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ABSTRACT

Currently, energy resources and the environment have increased interest
and this study concerns alternative sources of energy. Anaerobic digestion or biogas
technology is alternative energy and this biological process using biomass as the
primary feedstock. This thesis investigates the potential of agricultural weed such as
water primrose (Ludwigia hyssopifolia) for biogas production. The first research was
carried out for 45 days of operation from anaerobic mono-digestion of water primrose
in fresh and dry form by using a batch experiment. Pretreatment was applied for
substrate using sodium hydroxide (NaOH) solution (w/v) at different concentrations (0,
1, 2, 3, and 4%) with 10% of total solids (TS) based on dry matter. The results showed
that the treatment with 2% NaOH was the best condition for water primrose in dry
form with the highest performance in biogas yield (8,072.00 mL) and methane content
(64.72%). In order to examine the ability of co-digestion with other substrates, different
pretreatment time (1, 2 and 3 weeks) of water primrose at 2% NaOH was mixed with
cow dung at different ratios (1:1, 2:1 and 1:2 (w/w), water primrose to cow dung).
Among the three mixing ratios of co-substrate tested, the best performance in this
experiment was achieved at mixing ratio 2:1 for 2 weeks’ pretreatment time on water
primrose, including all measurements as biogas production (8,610 mL), methane
concentration (68.2%), and percentage of total solids (70.84%), volatile solids (64.76%),
and chemical oxygen demand (66.55%) removal efficiency. To further support the

result from laboratory-scale experiments, pilot-scale work of anaerobic digestion was



implemented under more realistic conditions and facilitated future practical
application. The best performance of pretreatment time of sodium hydroxide and cow
dung ratio to water primrose was chosen for the pilot-scale experiment. A pilot-scale
experiment was performed in 1000 L of the digester, which gave an average biogas
yield of 1.7 mL/ ¢TS/day with the highest methane content of 68.6%, thereby, proved
that the results from the lab-scale experiment is reliable. The gas produced was
collected for quality upgrading by aqueous solutions of sodium hydroxide (NaOH) and
calcium hydroxide (Ca(OH),) at various concentrations of 1, 2 and 3% (w/v). Also, steel
wool and sponge were employed to reduce H,S and humidity in raw biogas. Biogas
purification in this study aimed to achieve high CO, removal efficiency in biogas stream
at minimal alkali consumption and that feasibility was confirmed. The method's
efficiency using Ca(OH), solution under normal conditions was competitive to the
method using NaOH. Moreover, CO, absorption was more prospective for Ca(OH),
absorbent when 60.33 to 64.00% CO, removal efficiency was achieved compared to
58.38 to 62.91% for NaOH absorbent at 1% and 3% concentration, respectively. After
enriched methane process, the purified biogas of 3% Ca(OH), improved the highest
value of calorific heating value reached to 28.73%. Consequently, with a low
concentration of H,S, CO,, and small operation scale, a simple biogas production and
biogas upgrading model implemented in this study is feasible and would be an

appropriate choice for rural areas.

Keywords :  Biogas Production, Anaerobic Co-digestion, Water Primrose, Cow Dung,

Purification
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CHAPTER 1
INTRODUCTION

1.1 Background

Nowadays energy resources and the environment has increased interest, and
this study concern regarding alternative sources of energy. Especially fossil fuels, which
play a significant role in the development of various industries, transportations,
agriculture sectors and to meet many other basic human needs in modern civilization
(Owusu and Asumadu-Sarkodie, 2016). However, the more fossil fuels use, the more
toxic gases produce on the environment, such as CO,, SOy, and NO,, which is the
primary source of greenhouse gases (Al Seadi, 2008). Therefore, it is necessary to find
out renewable energy to replace energy sources derived from fossil fuels. In this
context, the anaerobic digestion process could be a better option. Furthermore, this is
one of the solutions to solve the biomass waste problems from the crops, agricultural
waste, industrial waste, food waste, chicken waste or animal wastes (Al Seadi, 2008).
Compared to other renewable energy (such as solar, wind, hydro energy) the anaerobic
digestion of biomass was involved less capital investment. In addition, available
biomass sources can easily be found in the rural areas. It is not depended on world
price or the supply uncertainties as of imported and conventional fuels (Rao et al.,
2010).

The production of biogas through anaerobic digestion is not only getting rid of
unwanted wastes but also known to minimize the impact on the environment, energy-
rich methane can be generated biofuel and energy for electricity and heat. Apart from
biogas production, the bio-slurry also produces as a by-product from the anaerobic
process, this is a mixture of digested matter and water with a high concentration of
mineral substances and nutrients that suitable to be used as fertilizer. Therefore, by
changing natural waste into vitality, biogas is using nature’s abundant to reuse
substances into valuable properties (Bonten et al., 2014).

Almost of microorganisms need oxygen to survive, but in specific environments, there

is oxygen-free. Under such an environment, some microorganisms will grow and



develop thanks to the amount of oxygen taken from the material and methane
(Schnurer and Jarvis, 2010). Mostly, these microorganisms exist in swamps, landfills,
covered lagoons, or enclosed tanks called anaerobic digestion. Anaerobic digestion
refers to a process producing biogas by fermenting organic materials in absence of air
or oxygen with the support of microorganisms to breakdown materials into
intermediates to generate mainly methane (CH,) and carbon dioxide (CO,) and along
with other trace gases. The biogas typically has 50-70% methane and 50% carbon
dioxide (Schnurer and Jarvis, 2010).

Once anaerobic digestion is operated, there are some sensitive factors that
should be considered. The imbalances could lead to inhibit or fail the process. Factors
represent important parameters that can affect the efficiency of anaerobic digestion
listed as pH, temperature, total solids, volatile solids, nitrogen ratio, retention time,
etc. Moreover, in order to improve biogas yield, their quality or may reduce the
retention time needed, pre-treatment methods are applied for substrates such as using
fungal, chemical, mechanical, and thermal techniques (Kim et al.,, 2003). In short,
comprehensive knowledge of anaerobic digestion is a key to ensure a stable operation
and cost-effective final product. Biogas is a clean fuel and does not cause air pollution.
It is considered as a better fuel than natural gas because it does not contain sulfur.
Sulfur on burning gets converted into sulfur dioxide, which is responsible for many lung
diseases. The efficient utilization of biogas technology has positive effects on the
national economy and can readily be integrated with rural development as it provides:
no smoking, cleaning fuel for cooking, lighting and running agro-machinery (Kim et al,,
2003).

Water primrose is a semi-aquatic plant, rapid growth and spreading in the
shallow areas of ponds, lakes, and streams, usually in standing water, rice paddies, that
common belonging agricultural area land. Ludwigia hyssopifolia (L. hyssopifolia) is the
scientific name of water primrose, commonly known as seedbox or ‘Tianna’ in Thai,
belongs to Onagraceae family. Extensively in China, South and Southeast Asia, including
Thailand and other tropical countries. Semiaquatic water primrose plants are growing
with food crops. Eradicating weeds with herbicides has been adverse effects in food

production because weeds compete with crops for water, nutrients, and soil. Also,



weeds can harbor insect and disease pests, and noxious weeds and weed seeds can
significantly affect crop quality. Recently, in Thailand agricultural processes focusing on
organic agriculture. Therefore these weeds possible to remove and gradually reduces
the population of weeds from the croplands. On the other hand, this large quantity of
potential biomass can be utilized for biofuel applications directly. Up to now, the
potential energetic of this biomass has not been investigated, meanwhile the biogas
industry's strategy is the input material sources that does replace energy crops and
does not a non-food competition for fuel (Zehnsdorf et al., 2018). There is no literature
available on water primrose related to biogas production. Therefore, it is a new energy
material for biogas production. In this study, the whole parts of water primrose such
as flowers, leaves, stems, fruits, roots will be used as a material to produce biogas
production. Typically, the material should undergo pre-treated before going the
anaerobic process to release much more simple sugars that hold inside the cell wall
of lignocellulosic material. Thus, chemical pre-treatment is applied for water primrose
to increase biogas yield. Besides that, co-digestion of water primrose and cow dung
through anaerobic conditions using different ratios also investigated. The final process
in this study is enhancing methane production from raw biogas, which will be
conducted for a big scale-up by biogas upgrading technologies using a water scrubber

system.

1.2 Objectives of research

1. To investigate the potential of biogas production and energy analyzing from
water primrose and cow dung.

2. To figure out the pre-treatment time and mixing ratio affecting biogas
production under anaerobic conditions.

3. To design and enhance the quality of biogas production through the

purification absorption process and optimize with the engineering model.

1.3 Scope of research
1. Determination of compositions and characteristics of the new energy weed

plant from water primrose and cow dung.



2. Evaluation biogas production of pretreated water primrose with sodium
hydroxide at different periods of time (one to three weeks).

3. Identify the proper mixing ratio of cow dung and water primrose at various
fermentation ratios from 1:1 to 2:1.

4. Pilot-scale testing for biogas production with a capacity of 1000 L volume for
45 days operation.

5. Design biogas upgrading technologies on a lab scale system with chemical

scrubbing process.

1.4 Benefit of research

1. Utilizing the available waste sources from agriculture and livestock to
produce energy-rich gas.

2. It is controlling the rapid spread of weeds in the field without using toxic
methods affecting the environment (pesticides).

3. Appling the research results in rural areas or large farms with high economic
efficiency.

4. This study will be bringing high nutritional value to plants from waste

generated in the anaerobic process.



CHAPTER 2
LITERATURE REVIEW

2.1 Overview of biogas production

Biogas is known as a mixture of gases where organic materials are decomposed
in the absence of oxygen or air by the activity of fermentation bacteria. Biogas consists
mainly of 55-70% methane (CH,), 30-45% carbon dioxide (CO,) and also contains mall
amounts of hydrogen (H,), hydrogen sulfide (H,S), oxygen (O,), Nitrogen (N,) as
presented in Table 2.1 (Jgreensen and Jacob, 2009). Biogas can be produced in a
different environment, including at the bottom of ponds and marshes or the digestive
of ruminants, in landfills, wastewater treatment plants, or anaerobic digestion (Zhao et

al., 2010).

Table 2.1 Typical composition of biogas

Compound Percentage
Methane, CH, 55-70
Carbon dioxide, CO, 30-45

Ammoniac, NH,

Hydrogen, H, 1-2
Sulfide, H,S

Oxygen, O,

Nitrogen, N, Trace

Carbon monoxide (CO)

Depending on the end-use, biogas will undergo various types of treatment
technolosgies. If the applications require more energy content from gas, there must be
implemented a process of improving the quality or usefulness of biogas, called up-
gradation. Example for this applications such as fuel for vehicles, in order to produce
heat and electricity with fuel cells, or for grid injection that mixed with natural gas

(Abatzoglou and Boivin, 2009).


https://dictionary.cambridge.org/vi/dictionary/english/process
https://dictionary.cambridge.org/vi/dictionary/english/improve
https://dictionary.cambridge.org/vi/dictionary/english/quality
https://dictionary.cambridge.org/vi/dictionary/english/useful

There is a largely diverse type of feedstock as organic matter or organic waste
can be used as substrates for biogas production. It is necessary to utilize all fractions
from biomass to different value products and generate a minimum amount of waste.
Agriculture and forest products industries are two important sectors that contributed
to the world economy, the common products provide such as food, feed, fiber shelter,
packaging, clothing, and communications. Nevertheless, there are various biomasses
and fractions, which are not tailored to these products. However, which could be
converted to energy instead of waste through biological technologies (Chum and
Overend, 2001). Usually, any biomass with the main component, such as
carbohydrates, cellulose, and hemicelluloses, proteins, fats, can be converted to
biogas. However, there are not all types of biomass are always given a high yield of
biogas and methane, or being applied in AD, even given the right conditions. This may
explain that the biomass is not suited for the biological process due to its inert (lignin),
take a long time to digest or it is not degraded at all, or maybe the energy created
from biomass rather low, not enough to meet the demand (Schnurer and Jarvis, 2010).
Today, biogas is widely produced from different biomasses, energy efficiency is
achieved when two or more biomasses are mixed, or the opposite can occur. The
optimum is that the substrate component should provide a high gas output in a
reasonable time, stable and powerful. A substrate with high gas-generating potential,
may require an unreasonable long decomposition time or cause disturbance to the
process. Therefore, selecting a substrate or a substrate mixture needs to consider not
only the potential for gas production but also its composition. A material that works
well in anaerobic digestion when it meets the nutritional requirements of
microorganisms as well as creating favorable conditions for parameters such as the
organic loading rate, retention time and temperature. It also depends on what pre-
treatment of the substrate used (Schnurer and Jarvis, 2010).

