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บทคัดย่อ 
  

การผลิตไบโอเอทานอลจากชีวมวลประเภทลิกโนเลลูโลส ได้มีการพัฒนาและทดลองกันมาเป็น
ระยะเวลานานพอสมควร ซึ่งไม่เพียงแต่เป็นการช่วยลดปัญหาพลังงานโลกแต่ยังช่วยลดสภาวะเครียด
ทางสิ่งแวดล้อมที่เกิดจากการใช้เชื อเพลิงฟอสซิลด้วย ประเทศไทยเป็นประเทศที่มีความหลากหลาย
ทางระบบนิเวศอย่างมาก เป็นประเทศที่มีศักยภาพในการผลิตไบโอเอทานอลจากมวลชีวภาพ เช่น 
วัสดุเหลือทิ งจากป่าไม้ วัสดุเหลือทิ งทางการเกษตร ชีวมวลประเภทไม้และอ่ืนๆ อย่างไรก็ตามงานวิจัย
ในเรื่องการผลิตเอทานอลนั นยังมีอยู่น้อยมาก จึงท้าให้เป็นข้อจ้ากัดของการพัฒนาการผลิตไบโอเอทา
นอลในประเทศไทย ดังนั นงานวิจัยนี จึงมุ่งหวังที่จะพัฒนาการผลิตไบโอเอทานอลเพ่ือเติมเต็มระหว่าง
งานวิจัยและการประยุกต์ใช้ไดทั่วไปและจ้าเพาะกับงาน โดยแนวคิดเริ่มมาจาก ปัจจุบันนี แนวโน้ม
เรื่องผลิตภัณฑ์อินทรีย์เป็นที่นิยมอย่างกว้างขวาง ปัญหาหนึ่งที่ส้าคัญมากในการปลูกข้าว คือการ
เติบโตของวัชพืชที่ไม่ พึงประสงค์  ในการศึกษาครั งนี ได้ใช้วัชพืชสองชนิด  ได้แก่ ผักปอดนา 
(gooseweed, Sphenoclea zeylanica) และกกขนาก  (small-flowered nutsedge, Cyperus 
difformis) เพ่ือผลิตไบโอเอทานอล ในขั นแรกได้หาสภาวะที่เหมาะสมในการผลิตเอทานอลระดับ
ห้องปฏิบัติการ หลังจากนั นได้มีการเพ่ิมขนาดการทดลองให้ใหญ่ขึ น ในการปรับสภาพวัตถุดิบนั นมีทั ง
วิธีทางชีวภาพและเคมี วิธีทางชีวภาพท้าโดยใช้ปลวกsciencec nameในการย่อยสลายผงวัตถุดิบด้วย
อัตราส่วนปลวกต่อผงวัตถุดิบ 2:1 โดยเลี ยงไว้เป็นระยะเวลา 3 วัน วิธีปรับสภาพทางเคมีท้าโดยใช้
โซเดียมไฮดรอกไซด์และไฮโดรเจนเพอออกไซด์ที่มีความเข้มข้นแตกต่างกัน จากนั นศึกษาอัตราส่วนที่
เหมาะสมของของแข็งต่อของเหลวและเวลาต่อผลผลิตไบโอเอทานอล  ด้วยวิธีการออกแบบการ
ทดลอง Box-Behnken และพื นผิวตอบสนอง ( Response surface methodology) ในการย่อย
สลายวัตถุดิบได้ใช้เอนไซม์เซลลูเลสทางการค้าเป็นระยะเวลา 72 ชั่วโมง เพ่ือให้ได้น ้าตาลจากวัชพืชทั ง
สองชนิด วัตถุดิบที่ถูกย่อยแล้วน้ามาหมักด้วย Saccharomyces cerevisiae TISTR 5020 ที่อุณหภูมิ 
35 องศาเซลเซียส เป็นระยะเวลา 9 วัน  พบว่า วิธีการปรับสภาพทางชีวภาพให้ผลผลิตน ้าตาลน้อย
กว่าวิธีทางเคมี ซึ่งการใช้โซเดียมไฮดรอกไซด์และไฮโดรเจนเปอร์ออกไซด์ได้ผลผลิตน ้าตาลดีที่สุด ส่วน
วิธีการไฮโดรไลซิสโดยใช้เอมไซม์เซสลูเลสเป็นระยะเวลา  24 ชั่วโมง สามารถผลเพ่ิมผลผลิตน ้าตาล
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ได้มากขึ น และผลผลิตเอทานอลสูงที่สุดหลังจากหมักเป็นระยะเวลา 3 วัน ผลผลิตเอทานอลสูงที่สุด
จากการหมักผักปอดนามีค่าเท่ากับ 11.84 กรัม/ลิตร และจากการหมักกขนากมีค่าเท่ากับ 12.36 
กรัม/ลิตร นอกจากนี ยังได้วิเคราะห์ความสมดุลของมวลชีวภาพเพ่ือให้เข้าใจเกี่ยวกับการถ่ายโอนมวล 
จากนั นขยายขนาดการทดลองขึ น กลั่นเอทานอลที่ผลิตได้ และทดสอบค่าความร้อนเพ่ือยืนยันผลการ
ทดลอง การทดสอบค่าความร้อนของเอทานอลท้าโดยการใช้เครื่องวัดความร้อน บอมบ์แคลอริมิเตอร์ 
ค่าความร้อนของเอทานอลที่ผลิตได้จากผักปอดนาและกกขนาก มีค่าเท่ากับ 12.61 และ 25.31 กิโล
จูล/กรัม ตามล้าดับ จึงสรุปได้ว่า ทั งผักปอดนาและกกขนากสามารถใช้เป็นวัตถุดิบในการผลิตไบโอเอ
ทานอลได้และสามารถประยุกต์ใช้เพื่อสร้างรายได้ในชุมชนท้องถิ่นได้ 
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ABSTRACT 
  

Bioethanol production from lignocellulosic biomass has been developed and 
carried out for a long time, not only to reduce the global energy problem but also to 
reduce the environmental stress caused by the application of fossil fuels. Thailand is 
a country with much ecosystem diversity, it has a potential in producing bioethanol 
from biomass such as forestry residues, agricultural wastes, woody and non woody 
biomass. However, a few research in ethanol production is a limitation for the 
development of the bioethanol production in Thailand. Therefore, this research was 
carried out with the aim to develop the bioethanol production and to fill the gap 
between research and general application, and bioethanol production in particular. 
The idea arose from the present trend of widely used organic products. A very 
important problem in rice plantation is the growth of unwanted weeds in the paddy 
field. In this study, two weeds, namely gooseweed (Sphenoclea zeylanica) and small-
flowered nutsedge (Cyperus difformis), were used to produce bioethanol.  Lab-scale 
experiments were first done to find out suitable conditions for ethanol production and 
were later scaled up. Both biological and chemical pretreatments were applied. A 
biological method was carried out using micro -termite to digest powdered raw 
materials at a ratio 2:1 for 3 days. A chemical method was done by alkaline 
pretreatment with different concentrations of sodium hydroxide and hydrogen 
peroxide. The ratio of solid to liquid and time were worked out and optimized by using 
Box-Behnken experimental design and response surface methodology. Enzymatic 
hydrolysis using commercial cellulase for 72 hours was applied to produce reducing 
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sugar from the two weeds. The released reducing sugars were fermented by 
Saccharomyces cerevisiae TISTR 5020 at 35ºC for 9 days. It was shown that the sugar 
yield from biological pretreatment was lower than that from chemical pretreatment. 
Treatment with both NaOH and H2O2 gave the highest amount of sugar.  Enzymatic 
hydrolysis with cellulase for 24 hours produced more sugar and the highest ethanol 
concentration was obtained after 3 days of fermentation. The highest ethanol yield 
from gooseweed fermentation was 11.84 g/L and that from small-flowered nutsedge 
was 12.36 g/L. In order to understand the mass transfer, mass balance analysis of 
bioethanol production process was conducted. Scale-up experiments were carried out 
with an addition of distillation step using a distiller. The obtained ethanol was tested 
for energy content with bomb calorimeter. The higher heating value of bioethanol 
produced from gooseweed and small-flowered nutsedge were 12.61 KJ/g and 25.31 
KJ/g, respectively. In conclusion, both gooseweed and small-flowered nutsedge can 
be promising materials for bioethanol production and applied to create income in the 
rural community.  
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CHAPTER 1 

INTRODUCTION 
 
Background 

The rapid growth of human population has led to a very high demand of fuel 
production that nowadays becomes an urgent situation over around the world. 
Although the current  energy types are primarily from fossil sources, its reserve will be 
exhausted by next 40-50 years (Vohra et al., 2014). The world’s consumption of fossil 
fuels by transportation sector accounts for 60%, which consequently contributes to 
the massive pollution generation to the environment. Thus, the existent patterns of 
energy consumption and development are not maintainable in the permanent term. 
Besides, the exploitation as well as the application of these conventional fuels in a 
long time have caused severe worldwide environmental effects. To illustrate, the 
raising of CO2 emission from industrial activities and transportation has led to significant 
climate change within a short period. Certainly, due to the main dependence of 
agricultural activities on weather, there is no doubt that it could have adverse impact 
on agricultural activities that directly effect on food supply. The mentioned global 
issues of energy security and environment have boosted the requirement of an 
alternative and green energy source. Many types of green energy have been discovered 
and applied to reduce the dependence of traditional hydrocarbon deposit sources. 
They are derived from natural renewable sources like biomass, solar heat, wind, hydro, 
wave, geothermal and ocean-thermal which are persistent and sustainable (Twidell 
and Weir, 2015). The technology of using the above green energy are already well-
developed and mature except biofuel (Popp et al., 2011).  

Biofuels including bioethanol, biogas, biodiesel, biohydrogen, biobutanol, etc. 
can be produced from biomass via chemical and biological processes (Guo et al., 2015). 
The increased attention of biofuel has been started in the early of 2003 with the huge 
promoting of industrial scale production and consumption in European Union and 
United States (Azadi et al., 2017). Moreover, many countries, such as USA, Brazil, China, 
Canada, and several Europe member states have already declared guarantees to 
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biofuel programs as attempts to reduce the dependence on fossil fuels. It is said that 
among all major renewable energy technologies examined to date, biomass is the 
primary source of renewable liquid fuels for vehicle, air, and maritime transportation ( 
Wedges, 2004; Ragauskas et al., 2006). According to the International Energy Agency 
forecast, fuels from biomass feedstock used for transportation purpose will raise from 
2% in 2012 to 20% by 2040 (Birol, 2014). Be back to the history, it is known that ethanol 
have been used widely in transportation sector as alternative fuel in Europe and The 
United States the early 1900s (Azhar et al., 2017). In 1984, Germany and France started 
to use bioethanol as a fuel in internal combustion engines (IGEs) (Demirbas and 
Karslioglu, 2007). Utilization of bioethanol by Brazil was initiated since 1925. However, 
the production of ethanol at this period did not draw much attention from government 
and market due to its high production cost comparing to petrol. As shown in Figure 1, 
the liquid biofuel production that included bioethanol and biodiesel went up steadily 
in the period of 2001-2013. In 2011, the two top most countries shared this biofuel 
production were the United States and Brazil which produced 12. 0 and 8.7 MJ per 
capita per day.  In 2016, the global production of bioethanol achieved 100 billion liters 
which were mainly from the United States and Brazil (RFA, 2017) (Figure 2).  In 
conclusion, the United States is the largest scale producer of bioethanol from corn in 
the world, followed by Brazil from sugarcane. However, these crops cannot meet the 
global demand for bioethanol production as alternative energy. Therefore, a 
requirement of new materials and upgrade current processes to obtain more ethanol 
yield to meet the increasing demand is needed.  
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Figure 1 Liquid biofuel production in selected countries (MJ per capita and day). 
versus the ratio of bioethanol to total liquid biofuels produced in that country in 

2011 on an energy basis. The inset plot shows global annual production volume of 
bioethanol and biodiesel. Different symbols represent different world regions  

(Azadi et al., 2017) 

 

Figure 2 The contribution of ethanol production in 2016 

(RFC, 2017) 

The main of ethanol production today comes from edible sources (sugar-or 
starch-based feedstock). As a country with plenty of plants and lands, Thailand is also 
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on the way to produce biofuels from edible sources (sugarcane and cassava) to meet 
the high demand of the entire nation. Strategy (2015-2036) target of Thai government 
to increase the yield of bioethanol to 11.3 billion liters per day in 2036. However, the 
use of edible source for bioethanol industry exhibit a considerable scale limitation 
which is relevant to global fuel demand and have led to significant concerns regarding 
food production (Tilman et al., 2009) (Figure 3). Therefore, the interest in production 
of ethanol from second generation, so-called lignocellulosic biomass, has been 
increased recently (Azadi et al., 2017).  Although the progress of second-generation 
bioethanol may not be beneficial as the first generation, the feedstock availability 
makes it as a gigantic potential if implemented nationally.  To further motivate the 
demand and reduce the conflict of fuel versus food, bioethanol produced from 
residues, wastes, and non-edible crops should be considered be twice that of other 
bioethanol. However, this pathway needs more effort from researchers and engineers 
to overcome the bottleneck of the capital and operation cost for large scale to 
develop. Bioethanol production from lignocellulosic and cellulosic biomass has been 
developed and applied in the United State where the very first cellulosic-ethanol 
factory was built in 2014. Its target was converting 770 ton of biomass per day into 
ethanol at a rate of 20 million gallons per year (Figure 4).  

