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Abstract

In an attempt to elucidate the effect of some operating conditions on the rate and extent of 

enzymatic hydrolysis of lignocellulosic materials in a stirred tank reactor, wheat straw 

was hydrolyzed by mixing with two pitched-blade impellers mounted on a shaft under 

various atmospheric conditions: static air in headspace, N2 gas flowing over the surface 

of the medium, and minimal static air by a lid touching the surface of the medium. The 

presence of N 2 gas over the reaction medium produced the highest 6.9 % (w/w) 

conversion in 36 hours. The initial conversion when N2 gas flowed in the headspace (2.9 

% w/w), and when a lid was used (2.9 % w/w) as compared to conversion in air presence 

(2.3 % w/w), seems to indicate that the enzyme activity was affected due to oxidation in 

the presence of air. The observed low conversion yield was probably the result o f the non 

sterile conditions imposed by industrial requirements for the production of biofuel 

ethanol from agricultural lignocellulosics.
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Chapter 1 - Introduction

Energy consumption has increased steadily over the last century as the world population 

has grown and more countries have become industrialized. Crude oil has been the major 

resource to meet the increased energy demand. Campbell and Laherrere (1998) estimated 

known crude oil reserves and reserves as yet undiscovered in the world and concluded 

that the decline in worldwide oil production will begin before 2010. According to them, 

the annual global oil production would decline from the current 25 billion barrels to 

approximately 5 billion barrels in 2050. Because the economy in the US and many other 

nations depend on oil, the consequences of inadequate oil availability could be severe. 

Therefore, there is a great deal of interest in exploring alternative energy sources.

Bioethanol derived from lignocellulosic residues has been receiving a lot of attention as 

o f late. The existence of an abundant low-valued feedstock for the production of fuel 

grade ethanol is indeed raising the importance of its utilization. Governments in countries 

without or with limited deposits of crude oil are especially interested in the potential of 

such an endeavour for reason of national security (Wyman, 1996). Environmentalists 

view bioethanol as an environmentally friendlier alternative to the combustion of fossil 

fuels, although some consider it as a non-renewable commodity whose negative impact 

on the environment was calculated as several times larger than those of traditional fossil 

fuels (Patzek, 2004).

Some of the strongest arguments for ethanol come in its potential to provide cleaner 

burning fuels. Not only are carbon dioxide emissions decreased but ethanol on the whole 

bums cleaner than conventional gasoline. Its oxygen content helps gasoline bum more 

efficiently, cutting tailpipe pollutants including carbon monoxide and benzene. Even the 

addition of 10% ethanol to conventional gasoline can cut carbon monoxide emissions by 

20%, benzene emissions by 25% and overall gasoline toxicity by 30% (Putsche and 

Sandor, 1996). Bioethanol is not only a possible altemative to a looming energy crisis, it 

holds the key to a likely solution as well (Szengyel, 2000).



The conversion of lignocellulosic biomass to fermentable sugars for the production of 

ethanol is nothing new. Various processes have been around for well over hundred years 

now. Acidic hydrolysis is usually a faster reaction than enzymatic hydrolysis (Sheehan 

and Himmel, 1999), but the later option has other advantages. For instance, the 

hydrolysis can be performed in milder conditions, which consumes less energy (Ye and 

Chang, 2002). Also, the amount of waste to be disposed of is significantly reduced, which 

lessens not only an economical burden but also environmental concerns (Howard et al.,

2003).

Bioethanol can be produced from lignocellulosic materials (e.g., agricultural residues, 

trees and used paper) and from various plant materials (e.g., com and wheat). Wheat 

straw is an abundant source of biomass readily available as agricultural residue. Because 

its cellulose content is high (roughly 34 wt. % dry weight) it is a good source of sugars in 

the bioprocess for ethanol for use as a fuel extender (Alfani et al., 2000).

When ethanol is produced through enzymatic hydrolysis, the extent of cellulose 

hydrolysis by cellulase enzymes is influenced by many substrate and enzyme related 

factors (Esteghlalian et al., 1999). The high cost of the enzyme is a major factor in 

preventing the possibility of feasible process for hydrolysis (Mielenz, 2001). Thus the 

effective utilization of enzyme is very important. This can be achieved by using adequate 

mixing to ensure sufficient contact between substrate and enzyme (Hanna et al., 2001) 

and by providing the environmental conditions in which the enzyme remain stable and 

hydrolyzes maximum amount of substrate (Ganesh et a l, 2000). In this way the amount 

o f enzyme per gram of substrate can be reduced and hence, reduce the cost o f the 

enzymatic process.

When ethanol is produced by the catalytic action of enzyme, stability and access of 

enzyme to substrate is important for enhanced reaction rate. So stirring must be provided 

to promote contact between the enzyme and substrate in an environment favorable for its 

activity. The aim of this study is to investigate the effect of various operating conditions 

during the enzymatic hydrolysis of wheat straw in a stirred tank reactor. The use of axial



flow impellers at moderate speed was expected to helpful in lowering shear inactivation 

o f enzymes.



Chapter 2 - Literature Review

Although enzymatic hydrolysis of lignocellulose for the production of bioethanol has 

been greatly improved by new technologies, there are still challenges that need further 

investigations. These challenges include maintaining a stable performance of enzymes 

and yeast, development of more efficient pre-treatment technologies for lignocellulosic 

biomass. Since the stirring is a prerequisite also for the hydrolysis in pure aqueous 

medium to create homogeneous dispersion of the two phases in the reactor (Maria et al., 

2001) and the enzyme activity is influenced by the condition of production. So the 

investigation of favorable mixing pattern and environmental conditions for enzyme 

stability is crucial in order to make process economical. To address these challenges, a 

good understanding of the fundamentals of the process, past discoveries and 

achievements is important. Therefore, this section reviews the understanding of 

lignocellulose, cellulases and their effective utilization during hydrolysis.

2.1 Cellulosic Feedstocks

Cellulosic materials are comprised of lignin, hemicellulose, and cellulose and are thus 

sometimes called lignocellulosic materials. One of the primary functions of lignin is to 

provide structural support for the plant. Thus, in general, trees have higher lignin contents 

then grasses. Unfortunately, lignin which contains no sugars, encloses the cellulose and 

hemicellulose molecules, making them difficult to reach. Hemicellulose is comprised of 

long chains of sugar molecules; but contains, in addition to glucose (a 6-carbon or hexose 

sugar), pentoses (5-carbon sugars). The exact sugar composition of hemicellulose can 

vary depending on the type of plant (Badger, 2002).

Cellulose is a linear mono-polymer chain solely comprised of D-glucose units linked to 

one another via |3-1, 4-glycosidic bonds. One chain end is termed the reducing end 

because the hemiacetal of the glucose molecule is able to open and expose the redueing 

aldehyde. The other chain end is called the non-reducing end because the one carbon in 

the hemiacetal is involved in the glycosidic bond, which prevents the ring from opening 

(Mosier et al., 1999). The adjacent glucose molecules are rotated 180° relative to each



other, and thus the repeating unit o f a cellulose chain is the cellobiose unit (Figure 2.1 a). 

