) 0.03 10 30.8 77.6
6. 0.03 15 43.9 69.6
7. 0.05 5 12.9 68.4
8. 0.05 10 30.0 78.0
9. 0.05 15 49.2 77.9

10. (C) 0.03 10 30.5 76.7
11. (C) 0.03 10 29.5 74.2
12. (C) 0.03 10 28.6 71.9

(C) refers to the centrum points of the experimental design.

The glucose concentration and yield were varied between 10.3–49.2 g/L and 48.9–
78.0%, respectively, within the investigated experimental range. On the glucose yield,
only the linear and quadratic terms of the enzyme dosage had significant effects (Equation
(12)). By changing the enzyme dosage from 0.04 to 0.05 g/g DM, the glucose yield did
not change considerably according to the fitted surface (Figure 3), however, the highest
glucose yield (78.0%) was measured at the enzyme dosage of 0.05 g/g DM and solid
loadings of 10 w/w% (Table 4). On glucose concentration, the linear terms of enzyme
dosage and solids loading, the quadratic term of enzyme dosage and the interaction
between the two independent variables had significant effects (Equation (13)). The glucose
concentration continuously increased by increasing the enzyme dosage and solids loading,
reaching a maximum glucose concentration of 49.2 g/L at 0.05 g/g DM enzyme dosage
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and 15 w/w% solids loading. The fitted model of the glucose concentration showed that
the enzyme dosage had less influence on it compared to the solid loadings (Figure S5).
The fitted surface suggested that increasing the enzyme dosage and solids loading beyond
the experimental range would further increase the glucose concentration. Several studies
observed increasing glucose concentration by increasing the solids loading during the
enzymatic hydrolysis process step [65–67]. However, there could be a negative correlation
between the solids loading and glucan conversion yield [68,69]. López-Linares et al. [70]
published a decreasing tendency of glucose yield from 75% to 64.5% by changing the solids
loading from 7.5 to 20% in the case of enzymatic hydrolysis of rapeseed straw. On the other
hand, Manzanares et al. [71] observed that increasing solids loading up to 17% did not
reduce significantly the glucose yield in the case of enzymatic hydrolysis of pre-treated
olive tree pruning residues. Wilkinson et al. [72] reported that the glucose yield decreased
when the solids loading exceeded 15% in the case of the enzymatic hydrolysis of BSG
treated by acid-catalysed hydrothermal method. However, in despite of the decreased
glucose yield, the glucose concentration was further increased. Rojas-Chamorro et al. [73]
reached the highest glucose concentration (59.4 g/L) at 15% solids loading in the case of
BSG treated by phosphoric acid, where the highest glucose yield was also obtained (99.7%).
In our study, the glucose yield did not decrease by increasing the solids loading up to
15 w/w%, thus the highest glucose concentration was reached at the point of the highest
glucose yield.
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Figure 3. Fitted surfaces of glucose concentration (A) and glucose yield (B) obtained in designed experiments of the
enzymatic hydrolysis step.

Since the glucose yield did not increase significantly by using an enzyme dosage higher
than 0.04 g/g DM, and the enzyme dosage had less influence on the glucose concentration,
an optimum condition of 0.04 g/g DM enzyme dosage and 15 w/w% solids loading was
chosen for further experiments. D-function was not used for optimisation in this case,
since the glucose concentration clearly depends on the solids loading. Therefore, exact
values cannot be assigned to the desired intervals of glucose concentration. The solids
loading was not further increased due to the inhomogeneity and mixing problems possibly
occurring due to such high dry matter contents. The predicted values of the glucose yield
and concentration according to the fitted models under the selected condition (0.04 g/g DM
enzyme dosage and 15 w/w% solids loading) were 76.1% and 47.7 g/L with the predicted
intervals of 67.4–84.8% and 43.9–51.4 g/L, respectively.

Glucose yield = 35.25 + 1943.36 × E − 23054.41 × E2 (12)

Glucose concentration = −6.32 + 426.31 × E − 8425.04 × E2 + 2.09 × SL + 31.64 × E × SL (13)
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To validate the models, enzymatic hydrolysis was carried out under the selected
condition. The achieved glucose yield and glucose concentration were 75.5% and 46.1 g/L,
respectively. These results were within the predicted intervals; thus, the fitted models
were adequate. These results were also within the confidence intervals (73.0–79.2% and
45.67–49.64 g/L in the cases of glucose yield and concentration, respectively) indicating the
high accuracy of the models. On the other hand, both response parameters were lower than
the highest values obtained during the experimental design (49.2 g/L glucose concentration
and 78.0% glucose yield), however, the differences were not considerable. Moreover, using
a lower enzyme dosage (0.04 g/g instead of 0.05 g/g) is probably more advantageous from
an economic point of view.

As the initial feedstock (solid residue derived from the second acidic hydrolysis of
BSG) of the enzymatic hydrolysis still contained some residual xylan, a small amount of
xylose was released during the enzymatic hydrolysis (62.1% xylose yield), resulting in
6.7 g/L xylose concentration in the hydrolysate.

3.4. Bioethanol Production

An ethanol fermentation experiment was performed on the hydrolysate obtained after
the optimised enzymatic hydrolysis. The fermentation profile is shown in Figure 4.
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The glucose content was almost completely consumed within 24 h of ethanol fer-
mentation. In the cell concentration (5 g/L initial concentration), a slight decrease was
observed during the fermentation, resulting in 4 g/L at the end. The xylose concentration
did not change considerably as the baker’s yeast (S. cerevisiae) cannot use the pentose
sugars efficiently [74,75]. Thus, the ethanol production was completed after 24 h. The max-
imum concentration of ethanol was 16.9 g/L and it was reached after 24 h. After reaching
the maximum ethanol concentration, the amount of ethanol was slightly decreased until
the end of the fermentation, probably due to a slow evaporation. The ethanol yield and
ethanol volumetric productivity at 24 h of fermentation were 71.6% (of theoretical) and
0.72 g/(L × h), respectively.

