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ABSTRACT

Rice bran and rice straw have been abandoned as agricultural waste for million tonnes
per year in Thailand. This lignocellulosic biomass is an attractive material for bioethanol fuel
production since it rich of cellulose and hemicellulose which are converted into glucose and
other fermentable sugars for ethanol production (A. Boonmee, 2009). Therefore they have
been proposed to be utilized as a rich carbon source in the production of bioethanol.
However, many toxic compounds are possibly released during the pretreatment prior the
fennentation process. This study aims to analyze on the availability of toxic compounds from
pretreatments using sulfuric acid and cellulase enzymes with the detoxification by
delignification, overtiming and activated charcoal method. The concentrations of furfural,
5- hydroxymethyl furfural

(5-HMF), levulinic acid, vanillin, syringaldehyde and

4-hydroxybenzaldehyde (4-HB) and the percent acetic acid under the pretreatment process
with delignification/ activated charcoal treatment were measured. The delignification/
activated charcoal treatment certainly tended to significantly reduce the concentration of
acetic acid and other toxic compound in the hydrolysate. The concentration of furfural,
5- hydroxymethyl furfural (5-HMF), levulinic acid, vanillin, syringaldehyde and
4-hydroxybenzaldehyde (4-HB) and the percent acetic acid in rice bran and concentrated rice
bran hydrolysate were found to be 256.64±81.724 mg!L, 384.47±99.015 mg/L; 0.065±0.000
mg/L, 0.068±0.000 mg/L; 82744±4540.500 mg/L, 142107.62±8664.600 mg/L; 1.5±0.260
mg/L, 0.19 ± 0.0094 mg!L, 1.47±0.900 mg/L, 3.191±0.023 mg/L; 2.35±0.960 mg!L, 4.806 ±
0.760 mg/Land 0.248±0.066 % , 0.258±0.077 % respectively. The concentration of furfural,
5- hydroxymethyl furfural

(5-HMF), levulinic acid, vanillin, syringaldehyde and

4-hydroxybenzaldehyde (4-HB) and the percent acetic acid in rice straw and concentrated rice
straw hydrolysate were found to be 384.47±99.015 mg/L or ppm, 271.95±76.295 mg!L or
ppm; 0.068±0.000 mg!L or ppm, 0.065±0.000 mg/L or ppm; 142107.62±8664.600 mg/L or
ppm, 136354.18±4373.700 mg/L or ppm; 0.19±0.009 mg/L or ppm, 1.807±0.003 mg/L or
ppm; 5.43±3.290 mg/L or ppm, 5.069±0.832 mg/L or ppm; 4.806±0.760 mg!L or ppm,
2.39±1.200 mg/Lor ppm and 0.256±0.061 %, 0.254 ± 0.075 % respectively.

Ir

lli'i'1

Fae. of Biotechnology, Assumption University M.S. (Food Biotechnology)

Z. mobilis ZM4 and TISS 551 biofilm showed inhibitors resistance capacity by
producing higher percent ethanol yield than planktonic cell. The concentrated rice bran
hydrolysate also gave the optimum ethanol production comparing to other hydrolysate.
Percent theoretical yield of Z. mobilis ZM4 and TISTR 551 biofilm in concentrated rice bran
hydrolysate was 72.474±6.133 % and 48.373±16.639 %. The use of diethylaminoethyl
cellulose (DEAE) as the carrier was also clearly showed biofilm fonning development.
However, the efficiency of biofilm attachment and ethanol production in the repeated batch
were respectively dropped down.
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INTRODUCTION

Ethanol from renewable resources has been of interest as an alternative fuel to the fossil
fuels. Lignocellulosic biomass like wood and agricultural crops residues such straw and sugar
beet pulp contains up to 80% of the polysaccharides. They are potential raw materials for
producing fuel ethanol and biodiesel (Elsayed B. Belal., 2013). At present, bio-ethanol
production is based on sugar (from sugar cane) or flour (from maize or cassava) as substrates.
This commercial bioethanol is commonly derived from edible part of food crops, it so leads to
the escalation in food prices. Therefore, these lignocellulosic biomasses look promising for
replacing environmentally unfriendly fossil fuel and reducing cost of ethanol production as
an alternative feedstock (A. Boonmee, 2009). Thailand is one of the World's top exporters of
rice, rice is so the most economically important crop for Thailand. During the production cycle
especially in the paddy stage, several wastes are produced including rice straw, rice hull and
rice barn. Rice bran and rice straw are rich of lignocellulosic materials including cellulose,
hemicelJuloses and lignin (M. Lokman Che Jusoh, 2013; R. Marie Garay M., et al., 2009).
Rice bran and rice straw are found in abundance of agricultural waste from rice milling process
for million tons per year in Thailand. There are approximately half of rice straw produced is used
for animal feed, 10 % is used as a growth medium for mushroom and 30 % is used in paper
industry while the rest is burned away (Tako, 2005). These wastes produced from rice industry
actually provide a very good resource for the ethanol productions. Their rich lignocellulosic
materials; cellulose and hemicellulose, when hydrolyzed by chemical or enzymatic hydrolysis,
are converted into glucose and other fermentable sugars for ethanol production (A. Boonmee,
2009). Therefore they have been proposed to be utilized as a rich carbon source in the production
of bioethanol. Nevertheless, these waste products; cellulose and hemicellulose, are intimately
associated with lignin in the plant cell wall. The lignin component acts as a physical barrier,
therefore, degradation of the lignin is needed in order to make the carbohydrates available for
further hydrolysis processes and obtain ultimately high degree of fermentable sugars (Elsayed B.
Belal., 2013). There are actually 4 main important pretreatment methods which are physical
pretreatment, chemical pretreatment, physiochemical pretreatment and biological pretreatment.
However, the pretreatment of lignocellulosic materials usually leaves many of the inhibitory
compounds that can cause problem during the subsequent fermentation step.
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Hydrolysis process by using diluted acid hydrolysis and enzymatic process is the most common
pretreatment technique to depolymerize lignocellulosic material to fermentable sugars. However,
the diluted acid produces many toxic compounds as by products. Lignin removal, overliming
with calcium hydroxide (Ca(OH)2 and treat with activated charcoal have been so proposed to be
a processes for the detoxification of lignocellulosic hydrolysate to minimize the effect from those
inhibitors. Ethanol production by fermentation has received special attention to solve world
energy crisis. Yeast, Saccharomyces cerevisiae, has been used as major ethanol producing
microorganism. Zymomonas mohilis, gram negative anaerobic bacterium, is another suitable
organism for ethanol production (Shuvashish et al., 2010). Z. mobilis is a gram negative
facultative anaerobic bacteria that has an ability to grow at high sugar concentration and high
tolerance to ethanol. It also represents a high ethanol productivity rate though the EntnerDoudoroff pathway using glucose as a substrate (M. A. Franden et al., 2013). Currently,
Z. mobilis has been studied on its ability to produce ethanol from wheat bran extract that was

added into the fonnulated medium to produce ethanol under the batch mode of planktonic cell or
free cell. However, the presence of toxic substances in the pretreated lignocellulosic materials
substantially inhibited the ethanol producing efficiency by the microorganism. The previous
solution from many researches is about trying to improve the toxic compound presence in the
hydrolysate with various pretreatment methods or the combined method. However, those
methods are certainly complex, costly and some are time consumption with several intrinsic
disadvantages. The toxic tolerance can be ideally enhanced by the development of biofilm.
Biofilm is immobilized cell enclosed structures by exopolysaccharides (EPS) which provides
certain degree of shelter to the bacteria residing in biofilm (C. R. Kokare, et al., 2007).
Its phenotypic characteristics greatly differ which create more tolerance to the stress than
planktonic cell. However, many different factors are affecting the formation of biofilm. The
microbial colonization appears to increase on rough surface and hydrophilic surface. Biofilm
carrier such DEAE, Diethylaminoethyl cellulose were so proposed to offers several advantages;
ease to separate cell mass from bulk liquid for possible reuse, facilitates continuous operation
over a prolonged period, enhances reactor productivity, ensure higher efficiency of catalysis
(Shuvashish et al., 2010). The purpose of this project is to identify different components in rice
straw and rice bran hydrolysate that were prepared from the diluted acid and enzymatic
pretreatment processes in which delignification/ activated charcoal was applied.

2
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This experiment further aim to compare the efficiency of ethanol production from
different culture (Z. mobilis; ZM4, TISTR 551, TISTR 550, TISTR 405 and TISTR 548) in both
planktonic and biofilm form with different hydrolysate; rice straw and rice bran hydrolysates.
Moreover, this research was also aimed to study on the potential of using DEAE as the biofilm
carrier on the repeated batch in order to improve ethanol production efficiency and cost effective.

3
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LITERATURE REVIEW

Overview of bioethanol

The concentrations of C02 in the atmosphere is definitely increasing with the continuous
using of fossil fuels to meet the majority of the world's energy demand (Liu Y.K. et al., 2012).
There are 73% of the C0 2 production is generated from the combustion of fossil fuels, (B. HahnHa gerdal et al., 2006) 19% of global carbon dioxide (C02) emissions and more than 70% of
global carbon monoxide (CO) emissions from transportation sector. Around the world, there
were about 806 million cars and light trucks on the road in 2007. These numbers are projected to
increase to 1.3 billion by 2030 and to over 2 billion vehicles by 2050 (M. Balat et al., 2008).
This growth affects the stability of ecosystems and global climate as well as global oil reserves.
The dramatic increase in the price of petroleum, the limited nature of fossil fuels, increasing
concerns regarding environmental impact, especially related to greenhouse gas (GHG)
emissions. Health and safety considerations are also driving the search for new energy sources
and alternative ways to power the world's motor vehicles (P. Singh Nigam and A. Singh, 2011;
T.S . El-Tayeb et al., 2012).
The intensified awareness of the global warming issue has so increased interest in the
development of methods to adequate greenhouse gas emissions. Much of the current effort to
control such emissions focuses on advancing technologies method that:
1.

reduce energy consumption,

11.

increase the efficiency of energy conversion or utilization

111.

switch to lower carbon content fuels

iv.

enhance natural sinks for C02, and

v.

capture and store C02.

As concern about global warming and dependence on fossil fuels grows, the search for
renewable energy sources that reduce C02 emissions becomes a matter of widespread attention.
There are numerous potential alternative fuels have been proposed, including bioethanol,
biodiesel, methanol, hydrogen, boron, natural gas, liquefied petroleum gas (LPG), FischerTropsch fuel, p-series, electricity, and solar fuels.
These alternative fuel, bioethanol provides several benefits as shown in the table I,
concerning on technically feasible, economically competitive, environmentally acceptable,
and readily available.
4
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Table 1 : Potential benefits of biofuels.
Economic impacts

./

Sustainability

./

Fuel diversity

./ Increase number of rural manufacturing jobs
./

Increase income taxes

./ Increase investment in plant and equipment
./

Agricultural development

./

International competitiveness

./

Reducing the dependency on imported
petroleum

Environmental

./

Greenhouse gas reduction

./ Reducing of air pollution

impacts

Q..
~

::>

Energy security

*cf/4

./

Biodegradability

./

Higher combustion efficiency

./

Improved land and water used

./

Carbon sequestration

./

Domestic target

./ Supply reliability
./

Reducing use of fossil fuels

./

Ready availability

./

Domestic distribution

~

./ Renewability

(M. Balat et al., 2008; B. Hahn-Ha gerdal et al., 2006)
Bioethanol (ethyl alcohol, grain alcohol, CHrCH 2-0H or ETOH) is a liquid biofuel
which can be produced from several different biomass feed stocks and conversion technologies.
Bioethanol has a higher octane number, broader flammability limits, higher flame speeds and
higher heats of vaporization than gasoline. These properties allow for a higher compression ratio,
shorter bum time and leaner burn engine, which lead to theoretical efficiency advantages over
gasoline in an internal combustion engine (M. Balat, 2008).
5
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Bioethanol is an alternative fuel to the current fossil fuels. First generation biofuel was
derived mainly from food crops, based on sugar (from sugar cane) or flour (from maize or
cassava) as substrates. It so created many problems, especially increased food prices. Moreover,
the imbalance in oil market and increasing in fuel costs have initiated a global challenge for
biofuel production from lignocellulosic biomass as renewable energy source through
fermentation of sugars (K. Eisenhuber et al. 2013). Biomass is a bioenergy source provides about
l 0.2% of the annual global total primary energy supply from a wide variety of biomass sources.
More than 80% are derived from wood and shmbs. The remaining bioenergy are from
the agricultural feed stock sector (energy crops, residues and by-products) and from various
commercial and post-consumer waste and by-product streams (G.

Ko~ar

and N.

Civa~,

2013).

According to the IEA report for the assessments of available residues in 2030, it is concluded
that I 0% of global residues could then yield lignocellulosic ethanol roughly around 4 .1 % of
the projected transport fuel demand in 2030 (V. Menon, M. Rao, 2012). It is well documented
that cellulosic ethanol offers greater environmental benefits and sustainability (L. Viikari et al.,
2012).

-

~
Lignocellulosic-biomass materials

r-

Lignocellulosic biomass, such as agricultural residues (com stover and wheat straw),
wood and energy crops, is an attractive material for bioethanol fuel production since it is the
most abundant reproducible resource on the Earth (M. Balat, 2008; L. Viikari et al., 2012; Ritter,
2008; Bayed B. Belal, 2013; J. Lee, 1997). The avoidance of the competition with food
production is also a key advantage oflignocellulosic materials (C. Conde-Mejia, 2012).

Chemical structure and basic components of lignocellulose
Lignocellulosics are the most abundant source of unutilized biomass and their availability
does not necessarily impact land use. Biomass in general consists of 40-50% cellulose, 25-30%
hemicellulose and 15-20% lignin and other extractable components (J. Lee, 1997; Y. K. Liu
et al., 2012). In nature except in cotton bolls, cellulose fiber is embedded in a matrix of other
structural biopolymers, primarily hemicellulose and lignin. The distribution of these 3 polymers
can varies from one species of plant to another species as shown in the table below.

6
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Table 2: Composition of different lignocellulosic materials (Kumar, et al., 2009)
Lignocellulosic Materials

Cellulose (%)

Hemicellulose (%)

Lignin (%)

Hardwood stems

40-55

24-40

18-25

Softwood stems

45-50

25-35

25-35

Nut shells

25-30

25-30

30-40

Com cobs

45

35

15

Grasses

25-40

35-50

10-30

Paper

85-99

0

0-15

Wheat straw

30

50

15

Leaves

15-20

80-85

0

Cotton seed hairs

80-95

5-20

0

Newspaper

40-55

25-40

18-30

ER

Apart from the difference in species, other factors such as the stage of growth, age, location
of growth and many other factors can also affect the ratio of these 3 components within the same
plant species (Perez, et al., 2002).
i.