Native cellulose has an average degree of polymerization (DP) ranging from 7,000 to 

15,000 glucose umts. A shorter cellulose chain with glucose units from 3 to 12 is called 

cello-oligosaccharide, and chains with DP > 7 are water-insoluble (Zhang and Lynd,

2004). Approximately 30-40 individual cellulose chains are laterally attached together 

through hydrogen bonds as well as van der Waals forces to form a tight linear bundle 

called an elementary cellulose fibril. An important feature of cellulose is that some parts 

of the chains within the elementary fibril exist in a highly organized crystalline structure 

due to inter and intra hydrogen bonds while the other parts remain in more loosely 

arranged amorphous structure (Figure 2.1 b). The degree of crystallinity, as opposed to 

amorphousness, varies greatly from 0 to 100% depending on the origin of cellulose 

materials and their preparation methods (Bhat and Hazlewood, 2001). Most naturally 

occurring cellulose contains 40 to 90% crystallinity.

Non-reducing (a) Reducing end

HQHO HO,HO

CH;'OHHOHO OH

Cellobiose Glucose

Crystalline region
Amorphous region

(b)

Elementary

fibrils

Figure 2.1 Structure o f cellulose: (a) Cellobiose and glucose units, (b) Cellulose elementary fibrils with 
crystalline and amorphous regions (Bhat and Hazlewood, 2001).



2.2 Enzymatic Hydrolysis of Cellulose

Cellulose can be hydrolyzed by many organisms including fungi and microorganisms, 

which produce cellulases. Unlike most other enzymatic reactions, the water-insoluble 

nature o f cellulose necessitates the adsorption of cellulases onto the substrate prior to the 

hydrolysis reaction taking place (Maria et a l,  2000). Upon the adsorption, cellulase 

hydrolyzes cellulose by cleaving the (3-1, 4-glucosidic bonds between glucose units in 

cellulose (Alfani et al., 2000). Despite this seemingly simple interaction between 

cellulose and cellulase, hydrolysis of cellulose is, in practice, very challenging.

The hydrolysis of cellulose can be observed in terms of the production of soluble 

reducing sugars such as glucose. The reaction begins with a relatively rapid increase in 

the yield of reducing sugars, which, however, is typically followed by a distinct 

slowdown of the rate of sugar production as the reaction proceeds (Mosier et al., 1999). 

Subsequently, the hydrolysis often stops before the substrate is completely converted into 

soluble sugars (Mansfield et al., 1999). Over the last few decades, many studies 

examined factors that limit the hydrolysis (Hatfield et al., 1999), and the recognized 

limiting factors include the crystalline structure, the degree of polymerization (DP), 

available surface area, size of cellulose substrate, enzymatic access to substrate and 

enzyme stability. In particular, the crystalline structure is a unique characteristic of 

cellulose compared to other carbohydrates, such as amylose and xylose. The cellulose 

chains in a crystalline structure are packed very tightly, which prevents penetration not 

only of enzymes but also of small molecules such as water (Lynd et al., 2002). Therefore, 

hydrolysis of crystalline cellulose is considered to be very difficult for cellulases. 

However, the relative extent to which one factor contributes to the limitation of cellulose 

hydrolysis compared to others is still poorly understood largely due to tremendous 

difficulty involved in eontrolling only one factor without changing the others (Zhang and 

Lynd, 2004).



2.3 Cellulases

Cellulases are usually a mixture of several enzymes. At least three major groups of 

cellulases are involved in the hydrolysis process:

(1) Endoglucanase (EG, endo- 1, A-D-glucanohydrolase) which attacks regions of low 

crystallinity in the cellulose fiber, creating free chain-ends.

(2) Exoglucanase or cellobiohydrolase (CBH, 1, A-^-D-glucan cellobiohydrolase) which 

degrades the molecule further by removing eellobiose units from the free chain-ends.

(3) p-glucosidase, which hydrolyzes eellobiose to produce glueose. In addition to the 

three major groups of cellulase enzymes, there are also a number o f ancillary enzymes 

that attack hemicellulose, such as glucuronidase, acetylesterase, xylanase, ^-xylosidase, 

galactomannanase and glucomannanase. During the enzymatic hydrolysis, cellulose is 

degraded by the cellulases to reducing sugars that can be fermented by yeasts or bacteria 

to ethanol.

Genencor’s Spezyme CP gives good ethanol production rates at low to moderate enzymes 

loading. It is widely used for the simultaneous saccharification and fermentation (SSF) of 

cellulose to ethanol, contained substances inhibitory to the growth of Klebsiella Oxytoca 

Pa. Also Spezyme CP contains enough ji-glucosidase activity to prevent cellobiose 

accumulation in SSF (Golias et al., 2000).

The filter paper activity assay is the most useful measure of the hydrolytic potential of 

cellulase preparation. The ^-glucosidase (actually cellobiase) activity plays an important 

role in hydrolysis by relieving end product inhibition. It is not always possible to 

correlate ^-glucosidase activity to high filter paper activity. From the data in Table 2.1, it 

is clear that the filter paper specific activity is highest in case of Spezyme CP, as is the 

carboxymethyl cellulase activity. This high CMC activity is not only important to 

bioethanol production but it is also essential to the food processing industry for viscosity 

reducing application (Nieves et al., 1998).



Table 2.1 Enzyme specific activities in the conversion of lignocellulose to glucose

Celulase preparation FPU/mg (3-glucosidase U/mg CMCU/mg Sold in 

the form

Biocellulase A 0.24 0.72 5.5 Liquid

Celluclast 1.5 L 0.37 0.16 5.1 liquid

Econase EC 0.42 0.48 8.5 liquid

Cellulase TAP 10 0.13 5.2 14 Powder

Multifect CL (Genencor) 0.42 0.20 7.1 liquid

Spezyme CP (Genencor) 0.57 0.46 25 liquid

2.4 Mixing Impellers

Mixers used in chemical processing have been classified primarily on the basis of the 

physical state and on the rheology of the substance to be mixed. The flow pattern 

generated by a rotating impeller at a given speed is highly dependent upon the viscosity 

of the liquid, high viscosities suppress the flow remote from the impeller and reduce 

turbulent dispersion. Thus, as a central impeller in a vessel type mixer may cause little 

movement of high viscosity material near the wall, the equipment must be designed to 

feed the material into the zone of effective mixing or the impeller must pass through the 

entire contents of the vessel (i.e. a large impeller to tank diameter ratio is required).

Impeller agitators are divided into two classes according the flow they generate.

• Axial flow impellers generate currents parallel with the axis of the shaft.

• Radial flow impellers generate currents tangential or radial direction (Niranjan et a l, 

1994).

For the simpler problems an effective agitator consists of a flat paddle turning on a 

vertical shaft is used. Two bladed and four bladed paddles are common. Paddles turn at 

slow to moderate speeds (2 0 -  150 rev/min) in the center of the vessel. Some time blades 

are pitched, to produce axial flow although this flow is not 100 % axial flow. Axial flow ^



impellers are typically high flow, low shear devices compared with the radial flow 

impellers. Axial flow impellers incorporate blade angles of about 45“ to the horizontal, 

although this angle can vary between 5“ and 60“. Axial flow impeller gives more mixing 

at a given rpm, to produce the largest amount of flow per unit horsepower as compare to 

radial flow (flat blade) impellers (McCabe and Smith, 1976).

