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OPTIMIZATION OF BIOETHANOL PRODUCTION, ENGINE
PERFORMANCE AND EXHAUST EMISSIONS FROM MANIHOT GLAZIOVII
AND SWEET SORGHUM IN A SPARK IGNITION ENGINE

ABSTRACT

The ever-increasing fossil fuel consumption over the years is attributable to
economic and population growth, which in turn, increases greenhouse gas emissions.
Bioethanol is one of the promising solutions to address the depletion of fossil fuels as
well as environmental problems. Manihot glaziovii tubers and sweet sorghum grains are
inedible feedstocks that can be used for bioethanol production. The carbohydrate
content (70%) of these biomasses makes them suitable as feedstocks for bioethanol
production. In this study, enzymatic hydrolysis (liquefaction and saccharification) was
used to obtain the reduction of sugars. The enzymes o-amylase from Bacillus
licheniformis Type XII-A and amyloglucosidase from Aspergillus niger were used as the
catalysts for liquefaction and saccharification. The reduced sugars were converted into
ethanol during the fermentation process by the yeast Saccharomyces cerevisiae.
Distillation was carried out to remove water from the bioethanols. Box-Behnken design
was used to optimize the enzymatic hydrolysis and fermentation process parameters.
The hydrolysis process parameters (substrate loading, o-amylase concentration,
amyloglucosidase concentration, and stroke speed) were optimized to maximize the
reduction sugar yield. The fermentation process parameters (yeast concentration,
reaction temperature, and agitation speed) were optimized to maximize the bioethanol
yield. The optimum reduced sugar yields were 196.15 and 170.26 g/L. for Manihot
glaziovii and sweet sorghum, respectively. The optimum yeast concentration, reaction
temperature, and agitation speed were 1.18 g/L, 36.48°C and 217 rpm, respectively, for
Manihot glaziovii, and the values were 1.29 g/L, 35.36°C and 188.97 rpm, respectively,

for sweet sorghum. The corresponding bioethanol yields were 94.45 and 82.13 g/L for
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Manihot glaziovii and sweet sorghum, respectively. The physicochemical properties of
both the bioethanols fulfilled the specifications of the ASTM D4806 standard. Engine
tests were carried out using a single-cylinder four-stroke spark ignition engine to
determine the engine performance (engine torque, brake power, brake specific fuel
consumption, brake thermal efficiency) and exhaust emissions (carbon monoxide,
unburned hydrocarbons, and nitrogen oxides) of the Manihot glaziovii bioethanol-
gasoline blends (MES5, ME10, ME15, and ME20) and sweet sorghum bioethanol-
gasoline blends (SES, SE10, SE15, and SE20). In general, the engine performance
parameters were better and the exhaust emissions were lower for the bioethanol-
gasoline blends compared with those for gasoline. For the ME20 and SE20 blends, the
brake specific fuel consumption decreased while the brake thermal efficiency increased
at an engine speed of 3200 rpm. The corrosive behavior of copper coupons immersed in
the bioethanol-gasoline blends was also investigated in this study. The surface
morphological changes of the copper coupons were analyzed using scanning electron
microscopy. The rate of copper corrosion was faster for the ME20 and SE20 blends
compared with that for gasoline. These blends also had the fastest rate of copper
corrosion compared with the all blends tested in this study. Based on the results, it can
be concluded that the Manihot glaziovii tubers and sweet sorghum grains have great
potential as bioethanol feedstocks and the bioethanol-gasoline blends produced from
these biomasses can be used in the spark ignition engine without modifications.

Keywords: Manihot glaziovii; sweet sorghum; bioethanol; engine performance; exhaust

emissions.



PENGOPTIMUMAN PENGELUARAN BIOETANOL, PRESTASI ENJIN DAN
PELEPASAN EKZOS DARIPADA MANIHOT GLAZIOVII DAN SORGUM
MANIS DALAM ENJIN SPARK IGNITION

ABSTRAK

Penggunaan bahan api fosil yang semakin meningkat adalah disebabkan oleh
pertumbuhan ekonomi dan penduduk yang semakin pesat dan ini menyumbang kepada
pelepasan gas rumah hijau. Bioetanol merupakan salah satu penyelesaian yang
berpotensi untuk menangani masalah kekurangan bahan api fosil dan masalah alam
sekitar. Tuber Manihot glaziovii dan bijirin sorgum manis ialah stok suapan yang tidak
boleh dimakan dan boleh digunakan untuk pembuatan bioetanol. Kedua-dua bahan
mentah ini berpotensi sebagai stok suapan pembuatan bioetanol disebabkan kandungan
karbohidrat yang tinggi (70%). Dalam kajian ini, proses hidrolisis enzim (pencecairan
dan pensakaridaan) telah digunakan untuk menghasilkan gula penurunan dan enzim o-
amilase dari Bacillus licheniformis Jenis XII-A dan enzim amiloglukosidase dari
Aspergillus niger telah digunakan sebagai pemangkin pencecairan dan pensakaridaan.
Proses penapaian oleh yis Saccharomyces cerevisiae telah digunakan untuk menukar
gula penurunan kepada etanol. Proses penyulingan telah dilakukan untuk
menyingkirkan air daripada bioetanol yang terhasil. Kaedah reka bentuk eksperimen
Box-Behnken telah digunakan untuk mengoptimumkan parameter proses hidrolisis
enzim (iaitu pemuatan substrat, kepekatan a-amilase, kepekatan amiloglukosidase, dan
kelajuan strok) untuk memaksimumkan keluaran gula penurunan. Kaedah ini juga
digunakan untuk mengoptimumkan parameter proses penapaian (iaitu kepekatan yis,
suhu tindak balas, dan kelajuan agitasi) untuk memaksimumkan keluaran bioetanol.
Keluaran gula penurunan untuk Manihot glaziovii dan sorgum manis pada keadaan
optimum masing-masing ialah 196.15 and 170.26 g/L. Sementara itu, kepekatan yis,

suhu tindak balas dan kelajuan agitasi optimum masing-masing ialah 1.18 g/L, 36.48°C,



dan 217 rpm, untuk Manihot glaziovii, dan 1.29 g/L, 35.36°C dan 188.97 rpm untuk
sorgum manis. Keluaran etanol yang diperolehi daripada proses penapaian dalam
keadaan optimum untuk Manihot glaziovii dan sorgum manis masing-masing ialah
94.45 dan 82.13 g/L. Sifat-sifat fizikokimia bioetanol yang telah dihasilkan didapati
mematuhi spesifikasi piawaian ASTM D4806. Ujian enjin telah dijalankan denagan
menggunakan enjin pencucuhan bunga api silinder tunggal empat lejang untuk
menentukan prestasi enjin (kilas enjin, kuasa brek, penggunaan bahan api tentu brek,
dan kecekapan haba brek) dan pelepasan gas ekzos (karbon monoksida, hidrokarbon tak
terbakar, dan nitrogen oksida) apabila campuran bahan api bioetanol Manihot glaziovii-
petrol (MES, ME10, ME15, dan ME20) dan bioetanol sorgum manis-petrol (SE5, SE10,
SE15, dan SE20) digunakan. Secara keseluruhannya, terdapat peningkatan dari segi
prestasi enjin manakala pelepasan gas ekzos menunjukkan pengurangan. Untuk
campuran bahan api ME20 dan SE20, penggunaan bahan api tentu brek berkurang
manakala kecekapan haba brek meningkat pada kelajuan enjin 3200 rpm. Di samping
itu, kelakuan kakisan spesimen kuprum yang direndam di dalam campuran bahan api
bioetanol-petrol telah disiasat. Perubahan morfologi permukaan spesimen kuprum
tersebut diperhatikan dengan menggunakan mikroskop elektron pengimbas. Kadar
kakisan kuprum didapati lebih cepat untuk campuran bahan api ME20 and SE20
berbanding dengan kadar kakisan kuprum untuk petrol. Kedua-dua campuran ini juga
mempunyai kadar kakisan yang paling cepat berbanding dengan campuran lain.
Berdasarkan keputusan kajian, dapat disimpulkan bahawa Manihot glaziovii dan sorgum
manis mempunyai potensi yang tinggi sebagai stok suapan bioetanol dan campuran
bahan api bioetanol-petrol yang terhasil daripada bahan mentah ini boleh digunakan
dalam enjin pencucuhan bunga api tanpa sebarang pengubahsuaian.

Kata kunci: Manihot glaziovii; sorgum manis; bioetanol; prestasi enjin; pelepasan gas

ekzos.
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CHAPTER 1: INTRODUCTION

1.1. Background

Ever since the Industrial Revolution (the period in which hand production
methods were replaced with the use of machines for chemical and manufacturing
processes), fossil fuel-derived energy consumption has become more widespread, and
recently natural gas and nuclear power have been used to supplement the ever-
increasing energy demands. Driven by global economic growth, especially in
developing countries, the global energy consumption is expected to rise by 70% from
2018 to 2050, as reported by the United States Energy Information Administration
(EIA, 2019b). Also, reported by British Petroleum (BP, 2019), energy consumption
grew at rate of 2.9% in 2018, which is almost doubled from its 10-year average of 1.5%
per year, and is the fastest since 2010. Non-members of the Organization of Economic
Cooperation and Development (OECD) were projected to have an increase in energy
demand in transportation sector of 77% from 2018 to 2050. In fact, transportation
energy consumption in non-OECD countries has been greater than that of the OECD
countries since 2017, and by 2050 non-OECD countries are estimated to account for
almost 65% of the world‘s transportation-related energy use (EIA, 2019b).

In determining oil prices, oil demand is one of the important factors, along with
socioeconomics and political factors (Chen et al., 2016). Figure 1.1 shows the average
annual crude oil prices of the members of the Organization of the Petroleum Exporting
Countries (OPEC) (measured in USS$/barrel) versus the global oil consumption
(measured in barrels/day). There is a notable drop from US$ 109.45/barrel in 2012 to
USS 65.09/barrel in 2020, and the extreme jumps or drops in the crude oil price here are
closely affected by the on-going sociopolitical occurrences. In 2017, the decrease in

crude oil price is due to the high crude oil production while the global oil demands were



lowered. This resulted in the decrease of oil price in 2017 (US$ 52.51/barrel). Further,
as OPEC agreed to reduce the production of crude oil, this resulted to the reduced oil

supplies, which leads to a greater oil price.
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Figure 1.1: Average annual crude oil prices of the members of OPEC from 1998 to
2020 (in USS per barrel) (Statista, 2020b)

Besides the unstable oil prices, the fossil fuel reserves are another concerning
issue. Due to the non-sustainable and non-renewable nature, there is a possibility of
fossil fuel depletion, which will create a massive problem in energy security. The fossil
fuel depletion has been predicted to get worsen in the next 50 to 100 years, under
assumption of constant productivity and fuel substitution. Through analysis of fuel price
and consumption history, the price of fossil fuel is fluctuation which is due to the market
have gradually shifted toward natural gas. Another concern is that, the fossil fuel

consumption rate counterbalances the fossil fuel reserves over the last few decades. This



disrupts the stability of the worldwide fossil fuel reserves, as well as the stability of oil
prices. The effect is inevitable, since in the purpose of social, economic development,
health and welfare, people‘s energy demand must be satisfied in the long term, of which
keeps increasing annually. Because of this reason, there is a need for development of
alternative fuels that are sustainable which is the feasible solution to fulfill the energy
demand sustainably. The use of alternative fuels also helps in alleviating greenhouse gas
(GHG) emissions, which have been majorly produced from the emission of fossil fuel
combustion. The development of alternative fuels is not problem-free, as different
challenges appear with it. The availability and sustainability of the raw material must be
ensured, the technological means must be met, the suitable knowledge must be
improved, public awareness of the benefits and application of alternative fuels must be
widely promoted. Also, carbon footprint must be measured regularly, in order to prepare
the suitable climate change mitigation plan with a more sustainable development. The
carbon footprint is a measure of the exclusive total amount of carbon dioxide emissions
that are directly and indirectly caused by an activity or is accumulated over the life
stages of a product (2013). These carbon footprints have become the _currency‘ of
debate in a climate-constrained world. The overall carbon footprint due to the
production of global biofuels was estimated in the present study to be 0.248 billion (bn)
gha for 2010; rising to 0.449 bn gha by 2019 (Hammond & Seth, 2013). Biofuels may
be carbon-neutral because the plants that are used to make biofuels (such as corn and
sugarcane for bioethanol) absorb CO, as they grow and may offset the CO, emissions
when biofuels are produced and burned (EIA, 2019a). For biofuels to gain more carbon
credit values, prices of such products should remain as low as possible (Eshton &
Katima, 2015). Though biofuels may not be able to completely mitigate GHG, they are
good alternatives to fossil fuels since they may reduce GHG emissions while

guaranteeing the energy security of the country (Crutzen et al., 2007). Though they may



ensure energy security while minimizing fossil fuel imports, bioenergy policy should
discourage the production of bioenergy crops in land suitable for the production of food
crops since this may interfere with food security (Cerri et al., 2011). This is very
important in informing the government, policymakers, and bioenergy stakeholders on
the type of biofuel to be given priority when a decision is to be made based on their
carbon credit potential.

Carbon footprints, or the amount of greenhouse gas emissions linked to particular
activities, are associated with climate change and its impacts. Globally, calls have been
intensified to reduce the carbon footprint of energy use, including the use of alternative
fuels. Besides CO,-based fuels, biofuel is another alternative that has been extensively
investigated, and vehicles running on biofuel reduce fossil carbon emissions. Increasing
feedstock scarcity (e.g. due to deforestation) coupled with the negative socio-economic
and environmental outcomes of inefficient production and consumption technologies
(liyama et al., 2014) make it imperative to identify alternative energy solutions that
benefit people without harming the environment.

The type of feedstock cultivated for ethanol production is crucial to define the
level of the environmental impact from the agricultural phase. Among the tested crops,
sugarcane and corn were the most sustainable feedstocks for ethanol production, while
sugar beet presented the higher CO, emissions (Machado et al., 2017). It was assigned,
in part, due the amount of soil carbon added by residue plants and the mineralization
rate of each crop (Mufioz et al., 2014). In a temporal scale, was observed that the carbon
removal from soil is more intensive in the first five years of cultivation. After that, the
CO; emission tends to reduce over time. Considering the high demand for ethanol
(currently and in the future), the differences in the CO, emission among the tested crops
may result in the reduction of large amounts of carbon into the atmosphere depending of

the crop type cultivated (Machado et al., 2017; Wu et al., 2018). Alternative fuel can



mitigate the climate change by discovering potential challenges and the feasibilities to
tackle environmental and climate change issues.

Fossil fuel use in industry and transportation sector is responsible for the great
GHG emissions production. There are numerous negative impacts as the results of
combustion process in a large scale, where greenhouse gas (GHG) emissions are the
main contribution to global warming. Release of harmful gases to the environment have
been increasing over the years, namely carbon dioxide (CO;), methane (CHy), sulfur
dioxide (SO;), nitrogen oxides (NOy), and fluorine-based gases (perfluorocarbons,
hydrofluorocarbons, sulfur hexafluoride). When those gases are concentrated in the
atmosphere, it hinders the sun radiation and traps it on the earth‘s surface, thus rises the
global temperature or global warming. According to United States Energy Information
Administration (EIA, 2019b), it is predicted that the global CO, emissions alone is
going to rise from 32.3 billion metric tons in 2012 to 35.6 billion metric tons in 2020. It
is further expected that the number will go higher in 2040 to 43.2 billion metric tons. In
other words, there will be an increase up to 34% over a period of 28 years. Acid rain is
another side-effect of the increase in GHG emission, in which emissions and pollutant
gases such as sulfur dioxide (SO,;) and NOy contribute to the acid rain formation
(Grennfelt et al., 2020). Acid rain is formed through the reaction between NOy and SO,
emissions with water and oxygen in the clouds, and this produces nitric acid (HNOs3)
and sulfuric acid (H,SO4) respectively, both of them cause damage to the building
structures (Bergin et al., 2005). The exhaust gases released by power stations as well as
the passenger engine vehicles are the main sources of these sulfur gases emission. There
is a scientific consensus that climate change is occurring, which besides the rise in the
earth‘s surface temperature (global warming), there is an increased evaporation in the
air, and changes in rainfall and air pressure patterns, all of which affect the world‘s

climate. When ethanol is involved as alternative fuel, there is an offset of CO, as it is



captured back by the crops that are cultivated as the feedstock in bioethanol production.
By this, GHG emissions can be lowered as high as 34% when using dried milled corn-
based feedstock, and can reach higher up to 108% when cellulosic feedstock is
incorporated (Demirbas, 2008). Because of that, many are in the path to develop
bioethanol as fuel substitute, as it is closely relevant to industrial and transportation
sectors. It carries great impact to the environment following the sustainable principle in
reducing GHG emissions. As a gasoline substitute or additive, bioethanol can be
possible produced from household wastes, straw and woods, which makes it
economically attractive. Despite, the adverse effect the gasoline-ethanol blend of 90:10
blending ratio would result to a more volatile fuel than gasoline (which can contribute to
the ozone issue), there is limited information on the relationship between ethanol
content and fuel volatility and pure ethanol (100% ethanol) is less volatile than gasoline
(Sadeghinezhad et al., 2014a).

One distinct characteristic of bioethanol, as one attractive alternative fuel, is the
blends of 5-25% ethanol in gasoline (E5 to E25) does not require engine modification or
alternation (Ruan et al., 2019). This is due to bioethanol addition to gasoline leads to
leaner operation and improves engine performance. (Zhai et al., 2011). (Tibaquira et al.,
2018). In addition, heat of evaporation of ethanol is about 3 times higher than that of
gasoline, cold start would be difficult. Also ethanol has high octane number of about
107, the advance ignition timing shall be considered. Therefore, It was stated that the
blended ethanol into gasoline shall not be over 25% (E25) considered without engine
modification.

Ethanol is a hydrocarbon compound consisting of hydroxyl bonds (OH) with two
carbon atoms (C). The chemical formula of ethanol is C,HsOH. In general, ethanol
(ethyl alcohol) is produced from plant materials. The formation of ethanol is due to

microbial activity in converting the simple sugars into ethanol, which process is called



fermentation (Brownstein, 2014). The development of bioethanol production is orbited
around the utilization of various types of feedstock, as well as the technology
improvement. This development starts from the traditional conversion of sugar-bearing
crops and feedstock (i.e. corn, cassava, sugarcane, and agricultural biomass) through
fermentation to the conversion system with a high-complexity, multi-stage bioethanol
production (Sarkar et al., 2012).

According to Balat at al. (2008), there are 3 classifications of feedstock used for
bioethanol production: (1) starchy materials, (2) lignocellulosic materials, and (3)
sucrose-containing feedstocks. Bioethanol is regarded environmentally friendly due to
the renewable nature of the resource. In comparison with gasoline combustion,
bioethanol produces a cleaner emissions (Guido et al., 2013; Masum et al., 2013). It is
considered as one feasible energy source that is sustainable in terms of socio-economic
and environmental aspects (Ghazikhani et al., 2013; Manzetti & Andersen, 2015).

Bioethanol is not only a promising substitute for gasoline, but it can also be
blended with gasoline to produce gasohol. Compared with conventional gasoline,
bioethanol has greater resistivity to engine knocking from its high octane number. Also,
it carries higher heat of vaporization, flame speed and broader flammability limits
(Hansdah et al., 2013; Hassan & Kalam, 2013). As the result, bioethanol as fuel would
allow higher compression ratio with leaner combustions. On this premise, ethanol is

superior to gasoline for spark ignition engines.
1.2. Problem statement

Owing to the depletion of fossil fuel reserves, it is important to develop safe and
reliable alternative fuels from renewable and sustainable sources, and the fuel
production process should be efficient and cost-effective. Currently, first-generation
feedstocks such as corn, sweet potatoes, cassava, sago, and sugarcane are typically used

for bioethanol production. Nevertheless, the use of edible feedstock and converting



these feedstocks to bioethanol is not sustainable in the long term because these
feedstocks are primarily for human and animal consumption. The main disadvantage of
first-generation feedstocks is that these raw materials are the staple foods in some
countries and using these feedstocks for bioethanol production will drive the food prices
up.

Second-generation feedstocks are the feasible substitutes for edible feedstocks
because these feedstocks does not compete with food and typically possess good quality
source of carbohydrates to yield high amount of sugar for bioethanol production.
Manihot glaziovii tubers contain more than 80% of starch (dry weight basis) that can be
hydrolyzed for fermentation (Moshi et al., 2014). Meanwhile, the sweet sorghum plant
(Sorghum bicolor L.) is more resistant to temperature change and droughts as it requires
less water (Almodares & Hadi, 2009; Davila-Gomez et al., 2011). The Manihot glaziovii
and sweet sorghum are attractive because these feedstocks are inexpensive and a
sustainable means for bioethanol production. However, due to the uncommonness of
these materials in second generation bioethanol production, the use of both feedstocks
poses a significant challenge, since it requires a thorough investigations of the capability
and the quality of feedstock (sugar content and ethanol yield) in bioethanol production.
To date there is no significant attention given to these materials in bioethanol
production.

Besides, the material itself, with mathematical approach used to interactive the
statistical analysis on conversion of bioethanol is equally important. The production
without optimization will consume more time and produce low sugar reducing
(hydrolysis) and low ethanol yield (fermentation). Therefore, optimization should be
implemented to tackle these issues in order to produce high quality bioethanol with
shorter time and lower energy consumption. In this study, effective pre-treatment will

improve the hydrolysis and fermentation of carbohydrates present in the feedstock,



which will boost the bioethanol yield as well as minimize the presence of inhibitors
during the fermentation process. This can be achieved by optimizing the parameters of
the enzymatic hydrolysis and fermentation processes. Optimization of parameters such
as reagents, enzymes, yeast concentration, and temperature can be achieved by
developing an artificial neural network (ANN) model.

Relating to the energy consumption, economic evaluation of bioethanol
production from Manihot glaziovii and sweet sorghum need to be investigated. The
approach is only meaningful when full, industrial scale is considered, where operating
cost, industrial equipment requirement, productivity and feasibility can be determined
and concluded for a realistic scenario. Moreover, the evaluating the economic feasibility
of bioethanol production from non-edible sources would result to a more substantial
outcome, especially when the outcome is more favorable than that of bioethanol
production from edible sources. The energy analysis of bioethanol production from non-
edible sources will further confirm the sustainability in the long term, aside from the
economical values.

In addition, bioethanol is claimed to be able to replace gasoline in future due to
the higher octane number, broader flammability limit, higher flame speed and higher
heat of wvaporization. However, according to the physicochemical properties of
bioethanol, bioethanol carries lower LHV (21.2 MJ/L) than that of gasoline (30-33
MIJ/L), and this results to a greater amount of bioethanol needed to obtain the same
energy output as gasoline (Ruan et al., 2019). Researchers found that bioethanol—
gasoline fuel blends improve the engine performance and reduce exhaust emissions
without the need for major design modifications in spark-ignition engines. However,
there are no studies on the performance and exhaust emissions of a spark-ignition
engine with Manihot glaziovii and sweet sorghum bioethanol blends at different

blending ratio.



In this study, therefore, Manihot glaziovii and sweet sorghum bioethanol is developed to
investigate and identify the suitable bioethanol-gasoline blends that, which will be
further analyzed for their performance in a spark-ignition engine.

Besides, researchers found that corrosion issue tends to occur on bioethanol and
bioethanol with gasoline fuels. The compatibility issues of the bioethanol with certain
materials as bioethanol are inherently instable and highly corrosive in nature which is
not thoroughly investigated. Researcher also found that blending bioethanol and
gasoline will lead to corrosion in the engine components and fuel storage. In this study,
the effect of Manihot glaziovii and sweet sorghum bioethanol-gasoline blends on the
corrosive characteristic of Manihot glaziovii and sweet sorghum bioethanol are
investigated. Copper was immersed in different Manihot glaziovii and sweet sorghum
bioethanol—gasoline concentrations with time of immersion up to 3 months to observe
their corrosion rate with degradation of bioethanol. Copper were selected for this study
due to following reason, copper is a construction material that commonly used for
gasoline engine such as fuel lines and fuel pump. This material is a common metallic
material that has contact with bioethanol which is why this study need to be performed

to observe the rate of corrosion.

1.3. Objectives

The following sub-objectives were set in order to achieve the main objective of

this study:

1.  To study the reducing glucose and bioethanol production from second-generation
feedstocks Manihot glaziovii tubers and sweet sorghum grains.

2. To optimize the parameters of the enzymatic hydrolysis and fermentation
processes using ANN models. Then, calculate energy consumption of the
bioethanol production parameters optimum from Manihot glaziovii and sweet

sorghum
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3.  To analyze the physicochemical properties of Manihot glaziovii and sweet
sorghum bioethanols and its blends.

4.  To investigate the effect of Manihot glaziovii and sweet sorghum bioethanol-
gasoline blends on the engine performance and exhaust emission characteristics of
a single-cylinder four-stroke spark ignition engine.

5. To investigate the effect of bioethanol-gasoline blends (ME5-ME20 and SES-
SE20) at room temperature on the corrosion of copper coupons by static

immersion tests.

1.4. Significant contributions of the study

The main contribution of this study is the optimization of the bioethanol
production process parameters in order to maximize the yield bioethanols produced
from second-generation feedstocks (Manihot glaziovii tubers and sweet sorghum grains)
by using ANN models and investigating the physicochemical properties, engine
performance, and exhaust emissions of a spark ignition engine fueled with these
bioethanol-gasoline blends. This study provides insight on the bioethanol production,
energy consumption, engine performance, and exhaust emissions of a single-cylinder
four-stroke spark ignition engine fueled with Manihot glaziovii and sweet sorghum
bioethanol-gasoline blends. In this study, alternative feedstocks are explored to produce
bioethanol fuels whose properties will improve the engine performance and exhaust
emission characteristics. Although only two second-generation feedstocks are
considered, the methodology adopted in this study can be used to optimize the
bioethanol production process parameters for other types of feedstocks, with only minor
modifications to the ANN models.

The contributions of this study are summarized as follows:
1.  Explore the potential of Manihot glaziovii and sweet sorghum feedstocks as

nonedible feedstock for bioethanol production.
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2. Propose a method to produce reducing sugars and bioethanols from the Manihot
glaziovii and sweet sorghum feedstocks, and analyze the physicochemical
properties of the Manihot glaziovii and sweet sorghum bioethanols according to
the ASTM D4806 standard.

3. The production of Manihot glaziovii and sweet sorghum bioethanols by enzymatic
hydrolysis followed by fermentation and perform comparative analysis. The
novelty of this study lies in the optimization of the process parameters for
bioethanol production and calculate energy consumption from the process
parameters. It is aimed to investigate the energy consumption, duration of
processing and obtained bioethanol yield can be used in industrial feasibility

4.  The utilization of Manihot glaziovii and sweet sorghum nonedible feedstock can
provide solutions to reduce exposure to the vulnerability of supply and price
volatility of edible feedstock. This approach also creates the possibility of
innovations development in the production and processing industry which would
contribute to the society economic activity.

5. Production of bioethanol technology from Manihot glaziovii and sweet sorghum
nonedible feedstock as a local technology can create linkages between Research &
Development in universities and industry players, which contributes to the
increase the labours skills, improvement training of experts and expansion of job
opportunities.

The results obtained in this study can serve as a reference for other researchers in
this field, with emphasis on bioethanol production, optimization of enzymatic
hydrolysis and fermentation process parameters using an artificial intelligence tool, and
characterization of the engine performance and exhaust emissions of the bioethanol-
gasoline blends produced from non-edible feedstocks. The outcomes of this study have

been published recently in many international journals and conference proceedings.
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1.5. Organization of the thesis

This thesis consists of five chapters and six appendixes. The scope of each chapter

is briefly described as follows:

Chapter 1

Chapter 2

Chapter 3

This chapter presents a brief background on the concept of fuels and the
current global scenario regarding fuel production and consumption. In
addition, this chapter presents a general review on biofuels, specifically
the production of bioethanols from second-generation feedstocks.

This chapter is focused on general review of biofuels, with emphasis on
the production of bioethanols from second-generation feedstocks. A
review on the state-of-the-art production of bioethanol and the different
processes involved are also presented. The literature survey includes the
technologies, production methods, pre-treatment techniques, energy
consumption, engine performance, physicochemical properties of the
produced bioethanol, and exhaust gases characterization. The corrosion
behavior of metals immersed in bioethanol-gasoline blends is also
covered in this chapter.

The optimization of bioethanol production using mathematical models is
presented in this chapter, along with the procedure used to validate the
models. Besides, energy consumption has been calculated to assess the
energy analysis in bioethanol production. The procedure used to evaluate
the physicochemical properties, engine performance, and exhaust
emissions of the Manihot glaziovii and sweet sorghum bioethanol-
gasoline blends is also described in detail. The procedure used to assess
the effect of the corrosion rate of copper immersed in the Manihot
glaziovii and sweet sorghum bioethanol-gasoline blends such as total

acid number, density, viscosity, and color changes were evaluated.
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Chapter 4

Chapter 5

Appendixes:

This chapter presents the key findings of this study, including the
optimum enzymatic hydrolysis and fermentation process parameters,
optimum Manihot glaziovii and sweet sorghum bioethanol yields, energy
consumption from optimum parameters, physicochemical properties,
engine performance (brake specific fuel consumption (BSFC), engine
torque (ET), brake thermal efficiency (BTE), brake power (BP), and air-
fuel ratio), and exhaust emissions (HC, NOy, CO) of the Manihot
glaziovii and sweet sorghum bioethanol-gasoline blends. The results of
effect of metals on degradation of fuel properties in static immersion
tests such as total acid number, density, viscosity, and color changes also
presented and discussed. The results obtained in this study are also
compared with those of other researchers.

The conclusions deduced from the findings and observations in this
study are presented in this chapter, followed by the recommendations for
future work.

Sample calculations of engine performance parameters, corrosion rate, %
Uncertainty and Air-fuel ratio are provided in Appendix A, B, C and D,
respectively. The standard operating procedures for exhaust emission,
and engine performance tests are presented in Appendix E. Photographs
of the bioethanol production process, instruments and equipment used
for the engine tests, and the instruments for characterization of the
reducing sugars and bioethanols are provided in Appendixes F, G, and H,

respectively.
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CHAPTER 2: LITERATURE REVIEW

2.1. Introduction

The rapid development of technology along with the escalating economic and
population growth increases energy demands in all sectors. Fuel plays a vital role in our
daily lives as source of power for industrial processes as well as an export commodity
since it is a source of national revenue. The primary sources of energy used today are
fossil fuels such as petroleum, natural gas, and coal, which are non-renewable and non-
sustainable. Thus, fossil fuel reserves will continue to decline in line with the ever-
increasing energy demands.

At present, fossil fuels provide most of the world‘s energy demand. Finished
petroleum products such as motor gasoline, diesel, and jet fuel have been consumed
massively, especially in the transportation sector. Globally, the transportation industry
consumes the liquid fuel consumption and contributed to the increment of the fuel
consumption. As reported by British Petroleum (BP, 2019), 1.4 million barrels of oil
per day (b/d) are consumed globally, with China and United States as the top consumers
at 680,000 and 500,000 b/d respectively. Due to this, oil production has significantly
inclined by 2.2 million b/d, of which United States is the biggest net producer. Besides,
oil production by Saudi Arabia and Canada have cover the fuel production decline by
Iran and Venezuela. According to the United States Energy Information Administration
(EIA, 2019b), the demand for liquid fuels up to 50% in OECD and non-OECD
countries originated from the transportation sector. The growth, however, is mainly
developed in the non-OECD countries, with the consumption increase is predicted from
56 quadrillion Btu in 2018 to 85 quadrillion Btu in 2050.