Cellulose

Cellulose, the major component of plant biomass, is a linear syndiotactic (alternating spatial
arrangement of the side chains) polymer of D- glucose linked together by

~-1,

4-glycosidic

bonds (Fig. 1). Cellulose can forms a large number of hydrogen bond with other cellulose
molecule, the orientation of the linkages and additional hydrogen bonding make the polymer
rigid and difficult to break (M. Balat et al., 2008; A. Limayem and S. C. Ricke, 2012). This high
degree of polymerization and crystallization of cellulose makes it insoluble in water at
physiological condition (Mauseth, 2009).
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Figure I : Arrangement of cellulose fiber and their hydrogen bond (Mauseth, 2009)
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Hemicellulose

Hemicellulose is a short, highly branched polymer of five carbon (pentoses) and
six carbon (hexoses) sugars which consist of a backbone made of xylose linked together by
~-1,

4-glycosidic linkage. Specifically, hemicellulose contains xylose and arabinose

(five carbon sugars) and galactose, glucose, and mannose (six carbon sugars) (M. Balat et al.,
2008). However, the composition of hemicellulose is not homogeneous and varies from species
to species (Saha, 2003). Hemicellulose is more readily hydrolyzed compared to ce11ulose
because of its branched, amorphous nature (A. Limayem and S. C. Ricke, 2012). The dominant
sugars in hemicelluloses are mannose in softwoods and xylose (Fig.2) in hardwoods and
agriculture residues. Out of 3 major components, hemicellulose is the most chemically sensitive
compound. Despite its sensitivity, hemicellulose serves as a binding between cellulose and lignin
in which it provides the structure more rigidity (Fengel and Wegener, 1984).

Figure 2: Structure of xylose (A. Limayem and S. C. Ricke, 2012)
iii.

Lignin

Lignin is an aromatic polymer synthesised from phenylpropanoid precursors. The basic
chemical phenylpropane units of lignin (primarily syringyl, guaiacyl and p-hydroxy phenol) are
bonded together by a set of linkages to fonn a very complex matrix. This matrix comprises a
variety of functional groups, such as hydroxyl, methoxyl and carbonyl, which impart a higl1
polarity to the lignin macromolecule hence making the cell wall impenneable to water
(Demirbas, 2010; A. Limayem and S. C. Ricke, 2012). Softwood and hardwood lignins belong
to the first and second category, respectively. Softwoods generally contain more lignin than
hardwoods. Lignin is one of the drawbacks of using lignocellulosic-biomass materials in
fennentation, as it makes lignocellulose resistant to chemical and biological degradation (M.
Balat et al., 2008; J. Lee, 1997).
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Figure 3: Possible structure of lignin (Demirbas, 2010)

Structural Arrangement
Lignocellulosic materials arrange themselves in several level of organization as shown in

-

Figure 4.

2

30nm

""~, •

.
3

4

Figure 4: Plant cell wall composition: (1) cellulose backbone; (2) cellulose chain in elementary
fibril; (3) cellulose crystallite; (4) microfibril cross section showing strand of cellulose embedded
in hemicellulose and lignin (Ramos, 2003)
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A representative diagrammatic framework of lignocellulosic biomass is illustrated in
Figure 5. The cellulose chains are packed into microfibrils which are stabilized by hydrogen
bonds. These fibrils are attached to each other by hemicelluloses and amorphous polymers of
different sugars as well as other polymers such as pectin and covered by lignin.
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Figure 5: Diagrammatic framework oflignocellulosic biomass (V. Menon, M. Rao, 2012)
The cellulose microfibrils which are present in the hemicellulose-lignin matrix are often
associated in the form of bundles or macrofibrils. The molecules of individual microfibrils in
crystalline cellulose are packed so tightly that not only enzymes but even small molecules like
water cannot enter the complex framework (V. Menon, M. Rao, 2012). Some parts of
the microfibrils have a less ordered, noncrystalline structure referred to as amorphous region.
The high molecular weight and ordered tertiary structure make natural cellulose insoluble in
water. The crystalline regions of cellulose are more resistant to biodegradation than
the amorphous parts. Cellulose with low degree of polymerization will be more susceptible to
cellulolytic enzymes (A Limayem and

S. C. Ricke, 2012). The isolation and

derivatization/dissolution of cellulose are crucial steps in determining cellulose degree of
polymerization. In general plant cell walls are subdivided as primary and secondary (SW) walls.
The distribution of cellulose, hemicellulose and lignin varies considerably among these layers.
The secondary wall is composed of SWI, SW2 and SW3 where SW2 is usually thicker than the
others and contains the major portion of cellulose. The middle lamella, which binds the adjacent
cells, is almost entirely composed of lignin. (V. Menon, M. Rao, 2012)
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Rice (Oryza sativa) is the most important staple food for a large part of the world's
human population (Smith & Dilday, 2003), especially in East and South Asia, Latin America,
the Middle East, and the West Indies. It is the grain with the second highest worldwide
production, after maize (com). Besides producing rice seed, it also produces a large amount of
waste by product of which is rice bran and rice straw residue, those of the abundant
lignocellulosic waste materials in the world (M. Lokman Che Jusoh, 2013). In 2010, Thailand
export 6,648,999 million ton of rice to other countries, making Thailand one of the top rice
exporter in the world (Board of Trade of Thailand, 2011). During the process of rice production,
3 major waste product results which are rice bran, rice straw and rice hull. The composition of
these waste are listed below in Table 3.
Table 3: Proportion of cellulose, hemicellulose and lignin in rice straw and rice bran
Rice Waste

Cellulose(%)

Hemicellulose (%)

Lignin (%)

Rice Straw

39 (± 1%)

27 (± 0.5%)

12 (± 0.5%)

Rice Bran

27%

37%

5%

(Karimi, et al., 2006; R. Marie Garay M., et al ., 2009; M.N. Baig et al., 2006)
Rice straw is the largest amount from a· single biomass feedstock. It can potentially
produce 205 billion liter bioethanol per year in the world, which is about 5% of tota1 of
consumption (M. S. Mahesh and M. Mohini, 2013; Elsayed B. Bela1, 2013). Rice straw has
severa1 characteristics, such as high cellulose and hemicelluloses content that can be readily
hydrolyzed into fertnentable sugars. Beside, a study clarified that starch content in rice straw
indicate glucose content in the liquid hydrolysate, and a1so reported that glucose in the liquid
hydrolysate is liberated from hemicellulose or cellulose. Rice straw is so an attractive
lignocellulosic materia1 for bioethanol production. But there occur severa] challenges and
limitations in the process of converting rice straw to ethanol. The presence of high ash and silica
content in rice straw makes it an inferior feedstock for ethanol production (P. Binod et a1., 2010).
Moreover, the cellulose in the biomass is tightly packed by lignin ]ayers and is present in a
highly crystalline fonn (H. Teramura et a1., 2013). These structures inhibit acid hydrolysis of
ce11ulosic biomass.
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Rice bran is specifically a byproduct of the conversion of brown rice to white rice in the
production of refined grains from rice milling process. Rice bran is containing just 8% of total
rice grains weight, it is specifically the golden layer between the inner white rice grain and the
outer hull. The bran is particularly rich in dietary fiber (beta glucan, pectin and gum) and
essential fatty acids and contains significant quantities of starch, protein, vitamins, dietary
minerals. Moreover, due to its low lignin content compared to other biological waste products,
27% cellulose, 37 % hemicellulose, 5 % lignin (M.N. Baig et al., 2006), rice bran so can be a
potential lignocellulose biomass for ethanol production.

(Rice Husk) 20%
(Rice Germ) 2.5%

(Rice Bran) 8%
(Rice Grain) 69.5%

(Rice Paddy)

Figure 6 : Rice composition (Welcome to rib australia, 2013)

*

Processing of lignocellulosic to bioethanol

A. Pretreatment categories
The crucial step in the production of biofuels from lignocellulosic biomass is
pretreatment. The objective of any pre-treatment technology is to modify or remove structural
and compositional obstructions to hydrolysis in order to improve the rate of enzyme hydrolysis
and increase yields of fermentable sugars from cellulose or hemicellulose (Mustafa, 2011;

T.

Hasunuma, A. Kondo, 2012). Pretreatment affords the solubilization or separation of the major

components of biomass; cellulose, hemicellulose and lignin and thus render the digestibility of
lignocellulosic material (Figure 7).
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Effect ot Pretreatment
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Figure 7: Schematic of aims of pretreatment on lignocellulosic material (Mustafa, 2011)

Recently studies have shown that pre-treatment is the most significant determinant of
success of the cellulosic bioethanol technology because it defines the degree and cost at which
the carbohydrates of cellulose and hemicellulose can be converted to bioethanol.
A successful pre-treatment must meet the following requirements (M. Balat et al., 2008);
1.

improve formation of sugars or the ability to subsequently form sugars by hydrolysis

11.

avoid degradation or loss of carbohydrate

111.

avoid formation of byproducts inhibitory to subsequent hydrolysis and fermentation
processes

1v.

be cost effective
Pretreatment operations include mainly physical, and thermochemical processes that

involve the disruption of the recalcitrant material of the biomass. This operation increases
substrate porosity with lignin redistribution (P. Binod, 2010). Therefore, it enables maximal
exposure of cellula5es to cellulose surface area to reach an effective hydrolysis with minimal
energy consumption and a maximal sugar recovery. Toxic inhibitory level estimation has also
been considered important for evaluating pretreatment cost effectiveness primarily when dilute
acid is added. Figure 8 illustrates the major outcomes from pretreatment processes subsequent to
hydrolysis and fermentation operations (A. Limayem and S. C. Ricke, 2012).
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Major changes:
Pretreatment:

Llgnoccllulosic
feedstock

- Mechanical
and/or
-Thcnno-diemical
and/or
- Biological

Major targeted
components:
- Lignin
- Hemicelluloscs
-Cellulose

- lignin redistribution.
- lncreascd porosity of
the lignificd cell-wall.
- Size- reduction.

lit of toxic byproducts
rclca54."d
depends on
pre treat mcnt
type

- Increased surface
Energy consumption

area of hcmicelluloscs
and cellulose for
greater enzymes
accessibility

-~.\<

- Hydrolysis
• Fermentation
- Distillation

·~

Bi<>ethanol

Figure 8: Major outcomes from pretreatment processes subsequent to
hydrolysis and fermentation operations (A. Limayem and S. C. Ricke, 2012)
The selection of pretreatment should consider the overall compatibility of feedstocks,
enzymes and organisms to be applied. To implement successfully the bioethanol production
process, the first impediment to be resolved is the efficient removal of lignin and hemicellulose
through a cost effective pretreatment process. There are a number of reports on pretreatment
options for various biomass types. Table 4 illustrates some of the most promising pretreatment
categories that can be commercialized for the biofuel industry. However, none of those can be
declared outstanding as each pretreatment has its intrinsic advantages and disadvantages.
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Table 4 : Most promising pre-treatment technologies (A Limayem and S. C. Ricke, 2012)

Method of Pretreatment

Advantage

Limitation and Disadvantage

Mechanical

Reduce cellulose crystallinity

High power consumption than inherent biomass energy

:Mineral acid

Hydrolysis o{ cellulose and hemicellulose, alters lignin

Hazardous, toxic and corrosive

structure
Alkali

Removal of lignin and hemicellulose, increases accessible

Long residence time, irrecoverable salts formed

surface area
Liquid hot water

Removal of hemicellulose making enzyme accessible

Long residence time, less lignin removal

to cellulose
Organosulv

Hydrolyze lignin and hemicellulose

Wet oxidation

Removal of lignin, dissolved hemicellulose and causes
hemicellulose decrystallization

Solvents needs to drained, evaporated, condensed and reused

~

Ozonolysis

Reduce lignin content, no toxic residues

Large amount of ozone required

C0 2 explosion

Hemicellulose removal, cellulose decrystallization, cost

Does not modify lignin

effective
Steam explosion

Hemicellulose removal and alteration in lignin stmcture

Incomplete destruction of lignin carbohydrate matrix

AFXE

Removal of lignin and hemicellulose

Not efficient for biomass with high lignin content

Ionic liquids

Dissolution of cellulose

Still in initial stages
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1. Physical pretreatment

Physical pretreatment uses physical force to alter the structure of lignocellulosic in
attempt to reduce the degree of crystallinity and polymerization of cellulose. There are
several methods of physical pretreatment involves; mechanical size reduction through
milling, grinding or chipping (P. Binod et al., 2010; Taherzadeh and Karimi, 2008), this
method generally reduces cellulose crystallinity that improve enzymatic hydrolysis or
biodegradability of lignocellulosic materials and the efficiency of downstream processing (V.
Menon, M. Rao, 2012; Chum, et al., 1985; Fan, et al., 1980) ; pyrolysis is an endothennic
process, the materials are generally treated at a high temperature in order rapidly
decomposing cellulose (M. Balat et al., 2008; V. Menon, M. Rao, 2012) ; microwave oven
and electron beam irradiation pretreatment which improves the disruption of recalcitrant
structures of lignocellulose (Kumakura and Kaetsu, 1983), decrease degree of polymerization
and crystallinity of cellulose, hydrolysis of hemicellulose and partial depolymerization of
Iignin (P. Binod et al., 2010).

2. Physico-chemical pretreatment

Physiochemical pretreatment involves the combination of physical and chemical method
to pretreat lignocellulosic materials. This group of method usually involves the explosion of
lignocellulosic fiber by several chemical compolinds. One of the methods that receive a
substantial attention is the steam explosion or auto hydrolysis. In this method the biomass is
heated using high pressure steam (20-50 bar, 160-290 °C) for a few minutes to promote
hemicellulose hydrolysis (Y. Sun and J. Cheng, 2002), and the process is tenninated by
sudden explosive ·decompression to atmospheric pressure. The process also causes
hemicellulose degradation and lignin transfonnation due to high temperature, thus increasing
the potential of cellulose hydrolysis. The high recovery of xylose (45-65%) makes steamexplosion pretreatment economically attractive (M. Balat, 2011).

Another interesting

method is liquid hot water method which uses compressed hot liquid water (at pressure above
saturation point) to hydrolyze the hemicellulose (M. Balat, 2011). However, it also
contributes to the production of small amounts of undesired degrading compounds such as
furfural, carboxylic acid, that are very toxic to ethanol fermentation as they inhibit microbial
growth. As xylose recovery is relatively high (88-98%), and no acid or chemical is required,

it is an environmentally attractive and economically interesting method.
16
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The other method is the modification of steam explosion such as ammonia fiber explosion
(Y. Sun and J. Cheng, 2002) which use liquid ammonia before undergoes explosion, this
pretreatment has less efficient for biomass containing higher lignin contents such as
softwood, as well as of causing solubilization of only a very small fraction of solid material
particularly hemicellulose (M. Balat et al., 2008; M. Balat, 2011) or C0 2 explosion which use
supercritical carbon dioxide, it is more cost effective than ammonia explosion and does not
cause the formation of inhibitors as in steam explosion (Y. Sun and J. Cheng, 2002).