The study conducted by Reese and Ryu (1980) infers that deactivating effect of shear is 

one of the most important factors responsible for slowing down the reaction rate during 

the enzymatic hydrolysis of cellulose and it must be taken into consideration for an 

improved equipment design. The use of angled (45°) impellers at moderate agitation for 

this study is an attempt to avoid shear produced by the flat blade impellers during mixing.

2.5 Hydrolysis and Operating Conditions

In ordinary operating conditions with an air liquid interface, the hydrolysis of the 

cellulose is normally facilitated by agitation. It has been shown, however, that excessive 

mixing can deactivate the enzymes and reduce the conversion yield. This effect has been 

attributed to the shear force generated by the mixer and the entrapment of air bubbles into 

the medium at the air-liquid surface (Mukataka et a l, 1983), suggesting that cellulase 

activity was lost during the conversion of cellulose to glucose either because of high 

shear gradient near the turbine or pumping impeller, or because of thermal inactivation. It 

has been reported by Tanaka et al. (1986) that gas liquid interface is one of the causes of 

lowering of the cellulase activity during the coexistence of cellulase and substrate. 

Increase of agitator speed is accompanied by the increase of shearing action, and also 

interfacial area between the gas and liquid phases increases because of the waving of the 

liquid surface and the sucking of air bubbles into the liquid.

Ganesh and Joshi (2000) inferred that air liquid interface is detrimental to the enzyme 

activity. It was observed that loss in activity, with and without air-liquid interface was 20 

% and 12.2 % respectively. One such observation of increase in the stability of the 

enzyme with no air-liquid interface has been reported by Jones and Lee (1988) during the



enzymatic hydrolysis o f cellulose in an attrition bioreactor. Therefore, the presence of 

gas-liquid interface plays an important role during the enzymatic hydrolysis in stirred 

tank reactor.

The rate and extent o f cellulose hydrolysis by cellulase enzymes is influenced by many 

substrate and enzyme related factors (Esteghlalian et a l, 1999) including the 

heterogeneity of the reactants, a liquid enzyme acting upon a solid substrate. Therefore, 

adequate mixing is required to ensure sufficient contact between the substrate and 

enzymes. Mukataka et al. (1983) have shown that excessively high mixing speeds (>200 

rpm) could lower the extent of cellulose conversion (Avicel and paper pulp) while 

moderate mixing speeds (100 -  200 rpm) provide a good combination of fast initial 

hydrolysis rates and high conversion yields. Studies conducted by Tengborg et al. (2000) 

showed that while mixing speeds (paddle mixer) as high as 340 rpm enhanced the 

conversion of steam-pretreated spruce wood, higher mixing speeds (340 -  510 rpm) only 

increased the initial rate of hydrolysis. Thereafter, conversion rate leveled off, resulting in 

a degree of cellulose conversion similar to that obtained when agitating at 340 rpm and 

described that this may be due to a decrease in enzyme activity at the higher agitation 

speed caused by the shear forces resulted from vigorous agitation. Shear forces may 

denature and damage enzymes.

Nader and Satish (1995) found that increasing the agitation speed (magnetic stirring) 

from 380 to 1500 rpm increased the conversion yield of soybean hulls. This is probably 

due to the fact that the shear imparted by a magnetic stirrer or a shaker is much lower 

than that by an impeller. The enzyme stability during agitation also varies depending on 

the cellulase source, e.g., cellulases from T. reesei C 30 were shown to be inactivated by 

shaking at 120 rpm, and the conversion of Avicel was even lower than that in unshaken 

flasks (Reese and Ryu, 1980). Also cellulases from T. reesei QM 9414 were shovm to be 

less affected by shaking (Nader and Satish, 1995) these authors also reported a drastic 

decline of conversion yield in the experiments that were not conducted in a sterile 

environment. The utilization of glucose for growth of bacterial culture present in the

10



reactor was expected to be the cause of declining glucose concentration after reaching a 
peak.

Intermittent mixing regimes that combine intervals of no-mixing with short periods of 

high or low speed mixing can benefit the enzymatic hydrolysis process by reducing 

energy consumption and limiting enzyme inactivation due to lower shearing of the 

reaction mixture, while providing reasonably high conversion yields (Tengborg et al., 

2000). However, there is little information on cellulase stability in the stirred tanks that 

are generally used in the laboratory and industry.

Based on the above discussion, it is clear that operating conditions have a significant 

effect on the rate and extent of hydrolysis. For effective hydrolysis enzymatic access to 

substrate is necessary to get maximum substrate hydrolyzed. This can be achieved by 

providing stirring in a mixing system that ensure sufficient contact between enzymes and 

substrate, produce lower shear and high flow to minimize enzyme inactivation during 

stirring. Enzyme activity is also influenced by the presence of air over the reaction 

medium due to formation of air liquid interface during stirring. These conditions can 

lower the stability of the enzyme (enzyme dénaturation or oxidation; Tengborg et ah, 

2000). So for an effective enzymatic hydrolysis it is necessary to provide conditions 

favorable for their activity.

Research Objective

In this study we wanted to investigate the extent of enzymatic hydrolysis in a stirred tank 

reactor in the presence of air and a condition in which air is restricted either by displacing 

it by flowing gas over the medium or restricting it to enter the medium. Stirring with 

the help of two pitched blade impellers that generate axial flow and produce less shear 

were expected to lower the inactivation of enzyme at moderate speed. The utilization of 

enzyme under favorable operating condition to get maximum substrate hydrolyzed would 

be helpful in making the process economical.

11



Chapter 3 - Material and Methods

This section provides the details all raw materials their source and equipments used to 

accomplish this investigation.

3.1 Material

Substrate Mechanical Pretreatment

Wheat straw (Soft White Superior, generously provided by Mr. John Morrisson, 

Cookston, Ontario) was used as substrate throughout this study. Wheat straw was 

chopped into pieces of approximately 6 cm at the Department o f Agriculture, University 

o f Guelph, using a mechanical chopper.

Fifty grams of chopped wheat straw were placed in a home blender with 1.5 L water. The 

mixture was grinded for 15 minutes by pressing grind key on blender. The thick slurry 

was then spread on a flat surface for air drying for about 48 hours. The dried lumps of 

wheat straw were then ground again in the same blender by pressing same key but 

without water for 10 minutes. This finer mixture was then kept in plastic containers until 

sieving.

Approximately 15.0 g of the finer mixture were placed on the top sieve (US Standard 

Sieve Series No. 4). This sieve was followed by sieve mesh Nos. 8, 12, 20, and 40 (lower 

sieve), and finally a solid pan at the bottom. According to Jud and Kononoff (1996), 

sieves were shaken manually to and fro 7 times then stack was tilted one quarter and 

shaken again 5 times. These 12 shakings constitutes 1 set. This procedure was repeated 7 

times, for a total o f 8 sets. Care was taken to avoid vertical motion of substrate during the 

shaking. The substrate was recovered fi'om sieves (Nos. 8, 12, 20, 40) was weighed. Two 

batches were made by mixing material from sieves Nos. 8 and 12 (Batch No. I), and from 

sieves Nos. 20 and 40 (Batch No. II).

12



Average particle sizes for Batch No. I (2.56 mm) and Batch No. II (0.84 mm) was 

calculated using procedure described by McCabe and Smith (1976) and described in 

Appendix B.