Liguori et al. [22] investigated the bioethanol production by Saccharomyces cerevisiae
NRRL YB 2293 on a glucose-rich, enzymatic hydrolysate of alkali pre-treated BSG (50 g/L
initial glucose concentration). The obtained ethanol yield and concentration were 51% and
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12 g/L after 48 h [22]. Wilkinson et al. [76] reached 81% ethanol yield and 17.3 g/L ethanol
concentration on glucose-rich BSG hydrolysate (41.3 g/L initial glucose concentration) by S.
cerevisiae. Rojas-Chamorro et al. [73] achieved 72% ethanol yield by S. cerevisiae after 24 h on
glucose-rich BSG hydrolysate. The produced bioethanol was 22.9 g/L from 59.4 g/L initial
glucose concentration [73]. These results by S. cerevisiae are similar to those achieved in our
study (16.9 g/L ethanol concentration and 71.6% ethanol yield from 46.1 g/L initial glucose
concentration). On the other hand, if the ethanol yield would be calculated from the total
amount of sugars (glucose and xylose), an ethanol yield of 64.3% would be obtained. This
yield could be further enhanced by microorganisms that co-utilise pentose and hexose
sugars. Rojas-Chamorro et al. [77] achieved an ethanol yield of 86% by E. coli SL100 on a
BSG hydrolysate with high xylose content. However, they reached the maximum ethanol
yield after 91 h of fermentation due to the slower utilisation of xylose [77]. White et al. [78]
also investigated the use of xylose and arabinose on BSG hydrolysate by Pichia stiptitis and
Kluyveromyces marxianus. The achieved ethanol yields were 0.32 g ethanol/g substrate and
0.23 g ethanol/g substrate after 48 h by P. stiptitis and K. marxianus, respectively [78].

4. Conclusions

A novel fractionation process consisting of sequential acidic and enzymatic hydrolysis
steps was developed and optimised in order to obtain a liquid stream rich in arabinose
and AXOS, a xylose-rich hydrolysate, and a supernatant containing high concentration of
glucose from BSG. During the first acidic hydrolysis of BSG, the amount of the solubilised
arabinose, xylose, and AXOS and the composition (A/X ratio) of the AXOS fraction are
variable by controlling the process conditions (reaction time and acid concentration) due to
the validated models fitted to the experimental data. The arabinose and AXOS, produced
in the optimised first acidic hydrolysis, can act as high-value products of a biorefinery
processing BSG. In the second acidic hydrolysis, the remaining hemicellulose fraction was
solubilised, resulting in a xylose-rich hydrolysate. In the final step of the BSG fractionation,
a cellulose-rich solid residue was obtained, which is suitable for the production of biofuels
(e.g., biogas, bioethanol) or higher value bio-products (e.g., lactic acid). Based on theoretical
calculations, bioethanol and biogas productions from the cellulose-rich solid fraction of
BSG provide quite similar alternatives in terms of the achievable energy from the obtained
products (6274 and 6827 MJ/dry tonne of cellulose-rich residue in the cases of bioethanol
and biogas production, respectively). Since bioethanol has a wide range of use in bio-
based industries, in this study we focused on bioethanol production. The enzymatic
treatment of the cellulose-rich fraction was optimised to produce a glucose-rich hydrolysate.
The glucose-rich hydrolysate was found to be an excellent raw material for bioethanol
fermentation by using commercial baker’s yeast. This hydrolysate did not require previous
detoxification steps or addition of nutrients for the efficient glucose to ethanol conversion.
Assuming 100 g of dry BSG, 5.5 g arabinose, and 6.6 g AXOS can be produced in the first
step of our process. After the first step, around 70 g of dry residue can be recovered and
used in the second step, where 9.7 g xylose can be produced. After the second step, 30 g
of dry residue can be obtained for processing in the enzymatic hydrolysis. Fermentation
of the enzymatic hydrolysate can produce 3 g bioethanol. The developed and optimised
fractionation process could serve as a key step for the efficient valorisation of BSG in
a biorefinery process producing bioethanol and high-value bio-products (based on the
hemicellulosic sugars and sugar oligomers). However, valorisation of the by-products
and side streams of the proposed process is also of great importance in obtaining an
economically viable, BSG-based biorefinery process. The solid residue of the enzymatic
cellulose hydrolysis is rich in lignin, while the liquid fractions derived from the acidic
hydrolyses might contain significant amount of proteins and other valuable bioactive
substances. The efficient separation and valorisation of those components would also be
important in a complex biorefinery process using BSG as a raw material.
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Abstract
One of the main distinguishing features of bacteria belonging to the Cellulomonas genus is their ability to secrete multiple
polysaccharide degrading enzymes. However, their application in biomass deconstruction still constitutes a challenge. We
addressed the optimisation of the xylanolytic activities in extracellular enzymatic extracts of Cellulomonas sp. B6 and
Cellulomonas fimi B-402 for their subsequent application in lignocellulosic biomass hydrolysis by culture in several substrates.
As demonstrated by secretomic profiling, wheat bran and waste paper resulted to be suitable inducers for the secretion of
xylanases of Cellulomonas sp. B6 and C. fimi B-402, respectively. Both strains showed high xylanolytic activity in culture
supernatant although Cellulomonas sp. B6 was the most efficient xylanolytic strain. Upscaling from flasks to fermentation in a
bench scale bioreactor resulted in equivalent production of extracellular xylanolytic enzymatic extracts and freeze drying was a
successful method for concentration and conservation of the extracellular enzymes, retaining 80% activity. Moreover, enzymatic
cocktails composed of combined extra and intracellular extracts effectively hydrolysed the hemicellulose fraction of extruded
barley straw into xylose and xylooligosaccharides.

Key points
• Secreted xylanase activity of Cellulomonas sp. B6 and C. fimi was maximised.
• Biomass-induced extracellular enzymes were identified by proteomic profiling.
• Combinations of extra and intracellular extracts were used for barley straw hydrolysis.

Keywords Cellulomonas . Lignocellulose .Waste valorisation . Lyophilisation . Enzymatic hydrolysis . Secretome analysis

Introduction

Lignocellulosic residues can serve as abundant, cheap, and
renewable resources for the production of chemicals, platform
molecules, fuels and energy to enhance the development of a
sustainable bio-economy (De Bhowmick et al. 2018).
Deconstruction of lignocellulosic resources into easily fer-
mentable sugars is very important for the efficient valorisation
of biomass. Microbial enzymes with cellulolytic and
hemicellulolytic activities have a huge potential to be applied
in bioprocesses that use lignocellulosic raw materials
(Ballesteros 2010; Maitan-Alfenas et al. 2015).

Decomposition of cellulose requires the concerted action of
endo-β-1,4-glucanases (E.C. 3.2.1.4), reducing end-acting
cellobiohydrolases (EC 3.2.1.176), exo-β-1,4-glucanases
(E.C. 3.2.1.74), cellulose 1,4-β-cellobiosidases (non-reducing
end) (E.C. 3.2.1.91) and β-glucosidases (E.C. 3.2.1.21)
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(Juturu and Wu 2014). However, the hydrolytic deconstruc-
tion of hemicellulose requires a higher number of different
enzymatic activities due to the variability of its composition
and structure (Kane and French 2018). Arabinoxylans are
complex hemicelluloses which require a well-balanced action
of several enzymes for complete hydrolysis: endo-1,4-β-
xylanases (E.C.3.2.1.8), xylan-1,4-β-xylosidases
(E.C.3.2.1.37), α-L-arabinofuranosidases (E.C.3.2.1.55),
acetylxylan esterases (E.C.3.1.1.72), ferulic/coumaric acid es-
terases (EC 3.1.1.73) and other specific activities (e.g. α-glu-
curonidases) depending on the exact chemical composition
(Fehér 2018; Bhardwaj et al. 2019).