 

Figure 3 Classification of bioethanol generation   

(Wei et al., 2014) 
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Figure 4 Project Liberty, The first cellulosic-bioethanol factory, the United State   

(http://poet-dsm.com/) 

Gooseweed (Sphenoclea zeylanica) and Small-flowered nutsedge (Cyperus 
difformis) are usual and widespread herbaceous weeds of wetland rice (Holm et al., 
1977). Gooseweed belongs to the family Sphenocleaceae and small-flowered 
nutsedge is one of species of family Cyperaceae. Both plants are able to develop on 
terrestrial as well as freshwater systems in tropical to temperature areas (Carter et al., 
2014). It is instinctive to the Eastern Hemisphere including Thailand, Viet Nam, 
Indonesia, etc. Since its preferred habitat is wetland and aquatic bodies, these two 
species has been a problematic non-woody plant on wetland transplanted rice field, 
and was recognized as one of the worst weed in the world by Holm and his colleagues 
(Holm et al., 1977). According to Ghosh and Ganguly (1993), dominant gooseweed and 
other sedges caused 32-50% yield loss in rice field in India because of nutrient and 
living space competition with rice. Thus, farmers remove this weed by manual, 
chemical, and biological methods which consume lot of time and efforts without 
creating any economic  benefits (Mabbayad and Watson, 1995). With regards to both 
economic and energy aspects, gooseweed and small-flowered nutsedge can be 
promising materials for bioethanol production. Thus, this study was studied to figure 
out the feasibility of using these weeds to produce a valuable product, bioethanol.  
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Research Objectives 
1. To figure out the pretreatment parameter affecting lignin degradation and yield 

of reducing sugar.  
2. To investigate the potential of producing bioethanol from gooseweed and 

small-flowered nutsedge.  
3. To study the feasibility of digestion by termite colony on gooseweed and small-

flowered nutsedge.  
 

Scope of Research 
1. The two new materials will be analyzed the compositions and characteristics.   
2. Chemical and biological pretreatment will be applied to treat and discover the 

effect of pretreatment on gooseweed and small-flowered nutsedge.  
3. Response surface methodology will be used to optimal the pretreatment 

condition on the yield of sugar after hydrolysis process. 
4. Economic analysis will be conducted to calculate the cost per unit of obtained 

bioethanol.  
 
Significance of research 

Viet Nam, Indonesia, Malaysia, and Thailand etc. are very rich, lignocellulosic 
plants for bioethanol purpose. In response to the current demand, global bioethanol 
production has been increased year by year. In Thailand, there is an increasing interest 
in using ethanol as a neat or blended fuel in the transportation sector as a substitute 
for fossil fuels such as gasoline. However, a lack of research on those plenty sources 
and these two weeds in this study have not yet studied for biofuels generally, 
particularly bioethanol in over the world.  

Thailand has approximately 10, 800 hectare of rice area in 2014.  These weeds 
have harmful impacts on rice fields and are often eliminated by herbicide because 
they compete with rice for essential nutrients. As a result, output of the study will not 
only have vital contributions in providing new materials in the second generation of 
bioethanol, but also encourage farmer to remove them manually instead of using 
chemicals. Secondly, biological pretreatment has been paid more attention from 
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researcher due to its less energy requirement and environmentally friendly. Using 
termite to pre-treat samples can reduce the cost for pretreatment and saccharification 
process. In brief, the study will cover some basic experiments related to termite in 
order to test the feasibility of the digestion effect of lignocellulosic biomass on ethanol 
yield. Besides, the study explores the feasibility of building a plant by analyzing 
economic analysis.  

In conclusion, by investigating the potential of these weeds with bioethanol 
production, not only contributes new materials to list of second generation of 
bioethanol, but also helps to improve the economy of rural areas.  



CHAPTER 2 
LITERATURE REVIEW 

 
Characteristic of bioethanol 

The three-dimension structure of ethanol compound which is formed of 2 
carbon, 6 hydrogen, and 1 oxygen is shown in figure 5. The physical and chemical 
characteristics of ethanol making it become a promising fuel for transportation sector 
were listed in the table 1. As a safety and environmental – friendly fuel, ethanol has 
higher value of octane number, range of flammability limit concentration volume, flash 
point, and auto ignition temperature comparing to gasoline (Balat and Balat, 2009).  
Not only the higher octane number allows it to be burnt at a higher compression ratio 
with shorter burning time, resulting in a lower engine knock, but also higher flash point 
make it safer to be worked at ambient temperature. Moreover, due to the oxygen 
contain in ethanol molecule, the combustion efficiency of ethanol is higher (15%) than 
that of gasoline. In contrast to petroleum fuel, bioethanol is less toxic, readily 
biodegradable and produces lesser air-bone pollutants (John et al., 2011). Thus, 
ethanol can enhance the performance of gasoline when blended with ethanol.  
 

 

Figure 5 Ethanol molecule in 3D 

(https://en.wikipedia.org/wiki/File:Ethanol-3D-balls.png) 
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Table 1 A comparison of ethanol and gasoline 
 

Ethanol Gasoline 

Energy density (MJ/L) 21.4 30-34 

Low heating value (MJ/kg) 26.8 41-44 

Research Octane number 90 80-88 

Heat of evaporation (MJ/kg) 0.92 0.36 

Reid vapor pressure (kPa)  16 54-103 

Boiling point (°C) 78 27-225 

Solubility at 20 °C Miscible Negligible 

Kinetic viscosity at 20°C (mm2/s) 1.5 0.37-0.44 

Lower flammability limit concentration volume (%)  3.3 1.4  

Upper flammability limit concentration volume (%)  19 7.6 

Flash point (°C) 13 -43 

Auto ignition temperature (°C) 363 250-300 

(Tao et al., 2014) 
 
Lignocellulosic biomass 

The potential of lignocellulosic materials as promising feedstock for ethanol 
production has been draw attention recently due to its abundant availability and 
cheap cost ( Mood et al., 2013; Aditiya et al., 2016).  Lignocellulosic materials can be 
simply divided into different groups including forestry residues, agricultural residues 
(sugarcane bagasse, corn stover, etc.), aquatic plants, herbs, and energy crops (poplar, 
switch grass, giant red, elephant grass, etc.) The main portions of lignocellulosic 
biomass are cellulose, hemicellulose, and lignin which make up 30-50%, 15-35%, and 
10-20%, respectively (Limayem and Ricke, 2012). These polymers link together by 
hydrogen and van der Waals bonds to create recalcitrant matrixes that are stiff and 
hard (Figure 6) (Volynets et al., 2017). Above all, cellulose chains are the key factor 
that strongly have positive effects on the sugar yield and ethanol yield. On the other 
hand, the present of hemicellulose and lignin weak hydrolysis activities and negatively 
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impact on sugar yield. As a result, understanding of the characteristics of biomass is 
very essential to design a suitable pretreatment that enhances hydrolysis process.  

 

 

Figure 6 Structure of lignocellulosic materials 

(Volynets et al., 2017) 

 

Cellulose 
Cellulose is the most abundant organic compound which is around 1.5 × 1012 

tons (Klemm et al., 2005). It is composed of many D-glucose molecules linked by β 
(14) - glycosidic bonds and hydrogen bonds. A chain of cellulose is able to reach 
several thousand glucose units in length that can be formed as crystalline or 
amorphous regions (Figure 7). While amorphous cellulose is easy to be degraded into 
monosaccharides by chemical and enzymatic hydrolysis, crystalline cellulose keeps 
resistant (Hall et al., 2010). Cellulose is recalcitrant to biodegradation so that it is 
needed to be weaken in a pretreatment step before enzymatic hydrolysis which results 
to constituent cellobiose units and simpler D-glucose units.  It is shown that the 
enzymatic hydrolysis rate and yields of cellulose crystallization are more than 100 
times lower than of amorphous cellulose (Cowling, 1975; Ooshima et al., 1990; Jeoh 
et al., 2007). Beside, a rising of 10% crystalline cellulose causes 40% decreasing of 
enzymatic hydrolysis rate (Hall et al., 2010). Therefore, a pretreatment step is needed 
to not only make cellulose more accessible to hydrolysis agents but also decrease 
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degree of crystallization of cellulose. In fact, it may require a temperature up to 320°C 
and a pressure of 25 MPa for the transformation of crystalline-to-amorphous in water 
(Deguchi et al., 2006).  

 

Figure 7 The structure and the structural shape of cellulose 

 
Hemicellulose 

Hemicelluloses are cell wall polysaccharides that bind strongly to cellulose 

microfibrils by hydrogen bonds (McNeil et al., 1984). It contains pentoses (β-D-xylose, 

α-L-arabinose) and hexoses (β-D-mannose, β-D-glucose, α-D-galactose) (Gírio et al., 

2010). It also includes a small amount of other sugars (α-L-rhamnose and α-L-fucose) 
and uronic acids. However, the most abundant and prominent hemicellulose in the 
secondary cell walls is xylan which can be made up to 50% of grasses and cereals 
biomass (Ebringerová et al., 2005).  
 
Lignin 

  level of lignin which are about 3-30% (Demirbas, 2005). In fact, lignin can be 
burnt to produce steam or power, pyrolysis, or enzymatically depolymerized to 
produce mono-aromatic compounds such as gallic and ferulic acids, building clock for 
phenolic compounds.  

The adsorption of lignin to cellulase required a higher enzyme loading. This is 
because this binding generates a non –productive enzyme attachment and limits the 
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accessibility of cellulose to cellulase. Moreover, phenolic groups produced from the 
degradation of lignin substantially deactivate cellulolytic enzymes activities. Therefore, 
influence enzymatic hydrolysis. Retaining the lignin could have benefits as have 
demonstrated that lignin components, once recovered from biofuel process may be a 
potential energy self-sustaining source to retain bio refineries financial solvency.  
 
Process of ethanol production 

Generally, the conversion of lignocellulosic biomass into bioethanol includes 
sequential steps which are namely pretreatment, hydrolysis, fermentation, and 
distillation (Aditiya et al., 2016). They can be designed differently to optimize the 
working condition as well as reduce the overall production cost of each stage. 
Currently, researchers have been created some processes: separate hydrolysis and 
fermentation (SHF), separate hydrolysis and co-fermentation (SHCF), simultaneous 
saccharification and fermentation (SSF), simultaneous saccharification and co-
fermentation (SSCF), and consolidated bioprocessing (CBP).  Figure 8 performs each 
process in detail. Co-fermentation (CF) is about the fermentation of both xylose and 
glucose by a microorganism inside a fermenter. The advantages and disadvantages of 
each production rout are mentioned as below table (Table 2).  

 
Figure 8 Modified schematic diagram of bioethanol production through 

different routes 

 (Choudhary et al., 2016) 



 
 

13 

Table 2 The pros and cons of different bioethanol production routes 

 Advantages Disadvantages Reference 

SHF 
(SHCF) 

The hydrolysis and 
fermentation steps can 
be performed at optimal 
condition of pH and 
temperature. 

High investment 
Hydrolysis process can 
be inhibited by 
accumulated glucose 
concentration 

(Taherzadeh and 
Niklasson, 2004) 

SSF 
(SSCF) 

Low cost 
High ethanol yield 
Short processing time 
Lessen the negative 
impact of produced 
glucose on hydrolysis 

Different optimal 
temperature between 
saccharification & 
fermentation 

(Baeyens et al., 
2015) 

CBP Reduce inhibitors, and 
operation cost 

Suitable microorganism 
strains for commercial 
purposes are not yet 
available 

(Fan, 2014) 

 
Pretreatment method 

Pretreatment upstream operation include mainly physical and thermochemical 
processes that involve the disruption of the recalcitrant material of the biomass. Most 
of current pretreatment technologies produce the by-products that suffer the 
degraded ethanol productivity. Therefore, an additional detoxification step is required 
which makes bioethanol production from lignocellulosic biomass economically 
unfeasible. The turning of lignocellulosic biomass into ethanol begins with the 
breakdown of the cell wall and release of the starch or sugars in the plants. However, 
the combination of lignin, hemicellulose, and cellulose is very strong to be split into 
the simple sugars. That is the main reason for the addition step, pretreatment.  

According to some previous researches, the most important factors that affect 
the hydrolysis efficiency are the accessible surface area, lignin content and the degree 
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of crystallinity with the cellulose polymer itself ( Hendriks and Zeeman, 2009; Alvira et 
al., 2010; Chiaramonti et al., 2012). Thus, the main target of pretreatment is overcome 
the physic barriers of the biomass by taking advantages of physical, chemical, biological 
or the combination of those method.  The structure of the cell wall is changed by the 
attack of physical or chemical agents during pretreatment. In particular, lignin layer is 
broken, hemicellulose is degraded to monomers, and cellulose is easily exposed to 
the access of enzyme which converts the cellulose chains to simple sugars (Piccolo 
and Bezzo, 2009). Furthermore, by undergoing pretreatment process, the crystallinity 
degree of the cellulose matrix is altered by amorphous shape which reduced the 
pressure on saccharification step (Aditiya et al., 2016). The change of the structure of 
cell wall after pretreatment has been proved by many researchers who applied diverse 
pretreatment methods (Pu et al., 2013). The changes in molecular weights of lignin can 
be a visible insights during dilute acid and hydrothermal pretreatment (Behera et al., 
2014). In general, researchers are able to see the differences between untreated and 
treated materials by scan electron microscope (SEM) or transmission electron 
microscope (TEM) (Poornejad et al., 2013; Subhedar and Gogate, 2014).  

It is important that application of a suitable pretreatment should be depended 
mostly on the feedstock characteristics. In general, pretreatment process can be 
started with physical material’s size reduction method that increases the accessible 
surface of materials, harsh condition (high temperature or pressure and strong 
chemical) can be used later to totally break the linkage of the cell wall. The more 
accessible surface leads to a higher efficiency of pretreatment and hydrolysis process. 
An effective pretreatment is fundamental for optimal successful hydrolysis, and 
reduces production of inhibitory compounds. 