Enzymes

Spezyme CP, an enzyme produced by the controlled fermentation of Trichoderma 

longibrachiatum was donated by Genencor International (Rochester, NY). Spezyme CP 

was a liquid solution containing cellulase activity and other combined activities 

(hemicellulase and pectinases), with a declared global activity of 82 GCU/ml. A 

concentration of 0.5 pL Spezyme CP (recommended by Genencor) per gram of dry wheat 

straw was used in all experiments.

Buffer

To prepare 0.05 M sodium acetate buffer, 6.90 g of sodium acetate trihydrate was 

dissolved in 800 ml deionised water. The pH was adjusted to 5.0 using glacial acetic acid 

and the volume was adjusted to one liter.

Reactor

Two, 1 L polycarbonate (Fabco Mississauga) stirred tank reactors were constructed at 

Ryerson University (Figure 3.1). Each was equipped with a central shaft having two 

pitched blade impellers of size equal to 75 % reactor inside diameter. One impeller was 

attached to the lower end of the shaft while the second impeller was located right above 

first impeller at height equal to impeller diameter. The other end of shaft was attached to 

a dual shaft mixer of power 1.32x10"^ hp (987010; VWR). Four baffles were used to 

break vortex. Reactor specifications and power requirement (Table 1) for stirring were 

calculated using typical proportions given in McCabe and Smith (1976) and Walas 

(1990) respectively, and are shown in Appendix A. The calculated required power input 

was used to order motor suitable for this operation. The reactors were placed in an

13



insulated water bath at 50 ”C temperature using an immersion heater o f power 120 V 

(1112A; VWR). The reactors were covered with lids, having a hole (1.4 cm diameter) for 

sampling.

Table 3.1 Reactor Specifications

Specifications Symbol Units

Reactor inside diameter D. 9.5 cm

Impeller Diameter Da 7.0 cm

Impeller distance from bottom K 2.3 cm

Impeller height E 0.9 cm

Baffle length J 0.8 cm

Baffle height H 2.3 cm

Motor power P 1.32x10'^ hp

Reactor length L 20 cm

3.2 Enzymatic Hydrolyses in Three Headspace Configuration

Eight hundred ml 0.05 M acetate buffer was added in reactor and placed in water bath 

maintained at 50 "C temperature. The stirrer was turned on and adjusted to 25 RPM 

(lowest). When reactor temperature reached 50 °C (it took 70 minutes), reactor was taken 

out of water bath and emptied. The undesirable microbial growth was prevented by 

adding NaNa (0.005% w/w) at the start of run and every 12 hours afterwards. The reactor 

was charged 0.04 g of NaNa, 40.00 g of substrate (Batch No. II) and 800 ml of 0.05 M 

acetate buffer already heated to 50 “C, resulting in a 5 % (w/v) dry matter. The reactor 

was closed with lid, placed in water bath, stirrer was switched on and it adjusted to 135 

rpm. After 15 minute of stirring a 1.5 ml sample (time zero sample) was withdrawn, care 

was taken to place the tip of 1.5 ml graduated pipette in a liquid portion of the hydrolysis 

medium at 3-5 cm from the top. Hydrolysis was performed by adding 20 pL Spezyme CP.

14
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Figure 3.1 Stirred Tank Reactor (symbols were defined in Appendix A)
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A 1.5 ml sample was withdrawn every 4 hours for 36 hours and put in microcentrifuge 

tubes. The samples were placed in a centrifiige at 6000 rpm for 5 minutes at room 

temperature. The supernatant was frozen at -14°C until determination of its reducing 
sugars as described later.

Hydrolysis in the Presence of Air in the Headspace

In first round of experiment the reactor was covered by only upper lid with a hole to 

ensure the presence of air throughout reaction time. The lid was placed on top of reactor 

Figure 3.1, reaction time was 36 hours and samples were withdrawn with a pipette at the 

start and every four hours.

Hydrolysis with N2 flowing over the Medium

Compressed N% gas was flown over the surface of solution (Figure 3.1) at lowest possible 

pressure (0.1 psi) so that no N2 gas could be felt coming out from the hole in the upper 

lid. N 2 gas was spread with the help of perforated plastic hose inserted horizontally from 

side of reactor as shown in Figure 3.1. The length of perforated tube was equal to the 

internal diameter of reactor and closed at the end. A uniform flow of N 2 gas was 

maintained by adjusting valve throughout the hydrolysis.

Hydrolysis in the absence of Air in the Headspace

The air was restricted by placing only lower lid right on top of the surface of solution as 

in shown in Figure 3.1. The sampling hole was covered with a rubber stopper.

3.3 Reducing Sugars Concentration

The amount o f reducing sugars released from the enzymatic hydrolysis o f cellulose and 

hemicellulose (wheat straw) was determined by a modified Dinitrosalicylic Acid (DNS) 

method (Wood and Bhat, 1998) where the volume of sample and of standard glucose
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solutions was 1 ml instead of 1.5 ml. Glucose was used to generate a standard curve as 

shown in Appendix C.

3.4 Hydrolysis Yield

The hydrolysis yield compared the amount of reducing sugars experimentally released by 

the enzymatic hydrolysis of the cellulose and hemicellulose in wheat straw to the 

theoretical amount of glucose expected from the complete degradation of cellulose and 

hemicellulose.

Hemicellulose and cellulose are the two main structural carbohydrates of forages and 

straw that can be hydrolyzed into simple sugars (McDonald et al., 1991).

The hydrolysis of hemicellulose can be simplified as:

[ C ,( H ;0 ) J .+ n H ,0  -> nC ,H ,„0, (1)
hemicellulose n (xylose)

Cellulose, which is a homogeneous polymer (glucan), is converted into glucose, a six- 

carbon monomer:

[ C g ( H ,0 ) , l  + n H ,0  n C ,H „ 0 ,  (2)

cellulose glucose

The percentage of cellulose and hemicellulose in wheat straw is 34 % cellulose and 25 % 

hemicellulose, respectively (McKean et al., 1997).

In this experiment, 40 mg wheat straw was dissolved in 800 ml buffer, so 

40 g o f wheat straw contains cellulose = 40 x 0.34 = 13.6 g cellulose 

40 g o f wheat straw contains hemicellulose = 40 x 0.25 = 10 g hemicellulose
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According to reaction 1, 132 g hemicellulose gives 150 g of xylose. The increase of mass 

of the sugar xylose (14 %) after hydrolysis with respect to the original mass of 

hemicellulose is due to the association of hydrogen and oxygen from water.

10 g o f wheat straw (hemicellulose) will hydrolyze to '150^ xlO
\1 3 2 /

= 11 g of xylose

According to reaction 2, 162 g of cellulose gives 180 g of glucose. The increase of mass 

of the sugar glucose after hydrolysis with respect to the original mass of cellulose is 11 

%.

f m '13.6 g of wheat straw (cellulose) will hydrolyze to X 13.6
1162,

= 15 g of glucose

Consequently, 26 g of reducing sugars (xylose + glucose) are expected from the 

hydrolysis o f 40 g of wheat straw, resulting in a 32.5 mg/ml reducing sugars

f  26 gm ^
1^800 ml^

The hydrolysis yield (% conversion) will thus be reported as;

[Experimental reducing sugars]! ]
% Conversion  ------------------------------ 7 --------------------  100

3.5 Statistical Analysis

The precision of the data reported in the Results section is represented by error bars 

defined as:
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Confidence interval = mean value ± 2 x standard deviation (S.D) 

where mean values = average of duplicates for each data,

The confidential intervals from each set of data points were calculated as shown in 

Appendix C. The maximum calculated value was placed as a vertical error bar in the 

graph of the respective data.
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Chapter 4 - Results and Discussion

The following results report on the experimental steps taken in order to investigate the 

effect o f some operating conditions on the extent of hydrolysis using two axial flow 

impellers in a stirred tank reactor.