Biogas is commonly made from the animal slurry, sludge settled from
wastewater and landfills containing organic wastes. However, biogas, also is made from
almost any organic waste, has the ability to produce to biogas: human excreta, slurry,
animal slurry, fruit and vegetable waste, slaughterhouse waste, dairy factory waste.

Many wastewaters contain an organic compound that may be converted to biogas,



including municipal wastewater, food processing wastewater and much industrial
wastewater. Raja and Wazir (2017) stated that solid and semi-solid materials that
include plant or animal matter can be converted to biogas. The potential of methane

yield from some typical materials given as Table 2.2:

Table 2.2 Percentage of methane from a typical substrate

Substrate Methane %
Cattle manure 65
Poultry manure 60
Farmyard manure 55
Straw S&
Grass 70
Leaves 58
Kitchen waste 50
Algae 63
Water hyacinths 52

In addition, according to Sawyerr et al. (2019), the biomass sources are varied

and can identify as bellow:

Biogas from wood and weeds

Without pre-treatment, the woody biomass is not suitable for biogas
production. According to Milke et al. (2010) in anaerobic digestion, the best estimated
for untreated wood degradation to be <20 percentage, or 10 percentage for average
estimate value, the ability convert to methane was about 5 percentage of carbon.
Besides that, the author reported at very tiny particle sizes could be got higher
conversion efficiencies.
There is a considerable potential of biogas production from weeds because of several
reasons (Gunaseelan, 1997): Weed thrives on soils without input and watering, less
affected by pests and weather. The use of weed to produce biogas is an excellent idea

to remove it from crops as well as control its growth.



Biogas from leaves and grass

The leaves biomass produced higher methane than terms. However, some
toxic compound exists on leaves can inhibit the process and methane production can
decrease. The co-digestion of leaves and animal manure achieved higher biogas
production compared to the digestion of manure alone (Chynoweth et al., 1993).
Regarding the grass, the age affects much on methane, the younger grass, the more
methane obtained, and opposite to older grass. This may be due to younger grass
contains less lignin (Shiralipour and Smith, 1984).

A study by Sidibe and Hashimoto (1990) was investigated that methane yield
obtained from grass straw quite higher than dairy manure, the result was achieved 356
+ 8 ml/g volatile solids from fescue grass and 341+ 5ml/g volatile solids from dry grass
straw, the significant lower yield was found in dairy cattle manure (288 +3 ml/g volatile
solids). In this case, nitrogen is not a limiting nutrient in the fermentation of grass straw
to methane. Depending on the nature of feedstock, their biogas yield potential will be
different. De Renzo (1977) stated that biomass from aquatic plants, for instance, algae
and moss, are decomposed better than terrestrial plants in anaerobic digestion due to

its toughness. For a material easy to digest, that results in more biogas production.

Biogas from fruit, vegetable solid waste and organic municipal solid waste

The laboratory trials from fruit and vegetable solid waste are featured by high
percentages of moisture (>80 %) and VS (>95 %) and have a very high biodegradability
percentage, result in high methane yield (Sawyerr et al.,, 2019). The municipal solid
waste originates from various material sources and contains different compositions. At
a 35°C, the maximum of methane obtained from organic municipal waste, without

paper and wood (Mata-Alvarez et al., 1990).
Water primrose

Water primrose is a non-woody plant, stands erect along with wet soil or float
out across the water surface. The plant is easy to cut down or dig up but it is difficult
to control their spreading because it will re-live from seeds or remaining roots. The

plant systematics as below:



Common name: Water primrose

Scientific name: Ludwigia hyssopifolia

Taxonomic Tree

Kingdom: Plantae

Class: Dicotyledonae

Family: Onagraceae

Genus: Ludwigia

Researching in the Philippines, Pancho (1964) has shown that one plant of
Ludwigia hyssopifolia growth in rice, resulting in 75,000 seeds and amount to 16,000
seeds per gram with the long in 0.5mm. The ability to strongly spread along the water
surface may result in the formation of dense floating mats. It may become a nuisance
and necessary control from the unwanted area once it grows too rampantly that
affecting crops or aquatic life. Manual weeding is not the best choice to remove it
completely, this way can be time-consuming and labor-intensive, so, farmers, mostly
depend mainly on the use of herbicides. However, the plant is considered as a
medicinal plant due to various compounds in leaves, fruits and roots that have
medicinal properties such as saponins, tannins, polyphenols, alkaloids and flavonoids
etc., which are used as astringents, anthelmintics, carminatives and diuretics. Moreover,
the decoction from water primrose can be used to treat diarrhea, dysentery,

leucorrhoea and spitting of blood (Pancho, 1964).
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Figure 2.1 Water primrose

(A) Plants in nature, (B) Leaves, (C) Flowers, (D) Fruits

2.2 Anaerobic digestion

Anaerobic digestion (AD) sometimes it is also called biomethanation or in a
simple word as biogas treatment. AD is a biochemical process that takes place through
four successive biological and chemical stages in absence of oxygen, by various types
of anaerobic microorganisms in order to produce biogas as an end product. The biogas
potential depends on the type of complex substrates and the ability of biodegradable
carbohydrates (cellulose, hemicellulose and lignin fractions), proteins and lipids (Mulat
and Horn, 2018). It can be defined as mono-digestion or co-digestion depending on
substrates that are fed into AD. Common to most biogas digestion today is co-digestion,
which is a homogenous mixture of two or more substrate types (typically animal
manure with waste from crops or industries) (Braun and Wellinger, 2003). Reactor
design varies, but working based on general principle is to allow microorganisms to
break down organic matter in a closed system without oxygen enter.

Even though anaerobic digestion happened partly, however, it can be divided
in to four stages, namely hydrolysis, acidogenesis, acetogenesis, and methanogenesis.

During the process, the large organic compounds are broken down into smaller
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molecules by hydrolyzing and fermenting microorganisms and produce mainly acetate,
hydrogen and different amounts of volatile fatty acids, methane is produced from two
groups of methanogenic bacteria, one is acetate and the other are hydrogen and
carbon dioxide (Raja and Wazir, 2017). The degradation of organic matter into biogas

was presented in Fig. 2.2.

Fermentation
Organic
acids .
Carbohydrates Sl]g?irs i | Alcohols Acetic acid Biogas
. Amino H Carbon
Proteins . | Hydrogen - { Methane,
acids dioxide L.
Fats Fattv acids Carbon - carbon dioxide)
atty aci dioxide ydrogen
Aminonia
Hydrolysis | ‘ Acidogenesis ‘ | Acetogenesis ‘ | Methanogenesis

Figure 2.2 Four stages process of anaerobic digestion

2.3 Anaerobic digestion process

Hydrolysis

Biomass is made up of organic matter such as carbohydrates, proteins and fats.
The cells of these materials are still intact, which constituent long-chain molecules (
polymers), typically of carbon and hydrogen, the monomers are held within the cell
walls and are not available to the microorganism to digest. In the hydrolysis stage,
these organic matters are hydrolyzed by microorganisms into smaller molecules such
as simple sugars, amino acids and fatty acids. Some of by-products were formed,
including volatile fatty acids (acetate, butyrate, propionate, and lactate) and hydrogen
being precursors for methanogens stage in later steps of the anaerobic digestion
process. Hydrolysis is the slowest of the four degradation steps. Most of the
microorganisms secrete a number of specific extracellular enzymes to break down
complex organic material into tiny parts. And then microorganisms can easily access
and directly absorb into the cells of microbial groups as well as use as a source of

energy and nutrition. Each type of organic matter has different groups of extracellular



12

enzymes, for examples, saccharolytic is an enzyme that microorganisms use to break
down different sugars, while proteolytic is considered that break down proteins.
Normally, cellulose and hemicellulose take more time to decompose than proteins
and fats in the same process at the hydrolysis phase due to its solubility and character
(Schnurer and Jarvis, 2010).

The reaction equation of the process can occur as shown below (Anukam et al., 2019):

(CeH1005)  + NH,O = (CgH1,0¢), +0H, Equation 1
The molecules are still relatively large, and therefore in the following

acidogenesis step, the microorganism continues further decompose the products

resulted from hydrolysis in order to produce methane.

Acidogenesis
Acidogenesis is the next step of anaerobic digestion, this stage can be named
as the fermentation process and occurs several reactions rather than hydrolysis. Many
microorganisms used in the fermentation step are similar to the first stage but others
are available active (Schnurer and Jarvis, 2010). The products from the hydrolysis step
(sugars, amino acids, alcohols) need to further degradation for utilized directly by
methanogenic and fermenting microorganisms that can be used as substrates.
However, fatty acids were not degraded by fermentation microbial groups until the
next stage of anaerobic digestion. During anaerobic digestion, the acidogenesis stage is
known as the fastest step decomposed complex organic matter (Vavilin et al., 1996).
During acidogenesis, depending on the substrates, environmental conditions
and type of microorganism present, compounds are formed through reactions. The
products in the hydrolysis step mainly converted into volatile fatty acids (acetic acid,
propionic acid, butyric acid, succinic acid, lactic acid etc. along with alcohols, ammonia
and hydrogen sulfide (from amino acids), carbon dioxide and hydrogen (Schnurer and
Jarvis, 2010). The organic matter is still quite a large volume and not suitable for
methane production (Muzenda, 2014). In this stage, the reaction could be summarized
as below (Anukam et al., 2019):
CgH1,0¢ = 2CH,CH,OH + 2CO, Equation 2
CeHi1206+ 2H, = 2 CH;CH,COOH +2H,0 L. Equation 3
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CeH1 o0 — 3CH,COOH Equation 4

Acetogenesis

Under various anaerobic oxidation conditions, the products created through
the acidogenesis are further digested by acetogenins to produce mostly acetic acid,
CO, and H,. Acetogens break down the substrates to the point that methanogens can
create as much methane as possible (Raja and Wazir, 2017). The products form this
stage were then used as the substrates for the last step in anaerobic digestion, named
methanogenesis. Both processes of acetogenesis and methanogenesis usually work
parallel as the symbiosis of two groups of organisms (Al Seadi, 2008).

The relative reactions are presented (Anukam et al., 2019):

CH;CH,COO™ + 3H,0 = CH,COO™ + H+ HCO5™ + 3H, Equation 5
CeHppOp + 2H,0 = 2CH,COOH + 2CO, + 4H, . Equation 6
CHyCH,OH + 2H,0 = CH,COO™ +3H, + HF .. Equation 7

Methanogenesis

Mostly formation of methane and carbon dioxide are the final step of the
biogas process, methanogenesis. In this stage, the intermediate products are consumed
by methanogenic bacteria based on the substrates at the step of acetogenesis, namely
hydrogen gas, carbon dioxide, and acetate. Under stable conditions, major methane
production (70 %) was created from the degradation of acetic acid, while the other
(30%) was created from carbon dioxide and hydrogen, the growth rate of the
methanogens is one fifth compared to the acid-forming bacteria (Jgrgensen and Jacob,
2009). It should be noted that methanogens are strongly influenced by several factors,
such as pH changes and the presence of heavy metals and organic pollutants, the

equation occurs as following (Anukam et al., 2019):

CH,COOH —™ CH, + CO, Equation 8
cO, +4H, > CHy + 2H,O Equation 9
2CH,CH,OH + CO, — CH4 + 2CH,COOH ... Equation 10

2.4 Factors affecting biogas production

pH and volatile fatty acids, alkalinity



14

The pH parameter indicates the health of the anaerobic digestion. During the
anaerobic digestion process, the value of pH corresponds to the mixture of the
substrate. Generally, pH environment lies at narrow value interval of 5.5 to 8.0 and
optimum operating with neutral pH between 6 to 7, either upper or lower than that
value, the methanogen population will be affected leads to inhibit or stop producing
biogas (Kumar, 2012). Therefore, the pH in AD should be as close to neutral as possible.
At the acidogenesis stage of AD process, pH falls lower than optimum value due to
acid transformation (fatty acids, acetic acids), while most methanogens growth a pH
environment between 6.5 -7.5 (Al Seadi, 2008). The pH value can be increased by the
substrate degradation of protein-producing ammonia or decreased by the
accumulation of VFA inside the digester.

pH and VFA have quite closely related. The VFA is mainly presenting of acetic,
propionic, butyric, and vary acid formed in the fermentation stage, these by-product
will be transformed into final production in AD (methane and carbon dioxide). High
VFA concentration decreases the pH-value causing a toxic environment and inhibition
of the growth of methanogenic bacteria, therefore, leading to a decrease in gas
productions. On the other side, the higher accumulative VFA obtains, the more biogas
potential produces because it is a key to constituting the methanogenic stage later.
The drop of pH value not only expressed by the accumulative VFA but also the buffer
capacity of the digester. The anaerobic digestion will be detrimental if the environment
is too acidic or too alkaline condition. Alkalinity is a parameter showing the amount of
alkaline (base) content in the substrate and represents in AD process as a buffering
capacity, which controlling pH value when the acidity derived from the acidogenesis
process (Chen et al., 2010, Meegoda et al., 2018).