Efficient enzymatic depolymerisation of the carbohydrate
content of lignocellulosic raw material is usually a bottle neck
in a biorefinery process. This is why prospection of novel
enzymes with higher activity on the raw material used under
certain process conditions is required. Moreover, in-site en-
zyme production is highly recommended for an economically
viable operating lignocellulosic biorefinery (Siqueira et al.
2020). Lignocellulosic residues can be used as carbon source
for the production of efficient enzyme cocktails within a
biorefinery (on-site enzyme production), in order to fulfil or
supplement the enzymatic requirements of the process
(Astolfi et al. 2019). Cheap and abundant lignocellulose re-
sources, such as wheat bran (Apprich et al. 2014), corn cob
(Arumugam and Anandakumar 2016) and paper residues
(Wang et al. 2012), have a great potential to be used as the
carbon source for biomass degrading enzymes production.
The utilisation of lignocellulosic biomass for on-site enzyme
production not only can contribute to an efficient waste man-
agement, but also offers a sustainable utilisation of these ma-
terials adding value to by-products (Das et al. 2013).

In the last decades major research efforts have been made
to investigate the production and use of fungal enzymes in
biomass conversion. However, there is also a growing interest
in the production and application of bacterial enzymes due to
their high diversity for several pH and temperature conditions.
The fermentation for bacterial enzyme production offers sev-
eral advantages including high cell growth rate, robustness
and low nutritional requirements, resulting in efficient and
cheap processes for enzyme production (Maki et al. 2009;
Akhtar et al. 2016). Bacteria belonging to the genera
Clostridium, Cellulomonas, Bacillus, Ruminococcus,
Bacteroides, Acetovibrio, Streptomyces, and Paenibacillus
have been identified as cellulolytic enzyme producers under
aerobic or anaerobic culture conditions, depending on the spe-
cies (Islam 2019). The (hemi)cellulolytic potential of strains
belonging to the Cellulomonas genus, such as Cellulomonas
fimi ATCC 484 (Wakarchuk et al. 2016) and Cellulomonas
sp. B6 (Piccinni et al. 2019) has been demonstrated.

In the present work, we studied the use of different ligno-
cellulosic by-products (wheat bran, corn cob, and waste paper)
as carbon sources forC. fimi andCellulomonas sp. B6 growth,

and also evaluated these feedstocks as inducers of xylanases
production and secretion. Additionally, we analysed enzyme
production in lab scale bioreactors, studied their potential to
deconstruct agro-industrial wastes and evaluated
lyophilisation as a method for concentration and conservation
of the enzymatic extract.

Materials and methods

Microorganisms

C. fimi B-402 was obtained from NRRL Agricultural
Research Service Culture Collect ion (IL, USA).
Cellulomonas sp. B6 was isolated from a bacterial consortium
obtained from a preserved native subtropical forest soil sam-
ple (Piccinni et al. 2016). StrainCellulomonas sp. B6 has been
deposited in public collections DSMZ and NCIMB, as DSM
107934 and NCIMB 15124, respectively. The strains were
maintained for long term in Luria-Bertani (LB) medium (10
g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) (Bertani 1951)
with 20% w/w glycerol at – 80 °C. Before use, a loopfull was
spread in LB agar plates (LB supplemented by 15 g/L agar)
for single colonies isolation.

Model substrates and biomass feedstocks

Different carbon sources were tested for cell growth and en-
zyme secretion. Solka-floc (SF, kindly donated by Lund
University, Lund, Sweden) and carboxymethyl cellulose of
low viscosity (CMC, Sigma-Aldrich, STL, USA) were used
as model substrates. The selection of CMCwas due to its high
purity and solubility in aqueous solutions. SF is a model sub-
strate obtained from milled pinewood through several extrac-
tion steps and it has around 76% w/w cellulose and 12% w/w
hemicellulose, in terms of dry matter content, and which is
insoluble in water (Sipos et al. 2010). Wheat bran (WB), pre-
treated sweet corn cob (PSCC) and pre-treated waste paper
(PWP) were used as lignocellulosic carbon sources. Sweet
corn cob pre-treated by alkali extrusion was provided by
INRA (Toulouse, France). Waste paper consisted of corrugat-
ed cardboard pieces, which were cut into small pieces (smaller
than 0.5 cm), mixed with distilled water to set 10% w/w dry
matter content, homogenised with a hand blender for 10 min
and autoclaved (121 °C for 30 min). Wheat bran was pur-
chased at a dietary shop.

For enzymatic hydrolysis experiments, extruded barley
straw (EBS) was used. EBS was obtained from the
Babetreal5 project (https://www.babet-real5.eu/) and
provided by CIEMAT (Madrid, Spain). The extrusion
conditions were 100 °C, 4.5% NaOH/dry barley straw and
neutralisation with H3PO4 (Duque et al. 2017).
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Structural carbohydrates (glucan, xylan and arabinan) and
the acid insoluble solids of WB and PWP were determined as
described by the National Renewable Energy Laboratory
(DEN, USA) (Sluiter et al. 2012). Relative composition of
PSCC was provided by INRA. The structural carbohydrate
analyses of WB and PWP were carried out in triplicates.
Starch content of WB was also determined by using enzymat-
ic treatment with α-amylase as detailed by Bedő et al. (2019).
Composition of PSCC, WB and PWP is detailed in Table 1.

Enzyme production in shake flask

Bacteria (C. fimi and Cellulomonas sp. B6) were grown on
minimal medium (MM) (1.67 g/L dipotassium hydrogen
phosphate (K2HPO4), 0.87 g/L potassium dihydrogen phos-
phate (KH2PO4), 0.05 g/L sodium chloride (NaCl), 0.1 g/L
magnesium sulphate (MgSO4×7H2O), 0.04 g/L calcium chlo-
ride (CaCl2), 0.004 g/L iron(III) chloride (FeCl3), 0.005 g/L
sodium molybdate (NaMoO4×2H2O), 0.01 g/L biotin, 0.02 g/
L nicotinic acid, 0.01 g/L pantothenic acid, 1 g/L ammonium
chloride (NH4Cl)) supplemented with 1 g/L yeast extract and
1% w/w of different model substrates (SF, CMC) or 1% w/w
of different types of biomass as carbon source (WB, PWP or
PSCC as indicated). The MM culture media (without micro-
elements) with the substrates was sterilised in autoclave at 121
°C for 20 min, after which microelements (FeCl3,
NaMoO4×2H2O, biotin, nicotinic acid and pantothenic acid)
were added to the indicated concentration. Starter cultures
were obtained by inoculating single colonies (from fresh agar
plates) in 10 mL LB medium and incubating at 30 °C and
220 rpm for 24 h, in the case of Cellulomonas sp. B6, and
for 72 h, in the case of C. fimi. Cultures were inoculated from
the starter cultures to obtain an initial cell concentration that
corresponds to an optical density (OD) of 0.05. Cultures were
carried out in 20 mL culture media filled in 100-mL shake

flasks, at 30 °C and 220 rpm for 72 h. Cultures were per-
formed in triplicates.