3. Chemical pretreatments

Chemical pretreatments had the primary goal of improving the biodegradability of
cellulose by removing lignin and/or hemicellulose, and to a lesser degree decreasing the
degree of polymerization (DP) and crystallinity of the cellulose component. Chemical
pretreatment is the most studied pretreatment technique among pretreatment categories. The
various commonly used chemical pretreatments includes: acid, alkali, organic acids, pHcontrolled liquid hot water and ionic liquids (P. Binod et al., 2010; A Limayem and S. C.
Ricke, 2012). However, the method usually divided into 2 major types which are alkaline and
acidic method. Alkaline pretreatment involves the use of bases, such as sodium, potassium,
calcium, and ammonium hydroxide, for the pretreatment of lignocellulosic biomass. The use
of an alkali causes the degradation of ester and glycosidic side chains resulting in structural
alteration of lignin, cellulose swelling, partial decrystallization of cellulose, and partial
solvation of hemicellulose (M. Balat, 2011; M. Balat et al., 2008; A Limayem and S. C.
Ricke, 2012; Y. Sun and J. Cheng, 2002). Alkaline pretreatment are usually less severe than
other pretreatments, it can be performed at ambient conditions, but longer pretreatment times
are required than at higher temperatures (P. Binod et al., 2010; A Limayem and S. C. Ricke,
2012). Acid pretreatment is considered as one of the most important techniques that aims for
high yields of sugars recovery from lignocellulosics (N. Sarkar et al., 2012). Acid
pretreatment involves the use of concentrated and diluted acids to break the rigid structure of
the lignocellulosic material. The most commonly used acid is dilute sulphuric acid (H 2S04),
which has been commercially used for a wide variety of biomass. The acid medium attacks
the polysaccharides, especially hemicelluloses which are easier to hydrolyze than cellulose.
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However, acid pretreatment results in the production of various inhibitors like acetic acid,
furfural and 5 hydroxymethylfurfural.

These products are growth inhibitors of

microorganisms. Hydrolysis yield from lignocellulose pretreated with diluted H2S04 is
reported higher compared to other acids. A study shows that saccharification yield of 74%
obtained from wheat straw when subjected to 0.75% v/v of H2S04 at 121 °C for I hour
(Moiser et al. 2005; V. Menon, M. Rao, 2012).

4. Biological pretreatment

Microorganisms such wood degrading microorganisms, including white, brown, soft rot
fungi, and bacteria can be employed to modify the chemical composition and/or structure of
the lignocellulosic biomass materials more digestible (M. Balat, 2011; M. Balat et al., 2008;
Sun, Y. and Cheng, J., 2002; P. Binod et al., 2010). Several fungi are used in biological
pretreatment in which the white rod fungi as the most effective pretreatment organisms (Y.
Sun and J. Cheng, 2002).

5. Enzymatic hydrolysis

In order to utilize glucose trapped in cellulose structure, cellulose must be broken down
into their glucose subunit. A group of enzyme called cellulase can be used to break down
cellulose into smaller subunit. The optimum conditions for cellulase have been reported as
temperature of 40-50 °C and pH 4-5 . Cellulase enzymes show highly substrate specific.
Cellulase can be divided into 3 major categories which are endocellulase, exocellulase and
cellobiase (Golan, 2011). Each type of cellulase perform different task to help digest
cellulose as shown in Fig. 9.
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Figure 9: Different type of cellulase and their action (Golan, 2011)
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The first type of cellulase is endocellulase or endo-p-glucanase is a type of cellulase
that disrupts the crystalline structure of cellulose in order to expose the each individual chain
for further digestion by other enzyme. The second type of cellulase is exocellulase or exo-Pglucanase is a type of cellulase that break cellulose chain two to four unit from each end of
cellulose. The third type of cellulase is cellobiase or p-glucosidase is a type of cellulase that
hydrolyzed short chain of cellulose resulting from exocellulase digestion such as cellobiose
into individual glucose unit (Golan, 2011; Barlocher, et al., 2007). Various factors influence
yields of monomer sugars from lignocellulose. Temperature, pH and mixing rate are the main
factors of enzymatic hydrolysis of lignocellulosic material. Other factors that affect yield are
cellulose enzyme loading, surfactant addition and substrate concentration, high substrate
concentration may lead to substrate inhibition (Y. Sun and J. Cheng, 2002).
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Table 5 : Summarization of Advantages and disadvantages of various pretreatment processes for lignocellulosic materials (M. Balat, 2011)

Method of Pretreatment
Mechanical

Advantage
Reduce cellulose crystalliuity

Steam explosion

Cause hemicellulose degradation and lignin
transformation; cost effective

AFXE

Increase accessible surface area, removes lignin and
hemicellulose to an extent; does not produce inhibitors for
down stream processes
Increase accessible surface area; cost effective; does not
cause formation of inhibitory compounds
Reduce lignin content, does not produce toxic residues
Hydrolyzes hemicellulose to xylose and other sugars, alter
lignin structure
Removal of lignin and hemicellulose, increases accessible
surface area
Hydrolyze lignin and hemicellulose

C0 2 explosion
Ozonolysis
Acid hydrolysis
Alkali hydrolysis
Organosulv
Pyrolysis
Pulsed electrical field
Biological

Produces gas and liquid products
Ambient condition, disrupts plant cells
Simple equipment degrades lignin and hemicellulose, low
energy requirements

Limitation and Disadvantage
Power consumption usually higher than inherent biomass
energy
Destruction of a portion of the xylan fraction; incomplete
of lignin carbohydrate matrix; generation of compounds
inhibitory to microorganism.
Not efficient for biomass with high lignin content

Does not modify lignin or hemicellulose.
Large amount of ozone required, expensive
High cost, equipment corrosion, fomrntion of toxic
substances
Long residence time required, irrecoverable salts formed
and incorporated into biomass.
Solvents needs to drained from the reactor, evaporated,
condensed and reused, high cost
High temperature, ash production
Process need more research
Rate of hydrolysis is very low

20

It!

, Fae. of Biotechnology, Assumption University

M.S. (Food Biotechnology)

B. Fermentation
Lignocellulose is hydrolyzed, then used for bioethanol fennentation by microorganisms
such as yeast. Because such lignocellulose hydrolysate contains not only glucose, but also
various

monosaccharides,

such

as

xylose,

mannose,

galactose,

arabinose,

and

oligosaccharides, microorganisms should be required to efficiently fennent these sugars for
the successful industrial production of bioethanol (P. Binod et al., 2010). According to the
reactions, the theoretical maximum yield is 0.51 kg bioethanol and 0.49 kg carbon dioxide
per kg of xylose and glucose (M. Balat et al., 2008).

3 CsH100s
C6H1206

--+
-+

5 C2HsOH + SC02

2 C2HsOH + 2 C02

Traditionally, Saccharornyces cerevisiae and Z. rnobilis have been used for bioethanol
fennentation. They are capable of efficiently fermenting glucose into bioethanol. The most
frequently used microorganism for fennenting bioethanol in industrial processes is S.

cerevisiae, which has proved to be very healthy and well suited to the fennentation of
lignocellulosic hydrolysates (Tomohisa Hasunuma, Akihiko Kondo 2012). S. cerevisiae can easily
fennent hexoses, but hardly xylose in lignocellulose hydrolysates. Z. rnobilis are Gram
negative facultative anaerobic ethanologenic bacteria with a number of desirable industrial
characteristics, such as unique anaerobic use of the Entner-Doudoroff (ED) pathway, which
differs in several respects from glycolysis and the pentose phosphate pathway typical of other
organisms. Z. mobilis provide low cell mass formation, high-specific productivity and ethanol
yield and high ethanol tolerances of up to 85 g/L (11 % v/v) for continuous culture and up to
127 g/L (16% v/v) in batch culture (Yang S, Pan C, Tschaplinski TJ, Hurst GB, Engle NL, et
al., 2013). Beside, another bacteria such Escherichia coli and Klebsiel/a oxytoca, have
attracted particular interest, given their rapid fermentation, which can be minutes compared to
hours for yeasts. Z. mobilis, S. cerevisiae (CFTRI 101), Candida shehatae (NCIM 3500),

Pachysolen tannophilus (NCIM 3445) and P. stipitis were also studied for ethanol production
on biotreated sugarcane bagasse, paddy straw and wheat straw. It showed that Z. mobilis give
the highest ethanol concentration (0.08 % w/w) from all the substrates (T.S. El-Tayeb et al.,
2012 ). Z. mobilis is so well recognized for its ability to efficiently produce bioethanol at high
rates from glucose, fructose, and sucrose.
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Moreover, when Z. mobilis and S. cerevisiae were compared for their efficiency to
produce bioethanol from glucose and starchy hydrolysate, higher yield was observed for
Z. mobilis. Comparative performance trials have shown that Z. mobilis can achieve 5% higher

yields and up to five fold higher volumetric productivity when compared with traditional
yeast fennentations (M. Balat, 2011). Z. mobilis has demonstrated bioethanol yields up to
97% of theoretical and bioethanol concentrations up to 12% (w/v) in glucose fennentations
(Table 6) (A. Limayem and S. C. Ricke, 2012).

Table 6 : Comparison bioethanol yield and bioethanol productivity between
modified Z. mobilis and E. coli (M. Balat, 2011)

Z. mobilis

E.coli

Bioethanol (g/L)

62

27

Bioethanol yield (%)

97

90

Bioethanol productivity (g/Lh)

1.29

0.92

The intrinsically rapid carbohydrate metabolism of Z. mobilis, has been studied in
great detail during the past decades and all the enzymes of the E-D pathway have been
purified and characterized kinetically. Complete genome sequences for various Z. mobilis
strains have been reported in recent years, providing the opportunity to compare currently
uncharacterized Z. mobilis enzymes with those from different databases (R. Rutkis et al.,
2013). Z. mobilis ZM4 is a strain that capable ethanologenic bacterium with high ethanol
productivity and ethanol tolerance. Previous studies indicated that several stress-related
proteins and changes in the ZM4 membrane lipid composition may contribute to ethanol
tolerance. However, the molecular mechanisms of its ethanol stress response have not been
explained fully.
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Fermentation Inhibitor from Pretreatment

During the pretreatment of biomass feed stocks and subsequent conditioning prior to
saccharification, many toxic compounds are produced or introduced which inhibit microbial
growth and ethanol production. An understanding of the toxic effects of compounds found in
hydrolysate is critical to improving sugar utilization and ethanol yields in the fermentation
process ( M. A. Franden Heidi M Pilath et al. 2013). Pretreatment processes are designed to
break down the cellulose, hemicellulose and lignin matrix, releasing monosaccharaides and
providing access of polysaccharides for enzymatic conversion and they often result in the
introduction of toxic compounds which are also inhibitory to microbial fermentation (Lopez,
et al., 2004; M. A Lima et al., 2013). The common pretreatment method such as acid
pretreatment is non-specific and causes the formation of more than 35 potential microbial
inhibitor (Luo, et al., 2002). The typical concentration of fermentation inhibitor from sugar
cane bagasse hydrolyzate is listed in Table 7.
Table 7 : Typical fermentation inhibitor concentration in lignocellulosic hydrolysate
(Sakai, et al., 2007)
Fermentation Inhibitor

Concentration (mgfL)