Alkalinity involves the component of proteins and amino acids from the
nitrogen-rich substrate which on degradation generates ammonia. Ammoniac react
with CO, to generate bicarbonate, in the digester, the value of pH is mostly controlled
by the bicarbonate buffer system (Al Seadi, 2008). According to Schnurer and Jarvis
(2010), high alkalinity can ensure for increasing fatty acids without affected to
decreasing pH, however, too high alkalinity concentration will inhibit methanogenic

bacteria due to ammonia release; the acid production also influents on alkalinity, low
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concentration of alkalinity caused by the high acid production in the process. Alkalinity
supplementation by added several chemicals into the digester in order to adjust pH
such as NaOH, KOH, Ca(OH), CaCOs, Na,CO5 (Demirel and Scherer, 2008).

The ratio of VFA to alkalinity can be used to assess process stability, at the ratio
lower than 0.3 then the process is stable; at the ratio higher than 1.0, the decreasing
biogas produced along with foaming is high; at the value between 0.3-1.0, there is

some instability in the process (Schnurer and Jarvis, 2010).

Temperature

The AD microorganisms are highly susceptible to the different elements; even
small changes in the substrate can lead to collapse biogas system. The very first
parameter affects to microorganism operating in AD is temperature as it influences the
activity of enzyme, the waste quality and the gas production (Keskin et al., 2018), and
it should keep a constant temperature as microorganisms take quite long time to get
used to new temperature (Al Seadi, 2008). The higher yield of biogas can be achieved
at high temperature. However this must be in a range of suitable temperatures due to
the metabolic process will be decline if AD operates at too high temperature (Kumar,
2012). Anaerobic microbes and bacteria can divide into three temperature ranges are
below 250C for psychrophilic, mesophilic (25°C- 45°C) and thermophilic (45°C- 70°C)
(Jgrgensen and Jacob, 2009), the optimum temperature for microorganism grows at a
faster rate thus can produce a lot of biogas is 10°C, 20-45°C and > 50°C for
psychrophilic, mesophilic and thermophilic, respectively (Muzenda, 2014). Cooler
digesters take more time to break down the biodegradable feedstock, while hotter
ones may not break down the biodegradable feedstock due to bacteria remaining in

the dormant stage.

Carbon/nitrogen: Nitrogen ratio

In order to make ensure that biogas is produced stably and continuously, it
must provide sufficient raw materials for microorganisms to grow and develop. Two of
the most important nutrients are carbon (C) and nitrogen (N). Mostly carbon contains

in agriculture waste, green grass while nitrogen can be found in domestic sewage and
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animal and poultry wastes, these nutrients are necessary for gas production and
organism's growth (Raja and Wazir, 2017).

Normally, microorganisms in digester consume carbon 20-30 times greater than
nitrogen, it is necessary to keep the proper ratio of carbon and nitrogen in substrates.
(Muzenda, 2014) recommended the optimum ratio of substrates would be 20-30:1.
Otherwise microorganisms are restricted to grow. If C/N ratio is higher than that range,
the microbial groups during methanogenesis stage will rapidly consume much nitrogen
for meeting their protein demands and will not occur any reacts with the carbon
remaining in the substrates therefore, it will reduce the biogas production. Materials
with low C/N, will accumulate in the form of ammonia causing rising pH value that
leads to a toxic environment for methanogenic bacteria during the digestion (Kumar,

2012).

Retention time

The gas produced in the digestion depends partly on composition of substrate,
some materials are easily and quickly to digested such as sugar and starch, due to not
undergo hydrolysis stage in AD process, thus, that type of materials require short
retention time while fiber and cellulose plant matter requires hydrolysis then will take
more or longer retention time for decomposition process. In the digestion tank,
carbohydrates, proteins, fats contain in materials will be decomposed and converted
into methane and carbon dioxide gas (Muzenda, 2014). The retention time is defined
as the time need for organic material to digest completely by microorganisms, it is also

used for pre-estimate size and cost of the digester.

Total solids and volatile solids

Total solids (TS) along with volatile solids (VS), reflect performances of the
digestion process. Total solids are known as solids retrieved after evaporation and
drying of an organic matter at 105°C (Orhorhoro et al., 2017). Typically, the content of
TS represents below 10% of the total volume (Nelson, 2010).
Yavini et al. (2014) reported that from agricultural waste, the optimum biogas yield was
achieved at TS of 9%, any changes, even increasing (12%) or decreasing (2%, 5%, and

7%) the percentage TS concentration both affect to gas production. In this case,
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beyond the optimum TS value, the efficiency of biogas production has tended to
decrease. This can be explained that when TS value increases, the water volume drops,
therefore, reducing the level of microbial community activity and then affect to biogas
yield.

Volatile solids are determined by the solids that remaining from total solids
were furthermore burned at 600°C (Orhorhoro et al,, 2017). The VS content can be
predicted the potential of methane produced from a substrate. Orhorhoro et al. (2017)
found that 10.16% of TS was recommended for operating a biogas system, above that
value, the biogas yield was reduced. In addition, when VS content increases, higher
quantities of biogas production creates.

2.5 Mono-digestion and co-digestion

Biogas can be produced by a substrate or combine various substrates from the
feedstock. From a study by Bouallagui et al. (2005), traditionally, a mono-digestion,
which single substrate being applied in AD, such as fruit and vegetable wastes contain
high content of solid around 8-18% total solids, volatile solid of 86-92%, and up to
75% easy biodegradable material (sugars and hemicellulose) that made up 95%
methane. However, the significant limitation of AD from fruit and vegetable wastes is
the imbalanced nutrients of carbon and nitrogen resulted in the rapid formation of
volatile fatty acid production cause inhibits methane bacteria. In order to enhance
biogas yield of solid waste, co-digestion is a great selection when more substrate
applied at once time due to positive synergisms in the digestion environment and
improve nutrient balance by the co-substrates (Mata-Alvarez et al., 2000). A study from
De Vries et al. (2012) was investigated the environmental consequences of anaerobic
mono- and co-digestion of pig manure to produce bio-energy. Six trials were evaluated:
mono-digestion of manure, co-digestion with: maize silage, maize silage and glycerin,
beet tails, wheat yeast concentrate, and roadside grass. The results indicated that
mono digestion created a limited source for bio-energy but reduced most impacts. Co-
digestion with animal feed increased bio-energy production but had an environmental
impact. The study showed the best environmental performance from co-digestion with

wastes or residues like roadside grass.
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Aragaw and Gessesse (2013) examined a series of experiments of co-digestion from
cattle manure with organic kitchen waste using rumen fluid at a different ratio. The
results show the highest methane yield, increased 24-47% over the control, was
obtained with ratio with 75% organic kitchen waste and 25% cattle manure, addition
cattle manure cause inhibition process or significant methane yield produced.
Lehtomaki et al. (2007) conducted laboratory batch tests on grass silage, sugar
beet tops and oat straw with the cow in manure continuously stirred tank reactors.
The highest methane yield was found in co-digestion of cow manure with grass, sugar
beet tops, and straw, with up to 30% VS of crops in the feedstock. Further supply
more volatile solid of feedstock up to 40%, the methane yield went down 4%-12%,
meanwhile doubling the loading rate from 2-4 kg VS/ m’ day, methane yield decrease
from 16-26%, leaving a lot of untapped methane potential in the substrates.
Another researcher was documented that field grass that has high level of gas
flammability could be improved biogas production in case combined with rabbit and
cow dung, the fastest onset of gas flammability from the blend of grass-rabbit leading
to produce 3 times gas production higher than that of field grass alone (Uzodinma and

Ofoefule, 2009).

2.6 Pre-treatment biomass

Pre-treatment relate the disruption of recalcitrant material of biomass,
including essentially physical and thermochemical process. Lignocellulosic biomass, is
a major composition, content in many types of feedstock such as woody biomass,
agricultural residues, energy crops, various types of cellulosic wastes (Kim et al., 2016).
The convert of lignocellulose biomass to biogas start with a numerous bacteria
breakdown of the large molecular into monomolecular, namely the simple sugars. In
order for bacteria to enter the cell walls of biomass to release simple sugars, because
of the tight binding of lignin, hemicellulose, and cellulose, making it difficult to
separate, therefore need a further step that desires lower lignin content, pre-treatment
(Patinvoh et al,, 2017). There are many methods of pre-treatment treated to the
substrate for the biogas process to enhance its available degradation, the methods

produce maximum biogas production depends on the substrate’s chemical
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composition and structure (Schnurer and Jarvis, 2010). The pre-treatment process can
be started with a mechanical disruption method, using a mill, blender, or rotating
knives that will surface area of the material increases making an easy way to bacteria

attach to the material.

Plant cell wall
PRETREATMENT

Hemicellulose

LIGNOCELLULOSIC
BIOMASS Cellulose

Figure 2.3 Pre-treatment process beak down the parts of the biomass

(Mussatto and Dragone, 2016)

Physical pretreatment
The physical process means a method that does not use any chemical reagent
or microorganism in the process. Some techniques can be used, including:

Comminution, steam-explosion, liquid hot water pretreatment (Zheng et al., 2014).

Comminution

Comminution aims to reduce particle size and the degree of cellulose
crystallinity, the degree of cellulose polymerization and increase the accessible surface
area. Comminution can use the machine as milling and grinding, including some tools
ball, vibrio, hammer, knife, two-roll, colloid, and attrition mills, or extruders. The
suitable methods depend on the content of moisture of the feedstock (Zheng et al.,
2014). With the moisture content from 10 to 15% (wet basis) the best method to use
for feedstock is two-roll, hammer, attrition and knife mills. Higsher moisture over 20%,
suitable method are used: Colloid mills and extruders (Kratky and lJirout, 2011,

Taherzadeh and Karimi, 2008).
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Fernandez-Cegri et al. (2012) documented that the optimum methane yield
achieved with the largest size (1.4-2.0 mm) of 213 mlL/g volatile solids (VS) when
compared with smaller particle sizes of 0.36- 0.55 mm and 0.71- 1.0 mm. These results
proved that reducing oversize leading to overproduction of VFAs during the process,
therefore, inhibiting methane production.

However, it also based on its chemical composition, further reducing particle size,
could be achieve more methane yield, Kivaisi and Eliapenda (1994) reported that when
reducing particle sizes of bagasse and coconut fibers from 5 mm to less than 0.85 mm,
that make increasing over 40% degradation of total fiber and volatile fatty acids

production. Thus, the methane yield was enhanced by an average of 30%.

Steam- explosion
Steam- explosion can be called autohydrolysis, are heated with high-pressure
saturated steam, will heat biomass particles in a short time and the pressure is quickly
reduced to stop the reactions, which causes the biomass to undergo an explosive
decompression. In general, the pre-treatment pressure of 0.69- 4.83 MPa, temperature
operates within the range of 160-260°C, time from seconds to a few minutes (Sun and
Cheng, 2002).
Pre-treatment with steam- explosion makes biomass easy to degrade, the hydrolysis
of hemicellulose based on the formation of acetic acids and other acids from acetyl
or other functional groups. In addition, at high temperatures, water has certain acid
properties, this will help to improve catalyzes hemicellulose hydrolysis. Thus, the
degradation to form single sugars can occur during steam-explosion (Weil et al., 1997).
From the bulrush, Wang et al. (2010) found that using the steam-explosion
method can improve methane yield compare to raw material. The optimum condition
to achieve the highest methane yield at 205.3 ml per degradable VS (24% higher than
that of untreated bulrush) with 11% moisture content, steam pressure of 1.72 MPa and
residence time of 8.14 min. However, Teghammar et al. (2010) shown that the method
has a negative on methane production from paper tube residuals; the methane
reduced when increasing temperature from 10 to 30 minutes from 220°C. This

phenomenon can be explained by steam-explosion had a weak ability to remove
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lignin. The addition of NaOH chemical combination has been shown to increase

methane production.

Liquid hot water

In this method, no chemicals are added in the process. The pressure is used to
maintain water in the liquid state at high temperatures, this pretreatment is highly
effective for the expansion of the accessible and sensitive surface area of cellulose
and improvement breaking down cellulose into bacteria and enzymes. During
pretreatment, water can penetrate biomass cell structure, hydrate cellulose, dissolve
hemicellulose and remove slightly lignin (Zheng et al., 2014).