Enzyme production in bench-top bioreactor

Enzyme production of C. fimi and Cellulomonas sp. B6 was
performed in 500-mL bench-top bioreactors (JFermi Ltd.,
Jenő, Hungary) filled with 300 mL of MM medium supple-
mented with 1% w/w PWP and WB, respectively. Bacteria
were first grown as starter cultures in LB medium and then
inoculated into the MM supplemented with biomass to get an
initial cell concentration that corresponds to an OD of 0.05.
Enzyme productions, in duplicates, were accomplished at 30
°C for 72 h with daily sampling. The bioreactors were
equipped to be able to control dissolved oxygen (DO) level
by adjusting the agitation and air flow rate, and to monitor the
pH in the culture medium. DO level was kept at 20% of
saturation in order to ensure that the culture was maintained
in aerobic conditions.

Production of extracellular enzyme fraction and
intracellular enzyme fraction

When the culture of enzyme production reached late exponen-
tial phase (72 h), the remaining solid biomass and the obtained
cell mass were separated from the supernatant by centrifuga-
tion (6000×g, 10 min). The supernatants are referred to as
extracellular enzyme (EE) fractions. EE fractions were sup-
plemented with 0.04% w/w sodium azide and kept at 4 °C
until use. The cells and remaining biomass (centrifugation
pellet) were resuspended in citrate buffer (100 mM, pH 6) in
a ratio of 1:10 regarding the initial culture volume,
ultrasonicated on ice (six pulses of 10 s, 28% amplitude) and
centrifuged (10000×g, 30 min). After centrifugation, filtered
supernatants were used as intracellular enzyme (IE) fractions.

Lyophilisation of EE and IE fractions

EE and IE fractions were frozen at – 80 °C. Then, they were
taken into the freeze-dryer (EDWARDS Super Modulyo
Freeze Dryer, Thermo Electron Corp., Waltham, MA,
USA), treated at – 30 °C under 1 × 10−1 mbar vacuum for
48 h and stored at 4 °C. The lyophilised enzyme fractions were
referred to as LEE and LIE in the cases of extracellular and
intracellular enzyme fractions, respectively. For enzymatic as-
says, both fractions were resuspended with sterile water to the
original volume. Ten times concentrated enzyme fraction of
LEE (LEE (10×)) was also produced by dissolving LEE in
appropriate amount of sterile water. Recovery of the xylanase
activity was calculated as the ratio between xylanase activity
after and before lyophilisation and expressed as a percentage.
Lyophilisation experiments were performed in triplicates.

Table 1 Relative structural carbohydrate content of the lignocellulosic
substrates

Percentage of dry matter

PSCC* WB** PWP**

Glucan 34.0 34.1 (0.1) 55.8 (0.2)

Xylan 22.6 18.0 (0.2) 13.2 (0.3)

Arabinan 9.3 9.5 (0.4) 1.2 (0.3)

Acid insoluble solid (Klason-lignin) 13.2 7.5 (0.5) 11.5 (0.1)

PSCC pre-treated sweet corn cob,WBwheat bran, PWP pre-treated waste
paper
* Data provided by INRA
**Data determined in this study. Average values and standard deviations
(indicated in parentheses) are calculated from triplicates
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Enzymatic activity measurements

Xylanase and CMCase activities were assayed in microtubes
using beechwood xylan (1% w/w) or CMC (2% w/w) as sub-
strates, respectively (Ghio et al. 2012). For these assays, 0.1 mL
of appropriately diluted extracts (EE, IC, LEE, LEE (10×) or
LIE) were added to 0.1 mL of each substrate prepared in citrate
buffer (pH 6). Hydrolysis reactions were carried out at 40 °C,
400 rpm for 10 min. These conditions were established in a
previous work (Piccinni et al. 2019). Reducing sugars released
from the reactions weremeasured by dinitrosalicylic acid (DNS)
method (Miller 1959) using glucose or xylose standard curves.

β-Glucosidase, cellobiohydrolase, β-xylosidase and α-l-
arabinofuranosidase activities were assayed, using 5 mM p-
nitrophenyl-β-D-glucopyranoside (pNPG), p-nitrophenyl-β-
D-cellobioside (pNPC), p-nitrophenyl-β-D-xylopyranoside
(pNPX) and p-nitrophenyl-α-L-arabinofuranoside (pNPA)
(Sigma-Aldrich, STL, USA) as substrates, according to previ-
ously established protocols (Ontañon et al. 2018). In brief,
reactions were performed by combining 100 μL of LEE
(10×) or LIE fraction with 100 μL of 2.5 mM substrate in
citrate buffer (pH 6, 100 mM), and incubating at 40 °C for
20 min. Reactions were stopped with 500 μL of 2% w/w
sodium carbonate and absorbance was determined at 410
nm. A p-nitrophenol (pNP) curve was used as a standard.

All enzymatic assays were conducted in triplicates and
controls of enzyme without substrate and substrate without
enzyme were included. In all cases, one international unit
(U) was defined as the amount of enzyme required to release
1 μmol of product per minute under the assay conditions.

Analysis of secretome

Secretomic analysis was performed using flasks cultures of
Cellulomonas sp. B6 in WB and C. fimi in PWP, in duplicate
according to the protocol previously described by Piccinni et al.
(2019). Briefly, total proteins contained in cell-free supernatants
were quantified by Bradford assay (Promega, Biodynamics,
CABA, Argentina), precipitated with 10% w/w trichloroacetic
acid and then resuspended in ultrapure water (resistivity of 18.2
MΩ × cm) to a final concentration of 1 mg/mL. Protein diges-
tion and mass spectrometry analysis were performed at
CEQUIBIEM (http://cequibiem.qb.fcen.uba.ar/). Proteins were
reduced with dithiotreitol 10 mmol/L for 45 min at 56 °C,
alkylated with iodoacetamide (55 mmol/L) for 45 min in the
dark and digested with trypsin (PromegaV5111; Promega,
Fitchburg, WI, USA) overnight at 37 °C. The digests were
analysed by nano LC-MS/MS in a Thermo Scientific Q-
Exactive Mass Spectrometer coupled with a nano HPLC
EASY-nLC 1000 (ThermoFisher Scientific, Waltham, MA,
USA). The MS equipment has a high collision dissociation
cell (HCD) for fragmentation and an Orbitrap analyser
(ThermoFisher Scientific; Q-Exactive, Waltham, MA, USA).