 
Physical pretreatment 

The physical processes of lignocellulosic feedstock pretreatment totally 
involve in mechanical method, high temperature and pressure without using any 
chemical reagent. A comparison study was performed and it showed that smaller size 
of corn stover (about 53-75 um) produces greater outcome by 1.5-fold than the larger 
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size substrate (Zeng et al., 2007). The main drawback of this method if high energy 
consumption and high capital investment.  
 
Physico-chemical pretreatment 

Behera and his colleagues (2014) pointed out the importance of chemical 
pretreatment for bioethanol production from lignocellulosic feedstock by listing some 
of suitable chemical pretreatment methods for industrial scale  (Behera et al., 2014). 
Recent studies conducted have analyzed and compared biochemical and 
thermochemical conversion pathways based on life cycle assessment studies (Mu et 
al., 2010). They concluded that despite the equivalent alcohol productivity and energy 
efficiency performance between the two routes, in the short run biochemical 
conversion is considered to have more favorable environmental performance than the 
thermochemical route.  
 
Acid pretreatment 

Acid pretreatment has been known as a candidate method for industrial 
application of bioethanol production from lignocellulosic biomass. The Despite of the 
high deformed of lignocellulosic structure, using high concentrated acid to damage the 
cell wall may produce harmful by-product that inactive the activities of downstream 
microorganism. Due to high temperatures and the acid conditions of the pretreatment, 
the sugars released by hydrolysis are degraded into two compounds: furfural 
(degradation of pentoses: xylose and arabinose) and 5-hydroxymethilfurfural or HMF 
(degradation of hexoses: glucose, mannose, and galactose). While furfural can also 
degrade into formic acid or polymerize, HMF generates equimolecular quantities of 
formic and levulinic acid (Bienkowski et al., 1987; Chiaramonti et al., 2012; Dagnino et 
al., 2013). Acid acetic resulting from dilute acid pretreatment of agricultural residues as 
well as herbaceous and hardwoods is pH dependent and can reach a high 
concentration of approximately 10 g/L (Larsson et al., 1999). The acetic acid is 
produced by the acetyl groups hydrolysis, which is a component of the hemicellulosic 
fraction, in the shape of substituent of xylose monomers in the solid phase as well as 
oligomers.  
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Alkaline pretreatment 

Instead of using concentrated/dilute acid at high temperature or pressure, 
lignocellulosic biomass can be treated with alkaline reagents such as sodium 
hydroxide, potassium hydroxide, lime, ammonia solution, etc. The reaction of 
lignocellulosic biomass with alkaline reagent may last for such a long time which ranges 
from hour to several days (Chiaramonti et al., 2012). Even though there is not necessary 
to consume more energy, long retention time is one of the main drawback of this 
alkaline pretreatment which was proved (Kim et al., 2008).  
 
Steam explosion 

Steam explosion: high-pressure saturated steam. Pressure is then suddenly 
reduced, exposing the feedstock to an explosive decompression which opens the 
biomass structure, increasing enzyme accessibility. The temperature often ranges from 
160 - 220°C at 1-2.3 MPa for a short period of time. Steam explosion has been 
successfully applied for production of ethanol from several lignocellulosic materials. 
During pretreatment, biomass is heated up by the condensation of steam leading to 
micro porous structure being filled with liquid hot water. Water acts as a weak acid, 
which lowers the pH to 3-4 and initiates the depolymerization of hemicellulose. 
However, this type of pretreatment is quite similar to dilute and concentrated acid 
method which promote for generation of inhibitor substances for hydrolysis and 
fermentation (Liu and Chen, 2015).  
 
Liquid hot water pretreatment 

Liquid hot water pretreatment is a hydrothermal process which does not 
employ any catalyst or chemicals. Pressure is applied to maintain water in the liquid 
state at elevated temperature (160 - 240°C). The main effect of liquid hot water is 
solubilization and degradation of hemicellulose, making the cellulose more accessible. 
The pH range can be controlled between 4 and 7 so that the formation of inhibitors 
can be reduced.  
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Biological pretreatment 
Generally, biological pretreatment is based on the use of microorganisms able 

to degrade lignin, hemicellulose, and cellulose. Some of the potential microbes are 
brown-, white-, and soft-rot fungi. The similar microorganism can be found in termite 
gut and their function as digestive system. The microorganisms living inside its gut are 
able to break down the lignocellulosic structure. In nature, microorganisms have an 
important role in degrading lignocellulosic biomass which content lignin, hemicellulose 
and cellulose. They use many types of different enzyme to break down the polymer 
chains into simple molecules. In other words, termites can digest lignocellulosic 
materials like wood, grass, etc. (Sun et al., 2014). Higher termites are on the top for 
their ability of lignocellulosic biomass degradation. However, the low energy 
requirement is the main reason for the interest in this kind of pretreatment. In addition, 
the absence of chemical needed and mild pretreatment conditions are other 
important advantages of biological pretreatment.  

 
Saccharification 

Hydrolysis process takes place after pretreatment to break down the feedstock 
into fermentable sugar for bioethanol production. There are some characteristic of 
plant cell wall that significantly effects on the efficiency of hydrolysis process: content 
of cellulose, hemicellulose, and lignin; cellulose crystallinity, and porosity.  Lignin and 
hemicellulose create a natural physical barrier that prevent the accessibility of enzyme 
to cellulose chains. Furthermore, the structural order of cellulose such as crystallinity 
and amorphous also decide the rate of hydrolysis. The more crystallinity shapes 
appear in cellulose chains, the slower the hydrolysis occurs. In general, the two most 
commonly used hydrolysis methods are acidic and enzymatic.  
 
Acidic hydrolysis 

Acidic hydrolysis can be divided into two types namely dilute and 
concentrated. Dilute acid hydrolysis is performed at higher temperature using low acid 
concentration while concentrated acid hydrolysis is carried out at lower temperature 
using high acid concentration. Acid hydrolysis of lignocellulosic biomass is conducted 
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into two-stage process as the pentose sugars degrade more rapidly compared to 
hexose sugars. It generates large amount of inhibitors. However, acid hydrolysis 
processes have several disadvantages limiting the application to industry. The 
degradation of sugars to by-products is hard to control the acid is difficult to be 
separated and recovered from the sugar products, large amounts of acid may 
contaminate the environment, and dilute acid is corrosive to equipment although 
corrosion is less of an issue at very high acid concentrations. The disadvantage of acid 
hydrolysis is the difficulty of performing acid recovery and recycling process which 
increases the production cost.  
 
Enzymatic hydrolysis 

Enzymatic hydrolysis is the preferred saccharification method because of its 
higher yields, higher selectivity, lower energy cost and milder operating condition than 
chemical processes (Yang et al., 2011). Cellulose can be hydrolyzed by cellulase 
enzymes. These enzymes synergistically hydrolyse cellulose to cellobiose and glucose. 
On the other hand, hemi-cellulose being structurally more complex than cellulose 
requires much more number of enzymes. The multi enzyme system for xylan 

hydrolysis includes endoxylanase, exoxylanase, β-xylosidase, α-arabinofuranosidase, 

α-glucoronisidase, acetyl xylan esterase, and ferulic acid esterase. Most of the solid 
components of the sample decomposed during the hydrolysis, thereby forming a 
brown liquid (Küüt, 2013).  

 
Fermentation 

Microorganisms such as yeast plays an essential role in bioethanol production 
by fermenting a wide range of sugars to ethanol. Because the production of bioethanol 
is founded on the ability of yeasts to catabolize six-carbon molecules such as glucose 
into two carbon components, such as ethanol, without proceeding to the final 
oxidation product which is CO2 (Azhar et al., 2017). They are used in industrial plants 
due to available properties in ethanol yield (>90.0% theoretical yield), ethanol 
tolerance (>40.0 g/L), ethanol productivity (>1.0 g/L/h), growth in simple, inexpensive 
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media and undiluted fermentation broth with resistance to inhibitors and retard 
contaminants from growth condition (Dien et al., 2003). Certain yeast strains such as 
Pichia stipitis, S. cerevisiae and Kluyveromyces fagilis were reported as good ethanol 
producers from different types of sugars (Kumar et al., 2009; Pothiraj et al., 2014; Yan 
et al., 2015; Lewandowska et al., 2016;). There are several factors which influence the 
production of bioethanol including temperature, sugar concentration, pH, fermentation 
time, agitation rate, and inoculum size (Zabed et al., 2014). The ideal temperature 
range for fermentation is between 20 and 35ºC. Free cells of S. cerevisiae have an 
optimum temperature near 30ºC whereas immobilized cells have slightly higher 
optimum temperature due to its ability to transfer heat from particle surface to inside 
the cells (Liu and Shen, 2008). The production of ethanol using free yeast cells is still 
inefficient due to its higher cost of cell cycling, greater contamination risk, limitation of 
the dilution rate and susceptibility to environmental variations. Free cells cause 
substrate or product inhibition from direct contact between the cells and medium. 
Most of the problem occurred in free-cell systems are reduced by the immobilization 
method. In addition, there is no significance of ethanol production efficiency between 
free and immobilized yeast cells (Swain et al., 2007). Although known as the most 
commonly employed microorganisms, both Z. mobilis ad S. cerevisiae is incapable to 
ferment pentose sugars. While P. stipitis is recognized in their ability to convert pentose 
sugar (xylose). However, these bacteria only result low efficiency with high-caring 
handling; they are vulnerable to acid environment, inhibitors and ethanol with high 
concentration. The yeast S. cerevisiae contain two genes that catalyze not only the 
reduction of acetaldehyde to ethanol during the fermentation of glucose, but also the 
reverse action of ethanol into acetaldehyde (Bennetzen and Hall, 1982).   
 
Distillation 

Bioethanol obtained from a fermenter requires further separation and 
purification of ethanol from water through a distillation process (Figure 9). In general, 
the common and simple distillation technology applied a lot in practice is fractional 
distillation which is based on the different volatilities of ethanol and other substances 
inside the fermenter such as water, lignin, unconverted hydrocarbon (Limayem and 
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Ricke, 2012). Because the boiling point of water (100°C at 1.013 Pa) is higher than the 
ethanol boiling point (78.3°C at 1.013 Pa), ethanol will be converted to steam before 
water. The system often is divided into two columns. While the first column is able to 
remove the dissolved CO2 and most of the water with the product consist of 37-40 
wt% ethanol, the second columns has a role for concentrating the ethanol to a near 
azeotropic composition (approximately 92.4 wt% ethanol). However, the maximum 
ethanol concentration obtained after this step can reach to 96% wt only (Cardona and 
Sánchez, 2007). Therefore, a further dehydrated to 99.5% process by vapor-phase 
molecular sieve adsorption has to be carried out (Humbird et al., 2011).  

Even though this conventional purification method brings a huge benefit of high 
ethanol recovery, the major drawback of this method are more energy consumption 
at low ethanol fraction. Thus, there is a need of alternative technologies to reduce 
used energy and improve the ethanol recovery as well. New advanced distillated 
technologies with energy and economic efficiency and high ethanol recovery have 
been investigated and reported previously. Some of them are membrane distillation, 
liquid/liquid extraction, pervaporative separation, and steam/gas stripping. Membrane 
distillation is the evaporation process through a hydrophobic membrane whose 
principle is based on the vapor pressure difference on the both sides of membrane. 
The main important keys of this process are temperature and compositions of feeding 
input (Gryta et al., 2000). The pervaporation distillation is the other similar application 
to membrane distillation which separates the mixtures of liquid by partial vaporization 
through a solid membrane such as (non)-porous membrane and vapor permeation 
(Kiss, 2014).  
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Figure 9 Simplified flow diagram of the separation process  

(Humbird et al., 2011) 

  
Design of experiment 

The design of experiment (DOE) is a fundamental statistical tool for engineering 
field (Witek-Krowiak et al., 2014). DOE refers to the process of planning, designing and 
analyzing the experiment data so that valid and object conclusions can be concluded 
effectively and efficiently (Antony, 2014). This improves the process by considering 
only most significant factors, and also to reducing operation costs and saving time 
(Montgomery and Runger, 2002).There are three type of DOE which includes screening 
DOE, full factorial DOE, and optimization DOE. A screening DOE is to screen many 
factors at one time and eliminate insignificant factors of a process by identifying the 
key factors that significantly affect the process performance or the output. Antony 
(2014) described screening design was an effective method to take into account a large 
number of design factors in a lowest number of experimental runs. Full factorial DOE, 
on the other hand, studies all possible combination of levels of factors to determine 
statistical significant factors. Last but not least, in order to meet a specific target, the 
optimal level of significant factors could be set using optimization DOE. Several DOE 
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methods have been applied for bioethanol optimization including the central 
composite design (CCD), Box-Behnken design (BBD), Plackett-Burman design (PB), full 
or fractional factorial design (Figure 10) (Cavazzuti, 2012; Das et al., 2015).   
 

 

Figure 10 Basic design of experiment models 

(Witek-Krowiak et al., 2014) 
 
Optimization design of experiment 

Generally, response surface methodology (RSM) is a combination of the 
mathematical and statistical techniques based on the fit of mathematical models to 
the experiment results produced from the designed experiment and the confirmation 
of the model (Antony, 2014). RSM is usually applied for modelling and analyzing a 
process to study the relation among several independent factors and one or more 
response and the optimization of a process (Montgomery and Runger, 2002; Ayeni et 
al., 2013). This combines experimental designs with a method of constructing new data 
points by first-or second-order polynomial equations in a sequential testing procedure. 
In fact, RSM has been successfully applied for optimization purpose of some processes 
of bioethanol production (Saini et al., 2013; Das et al., 2015; Saini et al., 2015). The first 
step of statistic in optimization is to establish the principles that define experimental 
factors that have significant effect on the response variables. Many factors may 
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potentially affect the efficiency of pretreatment, saccharification, and fermentation 
process of bioethanol production. The two types of RSM including central composite 
design (CCD) and Box-Behnken design (BBD) were discussed below.  
 