Furfural

3074.56

5-Hydroxymethylfurfural

1387.21

4-Hydroxybenzaldehyde

3175.12

Vanillin

3195.15

Syringaldehyde

3279.06

*

~~~

Inhibitors fall into several categories: furans, phenols, carboxylic and inorganic acids,
aldehydes and alcohols. Organic acids (primarily acetic acid) are released from the
deacetylation of xylan and lignin breakdown during pretreatment. The furans, HMF and
furfural, result from the degradation of hexose and pentoses, respectively. Other degradation
products include formic, 2-furoic, and levulinic acids. Phenols identified in lignocellulosics
include acids, alcohols, aldehydes and ketones. The lignocellulosic materials hydrolyzate
inhibitor can actually be grouped into 2 different types of degradation products which are
acid catalyzed degradation product and lignin degradation product.
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Acid Catalyzed Degradation Product
The three major acid catalyzed degradation product are 5-hydroxymethylfurfural,

furfural and levulinic acid. All of these compounds derived from degradation of sugar in
acidic environment.

0

HO~

rlQL.30

HO~O

v

0

Furfural

5-hydroxymethylfurfural

Levulinic Acid

Figure 10 : Acid catalyzed degradation product (Chun, et al., 2006)
The mechanism of the formation of these compounds is shown in Fig 11 . All
carbohydrate including glucose and other sugar can undergoes dehydration in the presence of
sulfuric

acid

to

produce

5-hydroxymethylfurfural

(Pavia,

et

al.,

2010).

5-hydroxymethlyfurfural can be further decomposed in the presence of acid to levulinic acid
and formic acid (Chun, et al., 2006). On the other hand, Furfural can also form from the
degradation of hemicellulose such as xylose through a series of intermediate.
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Figure 11: Acid catalyzed degradation of sugar (Jonson, n.d)

ii.

Lignin Degradation Product

The 3 major degradation products from lignin are vanillin, 4-hydroxybenzaldehyde and
syringaldehyde. These compounds belong to a group of many of phenolic and heterocyclic
compounds formed during the degradation of lignin.
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Figure 12: Lignin degradation product (Jonson, n.d)
Experimentally, effect of combined acetate, fonnate, HMF and furfural on Z. mohilis
growth in glucose and xylose are investigated. Growth rate are used as the response factor
and used concentrations of inhibitors which would cause 20% inhibition for each based on
glucose substrate. It shows that 44% inhibition for the combination of HMF and furfural,
indicating that both inhibitors did not act synergistically. In the presence of acetate and
formate, obtaining from 16-24% higher growth rate inhibitions, which indicated that an
interaction between acetate and fonnate is significant (M. Ann Franden et al., 2013).
Moreover, the harsh conditions used in the pretreatment of the raw material also
release fennentation inhibitors including weak organic acids (particularly acetic and fonnic
acids). Acetic acid released during solubilization and hydrolysis of biomass is generally
found at a high concentration in the lignocellulosic hydrolysate with the levels varying
depending on the biomass type and pretreatment method. Fonnic acid is typically present at
lower concentrations than acetic acid, but is more toxic to S. cerevisiae. Although the
mechanism of inhibition by weak acids is not easily explained, the inhibitory effect of weak
acids has been ascribed to uncoupling and intracellular anion accumulation (Fig. 13).
The undissociated fonn of weak acids diffuses from the fennentation medium across the
plasma membrane and dissociates due to the higher intracellular pH, thus decreasing the
cytosolic pH. The intracellular acidification inhibits cell metabolic activity and contributes to
the dissipation of plasma membrane electrochemical gradient. The decrease in intracellular
pH can be compensated by the proton translocating plasma membrane which pumps protons
out of the cell at the expense of ATP hydrolysis. As a consequence, less ATP is available for
biomass fonnation. Intracellular acidification leads to affecting internal pH homeostasis,
weak acids also have an impact on the lipid organization and function of membrane
embedded protein.
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Moreover, extensive degradation of ribosomal RNA is observed in acetic acidstressed cells as a result of activation of apoptotic mechanisms (T. Hasunuma, A. Kondo,
2012).
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Figure 13 : Schematic representation of a presumed inhibition mechanism of weak acids,
furan derivatives and phenolic compounds in S. cerevisiae. (T. Hasunuma, A. Kondo, 2012)
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Biofilm can be referred as microbes commonly in surface associated and matrix
enclosed structures, Bacteria in biofiltns can differ greatly in tenns of phenotypic
characteristics or adaptive responses to stress from their planktonic fonn, which can provide
survival advantages and protection in different environmental conditions. Biofilms are
responsible for many persistent infections due to their increased resistance to antimicrobial
agents (X. Zhong Li et al., 2005). Biofilms can be defined as communities of microorganisms
attached to a surface (Toni Tarver, 2009). Biofilm can colonize on diverse sites; mineral
surfaces, wood, synthetic polymers, glass, plastic, ceramics and metal alloys. Biofiltn
development begins when planktonic bacteria adhere to a surface (C. Stephens, 2002).
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Figure 14: Major stages ofbiofilm fonnation (Orthobond, 2013)
Biofilm fonning occurs in five stages. In the first stage, bacterial cells attach to a
surface by using van der Waals forces and divide. In this state, cell attachment is still
reversible. Stage 2, the cells affix themselves and secrete exopolysaccharides (EPSs) to create
a protective matrix surrounding the cells. Then in stage 3, micro-colonies begin to fonn,
and the biofilm begins to mature. Stage 4, the biofilm become more mature, and becomes
a three-dimensional structure containing cells packed in clusters with channels running
between them. It has to note down that the mature biofilms have no cell division, biofilm
cells use energy predominantly to produce exopolysaccharides (EPS), which the cells use as
nutrients (T. Tarver, 2009). Lastly, in stage 5 the biofilm disperses cells, so they can move
and form new biofilms. EPS of biofilm may vary in chemical and physical properties but it
primarily consists of polysaccharides. EPS provides certain degree of shelter and homeostasis
to the bacteria residing in biofilm. The EPS matrix also has the potential to physically prevent
the access of certam antimicrobial agents into the biofilm by acting as an anion exchanger. It
restricts the diffusion of compounds from surrounding into the biofilm. These characteristics
largely depend on the nature of both the agent and the EPS matrix. EPS has also been
reported to impound metal ions, cations and toxins and reported to provide protection from
variety of environmental stresses such pH shift, UV radiation, osmotic shock and desiccation
(C R Kokare, et al., 2007).

27

•;, Fae. of Biotechnology, Assumption University

M.S. (Food Biotechnology)

As the common obstacle in biocatalytic fine chemical production is the potential toxic
effects of substrates and/or products on cells during the process. Several strategies, including
cell immobilization, have been developed to reduce the toxicity. Alternatively, biofilms is
regarded as a natural fonn of surface immobilization with additional potential for enhanced
stress resistance. The viable cells in biofilms are so hypothesized to be more tolerant to toxic
substrates (X. Zhong Li et al., 2005). A study show that the use of biofilm reactors, microbial
attachment to solid supports, enhanced ethanol production, it supports stimulate cell
attachment and biofilm development, and act as a slow release carrier of essential nutrients.
Concerning the ethanol as an inhibitor, no remarkable effect was observed because, in
general, the sugar concentrations of saccharified solutions made from cellulosic biomass were
in the range of 12- 15 wt%, and lower than the 20 - 25 wt% adopted in waste molasses
fermentation, which results in relatively slight ethanol inhibition. However, if biomass
pretreatment technology producing a higher concentration saccharified solution is developed
in the future, it is expected that the process will provide a useful fennentation system in
combination with the microorganism immobilization technology. (T. Yamada et al., 2002)
The use of biofilms in biocatalytic fine chemical production have so many advantages,
including self immobilization of the biocatalysts, increased resistance to toxic substrates
and/or products, and potential long tenn stability for continuous operation. However, many
different factors are affecting the formation of biofilm. The microbial colonization appears to
increase on rough surface due to the diminished surface area and higher surface area on
rougher surfaces. Moreover, Hydrophilic surface such stainless steel, plastic and glass
generally show greater bacterial attachment than hydrophobic surface. The physic chemical
characteristic of aqueous medium such as pH, nutrient levels, ionic strength, and temperature
may also play an important role in the rate of microbial attachment to the surface. Hence,
surface associated biofilms may function as "factories" for continuous fine chemical
production. Several issues will play a role in the success of "biofilm factories", including the
selection of suitable biofilm forming biocatalysts, minimization of biofilm detachment, and
reactor design and scale up for optimal mass transfer and productivity. Indeed, many reported
fine chemical biotransformation processes use suspension cultures of microbes which can
form biofilms, including Z. mobilis, Escherichia coli and Pseudomonas species, the results

did not reveal any mass transfer limitation, it certainly show that biofilm formation offers
increased substrate tolerance and could allow continuous operation for the biotransfonnation
(X. Zhong Li et al., 2006).
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A study showed that ethanol productivities is I 0-100 times greater than those in suspension
culture Z. mobilis, give a maximum productivity of 39% yield by using polypropylene
supports (M Reddy Kunduru and AL Pometto Ill, 1996). These data illustrate that the higher
cell density present in the biofilm reactor corresponded to an increase in ethanol production.
Beside another research also reported increased ethanol productivity in continuous Z. mobilis
biofilm reactors compared to the productivity of planktonic controls. Moreover, by using
microscopic analysis and metabolic activity studies, Z. mobilis biofilms were supportably
shown to be more tolerant than their planktonic counterparts. (X. Zhong Li et al., 2006)
Several experimental also nms with Z. mobilis and S. cerevisiae culture in order to formulate
and test a model describing the fermentation oscillatory behavior which considers inhibitory
culture conditions. The result shows that the change in morphology to filamentous form may
explain the change in specific growth and product formation characteristics. It was also
shown higher substrate conversions, yields and production rates (C. A. Cardona, 0. J.
Sanchez, 2007).
The cost impact of microorganism immobilization has to be considered from the
viewpoint of industrial economics. Several issues will play a role in the success of ''biofilm
factories" in order to minimize biofilm detachment and scale up for optimal productivity.
Biofilm carrier were proposed to offers several advantages; ease to separate cell mass from
bulk liquid for possible reuse, facilitates continuous operation over a prolonged period,
enhances reactor productivity. A study about the co-immobilization cultivation showed that
using polyurethane as a carrier optimized total saccharification enzyme activity. The three
strains, A. niger, T reesei and Z. mobilis, were cocultivated with a co-immobilization
cultivation system. The experimental results showed that, after 24 h cultivation, bioethanol
production reached 0.56 g/L, and reducing sugar conversion rate reached 11.2% when using
carboxymethylcellulose (CMC) substrates (Yu-Kuo Liu et al., 2012). One more study also
reported that immobilized microorganisms are applied to a fermentation system by
preculturing of about I 00 hours, then it show immobilized Z. mobilis cultivated inside the
beads. It clearly reveals that colonies of Z. mobilis have formed on the surfaces about 3 day
after cultivation with approximately 200 µm of thickness of the colonies. Furthermore, the
repeated batch test results of immobilized Z. mobilis show that fermentability from xylose to
ethanol is stable, the immobilized microorganism method contributes to a higher ethanol
productivity (V. Menon, M. Rao, 2012).
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PROCEDURE

Microorganism
Z. mobilis strain ZM4, TISTR 405, TISTR 548, TISTR 550 and TISTR 551 obtained

from Thailand Institute of scientific and Technological Research (TISTR). Z. mobilis was
grown in yeast peptone glucose (YPG) medium (peptone 10 g, yeast extract 10 g and glucose
20 g per liter). The culture was grown at 30°C overnight to the OD600 of 1.0 for each study.

Preparation of rice bran and rice straw hydrolysate

Rice bran was treated in 10% w/v with 0.2 M potassium hydroxide (KOH) for 4 hours
at the room temperature. Then the material was filtered through cheese cloth and repeatedly
washed with the tap water until pH became neutral and dried at 85°C until the weight was
constant. The total of 15% w/v of rice bran and/or 10% of rice straw was then treated with
2% v/v diluted sulfuric acid (H2S04) at 121 °C for 30 minutes. After cooling down, the pH
was adjusted to 6-6.5 with NaOH. The adjusted mixture was treated with cellulase enzyme
(Novozyme, 29950 U/ml) for 72 hours at 55°C (2ml/ 100g of solid matter). The filtrated was
collected by diatomaceous earth. The obtained hydrolysate was concentrated by boiling at
80°C to half of the volume. The overliming was processed using Ca(OH)z to adjust the pH to
10.5 at 90°C with frequently stirred. The hydrolysate was then filtered through diatomaceous
earth and treated with 3.5% w/v activated charcoal for 1 hour at the room temperature.
The total 7.5 g yeast extract and 7.5 g peptone were added per liter to rice bran hydrolysate
and 10 g yeast extract and IO g peptone were added per liter to rice straw hydrolysate.
The pH of the hydrolysate was brought back to 5.5 as optimum pH for Z. mobilis before the
sterilization process prior running the fermentation .
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Analysis on the compositions of rice bran and rice straw hydrolysate (HPLC)

The concentration of 5- hydroxymethylfurfural was analyzed using HPLC (Shimadzu)