XCALIBUR 3.0.63 (ThermoFisher Scientific, Waltham, MA,
USA) software was used for data acquisition and equipment
configuration to allow peptides identification at the same time
of their chromatographic separation. Full-scan mass spectra
were acquired in the Orbitrap analyser. The scanned mass
range was 400–2000 m/z, at a resolution of 70,000 at 400 m/z,
and the 12 most intense ions in each cycle were sequentially
isolated, fragmented by HCD and measured in the Orbitrap
analyser. Peptides with a charge of + 1 or with unassigned
charge state were excluded from fragmentation for MS2. Q-
Exactive raw data were processed using PROTEOME
DISCOVERER software (ver. 2.1.1.21; ThermoFisher
Scientific, Waltham, MA, USA) and searched against
Cellulomonas sp. B6 or C. fimi ATCC 484 UniProt sequences
database (based on genome full sequences GenBank access
LNTD00000000.1 and GCA_000212695.1, respectively),
with trypsin specificity and a maximum of one missed
cleavage per peptide. Proteome Discoverer searches were
performed with a precursor mass tolerance of 10 ppm and
product ion tolerance to 0.05 Da. Static modifications were set
to carbamidomethylation of Cys, and dynamic modifications
were set to oxidation of Met and N-terminal acetylation.
Protein hits were filtered for high confidence peptide matches
with a maximum protein and peptide false discovery rate of 1%
calculated by employing a reverse database strategy. A
minimum of two unique peptides was considered as confident
detection. For the estimation of relative abundance, we used the
protein abundance index emPAI calculated by Sequest using
protein identification data. The equation emPAI/Σ (emPAI) ×
100 was used to calculate the protein content in mol.%
(emPAI%) (Ishihama et al. 2005; Shinoda et al. 2009). The
mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD022718.

Enzymatic hydrolysis of EBS and analysis of the
hydrolysates

Enzymatic hydrolysis experiments on EBS were per-
formed by using LEE fraction and a combination of
LEE and IE fractions with different mixing ratios and
dilutions. Enzymatic hydrolysis experiments were carried
out in a reaction mixture containing 5% w/v dry EBS in
citrate buffer (pH 6, 100 mM). The hydrolysis reactions
were carried out at 45 °C, 220 rpm for 72 h and stopped
by boiling for 5 min. The supernatant was clarified by
centrifugation (6000×g, 15 min) and then used to measure
the xylose released from the biomass employing D-xylose
assay kit (Megazyme, Bray, Ireland). The hydrolysis
products were analysed by thin layer chromatography
(TLC) in silica gel plates using butanol/acetic acid/water
(2:1:1) as solvents and revealed by water/ ethanol/sulfuric
acid (20:70:3) with 1% v/v orcinol solution over flame.
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Results

Xylanase and CMCase activities of EE fractions
obtained using different biomass feedstocks as
carbon source

C. fimi and Cellulomonas sp. B6 were cultivated on MM
supplementedwith different lignocellulosic residues as carbon
source in order to study the production and secretion of poly-
saccharide active enzymes (CAZYmes). The carbon sources
evaluated in this study were Solka-floc (SF) and
carboxymethyl cellulose (CMC) as model cellulosic sub-
strates, and pre-treated waste paper (PWP), wheat bran
(WB) and pre-treated sweet corn cob (PSCC) as lignocellu-
losic materials. The most suitable substrates for culture were
selected based on the enzymatic activities measured in the EE
fractions. In the case of Cellulomonas sp. B6, the highest
xylanase activity (3.06 U/mL) was obtained using WB.
Xylanase activities produced using PWP and PSCC were
60.6% and 50.5%, respectively, compared to the maximal
activity (100%) reached on WB while SF and CMC (model
cellulosic substrates) resulted in 21.4% and 12.1% relative
xylanase activities, respectively (Fig. 1a).

The highest xylanase activity (1.32 U/mL) of the EE frac-
tions produced by C. fimi was achieved by using PWP as the
carbon source (Fig. 1b). Surprisingly, the second highest
xylanase activity was obtained when SF was used, corre-
sponding to 76.1% activity of the activity achieved on PWP
(100%) (Fig. 1b). WB and PSCC resulted in relative xylanase
activities of 41.5% and 47.6%, respectively, and the lowest
relative xylanase activity (17.4%) was observed with CMC
(Fig. 1b). These results suggested that the cellulose-rich,
chemically not-modified substrates (SF and PWP) were good
inducers for the extracellular production of xylanases by
C. fimi.

CMCase (glucanase) activities of the EE fractions obtained
with the different carbon sources byC. fimi and Cellulomonas
sp. B6 were below 0.2 U/mL in all the cases and were there-
fore not further studied.

Enzyme production in bench-top bioreactor

Based on the results described in the previous section, WB
and PWP were selected as the best carbon sources for extra-
cellular xylanase production by Cellulomonas sp. B6 and
C. fimi, respectively. Hence, scale-up experiments from shake
flask to a bench-top bioreactor (300 mL culture volume) were
performed only with these raw materials. The culture profile
ofCellulomonas sp. B6 using 1%w/wWB is shown in Fig. 2.
Apart from small deviations in the first 20 h, the pH remained
nearly constant (pH 6.8) throughout the experiment; which
suggests the absence of pH active by-products, at least in
considerable amounts. After 24 h, the DO level started to

increase, indicating a decrease of cell growth and/or metabolic
activity of the cells. After 48 h, the DO level and CO2 con-
centration in the exhaust gas became nearly constant (Fig. 2).

The xylanase activity displayed a significant increase after
24 h and reached the highest activity at 48 h for Cellulomonas
sp. B6 and at 72 h for C. fimi (Fig. 3). Under these conditions,
the extracellular xylanase activity of C. fimi was lower than
that of Cellulomonas sp. B6, which is consistent with the
results obtained in flasks.

The extracellular xylanase activity forCellulomonas sp. B6
grown in bench-top bioreactor (~ 3 U/mL) was similar to that
obtained when grown in flasks (3.06 U/mL), after 72 h of
fermentation using WB. For C. fimi, the outcome was similar:
similar xylanase activities either grown in shake flask or bio-
reactor using PWP (~ 1.4 U/mL). These results prove the
scalability of the process. After 2 days of fermentation, the
xylanase activity in the EE fraction of Cellulomonas sp. B6
was three times higher than that of in the EE fraction of
C. fimi.