Central composite design 

A central composite design is employed to fit an empirical, second-order 
polynomial model. Since it combines a two-level factorial design with star (axial) and 
center points, this design allows a greater number of levels without performing 
experiments at every combination of factor levels which cover the factor space near 
the center with more points.  This means only the center points is replicated to provide 
excellent prediction capability near the center of the factor space. Therefore, it 
reduces the total number of experiments needed to determine the best combination 
of factors for the optimization of a process (Baboukani et al., 2012). A study performed 
by Ruangmee and Sangwichien (2013) which is about the optimization of enzymatic 
hydrolysis process of narrow-leaf cattail for bioethanol production by CCD indicated 
that the predicted and observed glucose amount shared a very high R-squared of 
97.72% (Ruangmee and Sangwichien, 2013). This means that the obtained model could 
be used to predict and optimize the value of significant factors without doing more 
experiments.  Another research of (Avci et al., 2013) used CCD with the total of 20 
experimental runs to optimize the acid pretreatment condition to get highest sugar 
yield from hydrolysis step.  
 
Box-Behnken design 

Box-Behnken design is the other useful tool of response surface methodology 
for optimizing model. The advantage of BBD is in pointing out the issue of where the 
experimental boundaries should be in general and in particular to avoid the 
unnecessary combination of treatment. In fact, the BBD is slightly more labor efficient 
than the CCD because BBD eliminates all the corner points and the star points which 
reduces the number of experimental runs required. However, BBD has only two 
significant limitations. The first is  the number of experimental factors has to be equal 
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or higher than three and the BBD should not be used for fitting other equations but 
second order polynomial as the below equation (Eq1) (Witek-Krowiak et al., 2014). 
 

Y= β0 + ∑ βiXi
k
i=1 + ∑ βiiXi

2k
i =1 + ∑ βijXiXj

k
i<j + ε  (Eq1) 

Where, Y is response (sugar yield), β0 is the intercept value, 𝛽𝑖  (i=1,2…k) is the first 

order model coefficient, βii represents the quadratic coefficients of Xi, and βij is the 

interaction effects. Xi and Xj are the input variables that influence the response 

variable and 𝜀 represents the random error.  
 
Economic analysis 

Economic analysis of biomass chemical conversion technologies is important 
for its development and commercialization, and one of the key outcomes of an 
economic analysis is the cost of producing fuels and chemicals. The first generation 
biofuels (sugar-based and starch-based feedstock) represents a high share of 
production costs (70%), which is not the case for second generation biofuels, in which 
the share decreases and becomes less than 40% (Cardona and Sánchez, 2007; 
Solomon et al., 2007). Lignocellulosic biomass is the most promising feedstock 
considering its great availability and low cost, but the large-scale commercial 
production of fuel ethanol from lignocellulosic materials has still not been 
implemented (Cardona and Sánchez, 2007). Multiple techno-economic analysis (TEA) 
and life-cycle analysis (LCA) studies have been conducted for various configurations of 
industrial cellulosic ethanol plants, all of which point toward a path to produce 
ethanol that is at, or close to, being competitive with petroleum-derived fuels with 
the potential ability to offset substantial greenhouse gas (GHG) emissions, and indeed, 
several cellulosic ethanol plants are currently being brought online worldwide (Kazi et 
al., 2010; Murphy and Kendall, 2015). High production costs and technological 
uncertainties remain bottleneck for large-scale development of this pathway that 
depend on environmental and social concerns as well as on economic factors. These 
challenges, among many others in process integration and yield improvements, must 
be overcome to cost effectively produce hydrocarbon biofuels from lignocellulosic 
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biomass. Operation cost, payback period and breakeven analysis are used to 
investigate the relationships between the planned project cost and the rate of return. 
The breakeven point (BEP) is the point at which total cost and total revenue are equal, 
which means there is a balance of the profit and loss. Below figure 11 describes 
production cost of alcohol and fuels including ethanol reported by Patel et al. (2016). 
It is obvious that the cost of ethanol production is lower than that of gasoline and 
hydrogen. This again proves that ethanol as fuel may have advantages over fossil fuels 
like gasoline in economic aspect.  

 

 

Figure 11 Comparison of chemical/fuels production cost 

(Patel et al., 2016) 
 



CHAPTER 3 
 MATERIALS AND METHODS 

 
The whole experiments carried in this study is described as the bellow diagram 

(Figure 12). As the materials used are new for bioethanol researches, they firstly were 
analyzed the compositions by conducting both proximate and compositional analysis. 
Then, bioethanol was produced in the lab model from these two materials step by 
step as follow the diagram. After using response surface methodology for optimizing 
the parameters of pretreatment, testing the suitable time for hydrolysis process, and 
fermentation time, a scale-up model was done with all the optimal parameters 
perfectly examined in the lab scale.  

 

Figure 12 Experimental procedure for throughout study 
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Sample collection and material preparations 
Gooseweed and small-flowered nutsedge were harvested in the organic rice 

fields located in the campus of Maejo University, Sansai, Chiang Mai, Thailand from 
September to October 2016 (Figure 13). Fresh samples were moved to the lab of 
Energy Center Research, Maejo University. Then, they were first washed with tap water 
to remove dirt, mud and other visible contaminants. A drying rack was used to dried 
the samples under sunlight for 1 day. The sun-dried samples were placed in a hot air 
oven at 50°C overnight and were ground to powder that pass the sieve having an 
aperture size of 1.0 mm (Figure 14). The powdered sample was used for performing 
experiments shortly after.  

 

 Figure 13 Location sampling (Red stars) inside the campus of Maejo University 
 

 

 Figure 14 Gooseweed and small-flowered nutsedge in a rice field (A); Sunlight drying 
(B); Hot air drying (C, D); Powdering process (E, F) 
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Biomass yield 
Biomass yield was calculated by the total mass of plants within a given unit of 

environment area. Since both gooseweed and small-flowered nutsedge grows in the 
stagnant area, especially in the rice fields located in Maejo University, Chiang Mai, 
Thailand (18°53'36.3"N; 99°01'14.4"E). A 1m x 1m quadrat was placed in rice field 
randomly (Figure 15). The two plants were counted, collected and weighted as fresh 
samples followed by drying in hot air oven until it reached constant weight. The 
recorded data was used to calculate density (plant/m2) and biomass yield (kg/ha). 

 

 

Figure 15 Counting and collecting sample inside a 1m x 1m quadrat 
 
Lab scale experiment for bioethanol production 

The lab scale experiments were carried out to investigate the suitable condition 
for bioethanol production including pretreatment, enzymatic hydrolysis, and 
fermentation from these two new materials. The processes are tested in different value 
of time, concentration, and chemical reagents which are mentioned in detail as the 
following parts.   
 
Pretreatment 
Chemical pretreatment 

The chemical pretreatment was adopted and modified from Mishima and Yan 
( Mishima et al., 2006; Mishima et al., 2008; Yan et al., 2015). In detail, powdered 
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samples were treated with both sodium hydroxide (NaOH) and hydrogen peroxide 
(H2O2) at ambient condition for 24 to 72 hours. In order to test the effect and the 
interaction of chemical concentration, reaction time, and ratio of solid samples to 
chemical solution on sugar yield during pretreatment process, a study of RSM was 
carried out using a software, namely design of experiment. According to Myers et al. 
(2016), RSM is generally used to examine combined effects of several factors and to 
find optimal conditions for a multivariable system (Myers et al., 2016). The four factors, 
namely solid/liquid ratio, NaOH concentration (%), H2O2 concentration (%), and time 
(h), were statistically optimized with RSM using Box-Behnken design (Box and Behnken, 
1960). The Design-Expert software (Stat-Ease, USA), version 11.0.3.0 was used to build 
and analyze the experimental design. The low (-1), middle (0), and high (1) levels for 
each factor were given in table 3. The software displayed totally 27 base runs with 4 
runs at the middle points. A repetition of experiments at the central values ensure the 
accuracy of the data and the reproducibility of model.  

Table 3 The low, middle, and high level of the factors by BBD for gooseweed and 
small-flowered nutsedge 

Factor Unit Symbol 
Coded level 

-1 0 1 
Solid/liquid ratio - A 0.05 0.175 0.3 

NaOH % B 1 1.5 2 
H2O2 % C 0.5 1 1.5 
Time Hour (h) D 24 48 72 

 
The statistical significant of the model was estimated using analysis of variance 

(ANOVA) with p-value less than 0.05 and insignificance of lack of fit tests. The variables 
that significantly affected the responses were determined using a confidence level 
above 95% which p-value less than 0.05.  Moreover, the goodness of fit of the model 
was evaluated by the determination of R-squared, predicted R-squared, and adjusted 
R-squared coefficients. Three-dimensional surface plots and contours were achieved 
to demonstrate the effects of independent factors on sugar concentration. A second 
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order polynomial equation was used to test the effects of independent factors on the 
response in order to predict the optimal condition divided into linear, quadratic, and 
interactive components as below (Eq2).  

 

Y=β0 + β1A + β2B + β3C + β12AB + β13AC+ β23BC + β11A2 + β22B2+ β33C2 (Eq2) 

Where Y is the predicted response (sugar concentration g/g); β0 is the intercept; β1, 

β2, β3, linear coefficients; β11, β22, β33, squared coefficients; β12, β13, β23, interaction 
coefficients. A, B, C are coded values for ratio of solid/liquid, NaOH concentration, H2O2 
concentration, and time.  
 
Biological pretreatment 

The biological method, on the other hand, takes advantage of using lower-
termite to degrade the materials. Termite colony were collected at School of 
Renewable Energy campus, Maejo University, Thailand (18°55’34.6’’, 99°1’33.1’’). 
Termites were separated from the mound and kept in a plastic container for further 
experiment (Figure 16). A ratio of material to termite in the study was one to two (w:w). 
The experiment was carried at ambient temperature for three days. The mixture of 
termite and material were added 100 mL of distilled water and boiled for 1 hour and 
the solution was determined total and reducing sugar (Figure 17).  
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Figure 16 Termite collection and preparation  

 

 

Figure 17 Biological pretreatment; Feeding termite with materials (A and B); Adding 
100 mL of distilled water and boiling for 1h (C and D); Enzymatic hydrolysis (E) 
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Enzymatic hydrolysis 
Hydrolysis process was carried out with commercial cellulase enzyme supplied 

by Union Science Company, Chiang Mai, Thailand. The assay of enzyme are 2398 
units/g, beta glucosidase 577 units/g, and pH 4 provided by the supplier. Conical flasks 
containing 200 mL pretreated sample were adjusted to pH 5 by addition of 
hydrochloric acid and added 2% (v/v) of cellulase.  The mixture was kept at 50°C and 
agitated at 150 rpm for 24, 48, and 72 hours. The small amount of sample was taken 
out at each period of time to measure total sugar and reducing sugar following the 
mentioned methods. The hydrolysis efficiency was calculated by the following formula 
(Eq3): 

Hydrolysis (%) = 𝑅𝑒𝑑𝑢𝑐𝑖𝑛𝑔 𝑠𝑢𝑔𝑎𝑟 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 (𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑔𝑎𝑟 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑔)
 𝑥 100  (Eq3) 

 

Fermentation 
Microorganism culture 

A yeast strain, Saccharomyces cerevisiae TISTR 5020, was obtained from 
Faculty of Science, Maejo University, Chiang Mai, Thailand. This yeast was cultivated in 
autoclaved (120°C for 15 min) liquid YPD medium (10 g l-1 yeast extract, 20 g l-1 
peptone, 20 g l-1 dextrose) at 150 rpm for 24 hours. Then the broth was transferred 
into centrifuge tubes and centrifuged (7000 rpm, 4°C, 10 min) to separate yeast cells 
and medium. A same volume of sodium alginate 2% was added to the yeast cell pellet 
and mixed properly. A syringe was used to drop the mixture into a flask of 150 mL 
calcium chloride 0.05 M. Finally, immobilized yeast cells were washed with autoclaved 
distilled water and kept in fridge at 4°C for further using. The cell count of actively 
growing S. cerevisiae was measured using hemocytometer, corresponding to 2.5 x 107 
cell/mL (Figure 18).   
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Figure 18 Yeast culturing (A), Producing immobilized yeast (B, C, D, E, F) 
 

This study applied batch fermenters for fermentation process. Hydrolysate 
solution which was adjusted to pH 5.6, was fermented with 2% of immobilized yeast 
S. cerevisiae beads in 100 mL working volume fermenter. The mixture was incubated 
at 35°C from three to nine days (Thangavelu et al., 2014). Aliquots of fermented 
samples (50 mL) were collected in the fermenter after 3, 5, 7, and 9 days to measure 
the percentage of ethanol by using Ebulliometer (Dujardin-Salleron, Alcohol Burner, 
France). The principle of this method is based on the different boiling points of pure 
water (distilled water) from water-alcohol solutions. The sample solution should be 
centrifuged in order to be free of suspended solid before measure temperature with 
Ebulliometer. A calculating dial is used to determine the percentage of ethanol by 
comparing those two temperatures. Moreover, total sugar and reducing sugar were 
also determined after 3,5,7, and 9 days to observe the change to sugar comparing to 
bioethanol produced. The ethanol yield was calculated as follows (Eq4):  

Y(%) = [(E x 0.9)/(G x 0.51)] x 100  (Eq4) 

where E is the ethanol concentration in g/L and G is reducing sugar 
concentration in g/L.  
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Analytical method 
Proximate analysis 

Moisture content (%) was determined by drying at 105°C for 4 hours (Singh et 
al., 2017). The moisture content of sample was estimated by percentage of mass loss 
at 105°C. Ash content (%) was estimated using muffle furnace at 575°C for 4 hours 
(NREL, 2008). Moisture, total solids (TS) and ash content were calculated as weight 
percentage using Eqs. (5), (6), and (7). For estimation of volatile matter (VM), also known 
as volatile matter, the crucibles and sample were kept in a muffle furnace at 925°C for 
7 min (Singh et al., 2017). The percentage of volatile solid was the difference in weight 
loss at 925°C. The calculation of volatile matter and fixed carbon (FC) were followed 
Eqs. (8) and (9).  

