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Abstract 

Xylitol is a high value polyalcohol being used in pharmaceutical, hygiene, and food 

products due to its functional properties such as anticariogenic, antibacterial as well as 

low calorie and low glycemic properties. An alternative route for xylitol production is the 

biotechnological method in which microorganisms or enzymes are involved as catalysts 

to convert xylose into xylitol under mild conditions of pressure and temperature. This 

method is unlike the conventional chemical method that requires high pressure and 

temperature and results in low product yield. The goal of this research is to employ an 

integrated process using all fractions of an agro-industrial biomass (oat hull) for xylitol 

bioproduction, preferably in a repeated batch bioconversion process, with C. 

guilliermondii as the biocatalyst. Processes including hydrolysis, biomass delignification, 

hydrolysate detoxification using adsorption process, and finally free- and immobilized-

cell bioconversions were employed in this study.  

The kinetics of acid-catalyzed hydrolysis of hemicellulose was investigated under mild 

conditions (temperature: 110ºC to 130ºC and catalyst (H2SO4) concentrations from 0.1 to 

0.55 N) to determine the kinetic mechanism and generation of monosaccharides (xylose, 

glucose, and arabinose) as well as the microbial inhibitors consisting of acetic acid, 

furfural, and hydroxymethylfurfural (HMF) in the hydrolysate. A maximum recovery of 

80% was attained for xylose as the main monosaccharide and the substrate for xylitol; its 

generation in the hydrolysate followed a single-phase 2-step kinetic mechanism similar to 

that of the HMF.  However, a single-phase mechanism with no decomposition could 

describe the formation of arabinose, acetic acid, and furfural. Glucose generation 
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followed a biphasic mechanism (fast and slow releasing) apparently with no 

decomposition.   

In the alkaline delignification of the hydrolysis byproduct (solid fraction) and the intact 

(crude) biomass, kinetic models based on biphasic mechanism consisting of bulk and 

terminal phases gave the best results and fit to the experimental data. In the bulk phase, 

where the temperature ranged from 30ºC to 100ºC, the reaction rate constant varied from 

0.15 to 0.19 1/min for the intact biomass and from 0.25 to 0.55 1/min for the hydrolysis 

byproduct. According to the models, accelerated lignin removal with the increased 

operating temperature could be due to the shift of the process from the terminal phase to 

the bulk phase. The values obtained for the activation energies herein ( 33 kJ/mol) were 

less than the values reported in the literature for other lignocellulosic materials.  

The removal or reduction of the microbial inhibitors in the medium was carried out by 

activated carbon (adsorptive detoxification). According to the results using the Langmuir 

model with the activated carbon as the adsorbent, the maximum monolayer capacities of 

341, 211, and 46 mg/g were obtained, respectively, for phenol, furfural, and acetic acid. 

Thermodynamic analyses indicated that the adsorption of the three abovementioned 

chemicals by the activated carbon was exothermic (enthalpy: H0), spontaneous (free 

energy: G0), and based on the affinity of the solute toward the adsorbent (entropy: 

S0). In the concentrated hydrolysate, the removal of phenols, as the main inhibitor, was 

very successful such that by activated carbon doses of 1.25%, 2.5%, and 5% (w/v) they 

could be reduced to 34%, 13%, and 3% of the initial concentration (8.7 g/l), respectively. 
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During xylitol bioproduction process in the repeated batch mode using C. guilliermondii, 

variables of pH control, medium supplementation, and cell recycling proved to be more 

important than medium detoxification. Processes involving pH-controlled condition 

combined with nitrogen supplementation and a mild detoxification performed very well 

with consistent conversion parameters in the successive batches; values of over 0.8 g/g, 

0.55 g/l/h, and 53 g/l were obtained respectively for xylitol yield, volumetric productivity, 

and final concentration. On the other hand, in a single-batch bioconversion, there was no 

need for supplementing the medium with the nitrogen source. Kinetic modeling of the 

process showed that substrate (xylose) as well as co-substrate (glucose) consumption, 

product (xylitol) formation, and cell regeneration could be predicted by a diauxic model.  

In the aerated free-cell and immobilized-cell systems, aeration rates of 1.25 vvm and 

1.25-1.5 vvm were required for free-cell and immobilized-cell systems, respectively, to 

reach the maximum bioconversion performance. In the immobilized-cell system, cell 

support also played an important role in this biotransformation. Application of the support 

based on the delignified hydrolysis byproduct resulted in high and consistent 

bioconversion parameters in all batches comparable to the ones in the free-cell system. 

However, bioconversions using the lignin-rich material (hydrolysis byproduct) resulted in 

a lower efficiency in the first batch which could be partly improved in the second batch 

and almost fully increased in the third batch to nearly reach performance parameters 

comparable to the ones obtained in the free-cell system. 

Overall, the integrated process employed in this investigation helps fill in the knowledge 

gaps existing on the lignocellulosic biomass application for xylitol bioproduction and 

biorefinery industries.  
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Chapter 1 

1. Introduction and Objectives 

1.1 Introduction  

Xylitol is a high value polyalcohol produced by the reduction of D-xylose (from 

hemicellulose fraction of lignocellulose) and is employed in hygiene, food, and 

pharmaceutical industries. Recent studies indicate that xylitol can reduce the occurrence 

of dental caries in young children, schoolchildren, and mothers, and in children via their 

mothers. Streptococcus mutans levels in saliva and plaque are decreased by short-term 

consumption of xylitol. Xylitol may also decrease the transmission of Streptococcus 

mutans from mothers to children (Lynch and Milgrom 2003). Xylitol is compatible and 

complementary with all current oral hygiene recommendations. Its appealing organoleptic 

and functional properties enhance a wide array of applications that promote oral health 

(Peldyak and Makinen 2002). It also promotes remineralization and the thickening of 

mineral crystals at deep layers of the tooth enamel (Miake et al. 2003). 

Xylitol can also be used in the diet of diabetics, because it is slowly absorbed through the 

intestinal system, its initial metabolic steps are independent of insulin, and it does not 

cause rapid changes in blood glucose concentration (Förster 1974). It can be metabolized 

in the absence of insulin and can replace sugar (sucrose) on a weight for weight basis 

making it a suitable sweetener for diabetic patients (Cao et al. 1994). Obesity can also be 

restricted by the regular consumption of xylitol (Parajo et al. 1998a). According to some 
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studies, xylitol likewise appears to have potential as a suitable promoter of absorption and 

treatment for osteoporosis (Mattilla et al. 2001) by acting as a chelator and forming 

complexes with cations, such as calcium, with intermediate stabilities (Hämäläinen and 

Mäkinen 1989). Xylitol has many advantages as an ingredient or additive in nutritive 

formula. It does not undergo a detrimental Maillard reaction which is responsible for both 

the darkening and reduction of the nutritive value of proteins due to the destruction of 

amino acids. It limits the tendency to obesity when continuously supplied in the diet, and 

the sensory properties of food products are enhanced if it is added in formulations without 

causing physical instability and chemical deterioration during storage (Parajo et al. 

1998a). 

Many extensive research works on the dietary and technological properties of xylitol have 

been undertaken because of its growing market and high added-value (Parajo et al. 

1998a). Agricultural and forestry products consist mainly of lignocellulosics as organic 

materials. The availability and abundance of forestry products and renewable agricultural 

residues offer an advantage to use D-xylose as a major carbon source. D-xylose and L-

arabinose constitute 95% of arabino-xylan hemicelluloses in plant tissues on a dry basis 

and pentosans constitute around 19-33%, 10-12%, and about 40% (dry weight basis) in 

hardwoods, softwoods and agricultural residues, respectively (Winkelhausen and 

Kuzmanova 1998). The richness of the lignocellulosic materials in terms of hemicellulose 

content, especially xylose, could justify their application as feedstock for xylitol 

production. Also, the lower resistance of hemicellulose to depolymerization processes 

compared to other natural polymers such as cellulose and lignin makes it an appropriate 

choice to be used as the substrate source for the xylitol production process. Cereal residue 

http://en.wikipedia.org/wiki/Osteoporosis
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is an abundant lignocellulosic biomass in Western Canada. If this process can be 

performed successfully, a great added value will result from these residues which are 

currently burned, returned to the soil, or used as animal feed or bedding. Therefore, it 

could be beneficial not only for agriculture, but also for other industries (hygiene, food, 

and pharmaceutical industries). 

Recently, some biotechnological activities have been focused on the production of xylitol 

from D-xylose. It has been closely related to bio-ethanol, and for years it was considered 

only as a by-product in the ethanol fermentation process from D-xylose. Screening 

microorganisms based on their potential for xylitol production was the first activity 

carried out by researchers, but due to its unique properties, increasing demand, and 

growing awareness of environment protection and challenges related to chemical 

processes, real scientific interest towards the biotechnological approach began in the last 

few years (Winkelhausen and Kuzmanova1998). 

In the following sections, the metabolism of xylose by microorganisms, variables and 

process parameters affecting the bioconversion of xylose to xylitol in the defined media 

and the complex media of lignocellulosic hydrolysates using free- and immobilized-cell 

systems will be reviewed. Also, an overview of the hydrolytic conversion of 

hemicellulose and pentosan depolymerization will be presented.  

1.2 Natural Occurrence, Chemical Structure, and Physical Properties of Xylitol 

Xylitol is a naturally occurring five-carbon alditol (Figure 1.1) which has the same 

sweetness and one-third the caloric content of sucrose (Heikkila et al. 1992). Its physical 

properties are listed in Table 1.1. It can be found in small quantities in various plants, 
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fruits, and vegetables or can be produced by chemical or microbial reduction of D-xylose 

from xylan-rich hemicellulose hydrolysates (Figure 1.2). Hemicellulose accounting for 19 

to 34% of the plant biomass is an abundant polymer in nature. It is composed of several 

monomers including xylose, glucose, galactose, arabinose, mannose, and glucuronic acid 

with side acetyl groups in its branched structure (Chen et al. 2010).  Sugarcane bagasse, 

corn fiber, corn cobs, birch wood, oats, cotton-seed hulls, rice straw, and nut shells are 

xylan-rich substrates, which can be used as feedstock for commercial xylitol production 

(Counsell 1978).  

    
 

Figure 1.1 Chemical structure of xylitol (IUPAC: Pentane-1,2,3,4,5-Pentol). 

 

Table 1.1 Physical properties of xylitol (Bar 1991). 
Property Value 

Molecular Weight                                                        152.15 
Appearance White, crystalline powder 
Odor None 
Boiling Point 126°C (at 760 mm) 
Melting Point 92°C to 96°C 
Solubility at 20°C                                                        169 g/100 g. water 
pH in water (1gm/10 ml)                                               5 to 7 
Heat of Solution                                                            - 34.8 cal/g (endothermic) 
Caloric Value                                                                4.06 cal/g 
Viscosity (cP, 20°C)  10% 
                                   40%  
                                   50% 
                                   60%  

1.23 
4.18 
8.04 
20.63 
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1.3 Methods of Production  

Theoretically, xylitol can be produced by extraction, chemical, and biotechnological 

methods, which are explained in the following sections and are shown in Figure 1.2.   
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Figure 1.2 Xylitol production methods (Parajo et al. 1998a).  
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1.3.1 Solid-liquid extraction 

Xylitol is found naturally in fruits and vegetables, as well as in yeast, lichens, seaweed, 

and mushrooms. It can be recovered from these sources by solid-liquid extraction, but its 

small quantity in the raw materials (less than 900 mg/100 g) is a major economic 

drawback for this method (Pepper and Olinger 1988). 

1.3.2 Chemical production of xylitol  

This process begins with the acid-catalyzed hydrolysis of xylan (a polysaccharide 

belonging to hemicellulosic fraction of plant biomass) to produce xylose (Counsell 1977). 

However, the existence of other polymers different from xylan in the hemicellulosic 

fraction of the biomass produces hydrolysates which contain various impurities including 

glucose, arabinose, galactose, and mannose because of the hydrolysis of related polymers. 

When pure xylose is necessary, costly purification steps are required (Hyvonen et al. 

1982). A considerable portion of the impurities consists of monosaccharides that are not 

removable by ion exchange chromatography and activated carbon (Winkelhausen and 

Kuzmanova 1998). After the purification and removal of proteins, color, metal ions, and 

other impurities, the xylose-containing hydrolysate is subjected to hydrogenation at 80-

140°C and hydrogen pressures of around 5000 kPa in the presence of metal catalysts. The 

xylitol solution produced by the reduction process requires further purification by 

chromatographic fractionation, followed by concentration and crystallization of the 

product to obtain pure xylitol (Hyvonen et al. 1982). Among all the steps, purification and 

separation are the most expensive. Xylitol yield is around 50-60% of the initial xylose 

(Nigam and Singh 1995). The chemical method of xylitol production based on the 
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catalytic hydrogenation of xylose-rich hemicellulose hydrolysate is briefly shown as 

follows: 

                Hydrolysis                 Hydrogenation 
(C5H8O4)n  --------->  n(C5H10O5)   ------------> n(C5H12O5) 
pentosan                        xylose                             xylitol 
 (xylan) 

 

The major disadvantages of the conventional production method, especially high 

pollution levels and waste-treatment concerns, motivated researchers to find alternatives 

for xylitol production; one of the most interesting procedures is microbial production 

(Winkelhausen and Kuzmanova 1998).  

1.3.3 Microbial production of xylitol 

Xylitol is produced from D-xylose by NADPH-dependent xylose reductase as a metabolic 

intermediate in microorganisms that are able to utilize xylose (Saha and Bothast 1997). A 

number of yeasts and molds can produce xylitol because they possess the enzyme xylose 

reductase. Candida guilliermondii, Candida tropicalis, Candida pelliculosa, Candida 

boidinii, and genera of  Saccharomyces, Debaryomyces, Pichia, Hansenula, Torulopsis, 

Kloeckera, Trichosporon, Cryptococcus, Rhodotorula, Monilia, Kluyveromyces, 

Pachysolen, Ambrosiozyma, and Torula  are some of the yeasts with xylitol production 

capability (Saha and Bothast 1997).  

Some bacteria species such as Enterobacter liquefaciens, Corynebacterium sp., and 

Mycobacterium smegmatis can also produce xylitol (Horitsu et al. 1992). The conversion 

of D-xylose to xylitol by microorganisms is important for industrial production, and it has 

been extensively studied in yeasts compared to the other microorganisms. In the 
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biochemical pathway, D-xylose is converted into xylitol as an intermediate material (by 

xylose reductase activity) to be transformed to xylulose or directly converted to xylulose. 

Xylulose-5-phosphate is then generated by the activity of xylulose kinase and goes 

through the pentose phosphate pathway.  

1.3.3.1 Production of xylitol by bacteria 

Most bacteria possess the enzyme xylose isomerase, which is specifically able to 

transform xylose into xylulose.  In the second stage, it is phosphorylated into D-xylulose-

5-phosphate (a common intermediate in the prokaryotes and eukaryotes’ metabolism) by 

xylulokinase. D-xylulose-5-phosphate can be incorporated into the pentose-phosphate 

pathway or converted into glyceraldehyde-3-phosphate and acetyl-phosphate by xylulose-

5-phosphate phosphoketolase.  

 
                       NADPH      NADP+ 

D-Xylose                                                     Xylitol 
                        D-Xylose reductase                             NADP  
                                                                               D -xyylitol dehydrogenase 
    Xylose isomerase                                                    NADPH 

                                                               D-Xylulose 

                                                                                    ATP 
                                                                                D-Xylulose kinase 
                                                                                   ADP 

                                                      D-Xylulose-5-phosphate 

 

                                                Pentose phosphate pathway 

Figure 1.3 Pathway for bacterial xylose utilization (Saha and Bothast1997). 
 



 
 

9 

Similar to the metabolism of glucose by yeasts, this step generates an intermediate 

product of glycolysis without the formation of nicotinamide adenine dinucleotide 

phosphate (NADPH) (Evans and Ratledge 1984). In addition to xylose-isomerase, 

bacteria have an oxido-reductive enzyme system that reduces xylose into xylitol, with 

further oxidation to xylulose. Using an Enterobacter strain in experiments to produce 

xylitol, Yoshitake et al. (1973) obtained a yield of 33.3 g/l xylitol with volumetric 

productivity of 0.35 g/l/h in a medium containing 100 g/l initial xylose. In contrast, while 

performing fermentation with Corynebacterium sp., the addition of gluconate hindered 

xylitol production. 

1.3.3.2 Production of xylitol by yeasts  

Some strains of yeasts are able to convert xylose into D-xylulose through an oxido-

reductive transformation consisting of two consecutive reactions. In the first stage, D-

xylose is transformed into the intermediate xylitol with xylose-reductase (XR), in the 

presence of nicotinamide adenine dinucleotide (NADH) or NADPH (Taylor et al. 1990). 

In the second stage, xylitol is transformed (oxidized) into D-xylulose by either NAD+-

linked or NADP+- linked xylitol dehydrogenase (XDH) (Girio et al. 1990; Prior et al. 

1989). 

Different yeast species show different abilities in fermenting xylulose to ethanol or xylitol 

(Jeffries 1981). When oxygen levels are too low, a redox imbalance occurs as the NADH 

produced in the xylitol dehydrogenase step cannot be re-oxidized back to NAD. This low-

oxygen induced imbalance is due to a decreased respiration rate, which limits the 

production of NAD+. Therefore, the alternate ethanol route is selected at the end of the 
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pentose phosphate pathway. However, as the pentose phosphate pathway is still active, 

NADP+ 
conversion to NADPH continues (Hahn-Hagerdal et al. 1994). 

 
 
       Xylose                                        Xylitol 
                                                                    NADP+         
             NADPH      NADP+ 
                                                              NADPH  
 

     Xylulose 
    
                                                              ATP 
 
                                                                 ADP 

  Xylulose-5-P 
 
 
 
 
 
 
 
 
 

         Glyceraldehyde-3-phosphate              Fructose-6-phosphate 
 

 
 
 
 
 

                                                                                     Pyruvate                 Ethanol + CO2        
                                                                                                        
                                                                                     NADPH     NAPD+ 

 
 

Figure 1.4 D-xylose metabolism in yeasts (Parajo et al. 1998a ). 
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NAD/NADH ratio in the oxidation step of xylitol to xylulose. So non-regeneration of 

NAD+ 
in oxygen-limited conditions results in the accumulation of xylitol and its 

subsequent excretion into the medium (Saha and Bothast 1997). Yeasts with XR activity 

linked to both NADH and NADPH, like Pichia stipitis, under anaerobic and oxygen-

limited conditions can regenerate the NAD+ consumed in the second step of the xylose 

metabolism. Therefore, no xylitol accumulation occurs between the cofactors of XR and 

XDH and the major product in this situation is ethanol. In contrast, yeasts, like 

Debaryomyces hansenii, that consume xylose by XR activity are only dependent on 

NADPH (with the complete absence of NADH-linked XR) in the first step of the xylose 

conversion. They can produce xylitol as the major product (Girio et al. 1990). In the 

second step, xylitol, usually in the presence of NAD+,  is oxidized to xylulose (Vandeska 

et al. 1995b). The presence of either high XR or low XDH activities is considered as a 

criterion for selecting xylitol-producing microorganisms (Parajo et al. 1998a).  

Barbosa et al. (1988) calculated the xylitol yield when NADH2
+ is used as a cofactor for 

XR under aerobic conditions in nutritionally balanced media. It appears as follows:  

 

126 xylose+3 O2+6 ADP+6 Pi+48 H2O                114 xylitol+6 ATP+60 CO2 

 

with a theoretical product yield of 0.905 mol xylitol/mol xylose. Under similar 

hypotheses, the same researchers reported the following mechanism for anaerobic 

conditions: 

 

48 xylose+15 H2O             42 xylitol+3 ethanol+24 CO2 
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with a theoretical product yield of 0.875 mol xylitol/mol xylose. The dissolved oxygen 

concentration is a controlling parameter that affects the operational aspects of xylitol 

production by yeasts (Du Preez 1994).  

1.3.3.3 Production of xylitol by molds  

The bio-production of xylitol by molds has been less studied compared to the production 

by bacteria and yeasts. Petromyces albertensis was used as the biocatalyst for xylitol 

reduction by Dahiya (1991) and a yield of 0.4 g/g xylose resulted after 10 days of 

fermentation. A low xylitol yield was reported by Ueng and Gong (1982) in fermentation 

with Mucor sp. on a hydrolysate from sugarcane bagasse hemicellulose. Chiang and 

Knight (1961) reported that Penicillium, Aspergillus, Rhizopus, Byssochlamys, 

Glicoladium, Myrothecium, and Neurospora spp. have the capability of producing a low 

amount of xylitol from xylose.  

1.4 Parameters of Fermentation 

The fermentation process, which is the main stage in xylitol production, is controlled by 

several factors including substrate concentration, carbon source, salts and nitrogenous 

compounds, inoculum, aeration rate, temperature, and pH, and these factors are explained 

in the following sections:      

1.4.1 Xylose concentration  

It has been proven that substrate concentration (D-xylose) is a critical parameter for yeast 

growth and fermentation. Xylitol cannot be produced in the absence of D-xylose and the 

combination of aeration with xylitol concentration is an important and determinative 

factor for xylose reductase and xylitol dehydrogenase activities as well as xylitol 
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formation in yeasts. The initial xylose concentration can influence its production by 

microorganisms. Increased xylose concentrations in the cultures of microorganisms which 

are able to tolerate high sugar and higher osmotic pressure lead to increased xylitol yields 

and production rates. The increase in initial xylose concentration usually leads to a 

decrease in growth rate, unless the aeration rate was increased (Nolleau et al. 1993). 

Horitsu et al. (1992) investigated the effect of D-xylose concentration on the production 

of xylitol for C. tropicalis by varying the concentration from 100 g/l to 300 g/l. The 

maximum yield of xylitol was obtained at a D-xylose concentration of 172 g/l. Walther 

and co-workers (2001) reported that at high initial xylose concentrations and high 

aeration rate, C. tropicalis ATCC 96745 cells grew vigorously at the beginning of 

fermentation and the production rate was improved. However, xylitol yield was reduced 

at a lower initial xylose concentration and high levels of dissolved oxygen. They also 

found that this yield decreases at extremely high initial xylose concentrations, which is 

attributed to the osmotic stress that could be induced in the microorganism at a high 

concentration of sugar in the medium. It was also concluded that the appropriate 

manipulation of initial substrate concentration and aeration could probably result into 

great values of xylitol yield. 

1.4.2 Carbon source   

According to studies, carbon sources rather than xylose are effective in xylitol production. 

Yahashi et al. (1996) supplemented D-xylose with D-glucose for C. tropicalis cultivation. 

At the initial stage of fermentation, D-glucose was utilized for cell growth and then D-

xylose was consumed. Xylitol yield and productivities increased 1.2 to 1.3 times by the 

addition of glucose to the fermentation media. This condition resulted in 104.5 g/l xylitol 
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in 32 h and a yield of 0.82 g xylitol/g xylose. However, in an investigation by Silva et al. 

(1996) for C. guilliermondii FTI 20037, the addition of glucose to the fermentation 

medium decreased the yield of the product from 0.66 g/g to 0.45 g/g. 

A similar result was reported by Ooi et al. (2002) for the effect of glucose on xylitol yield 

and the production rate of C. guilliermondii during fermentation. Furthermore, it was 

observed that using glucose as a co-substrate prolonged the process. In a research by Lee 

et al. (2000) using a recombinant S. cerevisiae, fed-batch fermentation was proposed to 

overcome this problem. Glucose concentrations in the medium should be very low for C. 

tropicalis to achieve effective xylitol production (Walther et al. 2001). During 

fermentation, when the media contain a substantial amount of glucose, aerobic conditions 

should be adopted to reach higher yields and productivities; in the absence of glucose, 

microaerobic conditions improve the yield of xylitol. In contrast to glucose as the co-

substrate, arabinose appears to be an inducer of xylose reductase in that high arabinose 

concentrations enhanced both the yield and productivity of xylitol in the experiments.  

1.4.3 Nitrogen source  

One of the important organic sources of nitrogen for xylitol-producing yeasts is yeast 

extract. Depending on the yeast being used as the biocatalyst, the yeast extract could be 

effective or ineffective on xylitol formation as the supplement in the medium. In some 

cases, higher product yield is achievable by urea or urea and Casamino acids 

(Winkelhausen and Kuzmanova 1998). Xylitol production and xylose utilization by the 

microorganism is influenced by the nature and concentration of the nitrogen source, and 

the effective factor on the two parameters mentioned previously is the yeast strain (Parajo 
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et al. 1998b). Vandeska et al. (1995a) observed increased xylitol yields with C. boidinii 

when the fermentation medium was supplemented with urea compared to those 

supplemented with ammonium sulfate (Table 1.2). 

 

Table 1.2 The effect of nitrogen source on xylitol yield and dry cell mass formed by 
Candida boidinii.*(Vandeska et al. 1995a). 

Parameter Nitrogen source 

 (NH4)2SO4 KNO3 NH4NO3 NH4Cl Urea Urea and 
Casamino acids 

(5 g/l each) 
Ccm (g/l) 5.88 4.96 4.31 5.07 6.25 9.03 
Yx/s (g/l) 0.06 0.01 0.05 0.06 0.10 0.12 
Ccm: Dry cell mass    Yx/s: Xylitol yield coefficient (g xylitol per g xylose used) 
*Fermentation time was 4 days and each source yielded 1.06 g/l nitrogen. The medium 
contained (g/l): (NH4)2SO4, 5.00; KNO3, 7.65; NH4NO3, 3.03; NH4CI, 4.05; and urea, 
2.27. 
 

1.4.4 Inoculum age and concentration 

The rate and yield of fermentation is influenced by the age of inoculum which affects the 

metabolic activity and viability of the cells (Parajo et al. 1998b). Improving the yield of 

xylitol using C. guilliermondii FTI 20037 by inoculum age, inoculum level 

(concentration), and hydrolysate composition was studied by Felipe et al. (1997). In this 

study, the xylose concentration in the hydrolysate, inoculum level, and inoculum age were 

varied from 37.6 g/l to 74.2 g/l, 0.1 to 6.0 g/l, and 16 to 48 h, respectively. Maximum 

xylitol yield of 0.74 g/g and productivity of 0.75 g/l/h was reached using 3.0 g/l of 24-h 

old inoculum at an initial xylose content of 54.5 g/l. Pfeifer et al. (1996) obtained low 

values for xylitol productivity and cell growth from C. guilliermondii inocula younger 

than 15 h or older than 24 h and the best conditions were achieved in the aforementioned 

range. Cao et al. (1994) examined the influence of the initial cell concentration of 
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Candida sp. B-22 on xylitol production from D-xylose and found that the rate of xylitol 

formation linearly increased and the fermentation time dramatically reduced with initial 

inoculum concentrations in the range of 3.8 to 26 g/l of inoculum.  

1.4.5 Aeration rate 

Due to the diversity of effective parameters and the wide range of aeration levels 

considered in the literature, a detailed study of the influence of aeration on xylitol 

production is difficult to perform. Usually, the adoption of intermediate values of the 

aeration rate provides the optimum condition for xylitol yield and productivity. For 

example, D. hansenii shifts its metabolism towards xylitol production under low aeration 

conditions (4-22 mmol/l/min), leading to the highest productivity at an oxygen transfer 

rate (OTR) higher than 2 mmol/l/h. This study confirmed that oxygen is an essential 

component for xylose uptake, since the shift to anaerobic conditions stopped both xylose 

consumption and metabolic activity. In a related study, the maximum xylitol yield for C. 

tropicalis under semi-aerobic conditions, was 0.62 g/g (xylitol/xylose), while under 

microaerobic conditions, the maximum yield was 0.36 g/g (xylitol/xylose). In a medium 

containing glucose, higher yields and productivities were obtainable under aerobic 

conditions, while microaerobic conditions improved yields in the absence of glucose. 

These results can be attributed to increased oxygen demand due to the high cell densities 

achieved in the presence of glucose (Walther et al. 2001). 

1.4.6 Temperature and pH 

The most suitable temperature has been reported to be around 30°C for xylitol production 

by yeasts. With C. tropicalis DSM 7524, small temperature variations above this level do 
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not significantly affect xylitol yield. When the cells were cultured in a temperature range 

between 30°C and 37°C, the xylitol yield was not dependent on temperature; however, at 

temperatures higher than 37°C, the xylitol yield decreased drastically (Da Silva and 

Afschar 1994). Similarly, xylitol formation in C. guilliermondii FTI 20037 was the same 

at 30 and 35°C, but it decreased with an increase of temperature up to 40°C (Barbosa et 

al. 1988). The optimal initial pH for fermentation depends on the yeast employed. The 

optimum pH for Debaryomyces hansenii and Candida spp. are 5.5 and 4-6, respectively 

(Cao et al. 1994). The best pH for C. parapsilosis, C. guilliermondii, and C. boidinii  are 

4.5-5, 6.0, and 7.0, respectively. If pH is not controlled, it drops during the fermentation 

process. Therefore, in such conditions, the initial pH values have to be higher than under 

controlled conditions. For example, the optimal initial pH value for C. boidinii under a 

controlled condition is 5.5; with no control, the initial pH should be 7.0 (Winkelhausen 

and Kuzmanova 1998). 

1.5 Production of Xylitol from Hemicellulose Hydrolysate 

Lignocellulose is mainly composed of cellulose, hemicellulose, and lignin and the 

composition varies according to plant species. The complex structure of lignocellulose in 

plants forms a protective barrier to cell destruction by bacteria and fungi. To make this 

structure suitable for conversion in fermentative processes, cellulose and hemicelluloses 

must be hydrolyzed into their corresponding monomers (sugars) for utilization by 

microorganisms (Iranmahboob et al. 2002). The main component of the hemicellulosic 

fraction of hardwoods and agricultural residues is xylan, a polymer made from xylose 

units that can be hydrolyzed to this sugar by mineral acids or xylanase. Under selected 

conditions, the solid residue from acid hydrolysis contains both the cellulosic and lignin 
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fractions that can be separated in a further reaction step and utilized for different product 

applications. Most fermentation studies have focused on hydrolysates derived from acid 

hydrolysis, although the hydrolysis of biopolymers can be performed enzymatically. A 

low degree of crystallinity, a low degree of polymerization and a heterogeneous structure 

of hemicelluloses compared to cellulose makes them much easier to be broken down into 

the structural units in the hydrolysis process (Magee and Kosaric 1985). On the other 

hand, lignin (phenolic fraction) that remains as a solid residue in the acid medium of both 

cellulose and hemicelluloses can be hydrolysed by stronger acids. Hemicelluloses are 

more susceptible than cellulose to the hydrolytic action of catalysts due to their open and 

branched structure. The polysaccharides of the raw material (lignocellulosic substances) 

have to be hydrolyzed to the corresponding sugars to obtain carbon source for 

microorganisms in fermentation processes. The most commonly employed acid catalysts 

for this purpose are H2SO4 and HCl. 

The liquid phase (containing xylose, byproducts, and compounds derived from other 

fractions of the raw materials such as extractives or lignin) prepared by hydrolysis can be 

utilized for making the fermentation media suitable for xylitol production. Like the 

defined media formulated by chemicals according to the biocatalyst requirement, the 

concentration of xylose as substrate is an important factor that influences the production 

of xylitol, such that the increased concentration of xylose results in improved yield and 

productivity. However, when lignocellulosic hydrolysates are involved in making culture 

media, some additional effects related to the concentration of substrate must be 

considered. By increasing the concentration of xylose using evaporation, the inhibition of 

microbial metabolism and the reduction of cell growth occur, which is dependent on a 
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simultaneous increase in the concentration of other non-volatile compounds (Olsson and  

Hahn-Hagerdal 1996). Inhibitors in the hydrolysates produced from acid hydrolysis can 

be classified into different groups including: a) minerals or metals resulting from the 

corrosion of the equipment or ions contained in the lignocellulosics; b) compounds like 

furfural and hydroxyl methyl furfural derived from the degradation of sugars at high 

temperatures; c) acetic acid liberated from the acetyl groups in biopolymers; and d) 

chemicals like aldehydes, phenolic compounds, and aromatics which are derived from 

lignin degradation and compounds derived from extractives. Some other important and 

effective inhibitory compounds found in hydrolysates are organic acids like syringic, 

caproic, caprylic, vanillic, pelargonic, and palmitic acid.  Some factors such as the 

microorganism utilized, the adaptation potential of the microorganism, the mechanism of 

the fermentation process employed, and the simultaneous presence of several other 

inhibitors are the main parameters that determine the maximum allowable concentration 

for each process.  (Parajo et al. 1998c; Converti et al. 2000;  Mussatto and Roberto 2001; 

Mussatto and Roberto 2004). Therefore, in order to make hydrolysates appropriate as 

fermentation media, acid hydrolysis should be carried out in a way that allows a) a high 

concentration of xylose as much as possible; b) concentrations of inhibitory byproducts in 

the ranges that should be tolerable for the microorganism; and c) high selectivity towards 

cellulose degradation (Parajo et al. 1998c). 

1.5.1 Detoxification of the hydrolysate 

A number of detoxification procedures including biological, physical, and chemical 

methods have been proposed to convert microbial inhibitors into inactive materials or to 

reduce their concentration in the culture. The type of the hemicellulose hydrolysate and 
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the species of microorganism employed determine the effectiveness of a detoxification 

method. Composition of the hydrolysate, varying according to the raw material and the 

hydrolysis conditions employed, should be considered before choosing a detoxification 

method (Larsson et al. 1999). 

1.5.1.1 Biological detoxification 

The adaptation of a microorganism to the hydrolysate is an interesting biological method 

for improving the fermentation yield of hemicellulosic hydrolysate media (Felipe et al. 