4.1 Mixing Behavior of the Fibers in Water

Wheat straw with average fiber length 2.56 mm and 0.84 mm, respectively, in buffer 

solution is shown in Figure 4.1 before mixing. The substrate in both reactors pushed 

upward and is floating in the upper half portion of the liquid. After 1 hour of stirring, the 

mixing behavior o f both fibers (2.56 mm) and (0.84 mm) is shown in Figure 4.2A. The 

blackish portions in the medium of the left reactor represent substrate in the buffer in 

motion whereas the yellowish portions show stagnant substrate. From these stagnant 

portions substrate is moving gradually into blackish portion with stirring and some times 

stagnant substrate gathers on the side of reactor causing impellers to stuck in the substrate 

resulting in reactor to move with impeller. The movement of reactor with impeller may 

cause damage of impellers, reactor or motor. There is only small blackish point little 

above the bottom, which is showing movement of substrate in the buffer solution. This 

initial slower movement of the substrate might reflect the presence of a yield stress. In the 

right reactor of figure 4.2A, the use of smaller average fiber length affected the 

movement o f the substrate, as evidenced by the distribution of blackish and yellowish 

portions. The lower half portion is substrate in buffer with movement whereas upper half 

yellowish material is stagnant with gradual movement.

After 4 hours o f stirring (Figure 4.2B), only few black areas can be seen in the left reactor 

showing very little movement close to impellers. No up and down movement can be 

observed. In case of substrate having average fiber length 0.84 mm, blackish areas can be 

seen in the whole volume of the solution. This shows that the substrate is moving well up 

and down (Figure 4.2B, right reactor).

2 0



A: 2 .56  mm B: 0.84 mm 
F igure 4 .1 : A vera g e  f ib e r  length o f  w h eat .straw  f3” 7c, w A ) in buffer .solution before mixing.

If
A: A fter  /  hour B: A fter 4  hour

Figure 4.2: Mixing behavior o f 2.56 mm (left reactor) and 0.84 mm (right reactor)
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The use of two pitched blade impellers, which generate high flow and produce axial 

currents (McCabe and Smith, 1976) that cause liquid at the surface with substrate to 

move down and then come up, along with smaller average fiber length probably resulted 

a good mixing as evidence by the (Figure 4.2B, right reactor).

According to Mukataka and Tada (1983) in order to have effective hydrolysis, it is 

necessary to prevent stagnant points during the mixing. A recommended condition of 

agitation situation is, where the solid substrate move slowly and continuously in the 

reactor with minimum stagnant portions during hydrolysis.

In case of average wheat straw fiber length 0.84 mm the substrate is shown to be (Figure 

4.2B, right reactor) moving up and down with no stagnant points that might result 

maximum contact between the enzyme and the substrate. So the substrate having average 

fiber length 0.84 mm was used for the hydrolysis throughout this research.

4.2 Hydrolysis with Air in the Headspace

The hydrolysis profile is shown in Figure 4.3. A maximum of about 3 % conversion yield 

was achieved. The increase in conversion is gradual during the first 16 hours which 

reflects production of reducing sugars from wheat straw. It is probably due to presence of 

amorphous regions of the biomass, which are easily hydrolysable as compared to 

crystalline cellulose (Lynd et al., 2002) along with good mixing which is achieved in less 

than 4 hours, as described earlier (Figure 4.2B, right reactor), made possible for the 

enzymes to reach amorphous regions (Hanna et al., 2001). With air in the head space 

Mukataka and Tada (1983) achieved 18 % conversion yield by hydrolyzing 5 % pulp and 

paper suspension in complete fiber state during first 16 hours in an agitated reactor. The 

difference in conversion yield with respect to above study (Mukataka and Tada, 1983) is 

probably due to use of wheat straw that is composed of lignin, hemicellulose and 

cellulose along with non sterile conditions. The presence of lignin and hemicellulose 

restrict the access of enzyme to the cellulose (Sakka et al., 1996) and also reduce the 

cellulose crystallinity and amount of amorphous regions of the substrate (Beatriz et al..
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2004) that might lower the conversion yield. Thirdly, wheat straw was not pretreated 

other than grinding it. Pretreatment processes normally remove lignin and hemicellulose, 

reduce cellulose crystallinity, and increase the porosity of the material (Ye and Cheng, 

2002).

4
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2520151050

Hydrolysis time (hrs)

Figure 4.3 Enzymatic hydrolysis o f wheat straw with air in the headspace

The sharp decrease in conversion, after 16 hours is probably due to the consumption of 

sugars, particularly glucose, by microbes growing in suspension despite the presence of 

sodium azide added at the start of the experiment. Since microbes utilize sugars faster 

than they are produced by the enzymatic hydrolysis, the net concentration of reducing 

sugars is seen sharply decreasing to zero. The amount of sodium azide might not have 

been sufficient to kill all microbes in the system for a long period of time. Nader and 

Satish (1995) also observed utilization of glucose under non sterile conditions and 

described that growth of microbial culture in the reactor causes the decline in glucose 

concentration after reaching a peak during the enzymatic saccharification of soybean 

hull-based material.
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It was thus decided to add sodium azide every 12 hours during the course of hydrolysis 

for the remainder of this study. The point of NaNs addition is shown by arrow in all 

figures.

Figure 4.4 shows a replicate of Figure 4.3 when NaNs was added after every 12 hours 

during the hydrolysis. A hydrolysis yield of 2.3 % was achieved within 7.5 hours, which 

is slightly better than previously. Between 7.5 to 12 hours there was no increase in 

hydrolysis yield. This slowing down in reaction rate is probably due to microbial 

consumption of reducing sugars since the addition of NaN] at the 12*'’ hour again 

increased the % conversion yield of hydrolysis from 2.3 % to 4.2 %.
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Figure 4.4 Enzymatic hydrolysis o f wheat straw with regular addition o f NaN} in the presence o f air 

in the headspace

If we compare figure 4.3 and 4.4 for the first 16 hours, % conversion is same during this 

period and almost 3 % conversion yield was achieved. The addition of NaNs at 12 hour
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helped in further increasing reaction rate even after 16 hours as compared to Figure 4.3, 

which shows that the argument of microbial consumption of glucose due insufficient 

amount NaNg seems true. Although more NaNg was added after 24 hours of hydrolysis, 

the yield declined.

Stirring and 50 °C temperature resulted in 10 % liquid loss due to evaporation. So for this 

case maximum conversion 4.2 % in actual would be 3.78 %.

4.3 Hydrolysis with N2 Flown over the Surface of Medium

When N 2 gas was flown over the surface of medium, 6.9 % overall conversion yield was 

achieved in 32 hours of hydrolysis as shown in Figure 4.5. There was 2.8 % conversion 

in the first 7 hours, which indicate relatively increased reaction rate as compared to 

Figure 4.4 in which 2.3 % conversion was achieved when hydrolysis was performed with 

air in headspace. After 7 hours, no increase in conversion yield occurred until 15*̂  hour.