Crucibles and sample in above mention were allowed to cool in a desiccator 
and recorded the weight using an analytical balance with 4 digits (Ohaus, USA).  

% Moisture = 
Weightoven sample and crucible  - Weightcrucible 

Weightinitial sample
×100       (Eq5) 

           %Total solid (TS) = 100 – %Moisture                            (Eq6) 

%Ash = 
Weight ash

Weight initial sample
×100                                           (Eq7) 

% Volatile matter =%TS - (
Weightinitial sample-Weightoven sample

Weightinitial sample
×100)      (Eq8) 

           %Fixed carbon = %TS – (% Volatile matter + %ash)  (Eq9) 
 
Iodine test for starch 

This is a qualitative test using iodine to determine the presence of starch in 
plant materials. Iodine reagent reacts with amylose chains, one of a main component 
of starch, and performs deep blue color. The sample is then observed under a 
microscope. The test was carried out for both gooseweed and small-flowered 
nutsedge.  
 
Biomass characteristic analysis 

The compositions of sample were determined by Van Soest method (Van Soest 
et al., 1991) in faculty of Animal Science, Maejo University. The percentage of cellulose, 
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hemicellulose, and lignin are calculated from neutral detergent fiber (NDF), acid 
detergent fiber (ADF), and acid detergent lignin (ADL). Firstly, 1.0 g of milled sample 
was reacted with 100 mL NDF detergent solution and 0.5 g of sodium sulfite. Since 
detergent dissolved soluble matters, the left residue was only cell wall which is 
cellulose, hemicellulose, and lignin. The mixture was boiled in a reflux system for two 
hours. Then, the crucibles and samples were washed three times with hot water and 
acetone by a cold extraction unit (FT 121 Fibertec™, Denmark). These above samples 
and crucibles were continuously added ADF detergent solution and boiled by a hot 
extraction unit (FT 122 Fibertec™, Denmark) for one and half hour. For ADL, the 
crucibles and residues from ADF were treated by 72% H2SO4 for 3 hours. The 
equipment used for these experiments was showed in figure 19. After reaction with 
reagents in above experiments, the sample and crucibles were washed with boiled 
water, distilled water, acetone and dried at 105°C for 4 hours, kept in desiccator for 
cooling and weighted out by analytical balance 4 digits (Ohaus, USA). The percentage 
of NDF, ADF, and ADL were calculated using Eqs. (10), (11), and (12).  

%NDF = 
WeightNDF and crucible- Weightcrucible

Weightinitial sample
   × 100           (Eq10) 

%ADF = 
WeightADF and crucible- Weightcrucible

Weightinitial sample
   × 100          (Eq11) 

%ADL = 
WeightADF and crucible- Weightcrucible

Weightinitial sample
   × 100           (Eq12) 

 

 

Figure 19 Reflux system (A); Cold extraction unit (B); Hot extraction unit (C) 
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Scanning electron microscope (SEM) 
Pretreatment is expected to have positive effects on the cell wall structure of 

biomass. Thus, the morphology of gooseweed and small-flowered nutsedge before 
and after chemical pretreatment was studied using SEM (JSM-5410LV, USA). Powdered 
biomass and residues after pretreatment were coated in pure gold and dried by a dryer 
(CPO 7501 Critical Point Dryer, USA) for 150 seconds at 15 mA. Gold coating is required 
to create conductivity properties for biomass. Since the presence of water interrupts 
the vacuum and the qualities of images, the samples have to be dried carefully. Both 
gold and samples were then attached inside the specimen chamber and were shot by 
electron beam at 15000 kV. The secondary electron detector catches the signal and 
present an enlarged image of the sample surface on the monitor screen (Figure 20).  

 

 

Figure 20 Pure gold coated sample (A); Scanning electron microscope unit (JSM-
5410LV, USA) (B) 

 
Scale up for bioethanol production 

 Figure 21 shows the schematic diagram of scale up experiment. It was carried 
out in 5 L flask bottle with a working volume of 4 L. An amount of 400 g sample was 
soaked in 4 L of pretreatment reagents (NaOH/ H2O2) for 48 hours (gooseweed) and 72 
hours (small-flowered nutsedge).  After pretreatment, pH was adjusted to 5.0 and 
enzymatic hydrolysis was conducted with 2% of cellulase enzyme (v/v) at 50°C for 24 
hours. The brown hydrolysate was then fermented with 2% of immobilized yeast (w/v) 
at 35°C for 3 days. 50 mL was taken to determine percentage of bioethanol by 
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Ebulliometer when fermentation finished. The separation of solid and liquid using a 
refrigerated centrifuge (Harrier 18/80, USA) is needed before distillation. A distiller (Mega 
home 316, Taiwan) was used for distillation. The obtained ethanol was estimated 
higher heating value (HHV) using a bomb calorimeter (Art.2060/2070 Bomb Calorimeter, 
Thailand).  

1g of bioethanol were weighed into the crucible and placed on the support 
pillar in the base of the calorimeter. A 12 cm length of steel thread was positioned 
between the coils of the firing wire with the other end dipped in the center of sample 
in the crucible. The steel thread works as electrical conductor and ignites the fuel. The 
system was then enclosed and oxygen was pumped into the chamber at a pressure 
of 30 atmospheres (atm) to ensure that complete combustion took place. The reaction 
was occurred for 6 mins. The bomb was then fired and the maximum deflection of 
the galvanometer was noted. The temperature rise of the bomb calorimeter was 
measured with the calibrated galvanometer-thermocouple assembly. The HHV of the 
sample was determined using the calibration factor as calculated using benzoic acid 
in kJ per division, the mass of sample burnt and the deflection of the sample.  
 

 

Figure 21 A scale up of 4 L for bioethanol production: Pretreatment/ Hydrolysis (A 
and B); Fermentation (C); Distillation (D and E); Bomb calorimeter (F) 
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Economic analysis 
In this work, a scale-up bioethanol production from gooseweed and small-

flowered nutsedge (4L) were used for evaluation. All of the value of currency used in 
this test is on the year of 2018. The input of this analysis includes chemicals, 
equipment, and other utilities (pump, cooling towers, etc.), so-called capital 
investment cost. The price of these items were referred from one of the largest trade 
website, namely Alibaba. Furthermore, the variable operating cost is the total of the 
raw material cost, utilities cost (water, electricity, etc.) (Sadhukhan et al., 2014). 
However, the materials used in this work were supplied without any charges. The cost 
per unit of bioethanol in this study is calculated based on the below equation (Eq13): 

CA = CK + CL + CE + CM + CO – PP  (Eq13) 
Where CA is the total cost per liter of bioethanol produced from biomass; CK 

is the cost of raw materials, CO is the cost of operations and maintenance, PP is the 
credit received for power supplied back to the electrical grid from the processing of 
lignin. In this study, CK is assumed as zero due to the free available feedstock.   

 
Statistical analysis 

All the experiment was performed in triplicate and data were analyzed by 
analysis of variance (ANOVA) using SPSS software (USA). Simple statistic (means, 
standard deviations) were computed for each parameter. Results were performed as 
mean ± SD.  

 



CHAPTER 4 
RESULTS AND DISCUSSION 

 

Iodine test for starch 
Since the sample chosen in this research are totally new in ethanol production, 

both gooseweed and small-flowered nutsedge were firstly pre-tested the presence of 
starch with iodine solution. This method applied to scan the characteristic of a plant 
that are able to be a promising feedstock for bioethanol production without using any 
complex analyzing methodology. Thus, it reduces cost and time of the whole research. 
It was shown that starch is available in both weeds (Figure 22 and 23).  High starch 
content and abundance in numbers makes these two weeds were possible for being 
raw materials in this study.  

 

Figure 22 The presence of starch in gooseweed 
 

 

Figure 23 The presence of starch in small-flowered nutsedge 
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Proximate and compositional analysis 
Table 4 shows the results of proximate and compositional analysis of both 

gooseweed and small-glowered nutsedge. In this study, it can be seen that the 
moisture content of both samples were quite low compare to other aquatic plants 
Impereta cylindrical, Eragrostis airoides, Typha angustifolia , Arundinella khasiana, 
Echinochloa stagnina with 8.55%, 8.28%, 13.95%, 10.37%, 10.27%, respectively (Singh 
et al., 2017). Moisture is an important property because this effects on storage 
condition of biomass, handling, feeding facilities and conversion processes (Rentizelas 
et al., 2009; Cai et al., 2017). The physicochemical properties influences to handling, 
storage, and transportation facilities while the compositions of biomass effects on 
conversion efficiency of feedstock into energy (Cai et al., 2017). Low moisture content 
materials (<15%) are often preferred by solid and gas conversion process, while high 
moisture content materials can be dealed with bio-conversion (Nanda et al., 2013). 
Besides, to be considered as a promising feedstock for bioethanol production, high 
volatile matter and low ash contents are highly preferred.  Volatile matter values of 
both goosweed and small-flowered nutsedge were resulted in similar values with other 
potential lignocellulosic biomass such as wheat straw, flax straw, trimothy grass, 
pinewood, and barley straw with a range of 77.9 – 82.4%.  

On the other hands, the conversion of lignocellulosic biomass into valuable 
bioethanol depends mostly on the cellulose and hemicellulose content. In another 
way, cellulose chains are polysaccharides which are composed of a lot of fermentable 
sugars (D-glucose) while hemicellulose is made up of both pentose and hexose sugars 
(Ravindran and Jaiswal, 2016). The cellulose, hemicellulose, and lignin content of 
gooseweed is lower than small-flowered nutsedge as reported in the below table. In 
comparison with water hyacinth whose cellulose, hemicellulose and lignin were 18.3%, 
23.3%, and 17.7%, separately (Gao et al., 2013).   
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Table 4 Proximate analysis and compositions of gooseweed and small-flowered 
nutsedge 
 

 

 
 
 
 
 
 
 
 
 
 
 
Biomass yield 

The research of lignocellulosic biomass for biofuel production makes up 40% 
of the total share of  studies on  promising materials (edible, lignocellulosic, and algal 
biomass) (Azadi et al., 2017). The research was conducted in rice fields in which these 
two weed plants were dominant. The average density of gooseweed and small-
flowered nutsedge were 59 plants/m2 and 38 plants/m2, respectively. High density of 
these plants causes the loss of rice yield due to the competition of nutrients and other 
essential elements between weeds and rice plants. Gooseweed resulted 207 kg/ha 
rice yield, while small-flowered nutsedge produced 201 kg/ha rice yield. Yields varied 
with season (these plants prefers wet land than drought land) and the method of 
growing rice. For example, both gooseweed and small-flowered nutsedge grow 
abundantly and vastly in organic rice fields when compares with normal rice fields 
using chemical fertilizers.  

 

Parameters Gooseweed 
Small-flowered 
nutsedge 

Physical analysis (%) 

Total solid 93.94 ± 0.12 94.39 ± 0.22 

Moisture 6.06 ± 0.12 5.61 ± 0.22 

Fixed carbon 1.77 ± 0.1 2.72 ± 0.05 

Volatile matter 83.12 ± 0.06 82.42 ± 0.17 

Ash 9.5 ± 0.09 9.25 ± 0.09 

 Compositions (%) 

Cellulose 13.69 ± 0.23 22.05 ± 0.11 

Hemicellulose 11.44 ± 0.41 30.2 ± 1.06 

Lignin 2.51 ± 0.17 2.78  0.09 
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Lab scale experiment of bioethanol production 
Pretreatment 

Pretreatment step is vital for the conversion of lignocellulosic biomass to 
bioethanol due to its main effect on rigid structure of lignocellulose. It was found that 
both pretreatments (biological and chemical) enhanced the release of reducing sugars 
when compared with untreated materials. This implies the positive effects of 
pretreatment on biomass structures.  Cellulose is recalcitrant to biodegradation and 
needs to by hydrolyzed in an initial pretreatment step into its constituent cellobiose 
units and into simpler D-Glucose units in order to be liable to biochemical conversion. 
In order to hydrolyze lignocellulosic biomass with enzyme successfully, it is also 
important to apply a suitable pretreatment that can effectively disrupt linked lignin 
and crystalline cellulose (Taherzadeh and Niklasson, 2004). Both two samples were 
treated at the same bioethanol production procedure which from pretreatment to 
distillation as the final step. 
 