1996; Olsson and Hahn-Hagerdal 1996; Parajo et al. 1998c). In this method, which is 

based on consecutive fermentations, the microorganism of each experiment is involved as 

the inoculum for the next one. Adaptation of C. guilliermondii to hemicellulosic 

hydrolysate from the rice straw for xylitol production is an efficient and also an 

inexpensive method to lessen the inhibitory effect of microbial inhibitors on the xylose-

to-xylitol bioconversion (Silva and Roberto 2001). In some other biological methods of 

detoxification, specific enzymes (laccase and peroxidase of the white-rot fungus Trametes 

versicolor) or microorganisms are involved, acting on the toxic compounds present in the 

hydrolysates and changing their composition and properties (Jonsson et al. 1998). 

1.5.1.2 Physical detoxification 

Reducing or removing volatile compounds such as furfural, acetic acid, and vanillin, 

present in the hydrolysate by concentration using vacuum evaporation is a physical 

detoxification method. However, the concentration of some non-volatile toxic compounds 

like lignin derivatives and extractives increases and, consequently, the degree of 

fermentation inhibition could be increased (Mussatto and Roberto 2004). Improving the 
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fermentation process for xylitol production by removing acetic acid, furfural, and other 

volatile compounds from hemicellulose hydrolysates by evaporation is a suitable method 

of detoxification (Converti et al. 2000). Larsson et al. (1999) achieved a total removal of 

furfural from wood hemicellulosic hydrolysate reducing its volume by 90% through 

vacuum evaporation.  

1.5.1.3 Chemical detoxification 

Chemical methods include using ionization inhibitors at certain pH, changing the degree 

of toxicity of the compounds, and the precipitation of toxic chemicals. In other chemical 

methods, adsorbents like activated charcoal, diatomaceous earth, and ion-exchange resins 

are used to adsorb toxic compounds and filter out the medium (Mussatto and Roberto 

2004). Over-liming (increasing the pH to 9±10 with Ca(OH)2 ), and readjustment to pH 

5.5 with H2SO4, has been described as a chemical pretreatment method for detoxification 

of lignocellulosic hydrolysates known as alkali treatment. The dilute-acid treatment of 

hydrolysates from spruce with sodium sulfite, or using a large cell density inoculum, has 

been proven to decrease the concentrations of some toxic compounds, especially furfural 

and HMF (Palmqvist and Hahn-Hagerdal 2000). 

For detoxifying willow hemicellulose hydrolysate before fermentation by recombinant E. 

coli, a combination of sulfite and over-liming methods was shown to be the most effective 

(Olsson et al. 1995). Activated charcoal is widely used to remove compounds from the 

liquid phase by adsorption, and also to purify or recover chemicals. The effectiveness of 

activated charcoal for the adsorption treatment depends on some factors, which  include 

contact time, pH, temperature, and concentration of activated charcoal (Mussatto and 
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Roberto 2004). However, Canilha et al. (2004) demonstrated that xylitol production by C. 

guilliermondii FTI 20037 using eucalyptus (acid catalyzed) hemicellulosic hydrolysate 

treated with ion-exchange resins was more successful than the same hydrolysate treated 

with activated charcoal with pH adjustment. Also, xylitol production from the brewer’s 

spent grain hydrolysate by C. guilliermondii was severely influenced by the concentration 

of toxic compounds present in the medium. The untreated concentrated hydrolysate 

medium, which contained the highest concentration of inhibitors (3.83 g/l acetic acid and 

10.38 g/l total phenolics), resulted in the lowest fermentative parameters values (Mussatto 

et al. 2005). Altogether, since each method of detoxification could be specific to certain 

types of impurities or toxic materials, better results are achievable by combining two or 

more different methods (Mussatto and Roberto 2004).  

1.6 Immobilized-cell Fermentation  

The employment of an appropriate technology for biotechnological xylitol production is 

an important step to achieve a successful biotransformation. Biocatalyst immobilization, 

with advantages such as high productivity and yield, easier cell recovery and reuse, and 

providing high cell concentration in the system, could be considered as a competitive 

technology for this bioprocess (Corcoran 1985). In such systems, biocatalysts are cross-

linked together or adsorbed on the surface of a carrier, or may be entrapped in a hydrogel 

system. The use of a repeated-batch fermentation system for producing xylitol from 

hemicellulosic hydrolysates, due to a good adaptation of the cells with the medium, is an 

efficient way to cope with the toxic effects of these inhibitors (Sene et al. 1998). Carvalho 

and co-workers (2003) investigated the efficiency of immobilized cells and the effect of 

stirred tank reactor (STR) parameters on fermentation parameters; Ca-alginate entrapped 
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C. guilliermondii FTI 20037 cells were used for xylitol production from sugarcane 

bagasse hemicellulosic hydrolysate. The optimization of the process was performed by  a 

screening design and response surface methodologies. Using a five-fold concentrated 

hydrolysate, values of 47.5 g/l, 0.81 g/g and 0.40 g/l/h were obtained for xylitol 

production, xylitol yield, and volumetric productivity, respectively, in 120 h of 

fermentation at an air flow rate of 1.30 vvm, agitation speed of 300 rpm, initial cell 

concentration of 1.4 g/l, and initial pH of 6.0. The metabolic behavior of C. guilliermondii 

cells entrapped in Ca-alginate beads for a batch xylitol production in a stirred tank reactor 

from sugarcane bagasse hydrolysate was investigated by Carvalho et al. (2005). 

Conditions including agitation speed (300 rpm), air flow rate (1.3 vvm), initial cell 

concentration, and starting pH (6.0) resulted in a xylitol production of 47.5 g/l , yield of 

0.81 g/g, and a productivity of 0.40 g/l/h from a five-fold concentrated hydrolysate during 

120 h of fermentation. Therefore, the lower xylitol productivity in this system compared 

to that reported for free C. guilliermondii using different modes of fermentation, may be 

attributed to intra-particle mass transfer limitations.  

Throughout the fermentation process, the energy requirement increased from 2.1 to 6.6 

mol.ATP/mol-C DM, demonstrating appearance difficulty by the time for the microbial 

system. For a good performance of systems using immobilized cells, the right choice of 

bioreactor is very important. The appropriate selection of the bioreactor is possible only 

after extensive experimental work due to the large number of influencing factors. Some of 

the advantages of a fluidized bed reactor (FBR) include better mass transfer rates, easier 

control of operating parameters, lower shear stress, and lower damage of the immobilized 

cell system compared to a stirred tank reactor (Béjar et al. 1992). 
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Santos et al. (2005a) studied the influence of the aeration rate and carrier concentration on 

the bioproduction of xylitol using C. guilliermondii cells immobilized on porous glass in 

a fluidized bed reactor (FBR). The results indicated that the aeration rate had a positive 

influence on volumetric productivity (Qp) and a negative effect on product yield (Yp/s), 

while the carrier concentration had a negative influence on both fermentative parameters. 

The highest xylitol concentration (13.1 g/l) and the highest product yield (0.38 g/g) were 

attained at an aeration rate of 0.03 vvm and a carrier concentration of 62.5 g/l, but the 

xylitol productivity exhibited the lowest value (0.18 g/l/h). By only increasing the 

aeration rate to 0.093 vvm, the yield value decreased to (0.25 g/g), but the volumetric 

productivity was highest (0.44 g/l/h), which could be due to the cell metabolism increase.  

The xylitol yield and concentration were at the minimum level and the cell concentration 

was maximum when the highest levels of the aeration rate and carrier concentration were 

applied, because in this condition cell metabolism was towards cell regeneration. On the 

other hand, the increase in carrier concentration caused the bubbles in the reactor to burst, 

reducing xylitol accumulation because it enhanced cell growth (Santos et al. 2005a). As is 

well known, a good performance of systems using immobilized cells mainly depends on 

the right selection of the immobilization carrier. Santos et al. (2003), investigating xylitol 

production from hemicellulose hydrolysate in a fluidized bed reactor using C. 

guilliermondii cells immobilized in porous glass, have reported that inhibiting effects 

and/or mass transfer limitations could affect the performance of such a biosystem; thus, 

experimental optimization is required. 

Santos et al. (2005b) studied different adsorbing supports for C. guilliermondii cells to be 

used for xylitol production, from sugarcane bagasse hemicellulose hydrolysate. The 
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carriers employed included Syrane porous glass beads with 2.53mm diameter in average 

and pore diameter in the range 60–300 µm, and NaX zeolite.  A xylitol concentration of 

35.5 g/l, yield of  0.72 g/g, and volumetric productivity of 0.49 g/l/h was achieved in the 

free cell fermentation system, while in immobilized cell systems using porous glass and 

NaX zeolite, lower xylitol concentration (28.8–29.5 g/l), yield (0.52–0.53 g/g), and 

volumetric productivity (0.32–0.33 g/l/h) were observed. The lower fermentative 

parameters for cells immobilized on porous glass were probably due to the limitation of 

the substrate transfer toward cells compared with the free-cell system (Table 1.3). 

Table 1.3 Results of batch fermentations with cells of C. guilliermondii either suspended 
or immobilized in porous glass and zeolite (Santos et al. 2005b). 

Method Pf 

 (g/l) 

 

EtOH 

(g/l) 

 

Xf 

 (g/l) 

 

Immob. 

(%) 

 

YP/S 

(g/g) 

 

QP 

(g/l/h) 

 

qP  

(g/g/h) 

 

Qx  

(g/l/h) 

 

Qs 

 (g/l/h) 

 

Free cells 35.5 
 

3.97 
 

5.32 
 

– 
 

0.72 
 

0.49 
 

0.092 
 

0.048 
 

0.69 
 

Porous 

glass 

immobilized 

cells 

29.5 
 

4.92 
 

10.5 
 

49.6 
 

0.53 
 

0.33 
 

0.031 
 

0.10 
 

0.62 
 

Zeolite 

immobilized 

cells 

 

28.8 
 

5.18 
 

6.65 
 

28.9 
 

0.52 
 

0.32 
 

0.048 
 

0.063 
 

0.61 
 

Pf: final xylitol concentration; EtOH: final ethanol concentration; Xf: final concentration 
of total cells; Immob: immobilized cells; YP/S: xylitol yield factor; QP: xylitol volumetric 
productivity; qP: xylitol specific productivity; Qx: cell volumetric productivity; 
QS:volumetric xylose consumption rate. 

Results also indicated that 50% of the total cells were entrapped in porous glass, while in 

zeolite beads (with smaller size pores on the surface), less than 30% were adsorbed at the 

end of batch immobilization tests. Porous glass was saturated by a microbial population 

around three times higher than in zeolite, leading to the detachment of the cells. 
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1.7 Xylitol Recovery from Fermented Hydrolysate 

One of the most complicated steps in the industrial fermentative process is product 

recovery and purification (Gurgel et al. 1995). The impurities found in the xylitol 

fermentation broth have a range of molecular sizes. Most of these impurities are residual 

nutrients from fermentation and include yeast extract, polypeptides, sugars, sugar 

alcohols, and inorganic salts. Knowing the characteristics of the xylitol molecule is 

critical in understanding the methods of recovery. The size of the xylitol molecule has 

been reported to be about 0.96-0.99 nm in length and 0.3-0.33 nm maximum radius 

(Kiyosawa 1991). Yeast extract, which is composed of amino acids, peptides, oligo-

peptides, proteins, and other metabolites, is found in the medium as the supplemental 

substance and is considered as an impurity in the broth in downstream processing. The 

major methods for xylitol recovery include ion-exchange resins, activated carbon, and 

chromatography. Gurgel et al. (1995) used activated carbon, anion and cation exchange 

resins to purify xylitol from sugar cane fermented medium. Xylitol has affinity for strong 

cation-exchange resin (Amberlite 200C) and weak anion-exchange resin (Amberlite 94S), 

which resulted in a 40-55% loss of the product because xylitol adhered to the surface of 

the resin. The best substance for clarifying the medium was activated carbon (25 g in 100 

ml fermented broth) at 80°C and pH 6.0 for 60 min. Also, the affinity of xylitol to 

activated carbon (20%) was less than that of resins. It was also demonstrated that the most 

important factor in color removal is concentration of the activated carbon. The influence 

of activated carbon concentration is lower at higher temperatures, and this effect is higher 

at pH 6.0 compared to pH 9.0.  In another study, Silva and co-workers (2000) evaluated 

the activated charcoal and aluminum polychloride for xylitol purification from fermented 
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medium. The results showed that using 5.2 g/l of aluminum polychloride associated with 

activated charcoal at pH 9, temperature of 50°C for 50 min, promoted a 93.5% reduction 

in phenolic compounds and a 9.7% loss of xylitol from the fermented medium.  

Liquid–liquid extraction is a simple, clean, and fast method of purification used in 

numerous industrial processes to remove impurities or to recover dissolved substances. 

Solvents recovery is easy due to their low boiling points. Precipitation is another method 

that can be used to recover a substance from a fermentation broth, because when a solute 

is precipitated, it can be removed by a simple solid-liquid separation (Glatz 1990). Both 

methods of liquid-liquid extraction and precipitation were used together by Mussatto et al. 

(2005) for xylitol recovery from a fermented medium by C. guilliermondii. Some of the 

impurities were extracted from the broth using either ethyl acetate, chloroform or 

dichloromethane, and the best results for clarification were obtained with ethyl acetate. In 

the second stage, the most effective chemical for the precipitation of impurities was 

tetrahydrofuran (compared to ethanol and acetone), but xylitol loss was too high (≈30%).  

1.8 Gaps in knowledge 

The biotechnological approach of xylitol production has been investigated from different 

kinds of feedstocks, but is still in development to make it more cost effective and 

efficient. The kinetics of acid-catalyzed hydrolysis of a hemicellose-rich biomass (oat 

hull) has not been reported in literature. Also, the impact of acid-catalyzed hydrolysis on 

the kinetics of delignification reactions with the purpose of application of the cellulosic 

byproduct from delignification process for biocomposites formulations has not been 

studied. The interaction of the bioconversion parameters such as medium 
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supplementation/detoxification, hydrogen potential, and cell recycling in repeated batch 

bioconversion process has not been reported in literature so far. Additionally, critical gaps 

in knowledge exist regarding the application of a biocomposite-based cell support for 

immobilized-cell xylitol bioproduction. The selection or fabrication of an appropriate 

biocatalyst carrier (support) that is cost-effective as well as resistant to high temperature 

of sterilization and strong enough to withstand harsh conditions in the bioreactor has also 

not been explored. 

1.9 Objectives of the Research 

The overall objective of this research is to employ an integrated process to address and 

study the abovementioned gaps in knowledge. The specific objectives of this project are 

as follows:  

1. to optimize analytical parameters in a dual-detection HPLC analysis for the 

quantification of carbohydrates and toxic components in the medium; 

2.  to determine the kinetics of dilute acid hydrolysis of hemicellulose fraction of the 

lignocellulosic biomass (oat hull) under moderate pressurized conditions: 

2.1. to determine the influence of hydrolysis variables  on kinetic parameters of 

the components in the hydrolysate;  

2.2. to optimize the parameters for xylose extraction, such as temperature, catalyst 

concentration, and duration of the hydrolysis process in the reactor; 

3. to investigate the kinetics of delignification and hemicellulose removal from the 

biomass; 



 
 

29 

4.  to determine the adsorption isotherms of the major microbial inhbitors on 

activated carbon and the importance of the variables related to the process in 

defined and biobased media; 

5.  to study parameter interactions (pH control, medium detoxification, and 

supplementation as well as cell recycling) in the free cell system of xylitol 

bioconconversion process; and 

6. to evaluate the impact of aeration and oxygen mass tansfer rate on the 

performance of the free cell system and the efficiency of biocomposite-based 

carriers with different components on the peformance of the imobilized cell 

system of xylitol bioconversion process.  

1.10 Organization of the Thesis 

The thesis is organized according to the guidelines provided by University of 

Saskatchewan for manuscript-based theses. The thesis content has been divided into six 

sub-projects presented in six chapters following the objectives of this research study. In 

Chapter 2, an HPLC analytical method using a dual-detection system was investigated 

and tested for simultaneous quantification of carbohydrates, alcohols, and microbial 

inhibitors in the hemicellulosic hydrolysate and/or bioconversion medium with the 

objective of minimizing time as well as improving chromatogram resolution. In Chapter 

3, the kinetics of acid-catalyzed depolymerization and degradation of hemicellulosic 

polysaccharides was studied based on different mechanisms such as single-phase and bi-

phasic models. Also, the influence of catalyst (sulfuric acid) concentration and process 

temperature on pentose recovery, especially xylose recovery alongside the generation of 



 
 

30 

microbial inhibitors with time was investigated in detail. The byproduct of biomass 

hydrolysis obtained during the work conducted in Chapter 3 was considered as a 

prehydrolyzed and lignin-rich cellulosic material. The kinetics of alkaline delignification 

was studied in Chapter 4 and the results were compared with those of intact biomass 

delignification. The kinetic study of delignification of the cellulosic material could be 

helpful in the consequent selection of an appropriate material for biocomposite 

formulation to be used as the cell support in an immobilized-cell system for xylitol 

production (Chapter 7). Chapter 5 is devoted to the detoxification of the hemicellulosic 

hydrolysate and the investigation of adsorption isotherms and thermodynamics of 

adsorptive removal of microbial inhibitors using activated carbon as the adsorbent. The 

actual results of detoxification obtained in Chapter 5 were evaluated in Chapter 6 in 

actual bioconversion processes employing C. guilliermondii as the biocatalyst. In the 

experimental work in this phase of the research, interactions of process parameters such 

as hydrogen potential, medium detoxification, and cell recycling were investigated to 

determine the optimal conditions for xylitol production in repeated batch bioconversions. 

In Chapter 7, aerated free- and immobilized-cell systems were studied to determine the 

importance of the aeration rate and oxygen mass transfer on process parameters that 

include product concentration and yield as well as process productivity. Also, biofiber-

polypropylene composites were formulated using the hydrolysis byproduct (from Chapter 

3) and delignified hydrolysis byproduct (from Chapter 4) to evaluate the role of biofiber 

components in cell immobilization and bioconversion performance for xylitol production. 

Altogether, an integrated process was employed in this research study with the ultimate 

goal of xylitol production.  Chapter 8 is a general discussion on the results obtained in this 



 
 

31 

project and Chapter 9 gives the conclusions as well as recommendations related to this 

work. 
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Chapter 2 

2. Simultaneous Quantification of Carbohydrates, Alcohols, 

and Toxic Components in a Bio-based Medium using Dual 

Detection HPLC Analysis  

Contribution of Ph.D. Candidate 

All work including the literature review, implementation of the experimental work as well 

as the conduct of the analytical work reported in this chapter were carried out by the 

Ph.D. candidate, with advice from Dr. Lope Tabil. The manuscript was prepared by Majid 

Soleimani, with the editorial guidance provided by Dr. Tabil. 

The work discussed in this chapter was included in a presentation at the following conference:  

 
Soleimani, M.,  L. Tabil and S. Panigrahi. 2009. Quantification of the major 

carbohydrates, alcohols, and toxic components in a bio-based medium by dual detection 

HPLC analysis. Biofuels & Bioenergy - A Changing Climate, IEA Bioenergy 

Conference, Vancouver, BC, Presentation No. 33, August 23-26.  

A similar version of this chapter co-authored by Majid Soleimani and Lope Tabil was 

submitted to the American Journal of Analytical Chemistry for possible publication. 

Contribution of this chapter to the overall study 

The ultimate goal of this research study is to investigate the repeated batch bioconversion 

process of xylitol production in free- and immobilized-cell systems. To provide the 
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appropriate medium for the fermentation from the oat hull biomass, the parameters of the 

depolymerization stage as well as detoxification process were to be monitored and 

controlled to attain successful biotransformation leading to the final product. All these 

require a reliable and quick enough analytical method to monitor the major and 

determinative components in the hydrolysate/medium and, consequently, to apply the 

appropriate combinations of the variables for each process. Therefore, this part of the 

research work, with the purpose of establishing a measurement method, is crucial in the 

conduct of the other parts of the study. Obtaining reproducible results with minimal errors 

is, therefore, critical.     

2.1 Abstract 

The bio-based media derived from the cellulosic biomass resulting from depolymerisation 

or bioconversion processes are composed of several chemicals and biochemicals. In this 

study, the main components of a hemicellulosic-based medium was analyzed using a dual 

detection HPLC method to separate and determine concentrations of the major 

monosaccharides (glucose, xylose, and arabinose), alcoholic and acidic components 

(ethanol, xylitol, and acetic acid), and furanic compounds (furfural and 

hydroxymethylfurfural (HMF)) using a single stationary phase (Aminex HPX-87H) and 

two detection methods. The analyses were performed under an isocratic condition with 

mobile phases consisting of 5 mM sulfuric acid and acetonitrile in different mix ratios 

from 0 to 0.061 mole fraction of acetonitrile. Based on the analysis duration and 

chromatogram quality, the optimum condition was determined for simultaneous 

quantification of the components. 
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2.2 Introduction 

Lignocellulosic resources provide a renewable source of carbon mainly (75%) as 

carbohydrates for the biotransformation-based processes to produce fuels and chemicals 

with a wide variety of applications (Corma et al. 2007). During the depolymerization of 

the natural polymers in the biomass, a complicated conversion of the components to the 

simpler chemicals occurs. The mechanism of conversion of the monosaccharides, which 

include hexoses and pentoses, as well as acetyl groups, respectively, to 

hydroxymethylfurfural (HMF), furfural, and acetic acid and the mechanisms of their 

inhibition on the cell metabolic activities and regeneration have been studied in detail by 

Palmqvist and Hahn-Hagerdal (2000).  

The analytical methods for xylitol determination and quantification could be classified  as 

(a) methods based on high performance liquid chromatography (HPLC); (b) methods 

based on gas chromatography (GC); (c) liquid chromatography-mass spectroscopy (LC-

MS) methods; and (d) capillary electrophoresis (CE) methods. The advantage of HPLC 

over GC is that the derivatization steps are not required to generate volatile derivatives 

applicable for the final analytical study (Chen et al. 2010). 

Different types of columns such as HPX-87H, TSK amide 80 column, amino-based 

carbohydrate column, and ion exclusion column have been used for xylitol analysis. 

Several kinds of detectors based on different detection methods coupled with 

chromatographic systems have been used to quantify carbohydrates, and these include 

refractive index (RI) detection, mass spectroscopy (MS), pulsed amperometric detection 

(PAD), evaporative light scattering (ELS), and ultraviolet (UV) detection. Of these, the 
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less sensitive methods, such as RI detection and ELS method, are the ones with more 

applications for xylitol analysis (Chen et al. 2010; Liu et al. 2012).  

Biomass hydrolysis byproducts (furans) derived from the degradation of monosaccharides 

(hexose and pentose) are preferrably detected by UV, GC-mass spectrometry and GC-FID 

methods (Liu et al. 2012). Martinez and co-workers (2000) suggested a UV spectral 

method as a rapid and convenient means to estimate and monitor total furans (furfural and 

HMF) in the biomass hydrolysate. The individual determination of methyl furfural (MF), 

furfural, and HMF was developed using a spectrophotometric method based on the 

reaction of the components with 2-thiobarbituric acid (TBA) (Rocha et al. 2004). Scarlata 

and Hyman (2010) cited a study that noted how a fast acid method using an HPLC ion 

exclusion column based on cross-linked sulfonated styrene-divinyl benzene (SDVB) and 

the RI detection method successfully analyzed organic acids, alcohols, and furans; 

however in some cases, carbohydrates were eluted together. Even levulinic acid co-eluted 

with acetic acid, and glycerol co-eluted with formic acid using the fast acid system. In 

another study reported by Xu and co-workers (2003), a combination of RI and UV 

detection methods was used for the simultaneous analysis of dextrose and 5-HMF in an 

aqueous system, attaining a high sensitivity (30-50 ppb) for 5-HMF detection; whereas, 

the use of the anion exchange chromatography with the PAD method showed that the 

simultaneous quantification of dextrose and 5-HMF could be impractical because of the 

low loading capacity of the anion exchange column as well as the mismatch of the 

concentrations of these two components. The analytical study of the catalytic dehydration 

of xylose for furfural production was carried out using an HPLC system coupled with an 

ion exchange stationary phase equipped with RI and UV detection systems by Dias et al. 
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(2006). The application of HPLC in combination with ELS and photodiode array (PDA) 

detection systems resulted in a reproducible quantification of carbohydrates 

(monosaccharides and cellobiose) and furans, respectively (Liu et al. 2012).  

The application of a single method of detection, along with liquid chromatography for the 

simultaneous analysis of furans, carbohydrates, alcohols, and organic acids, is a challenge 

because of the great difference in the concentrations at a single sample concentration. Fast 

eluting methods using fast acid columns result in the co-elution of some of the important 

components during the analytical work. Therefore, the objective of this study is to apply a 

dual detection system using UV and RI detection methods to simultaneously quantify the 

hydrolysis products (monosaccharides) and hydrolysis byproducts such as inhibitors 

(toxic components), as well as bioconversion products (alcohols: ethanol and xylitol) in 

an aqueous system.  For this purpose, eluent components are to be optimized to achieve a 

high resolution chromatography with less elution time.    

2.3 Materials and Methods 

2.3.1 Chemicals 

Acetonitrile and sulfuric acid were used as the components of the mobile phase in HPLC 

analysis, and other materials including glucose, xylose, arabinose, acetic acid, HMF, and 

furfural were used as the standards for the hydrolysate or bioconversion medium analysis. 

Xylitol and ethanol were used as standards for the dual-detection analysis using HPLC in 

experiments related to the bioconversion process. All monosaccharides and xylitol were 

purchased from Alfa Aeser (Ward Hill, MA); ethanol, HMF, and acetic acid were 



 
 

45 

supplied by Sigma Aldrich Canada (Oakville, ON) and furfural was obtained from J. I. 

Baker Chemical Co. (Phillipsburg, NJ).  

2.3.2 Samples and instrument 

The oat hull feedstock was supplied by Can-Oat Milling Inc. (Martensville, SK) and the 

impurities including endosperm grits and dust were separated using a sieving machine 

(Link Aero, Fargo, ND). To prepare the biobased medium, the biomass was hydrolyzed in 

a 4-liter reactor (Hoppes Inc., Springfield, OH) using dilute sulfuric acid solution (as 

catalyst) in a concentration of up to 0.55 N and at a temperature up to 130ºC within 150 

min period of time and 10% (w/w) solid concentration. To simulate the hydrolysate to a 

xylitol bioconversion medium, xylitol and ethanol were added to it, with concentrations 

of up to 25 and 5 g/l, respectively. The samples were diluted with water, centrifuged to 

separate suspended materials and finally filtered through syringe filters with 0.2 µm pore 

size. A dual-detection HPLC analytical approach using the Agilent 1100 series HPLC 

(Agilent 1100; Hewlett-Packard, Waldbronn, Germany) on an anion exchange column 

(HPX-87H) packed with sulfonated polystyrene-divinylbenzene and a mobile phase flow 

rate of 0.5 ml/min at 30ºC was employed to determine the concentrations of the major and 

minor components. The system was equipped with an RI detector and a DAD (diode array 

detector) in a series. The density and viscosity data of the acetonitrile/water mixtures was 

obtained from literature (Hickey and Waghorne 2001).  

2.4 Results and Discussion 

The linear relationship between density and the concentration (mole fraction) of 

acetonitrile in its mixture with water is shown in Figure 2.1. This is because of the lower 
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density of acetonitrile (0.782 g/ml at 20ºC) compared to water. Therefore, any increase of 

the solvent in the mixture results in a linear reduction of the mixture density. The other 

important point with the mobile phase is the back pressure (P) in the liquid 

chromatography system which could be under the effect of the mobile phase viscosity, as 

included in the following equation for a packed bed: 

220
pdrK

FL
P




          (2.1)  

 

where µ is the eluent viscosity (Pa.s), F is flow rate (m3/s), L is length of the column (m), 

and K0, r, and dp are specific permeability (m2), column radius (m), and particle diameter 

(m), respectively. The results obtained by observations indicated that the back pressure in 

the system increased parallel to the viscosity of the eluent. Just at the end of the curves 

(Figure 2.2), the slopes became slightly different and that is probably due to the 

interaction of other factors associated with the flow of the mobile phase in the system. In 

a study on temperature and the pressure behaviours of the mobile phase in LC systems 

using reversed phase columns, Aburjai et al. (2011) concluded that changing the mobile 

phase fractions could be effective on the back pressure of the system; these variations 

could be dependent on the type of the organic modifier as well as the stationary phase.  
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Figure 2.1 Relationship of acetonitrile density to its concentration (mole fraction) in 
water. 
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Figure 2.2 Effect of the acetonitrile concentration in acetonitrile-water mixture on its 
viscosity and back pressure in the system.  
 

 

2.4.1 Analysis of carbohydrates and alcohols 

The results of some HPLC analysis of samples on carbohydrates including glucose, 

xylose, arabinose, and alcohols including xylitol and ethanol in this work are shown in 

Figure 2.3. From the peaks and the results in Table 2.1, it could be concluded that loading 



 
 

48 

more acetonitrile into the system in the mobile phase resulted in the reduction of retention 

times of components. However, this reduction is more significant for some of the 

components such as ethanol and less significant for others such as all monosaccharides 

and xylitol.  This observation agrees with the result reported by Yuan and Chen (1999) 

who did not discern any significant change in the retention times of the carbohydrates by 

acetonitrile concentration in the mobile phase. For ethanol, Table 2.1 indicates that by 

increasing the acetonitrile concentration (mole fraction) from 0 to 0.061, this reduction 

(from 25.79 to 23.61) is 2.18 min (8.5% of the retention time at initial condition where no 

organic solvent was used). The numbers for glucose, xylose, arabinose, and xylitol are 

4.15%, 5.31%, 4.05%, and 2.63%, respectively.  

On the other hand, the negative effect of the organic solvent loading into the mobile phase 

was the appearance of negative peaks at some points in the baseline, which could be 

critical in the determination of peak areas and concentration measurement. This occurred 

for mole fractions of 0.014 and 0.029 on the right side and left side of the peaks, 

respectively, resulting in large errors in reading the areas under such conditions. At the 

other two mole fractions (0.045 and 0.061) of the solvent in the mobile phase, void 

volumes appeared between xylitol and ethanol far from the peaks. Also, the baselines of 

the chromatograms when using organic solvent was slightly wavy compared to the pure 5 

mM sulfuric acid, the mobile phase, which gave a very straight and stable baseline. In a 

study for the determination of carbohydrates and organic acids, a very high baseline 

noise, which was not acceptable, resulted from the application of acetonitrile as the 

organic modifier in the mobile phase (Eyeghe-Bickong et al. 2012); this reduced the 

sensitivity of the system to the analytes, especially the ones in lower concentrations.     
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Figure 2.3 HPLC chromatograms of (1) glucose, (2) xylose, (3) arabinose, (4) xylitol, and 
(5) ethanol using RI detector; a, b, and c are the results of the analysis at different mole 
fractions of acetonitrile: (a): 0, (b): 0.029, (c): 0.061 as the mobile phase. 
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Figure 2.4 HPLC chromatograms of acetic acid (1) using UV detector at 205 nm 
wavelength; a, b, and c are the results of the analysis at different mole fractions of 
acetonitrile: (a): 0, (b): 0.029, (c): 0.061 as the mobile phase. 
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Figure 2.5 HPLC chromatograms of (1) HMF, and (2) furfural using UV detector at 280 
nm wavelength; a, b, and c are the results of the analysis at different mole fractions of 
acetonitrile: (a): 0, (b): 0.029, (c): 0.061 as the mobile phase. 
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However, in the present study, the height of the noises was not too extreme to develop 

errors in such conditions. Altogether, pure dilute (5 mM) sulfuric acid gave the best 

result, and the two higher mole fractions of the organic solvent produced better results in 

terms of the chromatogram quality compared to the other ones. The detailed results of the 

HPLC analysis related to retention times of the components are listed in Table 2.1. 

 

Table 2.1 Retention times (min) of the components at different acetonitrile concentrations 
(mole fraction) in dilute sulfuric acid.  

Mole fraction of acetonitrile in 5 mM sulfuric acid 
Component 0 0.014 0.029 0.045 0.061 
Glucose 
Xylose 
Arabinose 
Xylitol 
Ethanol 
Acetic acid 
HMF 
Furfural 

11.07 
11.87 
13.09 
13.71 
25.79 
19.04 
49.64 
78.37 

10.89 
11.65 
12.86 
13.53 
24.77 
18.08 
39.94 
62.35 

10.74 
11.45 
12.70 
13.37 
24.52 
17.29 
33.73 
52.72 

10.61 
11.28 
12.55 
13.28 
23.99 
16.45 
28.89 
44.76 

10.61 
11.24 
12.56 
13.35 
23.61 
15.72 
24.97 
37.96 

 

 

 

2.4.2 Analysis of toxic components 

Toxic components (microbial growth inhibitors) including acetic acid, furfural, and HMF 

were analyzed and the chromatogram results using different eluents are presented in 

Table 2.1, as well as in Figures 2.4 and 2.5. The effect of eluent components on the 

retention time and separation process is most significant for these materials, especially 

furfural and HMF than carbohydrates. A similar result was achieved by Yuan and Chen 

(1999) who did analytical work on six furanic compounds. By increasing the mole 

fraction of acetonitrile in the mobile phase from 0 to 0.61, the retention times of acetic 

acid, HMF, and furfural reduced from 19.04 to 15.72 min, 49.64 to 24.97 min and from 

78.37 to 37.96 min, respectively. If furfural was assumed to be the final chemical which is 
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being analyzed, there would be over 51% reduction in its retention time, resulting in  the 

shortening of the duration of analysis. Application of the mobile phase containing 0.045, 

0.029, and 0.014 acetonitrile mole fractions resulted in reduced furfural retention times by 

43%, 33%, and 20%, respectively, compared to when sole dilute sulfuric acid used as the 

mobile phase. In addition to time savings, this results in less depreciation of the analytical 

device. However, the resolution and quality of the chromatogram is an important factor in 

making decisions. As shown in the chromatograms, good resolutions were achieved in 

almost all conditions for HMF and furfural. However, in some cases of acetic acid, a 

shoulder appeared on the left side of the peaks corresponding to mobile phases with 0.014 

and 0.061 acetonitrile mole fraction, which results in an error in the final concentration 

measurement. This did not happen in other cases. Therefore, regarding the short analysis 

period with the mobile phase containing 0.045 acetonitrile mole fraction among others, 

this ratio is recommended over other ones.  
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Figure 2.6 Dependence of the retention times of acetic acid, HMF, and furfural to 
acetonitrile concentration (mole fraction) in the mobile phase.  
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2.5 Conclusions 

Access to a reliable method in quantifying components of a complex medium such as a 

hemicellulose hydrolysate or a biobased medium could be an important factor in the 

monitoring and control of depolymerization and bioconversion processes leading to the 

final product (xylitol). In this study, the objective parameters of chromatogram resolution 

and analysis time for the quantitative determination of the intended components 

(monosaccharides, alcohols, and toxic components) were investigated. HPLC system 

properties indicated that the back pressure on an ion exchange stationary phase could be 

varied by changing the ratio of the organic modifier. The retention times of the 

compounds, mainly furans and to a lesser extent ethanol and acetic acid, were shortened 

by increasing the organic part of the mobile phase mixture; however, those of the 

monosaccharides were not affected by this change in the eluent. To optimize the ratio of 

the organic solvent, it was important to consider the quality of the peaks and the 

resolution of the chromatogram in addition to the retention times of the components. 