The addition of NaNg at the 12‘̂  hour resulted in an increased conversion yield of about 1 

% from 15 to 24 hours, whereas after 24 hours, addition of NaNg resulted in increase of 

2.7 % conversion from 28“* hour to 32 hour and 6.9 % conversion yield was obtained 

after 32 hours conversion yield declined.

One can see that the presence of Ng instead of air almost doubled the conversion yield. 

This is probably due to the fact that some enzymes are assumed to be inactivated by 

oxidation in the presence of air entrained in the medium by agitation (Mukataka and 

Tada, 1983). The increase of conversion yield in the presence of N2 gas over the medium 

contradicts results reported by Tanaka et al. (1977), who found that the presence of air 

and N 2 over the surface of reaction medium was unrelated to cellulase inactivation. But 

their hydrolyses were performed in the absence of stirring. Since could be no question of 

aeration in stagnant medium, air could not become entrapped.
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Figure 4.5 Enzymatic hydrolysis o f wheat straw with N2 spread over the surface o f medium

The liquid loss in this case was rapid due to N 2 gas flow as compared to previous one and 

approximately 150 ml liquid evaporated in 12 hours. 120 ml buffer solution was added 

after every 12 hours in order to maintain liquid level well above the upper impeller. 

Approximately 10% solvent was lost at the end, so maximum % eonversion reported 6.9 

% would be 6.21 % in actual.

4.4 Hydrolysis with Lid Touching Surface of the Medium

To separate the effect of air liquid interface and a condition in which air is restricted, 

hydrolysis o f wheat straw was performed by placing a lid touching the surface of the 

medium. The results are shown in Figure 4.6. The initially the % conversion yield was 

2.9 % in the first 12 hours as compared to 2.3 % hydrolysis in the presence of air in 

headspace and 2.9 % hydrolysis in the presence of gas. The slight increase in 

conversion yield when air entrapment is restricted by a lid or by its replacement with N; 

might argue in favor of enzyme stabilization or activity in the absence of contact with air.
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Ganesh and Joshi (2000) reported cellulase activity loss with and without surface aeration 

of 20.9 and 12.2 % respectively. The trend of hydrolysis curve is quite unexpected from 

12 hours to 24 hours, as in this period conversion yield increased slightly from 2.9 % to 3 

%. From 24 hours to 32 hours hydrolysis yield increased from 3 % to 4.2 %. After 32 

hours there is drastic decline in the yield.

The overall conversion yield in this case was the same as when an air head space was 

present. Both were about the half value obtained during hydrolysis in the presence of Ni 

gas over the medium. This trend is probably due to the fact that system could not 

maintain without air throughout the hydrolysis time. The lid which was placed on the top 

was not sealed completely, allowing some air to enter the system. Secondly, some space 

over the liquid created due to evaporation of H2 O during hydrolysis that might cause 

airhead space in the system which probably resulted aeration due to entrapment of air into 

medium.

4039302520151050
H ydrolysi* Time (hre)

Figure 4.6 Enzymatic hydrolysis o f wheat straw with restricted air
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A similar trend of substantially increased enzyme stability is also reported by James and 

Lee (1988) due to elimination of air-liquid interface during enzymatic hydrolysis of 

cellulose in an attrition bioreactor. The same initial hydrolysis in case of air restricted and 

in the presence of N 2 gas over the medium in first 12 hours shows that replacing air from 

the system results in increased conversion yield. Although overall conversion yield in 

Figure 4.7 is less as compared to Figure 4.6 but it might be possible, that by completely 

restricting air from the system can result overall conversion yield close to the case where 

N 2 gas was spread over the medium. This way cost of using N 2 gas can be saved and 

process would be more economical.

The liquid loss was less in the presence of lid over the medium as compared to previous 

cases and approximately 50 ml liquid evaporated. Maximum % conversion reported 4.2 

% would be 3.9 %.
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Chapter 5 — Conclusion and Recommendations

The results o f this study suggested that presence of air in headspace results in loss of 

conversion during hydrolysis of wheat straw. The relatively high conversion yield when 

air displaced by flowing N2 gas through system shows that presence of air probably 

affected the activity of the enzymes used for the hydrolysis. The low conversion yield in 

presence of air as compared to N? gas in the headspace infers that air might cause 

oxidation of enzyme that is probably one of the causes of enzyme inactivation. The exact 

cause of low yield with air in headspace is needed to be address. The relatively fast 2.9 % 

conversion in first 12 hours of hydrolysis both in case of restricted air and in 

headspace probably due to homogenous mixing achieved within first four hours of 

hydrolysis by using two pitched blade impellers.

The overall low conversion yield in case of restricted air as compared to N2 gas flowing 

in head is might be due to reason that air was not completely restricted, so if the 

hydrolysis is performed in air tight system to get conversion yield comparable with N 2 

gas in headspaee that would help to reduce the price of N2 gas to displace air from the 

system.

The effect of microbial contamination was prominent in all cases, even when the NaNg 

was used three times during 36 hours. So the appropriate minimum amount of NaNs 

needed to address to get maximum sterile conditions. This might be achieved by reducing 

the duration of NaNs addition that may be after every 6 hours.

Finally, substrate pretreatment by a feasible pretreatment method could be helpful in 

getting high overall conversion yield. From this study we learned, that the elimination of 

air from reaction medium is crucial for enzyme stability and effective mixing can help in 

improving enzyme activity that may result enhanced conversion yield.
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Appendix A - Reactor Specifications

Following typical proportions were used to design agitation system described by McCabe 

and Smith (1976).

1. Diameter o f a paddle impeller is, , typically 5 0 -8 0  percent o f the inside diameter 

o f the reactor: = (0.5 -  0 .8)0 ,

D, = Inside diameter of reactor 

Dg = Impeller diameter

2. The width of the blade is one-sixth to one-tenth of impeller diameter.

E = T  to r  
6 10

3. Impeller distance from bottom = K = — (liquid height)
6

4. Baffle width J = —
12

5. Baffle height = Liquid height in reactor

For 1 liter buffer solution, the internal diameter of the one liter beaker was calculated 10 

cm. Polycarbonate pipe ordered for reactor, available closest size was 9.5 cm internal 

diameter. Based 9.5 cm internal diameter, mixing system was designed described below. 

Internal diameter of the reactor = D, = 9.5 cm

Diameter of impeller (blade) =D^ = (0.5 — 0.8)D ,. Here used 0.75 D,

D , = 0.75D, =7.125 = 7cm

The width of the blade is one-sixth to one-tenth of the impeller diameter

I
—  '
8Impeller (blade) height = E = — to

V 6 10

1 1 > 1
D . . Here used —xD ,
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E = - i x  7 = 0.875 = 0.9cm
O

Impeller (blade) height =E  = 0.9cm

Baffle width = J = —  = —  = 0.79= 0.8cm 
12 12

Liquid height in reactor = 14 cm = Height of 800 ml liquid in reactor

Impeller distance from bottom = — (liquid height)
6

K =  1(14) = 2.3 cm 
6

Baffle height = Liquid height in reactor = H = 14 cm 

Power input for motor

For baffled paddle blade agitators power input for slurries = 1 0  —- (Walas, 1990).