Biological pretreatment 

Using biological method as pretreatment has been widely studied recently due 
to its less harmful and less energy consumption than others pretreatment method. 
The bottlenecks of this type of method are long retention time and low sugar yield 
when compares with other methods. However, be considering with sustainable 
pretreatment way, biological method still has its potential as high efficient rout to 
achieve sustainable bioethanol production. Herein, termite colonies were used to 
digest the biomass instead of applying chemical pretreatment. The results from 
experiments were performed as figure 24 and 25. The rate of sugar degradation of total 
sugar is faster than the rate of reducing sugar degradation. In addition, it can be 
assumed from the control experiments that boiling for 1 hour does not have significant 
effects on total sugar yield. On the other hand, the results from pretreated small-
flowered nutsedge are inverse. The main reason of this strange phenomenon may be 
caused by the loss of sugar due to the appearance of fungi that mainly live on soluble 
organic matters including fermentable sugar. Even though termite could lead to an 
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increase of total sugar and reducing sugar in gooseweed, sugar yields produced from 
these experiments are quite low comparing to chemical experiment.  

 

 Figure 24 Total sugar production from gooseweed (GS) and small-flowered nutsedge 
(SMN) with biological pretreatment. Control T is the experiment of termite only 

 

 

Figure 25 Reducing sugar production from gooseweed (GS) and small-flowered 
nutsedge (SMN) with biological pretreatment  

0

0.02

0.04

0.06

0.08

Control T Control GS Control SMN GS SMN

Total sugar (g/g)

TS (g/g) P TS (g/g) H

0

0.005

0.01

0.015

0.02

0.025

Control T Control GS Control
SMN

GS SMN

Reducing sugar (g/g)

RS (g/g) P RS (g/g) H



 44 

Chemical pretreatment 
For non-woody plants, pretreatment with alkaline reagents, NaOH, were proved 

to be more effective than acid pretreatment (5% and 10% H2SO4) and physical 
pretreatment (autoclave) (Menegol et al., 2014).  Other researches also were in an 
agreement with the effectiveness of alkaline pretreatments using NaOH and H2O2 for 
the improvement of enzymatic hydrolysis process. The higher yields of reducing sugar 
from treated samples with alkaline reagent resulted from lower lignin content and 
higher cellulose content. This was also observed on elephant grass by (Menegol et al., 
2014).  Pretreatment of water hyacinth with NaOH/H2O2, followed by cellulase 
hydrolysis yielded a maximum reducing sugar of 10.8 g/100 g hyacinth (Mishima et al., 
2006). Xia et al. (2013) obtained a maximum reducing sugar yield of 48.3/100 g water 
hyacinth when treated the biomass with 1% H2SO4 at 140ºC for 15 min and carried out 
hydrolysis with cellulase enzyme.   
 
Optimization of chemical pretreatment by Box-Behnken design 

The two materials, gooseweed and small-flowered nutsedge, were investigated 
as a promising feedstock for bioethanol production. To explore the effect of chemical 
pretreatment at mild condition on total sugar, Box-Behnken design was applied to 
optimize the total sugar after pretreatment process with four selected independent 
variables (ratio of solid/liquid, NaOH concentration, H2O2 concentration, and time).  

A second order polynomial equation was used to test the effects of 
independent factors on the response in order to predict the optimal condition divided 
into linear, quadratic, and interactive components as below. The empirical models in 
terms of coded factors for total sugar responses after pretreatment are given in 
following equations. The equation in terms of coded factors can be used to make 
predictions about the response for given levels of each factor. By default, the high 
levels of the factors are coded as +1 and the low levels are coded as -1. The coded 
equation is useful for identifying the relative impact of the factors by comparing the 
factor coefficients.  

Y1= 0.0406 - 0.0412A - 0.0018B + 0.0028C - 0.0062D + 0.0040AB - 0.0195AC 
- 0.0085AD + 0.0073BC - 0.0013BD - 0.0023CD + 0.0886A²- 0.0049B²- 0.0057C²- 0.0024D²    
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 (Eq14) 

Where Y1 are the total sugar (g/g dried biomass) from gooseweed; A, B, C, and 
D are, respectively, the ratio of solid/liquid, NaOH concentration (%), H2O2 
concentration (%), and time (h).  

From the above Eq 14 (gooseweed), it can be implied that the increase of three 
factors including ratio of S/L, NaOH concentration, and time did not lead to the positive 
increase of total sugar as the response. The interaction of efficiency of determination 
also show the similar trend which means that the change of one factors did not have 
significant effect on the relationship of response and the other factors. In short, these 
effects of two parameters on response at once time can be described by figure 27 - 
32. The ANOVA analysis was conducted to determine the significance of model 
equation and model terms and was performed as table 5.  The Model F-value of 57.25 
implies the model is significant. There is only a 0.01% chance that an F-value this large 
could occur due to noise. P-values less than 0.05 indicate model terms are significant. 
In this case A, AC, A² are significant model terms. Values greater than 0.1 indicate the 
model terms are not significant. Lack of fit F-value of 3.59 implies the lack of fit is not 
significant relative to the pure error. There is a 23.74% chance that a "Lack of Fit F-
value" this large could occur due to noise. Non-significant lack of fit indicates the fit of 
model that does not be affected by pure errors when the number of factors increase. 
Predicted R² of 0.9178 is in reasonable agreement with the Adjusted R² of 0.9680; i.e. 
the difference is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio 
greater than 4 is desirable. The ratio of 22.878 indicates an adequate signal. This model 
can be used to navigate the design space. In conclusion, from the result of ANOVA 
analysis test, it can be concluded that the model was definitely fit to the experimental 
data and can be used to predict the response value. Furthermore, the figure 26 show 
the very high correlation between actual and predicted value which emphasizes the 
reliable of the model.  

The relationship between the response and variables was visualized by the iso-
response contour plots and three-dimensional surface plots to see the influence of 
the parameters. Surface and contour plots demonstrating the effects of different 
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process parameters, two parameters were varied at a time while keeping the third one 
constant at a middle level. Such as were used to understand the both linear and 
interaction effects of the two variables. Figures 27 - 32 show the surface response plots 
for optimization of the conditions for alkaline pretreatment. The curvature nature of 
the surfaces showed that there are significant and moderate interactions among ratio 
of solid/liquid, NaOH concentration, and time.  

The maximum total sugar (0.187 g/g) was obtained using solid to liquid ratio of 
0.05, NaOH concentration of 1.5%, H2O2 concentration of 1.5 for 48 h. On the other 
hand, the corresponding conditions for minimum total sugar (0.018 g/g) were solid to 
liquid ratio of 0.175, NaOH concentration of 2%, H2O2 concentration of 0.5% for 48 h.  
The optimal values of selected factors for the pretreatment condition of gooseweed 
is solid to liquid ratio of 0.05, NaOH concentration of 1%, H2O2 concentration of 1% for 
48 h. The total sugar concentration was achieved from the regression equation (0.171 
g/g) which is near to the experimental value (0.161 g/g ± 0.008).   

 

Figure 26 Experimental data plotted against RSM model predicted data of 
pretreatment for gooseweed 
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Table 5 ANOVA analysis for quadratic model from experimental design for gooseweed 

Source 
Sum of 
Squares 

df 
Mean 
Square 

F-
value 

p-value  

Model 0.0787 14 0.0056 57.25 < 0.0001 significant 
A-Ratio of S/L 0.0203 1 0.0203 207.10 < 0.0001 

 

B-NaOH 0.0000 1 0.0000 0.4145 0.5318 
 

C-H2O2 0.0001 1 0.0001 0.9868 0.3401 
 

D-Time 0.0005 1 0.0005 4.65 0.0521 
 

AB 0.0001 1 0.0001 0.6518 0.4352 
 

AC 0.0015 1 0.0015 15.49 0.0020 
 

AD 0.0003 1 0.0003 2.94 0.1119 
 

BC 0.0002 1 0.0002 2.16 0.1677 
 

BD 6.250E-06 1 6.250E-06 0.0636 0.8051 
 

CD 0.0000 1 0.0000 0.2062 0.6578 
 

A² 0.0418 1 0.0418 426.16 < 0.0001 
 

B² 0.0001 1 0.0001 1.32 0.2727 
 

C² 0.0002 1 0.0002 1.75 0.2100 
 

D² 0.0000 1 0.0000 0.3183 0.5830 
 

Residual 0.0012 12 0.0001 
   

Lack of Fit 0.0011 10 0.0001 3.59 0.2374 not 
significant 

Pure Error 0.0001 2 0.0000 
   

Cor Total 0.0799 26 
    

Std. Dev. 0.0099      
Mean 0.0742      
C.V. % 13.36      

Adj R²*: Adjusted R²; Pred R²*: Predicted R² ; Adeq Precision *: Adequate precision  
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Table 6 Experimental design, actual and predicted values for total sugar. 

Ru
n 

A: Ratio of S/L 
- 

B:NaOH 
% 

C:H2O2 
% 

D:Time 
hours 

Total sugar g/g 
Residual 

Predicted  Actual  
1 0.05 1.5 1 24 0.1656 0.1750 0.0094 
2 0.3 2 1 48 0.0852 0.0820 -0.0032 
3 0.3 1 1 48 0.0809 0.0700 -0.0109 
4 0.175 1.5 0.5 24 0.0336 0.0300 -0.0036 
5 0.175 1 1 24 0.0400 0.0300 -0.0100 
6 0.05 1.5 1 72 0.1703 0.1630 -0.0073 
7 0.175 2 0.5 48 0.0180 0.0179 -0.0001 
8 0.175 1 1 72 0.0302 0.0300 -0.0002 
9 0.05 1.5 0.5 48 0.1423 0.1330 -0.0093 
10 0.175 2 1 24 0.0388 0.0330 -0.0058 
11 0.3 1.5 0.5 48 0.0990 0.0970 -0.0020 
12 0.05 1 1 48 0.1713 0.1730 0.0017 
13 0.3 1.5 1 72 0.0709 0.0690 -0.0019 
14 0.175 1.5 1 48 0.0406 0.0380 -0.0026 
15 0.175 1.5 1 48 0.0406 0.0368 -0.0038 
16 0.175 1 1.5 48 0.0274 0.0350 0.0076 
17 0.05 1.5 1.5 48 0.1870 0.1830 -0.0040 
18 0.3 1.5 1 24 0.1003 0.1150 0.0147 
19 0.175 1.5 1 48 0.0406 0.0470 0.0064 
20 0.05 2 1 48 0.1596 0.1690 0.0094 
21 0.175 1.5 1.5 24 0.0438 0.0390 -0.0048 
22 0.175 1 0.5 48 0.0363 0.0480 0.0117 
23 0.3 1.5 1.5 48 0.0657 0.0690 0.0033 
24 0.175 1.5 0.5 72 0.0257 0.0290 0.0033 
25 0.175 2 1 72 0.0240 0.0280 0.0040 
26 0.175 1.5 1.5 72 0.0269 0.0290 0.0021 
27 0.175 2 1.5 48 0.0383 0.0340 -0.0043 
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Figure 27 The effect of ratio of S/L 
and NaOH concentration on total 

sugar.  

 Figure 28 The effect of ratio of S/L 
and H2O2 concentration on total 

sugar 

Figure 29 The effect of ratio of S/L 
and time on total sugar  

 Figure 30 The effect of NaOH and 
H2O2 concentration on total sugar 
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Figure 31 The effect of NaOH 
concentration and time on total 

sugar 

Figure 32 The effect of H2O2 
concentration and time on total 

sugar 
 

Y2= 0.0350 - 0.0626A + 0.0013B + 0.0023C + 0.0062D + 0.0023AB - 0.0002AC - 0.0047AD  
+ 0.0060BC + 0.0038BD + 0.0003CD + 0.0768A² + 0.0025B² + 0.0052C²- 0.0019D²   
 (Eq15) 

Where Y2 are the total sugar (g/g dried biomass) from small-flowered 
nutsedge; A, B, C, and D, respectively, the ratio of solid/liquid, NaOH concentration 
(%), H2O2 concentration (%), and time (h).  

In this study, the obtained data was fitted to a second-order polynomial 
(quadratic) model of BBD that contains main effects and interaction terms. This 
quadratic model could be used in theoretical prediction of sugar yield from alkaline 
pretreatment of small-flowered nutsedge. The coded equation is useful for identifying 
the relative impact of the factors by comparing the factor coefficients. A positive value 
of coefficient indicates the synergistic effect  that favors the optimization, while a 
negative value of coefficient represents antagonistic effect that prefers an inverse 
relationship between factors and the responses (Mourabet et al., 2017).  

With regards to Eq15 for small-flowered nutsedge, the coefficient of linear term 
(A: ratio of solid/liquid) has negative sign indicates that the increase value of ratio of 
solid/liquid leads the decrease of sugar that can be seen clearly at the Figure 34. With 
regards to the interaction between tested variables, the Eq15 shows that the 
interaction of ratio of solid/liquid with H2O2 concentration and time were found to be 
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negative which implies that the more positive of ratio of solid/liquid is, the more 
negative the effect of H2O2 concentration (time) on sugar yield (Figure 34 and 35). This 
trend can be found on the interaction of ratio of solid/liquid with NaOH concentration 
due to the very small value of coefficient (Figure 33). The coefficient of the squared 
term (time) is negative which means that the maximum sugar yields at the central 
point and it decreases when there is an increasing or decreasing the time from central 
point. On the other hand, the positive values of the rest squared terms (ratio of 
solid/liquid, NaOH concentration, and H2O2 concentration) indicate the minimum value 
of sugar observed at the central points of these parameters.  