using Inertsil-OSD column (5 µm, 250 x 4.6 mm) maintained at 40°C. The mobile phase used
was 5% acetonitrile in 0.2% phosphoric acid at the flow rate of lml/min. The detector used
was UV detector at wavelength of 280 nm. The standard solutions used were 0.1, 0.5 and I
mg/L HPLC grade 5- hydroxymethylfurfural. The concentration of levulinic acid, furfural, 4hydroxybenzaldehyde, syringaldehyde and vanillin in the samples were analyzed by HPLC
(Shimadzu) using inertsil C18 column (5 µm, 250

x

4.6 mm) maintained at 40°C. The mobile

phase was acetonitrile- water (1 :8 v/v) containing 1% acetic acid at the flow rate of 2 ml/min.
The detector used was UV detector at wavelength of 280 nm. The standard solutions used
were I0, 15 and 20 mg/L mixture of HPLC grade levulinic acid, furfural, 4hydroxybenzaldehyde, syringaldehyde and vanillin.

Acetic acid analysis.

The percentage of acetic acid was measured by the titration with O.lN NaOH using
phenolphthalein as an indicator. The total 5 ml of media hydrolysate were mixed with 15 ml
distilled water. The 0.1 N of NaOH was used as titrate and Phenolphthalein was also use as
the indicator for pink color ending point. Then % acetic acid was calculated following
equation; .
.
.
Vtitrate x Ntitrate x 60 x 100
% acetic acid = - - - . . , . . - - - - - 1000 X Vhydrolysate

Nitrogen content measurement

Fonnaldehyde was adjusted pH to 8 by IN NaOH. The sample was filtered with 0.45
µm filter, then was diluted with water (10 ml sample with 15 ml water). After that they were
further diluted with water again (10 ml of diluted sample with 20 ml of water). Next 2 ml of
adjusted fonnaldehyde was added and the mixture was titrated back to pH 8 by 0.05 N
NaOH. The nitrogen content was finally calculated as w/v% from the equation;
W V% _Titration volume (mL) x factor of Utranl ( 1.00~ ) x Concenb11tion conversion coefficient ( 0.0014mg/ml) x Unit conversion coefficient ( 100)
I
Sample size ( mL ) x Diiution ratio ( 0.1 )
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Ethanol assay

Ethanol produced was analyzed by gas chromatography (GC) (HP Innowax Agilent
6890N) using Innowax column (29.8m x 0.25 mm x 0.25 µm) with a flame ionization
detector (FID). The column temperature was 150°C, program nm time 5.5 min, ethanol
retention time about l.9 min and the carrier gas was nitrogen (16 kPa), injector temperature
l 75°C, detector temperature 250°C, flow rate 40 ml/min, split ratio 1:50, velocity of H2 flow
60 ml/min, sample quantity 1 µl. One part of the supernatant was filtered by 0.22 µm
cellulose acetate filters prior GC analysis. The standard ethanol was prepared to 0.1 %, 0.3%
and 1% by mixing absolute ethanol with water grade as following;
•

1% ethanol was prepared by mixing 0.1 ml of absolute ethanol with 9.9 ml of water
grade

•

0.3% ethanol was prepared by mixing 3 ml of 1% ethanol with 7 ml of water grade

• 0.1 % ethanol was prepared by mixing I ml of I% ethanol with 9 ml of water grade

-

r2=-

Glucose assay

The concentration of glucose was measured using glucose liquicolor kit manufactured
by Human, Germany.

s c
Ethanol production analysis on Z. mobilis planktonic cells

Ten percent overnight culture of Z. mobilis strain ZM4, TISTR 405, TISTR 548,
TISTR 550 and TISTR 551 at OD6oo approximately l.O was inoculated into the hydrolysate
as prepared from the above. The fermentation was performed for 4 days. The concentration of
glucose and ethanol were analyzed before and after the fermentation.
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Ethanol production analysis on Z. mobilis biofilm formation

Ten percent overnight culture of Z. mobi/is strain ZM4, TISTR 405, TISTR 548,
TISTR 550 and TISTR 551 at OD600 of 1.0 was inoculated into biofilm medium (10 fold
diluted seed medium contains 20 g of glucose, 5 g yeast extract, 5g (NH4)2S04, 0.6 KH 2P04,
0.4 g NA2HP04. 12H20, 0.2 g MgS04.7H20 and O.Olg CaC}z per liter at pH 6.4) that was
placed in the polystyrene (PS) tube. The culture was grown for 3 days in the biofilm medium
in which the medium was subsequently changed every single day. At the end of day 3, the
medium was replaced with rice bran hydrolysate as prepared from the above. The
fermentation was set for 4 days. The concentration of glucose and ethanol were analyzed
before and after the fermentation.

Preparation of DEAE-cellulose resin

Repeatedly suspending the resin in water and discarding the unsettled particles. The
remaining resin particles were then repeatedly washed with I N NaOH solution on a Buchner
funnel until the filtrate was clear and totally free from the yellowish oxidation impurities.
Following equilibration with 0.25 M HCI solution, the resin partials were again treated with
0.25 M NaOH solution and washed with sterilized water. After that the regenerated particles
were then dried at 60°C. For further fermentation experiments, they were chemically
sterilizes by soaking them overnight in 200 mL of 0.5 N HCI solution, then washed with
sterile water until the filtrate was acid free and drying at 60°C.

Biofilm forming on DEAE assay

The biofilm forming analysis on the ability of Z. mobilis on the biofilm formation or
the cell adhesion was perfonned using spectrophotometer. Biofilm on DEAE was allowed to
develop under the static condition at 30°C for the total of 4 consecutive days in which the
medium was subsequently changed every day. The bacterial attachment was observed and
taken the photo using a microscope Eye-piece camera (AM 423X, ANMO Electronic
Corporation, Taiwan) for every 1and3 days at magnification of 120x and 1200x.
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Ethanol production analysis on Z. mobilis biofilm with DEAE carrier

Ten percent overnight culture of Z. mobilis ZM4 at OD600 of 1.0 was inoculated into
biofilm medium (10 fold diluted seed medium contains 20 g of glucose, 5 g yeast extract, 5g
(NH4)2S04, 0.6 KH2P04, 0.4 g NA2HP04. 12H20, 0.2 g MgS04.?H20 and O.Olg CaCh per
liter at pH 6.4) The culture was grown for 3 days in the biofilm medium together with DEAE
in which the medium was subsequently changed every single day. At the end of day 3, the
medium was replaced with concentrated rice bran hydrolysate as prepared from the above.
For large scale of 2.5 litters, the fermentation was done in the fermentor (All-Glass
fermentor BLBI0-5GJG, 5 liters mechanical agitation, Shanghai Bailun Bio-technology
Co.Ltd, China) stirred by two equally spaced six-bladed flat turbines at 120 rpm. The
fermentation was set for 4 days. The concentration of glucose and ethanol were analyzed
every single day.
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RESULT AND DISCUSSION

Lignocellulosic biomass, such as agricultural residues (rice bran and rice straw) is an
attractive material for bioethanol fuel production (M. Balat, 2008; J. Lee, 1997). With the
intention of using lignocellulosic biomass to produce bioethanol, it needs to be pretreated in
order to using as substrate for ethanol production. The pretreatment is typically complicated,
the physical, chemical and enzymatic processes need to be combined together. According to
this experiment, both rice straw and rice bran were already passed mechanical processing in
rice milling. Their size was so already reduced that benefit to cellulose crystallinity reduction
and improve enzymatic hydrolysis in subsequent steps (V. Menon, M. Rao, 2012; Chum,
et al., 1985; Fan, et al., 1980). As the aim of this experiment is to improve the hydrolysate
from lignocellulosic material by reducing the toxic generated from processing. Potassium
hydroxide delignification was so done in order to remove lignin which makes lignocellulose
resistant to chemical and biological degradation (M. Balat et al., 2008; J. Lee, 1997).
Then the acid pretreatment with diluted acids was used to break the rigid structure of the
lignocellulosic material. In this experiment 2% sulphuric acid (H2S04) was used. However,
acid
5

pretreatment

generate

hydroxymethylfurfural,

various
levulinic

inhibitors
acid,

like
vanillin,

acetic

acid,

furfural,

syringaldehyde,

and

4-hydroxybenzaldehyde. With the purpose of toxic reduction, the hydrolysate was so further
treated by overliming and activated charcoal in order to absorb the toxic removal.
Table 8: Glucose concentration (g/L) and glucose conversion (%) of rice straw
hydrolysate (RS), concentrated rice straw hydrolysate (RSC), rice bran hydrolysate (RB),
concentrated rice bran hydrolysate (RBC) with delignification/ activated charcoal. The analysis was
based on glucose standard.
Hydrolysate

Glucose concentration (g/L) Glucose conversion(%)

Rice straw

10.459±3.845

2.414

Concentrated rice straw

17.765±1.857

4.403

Rice bran

23.687±1.172

7.896

Concentrated rice bran

36.521±3.551

12.174
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After the hydrolysate preparation was done, the glucose concentration were detennine
(Table 8), rice straw hydrolysate (RS), concentrated rice straw hydrolysate (RSC), rice bran
hydrolysate (RB), concentrated rice bran hydrolysate (RBC) contain 10.459±3.845 g/L,
17.765±1.857 g!L, 23.687±1.172 g/L and 36.521±3.551 g/L respectively.
Rice bran showed higher glucose concentration than rice straw, it is due to their
proportion of cellulose, hemicellulose and lignin. Rice bran has comparable cellulose content
and has higher hemicellulose content with lower amount of lignin than rice straw (Karimi, et
al., 2006; R. Marie Garay M., et al., 2009; M.N. Baig et al., nd). As the result, rice bran so
presented higher substrate that leaded to higher glucose concentration in hydrolysate.
Moreover, from the KOH pretreatment, rice bran was probably better lignin elimination due
to the finer particle was found in rice bran than rice straw. The finer particle provided better
contact with the KOH. As the hydrolysate was concentrated, the glucose concentration of rice
straw and rice bran were so higher than concentrated rice straw and concentrated rice bran.
Table 9: Proportion of cellulose, hemicellulose and lignin in rice straw and rice bran
(Karimi, et al., 2006; R. Marie Garay M., et al., 2009; M.N. Baig et al., nd)
Rice Waste

Cellulose(%)

Hemicellulose (%)

Lignin (%)

Rice Straw

39 (± 1%)

27(±0.5%)

12 (± 0.5%)

Rice Bran

27%

37%

5%

After that the percent acetic acid and the concentration of furfural, 5-hydroxymethyl
furfural, levulinic acid, vanillin, syringaldehyde, 4-hydroxybenzaldehyde was analyzed by using
HPLC. The percent acetic acid and toxic level of pretreatment used to treat lignocellulosic
materials and witl10ut was shown in Table 10 to 13.
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Table 10: The percent acetic acid of rice straw hydrolysate (RS), concentrated rice straw
hydrolysate (RSC), rice bran hydrolysate (RB), concentrated rice bran hydrolysate (RBC)
with delignification/ activated charcoal and without delignification/ activated charcoal
(T. Tatsapom et al., 2012)
Type of hydrolysate

RS

RSC

RB

RBC

% acetic acid with

0.256±0.061 0.254 ± 0.075

0.248±0.066 0.258±0.077

0.6±0.065

0.72±0.0025 0.72±0.075

Pretreatment
% acetic acid

0.6±0.075

without pretreatment

From the table 10, the data was shown that the percent acetic acid of rice straw
hydrolysate (RS), concentrated rice straw hydrolysate (RSC), rice bran hydrolysate (RB),
concentrated rice bran hydrolysate (RBC) with delignification/ activated charcoal was
significantly lower than without delignification/ activated charcoal pretreatment. It showed
0.256±0.061%, 0.254 ± 0.075%, 0.248±0.066% and 0.258±0.077% acetic acid in rice straw
hydrolysate (RS), concentrated rice straw hydrolysate (RSC), rice bran hydrolysate (RB) and
concentrated rice bran hydrolysate (RBC) respectively. Whereas without delignification/
activated charcoal, it was 0.6±0.065%, 0.6±0.075%, 0.72±0.0025% and 0.72±0.075 % acetic
acid respectively (T. Tatsapom et al., 2012). Acetic acid was normally released during
degradation of lignin and hydrolysis of biomass. The presence of acetic acid results in
acidification of the cytoplasms in which consequently increases in the energy demand to
maintain the metabolic activity that causes the retarded in cell growth and development. (T.
Hasunuma, A. Kondo, 2012) According to the result, it can be explained that the decreasing
of percent acetic acid might due to the fact that alkaline (KOH) used during pretreatment
dissolved and broke ester bond cross linking between hemicelluloses and lignin to remove
lignin which is quite a large portion in rice straw and rice bran out from lignocellulosic
material. As the acetic acid is from the degradation of lignin through the diluted acid
pretreatment process, lignin removal made the cellulose portion was more exposed for
enzyme to digest and produce more sugar compounds instead of generating acetic acid (M.
Balat et al., 2008).
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Table 11 : The Concentration of furfural, 5-hydroxymethyl furfural, levulinic acid, vanillin,
syringaldehyde, 4-hydroxybenzaldehyde of rice bran hydrolysate (RB) and concentrated rice bran
hydrolysate (RBC) with delignification/ activated charcoal.
Type of hydrolysate

Compounds
(concentration mg/Lor ppm)

Concentrated rice bran

Rice bran

Furfural

384.47±99.015

256.64±81.724

Levulinic acid

142107.62±8664.600

82744±4540.500

Vanillin

0.19 ± 0.0094

1.5±0.260

5-Hydroxymethylfurfural (5-HMF)

0.068±0.000

0.065±0.000

Syringaldehyde

3.191 ± 0.023

4-Hydroxybenzaldehyde (4-HB)

4.806 ± 0.760

-,."

1.47±0.900
2.35±0.960

Table 12 : The concentration of furfural, 5-hydroxymethyl furfural, levulinic acid, vanillin,
syringaldehyde and 4- hydroxybenzaldehyde of rice straw hydrolysate (RS) and concentrated rice
straw hydrolysate (RSC) with delignification/ activated charcoal.
Type of hydrolysate

Compounds
(concentration mg/Lor ppm)

Concentrated rice straw

Rice straw

Furfural

271.95±76.295

149.25±91.407

Levulinic acid

136354.18±4373.700

30127±4359.9

Van ill in

1.807±0.003

0.13 6±0. 000

5-Hydroxymethylfurfural (5-HMF)

0.065±0.000

0.063±0.000

Syringaldeh yde

5.069±0.832

0.367±0.000

4-Hydroxybenzaldehyde (4-HB)

2.39±1.200

1.416±0.166
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Table 13 : Typical fermentation inhibitor and their concentration
in lignocellulosic hydrolysate (Sakai, et al., 2007)
Fermentation Inhibitor

Concentration (mg/L)

Fwfural

3074.56

5-Hydroxymethylfurfural

1387.21

4-Hydroxybenzaldehyde

3175.12

Vanillin

3195.15

Syringaldehyde

3279.06

Furfural, 5-hydroxymethyl furfural,

levulinic acid, vanillin, syringaldehyde and

4-hydroxybenzaldehyde compound which referred as fermentation inhibitors are normally
generated during the pretreatment, these toxic effects on the cell growth and ethanol
production. In this experiment these toxic compound was measured the concentration via
HPLC. From the table 11 and 12 comparing to table 13, it can be observed that rice bran
hydrolysate (RB), concentrated rice bran hydrolysate (RBC) rice straw hydrolysate (RS) and
concentrated rice straw hydrolysate (RSC) treated by KOH delignification, overliming and