This conversion factor is valid for thick slurry and was taken as an approximation for 

fiber suspension.

1 gallons = 3.785 liters 

1000 gallons = 3785 liters 

For

3785 liter o f slurry motor power required = 10 hp

1 liter of slurry motor power required = — hp
37o5

= 2.6x10"^ hp
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Appendix B - Average Particle Size of Sieved Wheat Straw

The average particle size of fibers was calculated using the differential method described 
by McCabe and Smith (1976).

Average Particle Size

The average particle size for a mixture of particles was defined in terms of volume —

surface mean diameter and is related to the specific surface area , according to 

following equation;

Where

A ^= Specific surface, total surface of the one unit mass of sample, can be calculated by 

+ +  (2)

Subscripts refer to the individual screen increment, n^ is the number of screens.

^ -  Density of substrate (sieved wheat straw) = 182 kg/m^

Density was calculated by filling sieved substrate in graduated cylinder.

0^ = Sphericity for crushed material is between 0.6 and 0.7 (McCabe and Smith, 1976). 

So an average of 0.6 and 0.7 = 0.65 was used in calculation.

Density and sphericity 0 , are known, so it was assumed that these quantities are

independent of particle diameter. For a mixture containing particles of various sizes, the 

average diameter may differ widely from one another (McCabe and Smith, 1976).
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Some fibers that were larger than the diameter of the hole size passed through the screen, 

since light fibers can position themselves vertically (hammers et al., 1996). To calculate 

the average diameter of particles at a specific mesh size, an assumption is made that all 

particles in a single fraction, which is obtained on any mesh after shaking, are equal in 

size and that the size is the arithmetic mean of the mesh dimensions of the two screens 

that define the fraction (McCabe and Smith, 1976). Thus, the mesh dimensions of No.4 

and No.8 mesh are 4.75 mm and 2.36 mm respectively. Consequently, the 4/8 fraction is

4.75 + 2.36assumed to consist of uniform particles o f diameter. = 3.55 mm

Here 4/8 means that the particle fraction passed through mesh No. 4 and was retained on 

mesh No. 8. Similarly, fraction 8/12 has an average diameter of:

“ 6 ± l ^  = 2.02mm
2

So we have.

Fraction I (4/8) of particles having average diameter = D, = 3.55 mm 

Fraction II (8/12) of particles having average diameter = 0^  = 2.02 mm 

Fraction III (12/20) of particles having average diameter = 0^ =1.25 mm 

Fraction IV (20/40) of particle having average diameter = 0.629 mm

Using this sieve method, two batches were made as shown in Table B l.

Table B l. Substrate fractions from sieves

Batch No. I Quantity

(gram)

Batch No. II Quantity

(gram)

Fraction I (4/8) 20.00 Fraction III (12/20) 20.00

Fraction II (8/12) 20.00 Fraction IV (20/40) 20.00

Total weight 40.00 Total weight 40.00
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Average fiber size of sieved wheat straw collected from mesh No. 8 and 12 calculated as

Fraction I (4/8) D, = 3.55 mm

Fraction II (8/12) = 2.02 mm

= Mass fraction of sample that is retained on a particular screen.

20j ( | , i = ^  = 0.5 
40

20
= 0.5

Specific surface of mixture 

From equation 2

. 6x0.5  6x0.5
= ---------------

0.65 X182 ̂  X 0.0035m 0.65 x 1 8 2 ^  x 0.0020m 
m m

=7.2455 + 12.5236

= 19.7964

Corresponding average fiber length from equation 1

D. =
0.65x19.7964— X1 8 2 ^  

kg m

Ds = 0.00256 m = 2.56 mm
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Similarly for fractions collected from sieves with mesh No. 20 and 40.

Fraction III (12/20) D^ = \ .25 mm

Fraction IV (20/40) = 0.629 mm

20
Açii = —  = 0.5 

^ 40

20
Aç)2=— = 0.5 

^  40

6x0.5 6x0.5
“  kg " ^  kg

6  V. 1 o c  V, 1 n - 3   1 o n  &0 .6 5 x l8 2 -^ x l.2 5 x l0 " " m  0 .6 5 x182 -^x6 .29x10
m m

=20.04 + 40.25

. 2

-4

^ =  60.2978

Also, Dg using equation (1)

D. =
0.65 X182 ̂  X 60.2978 ̂  

m^ kg

D, = 0.84 mm
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Appendix C — Determination of Reducing Sugars

Reducing sugars concentration and percentages of hydrolysis yield determination 
by DNS method

A modified procedure of Wood & Bhat (1998) was followed to make a standard curve 

from a 2 mg/ml standard solution and to calculate the amount of reducing sugar released 

during the enzymatic hydrolysis. 0.2000 gm of glucose (dextrose) was weighed and 

added to 100 ml distilled water, resulting in a 2.00 mg/ml solution. A similar procedure 

was used to prepare standard solution containing 0.000, 0.040, 0.080, and 0.120 gm/ml.

One millilitre of each solution was placed in a test tube, 3 ml of the DNS reagent, was 

added, and mixed. All tubes were placed in a boiling water bath for 5 minutes, insuring 

that each test tube content was completely immersed in water. After 5 minutes, the test 

tubes were cooled to room temperature and 15 ml distilled water added to each test tube. 

A UV Spectrophotometer was used at a wavelength of 540 run. Two samples, as 

reference were used from a solution of distilled water plus DNS that was subjected to 

boiling, cooling and adding 15 ml H^O. Read the absorbance of solution at 540 nm.

A standard curve was produced from the experimental data shown Table C l. The dots in 

the figure correspond to the mean value of the duplicates shown in the table.

Table C 1. Data for DNS standard curve
Absorbance 540 nm

Standard

Deviation

[Glucose]

(mg/ml)

D' set 2"" set Mean value

0.0 0.0173 0.0174 0.01735 0.0000

0.04 0.2595 0.2370 0.2482 0.0111

0.08 0.5942 0.5960 0.5951 0.0009

0.12 0.9205 0.9124 0.9164 0.0040
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Figure Cl. DNS standard curve for reducing sugar concentration 

Standard deviation of 1̂ ' set for second point:

SD was calculated by using equation given below (Murray et al., 2000):

SD =
—  \ 2( x - x )

i  (n -1 )

3c = Mean value 

n = Number o f values

SD = | ( 0 .2 5 9 5 - 0 .2 4 ^ ,g g ,^
(2 - 1)

Standard deviation of 2*“* set for second point: 

1(0.2370- 0.24^ ^ ,
V (2 -1 )
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Mean SD for these two points = 0.011

The greatest confidential intervals from each set of data points are presented in figure C 1. 

Confidence interval = mean value ± 2 x standard deviation 

= 0.2482 ± 2(0.011)

The deviation is usually calculated for a large population but that, for a sample s.d., 4 

points is usually the minimum. Here we have 2 points (one for each duplicate run), and 

that only gives a crude approximation of the true statistic.

Experim ental data for reducing sugars and hydrolysis yield

The tables below contain raw data for reducing sugars analysis and derived data o f 

hydrolysis yield. Conversion from reducing sugar concentration to percentage of 

hydrolysis yield was done by the equation given in section 3.4.

Table C 2. Absorbance and reducing sugars measured when hydrolysis in the 

presence of a ir in the headspace.