ANOVA analysis for the chemical pretreatment model has a F-value of 72.76 
with low probability value (P<0.05) (Table 7). Furthermore, lack of fit p-value of 0.2229 
implies the lack of fit is not significant relative to the pure error. The significant value 
for model and non-significant value of lack of fit proved the validity of the obtained 
quadratic model (Rawat et al., 2013; Das et al., 2015).  The factors that significantly 
affected the responses have a confidence level above 95% which p-value less than 
0.05 as show in the Table 7. While the p-value for each model term that A, D, and A2 
have significant effect on the total sugar, the other terms that B, C, AB, AC, AD, B2, C2, 
D2 were insignificant. However, these factors could not be reduced to support hierarchy 
of the model because of high adjusted determination coefficient (adjusted R² = 
0.9748). The goodness of fit of the model was evaluated by the determination of R-
squared, predicted R-squared, and adjusted R-squared coefficients. The predicted R² 
of 0.9349 is in reasonable agreement with the adjusted R² of 0.9748; i.e. the difference 
is less than 0.2. Adequate precision measures the signal to noise ratio and a ratio 
greater than 4 is desirable (Cai et al., 2012). The ratio of 22.831 indicates an adequate 
signal. This model can be used to navigate the design space. Guan and Yao (2008) 
suggested that R2 should be at least 0.80 for the good fit of model (Guan and Yao, 
2008). In this case, value of correlation co-efficient (R2) and adjusted co-efficient (adj. 
R2) are 0.9884 and 0.9748, respectively which illustrate that the fit of RSM model is 
significant and can be used to predict the optimal setting up. The fit of predicted and 
actual value are performed in figure 33 and table 8 shows the results of actual and 
predicted values. 3D-response surface obtained by the analysis of the experimental 
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data of BBD, demonstrate a correlation between the two variables in same time, while 
managing the third variable at fixed level.  

The optimal values of selected factors for the pretreatment condition of small-
flowered nutsedge is solid to liquid ratio of 0.05, NaOH concentration of 1%, H2O2 
concentration of 1% for 72 h. The total sugar concentration was achieved 0.183 g/g 
from the regression equation which is near to the experimental value (0.194 g/g ± 
0.003).   

Table 7 ANOVA analysis of model for optimization of pretreatment for small-
flowered nutsedge 

Source 
Sum of 
Squares 

df 
Mean 
Square 

F-value p-value Conclusion 

Model 0.0863 14 0.0062 72.76 < 0.0001 significant 
A-Ratio of S/L 0.0470 1 0.0470 554.80 < 0.0001  

B-NaOH 0.0000 1 0.0000 0.2518 0.6249  

C-H2O2 0.0001 1 0.0001 0.7712 0.3971  

D-Time 0.0005 1 0.0005 5.53 0.0366  

AB 0.0000 1 0.0000 0.2390 0.6337  

AC 2.500E-07 1 2.500E-07 0.0030 0.9576  

AD 0.0001 1 0.0001 1.07 0.3224  

BC 0.0001 1 0.0001 1.70 0.2168  

BD 0.0001 1 0.0001 0.6640 0.4310  

CD 2.500E-07 1 2.500E-07 0.0030 0.9576  

A² 0.0315 1 0.0315 371.65 < 0.0001  

B² 0.0000 1 0.0000 0.3805 0.5489  

C² 0.0001 1 0.0001 1.71 0.2158  

D² 0.0000 1 0.0000 0.2313 0.6392  

Residual 0.0010 12 0.0001    

Lack of Fit 0.0010 10 0.0001 3.87 0.2229 
not 
significant 

Pure Error 0.0001 2 0.0000    
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Cor Total 0.0873 26     

Std. Dev. 0.0092     
Mean 0.0717     
C.V. % 12.84     

Adj R²*: Adjusted R²; Pred R²*: Predicted R² ; Adeq Precision *: Adequate precision  

Table 8 Experimental designed runs with actual and predicted values of total sugar  

Ru
n 

A:Ratio of S/L 
- 

B:NaOH 
% 

C:H2O2 
% 

D:Time 
hours 

Total sugar g/g 
Residual 

Predicted  Actual  

1 0.05 1 1 48 0.1778 0.174 -0.0038 
2 0.175 1 1.5 48 0.0377 0.040 0.0023 
3 0.175 1.5 0.5 24 0.0300 0.029 -0.0010 
4 0.3 1.5 0.5 48 0.0524 0.049 -0.0034 
5 0.175 1 0.5 48 0.0450 0.049 0.0040 
6 0.175 1 1 72 0.0367 0.035 -0.0017 
7 0.3 1 1 48 0.0481 0.049 0.0009 
8 0.05 1.5 0.5 48 0.1770 0.174 -0.0030 
9 0.05 1.5 1 24 0.1615 0.167 0.0055 
10 0.175 1.5 1 48 0.0350 0.030 -0.0050 
11 0.05 2 1 48 0.1760 0.162 -0.0140 
12 0.175 2 0.5 48 0.0357 0.045 0.0093 
13 0.3 1.5 1 24 0.0458 0.047 0.0012 
14 0.175 2 1 24 0.0269 0.030 0.0031 
15 0.175 1.5 1 48 0.0350 0.035 0.0000 
16 0.175 1.5 1.5 72 0.0471 0.035 -0.0121 
17 0.175 1.5 1 48 0.0350 0.040 0.0050 
18 0.3 1.5 1.5 48 0.0565 0.061 0.0045 
19 0.175 1 1 24 0.0317 0.030 -0.0017 
20 0.175 2 1.5 48 0.0523 0.060 0.0077 



 54 

21 0.3 1.5 1 72 0.0488 0.055 0.0062 
22 0.05 1.5 1 72 0.1835 0.194 0.0105 
23 0.3 2 1 48 0.0553 0.046 -0.0093 
24 0.05 1.5 1.5 48 0.1822 0.187 0.0048 
25 0.175 1.5 1.5 24 0.0341 0.027 -0.0071 
26 0.175 2 1 72 0.0469 0.050 0.0031 
27 0.175 1.5 0.5 72 0.0420 0.036 -0.0060 

 

Figure 33 Experimental data plotted against RSM model predicted data of 
pretreatment for small-flowered nutsedge 
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Figure 34 The effect of NaOH 
concentration and ratio of S/L on sugar 

yield 

 Figure 35 The effect of H2O2 
concentration and ratio of S/L on sugar 

yield 

Figure 36 The effect of time and ratio of 
S/L on sugar yield 

Figure 37 The effect of time and NaOH 
concentration on sugar yield 
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 Figure 38 The effect of H2O2 and NaOH 
concentration on sugar yield 

Figure 39 The effect of time and H2O2 

concentration on sugar yield 
 
Scanning electron microscope 

Scanning electron microscope (SEM) is one of the powerful tools for 
investigating the structural transformation of lignocellulosic materials at micro and 
Nano scale (Amiri and Karimi, 2015; Karimi and Taherzadeh, 2016). In order to 
understand the changes of biomass structure before and after pretreatment, powder 
of raw and pretreated gooseweed and small-flowered nutsedge were scanned under 
SEM machine at 200 and 1000 magnification.  

The SEM picture of untreated and alkaline pretreated gooseweed and small-
flowered nutsedge are performed as figure 40 and 41. It can be seen that the surface 
of raw samples was covered completely with many deposits and makes hard to see 
the fiber clearly. In addition, the fiber arranges in bundles which impeded the 
accessibility of cellulase to cellulose and the cell wall of untreated samples is thicker 
than the pretreated sample. After pretreatment, the fibers of both samples seem to 
be intact rather than being broken or otherwise disrupted. Some minor debris on the 
fiber surface was removed, and the surface structure of the alkaline-treated samples 
tended to be smooth, resulting in the exposure of more fiber bundles; thus, the 
accessibility of fiber bundles to cellulase could be improved. However, upon closer 
observation, the surface of the individual fibers had been deformed drastically. A 
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possible reason was the partial removal of hemicellulose and lignin by sodium 
hydroxide during the pretreatment. Being without any severe damage on the fibers, it 
can be concluded that there are no inhibitor compounds were produced during 
pretreatment process. This support the results from compositional analysis that 
gooseweed and small-flowered nutsedge might be composed of many soluble 
components such as protein and soluble sugars and less fibers.  Alkaline peroxide 
pretreatment was proved as an efficient tool for delignification on biomass comparing 
to diluted sulfuric acid, hot water (Abraham et al., 2013).  

 

 Figure 40 SEM of gooseweed before (a) and after (b) alkaline pretreatment 
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Figure 41 SEM of small-flowered nutsedge before (a) and after (b) alkaline 
pretreatment 

Enzymatic hydrolysis 
The main goal of saccharification/hydrolysis is to decrease the degree of 

polymerization of cellulose by hydrolyzing the large polysaccharides to fermentable 
sugars. Enzymatic hydrolysis is preferred method because of its highlight advantages 
such as higher sugar yield when compares with acid hydrolysis, carrying out at milder 
temperature and pressure, and  no corrosion issues (Dwivedi et al., 2009).  

Table 9 Total sugar and reducing sugar after hydrolysis  

Sugar (g/g) 0 hour 24 hours 48 hours 72 hours 

Gooseweed 
Total sugar  0.144 ± 0.004a 0.143 ± 0.007a 0.125 ± 0.005a 0.125 ± 0.004a 
Reducing 
sugar  0.029 ± 0.001a 0.073 ± 0.006b 0.068 ± 0.002b 0.071 ± 0.002b 
DP 5.0 1.9 1.9 1.8 
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Small-flowered nutsedge 

Total sugar  0.199 ± 0.003a 0.196 ± 0.006 ab 0.188 ± 0.003b 0.195 ± 0.004ab 
Reducing 
sugar  0.020 ± 0.000a 0.094 ± 0.001b 0.079 ± 0.000c 0.089 ± 0.002d 
DP 9.8 2.1 2.4 2.2 

DP: degree of polymerization 
Standard deviation was less than 10%. Means with the same letter at the same are 
not significantly different (p < 0.05). The test was based on Tukey test at the 95% 
confidence interval.  

This study carried out enzymatic hydrolysis process for totally 72 hours in order 
to find out the most suitable time level for this process (Table 9). Besides, enzymatic 
hydrolysis step was studied after chemical pretreatment instead of biological 
pretreatment since chemical pretreatment reulted the higher results than biological 
method. It can be seen that the means of total sugar before and after hydrolysis are 
slightly fluctuated. In contrast, there are significant changes of reducing sugar amount 
for both samples after 24 hours of hydrolysis. However, the degradation of 
polysaccharide seemed to be stopped because reducing sugar level did not become 
different meaningfully. In conclusion, enzymatic hydrolysis process could be occurred 
perfectly within 24 hours for the used samples in this study. Degree of polymerization 
(DP) presents the number of monomer of sugar presented in solution. In other words, 
the reduction of DP show a very clear evidence of ezyme activities on breaking down 
the big sugar chains into smaller chains. The hydrolsys  efficiency  of gooseweed and 
small-flowered nutsedge could be reach the maximum of 50% and 47%, respectively. 
The outcome of this study is agreed with others previous papers (Takagi et al., 2012; 
Das et al., 2016).  
 
Fermentation 

In regards to gooseweed, fermentation is a biological process that use the 
natural preference for sugar as a carbon source by S. cerevisiae to convert to ethanol. 
Ethanol concentration within three, five, seven, and nine days was recorded as Figure 
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40 and the range is 0 – 11.84 g/L. The maximum ethanol concentration obtained was 
11.84 g/L within five days of fermentation and declined rapidly after that. However, 
according to the figure 42 and the standard deviation bar, there is no significantly 
difference of ethanol concentration between three and five days. Reducing sugar 
during the fermentation was estimated in the meantime to observe the sugar 
consumption of yeast. It is clearly observed by the amount of reducing sugar 
dramatically decreased after three days and slightly fluctuated then. With regards to 
small-flowered nutsedge, ethanol concentration within 3, 5, 7, and 9 days was 
recorded as Figure 5 and the range is 0 - 12.36 g/L. The maximum ethanol 
concentration obtained was 12.36 g/L within 5 days of fermentation and declined 
rapidly after that (Figure 43). The reduction of bioethanol after 5 days of fermentation 
can be a results of the formation of glycerol as a byproduct (Ahn et al., 2012). The 
achieved ethanol from gooseweed and small-flowered nutsedge are higher than water 
hyacinth which was 9.61 g/L in previous literatures (Takagi et al., 2012) and 1.491 g/l 
(He et al., 2015). Even though the highest ethanol concentration was reached at 
different fermentation time, the trend after the fifth day of fermentation of both two 
samples are quite similar as describes in the figure 42 and 43. While ethanol 
concentration after fifth days of fermentation reduced, the amount of reducing sugar 
kept stable. The reducing sugar includes both hexoses and pentose sugar but the yeast 
S. cerevisiae can only ferment hexoses sugar. Thus, this can be a reason for the 
stopping fermentation process as the sugar substrate was run out. Generally, the yeast 
S. cerevisiae contain two genes that catalyze not only the reduction of acetaldehyde 
to ethanol during the fermentation of glucose, but also the reverse action of ethanol 
into acetaldehyde (Bennetzen and Hall, 1982).  This explains the reduction of 
bioethanol concentration after reaching the highest ethanol concentration. The highest 
ethanol concentration obtained in this research was similar with some of previous 
studies that used other lignocellulosic biomass as raw materials (Table 10).  
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Figure 42 Ethanol and sugar concentration during fermentation of gooseweed 
 

 

Figure 43 Ethanol and sugar concentration during fermentation of small-flowered 
nutsedge 
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Table 10 The comparison of ethanol concentration from this study with other 
researches 

Material Pretreatment Ethanol References 

Water hyacinth Conc. H2SO4 9.61 g/l 
Toshiyuki et al., 

2012 

Wetland plants NaOH/H2O2 1.491 g/l He et al., 2014 

Water hyacinth H2O2/NaOH 
0.16  

g/g biomass 
Yan et al., 2015 

Water hyacinth Conc.* H2SO4 13.6 g/l Das et al., 2016 

Gooseweed NaOH/H2O2 11.84 g/l This study 

Small-flowered nutsedge NaOH/H2O2 12.36 g/l This study 

Conc.: concentrated 
 

Based on the lab scale experiments, a simple mass balance for bioethanol 
production from gooseweed and small-flowered nutsedge was estimated (Figure 44). 
When 10 g of dried samples were used, amount of 1.184 g ethanol (gooseweed) and 
1.236 g ethanol (small-flowered nutsedge) were obtained. From the chart, with the 
use of 1 ton dried materials, around 118-124 kg ethanol can be obtained. The results 
from this research are in agreement with other lignocellulosic biomass such as fresh 
sweet sorghum (91.9 kg ethanol) (Li et al., 2013). However it is lower than that of paper 
sludge with a yield of 382 kg ethanol (Prasetyo et al., 2011).  
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Figure 44. Mass balance of bioethanol production from aquatic weeds as lab scale; 

GS: Gooseweed; SMN: Small-flowered nutsedge 
 
Scale up for bioethanol production 

Scale up experiments were conducted with the batch fermentation and 
followed the process used in lab scale. A pretreatment with NaOH/ H2O2 were 
conducted at the same ratio of solid into liquid, time, concentration which already 
optimized using response methodology. In general, refined ethanol is considered as an 
oxygenate and an octane enhancer when blend with gasoline in different ratios in 
order to produce a greener liquid fuel. The refined ethanol gained in the large scale 
have the higher heating value (kJ/kg) of 12.61 (gooseweed) and 25.31 (small-flowered 
nutsedge).    
 