Secretome analysis

With the aim to correlate the observed xylanase activity with
the specific secreted proteins, extracellular extracts (EE) were
analysed by mass spectrometry, in duplicate independent
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Fig. 1 Relative xylanase activities of extracellular enzyme fractions
produced by Cellulomonas sp. B6 (a) and C. fimi (b) on different
carbon sources, from 72 h cultures. CMC: carboxymethyl cellulose, SF:
Solka-floc, PSCC: pre-treated sweet corn cob, PWP: pre-treated waste
paper, WB: wheat bran. Bars represent average values and standard de-
viation of triplicate cultures. Relative activities are expressed as the per-
centage of the maximal activity which was achieved on WB and PWP in
the cases of Cellulomonas sp. B6 and C. fimi, respectively
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cultures for each strain. In the WB extracellular fraction of
Cellulomonas sp. B6, 197 proteins were detected in both sam-
ples. In the case of C. fimi PWP extracellular fraction, 360
total proteins were identified in both samples. From all of
these proteins, 28 and 25 corresponded to glycoside hydro-
lases (GH) in Cellulomonas sp. B6 and C. fimi, respectively
(Table 2). Cellulomonas sp. B6 secreted a repertoire of
xylansases (7 GH10 and 1 GH11), which could account for
the high xylanase activity in the culture supernatant. In partic-
ular, 4 of these xylanases (3 GH10 and 1GH11) were amongst
the most abundant proteins in the extract (from 0.77 to 10% of

total proteins secreted), based on the index of relative abun-
dance (emPAI%). The most abundant putative CAZymes in
the WB secretome were a GH62 α-L-arabinofuranosidase (a
debranching enzyme), two GH10 xylanases, a GH6 exo-
glucanase and a GH9 endoglucanse. As in previous studies,
a high abundance of extracellular components of putative
ABC transporters were also identified (Piccinni et al. 2019).
By culture in PWP, C. fimi secreted 4 GH10 (out of the 5
GH10 encoded in the genome) and 1 GH11 (the only one
predicted). The most abundant protein was a xylanase
(UNIPROT id F4H4N7) which represented around 15% of
total proteins, followed by a GH9 endoglucanase (about 3%)
and three other xylanases (0.5 to 1.5% of total proteins)
(Table 2).

Activities of lyophilised extracts of Cellulomonas sp.
B6

As Cellulomonas sp. B6 presented the highest xylanase activ-
ity in the secreted fraction, and this activity correlated with a
higher number of xylanases identified in the secretome, this
strain was chosen for further studies. Lyophilisation of the
enzymatic extracts (EE and IE fractions) produced by
Cellulomonas sp. B6 growing on WB was analysed in order
to provide an efficient method to preserve enzymatic activities
and concentrate the fractions. Lyophilisation of EE fraction
(LEE) of Cellulomonas sp. B6 resulted in 80% recovery of
xylanase activity and could be concentrated 10 times (LEE
(10×)). The IE fraction was not further concentrated after
lyophilisation (LIE). Beyond the main xylanase activity, β-
xylosidase, α-arabinofuranosidase, CMCase, β-glucosidase
and cellobiohydrolase activities of LEE (10×) and LIE frac-
tions were also determined (Table 3). While xylanase activity
was more than 10 times lower in LIE fraction compared to that

Fig. 2 Profile of Cellulomonas
sp. B6 cultures on wheat bran
(WB) in bench-top bioreactor
(3L). Temperature and pH were
maintained at 30 °C and 7,
respectively
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Fig. 3 Extracellular xylanase activities during the aerobic culture of
Cellulomonas sp. B6 (grey bars) and C. fimi (black bars) on WB and
PWP, respectively, in bench-top bioreactor. WB: wheat bran,
PWP: pre-treated waste paper
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Table 2 Glycoside hydrolases (GH) identified in the culture superna-
tants ofCellulomonas sp. B6 andCellulomonas fimi grown onwheat bran
(WB) and pre-treated waste paper (PWP), respectively, (72 h, duplicate

cultures). Proteins were identified by mass spectrometry and the relative
abundance index (emPAI%) was calculated in each sample (named as 1
and 2) by Sequest using protein identification data