Overall, in the range studied here, the mole fraction of 0.045 for the organic solvent 

(acetonitrile) resulted not only in a much less analysis run time (43% shorter) compared 

to the pure inorganic solvent, but also resulted in a high quality of the chromatogram 

comparable to the one obtained by pure dilute sulfuric acid as the mobile phase. 
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Chapter 3 

3. Kinetics of Chemical Hydrolysis and Decomposition of 

Hemicellulosic Polysaccharides  

Contribution of Ph.D. Candidate 

All work including the literature review, experimental design, conducting the research 

work, kinetic study and modeling as well as the analytical work reported in this chapter 

were carried out by the Ph.D. candidate, with advice from Dr. Lope Tabil. The manuscript 

was prepared by Majid Soleimani, with Dr. Tabil's editorial guidance. Technical support 

was provided by Richard Blondin (Analytical Technician), Bill Crerar (Research 

Engineer), and Louis Roth (Mechanical Technologist). Timothy Tse (Undergraduate 

Research Assistant) provided assistance during the experiments. 

 

A short version of the work discussed in this chapter was included in a paper presentation 

at the following conference:  

 
Soleimani, M., L. Tabil, S. Panigrahi and B. Crerar. 2009. Kinetics of acid-catalyzed 

hemicellulose hydrolysis. ASABE Annual International Meeting, Reno, NV, June 21-24, 

Paper No. 097034. 

A similar version of this chapter co-authored by Majid Soleimani and Lope Tabil was 

submitted to Chemical Engineering and Processing for possible publication. 
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Contribution of this chapter to the overall study 

The analytical method for monitoring the chemicals during depolymerization process in 

the hydrolysate or bioconversion medium was established in the last chapter. In this 

chapter, the hydrolysis of polysaccharides in the hemicellulose fraction of the biomass 

(oat hulls), the factors controlling the release of monosaccharides, and the generation of 

degradation products are investigated. The consequent process of bioconversion resulting 

in the final product (xylitol) and the requirement of detoxification, which will be 

presented in the next chapters, would highly depend on the performance of the hydrolysis 

process in achieving a higher yield of monosaccharides, especially xylose, and less 

degradation chemicals.   

3.1  Abstract 

In the complex structure of lignocellulosic materials, the majority of the hemicellulose is 

composed of biopolymer xylan, a polysaccharide consisting of xylose units that can be 

converted into its monomer by acidic or enzymatic hydrolysis. In this study, oat hull was 

used as a hemicellulose-rich feedstock for xylose production. To investigate the kinetics 

of depolymerization reaction of the polysaccharides at moderate pressures, the hydrolysis 

process with a catalyst concentration of 0.10 N, 0.25 N, 0.40 N, and 0.55 N H2SO4 and 

temperatures of 110°C, 120°C, and 130°C were applied as process parameters for a total 

residence time of 150 min. The kinetics of depolymerization of hemicellulose and the 

decomposition of the generated monomers were studied and modeled. Different trends of 

recovery or generation and kinetic mechanisms resulted of the components in the 
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hydrolysate. A pentose recovery of almost 80% was observed under optimal conditions 

(catalyst concentration of 0.1 N at 130°C for a residence time of 40 min).  

3.2 Introduction 

In recent years, there has been a growing interest in using biomass, a renewable resource, 

for a wide range of applications to produce bio-products, fine chemicals, and chemicals 

using biotechnological or synthetic routes (Corma et al. 2007). Biomass could be 

considered as valuable feedstock for the sustainable production of organic fuels and 

chemicals as a replacement for petroleum (Lynd et al. 1999).  

Hemicellulose, among the major fractions in the biomass besides cellulose and lignin, is a 

carbohydrate-based fraction composed of hexose and pentose sugars as the monomers. 

Basically, hemicelluloses could be grouped into four main categories depending on the 

backbone-chain composition, namely, xylans, β-glucans, xyloglucans, and mannans 

(Scheller and Ulvskov 2010). In agricultural residues, the main polysaccharide in the 

hemicellulose is xylan which is a heteropolysaccharide with the backbone chain of 1,4-

linked β-D-xylopyranosyl units and side-group substitutions such as arabinosyl, acetyl, 

and glucuronosyl (Silva et al. 2012). A lignocellulosic material is a complex structure 

which is difficult to depolymerize by biological factors. This structure needs to be 

disintegrated and cellulose and hemicellulose have to be hydrolyzed into their monomeric 

constituents usable as substrates for biocatalytic agents (Iranmahboob et al. 2002). There 

are three methods of depolymerization of lignocellulosic polysaccharides into 

monosaccharides useful for biochemical processes and products: dilute acid, concentrated 

acid, and enzymatic hydrolysis. Compared to cellulose, hemicellulose is much easier to 

hydrolyze by dilute acids under moderate process conditions. Dilute acid catalytic 
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hydrolysis of hemicellulose in which an acid such as H2SO4, HCl, HNO3 or H3PO4 is used 

as the catalyst, is one of the most preferred methods for industrial conversion of 

hemicellulose; sulfuric acid concentrations of 0.5-1.5% at 121-160°C are used for this 

purpose (Carvalheiro et al. 2008). Some advantages of dilute-acid hydrolysis and 

pretreatment using sulfuric acid are low acid consumption, a higher reaction rate in 

comparison to enzymatic hydrolysis, less expense than alkaline-catalyzed pretreatment, 

and the convenience of not having to recover or regenerate the catalyst (acid) in contrast 

to the concentrated acid-catalyzed method (Esteghlalian et al. 1997). The mechanism of 

hemicellulose hydrolysis could be described by a heterogeneous system consisting of fast 

and slow reacting fractions. The three reasons behind this are the following: (i) the 

accessibility of the fast reacting fraction is higher than the slow reacting fraction which is 

located in deep locations of the biomass; (ii) their structure and the ratio of the side 

groups of xylan to the xylose in the backbone chain could be different; and (iii) any 

linkage between hemicellulose and lignin in the matrix could be more difficult for the 

hydrolytic reaction to conduct (Lee et al. 1999).    

The generation of degradation products or inhibitory compounds during the acid-

catalyzed hydrolysis process is a drawback of this type of depolymerization due to their 

impact on the metabolic and regeneration activities of the microbial catalysts in the 

bioconversion processes (Jeffries 1983). The application of higher temperatures could 

result in the formation of the aforementioned products in the hydrolysate; therefore, this 

undesired conversion could be controlled by employing lower temperatures which is more 

economic and safer (Tellez-Luis et al. 2002a). Also, according to Mussatto and Roberto 

(2004), catalyst concentration and operation temperature are the two important factors 
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during hydrolysis in the generation of chemical inhibitors; temperatures below 160°C are 

high enough for monosaccharides release from the original polymers with a low amount 

of degradation byproducts; whereas, temperatures above 160°C could accelerate cellulose 

hydrolysis as well as lignin decomposition into the inhibitors of microbial metabolic 

activities. However, according to Carrasco and Roy (1992), the acid-catalyzed thermal 

process of hemicellulose at higher temperature favours the first step (depolymerization) of 

the process more than the second step, which is the degradation of xylose to furfural.  

The objective of this work is to study the kinetic behaviour of forming monosaccharides 

as well as degradation byproducts during the hydrolysis process of oat hull hemicellulose 

and to investigate the importance and the influence of process variables on the kinetic 

parameters of the major components and inhibitors in the hydrolysate. Finally, the process 

variables will be optimized to reach the maximum xylose concentration in the hydrolysate 

in a minimal time of operation or generation of degradation products in the hydrolysate.   

3.3 Materials and Methods 

3.3.1 Materials 

The raw material (oat hull) was supplied by Can-Oat Milling Inc. (Martensville, SK), and 

the impurities including endosperm grits and dust were separated using a sieving machine 

(Link Aero, Fargo, ND). Acetonitrile and sulfuric acid used as the components of the 

mobile phase in HPLC analysis were supplied by Sigma Aldrich Canada (Oakville, ON). 

All monosaccharides (xylose, glucose, and arabinose) were purchased from Alfa Aeser 

(Ward Hill, MA); hydroxymethylfurfural (HMF) and acetic acid were supplied by Sigma 
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Aldrich Canada (Oakville, ON) and furfural was obtained from J. I. Baker Chemical Co. 

(Phillipsburg, NJ).  

3.3.2 Hydrolysis process and apparatus, and analytical methods 

Hydrolysis experiments under moderate pressure conditions were performed using a 4-L 

reactor (Hoppes Inc., Springfield, OH) with variables of temperature (110ºC, 120ºC, and 

130ºC), catalyst (acid) concentration (0.10, 0.25, 0.40, and 0.55 N H2SO4), and residence 

time of 150 min. To evaluate the importance and impact of each parameter on the 

hydrolysis yield and the kinetics of depolymerization and decomposition reactions, 

sampling was carried out with 5-min intervals at the beginning and 10-min intervals after 

a 20 min progress of the process. Samples were stored in the refrigerator for a short time 

until the required chemical analyses. Each set of operation was carried out in three 

replicates. The samples were diluted with water, centrifuged to separate suspended 

materials, and finally filtered through syringe filters with 0.2 µm pore size. A dual-

detection HPLC analytical approach using an Agilent 1100 series HPLC (Agilent, 

Waldbronn, Germany) on an HPX-87H column and a mobile phase (acetonitrile/5 mM 

sulfuric acid ratio of 12/88) flow rate of 0.5 ml/min was employed to determine the 

concentrations of the major and minor components.  

In the HPLC analysis, carbohydrates were analyzed by a refractive index (RI) detector, 

and other components, including acetic acid, HMF, and furfural, were determined by a 

diode array detector (DAD). The column temperature was set at 30ºC and wavelengths of 

205 nm and 280 nm were used for acetic acid and furfural / HMF analysis, respectively. 

The contents of hemicellulose and cellulose were determined based on NDF and ADF 

following AOAC standards No. 2002.04 (AOAC, 2005) and No. 973.18 (AOAC, 1997), 
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respectively. Klason lignin and acid-soluble lignin (ASL) were measured respectively by 

NREL standards No. 03 (1995) and No. 04 (1996).    

 

 

Figure 3.1 Chemical reactor used for hydrolysis process. 

3.3.3 Modeling the kinetics of the hydrolysis process 

The mechanism of the hydrolysis of xylan, the main biopolymer in hemicellulose, is 

shown by the following simple series reaction model which chemically is categorized as a 

complex reaction in two steps: 

 

Xylan   Xylose      Degradation Products 
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This could be generalised for polymers in the biomass as follows: 

                          k1                                       k2 
Polymer (P)                 Monomer (M)                   Decomposition Products (DP) 
 

where k1 and k2 (1/min) are depolymerization and decomposition reaction rate constants, 

respectively.  

During this reaction, the concentration of polymers is obtained by: 

 

  kt).exp(PP 0           (3.1)  

 

P0 is the initial concentration of polymer (equivalent to the monomer) and t is the duration 

of the reaction. The rate of production of the second component (M), the main product of 

this work, is expressed by the following: 

].[].[][
21 MkPk

dt

Md
         (3.2) 

and then substituting equation (3.1) into (3.2) gives: 

].[)exp(].[][
2101 MktkPk

dt

Md
        (3.3) 

The solution of the differential equation for M (equation 3.3) results in the following: 

 
 

    )exp()exp()exp( 2021
12

10 tkMtktk
kk

kP
M 


     (3.4) 

where [M] is the concentration of component M at time t and [M0]  is the initial 

concentration of M. Assuming [M0] to be zero, the model can be simplified to: 
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        (3.5) 

Equation (3.5) which from now on is called model (1) or Saeman’s model was used for 

the analysis and prediction of xylose, arabinose, and pentose concentrations during the 

thermochemical process. In addition to model (1), two other models ignoring the 

degradation of the monomer were employed to analyze reaction parameters. The first 

model which from now on is called model (2) is: 

     )exp(1)exp(1)exp( 1011 tkPtkPtkPPM potpotpot     (3.6) 

 where Ppot is the available polymer in the system.  

 

Also, another simple model, model (3), which is a biphasic model based on the accessible 

and hard accessible fractions of the polymer, was developed and used for the analysis of 

xylose, arabinose, pentose, and glucose is expressed as follows: 

     )exp(1)exp(1 00 tkPtkPM sf        (3.7) 

where kf and ks are the reaction rate constants for the fast and slow reacting parts of the 

polymer expressed in the following reaction: 

  1           (3.8) 

where α and β are fractions of the polymer which is easy and hard to hydrolyze, 

respectively. 

Other than the abovementioned models, the fourth model (model 4) employed was based 

on the accessible polymeric or initial material including a consequent decomposition 

stage: 
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      (3.9) 

All abovementioned models were used for all generated components during hydrolysis; 

however, only the results of those that gave the better fit or had less error  for each 

component were presented. The activation energy (Ea) of the components was calculated 

using the Arrhenius equation: 

)exp(..0
RT

E
Ckk an 

         (3.10) 

where k0 is the pre-exponential factor, Ea is activation energy (kJ/mol), R and T are the 

universal gas constant (8.314×10-3 kJ/mol K) and absolute temperature (K), respectively, 

and C and n are the catalyst concentration and catalyst concentration exponent expressing 

the dependence of frequency factor on catalyst concentration, respectively (Carrasco and 

Roy 1992). Data obtained from the chemical analysis of the samples were collected and 

analyzed using non-linear regression (Proc NLIN) with the Newton’s method by SAS 

(Statistical Analysis System, Cary, NC) and by minimizing the sum of the squares of 

deviations between the experimental and calculated data from the models.  

3.4 Results and Discussion 

The analysis of 100 g of oat hull indicated that it was composed of 39.6 g hemicellulose 

(including 33 g xylan and 3.7 g arabinan as pentosans), 30.9 g cellulose, 18.5 g Klason 

lignin, 3.2 g acid soluble lignin, and 3.16 g starch. The P0 (g/l) value of different 

components was calculated using the following: 
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Rf
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P

MP 1000
100

0
0          (3.11) 

where mP0 is the mass of the component (g) in 100 g dry mass of the solid material, fM 

and fP are the molecular weights of monomer and polymer, respectively, and R is the 

liquid to solid ratio. 

3.4.1 Kinetics of hydrolysis process  

3.4.1.1 Kinetic modeling of xylose release into the hydrolysate 

The results of the observed and predicted values (using model 4 (Equation 3.9)) of xylose 

concentrations in the hydrolysates at different catalyst concentrations are shown in Figure 

3.2. The kinetic parameters obtained by model 4 are tabulated in Table 3.1. As shown in 

Table 3.1, the magnitude of α (fast releasing xylose) is almost 0.80 g/g. The parameter k1 

in all cases is directly dependent upon temperature and catalyst concentration in that the 

highest levels of temperature (130ºC) and catalyst concentration (0.55 N) resulted in the 

highest value (0.53 1/min) of k1 for xylose generation. On the other hand, the minimum 

value of k1 resulted from the lowest concentration of acid (0.10 N) and the lowest level of 

temperature (110ºC) used in hydrolysis. Likewise, as shown in Table 3.1 and Figure 3.2, 

the maximum value of k2, which is the highest rate of xylose decomposition (0.0023 

1/min), was obtained at 0.55 N concentration of sulfuric acid and temperature of 130ºC. 

However, at 0.10 N catalyst concentration and temperatures of 110 and 120ºC, no 

decomposition apparently occurred (k2=0).  At 130ºC, the maximum concentration of 

xylose, which is close to 80% of the xylose recovery, was obtained at residence times of 

10, 20, 30, and 40 min at acid concentrations of 0.55, 0.40, 0.25, and 0.10 N, respectively. 
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After reaching the maximum concentration of xylose at the first three higher 

concentrations of catalyst, a decreasing trend was observed in the graphs (Figure 3.2), 

while xylose concentration was almost constant at the lower level of the catalyst 

concentration (0.10 N). At 120ºC, the residence time to reach the highest xylose content 

(which in most cases, except at 0.10 N, was almost 76% of the xylose recovery) in the 

hydrolysate was double or triple that of the residence time at 130ºC. At 0.10 N catalyst 

concentration, a maximum of 79% recovery was obtained at 130 min of residence time. 

At 110ºC, xylose recovery was lower than that of other temperatures.  

Table 3.1 Kinetic parameters of xylose generation in the hydrolysate at different 
conditions of operations using model 4.  

Condition Parameter  
Combination Acid 

concentration  
Temperature 

 

α  k1 

 

k2 

 

R2 RMSE 

 (N) (ºC) (g/g) (1/min) (1/min) - - 

1 0.10 110 0.82 0.012 0 0.98 1.912 

2 0.10 120 0.82 0.031 0 1.00 1.223 

3 0.10 130 0.77 0.091 0.0003 1.00 0.810 

4 0.25 110 0.81 0.033 0.0011 1.00 1.473 

5 0.25 120 0.81 0.087 0.0005 1.00 1.106 

6 0.25 130 0.83 0.213 0.0012 1.00 0.332 

7 0.40 110 0.83 0.050 0.0012 1.00 1.349 

8 0.40 120 0.78 0.090 0.0008 1.00 1.202 

9 0.40 130 0.81 0.316 0.0017 1.00 0.262 

10 0.55 110 0.81 0.067 0.0005 1.00 1.004 

11 0.55 120 0.80 0.106 0.0013 0.99 1.756 

12 0.55 130 0.80 0.532 0.0023 1.00 0.464 

k1 and k2 : reaction rate constants ; α: hydrolyzable fraction; R2: coefficient of 
determination; RMSE: root mean square error. 
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Altogether, a single-phase model based on a 2-step reaction considering the 

decomposition of xylose appropriately described xylose generation under moderate 

pressure conditions using sulfuric acid as the catalyst. However, a bi-phasic model 

worked better than a single-phase model for the xylose generation from sugarcane 

bagasse when nitric acid was used as the catalyst (Rodriguez-Chong 2004). In an 

investigation by Lavarack and co-workers (2002), a first-order model based on a 2-step 

consecutive reaction mechanism worked very well for the xylose and arabinose recovery 

from sugarcane bagasse. The results of this study are slightly different from the results of 

hydrolysis under atmospheric conditions, as reported by Lu and co-workers (2008). They 

employed a two-step based model to analyze xylose generation and obtained  a very low 

decomposition constant (as low as 0.0008 1/min) even under the most severe condition, 

when catalyst concentration and temperature were 6% and 100ºC, respectively. 

3.4.1.2 Kinetic modeling of arabinose generation 

The kinetic parameters and dependence of arabinose generation to residence time are 

shown in Table 3.2 and Figure 3.3, respectively. Compared to xylose, it could be 

observed that the overall reaction rate of arabinose at a lower temperature is higher than 

that of xylose. In contrast to xylose for which the fraction of accessible xylan (α) was less 

under the impact of variables, the fraction of accessible arabinan was highly influenced (α 

in the range of 0.53 to 0.81 g/g) by process parameters. At all levels of the catalyst 

concentration employed in this study, the temperature had a positive effect on the 

arabinose released into the hydrolysate, having almost no decomposition effect, as shown 

in Figure 3.3 and Table 3.2 (k2=0). In other words, the kinetics of arabinose release could 

be described very well with model 2, where in almost all operational conditions, no 
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decomposition was observed (k2=0). This is different from the result obtained by Hu and 

co-workers (2010) in that at all operation conditions, except at lower process temperature 

(85ºC) and lower acid concentration (1.5%), a sharp reduction in arabinose concentration 

was observed due to the arabinose decomposition after an initial sharp release or 

concentration increase from maple wood. As shown in Figure 3.3, under the best 

condition (130ºC and 0.55 N acid concentration and residence time of 30 min), almost 

81% of arabinose was recovered.  

 

Table 3.2 Kinetic parameters of arabinose generation in the hydrolysate at different 
conditions of operations (model 4). 

Condition Parameter  
Combination Acid 

concentration  
Temperature 

 

α  k1 

 

k2 

 

R2 RMSE 

 (N) (ºC) (g/g) (1/min) (1/min) - - 

1 0.10 110 0.53 0.045 0.0000 1.00 0.107 

2 0.10 120 0.65 0.063 0.0000 0.99 0.331 

3 0.10 130 0.72 0.105 0.0000 0.99 0.238 

4 0.25 110 0.62 0.074 0.0000 0.99 0.161 

5 0.25 120 0.71 0.084 0.0000 0.99 0.203 

6 0.25 130 0.76 0.117 0.0000 1.00 0.160 

7 0.40 110 0.70 0.074 0.0000 1.00 0.166 

8 0.40 120 0.71 0.083 0.0000 1.00 0.171 

9 0.40 130 0.78 0.153 0.0000 1.00 0.122 

10 0.55 110 0.72 0.078 0.0000 0.99 0.196 

11 0.55 120 0.75 0.097 0.0000 1.00 0.173 

12 0.55 130 0.81 0.215 0.0002 1.00 0.110 

k1 and k2 : reaction rate constants ; α: hydrolyzable fraction; R2: coefficient of 
determination; RMSE: root mean square error. 

 



 
 

71 

3.4.1.3 Kinetic modeling of pentose generation 

Pentose (Figure 3.4) consists of both xylose and arabinose, and because the major part is 

the former one, its kinetics is close to that of xylose. According to Table 3.3, accessible 

pentose (α) is in the range of 70 to 82%. The temperature and catalyst (H2SO4) 

concentration had a synergistic influence on the release of pentose, as indicated by the k1 

values in Table 3.3. Pentose recovery, an important factor in the performance of the 

process, is almost 80% under the better conditions of the reaction. According to the 

results, better recovery was achieved at 130ºC, catalyst concentrations of 0.10, 0.25, 0.40, 

and 0.55 N and residence times of 10, 20, 30, and 50 min, respectively. 

Table 3.3 Kinetic parameters of pentose formation in the hydrolysate at different 
conditions of operations (model 4). 

Condition Parameter  
Combination Acid 

concentration  
Temperature 

 
α  k1 

 
k2 
 

R2 RMSE 

 (N) (ºC) (g/g) (1/min) (1/min) - - 

1 0.10 110 0.702 0.015 0.0000 0.99 2.045 

2 0.10 120 0.792 0.032 0.0000 1.00 1.035 

3 0.10 130 0.791 0.095 0.0001 1.00 0.736 

4 0.25 110 0.722 0.039 0.0000 1.00 1.456 

5 0.25 120 0.761 0.090 0.0002 1.00 1.038 

6 0.25 130 0.808 0.211 0.0009 1.00 0.448 

7 0.40 110 0.800 0.053 0.0009 1.00 1.253 

8 0.40 120 0.787 0.092 0.0006 1.00 1.113 

9 0.40 130 0.806 0.303 0.0015 1.00 0.353 

10 0.55 110 0.756 0.070 0.0003 1.00 0.917 

11 0.55 120 0.811 0.107 0.0011 1.00 1.690 

12 0.55 130 0.817 0.480 0.0020 1.00 0.562 

 k1 and k2 : reaction rate constants ; α: hydrolyzable fraction; R2: coefficient of 
determination; RMSE: root mean square error. 
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3.4.1.4 Kinetics of glucose generation 

Glucose comes from different sources including starch, hemicellulose, or cellulose in the 

medium. However, it is difficult to distinguish which polymer is the source of the glucose 

released into the liquid phase. Table 3.4 and Figure 3.5 show its kinetics and dependence 

on time at different process conditions in the system. Looking at the coefficients of 

determination obtained by regression modeling, the results obtained by the model are 

satisfactory. According to Table 3.4, the major part of glucose is generated at most of the 

conditions through a fast reacting hydrolysis process, and the slow reacting fraction has a 

minor role in the release of glucose into the hydrolysate. The kinetic reaction rate 

constants show that at the same temperature, increasing catalyst concentration enhanced 

the reaction rate constant, especially at 120 and 130ºC. Temperature has also an 

accelerating influence on this reaction, such that the maximum amount of glucose which 

is over 6.5 g/l was achieved at condition 12 (130ºC and 0.55 N acid concentration). As 

shown in Table 3.4, apparently, there is no degradation in glucose during the reaction but 

considering the production of HMF, which will be discussed later, a very small part of the 

glucose could be decomposed during the process, which can be ignored here. Similar 

results were observed in other studies, with no degradation in glucose by the residence 

time at the temperatures and catalyst concentrations between the ranges of 80ºC -100ºC 

and 2-6%, respectively (Tellez-Luis et al. 2002b). Compared to xylose for which the 

reaction rate constant varied in the range of 0.012 to 0.532 (1/min), the range of reaction 

rate constant for glucose is more limited, which means that it is less dependent on process 

variables. 
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Table 3.4 Kinetic parameters of glucose release in the hydrolysate at different conditions 
of operations (model 3). 

Condition Parameter  

Combination Acid 
concentration  

T 
 

αP0  βP0  kf ks k R2 RMSE 

 (N) (ºC) (g) (g) 1/min 1/min 1/min - - 

1 0.10 110 1.96 2.09 0.059 0.020 0.039 0.98 0.451 

2 0.10 120 3.54 2.86 0.083 0.011 0.051 0.99 0.333 

3 0.10 130 4.84 1.55 0.118 0.019 0.094 1.00 0.117 

4 0.25 110 4.11 1.22 0.053 0.041 0.050 0.99 0.367 

5 0.25 120 4.59 1.57 0.123 0.011 0.095 1.00 0.164 

6 0.25 130 5.33 0.54 0.182 0.050 0.170 1.00 0.121 

7 0.40 110 4.69 1.07 0.064 0.050 0.061 1.00 0.262 

8 0.40 120 4.48 1.28 0.176 0.025 0.143 1.00 0.139 

9 0.40 130 5.24 1.06 0.338 0.020 0.284 1.00 0.083 

10 0.55 110 4.88 1.81 0.096 0.010 0.073 1.00 0.203 

11 0.55 120 5.28 0.57 0.160 0.021 0.146 1.00 0.071 

12 0.55 130 5.75 0.79 0.404 0.050 0.361 1.00 0.259 

 T: temperature; kf, ks, and k : reaction rate constants ; α and β : hydrolyzable fractions; 
R2: coefficient of determination; RMSE: root mean square error. 

 

3.4.1.5 Kinetics of acetic acid and furfural generation 

The kinetic parameters and generation trend of acetic acid as well as furfural during the 

process are shown in Table 3.5 and Figures 3.6 and 3.7. As reported for acetic acid, the 

potential of acetic acid (Ac0), which is the product of the hydrolysis of acetyl groups in 

hemicellulose in all operating conditions, is almost the same (3.3 g/l) and does not depend 

on process parameters. Therefore, in almost all operation conditions, the acetic acid 

potential has been obtained, although the rates under different conditions are much 

different (k1: 0.013 to 0.356 1/min). However for furfural, the potential (F0) depends on 
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process variables as listed in Table 3.5 and the values of the reaction rate constant is 

limited to a narrow range. Therefore, controlling the process parameters for both these 

components could be important. Hu and co-workers (2010) also reported that acetic acid 

generation is almost independent of the temperature and catalyst concentration in the 

ranges they investigated; however, furfural formation was dependent on both parameters 

and on process time. 

 

Table 3.5 Kinetic parameters of acetic acid and furfural formation in the hydrolysate at 
different conditions of operations (model 2). 

Condition Components parameters 
Combination Acid 

concentration 
(N) 

T 

(ºC) 
Acetic acid Furfural 

Ac0 k1 R2 RMSE F0 k1 R2 RMSE 

1 0.10 110 3.38 0.013 1.00 0.048 0.65 0.007 0.99 0.102 

2 0.10 120 3.16 0.030 1.00 0.051 0.64 0.011 0.99 0.080 

3 0.10 130 3.26 0.056 1.00 0.147 1.39 0.011 1.00 0.146 

4 0.25 110 3.07 0.045 1.00 0.074 0.81 0.011 0.99 0.109 

5 0.25 120 3.23 0.071 1.00 0.117 1.18 0.014 1.00 0.150 

6 0.25 130 3.27 0.163 1.00 0.084 1.92 0.015 1.00 0.152 

7 0.40 110 3.20 0.064 1.00 0.101 0.91 0.012 1.00 0.102 

8 0.40 120 3.29 0.079 1.00 0.092 1.46 0.014 1.00 0.140 

9 0.40 130 3.32 0.253 1.00 0.042 2.19 0.018 1.00 0.124 

10 0.55 110 3.18 0.085 1.00 0.149 0.92 0.013 1.00 0.090 

11 0.55 120 3.28 0.109 1.00 0.108 1.61 0.014 1.00 0.145 

12 0.55 130 3.32 0.356 1.00 0.077 2.32 0.021 1.00 0.053 

T: temperature; k1: reaction rate constant; Ac0 and F0: Potential of acetic acid and 
furfural; R2: coefficient of determination; RMSE: root mean square error. 
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3.4.1.6 Kinetics of HMF generation 

Hydroxymethylfurfural (HMF), a product of hexose carbohydrates, was observed in the 

hydrolysates at very low concentrations. In contrast to acetic acid and furfural which had 

no observed decomposition, HMF was decomposed under some of the more severe 

conditions. Also, similar to furfural, its potential depends on process parameters; 

however, the range of variation is much more limited. Its maximum concentration by the 

operating conditions employed in this research work was less than 0.1 g/l, which would 

not be an issue for the consequent process of bioconversion due to its low concentration.  

Table 3.6 Kinetic parameters of hydroxymethylfurfural (HMF) at different conditions of 
operations (model 4). 

Condition Parameter  
Combination Acid 

concentration  
Temperature 

 

HMF0  k1 

 

k2 

 

R2 RMSE 

 (N) (ºC) (g/g) (1/min) (1/min) - - 

1 0.10 110 0.030 0.010 0.0000 0.99 0.002 

2 0.10 120 0.080 0.009 0.0000 0.99 0.004 

3 0.10 130 0.113 0.015 0.0000 1.00 0.001 

4 0.25 110 0.050 0.014 0.0000 0.99 0.002 

5 0.25 120 0.078 0.016 0.0000 1.00 0.001 

6 0.25 130 0.091 0.035 0.0000 1.00 0.001 

7 0.40 110 0.058 0.018 0.0000 1.00 0.002 

8 0.40 120 0.075 0.028 0.0013 1.00 0.001 

9 0.40 130 0.079 0.071 0.0005 1.00 0.002 

10 0.55 110 0.065 0.015 0.0000 1.00 0.001 

11 0.55 120 0.079 0.032 0.0023 1.00 0.001 

12 0.55 130 0.079 0.114 0.0002 1.00 0.002 

 k1 and k2: reaction rate constants ; HMF0 : Potential of hydroxymethylfurfural; RMSE: 
root mean square error. 
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3.4.2 Activation energy of the components of hydrolysate 

The activation energy of the chemical compounds generated in the hydrolysate by 

depolymarization of the polysaccharides or the consequent decomposition of the 

monosaccharides are tabulated in Table 3.7. It could be observed that acetic acid had the 

lowest activation energy (105 kJ/mol) among all components in the hydrolysate, so it is 

the easiest chemical to release into the liquid fraction during the hydrolysis process. 

Among the monosaccharides, xylose had the highest activation energy (117.3 kJ/mol), 

with the arabinose and glucose coming in second and third in the ranking. According to 

references (Silva et al. 2012; Scheller and Ulvskov 2010), xylose primarily constitutes the 

chain backbone of the heteropolysaccharides and is surrounded by the side groups mainly 

composed of the other monosaccharides and acetyl group. Therefore, the chance of 

collision between xylose and the solvent or the catalyst leading to the reaction would be 

lower than that of the other sugars or acetyl group, which makes it more difficult to be 

released into the liquid phase. This could result in a higher activation energy for xylose 

and its dependent chemical (furfural).   

Table 3.7 Activation energies of the monosaccharides and decomposition products. 