Economic analysis 

The year of 2017 had been predicted the amount of ethanol consumption 
which might reach 1.4 billion liters due to the growing demand for E20 and E85. June 
19 2017, ethanol price was 28 US cents/gallon (33.8B/USD). The purpose of this 
economic analysis is to demonstrate the possibility of cellulosic ethanol for a cost-
competitive on its own market. The economic analysis in this study assume the 
capacity of the project is 5000 L/day and located in rural area which brings benefit 
about material source as well as cheap land and installation cost. It was assumed that 
the bioethanol yield in this scale up model was similar with lab experiments so that 
the amount of chemicals was also scale up from lab scale experiments. Most of the 
price was referred on the largest trade website (Alibaba). The amount of chemical 
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materials was estimated based on the lab scale experiments. In this work, we listed 
only the main factors for building a community-scale of lignocellulosic-ethanol factory 
(Table 11). The capital and operational cost was estimated and described in the table 
11 which was mainly follow the procedure from National Renewable Energy Lab 
(Humbird et al., 2011).  The cost per unit of ethanol estimated from gooseweed and 
small-flowered nutsedge in the research is lower than that one from corn stover (2.25$, 
2012) reported by Humbird (2011). The main reason for the difference is that the cost 
of available feedstock was assumed as zero in this project.  

While the cost of the first generation of bioethanol mostly depends on 
feedstock, the cost of second generation counts on process cost (pretreatment, 
enzymatic hydrolysis, and distillation). According to economic evaluations, the main 
contributors to the overall cost of producing ethanol from biomass are the raw 
material (30-40%), the capital investment (30-45%), cellulase enzymes (10-20%). The 
price of enzyme is quite high so that most of ethanol plants have their own on-site 
enzymatic production. Tao and Aden performed a survey of economic models of 
existing biofuels and pointed out that pretreatment and saccharification processes are 
regarded the two most expensive processing steps in the bioethanol production from 
lignocellulosic biomass (Tao et al., 2014). Based on the analysis, it is noted that enzyme 
cost is critical cost contributors to the new development bioethanol production from 
gooseweed and small-flowered nutsedge. There is a consideration of on-site and off-
site enzyme production. Applying sustainable process such as reuse water and 
increasing the quality of by-product such as fertilizer, lignin residue to increase the 
profit as well as reduce the operation cost. According to (Gnansounou and Dauriat, 
2011), the biomass conversion cost made up the largest portion of the total bioethanol 
production cost from lignocellulosic feedstock. Creation of direct and indirect job in 
rural area is another benefit of this project. The leftover residue can be used to 
produce electricity for the plant to make it self-sufficient, or to provide electric power 
back to the grid.  

Table 11 Capital and operation cost of a project of bioethanol factory with a 
capacity of 5000 L/day bioethanol (95%) 
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Capital cost Amount 
Purchased cost 

(USD) 
Installed 

cost (USD) 
Feed handling (grass grinder ) 2 1000 3,400 

Pretreatment (tank, storage) 32 24000 72,000 

Distillation (2 columns, 1 cooling 
columns)  

3 15000 63,000 

Utilities (pumps) 40 980 2,254 
Additional piping  
4.5% of Total equipment cost (Humbird et al., 2011) 

1844.1 

Warehouse  
4.0% of Total equipment cost (Humbird et al., 2011) 

1639.2 

Home office % construction fee  
20% of Total installed cost (Humbird et al., 2011) 

28130.8 

Other cost (start-up, permits, etc.) 
10% of Total installed cost (Humbird et al., 2011) 

14065.4 

Total capital investment cost 186,334 
Operational expenses 

Feedstocks  - - - 

Sodium hydroxide/hydrogen 
peroxide (kg) 

1667 0.3 500 

Cellulase (kg) 1667 1 1,667 
Hydrochloric acid (L) 3542 0.15 531 

Yeast  dried powder (kg) 29 2 29 

Calcium chloride 0.05M (kg) 32 0.12 1.92 
Sodium alginate 2% (kg) 29 13 188.5 

Water (m3) 166,667 0.3  50 
Electricity (kWh) 229.6 0.13 30 

Fixed cost (labor and 
*maintenance cost) (Humbird et 
al., 2011) 

- - 2,107 
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Total operating cost 5,104 

Annual cost (1 year = 365 days) 
Annual net expenses   1,863,108 

Annual net Income   2,208,250 

Income   345,142 
Cost per unit of ethanol (USD/L)   1.23 

 



CHAPTER 5 
SUMMARY 

 
This research investigates the potential of new lignocellulosic biomass as 

promising feedstock for bioethanol production. The research covers the mains ideas 
as the following: 

1. Field surveys for searching, collecting, basic analyzing and calculating the 
biomass yield of gooseweed and small-flowered nutsedge.  

2. Bioethanol was produced as the biochemical pathways which includes 
these important steps: pretreatment, enzymatic hydrolysis, fermentation, 
and fractional distillation.  

3. Response surface modelling was also applied to optimize the condition of 
alkaline-peroxide pretreatment. 

4. A science application of taking advantage of termite as biological 
pretreatment.   

5.  The process of saccharification was carried out with the utilize of cellulase 

enzyme at 50ºC for 24 hours. The obtained hydrolysate samples were 

fermented using Saccharomyces cerevisiae TISTR 5020 at 35ºC. 
6. Economic analysis of a scale-up models was completed for a small 

capacity of 5000 L/da with a result of the cost per unit of ethanol (1.23 
USD/L) 

7. The gained bioethanol was tested the heating value with bomb 
calorimeter.  

Suggestion and recommendation.  
1. The use of NaOH/ H2O2 with mild condition for long time (ambient 

temperature and pressure) can reduce energy consumption during 
bioethanol production. However, there is a suggestion of shorter retention 
time by increasing temperature.  

2. As it was found that hemicellulose is the other important fraction of 
lignocellulosic biomass and starch also is available in these two new 
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materials, a use of amylase and pentose enzyme may enhance hydrolysis 
process. 
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APPENDIX A 

Total sugar determination by phenol sulfuric method (DuBois et al., 1956) 
 Reagents 

- Sulfuric acid (H2SO4) concentrated 98% (v/v) 

- Phenol 5% (w/v) 
 Standard glucose preparation 

0.1g of glucose was dissolved in distilled water in a 100 mL volumetric flask to 
get 1000 µg/ml glucose solution.  
 Procedure 

Standard curve of sugar was prepared using the serial concentration of glucose 
solution (0-250 µg/mL) in distilled water. The 500 µL of each concentration was 
transferred to test tubes and added with 500 µL of 5% phenol solution. The mixtures 
were homogenized by vortex and subsequently stand for 10 min. The absorbance (490 
nm) of the reaction mixture was measured. The relation between A490 and glucose 
was plotted. 
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APPENDIX B 

Reducing sugar determination by DNS method (Miller, 1959) 

 Preparation of DNS solution 

- Dissolving 5 g of 3, 5 Dinitrosalicylic acid in 100 mL of NaOH 2N. 

- Adding 150 g of sodium potassium tartrate and stir until completely dissolve. 

- Adjusting the volume up to 500 mL. 

 Preparation of glucose solution 
0.1g of glucose was dissolved in distilled water in a 100 mL volumetric flask 

to get 1000 µg/ml glucose solution 

 Procedure 
Standard curve preparation of reducing sugar was prepared using serial 

concentration of glucose (1000 µg/mL) in distilled water. The 500 µL of each 
concentration was filled into test tube and added with 500 µL of DNS solution and 
subsequently boiled for 15 min. After that, cooling and addition with 4.0 mL of distilled 
water was performed. The absorbance at 540 nm was measured. The relation between 
glucose concentration and A540 was plotted.  
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APPENDIX C 

Determination of ethanol  
Ethanol content in this study was measured with an Alcohol Ebulliometer (LDS 

Model 360, France) which was designed to estimate the boiling point of different types 
of liquids. The principle is based on the comparison of the boiling point of pure water 
(distilled water) and the boiling point of wine. Since ethanol has the boiling point at 
78.3°C, the boiling point of ethanol-mixture are lower than the one of pure water. The 
different temperature of pure water and ethanol-mixture are converted into ethanol 
percentage via an Ebulliometer disc provided by supplier.  

Firstly, 20 mL of distilled water was poured into the boiling chamber and 
inserted the thermometer. Then, the condenser chamber was filled with cold water, 
lighted the alcohol lamp, and placed it under the instrument. Finally, observing and 
recording the mercury level when it is stable (do not fluctuate) (Figure 3). With regard 
to measuring the boiling point of sample, the mixture from fermenter was firstly 
centrifuged using the Benchtop centrifuge (Universal 320, USA) to eliminate the impact 
of suspended solids. The procedure is similar except 50 mL of sample used instead of 
20 mL. Ethanol content was calculated by using the special Ebulliometer disc in which 
the boiling point of pure water was set at zero,  

 

Figure 3 Centrifuge samples (A); Filling condenser with cold water (B); Pouring 
solution into boiling chamber (C), Inserting thermometer (D), Lighting the alcohol 

lamp and placing under instrument (E) 
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APPENDIX D 

Table 12 Price reference 

Items Price 
Installation 

factors  
 

Reference 

Grass 
grinder 

1000 
USD/mac

hine 
1.7 

https://www.alibaba.com/product-
detail/New-design-model-poultry-use-

chaff_60396255887.html?spm=a2700.77248
38.2017115.35.3a7d12efLc6P8O 

Distillatio
n colums 

5000 
USD/colu

mn 
2.4 

https://www.alibaba.com/product-
detail/stainless-steel-ethanol-and-methanol-
distiller_60653401551.html?spm=a2700.772

4838.2017115.285.21222c51lQO0qH 

Pretreat
ment 

reactor 
system 

1500 
USD/tank 

1.5 

https://www.alibaba.com/product-
detail/Promotional-chemical-water-storage-

tank-
100000_60678721933.html?spm=a2700.7724

838.2017115.24.4c025fb3IdFkDt&s=p 

Pump, 
stailess 
steel 

24.5 USD 
/ piece 

2.3 

https://www.alibaba.com/product-
detail/QW126A-WATER-PUMP-FROM-

QIANGWEI_60591426014.html?spm=a2700.7
724838.2017115.1.5d3e5fa5Dbga6R 

Tank, 
storage, 
stailess 
steel 

1500 
USD/tank 

1.8 

https://www.alibaba.com/product-
detail/Promotional-chemical-water-storage-

tank-
100000_60678721933.html?spm=a2700.7724

838.2017115.24.4c025fb3IdFkDt&s=p 

Cooling 
tower 

10000 
USD/set 

- 

https://www.alibaba.com/product-
detail/cooling-

tower_60149820167.html?spm=a2700.77248
38.2017115.2.65a2124fW1IY8a 
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NaOH 
300 

USD/met
ric ton 

0.3 USD/kg 
https://www.alibaba.com/trade/search?fsb=
y&IndexArea=product_en&CatId=&SearchTex

t=sodium+hydroxide  

HCl 
90 

USD/met
ric ton 

0.15 USD/L 

https://www.alibaba.com/product-
detail/Hydrochloric-acid-HCL-30-33-

_50006591753.html?spm=a2700.7724838.20
17115.25.21222c51lQO0qH 

Cellulase 
enzyme 

1 USD/kg - 

https://www.alibaba.com/product-
detail/Excellent-Food-Feed-Industrial-

Cellulase-
enzyme_60357472565.html?spm=a2700.772

4838.2017121.49.3cae550arsMgdQ  

Ethanol 
1.05 

USD/L 
-- 

https://www.alibaba.com/product-
detail/Pure-Ethanol-95-96-99-5-

_50033535078.html?spm=a2700.7724838.20
17115.80.3d652386v1bfcn  

Fertilizer 
150 

USD/ton 
- 

https://www.alibaba.com/product-
detail/Organic-fertilizer-

powder_144456778.html?spm=a2700.77248
57.main07.37.2e662736cWJUGV 

1USD = 31.31 Thai Baht (31/01/2018) 
 

https://www.alibaba.com/trade/search?fsb=y&IndexArea=product_en&CatId=&SearchText=sodium+hydroxide
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