As the world population continues to grow and the amount of fossil fuels becomes

more limited, there is a need to explore alternative sources of energy such as biofuels as
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well as solar, wind, and geothermal energy. In addition, there is growing concern on
improving energy security, mitigating the effects of fossil fuel combustion on the
environment, and stabilizing fuel prices in the long term. With growth rate at an annual
average rate of 3%, this indicates an acceleration in the utilization of renewable energy
technologies (EIA, 2019b). Further, according to British Petroleum (BP, 2019), there
was an increase of 9.7% in the production of biofuel globally in 2018. Despite being
lower than the 10-year average of 11.4%, the recent growth is the fastest within 3-year
period (Figure 2.1). In 2018, the growth of biofuel was accounted by Brazil and
Indonesia with 3.1 and 2.2 mtoe, respectively, and those combined contributed to about
two-thirds of the global growth of 8.5 mtoe. Bioethanol production in North America
reached 60.4 mtoe or 56% of the global production, while Europe produced 34.9 mtoe

biodiesel or 37% of the global biodiesel production (BP, 2019).
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Figure 2.1: Global biofuel production (BP, 2019)

2.2. Exhaust emissions
Exhaust emissions are waste products of fuel combustion in internal combustion
engines, external combustion engines, and jet engines. These waste products are

released through the engine exhaust system. Undesirable exhaust emissions are released
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when there is incomplete combustion, which can be due to lack of oxygen and non-ideal
air-fuel ratios. This leads to the release of toxic gases such as CO, NOy, and HC. The
release of CO, emissions into the atmosphere generated from fuel combustion has a
significant impact on global warming. One of the ways to reduce the causes of global
warming is to develop renewable energy technologies (e.g., solar, wind, and wave
energy systems) and formulate alternative fuels, which will produce lower carbon
emissions.

Figure 2.2 shows that world energy-related CO, emissions according to fuel type.
The United States Energy Information Administration (EIA, 2019b) estimated an
increase in CO; emissions at an annual average in between 0.4-0.6% from 2018 to 2050
with respect to the nature of fuel used (coal, liquids, and natural gas) which can be seen
in Figure 2.2 (a). This projected CO, emission growth, however, is considered lower in
comparison to the annual growth from year 1990-2018 which is due to the advancement
of coal power plants that work with higher efficiency with invented carbon capture
ability device and it is expected that coal-fired power generations is gradually decline in
future. Besides, the advancement in the transportation sector, especially in India and
China, where liquid fuels was their main fuel sources have shown relatively lower
projected CO, emission with annual average of 0.6%. From Figure 2.2 (b), it shown
that China and US will have similar emission levels by 2050, this is due to the growth in
the country‘s population are at a slower pace. From natural gas, it was projected an
annual rise of CO, emission of 1.1% in between 2018 to 2050 which is still lower than
annual average of 2.2% per year from 1990 to 2018. There is a great decline in CO,
emission in near future for all fossil fuel sources, compare to the emission occurred
from 1990 to 2018. It is forecasted that electric power sector will experience a decrease
in coal consumption while natural gas will be come the leading fuel for the generation

of electricity. This scenario can be seen from a few leading countries such as United
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States and China that implemented cleaner energy to generate electricity that eventually

reduce the rate of annual growth of CO, emission.

(a)

(b)

Figure 2.2: World energy-related CO, emissions according to fuel type from 2018
to 2050 (EIA, 2019b)

However, according to the data from British Petroleum (BP, 2019), the average
growth rate of CO, emissions in India is 5.4%/year from 2008 to 2018, spanning a
period of 10 years. The global CO, emissions from the consumption of oil, gas, and coal
increase by 2% in 2018.

Figure 2.3 depicts the increase of CO;, emissions from the burning of oil, natural
gas, and coal in China at an annual average of 2.5% from 2008 to 2018. As observed, in
comparison with China‘s CO, emission growth, India emitted a greater CO, emission,

despite a greater total CO, emission that China emitted (BP, 2019).
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Figure 2.3: The trend of CO; emissions from 2008 to 2018 (BP, 2019)

2.3. Bioethanol policy, and economic and environmental impact

The global bioethanol production continues to increase rapidly in recent years. In
Brazil, the share of renewable energy in total energy consumption is at the level of 42%,
making it a world leader in the use of energy from RES (renewable energy sources).
From the total RES, 18% consists of sugarcane bioenergy (bioethanol). Currently,
bioethanol in Brazil is still consumed within the domestic market, in which ethyl
alcohol is marketed as pure bioethanol or additive to gasoline (Maczynska et al., 2019).
In 2014 bioethanol was responsible for 32.3% of the total energy consumed in light
vehicles in Brazil (de Carvalho et al., 2016). In the same year, United.States. generated
14.31 billion gallons of bioethanol as biofuel, and in the recent production, it increased
to 15.8 billion gallons in 2019. This corresponds to an average increase of 1.9% per year
over a five-year period (2014-2019) (RFA, 2020).

Selection of the main feedstock in bioethanol production varies in one country to
another. In the United States, corn is the primary source in bioethanol production. On
the other hand, Brazil utilizes sugarcane as the feedstock in producing its national
bioethanol (Gnansounou et al., 2015; RFA, 2020). Many countries such as Europe, Asia,

and Latin America have exploited the bioethanol production on industrial scale for

19



feedstock such as sugar beet, cassava, wheat, and other first-generation materials. In
fact, in Europe, sugar bioethanol from beets accounts for more than 30% of the total
bioethanol demand (Alonso-Gomez et al., 2020).

China is diversifying the feedstock used in bioethanol production, to non-grain
materials. This includes sweet sorghum, cassava, and sweet potato. While wheat and
corn-based bioethanol production continues in practice, the expansion of bioethanol
production from these material types is halted (Ge & Lei, 2017). This is primarily due to
the side effects of using first-generation materials (i.e. sugarcane, beets, cassava, corn,
etc.), which include the requirement of land and water use to sustain the feedstock
regular cultivation. In addition to that, there is a debate on biofuel versus food security,
where food prices may inevitably soaring as crops are massively diverted into the sector
of fuel production (Chao et al., 2017; Correa et al., 2017; Koizumi, 2015).

The production of bioethanol in several countries shows that the usage of biofuel
to improve energy security and reduce dependency on imported oil will decrease the oil
import bill and promote sustainable development (Osei et al., 2013). However, the
current increasing trend in bioethanol production from first-generation feedstocks may
lead to an increase in ethanol price, which brings about the fuel versus food issue. In
addition, the lack of crop cultivation owing to the limited availability of lands makes it
impractical to produce bioethanol merely from first-generation feedstocks (Demirbas,
2011). Therefore, it is crucial to explore the production of bioethanol from second-
generation feedstocks through innovation and policy support instruments (Gnansounou,
2010). Figure 2.4 shows the bioethanol production in 2019 from selected countries. The
Figure illustrates that the United States are the premier in bioethanol production, at the
total of 15.8 billion gallons. Brazil ranked the second with nearly 8.6 billion gallons of

bioethanol production.
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Figure 2.4: Bioethanol fuel production in 2019 (Statista, 2020a).

The economic assessment for bioethanol production involves several elements
such as feedstock costs, by-product revenues, cost of process energy, investment costs
(related to the type of feedstock), plant location, transportation costs, and financing
costs (Balat, 2011). At the same time, the uncertainties related to the economic
performance are highly influenced by several factors such as labor and capital, product
and infrastructure, lack of knowledge concerning how the feedstock market will behave
in the long term (e.g., unexpected surge in feedstock demands), and lack of knowledge
concerning the market prices of ethanol. The lack of knowledge concerning the
existence or inexistence of a correlation with the price of gasoline when the share of
bioethanol for road transport is significant and the willingness of investors to be
involved in the production of second-generation bioethanol are also factors that
influence the economic performance (Gnansounou, 2010). The cost of bioethanol is
considered higher compared with gasoline because bioethanol is derived from first-
generation feedstocks (edible biomass) such as corn and sugarcane, which creates
competition between the use of crops for food and biofuel production (Pimentel &

Patzek, 2005). Bioethanol production from lignocellulosic biomass has made slower

21



progress compared with that from conventional sugar/starch plants owing to the
complexity of the former process, where pre-treatment is required to convert the
biomass into ethanol (Girard & Fallot, 2006). Pre-treatment is required to degrade the
lignocellulosic biomass, remove lignin, partial or total hydrolysis of hemicellulose, and
reduce the fraction of crystalline cellulose related to amorphous cellulose. Amorphous
cellulose is the most suitable form for the hydrolysis process. In the enzymatic
hydrolysis process, the cellulose is hydrolyzed to obtain glucose, which is then
transformed into ethanol by microorganisms (Mood et al., 2013). Consequently,
bioethanol production from lignocellulosic materials is more complex, which leads to
higher production costs compared with that from molasses or starch feedstocks. The
pre-treatment of lignocellulosic biomass is perceived as one of the costliest processing
steps in the conversion of lignocellulosic biomass into fermentable sugars. Therefore,
the growth of the bioethanol industry is largely dependent on the development of new
processes in order to convert lignocellulosic biomass from non-edible crops and waste
materials into bioethanol (Woodson & Jablonowski, 2008). In 2012, the cost of
bioethanol production from different types of feedstocks is shown in Table 2.1.

Table 2.1: Cost of bioethanol production from different types of feedstocks

(IRENA, 2012)
Feedstock Production cost (US$/L)
Sugarcane 0.7-0.9
Corn 0.9-1.1
Lignocellulose 1.04—1.45

For a more recent price, and as shown in Figure 2.5, the average price of global
ethanol is USD 0.95 per liter in 2020. Despite this, there is a substantial difference in
these prices among countries. The difference is visible from the status of the economy
of the country, which means countries with higher economic status or wealth would

implement higher prices. Meanwhile, poor countries, which are also typically the
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producers and exporters, would have cheaper fuel prices. United States is one apparent
exception here, as it possesses the capability to produce and export with an advanced
economy, yet it has low fuel prices. The phenomenon is mainly driven by subsidies and
various taxation schemes imposed on the fuel, regardless of the raw fuel price that is
priced at a universal rate prior to the imposition of those schemes locally. This results in

different retail prices for ethanol.
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Figure 2.5: Ethanol prices in several countries (Prices, 2020)

Note: The prices for the countries with a * are updated weekly. The data for the remaining countries are updated
monthly.

Net energy is defined as the energy produced from an energy resource after
subtracting the energy investment to develop that source. The net energy yield of a fully
developed resource measures the true value of an energy resource to the society
(Prakash et al., 1998). From a biofuel economy viewpoint, to reduce the reliance on
fossil fuels, reduce GHG emissions, and enhance rural economies, it is important to
ensure that the net energy in bioethanol production is positive. The net energy
production has been used to evaluate the energy efficiency of ethanol and it is the ratio
of the total energy output to the total energy input from the biomass feedstock (Saga et
al., 2010; Schmer et al., 2008). The net energy value (NEV), net energy ratio (NER),
and net energy yield (NEY) of the biofuel output have been studied and compared with

the petroleum energy ratio (PER) to measure the sustainability of a biofuel. Switchgrass
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is estimated to have a net energy balance of 343% if it is used to produce ethanol
(McLaughlin & Walsh, 1998).

More of the recent energy models that simulated biomass yields and estimated
agricultural inputs have shown that switchgrass can produce more than 700% of output
energy than input energy. In contrast, GHG emissions were assumed to be near zero or
estimated to be slightly positive for switchgrass-derived ethanol (Schmer et al., 2008).
In Brazil, the NER of sugarcane ethanol is positive because of the by-product bagasse,
which is used to produce heat and power needed for ethanol conversion plants. The
NER of sugarcane has been reported to be 8.3—10.2 (Saga et al., 2010). The NERs of
corn ethanol in the United States of America have also been evaluated and the values
were found to be 0.71 (Pimentel & Patzek, 2005) and 1.67 (Shapouri, 2004). In
Malaysia, net energy balance (NEB) and life cycle assessment (LCA) have been proven
to be suitable to evaluate the environmental sustainability of biofuels and identify
opportunities to improve environmental efficiency. NEB can also be used to measure the
energy effectiveness and efficiency of bioethanol production systems. Even though both
of these methods have been widely used to assess bioethanol production systems, the
results tend to vary (Hanif et al., 2017). According to (Shapouri, 2004), the NEB of corn
bioethanol was greater than 1. In general, positive NEB values indicate that the process
is energy-efficient. Other feedstocks such as sugarcane, cane molasses, and cassava
have also been studied in terms of their NEB and LCA (Dai et al., 2006; Farrell et al.,
2006; Kim & Dale, 2006; Leng et al., 2008). In terms of emission reduction, a recent
study conducted in Belgium showed that the production of bioethanol from wheat could
reduce GHG emissions by 91% compared with conventional gasoline (Belboom et al.,
2015). For cassava bioethanol, the emissions reduced by ~58% without any energy

allocations (Numjuncharoen et al., 2015).
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Concerns over the depletion of fossil fuels and environmental problems such as
global warming have driven the need to produce alternative fuels such as bioethanol.
However, there are also concerns on the local impact of bioethanol production on soil,
water, air, direct land use, and biodiversity (Gnansounou, 2010; Soccol et al., 2010).
One of the benefits of bioethanol is that it allows CO; to be run in a closed cycle. Once
ethanol is burned, the CO; released is recycled back into the plant material because
plants use CO, to synthesize cellulose during photosynthesis (Chan et al., 2007). In
addition, the toxicity of exhaust emissions from the burning of bioethanol is lower
compared with that from the burning of gasoline (Masum et al., 2013). Indeed, the
interesting fundamental carbon neutrality of combusted biomass is based on the fact that
the emitted CO, from the plant originates from the atmosphere where it eventually goes
back to. If land conversion to biomass production implies additional CO, emission
through soil organic carbon losses, it may offset this carbon neutrality which is shown in

Figure 2.6. (Bessou et al., 2011).

Figure 2.6: Biofuel cycle for sustanaible technologies (Bessou et al., 2011)

Bioethanol is of plant origin and it can be used as transportation fuel. The CO,
emitted from the burning of bioethanol-gasoline blends is not counted as GHG because
it is recaptured as a nutrient for crops used for their production (Luo, 2010). Therefore,

the reduction of GHG emissions is the main advantage of bioethanol since bioethanol
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consists of 35% of oxygen, which can enhance combustion and reduce exhaust
emissions, which are detrimental to people‘s health (Balat et al., 2008). However, the
main disadvantage of bioethanol is the food versus fuel issue, where there are concerns
on the lucrative business of bioethanol production because some farmers may sacrifice
food crops for biofuel production, which will increase global food prices. In addition,
bioethanol has lower energy density than gasoline, higher corrosivity owing to the
presence of alcohol, lower flame luminosity, and lower vapor pressure (making cold
starts difficult). Bioethanol is also miscible with water and toxic to ecosystems (Balat et

al., 2008).

2.4. Energy assessment for bioethanol production

Bioethanol can be produced from various agricultural and industrial activities, and
biomass can also be found in nature. Forestry and agricultural materials, as well as their
wastes, are the popular feedstock in biofuel production. Bioethanol production from
non-edible feedstock is one of the key areas in bioethanol production that aims for the
sustainability of both cost and environment, which are the main primary concerns in the
modern fuel industry (Robak & Balcerek, 2018). In this regard, non-edible feedstock
can be obtained directly from local farmers. This consequently helps the economy issue
in the society, and further minimizes the controversial impact of food conversion into
fuel (Jambo et al.,, 2016). More importantly, the non-edible feedstock can be used
continuously in bioethanol production process, and the products will contribute to fulfil
the ever-increasing global energy demands (Thompson & Meyer, 2013).

The general cycle of bioethanol production is shown in Figure 2.7, in which also
depicts the flow of carbon capture of CO, emission after bioethanol combustion back to
the crops. For bioethanol production from starch-based biomass, saccharification stage
i1s important to yield the useful sugars for the subsequent fermentation stage. Prior to

that, the feedstock is pulverized and steamed to accelerate the saccharification process.
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Each stage consumes certain amount of energy, and the intensity depends on the
treatments at each stage. Energy consumption analysis of starch-based bioethanol is
then critical, as it will determine the productivity and energy cost characteristics based

on the selected crops.
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Figure 2.7: Production processes of bioethanol from starch

To fit into the qualification as a suitable fossil fuel substitute, an alternative fuel
should have remarkable economic and environmental benefits. Further, it must carry the
net energy gain characteristic according to the selected feedstock (Hill et al., 2006).
Alternative fuel should have the potential of offsetting the extraction and burning cost

of fossil fuels. In calculating the net energy benefit of bioethanol as a replacement of
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fossil fuel, it is should be assessed by accounting the net energy contained in the
biomass as well as the energy required in feedstock and during the entire process of
bioethanol production (Bansal et al., 2016). Analyzing energy consumption is a widely
common approach to determine the bioethanol production efficiency, and this can be
achieved by taking the ratio of energy output from the produced bioethanol to the total
of consumed energy in the bioethanol production (Schmer et al., 2008). A study in
Poland reported energy consumption of bioethanol production in agricultural distillers
with various performance coefficients from the employed equipment. The study
analyzed energy consumption in bioethanol production using 20% of starch-based
feedstock, boiler with heating performance coefficient of 0.7, and chemical reaction
coefficient of 0.9 with steamer consuming 550 kg/h of steam (Trajer et al., 2015).
Another study developed Energy and resource group biofuel analysis meta-model
(EBAMM), and from this model, it estimated an energy gain of 23 MJ/L of produced
ethanol from production based on cellulosic (Bansal et al., 2016). A similar result has
been reported by Schmer et al. (2008), as they studied bioethanol production from ten
switchgrass farms established on marginal lands ranging from 3 to 9 ha, resulting in net
energy of 21.5 M J/L of ethanol. Swana et al. (2011) compared the energy yield of 2G
ethanol and corn-derived bioethanol using life cycle assessment (LCA). They found a
significantly higher energy gain in cellulosic ethanol (15.9 MJ/L) than corn-based
ethanol. Net energy value (NEV) of cellulosic feedstocks like switchgrass (8.80 MJ/L of
ethanol) and Miscanthus (11.99 MJ/L of ethanol) were also determined (Bansal et al.,
2016). The difference in biomass yield might be the reason for variation in the net
energy gains among different studies.

In this study, Manihot glaziovii and sweet sorghum are selected for nonfood crops,
and they can be planted on marginal land. The advantages of Manihot glaziovii and

sweet sorghum are tolerant to poor environmental conditions, the possibility of all year
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long planting and harvesting, high root productivity, continuous improvements of high
yield varieties, fewer input requirements for planting and harvesting, high quantity and
quality of carbohydrates, highest energy content per acre among starchy crops, and high
ethanol yield per acre (Almodares & Hadi, 2009). Therefore, energy assessment has
been proven to be suitable methods to evaluate the energy sustainability of biofuels to
identify opportunities for energy efficiency improvements. Energy assesment could also
be used to measure the energy effectiveness and efficiency of bioethanol production

systems.
2.5. Bioethanol

Bioethanol is also known as ethyl alcohol (EtOH), pure alcohol, or grain alcohol.
It has a chemical formula of C,HsOH, empirical formula of C,H¢O, and group formula
of CH3;—CH,—OH. For bioethanols, the methyl group (CH3;—) is coupled to the
methylene group (—CH,—) and hydroxyl group (—OH). Bioethanol is colorless and
tasteless, with a distinctive odor (Balat, 2011).

Bioethanol is a renewable energy source, which is derived from plants and it has
great potential as a gasoline substitute in spark ignition engines (Ghazikhani et al.,
2013). Bioethanol is also a viable alternative to unleaded gasoline, and it can be used
without engine modifications. A higher compression ratio can be achieved with fuel
blends above 20% bioethanol, and this improves the indicated thermal efficiency (Park
et al., 2016). Anu Nair et al. (2018) reported that gasoline with bioethanol content up to
25 vol% enhances the engine thermal efficiency by 10.37%. By raising the intake air
temperature to 60°C, the gasoline blend can attain a 40% bioethanol content, but the
engine thermal efficiency reduces by 7.59% compared to that of pure gasoline fuel.
Abdel-Rahman and Osman (1997) conducted an investigation on varying the
compression ratio of spark ignition engines working under different ethanol-gasoline

fuel blends. They reported that 10% ethanol gasoline fuel blends increase the maximum
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pressure over that of pure unleaded gasoline. Ruan et al. (2019) reported that bioethanol
carries lower LHV (21.2 MJ/L) than that of gasoline (30-33 MJ/L), and this results to a
greater amount of bioethanol needed to obtain the same energy output as gasoline.
Although the energy content of bioethanol is 32% lower compared with that of gasoline,
bioethanol has higher oxygen content, which will improve the combustion
characteristics and produce lower exhaust emissions. Bioethanol has a high octane
number of 108 with a high oxygen content of 34.7%(w/w), and this will improve the
combustion characteristics with the production of lower exhaust emissions. Because of
this, bioethanol prevents engine knocking and early ignition in spark ignition engines
(Aditiya et al., 2016).

The use of bioethanol in gasoline has become the worldwide interest as it is
regarded as an alternative to mitigate greenhouse gas emissions from the transportation
sector. United States Department of Agriculture (USDA, 2017) reported that corn
bioethanol has the potential to reduce greenhouse gas emissions by up to 76% along
with the production advancements, efficient techniques, and sustainable agricultural
practices. In a hindsight, with the ethanol industry, it allows engines to perform better,
gives consumer a great save, and improves the air quality. The latter effect is due to the
combustion products of gasoline-ethanol blend that contain less HC and CO emissions.
The cleaner combustion is possible considering that the carbon chains in the blend are
lesser than that of pure gasoline, and those carbon-based emissions would be lower as
the ethanol content is increased (Tutunea & Dumitru, 2017). Further, improvement in
the combustion products of gasoline-ethanol blend is owing to the oxygen compound in
the blend and this enhances the combustion process. The formation of CO is mainly
introduced in the exhaust gases when the fuel is not combusted completely, and HC is
formed when there is an excess of unburned fuel (Yusaf et al., 2009). Elfasakhany

(2015) also supported that the oxygen in the blend enhances the combustion, and this
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leads to an improved exhaust emissions and combustion efficiency. On the other hand,
the blending of bioethanol in gasoline can increase CO, concentration in the emission.
This is due to the oxygen content that enhances the combustion, which then allows to
burn more fuel and forming more CO; as the product (Dogan et al., 2017). NOy is
generally produced during the combustion of both gases and fuel oils. When the
combustion is under fuel-lean conditions with a rise in temperature, this will lead to an
increase of NOy emissions due to increased oxygen radicals forming with the help of
high temperatures in the combustion process. However, when the combustion is under
the fuel-rich condition the oxidation reaction will involve the OH and H radicals
(Szczepanski, 1998). High activation energies are required for the dissociation of
oxygen molecules and the disengagement of the triple bond of nitrogen. This
phenomenon causes the formation of thermal NOy to be largely dependent on the
temperature, the degree of air to fuel mixing, the concentration of oxygen and nitrogen
in the flame, and the duration of the reaction occurred (Hermann et al., 2004). NOy
emissions also dependent on the engine operating condition when using bioethanol
gasoline blends in a spark ignition engine. NOy concentrations can be adversely affected
because of the increasing cylinder temperature as the ethanol percentage is also
increased (Bayraktar, 2005). An increase in NOy emission can also occur due to
advanced ignition timing for hydrous ethanol, therefore, higher peak temperature during
burning and thereby increase the formation of NOy (Costa & Sodré, 2010). The higher
aromatic content of gasoline leads to lower phase separation temperatures. It is worth
pointing out that increasing the aromatic content in gasoline may increase the total
emissions of NOy (Schifter et al., 2004).

In fact, the use of bioethanol as an automotive fuel has been long known. In the
1880s, Henry Ford invented the quadricycle and since 1908, bioethanol was used for

Ford Model T. However, bioethanol was given little attention when fuel was cheap and
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abundant (Aditiya et al., 2016). However, in recent years, with the depletion of fossil
fuel reserves and the fluctuations in oil prices, much effort is made to develop
bioethanols.

Bioethanol is gradually gaining acceptance as an alternative fuel because of the
depletion of fossil fuel reserves as well as environmental concerns. At present,
bioethanol blends are already available at many service stations across the United States
of America and Europe. The demand for bioethanols is increasing worldwide because of
concerns on the detrimental effects of fossil fuel combustion on the environment.
According to the Renewable Fuels Association (RFA, 2020) the total production of
bioethanols worldwide increased from 25.7 billion gallons in 2015 to 29.1 billion
gallons in 2019, which corresponds to an increase of 11.4%.

Figure 2.8 shows that the production of bioethanol in the United States of
America was nearly 16 billion gallons in 2019, making this country the leading ethanol
producer in the world. Brazil produced about 8 billion gallons in the same year. Both of
these countries produced 84% of the world‘s ethanol. Most of the ethanol in the United
States of America is produced from corn whereas sugarcane is the main feedstock for

bioethanol production in Brazil.
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Figure 2.8: Global ethanol production from 2015 to 2019 (RFA, 2020)
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2.6. Non-edible feedstocks for bioethanol production

Non-edible feedstocks have become more attractive recently owing to their
environmental benefits and the fact that they renewable. As the name implies, non-
edible feedstocks are not fit for human consumption because of the toxic components in
the feedstocks. In order to choose a suitable non-edible feedstock for bioethanol
production, it is necessary to review the current scientific literature. The production of
bioethanol from non-edible feedstocks can help address the food versus fuel issue,
environmental problems, and the related economic conundrums (Saravanan et al., 2018)

Non-edible plants typically grow on marginal lands as well as in poor areas and
damaged forests. These plants can also be planted on the boundaries of arable and
fallow lands, as well as on public lands such as along railways, roads, and irrigation
canals. The production of bioethanol from non-edible feedstocks can be a part of
poverty alleviation programs in poor areas while at the same time promote energy
security. Many researchers have concluded that bioethanols from non-edible feedstocks

have great potential as alternative fuels.
2.6.1.Botanic description of Manihot glaziovii

Various species of cassava are widely cultivated in tropical regions, especially in
the tropical areas of Africa, Latin America, and Asia. One of these species is Manihot
glaziovii, which is native to Brazil, but is now widely grown in Southeast Asia (Joseph
et al., 2000). The trees grow rapidly, reaching a maximum height of about 10 m in only
a few years (Joseph et al., 2000). Manihot glaziovii is a plant that contains linamarin,
which is a cyanogenic glucoside (Joseph et al., 2000; Phambu et al., 2007). The leaves
and tubers of Manihot glaziovii contain cyanogenic glycosides, which can produce a
highly toxic compound, hydrogen cyanide (HCN), that can cause poisoning to humans
and animals. Manihot glaziovii has enzymes that can break down cyanogenic glycosides

to produce HCN.
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Manihot glaziovii has been cultivated as a crop with finger-shaped leaves, and can
reach a height of 2.75 m (Nassar, 2007). This plant grows well in areas with an
elevation of up to 2,500 m above sea level. Manihot glaziovii is a promising feedstock
for bioethanol production because of its high starch yield (36.3 ton/(ha-year)) and the
raw materials are available throughout the year (Muktham et al., 2016). Manihot
glaziovii has tubers or roots with a diameter and length that varies according to the
variety. Taxonomically, Manihot glaziovii is in the family Euphorbiaceae, and its

classification is as follows:

Kingdom : Plantae

Division : Magnoliophyta

Class : Magnoliopsida

Family : Euphorbiaceae

Genus : Manihot

Species : Manihot glaziovii Muell.

Manihot glaziovii plant can be cultivated through generative (seeds) and
vegetative (stem cuttings) methods (Nguyen et al., 2007). Stem cutting is the preferable
method to produce Manihot glaziovii plants with characteristics identical to the parent
plants because the rooting will be quicker and easier (Department of Agriculture, 2010).
The main advantage of Manihot glaziovii compared with other crops is that it can be
grown in dry and less fertile lands. In addition, it is more resistant to diseases compared

with other plants.
2.6.2.Botanic description of sweet sorghum

Sweet sorghum (Sorghum bicolor (L.) Moench) is one of the non-edible
feedstocks used to produce bioethanol (Fedenko et al., 2015). It is one of the plants that
originate from Africa, but it is now cultivated in Asia (Elhassan et al., 2015; Mehboob et
al.,, 2015). Sweet sorghum is a highly adaptable plant because it can be grown on

lowlands and highlands, as well as dry and humid climatic regions (Deesuth et al.,
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2015). Sweet sorghum can also be grown on marginal lands (mainly arid lands) where
other plants are unable to thrive (Elhassan et al., 2015; Wang et al., 2016). For this
reason, marginal lands can be used to cultivate sweet sorghum, which is an advantage
because this eliminates competition with the lands used for food production (Matsakas
& Christakopoulos, 2013).

In addition, sweet sorghum has other advantages such as high grain production
and high biomass. Sweet sorghum has high biomass yield (~3—6 t/hm’ of grains and 45—
75 t/hm* of sugar-rich stalks (Jiang et al., 2019). Moreover, it is resistant to droughts
(Marx et al.,, 2014; Mehboob et al., 2015; Zhang et al., 2010) and it has short
regeneration time (3—5 months), low fertilization needs, and higher photosynthetic rate
compared with sugarcane and corn (Deesuth et al., 2015; Houx & Fritschi, 2015;
Sjoblom et al., 2015). The starch content of sweet sorghum grains is high (65-71%) and
therefore, this starch can be hydrolyzed into simple sugars (Dyartanti et al., 2015). For
these reasons, sweet sorghum has attracted much attention as a promising non-edible

feedstock for bioethanol production.
2.7. Optimization of bioethanol production using artificial neural networks

The concept of artificial neural networks (ANN) is influenced by the complex
system of human nervous. In artificial intelligence field ANN is a method that is
popular to model and optimize convoluted processes or phenomena that typically
involve a large number of variables (Siswantoro et al., 2016). Since ANN is designed
based on the workings of the human brain, the programming is assumed to be simple,
such as that shown in Figure 2.9. Here, the input signal x is multiplied by the
corresponding weight P. Next, the products of x, and P, are added and used as the

transfer function to obtain the output F(x, P).
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Figure 2.9: Structure of a neuron, where x4, x5, ..., x,, are the inputs, p4,p2,..., Pn
are the weights, b is the bias, f is the transfer function, and Y is the output
(Siswantoro et al., 2016)

Through trained ANNs models for optimization and prediction are possible to be
implemented in diverse, numerous applications. In ANN experimental data is essential
which will be used to assess the prediction capability, while through independent data
the validation is performed (Kiani et al., 2010). Further, through parameters relationship
evaluation of the input and output ANN is effective in solving non-linear problems. This
also applies for the data that are incomplete or complex (Ismail et al., 2012). ANN has
the ability to relearn when new data are available in order to improve its performance
(Najafi et al., 2009). Because of this reason and coupled with the efficiency and
reliability, ANN is deemed as a suitable alternative to be implemented in optimizing
production and operation parameters in a bioethanol production. The advancement in
the use of the technique is in line with the betterment of technology. As the result, ANN
can be adapted in wide range of scientific applications, including chemical, mechanical
engineering and in renewable energy studies (Ayodele & Cheng, 2015; Pelletier et al.,

2016).

Optimization is essential as the effort to elevate the efficiency, which leads to the
maximization of the production. To increase efficiency and maximize bioethanol
production with good quality, it is necessary to optimize the process conditions. With
the suitable optimization method, the optimal process conditions can be determined

within a shorter period. ANN is a combination of mathematical modeling and statistical
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techniques, which can be used to optimize the response variable due to changes in
several independent variables. With ANN, the process parameters and response variable
can be optimized simultaneously. For instance, in bioethanol production where in
different production phase many parameters are possibly involved, ANN can be utilized
to evaluate the optimum parameters that are critical and carry the highest influence
throughout the production process (e.g. in hydrolysis and fermentation production
phases).

Many studies involving ANN have been carried out in optimizing production
parameters in bioethanol production. For example, Grahovac et al. (2016) investigated
the production of bioethanol from feedstocks made of the intermediates and by-products
of sugar beet. They predicted the bioethanol yield using ANN. Trajer et al. (2015) used
ANN to investigate the energy consumption of bioethanol production in agricultural
distilleries. Moradi et al. (2013) used ANN to optimize the operating conditions of

biodiesel production from soybean oil.
2.8. Bioethanol production technologies

Handling the biomass feedstocks is the preliminary step in bioethanol production,
which involves cleaning and preliminary cutting to reduce their physical size prior to
the pre-treatment process (Chiaramonti, 2007). Proper storage of the feedstocks is
equally important to maintain their quality for bioethanol production. A large, cool, dry
storage is recommended to store biomass feedstocks in order to protect them from
humidity, rodents, and microbial growth. Drying under the sun as well as thermal or
mechanical drying techniques are the common methods used to dry the feedstocks prior
to storage (Chohnan et al., 2011). It has been proposed that bioethanol production using
separate hydrolysis and fermentation (SHF) offers more advantages such as low cost of
chemicals, short residence time, simple equipment, and the possibility of optimizing the

hydrolysis and fermentation protocols independently (Maslova et al., 2019; Tavva et al.,
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2016). Figure 2.10 shows the conversion of biomass into bioethanol using SHF (Zhang,

1999).
Biomass Handling Bioethanol
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Figure 2.10: Conversion of biomass into bioethanol using separate hydrolysis and
fermentation (Zhang, 1999)

2.8.1. Pre-treatment of biomass feedstock

In bioethanol production, biomass has complex structures that need to be broken
down into oligomeric subunits by pre-treatment (Alvira et al., 2010). Pre-treatment is
needed to remove hemicellulose, remove, or redistribute lignin (for lignocellulose
biomass), increase the mean pore size, and provide better access for enzymes during
enzymatic hydrolysis (Jain & Chaurasia, 2014). There are four types of pre-treatment
methods, which will be described in the following sub-sections.