A pretreatment by boiling pre-treatment with different retention time to boost
methane yield was tested by In the 1:1 ratio of co-digestion mixture of buffalo grass
and buffalo dung, the highest methane yield was obtained. Boiling pre-treatment was
continuously kept at a temperature of 100°C with changing different retention time at
0.5, 1, 1.5 and 2 hours for buffalo grass. The best optimal condition in this study was
found at 100°C with 2h retention time. In addition, at the same that optimal conditions,
methane yield obtained in the co-digestion (grass and dung) were 5% higher than mono
digestion (grass). The study indicated that the upgraded biogas through biological
purification could achieve high methane yield up to 90.42%, the digestate contended
high nutrient concentrations would be an efficient alternative fertilizer. Wheat straw
can be used as a substrate for producing biogas, the biogas potential with pre-
treatment as hydrothermal method given an increase of 9.2% in biogas production and
20% in methane production compared to that of the raw wheat straw substrate
(Chandra et al., 2012). Fernandez-Cegri et al. (2012) reported effecting of pre-treatment
with different temperatures from 25 to 200°C for sunflower oil. At 100°C, the overall
highest methane yield was achieved, however, this value was only 6.5% higher than

pretreatment at 25°C.

Chemical pretreatment
Chemicals pretreatment involves the use of chemicals such as base (NaOH, Ca(OH),,
Ca0, KOH), acids (H,SO4, HCL, HNOs, H3PO,, acetic acid, maleic acid) and ionic liquids
(Zheng et al., 2014).
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Alkaline pretreatment

Alkaline pretreatment uses the base to eliminate lignin for improving the
biomass more degradable (Zheng et al,, 2014). The purpose of alkaline pretreatment
is to remove lignin-carbohydrate bonds and part of lignocellulose (Tarkow and Feist,
1969). By eliminating cross-linking, alkali pretreatment leads to increased porosity and
inside the surface area, swollen structure, reduce the level of polymerization and
crystals, disrupt lignin and structure (Fang et al., 1987).

Many researchers have been investigated the effect of alkaline pretreatment
on the chemical composition and methane yield. Wheat straw was soaked in NaOH
solution 1 and 10% ¢ NaOH/g TS with a TS concentration of 160 ¢ TS/L in closed
bottles, at 40°C for 24 h. The methane production improved from 14 to 31% for ensiled
sorghum forage at 1 and 10% NaOH dosages. NaOH pre-treatment improved the
hydrolysis of cellulose and hemicelluloses also be found in this experiment (Sambusiti
et al,, 2012).

Chen et al. (2010) performed 3 sets of experiments, using a straw with NaOH
treatment (pretreatment), digested straw with NaOH treatment (post-treatment) and
straw digested only (control). The cell wall was destroyed at the concentration of
NaOH 5% for 48 h. the paper indicated that NaOH treatment on the digested rice straw
saved 50% NaOH uses, therefore post-treatment was economical and feasible for
biogas production. Zhu et al. (2010) conducted experiments using different NaOH
loading in order to tested solid-state pretreatment of corn stover. The degradation of
lignin increase following NaOH concentration from 9.1% to 46.2% at 1% to 7.5% (w/w),
respectively. The highest methane yield was 372.4 L/kg VS with 5% pre-treatment,
compared to untreated corn stover, it was 37.0% higher than that. With the loading
1% NaOH concentration, there was no improvement in biogas yield.

Ofoefule et al. (2009) was investigated the production of biogas from different
pre-treatment methods from Water Hyacinth. Methods were applied in these
experiments namely: Dried and crushed alone, dried and treated with alkaline (KOH),
dried and blended with cow dung and freshwater Hyacinth used as control. The

retention time was 32 days under a mesophilic temperature. The highest biogas
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production from the mixture of dried and cow dung with the composition of methane
was 64% and 35.94% of carbon dioxide but the highest methane percentage was
contained from dried and treated with alkaline (71.0% of methane, 28.94% of carbon
dioxide). The authors indicated that biogas yield from water hyacinth could be

significantly enhanced by drying and combining it with cow dung.

Acid pretreatment

The most common acid pretreatment used was sulfuric acid (H,SO,), the
experiments can be conducted under high temperature (230°C) and dilute acids (0.1%)
or low temperature (40°C) and high concentration of acids (30-70%). High concentrated
acids given more effect on cellulose hydrolysis than dilute acids, because it is a toxic
chemical, corrosive dangerous as well as requires expensive materials. Also, it must be
recovered after biomass treatment for economic reasons, as it is energy-intensive and
costly. Therefore, dilute acids are preferred over concentrated acids for lignocellulose
biomass pretreatment. The aim of using acid pretreatment is to increase cellulose
susceptibility to microbial degradation and enzyme hydrolysis (Zheng et al., 2014).
Methane potential was investigated by Monlau et al. (2013) from sunflower oil cakes
by dilute acid pretreatment. Methane yield without pretreatment was obtained 195
mL CHg/g VS, the significant higher achieved (302 + 10 mL CHy/¢ VS) after acid
pretreatment at 170°C. At the same temperature, further thermal treatment alone and
low concentration of acid (<1%) had no effect on methane yield due to the formation
of recalcitrant in the liquid phase. A pretreatment using 2% w/v of H,SO, at ambient
temperature and 121°C for 1h did not improve methane potential on all test feedstock
(rapeseed and sunflower meal and straws) was proved by Antonopoulou et al. (2010).
The reason made methane yield fall maybe from the toxic compound, which was

released from the pretreatment process.

Biological pretreatment

Biological pretreatment for improvement of biogas production in anaerobic digestion
generally focus on fungal pretreatment, pretreatment by microbial consortium, and
enzymatic pretreatment. This method do not require chemical addition and lower

energy input compared to physical and chemical pretreatment method (Zheng et al,,
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2014). One of the most benefits of biological pretreatment is that the process is green
without using chemicals. Therefore, there is non- release any hazardous or toxic

compounds to the environment (Sindhu et al., 2016, Ummalyma et al., 2019).

2.7 Design of experiments (DoE)

A design of experiment (DoE) or experimental design is a collection of tools
used in many technical fields, especially in areas of science and industry (Aydar, 2018).
DoE is a method based on the relationship between factors affecting a process and
the output of that process. More clearly, a unit of the experiment is conducted based
on the application of treatments, and then on a scientific method to measure one or
more subsequent reactions (Aydar, 2018). This method has given researchers a big
picture of their experiments through the control process inputs and optimizes the
output.

DoE is a process including planning, implementing, analyzing a set of
experiments, then evaluate the influents of variables on that system. According to
Makeld (2017), an experiment aims to predict the outcome by a statistically valid
model that contains information about one or several independent variables, known
as input variables or predictor variables. Once one or more dependent variables are
changed, that results in a change of one or more dependent variables, also known as
an output variable or response variables. At this point, the statistically valid model will
be used to predict future observations within the design principle. DoE, therefore, not

only saving time, effort, and money but also being valid, reliable and scalable.

Response surface methodology (RSM)

One of the most common applications of experimental designs is the response
surface methodology (RSM). RSM is used to examine the relationship between one or
more response variables and a set of quantitative experimental variables or factors.
This method is usually applied after having identified several important controllable
factors and a desire to find the values of the factors for an optimal response. In other
words, RSM is a group of mathematical and statistical techniques to develop, improve

and optimize processes. RSM may be used to figure out the element values
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(conditionals) for best response or that satisfy the characteristics of the process,
identify new implementation conditions that will improve product quality (response)
compared to current conditions and demonstrate the relationship between
quantitative factors and response (Bradley, 2007).

The surface response is a method based on surface position. Therefore, the
main objective of the study is to understand the topography of the response surface
including local maximum lines, local area, minimum and slopes and find areas that
occur most appropriate response (Bradley, 2007). The linear function is the basic model
that can be used in RSM. For its application, the respond response must be obtained

following the following equation (Bezerra et al., 2008) :

k
y = BO zBiXi e L Equation 11
=1
Where:
k: The number of variables
BO: The constant term
Bi : Represents the coefficients of the linear parameters

Xi : Represents the variables

€: The residual associated to the experiments.
Central composite design

The central composite design was presented by Box and Wilson, which can be
called A Box-Wilson Central Composite Design. This is one of the most popular
standards of RSM design (Bezerra et al.,, 2008). According Chauhan et al. (2013), the
central composite design has 3 groups: (1) two-level factorial or fractional factorial
design points, (2) axial points (sometimes called ‘star’ or ‘alpha’ points), and (3) center
points. CCD is used to estimate the coefficients of a quadratic model. All point

descriptions are in terms of the coded values of the factors.

Factorial points

The two-level factorial part of the design consists of all possible combinations
of the +1 and -1 levels of the factors, this is four design points: (-1, -1) (+1, -1) (-1, +1)
(+1, +1)



26

Axial, star or alpha points
The star points have all of the factors set to 0, the midpoint, except one factor
which has the value +/- Q. For a two-factor problem, the star points are: (-Q., 0) (+Q,

0) (0, &) (0, + Q)

Center points

Center point is the points with all levels set to coded level 0; and the midpoint
of each factor range (0, 0). Center points are usually repeated 4-6 times to get a
reasonable estimate of an experimental error (pure error). Figs.2.4 (a and b) illustrates

the full central composite design for the optimization of two and three variables.

A

(a) & (b)

. o)

e

~ O {1 O o, [ o//u O

o o)

> X2 >
X1 X1

Figure 2.4 Central composite designs for the optimization of: (a) two variables (0=
1.41) and (b) three variables (Ql= 1.68). ( ® )Points of factorial design, (O) axial points

and ( [/) central point (Bezerra et al., 2008)

Box-Behnken designs

The authors, Box and Behnken, suggested how to select points from the three-
level factorial arrangement, which allows the efficient estimation of the first-and
second-order coefficients of the mathematical model. In order to describe linear,
quadratic and interaction effects, second-order polynomial has to be used in the

modeling.
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(a) 4 (b) 4 (c)4

X3
X3

X1 X1

X1 X2

Figure 2.5 Experimental designs based on the study of all variables in three levels: a
three-level factorial design for the optimization of (a) two variables and (b) three
variables and (c) Box-Behnken design for the optimization of three variables

For 3 factors, the BBD offers some advantage in requiring a fewer number of
runs. For 4 or more factors, this advantage no longer exists. Thus, the select of a
suitable design when applying RSM depends on the number of factors to optimize the

performance.

2.8 Purification

Although biogases consist mainly of methane and carbon dioxide and refer as
fuel for many applications as cooking, lighting, cooling, drying. Nevertheless, biogases
also contain significant quantities of unwanted compounds as hydrogen sulfide,
ammonia, oxygen, moisture. Some problems can be caused by these compounds,
firstly, these gases can be detrimental to any heat or biogas heat exchanger (for
example, corrosion, erosion, and blockage), besides that, they also create harmful
environmental. In order to remove sour gas or reduce machine and environmental
harm as well as further utilization, biogas purification steps are necessary for its final

use processes (Abatzoglou and Boivin, 2009).

Water scrubbing and organic solvent scrubbing

The removal of impurities by water scrubbing is applied to remove trace gases
from biogas production because these gases are more soluble in water than methane,
such as CO, and H,S. The process of absorption is purely physical. Based on the
solubility of different gases constituents in a liquid scrubbing solution, the effect to
separate will be different. H,S is considered to remove from mixture gases before

removal CO, gas, due to dissolved H,S is highly corrosive and unpleasant odor can
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cause operational problems. In general, the solubility of H,S in water is higher than
that of CO,. Therefore, CO, will be removed at the same time with H,S (Zhao et al,,
2010).

Usually, the biogas is pressurized and fed to the bottom of a packed column
while water is fed on the top and so the absorption process is operated counter-
currently (Zhao et al., 2010). The water which is used in the column to absorbed CO,
or H,S can be regenerated in the desorption column with, either air or steam that
releases the CO, from the water at a decreased pressure (Awe et al,, 2017). However,
according to Zhao et al. (2010) biogas with high levels of H,S can make water quickly
becomes contaminated due to elementary sulfur which causes operational problems.
Methanol and dimethyl ethers of polyethylene glycol are an organic solvent which
can be employed in CO, removal. Furthermore, in polyethylene glycol solvent can
absorb CO,, H,S and H,O at the same time because the solvent has a higher solubility
than CHy. The process of polyethylene glycol scrubbing based on the same underlying
mechanism as water scrubbing (Zhao et al., 2010). The common solvents used in the
process is called as trade name Selexol (dimethyl ethers of polyethylene glycol) and
Genosorb, which exhibit higher affinity for CO, and H,S than water by 5 times,
especially, Selexol (Tock et al., 2010) which results in smaller absorbent volume is
required with compact size and little pumping with the same quantity of biogas,
thereby reducing the investment and operating cost (Awe et al.,, 2017). The water

scrubbing and organic solvent scrubbing are illustrated in Fig. 2.6.
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Figure 2.6 Biogas upgrading by water scrubbing and organic solvent

scrubbing to remove CO, from biogas stream

Chemical absorption

Chemical absorption is the same way with water scrubbing and organic solvent
scrubbing for biogas-liquid mass transfer principles, this process involves a chemical
reaction between the solute and the solvent. Chemical solvents often use amine
(mono ethanolamine or dimethyl ethanolamine, and alkali aqueous solutions such as
KOH, K,COs, NaOH, Fe(OH);, FeCl, (Zhao et al., 2010). Amin solution is the most used
to absorber CO, with lowest losses of methane (0.1-1.2%) and over 99% methane can

be recovered because the chemical solvent reacted selectively with CO, (Awe et al,,

2017).
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Figure 2.7 Flow chart of chemical absorption process (Zhao et al., 2010)
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Tippayawong and Thanompongchart (2010) conducted a method using
aqueous solutions such as sodium hydroxide (NaOH), calcium hydroxide (Ca(OH),) and
mono-ethanolamine (MEA) to reduce CO, and H,S content from biogas stream. The
process was investigated in a packed column, liquid solvents were circulated through
the column, contacting the biogas in countercurrent flow. The experiment results show
that over 90% of CO, was removed and H,S was removed below the detection limit.
These results proved that the aqueous solutions used were effective in reacting with

CO, in biogas.