Hydrolysis
First run Second run Mean

Absorbance
Mean

reducing
sugars

Time Absorbance 
540 nm

Reducing
sugars

Absorbance 
540 nm

Reducing
sugars

(hrs) (-) (mg/ml) (-) (mg/ml) (-) (mg/ml)
0 0.0440 0.002 0.0440 0.002 0.0440 0.002
4 0.2590 0.030 0.2590 0.031 0.2590 0.030
8 0.3810 0.045 0.3801 0.041 0.3805 0.043
12 0.4312 0.059 0.4312 0.059 0.4312 0.059
16 0.4524 0.06 0.4524 0.060 0.4524 0.060
20 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 1 0.00 0.00
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Tabic C 3. Hydrolysis yield of wheat straw with air in the headspace

Hydrolysis
Time

First run 

Conversion

Second run 

Conversion

Absorbance 

at 540 nm

Glucose
Concentration

Mean

Conversion

Standard

Deviation

(hrs) (%) (%) (-) (mg/ml) (%) (%)
0 0.00 0.00 0.044 0.002 0.00 0.00
4 1.47 1.52 0.259 0.031 1.50 0.025
8 2.21 2.01 0.383 0.041 2.11 0.10

12 2.90 2.90 0.431 0.059 2.90 0.00

16 3.00 2.90 0.452 0.060 2.95 0.05

20 0.00 0.00 0.00 0.00 0.00 0.00

24 0.00 0.00 0.00 0.00 0.00 0.00

Tabic C 4. Absorbance and reducing sugars measured when hydrolysis by regular 

addition of NaNs in the presence of air in the headspace

Hydrolysis
First run Second run Mean

Absorbance
Mean

Reducing
SugarsTime Absorbance reducing

sugars
Absorbance reducing

sugars
(hrs) ^ (-) (mg/ml) (-) (mg/ml) (-) (mg/ml)

0 0.0440 0.002 0.0440 0.002 0.0440 0.0025
4 0.2590 0.030 0.2570 0.031 0.2580 0.0305
8 0.3810 0.045 0.4300 0.050 0.4055 0.047
12 0.4312 0.059 0.2896 0.039 0.3604 0.049
16 0.4524 0.06 0.4524 0.060 0.4524 0.060
20 0.5378 0.07 0.5378 0.070 0.5378 0.070
24 0.6550 0.082 0.6697 0.090 0.6623 0.086
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Table C 5. Hydrolysis by regular addition of NaNa in the presence of air in the 
headspace

Hydrolysis
Time

First nm 

Conversion

Second run 

Conversion

Mean 

Absorbance 

at 540 nm

Mean
Glucose

Concentration

Mean

Conversion

Standard

Deviation

(hrs) (%) (%) (-) (mg/ml) (%) (%)
0 0.00 0.00 0.044 0.0025 0.00 0.00
4 1.47 1.50 0.2580 0.030 1.48 0.015

8 2.21 2.46 0.4055 0.047 2.34 0.125

12 2.90 1.92 0.3604 0.049 2.41 0.49

16 2.95 2.95 0.4524 0.060 2.95 0.00

20 3.45 3.45 0.5378 0.070 3.45 0.00

24 4.04 4.43 0.6623 0.086 4.23 0.195

Table C 6. Absorbance and concentration measured when hydrolysis with N2 flown 

over the surface of medium

Hydrolysis
First run Second run Mean

Absorbance
Mean

Reducing
SugarsTime Absorbance reducing

sugars
Absorbance reducing

sugars
(hrs) (-) (mg/ml) (-) (mg/ml) (-) (mg/ml)

0 0.0440 0.002 0.0440 0.002 0.044 0.0025
4 0.2679 0.035 0.2789 0.037 0.2734 0.036
8 0.4300 0.058 0.4106 0.057 0.4206 0.057
12 0.4310 0.058 0.4312 0.059 0.4311 0.058
16 0.4525 0.061 0.4526 0.062 0.4525 0.061
20 0.6000 0.080 0.5900 0.078 0.5950 ^ 0.079
24 0.6667 0.085 0.6429 0.083 0.6548 0.084
28 0.6667 0.085 0.6697 0.090 0.6682 0.087
32 0.7743 0.150 0.7640 0.130 0.7691 0.14
36 0.7743 0.150 0.7640 0.130 0.7690 0.14
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Table C 7.

medium
Hydrolysis yield of wheat straw with N2 flown over the surface of

Hydrolysis
Time

First run 
Conversion

Second run 
Conversion

Absorbance 

at 540 nm

Mean
Glucose

Concentration

Mean

Conversion

Standard

Deviation

(hrs) (%) (%) (-) (mg/ml) (%) (%)
0 0.00 0.00 0.044 0.0025 0.00 0.00
4 1.72 1.82 0.2734 0.036 1.78 0.050
8 2.85 2.81 0.4206 0.057 2.83 0.020
12 2.85 2.9 0.4311 0.058 2.88 0.025

16 3.00 3.05 0.4525 0.061 3.03 0.025

20 3.94 3.84 0.5950 0.079 4.00 0.16

24 4.18 4.1 0.6548 0.084 4.14 0.04

28 4.18 4.43 0.6682 0.087 4.31 0.125

32 7.40 6.40 0.7691 0.14 6.9 0.50

36 7.40 6.40 0.7690 0.14 6.9 0.50

Table C 8. Absorbance and concentration measured when hydrolysis with lid 

touching surface of the medium

Hydrolysis
First run Second run Mean

Absorbance
Mean

reducing
SugarsTime Absorbance reducing

sugars
Absorbance Concentration

(hrs) (-) (mg/ml) (-) (mg/m I) (-) (mg/ml)
0 0.0440 0.002 0.0440 0.002 0.044 0.0025
4 0.2679 0.035 0.2590 0.030 0.2634 0.0325
8 0.3800 0.040 0.3810 0.045 0.3805 0.0425
12 0.4310 0.058 0.4413 0.059 0.4361 0.0585
16 0.4413 0.059 0.4450 0.060 0.4431 0.0595
20 0.4525 0.061 0.4566 0.062 0.4545 0.0627
24 0.4526 0.062 0.4525 0.061 0.4525 0.0615
28 0.5378 0.070 1 0.5378 0.070 0.5378 0.070
32 0.6649 0.081 0.6667 0.085 0.6658 0.083
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Table C 9. Hydrolysis yield of wheat straw with lid touching surface of the medium

Hydrolysis
Time

First run 
Conversion

Second run 
Conversion

Absorbance 

at 540 nm

Mean
Glucose

Concentration

Mean

Conversion

Standard

Deviation

(hrs) (%) (%) (mg/ml) (%) (%)

0 0.00 0.00 0.044 0.0025 0.00 0.00

4 1.72 1.48 0.2634 0.0325 1.6 0.12

8 2.00 2.20 0.3805 0.0425 2.1 0.1

12 2.90 2.90 0.4361 0.0585 2.9 0.00

16 2.90 3.00 0.4431 0.0595 2.93 0.1

20 3.00 3.05 0.4545 0.0627 3.00 0.025

24 3.05 3.00 0.4525 0.0615 3.02 0.025

28 3.45 3.45 0.5378 0.070 3.45 0.00

32 4.00 4.18 0.6658 0.083 4.15 0.09
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