2.8.1.1.Physical pre-treatment

Physical pre-treatment reduces the particle size of the feedstock to increase the
surface-volume ratio and facilitate the subsequent biodiesel production processes
(Harmsen et al., 2010; Tanthapanichakoon & Jian, 2012). Mechanical pre-treatment
reduces the particle size of the feedstock by breaking its physical structure. Pre-
treatment typically involves washing, reducing the particle size of the feedstock by
grinding, extracting the essence, and separating the solid fractions (Eufrozina, 2009;
Mahalaxmi & Williford, 2012). Size reduction is particularly important for

lignocellulose materials in order to increase their exposure during the hydrolysis process
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(Alvira et al., 2010). However, it has been reported that a particle size of less than + 40
mesh is not effective for bioethanol production (Mahalaxmi & Williford, 2012). The
biomass feedstock is usually ground into a more compact form (3—8 mm particles) with
higher density such as pellets or briquettes (Rupar & Sanati, 2005). Therefore, particle
size is an important property because it affects the power required for the equipment
(e.g., knife mill, hammer mill) and the economic feasibility of the selected method
(Soccol et al., 2011). According to Zheng, Pan, and Zhang (2009b), mechanical process
such as attrition milling, ball milling, compression milling, and steam treatment can be
used to destruct lignin, which provides better access for the enzymes to attack the
cellulose and hemicellulose during enzymatic hydrolysis.

2.8.1.2.Chemical pre-treatment

Chemical pre-treatment involves destructing the structure of the biomass through
chemical reactions. Similar to mechanical pre-treatment, chemical pre-treatment
removes lignin, which reduces the crystallinity of the cellulose and enhances the
biodegradability of the biomass (Sudiyani et al., 2014). Chemical pre-treatment is most
widely used pre-treatment method. The common chemical pre-treatment methods are
briefly described as follows:

(a) Acidic pre-treatment

Acidic pre-treatment involves the use of acidic substances (typically H,SO4 or
hydrochloric acid (HCI)) for lignocellulosic feedstocks because of its powerful ability to
rupture the components into simpler form (Harmsen et al., 2010; Soccol et al., 2011).
The low temperature of this process makes it a low-cost pre-treatment method, and it
can loosen the cell wall matrix by means of hemicellulose degradation (Alvira et al.,
2010). Even though acidic pre-treatment does not affect the lignin content of the
feedstock, the cellulose microfibrils are sufficient to produce a high yield of monomeric

sugars for fermentation (Taherzadeh & Karimi, 2008; Vohra et al., 2014). However, the
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use of acidic pre-treatment increases the tendency of corrosion to the production
equipment and therefore, it is important to overcome this problem, especially for large-
scale bioethanol production where high amounts of acidic reagents are used (Harmsen et
al., 2010; Mahalaxmi & Williford, 2012; Sun & Cheng, 2002; Taherzadeh & Karimi,
2008). For this reason, many acidic pre-treatment methods have been modified to
improve the downstream processes and boost the bioethanol yield and price of
bioethanol (Vohra et al., 2014). Tang, Chen, Huang, Xu, and Li (2013) performed acidic
pre-treatment on Eulaliopsis binata using dilute 0.5% H,;SO4 at 160°C for 30 min with a
solid-to-liquor ratio of 1:5, resulting in total sugar content of 21.02% with a low
inhibitor level after pre-treatment. Marzialetti et al. (2008) performed acidic hydrolysis
on loblolly pine using various acids, including trifluoroacetic acid (CF;CO,H), HCI,
H,S04, HNO3, and phosphoric acid (H3POj). The results showed that CF;CO,H yielded
the highest sugar monomers (70%) from hemicellulose at a temperature of 150°C and
pH of 1.65. In addition, it was stated that CF;CO,H was the mildest acid among the
acids employed in their work.
(b)  Alkaline pre-treatment

This method involves the use of alkaline chemicals to pre-treat the feedstock.
Alkaline pre-treatment is normally performed at room temperatures and pressures
compared with other types of pre-treatment methods (Alvira et al., 2010; Mahalaxmi &
Williford, 2012; Taherzadeh & Karimi, 2008). The main advantage of alkaline pre-
treatment is its simplicity and it gives high conversion yields within a short period
(Harmsen et al., 2010). Alkaline pre-treatment also results in less sugar degradation,
though the presence of inhibitors should be eliminated in order to optimize the pre-
treatment conditions (Canilha et al., 2012). For these reasons, this pre-treatment method
i1s more effective for bioethanol production compared with acidic pre-treatment (Bensah

& Mensah, 2013). The suitable alkaline reagents are sodium hydroxide (NaOH) and
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lime, which are employed to break intercellular bonds between crosslinking
hemicellulose and other components (lignin and cellulose) (Sun & Cheng, 2002).
Moreover, alkaline pre-treatment can cause swelling of the structure, as well as increase
the porosity, decrease the crystallinity and degree of polymerization, promote the
separation of lignin, hemicellulose, and cellulose, and disrupt the lignin structure
(Soccol et al., 2011). According to Sun and Cheng (2002), alkaline pre-treatment is
capable of delignifying lignocellulose and enhancing the reactivity of carbohydrates. In
addition, the use of NaOH in alkaline pre-treatment improves lignocellulose
digestibility in typical lignocellulose feedstocks such as wheat straw and thus, it is
suitable to pre-treat second-generation biomass feedstocks (Bjerre et al., 1996; Chang
& Holtzapple, 2000). Chang, Nagwani, Kim, and Holtzapple (2001) used oxidative lime
pre-treatment to pre-treat poplar wood feedstock. The results showed that 78% of lignin
was removed and the glucose yield was improved by 71% during enzymatic hydrolysis.
Sun, Sun, Fowler, and Baird (2004) conducted alkaline pre-treatment on wheat straw
using different alkaline solutions. The results showed that 80% of hemicellulose and
60% of lignin were released using 1.5% NaOH at 20°C for 144 h of pre-treatment. In
addition, they observed that a significant amount of xylose was formed during the
hydrolysis process compared with glucose and galactose, since hemicellulose was the
main focus of their study. Park, Shiroma, et al. (2010b) conducted alkaline pre-treatment
and the results showed that the ethanol yield was 74% ethanol after 79 h of fermentation
by a combination of yeasts Saccharomyces cerevisae and Pichia stipitis as the
fermentation agents. Other alkaline substances, including potassium hydroxide (KOH),
NaOH, hydrazine (N;H4), anhydrous ammonia (NHj), and calcium hydroxide
(Ca(OH),), are also typically used in alkaline pre-treatments of biomass. Other typical

alkaline substances cause biomass swelling, which exposes the internal surface area as
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well as decrease the crystallinity and degree of polymerization (Chang & Holtzapple,
2000; Mosier et al., 2005).

2.8.1.3.Biological pre-treatment

In biological pre-treatment, microorganisms (e.g., fungi) are employed to degrade
the biomass structure (Han et al., 2013b; Mahalaxmi & Williford, 2012). The typical
microorganisms employed for this technique are white, brown, and soft-rot fungi
(Mahalaxmi & Williford, 2012). Several white-rot fungi, namely, Ceriporia lacerata,
Phanerochaete chrysosporium, Pleurotus ostreaus, and Cyathus stercolerus, have been
evaluated for delignification of various lignocellulosic biomasses and the results showed
that these fungi resulted in high delignification efficiency (Alvira et al., 2010; Zhao et
al., 2011). In general, brown-rot fungi degrade the hemicellulose and cellulose
components of the biomass, white-rot fungi degrade the cellulose and lignin
components, and soft-rot fungi are useful to release cellulose from degradation of the
lignocellulose complexes (Kumar & Wyman, 2009; Sarkar et al., 2012). Biological pre-
treatment is very well-known for its environmental friendliness, although it tends to
work on a slow rate compared with other pre-treatment methods (Saini et al., 2015;
Sarkar et al., 2012). The low process cost and low energy consumption are the major
advantages of biological pre-treatment because this method does not require additional
chemicals and applied pressure owing to the less mechanical assistance. Furthermore,
biological pre-treatment does not cause corrosion to the equipment and it does not
produce a high amount of inhibitors (Alvira et al., 2010; Brownstein, 2014). However,
the main disadvantage of biological pre-treatment is its supremely low degradation rate
to attain a high degree of lignin degradation (as long as a few months). This leads to
delays in the subsequent processes (hydrolysis and fermentation), which leads to delays
in obtaining the final product (bioethanol) (Zhao et al., 2011). Therefore, there is a need

to develop efficient biological pre-treatment methods, considering that it is one of the
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most economical techniques to pre-treat biomass in the bioethanol industry (Canilha et
al., 2012; Chiaramonti, 2007).

Studies have shown the favorability of biological pre-treatment. Studies (Emtiazi
et al., 2001; Pérez et al., 2002; Shide et al., 2004) have shown that the use of Aspergillus
terreus, Trichoderma spp., Cyathus stercoreus, and Lentinus squarrosulus successfully
degraded lignin and holocellulose by 65-80% and 45-75% respectively, at a
temperature of 25-35°C for 3-22 days. Sindhu et al. (2016) studied the effectiveness of
white-rot fungi in decomposing lignocellulosic biomass and enhancing the subsequent
enzymatic hydrolysis process. The results showed that Irpex lacteus (a white-rot fungus)
was able to degrade lignin by 43.8% and the sugar yield from the subsequent enzymatic
hydrolysis was found to increase sevenfold.

2.8.1.4.Thermochemical pre-treatment

Direct combustion is used in thermochemical pre-treatment, which is a simple
pre-treatment for biomass. This pre-treatment generally depends on the biomass
properties, including volatile content, moisture content, fixed carbon content,
concentrations of impurities (S, N, Cl), and ash content, all of which influence the
techno-economic factors of bioethanol production (Badger, 2002; Berg, 2013; Harmsen
et al., 2010). The combination of low-cost feedstock and thermochemical pre-treatment
for bioethanol production can promote future security in terms of energy, economy, and
infrastructure (Naik et al., 2010). Figure 2.11 shows the types of thermochemical
processes used to convert lignocellulosic biomass into liquid, solid, and gaseous fuels
(Peng et al., 2011). Several thermochemical pre-treatment methods commonly used for

bioethanol production are also discussed below.
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Figure 2.11: Thermochemical pre-treatment methods used to convert
lignocellulosic into fuels (Peng et al., 2011)

2.8.2. Hydrolysis

Hydrolysis is a process that breaks down complex sugar structures in the biomass
(e.g., polysaccharides in starch and lignocellulose) into the simplest sugar monomers
such as xylose and glucose. In general, the main purpose of hydrolysis is to produce
fermentable sugars suitable for the fermentation microbes in the fermentation process,
which is carried out after the hydrolysis process. Hydrolysis is necessary because
microbes are only able to convert the certain types of sugar monomers into ethanol
(Mahalaxmi & Williford, 2012; Vohra et al., 2014). The common types of hydrolysis
methods are described in the following sub-sections.

2.8.2.1. Dilute acid hydrolysis

Dilute acid is typically used to hydrolyze lignocellulosic biomass because acid is
capable of degrading the lignocellulosic structure of the biomass into fermentable
sugars. Dilute acid hydrolysis uses ~1% of the acid concentration to degrade the
biomass and it yields around 50% of glucose as the final product (Badger, 2002; Graf &
Koehler, 2000; Morikawa et al., 2014). Based on the composition of lignocellulosic
biomass, dilute acid hydrolyzes hemicellulose and cellulose in different ways. In a mild

hydrolysis environment, hemicellulose is degraded by the dilute acid, releasing xylose
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monomers (5-carbon sugar). Cellulose requires a higher temperature for the dilute acid
to degrade the complex structure of cellulose, resulting in glucose monomers (6-carbon
sugar) (Balat et al., 2008). Dilute acid hydrolysis is a feasible method for a continuous-
production bioethanol plant; however, prior size reduction of the feedstock is required.
In general, dilute acid hydrolysis produces sugar monomers within a reasonable period.
However, it is still a challenge to obtain high sugar yields using this method (Badger,
2002). In addition, this method produces inhibitors such as acetate, furfural, hydroxyl
benzaldehyde (HBA), and 5-hydroxymethyl furfural as by-products, which are harmful
for the fermentation microorganisms (Rao et al., 2006).

2.8.2.2. Concentrated acid hydrolysis

In this method, a concentrated acid (concentration of more than 10%) is used to
hydrolyze lignocellulosic biomass at room temperature. Concentrated acid hydrolysis
produces a higher sugar yield compared with dilute acid hydrolysis and it is a more
cost-effective hydrolysis process. Despite the high sugar recovery and ability of the acid
to be recovered and deconcentrated, concentrated acid hydrolysis requires extreme care
especially during handling because concentrated acid is extremely hazardous to human
health and the environment (Balat et al., 2008; Refaat, 2012).

The chemical reactions for the hydrolysis process of a carbohydrate to become
glucose has two stages, namely the liquefaction and saccharification stages. The
chemical reactions of hydrolysis can be seen in the equation below.

Liquefaction process used the catalyst a-amylase enzyme or acid
(C6H10055)1000 — 100(CeH1005)10
Carbohydrates Dextrin

Saccharification process used the catalyst amyloglucosidase or acid
(CeH1005)10 + 5H;0 — 5(C12H;2011)

Dextrin water Maltosa
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A high glucose yield can be obtained from acid hydrolysis of wood fibers, whose
cellulose has been soaked at room temperature in high concentration sulfuric acid of
72% (w/w), with aqueous sulfuric acid under reflux at 6% (w/w) concentration (Figure
2.12). The hydrolysis with the presence of a high concentration of acid (e.g. 20%
sulfuric acid) at high hydrolysis temperature will break polysaccharides into
monosaccharides. Decomposition reactions follow next, in which furfural formation can
occur. Furfural can be separated through distillation, and its formation from pentose or
pentosans can be quite significant. 5-(hydroxymethyl)-2-furfural is non-volatile furfural
formed as the result of hexoses and polymers of hexoses, including glucomannans,
starch, and cellulose. It can be further decomposed to levulinic acid and other
compounds (Bajpai, 2018). These reactions are summarized in Figure 2.13.

In addition, the use of concentrated acid can corrode the production equipment,
which can lead to financial losses in the long term. This method is claimed to have
shorter processing times (Iranmahboob et al., 2002) although others have argued that the
hydrolysis period is longer compared with that for dilute acid hydrolysis (Graf &

Koehler, 2000).

Figure 2.12: Dilute acid hydrolysis of glycosidic linkages (Bajpai, 2018).
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Figure 2.13: Decomposition of carbohydrates by strong acids (Bajpai, 2018).

2.8.2.3. Enzymatic hydrolysis

Enzymatic hydrolysis is another common method used for bioethanol production.
In this process, a specific type of enzyme is used, depending on the component of the
biomass. For example, cellulase is used to hydrolyze cellulose whereas amylase is used
to hydrolyze amylose. This hydrolysis method is a complex degradation process
(especially for lignocellulosic materials) in order to release the simplest, fermentable
sugar monomers. For lignocellulosic biomass, enzymatic hydrolysis works in three
ways: (1) The biomass is first deformed physically and chemically; (i1) The biomass
surface degrades, releasing less-complex sugars in the solution; (3) The less-complex
sugars released in the solution are hydrolyzed into sugar monomers (Mosier et al.,
2002).

In general, enzymatic hydrolysis is highly favorable for bioethanol production.
Enzymatic hydrolysis can be operated in a mild hydrolysis environment (pH: ~4.8,
temperature: ~318-323 K). Enzymatic hydrolysis produces higher sugar yields
compared with acidic hydrolysis and it does not tend to corrode the processing

equipment (Sun, 2002). The high cost of enzymes indeed drives the cost of enzymatic
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hydrolysis and ultimately, the overall bioethanol production cost. However, the rapid
development of enzymes (triggered by the favorability of enzymatic hydrolysis) coupled
with the advancement of technologies has made the use of enzymes economically viable
for hydrolysis, which in turn, will promote bioethanol production (Pan et al., 2005).
Enzymes such as cellulase can be extracted from fungi and bacteria. Trichoderma
reesei, Trichoderma longibrachiatum, and Trichoderma viride have been recorded as
cellulase-producing fungi, where cellulose and hemicellulose are used as the food
source (Gusakov et al., 2007) Meanwhile, the typical cellulase-producing bacteria are
Acetovibrio, Bacteriodes, Bacillus, Cellulomonas, Clostridium, Erwinia, Microbispora,
Ruminococcus, Streptomyces, and Thermomonospora (Sun, 2002).

Tye, Lee, Wan Abdullah, and Leh (2012) used kapok fibers (Ceiba pentandra) as
the feedstock and commercial cellulase enzymes in order to obtain a high yield of
fermentable sugars. They observed that the cellulase altered the complex structure of the
kapok fibers, producing a reducing sugar yield of 85.2% with prior acidic pre-treatment.
In an attempt to produce third-generation bioethanol, Tan and Lee (2014) performed
enzymatic hydrolysis on seaweed solid wastes. The results showed that enzymatic
hydrolysis produced very high glucose content of 99.8% for very mild hydrolysis
conditions (pH: 4.8, temperature: 50°C). Following this, they performed fermentation
on the produced glucose, resulting in an ethanol yield of 55.9%. However, with small
modifications (i.e., simultaneous saccharification and fermentation (SSF), a higher
ethanol yield (90.0%) was obtained from the seaweed wastes. This shows that
enzymatic hydrolysis can be enhanced using a suitable pre-treatment and biomass

feedstock.

2.8.3. Fermentation

Fermentation is a process where the biomass feedstock is converted into

bioethanol by bacteria, yeast, or fungi. By digesting fermentable sugars, these
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organisms produce ethyl alcohol and other by-products (Balat et al., 2008; Mahalaxmi
& Williford, 2012; Vohra et al., 2014). Saccharomyces spp. and Pichia spp. are the most
common yeasts used for bioethanol production, whereas Zymomonas spp. and
Escherichia spp. are the most commonly used bacteria for this purpose. Aspergillus spp.
are the most common fungi employed in the fermentation process in order to produce
bioethanol (Brownstein, 2014). Fermentation microorganisms are able to convert
specific types of sugar monomers into ethanol, namely, hexoses (C6 sugars), and
pentoses (C5 sugars). Hexoses are the fermentable sugars in first- and second-
generation bioethanol production whereas pentoses (C5) are the fermentable sugars in
second-generation bioethanol production (Kang et al., 2014). As one of the most
employed yeasts, Saccharomyces cerevisiae is able to theoretically produce 90% of
ethanol from glucose (Wyman & Yang, (2009). According to Abbi et al.(1996),
Saccharomyces cerevisiae is able to ferment hexose, while the yeasts Pichia stipitis,
Pachysolen tannophilus, and Candida shehatae can be used to ferment xylose into
ethanol efficiently. The yeast Kluyveromyces marxianus is able to withstand a high
temperature range of 45-52°C and it is capable of digesting a wide variety of sugar
monomers such as xylose, mannose, arabinose, and galactose (Martin et al., 2007,
Sarkar et al., 2012). With technological advancements, engineering microbes are now
being used to enhance the conversion of sugar monomers into bioethanol. The use of
engineering microbes enables more substrates to be digested, producing higher ethanol
yields.

Fermentation is the last step in conventional bioethanol production and it is
carried out after the biomass has been pre-treated and completely hydrolyzed. However,
with technological advancements, efforts have been made to improve the fermentation
process in order to boost the ethanol yield and improve the efficiency of the production

process.
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2.8.3.1. Simultaneous saccharification and fermentation

The SSF technique only requires a fermentation reactor to minimize the
production of inhibitors by combining the saccharification and fermentation processes
simultaneously, which will reduce the overall bioethanol production cost (Korzen et al.,
2015; Sarkar et al., 2012; Soccol et al., 2011). Enzymatic hydrolysis of the biomass is
carried out in a single reactor and once the process is complete, the fermentation agent
converts the released sugar monomers into ethanol. In terms of the process stream, SSF
shortens the production period, which enhances the production efficiency. In addition,
the accumulation of ethanol in the reactor does not inhibit the hydrolysis activity, which
makes SSF a favorable method for bioethanol production (Kura, 2014; Soccol et al.,
2010). However, this fermentation method is limited by the respective operating
conditions of the hydrolysis and fermentation processes, and it can be quite challenging
to ensure that the conditions are optimum for both processes (Olofsson et al., 2008). In
standard practice, hydrolysis is best to be carried out at ~50°C, but fermentation
requires warm, mild temperatures (28-37°C) to sustain the fermentation microbes.
Hence, it is challenging to fulfill the desired conditions for both hydrolysis and
fermentation processes. Figure 2.14 shows the flow chart of the SSF process (Wingren

et al., 2003).
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Figure 2.14: Flow chart of the simultaneous saccharification and fermentation
process (Wingren et al., 2003)

2.8.3.2. Separate hydrolysis and fermentation

Unlike SSF, SHF is carried out in different vessels, where each one performs a
specific task (Sarkar et al., 2012; Soccol et al., 2010). SHF allows the hydrolysis and
fermentation processes to be carried out at their respective optimum conditions, which
maximizes the reducing sugar yield and ethanol yield. For instance, with SHF,
hydrolysis can be performed at the optimum temperature range of 45-50°C while
fermentation can be performed ~30°C without any hassle. SHF also allows fermentation
of sugars according to type. The hydrolysate first flows into the first vessel to ferment
the glucose content of the hydrolysate by glucose-fermenting microbes. The process
then continues, where the solution is distilled and flows into the second fermentation
vessel to ferment the next sugar type by specific fermentation microbes (Vohra et al.,
2014). The SHF technique is considerably cost-effective in terms of the substrates and

the high ethanol yield, although it may not be cost-effective in terms of the installation,
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operation, and maintenance of equipment (Liu et al., 2014; Sarkar et al., 2012). Figure

2.15 shows the flow chart of the SHF process (Wingren et al., 2003).

Lignocellulosic

Feedstock
Pre-treatment Solids Production
(Hemicellulose Acid | (Cellulignin) of Cellulases
Hidrolysis) T
v

Cellulose Enzymatic

Hydrolysis —» Fermentation C6

Fermentation C5

Y

Soluble Sugars
» Ethanol

| Distillation

» Vinasse

Figure 2.15: Flow chart of the separate hydrolysis and fermentation process
(Wingren et al., 2003)

2.8.3.3. Simultaneous saccharification and co-fermentation

This fermentation technique is based on the integration principle, where mixed
microbes are used to ferment more than one type of sugar (e.g., pentoses and hexoses)
obtained from the pre-treatment and hydrolysis processes (Buruiana et al., 2013; Sarkar
et al., 2012). The use of mixed microbes is limited by the ability of each fermentation
microbe. For example, hexose-fermenting microbes usually grow faster than pentose-
fermenting microbes, which leads to a higher rate of ethanol conversion from hexose
(Brownstein, 2014). SSCF offers a number of benefits such as lower enzyme
requirement, faster production rate, and lower production cost because the process is
performed in a single reactor (Soccol et al., 2010). However, SSFC requires stringent
control because each fermentation microbe in the mixed microbes may require a
different optimum temperature. In addition, there is a need to control the conditions of
the hydrolysis and fermentation processes because these processes are carried out in the

same reactor (Balat & Balat, 2009). Candida shehatae, Saccharomyces cerevisiae,
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Escherichia coli KO11, and Escherichia coli FBR5 are some of the microbes that are
used together in the SSCF technique to produce bioethanol from various biomasses such
as barley hull and wheat straw (Gupta & Verma, 2015; Karag6z et al., 2012; Kim et al.,
2008; Saha & Cotta, 2006). Figure 2.16 shows the flow chart of the SSCF process

(Wingren et al., 2003).

Lignocellulosic
Feedstock
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(Hemicellulose Acid (Cellulignin) of Cellulases
Hidrolysis) l |
Cellulose Enzygatic Hydrolysis
> Fermen;[gition Cé6
SSO&g:iS Fermentation C5
— Y —» Ethanol
Distillation )
—>» Vinasse

Figure 2.16: Flow chart of the simultaneous saccharification and co-fermentation
process (Wingren et al., 2003)

2.8.3.4. Consolidated bioprocessing

Consolidated bioprocessing (CBP) is a bioethanol production method where the
production of enzymes, enzymatic hydrolysis, and biomass fermentation are carried out
in the same reactor. This method is also known as direct microbial conversion (DMC)
(Taherzadeh & Karimi, 2008). In general, a specific microorganism species is used in
the CBP technique. This microorganism species is able to perform an array of tasks,
which eliminates the need for additional flowing or removal process to another reactor.
For example, in order to convert lignocellulosic biomass into bioethanol, the production
of cellulose enzymes, hydrolysis of cellulose, and fermentation of the sugars produced
from the hydrolysis process are performed by one type of microorganism. This method

is a low-cost route to convert cellulosic biomass into bioethanol with high rates and
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acceptable yields (Gupta & Verma, 2015; Limayem & Ricke, 2012; Vohra et al., 2014);
however, others have reported that CBP is disadvantageous because of its long
processing times and low ethanol yields (Gupta & Verma, 2015; Vohra et al., 2014).
With CBP, it is not necessary to add external cellulose enzymes into the pre-treatment
and hydrolysis processes (Baeyens et al., 2015; Sarkar et al., 2012; Vohra et al., 2014).
The common microorganisms used for the CBP method are Thermoanaerobacter
ethanolicus, Clostridium thermohydrosulfuricum, Thermoanaerobacter mathranii,
Thermoanaerobium brockii, and Clostridium thermosaccharolyticum. The ability of
these microorganisms to perform multiple tasks (enzyme production, enzymatic
hydrolysis, and fermentation) and their ability to withstand extreme temperatures render
them favorable for low-cost lignocellulosic biomass-to-ethanol conversions (Sarkar et
al., 2012). One study (Cardona & Sanchez, 2007) has reported a potential yeast strain
(Kluyveromyces marxianus) for the CBP method. This yeast strain resulted in a good
growth of endoglucanase and B-glucosidase enzymes on the cell surface even at a high
temperature of 48°C. The ethanol was produced from B-glucan (which is a cellulosic
material), with a yield of 0.47 g ethanol/g consumed carbohydrate. However, the
microorganisms typically used for the CBP method are not recommended for large-scale
bioethanol production (i.e., high ethanol yields) and therefore, engineering microbes are
needed to promote the applicability of this method (Chan et al., 2007; Goel et al., 2013).

Figure 2.17 shows the flow chart of the CBP process (Wingren et al., 2003).
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Figure 2.17: Flow chart of the consolidated bioprocessing process (Wingren et al.,
2003)

2.8.4. Distillation and dehydration

Distillation is required in bioethanol production to separate the ethanol content
from the product of the fermentation process based on the boiling point of ethanol
(78.3°C). In water-ethanol distillation, ethanol will vaporize before water because of its
lower boiling point (Balat et al., 2008; Onuki, 2006). In a typical bioethanol refinery,
the fermentation product flows to the distillation column for distillation, and the product
from this process flows into the rectifier and concentrated to below the azeotropic point
(Tanthapanichakoon & Jian, 2012; Wooley et al., 1999). Meanwhile, the remaining
undistilled fermentation product flows into the stripping column to remove water.
Afterwards, the product of this process is combined with the ethanol produced from the
previous process (Gabriel & El-Halwagi, 2013). Consequently, the bioethanol recovery
process produces bioethanol with a purity of ~99.6% (Balat, 2011). The solid
compounds of the product are separated using a centrifuge (McAloon et al., 2000).
Distillation (bioethanol recovery) is an energy-intensive process, which requires high
volumes of cooling water and the average water consumption is 4 gal water/gal ethanol

produced (Jain & Chaurasia, 2014).
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Dehydration is advantageous to remove the remaining water in the azeotropic
phase (Madson & Monceaux, 1995; Zhang, 1999). Dehydration is quite similar to
extractive distillation because this process uses additional component, which lowers the
heterogeneous boiling azeotrope (Kiss et al., 2012). Before the dehydration process, the
ethanol is first distilled to achieve a purity of more than 96%, and then the ethanol is
filtered through molecular sieves, which absorbs water from the mixture
(Tanthapanichakoon & Jian, 2012). The result of this process is an upgraded ethanol
product. The used molecular sieves can be recycled by heating the sieves to remove the

absorbed water (Soccol et al., 2011).
2.9. Properties of bioethanol

The quality of an engine fuel can be assessed based on its physicochemical
properties (Tutunea et al., 2014). The specifications of the bioethanol blending with
gasoline are given in the ASTM D4806 standard (Table 2.2) while the comparison

between the properties of bioethanol and gasoline are presented in Table 2.3 (Masum et

al., 2013).

Table 2.2: Specifications of the bioethanol blending with gasoline given in the
ASTM D4806 standard (RFA, 2018)

Quality Parameter Limits ASTM Test
Methods
Ethanol, % by volume, min 92.1 D5501
Methanol, % by volume, max 0.5 D5501
Solvent washed gum, mg/100mL, max 5 D381
Water content, % by volume, (% by mass), max 1.0 (1.26) D7923, E1064 or
E203
Inorganic Chloride, mg/kg (mg/L), max 6.7 (5) D7319 or D7328
Copper, mg/kg, max 0.1 D1688
Acidity, as acetic acid, mg/kg, (% by mass) 70 (0.0070) [56] D7795
[mg/L], max
pHe 6.5-9.0 D6423
Sulfur, mg/kg, max 30%* D5453
Existent Sulfate, mg/kg, max 4 D7318,D7319 or
D7328

** EPA Tier 3 Regulations reduced this parameter to 10. mg/kg, maximum
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Table 2.3: Properties of bioethanol and gasoline (Masum et al., 2013)

Property Unit Gasoline Ethanol
Chemical formula — Cs—Ci2 C,H50y
Molecular weight kg/kmol 114.15 46.07
C-fraction %(m/m) 87.4 52.2
O-fraction %(m/m) 0 34.7
H-fraction %(m/m) 12.6 13
H/C atom ratio 1.795 3
o/C atom ratio 0 0.5
Specific gravity — 0.70-0.78 0.794
Density at 15°C kg/m’ 750-765 785.0-809.9
Stoichiometric air-fuel ratio W/W 14.2-15.1 8.97
Kinematic viscosity mm?®/s 0.5-0.6 1.2-1.5
Reid vapor pressure at 37.8°C kPa 53-60 17
Research octane number — 91-100 108.61-110.00
Motor octane number — 82-92 92
Cetane number — 8 5-20
Enthalpy of formation

(a) Liquid kJ/mol —259.28 —224.1

(b) Gas kJ/mol —277 —234.6
Higher heating value MJ/kg 47.3 29.7
Lower heating value MJ/kg 44 26.9
Latent of vaporization kJ/kg 380—400 900-920
Specific heat

(a) Liquid kJ/kgK 2.4 1.7

(b) Vapor kJ/kgK 2.5 1.93
Freezing point °C —40 —114
Boiling point °C 27-225 78
Flash point °C —45t0 —13 12-20
Autoignition temperature °C 257 425
Vapor Flammability Limits %(V/V) 0.6-8.0 3.5-15.0
Laminar flame speed at 100
kPa, 325 K cm/s ~33 ~39
Distillation

(a) Initial boiling point % 45 78

(b) 10 % 54 78

(c) 50 % 96 78

(d) 90 % 168 79

(e) End boiling point % 207 79
Water solubility % 0 100
Aromatics volume % 27.6 0
Vapor toxicity - Moderate irritant Toxic in large

doses

Smoke characteristic — Black Slight to none
Conductivity — None Yes
Color — Colorless to light Colorless

amber glass
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Some of the properties related to bioethanol and gasoline are discussed below.
2.9.1.Ethanol yield and content

Ethanol yield is a parameter used to evaluate the performance of the bioethanol
production (Gonzalez-Garcia et al., 2010). Ethanol yield can be described in terms of
the theoretical and actual/experimental ethanol yields. The theoretical ethanol yield is
obtained through stoichiometric calculation of the fermentable sugars and it is usually
used as a comparison factor. Meanwhile, the actual ethanol yield is obtained from the
actual sugar fermentation process, where the sugar is derived from the hydrolyzed
biomass feedstock. The actual ethanol yield depends on the fermentation conditions,
particularly the fermentation agents used for the process (Ademiluyi & Mepba, 2013).
Therefore, in addition to the selection of the biomass feedstock, the selection of
microorganisms also plays a vital role in obtaining a high ethanol yield. The resultant
ethanol concentration can be detected by checking the corresponding refractive indexes
obtained from the refractometer readings (Han et al., 2013a). The ASTM D4806

standard is used to assess the ethanol yield or content of bioethanols (Kiiiit et al., 2011).