Accession UNIPROT CAZY domains and protein probable function description emPAI%

B6 (WB)1 B6 (WB)2

A0A0V8TB53 GH10 β-xylanase 9.67 3.76

A0A0V8TA57 GH9-CBM4 endo-glucanase 8.67 4.98

A0A0V8S5R6 GH6 exo-glucanase 7.47 2.00

A0A0V8SBR8 GH62-CBM13 α-L-arabinofuranosidase 5.58 14.13

A0A0V8SJU5 GH10-CBM2 β-xylanase 4.81 3.76

A0A0V8SMW4 GH10-CBM13 β-xylanase 2.02 0.85

A0A0V8TC27 GH6-CBM2 endo-glucanase 1.35 0.66

A0A0V8ST89 GH10-CBM9 β-xylanase 1.10 1.22

A0A0V8SFL7 GH11-CBM2 endo-1,4-β-xylanase 0.77 1.77

A0A0V8S6F9 GH48-CBM2 exoglucanase 0.62 0.29

A0A0V8T9P9 GH9 endoglucanase 0.58 0.49

A0A0V8SE95 GH18-CBM2 chitinase 0.56 0.56

A0A0V8T9W1 GH10 xylanase 0.37 0.61

A0A0V8T944 GH9-CBM2 endoglucanase 0.36 0.36

A0A0V8S2E5 GH5 endoglucanase 0.32 0.70

A0A0V8SBG4 GH16-CBM13 1,3-β-glucanase 0.29 0.29

A0A0V8T8K7 GH5 β-mannosidase 0.28 0.46

A0A0V8TC25 GH27-CBM13 α-galactosidase 0.18 0.18

A0A0V8SMY7 GH43-CBM13 β-xylosidase 0.14 0.19

A0A0V8TAG7 GH74 xyloglucanase 0.13 0.10

A0A0V8S7T2 GH10 β-xylanase 0.12 0.18

A0A0V8S3C7 GH10 β-xylanase 0.10 0.26

A0A0V8TBY6 GH51 α-L-arabinofuranosidase 0.09 0.10

A0A0V8S1S2 GH51 α-L-arabinofuranosidase 0.08 0.07

A0A0V8SI61 GH3 β-glucosidase 0.09 0.08

A0A0V8T8K6 GH3 β-glucosidase 0.06 0.04

A0A0V8TBD5 AA10 LPMO 0.05 0.14

A0A0V8TBM3 GH43-CBM13 β-xylosidase 0.05 0.06

C. fimi (PWP)1 C. fimi (PWP)2

F4H4N7 GH10-CBM2 β-xylanase 14.50 15.89

P14090 GH9 endoglucanase 2.46 3.96

F4H710 GH11 endo-1,4-β-xylanase 1.12 1.67

F4H454 GH10-CBM2 β-xylanase 0.74 1.07

F4GZV4 GH10-CBM13 β-xylanase 0.49 0.25

P50899 GH48-CBM2 exo-glucanase 0.31 0.36

F4H413 GH6 endoglucanase 0.27 0.16

F4H2N5 GH13 α-1,6-glucosidase 0.26 0.30

F4H3U7 GH9 endoglucanase 0.25 ND

F4H0M7 GH26-CBM23 endo-1,4-β-mannosidase 0.19 0.17

F4GZL0 GH5-CBM2 endoglucanase 0.09 0.13

F4GZY2 GH6-CBM2 endoglucacanase 0.12 0.07

F4GY46 GH10 β-xylanase 0.12 0.11

F4GY55 GH3-CBM11 β-glucosidase 0.07 0.07

P50401 GH6-CBM2 exoglucanase 0.07 0.05

F4H4T8 GH3 β-glucosidase 0.03 0.02

F4GZV3 GH62-CBM13 α-L-arabinofuranosidase 0.03 0.02
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obtained in LEE (10×), additional activities relevant to hemi-
celluloses deconstruction, such as α-L-arabinofuranosidases
and β-xylosidases were similar in both fractions (Table 3).

Enzymatic hydrolysis of EBS by Cellulomonas sp. B6
enzymatic extracts

Enzymatic hydrolysis of EBS using the xylanolytic extracts of
Cellulomonas sp. B6 grown on WB was performed to test
their hydrolytic efficiency and applicability in lignocellulosic
bioprocesses. For this purpose, LEE alone or in combination
with IE were used. As no concentration was required in the
case of the intracellular extract, the fresh fraction of IE (before
lyophilisation) was used, which had shown the same enzymat-
ic activity as LIE. The different enzyme mixtures tested in
enzymatic hydrolysis of EBS contained LEE and IE fractions
with the following xylanase activity: 30 U/mL of LEE, 15 U/

mL of LEE, 7.5 U/mL of LEE, 15 U/mL of LEE with 1.5 U/
mL of IE, 7.5 U/mL of LEE with 0.75 U/mL of IE, and 3 U/
mL of LEEwith 0.3 U/mL of IE. Control experiments without
the addition of enzyme extracts were also performed.

In all tested conditions, a xylose concentration higher than
2.5 g/L was released from EBS (Fig. 4). Supplementation of
the LEE fraction with IE fraction increased the amount of
xylose released from biomass from 3.3 to 5.8 g/L, when 15
Uxylanase/mL of LEE supplementedwith 1.5 Uxylanase/mL of IE

Table 2 (continued)

Accession UNIPROT CAZY domains and protein probable function description emPAI%

F4H0T4 GH3 β-glucosidase 0.01 0.02

F4H120 GH3 β-glucosidase 0.03 ND

F4H5F6 GH81-CBM16 endo-1,3(4)-β-glucanase 0.02 ND

F4H166 GH51 α-L-arabinofuranosidase 0.01 0.01

F4GZJ9 GH74-CBM2 xyloglucanase 0.01 0.01

F4H7D2 GH36 α-galactosidase 0.01 0.01

F4H174 GH64-CBM13 endo-1,3-β-D-glucosidase ND 0.01

F4H7E7 GH31 α-glucosidase 0.01 0.01

F4H0J4 GH51 α-L-arabinofuranosidase 0.01 ND

ND not detected

Table 3 Activities of the lyophilised extracellular and intracellular
enzyme fractions of Cellulomonas sp. B6 grown on WB. LEE
(10×): 10 times concentrated extracellular enzyme obtained from
lyophilised sample

Activity (U/mL)

LEE (10×) LIE

Xylanase 32 (5.1) 1.9 (0.8)

CMCase 3.6 (0.5) 0.5 (0.2)

α-arabinofuranosidase 1 (0.3) 1.1 (0.3)

β-xylosidase 0.4 (0.1) 0.5 (0.0)

β-glucosidase < 0.1 < 0.1

Cellobiohydrolase 0.1 < 0.1

LIE lyophilised intracellular enzyme, CMCase carboxymethyl cellulase,
WB wheat bran. Average values and standard deviations (in parentheses)
were calculated from biological triplicates
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Fig. 4 Released xylose during hydrolysis of extruded barley straw (EBS)
by using different mixtures of extracellular (LEE) and intracellular (IE)
fractions of Cellulomonas sp. B6 grown on wheat bran (WB). The en-
zyme mixtures were the following: 30 Uxylanase/mL of LEE (A), 15
Uxylanase/mL of LEE (B), 7.5 Uxylanase/mL of LEE (C), 15 Uxylanase/mL
of LEE + 1.5 Uxylanase/mL of IE (D), 7.5 Uxylanase/mL of LEE + 0.75
Uxylanase/mL of IE (E), and 3 Uxylanase/mL of LEE + 0.3 U/mL xylanase of
IE (F). G: Substrate control without enzymes. Xylose concentration was
determined by enzymatic colorimetric assay from D-xylose Kit
(Megazyme)
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(Fig. 4B, D) and from 2.8 to 4.1 g/L when 7.5 Uxylanase/mL of
LEE was supplemented with 0.75 Uxylanase/mL of IE (Fig. 4C,
E), probably due to additional activities, involved in hemicel-
lulose degradation, present in the IE. This result was further
confirmed by performing thin layer chromatography (TLC)
analyses of the hydrolysates of EBS, observing an increase
in the conversion of oligosaccharides to xylose in enzyme
mixtures containing IE. A significant amount of short chain
soluble oligosaccharides were also produced (Supplementary
Fig. S1). Hence, supplementing the extracellular enzymatic
extracts (LEE) with the intracellular (IE) fraction significantly
enhanced the liberation of xylose from EBS.