Pressure swing adsorption

Pressure Swing Adsorption is a dry method relied on the pressure used to
separate some gases unique from a mixture of gases according to the species'
molecular characteristics and affinity for an adsorbent material (Bauer et al., 2013).
Considering (PSA) on a macro level, the raw biogas is compressed at high pressure and
then fed into an adsorption column which methane-rich (CH,) gas passed through while
carbon dioxide (CO,) is adsorbed. Carbon dioxide is released when every time the
column material is saturated with CO, and then CO, can be desorbed and led into an

off-gas stream (Bauer et al,, 2013). The most commonly used unique adsorptive
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materials are zeolite, activated carbon, activated charcoal, silica gel and synthetic

resins (Zhao et al., 2010).
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Figure 2.8 Process diagram for upgrading of raw biogas with PSA (Zhao et al., 2010)

Membrane separation

The principle of membrane separation is that based on the selective
permeability property of the membranes, some components of the raw gas are
transported through a thin membrane while others are retained. This process, which
can be gas—gas separation (gas phase on both sides of the membranes) or gas-liquid
separation (liquid absorbs the H,S and CO, molecules diffusing through the
membranes) (Awe et al., 2017; Zhao et al.,, 2010). This allows the permeability of H,S
while retaining the CH4 on the other side of the membranes. In the process of gas-
liquid separation, the liquid absorbs can be amine and the system is highly selectively
compared to the solid membrane systems, and takes place at low pressure,
approximately atmospheric pressure. The amine solution can be regenerated with
heating to release the CO,, which can be collected separately (Persson et al., 2006;
Zhao et al,, 2010). On the other hand, the gas-gas separation operates either at high
pressure greater than 20 bar or at lower pressures of 8-10 bar. The separation is
determined by the fact that different molecules of different sizes have different
permeability through the membrane. Other important factors for the separation are a

pressure difference between the two sides of the membrane and the temperature of
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the gas. This technology allows CO,, H,S, H,O, O, to pass through the membrane to
the permeate side while retaining CH; on the inlet side. Enhancing the purity of gas
can be improved by increasing the size or number of the membrane modules,
however, more of the methane will permeate through the membranes and be lost
(Awe et al., 2017; Bauer et al., 2013; Zhao et al., 2010). The applications of technology
on the European market today require a methane concentration of 97-98% and the

upgrading process needs to have a methane recovery above 98% (Bauer et al., 2013).

Biomethane
CO,,0,,H,O,H.S... ) [CH]> 98 %

Figure 2.9 Illustration showing the separation of membrane biogas purification

process (Bauer et al., 2013)
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CHAPTER 3
MATERIALS AND METHODS

3.1 Conceptual framework

The study is carried out in this study to describe the potential methane
generation. The detailed procedure is illustrated in Fig. 3.1. Before investigating a big
scale test, lab-scale experiments is tested first. To calculate the energetic potential of
the substrate, the preparation of basic physical and chemical parameters is examined.
In the big scale-up experiment, the raw biogas production fed into an absorption

column with water. This pure methane was tested for lighting and cooking applications.

[ Sample Collection ]7

., NaOH concentration
1%, 2% 3% 4% (W) |

____________________ " Pre-treatment time |
1. 2 and 3 weeks

{ Water primrose: Cow dung }
| Treatment1(T1):1:1 |
i Treatment 2 (T2): 2:1
. Treatment 3 (T3): 1:2

Big scale for
biogas production

Figure 3.1 Process flow diagram of biogas production

* R.8M: Fespond Surface Methodology
i SEM: Scanning Electron Microscope |

3.2 Preparation of materials

Water primrose used in research experiments has been collected from a local
field in Nong Han commune, San Sai district, Chiang Mai city, Thailand at coordinates
18°53'24.3"N- 99°02'11.5"E. This material was screened manually to remove visible
impurities such as soil, strange plants. The whole parts of the plant (flowers, leaves,

stems, fruits, roots) are then cutting into small particles by shredder model MJU-EB8
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(physical pre-treatment, particle size reduction) into the small particle size range of 2-
3 cm, then generally grounded into 5-10 mm with the help of a laboratory blender at
high speed as a final size. Depends on the usage of fresh or dry material, part of the
fresh material was immediately loaded in the digesters for the first test run, and
another part was air-dried for two weeks.

The fermentative inoculum in the digester was taken from the faculty of animal
science’s farm at Maejo University, Thailand, at coordinates 18°55’04.5” N-99°01°26.9”
E. Collecting materials is shown in Figs. 3.2 and 3.3. Those materials were stored in the

freezer for further analysis to prevent biological decomposition.

Figure 3.2 Water primrose field and collection
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Figure 3.3 Cow dung collection at Faculty of animal science and technology,

Maejo University

3.3 Experiments in laboratory scale

To achieve the highest biogas efficiency from the big scale, it is necessary to
conduct experiments at the lab scale first. The research on the substrates' biogas
production efficiency is carried out in the laboratory of Energy Research Center, Maejo

University.

Anaerobic mono-digestion
On the first batch, fresh and dry water primrose will be investigated on their
biogas potential under anaerobic digestion. The best performance from this batch will
be chosen for the next experiment, co-digestion with cow dung. Firstly, 10% of total
solids concentration (100¢TS/L) is calculated in this experiment based on dry matter.
Accordingly, 70 ¢ of fresh and dry water primrose are weighed against doing the
pretreatment process before entering fermentation. An alkaline solution is prepared at

different doses of NaOH as 0% (control), 1%, 2%, 3% and 4 % (w/v) then soaked with
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weighed samples following ratio 3:1 (v/w, ml NaOH: ¢ water primrose) for fresh samples
or 5:1 (v/w, ml NaOH: g water primrose) for dry samples in a plastic container with the
capacity of 1.5 L. All containers are kept in room temperature, the duration of
pretreatment time for fresh samples were 7 days and dry sample was 14 days. Hence,
all samples were mixed manually, and the pH was recorded daily. In each of the
treatments, three samples were conducted. Besides, cow dung was implemented in
this batch as a control test to evaluate anaerobic mono-digestion from this study's

substrates. In total, 33 digesters need to be prepared for the fermentation process.

Figure 3.4 Alkaline pretreatment of water primrose (fresh)

(A) Shredding material; (B) Sample preparation; (C) Alkaline solution preparation; (D)

Pretreated sample
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Figure 3.5 Alkaline pretreatment of water primrose (dry)

(A) Shredding material; (B) Sample preparation; (C) Alkaline solution preparation; (D)

Pretreated sample

Anaerobic co-digestion

In this batch experiment, the best performance of NaOH concentration on the
sample from the previous experiment will be selected to further investigate their
biogas potential by co-digestion of water primrose with cow dung. For anaerobic co-
digestion, two factors will be tested: the time for pretreated water primrose and the
other factor is the mixing ratio of pretreated water primrose and cow dung. Each factor
consists of 3 levels. The water primrose will be pretreated by NaOH solution at 1 week,
2 weeks, and 3 weeks, corresponding to the mixing ratio of 1: 1, 2: 1 and 1: 2 ( water
primrose to cow dung, w/w). The three experimental groups of the different mixing
ratio of water primrose and cow dung (w/w) corresponding to the pretreatment time
(1, 2, 3 weeks) were referred to as treatment 1 (T1, mixing ratio 1:1), treatment 2 (T2,
mixing ratio 2:1), and treatment 3 (T3, mixing ratio 1:2). In the mixing ratio, 1:1 containing

3 pretreatments time, named as follows: T1- A (pretreatment time: 1 week), T1-B
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(pretreatment time: 2 weeks), and T1-C (pretreatment time: 3 weeks). Similarly, in the
mixing ratio, 2:1 and 1:2 named T2-A, T2-B, T2-C and T3-A, T3-B, T3-C, respectively.

The anaerobic co-digestion set-up in this experiment consisted of 27 digesters. The
best performance from this experiment will be chosen out for the next batch, a big

scale. The prepared samples during pretreatment time are illustrated in Fig. 3.6.

Figure 3.6 Co-digestion of water primrose and cow dung

(A) Sample preparation; (B) Alkaline solution preparation;

(Q) Pretreated sample; (D) Sample mixing

Scanning Electron Microscope (SEM) and Light Microscope (LM) of water
primrose
An observation of a water primrose stem cell cross-section was made by an

Olympus CH30 light microscope (Fig. 3.7). The visualization of cells of water primrose
was observed by magnifying their images. Also, the water primrose (raw material) and
pretreated water primrose, including fresh and dry, were investigated under scanning
electron microscopy (SEM) to examine the substrate's physical structure. SEM was
carried out at the Institute of Product Quality and Standardization (IQS), Maejo
University, Chiang Mai, Thailand.
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Figure 3.7 Sample preparation for Light Microscope (LM) of water primrose

(A) Sample preparation; (B) Size reduction; (C) Light microscope

All the samples were prepared by crushing manually into powder form using a
pestle and mortar (Fig. 3.8). The pretreated sample was conducted by soaking 2%
NaOH solution and kept at room temperature. The fresh sample was kept for 1 week
and 2 weeks for a dry sample. Afterward, samples were dried in an oven for 24 hours.
Before imaging, samples were sputtered with a fragile layer of gold to guarantee its
electrical conductivity. The samples were then sputter-coated with and fixed with the
brass stub for examination under the field emission scanning electron microscope
(SEM) (Nova Nanosem 450, USA). The instrument used was JSM-5410LV and operated
with a field emission gun, and observations of SEM images were performed at x 500

magnification with an accelerating voltage of 15 kV.

Figure 3.8 Sample preparation for SEM of water primrose

(A) Sample preparation; (B) Dried sample; (C) Scanning electron microscope
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The experimental digesters setup

In the laboratory-scale experiments, each biodigester was of 1000 mL of Duran
bottles transparent laboratory bottles of diameter 94 mm and 222 mm length, each
with 700 mL of working volume. Tap water is used to dilute substrate and makeup
digester to desire working volume, which amounts needed more than about two times
the original mass. The pH adjustment for all digesters before fermentation is 8.5-9 by
using calcium oxide (CaO) powder; this pH is maintained throughout the process
without any further adjustment.

After adding the substrate, glass bottles are then sealed airtight with a rubber

cap and parafilm to ensure an anaerobic environment and prevent any possible gas
leakage. Afterward, fitting the pipe inside the hole of the rubber cap. The produced
biogas is transferred via the pipe to the gas holder, which is designed as an inverted
cylinder immersed in water with 500 mL, placed inside the water bath. The water bath
is transparent glass with a rectangular box (60cm x 30cm x 40cm). A biogas system with
the gasholder can help offset temporary imbalances between gas supply and demand
and establish a biogas reserve.
When the gas is consumed faster than production, stored gas can be pulled out of the
holder to complement the production and meet the biogas consumers. In this way,
the gasholder becomes a buffer for short-term process imbalance. The gas produced
is measured equivalent to the volume of water decreased from gasholders. When the
biogas produces constantly, the water is pulled down in a water tank due to the biogas
pressure. The gas holder is prevented from tilting by a guide frame and connected to
the pipeline between the digesters and the biogas consumers' vapor space.

The process was conducted at ambient temperature for 45 days. Mixing was
implemented for all digesters two times a day by handshaking for one min to ensure
full mix. The measurement of daily biogas production was taken every 24 hours. Biogas
was collected in the gas bag every time the gas volume achieve 450 ml based on the
downward displacement of water in the cylinder link to the volume of gas produced.
Then, the daily volume gas was taken every 24 hours; the composition of gases such
as methane, carbon dioxide, oxygen and hydrogen sulfide is quantified by gas analyzer

Geotech GA5000 every 3 days.
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Figure 3.9 Anaerobic digestion system of laboratory scale

3.4 Pilot scale-up of biogas production

The big scale of anaerobic digestion is conducted based on the results obtained
from laboratory-scale experiments. The best performance of pre-treatment time of
sodium hydroxide and cow dung ratio to water primrose will be implemented for the
big-scale experiment.