2.9.2. Acidity or alkalinity

The acidity or alkalinity of a bioethanol is tested by reacting it with
phenolphthalein to determine whether the solution is alkaline or acidic. The acidity is
expressed as the percentage by mass of acetic acid (International Standard Organization,

2001). The acidity can be determined from the following equation:

0.0006 xV
Acidity = —— (2.1)
p
where:
%4 = Volume of the NaOH solution in milliliters (mL)

= Density of the sample at 20°C in grams per milliliter (g/mL)

0.0006 = Mass in grams of CH;COOH, which corresponds to 1 mL of NaOH
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The acidity or alkalinity of bioethanol describes the concentration of acid-type
compounds present in the untested solution, and it is usually regarded as the total acid
number (Bates et al., 1950). A high acid content can lead to the formation of gums and
lacquers on metal surfaces, which will increase the fuel viscosity. This will impair the
fuel circulation in the engine and also cause engine corrosion (Yue, 2009). ASTM
D1613 is the standard used to measure the acidity or alkalinity of bioethanols.
According to this standard, the acidity or alkalinity of bioethanols should not exceed the

permissible limit of 0.007 (% by mass ) (RFA, 2018).
2.9.3. Water content

The stability of a bioethanol is dependent on its chemical composition, water
content, and temperature (Lapuerta et al., 2007). There are two types of bioethanol
based on purity: (1) anhydrous bioethanol, where the water content is less than 1% and
(2) hydrous bioethanol, where the water content is within a range of 5-10% (Larsen et
al., 2009). Water contamination is possible because of the hydroscopic nature of
bioethanol, where the bioethanol tends to absorb water from the atmosphere if it is
stored in an open container (Dominik & Rainer, 2007). The water content of bioethanols
can be measured according to the ASTM E203 method, where it is specified that the
water content should not exceed the permissible limit of 1.0 %(v/v) (McCormick &

Parish, 2001).
2.9.4.Denatured content

Denatured ethanol contains added denaturants, rendering the ethanol
inconsumable and toxic. These additives also give ethanol an unpleasant taste and foul
smell (Reynolds, 2002). These additives are added to the ethanol at a concentration of
~10% after distillation. Denatured ethanol also can be blended with gasoline to improve

the octane number of gasoline (Larsen et al., 2009). According to the ASTM D4806
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standard, the denatured ethanol content should be within a range of 1.960—4.760 %(v/v)

(McCormick & Parish, 2001).

2.9.5.pHe

pHe is the pH of denatured ethanol. In general, it is quite difficult to measure this
property because high-quality denatured ethanol is not an aqueous solution (Brown et
al., 2010). pHe tests are typically conducted after the denaturing process and the
addition of corrosion inhibitors (Spitzer et al., 2009). The procedure of the pHe test is
provided in the ASTM D6423 standard method, which also covers the rehydration
specifications of the probe in between readings and the repeatability of the results. Here,
repeatability refers to the difference between the successive test results obtained by the
same operator using the same apparatus under constant operating conditions on identical
test materials (Reynolds, 2002). The pHe of bioethanol is within a range of 6.5-9.0
with a confidence factor of 90% and reproducibility of 0.52 (Brown et al., 2010;

Dominik & Rainer, 2007).

2.9.6.Octane number

The octane number is a measure of the fuel resistivity towards detonation and self-
ignition (Cernat & Elescu, 2013). The octane number can be rated as the motor octane
number (MON) or the research octane number (RON), where both of these parameters
describe the combustion behavior in the engine high or steady loads (Chiaramonti,
2007; Social & Estratégicos, 2008). As an excellent anti-detonating additive, bioethanol
can improve the octane number of gasoline (Sadeghinezhad et al., 2014b; Social &
Estratégicos, 2008). According to the ASTM D2700 standard, the MON and RON of
ethanol are 92 and 108, respectively, whereas the MONs and RONs of bioethanol-
gasoline blends (E5—E60) are within a range of 81-90 and 90-100, respectively (Larsen

et al., 2009; Masum et al., 2013).
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The physicochemical properties of bioethanols produced from various biomass
feedstocks are summarized in Table 2.4 (Adelekan, 2010; Ademiluyi & Mepba, 2013;
Ghanim, 2013; Kheiralla et al., 2011; Kuiit et al., 2011; Matuszewska et al., 2013;
Prasad et al., 2007). The physcochemical properties of various bioethanol-gasoline
blends are summarized in Table 2.5 (Ghazikhani et al., 2013; Kheiralla et al., 2011;
Kiiiit et al., 2011; Schifter et al., 2011; Siddegowda & Venkatesh, 2013; Tutunea et al.,

2014).
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2.10. Engine performance and exhaust emissions of bioethanol and bioethanol-

gasoline blends

As biomass-derived alternative fuels, the performance of bioethanol used in
internal combustion engines has been studied extensively. Parameters of engine
performance, namely engine power, BSFC and BTE, have been widely assessed with
bioethanol as the alternative fuel. Bioethanol can also be blended with gasoline at
different concentrations to enhance the physicochemical properties and combustion
performance of the fuels. Several studies support the concept of bioethanol-gasoline
blend through extensive investigations, including the engine performance by various
compositions of blending. Yiicesu et al. (2006) focused on the engine performance of a
four-stroke, single-cylinder SI engine and its exhaust emission affected by various blend
compositions and engine compression ratio. The experiments were conducted under the
following conditions: (1) minimum advanced timing, (2) full load, and (3)
stoichiometric air-fuel ratio. The results showed that the engine torque increased by 8%
with an increase in compression ratio up to 11:1 relative to 8:1 compression ratio. The
highest increase in engine torque (14%) was obtained at a compression ratio of 13:1
using E40 and E60 fuels, relative to a compression ratio of 8:1. The study recorded a
low BSFC value for gasoline (EQ) at a compression ratio of 11:1 and further decrease of
10% at compression ratio of 8:1. However, when E40 was employed and the largest
BSFC decrease of 15% was recorded at engine speed of 2000 rpm. Moreover, for the
fuel blending of E60, the BSFC was further decrease by 14.5% and 17% at 3500 and
5000 rpm engine speeds, respectively.

Ghazikhani et al. (2013) investigated engine performance using bioethanol-
gasoline blend fuel (ethanol concentration: 5, 10, and 15%) in a two-stroke spark
ignition engine at an engine speed range of 2500 to 4500 rpm. From the experiment,

they found that employing ethanol in the engine test increases the delivery ratio of mass
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fuel and scavenging efficiency due to the rapid ethanol evaporation. Further, this ethanol
has properties of rapid evaporation results to a reduction in trapping efficiency, which is
possible as this rapid evaporation hinders the inlet path of the air and lowers the air
pressure in the intake manifold. The lower ignition delay and a low flash point of
bioethanol are the encouraging characteristics, despite its drawback in the lower heating
value. Another drawback of blending ethanol in gasoline (e.g. 10 and 15% for half and
75% of full engine load) is increases the BSFC. However, 5% of ethanol content in the
blend at high engine speed range (2500, 3000 and 4500 rpm) recorded for a reduction of
BSFC.

Delivery ratio is a parameter for describing the scavenging process in two stroke

engines. It can be defined as :

_ mass of delivered mixture per cycle 2.2)
B reference mass '

mass of delivered mixture per cycle (2.3)

displacement X ambientdensity
Scavenging efficiency indicates to what extent the residual gases in the cylinder have

been replaced with fresh air as follows definition

_ mass of delivered mixture retained 2.4)
s¢ "~ mass of trapped cylinder charge ’

useful and applicable equation for experimental purposes for scavenging efficiency is

presented by Ganesan (2012)

_ m, (kg/min) B nm, (kg/min)
sc N (rpm) X psc X Viptal N(rpm) X

T (2.5)
r—1

P
287 x T, < Va X

There was a significant reduction in the CO emissions (35%) for the blend with an
ethanol concentration of 15%. Schifter et al. (2011) performed an engine performance
test and analysis (parameters BSFC and BP) as well as exhaust emissions (CO, HC, and

NOy) of ethanol-gasoline blends at different lambda values. The engine test was
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conducted by varying blending composition, minimum load, and 2000 rpm engine
speed. CO and HC were found reduced by 52 and 19% respectively using 20% ethanol
concentration in the blend, while 60% of NO, increased. The results showed that due to
the higher heat release rate the NOy emissions were higher for the fuel blends compared
with those for gasoline. Topgiil et al. (2006) studied the engine performance using
various ethanol-gasoline blends (EO to E60), as well as their effect on the emissions and
ignition timing. The experiments were performed under the following conditions: (1)
variable compression ratio: 8:1, 9:1, and 10:1, (2) constant engine speed: 2000 rpm, and
(3) fully opened throttle. For the EO fuel, engine knock was occurred at 10:1
compression ratio and by advancing the ignition timing to 24° crank angle (CA).
However, knocking phenomenon disappeared using E40 and E60 at ignition timing of
36° CA. Yiiksel and Yiiksel, (2004) tested bioethanol-gasoline blend in a four-cylinder
spark ignition engine of 60% ethanol + 40% gasoline by modifying the throttle valve
opening of the carburetor (25, 50, 75, and 100%). The experimental results shows 20%
increase of CO, emissions whereas the NO, emissions decreased under certain
operating conditions. In addition, CO and HC emissions decreased by 80 and 50%
respectively using the blend, whereas 20% increase of CO, was recorded depending on
the engine conditions. Yusaf et al. (2009) performed experiments on a four-stroke, four-
cylinder KIA 1.3 single overhead camshaft spark ignition engine. The results indicated
that as the ethanol percentage in the blend increased the BTE increased accordingly. The
maximum BTE was ~35% at 3500 rpm for the blend with an ethanol concentration of
20%. The volumetric efficiency reached by 95% for 20% ethanol in the gasoline ethanol
blend at 3500 rpm. The BSFC was the lowest (0.25 kg/kWh) at 3500 rpm for the blend
with an ethanol concentration of 20%. The CO, emissions increased (13.8 %(v/v)) at
3000 rpm owing to the improved chemical properties of the ethanol. In contrast, the CO

emissions decreased (45.42%) at 3000 rpm. The main reason is the increase of oxygen
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in the ethanol-gasoline blend, despite the fuel-rich combustion. As a product of an
inadequate combustion, the production of HC as ethanol is introduced to the fuel
reduced the HC emissions (125 ppm) at 3000 rpm owing to the greater oxygen load in
the fuel blend, and this promotes a more complete combustion. When combustion
occurs at the air-fuel ratio near stoichiometric, the flame temperature increases. From
here it can be expected that the formation of NOy will increase. This is mainly because
the slightly increased in excess air ratio (air-fuel ratio, A=1.25) contributes to the
improved mixing homogeneity and more complete combustion has achieved, which
consequently avails the enhancement of the indicated thermal efficiency (ITE). The
addition of dimethyl ether (DME) with ethanol could reduce HC emissions from all SI
engine operations, and could reduce CO emission at the combustion condition of A >
1.00. However, NOx emissions increase averagely by 10% with the addition of DME
(Liang et al., 2012). Saleh and Al-Zubaidi (2018) conducted experiments on a spark
ignition engine at 8:1 compression ratio. Bioethanol was blended with gasoline at a
concentration of 10%. At that blend level, they found an improvement in the volumetric
efficiency, which can be attributed to the —OH molecules in the chemical structure of
ethanol. Volumetric efficiency increased from 85% to 90%. In addition, increasing
amount of oxygen in the combustion chamber improved the combustion quality.
Moreover, the high heat of evaporation of ethanol prolongs the time for the fuel mixture
to evaporate. Because of this more air can be added into the combustion chamber, which
improves the volumetric efficiency of the engine.

In a diesel engine, ethanol is also a favorable fuel additional to diesel fuel since it
i1s a low-cost oxygenated compound. Another reason for adding ethanol in diesel fuel
blend is due to ability to be produced from renewable sources and low toxicity (Pang et
al.,, 2008). Can et al. (2004) studied compression ignition engine performance and

exhaust emissions using ethanol-diesel fuel blends. The engine test was conducted at
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various fuel injection pressures, turbocharged at full load. The results revealed that
ethanol added to diesel fuel will reduce CO and SO, emissions and soot. However, it
increased the NO, emissions.

Based on the literature survey, it can be deduced that much effort has been made
to investigate the engine performance and exhaust emission under influence of various
composition of ethanol-gasoline blends in spark ignition engines. Broadly, by adding
ethanol into gasoline fuel increases BSFC in spark ignition engines, thanks to the lower
heating value and the ethanol-gasoline fuel blend stoichiometric air-fuel ratio. The latter
indicates the requirement of supplying more fuel to achieve a desired equivalence ratio
and to gain the same power level produced as that of gasoline-fueled spark ignition
engine (Kog et al., 2009). The increase in BSFC is also due to the lower energy content
in the blends. Furthermore, there are differences in the BSFC between gasoline and
ethanol-gasoline blends, where the BSFC tends to decrease with an increase in engine
speed until it reaches a minimum value. The BSFC tends to decrease with an increase in
the percentage of ethanol in the ethanol-gasoline blend at all engine speeds because of
the oxygen content of ethanol, which improves combustion and enhances the power
output compared with gasoline. Oxygenates (organic oxygen-containing compounds)
are one of the most important fuel additives to improve fuel efficiency (Eyidogan et al.,
2010). The use of oxygenates makes more oxygen available during the combustion
process, which has great potential to reduce the exhaust emissions of spark ignition
engines (Iliev, 2018). The BSFC is lower for ethanol-gasoline blends compared with
that for gasoline, which enables higher compression ratios and increases the engine
power output, as well as increases the resistance to engine knocking (Stein et al., 2013).

BP is one of the parameters that is used to assess the engine performance. In
general, as the engine speed increases the BP increases accordingly for all fuel blends

(El-Faroug et al., 2016). However, owing to the improved combustion quality and lower
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temperature in the intake manifold, the engine power is higher for ethanol-gasoline
blends (Pikunas et al., 2003). In general, ethanol will ignite faster than gasoline and
therefore, an engine burning ethanol will produce more power. In addition, the higher
octane rating of ethanol will help improve the efficiency of converting the combustion
energy into mechanical power (Iliev, 2018).

The BTE for ethanol-gasoline fuel blends increases respectively with the increase
in engine speed it reaches a maximum value, and then it decreases as the engine speed
increases further. However, such is not the case for pure gasoline, where the effect of
mechanical loss is more significant. Ethanol-gasoline blends have higher BTE
compared with gasoline, which will provide more BP for the same amount of fuel
consumed. In addition, since compared with gasoline the higher octane number in
ethanol makes it possible to achieve higher compression ratios, which will boost the
BTE of the engine (Wang et al., 2017).

To date, there are numerous studies on ethanol-gasoline blends. Ethanol offers a
number of advantages compared with gasoline, which include reducing HC and CO
emissions, and minimizing the possibility of engine knocking (Canakci et al., 2013;
Iodice et al., 2016). The reduction in CO emissions is resulted from the low carbon
content in ethanol fuel than that in gasoline. In addition, under assumption of similar
fuel dispersion characteristics as gasoline, the higher oxygen content in ethanol-gasoline
promotes the oxygen-to-fuel ratio, especially during rich combustion. This enhances the
combustion quality (Yusaf et al., 2009). However, even though ethanol enhances
combustion efficiency of the spark ignition engine, it results in higher CO emissions
compared with gasoline because it is an oxygenated fuel (Masum et al., 2013).

Ethanol can reduce HC emissions because of its higher oxygen content and
relatively higher relative air-fuel ratio, which improves the combustion characteristics

(Elfasakhany, 2015). As the engine speed increases, the combustion temperature
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increases, which when combined with the high level of excess oxygen contributed by
ethanol in ethanol-gasoline blends, leads to lower HC emissions compared with gasoline
(Ozsezen, 2016). However, it is worth noting that with ethanol content in the blend it
reduces flame temperature, which consequently produces higher HC emissions (Al-
Hasan, 2003). Moreover, it has been shown that ethanol-gasoline blends with higher
ethanol concentrations produced higher HC emissions, which may be due to misfiring
or flame quenching with more mass of cold air-fuel mixtures (Raja et al., 2015).

Studies have shown that the burning of ethanol or ethanol-gasoline blends may
produce higher or lower NOy emissions. Through studies of physicochemical properties
between gasoline and the blends of ethanol-gasoline engine performances parameters
that are influenced can be observed, including combustion speed, mass burn fraction,
combustion temperature, combustion speed and NOy emission. Schifter et al. (2011)
investigated the influence of ethanol-gasoline fuel blends (ethanol concentration: 0—
20%) in a single-cylinder spark ignition engine. The results showed that due to the
higher heat release rate, the NOy emissions were higher for the fuel blends compared
with those for gasoline. Najafi et al. (2009) found that the NOy emissions were higher as
the ethanol content was increased in the blend. This can be attributed to the higher
oxygen-to-fuel ratio during rich combustion due to the higher oxygen content. Air-fuel
ratio is the most significant parameter that affects the NOy emissions. The oxygen
increases in the gasoline bioethanol blends, which is lateral to the increase in ethanol
content, rises lambda (air-fuel ratio) to a maximum value of 0.925 for 20% ethanol fuel.
As a consequence, the increase in ethanol content leads to an increase in NOy emission
(Schifter et al., 2011). Zhuang and Hong (2013) observed that the NOy emissions
increased for ethanol-gasoline blends (EER 60%) compared with gasoline because of
the improved combustion as ethanol is added, which increased the in-cylinder

temperature. The effect of higher NOy emission is due to the higher combustion
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temperatures, hence generated higher NOy fractions in the exhaust emissions. The NOy
emissions increase as the engine compression ratio increases, especially at high engine
loads. Furthermore, the increase in NOy emission is due to the high burning rate of
ethanol blend with oxygen-rich mixture, which eventually leads to the high combustion
temperature at high engine loads and compression ratio (Zheng et al., 2009a). However,
some researchers have observed a different trend for NOy emissions, where the NOy
emissions decreased in spark ignition engines under influence of ethanol-gasoline
blends because of leaner air-fuel mixtures. Saikrishnan et al. (2018) found that the peak
pressure decreased and the peak cycle temperature reduced NOy emissions for ethanol-
gasoline blends. Tibaquird et al. (2018) found that the greater ethanol percentage in
ethanol-gasoline blends decreases the air-fuel mixture temperature at the end of intake
stroke as it increases the latent heat of vaporization of the blends. Also, the increases in
ethanol concentration reduces the energy content of the ethanol-gasoline blends, which
reduces the combustion temperature. Because of this, the ethanol-gasoline blends with
higher concentrations of ethanol can reduce NOy emissions due to the lower
combustion temperatures, leaner air-fuel mixtures, and ethanol cooling effect (Renzi et
al.,, 2016). The exhaust emissions and engine performance parameters under various

types of ethanol blends reported by other researchers are summarized in Table 2.6.
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2.11. Corrosion

Corrosion is the degradation of metal due to electrochemical reactions between
the metal and the environment (Liu et al., 2015). Corrosion is one of the important
problems in engineering because it can cause serious detriment to metallic components,
resulting in significant maintenance, repair, and replacement costs (Hu et al., 2015).
According to De Baere et al. (2013), in 2002, the United States of America spent US$
275.7 billion/year to deal with corrosion problems, which include disruptions in
production because of corrosion incidents and repairs. According to Biezma and San
Cristébal (2005), countries such as Japan, the United Kingdom, and the United States of
America have suffered national economic losses because of corrosion, amounting to 5%
of their gross domestic product (GDP). Even though corrosion is inevitable, it can be
controlled. Most petrol engine parts are made from copper, such as bearing, washer, and
bushing, and are directly affected by the fuels (Haseeb et al., 2011). The long term
exposing the fuel to those metallic surfaces may lead to potential problems, such as
corrosion and it will damage the crucial engine parts. Moreover, corrosion can be
further impact negatively on engine performance by causing engine damage (Ambrozin
et al., 2010). Ethanol has the nature properties of being hydrous, and in consequence,
blending bioethanol with gasoline will promote degradation and interrupt the stability of
the blended fuels. These effects adversely influence engine performance and emissions.
Hence, it is of interest to observe the corrosive behavior of bioethanol fuel on metal
surfaces. Knowing the corrosiveness of bioethanol on metals, helps the manufacturer to
choose better materials for making engine parts, fuel storage, and distribution system.
Therefore, corrosion inhibitors for the bioethanol fuel need to be conducted at room

temperature.
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2.12. Corrosion behavior of metals immersed in ethanol-gasoline blends

The behavior of metal corrosion by bioethanol and bioethanol-gasoline blends
have been studied by many researchers. Kannan et al. (2014) investigated the corrosion
characteristics in copper as frequently observed in spark ignition engines using
bioethanol-gasoline blends. They performed static immersion tests at room temperature
using gasoline and the bioethanol-gasoline blends (E10 and E85) for 1320 hours. The
bioethanol used in this study is an 80:20 mixture of laboratory-grade ethanol with sago
bark bioethanol. The sample used in the test is a pure copper flat plate (99.99%) as in

Figure 2.18.

Figure 2.18: Copper test specimen preparation for static immersion test (Kannan
et al., 2014)

The corrosion rate at E85 is higher than the corrosion rate of E10 and EO.
Copper corrosion rate after 1320 hours immersion is 0.720 mm/year for E85 mixed fuel.
Increasing the concentration of water in a mixture of gasoline-bioethanol is essential in
contributing the increasing copper corrosion rate. Besides that, from the observation that
the surface morphology of copper in a mixture of gasoline-bioethanol (ES85)
experienced more localized pitting corrosion than that of E10 and gasoline (EO) fuels. In
other words, as ethanol content gets higher the size and distribution of the pits increases.
They also concluded that the corrosion rate was linear to the bioethanol content in the

fuel blend. From the study it was also suggested that copper is a strong catalyst for
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bioethanol oxidation, indicated by the acid concentration found increasing in the
bioethanol-gasoline blends.

In addition, Thangavelu et al. (2016a) has also conducted the copper immersion
experiment in E25 blend (25% bioethanol + 75% gasoline) and E50 (50% bioethanol +
50% gasoline) for a duration of 700 h and 1400 h at room temperature. At 1400 h, the
rate of copper corrosion in the mixture of E50 and E25 fuels is 0.441 and 0.285
mm/year, respectively. Copper corrosion rate decreases with increasing immersion time.
The occurrence is due to the presence of oxide formation in such aggressive condition,
and it responds as corrosion barriers.

Figure 2.19 displays the morphology of metal surfaces corroded by gasoline and
blends of bioethanol-gasoline fuels (Thangavelu et al., 2016a). There is little damage to
the metal surface exposed to gasoline (EQ) compared to the bioethanol mixture (E25 and
E50). It can be observed that the severity of surface damage and formation of pits are
greater due to E25 and E50 than that of EO. At specimen exposed to ES0 more visible
pits are observed, compared to that by E25 blend. The corrosion in copper begins with
the reaction with oxygen, which leads to formation of CuO. Further, as CuO is exposed

to ethanol this causes the formation of the corrosion product: cuprite (Cu,0).

(a) (b) (c)
Figure 2.19: Photographs of copper coupons immersed in (a) gasoline (b) mixture

of gasoline-bioethanol (E25) and (c¢) mixture of gasoline-bioethanol (ES0) for 1400
h at room temperature (Thangavelu et al., 2016a)
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Matéjovsky et al. (2017) investigated copper corrosion immersed in several blends
of bioethanol-gasoline (E40, E60, E85, and E100) at room temperature through
electrochemical and surface analysis tests. The results showed that the polarization
resistance of copper decreases with the increase of water content and ethanol up to 85
%vol. Besides, the highest corrosion rate was measured for copper in the contaminated
E60 fuel. This is due to the most extensive pitting corrosion that occurred for E60, and
this can be associated with the water content and acidic substances along with the
solubility of oxygen in the fuel, which decreases with increasing content of ethanol.
Abel and Virtanen (2015) investigated the corrosion behavior due to bioethanol-gasoline
blends of DIN 1.4035 stainless steel as a function of water, chloride, and acetic acid
concentrations. The results showed that the DIN 1.4035 stainless steel was subjected to
a strong pitting corrosion or uniform corrosion when the material was immersed in the
ethanol-gasoline blends at room temperature. They concluded that water and chloride
concentrations are the primary corrosion precipitating factors in ethanol-gasoline

blends.

2.13. Summary

A review of the recent studies pertaining to bioethanol production from second-
generation feedstocks has been presented in this chapter. The availability of bioethanol
feedstocks is crucial to ensure the sustainability of bioethanol and its blends as fossil
fuel substitutes. Second-generation feedstocks (non-edible feedstocks) are attractive for
bioethanol production because they help overcome the food versus fuel issue, which is
serious concern especially in developing countries. Although these feedstocks are
promising for sustainable production of bioethanol and its blends, more research is
needed to produce commercially viable and environmentally friendly methods.

The production of bioethanol from second-generation feedstocks consists of

three stages: (1) pre-treatment, (2) hydrolysis of carbohydrates into sugars, and (3)
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production of ethanol by fermentation of sugars. Much effort has been made in recent
years to optimize the biodiesel production processes with promising results. Ideally, the
pre-treatment method should be cost-effective, and it should minimize energy
consumption, minimize the use of chemicals, and reduce or remove the maximum
amount of extractives and inhibitors. The pre-treatment method should also be
environmentally friendly such that it does not pollute the environment. It is also crucial
to perform optimization to the parameters in hydrolysis and fermentation processes and
more research is needed to improve each process in order to maximize the ethanol yield.

Even though second-generation bioethanol is more environmentally friendly
compared with fossil fuels, it is important to determine the net energy balance in order
to justify whether it is possible to sustain high yields of biomass needed for long-term
bioethanol production. It is also important to assess whether the cultivation of non-
edible plants (to be used as feedstocks) and bioethanol production processes will cause
detriment to the environment. There will be variation on the results, which is influenced
by the good management in utilizing the by-products and wastes, and configuration of
the industrial system. Second-generation biofuels can solve these problems and can
supply a larger proportion of biofuel sustainably and affordably with greater
environmental benefits. The goal of second-generation biofuel processes is to extend the
amount of biofuel that can be produced sustainably by using biomass (Tye et al., 2011).
With growing concerns over the detrimental impact of large-scale fossil fuel use on the
environment and climate change, the development of biofuels such as second-
generation bioethanol has received considerable attention to deliver transportation
energy without causing serious detriment to the environment. Second-generation
bioethanol can also be blended with fossil fuels such as gasoline and diesel in order to

improve engine performance and CO, CO,, HC, and NOy emissions.
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CHAPTER 3: METHODOLOGY

3.1. Introduction

The methodology adopted in this study is presented in this section, beginning with
a detailed literature survey on bioethanol production/optimization, bioethanol-gasoline
blends, and the engine performance and exhaust emissions of bioethanol-gasoline
blends obtained from journal articles, conference proceedings, theses, scholarly books,
and technical reports.

The methodology used to optimize the enzymatic hydrolysis and fermentation
process parameters for Manihot glaziovii and sweet sorghum is presented in this
chapter. In this study, the performance of Subaru EX17D single-cylinder four-stroke
air-cooled spark ignition engine fueled with bioethanol-gasoline blends are presented.
The experiments were conducted at the Energy Efficiency and Engine Laboratory,
Department of Mechanical Engineering, University of Malaya.

Manihot glaziovii and sweet sorghum are non-edible feedstocks composed of
starch, proteins, fats, non-starch polysaccharides, phenolic compounds, and phytosterols
. Because of their chemical compositions, Manihot glaziovii and sweet sorghum can be
used as a substitute for agricultural distilling in bioethanol production. The bioethanol
conversion process involves gelatinization and separate hydrolysis and fermentation
(SHF). The SHF method was employed in this study, where enzymatic hydrolysis is
performed separately from fermentation. First, the starch in the raw feedstock is
gelatinized, followed by liquefaction. The addition of heat and enzymes accelerate the
process. During the SHF process, the combined liquid flows from both hydrolysis
reactors enter the glucose fermentation reactor. Next, the mixture is distilled (removal of
bioethanol) and the uncovered xylose (C5 sugar) is left behind. The remaining xylose is

fermented to form bioethanol in the second reactor, followed by distillation. The
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advantage of the SHF process is that the hydrolysis and fermentation processes can be
carried out at their optimum conditions. However, it is worth considering how to make
use of the by-product of the bioethanol production process, which is known as stillage.
Because enzymatic hydrolysis and fermentation are performed separately in the SHF
method, this reduces the risk of contamination compared with simultaneous
saccharification and fermentation (SFF) and simultancous saccharification and co-
fermentation (SSCF). In addition, the optimum conditions are used separately for the
enzymes and yeast, which means that the operating conditions used in SHF are optimum
for both the enzymes and yeast. The pre-treated hydrolysate has a significant effect on
the yeast activity, and at optimum concentrations, it has a positive effect on the ethanol
productivity and ethanol yield by stressing the yeast.

Based on the results of Moshi et al. (2014), SHF is the preferable method to
produce bioethanol from the starch contained in the raw feedstocks. The separation of
the pre-treated hydrolysate from fermentation seems to have a positive effect because it
reduces the production of inhibitors during bioethanol production. Hence, in SHF, the
enzymes can work at the optimum temperature. With the SHF method, the
concentration of inhibitors is decreased prior to the fermentation process, which makes

it possible to attain a high ethanol yield.

3.2. Materials and methods

3.2.1. Preparation of the Manihot glaziovii tubers and sweet sorghum grains

3.2.1.1. Manihot glaziovii tubers

Manihot glaziovii flour was sourced from north Sumatra, Indonesia. The Manihot
glaziovii tubers were first peeled and washed to remove impurities, and then cut and
shredded. The shredded Manihot glaziovii was added into water, transforming into wet

starch. The wet starch was dried in an oven at a temperature of 50°C for 48 h. This
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drying process is important for longer storage periods at 25°C. The dried starch was
then milled and sifted to obtain starch with a homogeneous particle size.

3.2.1.2. Sweet sorghum grains

Sweet sorghum (Sorghum bicolor (L.) Moench) was sourced from Cilacap,
Central Java, Indonesia. The sweet sorghum was washed and then dried in order to
facilitate in peeling the skin off the sweet sorghum grains. Following this, the sweet
sorghum grains were ground and sieved to obtain starch. The sweet sorghum was
homogenized to obtain a particle size of 125—150 um, in order to enhance the reducing
sugar concentration during the hydrolysis process. According to Barcelos et al. (2011), a
smaller particle size (< 1 mm) will enhance diffusion, which will boost the reducing
sugar yield compared with larger particle sizes. The homogenized sweet sorghum was
dried so that it can be stored over a longer period at 25°C.

3.2.2. Reagents and catalyst

The following reagents were used in this study, namely, sulfuric acid (H,SOs,
purity: 95-97%), 3,5-dinitrosalicylic acid (DNS), potassium dichromate (K,Cr,0),
potassium dihydrogen phosphate (KH,PO,4), ammonium chloride (NH4Cl), sodium
hydroxide pellets (NaOH, purity: 99.9%), and sodium potassium tartrate. Enzyme a-
amylase from Bacillus licheniformis Type XII-A, enzyme amyloglucosidase from
Aspergillus niger, yeast Saccharomyces cerevisiae, yeast extract, bacteriological
peptone, D-glucose, potato dextrose and distilled water were also used in the bioethanol

production process. All of the reagents were used without purification.

3.3. Experimental setup

The bioethanol production process was carried out on a laboratory scale using a
water bath shaker. The heater was used to maintain the water temperature up to 90°C
during the reaction. The shaking motion (linear back and forth motion) of the water bath

shaker was 35—160 strokes per minute (spm).
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3.4. Preparation of the DNS solution

Solution A was prepared by dissolving 90 g of sodium potassium tartarate in ~150
mL of distilled water. Solution B was prepared by dissolving 3 g of DNS into 60 mL of
NaOH solution composed of 80 g of NaOH mixed with 1 L of distilled water. The DNS
solution was prepared by mixing Solutions A and B and the final volume was raised to
300 mL with distilled water. The mixture was mixed thoroughly and the container was
covered with an aluminum foil. The DNS solution was prepared to check the reducing
sugar concentration after the hydrolysis process.