Component k0×1014 Ea n R2 

 1/min kJ/mol - - 
Xylose 2.5 117.3 1.09 0.98 
Arabinose 1.2 109.1 0.48 0.94 
Glucose 1.5 105.3 0.77 0.99 
Acetic acid 2.3 105.0 0.97 0.98 
Furfural 1.1 117.1 0.38 0.83 
HMF 3.8 108.1 1.22 0.98 

           Ea: activation energy; k0: Frequency factor; n: exponent of the catalyst 
 concentration; R2: coefficient of determination. 
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3.5 Conclusions 

The hydrolytic depolymerization of the hemicellulose polysaccharides was carried out 

under moderate pressure conditions. The results from the analytical work indicated that an 

80% recovery of xylose as the main monosaccharide is possible. The required operation 

conditions for this purpose involved  applying the process temperature of 130°C with the 

catalyst concentrations of 0.10 N, 0.25 N, 0.40 N, and 0.55 N with the process residence 

times of respectively 40, 30, 20, and 10 min, which could provide almost an 80% 

recovery of xylose from xylan. The kinetic modeling results indicated that the reaction 

rate constant of xylose and arabinose generation was more dependent on the process 

temperature than the catalyst concentration. In contrast to furfural and HMF, the potential 

of acetic acid formation was independent of the temperature and catalyst concentration; 

however, its generation rate constant was affected by both parameters. Xylose and HMF 

were the only components in the hydrolysate that showed a decomposition behaviour 

during the hydrolysis process, especially at a higher temperature of operations. Therefore, 

a single-phase model based on a 2-step consecutive mechanism described their variation 

very well.     
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Figure 3.2 Experimental and predicted concentrations (model 4) of xylose vs. time at different temperatures; a, b, c, and d: 
sulfuric acid concentrations of 0.55, 0.40, 0.25, and 0.10 N, respectively; a total number of 54 data points are presented for each 
operational condition.   
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Figure 3.3 Experimental and predicted concentrations (model 4) of arabinose vs. time at different temperatures; a, b, c, and d: 
sulfuric acid concentrations of 0.55, 0.40, 0.25, and 0.10 N, respectively; a total number of 54 data points are presented for each 
operational condition.    
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Figure 3.4 Experimental and predicted concentrations (model 4) of pentose vs. time at different temperatures; a, b, c, and d: 
sulfuric acid concentrations of 0.55, 0.40, and 0.25, and 0.10 N, respectively; a total number of 54 data points are presented for 
each operational condition.   
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Figure 3.5 Experimental and predicted concentrations (model 3) of glucose vs. time at different temperatures; a, b, c, and d: 
sulfuric acid concentrations of 0.55, 0.40, 0.25, and 0.10 N, respectively; a total number of 54 data points are presented for each 
operational condition.   
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Figure 3.6 Experimental and predicted concentrations (model 2) of acetic acid vs. time at different temperatures; a, b, c, and d: 
sulfuric acid concentrations of 0.55, 0.40, 0.25, and 0.10 N, respectively; a total number of 54 data points are presented for each 
operational condition.   

   

 

82 
te 
fro
m

 
the 
doc
ument 
or 
the 
summ

a
ry 
of 
an 
inte
rest
ing 
poi
nt. 
Y

o
u can 
pos
itio
n the 
text 
box 
any
w

h
ere 
in 
the 
doc
ument. 
U

s
e the 
D

ra
w

in
g Tools 
tab 
to 
cha
nge 
the 
for
m

at
ting of 
the 
pul
l quo
te 
text 
box
.] 



 
 

83 

 

 

 

Figure 3.7 Experimental and predicted concentrations (model 2) of furfural vs. time at different temperatures; a, b, c, and d: 
sulfuric acid concentrations of 0.55, 0.40, 0.25, and 0.10 N, respectively; a total number of 54 data points are presented for each 
operational condition.   
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Chapter 4 

4. Delignification of Intact Biomass and Cellulosic Co-product 

of Acid-catalyzed Hydrolysis 

Contribution of Ph.D. Candidate 

All work presented in this chapter including the literature review, experimental design, 

analytical work and kinetic study were carried out by the Ph.D. candidate, with advice 

from Dr. Lope Tabil. The manuscript was prepared by Majid Soleimani, with Dr. Tabil's 

editorial guidance. Peter Song and Jalal Palani (Undergraduate Research Assistants) 

helped with the experimental work. A similar version of this chapter, co-authored by the 

PhD candidate and his supervisor, was submitted to the AIChE Journal for possible 

publication.  

Contribution of this chapter to the overall study 

In Chapter 3, the kinetics of hemicellulose hydrolysis and decomposition products 

derived from the matrix and from the monosaccharides was investigated. In the present 

chapter, the acid-catalyzed hydrolytic dissolution of hemicellulose under different 

operational conditions of process is studied. Also, delignification of the hemicellulose-

prehydrolyzed biomass is investigated and compared with that of the intact biomass. This 

could be helpful in the selection of the material as well as delignification process 

parameters to achieve the desired material for biocomposite formulation which is going to 

be used in Chapter 7.  
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4.1 Abstract 

The kinetics of acid-catalyzed hemicellulose removal and the alkaline delignification of 

the biomass were investigated. All three operational parameters of the catalyst 

concentration of up to 0.55 N, temperature of up to 130ºC and residence time played 

important roles in the efficiency of the hemicellulose removal, with 100% of the 

hemicellulose polysaccharides removed by an appropriate selection of process 

parameters. The analysis of delignification kinetics indicated that it could be expressed 

very well by a two-phase model for crude and hemicellulose-prehydrolyzed material. The 

application of acid-catalyzed prehydrolysis could improve the capacity of lignin 

dissolution especially at lower temperatures (30ºC and 65ºC) and could also accelerate the 

dissolution of lignin. This acceleration of delignification by prehydrolysis was possible at 

all levels of temperature in the bulk phase; however, results were more significant at the 

lower temperatures in the terminal phase.  

4.2 Introduction 

Hemicelluose is a plentiful polysaccharide in nature, and is ranked the second after 

cellulose in terms of abundance (Silva et al. 2012). Because of its heterogeneous 

composition, it is sometimes termed hemicelluloses, which is a group of polysaccharides 

(Scheller and Ulvskov 2010). There has been increasing interest in xylan, the main 

polymer in hemicellulose with the backbone of β-(1-4)-linked-D-xylopyranosyl units 

(shown in Figure 4.1), because of its wide ranging potential application in the 

pharmaceutical, food, and cosmetic industries (Ebringerova 2005; Ebringerova and 

Heinze 2000).  
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Xylan has been used in packaging materials and films as well as for biomedical supplies. 

The polymer xylan has been considered as an appropriate material for manufacturing the 

colonic drug delivery system which allows the slow release of drugs into the intestinal 

and blood circulation systems of the body. This slow manner of release results in the 

prohibition of the drug degradation (by xylan) in the stomach which could produce toxic 

molecules (Kacurakova et al. 2000; Luo et al. 2011 as cited by Silva et al. 2012). Xylan 

could also be used as an emulsifier in food formulations as well as a foam stabilizing 

agent in protein-based systems (Ebringerova et al. 1995 as cited by Silva et al. 2012).  

 

Figure 4.1 Chemical structure of xylan (polymer of β-(1-4)-D-xylopyranosyl) 

The more general forms of xylan which could be extracted are glucuronoxylan, 

arabinoxylan, and arabinoglucuronoxylan (Den Haan and Van Zyl 2003 as cited by Silva 

et al. 2012).  In some natural (mostly agricultural) sources, both types of water-insoluble 

low-branched and water-soluble-high-branched arabinoglucuronoxylan can be found 

(Ebringerova et al. 1995 as cited by Silva et al. 2012). 
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The removal of hemicellulose from the biomass by the application of pretreatments, such 

as biological, chemical, and physical methods, could improve the exposure of cellulose to 

biocatalysts and the recovery of carbohydrates for biochemical applications (Wyman 

1999). Among all pretreatments, the chemical method (acid pretreatment, alkaline 

pretreatment, ammonia fiber/freeze explosion, organosolv and ionic liquids pretreatment), 

especially acid pretreatments, are the most favoured for the consequent biocatalytic 

conversion of cellulose (Wyman 1996; Zheng et al. 2009). Alkaline pretreatment is 

considered as an effective delignification method by which a substantial part of 

hemicellulose is also removed from the lignocellulosic matrix through solubilization 

based on the saponification of the ester bonds in the hemicellulose or between 

hemicellulose and lignin. Biomass swelling and lignin modification decreased cellulose 

crystallinity and the degree of polymerization (DP) while an increased internal surface 

area results from the alkaline pretreatment of biomass (Zheng et al. 2009).  

Chemical pretreatments could be used to improve the physical and chemical properties of 

cellulose-based fibers. The application of cellulose-based fibers in thermoplastic matrices 

could have several mechanical and thermal advantages. In (biofiber-based) composites, 

the presence of a higher cellulose fraction in the fiber could lead to a higher modulus of 

elasticity of the product (Le Digabel 2006). Also, the application of cellulose into the 

thermoplastic matrices such as low-density polyethylene (LDPE) composites could 

increase the onset temperature of degradation as well as the degradation temperature 

(Tajeddin et al. 2009). In biofiber-gluten composites, a higher glass transition temperature 

and a higher Young's modulus but a lower water absorption compared to the gluten-based 
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material were observed; less lignin in the fiber resulted in decreased levels of water 

absorption (Muensri 2011). 

Therefore, knowledge of the chemical composition of the biofiber being used in the 

formulation of the biocomposites could be helpful in controlling the final properties of the 

fabricated material. Access to the kinetics of hemicellulose removal and delignification 

provides the information required to control the chemical composition of the biofiber. The 

objectives of this work are (i) to investigate the behaviour of (acidic) hemicellulose 

removal under process parameters; and (ii) to investigate the influence of biomass 

prehydrolysis on delignification efficiency and compare the results with the 

delignification of untreated biomass in achieving higher cellulose content in the product.    

4.3 Materials and Methods 

4.3.1 Materials 

Oat hull as feedstock of these experimental trials was supplied by Can-Oat Milling Inc. 

(Martensville, SK); impurities including endosperm grits and dust were separated using a 

sieving machine (Link Aero, Fargo, ND). For acid detergent fiber (ADF) determinations, 

sulfuric acid and cetyl trimethyl ammonium bromide (CTAB) were supplied by Sigma 

Aldrich Canada (Oakville, ON) and acetone was supplied by VWR (Vancouver, BC). For 

neutral detergent fiber (NDF) measurements, α-amylase, ethylene diamine tetra acetic 

acid (EDTA), sodium lauryl sulfate (SLS), sodium sulfite and triethylene glycol were 

supplied by Sigma Aldrich (Oakville, ON). Sodium hydroxide was obtained from VWR 

(Vancouver, BC) for delignification experimental work.  
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4.3.2 Hydrolysis and delignification processes 

The hydrolysis reactions for the removal of hemicellulose from oat hull samples were 

performed using a 4-liter reactor ((Hoppes Inc., Springfield, OH) Figure 3.1) with 

variables of temperature (110, 120, and 130ºC), acid concentration (0.10, 0.25, 0.40, and 

0.55 N), and residence time up to 150 min, and with sampling every 5 min at the 

beginning and every 10 min after a 20 min progress of the process. Each set of operation 

was carried out in three replicates. The solid fraction of the samples was filtered out for 

the consequent measurement of the hemicellulose content after drying. The alkaline 

method of delignification using 5% (w/v) sodium hydroxide at 35, 60, and 100ºC under 

reflux, and with three replicates, was used for this purpose. The delignification 

experiments were conducted on the oat hull samples and the prehydrolyzed (at 0.1 N 

catalyst (H2SO4) concentration) oat hull samples separately for a total residence time of 

150 min and sampling intervals of 5 min within the 20 min beginning of the process and 

10-min sampling intervals afterwards.  

4.3.3 Analytical methods 

The hemicellulose and cellulose contents were determined based on NDF and ADF 

following AOAC standards No. 2002.04 (AOAC, 2005) and No. 973.18 (AOAC, 1997), 

respectively. Klason lignin and acid-soluble lignin (ASL) were measured respectively by 

NREL standards No. 03 (1995) and No. 04 (1996).    

Briefly, for the NDF method, two solutions including the enzyme solution and neutral 

detergent (ND) solution, were used, respectively, for the digestion of starch and the 

digestion and dissolution of wax, proteins, lipids, and non-fibrous carbohydrates. After 
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the digestion of the samples, the non-soluble part was filtered and washed thoroughly 

with distilled boiling water and then dried in a convection oven (Despatch Oven Co., 

Minneapolis, MN) at 105°C for 8 h. The dried sample was incinerated at 500°C for 1 h; 

the difference of weights before and after the incineration gave the NDF amount. The 

ADF was determined by refluxing the samples in 1.0 N sulfuric acid solution containing 

CTAB for 1 h. Finally, it was filtered and washed thoroughly with distilled water and 

acetone and dried in the oven at 100°C for 3 h. 

For lignin quantification, a gravimetric method was also employed. Samples were pre-

digested in a 72% (w/w) sulfuric acid solution (15°C) for 2 h and digested with boiling 

diluted acid (3%) under reflux for 4 h. At the end, the extract was used to determine ASL 

and the solid fraction after filtration and drying at 105°C was used to determine Klason 

lignin. 

4.3.4 Kinetics of delignification  

Delignification of the biomass could be carried out in three stages: initial, bulk, and 

residual. In the initial stage of the alkaline pulping, α-aryl ether linkages are cleaved at a 

high rate. In the bulk stage, which is slower than the initial phase, most of the lignin is 

removed and its reaction rate depends on the cleavage of β-aryl ether linkages. It is in the 

terminal stage or residual period that the cleavage of the carbon-carbon bonds in the 

lignin molecule and the carbohydrate degradation occur (Kim et al. 2006; Santos et al. 

1997). 

The lignin removal or dissolution rate could be expressed as a first order mechanism: 

kL
dt

dL
           (4.1) 
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where L is lignin content at time t (min) and k (1/min) is the kinetic constant of the 

reaction. Assuming the presence of only one type of lignin, the activation energy would 

be in the range of 66.5 to 78.2 kJ/mol (Gilarranz et al. 1999). However, according to the 

more common assumption, different types of lignin react sequentially as initial, bulk, and 

residual stages. Based on this mechanism, which is called the non-reversible three-stage 

delignification, the reaction could be expressed as: 

   k1 
LN1             LD1         (4.2) 
   k2 
LN2  LD2         (4.3) 
   k3  
LN3  LD3         (4.4) 
 
LN1, LN2, and LN3 are the three fragments of the native lignin reacting in different rates 

and LD1, LD2. and LD3 are the dissolved forms of lignin fragments. 

).exp(.)exp(.).exp(. 321 tkctkbtkaL        (4.5) 

where a, b, and c are the maximum values of lignin released in initial, bulk, and residual 

stages: 

1 cba           (4.6) 

In addition to the three-phase mechanism, two-stage (equation 4.7; excluding initial stage) 

and single-phase (equation 4.8; excluding initial and bulk stages) mechanisms were also 

considered in analyzing the results: 

).exp(.)exp(. 32 tkctkbL         (4.7) 

).exp(. 3 tkcL           (4.8) 
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The activation energy (Ea) of the components was calculated using the Arrhenius 

equation: 

)exp(.0
RT

E
kk a

          (4.9) 

where k0 and Ea are respectively pre-exponential factor and activation energy (kJ/mol), R 

is the universal gas constant (8.314×10-3 kJ/mol K) and T is the absolute temperature (K). 

Data obtained from the chemical analyses of the samples were collected and examined 

using the non-linear regression (Proc NLIN) with the Newton’s method by SAS 

(Statistical Analysis System, Cary, NC) and by minimizing the sum of the squares of the 

deviations between experimental and calculated data from the models.  

4.4 Results and Discussion 

4.4.1. Hemicellulose removal 

The extraction or removal of hemicellulose from oat hull samples using acid pre-

treatment is shown in Figures 4.2 to 4.5 at catalyst concentrations of 0.10, 0.25, 0.40, and 

0.55 N, respectively. Overall, it could be observed that the removal of this biopolymer 

occurs in two stages, which could be due to the presence of the fast and slow releasing 

fractions of this polysaccharide. As shown in Figure 4.2, the hemicellulose was not totally 

removed from the solid fraction under the mildest conditions of the process (0.1 N 

catalyst and 110°C) such that about 12% (w/w) of hemicellulose remained in the treated 

biomass at this process condition. However, at the same catalyst concentration, its 

extraction could be accelerated by increasing the temperature so that after 120 min and 40 

min, it was completely depleted at temperatures of 120°C and 130°C, respectively. A 
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comparison of the hemicellulose removal trend in Figures 4.2 to 4.5 indicates that catalyst 

concentration also functions as an accelerating agent for this purpose. For example, at a 

temperature of 130°C, the time required for a complete extraction of this material dropped 

from 40 min to just 10 min at acid concentrations of 0.1 N and 0.55 N, respectively. 

Therefore, the low extraction potential of lower catalyst loading could be compensated by 

the use of a higher temperature which makes the consequent stages such as neutralization 

much easier and less costly. For the next process of delignification, prehydrolyzed 

material obtained by the parameter combination catalyst 

concentration/temperature/residence time of 0.1 N/130°C/40 min was selected to perform 

the  lignin dissolution experimental work and kinetic analysis.  

 

Figure 4.2 Hemicellulose removal from oat hull biomass as affected by time and 
temperature at 0.1 N catalyst concentration.  
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Figure 4.3 Hemicellulose removal from oat hull biomass as affected by time and 
temperature at 0.25 N catalyst concentration.  

 

Figure 4.4 Hemicellulose removal from oat hull biomass as affected by time and 
temperature at 0.40 N catalyst concentration.  
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Figure 4.5 Hemicellulose removal from oat hull biomass as affected by time and 
temperature at 0.55 N catalyst concentration.  

 

4.4.2 Delignification of biomass 

Lignin is a highly cross-linked macromolecule composed of phenylpropane building 

blocks that plays an important role in cell wall structure as a permanent bonding agent 

among plant cells. It is always associated with hemicellulose in the cell wall. The three 

forms of lignin monomers or precursors are shown in Figure 4.6. The predominant 

component of lignin in softwood is coniferyl alcohol; while in hardwood, it is mainly 

based on coniferyl and sinapyl alcohols. In forage and grass, all three alcohols are 

incorporated to make building blocks of lignin (Shiraishi et al. 2001). The complexity of 

the lignin structure is due to the various functional groups on phenylpropane units and the 

diversity of linkages between the units. 
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Figure 4.6 Phenylpropane-based monomers of lignin (Weng and Chapple, 2010).  
 

Some of the common linkages in the lignin molecule are phenylpropane β-aryl ether, 

phenylpeopane α-aryl ether, phenyl coumaran, biphenyl, dibenzodioxocin, and diaryl 

ether. The dominant linkage is β-aryl ether (β-O-4), which accounts for 45 to 50% of 

interphenylpropane linkages. In terms of functional groups, lignin contains a variety of 

groups such as phenolic hydroxyl groups, methoxyl groups, and terminal aldehyde 

groups, which are effective on its reactivity. 

As shown in Figures 4.7 and 4.8, the removal rate and potential of both Klason and acid 

soluble lignin are dependent on process temperature. For example, at temperatures of 30, 

65, and 100ºC, over 25, 40, and 70% (w/w) of the initial Klason lignin (18.5% d.b.) was 

removed; this was over 50, 60, and 70% for acid soluble lignin, respectively. The 

variation of cellulose in oat hull during delignification is shown in Figure 4.9; such 

variation could be improved to around 80% (w/w) from 30.9% (w/w) of the material at a 

higher temperature (100ºC).  
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The results of kinetic analysis based on three mechanisms of lignin dissolution for intact 

biomass are tabulated in Table 4.1. Compared to the sequential mechanisms, single stage 

mechanism was less accurate in describing the results, especially at a higher temperature, 

as the coefficients of determination (R2) show. In terms of accuracy in the prediction of 

the results, the two-stage and three-stage based equations are almost the same. However, 

at 30ºC the same values (0.155) are obtained for k1 and k2 using the three-stage model, 

which means that it should be considered as a two-stage reaction. Also, the variation of 

rate constants did not show a reasonable trend by temperature variations in the three-

phase model, as shown in Table 4.1. Therefore, the two-phase model is preferred over the 

other ones. Kim and Holtzapple (2006) also achieved better results using the two-phase 

model to characterize the kinetics of lime delignification. As presented in Tables 4.1 and 

4.2 and based on the two-stage model, by increasing temperature from 30ºC to 100ºC, the 

values of b (maximum bulk phase lignin) increased and the values of c (maximum 

terminal phase lignin) decreased, respectively, from 0.28 to 0.61 and from 0.72 to 0.39 in 

oat hull (crude biomass). The corresponding variations in the prehydrolyzed material are 

from 0.44 to 0.63 and from 0.56 to 0.37 for b and c, respectively. Therefore, the increased 

process temperature resulted in the switch of delignification from the residual stage to the 

bulk stage for both kinds of materials. This agrees with the results reported by Kim and 

Holtzapple (2006) and Sabatier et al. (1993) who obtained increased delignification 

performance at the bulk stage than at the residual stage with the elevated process 

temperature. Comparing the rate constants indicates that the lignin dissolution rate in the 

bulk stage is more dependent on temperature for the prehydrolyzed material than the 

crude material, as presented in Tables 4.1 and 4.2, due to the higher variations in k2. 
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However, the dissolution rate of lignin in the terminal stage is more dependent on 

temperature for the crude material compared to the prehydrolyzed material.  

Table 4.1 Parameter estimates for single-stage as well as two- and three-stage sequential 
lignin dissolution in oat hull (crude biomass). 

Model Temperature a b C k1 k2 k3 R2 

 (ºC) (g/g) (g/g) (g/g) (1/min) (1/min) (1/min) - 
 

Single-
stage 

30 - - 0.81 - - 0.001120 0.99 

65 - - 0.79 - - 0.003530 0.98 

100 - - 0.61 - - 0.010900 0.88 

 

Two-
stage 

30 - 0.28 0.72 - 0.151 0.000040 1.00 

65 - 0.31 0.69 - 0.163 0.002110 1.00 

100 - 0.61 0.39 - 0.189 0.004720 0.98 

 

Three-
stage 

30 0.11 0.17 0.72 0.155 0.155 0.000002 1.00 

65 0.14 0.19 0.67 0.201 0.109 0.001730 1.00 

100 0.18 0.54 0.28 0.570 0.105 0.001250 0.99 

k1, k2, and k3: reaction rate constants; a, b, and c: lignin fragments; R2: coefficient of 
determination. 
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Figure 4.7 Delignification behaviour of oat hull (crude biomass) at different temperatures 
graphed by data from the experimental work and two-stage model.  
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Figure 4.8 Removal of acid soluble lignin (ASL) from oat hull (crude biomass) at 
different temperatures. ASL expressed in mass fraction; error bars indicate standard 
deviations (SD) of triplicate assays. 
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Figure 4.9 Cellulose content of oat hull (crude material) during delignification process at 
different temperatures; error bars indicate standard deviations (SD) of triplicate assays. 
 

It is observed from the results in Tables 4.1 and 4.2 that the higher values of rate 

constants for the prehydrolyzed material prove that hemicellulose hydrolysis could 

accelerate the delignification rate of biomass; this enhancement is significant at all levels 

of temperatures in the bulk phase, but is more significant at lower temperatures especially 

at 30ºC in the terminal phase.   

To investigate the influence of the hydrolysis process on delignification performance of 

the biomass and to compare it with untreated material, other experimental work was 

conducted and the results are graphed in Figures 4.10 and 4.11. Comparing the results 

under similar conditions for crude biomass and pretreated material (in Figures 4.7 and 

4.10) indicates that the acid pretreatment of the material improved the delignification 

performance, especially at lower temperatures (30ºC and 65ºC) than at a higher 

temperature (100ºC). For instance, at the lowest temperature of 30ºC, lignin content was 

reduced by over 40% in the prehydrolyzed material; however, lignin removal was less 



 104 

than 30% in the crude material. As a consequence, better results were obtained for the 

cellulosic fraction in the prehydrolyzed material after delignification, as indicated in 

Figure 4.11.  

 

Table 4.2 Parameter estimates for single-stage as well as two- and three-stage sequential 
lignin dissolution in hemicellulose-prehydrolyzed biomass. 

Model Temperature a b C k1 k2 k3 R2 

 (ºC) (g/g) (g/g) (g/g) (1/min) (1/min) (1/min) - 
 

Single-
stage 

30  - 0.68  - 0.00174 0.98 

65  - 0.65  - 0.00562 0.95 

100  - 0.53  - 0.00913 0.87 

 

Two-
stage 

30 - 0.44 0.56 - 0.253 0.00054 0.99 

65 - 0.46 0.54 - 0.270 0.00341 0.99 

100 - 0.63 0.37 - 0.545 0.00432 1.00 

 

Three-
stage 

30 0.18 0.23 0.59 0.319 0.319 0.00239 1.00 

65 0.19 0.35 0.46 3.835 0.107 0.00177 1.00 

100 0.21 0.42 0.37 3.554 0.455 0.00427 1.00 

k1, k2, and k3: reaction rate constants; a, b, and c: lignin fragments. 
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Figure 4.10 Delignification behaviour of hemicellulose-prehydrolyzed biomass graphed 
by data from the experimental work and two-stage model.  
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Figure 4.11 Cellulose content of the material (hydrolysis co-product) during 
delignification process; error bars indicate standard deviations (SD) of triplicate assays. 
 
The activation energy of delignification based on a two-stage mechanism was determined 

for crude and hemicellulose-prehydrolyzed biomass. For both materials, the value of the 

activation energy in the terminal (residual) step of dissolution is significantly higher than 

the ones obtained in the bulk stage (Table 4.3). The value of the activation energy for 

both materials was almost the same at the terminal stage, but in the first stage, it was less 
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for the crude material. This could be due to the dependence of the dissolution rate of 

lignin in the prehydrolyzed material on the process temperature, as explained before, 

compared with the crude material. The values presented here are smaller than the values 

reported for lignin removal in other studies. Kim and Holtzapple (2006) reported 

activation energies of 70.24 kJ/mol and 10.74 kJ/mol under the non-oxidative lime 

delignification of corn stover for bulk and residual steps, respectively. These values were 

50.15 kJ/mol and 54.21 kJ/mol for bulk and residual stages, respectively, under oxidative 

delignification. The activation energy for bagasse was 42 kJ/mol in a single-step reaction 

(Sabatier et al. 1993). In wood pulping, higher numbers were reported for delignification; 

they were 120-130 kJ/mol and 110-117 kJ/mol, respectively, for bulk and residual stages 

(Chiang and Yu 1990).  

Therefore, the use of the prehydrolyzed material, a co-product of the hydrolysis process, 

with respect to its higher rate and higher potential of delignification, is preferred to that of 

intact biomass. However, the employment of prehydrolysis only for the purpose of 

delignification needs an economic assessment which considers the energy, time, and 

capital investment required for the process.   

Table 4.3 Activation energies of delignification for crude and hemicellulose-
prehydrolyzed biomass. 

Source k02 k03 Ea2 Ea3 

- (1/min) (1/min) (kJ/mol) (kJ/mol) 
Crude biomass 0.44 80.47 2.71 31.21 

Prehydrolyzed 
biomass 

36.65 138.78 13.16 32.91 
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4.5 Conclusions 

The hemicellulose removal of biomass in an acid-catalyzed hydrolysis process proved to 

be controlled by the process parameters of temperature, catalyst (acid) concentration, and 

residence time. A combination of the lower levels of temperature and catalyst 

concentration (110ºC and 0.1 N) was not capable enough to remove all the hemicellulose 

fraction from the biomass, even in a residence time of 150 min. Therefore, a higher 

concentration of catalyst was required to achieve 100% hemicellulose removal. An 

operation combination (temperature/catalyst concentration/residence time) of 130ºC/0.1 

N/30-40 min was selected as the optimum condition for the prehydrolysis of the material 

for the consequent process of delignification. In delignification process of the intact or 

prehydrolyzed biomass, the biphasic sequential mechanism could express lignin 

dissolution very well compared to the single-phase or three-phase mechanisms. Results 

indicated that prehydrolysis could be effective in accelerating and in enhancing potential 

of lignin dissolution (removal). The kinetic data related to the activation energies of intact 

and prehydrolyzed materials showed that the bulk stage required less energy of activation 

compared to the residual stage. This energy was almost the same (31-32 kJ/mol) for both 

materials in the bulk phase; however, it was less for the intact biomass in the residual 

phase. 
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Chapter 5 

5. Adsorption Isotherms of Microbial Inhibitors and 

Adsorptive Detoxification of a Bio-based Hydrolysate 

using Activated Carbon for Xylitol Production 

Contribution of Ph.D. Candidate 

All work presented in this chapter including the literature review, experimental design, 

analytical work and kinetic study were carried out by the Ph.D. candidate, with advice 

from Dr. Lope Tabil and Dr. Catherine Niu. The manuscript was prepared by Majid 

Soleimani, with Dr. Lope Tabil's editorial guidance. The experimental work was 

conducted with the assistance of Jalal Palani (Undergraduate Research Assistant). 
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Soleimani, M.,  L. Tabil and S. Panigrahi. (2010). Removal of toxic components from a 

bio-based medium using activated carbon for bioconversion process. 3
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 International 

IUPAC Conference on Green Chemistry, August 15-18, Ottawa, ON. 

A similar version of this chapter, co-authored by Majid Soleimani, Lope Tabil and 

Catherine Niu, was submitted to Chemical Engineering Journal for possible publication. 
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Contribution of this chapter to the overall study 

One of the most important factors affecting the efficiency of a bio-based process is the 

medium and its components being used for this purpose. In the previous chapters, the 

kinetic mechanisms of the derivation of monosaccharides (xylose and others) as well as 

the degradation products from the biomass (oat hull) were studied. Some of these side 

products (degradation products) could be toxic to the microorganism which works as a 

catalyst in the fermentation process. Therefore, the removal of the microbial inhibitors to 

a level under the toxicity threshold could help enhance the process efficiency and product 

yield. In the present chapter, the focus of work is on the adsorptive removal of the 

inhibitors and the preparation of the medium for the consequent stage of bioconversion 

process which will be presented in the next chapters. 

 5.1 Abstract 

In the first step of this work, the adsorption isotherms and thermodynamics of the 

microbial inhibitors, which could be generated by the acid catalyzed hydrolysis of 

hemicellulose was investigated using activated carbon as the adsorbent. The parameters 

of temperature (25°C, 45°C, and 65°C) and pH (1.0, 5.5, and 10.0) were employed to 

study the adsorption isotherms of phenol, acetic acid, and furfural. Results based on the 

Langmuir model indicated that a higher efficiency of adsorption could be achieved at a 

lower pH and lower temperature for phenol and acetic acid. Furfural removal from the 

aqueous solution was only dependent on temperature with a higher performance at 25°C. 

Negative values obtained for heat of adsorption (H), entropy (S), and free energy (G) 

indicated that the adsorption of all three components is exothermic in nature, with a 

mechanism based on the affinity of the solute toward the adsorbent and spontaneous as 
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well. The removal of the main inhibitors (8.7 g/l phenolics and 4.15 acetic acid) from the 

concentrated hydrolysate of oat hull hemicellulose was dependent on activated carbon 

dosage, temperature, and pH of the medium during adsorption process. At an operational 

condition of pH and a temperature of 1.0 and 25°C, respectively, and at an incremental 

carbon dosage from 1.25% to 5% (w/v), phenols removal of 64% to 95.4% and acetic 

acid removal of 6% to 13.2% was achieved. 

5.2 Introduction 

Lignocellulosic materials comprising mainly of cellulose, hemicellulose, and lignin are 

considered as sustainable sources of energy and bioproducts. Cellulose, which is a 

polymer of β-(1-4)-linked D-glucose with a crystalline structure, is the most abundant 

polymer in the biomass. Hemicellulose, which is primarily made of pentoses D-xylose 

and L-arabinose with a branched structure, is the second most abundant polymer found in 

the plant cell wall (Hahn-Hagerdal et al. 2007; Saha 2003; Chandel et al. 2012). The other 

fraction of biomass, lignin, is an aromatic polymer and is composed of a phenyl propane 

building block; lignin is classified as guaiacyl lignin and guaiacyl-syringyl lignin, based 

on the groups substituted in the skeleton, as shown in Figure 5.1 (Palmqvist and Hahn-

Hagerdal 2000b).  

OH

OH

R2 R1

R1=R2=OMe  Sinapyl / Syringyl alcohol

R1=OMe, R2=H  Coniferyl / Guaiacyl alcohol

R1=R2=H   p-Coumaryl alcohol
 

Figure 5.1 Phenylpropane-based monomers of lignin (Freudenberg and Neish 1968).  
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The complexity of the lignocellulose structure makes it difficult to be used directly as a 

substrate in biotechnological processes. This structure has to be disintegrated and 

cellulose and hemicellulose must be hydrolyzed to corresponding monomers using a 

chemical/enzymatic process for biocatalytic conversion processes. Besides monomers or 

oligomers generated by the chemical hydrolysis of hemicellulose in the biomass complex 

structure, some microbial inhibitors are also produced and released into the hydrolysate 

(Girio et al. 2010; Iranmahboob et al. 2002). Cell physiology and viability could be 

affected adversely by these inhibitor compounds resulting in less yield and productivity of 

biotransformation (Palmqvist and Hahn-Hagerdal 2000a). Inhibitors generated by acid-

catalyzed hydrolysis are categorized as: a) minerals or metals generated by the corrosion 

of the equipment or ions in the biomass; b) furans consisting of furfural and 

hydroxymethylfurfural (HMF) derived from the degradation of sugars at high 

temperatures; c) acetic acid derived from the acetyl groups in biopolymers; and d) other 

chemicals like phenolic compounds, aldehydes, and aromatics which are liberated from 

lignin degradation and some other compounds derived from extractives. The other 

important and effective inhibitory compounds found in hydrolysates are organic acids like 

syringic, caproic, caprylic, vanillic, pelargonic, and palmitic acid (Mussatto and Roberto, 

2001; Mussatto and Roberto, 2004). The toxicity of the lignin-derived compounds is more 

than those of organic acids and furans; vanillin is the most toxic inhibitor on xylose and 

hexose consuming microorganisms (Chandel et al. 2011).  
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Figure 5.2 Profile of microbial inhibitors derivatization from natural polymers (adapted 
from Palmqvist and Hahn-Hagerdal, 2000b). 
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To enhance xylitol productivity in the fermentation process, xylose concentration in the 

hydrolysate needs to be increased by a concentration process. By increasing the 

concentration of xylose through evaporation, the inhibition of microbial metabolism and 

the reduction of cell growth may occur due to a simultaneous increase in the 

concentration of other non-volatile inhibitors (Olsson and Hahn-Hagerdal 1996). To 

inactivate microbial inhibitors or to diminish their concentration for improving the 

fermentability of the lignocellulosic hydrolysates, different kinds of processes called 

detoxification procedures, which consist of physical, biological, and chemical processes, 

have been proposed. The performance of a detoxification method depends on the species 

of the biocatalyst as well as the hemicellulose hydrolysate; the composition of the 

hydrolysate varies by the raw material and the operational conditions of the chemical 

hydrolysis process (Larsson et al. 1999). Several chemical methods such as using 

ionization inhibitors at a certain pH, the application of adsorbents (activated carbon, 

diatomaceous earth, and ion-exchange resin), overliming, the sodium sulfite treatment or 

a combination of the aforementioned methods have been investigated to overcome the 

toxic effect of the inhibiting byproducts contained in the hydrolysates (Palmqvist and 

Hahn-Hagerdal 2000a).  For this work, activated carbon was used because of its porous 

structure and its potential of adsorbing small and large size molecules (impurities or 

inhibitors) present in the hemicellulosic hydrolysate. 