In this experiment, the amount of samples was calculated based on dry matter
of water primrose which was 10% total solids (TS) content (100g TS/L). Accordingly, 34
kg of water primrose was prepared while 14 kg for cow dung as mixing ratio of 2:1 (w/w,
water primrose to cow dung) which was chosen from lab-scale experiment. The
substrate slurry was made by the mixture of pretreated water primrose, cow dung and
tap water with the final slurry volume of 500 L.

The biogas production was measured based on water displacement method. The
digester tank is made of stainless steel, with a semi-cylindrical shape from the bottom
and from the top is a rectangle shape. The batch experiment was conducted using a
1,000-liter fermenter (1 m?) for fermenting materials. For a safety margin, the fermenter
with a working volume of 500 L (0.5 m?) was chosen to prevent the high pressure of
gas produced and avoid the gas overflowing from the lid. Furthermore, for observation
of the substrate during the process, two longitudinal viewing glasses have installed on

side walls and bottom with area of 0.15 m? The feeding and gas storage system is
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removable lids placed at the top of the fermenter. Dimension of feeding system is
0.35 m x 0.35 m. The top removable lid of the gas storage has a capacity of 0.4 m’
and is equipped with connector pipes, valves and rubber seals. A 7 cm diameter valve
inserted at the bottom allows the unloading of digested material. After the addition of
the substrate, tap water was used to dilute the substrate and produced a liquid
volume of 500 L. Calcium oxide (CaO) was then added to adjust the pH of the digester
as a buffer. Finally, the digester was water-sealed for the duration of the process. The
accumulative biogas was stored in a gas holder made of 120 L of a cylinder. The
volume of gas produced was measured daily by the rising height of the floating
cylinder; the gas record was done by reading the measurement attached along the
length of gas holder. In addition, the digester was stirred twice a day for 10-15 min.
The stirring system for achieving mixing substrate in the digester is also constructed
from stainless steel and worked by an inverter through the control panel. The

anaerobic digestion system is illustrated in Fig.3.10.

Figure 3.10 Anaerobic digestion system of big scale

3.5 Enhancement quality of biogas via purification process

In this study, the experimental biogas purification was performed as lab-scale
experiment. The experiment was aimed to evaluate the amount of CO, removal after
the process by using different concentrations of an alkaline chemical such as sodium
hydroxide (NaOH) and calcium hydroxide (CaOH),) solution. Besides, hydrogen sulfide

(H,S) and moisture removal also investigated. The biogas purification process was done
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by using steel wool, alkaline solution and sponge as purification substrates (Fig. 11).
The steel wool is to remove H,S while alkaline solution is to react with the carbon
dioxide and sponge aimed to remove moisture.

The experimental device is concluded of gas holder, vacuum pump for
transferring gas flow and two scrubbing columns for biogas purification. The raw biogas
was obtained from a big digester of 1,000 L capacity conducted in the previous
experiment. For each purification test, 50 L of biogas was prepared in a gas holder and

recorded its components by gas analyzer GA 5000 prior to the purified column.

Figure 3.11 Purification substrates

The biogas scrubbing system consisted of two columns, the hydrogen sulfide
(H,S) removing column and the other column was combined of carbon dioxide (CO,)
removal and moisture trap. Columns were designed and constructed from a Polyvinyl
Chloride (PVC) cylinder with a diameter of 20 cm and a height of 70 cm. PVC cylinders
have an actual of the volume of 20 L. These cylinders are sealed at the top and the

bottom by plastic round lids for creating an airtight seal. At the top lid of cylinders
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were plug two holes with 2 valves as incoming and outgoing biogas. Furthermore, the
incoming gas hole was attached by a small PVC tube of 63 cm in height and 2.7 cm in
diameter. This design created a that allowed the biogas to flow from the bottom to
the top to ensure that the biogas flow from the bottom to the top to ensure good gas
distribution and increase gas reaction with the material.

The gas was pumped throughout the system with the support of a vacuum
pump. The valve of the columns' incoming gas was opened to let the gas flow through.
The pump flow of raw biogas was then entering the first column. This column
contained steel wood and was provided up to 50% of the column's height to
desulphurize raw biogas. The remaining H,S was then continuing reaction with the
alkaline solution in the next column. The other hole of this column was connected
with the pipe to a second scrubber column valve for further purification. In this
adsorption column, the aqueous solution low-cost commercial chemicals were
prepared at various doses of NaOH or Ca(OH), as 1%, 2% and 3% concentration. The
amount of solution in the column was 10 L, haft- space of the column used for motion
of the gas flow and prevented the high pressure occurring during the process as well
as increasing the reaction time. Hence, sponges were also provided in the column up
to 50% height. The liquid solution absorbed carbon dioxide, hydrogen sulfide and
moisture in raw biogas; thus, the concentration of these impurities gas was increased
in the scrubbing column. In other words, the enrichment of the methane content in
purified biogas was achieved. The biogas flow was continuing passed the outlet valve
of the scrubbing column into the gasholder. The process was then repeating called a
continuous process. The removal of impurities from gases was evaluated every 30 min
for 2 hours (30 min, 60 min, 90 min and 120 min by taking a small quantity of gas at
the exit valve of the second column for gas component checking using the Tedlar bag

(500 mL). The experimental setup for biogas purification is shown in Figs 3.12 and 3.13.



a5

Figure 3.12 Experimental set-up for biogas purification:

(a) before experiment; (b) after experiment
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Figure 3.13 Schematic diagram of biogas purification

Theoretical modeling of CO, absorption
The absorption kinetics reflect the development of the absorption process
versus time. In the present of aqueous solutions of sodium hydroxide (NaOH) and
calcium hydroxide (Ca(OH),) of different strength, the CO, and H,S in gas mixture was

absorbed through direct from gas to liquid contact in scrubbing column.The
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relationship between the fractions of absorbed CO, (C) with fraction of CO,(Cy) in the

inlet column reactor can be expressed as (Tippayawong and Thanompongchart, 2010):

A=1-(C/C) Equation 12

Assuming that the rate of declining CO, absorption is proportional to the fraction of
absorbed CO, and the fraction that passes through. It can be denoted as (Lin and

Shyu, 1999):
dA/dt=-kAC-A) Equation 13

Integration of the above equation:

A(1-Ap)

ln(Ao(l—A) =kt - ... Equation 14

The equation can be rearranged as:

t=r1 +lln( < ) .......... Equation 15
ko \Co—C

In which k is an absorption constant and T is the characteristic absorption time when
50% concentration of CO, at the outlet occurs. From the above equation, it can be
implied that the solutions in column should be saturated with CO, after a period of

27T.

3.6 Analysis of basic physicochemical parameters

Some of the essential parameters were examined based on the standard methods:

Table 3.1 Physicochemical parameters (APHA, 2015)

Parameters Unit Method Analysis

pH - pH meter Before and after
TS mg/| Gravimetric method Before and after
VS mg/| Gravimetric method Before and after
COD mg/L Gravimetric method  Before and after

Alkalinity mg/|-CaCO, Titration method Before and after
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VFA me/g Reflux equipment Before and after
Cumulativebiogas ml Gas sampling bags Daily
production

Total solids

Total solids are the amount of solid remaining in the sample after evaporating water
in it under higher temperatures. In other words, it is to indicate the quantity of the
material residue left in the crucible after evaporation of the sample and its
subsequent drying in a laboratory oven at 105°C for one hour. The TS is calculated as

the following equation after cooling the sample in a desiccator:

W. —-W .
TS(mg/L) = Total Crucble Equation 12
V,
Sample
W. —-W .
TS(06) = —o@l_Crudble w459 Equation 13
V,
Sample
Where:
WTotaL: Weight of dried residue and crucible (mg)
Werucible: Weight of crucible (mg)
vSampLe : Volume of the sample (L)

Volatile solids

Volatile solids (VS) is the amount of solid remaining in a sample after evaporating
water and heated at 550°C. The residue obtained from total solids is continuously
heated at 5500C for 30 minutes to two hours using a muffle furnace. After cooling in

a desiccator, VS is calculated to the following equation:

W. —W. .
VS(mg/L) = Total Volatile

Sample

.......... Equation 14
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VS(%) = WTOti‘/L “Molatile 100 Equation 15
Sample
Where:
WTotaL: Weight of dried residue and crucible (mg)
WVoLatile : Weight of residue and crucible after ignition 550°C (mg)
vSampLe : Volume of the sample (L)

Chemical oxygen demand (COD)

Chemical oxygen demand is defined as the amount of specified oxidant that
reacts with the sample under controlled conditions. It is measured by the titration
method (APHA, 2015). The method for measurement COD is the reflux tube method.
Potassium dichromate crystals (K,Cr,0O-) is used to standardize the Ferrous Ammonium
Sulfate (FAS) solution. Ferroin indicator is used as a solution. The concentration of
H,SO4is 0.01M and titrate against FAS solution using Ferrioin indicator. The titration is
accomplished when the color change from blue-green to brown. The equation below

used for COD calculation:

8000 X Cpyc X (V, — V)
COD(mg/L) = FAS” 1 27 %100 e Equation 16
V
0
8000X Cpye X (V, —V,)
CODImg/Kg)= ST L T ka0 Equation 17
m
0

Where: Cppq: The concentration (M)

VO: Volume of the sample before dilution (mg)
M : Mass of the sample before dilution (mg)
V- Volume of FAS used for blank (ml)

V1 Volume of FAS used for sample (ml)
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Alkalinity and volatile fatty acid (VFA)

Alkalinity is measured by the titration method, using 0.01 M sulfuric acid (H,SO,)
as an indicator reagent. Other reagents are also used as phenolphthalein and methyl
orange. The sample will be diluted with distilled water using a centrifuge for 30
minutes, after finished, 20 ml supernatant liquid is collected, then 20 ml distilled water
is added to the liquid. The contents are well mixed before added 3 drops of
phenolphthalein and methyl orange are added respectively to the liquid. Titration by
0.01M H,SQq, the endpoint is the first pink coloration that persists on standing for a
short time. The equation to calculate total alkalinity perform as below:

VHZSO4 XN X 50,000

TotalAlkalinity(me/L — CaCO3) = Equation 18

sample

Where:

VH2504 : Volume of sulfuric acid used in mL

N: Normality of acid used to titrate

\Y

: Volume of the sample used in ml
sample

50,000: Mass equivalent of CaCO,

The volatile fatty acid is measured by the combination of the reflux machine and
titration. The volatile acid determination, in conjunction with pH measurements is
valuable in controlling environmental conditions during the initiation of the methane
digestion. The following equation is used to calculate volatile fatty acid:

Vo X 6,000
VFAmg/)=-—ReoH_* Equation 19

\Y X 0.7
sample

Where: VNaOH: Volume of sodium hydroxide used in mL

\Y

: Volume of the sample used in ml
sample
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0.7: It is assumed that only 70% of the total volatile acids are collected

during distillation.

Energy analysis
The higher calorific values (HCV) and lower calorific value (LCV) of pure methane
were 39.82 and 35.87 MJ/m’, respectively. HCV and LCV of produced biogas were

determined as below equation:

HC = 0.3989X MC

Vb'
iogas
.......... Equation 20

L = 0.3593X MC

vaiogas
Where: MC is the methane content in biogas (%)

In addition, the calculation of energy and power potential is adopted by (Wellington

et al,, 2017) using the biogas collected and its flame to heat water as follows:
E = M¢C¢ A8 + My, CyyA® Equation 21

Where E is the amount of heat energy dissipated, Mc is the mass of calorimeter (g), Cc
is the specific heat capacity of the calorimeter (390 J keg-1K-1), A8 is the temperature
change (°C), M,, is the mass of water (g) and C,, is the specific heat capacity of water

(4200 Jkg-1K-1).
Power=E/P . Equation 22

Where E is the amount of heat energy calculated in Eq. 21 and t is the time taken for

the energy to be dissipated (s).
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Characteristics of feedstock used for anaerobic digestion

Water primrose has bright yellow flowers and oval-shaped, typically having four
petals. Flowers vary in size from 2 cm to 4 cm in diameter and bloom all season,
except winter. The stems are long, trailing, branched. Stems of water primrose can be
green to reddish appearance, can reroof from cutting, it fleshy and grow to the height
up to 120 or even 210 cm. Leaves are long and slender in shape and arranged
alternately on the stem, up to 10 cm long, 1-2 cm wide, shiny, dark green and lighter
green central vein or in yellow color. The plants contain small seeds inside. Capsule
pubescent, more-or-less cylindrical or swollen towards the apex, up to 30 mm long
with many brown, oblong seeds about 0.5 mm long.