3.5. Preparation of the dichromate solution

To prepare the dichromate solution, 2.72 g of potassium dichromate (K,Cr,0)
and 22.21 mL of sulfuric acid (H,SO4) was added and mixed with 100 mL of distilled
water. The dichromate solution was prepared to check the ethanol concentration after

the fermentation process.

3.6. Preparation of the yeast culturing media

The yeast Saccharomyces cerevisiae Type Il purchased from Sigma-Aldrich was
used to ferment the Manihot glaziovii starch into bioethanol. The yeast peptone dextrose
media was used to cultivate Saccharomyces cerevisiae. The yeast peptone dextrose
media was prepared by mixing 2 g of yeast extract, 4 g of bacterial peptone, 4 g of
glucose, and 12 g of agar in 200 mL of distilled water. Following this, the dry yeast was
activated by adding 100 mL of distilled water into the flask. The solution was sterilized
in an autoclave for 35 min and it was placed and maintained in a glass Petri dish. The
yeast was stored in an incubator at 37°C for 48 h in order to inoculate the yeast before it

was used for bioethanol production.
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3.7. Determination of carbohydrates

Carbohydrates are a source of energy source, consisting of the elements carbon,
oxygen and hydrogen, with the molecular formula C,(H,O),. Starch is a complex
carbohydrate, which is insoluble in water, tasteless, and odorless, and available in the
form of white powder. Starch is the main substance produced by plants to store excess
glucose (which is one of the products of photosynthesis) in the long term.

Starch is composed of two types of carbohydrates (amylose and amylopectin) in
different compositions (Aditiya et al., 2016). These fractions of carbohydrates can be
separated by using hot water, where the soluble and insoluble fractions are amylose and
amylopectin, respectively. Amylose has a straight structure whereas amylopectin has a

branched structure (Ebnesajjad, 2012).
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Figure 3.1: Chemical structure of carbohydrates
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Figure 3.2: Chemical structures of (a) amylose and (b) amylopectin
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The carbohydrate content of Manihot glaziovii and sweet sorghum grains varies
depending on the quality of the feedstock and the geographical location in which the
plant is grown. In this study, the protein content was estimated based on the total
nitrogen using the Kjeldahl method with the formula: N x 6.25 (Chang, 2010). The
Soxhlet extraction method was used to analyze the fat content. The moisture content
was determined by gravimetric analysis where the weight of the sample was measured
after the sample was dried in a laboratory oven at 105°C. The ash content was
determined by gravimetric analysis, residue remaining after ignition in the oven at
600°C. The residue sample was oven dried to a constant weight. The fiber content was
determined based on the loss in weight on ignition of dry residue remaining after
digestion of the sample with 1.25% sulfuric acid and 1.25% NaOH solutions. The
carbohydrate content was estimated using the fresh weight-derived data and the
following equation (Merrill & Watt, 1973):

(% carbohydrate) = 100% — (%protein + %fat + %ash + %moisture + %fiber) (3.1

3.8. Hydrolysis process

Hydrolysis is a chemical decomposition process using water to separate the
chemical bonds of a substance. Hydrolysis is used to break down starch into its
constituents such as dextrin, isomaltose, maltose, and glucose (Adewuyi & Deshmane,
2015). In the hydrolysis reaction, the reaction between water and starch is rather slow
and therefore, it is necessary to use a catalyst to speed up the breakdown of starch
(Aditiya et al., 2016). The enzymes that can be used as the catalysts of the hydrolysis
process are o-amylase, f-amylase, amyloglucosidase, glucose isomerase, pullulanase,
and isoamylase. The enzymes that are frequently used to produce glucose
synergistically are a-amylase and glucoamylase. The enzyme a-amylase will quickly
break down the amylose bonds in the starch during the liquefaction process. Following

this, the enzyme glucoamylase will break down the starch completely into glucose
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during the saccharification stage. The process of producing glucose by starch hydrolysis

is shown below:

Starch

Amylopectine
Polymer of a-(1-4)-D-glycopyranosyl units with
approximately 4% o-(1-6) branching

Amyloglucosidae
(terminal (1-6) residues)

L Amylose _In
Polymer of a-(1-4)-D-glycopyranosyl units

a-Amylase
Amyloglucosidae

/

Glucose
CH20H

Figure 3.3: Formation of glucose by enzymatic hydrolysis of starch

In this study, enzymatic hydrolysis was first carried out by preparing the
respective substrates in a flask filled with distilled water. For the liquefaction process,
Manihot glaziovii starch (10 %(w/v)) and a-amylase (90 U/g) at 90°C with a stroke
speed of 50 spm. The saccharification process was then carried out with 15 U/mL of

amyloglucosidase at 70°C for 240 min. Each sample was then centrifuged at 10000 rpm
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for 5 min to separate the solid residues. Following this, the DNS solution was used to

determine the reducing sugar concentration in each hydrolysate.
3.9. Determination of the reducing sugar concentration

The reducing sugar concentration of each sample obtained from the enzymatic
hydrolysis process was analyzed using the DNS solution. Glucose, which was used as
the standard for the reducing sugar solution, was diluted with distilled water up to 1 mL
in a test tube (Miller, 1959). Following this, 1 mL of the DNS solution was added into
the reducing sugar solution and the mixture was boiled at 90°C for 5 min. Ultraviolet-
visible (UV-VIS) spectrophotometer (SPEKOL® 1500, Germany) was used to measure

the absorbance of each sample at a wavelength of 540 nm.
3.10. Fermentation process

Fermentation is a process of chemical changes in an organic substrate due to the
biocatalyst activity of the fermentation agent such as yeast (Avilés Martinez et al.,
2011). Fermentation microbes and fermentation medium containing nutrients were
required to produce the cells. According to Ballesteros et al. (2004), in the fermentation
process, one molecule of glucose produces two molecules of ethanol, two molecules of
CO,, and energy. Theoretically, 1 g of sugar will be converted into 0.51 g of ethanol
(51% of ethanol) and 0.49 g of CO; (49% of CO,) (Kumar & Singh, 2016).

CeH;,04 Yot 2C,HsOH +2CO,

Glucose Ethanol Carbon dioxide
In this study, the yeast Saccharomyces cerevisiae was used to convert sugar into
ethanol in order to produce a high ethanol yield. The fermentation process was carried
out using 250-mL Erlenmeyer flasks filled with the hydrolyzed Manihot glaziovii
starch. The hydrolysed Manihot glaziovii starch was mixed the following fermentation
nutrients: 1 g of yeast extract, 0.4 g of KH,PO,, and 0.2 g of NH4Cl. Each flask was
filled with 100 mL of hydrolyzed solution and sterilized at a temperature of 125°C and
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pH of 6.0 for 35 min using an autoclave. The sterilized solutions were then inoculated
with 1.0 g/LL of yeast Saccharomyces cerevisiae. The chemicals were purchased from
Sigma-Aldrich (Saint Louis, USA). The flasks were then placed into an incubator
shaker for the fermentation process. The shaker was set at a temperature of 37°C and

agitation speed of 120 rpm for the fermentation process.
3.11. Distillation process

Distillation or refining is a method of separating two or more components in a
solution based on the difference in the volatility or boiling point (Huang et al., 2008).
The separation of ethanol and water is the purification by distillation frequently
encountered. The ethanol content after the fermentation process should not be more than
5-12 %(w/w) (Huang et al., 2008; Kiss et al., 2012). Distillation was carried out using a
rotary evaporator at a temperature, pressure and rotary speed of 60°C, 175 mbar, and
100 rpm, respectively. The vaporized fermentation solution was vacuumed by a pump

and flowed to the other end to be condensed, resulting in ethanol of higher quality.
3.12. Determination of the ethanol content

The ethanol concentration of each sample was determined using a gas
chromatograph system (7890A, Agilent Technologies, USA) equipped with a thermal
conductivity detector and DB-ALC2 analytical column (30 m x 0.00032 m). Hydrogen
(H») was used as the carrier gas. The temperatures of the injector and detector were 150
and 200°C, respectively. Quantification was carried out by analyzing the corresponding
peak areas based on the calibration curve prepared from various aqueous ethanol

standards.
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The schematic of bioethanol production process in this study is shown in Figure

34.

Manihot glaziovii Grinding Bioethanol
Grinding of Manihot glaziovii and
sweet sorghum grains
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Figure 3.4: Schematic of the bioethanol production process in this study

3.13. Optimization of the bioethanol production process parameters

Enzymatic hydrolysis and fermentation were carried out on a laboratory scale
using a water bath shaker and incubator shaker, respectively. Different values were used
to obtain the optimum enzymatic hydrolysis and fermentation process parameters.
Experiments were conducted to determine the optimum conditions for enzymatic
hydrolysis in order to maximize the reducing sugar yield. The effects of the yeast
concentration, reaction temperature, and agitation speed on the ethanol yield were also
investigated. The purpose of optimizing the operating conditions of the enzymatic
hydrolysis and fermentation processes was to maximize the reducing sugar yield and

ethanol yield in order to fulfill the requirements of international standards. Table 3.1
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shows the details of the optimization of the enzymatic hydrolysis and fermentation
process parameters in this study.

Table 3.1: Details of the enzymatic hydrolysis and fermentation optimization

Process Parameter Uncoded
levels

E;lgf(‘)?;stg Substrate loading (%(w/v)) 10| 15| 20
a-Amylase concentration (U/g) 901|100 | 110
Amyloglucosidase concentration (U/mL) 36| 51| 66
Stroke speed (spm) 50| 90| 130

Fermentation | Yeast concentration (g/L) 05| 1.0] 1.5
Reaction temperature (°C) 30| 36| 42
Agitation speed (rpm) 50 | 150 | 250

An optimization experiment is a series of tests where changes are made to the
input variables according to a given rule in order to identify the reasons for the changes
in the output response (Cavazzuti, 2012). The Box-Behnken design (BBD) is a three-
level factorial design, which is built by combining two-level factorial designs with an
incomplete block design in a particular manner. The BBD was introduced to limit the
sample size as the number of experimental parameters increases (Cavazzuti, 2012). In
addition, the BBD is a non-factorial experimental design, where each experiment
involves the midpoint value of each variable (Maran et al., 2013)

The BBD consists of three factors with three levels for each factor. Hence, there
are three coded levels for each independent variable (factor): —1, 0, and +1. The
independent variables are coded according to the following equation (Maran &
Manikandan, 2012):

Xi _XZ
AX;

(3.2)

X; = i=1,23, ..k
where x; is the dimensionless value of the independent variable, X; is the real value of
the independent variable, X, is the real value of the independent variable at the center
point, and AX; is the step change of the real value of the variable i corresponding to a

variation of a unit for the dimensionless value of the variable i.
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One of the advantages of the BBD is that it does not contain any combinations
where all of the factors are at their highest or lowest levels. Therefore, this design
prevents carrying out the experiments under extreme conditions, where the results may
not be satisfactory. In addition, the BBD has a smaller number of experiments and
therefore, this design is suitable for studies with limited samples or research materials.

In this study, the BBD was used for the experimental design. The number of
experiments, N, required to develop the BBD is given by (Ferreira et al., 2007):

N =2k(k—1)+ Nc (3.3)
where k is the number of factors and Nc is the number of central points (Kundu et al.,
2015). The BBD consisted of 29 experimental runs for the enzymatic hydrolysis
process. Four parameters were investigated for the enzymatic hydrolysis process,
namely: (1) substrate loading (%(w/v)), (2) a-amylase concentration (U/g), (3)
amyloglucosidase concentration (U/mL), and (4) stroke speed (spm). The BBD
consisted of 17 experimental runs for the fermentation process. Three parameters were
investigated for the fermentation process, namely: (1) yeast concentration (g/L), (2)
reaction temperature (°C), and (3) agitation speed (rpm). The coded levels of the
independent variables used for enzymatic hydrolysis and fermentation of Manihot
glaziovii and sweet sorghum are presented in Table 3.2.

Table 3.2: Box-Behnken design for enzymatic hydrolysis and fermentation of
Manihot glaziovii and sweet sorghum

Process Parameter Coded level

Unit -1 0 +1

A: Substrate loading %(W/v) 10 15 20

) B: a-amylase concentration Ulg 90 100 110
Enzymatic -

hydrolysis C: amylo glucqmdase U/mL 36 51 66

concentration

D: Stroke speed spm 50 90 130

A: Yeast concentration g/LL 0.5 1 1.5

Fermentation B: Reaction temperature °C 30 36 42

C: Agitation speed rpm 50 150 250
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3.13.1. Modeling and optimization using artificial neural networks and genetic

algorithm

MATLAB 7.10.0 software (The MathWorks, Inc., USA) with the Neural Network
toolbox and Global Optimization Toolbox was used in this study. A three-layer
feedforward architecture with the Levenberg-Marquardt backpropagation algorithm was
used for the ANN models. The ANN models consisted of four input variables for the
hydrolysis process (substrate loading, a-amylase concentration, amyloglucosidase
concentration, and stroke speed), three input variables for the fermentation process
(yeast concentration, reaction temperature, and agitation speed), hidden layers with the
optimum number of neurons, and one output variable (reducing sugar yield and ethanol
yield for the hydrolysis and fermentation processes, respectively). The ANN models
were trained until the mean square error (MSE) was minimized and the average
correlation coefficient (R) was close or equal to 1. Genetic algorithm (GA) was then
carried out on the well-trained and tested ANN models to optimize the reducing sugar

and ethanol yield using different combinations of process parameters.
3.13.2. Statistical analysis

The performance and prediction capability of the ANN models were assessed
based on the coefficient of determination (R?), mean absolute percentage error (MAPE),

and root mean square error (RMSE), which are given by the following equations:

(Xig — xib)z
R2=1— ) (Za_ Xin) 3.4
<<xm ~x)? G
100 -
MAPE = Z Xia — i 3.5)
n o Xia
RMSE = jzy:l(x”’ ~ %ia)® (3.6)
n
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Here, n is the number of experimental points, x;, denotes the experimental value, x;,
denotes the predicted value, and x,,, denotes the mean experimental value. The accuracy
of each ANN model was evaluated based on the R? value. In general, the higher the R?
value, the better the accuracy of the model. It shall be noted that the R? value should not
be less than 80% (Stamenkovi¢ et al., 2013). The prediction capability of each model is
indicated by the MAPE and RMSE, where the lower the MAPE and RMSE values, the

higher the prediction capability of the model.
3.13.3. Sensitivity analysis

In this study, the equation proposed by Garson was used to determine the relative
significance of each input such as the yeast concentration, reaction temperature, and
agitation speed based on the partitioning of the connection weights, which is expressed

as:

o T (Wil S win ) < 1wz .
] = —v — - - - .
Siot oo (Wi |/ SRl o Wi 1) x |wine]}

where Ij is the relative significance of the jth input variable on the output variable, N;
and N, represent the number of input and hidden neurons, respectively, and W is the
connection weight. The superscripts i, h, and o represent the input, hidden, and output
layers, respectively, while the subscripts k, m, and n refer to the input, hidden, and

output neurons, respectively.

3.14. Energy inputs into bioethanol production

The energy component of the model contains four stages as shown in Figure 3.5:
Manihot glaziovii starch and sweet sorghum grain pretreatment, hydrolysis process,
fermentation process, distillation into bioethanol for final use. The calculation of energy

inputs for each stage is described as below:
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Figure 3.5: Energy inputs for Manihot glaziovii starch and sweet sorghum grain
bioethanol production

3.14.1. Electricity

The electricity or heating used in the process is considered direct energy, which
means that the energy contents of these items are directly used in the calculation. Table
3.3 shows the domestic electricity tariff used as the reference for the bioethanol

production in this study.
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Table 3.3: The domestic electricity tariff in Malaysia (TNB, 2020)
Current Rate (1

No Tariff Category January 2014)
Tariff D-Low Voltage Industrial Tariff

1 For the first 200 kWh (1-200 kWh) per month 38.00 sen/kWh

For the next kWh (201 kWh onwards) per month 44.10 sen/kWh

The minimum monthly charge is RM 7.20
Tariff E1-Medium Voltage General Industrial Tariff

2 For each kilowatt of maxium demand per month 29.60 RM/kW
For all kWh 33.70 sen/kWh
The minimum monthly charge is RM 600.00
Tariff E2-Medium Voltage Peak/Off-Peak Industrial
Tariff
For each kilowatt of maxium demand per month during
3 the peak period 37.00 RM/kW
For all kWh during the peak period 35.50 sen/kWh
For all kWh during the off-peak period 21.90 sen/kWh
The minimum monthly charge is RM 600.00
Tariff E3-High Voltage Peak/Off-Peak Industrial Tariff
For each kilowatt of maximum demand per month during
the peak period 35.50 RM/kW
4 For all kWh during the peak period 33.70 sen/kWh
For all kWh during the off-peak period 20.20 sen/kWh

The minimum monthly charge is RM 600.00

3.14.2. Machinery

Machines and equipment (bioreactors, reactors for hydrolysis, fermentation,
evaporation, distillation, etc.) are used in ethanol production plants. As stated above, the
manufacturing of machines requires steel and other metals along with some other
materials to be produced, and ore extraction is also needed. All these operations
consume energy. Therefore, total energy input in ethanol production from Manihot

glaziovii and sweet sorghum are calculated as the following equation:

Ectotal = Ecelectricity + Ecmachinery (3-8)
Where: ECrotal = Total energy consumption during ethanol production
ECkiectricity = Total energy input related to electricity consumption during

ethanol production
EChwachinery = total energy input related to machinery use during ethanol
production.
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3.15. Energy output during ethanol production

During the production of bioethanol from Manihot glaziovii and sweet sorghum,
starch and grain biomasses go through a series of processes, including liquefaction,
saccharification, fermentation, distillation, and drying. Outputs from the conversion
process of Manihot glaziovii and sweet sorghum into bioethanol are water-free
bioethanol. Therefore, to calculate total energy output during ethanol production from

Manihot glaziovii and sweet sorghum is by using equation below:

ECoutput = ECgion (3.9)
Where: ECoutput = Total energy generated during ethanol production
ECkion = Total energy generated from ethanol

3.16. Characterization of the Manihot glaziovii and sweet sorghum bioethanols

The physicochemical properties of the reducing sugars and bioethanols obtained
from the enzymatic hydrolysis and fermentation processes, respectively, were analyzed
according to the ASTM International (formerly known as the American Society for
Testing and Materials) standards. The reducing sugar concentrations were determined
using a UV-VIS spectrophotometer (SPEKOL® 1500, Analytik Jena AG, Germany).
The viscosity at 20°C, density at 15°C, and lower heating value of the samples were
measured using Stabinger viscometer (SVM 3000, Anton Paar GmbH, Austria) (ASTM
D445), density meter (DMA™ 4500, Anton Paar GmbH, Austria) (ASTM D1298),
calorimeter system (IKA® C 2000 Basic, IKA Industrie- und Kraftfahrzeugausriistung
GmbH, Germany) (ASTM D240) and a digital chiller (IKA KV 6000, IKA Industrie-
und Kraftfahrzeugausriistung GmbH, Germany). Elemental analysis was performed to
determine the carbon, hydrogen, and oxygen content of the samples using an elemental
analyzer (CE440, Exeter Analytical, Inc., USA) (ASTM D5291). The ethanol
concentrations was measured using a gas chromatography system (Agilent 7890A,

Agilent Technologies, Inc., USA) (ASTM D4806).

102



3.16.1. Reducing sugar concentration

The reducing sugar concentration needs to be determined to measure the success
of fermentation process. The reducing sugar concentration is also determined for wines
in order to verify the reducing sugar content as well as for routine quality control. Batch
analytical methods are used to determine the reducing sugar concentration and the
process involves sample preparation and reflux in distillation to remove alcohol. Such
method takes a long time to complete and it produces residue in large volume. Hence, a
spectrophotometric batch assay was proposed by Bagkan, (2016) to evaluate the amount
of reducing sugar, following the reduction principle Cu(Il) to Cu(I), with reducing

sugars in the presence of neocuproine and in a medium of alkaline.
3.16.2. Viscosity and density

The viscosity and density are among the most important properties of bioethanol.
It is important to regard fuel viscosity of a fuel notably when carburetor is used as the
fuel delivery system. In general, viscosity tends to decrease as the temperature
increases. The viscosity i1s measured using an instrument called a viscometer. In fuel
characterization, viscosity of a fuel is important to be determined, since it is associated
with the fuel flow from the fuel tank to the injector nozzle, which eventually to be
injected into the combustion chamber. Low viscosity in fuel makes it run through easily
and will not be able to maintain the lubrication of the surfaces between moving and
stationary parts of the carburetor or fuel pump. However, too viscous of a fuel degrades
the fuel atomization process, indicated by large fuel droplets formation that leads to
poor combustion. In conclusion, the blends viscosities must be within an acceptable
range for spark ignition engine operation (Kheiralla et al., 2011).

The density of the bioethanol gasoline blend is the major properties of the brake
specific fuel consumption of a fuel blend. Increasing the density of bioethanol-gasoline

blends as well as an increasing percentage of ethanol can enhance brake power in spark
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ignition engines (Thakur et al., 2017). The addition of bioethanol in gasoline increases
the charge density due to the evaporative cooling during injection in the intake manifold
(Taylor et al., 1996). As fuel density increases, it reduces the required volume of the
fuel to be aspirated from the carburetor, hence leading to a lesser fuel to be combusted
in the spark ignition engines (Kheiralla et al., 2011). Low density in fuel characteristic
results in an increase in volumetric fuel consumption, while high fuel density
(attributable to less-volatile components) leads to oil dilution and excessive combustion

chamber deposits (Kalghatgi & Stone, 2018).
3.16.3. Lower heating value

In fuel characteristic, lower heating value, LHV, is a property that describes the
amount of heat energy released after combusting a specific amount of fuel (starting at
25°C) and after returning the combustion products to 150°C. One method in measuring
this heating value is using bomb calorimeter. Water, as one of the combustion products,
is vaporized in the bomb calorimeter using the heat energy from the fuel, and the value
1s assigned as net calorific value of the fuel or LHV. The lower heating value of ethanol
is 21.1 MJ/L in comparison with 32 MJ/L for gasoline, which affects the fuel volatility
(Kalghatgi & Stone, 2018). In the other hand, higher heating value (HHV) or gross
calorific value of a fuel is measured with latent heat of vaporization of water as an
additional component in the measurement. In general, heating value is associated with

fuel consumption, as it determines the amount of fuel being combusted per unit time.

3.16.4. Elemental analysis

Elemental analysis is carried out to determine the primary elements, namely,
carbon, hydrogen, nitrogen, and oxygen present in the sample. The chemical
composition can affect the engine performance, exhaust emissions, and structural

components of the engine system such as fuel storage tanks and pipelines. Bioethanol
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may contain some chloride ions, acetic acid, and azeotropic water. In general, alcohol
molecules are characterized by their polarity. Because of this property, the presence of
alcohol in the fuel can have a corrosive effect on the engine components. Some metallic

surfaces can oxidize upon contact with bioethanol blends.

3.17. Bioethanol-gasoline blends

In this study, the Manihot glaziovii and sweet sorghum bioethanol-gasoline blends
were prepared in glass bottles on a volume basis. The blends were agitated at an
agitation speed of 300 rpm for 30 min at room temperature to attain homogeneous
blends. Even though bioethanol-gasoline blends can be prepared on a weight basis, it is
not recommended to do so because the constituents of the blends in percent by weight
do not change with temperature. Thus, bioethanol-gasoline blends are typically prepared
by mixing the constituents on a volume basis and the properties are measured at ambient
temperature (fuel storage temperature) used by the manufacturers. Therefore, in this
study, the bioethanol-gasoline blends were prepared based on percent by volume.

In this study, the Manihot glaziovii and sweet sorghum bioethanols were blended
with gasoline at a concentration 5, 10, 15, and 20 %(v/v). The Manihot glaziovii and
sweet sorghum bioethanol-gasoline blends were designated as MES, ME10, ME15, and
ME?20, and SES, SE10, SE15, and SE20, respectively. The physicochemical properties
of the bioethanol-gasoline blends were evaluated and compared with those of gasoline.
Gasoline (Primax 95) with a research octane number of 95 and purchased from Petronas
Malaysia was used in this study. The physicochemical properties of the gasoline and
bioethanol-gasoline blends were measured based on ASTM standard test methods and
the results were compared with those of other studies. The bioethanol-gasoline blends
were prepared prior to the experiments and then mixed thoroughly to form

homogeneous blends to prevent reaction between bioethanol and water.
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3.18. Assessment of the engine performance and exhaust emissions

Experiments were carried out using a Subaru EX17 single-cylinder four-stroke

spark ignition engine in the Heat Engine Laboratory, Department of Mechanical

Engineering, University of Malaya. The engine was mounted on a test bed. Figure 3.6

shows the schematic of the experimental setup while the technical specifications of the

engine are listed in Table 3.4.
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Figure 3.6: Schematic of the experimental setup
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Table 3.4: Technical specifications of the spark ignition engine

Engine parameter Value

Engine name Subaru EX17

Engine type Slant single cylinder, four-stroke, horizontal power takeoff
shaft

Number of cylinders 1

Displacement volume 169 cm’

Bore x stroke 67 mm x 48 mm

Compression ratio 8.5

Cooling system Forced air cooling system

Maximum output 4.2 kW at 4000 rpm

Maximum torque 11.3 Nm at 2500 rpm
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The engine was coupled to an eddy current dynamometer with a maximum
absorption power of 20 kW to control the loads at different engine speeds (2450—10000
rpm). A dynamometer data acquisition software (Dyno-max Pro version 10.23
software) was used to operate the eddy current dynamometer during the engine tests.
The technical specifications of the eddy current dynamometer are listed in Table 3.5.

Table 3.5: Technical specifications of the eddy current dynamometer and
dynamometer auto-controller unit

Technical specifications of the eddy current dynamometer

Type DYNOmite #20 eddy current (air-cooled)

Manufacturer Land & Sea, Inc., USA

Absorber load capacity Maximum torque of 88.13 Nm at 3000 rpm (cold)
Maximum torque of 40.67 Nm at 3000 rpm (warm)
Maximum torque of 18.98 Nm at 3000 rpm (hot)

Technical specifications of the dynamometer auto-controller unit

Model Auto-ETS1 OM12C

Accuracy 0.10%

Precision 0.005% £ 1 digit

Weight measurement Linear (load cell)

Speed measurement Sensor

Screen type 7-segment, 5 LEDs, character height: 10 mm

Power VDC + 10% at maximum of 50 mA

Operation temperature 0-70°C

Operation voltage 230 VAC £ 10%, 50-60 Hz

Output PC interface with Dyno2000x software

Note: LED: light emitting diode; VDC: direct current voltage; VAC: alternating current
voltage; PC: personal computer.

The experiments were conducted at different engine speeds (1600-3400 rpm) and
two fuel tanks (one for gasoline and the other for bioethanol-gasoline blends) were used
to supply the fuels to the test engine. Gasoline was used as the baseline fuel in this
study. The Manihot glaziovii and sweet sorghum bioethanol-gasoline blends were
prepared by mixing gasoline with 5, 10, 15 and 20 %(v/v) of Manihot glaziovii and
sweet sorghum bioethanols, respectively. Pure Manihot glaziovii and sweet sorghum
bioethanols were also tested. For the engine tests, the engine was first switched on and
operated for 5-10 min until the engine reached steady-state operating conditions. The

required time to burn 25 mL of fuel in the combustion chamber was recorded based on
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the fuel flow into the millimeter tube. When the engine was fueled with gasoline or
bioethanol-gasoline blends, the engine ran satisfactorily without any starting difficulties
during the engine tests, which were performed at room temperature. The engine tests
were performed under steady-state conditions with sufficiently warm exhaust gas and
air coolant temperature. The engine tests were conducted in triplicate to ensure that the
results were consistent and the mean values of the engine performance and exhaust
emission parameters were determined.

A four-component exhaust gas analyzer (BEA-350, Robert Bosch GmbH,
Germany) was used to measure the concentrations of different exhaust gas species such
as HC, CO, and NOy. Measurements of the exhaust emissions were performed
automatically by the exhaust gas analyzer with microprocessor control, which gives a
higher degree of accuracy in analyzing low concentrations of gases in the exhaust
emissions. The measurement range and accuracy of the instruments used are presented
in Table 3.6. The exhaust emissions were tapped approximately 2 m from the exhaust
valve.

Table 3.6: Technical specifications of the four-component exhaust gas analyser

Exhaust component Measurement range Resolution
Carbon monoxide, CO 0—-10 %(v/v) 0.001 %(v/v)

Unburned hydrocarbons, HC 0-9999 ppm vol. 1 ppm vol.
Nitrogen oxide, NOy 0-5000 ppm vol. <1 ppm vol.

Measurement uncertainties can arise from various sources such as uncertainties in
the calibrated instruments, experimental conditions, as well as the experimental
procedure. Therefore, uncertainty analysis was performed to determine the uncertainties
in the measured engine performance parameters (BSFC, BP, BTE, and ET) and exhaust
emissions (CO, HC, and NOy). The percentage uncertainties of all measuring

instruments used in this study are presented in Table 3.7. The uncertainty percentage
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calculation follows the calculations performed by (Ruhul et al., 2016) and this can be

seen in Appendix C.
Table 3.7: List of measuring instruments used in this study and their percentage
uncertainties
Measured Measurement o Percent.a g¢
Accuracy Measuring instrument | uncertainty
parameter range o
(%)
Emissions
co 0-10 %(v/v) £ 0.001% Non-dispersive infrared £ 0.95
detector
Heated flame ionization
HC 0-9999 ppm + 1 ppm detector +1.8
Electrochemical
- + %
NO4 0-5000 ppm 1 ppm detector 1.5
Computed
BP — +0.03 kW — +1.29
BSFC — + 5 g/kWh — +1.5
BTE — +0.2% — +1.5

3.19. Corrosion tests

Static immersion tests were performed at room temperature of 25-30°C for 2400
h to assess the corrosion rate of copper coupons immersed in the bioethanol-gasoline
blends. Teflon yarn was used to suspend the copper coupons during the immersion tests.
The bioethanol-gasoline blends were stored in screw glass bottles with caps to prevent
the blends from being exposed to moisture. The weight loss of the copper coupons
during the corrosion test was determined using an analytical balance (resolution of four
decimal places). The weight of the specimens before the corrosion test were measured,
which later to be compared with the weight after the test. The measurements were
performed after every 800 h of immersion to investigate the effect of immersion time on
the corrosion rate.

Static immersion test to observe corrosion characteristics of metals due to the
exposure of lignocellulosic bioethanol has been studied by Thangavelu et al. (2016a).
They performed the immersion test for 700 and 1400 hours at room temperature (25—
30°C). It was observed that metals exposed to E50 resulted higher oxidation products,
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water content and metal elements than those exposed to EO and E25. Further, as the
immersion time was increased, the rate of corrosion was found low for copper and
aluminum, which is due to passivation. No corrosion was observed at mild steel. Its can
be concluded that ethanol concentration up to 10% is a feasible limit for the material
compatibility (Hoai Vu et al., 2019).

In addition, Matéjovsky et al. (2017) employed an electrochemical method
collaborating with the corrosion immersion test in bioethanol-gasoline fuel blends.
Performed in a grounded Faraday cage, radiometer VoltaLab 40 PGZ 301 radiometer
and potentiostat reference 600 (Gamry Instruments) were used as measurement tools,
while two- and three-electrode arrangements were set during the electrochemical
measurements. The results showed that both ferrous and nonferrous metals reacted
significantly with gasoline with a higher bioethanol concentration. The highest
corrosion rate was observed with higher bioethanol concentration (E60) especially for
brass, copper and mild steel metals. Besides, they claimed that corrosion happened is
due to oxygen, water and acidic substances content in the fuel. Electrochemical
impedance spectroscopy (EIS) method was employed by Jafari et al. (2011) in an
investigation of corrosion for metallic materials in gasoline and gasoline-ethanol blends
with and without water contamination. In addition, scanning electron microscopy was
used to determine the types of corrosion attack based on the specimens surface
morphology. Ethanol content in the gasoline increases the corrosion rate owing to the

decrease in the solution resistance and polarization resistance of the samples.