The objective of this work is to study the adsorption isotherms of the most important 

inhibitors including phenol, acetic acid, and furfural using a commercial powder form of 

activated carbon under different operational conditions; this work also aims to study the 

thermodynamics of the reactions. Additionally, the combination effects of the process 
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parameters were investigated on the performance of the adsorptive removal with the 

purpose of lowering the inhibitors in the concentrated acid-catalyzed hydrolysate from the 

oat hull hemicellulose fraction for xylitol bioproduction.  

5.3 Materials and Methods 

5.3.1 Materials 

In this study, the feedstock used as the source of the hydrolysate was oat hull supplied by 

Can-Oat Milling Inc. (Martensville, SK). Impurities including endosperm grits and dust 

were separated using a sieving machine (Link Aero, Fargo, ND). Acetonitrile and sulfuric 

acid used as the components of the mobile phase in the high performance liquid 

chromatography (HPLC) analysis were supplied by Sigma Aldrich Canada (Oakville, 

ON). Monosaccharides (xylose, glucose, and arabinose) were purchased from Alfa Aeser 

(Ward Hill, MA); Acetic acid and phenol were supplied by Sigma Aldrich Canada 

(Oakville, ON), and furfural was obtained from J. I. Baker Chemical Co. (Phillipsburg, 

NJ). Activated carbon (Nuchar wood-based carbon) was acquired from General Filtration 

Co. (Concord, ON). 

5.3.2 Adsorption process, hydrolysate preparation, and analytical methods  

To determine the adsorption isotherms of phenol, furfural, and acetic acid separately, the 

adsorption process was carried out with 50 ml aqueous solutions (with solute 

concentrations from 50 to 4000 mg/l in 250 mg/l increments up to 1000 mg/l and in 500 

mg/l increments afterwards) in 250-ml stoppered flasks loaded with 0.5 g adsorbent 

(activated carbon) shaken at 200 rpm. Operation conditions consisted of 9 combinations 

of the desired temperature (25, 45, and 65°C) and pH (1.0, 5.5, and 10.0) in three 
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replicates with each run lasting for 5 h to ensure equilibrium. The only exception was 

furfural for which temperatures of 25, 35, and 45°C were chosen due to its volatility at 

high temperatures. At the end, the samples were filtered through syringe filters with 0.2 

µm pore size and were analyzed by the HPLC method for acetic acid and furfural, and 

spectrophotometric method for phenol. Blank experimental runs with aqueous solutions 

of phenol, acetic acid, and furfural (without adsorbent) were conducted to ensure that the 

materials were not lost due to the instability or volatility in the range of the pH and 

temperature applied in this study. Also, blank runs with the adsorbent in the distilled 

water were conducted to make sure no chemical being studied is leached from the 

adsorbent or adsorbed by the glass container.   

To prepare the hydrolysate, oat hull was processed in a 4-liter reactor (Hoppes Inc., 

Springfield, OH) in a dilute (0.1 N) solution of sulfuric acid (catalyst) at 130°C for 40 

min. Thereafter, the hydrolysate was concentrated for 2.9 times (concentration factor 

(CF): 2.9) based on the major carbohydrate (xylose) concentration. The removal of 

inhibitors from the medium was conducted using the parameters of temperature (25°C, 

45°C, and 65°C), pH (1.0, 5.5, and 10.0), and carbon dosage (1.25%, 2.5%, and 5.0% 

(w/v)) versus the process duration within 80 min. To monitor the variation of the content 

of inhibitors during the adsorption process, sampling was carried out every 5 min until 20 

min at the beginning and then every 10 min until the end of the process. 

5.3.3 Analytical methods and measurements 

The Langmuir model was employed for analyzing the adsorption isotherms of the solutes 

on activated carbon as follows: 
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where qm (mg/g) and kL (l/g) are the monolayer adsorption capacity and Langmuir 

constant, respectively; ce (mg/l) is the solute concentration at equilibrium; and qe (mg/g) 

is the amount of adsorption at equilibrium.  

The thermodynamic properties of the components during the process were also 

determined. The heat of adsorption and entropy were determined using the following 

equations (Karagoz et al. 2008; Shahryari et al. 2010): 
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where kD is the distribution coefficient of the adsorbate; S (J/mol K) is entropy; and H 

(J/mol K), R (8.314 J/mol.K), and T (K) are respectively the enthalpy, universal gas 

constant, and absolute temperature. The free energy of adsorption (G) was determined 

as follows: 

DkRTG ln          (5.4) 

In the spectrophotometric method for phenol determination, a UV-visible 

spectrophotometer (Jenway-Genova LTD, Felsted, Dunmow, UK) was used at the 

wavelength of 270 nm. HPLC analytical work was performed using an Agilent 1100 

series HPLC (Agilent Technologies, Waldbronn, Germany) on an HPX-87H column and 
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a mobile phase (acetonitrile/5 mM sulfuric acid ratio of 12/88) flow rate of 0.5 ml/min to 

determine concentrations of acetic acid and furfural. The removal of the coloring agents 

(dyes) already produced in the acid catalyzed hydrolysis process was monitored and 

determined by spectrophotometric method at the 440 nm wavelength (Mussatto and 

Roberto, 2004). Data obtained from the chemical analysis of the samples for Langmuir 

model were collected and analyzed using the non-linear regression (Proc NLIN) with the 

Newton’s method by SAS (Statistical Analysis System, Cary, NC) and by minimizing the 

sum of the squares of deviations between the experimental and calculated data from the 

models. Thermodynamic properties were determined using linear regression modeling. 

5.4 Results and Discussion 

The physical and chemical properties of the commercial activated carbon used as the 

adsorbent in this work are presented in Table 5.1. High values of the surface area (1220 

m2/g) and the iodine number (960 mg/g) indicate that it has a high surface activity for the 

adsorption process.  

Table 5.1 Physical and chemical properties of activated carbon. 
Physical / Chemical properties* 

Pore volume: 1.2 ml/g 
Ash content: 4.25 wt% 

Surface area : 1220 m2/g 
Iodine number: 960 mg/g 

*Data are based on the analytical results provided by MWV Co. (Richmond, VA) . 

The solid fraction of the acid-catalyzed hydrolysate obtained is composed mainly of 

xylose, glucose, arabinose, phenols, acetic acid, and furfural, according to the 

measurements shown in Table 5.2. Assuming a concentration factor (CF) of 2.9 for 

xylose, in theory, all original concentrations would be multiplied by this number after 

being concentrated. However, in practice, this has only happened for monosaccharides 
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and phenols which could not be evaporated or degraded under the concentration 

conditions employed. The real concentration values for acetic acid (4.15 g/l) and furfural 

(0.01 g/l) are respectively less than 50% and 1% of what could be obtained theoretically. 

This is because of the high volatility or vapour pressure of these chemicals under vacuum 

concentration, even as the volatility of the acetic acid is much less than that of furfural 

(Villarreal et al. 2006).  

Table 5.2 Theoretical and actual concentration of the major components in the medium 
(hydrolysate).  

Component Original conc. in the 
hydrolysate 

 

Theoretical conc. in 
the concentrated 

hydrolysate 
(CF=2.9)  

Actual conc. in the 
concentrated 
hydrolysate  
(CF≈2.9) 

 (g/l) (g/l) (g/l) 
Xylose 28.1 (0.7) 81.5 80.8 (2.1) 
Glucose 5.8 (0.4) 16.8 16.5 (0.8) 

Arabinose 2.6 (0.1) 7.5 7.5 (0.2) 
Phenols 3.0 (0.1) 8.7 8.7 (0.1) 

Acetic acid 3.3 (0.2) 9.6 4.2 (0.3) 
Furfural 0.48 (0.03) 1.39 0.01 (0.001) 

CF: Concentration factor. Each number is mean of three replicates with standard deviations (SD).  

5.4.1 Adsorption isotherms of the chemicals 

The adsorption behaviour of activated carbon for phenol is shown in Figure 5.3; phenol 

removal is affected by temperature as well as pH. Increased temperature had a negative 

influence on phenol adsorption at all levels of pH, which could be due to the exothermic 

nature of the reaction. Its influence, however, was more significant at a higher pH level, 

as shown in Figure 5.3 and Table 5.3. For example, at pH 1.0, by increasing the 

temperature from 25°C to 65°C, the adsorption capacity of phenol dropped by almost 

10% from 341.3 to 307.0 mg/g, while at pH 10, it dropped by 50% from 159.9 to 80.0 

mg/g by changing the temperature from 25°C  to 65°C. Mane and co-workers (2005) and 
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Jadhav and Vanjara (2004) also reported on the exothermic nature of phenol adsorption, 

respectively, on activated carbon and sawdust carbon at the original pH of the solution. 

As explained previously, the parameter of pH could function as an effective factor on 

adsorption efficiency, although its influence was more significant at the higher level. In 

other words, from pH 1.0 to pH 5.5, a slight reduction was observed in the adsorption 

efficiency; however, by increasing pH from 5.5 to 10.0 (Figure 5.3c) the monolayer 

capacity (qm) dropped to almost 160, 97, and 80 mg/g at temperatures of 25°C, 45°C, and 

65°C , respectively. Overall, under the best condition (pH 1.0 and 25°C), the activated 

carbon used in this study had an adsorption potential of 34% (w/w) of its original weight 

in an aqueous solution of phenol. 

Table 5.3 Adsorption isotherm constants of phenol based on the Langmuir model.  

Operational 
Condition 

qm kL R2 

- mg/g l/g - 
a1b1 341.3 0.0019 1.00 
a1b2 323.6 0.0018 1.00 
a1b3 307.0 0.0018 1.00 
a2b1 326.0 0.0020 1.00 
a2b2 306.8 0.0017 1.00 
a2b3 284.2 0.0015 1.00 
a3b1 159.9 0.0028 0.99 
a3b2 96.5 0.0093 1.00 
a3b3 80.0 0.0063 0.99 

qm: maximum monolayer capacity of phenol adsorption; k: constant of Langmuir model; R2: coefficient of 
determination; a: pH (a1=1.0; a2=5.5; a3=10.0); b: temperature (b1=25°C; b2=45°C; b3=65°C). 
 

Results indicated that furfural adsorption is solely dependent on temperature in that the 

higher temperature resulted to reduced adsorption of this chemical compound. According 
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to the Langmuir model (Table 5.4 and Figure 5.4), the saturated monolayer capacity was 

211, 206, and 192 mg/g at temperatures of 25°C, 35°C, and 45°C, respectively. The effect 

of pH could be ignored because of the high amount of acid dissociation constant (pka>10) 

as an aldehyde, which is out of the pH range studied here. The highest potential of the 

activated carbon for furfural removal was obtained at 25°C, which was 21% (w/w) of its 

original weight. 
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Figure 5.3 Adsorption isotherms of phenol on activated carbon at different pH and 

temperature levels; qe: amount of adsorption at equilibrium; ce: solute concentration 
at equilibrium.  
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Figure 5.3 Continued. 

 

Table 5.4 Adsorption isotherm constants of furfural based on the Langmuir model.  

Temperature qm kL R2 

°C mg/g l/g - 

25 211.0 0.0021 0.99 

35 206.4 0.0018 0.99 

45 192.0 0.0016 1.00 
qm: maximum monolayer capacity of furfural adsorption; kL: constant of Langmuir model; R2: coefficient of 
determination. 

 

The adsorption behaviour of acetic acid as affected by temperature and pH are presented 

in Figure 5.5 and Table 5.5. The data indicate that the adsorption efficiency of the 

activated carbon for acetic acid is much lower than that for phenol and furfural. The range 

of the adsorption capacity of the activated carbon for acetic acid varied from 46 to 6 mg/g 

in the pH/temperature range of 1.0/25°C to 10.0/65°C. Also, it could be observed that its 

removal is more dependent on pH than temperature, as is shown by the variations in the 

graphs. However, its dependence on pH is much more significant in the range of pH 1.0 
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to pH 5.5 than that in the range of pH 5.5 to pH 10.0. Therefore, the maximum adsorption 

capacity of the activated carbon for acetic acid was 4.6% (w/w) of the original weight of 

carbon used for this purpose. Summarizing the results, it could be concluded that: 

The adsorption potential of activated carbon: phenol > furfural > acetic acid 

Table 5.5 Adsorption isotherm constants of acetic acid based on the Langmuir model.  

Operational 

Condition 

qm kL R2 

- mg/g l/g - 

a1b1 46.4 0.0006 1.00 

a1b2 42.5 0.0006 1.00 

a1b3 38.3 0.0006 1.00 

a2b1 18.8 0.0006 1.00 

a2b2 17.4 0.0006 0.99 

a2b3 16.2 0.0006 1.00 

a3b1 9.2 0.0031 1.00 

a3b2 9.1 0.0016 0.99 

a3b3 5.7 0.0017 0.99 
qm: maximum monolayer capacity of acetic acid adsorption; k: constant of Langmuir model; R2: coefficient 
of determination; a: pH (a1=1.0; a2=5.5; a3=10.0); b: temperature (b1=25°C; b2=45°C; b3=65°C). 
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Figure 5.4 Adsorption isotherms of furfural on activated carbon at different temperature 
levels: qe: amount of adsorption at equilibrium; ce: solute concentration at equilibrium.   
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Figure 5.5 Adsorption isotherms of acetic acid on activated carbon at different 
temperatures and pH levels; qe: amount of adsorption at equilibrium; ce: solute 
concentration at equilibrium.  
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Figure 5.5 Continued. 

 

The thermodynamic parameters of the adsorption for phenol and acetic acid are shown in 

Table 5.6 and that for furfural are shown in Table 5.7. The enthalpy of adsorption (H) 

for all three components is negative, proving the exothermicity of the adsorption of all the 

three chemicals on activated carbon used in this study. Therefore, lower temperatures 

could favour the removal of the components at a constant pH. This agrees with the result 
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obtained by Mane and co-workers (2005) who used date seed carbon for the removal of 

phenol and observed a negative heat of adsorption. Negative enthalpy values were also 

observed for furfural (Sahu et al. 2008) on a coconut-based activated carbon and for 

acetic acid (Gouli Bi et al. 2008) on a commercial activated carbon. In the present study, 

the absolute value of enthalpy increased with the pH of the solution for phenol and acetic 

acid but it was independent of the pH of the solution for furfural (Table 5.6 and 5.7). 

From pH 1.0 to pH 5.5, the absolute value of enthalpy increased slowly; however from 

pH 5.5 to pH 10.0, it increased dramatically. Overall, the enthalpy values obtained for all 

three chemicals were less negative than -40 kJ/mol; this means that it could be based on a 

physisorption (physical adsorption) mechanism involving van der Waals forces or 

hydrogen bonding in which no activation energy is required (Al-Anber 2011). In this 

study, the range of values for enthalpy of adsorption in almost all cases for the three 

chemicals were between -8 to -40 kJ/mol; these values may be attributed to dispersion 

interactions and hydrogen bonding. Free energies (G) obtained for the three chemicals 

were also negative, indicating spontaneity and feasibility of the adsorption process 

(Atkins 1994). Free energy values for phenol and acetic acid were dependent on both pH 

and temperature; however, it was only dependent on temperature for furfural (Table 5.6 

and 5.7).  Increased pH and increased temperature resulted in less negative amounts of 

free energy for phenol and acetic acid, which shows the lower efficiency of adsorption at 

a higher pH and a higher temperature. Increasing the temperature resulted in lower 

negative values of G for furfural as well. The entropy (S) of adsorption for phenol, 

acetic acid, and furfural are presented in Table 5.6 and 5.7; negative values of S indicate 
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that the affinity of all three components towards the adsorbent used in this study leads to a 

decreasing disorder in the system.   

Table 5.6 Thermodynamic parameters of the adsorption of phenol and acetic acid on 
activated carbon. 

Operation 

Condition 

Phenol Acetic acid 

 
H S G H S G 

 kJ/mol kJ/mol K J/mol kJ/mol kJ/mol K J/mol 

a1b1   -1209.05   -49.55 

a1b2 -8.587 -34.83 -958.82 -6.460 -54.21 -44.94 

a1b3   -907.67   -42.15 

a2b1   -1171.89   -24.77 

a2b2 -10.774 -41.99 -1097.20 -10.037 -72.08 -18.51 

a2b3   -789.65   -16.86 

a3b1   -1071.12   -22.30 

a3b2 -28.398 -100.18 -703.26 -20.878 -108.83 -16.86 

a3b3   -401.85   -8.43 
H, S, and G: enthalpy, entropy, and free energy of adsorption, respectively; a: pH (a1=1.0; a2=5.5; 
a3=10.0); b: temperature (b1=25°C; b2=45°C; b3=65°C). 

 
Table 5.7 Thermodynamic parameters of the adsorption of furfural on activated carbon.  

Temperature H S G 
 kJ/mol kJ/mol K J/mol 

25°C   -1392.39 
35°C -12.521 -46.81 -1049.89 
45°C   -816.95 

H, S, and G: enthalpy, entropy, and free energy of adsorption, respectively. 

5.4.2 Removal of inhibitors in the hydrolysate 

The removal of phenols from the hydrolysate was conducted using the parameters of 

temperature (25°C, 45°C, and 65°C), pH (1.0, 5.5, and 10.0), and carbon dosage (1.25%, 

2.5%, and 5.0% (w/v)) versus process duration within 80 min. The results, except for 
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45°C, are presented in Figures 5.6 and 5.7. Based on these figures, one can observe that 

carbon dosage is extremely effective in reducing the concentration of this chemical in the 

medium. For example, at 25°C and by using increasing carbon dosage from 1.25%, to 

2.5%, and then 5% (w/v), the final concentration of the phenolic derivatives dropped 

down to values of 3.0, 1.1, and 0.3 g/l (equivalent to 34%, 13%, and 3% of the initial 

solute concentration), respectively, after a running time of 25 to 30 min. Therefore, the 

adsorption process in this case occurred very fast, which could justify a physical 

mechanism of adsorption (Atkins, 1994).  

 

 

 
 

Figure 5.6 Phenols removal versus time and pH at 25°C and different doses of activated 
carbon: 1.25% (a), 2.5% (b), and 5.0% (c), respectively.  
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Figure 5.6 Continued. 
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This phenomenon resulted in a successful adsorption of toxic compounds found in the 

hydrolysate especially at higher dosage levels of the adsorbent employed in this study. 

However, as shown in the figures, the lower dosage (1.25% (w/v)) of adsorbent resulted 

in a solute removal of up to 65%, which most likely would not be high enough for the 

consequent process of xylitol bioproduction because it may still inhibit the biocatalyst 

activity. A carbon dosage of 2.5% (w/v) would probably be useful enough at 25°C, 45°C, 

and 65°C at pH levels of 1.0 and 5.5, with the lower temperature, i.e. 25°C, preferred 

because of the low energy requirement. This needs more study along with other 

components as well as testing in the bioconversion stage. A carbon dosage of 5% (w/v) 

would definitely be potent enough at 25°C at all range of pH. The increased level of 

carbon dosage, as presented in Figure 5.8, had a non-linear relationship with phenols 

removal such that its efficiency came down at a dosage over 2.5% (w/v) for all pH levels 

at a temperature of 25°C. Berson and co-workers (2005) also achieved a lower efficiency 

of acetic acid adsorption at a higher dosage of activated carbon such that by doubling 

carbon dosage, acetic acid removal was improved by only 125% to 133%.  
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Figure 5.7 Phenols removal versus time and pH at 65°C and different doses of activated 
carbon: 1.25% (a), 2.5% (b), and 5.0% (c), respectively. 
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Figure 5.7 Continued.  

The content of the major components of the medium after pre-treatment by activated 

carbon is listed in Table 5.8. The concentration of the carbohydrates did not change after 

the treatment with activated carbon even at a higher dosage of the adsorbent, which is one 

of the advantages of this method compared to other chemical or physical methods of 

detoxification. On the other hand, it is highly effective in reducing the content of lignin 

derivative (phenols); by twice increasing the carbon dosage, phenols content could be 

reduced by almost 3 times. For instance, by doubling the adsorbent dosage from 1.25% to 

2.5% and then to 5% (w/v), the concentration of phenols dropped from 3.1 g/l to 1.1 g/l 

and 0.4 g/l, respectively. Comparing the values obtained for inhibitors after adsorption 

process at a residence time of 30 min (Table 5.8), activated carbon was more effective in 

the removal of phenols than in the removal of other inhibitors.  
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The furfural concentration after the vacuum concentration (Table 5.8) came down to 0.01 

g/l and after detoxification dropped to a lower amount, which is much less than the 

furfural toxicity threshold of 1 g/l to Candida guilliermondii for xylitol production 

(Carvalho et al. 2006). As indicated in Table 5.8, the concentration of acetic acid obtained 

by the adsorptive detoxification of the concentrated hydrolysate was in the range of 3.6 to 

3. 9 g/l, close to the reported threshold for acetic acid (3 g/l) as a growth inhibitor for C. 

guilliermondii (Felipe et al. 1995). However, according to Morita and Silva (2000), the 

effect of higher concentrations of acetic acid even close to 5 g/l could be overcome by the 

appropriate selection of process parameters such as pH and aeration since it could greatly 

help the microorganism assimilate this component at the beginning of the bioconversion 

process.      

The reason behind the lower efficiency of carbon on the adsorption or the removal of 

phenols at higher levels of pH could be due to more dissociation at higher pH values and 

the conversion to anions of phenolate with a lower affinity toward the adsorbent 

(Mussatto and Roberto 2004). The same thing could happen with acetic acid above its 

acid dissociation constant (pka=4.75), with a lower affinity of acetate toward the activated 

carbon. 

The coloring materials (dyes) in the medium are considered as impurity generated by the 

oxidation of phenolic compounds during the acid catalyzed hydrolysis and vacuum 

concentration. The color of the medium could be used as an index for the hydrolysate 

toxicity to the biocatalytic activities in biotransformation (Mussatto and Roberto 2004). In 

the present study, lower pH and higher temperature resulted in the maximum level of dye 

removal. The negative impact of temperature on the efficiency of the dye removal 
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indicated that the adsorption of the dye in the hydrolysate is an endothermic phenomenon 

and it is better performed under high temperature. 

  
Table 5.8 Major components of the vacuum concentrated oat hull hydrolysate after pre-
treatment with activated carbon at pH 1.0 and 25°C.  

Component Concentrated 
hydrolysate 

(g/l) 

Pretreated 
hydrolysate 
(1.25% AC) 

(g/l) 

Pretreated 
hydrolysate 
(2.5% AC) 

(g/l) 

Pretreated 
hydrolysate 

(5% AC) 
(g/l) 

Xylose 80.8 (2.1) 80.6 (0.9) 81.3 (0.7) 80.5 (1.3) 
Glucose 16.5 (0.8) 16.5 (0.6) 16.7 (0.9) 16.1 (0.5) 
Arabinose 7.5 (0.2) 7.4 (0.1) 7.4 (0.4) 7.8 (0.4) 
Phenols 8.7 (0.1) 3.1 (0.1) 1.1 (0.0) 0.4 (0.0) 
Acetic acid 4.2 (0.3) 3.9 (0.2) 3.7 (0.1) 3.6 (0.1) 
Furfural 0.01 (0.001) <0.01 <0.01 <0.01 
-Each number is mean of three replicates with standard deviations (SD).  
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Figure 5.8 The efficiency of carbon dosage and pH on phenols removal at 25°C.  

 

Likewise, Mussatto and Roberto (2004) achieved better results at a higher temperature on 

the adsorption of dyes using activated carbon. However, because of the simplicity of 

processing at a lower temperature and the energy savings and higher efficiency of the 
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removal of the other chemicals at a lower temperature, it would be better to conduct the 

process close to the ambient condition. At low dosage of the adsorbent and under higher 

levels of pH (5.5 and 10.0), low adsorption efficiencies up to 65% were obtained. 

However, at low pH (1.0) an efficiency of over 85% was achievable. An activated carbon 

dosage of 2.5% (w/v) gave a high dye removal over 98% at pH 1.0, which was 

comparable with that of adsorbent dosage of 5% (w/v) at the same pH. At higher pH 

levels of 5.5 and 10.0, the 5% (w/v) dosage values yielded over 85% and 94% removal of 

dye, respectively.  

 
 

 
 

Figure 5.9 Dye removal versus time and pH at 25°C and different doses of activated 
carbon: 1.25% (a), 2.5% (b), and 5.0% (c), respectively.  
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Figure 5.9 Continued. 
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Despite achieving superior results for the removal of microbial inhibitors from the 

hydrolysate, a measure of the success of the processes employing these combinations of 

parameters is possible only by the accomplishment of this work along with xylitol 

biotransformation process. 

5.5 Conclusions 

Adsorption isotherms indicated that the removal of phenols and acetic acid were 

dependent on the pH of the aqueous solution as well as temperature. For furfural, it was 

only dependent on temperature. The adsorption of all three components was based on a 

physisorption mechanism, which is exothermic in nature, as H values indicated by the 

affinity of adsorbates toward the adsorbent and diminishing entropy as given by S 

values. Monolayer capacities indicated that the activated carbon had a higher potential of 

adsorption for phenol, then for furfural, and finally, acetic acid. The adsorptive removal 

of the main chemicals (phenolics and acetic acid) from the vacuum concentrated and acid 

catalyzed hydrolysate from oat hull was influenced by pH, temperature, and an adsorbent 

dosage with less effect by temperature. At an operational condition of pH 1.0 and a 

temperature of 25°C, phenols removal was 64% to 95.4% and acetic acid removal was 

6% to 13.2% with carbon dosage of 1.25% to 5% (w/v), respectively.  
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Chapter 6 

6. Parameter Interactions in the Kinetic Study of Xylitol 

Bioconversion Process 

Contribution of Ph.D. Candidate 

All work including the literature review, experimental design, conducting the research 

study and the analytical work reported in this chapter were carried out by the Ph.D. 

candidate, with advice from Dr. Lope Tabil. The written text was prepared by Majid 

Soleimani, with the editorial guidance provided by Dr. Tabil. 

The work discussed in this chapter was also included in a paper presented at the following 

conference:  

 
Soleimani, M., L. Tabil and S. Panigrahi. 2011. A biochemical study of bio-production of 

an alditol (xylitol) in a batch system. CSBE/SCGAB Annual Conference, Winnipeg, 

MB, July 10-13, Paper No. CSBE11-519.  

A similar version of this chapter, co-authored by Majid Soleimani and Lope Tabil, was 

submitted to Biocatalysis and Biotransformation for possible publication. 

Contribution of this chapter to the overall study 

In Chapter 5, the removal behaviour of different toxic components (microbial inhibitors), 

which could be released by the solubilization and depolymerization of the hemicellulose 

fraction during hydrolysis process, was studied. However, the actual influence of such 
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components on the xylitol production process and optimizing detoxification parameters 

need to be implemented in the bioconversion process. The results of the investigation 

described herein provide detailed information on the role of the major inhibitors 

(including phenols and acetic acid) separately and in combination with the other 

parameters such as cell recycling, medium supplementation, and pH control during the 

process. This could finally be helpful not only in optimizing the detoxification 

parameters, but also in optimizing the bioprocess parameters.    

6.1 Abstract 

To study the importance of the pH control and delignification of a medium derived from 

oat hull hemicellulose, as well as the influence of the supplemental nitrogen source and 

cell recycling, Candida guilliermondii was used as the biocatalyst in repeated batch 

bioconversion processes in three successive batches each lasting 144 hours. The research 

study was conducted based on a factorial design with the three features consisting of: a) 

pH control (pHs: pH constant during the process; pHi: pH adjusted to 6.0 at the beginning 

of bioconversion with no control thereafter; and pHt: pH set to 6.0 before sterilization of 

the medium with no control thereafter); b) medium detoxification/supplementation 

(Conc.: medium used directly with no treatment; AC1.25: medium treated with 1.25% 

(w/v) activated carbon; AC2.5: medium treated with 2.5% (w/v) activated carbon; AC5: 

medium treated with 5% (w/v) activated carbon; and AC2.5-N: medium detoxified with 

2.5% (w/v) activated carbon and then supplemented with ammonium sulphate); and c) 

cell recycling (3 cycles (C1, C2, and C3)).  

The results from bioconversion process indicated that medium detoxification was the least 

important factor affecting product yield and productivity; cell recycling and medium 
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supplementation were more important parameters to be considered to achieve a successful 

process. The results also indicated that medium supplementation by inorganic nitrogen 

(ammonium sulphate) could be a requirement to have a stable and high process 

performance in consecutive cycles of bioconversion using a recycled biocatalyst. 

However, in a single-cycle process there is no need to use a supplemental nitrogen. A 

model based on a diauxic mechanism was developed to describe variations of components 

including xylitol, substrates, and cellular biomass in the medium during the process.  

6.2 Introduction 

Xylitol is a naturally occurring five-carbon alditol that has the same sweetness and one-

third the caloric content of sucrose (Heikkila et al. 1992). It has applications in 

pharmaceutical, food, and odontological industries with anticariogenic and remineralizing 

properties, and has the potential of prohibiting respiratory infections (Prakasham et al. 

2009). Its appealing organoleptic and functional properties enhance a wide array of 

applications that promote oral health (Peldyak 2002). 

Theoretically, xylitol can be produced by extraction, as well as by chemical and 

biotechnological methods. It can be recovered from natural sources by a solid-liquid 

extraction, but its small quantity in the raw materials (less than 900 mg/100 g) is a major 

economic drawback of this method (Pepper and Olinger 1988). The chemical method of 

xylitol production, based on the catalytic hydrogenation of the xylose-rich hemicellulose 

hydrolysate, requires purification and separation steps which are the most expensive 

stages of this process with a xylitol yield of around 50-60% (Nigam and Singh, 1995).  
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The disadvantages of the conventional production method, especially the high pollution 

levels and waste-treatment concerns, motivated researchers to find a biotechnological 

method as an alternative (Winkelhausen and Kuzmanova 1998). Xylitol is produced from 

D-xylose by NADPH-dependent xylose reductase as a metabolic intermediate in 

microorganisms that are able to utilize xylose (Saha and Bothast 1997). A large number 

of yeasts and fungi (Saha and Bothast 1997) and some bacteria species (Horitsu et al. 

1992) have the capability for xylitol production. In contrast to bacteria, the majority of 

yeasts are able to convert xylose into D-xylulose through an oxido-reductive 

transformation consisting of two consecutive reactions with the intermediate metabolite 

of xylitol. The first reaction, which is the transformation of D-xylose to xylitol, is carried 

out with xylose-reductase (XR), in the presence of nicotinamide adenine dinucleotide 

(NADH) or nicotinamide adenine dinucleotide phosphate (NADPH). The second reaction, 

which is oxidation of xylitol to D-xylulose, is performed by either NAD+-linked or 

NADP+- linked xylitol dehydrogenase (XDH) (Chen et al. 2010). 

According to Barbosa et al. (1988), the theoretical product yield when NADH
2

+ 
is used as 

a cofactor for XR under aerobic conditions in a nutritionally balanced medium could be 

0.91 mol xylitol/mol xylose, expressed in the following balanced equation:  

126 xylose + 3 O
2
+ 6 ADP + 6 Pi + 48 H

2
O              114 xylitol + 6 ATP+60 CO

2 
 

The bioconversion process as the main stage in xylitol production is controlled by several 

factors. Substrate concentration (D-xylose) is a critical parameter for yeast growth and 
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fermentation. Xylitol cannot be produced in the absence of D-xylose and the combination 

of aeration and xylose concentration is an important and determinative factor for xylose 

reductase and xylitol dehydrogenase activities, as well as xylitol formation in yeasts. 

Increased xylose concentration in the cultures of microorganisms, which are able to 

tolerate high sugar concentrations and high osmotic pressure, leads to increased xylitol 

yields and production rates. An increase in the initial xylose concentration may usually 

lead to a decrease in growth rate, unless the aeration rate is increased (Nolleau et al. 

1993). The presence of more than one substance in the medium, with each one capable of 

being a substrate or energy source for cell reproduction, results in a growth mechanism 

called diauxic growth. In this type of growth, one substrate could be assimilated and 

metabolized before the other one or both could be consumed and metabolized 

simultaneously (Lee et al. 1974). As a result, there may be a transient cessation of growth, 

which reflects the exhuastion of the first substrate, temporary cessation of growth, and 

resumption utilizing the second energy source (substrate). Diauxic growth represents the 

sequential nature of two distinct growth phases. In the xylitol production using Candida 

mogii in a medium containing glucose and xylose, glucose was the preferred substrate in 

the diauxic pattern of growth investigated by Tochampa and co-workers (2005).    

Yeast extract, an organic source of nitrogen, could be used as an important nutrient for 

some of the xylitol-producing yeasts, while for some other yeasts, it has no significant 

effect on xylitol formation. Nitrogen source (the nature and concentration) is one of the 

factors that can influence xylitol production and xylose utilization by the microorganism 

(Parajo 1998a).  
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Inoculum age and concentration as well as temperature and pH are the other important 

parameters which need to be controlled to achieve successful results due to their influence 

on the metabolic activity and viability of the cells. Pfeifer et al. (1996) obtained low 

values for xylitol productivity and the cell growth from C. guilliermondii inocula younger 

than 15 h or older than 24 h; the best conditions were achieved in the 15-24 h range. The 

best pH for C. parapsilosis , C. guilliermondii, and C. boidinii are 4.5-5, 6.0, and 7.0, 

respectively. If the pH of the bioconversion process is not controlled, the initial pH needs 

to be set at a higher level due to its gradual decrease by the process progress; for example, 

the optimal initial pH value for C. boidinii under a controlled condition is 5.5; with no pH 

control, the initial pH should be 7.0 (Winkelhausen and Kuzmanova 1998). 