At the beginning, fresh material has 3.8 kg/m?. After drying, the dry weight of
the material remaining 0.9 kg/m?. The plant constitutes 60% of the stem's dry weight,
15% of the flower and fruit, 15% of root and 10% of the leaf. Water primrose is an
agricultural disturbance plant and spreads easily to become naturalized. It is well
known as a troublesome aquatic noxious weed that invades water ecosystems and
can clog waterways; also, it spreads croplands. Therefore, this nuisance plant biomass
is a good source for bioenergy applications.

Cow dung is the second bio-solid waste used for biogas production. The
digestate can be an important source of fertilizer due to its high nutrient contents. Co-
digestion of water primrose and cow dung reduces water consumption, energy and
cost consumption for waste collection and transportation. It also provides the
opportunity for the recovery of valued nutrients and energy as biogas.

This work's novelty utilizes biomass from water primrose and cow dung that
effectiveness related to biogas generation and improvement of methane production.
Determining the material's characterization leads to a better estimate of the
relationship between substrate and biogas potential. The substrate components as

carbohydrates, fats, and proteins are converted into methane (biogas) production
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under anaerobic digestion (Blcker et al., 2020). Therefore, it is necessary to determine
the organic content in substrates as well as other correlated parameters. The initial
characteristics of water primrose and cow dung are related to the physical and
chemical presented in Table 4.1. Furthermore, compositional analysis of water
primrose, such as proximate and ultimate analysis also investigated.

TS's content was determined by igniting samples at high temperatures in a muffle
furnace based on dry matter. In the water primrose samples, it is observed that the
content of TS, VS was found 900,000 + 4,165 mg/L and 836,667 + 3,754 mg/L,
respectively. Hence, the chemical oxygen demand of water primrose was 61,667 +
4,812 mg/L. Those parameters indicate a high amount of organic compounds are
available and the biodegradability of the substrate, which could contribute to the
biogas conversion under anaerobic digestion.

The pH of the sample was 5.05 + 0.02 shown that water primrose is acidic,
which implied that alkaline pretreatment by NaOH solution could help increase
alkaline buffer capacity and reduce the quantity of CaO powder used for adjusting pH
in the digester. The proximate of water primrose also verified the percentage of
moisture content (MC), volatile content (VC), fixed carbon (FC), and ash were 7.28, 63.1,
1.28 and 28.4, respectively.

In term of the ultimate analysis, the elemental composition of water primrose
is detected in the elemental analyzer and contented carbon (C), hydrogen (H), oxygen
(O), nitrogen (N), and sulfur (S) elements. Based on the weight percentage on a dry
basis, the major elemental water primrose composition was C with 40.2 wt %, followed
by O (22.13 wt %) and H (5.03 wt %).

Other N and S elements were also found at a low percentage (1.8 wt% and 0.24 wt
%). Nevertheless, not all elements (CHONS) are taken part in the anaerobic digestion
process as nutrients. For example, the oxygen element does not contribute to the
anaerobic process due to the process requires strictly free-oxygen conditions (Matheri
et al,, 2018). Thus, the essential organic matter contribution elements are referred to

as CHNS content (Chan and Wang, 2016).
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Table 4.1 Initial characteristics of water primrose and cow dung

Measured values

WP CD
TS (mg/L) 900,000 + 4,165 196,666 + 1,064
VS(mg/L) 836,667 + 3,754 140,000 + 984
pH 5.05 + 0.02 8.15 + 0.02
COD (mg/L) 61,667 + 4,812 153,333 + 5,695
VFAs (mg/L) 3,218 + 182 4,376 + 896
Alkaline (mg/L) 1,917 + 312 3,4458 + 295
Proximate analysis (Wt%,d.b)
MoisturecontenT (MC) 7.28 -
Volatile content (VO) 63.1 -
Fixed carbon (FQ) 1.28 -
Ash 28.4 -
Ultimate analysis wt%,d.b)
Carbon (Q) 40.2 -
Hydrogen (H) 5.03 -
Oxygen (0) 22.13 -
Nitrogen (N) 1.8 -
Sulfur (S) 0.24 -




54

TS's content from cow dung was lower than water primrose, which was 196,666 + 1,064
(mg/L) and 140,000 + 984 (mg/L), respectively. Cow are fed grasses containing greater
lignin complexes with cellulose, further digested into biogas in anaerobic digestion.
According to the pH values in Table 4.1, the pH measurement of water primrose was
in the acidic range (5.05); meanwhile, the pH of cow dung was used as co-substrate in
the range of basic range (8.15). In the fermentation process, anaerobic co-digestion of
water primrose and cow dung could prevent the risk of acidification and improve buffer
capacity in digesters than conducted with one substrate in digesters. Also, manure is
considered a nitrogen-bearing material in anaerobic digestion that during the
fermentation process, the buffering system is more adjustable by releasing ammonia
(Zamanzadeh et al.,, 2017). Overall, the initial values of feedstock showed a suitable

condition for the anaerobic system.

4.2 Light and scanning electron microscopy of water primrose

An observation of a water primrose stem's cross-section was made by a light
microscope (LM) presented in Fig. 4.1. A large calcium oxalate crystal was found in the
cross-section of the stem of water primrose. Calcium oxalate crystal usually is located
in all parts of the plant as roots, leaves, stems, seeds, and other parts (Franceschi,
2001). The crystals might contribute to the photosynthetic process and protect against
insects and foragers (Franceschi, 2001; Konyar et al.,, 2014). However, accumulate
oxalate can cause poisoning symptoms for ruminants in toxic concentrations (Konyar
et al.,, 2014).

Still, imaging with scanning electron microscopy (SEM) was investigated before
and after alkaline pretreatment. Scanning Electron Microscope observed the difference
in the lignocellulosic structure of water primrose before and after pretreatment with
2% NaOH. Pictures were taken at 15 kV and magnifications x 500, which are shown in
Fig. 4.2. As shown on the SEM picture, water primrose's surface morphology, the
significant difference between untreated and treated surface was observed. The
apparent structure of water primrose is closely regulated, and there are rough particle
bulges. Also, it has an intact morphology form and the pores did not happen in a large

amount, thus making it more recalcitrant challengingfor enzymes to access the plant
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cell wall. Generally, intact cells can be seen clearly in Fig. 4.2A. Tetard et al. (2010)
explained that depending on the linkage of lignin and cellulose in biomass, different
topography could have occurred, such as the holes and gaps layer appeared in the

same region after the pretreatment process.

Figure 4.1 Cross-section plant stem under the microscope

Morphological changes by alkaline pretreatment are first noticeable after
pretreatment at 2% of NaOH. In the fresh sample, the cell wall boundaries were clearly
disrupted after the pretreatment (Fig. 4.2B and 4.2C) and the large-sized pores were
visible that revealed the following layers within the cell walls in the dry sample (Fig.
4.2B). By 2% of NaOH, the apparent structure became looser, more holes appeared on
the surface of solids and the size became larger, the surface area increased accordingly.
Here, slight defibrillation was observed, consisting of the separation of individual fibers
and an enlarging of the reactive area. The structure is more pronounced structural

changes in the biomass were seen due to the solubilization of hemicellulose and
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cellulose increasing led to the changes of pronounced structural biomass and lignin
re-localization changes. Still, a reduction in fiber length scales was significantly
observed in the dry sample. This phenomenon may help enzymes attack the surface
area easily during hydrolysis (Fang et al., 2015), enhance glucose production (Lei et al,,

2013) thus, resulting in higher methane yield (Moset et al., 2018).
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Figure 4.2 Scanning Electron Microscope image of water primrose:
A) Raw water primrose, (B) Fresh pretreated water primrose and

(C) Dry pretreated water primrose

4.3 Biogas production from anaerobic mono-digestion

Almost biomass undoubtedly can apply to anaerobic digestion as long as it
contains a high amount of nutritious matters as carbohydrate, protein, fat
(Saengsawang et al., 2020); meanwhile, they are not free from drawbacks. The complex
structure of these lignocellulosic biomass causes microorganisms to hardly attack and
degrade substrates because it bonds tightly together (Pang et al., 2008). Therefore, in
order to enhance biogas yield in the final step of anaerobic digestion, there is a must
to create a good condition for hydrolysis step in the first step of the process (Zheng
et al., 2014), which means pretreatment of lignocelluloses biomass is an important
step to reform its properties, make hemicellulose and cellulose more soluble,

accessible to enzymatic hydrolysis (Amin et al., 2017). According to Du et al. (2019),



57

the favorite pretreatment time for lignocellulosic biomass should not exceed thirty
days. Beyond that ranges, the application of pretreatment technology is not conducive.

Generally, biogas can be produced from various kinds of organic waste

materials, for example municipal, agricultural, and industrial wastes and energy crops,
through an anaerobic digestion process (Bucker et al., 2020). Numerous researchers
have been studying potential feedstock for biogas production from natural sources as
rice straw (Mancini et al., 2018), Napier grass (Dussadee et al., 2014), teak leaves
(Wannapokin et al,, 2018), common reed (Van Tran et al, 2019) buffalo grass
(Chuanchai and Ramaraj, 2018). In general, these biomass feedstocks are abundant in
rural area and bring no benefit in economic and environmental aspects. Thus, the
effectiveness of using biomass for anaerobic digestion is a better choice to consider to
reduce the problems associated with organic waste disposal (Sonakya et al., 2001).
Furthermore, the results obtained from these studies evidenced that the efficiency of
applying pretreatment processes on biomass feedstock boosted biogas yield.
Mono digestion is the foundation for further development of co-digestion; investigated
biogas production on a single substrate before mixing with one or more than one
substrates would obviously evaluate each substrate's influence that involved in the
fermentation process. One of the biggest factors in deciding operating anaerobic
digestion is to investigate biogas potential on the feedstocks used. The more amount
of dissolved carbon in the substrate, the more gas could be converted by bacterial.
The second factors are the time given to the bacteria, called hydraulic retention time
(HRT). In case the substrate has enough time for bacterial to digest, there may get full
conversion of organics to the end products.

Typically, HRT works in the mesophilic temperature range of 20-35°C for 15-40
days (Dareioti and Kornaros, 2014). Investigation of water primrose from biogas
potential under the mesophilic condition shown that methane production decreased
rapidly after 45 days of operation. Thus, the ideal time for the decomposition of this

material was performed for 45 days.

At a given time of 45-days operation, the substrate was decomposed through

the microorganism's anaerobic process. It is important to determine that how much
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biogas produced and the time it reaches the greatest amount during a period of time.
All fermenters were shaking twice a day manually to prevent scum formation and
increase contact between microorganisms and substrate, leading to improving the
fermentation process. Besides, high pressure could be built up via gas produced inside
the fermenter. Therefore, 30% of the headspace of each fermenter was spent on gas
space. The pH was adjusted before fermentation to the value of 8.5-9 by adding CaO
to increase digester alkaline and prevent a rapid change of pH at the acidogenesis step.
After that, the pH of the process was maintained by itself. The gas production was
measured every 24 hours and the biogas components as methane, carbon dioxide,
oxygen and hydrosulfide obtained from all treatments were measured every 3 days.

This experiment has investigated that the processing time for pretreatment
samples was 7 days on the fresh sample and 14 days for dry samples by different
NaOH concentrations (0%, 1%, 2%, 3% and 4%) at room temperature before entering
the fermentation process. The performance of the biogas production observed in the
present study was significantly influenced by the pretreatment process. The daily and
cumulative biogas production from water primrose in the form of fresh and dry
increases, and the obvious results are shown in Figs. 4.3-4.4.

Investigating on the fresh sample, control (0% NaOH) was the lowest yield of
all the others (Fig.4.2). This indicated that even a mild concentration of NaOH (1, 2 %
concentration) could improve biogas yield. In other words, NaOH pretreatment
increased the amount of biodegradable material and its digestibility. In the case of an
increasing concentration of NaOH from 1% to 3 %, the maximum biogas yield was
found. Hence, although the maximum yield was obtained at 3% NaOH, the associated
maximum biogas yield was not observed with a higher concentration (4% NaOH). The
results were similar to a study by Wicaksono et al. (2017). The author has investigated
the effect of NaOH solution on biogas production from rice straw. NaOH's concentration
was chosen with 2%, 4%, and 6% then rice straw was soaked in the solution for 30
minutes before fermentation anaerobic digestion process. The highest volume of
biogas produced was found in 4% NaOH solution with 21.1mU/gTS. The following was
20.4 ml/gTS from 2% NaOH solution; higher concentration (6% NaOH) showed the

lower yield without pretreatment (17.2 ml/gTS). The possible reason can be explained
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that NaOH concentration could make lignocellulose (hemicellulose and cellulose)
more dissolvable and increase the concentration of the substrate (Chandra et al., 2012;
Du et al., 2019). Moreover, methanogenic bacteria have an optimal operation capacity
at 4% NaOH in the anaerobic digestion process, higher than that concentration, and
methanogenic bacteria is inefficient in biogas production. These results also stated that
pretreatment using NaOH solution obtained more biogas volume than using acetic acid
solution because the alkaline solution was more effective in reducing the substrate's
lignin compound.