3.19.1. Fabrication of copper coupons for the corrosion tests

The copper coupons were prepared by cutting and grinding copper with the
following dimensions: (1) diameter: 20 mm and (2) thickness: 2 mm. A wire cutter
machine was used to cut the specimens to anticipate changes in the material due to heat

effects. A hole (diameter: 2 mm) was drilled at the edge of the specimens for the
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corrosion test. Prior to the static immersion tests, the specimens were polished with
silicon carbide abrasive papers (grit size: 400—1500), and then washed and cleaned with

acetone. Lastly, the specimens were rinsed with deionized water.
3.19.2. Corrosion analysis

The weight difference of each specimen was recorded and the corrosion rate was

determined using the following equation:

(8.76 x 10* x w)

Corossion rate, CR (mm/year) = X AXT (3.10)

where w is the weight loss in grams (g), p is the density of the metal in kilograms per
cubic meters (kg/m’), A is the cross-sectional area of the specimen in square meters
(m?), and T is the immersion time in hours (h).

In addition, the surface morphologies of the test specimens were observed using
scanning electron microscope (SEM). Elemental analysis was carried out using energy
dispersive X-ray (EDX) spectrometer to determine the compositions of the corrosion
products for each specimen. The changes in the fuel properties such as the total acid

number (TAN), viscosity, and density due to corrosion were also analyzed.
3.20. Summary

The methodology adopted in this study has been elaborated in this chapter,
beginning from the selection of feedstocks, followed by the optimization of the
enzymatic hydrolysis and fermentation process parameters using the ANN models. In
addition, the procedure used to investigate the engine performance and exhaust
emissions of the spark ignition engine fueled with gasoline, Manihot glaziovii and sweet
sorghum bioethanols, as well as their blends, and the procedure used to investigate the
corrosion behavior of copper coupons immersed in the bioethanol-gasoline blends are

presented. The Manihot glaziovii and sweet sorghum feedstocks were sourced from
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North Sumatra and Central Java in Indonesia. The bioethanols were produced from
enzymatic hydrolysis, followed by the fermentation process. The enzymatic hydrolysis
process parameters (substrate loading, a-amylase concentration, amyloglucosidase
concentration, and stroke speed) and fermentation process parameters (yeast
concentration, reaction temperature, and agitation speed) were optimized in order to
maximize the bioethanol yield. Following this, engine tests were carried out using a
single-cylinder four-stroke gasoline engine fueled with the bioethanol-gasoline blends
in order to assess the engine performance (BSFC, BTE, ET, and BP) and exhaust
emissions (NOy, CO, and HC). Corrosion tests were also conducted, where copper
coupons were immersed in the bioethanol-gasoline blends at room temperature (25—
30°C) for 2400 h. The corrosion rate was calculated based on the weight loss of the
specimens after the static immersion tests. SEM and EDX spectroscopy were carried out
to analyze the surface morphologies and elemental compositions of the samples,
respectively. In addition, the TAN, density, and viscosity of the samples were analyzed
and FTIR spectroscopy was carried out to investigate the effect of corrosion on the

properties of the bioethanol-gasoline blends.

112



CHAPTER 4: RESULTS AND DISCUSSION

4.1. Introduction

The key findings of this study are presented and discussed in this chapter,
including the physicochemical properties of Manihot glaziovii and sweet sorghum
bioethanols, optimization of the enzymatic hydrolysis and fermentation process
parameters, physicochemical properties of the bioethanol-gasoline blends, engine
performance and exhaust emissions of the single-cylinder four-stroke gasoline engine
fueled with bioethanol-gasoline blends, and results of the corrosion tests.

4.2. Properties of the Manihot glaziovii and sweet sorghum feedstocks tuber and

seed mass

The mean weight values of the Manihot glaziovii tubers and sweet sorghum seeds
were found to be 2000 g/tuber and 0.021 g/seed, respectively. The measurement of a

Manihot glaziovii tuber and sweet sorghum seed is shown in Figure 4.1.

(a) (b)
Figure 4.1: Measurement of a (a) Manihot glaziovii tuber and (b) sweet sorghum
seed

4.3. Compositions of the Manihot glaziovii and sweet sorghum starches

The Manihot glaziovii and sweet sorghum starches were stored in a closed

container in a refrigerator prior to the experiments. The Manihot glaziovii and sweet
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sorghum starches consisted of particles (diameter: 125-150 pm), where 98% or more
particles passed through a 150-pum sieve (United States Standard No. 100, Certifications
ASTM E11-09). The compositions of the Manihot glaziovii and sweet sorghum starches
were determined by chemical analysis and the results are presented in Table 4.1. The
carbohydrate content was more than 70 %(w/w) for both Manihot glaziovii and sweet
sorghum starches, rendering them potential substrates for bioethanol production.

Table 4.1: Compositions of the Manihot glaziovii and sweet sorghum starches

Parameter Unit Manilsttoat lillizziovii Sweestt :;)z’lglhum
Carbohydrates Y%(W/w) 74.8 73.1
Proteins Y%(w/w) 6.62 10.3
Lipids Y%(W/w) 3.12 3.14
Ash %(w/w) 5.15 1.56
Fiber Y%(W/w) 1.7 1.7
Moisture content Y%(W/w) 8.61 10.2

4.4. Optimization of the biodiesel production process parameters
4.4.1.Optimization of the enzymatic hydrolysis process parameters

In this study, BBD was used to design the experiments for the enzymatic
hydrolysis process, with a total of 29 experimental runs. Four input parameters of the
hydrolysis process (substrate loading, a-amylase concentration, amyloglucosidase
concentration, and stroke speed) were varied to determine the interaction effects of
these parameters on the reducing sugar yield. The optimum number of hidden neurons
of the ANN model was determined by testing different numbers of neurons until the
mean square error (MSE) of the output data was minimized and the mean correlation

coefficient (R value) was close or equal to 1.

4.4.1.1. Enzymatic hydrolysis of the Manihot glaziovii starch
The number of neurons in the hidden layer were varied at 2, 3, 4, 5, and 6, as
shown in Table 4.2. The optimum number of hidden neurons for the ANN model were

determined based on the MSE and R value. It can be observed from Table 4.2 that the
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optimum number of hidden neurons was 4 because this value resulted in the lowest

MSE (8.1104) and highest R value (0.996). The results of the regression analysis for the

ANN model are presented in Figure 4.2. Thus, the ANN architecture for the enzymatic

hydrolysis of the Manihot glaziovii starch was 4-4-1 (Figure 4.3).

Table 4.2: Determination of the optimum number of neurons in the hidden layer of
the ANN model for enzymatic hydrolysis of Manihot glaziovii starch

No. of neurons in the

hidden layer 2 3 4 S 6
Mean square error, MSE 46.0300 | 30.7400 | 8.1104 | 10.3700 | 28.3150
Correlation coefficient, R 0.9790 | 0.9850 | 0.9960 | 0.9950 | 0.9870

Figure 4.2: Results of the regression analysis for the ANN model for enzymatic

hydrolysis of Manihot glaziovii starch
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Figure 4.3: ANN architecture for enzymatic hydrolysis of Manihot glaziovii starch

The R? value was more than 80% (R? = 0.9921), indicating that the ANN model
explains 99.21% of the variability in the response variable (reducing sugar yield) due to
variations in the input variables (substrate loading, o-amylase concentration,
amyloglucosidase concentration and stroke speed), as shown in Figure 4.4. The mean
absolute percentage error (MAPE) and root mean square error (RMSE) of the ANN
model were 1.46 and 2.85, respectively, as shown in Table 4.3. Based on the results, it
can be deduced that the ANN model has good prediction capability and the model can
be used to predict the reducing sugar yield for enzymatic hydrolysis of Manihot

glaziovii starch.

210

190 - R?=0.9921
170 -
150 -
130 -

110 ~

Predicted value (g/L)

90 -

70 T T T T T T
70 90 110 130 150 170 190 210

Experimental value (g/L)

Figure 4.4: Comparison between the reducing sugar yield obtained from the Box-
Behnken experiments (experimental values) and ANN model (predicted values) for
enzymatic hydrolysis of Manihot glaziovii starch
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Table 4.3: Box-Behnken experiment for enzymatic hydrolysis of Manihot glaziovii

starch
. Substrate a-amylase | Amyloglucosidase | Stroke | Reducing sugar yield (g/L)
Experimental loading concentration concentration speed . .
run %o(WIV) (Ulg) (U/mL) (spm) Experimental | Predicted
value value
1 10 100 66 90 104.56 100.78
2 10 100 36 90 76.96 76.62
3 15 100 66 50 149.25 149.38
4 15 100 36 130 129.39 129.47
5 20 100 51 50 169.12 171.82
6 20 110 51 90 183.67 184.89
7 10 100 51 130 87.35 87.67
8 15 100 51 90 149.1 150.13
9 15 90 51 130 131.26 132.44
10 15 110 66 90 167.47 167.23
11 15 110 51 130 153.45 153.52
12 10 110 51 90 91.54 91.29
13 15 100 51 90 148.28 150.13
14 20 100 51 130 178.9 175.37
15 10 90 51 90 75.27 73.47
16 15 90 51 50 117.45 121.78
17 20 90 51 90 152.31 152.07
18 10 100 51 50 79.11 83.24
19 15 110 36 90 129.16 139.20
20 15 100 51 90 148.34 150.13
21 15 100 51 90 149.25 150.13
22 15 90 36 90 109.08 108.95
23 15 90 66 90 139.46 138.91
24 15 100 36 50 137.25 132.65
25 20 100 36 90 158.25 157.36
26 15 110 51 50 160.44 156.10
27 20 100 66 90 190.32 187.56
28 15 100 51 90 149.35 150.13
29 15 100 66 130 164.24 164.08
Mean absolute percentage
error, MAPE 1.46
Root mean square error,
RMSE 2.85

GA was subsequently performed after ANN modeling to determine the optimum

operating parameters for the enzymatic hydrolysis process. The optimum substrate

loading, a-amylase concentration, amyloglucosidase concentration, and stroke speed

were determined to be 19.99 %(w/v), 109.97 U/g, 6598 U/mL, and 51.46 spm,

respectively. The corresponding reducing sugar yield was 196.15 g/L. The ANN-GA
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model was validated by performing independent experiments at these optimum process
parameters and the mean reducing sugar yield was found to be 194.47 g/L, which was
close to the predicted reducing sugar yield.

In general, the results indicate that the ANN-GA model adequately describes the
enzymatic hydrolysis process. The weights of the input and output variables as well as
the associated biases of the ANN model for the hydrolysis process are presented in
Table 4.4. Figure 4.5 shows the levels of significance of each input variable in the
enzymatic hydrolysis process. The substrate loading, amyloglucosidase concentration,
a-amylase concentration, and stroke speed had a level of significance of 53.90, 27.50,
13.79, and 4.8%, respectively.

Table 4.4: Weights of the input and output variables of the ANN model for
enzymatic hydrolysis of Manihot glaziovii starch

Neuron Input weight Output | Biasto | Biasto
X, X, X; X, weight layer 1 layer 2
1 1.2222 0.3043 —2.4372 1.1716 | —0.2188 | —1.7361 | —1.0699
2 —1.9446 0.05954 —0.1896 | —1.0906 | 2.1478 0.4045
3 —0.2227 0.1670 0.9469 0.6251 | —0.3250 | —1.4949
4 —0.2884 —0.0127 —0.6202 | —1.4279 | 0.0488 2.1914
60%
53.90%
50% -
S 40% -
3
g
S 30% - 27.50%
5
a
° 20% -
2 13.79%
Q
=
10% -
4.80%
o,
Stroke speed a-amylase Amyglucosidase  substrate loading
concentration concentration

Enzymatic hydrolysis process parameters

Figure 4.5: Levels of significance of the input variables for enzymatic hydrolysis of
Manihot glaziovii starch
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4.4.1.2. Enzymatic hydrolysis of sweet sorghum starch

The number of neurons in the hidden layer of the ANN model was varied from 2

to 8, as shown in Table 4.5. The optimum number of hidden neurons was determined

based on the MSE and R value. The optimum number of hidden neurons was found to

be 5 because this value produced the lowest MSE (3.069468) and highest R value

(0.997), as shown in Table 4.5. The results obtained from the regression analysis for the

ANN model are shown in Figure 4.6. Thus, the ANN architecture for enzymatic

hydrolysis of sweet sorghum was 4-5-1, as shown in Figure 4.7.

Table 4.5: Determination of the optimum number of neurons in the hidden layer of
the ANN model for enzymatic hydrolysis of sweet sorghum starch

No. of neurons

in the hidden 2 3 4 5 6 7 8
layer
Mean  square | s 5595 | 104071 | 5.4565 | 3.0695 | 5.0798 | 15.5051 | 16.1036
error, MSE
Correlation 0.9768 | 09904 | 0.9948 | 0.9971 | 0.9955 | 0.9870 | 0.9849

coefficient, R
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Figure 4.6: Results of the regression analysis for the ANN model for enzymatic
hydrolysis of sweet sorghum starch

o-amylase concentration— .\ A \ —» Reducing sugar yield

Amylo glucos.ldase .
concentration

Input layer Hidden layer Output layer

Figure 4.7: ANN architecture for enzymatic hydrolysis of sweet sorghum starch
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The R? value of the ANN model was found to be more than 80% (R? = 99.42),
indicating that the ANN model explains 99.42% of the variability in the response
variable (reducing sugar yield) due to variations in the input variables (substrate
loading, a-amylase concentration, amyloglucosidase concentration, and stroke speed),
as shown in Figure 4.8. The MAPE and RMSE of the ANN model were determined to
be 0.79 and 1.75, respectively, as shown in Table 4.6, indicating that the model is
reliable to predict the reducing sugar yield for enzymatic hydrolysis of sweet sorghum

starch.

170
160 R2=0.9942

150 -

140 -

130 -

120 -

110 ~

Predicted value (g/L)

100 -

90 -

80 T T T T T T T T
80 90 100 110 120 130 140 150 160 170

Experimental value (g/L)

Figure 4.8: Comparison between the reducing sugar yield obtained from the Box-
Behnken experiments (experimental values) and ANN model (predicted values) for
enzymatic hydrolysis of sweet sorghum starch
Based on the results, it can be deduced that the ANN model has good prediction

capability and the model can be used to optimize the enzymatic hydrolysis process

parameters of sweet sorghum starch in order to maximize the reducing sugar yield.
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Table 4.6: Box-Behnken design for enzymatic hydrolysis of sweet sorghum starch

Experimental Subst‘rate a-amylas.e Amyloglucos.idase Stroke Reducm(gfg /sE;gar yield
loading | concentration concentration speed . .
run (% (WIV)) (Ulg) (U/mL) (spm) Experimental | Predicted
value value
1 15 110 36 90 136.75 137.11
2 15 100 51 90 158.45 154.94
3 20 100 51 50 152.84 152.79
4 20 110 51 90 158.35 160.48
5 20 100 66 90 156.55 156.71
6 15 110 51 50 142.45 143.08
7 10 110 51 90 104.55 103.08
8 15 100 51 90 154.68 154.94
9 15 90 36 90 125.85 118.80
10 15 100 51 90 155.18 154.94
11 20 90 51 90 140.48 139.94
12 10 100 66 90 106.49 106.88
13 15 110 66 90 158.78 159.28
14 10 100 51 50 93.28 94.59
15 15 100 66 130 160.82 159.65
16 15 110 51 130 156.27 158.27
17 15 100 36 50 132.16 131.91
18 15 100 66 50 150.66 149.59
19 20 100 36 90 150.66 150.75
20 15 90 51 130 130.38 130.62
21 10 100 51 130 102.37 100.32
22 10 90 51 90 92.27 91.82
23 15 90 51 50 128.78 129.20
24 15 100 51 90 155.82 154.94
25 10 100 36 90 95.65 95.96
26 20 100 51 130 154.96 152.80
27 15 100 36 130 134.49 134.29
28 15 100 51 90 155.58 154.94
29 15 90 66 90 145.72 145.67
Mean absolute
percentage error,
MAPE 0.79
Root mean square
error, RMSE 1.75

GA was executed after the ANN model to determine the optimum operating

parameters for the enzymatic hydrolysis of sweet sorghum starch. The optimum

substrate loading, a-amylase concentration, amyloglucosidase concentration, and stroke

speed were determined to be 19.99 %(w/v), 109.59 U/g, 36 U/mL, and 63.19 spm,

respectively. The corresponding reducing sugar yield was 170.26 g/L. Experiments were
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carried out in duplicate using these optimum process parameters to validate the ANN-
GA model. The mean reducing sugar yield was obtained to be 171.03 g/L, which was
close to the predicted value.

Based on the results, it can be deduced that the ANN-GA model adequately
describes the enzymatic hydrolysis process of sweet sorghum starch. The weights of the
input and output variables as well as the associated biases of the ANN model for the
enzymatic hydrolysis process are presented in Table 4.7. Figure 4.9 shows the level of
significance of each input variable involved in the enzymatic hydrolysis process. The
levels of significance of the substrate loading, a-amylase concentration,
amyloglucosidase concentration, and stroke speed were found to be 35.09, 27.23, 23.55,

and 14.14%, respectively.

Table 4.7: Weights of the input and output variables of the ANN model for
enzymatic hydrolysis of sweet sorghum

Neuron Input weights Output | Biasto | Biasto
X, X, X, X, weight layer 1 layer 2
1 —0.3533 0.0851 1.3516 -0.5084 | —0.3925 3.1115 —0.4004
2 1.1241 3.8757 —2.2985 2.3100 0.1119 1.5886
3 —2.7032 0.1208 —0.8937 | —-0.6568 | —0.8680 | —1.1954
4 2.3528 —3.3691 0.0294 —-1.1046 | —0.1961 | —2.3249
5 0.7909 0.9825 1.2216 —1.5016 0.6059 2.8825
40%
35.09%
~ 30% - 27.23%
S 23.55%
2
§ 20% -
ED 14.14%
S 10% -
©
5
=
0%
Strokes speed ~ Amyglucosidase a-Amylase Substrate loading
concentration concentration

Enzymatic hydrolysis process parameters
Figure 4.9: Levels of significance of the input variables for enzymatic hydrolysis of
sweet sorghum starch

123



4.4.2. Optimization of the fermentation process parameters

The operating parameters of the fermentation process (i.e., yeast concentration,
reaction temperature, and agitation speed) were varied to determine the interaction
effects of these parameters on the bioethanol yield. The optimum number of neurons in
the hidden layer of the ANN model was determined by testing different numbers of
neurons until the MSE of the output data was minimized and the mean R value was
close or equal to 1. GA was executed subsequent to the ANN model to determine the
optimum operating parameters for the fermentation process.
4.4.2.1. Fermentation of reducing sugars obtained from enzymatic hydrolysis of

Manihot glaziovii starch

The number of neurons in the hidden layer of the ANN model was varied from 2
to 6, as shown in Table 4.8. The optimum number of hidden neurons was determined
based on the MSE and R value. It can be seen that the optimum number of hidden
neurons was 4 because this value resulted in the lowest MSE (0.7241) and highest R
value (0.998). The results of the regression analysis for the ANN model are shown in
Figure 4.10. The ANN architecture for the fermentation of reducing sugars obtained
from enzymatic hydrolysis of Manihot glaziovii starch was 3-4-1, as shown in Figure
4.11.
Table 4.8: Determination of the optimum number of neurons in the hidden layer of

the ANN model for fermentation of reducing sugars obtained from enzymatic
hydrolysis of Manihot glaziovii starch

No. of neurons in the
hidden layer 2 3 4 > 6

Mean square error, MSE 6.5100 | 3.5350 | 0.7241 | 3.0880 | 12.1600
Correlation coefficient, R | 0.9830 | 0.9900 | 0.9981 | 0.9920 | 0.9707
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Figure 4.10: Results of the regression analysis for the ANN model for fermentation
of reducing sugars obtained from enzymatic analysis of Manihot glaziovii starch

Manihot glaziovii
~ bioethanol yield

Input layer Hidden layer Output layer

Figure 4.11: ANN architecture for fermentation of reducing sugars obtained from
enzymatic hydrolysis of Manihot glaziovii starch
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The R? value was 99.63, indicating that the ANN model describes 99.63% of the

variability in the response variable (Manihot glaziovii bioethanol yield) due to

variations in the independent variables (yeast concentration, reaction temperature, and

agitation speed), as shown in Figure 4.12. The MAPE and RMSE were determined to be

0.58 and 0.85, respectively, as shown in Table 4.10, indicating that the ANN model has

good prediction capability and the model can be used to determine the optimum

parameters of the fermentation process.
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Figure 4.12: Comparison between the Manihot glaziovii ethanol yield obtained
from the Box-Behnken experiments (experimental values) and ANN model
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Table 4.9: Box-Behnken design for fermentation of the reducing sugars obtained
from enzymatic hydrolysis of Manihot glaziovii starch

. o Manihot glaziovii
Experimental Yeast . Reaction Agitation bioethanol ?ielzd (g/L)
concentration | temperature speed . .
run (@/L) ©C) (rpm) Experimental | Predicted

value value

1 0.5 42 150 56.45 57.34

2 1.5 42 150 82.64 82.64

3 1.5 30 150 79.49 79.49

4 1.5 36 250 87.58 87.56

5 1.0 36 150 91.64 91.71

6 1.5 36 50 81.48 84.65

7 1.0 36 150 91.75 91.71

8 1.0 42 50 82.84 82.80

9 1.0 36 150 91.72 91.71

10 0.5 36 50 58.07 57.36

11 0.5 30 150 55.11 55.42

12 1.0 42 250 84.92 84.92

13 0.5 36 250 59.85 60.33

14 1.0 30 250 82.65 82.89

15 1.0 30 50 75.08 75.80

16 1.0 36 150 91.55 91.71

17 1.0 36 150 91.56 91.71
Mean absolute percentage

error, MAPE 0.58

Root mean square error, RMSE 0.85

The optimum yeast concentration, reaction temperature, and agitation speed were
found to be 1.18 g/L, 36.48°C, and 217 rpm, respectively, and the corresponding
Manihot glaziovii bioethanol yield was 94.45 g/L. Experiments were performed in
duplicate under these optimum conditions to validate the ANN model and the mean
Manihot glaziovii bioethanol yield was 94.02 g/L, which was close to the value
predicted by the ANN model. Based on the results, it can be deduced that the ANN
model adequately describes the fermentation process of reducing sugars obtained from
enzymatic hydrolysis of Manihot glaziovii starch. The weights of the input and output
variables as well as the associated biases of the ANN model for the fermentation
process are summarized in Table 4.10. Figure 4.13 shows the levels of significance of

the three input variables involved in the fermentation process. The yeast concentration,
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reaction temperature, and agitation speed had a level of significance of 48.08, 34.42,
and 17.50%, respectively.

Table 4.10: Weights of the input and output variables of the ANN model for the
fermentation of the reducing sugars obtained from enzymatic hydrolysis of

Manihot glaziovii starch

Input weights Output Bias to Bias to
Neuron .
X, X, X, weight layer 1 layer 2
1 -2.3303 1.7475 0.1646 0.4705 2.1956 —0.2006
2 —0.2744 —2.3517 0.3528 0.4086 1.5251
3 —2.1368 —0.6728 -0.1436 -1.1600 —1.1354
4 -0.5195 —0.5078 1.4205 —0.5766 3.2475
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Figure 4.13: Levels of significance of the input variables for the fermentation of

reducing sugars obtained from enzymatic hydrolysis of Manihot glaziovii starch

4.4.2.2. Fermentation of reducing sugars obtained from enzymatic hydrolysis of

sweet sorghum starch

The number of neurons in the hidden layer was varied from 2 to 8, as shown in
Table 4.11. The optimum number of hidden neurons was determined based on the MSE
and R value. It can be seen that the optimum number of hidden neurons was 6, where

this value yielded the lowest MSE (4.531) and the highest R value (0.993). Figure 4.14
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shows the results of the regression analysis for the ANN model. The optimum ANN

architecture for the fermentation of reducing sugars obtained from enzymatic hydrolysis

of sweet sorghum starch was 3-6-1, as shown in Figure 4.15.

Table 4.11: Determination of the optimum number of neurons in the hidden layer
of the ANN model for fermentation of reducing sugars obtained from enzymatic
hydrolysis of sweet sorghum starch

No. of neurons

in hidden layer 2 3 ! > 6 ’ i
Mean = square | o 5615 | 70348 | 81521 | 4.5400 | 45319 | 5.8199 | 83755
error, MSE

Correlation 0.9735 | 0.9746 | 0.9809 | 0.9858 | 0.9933 | 0.9815 | 0.9765

coefficient, R

Figure 4.14: Results of the regression analysis for the ANN model for fermentation
of reducing sugars obtained from enzymatic hydrolysis of sweet sorghum starch
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Bias

Sweet sorghum
bioethanol yield

Input layer Hidden layer Output layer
Figure 4.15: ANN architecture for fermentation of reducing sugars obtained from
enzymatic hydrolysis of sweet sorghum starch

The R? value was 98.66, indicating that the ANN model explains 98.66% of the
variability in the response variable (sweet sorghum bioethanol yield) due to variations in
the independent variables (yeast concentration, reaction temperature, and agitation
speed), as shown in Figure 4.16. The MAPE and RMSE were found to be 1.81 and
2.13, respectively (Table 4.12), indicating that the model has good prediction capability

and the ANN model can be used to optimize the fermentation process parameters.

85
80 R?*=10.9866 *
75 A
70 -
65 -
60 -
55 4
50 -
45 -

40 T T T T
40 50 60 70 80 90

Predicted value (g/L)

Experimental value (g/L)

Figure 4.16: Comparison between the sweet sorghum bioethanol yield obtained
from the Box-Behnken experiments (experimental values) and ANN model
(predicted values) for fermentation of the reducing sugars obtained from
enzymatic hydrolysis of sweet sorghum starch
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Table 4.12: Box-Behnken design for the fermentation of reducing sugars obtained
from enzymatic hydrolysis of sweet sorghum

. Yeast Reaction | Agitation Sweet sm:ghum bioethanol
Experimental . yield (g/L)
concentration | temperature speed . .
run (@/L) °C) (rpm) Experimental | Predicted
value value
1 0.5 36 250 52.65 49.98
2 0.5 42 150 49.25 49.25
3 1.0 36 150 80.034 80.02
4 1.0 36 150 80.035 80.02
5 1.0 42 50 75.64 75.64
6 0.5 36 50 50.87 43.75
7 0.5 30 150 4791 44.75
8 1.0 36 150 80.04 80.02
9 1.5 30 150 72.29 73.09
10 1.0 30 50 67.88 67.88
11 1.0 42 250 77.72 77.72
12 1.5 36 50 74.28 74.28
13 1.5 42 150 75.44 78.38
14 1.0 36 150 79.95 80.02
15 1.0 36 150 80.06 80.02
16 1.5 36 250 80.38 80.38
17 1.0 30 250 75.45 75.45
Mean absolute percentage error,
MAPE 1.81
Root mean square error, RMSE 2.13

The optimum yeast concentration, reaction temperature, and agitation speed were
determined to be 1.29 g/L, 35.36°C, and 188.97 rpm, respectively, and the
corresponding sweet sorghum bioethanol yield was 82.13 g/L. Experiments were
performed in duplicate using these optimum process parameters in order to validate the
ANN model and the mean sweet sorghum bioethanol yield was 81.28 g/L, which was
close to the value predicted by the ANN model. Based on the results, it can be deduced
that the ANN model adequately describes the fermentation of reducing sugars obtained
from enzymatic hydrolysis of sweet sorghum starch. The weights of the input and
output variables as well as the associated biases of the ANN model for the fermentation
process are summarized in Table 4.13. Figure 4.17 shows the levels of significance of

the three input variables involved in the fermentation process. The yeast concentration,
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reaction temperature, and agitation speed had a level of significance of 41.01, 31.47,

and 27.51%, respectively.

Table 4.13: Weights of the input and output variables of the ANN model for
fermentation of reducing sugars obtained from enzymatic hydrolysis of sweet

sorghum starch

Input weights Output | Biasto | Bias to
Neuron !
X, X, X, weight layer 1 layer 2
1 —0.8278 1.8709 -1.4120 0.1446 2.7163 —-0.2700
2 0.3452 —0.60345 —2.4092 -0.1063 | —1.6780
3 -0.3025 2.3888 0.90043 -0.1662 | —1.0469
4 -3.4609 -0.7405 —0.30641 —0.9585 | —1.4650
5 0.1351 —2.0354 -2.2070 —0.3323 | —1.1208
6 -0.1038 1.6695 2.1029 -0.2601 2.2353
50%
41.01%
~ 40% -
&
3 31.47%
5 30% - 27.51%
=)
5
S 20% -
o)
5
3
10% -

0%

Agitation speed

Reaction temperature

Fermentation process parameters

Yeast concentration

Figure 4.17: Levels of significance of the input variables for the fermentation of

reducing sugars obtained from enzymatic hydrolysis of sweet sorghum starch

4.5. Energy consumption from optimum process parameters

Studies on the energy consumption of bioethanol production have been

conducted for Manihot glaziovii and sweet sorghum. The optimum process parameters

in bioethanol production can be shown in Figure 4.18 below:
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Manihot glaziovii starch

Sweet Sorghum grains

v

v

Grinding :
125-150 pum Particles

Grinding :
125-150 pum Particles

Liquefaction Liquefaction
90°C, 1.5 h, 109.97 U/g a- 90°C, 1.5 h, 109.59 U/g a-
amylase amylase
Saccharifaction Saccharifaction
70°C, 4 h, 65.98 U/mL 70°C, 4 h, 36 U/mL
amyloglucosidase amyloglucosidase

Fermentation
36.48°C, 84 h, S. cerevisiae

Fermentation
35.36°C, 84 h, S. cerevisiae

v

v

Distillation
60°C, 175 mbar, 100 rpm

Distillation
60°C, 175 mbar, 100 rpm

v

v

Bioethanol
95.6 %v/v

Bioethanol
95.2 %v/v

Figure 4.18: Comparison optimum parameters of bioethanol production from
Manihot glaziovii and sweet sorghum

In this study, the bioethanol production is started by mixing Manihot glaziovii
starch or sweet sorghum grains with water. 2 kg of Manihot glaziovii starch or sweet
sorghum grains was mixed with 10 liters of water and enzymes. Before entering the
fermentation process, yeast was mixed with hydrolysates at 11.8 g/L for Manihot
glaziovii starch and 12.9 g/L for sweet sorghum grains. After fermentation process, the
solutions were filtered and purified, the concentration obtained from Manihot glaziovii
starch or sweet sorghum grain were 95.6 %(v/v) and 95.2 %(v/v), respectively, in the
distillation. Electricity consumption was calculated for bioethanol production in a
laboratory scale as energy consumption is one of the key parameters that determine the

variability of the bioethanol production.

4.5.1. Optimum hydrolysis process
Carbohydrates from Manihot glaziovii and sweet sorghum are mostly composed
of glucose and some pentose-derived polymers that must be hydrolyzed to be efficiently

used. When enzymatic hydrolysis takes place, a water bath shaker is required. A water
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bath shaker is one machine that uses heating elements in the operation. In this study, the
effect of strokes and enzyme concentration were validated, and the energy consumed in
this process was calculated. Enzymatic hydrolysis is preferred over acid hydrolysis due
to lower energy consumption (electricity), mild operating conditions, high sugar yields,
and lower equipment and capital costs (Chen & Liu, 2017). For the process of
liquefaction and saccharification, electricity is supplied to the heating element as well as
the mechanical stroker. In the liquefaction process the heating water temperature is
required at 90°C and for 90 minutes, then proceed with the saccharification process by
heating water of 70°C for 240 minutes. Energy consumption of the optimal hydrolysis
process (liquefaction and saccharification) in bioethanol production is presented in
Table 4.14. It can be shown that Manihot glaziovii and sweet sorghum where the
substrate and enzymes were added simultaneously consumed energy of 35,640 kJ (9.9

kWh).

4.5.2. Optimum fermentation process

The fermentation stage to produce ethanol consumes more electricity than in the
hydrolysis stage. Energy input in this stage is in the form of heat and stirring. Yeast
input of 11.8 g/L for Manihot glaziovii and 12.9 g/L for sweet sorghum was fed into the
fermentation reactor, along with the sterilized hydrolysates. During the fermentation
reaction, the glucose component in the hydrolysis liquid is converted into ethanol and
carbon dioxide, as represented in Equation 4.1:

CeH1206 — C¢H1,04 — 2C,H(O + 2CO, 4.1)

Another by-product generated as a result of fermentation process is protein. The
fermented solution formed two layers, a protein layer and an ethanol-water layer in the
upper layer. The ethanol-water layer is separated from its sediment (protein layer) with
filter paper. In this study, fermentation was carried out at 36.48°C and 35.36°C for
Manihot galziovii and sweet sorghum, respectively. Fermentation temperature is an
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important component in ethanol production, because room temperature influences yeast
activity, hence increases the ethanol yield (Kucharczyk & Tuszynski, 2018). Therefore,
the use of energy in the fermentation process is influenced by temperature which
indicates energy consumptions. Energy consumption for this fermentation stage can be

seen in the Table 4.14.