Lignocellulosic materials being supplied from a variety of resources at a low price can be 

used as feedstock for chemicals and bio-products. The complex structure of lignocellulose 

in plants forms a protective barrier to the cell destruction by bacteria and fungi. To make 

this structure suitable for conversion in fermentative processes, cellulose, and 

hemicellulose must be hydrolyzed into their corresponding monomers (sugars) for 

utilization by microorganisms (Iranmahboob et al. 2002). The main component of the 

hemicellulosic fraction of hardwoods and cellulosic residues is xylan, a polymer made 

from xylose units that can be hydrolyzed to this sugar by mineral acids or xylanase. 

Hemicelluloses are much easier to hydrolyze compared to the crystalline cellulosic 

components of the biomass because of their relatively low degree of polymerization and 

heterogeneous structure (Magee and Kosaric 1985). On the other hand, lignin (phenolic 

fraction) remains as a solid residue in the acid medium due to its greater resistance to 

acids. Hemicelluloses are more susceptible than cellulose to the hydrolytic action of the 
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catalysts because of their open and branched structure. The most commonly employed 

acid catalysts for this purpose are H
2
SO

4 
and HCl. 

By increasing the concentration of xylose using evaporation, an inhibition of the 

microbial metabolism and a reduction of cell growth occurs that is dependent on a 

simultaneous increase in the concentration of other non-volatile compounds (Olsson and 

Hahn-Hagerdal 1996). Inhibitors in the hydrolysates resulting from the acid catalysis can 

be classified into different groups, and these include  a) minerals or metals resulting from 

the corrosion of the equipment or ions contained in the lignocellulosics; b) compounds 

like furfural and hydroxyl methyl furfural derived from the degradation of sugars at high 

temperatures; c) acetic acid liberated from the acetyl groups in biopolymers; and d) 

chemicals like aldehydes, phenolic compounds and aromatics which are derived from 

lignin degradation and compounds derived from extractives. Some other important and 

effective inhibitory compounds found in hydrolysates are organic acid. Factors such as 

the microorganism utilized, the adaptation potential of the microorganism, the mechanism 

of the fermentation process employed, and the simultaneous presence of several other 

inhibitors, determine the maximum allowable concentration for each process (Parajo 

1998b; Converti et al. 2000; Mussatto and Roberto 2001; Mussatto and Roberto 2004). 

Therefore, in order to produce hydrolysate appropriate as fermentation media, acid 

hydrolysis should be carried out in a way that allows:  a) a high concentration of xylose as 

much as possible; b) the concentration of inhibitory byproducts that should be in the 

ranges tolerable by the microorganism; and c) a high selectivity towards cellulose 

degradation (Parajo 1998b). 
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Cell recycling with a stable efficiency could be considered as a strategy to save time and 

cost at the lab, pilot, or industrial scales. There are some gaps in knowledge related to the 

importance of cell recycling and its interaction with the medium 

detoxification/supplementation and control of hydrogen (H+) potential during the bio-

production process using C. guilliermondii, one of the best xylitol producing biocatalysts. 

The present work investigates the impact of pH control and medium detoxification using 

varying doses of activated carbon resulting in different levels of inhibitors on 

bioconversion parameters of xylitol production. The performance of cell recycling at the 

end of the process and the medium supplementation with an inorganic nitrogen source, as 

well as the interaction of these factors, was also investigated. A kinetic model based on a 

diauxic mechanism was developed to describe the variations of the substrates and the 

product during the process.  

6.3 Materials and Methods 

6.3.1 Preparation of the bio-based medium 

The flow diagram of the present research work is shown in Figure 6.1. The feedstock (oat 

hull) was supplied by Can-Oat Milling Inc. (Martensville, SK) in one batch for all the 

research work, and the impurities, including endosperm grits and dust, were separated 

using a sieving machine (Link Aero, Fargo, ND). 

The hydrolysis of the biomass was carried out in a pressurized 4-liter reactor (Hoppes 

Inc., Springfield, OH) at 130ºC for 40 min in a dilute sulfuric acid (0.1 N) with a solid 

loading of 10% (w/w). After the removal of impurities and solids, the hydrolysate was 

filtered and concentrated in a vacuum concentrator at 65ºC, with a concentration factor 
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(CF) of 2.9 based on xylose concentration. The components of the hydrolysate and the 

concentrate are tabulated in Table 6.1. The analysis of the concentrated hydrolysate 

showed that the concentration of some of the components such as acetic acid and furfural 

were different from the theoretical numbers, as shown in Table 6.1.  

 
Feedstock (Biomass) 
 

 
    Sieving / Aspiration  Impurities 
 
 

Hydrolysis 
 

 
        Filtration  Solid fraction 
 
 

Concentration (Vacuum) of hydrolysate 
 

 
Medium preparation (Detoxification / Supplementation) 
 

 
      Bioconversion 

 
Figure 6.1 Flow diagram of bio-processing of oat hull biomass. 
 

Table 6.1 Theoretical and actual concentration of the major components in the medium. 

Component Original conc. in the 
hydrolysate 

 

Theoretical conc. in 
the concentrated 

hydrolysate 
(CF=2.9)  

Actual conc. in the 
concentrated 
hydrolysate 
(CF≈2.9) 

 (g/l) (g/l) (g/l) 
Xylose 28.1 (0.7) 81.5 80.8 (2.1) 
Glucose 5.8 (0.4) 16.8 16.5 (0.8) 

Arabinose 2.6 (0.1) 7.5 7.5 (0.2) 
Phenols 3.0 (0.1) 8.7 8.7 (0.1) 

Acetic acid 3.3 (0.2) 9.6 4.2 (0.3) 
Furfural 0.48 (0.03) 1.39 0.01 (0.001) 

CF: Concentration factor; each number is mean of three replicates with standard deviations (SD).  
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The concentrated hydrolysate was detoxified with activated carbon (Nuchar wood-based) 

as adsorbent at different dosages (1.25%, 2.5%, and 5.0% (w/v) for 0.5 h) at the preferred 

temperature of 25°C to investigate the importance of detoxification on the kinetics of the 

consequent process of bioconversion. The actual concentrations of the abovementioned 

components after the vacuum concentration, particularly acetic acid and furfural, were 

less than the theoretical values. The concentration of the other components was almost the 

same, as expected in theory. This much lower (actual) concentration of acetic acid and 

furfural after the vacuum concentration compared to the theoretical value is due to their 

high vapour pressure during the concentration and the volatility of these chemicals, 

causing their evaporation. Therefore, furfural and probably acetic acid could not work as 

inhibitive chemicals for the activity of the microorganism due to their low concentration; 

however, phenols with a high concentration (8.7 g/l) could be toxic to the activity of the 

biocatalyst (C. guilliermondii) during the bioconversion stage.  

Table 6.2 Physical and chemical properties of activated carbon*.  
Physical / Chemical properties 

Pore volume: 1.2 ml/g 
Ash content: 4.25 wt% 

Surface area : 1220 m2/g 
Iodine number: 960 mg/g 

*Data are based on the manufacturer’s (MeadWestvaco (MWV), Richmond, VA) 
analytical datasheet. 

The composition of the more important components of the medium after pre-treatment by 

the activated carbon is listed in Table 6.3. The concentration of the carbohydrates does 

not change after treatment with the activated carbon even at a higher dosage of the 

adsorbent, which is one of the advantages of using this method compared to the other 

chemical or physical methods of detoxification. On the other hand, it is highly effective in 

reducing the lignin derivative (phenols) content; by increasing the dosage of carbon, 
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phenols content could be reduced by 3 times. For instance, by changing the adsorbent 

dosage from 1.25% to 2.5% and 5% (w/v), the concentration of phenols drops from 3.1 

g/l to 1.1 g/l and 0.4 g/l, respectively. In comparing the values obtained for the inhibitors 

after the adsorption process, as shown in Table 6.3, it can be noted  that the activated 

carbon is more effective for phenol removal than the other inhibitors.     

Table 6.3 Major components of the medium after pre-treatment with activated carbon. 
Component Concentrated 

hydrolysate 

 

Pretreated 
hydrolysate 

(1.25% 
AC)* 

Pretreated 
hydrolysate 
(2.5% AC) 

 

Pretreated 
hydrolysate 

(5% AC) 

 
 (g/l) (g/l) (g/l) (g/l) 

Xylose 80.8 (2.1) 80.6 (0.9) 81.3 (0.7) 80.5 (1.3) 
Glucose 16.5 (0.8) 16.5 (0.6) 16.7 (0.9) 16.1 (0.5) 
Arabinose 7.5 (0.2) 7.4 (0.1) 7.4 (0.4) 7.8 (0.4) 
Phenols 8.7 (0.1) 3.1 (0.1) 1.1 (0.0) 0.4 (0.0) 
Acetic acid 4.2 (0.3) 3.9 (0.2) 3.7 (0.1) 3.6 (0.1) 
Furfural 0.01 (0.001) <0.01 <0.01 <0.01 
*AC: activated carbon. Each value is mean of three replicates with standard deviations (SD).  
 

6.3.2 Microorganism and bioconversion process 

The C. guilliermondii FTI 20037, which was used as the biocatalyst in the experimental 

work, was supplied by the American Type Culture Collection (ATCC, Manssas, VA). For 

each run, two loopful of cells were transferred to 250-ml Erlenmeyer flasks which contain 

100 ml medium consisting of (g/l): xylose (30), glucose (5), ammonium sulphate (3), 

yeast extract (3), and calcium chloride (0.1). The cells were incubated at 30ºC, with an 

agitation speed of 200 rpm for 24 h. Finally, the cells were collected by centrifugation at 

2000 g for 15 min and suspended in sterile distilled water. 

Before beginning the bioconversion runs, the media were sterilized at 120ºC for 15 min. 

For supplemental cases, sterilized ammonium sulphate was added after the sterilization of 

the medium to reach a final concentration of 3 g/l. Each experimental run was carried out 
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with a cell loading of 1 g/l of inoculant for 144 h at pH 6.0±0.20 and a temperature of 

30ºC agitating at 200 rpm using shake flask method. Table 6.4 shows the combinations of 

the variables employed in this study based on a factorial design which results in 45 

combinations with three replicates. The variables of the experimental work were as 

follows: 1) pH control: (pHs: pH constant during the process ; pHi: pH adjusted to 6.0 at 

the beginning of bioconversion with no control thereafter; and pHt: pH was set to 6.0 

before the sterilization of the medium with no control thereafter); 2) medium 

detoxification/supplementation: (Conc.: medium used directly with no treatment; AC1.25: 

medium treated with 1.25% (w/v) activated carbon; AC2.5: medium treated with 2.5% 

(w/v) activated carbon; AC5: medium treated with 5% (w/v) activated carbon; and 

AC2.5-N: medium detoxified with 2.5% (w/v) activated carbon and then supplemented 

with ammonium sulphate); and 3) cycles of cell application as the biocatalyst (C1: 1st 

cycle; C2: 2nd cycle; and C3: 3rd cycle). 

Table 6.4 Combinations of variables during the bioconversion experimental runs. 
Combinations of the parameters 

 C1-Conc C1-AC1.25 C1-AC2.5 C1-AC5 C1-AC2.5-N 

pHs: 6.0 C2-Conc C2-AC1.25 C2-AC2.5 C2-AC5 C2-AC2.5-N 

 C3-Conc C3-AC1.25 C3-AC2.5 C3-AC5 C3-AC2.5-N 

 C1-Conc C1-AC1.25 C1-AC2.5 C1-AC5 C1-AC2.5N 

pHi: 6.0 C2-Conc C2-AC1.25 C2-AC2.5 C2-AC5 C2-AC2.5-N 

 C3-Conc C3-AC1.25 C3-AC2.5 C3-AC5 C3-AC2.55-N 

 C1-Conc C1-AC1.25 C1-AC2.5 C1-AC5 C1-AC2.5-N 

pHt: 6.0 C2-Conc C2-AC1.25 C2-AC2.5 C2-AC5 C2-AC2.5-N 

 C3-Conc C3-AC1.25 C3-AC2.5 C3-AC5 C3-AC2.5-N 

pHs: pH controlled at 6.0 all over the process; pHi: pH adjusted on 6.0 at the beginning of bioconversion; 
pHt: pH adjusted on 6.0 before sterilization; C1: first cycle of using biocatalyst; C2: Second cycle of using 
biocatalyst; C3: Third cycle of using biocatalyst. Conc: concentrate without any pretreatment. AC: samples 
pretreated by activated carbon in a particular dosage including 1.25%, 2.5%, and 5%. N: samples fortified 
by nitrogen source (ammonium sulphate). 
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The sampling and monitoring of each batch of the process was carried out at intervals of 

12 h from the beginning until 72 h, and then at intervals of 24 h from 72 h until 144 h by 

the end of the process. The samples were analyzed to determine the concentrations of 

substrates (xylose and glucose), product (xylitol), biocatalyst (cell), and acetic acid. The 

parameters of the initial substrate concentration (Sc (g/l)), final product concentration (Pf 

(g/l)), product yield (Yp/s (g/g)), xylitol volumetric productivity (Qp (g/l/h)), cell yield 

(Yx/s (g/g)), and volumetric cell productivity (Qx (g/l/h)) were determined as 

bioconversion parameters. 

6.3.3 Analytical methods and data analysis 

The carbohydrate and xylitol concentrations as well as the acetic acid content in the 

samples were analyzed using HPLC (Agilent 1100; Hewlett-Packard, Waldbronn, 

Germany) on an ion-exchange HPX-87H column. The carbohydrates and the product 

were detected by a refractive index (RI) detector and other components including acetic 

acid and furfural were determined by a DAD (diode array detector) at 30ºC and under 

isocratic condition with an eluent (5 mM sulphuric acid) flow rate of 0.5 ml/min. The cell 

concentration was determined by a spectrophotometric analysis at 600 nm and a 

conversion of the optical density to dry weight using a calibration curve. The data 

analysis was performed based on a factorial design for 45 combinations of factors using 

SAS (SAS Intitute, Cary, NC) for the variance analysis and MSTATC (Michigan State 

University, East Lansing, MI) programs. Duncan’s multiple range test was used for the 

comparison of the means at P = 0.05 in the MSTATC software. For xylitol bioconversion 

modeling (page 169), the kinetic parameters were determined by SAS using non-linear 
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regression by minimizing the sum of the squares of the deviations between experimental 

and the data from the model. 

6.4 Results and Discussion 

6.4.1 Parameter interactions 

Among the three pH conditions (two uncontrolled conditions and one controlled 

condition) employed in the bioconversion experiments, the pH-controlled process (pHs) 

resulted in the best parameters of conversion. This result is mostly because of the lag 

phase observed in pH-uncontrolled processes (pHi and pHt) which causes a longer 

process and lower productivity of the product. In the research work reported by Pereira et 

al. (2011), buffered defined media resulted in a stable pH during the xylitol bioproduction 

process and, finally, in a better performance in terms of the product yield factor and 

productivity, which agrees with the results obtained in this investigation. The actual 

reason behind that could be the stabilizing of the H+ concentration during the 

biotransformation, which is necessary for this conversion. In other words, during the 

conversion of xylose to xylitol in the process, the original H+ ions, which are necessary 

for the activity of coenzymes, would be depleted in the medium. Therefore, to 

compensate this depletion, the controlled addition of an acidic agent such as sulphuric 

acid could be effective in prohibiting the gradual drop in the bioreaction rate. For 

example, xylitol concentration was 43.7 and 55.8 g/l for pHs-C1-AC5 and was 40.2 and 

48.2 g/l for pHi-C1-AC5 after 72 h and 96 h, respectively. Altogether, according to the 

statistical analysis and ranking in Appendix A and Tables 6.5 and 6.6, the best 

combinations of variables to achieve a higher final concentration of product are: pHs-C1-
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AC1.25, pHs-C1-AC2.5, pHs-C1-AC5, pHs-C1-AC2.5-N, pHs-C2-AC2.5-N, and pHs-C3-

AC2.5N. All of the aforementioned combinations of factors resulted in product 

concentrations above 53 g/l. Therefore, the combinations of pH control together with a 

mild detoxification and a medium supplementation could result in the best conversion 

performance in a repeated batch process.  

When the pH of the medium was adjusted to pH 6.0 before sterilization (pHt), as shown 

in Figure 6.2, the pH dropped to values close to pH 5.0 after sterilization and even less for 

the medium supplemented with the nitrogen source (AC2.5-N). The reason for this pH 

drop could be due to the formation of the short chain organic acid during sterilization at 

high temperature (120°C); and in the case of AC2.5-N,  it could be due to the presence of 

ammonium sulphate, which is a salt of a strong acid and a weak base, and the release of 

more acid, making the medium acidic. During the progress of the biotransformation and 

the uptake of hydrogen ions by the biocatalyst, the pH slowly increased in the medium. 

However, for the case of AC2.5-N, this variation in the hydrogen potential is less; this 

could be because of the presence of a higher concentration of sulphuric acid as well as the 

probable generation of toxic components (such as furans) by Maillard reaction during 

sterilization, resulting in less activity of the cells for xylose consumption during xylitol 

production (Kim and Lee, 2003; Yildiz and Labuza, 2010).  

According to Figure 6.3, when the pH was adjusted to pH 6.0 after sterilization (before 

starting bioconversion), the pH dropped slightly at the beginning of the bioconversion 

process, and this decline could be attributed to the quick and preferable assimilation of 

glucose and the aerobic activity through the tricarboxylic acid cycle (TCA cycle) by the 

cells and, consequently, the generation of organic acids (Shuler and Kargi, 2001). Also, 
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the lower pH in the nitrogen supplemented medium is associated with the release of free 

acids into the medium by the microorganism consuming ammonium (Vogel and Todaro, 

1997).  Thereafter, the pH started increasing because of the glucose depletion and the 

shifting to xylose as the carbon source, mainly for xylitol formation. Therefore, the pH 

gradually increased due to the gradual conversion of xylose to its reduced form (xylitol). 
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Figure 6.2 pH variation with time for different media; pHt: pH adjusted to pH 6.0 before 
sterilization; Conc: Untreated concentrate; AC: samples pretreated by different dosages of 
activated carbon; N: samples fortified by nitrogen source (ammonium sulphate); error bars 
indicate standard deviations (SD) of triplicate assays.   
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Figure 6.3 pH variation with time for different media; pHi: pH adjusted to pH 6.0 before 
bioconversion; Conc: Untreated concentrate; AC: samples pretreated by different dosages of 
activated carbon; N: samples fortified by nitrogen source (ammonium sulphate). error bars 
indicate standard deviations (SD) of triplicate assays.   
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Figure 6.4 Interaction of activated carbon (AC) dosage and cell recycling (C1: 1st cycle, C2: 2nd 

cycle, C3: 3rd cycle) on product (Pf) generation and consumed substrate (Sc) in the media without 
nitrogen source ; Solid line: product; Broken line: substrate.  
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Table 6.5 Bioconversion parameters of the substrate consumption, product and cell generation for pH-uncontrolled process 
(pHi: pH adjusted to pH 6.0 before bioconversion). 

Condition Sc Pf Yp/s Qp Yx/s Qx 
 (g/l) (g/l) (g/g) (g/l/h) (g/g) (g/l/h) 

pHi-C1-Conc 59.6 (1.2) 43.4e  (1.2) 0.73 (0.03) 0.45 (0.01) 0.05 (0.002) 0.04 (0.001) 
pHi-C1-AC1.25 63.4 (0.9) 48.7d  (1.1) 0.77 (0.01) 0.51 (0.01) 0.05 (0.002) 0.04 (0.001) 
pHi-C1-AC2.5 61.2 (0.8) 48.2d  (1.8) 0.79 (0.03) 0.50 (0.02) 0.05 (0.002) 0.04 (0.001) 
pHi-C1-AC5 62.5 (1.0) 47.6d  (1.5) 0.76 (0.03) 0.50 (0.01) 0.05 (0.002) 0.04 (0.001) 

pHi-C1-AC2.5-N 59.7 (0.6) 42.5
e  (1.0) 0.71 (0.02) 0.44 (0.01) 0.03 (0.003) 0.03 (0.002) 

pHi-C2-Conc 37.7 (2.5) 24.8qp  (1.1) 0.66 (0.07) 0.26 (0.01) 0.08 (0.003) 0.04 (0.001) 
pHi-C2-AC1.25 51.7 (0.7) 34.4hi  (1.3) 0.66 (0.03) 0.36 (0.01) 0.06 (0.004) 0.04 (0.002) 
pHi-C2-AC2.5 45.6 (1.2) 29.3lm  (1.2) 0.64 (0.04) 0.31 (0.01) 0.07 (0.002) 0.04 (0.001) 
pHi-C2-AC5 43.4 (1.7) 21.7qr  (1.5) 0.50 (0.05) 0.23 (0.02) 0.07 (0.003) 0.04 (0.001) 

pHi-C2-AC2.5-N 60.4 (0.7) 42.4
e  (1.0) 0.70 (0.02) 0.44 (0.01) 0.05 (0.003) 0.04 (0.002) 

pHi-C3-Conc 37.2 (1.7) 27.5mn  (1.2) 0.74 (0.03) 0.29 (0.01) 0.07 (0.004) 0.04 (0.001) 
pHi-C3-AC1.25 47.1 (1.5) 35.6h  (1.3) 0.76 (0.04) 0.37 (0.01) 0.07 (0.004) 0.04 (0.002) 
pHi-C3-AC2.5 38.3 (1.4) 26.6no  (1.4) 0.69 (0.05) 0.28 (0.01) 0.08 (0.004) 0.04 (0.002) 
pHi-C3-AC5 37.6 (1.1) 21.7qr  (0.6) 0.58 (0.03) 0.23 (0.01) 0.09 (0.003) 0.05 (0.001) 

pHi-C3-AC2.5-N 62.8 (0.9) 47.7
d  (1.2) 0.76 (0.01) 0.50 (0.01) 0.05 (0.003) 0.04 (0.002) 

Values are means of triplicate determinations with standard deviations (SD); Sc: substrate consumed; Pf: final concentration of xylitol; Yp/s: 
xylitol yield; Qp: xylitol productivity; Yx/s: cell dry mass yield; Qx: Cell productivity. C1: first cycle of using microorganism; C2: Second 
cycle of using microorganism; C3: Third cycle of using microorganism. Conc: concentrate without any pretreatment. AC: samples 
pretreated by different dosages of activated carbon; N: samples fortified by nitrogen source (ammonium sulphate); d, e, …: Ranking of the 
means by Duncan’s multiple range test extracted from full ranking (three-way) results in Appendix A. 
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Table 6.6 Bioconversion parameters of substrate consumption, product and cell generation for pH-controlled (pHs) process.  
Condition Sc Pf Yp/s Qp Yx/s Qx 

 (g/l) (g/l) (g/g) (g/l/h) (g/g) (g/l/h) 
pHs-C1-Conc 63.8 (1.8) 51.0c  (1.3) 0.80 (0.03) 0.53 (0.01) 0.04 (0.002) 0.03 (0.001) 

pHs-C1-AC1.25 66.2 (1.5) 54.5ab  (1.0) 0.82 (0.03) 0.57 (0.01) 0.04 (0.003) 0.04 (0.002) 
pHs-C1-AC2.5 65.3 (1.3) 55.8a  (1.5) 0.85 (0.01) 0.58 (0.02) 0.04 (0.003) 0.04 (0.002) 
pHs-C1-AC5 66.0 (1.5) 53.2b  (1.2) 0.81 (0.03) 0.55 (0.01) 0.05 (0.003) 0.04 (0.002) 

pHs-C1-AC2.5-N 66.3 (0.8) 53.3
b  (1.4) 0.80 (0.01) 0.56 (0.01) 0.04 (0.001) 0.04 (0.001) 

pHs-C2-Conc 41.4 (1.9) 30.3kl  (1.1) 0.73 (0.06) 0.31 (0.01) 0.06 (0.002) 0.03 (0.001) 
pHs-C2-AC1.25 50.4 (1.6) 40.0f  (1.1) 0.79 (0.04) 0.42 (0.01) 0.05 (0.003) 0.03 (0.002) 
pHs-C2-AC2.5 48.4 (2.1) 34.9hi  (2.0) 0.72 (0.04) 0.36 (0.02) 0.06 (0.002) 0.03 (0.001) 
pHs-C2-AC5 47.0 (1.0) 32.2jk  (1.0) 0.69 (0.03) 0.33 (0.01) 0.06 (0.002) 0.03 (0.001) 

pHs-C2-AC2.5-N 62.6 (1.3) 53.1
b  (1.6) 0.85 (0.01) 0.55 (0.02) 0.05 (0.002) 0.04 (0.001) 

pHs-C3-Conc 51.6 (1.4) 31.0jkl  (1.1) 0.60 (0.03) 0.32 (0.01) 0.06 (0.003) 0.03 (0.001) 
pHs-C3-AC1.25 59.5 (1.5) 37.9g  (1.1) 0.64 (0.03) 0.39 (0.01) 0.06 (0.002) 0.04 (0.001) 
pHs-C3-AC2.5 56.3 (1.7) 34.8hi  (1.4) 0.62 (0.01) 0.36 (0.01) 0.06 (0.001) 0.04 (0.001) 
pHs-C3-AC5 54.4 (1.2) 33.0ij  (1.1) 0.61 (0.01) 0.34 (0.01) 0.06 (0.002) 0.04 (0.001) 

pHs-C3-AC2.5-N 62.1 (1.1) 54.2
ab  (0.7) 0.87 (0.03) 0.56 (0.01) 0.05 (0.003) 0.04 (0.002) 

Values are means of triplicate determinations with standard deviations (SD); Sc: substrate consumed; Pf: final concentration of xylitol; Yp/s: 
xylitol yield; Qp: xylitol productivity; Yx/s: cell dry mass yield; Qx: Cell productivity. C1: first cycle of using microorganism; C2: Second 
cycle of using microorganism; C3: Third cycle of using microorganism. Conc: concentrate without any pretreatment. AC: samples 
pretreated by different dosages of activated carbon; N: samples fortified by nitrogen source (ammonium sulphate); a, b, c, …: Ranking of the 
means of final product concentration by Duncan’s multiple range test extracted from full ranking (three-way) results in Appendix A. 
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Figure 6.5 Xylitol generation during the bioconversion process at different cycles (C1, C2, 
and C3: first, second and third cycles of using microorganism, respectively) in 
the media detoxified by 2.5% activated carbon dosage (AC2.5) with no 
nitrogen supplementation; error bars indicate standard deviations (SD) of triplicate 
assays. 

As presented in Table 6.6 and Figures 6.4 and 6.5, controlling the pH all over the process 

when no source of nitrogen was available in the medium to the organism greatly 

decreased the product formation (over 30% on average) from the first cycle (C1) to the 

next cycles. This agrees with the result reported by Sampaio et al. (2005), who used 

Debaryomyces hansenii as a biocatalyst in their investigation. This variation in the final 

product concentration is slightly dependent on the dosage of adsorbent (AC) used for 

detoxification. Therefore, the number of cycles that the biocatalyst was used was much 

more important to the productivity and the process performance than detoxification. This 

high reduction in product concentration and its variations by AC, as shown in Figure 6.4, 

is parallel to the variations of the substrate. 
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The product yield was also influenced by the recycling of the biocatalyst, as the results 

show in 6.6. However, the intensity of the yield drop is less than that of the product 

concentration; in this case, it decreased by almost 15% on average from the first cycle to 

the next cycles. 

The productivity of xylitol, which is a very important economic factor, was affected by 

the cell recycling by 40% or even more, as presented in Figure 6.7. Also, carbon dosage 

was effective on the productivity of xylitol in that dosages over 1.25% (w/v) could result 

in significantly higher results than those from the untreated medium. 
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Figure 6.6 Dependence of product yield (Yp/s) on activated carbon (AC) dosage and process cycles 
(C1: 1st cycle, C2: 2nd cycle, C3: 3rd cycle).  
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Figure 6.7 Interactive impact of process cycle (C1: 1st cycle, C2: 2nd cycle, and C3: 3rd 
cycle) and activated carbon (AC) dosage on the productivity (Qp) of xylitol in the media 
without nitrogen supplementation.  

  

This drop in performance parameters could be prevented by a supplementation with 

nitrogen, as Figure 6.8 shows. It indicates that a stable or even better performance 

parameters could be achieved by a nitrogen supplementation of the medium. However, 

for a single-cycle process, there is no need for medium supplementation. In a single-cycle 

study, as reported by Mussatto and Roberto (2005), the supplementation of the medium 

from rice straw hydrolysate with ammonium sulphate and calcium chloride had a high 

inhibiting impact on xylitol formation, especially in the detoxified medium. They 

concluded that there is no need to add nutrients to the media formulated from the rice 

straw due to its richness in ash, which contains a high quantity of minerals, oligomers. 

and vitamins. However, the xylitol process could be improved by the nutrient 

supplementation of aspen wood hydrolysate, according to Preziosi-Belloy et al. (2000). 
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Figure 6.9 indicates how detoxification could be helpful in achieving better performance 

at the end of the process. By detoxifying the medium using AC, the product is generated 

faster at the beginning, as the slopes in Figure 6.9 show. Therefore, detoxification using a 

minimum of 1.25% (w/v) activated carbon could be effective in reaching a higher 

conversion performance due to the elimination of the lag phase. In other words, it takes 

more time at the beginning of the process until the organism gets adapted to the 

environment in the untreated medium compared to the detoxified medium. The presence 

of higher concentrations (over 3 g/l obtained by an adsorption treatment using 1.25% 

(w/v) AC) of inhibitors in the medium could cause less activity and the regeneration of 

cells. Altogether, the kinetic behaviour of the biocatalyst in the product (xylitol) 

formation could be improved using detoxified hydrolysate compared to the raw 

hydrolysate, as reported by Mussatto and Roberto (2004).  
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Figure 6.8 Dependence of process parameters on cell recycling in the nitrogen-supplemented 
medium; C1 (1st cycle), C2 (2nd cycle), and C3 (3rd cycle); Yp/s: product yield; Qp: productivity; Pf: 
Final concentration of product; error bars indicate standard deviations (SD) of triplicate assays.   
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Figure 6.9a Profiles of xylitol production and carbohydrates consumption during the 
bioconversion process for pHs-C1-Conc.; pHs: constant pH of 6.0 during the process; C1: cycle 1 
of cell application; Conc: untreated medium; error bars indicate standard deviations (SD) of triplicate 
assays.  
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Figure 6.9b Profiles of xylitol production and carbohydrates consumption during the 
bioconversion process for pHs-C1-AC1.25; pHs: constant pH of 6.0 during the process; C1: cycle 
1 of cell application; AC1.25: medium pretreated by a 1.25% dosage of activated carbon; error 
bars indicate standard deviations (SD) of triplicate assays.   
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Figure 6.9c Profiles of xylitol production and carbohydrates consumption during the 
bioconversion process for pHs-C1-AC2.5; pHs: constant pH of 6.0 during the process; C1: cycle 1 
of cell application; AC2.5: medium pretreated by a 2.5% dosage of activated carbon; error bars 
indicate standard deviations (SD) of triplicate assays.   

 

In Table 6.7, a comparison between the results of other studies with the present study is 

tabulated. The product yield (0.85 g/g) in the present work is higher than the values 

reported for natural based hydrolysates except for that reported for the wheat straw 

hydrolysate. In this work, productivity is close to the values reported for other 

hydrolysates, but it is less than the numbers reported for the semi-defined media.   
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Table 6.7 Bioconversion parameters for xylitol production from hydrolysates and semi-
defined media.  

Raw 
material 

Operation 
mode 

Reactor S0 Pf Qp Yp/s Reference 

   (g/l) (g/l) (g/l/h) (g/g)  
Oat hulls Batch SF 74.5 55.8 0.58 0.85 This work 

Wheat 
straw 

Batch STR 30.5 27.5 0.51 0.90 Canilha et 
al. (2003) 

Semi-
defined 

Batch SF 80 66.5 0.92 0.84 Rogerioet al. 
(2011) 

Sugarcane 
bagasse 

Batch STR 33.7 26.6 0.56 0.79 Morita and 
Silva (2000) 

Eucalyptus Batch SF 70.9 49 0.68 0.76 Canilha et 
al. (2004) 

Semi-
defined 

Batch SF 85 61 0.85 0.74 Mussatto et 
al. (2006) 

Rice straw Batch SF 82 59 0.62 0.72 Mussatto 
and Roberto 

(2005) 
Rice straw Batch SF 91 64 0.55 0.72 Mussatto 

and Roberto 
(2004) 

  STR 90 37.7 0.32 0.53 

Eucalyptus Batch SF 60 10 0.10 0.20 Canettieri et 
al. (2001) 

S0: initial substrate concentration; Pf: final product concentration; Qp: xylitol productivity; 
Yp/s: product yield; SF: shake flask; STR: stirred tank reactor.  
 

6.4.2 Kinetic modeling of the bioconversion process 

Xylose metabolizing yeasts have the potential to take up the extracellular molecule of 

xylose and use part of that for maintenance activities and biomass regeneration by 

reducing it to xylitol. The rest of the xylitol would be excreted to the outside of the cell, 

which could be considered as the desired product, as shown in Figure 6.10 

(Sirisansaneeyakul, et al. 1995).  

The application of a bio-based medium in this research study, which consists of xylose as 

the substrate for the final product and glucose as the co-substrate for other cellular 
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activities, could be described by a diauxic model. This kind of model could describe the 

competitive inhibition of the uptake of one substrate by the other one (Tochampa, et al. 

2005).  
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Figure 6.10 Schematic diagram of glucose and xylose metabolism in xylose metabolizing 
yeasts (redrawn from Sirisansaneeyakul et al. 1995 and Tochampa et al. 2005). 