activated charcoal pretreatment in this experiment contains a significantly lower amount of
toxic compound comparing to typical fermentation inhibitor concentration in lignocellulosic
hydrolysate.
According to the result, KOH delignification, overtiming and activated charcoal
pretreatment were certainly effects on the concentration of fwfural, 5-hydroxymethyl furfural,
levulinic

acid,

vanillin,

syringaldehyde

and

4-hydroxybenzaldehyde

compound.

5-

hydroxymethylfurfural, furfural and levulinic acid were generally derived from degradation
of sugar in acidic condition such the presence of sulfuric acid. The experimental result
showed that the concentration of 5-hydroxymethylfurfural which was from the dehydration of
glucose and other sugar in the presence of sulfuric acid (Pavia, et al., 2010) and the furfural
concentration were dropped by KOH delignification, overliming and activated charcoal
pretreatment. However, rice bran hydrolysate showed higher furfural concentration than rice
straw hydrolysate, 149.25±91.407 g/L and 256.64±81.72 g/L respectively. The reason is that
furfural was formed from the degradation of hemicellulose such as xylose through a series of
intermediate. Higher hemicellulose content of rice bran leaded so higher furfural
concentration in rice bran hydrolysate.
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Nevertheless, levulinic acid concentration appeared higher fennentation inhibitors
concentration, 82744±4540.500 g/L, 142107.62±8664.600 g/L, 30127±4359.9 g/L and
136354.18±4373.700 g/L ofrice bran (RB), concentrated rice bran (RBC), rice straw (RS)
and concentrated rice straw (RSC) hydrolysate respectively. As levulinic acids are normally
generated from the cellulose and hemicelluloses degradation, levulinic acid is produced from
glucose, mannose and galactose degraded. The increasing concentration was probably due to
the delignification that makes cellulose and hemicelluloses were more accessible to the
diluted acid hydrolysis, then sugar compounds either hexose or pentose was produced more
and generated more degraded product as levulinic acid. Moreover, as the hydrolysate was
extend heated in order to concentrate the hydrolysate, this process so promoted hemicellulose
hydrolysis, causes hemicellulose degradation and lignin transformation due to high
temperature. As the result, the concentration process fractionated biomass to yield more
levulinic

acid

(M.

Balat,

2011 ).

Other

fennentation

inhibitors

are

vanillin,

4-hydroxybenzaldehyde and syringaldehyde. These toxics were generally generated from the
degradation of lignin. Since KOH delignification causes the degradation of ester and
glycosidic side chains resulting in structural alteration of lignin (M. Balat, 2011 ). This lignin
removal prior the diluted acid treatment certainly reduced concentration of vanillin,
4-hydroxybenzaldehyde and syringaldehyde.
As the delignification, overliming and activated charcoal in this pretreatments have
the potential in the removal of furan and phenolic compounds from lignocellulosic
hydrolysate. (Sun, Y. and Cheng, J., 2002; Yang Set al., 2013) This so indicates that the use
of KOH certainly helped in lignin removal and overtiming and activated charcoal
pretreatment can Significantly reduce the amount of toxic compounds. Although the
mechanism has not been yet studied, it might be possible that calcium hydroxide used react
with toxic compound to form a precipitant that can be filtered out of the solution. There can
also be some adsorption of toxic compounds on the surface of diatomaceous earth during the
filtration process.
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After the hydrolysate analysis, the fermentation by using 5 various strains of
Z. mobilis; ZM4, TISTR 405, TISTR 548, TISTR 550 and TISTR 551 were performed. The

first part of this experiment was aimed to comparing the ethanol production efficiency from
different hydrolysate used and culture used between planktonic form and biofilm form . This
experiment was done in laboratory scale by using polystyrene (PS) tube. The 5 culture strains
were cultured in biofilm medium that was placed in the polystyrene tube. The biofilm
medium was subsequently changed every single day for 3 days then the culture was
fermented for 4 days in the hydrolysate. The concentration of glucose and ethanol were
analyzed before and after the fermentation and the percent theoretical yield was calculated.
According to the previous researches, ethanol productivity was normally inhibited in the
presence of inhibitors from the pretreatment process. However, the biofilm state which
produces extracellular polymeric substance (EPS) (CR Kokare, et al., 2007) that has resistant
characteristic over tl1e planktonic cell would have a potential to be applied in the ethanol
production in order to improve ethanol production efficiency. According to this experiment,
the result certainly supported that biofilm was more tolerate to the inhibitory fermentation
compounds in the hydrolysate than the planktonic cell. From table 14 to 15, it clearly
indicates that at the same hydrolysate (rice straw, concentrated rice straw, rice bran,
concentrated rice bran hydrolysate with delignification/ activated charcoal treatment) and
same culture used (Z. mobilis 5 strains ; ZM4, TISTR 405, TISTR 548, TISTR 550 and TISTR
551), the biofilm form always showed better ethanol production and percent theoretical yield.
As the result, biofilm technique has greater efficiency to be applied in the ethanol production
from rice straw, concentrated rice straw, rice bran, and concentrated rice bran hydrolysate
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Table 14 : Ethanol production and percent theoretical yield from planktonic cells and biofilm (3 days old) of Z mobilis 5 strains; ZM4, TISTR 405 , TISTR 548 , TISTR
550 and TISTR 551 using rice bran and concentrated rice bran hydrolysate from the delignification/ activated charcoal treatment as substrate.
Rice bran bydrolysate
Planktonic

Z. mohilis

Concentrated rice bran hydrolysate
Biofilm

I

~" Ethanol

Biofilm

Planktonic
'"' Eth:mo
1 ~~

Ethanol

Percent

Percent Theoretical

Ethanol

Percent

production (g/L)

Theoretical yield

production (g/L)

yield

pJOduction (g/L)

Theoretical yield

production (g/L)

yield

4.744±0.738

35 .649±8.151

7.568±2.877

64.637±18.808

20.788±1 .082

13.407±2.437

72 .474±6.132

405

0.071±0.101

0±8.970

8.877±2.050

67.443±21.668

..,....! ~ .' .,,,.
0 . 044±0 .0~

0.716:i:0.016

6.34±3.469

35 .581±99.245

548

0.674±1.049

8.981±7.40 I

4.572:Wl.3<>8

39.795±0.258

O.Ol 7:i:0.063 ( ·:

0±0.015

0±0.000

0±0.000

550

0.135:i:0.058

0±0.519

8.19S;l;2.702

62. 726±26.309

0.025:i:0.049

0.158±0.007

3.49&±5.885

20.458±34.746

551

2.979±2.619

24.400±22.16

7.&-18±1.74
. :.,

116.075±60.626

0.093:i:0.041

0.819±0.008

8.956±4.068

48 .373±16.639

ZM4

' l

'i.

~

~

0:~2';J:jj3 ,

~

---:I

Percent Theoretical

,,,

Table 15 : Ethanol production and percent theoretical yield from planktonic cells and biofilm (3 days old) of Z mobilis 5 strains ; ZM4, TISTR 405 , TISTR 548, TISTR
550 and TISTR 551 using rice straw and concentrated rice straw hydrolysate from the delignification/ activated charcoal treatment as substrate.
Rice straw hyd~te
Planl-tonic

Z. nwhilis

~~'

Concentrated rice straw hydrolysate
Biofilm

,

Percent Theoretical

Ethanol -~

Percent Theoretical

Ethanol

production ~)'

production (g/L)

yield

production (g/L)

yield

ZM4

2.622:i:0.990

44.057±26.673

2.958±1.41

141.317±55.503

405

0.513±0.95 7

7.074±5 .598

3.378±1.379

127.371±49.72

:l

i f , 2·~?~:2 . 423
°'IJ9G±0.0'8
0±0.078

Biofilm

Plmktonic

Ethanol

... ...
_,,..,,.

Percent Theoretical

Ethanol

Percent Theoretical

yield

production (g/L)

yield

43.371±30.196

6.186±0. 733

62.075±12.422

0±33.195

I 1.039±0.18s

11.336±0.248

548

I O. l l l:i:0.099

1.295±9.659

2.403±0.499

96.926±50.932

6.751±31 .767

0.720±0.082

8.222±1.514

550

0. 769±1.262

7.493±9.795

0±0.193

0±1.389

0±0.094

8.717±8 .686

4.733±3.989

66.47±34.358

551

2.476±2.004

16.27±65 .539

0.960±0.161

41.573±26.75

1.099±1.606

28 .507±14.611

5.772±1.353

85 .677±20.892
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Moreover, if we compared the ethanol production by the planktonic cell in between
nee straw and concentrated rice straw (Fig 15), rice bran and concentrated rice bran
hydrolysate (Fig 16).
6.000 "]
5.000

!

4.000

.RS

3.000
2.000

\J ER /"t

1.000
Ethanol p
0.000 -

-l.000

J

ZM4

.RSC

~-~--405

548

Z. mohilis

Figure 15 : Ethanol production yield of Z. mobilis planktonic : ZM4, TIS TR 405, TIS TR 548,
TIS TR 550 and TIS TR 551 in the rice bran hydrolysate and concentrated rice bran hydrolysate
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· Figure 16: Ethanol production yield of Z. mobilis planktonic : ZM4, TIS TR 405, TIS TR 548,
TISTR 550 and TIS TR 551 in the rice straw hydrolysate and concentrated rice straw hydrolysate
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These bar charts showed that the planktonic cell can produce ethanol mostly only in
the rice straw and rice bran hydrolysate, they were less ethanol production in concentrated
rice straw and concentrated rice bran hydrolysate, except for ZM4 and TISTR 551. The
ethanol production yield of Z. mobilis planktonic ZM4 and TISTR 551 in rice straw,
concentrated rice straw hydrolysate is 2.622±0.990 g/L, 2.590±2.423 g/L and 2.476±2.004
g/L, 1.099±1.606 g/L respectively. And the ethanol production yield of Z. mobilis planktonic

ZM4 and TISTR 551 in rice bran, concentrated rice bran hydrolysate is 4.744±0.738 g/L,
3.623±5.531 g/L and 2.979±2.619 g/L, 0.085±0.065 g/L respectively. This lower ethanol
production yield from the planktonic cell in concentrated hydrolysate can be discussed that
the planktonic cell which was more sensitive and Jess tolerance to the fennentation inhibitors
than biofilm fonn, the cell was so intolerance to the toxic, their growth was inhibited and they
so produce less ethanol (X. Zhong Li et al., 2005).
20.000

- 15.000

~
Cl)

·!= 10.000
=
"C
~

•RB

Q

i.

~ 5.000 .

•RBC

c

=
-:
Ill

r..:i

0000

ZM4
-5.000

551

Z. mobilis

Figure 17 : Ethanol production yield of Z. mobilis biofilm: ZM4, TIS TR 405, TIS TR 548, TIS TR
550 and TISTR 551 in the rice bran hydrolysate and concentrated rice bran hydrolysate
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Figure 18 : Ethanol production yield of Z. mobilis biofilm : ZM4, TIS TR 405, TIS TR 548, TIS TR
550 and TIS TR 551 in the rice straw hydrolysate and concentrated rice straw hydrolysate

Moreover, the ethanol production in rice straw, concentrated rice straw, rice bran and
concentrated rice bran hydrolysate with Z. mobilis 5 strains in biofilm form were also
compared (Fig 17,18). The bar chart showed that the ethanol yields from Z. mobilis biofilm
strain ZM4 gave the highest efficiency comparing to other strain following by TISTR 551.
The ethanol production yield of Z. mobilis biofilm ZM4 and TISTR 551 in rice straw,
concentrated rice straw hydrolysate is 2.958±1.411 g/L, 0.960±0.161 g/L and 6.186±0.733
g/L, 5.772±1.353 g/L respectively. And the ethanol production yield of Z. mobilis planktonic
ZM4 and TISTR 551 in rice bran, concentrated rice bran hydrolysate is 7.568±2.877 g/L,
7.818±1.742 g/L and 13.407±2.437 g/L, 8.956±4.068 g/L respectively. Corresponding to
other research, Z. mobilis biofilms were also shown to be more tolerant and produce higher
ethanol production yield than their planktonic cell (XuanZhong Li et al., 2006). The bar chart
of ethanol production yield of Z. mobilis biofilm in rice straw, concentrated rice straw, rice
bran and concentrated rice bran hydrolysate, it certainly confirm that biofilm give better
ethanol production than the planktonic cell. It can be explained that the biofilm have more
tolerance to the higher toxic compound concentration in the concentrated hydrolysate.
Beside, as the concentrated rice straw and concentrated rice bran hydrolysate have higher
sugar concentration as substrate than the non-concentrated hydrolysate, the biofilm technique
can so tolerate and using these sugars to produce more ethanol, especially by ZM4 biofilm in
concentrated rice bran hydrolysate which their ethanol production yield can reach to
13.407±2.437 g/L.
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Moreover, from a previous study, it showed that ethanol productivities via biofilm
form is greater than those in suspension culture Z. mobilis, and give a maximum productivity
of 39% yield with ground soybean-hulls (20%) and zein (5%) (M Reddy Kunduru and AL
Pometto Ill, 1996). The lignin removal with KOH, overJiming with calcium hydroxide
(Ca(OH)2) and treat with activated charcoal of hydrolysate pretreatment, together with the
biofilm technique in Z. mobilis could be so approved as the best method for ethanol
production as it give percent theoretical yield as high as 72.474±6.133% in the Z. mobilis
ZM4 biofilm with concentrated rice bran hydrolysate. Supportably, many researches also
state that Z. mobilis strain ZM4 would be an appropriated culture for ethanol production via
biofilm technique as it capable ethanologenic bacterium with high ethanol productivity and
ethanol tolerance (R. Rutkis et al., 2013).
The following experiment is about the improving the efficiency of ethanol production
by using the biofilm carrier together with biofilm technique. The idea is that many different
factors are .affecting the formation of biofilm. Rough surface and hydrophobic surface such
plastic generally show greater bacterial attachment than hydrophillic surface. The cost impact
of microorganism immobilization also was considered. Biofilm carrier were then proposed as
it flavor the biofilm attachment, ease to separate cell mass from bulk liquid for possible reuse

and enhances reactor productivity. In this experiment diethylaminoethyl cellulose (DEAE)
was used as the carrier in order to produce mass immobilized cell and make the ethanol
production more efficiency and cost effective. DEAE cellulose is one of studied carri.er for
biofilm forming in ethanol production. DEAE cellulose is a derivative of cross linked
polysaccharide which is one of ionic absorption binding carrier. Their binding function is
classified as cationic, a positively charged, it so binds and interacts with negatively charged
molecules of Z. mobilis cell wall. According to the previous experiment, Z. mobilis ZM4 and
concentrated rice bran hydrolysate gave the highest ethanol production, they were then
selected to improving the efficiency of ethanol production by using the biofilm carrier
together with biofilm technique. In this trial, DEAE cellulose was ionically pretreated and
cultured together with Z. mobilis ZM4 in biofilm medium for 3 days. Then the DEAE
immobilized cell was fermented for 4 days in the concentrated rice bran hydrolysate for 2
repeated batches and analyzed for the ethanol yield every day. This experiment was done in