4.5.3. Distillation process

To achieve technical-grade of bioethanol product, crude ethanol must be purified
using distillation operations. Distillation is a method of separating the dissolved liquid
mixture based on the difference in pure vapor pressure or the difference in the boiling
points of each component contained in the mixture. Distillation is operated by using a
heat separation force; hence it also requires energy input to operate. The fermented
mixture, which consists of ethanol together with unfermented, dissolved and insoluble
solids, is distilled in a series of steps. The energy input associated with distillation
depends on the type of product desired and the use of energy saving techniques. Table
4.14 shows the energy consumption of distiller RV 10 V IKA with a capacity of 500 mL
Manihot glaziovii or sweet sorghum, which each at a rating of 10,800 kJ (3 kWh). The
distillation took 60 minutes for each feedstock. These results indicate that it is
economically feasible to produce ethanol from Manihot glaziovii and sweet sorghum
using sustainable distillation technology. Energy consumption cost for the production of
bioethanol from Manihot glaziovi and sweet sorghum are 38% of the total cost
bioethanol production.

The use of chemicals is needed to produce reducing sugars in the hydrolysis
process and the formation of bioethanol in the fermentation process. Chemical costs
from these two processes constitute 62% of the total production costs. This finding is in
line with the results by Cheng et al. (2019), where the cost of chemicals is 60% for

bioethanol production. The operating conditions of the hydrolysis and fermentation
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processes play an important role in determining the cost of production. Chemical costs
for most of the variable operating costs are listed in Table 4.15. In addition, hydrolysis
process and fermentation process occur in two additional, discrete process steps. This
process has many advantages such as increased ethanol yield, decreased enzyme

loading, decreased contamination, and lower capital cost.

Table 4.14: Energy consumption in the bioethanol production process

Process Equipment Time Power corllis?lfrrl%?[/ion Price
(h) (kW) ety | (MYR)
Pre-treatment Oven dryer 48 0.8 384 14.6
Hydrolysis Process
. . Water bath
- Liquefaction process shaker 1.5 1.8 2.7 1.0
- Saccharifaction Water bath 4 1.8 79 27
process shaker
Sterilized Autoclave 0.6 1.8 1.05 0.4
Fermentation process. Incubator 84 0.65 54.6 20.7
shaker
Distillation Rotary 1 3 3 11
evaporator
x| 40.6

Table 4.15: Chemical costs for hydrolysis and fermentation processes

Process Chemical Price (MYR)
. Enzyme a-amylase 2.2mL 14.8
Hydrolysis Enzzme amylgglucosidase 3.6 mL 39.3
Yeast extract 10.0 gr 9.3
Fermentation | Potassium dihydrogen phosphate (KH,PO,) 4.0 gr 3.1
Ammonium chloride (NH,CI) 2.0 gr 0.63
) 67.13

4.6. Properties of the Manihot glaziovii and sweet sorghum bioethanols and

bioethanol-gasoline blends
4.6.1.Physicochemical properties of the bioethanols

In general, the physicochemical properties indicate the fuel quality. In this study,
the physicochemical properties of Manihot glaziovii and sweet sorghum bioethanols

were determined according to the ASTM D4806 standard. The physicochemical
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properties of these bioethanols were compared with those for gasoline and ethanol, as

shown in Table 4.16.

Table 4.16: Comparison between the physicochemical properties of Manihot
glaziovii bioethanol, sweet sorghum bioethanol, gasoline and ethanol

Manihot Sweet Gasoline
. e Ethanol (Masum
Property glaziovii sorghum (Masum et et al., 2013)

bioethanol | bioethanol al., 2013) i
Chemical formula C,HsOH C,HsOH Cs—Ci» C,HsOH
Carbon fraction (%(m/m)) 56.1 55.7 85-88 52.2
Hydrogen fraction (%(m/m)) 12.5 12.1 12—-15 13
Oxygen fraction (%(m/m)) 35.1 35.8 0 34.7
Carbon/hydrogen ratio 0.37 0.31 0.56 0.33
(atomic ratio)
Viscosity at 20°C (mm?/s) 1.28 1.40 0.5-0.6 1.2-1.5
Density at 15°C (kg/m’) 803.7 807.9 750-765 785-809.9
Higher heating value, HHV
(MJ/ke) 30.26 29.90 47.30 29.70
Lower heating value, LHV
MJ/kg 27.3 26.9 44 26.9

0

Eltillllanol content (%(v/v)) 95 6 959 o 91

It can be seen from Table 4.16 that the Manihot glaziovii and sweet sorghum
bioethanols have an oxygen content of 35.1 and 35.8%, respectively, which can improve
the combustion efficiency at high temperatures. In addition, lower carbon/hydrogen
ratios of bioethanol (30-35%) in gasoline blends at the compression ratio of 11.5:1
lowers adiabatic flame temperature due to the lower energy content (Turner et al.,
2011). One of the interesting findings of this work is that with the increase in oxygen
content in the fuels adiabatic flame temperature decreases linearly consequently NOy
emission decreased linearly (Nabi, 2010).

The viscosity values at 20°C of the Manihot glaziovii and sweet sorghum
bioethanols (1.28 and 1.40 mm?®/s, respectively) were within the range (1.2—1.5 mm?/s)
recommended for the properties of ethanol in Table 4.16. This indicates the
effectiveness of the bioethanol production method and the viability of the Manihot
glaziovii and sweet sorghum feedstocks. The density values at 15°C of the Manihot

glaziovii and sweet sorghum bioethanols were found to be 803.7 and 807.9 kg/m’,
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respectively, which were also within the range specified the properties of ethanol in
Table 4.16 (785-809.9 kg/m®). The carbon fractions of the Manihot glaziovii and sweet
sorghum bioethanols were 56.1 and 55.7 %(m/m), which were higher than that in the
properties of ethanol in Table 4.16 (52.2 %(m/m)). However, the values were found to
be lower than that for gasoline (85-88 %(m/m)). The hydrogen fractions of the Manihot
glaziovii and sweet sorghum bioethanols were found to be 12.5 and 12.1 %(m/m),
respectively, which were slightly lower than the maximum value specified the
properties of ethanol in Table 4.16 (13 %(m/m)). The oxygen fractions of the Manihot
glaziovii and sweet sorghum bioethanols were measured to be 35.1 and 35.8 %(m/m),
respectively, which were slightly higher than that specified in the properties of ethanol
in Table 4.16 (34.7 %(m/m)). The HHVs of the Manihot glaziovii and sweet sorghum
bioethanols were 30.26 and 29.9 MJ/kg, respectively, which are greater than that given
in the properties of ethanol in Table 4.16 (29.7 MJ/kg); however, the values were lower
than that for gasoline (47.3 MIJ/kg). In general, the results indicate that the
physicochemical properties of the Manihot glaziovii and sweet sorghum bioethanols are

acceptable and fulfil most of the specifications stipulated in the properties of ethanol.
4.6.2. Density of the bioethanol-gasoline blends

Figure 4.19 shows the results of the density tests for the Manihot glaziovii and
sweet sorghum bioethanol-gasoline blends. It can be seen that the blends with 20% of
Manihot glaziovii and sweet sorghum bioethanols have the highest densities, with a
value of 764.6 and 765.1 kg/m’, respectively. In contrast, the blends with 5% of
Manihot glaziovii and sweet sorghum bioethanols lead to the lowest densities, with a
value of 753.7 and 754.4 kg/m’, respectively. The results are in good agreement with
those of Wu et al. (2004), where the density increase is less than 0.4%. Yiicesu et al.
(2006) performed experiments by blending ethanol with gasoline up to 60% and the

density increase was found to be 0.93%. In general, density increases with the
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increasing bioethanol content in the bioethanol-gasoline blends. This aspect lowers the
intake manifold temperature, and this enhances the air-fuel mixture density (Tibaquira
et al., 2018). In addition, owing to the higher density of ethanol, more fuel is injected

into the cylinder, which can increase the engine torque and power (Karaaslan et al.,

2011).
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Figure 4.19: Density values of the Manihot glaziovii and sweet sorghum bioethanol-
gasoline blends

4.6.3.0xygen content of the bioethanol-gasoline blends

The presence of oxygen in bioethanol gasoline blends have contribute to leading
enhanced oxidation stability, improved engine efficiency and faster flame speed (Larsen
et al., 2009). The high content of oxygen in bioethanol gasoline blends enhances the
combustion process is tuned to be better (Seggiani et al., 2012). Sasongko and Wijaya
(2017) reported that bioethanol can be tread as a partially oxidized hydrocarbon due to
oxygen atom contained in bioethanol and it could increase the number of oxygen atoms
for the combustion process (leaning effect). In this study, elemental analyzer (CE 440,
Exeter Analytical, Inc., USA) was employed to measure the oxygen content of the

Manihot glaziovii and sweet sorghum bioethanol-gasoline blends. For the oxygen
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content analysis, it is crucial to ensure that there are no fluorine, phosphorous, silicon,
and most metals, which will lead to oxidation of the sample (removal of oxygen from
the sample) and contaminate the catalyst inside the pyrolysis tube. The sample must be
inserted into the silver capsules (without nickel sleeves) and the silver capsules need to
be loosely crimped using a pair of tweezers to prevent the capsules from being stuck to
the sample. Acetanilide/benzoic acid was used as the calibration standard for oxygen
content analysis. The sample weight must be within a range of 1500-2500 pg. The
results were recorded using the Windows®-based application software supplied with the
elemental analyzer. The oxygen content values were found to be 6.35 and 7.13% for the
blends containing 20% of Manihot glaziovii and sweet sorghum bioethanol,
respectively, as shown in Figure 4.20. The findings were in line with the results by
Schifter et al (2011), where the oxygen content is 7.36% for the blends containing 20%
of bioethanol. The greater the content of oxygen in the fuel blends the more the

oxidation tendency of CO, which will reduce CO emissions (Iodice et al., 2016).

B Manihot glaziovii ™ sweet sorghum 7.13

7 1 6.71

Oxygen content (Y%o(w/w))

5% 10% 15% 20%

Percentage of bioethanol in the bioethanol-gasoline blend

Figure 4.20: Oxygen content values of the Manihot glaziovii and sweet sorghum
bioethanol-gasoline blends
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4.6.4. Lower heating value of bioethanol-gasoline blends

The LHVs of the Manihot glaziovii bioethanol-gasoline and sweet sorghum
bioethanol-gasoline blends are shown in Figure 4.21. It can be observed that the LHV
decreased as the bioethanol content was increased in the bioethanol-gasoline fuel
blends. Based on Figure 4.21, LHV of Manihot glaziovi and sweet sorghum bioethanol
were decreased about 3.7 and 4.9%, respectively. The results are slightly better or
similar to Yao and Chiang (2009), where LHV decreased by 4.9%. Instead, for pure
bioethanol, the LHV is well defined. At ethanol content increasing, the LHV decreases,
and therefore, a higher fuel flow rate, with respect to gasoline, is necessary at parity of
engine load and efficiency. Instead, at ethanol content increasing in gasoline, the air
mass required to burn the same mass of fuel in stoichiometric conditions decreases. The
heat content of stoichiometric mixture takes into account both the LHV and the
stoichiometric air fuel ratio. The fact that this value is similar for all the tested blends
implies that the total mass flow rate (air + fuel) is only slightly reduced, at parity of
engine load and efficiency and at ethanol content increasing. Therefore the same mass
has to be aspirated by the engine. Anyway, a higher heat of vaporization of ethanol can
reduce the mixture temperature, increasing the density and reducing the volume of the
mixture to be aspirated (De Simio et al., 2012).

The highest LHVs were obtained for the blends with 5% of Manihot glaziovii and
sweet sorghum bioethanols, with a value of 42.82 and 42.13 MlJ/kg, respectively. In
contrast, the lowest LHVs were obtained for the blends with 20% of Manihot glaziovii
and sweet sorghum bioethanols, with a value of 41.28 and 40.14 MJ/kg, respectively.
Decreasing LHV was followed by an increase in oxygen concentration in the blends
with 20% of bioethanols. Indeed, lodice et al.(2016) and Schifter et al. (2011) found that

the higher oxygen content will improve the combustion characteristics and reduce
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exhaust emissions, but this comes at the expense of a reduction in the heating value of

the fuel.
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Figure 4.21: Lower heating values of the Manihot glaziovii and sweet sorghum

bioethanol-gasoline blends
4.6.5.Research octane number of the bioethanol-gasoline blends

According to the SAE J1297 standard (SAE J1297, 2007) and Andrae (2008), the
RONSs of ethanol are 129 and 128, respectively. By definition, fuel octane rating in a
spark ignition engine is a measure of the resistivity of a fuel to auto-ignition and prevent
engine knocking (Anderson et al., 2012). In describing the RON of bioethanol-gasoline
fuel blend mole basis interpretation is preferred since the air-fuel mixture chemical
molar compositions corresponds to the scale of chemical reaction rates (Anderson et al.,
2010). In this study, the RON of Manihot glaziovii and sweet sorghum bioethanol-
gasoline blends increased with an increase in the percentage of bioethanol and the
RONSs of the blends were higher compared with that for gasoline. According to Aditiya
et al. (2016), the high RON (108) of bioethanol is favorable to prevent engine knocking
and early ignition in internal combustion engines. Because of the high RON for ethanol,

compression ratio before the beginning of engine knocking for the fuel blends can be
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higher than that by gasoline (Foong, 2013). Also, as reported by Kar et al. (2009), with
every addition of 10% of ethanol in the blend ignition timing can be advanced by 5.6%,
which they found the resistance to engine knocking was increased. Moreover, the
addition of ethanol retards short ignition timing and improves engine performance
owing to the improved combustion characteristics of the spark ignition engine (Masum
et al., 2014). The RONs of the Manihot glaziovii and sweet sorghum bioethanol-
gasoline blends are shown in Figure 4.22.
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Figure 4.22: Research octane numbers of the Manihot glaziovii and sweet sorghum
bioethanol-gasoline blends

4.6.6. Summary

Manihot glaziovii and sweet sorghum bioethanols were produced from
enzymatic hydrolysis of Manihot glaziovii and sweet sorghum starches, respectively.
For the enzymatic hydrolysis process, a-amylase from Bacillus licheniformis Type XII-
A and amyloglucosidase from Aspergillus niger were used as the catalysts for
liquefaction and saccharification. The yeast Saccharomyces cerevisiae was used for the

fermentation process. The optimum values of the enzymatic hydrolysis process

parameters for the Manihot glaziovii starch were as follows: (1) substrate loading: 19.99
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%(w/v), (2) a-amylase concentration: 109.97 U/g, (3) amyloglucosidase concentration:
65.98 U/mL, and (4) stroke speed: 51.46 spm. For sweet sorghum starch, the optimum
values of the enzymatic hydrolysis process parameters were as follows: (1) substrate
loading: 19.99 %(w/v), (2) a-amylase concentration: 109.59 U/g, (3) amyloglucosidase
concentration: 36 U/mL, and (4) stroke speed: 63.19 spm. The results showed that the
substrate loading was the most important factor that influences the reducing sugar yield.
The reducing sugar yields obtained from the optimum enzymatic hydrolysis process
parameters were 196.15 and 170.26 g/L for Manihot glaziovii and sweet sorghum,
respectively. For the fermentation process, the optimum yeast concentration, reaction
temperature, and agitation speed were found to be 1.18 g/L, 36.48 °C, and 217 rpm,
respectively, for Manihot glaziovii whereas the values were 1.29 g/L., 35.36°C, and
188.97 rpm, respectively, for sweet sorghum. The Manihot glaziovii and sweet sorghum
bioethanol yields obtained from fermentation by yeast Saccharomyces cerevisiae at
these optimum conditions were 94.45 and 82.13 g/L, respectively. The density and
viscosity were found to be higher for the bioethanol-gasoline blends whereas the LHV's
and RONs were found to be lower compared with those for gasoline.
4.7. Engine performance parameters
4.7.1. Air-fuel ratio

The mixture of air and fuel in an internal combustion motor is a crucial
determinant of the combustion process in the cylinder. Therefore, the mixture of air and
fuel must be as balanced as possible as it will affect the combustion efficiency, engine

power, and emissions (Suiuay et al., 2020). Air-fuel ratio (lambda = A) is a comparison

(AFR)qct

AFR).” where (AFR), is the actual air-fuel ratio and (AFR)y; is the stoichiometric air-
st

fuel ratio of the test fuel (Yiicesu et al., 2007). An ideal mixture of air and fuel promotes
an optimal engine performance, by delivering an efficient fuel consumption and

combustion. The air-fuel ratio theoretically has an important role in understanding how
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a mixture burns, if the ratio of a mixture is lower than the theoretical ratio (A < 1) then
the mixture will become rich and combustion that occurs due to lack of oxygen.
Conversely, if the mixture ratio is higher (A > 1) than the theoretical ratio the mixture
will become lean or too much oxygen in the combustion, while for stoichiometric
mixtures is defined as A = 1 (Schifter et al., 2011; Suiuay et al., 2020). From the results
of the experiment, the value of A obtained is greater than 1 so it is in lean region. Table
4.17 shows the results of air-fuel ratio experiments.

Table 4.17: Air-fuel ratio (1) values of the bioethanol-gasoline blends and gasoline

AFR
x(lambda):ﬁ
Rpm | Gasoline | ME5 | ME10 | ME15 | ME20 | SE5 | SE10 | SE15 | SE20
1600 1.17 | 117 120| 120] 121 |1.17| 1.19] 1.19] 1.21
1800 .19 117 116 | 1.17] 1.18]1.20| 1.16 | 1.19| 1.20
2000 1.15] 1.15 1.13 1.15 1.17 | 1.15| 1.14| 1.15]| 1.17
2200 1.16 | 1.16 | 1.12 ] 1.13 1.16 | 1.15| 1.15| 1.15| 1.16
2400 1.18 | 1.15 1.12 | 1.14| 118 |1.17] 1.16| 1.17] 1.19
2600 1.17 | 116 | 1.16| 1.18] 1.20]1.18| 1.18 | 1.17| 1.20
2800 1.19 117 120] 122 124|119 1.18] 1.20| 1.23
3000 .15 116 1.19] 1.19] 121 ]1.16| 1.16| 1.18| 1.20
3200 1.17 | 1.19] 1.21 1.23 1.251.18| 1.20] 1.20| 1.23
3400 1.14 | 1.19| 124| 126| 127 |1.16| 1.18| 1.21| 1.25

4.7.2. Engine torque

Figure 4.23 displays engine torques (ET) resulted from gasoline and bioethanol-
gasoline blends with respect to the engine speed. It shall be noted that ME and SE
represent the Manihot glaziovii and sweet sorghum bioethanol-gasoline blends,
respectively. As depicted in the Figures, ET increased following the increase of engine
speed. At 3200 rpm, the ET was lower for gasoline (11.04 Nm) compared with that for
the ME20 (11.51 Nm) and SE20 (11.30 Nm) blends. This was indeed expected due to
the bioethanol-gasoline blends contained ~3—7% of oxygen and these blends had higher

octane numbers compared with gasoline, which improved combustion. Even though the
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addition of bioethanol into gasoline decreased its heating value, this was compensated
by the improvement in engine power and torque. This can be attributed to the fact that
bioethanols are oxygenated fuels, which will improve the combustion characteristics
and increase the ET (Karaaslan et al., 2011). In addition, Hsieh et al. (2002) reported
that the heating value of the ethanol/gasoline blends will reduce with the increase of the
ethanol content in the mixtures. However, this consideration does not mean that the use
of ethanol may led to a decreased power output of the engine. In fact, by focusing on the
heating value of the stoichiometric air/fuel mixtures (that is the ratio between the
heating value and stoichiometric air/fuel ratio), it is clear that this parameter represents
the amount of energy introduced in the engine cylinder with the unity mass of
stoichiometric mixture of air and fuel (Iodice et al., 2017). This result is also consistent
with research by Elfasakhany (2015) using a spark-ignition engine, single cylinder, 4-
strokes, and a carburetor fuel system. The study reported that the increase in the
percentage of ethanol content increases engine torque, as the experiment resulted in
engine torque of 3.7% increase at 3000 rpm from combusting E10 compared to using
gasoline. Results from this study are in accordance with those by Najafi et al. (2009),
who reported the combustion characteristics improvement from the increase of ethanol
content in the fuel blend. The air-fuel ratios in this study are A=1.25 and 1.23 for ME20
and SE20, respectively, at an engine speed of 3200, which indicates combustion
conditions in the lean region. At the same air-fuel ratio, ET can also be improved by
charge density increases and the addition of oxygenated alcohol into the fuel blend,

producing a more efficient lean combustion (Masum et al., 2014).

146



—_
[\

11

g

&

E

m

5}

=

=

g

(]
g

on

=)
i3

—&— Gasoline —= - ME5 —aA— MEI10 - € = MEIS5 -+ ME20
7 T T T T T
1600 1900 2200 2500 2800 3100 3400
Engine speed (rpm)

£

&

=

m

5

&

g

o

g

L%D —&— Gasoline —= - SE5 —A—SE10 - © = SE15 ---%--- SE20

7 T T T T T
1600 1900 2200 2500 2800 3100 3400
Engine speed (rpm)
(b)

Figure 4.23: Effect of engine speed of bioethanol-gasoline blend and gasoline fuels
on the engine torque at full throttle conditions (a) Manihot glaziovii (b) sweet
sorghum

4.7.3. Brake power

The brake power (BP) produced plotted against engine speed from engine
performance test by gasoline and bioethanol-gasoline blends is shown in Figure 4.24. In
general, the BP was slightly higher for the ME20 (3.86 kW) and SE20 (3.78 kW) blends
compared with that for gasoline (3.70 kW). The higher BP can be associated with the
combustion improvement due to the ethanol addition in the blend. Furthermore, the
Manihot glaziovii and sweet sorghum bioethanol-gasoline blends have higher oxygen
content, which enhances the reaction between the air and fuel in the combustion. It was
investigated by Al-Hasan (2003) using spark ignition engine (typeToyota-Tercel-3A) at
the throttle opening position and variable engine speed operating conditions. The result

147



showed that increasing brake power continues until the percentage of ethanol reaches
20%. After this point, brake power starts to decrease by about 8.3%. Besides that, the
air-fuel ratios that occur for ME20 and SE20 are A=1.25 and 1.23, respectively, at given
engine speed, and this suggests a lean region. The combustion of gasoline in the engine
test is characterized as the fuel-lean region, which increases combustion performance.
At the same engine speed, the use of bioethanol-gasoline blends enhances the
combustion performance because of their higher oxygen content and this elevates the

engine power (Al-Hasan, 2003; Park et al., 2014).
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Figure 4.24: Effect of engine speed of bioethanol-gasoline blend and gasoline fuels
on the brake power (BP) at full throttle conditions (a) Manihot glaziovii (b) sweet
sorghum
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4.7.4. Brake specific fuel consumption

Variation of brake specific fuel consumption (BSFC) of gasoline and bioethanol-
gasoline blends over a range of engine speed is shown in Figure 4.25. The lowest BSFC
was found at 3200 rpm, with the values of 270.74 and 279.42 g/kWh for the ME20 and
SE20, respectively. At 3200 rpm engine speed, BSFC of gasoline was 288.8 g/kWh,
which is higher than those for the bioethanol-gasoline blends investigated in this study.
The high oxygen content (~3—7%) of the Manihot glaziovii and sweet sorghum
bioethanols results in a lower BSFC value for bioethanol-gasoline blends than that of
gasoline. This is the addition to the lean operation as indicated by the air-fuel ratios (1)
of 1.25 and 1.23 for ME20 and SE20, respectively, at 3200 rpm. Accordance with
Yiicesu et al. (2007), who reported minimum BSFC obtained at 1.05 AFR (}) for all test
fuels and rose up depending on ethanol content. Since no engine modifications were
made in this study, the favorable engine performance can be attributed to the higher
octane numbers of the Manihot glaziovii and sweet sorghum bioethanols, which
improves the combustion characteristics. Najafi et al. (2009) found that the BSFC
values are lower for E5-E20 fuels than that of gasoline due to the ethanol percentage

increase, which improved the engine performance.
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Figure 4.25: Effect of engine speed of bioethanol- gasoline blend and gasoline fuels
on the brake specific fuel consumption (BSFC) at full throttle conditions (a)
Manihot glaziovii (b) sweet sorghum

4.7.5. Brake thermal efficiency

Variation of brake thermal efficiency (BTE) from engine performance test using
gasoline and bioethanol-gasoline blends over a range of engine speed is shown in
Figure 4.26. The maximum BTE values were obtained for the ME20 and SE20 blends,
with a value of 32.21 and 32.10%, respectively. The maximum BTE values for these
blends are higher compared with that for gasoline (28.6%). In comparison with gasoline
fuel, there is an increase in BTE by 11.21 and 10.90% for ME20 and SE20, respectively.
The BTE increases with an increase in the percentage of bioethanol, which conforms
well with the results of Anu Nair et al. (2018). In their experiment using a four-stroke
engine, single cylinder, and a carburetor fuel system, BTE was found to increase by
10.37% when using bioethanol-gasoline fuel blends (E25). Similar results are reported
by Najafi et al. (2009), who observed that the BTE of the bioethanol-gasoline blend of
20% ethanol is 5.8% higher compared with that of gasoline. As the ethanol content
increases in the fuel blend, the indicated work increases (i.e., the indicated efficiency
increases). There is a relationship between the engine speed and the brake thermal
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efficiency, as observed that the brake thermal efficiency reaches a maximum as the
engine speed reaching 3000 rpm. Moreover, the added ethanol produces lean mixtures
that increase the relative air—fuel ratio of 0.925 to a higher value and makes the burning
more efficient. These results are also in accordance with study Datta et al. (2012), in
which they reported an increase in BTE of 6% for E40 compared to gasoline. The
results from this study can be attributed to the greater oxygen content of the Manihot
glaziovii bioethanol-gasoline and sweet sorghum bioethanol-gasoline blends, in
comparison with that of gasoline (Eyidogan et al., 2010). The excess oxygen results in a
better combustion, which improves the BTE (Masum et al., 2015; Schifter et al., 2011).
In addition, the air-fuel ratio (A) that occurs in the lean region, as indicated by the value
of 1.25 and 1.23 for ME20 and SE20, respectively, at 3200 rpm engine speed, and this is
in accordance by Wu et al. (2016) research which reports an increased thermal
efficiency at A = 1.4. In general, the bioethanol-gasoline blends with the highest
percentage of bioethanol (20%) had higher oxygen content, which enhanced the

combustion characteristics, resulting in the highest BTE.
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Figure 4.26: Effect of engine speed of bioethanol- gasoline blend and gasoline fuels
on the brake thermal efficiency (BTE) at full throttle conditions (a) Manihot
glaziovii (b) sweet sorghum

4.7.6. Summary

In general, the Manihot glaziovii and sweet sorghum bioethanol-gasoline blends
improved the performance of the single-cylinder four-stroke spark ignition engine, as
indicated by the higher ET, BP, and BTE, as well as lower BSFC. The highest BTE
values were obtained for the ME20 and SE20 blends, with a value of 32.21 and 32.10%,
respectively, which were higher than that for gasoline (28.61%). In addition, the BSFC
was the lowest for the ME20 and SE20 blends at 3200 rpm, with a value of 270.74 and
279.42 g/kWh, respectively. In contrast, the BSFC was higher for gasoline (288.79
g/kWh) at this engine speed. Also, the air-fuel ratio (1) shows a lean region of 1.25 and

1.23 for ME20 and SE20, respectively, at 3200 rpm engine speed.
4.8. Exhaust emission parameters
4.8.1. Carbon monoxide emissions

CO is a relatively unstable gas and tends to react with other compounds. Figure
4.27 shows CO emissions resulted from engine test using gasoline and bioethanol-

gasoline fuel blends over a range of engine speed. From this Figure, it can be observed
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that the fuel blends resulted lower CO emissions than that by gasoline. At 3000 rpm
ME20 and SE20 produced the lowest CO emissions with a value of 1.06 and 1.19
%(v/v), respectively. In contrast, the CO emissions obtained for gasoline were 1.59
%(v/v) at this engine speed, which were higher compared with the bioethanol-gasoline
blends. As the bioethanol content increases, the CO emissions decrease. CO emissions
were also observed decreased as the engine speed increased due to the higher air-fuel
ratio (A), which improved combustion (Canakci et al., 2013; Ozsezen & Canakci, 2011).
The ratio air-fuel for ME20 and SE20 is A = 1.21 and 1.20, respectively, at 3000 rpm
engine speed and this condition is a lean region. This result is also in accordance with
Wu et al. (2016), who reported a decrease in CO emissions at an air-fuel ratio (A) of 1.2.
In addition, according to Deng et al. (2019) in their research using a single-cylinder
four-strokes motorcycle, they explained that CO emission drops sharply when the air-
fuel ratio changed from rich to lean. Specifically, at full load, the CO emission
decreases about 4 times when A changes from 0.85 to 1.1 and continues to decrease until
at A = 1.2. Bioethanols have higher oxygen content compared with gasoline, and this
essentially provides more oxygen during the combustion process. This oxygen excess in
the fuel blend results in a Heaning effect”. In other words, as the ethanol content in the
blend is increased the combustion is leaner, close to stoichiometric combustion and
results in better combustion characteristics.

The high heat of vaporization results in a lower energy content, which reduces
the adiabatic flame temperature (Canakci et al., 2013). As an oxygenated fuel,
bioethanol-gasoline fuel blend carries a high oxygen content, which allows the engine to
operate close to stoichiometric combustion. This increases the combustion temperature
and therefore, most of the CO are oxidized into CO,, such that a lower amount of CO
emissions is detected in the exhaust (Alptekin et al., 2015). Charge cooling effect is

possible with the fuel blend due to the high latent heat of vaporization, and this
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decreases the temperature, which increases the volumetric efficiency. For this reason,
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Figure 4.27: Effect of engine speed of bioethanol-gasoline blend and gasoline fuels

on the carbon monoxide emissions (CO) at full throttle conditions (a) Manihot

glaziovii (b) sweet sorghum
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4.8.2. Unburned hydrocarbon emissions

Hydrocarbon (HC) emissions from engine performance test using gasoline and
bioethanol-gasoline fuel blends over a range of engine speed is depicted in Figure 4.28.
Overall, bioethanol-gasoline fuel blends produced lower HC emissions than that of
gasoline. At 3000 rpm, ME20 and SE20 blends produced the lowest HC emissions of
31.46 and 32.75 ppm, respectively. However, the lowest HC emissions obtained for
gasoline was 40.31 ppm at 3000 rpm, which was higher than those for the ME20 and
SE20 blends. As the ethanol content in the fuel blend increases, the HC emissions
decrease. These results are in accordance with study Schifter et al. (2011). They
conducted an experiment using a single cylinder spark ignition engine and reported that
a 19% reduction in HC emission when using fuels containing 20% ethanol.

In addition, the air-fuel ratio is A = 1.21 and 1.20 for both ME20 and SE20 fuels,
respectively, at 3000 rpm engine speed improves the HC emission. This is consistent
with the research by Wu et al. (2016), who reported a decrease in HC emission resulted
from combustion in lean areas with air fuel ratio range from A = 1 to 1.2. This is mainly
because of the appropriate lean burn condition (A = 1.2) benefits more efficient
combustion. The combustion gets leaner and approaches stoichiometric as the engine
speed increases. Consequently, as the ethanol content increases the HC emissions

decrease (Chansauria & Mandloi, 2018; Saikrishnan et al., 2018).
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4.8.3. Nitrogen oxide emissions

Figure 4.29 shows the NOy emissions for the gasoline and bioethanol-gasoline

gasoline blends were higher than

blends. In general, the NOy emissions of bioethanol-

those of gasoline. The highest NOy emissions were obtained for the ME20 and SE20
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blends at 1600 rpm, with a value of 221.58 and 226.75 ppm, respectively. The lowest
NOy emissions were obtained for the MEOS and SEOS5 blends at 3000 rpm, with a value
of 37.74 and 38.99 ppm, respectively. The NOy emissions for gasoline were lowest
(32.47 ppm) at 3000 rpm and highest (177.15 ppm) at 1600 rpm. The operating lambdas
in this study for ME20 and SE20 of 1.21 and 1.20, respectively, also contribute to the
NOx emission. This is also agreed by the research of Deng et al. (2019), who
experimented using a 4-stroke and single-cylinder motorcycle gasoline engine. They
reported that the NOy formation increases by a large margin when the air-fuel ratio
changes from rich region to lean region, for instance, at A = 1.1 and 100% engine load
the NOy value is about 2.4 times relative to that of A = 0.85.