 

Disregarding cell death during the process, cell regeneration is modeled by: 

X
dt

dX .           (6.1)  

where X (g/l) is cell concentration at time t (h) and µ is the specific cell growth rate (1/h). 

Regeneration rate of the cell on pure glucose and pure xylose are described in equations 2 

and 3, respectively: 
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          (6.3)   

With the assumptions that: a) assimilation of xylose is inhibited by the co-substrate 

(glucose); and b) xylose has to be converted to xylitol to be consumed for cell 

regeneration, the specific growth rate can be written as follows: 
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      (6.4) 

 

where µmax,G and µmax,Xyl are the maximum growth rate (1/h) on glucose and xylose, 

respectively; G and Xyl are concentrations (g/l) of glucose and xylose; ks,G and ks,Xyl are 

Monod saturation constants for glucose and xylose, respectively; in

XylXOHY /  is intracellular 

xylitol yield (g/g); and ki,G is the inhibition factor by glucose on xylose. 

Since the product concentration is dependent on the cell growth; therefore, it could be 

described as a function of cell growth: 

 

dt

dX

dt

dP
    ;    

XylX

out

XylXOH

Y

Y

/

/
        (6.5) 

 

where α is product formation constant; YX/Xyl is biomass yield (g/g) on xylose; and 

out

XylXOHY /  is the extracellular product yield (g/g) on xylose. 
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Glucose concentration would be a function of cell regeneration, while xylose 

concentration would be mainly product dependent: 

 

dt

dX

Ydt

dG

GX

.1

/

          (6.6) 

 

dt

dP

Ydt

dXyl

XylP

.1

/

          (6.7) 

 

where P is xylitol concentration (g/l); YX/G and YP/Xyl are yield (g/g) of biomass on 

glucose and yield (g/g) of extracellular portion of xylitol on xylose, respectively. 

 

Figure 6.11 shows the result of the model taking into account the variation of substrates, 

product, and biomass during the bioconversion process, with the following values for the 

model parameters: 

 

µmax,G= 0.48 (1/h) 

µmax,Xyl= 0.11 (1/h) 

ks,G = 3.8 (g/l) 

ks,Xyl= 4.2 (g/l) 

ki,G= 0.1 (g/l) 

R2= 0.98 

RMSE= 0.28 
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Therefore, all dependent variables could be predicted very well by this model since a high 

value of the coefficient of determination (R2= 0.98) was obtained. The results indicate 

that the maximum growth rate on glucose (µmax,G) is higher than that on xylose (µmax,Xyl); 

however, a lower saturation constant (ks) was obtained for glucose, which  means a higher 

affinity of the cell for a glucose uptake compared to that for xylose. This agrees with the 

result reported by Tochampa and coworkers (2005), who used Candida mogii in their 

research study. By knowing the parameters (constants) and the proper model, the trend of 

the uptake of substrates and product formation could be estimated. 
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Figure 6.11 Profile of xylitol, xylose, glucose, and cell concentration variations based on 

experimental and model predictions.  

 

6.5 Conclusions 

The bioconversion process using C. guilliermondii as the biocatalyst on untreated and 

detoxified bio-based media indicated that the detoxification of the medium could enhance 
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kinetic parameters. However, the importance of medium detoxification was less than that 

of the other variables tested in this investigation, including cell recycling and medium 

detoxification/supplementation as well as the control of pH. The control of pH during the 

process resulted in much better results compared to the uncontrolled pH conditions. Also, 

it could be concluded that supplementing the medium with an inorganic nitrogen source 

(ammonium sulphate) is necessary to reach a stable performance in successive cycles of 

xylitol bioproduction. However, using a supplemental nitrogen source in a single cycle 

process would be a waste of material and energy. The modeling of the xylitol 

bioproduction indicated that a diauxic mechanism has the potential to be used to describe 

the regeneration of the cells, product generation, and substrates consumption. Therefore, 

the model could be used to predict the variations of substrates and product as well as the 

cell concentration during the bioconversion process.  
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Chapter 7 

7. Xylitol Production in Aerated Free- and Immobilized-cell 

Systems 

Contribution of the Ph.D. Candidate 

All work including the literature review, experimental design, conducting and performing 

the research study, as well as the analytical work reported in this chapter, were carried out 

by the Ph.D. candidate, with advice from Dr. Lope Tabil. The written text was prepared 

by Majid Soleimani, with the editorial guidance provided by Dr. Tabil. A similar version 

of this chapter, co-authored by the PhD candidate and his supervisor, was submitted to the 

Biochemical Engineering Journal for possible publication.  

Contribution of this chapter to the overall study 

In the preceding chapters (Chapters 4, 5, and 6), detoxification mechanisms and the 

removal behaviour of different microbial inhibitors generated during hydrolysis, as well 

as the importance of medium detoxification/supplementation in the repeated batch 

bioconversion process, was investigated. In the present chapter, the influences of the 

aeration rate and oxygen mass transfer coefficient in aerated free- and immobilized-cell 

systems are reported. Also, the performance of semi-synthetic cell supports based on 

biofiber-polypropylene composites in a repeated batch xylitol production was studied and 

reported here. In other words, the byproduct (solid fraction) of the hemicellulosic 

hydrolysate from an agro-industrial residue (oat hull) is to be used and evaluated in 
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manufacturing biocomposites as the cell carrier in the immobilized-cell xylitol 

production.  

7.1 Abstract 

This study was conducted to evaluate the importance of aeration in free and immobilized 

(biofilm) cell systems in an aerated bioreactor for xylitol production. The aeration rate 

(AR) or oxygen mass transfer coefficient (kLa) demonstrated a significant role in 

controlling cell (Candida guilliermondii FTI 20037) regeneration and bioconversion 

performance in free- and immobilized-cell systems. In the free cell system, an aeration 

rate of 1.25 vvm corresponding to 15.8 1/h resulted in maximum values of product yield 

(Yp/s: 0.87 g/g), productivity (Qp: 0.57 g/l/h) and final xylitol concentration (Pf: 55 g/l) 

from oat hull hemicellulosic hydrolysate with 74.5 g/l xylose concentration. However, in 

the aerated immobilized cell system, maximum and almost similar results (Yp/s: 0.84 g/g;, 

Qp: 0.57 g/l/h; and Pf: 54 g/l) were obtained with aeration rates from 1.25 to 1.5 vvm 

using composites based on polypropylene (PP) and partially delignified fiber (PDF). The 

composites based on an acid treated fiber (ATF) containing a high amount of lignin 

showed some inhibitory impact on xylitol formation and the related parameters especially 

in the initial cycles of bioconversion, which could be resolved in the next consecutive 

cycles. The surface modifier polyethyleneimine (PEI) slightly enhanced cell retention in 

the immobilized form on the ATF-based cell support. 

7.2 Introduction 

Immobilized cell systems have some important advantages over suspended cell systems, 

such as the ease of handling and recovery of cells, lowering the viscosity of the bulk fluid, 
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obtaining a higher cell density in the system, the simplification of the process design, the 

possibility of performing continuous fermentation without cell washout, and achieving 

higher yields of secondary products (metabolites) (Webb and Dervakos 1996; Lee 1992). 

In a bioconversion process, cells could be in regeneration or non-growing stage, but they 

have to be viable either in a free- or immobilized-cell system. Therefore, the 

immobilization method would be limited to the ones with no inactivating effect on the 

biocatalyst. Among the four major cell immobilization categories, which include 

attachment, entrapment, containment, and aggregation, the two former categories are the 

ones which have been used more extensively (Webb and Dervakos 1996). In the method 

of cell attachment, cells could be naturally or chemically bound onto the surface of a solid 

support and establish an active layer of cells called biofilm. The mechanism or origin of 

the cells making the biofilm could be the aggregation of the redistributed or regenerated 

cells from the previously attached cells or the aggregation of the cells from the bulk fluid. 

The development process of biofilm formation consists of four stages: reversible 

attachment, irreversible attachment, maturation, and detachment (Stoodley et al. 2002). 

Colonization and biofilm formation could occur by microorganisms such as bacteria, 

yeasts, viruses, and fungi (Carvalho, 2007). In spite of the occurrence of serious problems 

(such as corrosion as well as issues related to limited heat and mass transfer) in industries 

associated with biofilms, there are several applications in industrial bioprocesses such as 

wastewater treatment, bioremediation, and metabolites and enzyme production (Carvalho, 

2007; Gutiérrez-Correa and Villena, 2003). In these applications, the effluent/medium 

needs to be centrifuged because of the cell detachment from the biofilm during the 

process (Qureshi et al. 2005). Natural and inert carriers have been used for fermentation 
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processes; however, there are a number of advantages with using inert carriers over 

natural carriers, namely, the stability of chemical and physical as well as geometric 

properties, less impurity of the product, ease of process control and monitoring, and 

superior process consistency (Ooijkaas et al. 2000). Some of the parameters affecting 

biofilm formation and maturation are the surface properties of the support (roughness and 

porosity, hydrophobicity, and ionic charge) and the cellular and environmental factors 

(Qureshi et al. 2005). For xylitol production, mostly cell entrapment method and biofilm 

reactors have been used as immobilized cell systems. In a study by Carvalho and co-

workers (2005), who used Ca-alginate entrapped C. guilliermondii FTI 20037 on 

sugarcane bagasse hydrolysate, the values of 0.81 g/g and 0.40 g/l/h were obtained, 

respectively, for xylitol yield and volumetric productivity in 120 h of fermentation with 

initial cell concentration of 1.4 g/l. Sodium zeolite and porous glass were used as supports 

for C. guilliermondii for xylitol production using the shake flask method (Santos et al. 

2005c); xylitol yields and productivities of up to 0.53 g/g and 0.33 g/l/h, respectively, 

were obtained by the immobilized cell systems, which was lower than what was obtained 

by the free cell method (0.72 g/g and 0.49 g/l/h). Porous glass beads were reported to be 

more successful than zeolite in entrapping and retaining the biocatalyst.  

The objective of this study is to investigate the importance of the aeration rate in free- and 

immobilized-cell systems of xylitol production. Also, the performance of thermoplastic-

biocomposites as cell support and the effect of chemical composition of the cellulosic 

portion of the composites alongside the reuse of immobilized cells were investigated.  
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7.3 Materials and Methods 

The feedstock (oat hull) was supplied by Can-Oat Milling Inc. (Martensville, SK); 

impurities such as endosperm grits and dust were removed using a sieving machine (Link 

Aero, Fargo, ND). Monosaccharides (xylose, glucose, and arabinose), xylitol, and 

Polyethyleneimine were supplied by Alfa Aeser (Ward Hill, MA). Acetonitrile and 

sulfuric acid used as the mobile phase in high performance liquid chromatography 

(HPLC) as well as acetic acid and phenol were supplied by Sigma Aldrich Canada 

(Oakville, ON). Furfural was acquired from J. I. Baker Chemical Co. (Phillipsburg, NJ) 

and the activated carbon was obtained from General Filtration Company (Concord, ON).  

7.3.1 Preparation of the bio-based medium 

The feedstock (oat hull) was supplied by Can-Oat Milling Inc. (Martensville, SK) in one 

batch for all the research work, and the impurities including endosperm grits and dust 

were separated using a sieving machine (Link Aero, Fargo, ND). To prepare the bio-

based hydrolysate, the hydrolysis of the oat hull biomass was carried out in a pressurized 

4-liter reactor (Hoppes Inc., Springfield, OH) at 130ºC for 40 min in dilute sulfuric acid 

(0.1 N) as the catalyst with a solid loading of 10% (w/w). The hydrolysate was filtered to 

remove the suspended impurities and was concentrated at 65ºC with a concentration 

factor (CF) of 2.9 using a concentrator assembled in the lab. The concentrated hydrolysate 

was detoxified with a 2.5% (w/v) dosage of activated carbon (Nuchar; wood-based) as 

adsorbent at 25°C and 0.5 h of reaction.  
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7.3.2 Microorganism and bioconversion process 

C. guilliermondii FTI 20037, which was used as the biocatalyst in the experimental work, 

was supplied by the American Type Culture Collection (ATCC, Manassas, VA). For each 

run, two loopful of cells were transferred to 250-ml Erlenmeyer flasks which contain 100 

ml medium consisting of (g/l): xylose (30), glucose (5), ammonium sulphate (3), yeast 

extract (3), and calcium chloride (0.1). The cells were incubated at 30ºC with an agitation 

speed of 200 rpm for 24 h. Finally, the cells were collected by centrifugation at 2000 g for 

15 min and suspended in sterile distilled water. Before starting the bioconversion runs, the 

media were sterilized at 120ºC for 15 min and supplemented with sterilized ammonium 

sulphate to reach a final concentration of 3 g/l.  

To study the importance of aeration on process performance in a free-cell system, a set of 

experiments were conducted in a 2 liter (working volume) bioreactor (Infors, Basel, 

Switzerland) in 2 replicates. The aeration rate was varied at 0.25, 0.5, 0.75, 1.0, 1.25, 1.5 

and 2.0 vvm. The medium used in this part of the work was the concentrated biobased 

hydrolysate detoxified by a 2.5% (w/v) dosage of activated carbon and then supplemented 

by the inorganic nitrogen source (ammonium sulphate). The medium in each batch was 

inoculated with 1 g/l C. guilliermondii; the sampling and monitoring of the process was 

carried out every 6 h at the beginning and every 12 h after 24 h progress of the process 

until 144 h (end of the process for each batch). The samples were analyzed to determine 

the concentrations of substrates (xylose and glucose), product (xylitol), biocatalyst (cell), 

and the impurity (acetic acid). For the immobilized-cell bioconversion process, two types 

of cell support were used. The byproduct of oat hulls acidic hydrolysis was used for 

making biocomposites as the cell support. The first type was the ATF, which was the 
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hydrolysis byproduct (the solid fraction) with 52% cellulose and 32% lignin. The other 

type of cellulosic biomass was the alkaline-delignified ATF, which is called the PDF 

(partially delignified fiber) with almost 90% cellulose and 8% lignin. After mixing the 

hydrolysis byproduct (ATF or PDF) with polypropylene and the yeast extract with ratios 

(%) of 47:50:3, the mixture was extruded in a dual screw extruder (SHJ-35, Nanjing 

Yongteng Chemical Equipment Co. Ltd., Nanjing, China). The resulting extrudates were 

mounted in the form of cylinders (two co-centered cylinders with a total apparent surface 

area of 509 cm2) on the agitator shaft of the bioreactor.  

 
Figure 7.1 A photograph of the bioreactor with the biocomposite support mounted on the 
agitator shaft. 
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Combinations of the variables are tabulated in Table 7.1, with the variables consisting of 

the support type (ATF- and PDF-based composites), aeration rate (AR1 = 1.25 vvm; AR2 

= 1.5 vvm; AR3 =  2 vvm), successive cycles (C1, C2, and C3) and surface modified 

supports with 2 g/l PEI (ATF-PEI and PDF-PEI).  

 Table 7.1 Combinations of the parameters in immobilized cell bioconversions. 

Support C1 C2 C3 
ATF AR1 - - AR1 - - AR1 - - 
ATF - AR2 - - AR2 - - AR2 - 
ATF - - AR3 - - AR3 - - AR3 
PDF AR1 - - AR1 - - AR1 - - 
PDF - AR2 - - AR2 - - AR2 - 
PDF - - AR3 - - AR3 - - AR3 

ATF-PEI - - AR3 - - AR3 - - AR3 
PDF-PEI - - AR3 - - AR3 - - AR3 

Cn: number of bioconversion cycle; AR: aeration rate; ATF: acid treated fiber; ATF-PEI : 
acid treated fiber activated with polyethylene imine; PDF: partially delignified fiber; 
ATF-PEI and PDF-PEI: composites containing respectively, acid treated fiber activated 
with polyethyleneimine and partially delignified fiber activated with polyethyleneimine; 
AR1, AR2, and AR3: aeration rates of 1.25, 1.5, and 2 vvm, respectively.  
 

Immobilized bioconversions were carried out in duplicate and in three successive batch 

processes using the immobilized biocatalyst from the preceding run. In the first run, the 

medium was inoculated with 1 g/l cell and by the end of the process, it was allowed to 

perform an in situ cell immobilization on the support. At the end of each run, the medium 

was drained and after gently re-draining with distilled water, the vessel was loaded with 

the new medium. The process continued for 96 h monitoring the bioconversion process 

by sampling at scheduled intervals.  
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7.3.3 Analytical methods and data analysis 

The carbohydrates and xylitol concentration as well as acetic acid content in the samples 

were analyzed using HPLC (Agilent 1100; Hewlett-Packard, Waldbronn, Germany) on an 

ion-exchange HPX-87H column. The carbohydrates and the product were determined 

using the refractive index (RI) detector; other components such as the acetic acid and 

furfural were determined using a DAD (diode array detector) at 30ºC and under isocratic 

condition with eluent (5 mM sulphuric acid) flow rate of 0.5 ml/min. Cell concentration 

was determined by spectrophotometric analysis at 600 nm and conversion of the optical 

density to dry weight using a calibration curve. To determine kLa (1/h), the dissolved 

oxygen in the medium before the inoculation was measured by the calibrated electrode of 

the bioreactor using the static gassing out method (Richardson and Peacock, 2007). The 

values of kLa were calculated as follows: 

).( LSL CCak
dt

dC
          (7.1) 

)ln(.
S

LS
L

C

CC
tak


          (7.2) 

where CL and CS are the concentrations (mg/l) of oxygen in the bulk liquid phase and at 

the saturation, respectively, and C (mg/l) is the dissolved oxygen concentration at time t 

(h). Data analysis was carried out based on a completely randomized block design 

(CRBD) using the MSTATC (Michigan State University, East Lansing, MI) software;  

Duncan’s multiple range test was used for a comparison of the means.    
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7.4 Results and Discussion 

The composition of the major components of the medium before and after the pre-

treatment (detoxification) by activated carbon is listed in Table 7.2. After sterilization and 

at the beginning of the bioconversion process, the medium consisted of 74.5, 15, 7, 4.2, 

and 1.1 g/l of xylose, glucose, arabinose, acetic acid, and phenols, respectively. 

 

Table 7.2 Concentration of the medium major components before and after detoxification. 

Component Original 
conc. in the 
hydrolysate 

 

Theoretical 
conc. in the 
concentrated 
hydrolysate 
(CF=2.9)  

Actual conc. 
in the 

concentrated 
hydrolysate  
(CF≈2.9) 

Pretreated 
hydrolysate 
(2.5% AC) 

 

 (g/l) (g/l) (g/l) (g/l) 
Xylose 28.1 (0.7) 81.2 80.8 (2.1) 81.3 (0.7) 
Glucose 5.8 (0.4) 16.8 16.5 (0.8) 16.7 (0.9) 

Arabinose 2.6 (0.1) 7.5 7.5 (0.2) 7.4 (0.4) 
Phenols 3.0 (0.1) 8.7 8.7 (0.1) 1.1 (0.0) 

Acetic acid 3.3 (0.2) 9.6 4.2 (0.3) 3.7 (0.1) 
Furfural 0.48 (0.03) 1.39 0.01 (0.001) <0.01 

*AC: activated carbon; CF: concentration factor; each number is mean of three replicates 
with standard deviations (SD). 

The oxygen mass transfer in the medium for different aeration rates was determined by 

graphing the logarithms of dissolved oxygen values over time, as shown in Figure 7.2. As 

indicated in Table 7.3, all three factors of aeration rate, agitation speed, and cell support 

are effective on kLa. For example, by increasing the aeration rate from 1.0 to 1.5 vvm at a 

constant agitation speed of 200 rpm, kLa increased from 13.7 to 18.4 1/h, while by 

reducing the agitation speed to 150 rpm, these numbers dropped to 9.4 and 13.7 1/h, 

respectively, at the aeration rates of 1.0 and 1.5 vvm. Also, the use of cell support in the 

system resulted in a drop of the oxygen mass transfer in the system such that at the 
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constant agitation speed of 200 rpm and aeration rate of 1.5 vvm, the value of kLa was 

18.4 and 14 1/h (over 20% reduction), without and with cell support, respectively.     
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Figure 7.2 Determination of oxygen mass transfer (kLa) for different aeration rates in the 
medium at agitation speed of 200 rpm without cell support. 

 

As explained before, the metabolic activity of the microorganism could be controlled by 

aeration intensity. Xylitol generation favourably occurs in oxygen-limited conditions, 

while biomass production is accelerated by aerobic conditions (Roberto et al. 1999). The 

results related to the impact of the aeration rate on the progress of the process and the 

biotransformation efficiency for the free-cell system are presented in Figure 7.3. The 

optimal value of the aeration rate in the range studied here to reach the maximum kinetic 

parameters was 1.25 vvm. By increasing the airflow rate, the regeneration of the cells was 

accelerated. The aeration rates of 0.13, 0.25, 0.5, 1.0, 1.25, 1.5, and 2 vvm resulted in cell 

concentrations of 3.4, 3.5, 3.7, 5.4, 5.4, and 6.9 g/l, respectively, after 96 h in the free-cell 
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system. The yield and product concentration was increased by a higher aeration level up 

to 1.25 vvm; above this aeration rate, the yield and product concentration did not increase. 

High values of the bioconversion parameters were obtained at 1.25 vvm: Pf of 55 g/l, Qp 

of 0.57 g/l/h, and Yp/s of 0.87 g/g. 

Table 7.3 Oxygen mass transfer coefficients (kLa) as affected by aeration rate and 
agitation speed.  

Reactor operational condition 

Cell 
support 

Agitation 
speed 
(rpm) 

Aeration rate (vvm) 

  0.25 0.5 0.75 1 1.25 1.5 2 

  kLa (1/h) 

- 200 4.3 7.6 11.2 13.7 15.8 18.4 22 

+ 150 n n n 9.4 11.5 13.7 16.6 

+ 200 n n n 10.4 12.2 14 18.1 

+ presence and – absence of cell support; n: no measurement. 

 

The 1.5 vvm level (Figure 7.3) resulted in a jump in the cell population in the reactor. Too 

many cells and the accelerated regeneration of cells resulting from a high oxygen level, as 

well as the shortage of substrates in the system, lead to the rapid assimilation of the 

generated product to provide the requirements for the microorganisms metabolic activities 

and growth. A higher level of aeration could also result in further oxidation of the product 

to xylulose, consequently leading to a reduced process performance (Li et al. 2011). 

Overall, to maximize product generation by optimizing the oxygen transfer in the 

medium, the initial substrate concentration and the oxygen demand by the cells need to be 

considered as very important parameters. The generation of byproducts such as glycerol, 

ethanol, and ribitol could be accelerated at low levels of oxygen transfer into the system, 
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while the biomass yield could be increased under higher levels of oxygenation 

(Winkelhausen et al. 2004). The low rate of xylitol formation at the beginning of the 

process could be attributed to the harsh conditions in the bioreactor due to the air 

bubbling and shear stresses generated by the impeller. Therefore, it takes a longer time for 

the organism to get adapted to the system and accelerate the activities related to the 

bioproduction process. In all cases, the arabinose content was almost stable during the 

conversion process; however, the acetic acid content gradually decreased with time, as 

shown in Figure 7.3. This could be due to the acetic acid assimilation by the biocatalyst, 

which was accelerated at higher levels of aeration rate; it dropped to less than 0.3 g/l at 

aeration rates over 1.25 vvm, which is equivalent to over 93% removal of this component. 

Morita and Silva (2000) also reported a similar result of the accelerated acetic acid 

assimilation by C. guilliermondii during the process under higher levels of aeration. 
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Figure 7.3 Profiles of cell growth, acetic acid, and carbohydrates consumption as well as 
xylitol production at different aeration rates in the free-cell system; error bars indicate 
standard deviations (SD) of duplicate assays. 
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Figure 7.3 Continued 
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Figure 7.4 Effect of aeration rate on unconsumed xylose, cell, and xylitol concentrations; 
error bars indicate standard deviations (SD) of duplicate assays. 
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In the immobilized cell system, the operational condition had a significant effect on the 

xylitol final concentration and productivity, as indicated by the results of the analysis of 

variance (ANOVA) in Table 7.4. However, replication did not have any significant effect 

on the product, which means that error has been low enough in the experiments. 

Table 7.4 Analysis of the variance of product (xylitol) concentration based on randomized 
block design. 

Source of 

variation 
df Sum of squares Mean square P-value 

Replication 1 1.40 1.40 0.514NS 

Operation 23 911.13 39.61 0.0001** 

Error 23 73.90 3.21  

Total 47 986.43   

**significant at 99% (statistical) confidence level; NS: not significant; df: degree of freedom. 

According to the experimental results, the final concentration of the product in the 

immobilized cell system was affected by the type of the support. Under the same aeration 

rate and the same operation cycle, PDF-based biocomposites yielded higher amounts of 

xylitol compared to the ATF-based biocomposites in all cases. For instance, product 

concentrations of 54.5 and 46.8 g/l were obtained by the operational conditions of PDF-

AR2-C1 and ATF-AR2-C1, respectively. However, this difference between the 

performance of the cell supports was not constant for the different aeration rates and 

operation cycles. By increasing the operation cycle, much greater values of the product 

concentrations were achieved with the ATF-based composites; for example, product 

concentrations of 40.5, 45.0, and 52.6 g/l were obtained respectively at ATF-AR1-C1, 

ATF-AR1-C2, and ATF-AR1-C3, which resulted in higher productivities of xylitol from 

0.42 to 0.47 and then to 0.55 g/l/h. This higher efficiency of product formation in the next 
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consecutive cycle on ATF-based cell carrier could be because of the cell adaptation to the 

high lignin content of the ATF with respect to process time. This proves that part of the 

xylitol formation in the immobilized cell system could be performed by the immobilized 

cells in the system and not only by the suspended cells. Lignin derivatives could perform 

as inhibitors to cell metabolic activities and cell regeneration (Mussatto and Roberto 

2004). Measurements of the lignin derivatives (phenolics) in the liquid phase indicated 

that there was no phenolic leaching from the cell support into the medium from the 

beginning until the end of the process as it was constant all over the bioconversions. The 

kinetic behaviour or profile of the product concentration during the process are graphed in 

Figure 7.5 for  PDF-AR1-Cn and ATF-AR1-Cn; in the former, the product formation for C1  

is slightly slower than C2 and C3 during the process which would be compensated by the 

end to reach the same amount of final concentration (54 g/l) in all successive cycles. 

However, in the latter, the overall product formation rates for C1 and C2 were lower than 

C3 resulting in lower productivity in cycles C1 and C2. Such reduction is probably due to 

the time required for the immobilized cells to overcome the toxicity of ATF with high 

lignin content.  

Overall, no considerable change was attained in xylitol concentration and productivity at 

the same aeration rate in the consecutive cycles of bioconversion when using PDF-based 

biocomposites as the cell support. Thus, the performance of the PDF-based biocomposite 

cell support in xylitol production could be independent of the process cycle. According to 

the data in Table 7.5, at PDF-AR1 and PDF-AR2, comparable results were obtained for all 

three cycles, which were statistically (confidence level of 95%) not different. However, at 

the higher aeration rate (AR3), the productivity of xylitol dropped  by about 13% 



 
 

196 

compared to AR1 and AR2, which might be due to the faster regeneration of the cells 

leading to a higher cell population and consumption of the larger portion of the substrate 

for this purpose than the conversion to the extracellular product. This could be proved by 

the numbers obtained for the conversion parameters as shown in Table 7.5, such that the 

yield values and concentrations of almost 0.78 g/g and 47 g/l were obtained by PDF-AR3-

Cn. Santos and co-workers (2005a, 2005d) also observed the lowest xylitol yield and 

concentration at the highest cell biomass by the application of the highest aeration level. 

In the present study, the application of a  higher aeration rate (AR3) resulted in a lower 

cell retention (ratio of immobilized cells to total cells (Xi/Xa)) on the support; for 

example, and as shown in Table 7.5, operational conditions of PDF-AR1-C3, PDF-AR2-

C3, and PDF-AR3-C3 resulted in retention values of 43%, 43%, and 37%, respectively. 

This agrees with the results obtained by Santos and co-workers (2005d), who reported 

lower cell retention on zeolite support at higher aeration rates. 

The results indicated that the population of the free cells at the end of the process was 

higher than that of the immobilized ones for all operational conditions. Even in the second 

and third cycles at which the process was started by the immobilized cells in the form of 

biofilm, the suspended cells constituted a higher portion of the cell biomass in the 

bioreactor. This  could be due to the cell detachment from the biofilm by shear forces in 

the reactor. The kinetic behaviour of the cell biomass variations during the process is 

shown in Figure 7.6. 

The application of the cationic polymer polyethyleneimine (PEI), as a surface modifier, at 

the higher aeration rate (AR3) in the bioconversion process in this study did not have 

much influence on the immobilized cell density on the PDF-based support, even as it 
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resulted in a slight increase in the cell density in the immobilized form on the ATF-based 

support. For example, the immobilized cell biomass had a slight increase from 2.4 at ATF-

AR3-C1 to 2.8 g/l at ATF-PEI-AR3-C1. This cell density enhancement of the immobilized 

biomass on the surface modified ATF (by PEI) is probably due to the modification of a 

more hydrophobic surface (because of high lignin content) to a more hydrophilic surface 

by PEI. Ho and co-workers (1997) also reported enhanced hydrophilic properties of 

support and an improved cell attachment by applying nitrogenous materials in the 

formulation of the composites used as the cell support for lactic acid production.  

Comparing the results obtained by the free- and immobilized-cell systems indicates that 

the aeration level is more critical in the former method than in the latter system. The 

maximum productivity was achieved by the free cell system only at 1.25 vvm equivalent 

to a kLa value of 15.8 1/h; whereas, the process using immobilized cells was more flexible 

to the aeration level such that maximum productivity was obtained at 1.25 vvm and 1.5 

vvm equivalent to kLa values of 12.2 and 14 1/h, respectively. The results obtained for 

glucose and arabinose were almost the same for the free- and immobilized-cell processes. 

The co-substrate of glucose in almost all cases was depleted after 6 h of the process, while 

arabinose was almost stable (7 g/l) by the end. Acetic acid concentration for almost all 

cases reached below 0.3 g/l at the end, which is similar to the result obtained for the free 

cell bioconversion. 

The maximal values of Yp/s (0.84) and Qp (0.57 g/l/h) obtained in this study using the 

immobilized cell system is higher than the ones (Yp/s=0.53 and Qp=0.33 g/l/h) reported by 

Santos and co-workers (2005c), who used porous glass and zeolite as supports for C. 

guiilliermondii. Also, better conversion parameters were achieved in this work compared 
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to the optimal values (Yp/s=0.6 and Qp=0.42 g/l/h) achieved by the immobilized cells on 

sugarcane bagasse (Santos et al. 2005b).  

Table 7.5 Kinetic parameters of substrate consumption, product, and cell generation in 
bioconversion. 

Operation Pf Sc Yp/s Qp Xi Xr 

 (g/l) (g/l) (g/g) (g/l/h) (g/l) (g/l) 
ATF-AR1-C1 40.5e (1.9) 48.5 (1.1) 0.83 (0.01) 0.42 (0.02) 2.7 (0.17) 4.3 (0.11) 
ATF-AR1-C2 45.0cd (2.4) 54.1 (2.3) 0.83 (0.01) 0.47 (0.01) 2.8 (0.29) 4.4 (0.14) 
ATF-AR1-C3 52.6a (1.6) 61.5 (1.5) 0.85 (0.01) 0.55 (0.02) 3.0 (0.22) 4.5 (0.06) 
ATF-AR2-C1 46.8bc (2.1) 57.1 (2.0) 0.82 (0.01) 0.49 (0.01) 2.9 (0.14) 4.5 (0.12) 
ATF-AR2-C2 50.3ab (1.7) 60.6 (1.4) 0.83 (0.04) 0.52 (0.02) 2.9 (0.33) 4.6 (0.08) 
ATF-AR2-C3 53.4a (1.1) 62.8 (1.7) 0.85 (0.00) 0.56 (0.01) 3.1 (0.21) 4.8 (0.13) 
ATF-AR3-C1 43.6cde (0.9) 59.7 (2.4) 0.73 (0.01) 0.45 (0.01) 2.4 (0.27) 6.3 (0.06) 
ATF-AR3-C2 44.5cde (2.3) 58.5 (1.2) 0.76 (0.03) 0.46 (0.02) 2.6 (0.12) 6.6 (0.14) 
ATF-AR3-C3 44.1cde (1.4) 58.8 (1.5) 0.75 (0.00) 0.46 (0.01) 2.6 (0.16) 6.7 (0.18) 
PDF-AR1-C1 54.1a (1.7) 63.4 (1.2) 0.85 (0.04) 0.56 (0.02) 3.1 (0.29) 4.5 (0.11) 
PDF-AR1-C2 54.1a (2.2) 65.2 (2.2) 0.83 (0.00) 0.56 (0.02) 3.8 (0.23) 5.0 (0.08) 
PDF-AR1-C3 54.4a (1.8) 65.1 (0.8) 0.83 (0.02) 0.57 (0.02) 4.2 (0.19) 5.5 (0.17) 
PDF-AR2-C1 54.5a (1.6) 64.9 (1.9) 0.84 (0.00) 0.57 (0.02) 3.2 (0.28) 4.9 (0.14) 
PDF-AR2-C2 53.9a (1.9) 64.9 (0.8) 0.83 (0.01) 0.56 (0.02) 4.0 (0.16) 5.3 (0.09) 
PDF-AR2-C3 53.8a (2.3) 64.8 (1.3) 0.83 (0.01) 0.56 (0.01) 4.3 (0.22) 5.7 (0.10) 
PDF-AR3-C1 46.3bcd (1.8) 60.9 (2.1) 0.76 (0.00) 0.48 (0.02) 2.8 (0.14) 5.8 (0.15) 
PDF-AR3-C2 47.8bc (2.0) 61.3 (1.7) 0.78 (0.01) 0.50 (0.01) 3.5 (0.37) 6.2 (0.09) 
PDF-AR3-C3 46.7bcd (1.3) 60.6 (1.4) 0.77 (0.00) 0.49 (0.01) 3.7 (0.31) 6.4 (0.13) 

ATF-PEI-AR3-C1 42.4de (0.9) 59.7 (2.0) 0.71 (0.01) 0.44 (0.01) 2.8 (0.26) 5.7 (0.19) 
ATF-PEI-AR3-C2 44.8cd (2.4) 60.1 (0.9) 0.75 (0.03) 0.47 (0.01) 3.0 (0.20) 6.0 (0.11) 
ATF-PEI-AR3-C3 44.3cde (1.6) 60.7 (1.8) 0.73 (0.03) 0.46 (0.02) 2.9 (0.36) 6.1 (0.10) 
PDF-PEI-AR3-C1 47.7bc (1.5) 61.9 (1.1) 0.77 (0.01) 0.50 (0.01) 3.1 (0.09) 5.6 (0.12) 
PDF-PEI-AR3-C2 47.9bc (1.8) 62.8 (2.5) 0.76 (0.00) 0.50 (0.02) 3.4 (0.31) 5.9 (0.20) 
PDF-PEI-AR3-C3 46.3bcd (1.1) 61.4 (1.5) 0.75 (0.03) 0.48 (0.02) 3.7 (0.24) 6.0 (0.14) 
Values are means of duplicate determinations with standard deviations (SD); Sc: substrate 
consumed; Pf: final concentration of xylitol; Yp/s: xylitol yield; Qp: xylitol productivity; Xi: 
immobilized cell concentration; Xr: free cell concentration; Cn: number of bioconversion cycle; 
AR: aeration rate; ATF: acid treated fiber; ATF-PEI : acid treated fiber composite activated with 
polyethyleneimine; PDF: partially delignified fiber; PDF-PEI: partially delignified fiber 
composite activated with polyethylene imine; AR1, AR2, and AR3: aeration rates respectively 
1.25, 1.5, and 2 vvm; a, b, c, …: Ranking of the means of final product concentration by Duncan’s 
multiple range test. 
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Figure 7.5 Profiles of xylitol formation during the process for immobilized cell system: 
(a) PDF-AR1-Cn and (b) ATF-AR1-Cn. PDF: partially delignified fiber; ATF: acid treated 
fiber; AR1: aeration rate of 1.25 vvm; Cn: number of bioconversion cycle; error bars 
indicate standard deviations (SD) of duplicate assays.   
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Figure 7.6 Profiles of cell concentration (in different modes: free, immobilized and total 
cells) during the progress of bioconversion up to 96 h.  