two scales which are laboratory scale (50 ml of hydrolysate) and large scale (2.5 L of
hydrolysate). The biofilm formation was also observed by using microscope every I and 3
days in biofilm medium and in the hydrolysate.
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Table 16 : Comparison of biofilm forming of Z. mobilis strain ZM4 in water, biofilm media and YM media vvithin 3 days.
DEAE/ Magnification

120x

1200x

DEAE in water

DEAE with ZM4 in
Biofilm media day 0
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DEAE/ Magnification

120x

1200x

DEAE with ZM4 in
biofilm media day 1

DEAE with ZM4 in biofilm
media day 3
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DEAE/ Magnification

120x

l200x

DEAE with ZM4 in
YM media day 1

DEAE with ZM4 in
YM media day 3
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According to table 16, the microscopic pictures clearly showed the biofilm forming of
Z. mobilis ZM4 on DEAE carrier in biofilm media and YM media. The biofilm forming was

consistently increased from day 1 toward day 3 with the higher bacterial attachment in the
biofilm medium (Fig 19). The Z. mobilis ZM4 attached to DEAE carrier in biofilm media and
made the DEAE became clumped structure.

Figure 19 : The clumped structure of Z. mobilis ZM4 on DEAE carrier in biofilm media day 3
Furthermore, the biofilm formation was maintained after change the medium to
concentrated rice bran hydrolysate (Table 17). This can be explained that the extracellular
polymeric substance (EPS) of the biofihn was developed and used their resistant
characteristic to protect them from toxic compound in the hydrolysate and let the cell work
properly. However, Z. mobilis ZM4 tend to detach themselves from the DEAE (Table 17).
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Table 17 : Comparison of biofilm forming of Z. mobilis strain ZM4 in concentrated rice bran hydrolysate within 3 days.
DEAE/ Magnification

120x

1200x

DEAE with ZM4 in
hydrolysate day 1

DEAE with ZM4 in
hydrolysate day 3
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120x

DEAE/ Magnification

1200x

DEAE with ZM4 in
hydrolysate of
second batch day 3
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Figure 20 : Ethanol production yield of Z. mobi/is with DEAE carrier in the concentrated
rice bran hydrolysate within 2 consecutive repeated batch (50 ml. flask)
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Figure 21 : Percent theoretical yield ofZ. mobilis with DEAE carrier in
the concentrated rice bran hydrolysate within 2 consecutive repeated batch (50 ml. flask)
Beside, from the bar chart of percent theoretical yield of Z. mobilis with DEAE carrier
in small scale (50 ml. flask) (Fig 21), the result clearly showed the lower percent theoretical
yield of ethanol production after day 1 of the second batch. The bar chart also showed high
variation (SD) of percent theoretical yield that might cause from the biofilm detachment such
day 1 batch 1, it showedl 7.945±16.212 % and day 2 batch 1, it showed 16.567±13.015.
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Figure 22 : Ethanol production yield of Z. mobilis with DEAE carrier in
the concentrated rice bran hydrolysate within 2 consecutive repeated batch (2.5 litter)
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Figure 23 : Percent theoretical yield of Z. mobilis with DEAE carrier in the concentrated
rice bran hydrolysate within 2 consecutive repeated batch (2.5 litter).
Along with this experiment, Z. mobilis ZM4 with DEAE carrier in the concentrated
rice bran hydrolysate was also done in the large scale of 2.5 litter of hydrolysate. The result
also showed the biofilm detachment, lower yield of ethanol production and loer percent
theoretical yield after day 1 of the second consecutive batch (Fig 22 and 23).
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The reason that the biofilm forming tend to detach from DEAE is might due to the
changes in the cell surface hydrophobicity of Z. mobilis. Cell surface hydrophobicity would
occurred to response to environmental conditions and it is proportionalJy with the phase of
growth, cultivation temperature and concentration of carbon source (glucose or sucrose) or
amphiphilic compound in the medium (P. Zikmanis, 2007). According to the experiment,
their growth rate was probably decreased over the time to the stationary phase, cell surface
hydrophobicity values of Z. mobilis would so increase. As the result, Z. mobilis possibly tum
to hydrophobic condition, the cell so would not attach with the DEAE which is hydrophilic
substance anymore. Beside, another possible reason of biofilm detachment is due to the
conversion enzyme of between alcohols and aldehydes. Alcohol dehydrogenases (ADH) are
a group of dehydrogenase enzymes that facilitate the interconversion between alcohols and
aldehydes, they normally serve to break down alcohols that otherwise are toxic. In yeast and
many bacteria, alcohol dehydrogenase plays an important role in fermentation. ADHI is an
enzyme that used to convert acetaldehyde to ethanol in pyruvate path way. However, it has
another alcohol dehydrogenase, ADH2, which is used to convert ethanol back into
acetaldehyde, and it is only expressed when sugar concentration is low (Lambert M. S. et al.,
2005). Agreeing with the experiment, ADH2 might presented and convert ethanol back into
acetaldehyde, the ethanol production present was so showed to be dropped down.
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CONCLUSION

Fermentation inhibitors are normally generated during the pretreatment of rice bran
and rice straw. The pretreatment with diluted sulfuric acid produced toxic compound and
high concentration of acetic acid, there was found to effect on the cell growth and ethanol
production. The delignification/ activated charcoal treatment tended to significantly reduce
the concentration of toxic compound, especially acetic acid in the hydrolysate. The acetic
acid was lower to 0.248±0.066 and 0.258±0.077 percent in the rice bran and concentrated rice
bran hydrolysate, 0.256±0.061 and 0.254 ± 0.075 percent in rice straw and concentrated rice
straw hydrolysate. The delignification/ activated charcoal treatment significantly reduced the
concentration of toxic compound. The concentration of furfural, 5- hydroxymethyl furfural
(5-HMF), levulinic acid, vanillin, syringaldehyde and4-hydroxybenzaldehyde (4-HB) in the
hydrolysate with and without concentration process were gradually different regarding to the
level of mg/L or ppm. Z. mobilis ZM4 in biofilm form was found to be more tolerate to the
presence of inhibitors by producing higher percent ethanol yield than planktonic cell.
The concentrated rice bran hydrolysate also gave the best condition for ethanol production
comparing to other hydrolysate. The concentrated rice bran hydrolysate fennented by ZM4
provided the highest ethanol yield and percent theoretical yield, 13.407±2.437g/L,
72.474±6.132 % respectively. The use of DEAE as the carrier of Z. mobilis ZM4 biofilm
clearly show biofilm forming development. However, the efficiency of biofilm attachment
and ethanol production in the repeated batch show the efficiency only up to the first day of
second consecutive .repeated batch. The future prospective on the process optimization is to
find more effective pretreatment method to remove the remaining toxic compounds from the
hydrolysate. Moreover, since the use of biofilm technique gave better ethanol production than
planktonic cell, it should be so applied and advanced with an appropriated carrier. DEAE
carrier was not functioned well with Z. mobilis immobilized cell, it was detached and did not
produce expected level of ethanol yield. In the future it might further replaced with another
carrier which can better improve the mass biofilm attachment and the use in continuous
process for better ethanol production efficiency.
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APPENDIX

Table 18 : Nitrogen content (w/v%) of hydrolysate with delignification/ activated charcoal
Rep 1

Rep2

Average (ml)

SD

WN%

Rice straw

6.18

6.77

6.475

0.417

0.303

Concentrated rice straw

7.22

6.98

7.1

0.170

0.333

7

7.12

7.06

0.085

0.331

7.13

7.09

7.11

0.028

0.333

Hydrolysate type

Rice bran
Concentrated rice bran

j
Example of nitrogen content (WN%) calculation;

( WIV% ) of rice bran from the equation
W )
( -%
v

Titration volume x 1.004 x 0.0014 x 100
=---------------Sample size x 0.1

( W/V%) of rice bran= 7.o6 x 1.004 x 0.0014 x 100
30

=

x 0.1

0.331 %

Table 19 : Glucose concentration (g/L) of rice straw (RS), concentrated rice straw (RSC), rice
bran (RB) and concentrated rice bran hydrolysate (RBC) with delignification/ activated charcoal.
Hydrolysate type

Rep 1

Rep2

Average (g/L)

SD

Rice straw

13.178

7.74

10.459

3.845247

Concentrated rice straw

16.452

19.078

17.765

1.856862

Rice bran

24.516

22.858

23.687

1.172383

Concentrated rice bran

39.032

34.01

36.521

3.55109
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Glucose conversion calculation;

Glucose conversion as percent of the theoretical yield obtained from the equation for
the hydrolysis process of cellulose to sugar is

.
weight of glucose formed x (162/180)
O
Gl ucose convers10n =
x1 0
Dry weight of cellulose used

Where a factor of 162/180 was applied due to the different in mass between the
anhydroglucose ring and glucose (Vargas Radillo et al ., 2011)
Rice straw has 39 % of cellulose and rice bran has 27 % of cellulose. According to the
hydrolysate preparation, the total of 15% w/v of rice bran and/or 10% of rice straw treated.
Dry weight of cellulose (g/L) can be calculated as following;
Example of glucose conversion calculation of rice bran;
Rice straw;

Cellulose = 39 g/L

Rice bran;

Cellulose= 27 g/L

Glucose conversion of rice bran

23.687 x (162/180)

------;....__~

270

x 100

7.896 %
Glucose conversion of concentrated rice bran

36.521 x (162/180)
______
;....____.;.. x 100
270

12.174 %
Glucose conversion of rice straw

10.459 x (162/180)
-------x
100
390

2.414 %
Glucose conversion of rice straw

19.078 x (162/180)

- - - - - - - x 100
390

4. 403 %
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Table 20 : Acetic acid content of hydrolysate with delignification/ activated charcoal

Lot2

Lot 1

Hydrolysate

Lot3

Average

% acetic acid

SD

2.133

0.256

0.061

2.6

2.117

0.254

0.075

2.4

2.1

2.067

0.248

0.066

2.6

3.1

2.15

0.258

0.077

Rep 1

Rep2

Rep 1

Rep2

Rep 1

Rep2

(ml)

Rice bran

1.7

1.4

2.4

2.4

2.5

2.4

Concentrated rice bran

1.5

l.5

2.1

2. l

2.9

Rice straw

1.45

1.45

2.5

2.5

Concentrated rice straw

1.6

1.6

2

2

--

Q,J

Example of% acetic acid calculation;
From the equation

o/o

g,
acetic acid

4::.

rn

= Vtitrate x Ntitrate x 60x100

=
......

lOOO X Vhydrolysate

(I)

Rice bran had volume titration of 2.133 ml
% acetic acid of rice bran

= 2.133 x 0.1x60 x 100
1000 x 5

QNtt

=

0.256 %
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Toxic compound analysis By HPLC

Table 21 : The concentration of furfural, 5-hydroxymethyl furfural, levulinic acid, vanillin,
syringaldehyde, 4- hydroxybenzaldehyde of rice bran and concentrated rice bran hydrolysate
with delignification/ activated charcoal
Type of hydrolysate

Compounds
(concentration mg/Lor ppm)

Concentrated rice bran

Rice bran

Fwforal

384.47±99.015

256.64±81 .724

Levulinic acid

142107 .62±8664.600

82744±4540.500

Vanillin

0.19 ± 0.0094

1.5±0.260

5-Hydroxymethylfurfural (5-HMF)

0.068±0.000

0.065±0.000

Syringaldehyde

3.191±0.023

1.47±0.900

4-Hydroxybenzaldehyde (4-HB)

4.806 ± 0.760

2.35±0.960

-

Table 22 : The concentration offurfural, 5-hydroxymethyl furfural, levulinic acid, vanillin,
syringaldehyde, 4- hydroxybenzaldehyde of rice straw and concentrated rice straw
hydrolysate with delignificationl activated charcoal
Type ofhydrolysate

Compounds
(concentration mg/Lor ppm)

Concentrated rice straw

Rice straw

Furfural

271.95±76.295

149.25±91.407

Levulinic acid

136354.18±4373 .700

30127±4359 .9

Vanillin

1.807±0.003

0.136±0. 000

5-Hydroxymethylfutfural (5-HMF)

0. 065±0. 000

0.063±0.000

Syringaldehyde

5.069±0.832

0.367±0.000

4-Hydroxybenzaldehyde (4-HB)

2.39±1 .200

1.416±0.166
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Example of toxic compound analysis by HPLC;

Syringaldehyde concentration of concentrated rice bran
The standard solutions of toxic compounds were measure in both individual and
mixer in order to use as the standard defining toxic in real Hydrolysate as they can present
more than one.
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Figure 24 : The standard solutions of individual syringaldehyde (a) and mixture of
furfural, 4- hydroxybenzaldehyde, levulinic acid, vanillin, and syringaldehyde (b)
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The standard HPLC graph show the toxic detected as area value at different specific
analyzing time. And this specific time will also refer to specific toxic that show in the
hydrolysate when analyze (Fig 25). After that the standard curve was plotted, concentration
versus area, then we got the standard equation of HPLC. As we had standard equation of
HPLC, we so could calculate for the concentration of each toxic compound presence by using
standard equation of HPLC.

Table 23 : Standard concentration of syringaldehyde

Concentration (mg/L) Peak area
174234
10
'\.\.,!.
255109
15
)
20
374482

400000 .
350000
300000 .
llS

y = 20025x - 32430
R 2 = 0.9878

250000

f
..: 200000

=
41

i=..

150000
100000
50000

oL
0

5

15
Concentration (mg/L)
10

20

25

Figure 25 : The standard equation of syringaldehyde.

Equation use for HPLC analysis of syringaldehyde is
y = 20025x - 32430
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Figure 26 : The HPLC graph of toxic compound analysis of
concentrated rice bran hydrolysate

At specific time, two replicates of syringaldehyde showed peak area of 31795 and 31154
So, average peak area of syringaldehyde is (31795 + 31154)/2

31474.5

According to standard equation of syringaldehyde, y = 20025x - 32430, the syringaldehyde
concentration of concentrated rice bran could be calculated~
Syringaldehyde concentration (mg/L)

(31474.5 + 32430)/20025
3.191 mg/L
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Planktonic cell
Table 24 : Ethanol production and percent theoretical )'ield of ethanol productions from planktonic cells (3 days old) of Z. mobilis 5 strains ;
· ZM4, TISTR 405, TISTR 548, TISTR 550 and TISTR 551 using rice bran (RB), concentrated rice bran (RBC), rice straw (RS) and concentrated
rice straw (RSC) hydrolysate from the delignification/ activated charcoal treatment as substrate
> (i.._-

RB lot 1

RB lot 2

RB lot 3

% theoretical

~S(g/L)

~P(g/L)

Yp1s (gig)

% theoretical

~S(g/L)

~P(g/L)

Yp,s (gig)

% theoretical

0.164

32.156

12.029

5.549

0.185

36.181

8.332

4.102

0.197

38.611

0.159

0.017

3.169

7.138

0.000

0.000

0.000

0.000

0.093

0.000

0.000

3.066

0. 157

0.020

4.012

7.596

0.000

0.000

0.000

6.385

1.881

0.118

23.106

550