Discussion

In the current work, we studied the feasibility of using differ-
ent carbon sources—purified polysaccharides and cheap agro-
industrial residues—as selective inducers of (hemi)cellulolytic
activity in C. fimi B-402 and Cellulomonas sp. B6, already
known as lignocellulose-active bacteria. Altogether, both
strains showed greater xylanolytic than cellulolytic activity.
While Cellulomonas sp. B6 showed higher activity on ligno-
cellulosic complex biomass, cellulose-rich (chemically not-
modified) substrates (SF and PWP) were better inducers for
the extracellular production of xylanases by C. fimi. In addi-
tion, although the growth on complex biomass has served as a
successful strategy to enhance xylanolytic activity in several
microorganisms (Saratale et al. 2010; Takenaka et al. 2019), it
has also been proven that cellulosic substrates can induce the
production of xylanases in C. fimi (Wakarchuk et al. 2016).
The use of residues and by-products as substrates for micro-
bial growth has the advantage of being an inexpensive strate-
gy for inducing the production of enzymes (Lopes et al. 2018).
Interestingly, we found that low-value substrates of wheat
bran (WB) and pre-treated waste paper (PWP) were the best
inducers of xylanase activity in Cellulomonas sp. B6 and
C. fimi, respectively. Proteomic analysis revealed that all the
extracellular xylanases (GH10, GH11) and cellulose active
enzymes (GH6, GH9, GH48) encoded in Cellulomonas sp.
B6 genome were secreted by growth on WB. These findings,
along with previously reported assay, confirm that complex
substrates, such as WB, are highly suitable for the production
of CAZYmes, especially those active on hemicellulose, by
Cellulomonas sp. B6 (Piccinni et al. 2019). Eleven enzymes
belonging to families GH6, GH48, GH9, GH10 and GH11,
commonly associated with endo-xylanase and endoglucanase
activity, were also secreted by C. fimi growing on PWP. By
contrast, other substrates like CMC, WB or xylan have been
reported to induce the secretion of only some of these en-
zymes in the model strain C. fimi ATCC 484 (Wakarchuk
et al. 2016; Spertino et al. 2018). Moreover, as described by
Wakarchuk et al. (2016) the genome of C. fimi ATCC 484

encodes 5 GH10 and 1 GH11 predicted xylanases. In the
current study, PWP induced the secretion of 4 GH10 and 1
GH11, which is the maximum amount of secreted xylanases
reported for C. fimi to date.

All of the above-mentioned carbohydrate-active enzymes
have a broad range of industrial applications. Therefore, their
production, catalytic efficiency and activity-preservation are
essential factors from a biotechnological perspective. Bench-
scale bioreactors have resulted to be useful tools for the iden-
tification and validation of key parameters involved in the
scaling-up of bioprocesses (Marques et al. 2010). In the cur-
rent study, the xylanase activity of both strains growing in a
stirred tank bioreactor employing their preferred substrates
was comparable with the one obtained in shake flask cultures.
Conversely, some researchers have reported a significant yield
loss by transferring the enzyme fermentation to bench-scale
bioreactor (Kumar et al. 2009; Garai and Kumar 2013).
Oxygen limitation, reduced availability of insoluble substrate,
shear induced by agitation, dilution, substrate and product
concentration are amongst the main listed drawbacks (Yegin
et al. 2017). Remarkably, Cellulomonas sp. B6 and C. fimi
showed a good performance in bench-scale bioreactors, fore-
seeing a great chance of efficient enzyme production on an
industrial scale. It is important to note that 1% w/w PWP
resulted in a dense and slimy suspension, which was a difficult
medium to work with, especially because it can easily cause
inhomogeneity in the bioreactor. The xylanase activity in the
culture broth of C. fimi continuously increased during the
fermentation. Thus, longer fermentation times should be ex-
amined to determine the maximum xylanase activity that may
be achieved by C. fimi grown on PWP in a bioreactor.
However, increasing fermentation time also increases the pro-
duction costs. Process optimisation, including different agita-
tion rates, addition of antifoam or modifications in substrate
concentration, could be accompanied by improved perfor-
mance and reduced operating times. The profiles of CO2 level
in exhaust gas, DO concentration and xylanase activity in the
culture medium suggest that the xylanase production by
Cellulomonas sp. B6 on WB might have a growth-associated
characteristic. A similar trend was observed by Xu et al.
(2005) when the production of xylanase extract by
Pseudomonas sp. WLUN024 was studied.

Concentration of enzymes is an important step in their pro-
duction, especially if it helps to overcome the need for pres-
ervation and transportation at low temperatures. Many com-
mercial enzyme preparations consist of concentrated culture
broth with additives that stabilise enzymatic activity (Poletto
et al. 2015). In the current work, the extracellular extracts from
Cellulomonas sp. B6 retained 80% of xylanase activity after
lyophilisation and further re-suspension, without the need of
stabilising additives. This is a promising result since freeze-
drying is a simple method for enzyme preservation but is
usually associated with protein denaturation (Berghout et al.
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2015). Analysis of different glycoside hydrolase activities in
the lyophilised samples showed that the extracellular enzyme
fraction contained activities for polymeric hydrolysis in much
higher quantities than activities for side-chain sugar hydroly-
sis. However, side activities were abundant in the intracellular
enzyme fraction. Similarly, Rajoka (2005) reported that the
cell-free supernatants of Cellulomonas flavigena NIAB 441
culture exhibited greater endo-xylanase activity than cell-as-
sociated β-xylosidase activity.

Lyophilisation allowed us to concentrate the xylanase
activity up to 10-fold and to use the extracts for hydrolysis
of extruded barley straw (EBS). In order to improve the
process, we supplemented the extracellular extract with
the intracellular enzymes released by sonication. Using
the enzyme cocktails containing different amount of LEE
and IE fractions of Cellulomonas sp. B6 for enzymatic
hydrolysis experiments of EBS resulted in the release of
xylose and xylooligosaccharides as the main soluble prod-
ucts. Supplementing LEE samples with appropriate
amounts of IE fraction significantly enhanced xylose re-
lease from EBS. Addition of appropriate xylanases during
the enzymatic deconstruction of pre-treated barley straw is
of great importance, since xylanase supplementation can
significantly improve the efficiency of cellulose-hydrolysis
(García-Aparicio et al. 2007). Moreover, hydrolysis by
xylanases alone can result in promising bio-products like
prebiotic xylo-oligomers or monomer xylose which may
be then converted into high-value products (e.g. xylitol).
Hence, LEE and IE from Cellulomonas sp. B6 may be
interesting biotechnological candidates for biomass hydro-
lysis to produce xylo-oligomers, xylose or enhance enzy-
matic cellulose deconstruction.

We have concluded that the xylanolytic activity of
Cellulomonas sp. B6 and C. fimi was differentially induced
by varying the substrates utilised for its growth. Low-cost lig-
nocellulosic residues were the most suitable inducers of secret-
ed hemicellulases, which were then efficient for biomass de-
composition into xylose and xylooligosaccharides.
Fermentation in a bench-scale bioreactor followed by superna-
tant lyophilisation was a successful tool to increase enzyme
production and concentrate enzymatic activity. The larger
scale-up parameterisation and the design of xylanolytic cock-
tails are some of the further objectives that emerge from this
research. Thorough study of the molecular mechanisms in-
volved in the activity could also be useful strategy to under-
stand and improve the (hemi)cellulolytic capacity of the strains.
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