 

7.5 Conclusions 

The measurements on the oxygen mass transfer indicated that the aeration rate, agitation 

speed, and cell support could all be effective factors to be considered in the xylitol 

production process. The results demonstrated that an aeration rate of 1.25 vvm 

corresponding to a kLa of 15.8 1/h yielded the highest amounts of final product 

concentration and productivity in the aerated free cell bioconversion process. However, 

the immobilized cell system was more flexible to aeration such that maximum values of 

productivity were achieved at 1.25 to 1.5 vvm. Also, the conversion parameters attained 

using the immobilized cell system (Pf: 54 g/l , Qp: 0.57 g/l/h and Yp/s: 0.84 g/g) was 

comparable with the ones obtained by the free cell system (Pf: 55 g/l , Qp: 0.57 g/l/h and 
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toxic to the activity of C. guilliermondii during the two initial cycles of bioconversion, 

and that after two cycles, high conversion parameters are achievable by the ATF-

composites. However, with the PDF composite, high enough conversion parameters were 

obtained by the immobilized system from the initial cycle. Such a high efficient 

immobilized cell system, which provides cell reuse and eliminates the costly processes of 

cell recovery and recycling, could justify its application. 
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Chapter 8 

8. General Discussion 

8.1. Overall Ph.D. Project Discussion 

An integrated process has been employed to produce xylitol from lignocellulosic biomass 

using C. guilliermondii FTI 20037 as the biocatalyst. This project involved the 

optimization of analytical parameters for the simultaneous determination of chemical 

components in the medium, the kinetics of chemical hydrolysis of hemicellulosic 

polysaccharides from oat hull feedstock, delignification of the hydrolysis byproduct, the 

adsorptive detoxification of the acid catalyzed hydrolysate and the isotherms of the 

microbial inhibitors on activated carbon as the adsorbent. This project also examined the 

parameter interactions in the free–cell system of xylitol bioproduction and, finally, 

investigated  the performance of an aerated immobilized-cell bioreactor using 

biocomposites as the cell support for xylitol production.      

The analytical results from the experimental work by dual detection HPLC experiments 

indicated that the organic fraction (acetonitrile) of the mobile phase in 5 mM sulphuric 

acid could be highly effective in reducing the retention times of furfural and HMF, and to 

a lesser extent, on those of ethanol and acetic acid. However, including the organic 

fraction (acetonitrile) is slightly effective in reducing the retention times of 

monosaccharides and xylitol. Increasing the organic fraction of the mobile phase from 0 

to 0.061 in HPLC analysis amplified the noise in the chromatograms mainly by the RI 
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detector. Overall, using a mole fraction of 0.045 for acetonitrile gave better results in 

terms of time (almost 45 min) and the quality of the chromatograms by UV and RI 

detections, which were comparable to the chromatograms obtained by the sole inorganic 

mobile phase (5 mM sulfuric acid).     

Determining the kinetic parameters of depolymerization and the decomposition of 

hemicellulosic polysaccharides is extremely important in attaining maximum xylose 

recovery with minimal release of the microbial inhibitors or the degradation of the 

saccharides derived mainly from hemicellulose and partly from cellulose or starch. The 

kinetics of acid-catalyzed hydrolysis of hemicellulose was investigated under moderate 

pressure conditions with the parameters of temperature, catalyst concentration, and 

residence time. Different trends of generation or recovery mechanisms are achievable for 

the chemical components in the hydrolysate. Xylose formation in the hydrolysate 

followed a single-phase 2-step consecutive mechanism proving its decomposition during 

the hydrolysis process especially at higher temperatures. A maximum xylose recovery of 

80% is achievable by the application of a process temperature of 130°C with catalyst 

concentrations of 0.10, 0.25, 0.40, and 0.55 N and with process residence times of 

respectively 40, 30, 20, and 10 min. The kinetic analysis of the experimental data showed 

that pentose recovery is more dependent on process temperature than catalyst 

concentration in the range investigated herein. This is because the reaction rate constant 

was more affected by temperature increment than by the increment of catalyst 

concentration. In contrast to xylose, almost no decomposition happened with arabinose, 

the minor part of pentose. Glucose, the second main monosaccharide after xylose in the 

hydrolysate, could be derived from hemicellulose, starch, or cellulose. According to 
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kinetic analyses, a bi-phasic model with no decomposition appropriately described 

glucose generation in the hydrolysate. The fast-reacting fraction of the polymers 

generating glucose has the major role in the glucose formation in the hydrolysate. 

Glucose could be partly decomposed to HMF, which is not evident in the glucose data 

variations during the process; this could be because of the slow release of glucose from 

the slow-reacting fraction of the polymers generating glucose. Among all the inhibitors 

and components, acetic acid is the easiest one to release (from acetyl groups in 

hemicellulose) into the medium with an activation energy of 105 kJ/mol. Its potential of 

generation (3.3 g/l) does not depend on temperature or catalyst concentration; however, 

its generation rate constant (k) does change significantly with temperature and catalyst 

concentration. Furfural generation also follows the same mechanism (single-phase) as 

acetic acid, but it is much slower than that of acetic acid; at the operational condition of 

temperature/catalyst concentration 130ºC/0.1 N, the reaction rate constants of 0.056 min-1 

and 0.011 min-1 were, respectively, obtained for acetic acid and furfural. The mechanism 

of HMF formation is different from the former components; it follows a single-phase 

mechanism with decomposition under harsh process conditions (higher temperature and 

stronger acid in the liquid phase). The formation of furfural and HMF is due to the 

dehydration of 5-carbon and 6-carbon monosaccharides, respectively. This investigation 

was carried out under mild operational conditions; however, there is  room for more 

investigations under sever operational conditions or non-isothermal process.   

The acid-catalyzed hydrolysis of oat hull biomass also produced a co-product that is rich 

in lignin and cellulose. This co-product could be used as the biodegradable part in 

manufacturing biocomposites with applications in structural materials or as a support for 
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the biocatalyst in xylitol production, which is reported in Chapter 7 of this thesis. The 

delignification kinetics of this material provides the information required to control the 

process of delignification to achieve a cellulosic material with desired components in it 

for the consequent formulation of the final material (biocomposite). Intact oat hull 

biomass and prehydrolyzed biomass from acidic hydrolysis were used to investigate the 

kinetics of delignification process. The experimental work related to biomass hydrolysis 

indicated that all hemicellulose could be extracted from the solid fraction of the biomass 

parallel to depolymerization. However, xylose recovery was limited to a maximum of 

80% in this work, which was not because of the impossibility of a complete hemicellulose 

extraction; instead, it could be due to the unfeasibility of a complete monomerization of 

the oligosaccharides released in the hydrolysate during hydrolysis. The removal of 

hemicellulose is controlled by catalyst (acid) concentration, temperature, and residence 

time. The operational condition of the temperature/catalyst concentration/residence time 

130ºC/0.1 N/30-40 min was considered as the optimal condition for biomass 

prehydrolysis for the consequent process of delignification due to less acid consumption 

and a fairly low generation of microbial inhibitors during the hydrolysis. According to the 

results presented here, the alkaline delignification of both the intact biomass and 

prehydrolyzed biomass (hydrolysis byproduct) could be kinetically described by a 

biphasic mechanism consisting of bulk and residual phases. However, prehydrolysis 

causes an accelerated lignin removal and an improved capacity of lignin dissolution 

which is more significant at lower temperatures (30ºC and 65ºC) than 100ºC. The 

increased process temperature results in a shifting delignification from the residual stage 

to the bulk stage for both the intact biomass and hydrolysis co-product. More work could 
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be accomplished on the application of the (delignified) cellulosic co-product from the 

acid-catalyzed hydrolysis in structural biocomposites. 

According to the literature, better results could be attained by the removal of the 

microbial inhibitors from the medium containing xylose to be used as the substrate for 

xylitol production. Adsorption isotherms of phenol, acetic acid, and furfural were 

individually investigated on a commercial activated carbon as the adsorbent for these 

inhibitors using the Langmuir model. Activated carbon is more effective in  removing 

phenol and, then, furfural and, finally, acetic acid with monolayer capacities of 341 mg/g, 

211 mg/g and 46 mg/g, respectively, under optimal conditions. Lower levels of pH and 

temperature (pH: 1.0, 25ºC) give the best results for the adsorption of phenol and acetic 

acid, while furfural adsorption is only dependent on the temperature with a higher 

performance at lower temperature (25ºC). The thermodynamic analyses indicate that 

adsorption of the three abovementioned chemicals is exothermic (enthalpy: H0) based 

on the affinity of the solute toward the adsorbent (entropy: S0) and spontaneous (free 

energy: G0). In the concentrated hydrolysate, the concentration of furfural drops to a 

level (0.01 g/l) which is much lower than the furfural toxicity threshold (1 g/l) to C. 

guilliermondii for xylitol production. Also, acetic acid concentration is almost below the 

critical level. Therefore, the parameters of pH, temperature, activated carbon dosage and 

process duration were experimented on the adsorptive removal of phenols as the major 

toxic components in the concentrated hydrolysate. Lower levels of pH and temperature 

(pH: 1.0, 25ºC) with a residence time of at least 15 to 20 min resulted in the maximum 

removal of phenols. The activated carbon dosage has a non-linear effect with a decreasing 

performance on the removal of phenols; for instance, in increasing carbon dosage from 
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1.25% to 2.5%, and then to 5% (w/v), the final concentration of the phenolic derivatives 

dropped down to values of 3.0, 1.1, and 0.3 g/l (equivalent to 34%, 13%, and 3% of the 

initial solute concentration (8.7 g/l)), respectively. Although the higher levels of carbon 

dosage gave better results in terms of the inhibitor removal, the actual dosage of the 

adsorbent required for detoxification should be determined in the process of 

bioconversion in the presence of the biocatalyst. Apparently, with regards to the 

successful removal of microbial inhibitors attained by the application of activated carbon 

in this research, compared with the complication of the detoxification for some other 

hydrolysates discussed in Chapter 1, one could understand that the hydrolysate from the 

oat hull is low in toxicity.  

The interaction of the medium detoxification/supplementation with cell recycling and the 

control of the hydrogen (H+) potential was investigated in the process of xylitol 

production using C. guilliermondii. Controlling pH all over the process at pH 6.0 resulted 

in a better performance of xylose-to-xylitol biotransformation compared to the pH-

uncontrolled processes. This is likely due to  the  shortening of  the lag phase as well as 

the compensation of H+ depleted during xylitol formation. Among all the parameters, 

medium detoxification proved to be less important in process productivity, which means 

that oat hull hydrolysate could be considered as a low toxicity medium for C. 

guilliermondii. An activated carbon dosage of 1.25% to (preferably) 2.5% (w/v) provided 

good enough detoxification. Cell recycling with nitrogen supplementation (using 

ammonium sulphate) guarantees the consistency of the process productivity and product 

yield as well as the final product concentration in the consecutive cycles with values, 

respectively, over 0.55 g/l/h, 0.80 g/g and 53 g/l. However, the lack of nitrogen in the 
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medium led to a substantial drop of the process performance in the next cycles. The 

process of xylitol production, besides cell regeneration, and substrate (xylose) and co-

substrate (glucose) consumption with time, could be expressed by a diauxic model. In this 

model, both monosaccharides, glucose and xylose, are consumed by the microorganism 

for its metabolic activities.  

The immobilized cell system is a fairly new technology that could be employed in the 

biotechnological processes for cell reuse without cell separation and recycling into the 

system in repeated batch bioconversions. The cell support for this purpose has to be: (a) 

compatible with the cell to not reduce its activity; (b) resistant to physical, chemical, and 

microbial degradation or deterioration during the bioconversion process; (c) resistant to 

sterilization; (d) available and inexpensive; and (e) permeable to substrates and products 

or cell metabolites. The lignin-rich co-product of the acid-catalyzed hydrolysis and 

delignified biomass from delignification process were used in the formulation of 

polypropylene-based biocomposites for use as cell support in the aerated immobilized-

cell system. Repeated batch bioconversions showed that biocomposites based on the 

lignin-rich hydrolysis byproduct could be inhibitive to the microbial activity for product 

(xylitol) formation; however, its inhibitory impact could be moderated in the consequent 

batches due to the adaptation of the cells to the support. On the other hand, no microbial 

inhibitory influence was generated by the delignified-based biocomposites. This resulted 

in a consistent process performance or bioconversion parameters in the successive 

batches; values of over 0.55 g/l/h, 0.8 g/g, and 53 g/l were achievable respectively for 

xylitol productivity, yield and final concentration in the three successive cycles with 

aerations from 1.25 to 1.5 vvm. This outcome is comparable with the results obtained in 
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an aerated free-cell system with a 1.25 vvm aeration rate. According to the results, an 

immobilized-cell system could be more flexible to the variations of aeration to reach the 

maximal bioconversion performance compared to a free-cell system. The application of 

the higher aeration rate caused lower cell retention in the immobilized form due to the 

increase of shear stresses. The surface modification of the lignin-rich cell support (which 

is more hydrophobic than the delignified-based support) using a cationic polymer 

(polyethyleneimine) could increase cell retention by making it more hydrophilic. The use 

of the biocomposite-based cell supports in a repeated batch bioconversion for more cycles 

(more than 10) can be investigated later for long term performance and the durability of 

the material.        

Overall, oat hull biomass could be considered as an inexpensive feedstock with a great 

potential to be used in an integrated bioconversion process. The hemicellulosic 

hydrolysate from from oat hull biomass, with a fairly moderate complementary work, can 

be used as a medium in an efficient biotrasformation process for xylitol production. The 

co-product from the hydrolysis of the oat hull biomass can be employed in biocomposite 

formulation to be used as the biocatalyst carrier in an immobilized-cell system for xylitol 

production.    

8.2 Achievement of Research Objectives / Contributions to Knowledge Advancement 

All the research objectives listed in Chapter 1 (Section 1.8) have been achieved over the 

course of this Ph.D. project. The thesis chapters where the objectives are attained are 

included in parentheses as follows: 
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i. to optimize the analytical parameters in a dual-detection HPLC analysis for the 

quantification of carbohydrates and toxic components in the medium (Chapter 2) 

ii.  to determine the kinetics of dilute acid hydrolysis of the hemicellulose fraction of 

the lignocellulosic biomass (oat hull) under moderate pressurized conditions:  

a. to determine the influence of hydrolysis variables  on the kinetic parameters of 

the components in the hydrolysate (Chapter 3) 

b. to optimize the parameters for xylose extraction, such as temperature, catalyst 

concentration, and the duration of hydrolysis process in the reactor (Chapter 3) 

iii. to investigate the kinetics of delignification and hemicellulose removal from the 

biomass (Chapter 4) 

iv.  to study the adsorption isotherms of the major microbial inhbitors on activated 

carbon and the importance of the variables related to the process in the defined 

and biobased media (Chapter 5) 

v.  to study the parameter interactions (pH control, medium detoxification, and 

supplementation as well as cell recycling) in the free cell system of xylitol 

bioconconversion process (Chapter 6), and 

vi. to evaluate the impact of aeration and oxygen mass tansfer rate on the 

performance of the free cell system and the efficiency of the biocomposite-based 

carriers with different components on the peformance of the imobilized cell 

system of xylitol bioconversion process (Chapter 7). 
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Chapter 9 

9. Conclusions and Recommendations  

9.1 Project Conclusions 

The preparation of a medium containing a high enough substrate (xylose), proper amount 

of co-substrate (glucose), and low enough amounts of microbial inhibitors is the first 

requirement to achieve a successful bioconversion process for xylitol production. Oat hull 

biomass which is basically a lignocellulose-based material is mainly composed of 

cellulose (30.9%), hemicellulose (39.6%), and lignin (18.5% as Klason lignin), with 

starch grits or powder as the main impurity. The macromolecule of hemicellulose has to 

be converted to its constituent monomers, especially xylose, to be convertible to xylitol 

by the biocatalyst C. guilliermondii. Acid-catalyzed hydrolysis using dilute sulfuric acid 

(0.1 to 0.55 N) at temperatures 110ºC to 130ºC (provided by moderate pressurized 

conditions in a chemical reactor) was employed to hydrolyze the polymer of xylan in 

hemicellulose to its monomer. A maximum recovery of 80% was achieved for xylose 

following a single-phase 2-step kinetic mechanism alongs with the formation of other 

major components such as glucose, arabinose, acetic acid, furfural, and HMF. Arabinose, 

acetic acid, and furfural generation could be described by a single-phase mechanism with 

no decomposition. A biphasic model with no decomposition is applicable for glucose 

generation, while HMF generation mechanism is similar to that of xylose. 
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One of the objectives of this research was to explore and develop biocomposite-based 

materials as the cell support in the immobilized-cell system (biofilm reacotr) of xylitol 

production. The byproduct of the hydrolysis process (solid fraction), which is rich in 

cellulose (52%) and lignin (32%), could be used as a filler in the formulation of 

biocomposites. Since the chemical properties, such as hydrophilicity/hydrophobicity, and 

the mechanical properties of the biocomposites could be changed by the variation of the 

properties of the biodegradable part, the ratio of cellulose to lignin is important in the 

final properties of the biocomposite material. Delignification process in the temperature 

range of 30ºC to 100ºC was used to determine the kinetic mechanism of lignin removal in 

the intact biomass as well as the hydrolysis byproduct. Results indicated that 

delignification of both materials could be described by biphasic kinetic models consisting 

of the bulk and terminal (residual) phases. However, the prehydrolyzed material proved to 

be faster than the intact biomass in terms of the lignin removal. In the bulk phase, the 

reaction rate constants at 30ºC, 65ºC, and 100ºC were, respectively, about 0.15, 0.16, and 

0.19 1/min for the intact biomass, and  0.25, 0.27, and 0.55 1/min, respectively, for the 

prehydrolyzed material. The increasing temperature resulted in shifting the lignin removal 

from the residual phase to the bulk phase for both materials leading to accelerating the 

process. The cellulose content was enhanced to almost 80% and 88% in the crude 

biomass and the hydrolysis byproduct, respectively, at 100ºC with a residence time of 40 

min in 5% (w/v) sodium hydroxide, while, at the lower temperatures, it was much more 

efficient in the hydrolysis byproduct compared to the one in the crude material. Therefore, 

the lignin content and, consequently, the cellulose content of the prehydrolyzed material 

and the intact biomass could be, to a great extent, controlled by the alkaline 



 
 

215 

delignification. The activation energy of delignification obtained herein (33 kJ/mol) was 

less than the numbers reported in the literature for other materials. 

The presence of microbial inhibitors in the hydrolysate over the toxicity threshold causes 

the reduction of the microbial activity in the bioconversion process to produce the desired 

product (xylitol). The adsorption isotherms of the toxic impurities, especially phenol, 

furfural, and acetic acid, were examined on a commercial activated carbon using the 

Langmuir model. In the ranges of temperature (25ºC to 65ºC) and pH (1.0 to 10.0) 

investigated, a combination of the lower level of pH and  the lower level of temperature 

(pH: 1.0, 25ºC) gave the best result for phenol and acetic acid removal. However, the 

furfural adsorptive removal, which was studied in the temperature range of 25ºC to 45ºC 

and pH range of 1.0 to 10.0, was only affected by the temperature with higher efficiency 

at lower temperature (25ºC). Overall, the monolayer capacities of 341 mg/g, 211 mg/g, 

and 46 mg/g were obtained respectively for phenol, furfural, and acetic acid under 

optimal conditions. According to the thermodynamic results, the adsorption of the three 

components was exothermic (enthalpy: H0), proving better efficiencies of the 

adsorptive removal at the lower temperature. For the acid-catalyzed hydrolysate, the 

evaporative concentration, with a concentration factor (CF) of 2.9, resulted in a 

substantial reduction of the furfural concentration and a fairly good reduction of acetic 

acid to 4.15 g/l and 0.01 g/l, respectively. This decrease might be due to their volatility, as 

compared with what could be obtained theoretically (respectively 9.6 g/l and 1.39 g/l). 

Therefore, both furfural and acetic acid could not be problematic as inhibitors as a result 

of their concentration, which is lower than their toxicity threshold for C. guilliermondii. 

The parameters of pH, temperature, activated carbon dosage, and residence time were 
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examined on the removal of the phenols (lignin derivatives) in the concentrated 

hydrolysate. Similar to the aqueous solution of phenol, lower levels of pH and 

temperature (pH: 1.0, 25ºC) gave the best result for the adsorptive removal of phenols in 

the concentrated hydrolysate with a residence time of at least 15 to 20 min. The increment 

of the activated carbon dosage from 1.25% to 2.5% and then to 5% (w/v) resulted in the 

phenols reductions, respectively, to 34%, 13%, and 3% of the original concentration (8.7 

g/l) in the hydrolysate. Thus, a nonlinear relationship was observed between the phenols 

removal and adsorbent dosage, which means a reduction of the activated carbon 

performance occurs by dosage increment.  

The optimal value of the adsorbent dosage should be explored in the bioconversion 

process. The simple effect, as well as the interaction of the process parameters including 

hydrogen potential (pH) control, medium detoxification/supplementation, and cell 

recycling, were experimented on xylitol production parameters. The control of the pH 

over the process resulted in significantly higher results compared to the pH-uncontrolled 

processes. The medium supplementation with nitrogen source (ammonium sulfate) in the 

first batch did not have any significant effect on performance improvement compared to 

the ones not supplemented with nitrogen. However, it was very effective in inhibiting a 

drop of the xylitol final concentration, yield, and productivity in the consequent cycles. 

Therefore, the achievement of a consistent process performance in the successive batches 

could be possible by supplementing the medium with the nitrogen inorganic source. 

Among all factors, medium detoxification (activated carbon dosage) was the least 

effective, such that medium detoxification with a low carbon dosage (1.25% to 2.5% 

(w/v)) resulted in a high process performance. A diauxic model was developed for the 
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prediction of the variations of xylose, glucose, cell biomass, and xylitol concentrations 

during bioconversion process.  

In the final part of the thesis, the hydrolysis byproduct (lignin-rich material: ATF) from 

Chapter 3 and the delignified (PDF) form of the hydrolysis byproduct from Chapter 4 

were examined in the formulation of polypropylene (PP)-based biocomposites to be used 

as the cell (C. guilliermondii) support in immobilized-cell systems. Bioconversions using 

ATF-PP composites showed that this kind of support could have a significant inhibitory 

impact in achieving a high performance in the first batch of the xylitol process, with the 

2nd cycle partly improved, and the 3rd cycle almost entirely made to reach up to what was 

obtained in the free cell system (final xylitol concentration  53 g/l, yield  0.8 g/g, and 

productivity  0.55 g/l/h). However, the ATF-PP composites did not have any inhibitory 

influence on the bioconversion performance and consistent performance parameters 

obtained in the immobilized-cell system in the successive batches using this type of cell 

support. This provides the possibility of cell reuse without cell separation and recovery 

for the next cycles. Also, the results indicated that the immobilized-cell system could be 

more flexible to the variations of the aeration rate in comparison to the free-cell system. 

9.2 Project Recommendations 

The simultaneous quantification of the chemical components in the hydrolysate or 

bioconversion medium is important due to the saving of time, materials, and labour as 

well as the process control. The mobile phase which was optimized using the dual-

detection HPLC analysis based on the quality of the chromatograms and the minimizing 

of the analysis durations is applicable specifically for the HPX-87H column packed with 
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the sulfonated divinyl benzene-styrene copolymer. At the optimal value of the organic 

fraction (acetonitrile: 0.045 mole fraction) in the mobile phase, a reduction of 43% was 

achieved, with the retention time of furfural being the last component to be analyzed 

compared to the sole inorganic mobile phase (5 mM sulfuric acid). The original retention 

time of furfural was about 78 min. Although good results have been attained with the 

resolution of the peaks and analysis duration, it appears that the application of the fast 

eluting columns could be an alternative to accelerate the elution of the desired solutes,  

especially the ones strongly retained on the HPX-87H column.    

The kinetic mechanisms and models developed and presented in Chapter 3 could be used 

to predict or estimate the variations of the monosaccharides and byproducts 

concentrations during the hydrolysis process of oat hull biomass. This could be helpful in 

the selection of the hydrolysis parameters and controlling the process in the mild ranges 

of variables employed herein. There is room for further investigation under more severe 

conditions, depending on the facilities available and the necessities. For example, the 

combinatorial impact of process parameters (severity factor) including temperature, pH, 

and residence time can be investigated on the process dependent variables.  

The removal of lignin from the acid-catalyzed prehydrolyzed biomass and crude biomass 

was investigated and the related mechanisms and kinetic models were developed; these 

mechanisms and models could be used in the control of the delignification process with 

regards to the consequent application of the delignified material. Detoxification of the 

hydrolysate fraction from the hydrolysis process proved that the vacuum concentration of 

the biomass could resolve possible inhibitory issues with acetic acid and furfural by 

removing the major portion of these components. It makes the next step of detoxification 
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limited to a slight detoxification which could be done by an adsorptive removal of the 

phenols.  

The bioconversions related to the xylitol production were carried out in free- and 

immobilized-cell systems. The reuse of the cells was successful in the consecutive 

batches of bioconversions by the application of the proper parameters or materials. The 

use of the nitrogen inorganic source in the first batch or the application of a delignified 

cell support with the proper choice of aeration resulted in high biotransformation 

parameters in the next batches of bioconversion. Examining more batches of the 

bioconversion process is suggested to ensure the durability and integrity of the 

biocomposite material for a long period of time. This could guarantee that the expenses of 

biocomposites fabrication would be covered successfully. A pilot-scale operational work 

is recommended to discover  possible challenges in the scale up process of this work for 

commercialization.   
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Appendix A. ANOVA and Interaction of variables on the final 

product concentration 

A1. Analysis of the variance of product (xylitol). 

Source of variation df Sum of squares Mean square F 

pH 2 7365.65 3682.82 2505.32** 

AC 4 1062.20 265.55 180.65** 

C 2 8696.28 4348.14 2957.92** 

AC*C 8 1817.63 227.20 154.56** 

pH*AC 8 2895.64 361.95 242.23** 

pH*C 4 248.23 62.06 42.22** 

pH*AC*C 16 280.19 17.51 11.90** 

Error 90 132.37 1.47  

Total 134 22498.20   

**significant at 99% (statistical) confidence level; df: degree of freedom, C: cycle; AC: activated 
carbon. 
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A2. Two-way (pH*AC) statistical results for the final xylitol concentration. 

pH AC n Mean 

(xylitol) 

Ranking 

pHs Conc 9 37.43 e 
pHs AC1.25 9 44.16 b 
pHs AC2.5 9 41.82 c 
pHs AC5 9 39.47 d 
pHs AC2.5-N 9 52.82 a 
pHi Conc 9 31.89 g 
pHi AC1.25 9 39.54 d 
pHi AC2.5 9 34.71 f 
pHi AC5 9 30.34 h 
pHi AC2.5-N 9 44.20 b 
pHt Conc 9 24.32 k 
pHt AC1.25 9 31.50 g 
pHt AC2.5 9 28.08 i 
pHt AC5 9 26.64 j 
pHt AC2.5-N 8 13.60 l 

 
A3. Two-way (pH*C) statistical results for the final xylitol concentration. 

pH C n Mean 

(Xylitol) 

Ranking 

pHs C1 15 53.57 a 
pHs C2 15 37.65 d 
pHs C3 15 38.20 cd 
pHi C1 15 46.10 b 
pHi C2 15 30.51 f 
pHi C3 15 31.81 e 
pHt C1 15 38.73 c 
pHt C2 15 18.73 g 
pHt C3 15 17.27 h 

 
 
A4. Two-way (AC*C) statistical results for the final xylitol concentration. 

AC C n Mean 

(Xylitol) 

Ranking 

Conc C1 9 46.00 b 
Conc C2 9 23.83 h 
Conc C3 9 23.81 h 

AC1.25 C1 9 48.85 a 
AC1.25 C2 9 33.97 d 
AC1.25 C3 9 32.38 e 
AC2.5 C1 9 48.86 a 
AC2.5 C2 9 28.73 f 
AC2.5 C3 9 27.03 g 
AC5 C1 9 47.70 a 
AC5 C2 9 24.26 h 
AC5 C3 9 24.49 h 

AC2.5-N C1 9 39.26 c 
AC2.5-N C2 9 34.01 d 
AC2.5-N C3 9 40.31 c 

pHs: pH controlled at 6.0 all over the process; pHi: pH adjusted on 6.0 at the beginning of 
bioconversion; pHt: pH adjusted on 6.0 before sterilization; C1: first cycle of using 
microorganism; C2: Second cycle of using microorganism; C3: Third cycle of using 
microorganism. Conc: concentrate without any pretreatment. AC: samples pretreated by different 
dosage of activated carbon; N: samples fortified by nitrogen source (ammonium sulphate). 
 



 
 

222 

 
A5. Three-way (pH*AC*C) statistical analysis of the final xylitol concentration for 

different combinations of variables. 
pH AC C n Mean 

(xylitol) 

Ranking 

pHs Conc C1 3 51.02 c 
pHs Conc C2 3 30.25 kl 
pHs Conc C3 3 31.03 jkl 
pHs AC1.25 C1 3 54.52 ab 
pHs AC1.25 C2 3 40.03 f 
pHs AC1.25 C3 3 37.92 g 
pHs AC2.5 C1 3 55.79 a 
pHs AC2.5 C2 3 34.89 hi 
pHs AC2.5 C3 3 34.78 hi 
pHs AC5 C1 3 53.18 b 
pHs AC5 C2 3 32.19 jk 
pHs AC5 C3 3 33.03 ij 
pHs AC2.5-N C1 3 53.35 b 
pHs AC2.5-N C2 3 53.18 b 
pHs AC2.5-N C3 3 54.22 ab 
pHi Conc C1 3 43.39 e 
pHi Conc C2 3 24.79 qp 
pHi Conc C3 3 27.50 mn 
pHi AC1.25 C1 3 48.69 d 
pHi AC1.25 C2 3 34.36 hi 
pHi AC1.25 C3 3 35.58 h 
pHi AC2.5 C1 3 48.25 d 
pHi AC2.5 C2 3 29.32 lm 
pHi AC2.5 C3 3 26.57 no 
pHi AC5 C1 3 47.64 d 
pHi AC5 C2 3 21.70 qr 
pHi AC5 C3 3 21.68 qr 
pHi AC2.5-N C1 3 42.52 e 
pHi AC2.5-N C2 3 42.36 e 
pHi AC2.5-N C3 3 47.71 d 
pHt Conc C1 3 43.60 e 
pHt Conc C2 3 16.46 t 
pHt Conc C3 3 12.89 v 
pHt AC1.25 C1 3 43.34 e 
pHt AC1.25 C2 3 27.53 mn 
pHt AC1.25 C3 3 23.64 pq 
pHt AC2.5 C1 3 42.53 e 
pHt AC2.5 C2 3 21.97 q 
pHt AC2.5 C3 3 19.73 rs 
pHt AC5 C1 3 42.27 e 
pHt AC5 C2 3 18.88 s 
pHt AC5 C3 3 18.76 s 
pHt AC2.5-N C1 3 21.90 q 
pHt AC2.5-N C2 3 8.79 v 
pHt AC2.5-N C3 3 8.35 v 

pHs: pH controlled at 6.0 all over the process; pHi: pH adjusted on 6.0 at the beginning of 
bioconversion; pHt: pH adjusted on 6.0 before sterilization; C1: first cycle of using biocatalyst; 
C2: Second cycle of using biocatalyst; C3: Third cycle of using biocatalyst. Conc: concentrate 
without any pretreatment. AC: samples pretreated by different dosage of activated carbon; N: 
samples fortified by nitrogen source (ammonium sulphate). 
 