In general, NOy are formed at higher combustion temperatures, and the adiabatic
flame temperature (maximum temperature of the reactants in the combustion process)
occurs when the combustion approaches stoichiometric conditions. The addition of
bioethanol into gasoline results in a leaner air-fuel mixture, resulting in an almost
stoichiometric conditions, which increases the combustion temperature. Consequently,
bioethanol-gasoline fuel blends result greater NOy emissions compared with those of
gasoline, regardless of the engine speed. The higher cylinder temperatures at 3200 and
3400 rpm resulted in higher NOy emissions, as shown in Figure 4.29. In general, the
production of NOy are highly reliant to the air-fuel ratio and combustion temperature.

Besides that, greater combustion temperature of bioethanol due to the high
oxygen content from the bioethanol produces more NOy emissions (Celik, 2008;
Masum et al., 2013). NOy emissions vary following the amount of ethanol content in the

fuel blend and engine operation conditions.
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4.8.4. Summary

The results showed that the CO and HC emissions were the lowest for the ME20
(1.06 %(v/v) and 31.46 ppm, respectively) and SE20 blends (1.19 %(v/v) and 32.75
ppm, respectively) among all of the fuels tested in this study. These emissions were
higher for gasoline, with a value of 1.59 %(v/v) and 40.31 ppm, respectively. The NOy
emissions were the lowest for the MEO5 and SEO5 blends at 3000 rpm, with a value of
37.74 and 38.99 ppm, respectively. In contrast, the NOy emissions were lower for

gasoline (32.47 ppm) at this engine speed.
4.9. Corrosion of copper coupons immersed in the bioethanol-gasoline blends
4.9.1. Surface morphologies

Figure 4.30 shows the color changes of the copper coupons immersed in the
gasoline and bioethanol-gasoline blends at different immersion times (800, 1600, and
2400 h) performed at room temperature (25-30°C). In general, the chosen immersion
times were sufficient to achieve reaction equilibrium of copper-fuel the static immersion
tests. Specimen‘s weight losses can be observed to analyze the timing variation to reach
copper-fuel equilibrium. There was no significant change in the color of the copper
coupons immersed in gasoline. In contrast, there were significant changes in the color of
the copper coupons immersed in the bioethanol-gasoline blends. As the ethanol content
in the blend and the immersion time increased, the color changes were apparent, where
the copper coupons became more tarnished, as evidenced from the lack of metallic
luster. The presence of tarnish was most apparent for the copper coupons immersed in

the ME20 and SE20 blends for 2400 h, indicating the occurrence of corrosion.
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(2)

(b)

Figure 4.30: Photographs of the copper coupons immersed in the (a) Manihot
glaziovii bioethanol-gasoline blends and (b) sweet sorghum bioethanol-gasoline
blends for 0, 800, 1600, and 2400 h

The surface morphologies of the copper coupons immersed in the bioethanol-
gasoline blends (MEO5, ME10, ME15, ME20, SE05, SE10, SE15, and SE20) for 800
and 2400 h were examined by SEM. The SEM images (magnification: 7000%) of the
copper coupons are shown in Figures 4.31—4.34. It can be seen that the copper coupons
immersed in the ME20 and SE20 blends had higher localized pitting rates compared
with those immersed in gasoline. In general, there was no severe corrosion and pitting
damage in the copper coupons immersed in gasoline. However, pits were observed in
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the copper coupons immersed in the bioethanol-gasoline blends, where the number and
size of the pits became more pronounced as the ethanol content in the blend. This can be
associated with the higher oxygen content of the Manihot glaziovii and sweet sorghum
bioethanols. In addition, the surface morphologies of the copper coupons were
influenced by the immersion time. The copper coupons immersed for 800 h showed
small round pits on the surface whereas black pits were distributed on the surface of the
copper coupons at 2400 h. The formation of pits and some damage on the copper
surface was observed for copper coupons immersed in fuel blends with a higher
percentage of bioethanol. The highest number of small pits was observed for copper
coupons immersed in the ME20 and SE20 blends. Copper reacts with oxygen to form
copper(Il) oxide (CuO) and the reduction of CuO produces copper(I) oxide (Cu,O).
These are the main corrosion products observed for copper coupons immersed in
bioethanol (Kannan et al., 2014). In this study, the ME20 and SE20 blends resulted in
more severe corrosion compared with the other bioethanol-gasoline blends because of
their higher oxidation products and water content. In addition, the hygroscopic nature of
ethanol attracts water into the fuel, which leads to the formation of a mixture of water-
ethanol and gasoline, or a two-phase mixture, from the single-phase ethanol-gasoline
blend. With this phase separation, the metal immersed in the fuel is more susceptible to
corrosion (Thangavelu et al., 2016b). The formation of pits on the metal surface as a
result of corrosion can be reduced by using antioxidants at ambient temperature. The
water presence in the conical flasks used for the static immersion tests is also another
factor that contributes towards corrosion of the copper coupons. The pits on the surface
of the copper coupons immersed in the ME20 and SE20 blends (Figure 4.31) appeared
darker owing to the formation of CuO (Thangavelu et al., 2016a). The morphologies of
the pits and mechanism of pitting corrosion are influenced by the negative and positive

ion concentrations in the bioethanol-gasoline fuel blends. Study by Mankowski et al.
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(1997) reported that the reaction of copper with oxygen forms an outer layer of an
oxygen-rich CuO/CuCOs;, which then followed by an inner layer of Cu,O. Through
CuO layer eradication on copper surface, more pits are formed with the formation of
Cu,0. Studies by Lou et al. (2009) and Sridhar et al. (2006) agree with the results, as
they found that oxygen had the most significant effect on corrosion. The SEM images
indeed indicate the presence of oxide layers on the surface of the copper coupons. This
is likely because the protective oxide layers dissolve at room temperature, which
hinders passivation and keeps the metallic sites in the active state (Tabish, 2018). In
general, the prolonged immersion of copper coupons in the bioethanol-gasoline blends

can lead to corrosion, resulting in discoloration of the specimens.

(a) (b) (©

(d) (e)
Figure 4.31: SEM images (magnification: 7000x) of the surface of the copper

coupons immersed in (a) gasoline, (b) MES, (¢c) ME10, (d) ME15, and (e¢) ME20 at
room temperature (25-30°C) for 800 h
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(a) (b) (c)

(d) (e)

Figure 4.32: SEM images (magnification: 7000x) of the surface of the copper
coupons immersed in (a) gasoline, (b) MES, (¢c) ME10, (d) ME15, and (e¢) ME20 at
room temperature (25-30°C) for 2400 h

(2) (b) (©)

(d) (e)

Figure 4.33: SEM images (magnification: 7000%) of the surface of the copper
coupons immersed in (a) gasoline, (b) SES, (¢) SE10, (d) SE15, and (e) SE20 at
room temperature (25-30°C) for 800 h
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(a) (b) (c)

(d) (e)

Figure 4.34: SEM images (magnification: 7000%) of the surface of the copper
coupons immersed in (a) gasoline, (b) SES, (c) SE10, (d) SE15, and (e) SE20 at
room temperature (25-30°C) for 2400 h

Figure 4.35 shows the EDX spectra of the corroded copper surfaces after
immersion in the bioethanol-gasoline blends for 2400 h. Based on the results, it can be
deduced that metal oxides composed of carbon and oxygen are present on the corroded
surface of the copper coupons. This confirms the formation of copper oxides on the
copper surfaces observed in the SEM images. The prolonged immersion time (2400 h)
also resulted in a high concentration of oxygen on the copper surfaces. The oxygen
concentration was 1.61 %(w/w) for the copper coupon immersed in gasoline whereas
the oxygen concentrations were 15.57 and 19.66 %(w/w) for the copper coupons
immersed in the ME20 and SE20 blends, respectively. The formation of copper oxides
on the copper surfaces immersed in the ME20 and SE20 blends can be attributed to the
hygroscopic nature of the bioethanols. Similar results are also studied by Thangavelu et

al. (2016a). They reported that the corrosion potential of copper in the bioethanol
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gasoline blends (E25) at room temperature for 1400 h is 0.285 mm/year. This is due to
the faster formation of cuprite oxide in the aggressive environment, which provides

anticorrosion protection to copper (Baena et al., 2012).

Element Element Atomic Percent

symbol name  weight by weight
Cu Copper |71.89 192.75

C Carbon [23.16 |5.65

0] Oxygen [4.95 1.61

(a)

Element Element Atomic Percent
symbol name  weight by weight
Cu Copper [57.96 87.24
C Carbon |33.53 9.54
0] Oxygen |8.51 3.23
(b)
Element Element Atomic Percent
symbol name  weight by weight
Cu Copper |43.58 79.53
C Carbon |47.54 16.40
0] Oxygen |8.87 4.08
(c)
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Element Element Atomic Percent
symbol name  weight by weight
Cu Copper [45.66 80.23
C Carbon |38.67 12.84
O Oxygen |15.67 6.93

(d)

Element Element Atomic Percent
symbol name  weight by weight
Cu Copper [31.28 67.92

C Carbon [40.24 16.51

0) Oxygen [28.48 15.57

(e)

Element

symbol

Element Atomic Percent

name
Copper

weight
66.43

by weight
90.53

Carbon

23.98

6.18

Oxygen

9.59

3.29

0]
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Element Element Atomic Percent

symbol name  weight by weight

Cu Copper [40.23 |77.24
C Carbon |50.85 |[18.45
O Oxygen |8.92 4.31
(2

Element Element Atomic Percent
symbol name  weight by weight
Cu Copper [50.51 |82.62
C Carbon |29.21 [9.03
O Oxygen [20.28 |8.35

(h)

Element Element Atomic Percent
symbol name  weight by weight

Cu Copper [29.55 |65.56

C Carbon |35.25 |14.78

O Oxygen [35.20 [19.66
®

Figure 4.35: Elemental compositions of the copper coupons immersed in (a)
gasoline, (b) MEOS, (¢) ME10, (d) ME1S5, (e) ME20, (f) SE05, (g) SE10, (h) SE15,
and (i) SE20 for 2400 h at ambient temperature
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4.9.2. Corrosion rate

Figure 4.36 shows the corrosion rates of the copper coupons immersed in the
gasoline and bioethanol-gasoline blends at different immersion times. It can be observed
as ethanol content increased the corrosion rate increased accordingly. After immersion
for 800 h, the corrosion rate was found to be lower for the copper coupon immersed in
gasoline (0.00084 mm/year) compared with those for the copper coupons immersed in
the MES (0.00132 mm/year), ME10 (0.00144 mm/year), ME15 (0.00252 mm/year), and
ME20 (0.00286 mm/year) blends. The results conform well with those of Jafari et al.
(2011) who reported that the corrosion rate increases accordingly as the ethanol content
in the fuel blend increases. Jafari et al. (2011) researched the corrosion behavior of
metal materials (copper) in a gasoline-ethanol blend. They reported an increase of
corrosion rate by 2.11 x 10 mm/year in gasoline blended with 15% ethanol. Besides,
Kannan at al. (2014) reported a higher corrosion rate with E85 than the corrosion rate
due to E10 and EO. Copper corrosion rate after 1320 hours immersion is 0.720 mm/year
for E85 mixed fuel, and this is similar to that reported by Thangavelu et al. (2016a).
They observed 0.285 mm/year corrosion potential of copper in the bioethanol gasoline
blends (E25) at room temperature for 1400 h.

This is also apparent for the copper coupons immersed in the sweet sorghum
bioethanol-gasoline blends, where the corrosion rate was lower for the copper coupon
immersed in gasoline (0.00084 mm/year) compared with those immersed in the SES
(0.00142 mm/year), SE10 (0.00148 mm/year), SE15 (0.00284 mm/year), and SE20
(0.00299 mm/year) blends for 800 h. This increase is associated with the greater oxygen
content of the sweet sorghum bioethanol compared with that for the Manihot glaziovii
bioethanol. Also, the hygroscopic nature of bioethanol promotes corrosion (Singh et al.,
2018). Mat¢jovsky et al. (2017) reported that as the content of ethanol in fuel increases

more the conductivity and ability of the fuel to absorb water, hence the fuel is becoming
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more corrosive. The corrosion rates of immersed copper are 0.0052, 0.0054, and 0.0072
mm/year for E40, E60, and E85, respectively. In addition, higher engine speeds can lead
to mechanical wear and abrasive effects. The erosion of passive coatings on the surface
can also increase the likelihood of corrosion. Copper reacts with oxygen to form the
outer layer of an oxygen-rich CuO/CuCOs and an inner layer of Cu,O. More pits are
formed with the formation of the Cu,O layer due to the CuO layer annihilation on the
copper surface. Therefore, the changes in the fuel viscosity allows carbon to be
transported to the metal surface and deposit in the active areas. Therefore, larger anodes
and smaller cathodes result in a higher corrosion rate. A greater amount of bioethanol in
the blend and a higher fuel viscosity can lead to the formation of more pits (pitting

damage), which will alter the morphology of the copper surface.
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Figure 4.36: Corrosion rates of the copper coupons immersed in the gasoline and
bioethanol-gasoline blends for 80, 1600, and 2400 h at room temperature

169



4.9.3. Effects of corrosion on the properties of the bioethanol-gasoline blends
4.8.3.1. Total acid number

In petrochemical substances, TAN represents the summation of acidic
compounds in the samples, using acid-base titration method where KOH is used as the
titrant. In expressing TAN, units milligrams of KOH per gram of sample is used. The
tested samples are diluted with isopropyl alcohol since they are non-aqueous, and

isopropyl alcohol is a solvent for KOH. The TAN is given by:

Ctitrant(€q/L) X Vijtrane(mL)

TAN KOH/g) =
(mg 0 /g) netitral’ltxmsample(g)

X Mgon(g/mol)

4.2)
O-l(eq/L) X Vtitrant(m]-‘)
1x msample (g)

TAN (mg KOH/g) = %X 56.11(g/mol)

where Viitrant 18 the volume in milliliters (mL) of the NaOH solution, Mgy 1s the exact
concentration of the standard NaOH solution in grams per mole (g/mol), and mg,mpe 18
the mass of the test sample in grams (g).

The TAN values of the gasoline and bioethanol-gasoline blends were measured
before and after the static immersion tests at different immersion times and the results
are shown in Figure 4.37. After 2400 h of immersion, the TAN was slightly lower for
gasoline (0.54 mg KOH/g) compared with those for the ME5 (0.55 mg KOH/g), ME10
(0.57 mg KOH/g), ME15 (0.60 mg KOH/g), and ME20 (0.62 mg KOH/g) blends. TAN
values for the sweet sorghum bioethanol-gasoline blends were slightly higher, with
values of 0.57, 0.60, 0.63, and 0.67 mg KOH/g for the SES, SE10, SE15, and SE20
blends, respectively. The TAN is increased of 0.51 and 0.58 mg KOH/g for the Manihot
glaziovii (ME20) and sweet sorghum (SE20) bioethanol-gasoline blends, respectively.
These results are consistent with research conducted by Kannan (2014), who reported
an increase in TAN by 0.133 mg KOH/g in the E85 fuel blend exposed to copper. The

results indicate that the percentage of bioethanol and immersion time have a high
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influence on TAN values of the bioethanol-gasoline blends. From the results, it can also
be observed that copper is a strong catalyst for the oxidation of the bioethanol-gasoline
blends, as indicated by the increase in the TAN values. The results from this study are in
agreement with those by Thangavelu et al. (2016a). According to Kaul et al. (2007),
even though TAN is not a measure of the oxidation rate, it provides an indication of the

oxidation rate.
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Figure 4.37: Total acid numbers (TANSs) of the bioethanol-gasoline blends and
gasoline when the copper coupons were immersed in these fuels for 0, 800, 1600,
and 2400 h at room temperature

4.8.3.2. Density

Figure 4.38 shows the density values of the bioethanol-gasoline blends and
gasoline when the copper coupons were immersed in these fuels at different immersion
times at room temperature. After immersion for 2400 h, gasoline had the lowest density
(758.64 kg/m’) compared with the ME5 (765.05 kg/m’), ME10 (768.72 kg/m’), ME15
(771.85 kg/m’), ME20 (775.67 kg/m’), SE5 (762.84 kg/m’), SE10 (770.68 kg/m’),
SE15 (773.68 kg/m®), and SE20 (778.45 kg/m’) blends. The results indicate that the
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percentage of bioethanol in the fuel blends and the immersion time have a significant
effect on the density of the fuels. Higher concentration of bioethanol will cause more
corrosion spot on the metallic coupons. In addition, copper corrosion has a significant
effect on the fuel density, regardless if it is gasoline or bioethanol-gasoline blends. The
density increases by 1.45% for the Manihot glaziovii bioethanol-gasoline blends
(ME20), and the value is slightly higher (1.74%) for the sweet sorghum bioethanol-
gasoline blends (SE20) after immersed for 2400 h. In addition, the maximum acceptable

limit for density of fuel grade ethanol is 791.5 kg/m3 (ASTM D4806) (Thangavelu et

al., 2016a).
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Figure 4.38: Density values of the bioethanol-gasoline blends and gasoline when the
copper coupons were immersed in these fuels for 0, 800, 1600, and 2400 h at room
temperature

4.8.3.3. Viscosity

Figure 4.39 shows the viscosity values for the gasoline and bioethanol-gasoline

blends when the copper coupons were immersed in these fuels at different immersion
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times at room temperature. In general, the viscosity values were higher for the sweet
sorghum bioethanol-gasoline blends compared with the Manihot glaziovii bioethanol-
gasoline blends and gasoline. As shown in Figure 4.39, the highest viscosity was
obtained for the SE20 blend (0.8 mm?/s), followed by the ME20 blend (0.78 rnmz/s)
after 2400 h. In contrast, the viscosity of gasoline was 0.62 mm?/s after 2400 h. The
viscosity is increased of 6.53 and 8.26% for the Manihot glaziovii (ME-20) and sweet
sorghum (SE-20) bioethanol-gasoline blends, respectively. The results indicate that the
percentage of bioethanol and immersion time have a significant effect on the viscosity
of the bioethanol-gasoline blends. Copper also has a pronounced effect on the fuel
viscosity.

According to Thangavelu et al. (2016a) there is an increment in the viscosity of
E25 and E50 in the bioethanol gasoline blends. Whereas the copper exposed to
bioethanol fuel E5S0 shows a higher increment (20%) in viscosity compared with copper
exposed to fuel blend E25. The increase in viscosity of bioethanol gasoline blends is
due to the increment of oxidation products and the transformation of metal elements in
the fuel blends in the presence of oxygen (Fazal et al., 2010). The increasing viscosity
leads to the formation of products that are likely to cause changes in the quality of fuels
(affecting their physical and chemical properties), and it may accelerate the oxidation of
hydrocarbon ingredients of the fuel. This then leads to the development of gum and

sludge in the fuel (Zidtkowska & Wardzinska, 2015).
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Figure 4.39: Viscosity values of the bioethanol-gasoline blends and gasoline when
the copper coupons were immersed in these fuels for 0, 800, 1600, and 2400 h at
room temperature

4.8.3.4. Fourier transform infrared spectra of the sediment formed on the surface

of the copper coupons

FTIR spectroscopy is a well-established analytical technique to characterize
materials. This characterization technique operates based on the principle of the
vibrations and rotations of the bonds between the atoms or functional groups under
exposure of a specific frequency, and this correlates to the chemical structure of the
tested material (Linder, 2012). As the name implies, FTIR spectroscopy involves the use
of the Fourier transform to analyze the spectroscopy results. This method utilizes the
absorption differences of infrared radiation. The infrared region of the electromagnetic
spectrum falls within a wavenumber range of 14000-10 cm'. Based on the
wavenumber, the infrared region are categorized as: (1) near-infrared (14000—4000
cm '), which is sensitive to vibration overtones, (2) mid-infrared (4000400 cm ') is

related to the vibrational energy transition from the molecules, which provides
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information on the group-group functions in the molecule, and (3) far-infrared (400-10
cm '), which is used to analyze molecules containing heavy atoms such as inorganic
compounds. However, special technique is required for far-infrared FTIR spectroscopy
(Griffiths & De Haseth, 2007). Mid-infrared region is commonly utilized for FTIR
spectrometers, however the use of near- and far-infrared regions are also beneficial in
providing further information about certain materials (Stuart, 2015). In this study, a
FTIR spectrometer (Tensor 27, Bruker Optik GmbH, Germany) was used to obtain the
mid-infrared region (wavenumber range: 4000400 cm ') FTIR spectra and to
determine the functional groups present in the sediment formed on the copper coupon
surface in the immersion test in gasoline and bioethanol-gasoline blends for 2400 h.

Figure 4.40 shows the FTIR spectra of the sediment formed on copper coupon
surface after 2400 h immersion test using gasoline and bioethanol-gasoline blends.
Function group region is defined by the left region of 1500 cm ™', while the right of this
wavelength is called the fingerprint region. As shown in Figure 4.40(a), O—H stretching
vibrations can be indicated by the intense transmittance peak at 3035 cm . C-H
stretching is assigned at the transmittance peak of 2873 cm ™. The transmittance peak at
1610 cm ™' indicates the presence of an alkene group with various C=C bonds. The
transmittance peak at 1496 cm ' with medium intensity indicates the presence of a
alkane group (—CHj3) with C-H bonds. C-C stretching is ascribed by the intense
transmittance peaks of 1461 and 1053 cm ', which indicate the presence of ether
groups.

It can be seen from Figure 4.40(b) that the O-H asymmetric stretching
vibrations is attributed by the intense transmittance peaks at 3027, 3028, and 3030 cm .
C—H asymmetric stretching vibrations is ascribed by the intense transmittance peaks of
2869 and 2874 cm . C=C symmetric stretching vibrations and C—H stretching

vibrations are ascribed by the transmittance peaks of 1608 and 1456 cm ', respectively.
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C—C antisymmetric stretching vibrations is assigned by the transmittance peaks at 1051
and 1032 cm ™.
The wavenumbers, band assignment, functional groups, and transmittance

intensities of the peaks detected in the FTIR spectra are presented in Table 4.18.

(2)

(b)
Figure 4.40: FTIR spectra of the sediment formed on the surface of the copper

coupons after immersion in gasoline, (a) Manihot glaziovii bioethanol-gasoline
blends and (b) sweet sorghum bioethanol-gasoline blends for 2400
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4.9.4. Summary

Gasoline containing higher amounts of bioethanol significantly influences the
corrosion of ferrous and nonferrous metals. The highest corrosion rate was observed in
copper in the contaminated MES—ME20 and SE5—SE20 fuel. This can be related to the
contents of water and acidic substances and the solubility of oxygen in the fuel, which
are increased along with the increasing content of ethanol. Corrosion tests were carried
out at room temperature by immersing copper coupons in bioethanol-gasoline blends at
different immersion times (800, 1600, and 2400 h) and the corrosion rates and fuel
properties were analyzed. The corrosion rate of metals in ME20 and SE20 are found
high. The phenomenon is caused by the degradation of bioethanol fuel properties upon
exposure to metals, and this is identified by TAN, acidity, density, viscosity, and color
changes. Moreover, copper elements enhance the oxidation of bioethanol. Corrosion and
degradation of fuel properties are 50% high in higher ethanol blends (ME20 and SE20)
compared with lower ethanol blends (ME5 and SES5). The results reveal that the low
ethanol concentration (up to E20) is considered feasible in terms of material
compatibility.

Presumably, hydrated copper oxide is formed on the copper surface during the
tests at room temperatures, which copper reacts with oxygen and forming the red copper
oxide according to the following reaction (equation 4.3):

6C,H:O0H + 2Cu — 3H, + 2Cu (C,Hs0)5 (4.3)

The reaction involves the substitution of the copper atom originating from the
metal or from the oxide film with a hydrogen atom originating from bioethanol, which
hydrogen and copper acetate are formed. The SEM images suggest that the copper
coupons immersed in the ME20 and SE20 blends have a higher number of local pits
compared with the copper coupon immersed in pure gasoline. The EDX spectra reveal
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the presence of metal oxides (composed of carbon and oxygen) on the surface of the
corroded copper coupons. The present results indicate that the test samples of
bioethanol gasoline blends show a lower corrosive effect on the copper selected for the
corrosion tests. This confirms literature reports relating to the adverse effect of the bio
component on the durability of structural materials. Considering the duration of fuel
immerse time and the corrosion rate for bioethanol gasoline test samples up to 2400 h
which is a beneficial phenomenon such as impedance spectroscopy, techniques enabling
a microscopic examination of the surface condition and composition, as well as
measuring the rate of corrosion, initiated in the early immerse the copper in bioethanol

gasoline blends.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The escalating demand for energy is a universal problem. The gradual depletion of
fossil fuel reserves over the years and the growing concern over the environmental
impact of fossil fuel combustion have led to a pressing need to search for alternative
sources of energy that are both renewable and sustainable. One of the ways to fulfill this
need is to produce bioethanols and their blends from non-edible feedstocks. This study
explores the potential of producing bioethanols from Manihot glaziovii tubers and sweet
sorghum grains, which are both non-edible feedstocks. Optimization was used to design
the experiments for the enzymatic hydrolysis and fermentation processes and the ANN-
GA models were used to optimize the parameters of these processes. Following this, the
effect of bioethanol-gasoline blends on engine performance, exhaust emission and
copper corrosion was also investigated. The following conclusions were drawn based on
the findings:

1. Manihot glaziovii tubers and sweet sorghum grains were found to be potential
feedstocks for bioethanol production because of their high starch content. Their
wide availability in the tropical regions in South-East Asia makes these feedstocks
a practical solution for bioethanol production in this region and help tackle the
food versus fuel issue, considering that these feedstocks are non-edible and
inexpensive. The carbohydrate content is above 70 %(w/w) for Manihot glaziovii
and sweet sorghum starches, which carries great potential for bioethanol
production.

2. The optimum substrate loading, o-amylase concentration, amyloglucosidase
concentration, and stroke speed were determined for enzymatic hydrolysis of

sweet sorghum starch were found to be 19.99 %(w/v), 109.59 U/g, 36 U/mL, and
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63.19 spm, respectively. The corresponding reducing sugar yields for enzymatic
hydrolysis of Manihot glaziovii and sweet sorghum starches were 196.15 and
170.26 g/L, respectively. The optimum yeast concentration, reaction temperature,
and agitation speed were found to be 1.18 g/L, 36.48°C, and 217 rpm,
respectively, and the corresponding Manihot glaziovii bioethanol yield was 94.45
g/L. The optimum yeast concentration, reaction temperature, and agitation speed
were determined to be 1.29 g/L, 35.36°C, and 188.97 rpm, respectively, and the
corresponding sweet sorghum bioethanol yield was 82.13 g/L.

Energy consumption from Manihot glaziovii and sweet sorghum from this study is
summed to 103.95 kWh. It is obvious in bioethanol production that there have
been many significant signs of progresses, including in renewable biomass
pretreatment, reducing glucose production and fermentation of glucose (pentose
and hexose) as well as bioethanol separation and purification in the recent
decades. Therefore, the energy consumption concept is needed to utilize
renewable feedstocks more comprehensively and to manufacture more value-
added coproducts that would reduce the cost of bioethanol production, hence it
can be viable with economically competitive prices.

The properties Manihot glaziovii and sweet sorghum bioethanols fulfilled the
specifications ASTM D4806 standard. The density of Manihot glaziovii and sweet
sorghum bioethanols were found to be 803.7 and 807.9 kg/m”’, respectively, which
were within the range of 785-809.9 kg/m’. The LHV of the Manihot glaziovii and
sweet sorghum bioethanols were 27.3 and 26.9 MJ/kg which were close to ASTM
D4806 standard (29.7 MIJ/kg). Moreover, the density of bioethanol gasoline
blends ME20 and SE20 are 764.6 and 765.1 kg/m® which are close to gasoline.
Based on the results of the engine tests, the ET was found to increase whereas the

BSFC decreased with an increase in the engine speed up to 3400 rpm. This can be
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attributed to the leaning effect as a result of blending gasoline with bioethanol.
The BP and BTE were found to increase with an increase in the engine speed for
the bioethanol-gasoline blends. In general, the ME20 and SE20 blends
(percentage of bioethanol: 20%) produced the best engine performance (highest
ET, BP, and BTE, and lowest BSFC) among all of the fuel blends tested in this
study. Thus, these fuel blends appear to be a favorable substitute for gasoline
without compromising the engine performance.

The bioethanol-gasoline blends resulted in lower CO and HC emissions compared
with gasoline because of the leaning effect of the bioethanol-gasoline blends and
the lower molar hydrogen/carbon ratios of the bioethanols. However, the NOy
emissions were higher for the bioethanol-gasoline blends, which is likely because
the combustion regime shifts to stoichiometric combustion, which increases the
combustion temperature, resulting in higher NOy emissions. The highest NOy
emissions were produced for the ME20 and SE20 blends at 1600 rpm, with a
value of 221.58 and 226.75 ppm, respectively. In contrast, the lowest NO
emissions were produced for the MEOS and SEOS5 blends at 3000 rpm, with a
value of 37.74 and 38.99 ppm, respectively.

The corrosion of copper coupons immersed in the bioethanol-gasoline blends
increased with the percentage of bioethanol in the blend and immersion time.
After 800 h of immersion, the corrosion rate was found to be 0.00286 and 0.00299
mm/year for the ME20 and SE20 blends, respectively. In contrast, the corrosion
rate was lower for gasoline, with a value of 0.000841 mm/year. In addition, the
degradation of the fuel properties indicates that the bioethanol-gasoline fuel

blends cause more severe corrosion to copper compared with gasoline.
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5.2. Recommendations for future work

In general, the objectives of this study are achieved. However, there are avenues
for further research. Based on the findings of this study, the following recommendations
are made:

o In this study, ANN modeling was selected because it is useful for virtual
experimentations and therefore, it is suitable to optimize the parameters of the
enzymatic hydrolysis and fermentation processes. In future work, other artificial
intelligence techniques can be used to optimize the bioethanol production
parameters. The ratio of bioethanol produced from the optimum process has the
highest ethanol yield and content, and this is beneficial in the long run as it can
compensate for the use of fossil fuels and less greenhouse gas emissions.
Therefore, it can be further developed to contribute to energy and environmental
goals such as energy return on investment (EROI) in the future. EROI analysis
can be carried out using non-edible feedstock since it has a promising prospect as
an eco-friendly and sustainable feedstock in bioethanol production.

o In this study, two non-edible feedstocks (Manihot glaziovii tubers and sweet
sorghum grains) were used to produce bioethanol and their blends. The produced
bioethanol was further tested through investigation of engine performance and
exhaust emissions of a single-cylinder four-stroke spark ignition engine fueled
with these reflected fuels. Future work can be carried out by exploring other non-
edible feedstocks for bioethanol production and assess the physicochemical
properties, engine performance, and exhaust emissions of the bioethanols and
their blends.

. In this study, the bioethanols were blended with gasoline up to a percentage of
20%. In future work, experiments can be carried out to assess the engine

performance and exhaust emissions of the spark ignition engine fueled with

183



Manihot glaziovii and sweet-sorghum bioethanol-gasoline blends with higher
percentages of bioethanol. In addition, the optimum blend can be determined
based on the following characteristics: minimum exhaust emissions, maximum
engine performance, and maximum combustion efficiency.

Future work can be carried out to investigate the effects of Manihot glaziovii
bioethanol-gasoline and sweet-sorghum bioethanol-gasoline blends on soot and
particular matter emissions and the results can be compared with the
recommended values stipulated in bioethanol standards.

This study can be extended to investigate the combustion characteristics (cylinder
pressure and heat release rate as a function of the crank angle) of the single-
cylinder four-stroke spark ignition engine fueled with the Manihot glaziovii
bioethanol-gasoline and sweet-sorghum bioethanol-gasoline blends.

The corrosion analysis of temperature effect on copper can be performed in the
future study. The effect of temperature can be used for the storage stability of the
blend fuels. This will provide a more in-depth study on the degradation of the
engine components and fuel to investigate the impact and feasibility of using
bioethanol-gasoline blend as the substitute fuels for spark ignition engine in the

long run.
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