3.250

0.079

0.009

1.917

6.954

0.196

0.055

10.839

0.000

0.129

0.000

0.000

551

11.301

4.405

0.156

30.575

7.133

0.000

0.000

0.000

8.325

4.576

0.219

43.110

Strain

~S(g/L)

6P(g/L)

ZM4

11.169

4.579

405

3.942

548

Yp1s

(gig)

~S

(g/L)

Jt'

_... _

1---7""'

RBC lot 1
Strain

~
'<;:;,;

.....

YPis (g/g)

% theoretical

~S(g/L)

~P(g/L)

Yp1s

(gig)

ZM4

5.995

0.227

0.015

2.965

13.210

10 .005

0.303

405

1.248

0.023

0.007

1.459

9.069

0.000

0.000

:;
:-:::

~

RBC lot2

~P(g/L)

..,>

RBC lot3

% theoretical

'1S(g/L)

~P(g/L)

Yp1s (g/g)

% theoretical

59.399

0.000

0.637

0.000

0.000

0.000

1.248

0.023

0.007

1.459

0.804

2.953

0.000

0.000

0.000

}-

548

2.953

0.000

0.000

0.000

8.911

0.091

0.004

550

5.004

0.000

0.000

0.000

9.441

0.094

0.004

0.785

5.004

0.000

0.000

0.000

551

8.091

0.122

0.006

1.183

8.719

0.010

0.000

0.090

8.091

0.122

0.006

1.183
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RS lot 2

RS lot 1
Strain ti.S(g/L)

&(g/L)

Yp;s (gig)

% theoretical

ti.S(g/L) .1P(g/L)

RS lot 3

Yp1s (g/g)

% theoretical

ti.S(g/L)

.1P(g/L)

Yp1s (gig)

% theoretical

ZM4

6.189

1.577

0.102

19.985

6.131

2.742

0.179

35.074

3.607

3.547

0.393

77.11341

405

6.514

0.000

0.000

0.000

6.447

1.617

0.100

19.669

0.000

0.000

0.000

0.000

548

2.615

0.219

0.034

6.597

6.184

0.089

0.006

1.133

0.000

0.025

0.000

0.000

550

6.590

0 .045

0.003

0.535

6.477

2.226

0.137

26.949

0.000

0.035

0.000

0.000

551

2.208

0.165

0.029

5.877

6.4057

3.508

0.219

42.952

3.566

3.753

0.000

0.000

RSC lot 1
Strain .1S(g/L) &(g/L)
ZM4
405

2.929
0.000

2.479
0.134

RSC lot 2

Yp1s (g/g)

% theoretical

0.339

66 .387

0.000

0.000

548

0.139

0.038

0.109

21.302

550

0.000

0.000

0.138

27 .117

551

2.975

2.941

0.395

~

77.525

ti.S(g/L) &(g/L)
8.059

.
)

5.067

RSC lot 3

Yp;s (g/g)

% theoretical

.1S(g/L)

&(g/L)

0.251

49.305

1.222

0.225

0.074

14.422

..,,;:

1.337

0.125

0.037

7.329

~

3.181

0.045

0.006

1.107

2.466

0.062

0.010

1.974

3.480

0.361

0.041

8.131

3.497 .

0.029

0.003

0.662

~

3.384

0.000

0.000

0.000

~

3.361

0.000

0.000

0.000

3.338

0.000

0.000

0.000

~

i!
~

1

....

I.I
.Jr-

-v
-.....

Yp1s

(gig)

% theoretical

.................... .iJ

~

*
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Table 25: Standard ethanol used for ethanol production and percent theoretical yield
calculation for planktonic cells

1800
1600

l·

%Ethanol

Area

0.1

161.476

0.3

471.989

l

1584.639

y =1583.4x + 0.4627
R2 =1

I
I

1400 J
1200 ~

1000

~

800
600
400

1

.~

iI

'~ L
0

·~---~---·

0.2

0.4

~

0.6
v

% Ethanol

?'J,,,

0.8

*

1

1

1.2

Figure 27: Ethanol standard curve for planktonic cells

Equation use for ethanol production and percent theoretical yield for planktonic cells is
y = 1583.4x + 0.4627
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Bio film

Table 26: Ethanol production and percent theoretical yield of ethanol productions from biofilm form (3 days old) of Z. mohilis 5 strains ;
ZM4, TISTR 405, TISTR 548, TISTR 550 and TlSTR 551 using concentrated rice bran (RBC), rice bran (RB), concentrated rice straw (RSC),
rice straw (RS) hydrolysate from the delignification/ activated charcoal treatment as substrate

RS lot 1
Strain

~

~P(g/L)

S(g/L)

YP/S

RS lot 2
(gig)

% theoretical

~

ZM4

2.129

1.961

0.921

180.564

7.599

405

2.899

2.403

0.829

162.529

9.257

548

3.023

2.049

0.678

132.941

8.871

550

3.143

0.000

0.000

0.000

551

2.742

0.846

0.309

60.491

'

8.600

~S(g/L)

Afl(g/L)

Yp1s

~S(g/L)

4.353

0.470

92 .212

2.756

0.311

60 .912

0.000

0.000

0.000

rT\1 1.074

0.116

22.654

~

~~

I:-

% theoretical
102.070

~

% theoretical

(gig)

0.521

RSC lot2

I

(g/g)

Yp1s

3.956

'

9.297

RSC lot 1
Strain

~P(g/L)

S(g/L)

Afl(g/L)

Yp1s

(gig)

% theoretical

ZM4

18.553

6.705

0.361

70.859

20.855

5.668

0.272

53.292

405

15.903

0.905

0.057

11.161

19.959

1.172

0.059

11.511

548

16.438

0.779

0.047

18.145

0 .662

0.036

7.152

550

16.318

7.554

0.463

90 .765

8.894

1.913

0.215

42.175

551

18.608

6.729

0.362

70.904

9.400

4 .816

0.512

100.449

~JVr-

9.292

~~
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RB lot 1

RB lot2

Strain

~S(g/L)

~P(g/L)

Yp1s (gig)

% theoretical

~S(g/L)

~P(g/L)

ZM4

24.157

9.602

0.397

77.936

21.135

5.534

0.262

51.026

405

24.465

10.327

0.422

82 .765

27 .941

7.427

0.266

52.122

548

23.917

4.832

0.202

39.612

21.146

4.311

0.204

39.977

550

24.364

10.106

0.415

27.929

6.285

0.225

44.122

551

24.239

9.049

0 .373

8.126

6.587

0.811

158.944

~

81.330

ip

73.206

'?~

RBC lot 1

Strain

~

S(g/L)

~P(g/L)

Yp1s

(g/g)

~

S(g/L)

.-

ZM4

38.622

15.129

0.392

76.810

33.622

i~

405

38.769

8.794

0.227

44.476

4.123

548

30.853

0.000

0 .000

0.000

21.549

550

31 .645

0.000

0.000

0.000

33.355

551

38 .581

11.833

0.307

60.139

32.565

(g/g)

% theoretical

RBC lot 2

.-

% theoretical

Yp;s

~P(g/L)

11.684

Yp;s

(g/g)

% theoretical

0.347

68.137

~ 3.887

0.943

184.829

0.000

0.000

0.000

7.659

0.229

45.027

6.079

0.187

36.608

Cl
c::::

~
=
~

~\"-

ONtt11"\\\.
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Table 27: Standard ethanol used for ethanol production and percent theoretical yield
calculation for biofilm
% Ethanol

Area

0.1

270.521

0.3

574.154

1 1656.369

Ethanol standard curve
1800 1
1600

y = 1541.4x + 114.34
R2 =1

1400
1200
Ill

...QI
~

1000 800 .

(

*

y

·. . . - - - - - - , - - - - . - - - - - - . - - - · - , - - -- - - ;

0.4

0.6

0.8

1

1.2

% Ethanol

Figure 28: Ethanol standard curve for biofilm

Equation use for ethanol production and percent theoretical yield for biofilm is
y = 1541.4x + 114.34
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Table 28 : Summarize ethanol production and percent theoretical yield from planktonic cells and biofilm (3 days old) of Z. mobilis 5 strains ; ZM4 TISTR 405, TISTR
548, TISTR 550 and TISTR 551 using rice bran and concentrated rice bran hydrolysate from the delignification/ activated charcoal treatment as substrate.
Rice bran bydrolysate
Z. mobilis

l

Concentrated rice bran hydrolysate

Planktonic
Ethanol

Biofilm

Biofilm

Planktonic
Ethanol-~

Percent Theoretical

Theoretical yield

production (g/L)

yield

20. 788±1.082

13.407±2.437

72.474±6.132

Percent

Ethanol

Percent Theoretical

Ethanol

Percent

production (g/L)

Theoretical yield

production (g/L)

yield

production (g/L)

4.744±0.738

35 .649±8.151

7.568±2.877

64.637±18.808

9. 227~~83

-~-

)i' .·

ZM4

- '·J·,'•<' . . . . .

;:-

405

0.071±0.101

0±8.970

8 . 877±2.050~ ~~

67.443±21 .668

0.044:t:(),()29 ~

0.716±0.016

548

0.674±1.049

8.981±7.401

4.572±0568

39.795±0.258

0.017±0.063

0±0.015

J .

550

0.135±0.058

0±0.519

8.195±2:102

62.726±26.309

0.025±0.049

551

2.979±2.619

24.400±22.16

7.811-::t:l.74

116.075±60.626

0.093±0.041

..

--;~

\<

1 6.34::1::3.469

35 .581±99.245

0±0.000

0±0.000

0.158±0.007

3.498±5.885

20.458::1::34.746

0.819±0.008

~ 8.956±4.068

48 .373±16.639

"

~

°JI

Table 29 : Summarize ethanol production and percent theoretical yield from planktonic cells and biofilm (3 days old) of Z. mobilis 5 strains ; ZM4, TISTR 405, TISTR
548, TISTR 550 and TISTR 551 using rice straw and concentrated rice straw hydrolysate from the delignification/ activated charcoal treatment as substrate.
Rice straw bydndysate
Z. mobilis

Planl..1onic

I Ethanol

Percent Theoretical

Concentrated rice straw hydrolysate
Biofilm

~6-

Ethanof""F ·
J•

Ethanol
production (i4,),,
2.590±2.423"~' _,

producti°' (g/L)

ZM4

2.622±0.990

44.057±26.673

2.958±1.41

405

0.513±0.957

7.074±5 .598

3.378±1.379

127.371::1:49.72

1 2.403±0.499
0±0.193

96.926±50.932

0.111±0.099

l.295±9.659

550

0. 769±1.262

7.493±9.795

551

2.476±2.004

16.27±65.539

0.960±0.161

f1~·-

-Percent Theoretical

Percent Theoretical

yield

-~,~~

Planbmic

yield

production (g/L)

548

I

,.-:.
,

141.3 l 7±55 .503

0±1.389
41.5 73±26.75

~ ,(),.Cl9&t0.058

I

Bio film
Ethanol

Percent Theoretical

yield

production (g/L)

yield

43.371±30.196

6.186±0.733

62.075±12.422

~....,,.

0::1::33.195

1 1.039±0.188

I 1.336±0.248

O!l:0.078

6.751±31. 767

0.720±0.082

8.222±1.514

8.717±8 .686

4.733::1::3.989

66.47±34.3 58

1.099±1.606

28 .507±14.611

5.772::1:1.353

85 .677±20.892

I""'..,.
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Table 30: RCBD test of biofilm and planktonic
Df

Sum Sq

Mean Sq

F value

Pr(>F)

Trt

39

883.96

22.6656

7.7230

l.883e-09 **"'

Rep

1

8.11

8.1082

2.7628

0.1045

Residuals

39

114.46

2.9348
'

Media Microorganism
RS

Bio film

PJanktonic Media Microorganism

ZM4

2.958a

3.144a

405

3.378a

-0.03942c

405

548

2.403ab

0.05711c

548

RSC

ZM4
i

Bio film

Plank.tonic

6.186 a

1.352 be

1.039 be

0.1295c

0.7204 c

0.04126 c

-

RB

550

-0 .2444c

0.04015c

550

4.733 ab

-0.08286 c

551

0.96bc

3.63la

551

5.772 a

1.651 be

ZM4

7.568 abc

4.341 cd

ZM4

13.41 a

0.432c

405

8.877 a

0.1261 e

405

6.34 be

0.0232lc

548

4.572 bed

1.019 de

548

Oc

-0.04614c

550

8.195 ab

0.1046e

550

3.498 be -0 .009909c

551

7.818 abc

4.491 bed

551

8.956 ab

RBC

0.122c
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Biofilm with DEAE

Table 31: Ethanol production and percent theoretical yield of ethanol productions from biofilm with DEAE carrier in small scale (50 ml flask)

fom1 (3 days old) of Z. mobilis strains ZM4 using concentrated rice bran (RBC) hydrolysate from the delignification/ activated charcoal
treatment as substrate
RBC lot 1 rep 1

Day
0
1
2
3
4

~S(g/L)

~P(g/L)

Yp1s (g/g)

0.000
4.622
8.565
11.628
12.218

0.000
0.743
1.099
1.669
1.9129

0.000
0.161
0.128
0.144
0.157

RBC lot 1 rep 2
% theoretical
0.000
31 .536
25.181
28.159
30.697

~S(g/L)

~P(g/L)

Yp;s (gig)

0.000
7.727
15.680
11.999
14.966

0.000
1.098
1.526
1.796
2.827

0.000
0.142
0.097
0.149
0.189

RBC lot 2 rep 1

Day
0
1
2
3
4

~S(g/L)

~(g/L)

Yp1s (g/g)

0.000
17.383
13.879
10.309
18.825

0.000
6.968
6.892
5.236
5.655

0.000
0.401
0.497
0.508
0.300

% theoretical
0.000
27.870
19.088
29 .351
37.035

RBC lot 2 rep 2
% theoretical
0.000
78.600
97.365
99.596 1
58.905

~S(g/L)

~(g/L)

Yp;s (g/g)

0.000
1.449
3.839
5.570
7.356

0.699
0.893
1.085
1.085
1.053

0.000
0.616
0.283
0.195
0.143

% theoretical
0.000
120.841
55.399
38 .203
28.069
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Table 32: Summarize ethanol production and percent theoretical yield from Z. mobilis ZM4 biofilm in DEAE can-ier using concentrated rice
bran hydrolysate from the delignificationJ activated charcoal treatment as substrate (50 ml flask).

Day

RBC first batch
Ethanol production
Percent theoretical
(g/L)
yield(%)
0±0
0±0

~.

0

RBC repeated batch
Ethanol production Percent theoretical
(g/L)
yield(%)
0±0
0±29.869

Day
~

I

II

0
I

1

0.151±0 .013

17.945±16.212

0.509±0.152

99.721±29.675

2

0.1 13±0.022

16.567±13 .015

2

0.389±0.151

76. 3 82±29 .675

3

0.147±0.004

29.341±16.831

3

0.351±0.221

68.899±43.412

4

0.173±0 .023

32 .676±18.571

4

0.218±0.106

42.754±20.767

ea

*

l

I

Table 33: Ethanol production and percent theoretical yield of ethanol productions from biofilm with DEAE carrier in large scale (2.5 litter)
form (3 days old) of Z. mobilis strains ZM4 using concentrated rice bran (RBC) hydrolysate from the delignificationJ activated charcoal
~

~

treatment as substrate

' '?:

RBC first batch
Day

~S(g/L)

~P(g/L)

Yp1s (gig)

% theoretical

~S(g/L)

0

4.199
5.368
4.724
5.866
5.589

0.000
0.130
0.126
0.135
0.000

0.000
0.024
0.027
0.023
0.000

0.000
4.756
5.223
4.499
0.000

0.856
2.606
2.413
2.652
2.652

1
2
3
4

(

It

RBC repeated batch
% theoretical
Yp1s (g)
~P(g/L)
0.076
17.482
0.089
0.141
0.0543
10.645
0.173
0.072
14.043
0.095
0.036
6.988
0.095
0.036
6.988
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Example of ethanol production analysis by GC FID;

Ethanol production of Z. mobi/is ZM4 biofilm in rice bran hydrolysate
Initial glucose concentration is 21.544 g/L Final glucose concentration is 0.408 g/L
LlS = 21.544- 0.408 = 21.135 g/L

From this ethanol measurement by GC FID
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Figure 29 : GC analysis of Z. mobilis ZM4 biofilm in rice bran hydrolysate
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Ethanol concentration is;
Area of 967.29, can convert to% ethanol by using standard ethanol equation
1800
1600

1400
1200
~1000

~ 800

600
400 .
200
0 .

---....-----,---·...,--~---.----.,

0.2

0

0.4

0.6

0.8

1

1.2

%Ethanol

Figure 30 : Ethanol standard curve for biofilm
From the standard ethanol equation
% Ethanol

y

= 1541.4x + 114.34

(967.29 - 114.34)/1541.4
0.55 %

Then convert to g/L by multiplying with IO;
0.55 x 10

0.55 %

5.5 g/L
After that it would be calculated for the yield (Yp1s);
~s

21.135 g1L

~p

5.5 g/L

Yp1s

0.26

Finally we calculated for% theoretical yield by dividing with 0.51 and multiply with I 00;
% theoretical yield

(0.26/0.5l)x 100
51.026 %
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Calculation of conversion factor between sugar content from glucose liquid and HPLC

Table 34: Standard sugar from HPLC analysis
% sugar Area from HPLC
0.5
210978
1
271848
2
843224

900000 .
800000
700000

~
.,_..
,....

600000
OS

-

500000

f

< 400000

j

l:a

300000

~

I
200000 -1
I
10000:

L_-=-":-=-: 0

OS

1.5

*
2

2.5

% D glucose

Figure 31 : Standard curve of sugar (D-glucose) from HPLC analysis

Equation use for % D glucose from HPLC analysis is
y = 442909x -74710
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Table 35 : Glucose content from glucose liquid and from HPLC analysis
OD at 10· 1

Hydrolysate

dilution
0.184
0.068

0.5 %RBC
0.1 % RBC

Glucose content from
glucose liquid (g/L)
4.239631
1.56682

Area from HPLC
290457
70642

Glucose content by
HPLC (g/L)
8.244741
3.281758

4.5
y = 0.5384x - 0.2
R2 =1

--' 4
~ 3.5
"a

·:;

3

.2'

s 2.5
u

..=
CJ

2

~ 1.5

ii;:,

~

1 .

0.5
0 0

2

4

6

10

sugar by HPLC (g/L)

Figure 32 : The conversion factor of sugar content (D-Glucose)
The conversion factor of sugar content (D-Glucose) is following this equation;
y = 0.5384x - 0.2

As the result, if the sugar content from glucose liquid is 5 g/L, the sugar content from
HPLC would be (5 x 0.5384)-0.2 = 2.47. The conversion factor of glucose from HPLC
would be 2.47.
From this factor the sugar concentration from glucose liquid was converted to sugar
content from HPLC as following;

84

9

Fae. of Biotechnology, Assumption University

M.S. (Food Biotechnology)

Table 36 : Sugar concentration by HPLC factor, sugar concentration from glucose
liquid was multiplied with 2.47 factor from HPLC.
Glucose concentration by

HydroJysate

Glucose concentration (g/L)

Rice straw

4.234

10.459

Concentrated rice straw

7.192

17.765

Rice bran

9.589

23 .687

Concentrated rice bran

14.786

36.521

HPLC factor (g/L)

1'llE ASSUMPTION UNIVERSITY LIBRAll\

85