This experiment's maximum biogas yield was achieved at 3% NaOH with
6,692.55 mL; this was higher (39.4%) than control (4,054.13 mL). This result was similar
to 2% NaOH with 6,272.37 mL volume of biogas. The minimum biogas yield was
obtained at 1 and 4% NaOH with 5,581.13 mL and 5,407.7 mL, respectively. The results
demonstrated that the biogas yield gradually increased with an increase in NaOH
concentration. However, with more than 3% NaOH concentration, the total volume of
biogas tended to decrease. The maximum (3%) attainment rate was not much different
with 2% NaOH.

Regarding methane content from fresh material (Fig.4.3), the highest content
was obtained from the highest biogas volume that was from 3% NaOH treatment with
61.23%, followed by treatment of 2%, 1%, 4% and lastly 0% of NaOH (with the
methane percentage of 58.76%, 55.53%, 55.32% and 51.32%, respectively).
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Investigating on dry samples, biogas started producing immediately on the first
day from all treatments (control, 1, 2, 3, 4% NaOH). During the first two weeks, there
was no significant different gas production among these treatments. From the third
week onward, the biogas curves of 2 and 3% NaOH treatment were higher than the

rest of the treatment and this curve was maintained till the end of the process.

The highest rates of biogas production per day reached 257.5 mL/ day using
2% NaOH. This peak value was obtained on day 35. The maximum biogas yield of
control, 1%, 3% and 4%, gradually reached their peak value on day 33, 37, 27 and 45,
respectively. In all treatments, the daily biogas volume curve was mostly flat and there
was no clear peak in daily productivity. The digesters with 2% NaOH have a 71.6%
higher peak volume than the controls (150 mL). Followed by 3% NaOH, which 40.6%
higher than the controls but 18.1% lower than 2% NaOH. At 4 and 1% of NaOH, the
peak volume was not much different from the controls, reaching 169.5 and 172 mL,
respectively. Hence, the pretreatment samples reached the peak value of the controls

(150 mL) then about 2 days and 18-20 days for 1%, 4% and 2%, 3% NaOH, respectively.
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The accumulative biogas yield was calculated based on the gas production per
day that varied from 4,285.80 to 8,072.00 mL. There was no significant different volume
in the treatment between 1% and 4% NaOH and control. The highest biogas yield was
obtained from 2% NaOH; it was by 16.4 %, 52.1% and 59.1% higher than yield of
pretreatment samples of 3%, 4% and 1%, respectively. Moreover, it was much higher
88.4% for biogas yield of control. The biogas production started producing from day
one, while the methane concentration was detected from day 6 onward for all
treatments (Fig.4.5). Generally, the difference of methane formation in biogas varied
from a minimum value of 55.07% (0% NaOH) to a maximum value of 64.72% (2%

NaOH).

During the first six-day of fermentation, the methane was recorded at zero
percent at all treatments. Thereafter, methane concentration steadily rose till the end
of the process. At the beginning of the anaerobic digestion, the methane concentration
at 4% NaOH treatment was slightly higher than the rest of the treatments. The 4%
NaOH had the earliest peak value on day 27 with 59.51% of methane, indicating that
at a high concentration of NaOH treatment on water primrose would positively improve
the initial methane concentration. However, this experiment's highest methane
formation was at 2% NaOH, with 64.72% obtained near the last day of the process
(day 42). This is further supported that 2% NaOH of pretreatment on water primrose
had a positive effect on the quantity of the total volume of gas produced and improves

the quality of the gas.

In addition, an average of 1132.3 cm® biogas was used for calculation; the
results of biogas power potential were 25.34 W or 22.3822 W/L or 22,382.19 W/m”. The
pure methane content could generate 37,258.9 J of energy or 37,258.9 W/m’. As a
result, 60.07% of methane content was estimated from 22,382.19 W/m’ power. In
addition, it is noted that the energy of 10 m? of gas liquefied petroleum (LPG) used

for cooking is equal to 25 m?® of biogas. In other words, the ratio of energy from LPG

gas to energy from pure methane is 5:2. Consequently, biogas production from water
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primrose is a potential feedstock in anaerobic digestion with achievable energy

efficiency.
Table 4.2 Biogas energy and power potential calculation
Mass of
The . Energy gained
water Change in Time Power
volume of by water &
and temperature taken  dissipated
gas used calorimeter
calorimeter
Vs (cm?) M (g) ANVAR®) E () (s) P (watts)
Calorimeter 47.3
Test 1 1975 53 17 4,097.8 67 24.5
Test 2 874 a7 14 3,021.8 14 26.5
Test 3 548 40 13 2,423.8 7 24.9
Average 1,132.3 3,181.1 253

Comparison of anaerobic mono-digestion from fresh and dry water primrose

At the beginning stage of anaerobic digestion, the anaerobic bacteria started
acting on the organic matter of substrate for all of the digesters. The bacteria
population increased and digested on more substrate leading to increase biogas
production. After an adaptation period, the bacteria were active on the largest amount
of readily biodegradable organic matter in the substrate, resulting in obvious influence
on daily gas production that performed as the peak value. Thereafter, the carbon and
nutrient in the substrate decreased. Biogas production started to drop and gradually
stop producing.

The obvious results ere shown in general: (1) the accumulated biogas
production increased with increased retention time with an increase in the retention

time. (2) The pretreated samples with NaOH solutions achieved a higher volume of
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biogas compared to untreated samples. (3) As different doses of NaOH were used in
pretreatment of water primrose, the organic matter degradation was observed through
the volume of biogas production and methane content per all treatments. The
complex structure of lignocellulosic biomass was significant affected by NaOH
pretreatment; the experimental results demonstrated that the adding concentration
of NaOH leads to an increased content of the biodigestibility of the substrate under
anaerobic condition and make it easy to access to hydrolytic bacteria at the early stage

of the digestion process.

The cumulative biogas from fresh and dry of water primrose under anaerobic
mono-digestion were 4,054.13 mL and 4,285.80 mL, respectively, which showed no
significant difference. However, the methane obtained was improved by dry samples,
which was 55.07% higher than fresh samples (51.32%). Furthermore, when the samples
were pretreated with NaOH, the quantity and quality of biogas production was
increased. The optimal results for fresh samples were at 3% NaOH with a total biogas
yield of 6,692.55 mL and 61.23% of CHy. Meanwhile, dry samples were at 2% NaOH
with a biogas yield of 8,072 mL and 64.72% of CH,. Considering the efficiency and cost
of the pretreatment process in anaerobic digestion, treatment of 2% NaOH
concentration is the best option for pretreatment of the dry substrate, which quickly
reaches the highest volume and achieves the highest cumulative biogas volume.

Overall, all treatments' peak methane value was found at the final stage of
anaerobic digestion. This is because the acidogenic and methanogenic bacteria took a
long time to adapt and balanced growth. Another reason is maybe the specific amount
of organic inhibitors in the substrate was further degraded and converted to biogas
generation, which contributed to methane concentration (Wang et al., 2020; Zheng et
al., 2017).

A comparison of methane content in biogas from water primrose with another
feedstock was gathered and is presented in Table 4.3. The results of methane value
from different biomass sources compared to the result obtained from this study
showed that the potential maximum methane content available in water primrose is

highly competitive with other aquatic plants or terrestrial plants.
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No. Feedstock name Methane References
(%)
1 Eichhornia crassipes 40.3 (Pereira et al,, 2011)
2 Corn stover 51 (Wang et al., 2020)
3 Food waste 59.0 (Li et al., 2010)
il Fruit/vegetablewaste 63.4 (Qiao et al,, 2011)
5 Food waste 68.0 (Qiao et al,, 2011)
16  WildMexicanSunflower 65 (Dahunsi et al., 2017)
7 Silage maize straw 67.83 (Li et al,, 2017)
8 Rice straw 63 Li et al. (2017)
9 Tobacco straw 63.37 Li et al. (2017)
10 Dry maize straw 65.47 Li et al. (2017)
11 Soybean residues 57.14 (Onthong and Juntarachat, 2017)
12 Papaya peels 54.00 (Onthong and Juntarachat, 2017)
13 Sugarcane bagasses 49.12 (Onthong and Juntarachat, 2017)
14 Rice straws 56.25 (Onthong and Juntarachat, 2017)
15  Maize straw 42.05 (Wei et al., 2019)
16 Water primrose 64.72 This study

4.4 Biogas production from anaerobic co-digestion

The water primrose substrate has undergone pretreatment by alkaline (NaOH)

with different doses. Study findings revealed that 2% NaOH concentration was the best

condition for dry samples. Thus, this treatment was further continued to investigate its

biogas potential in anaerobic co-digestion with cow dung. Anaerobic digesters of all

treatments in this study were using 1-L bottles containing samples of T1 (T1-A, T2-B,
T3-0), T2 (T2-A, T2-B, T2-C), and T3 (T3-A, T3-B, T3-C). The anaerobic digestion

experiment was started immediately after samples pretreated by NaOH solution were

done at 7-day, 1d4-day, and 21-day period. The cow dung was co-substrate with water
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primrose at ratios prepared as each treatment corresponds to 1:1, 1:2, and 2:1 on TS
basis. The characteristics of pH, TS, VS, COD, VFAs, and alkaline of co-substrate before

fermentation are given in Table 4.4.

The daily and total biogas production, methane concentration of co-digestion
(water primrose and cow dung) at the three mixing ratios of 1:1, 2:1, and 1:2, are shown
in Figs.4.7 and 4.8. The final total volume of biogas was calculated after 45 days of
operation by the amount of gas obtained per day. The gas components were measured
by gas analyzer GA5000. The trend was similar to the lowest total biogas obtained at
1 week and highest at 3 weeks’pretreatment time for each mixing ratio. Additionally,
the increasing volume of biogas obtained, the higher the concentration methane
achieved. Hence, the methane content in biogas indicates the amount of solubilization
of the substrate was degraded by microorganisms in anaerobic digestion.
The maximum biogas volume in the digesters from treatment 1 to treatment 3 was
7200 mL, 8610 mL, and 8100 mL obtained in T1-C, T2-B, and T3-B, respectively. As a
result, the methane concentration was distributed as T2-B (68.20%) > T3-B (66.05%) >
T1-C (64.55%). In comparison with the biogas volume between each treatment, there
was no significant different volume observed. However, these values were 67.9%,
88.9%, and 100.01% higher if compared with the control of water primrose in terms of
biogas volume and 32.4%, 48.9%, and 51.9% if compared with the control of cow
dung. Even though at the co-digestion of water primrose to cow dung in mixing ratio
1:2 carried more microorganisms than others, the efficiency of this treatment did not
achieve the highest value of biogas production and methane concentration. The
possible reason is that the substrate's limited organic matter was not enough supplied
for anaerobic microorganisms to convert to methane product. The pretreatment of
NaOH reflected the higher value of TS, VS, and COD than the controls made more
biodegradability of the components in the feedstock, thus obtained higher biogas

production.
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Table 4.4 Parameters of co-digestion before the fermentation process

Treatment Parameter
TS VS ALK VFA
pH COD(mg/L)
(mg/L) (mg/L) (mg-CaCO,/L) (mg/L)
T1-A 8.8+0.11 47,500+1,500 36,000+1,322 50,667+2,542 4,708+212 1,216+395
T1 T1-B 88+ 0.09 56,500+ 2,500 45,000+1,412 52,000+2,832 6,000 = 270 1,596 + 211
T1-C 88+ 0.10 58,500+2,500 46,000+1,548 53,333+2,266 6,292+257 1,474 +871
T2-A  8.8+0.10 74,353+3 405 50,000+1,644 105,128+4,211 7,500+468 1,033 + 415
T2 T2-B 89 +0.12 79,667+3,503 62,000 = 1,459 133,667 + 4,257 7,375+417 1,409+542
T2-C 89+0.08 77500+ 3,143 51500 + 1,355 132,167 + 4,221 7,813+355 1,226+496
T3-A  87=x0.13 64,000 + 3,214 48,333 +1,724  59,333+2,158 5,563 + 313 1,052 + 484
T3 T3B 8.7+0.13 65000 +3,256 48,361 + 1,641 74,667+2,551 7,438 + 629 1,332 + 394

T3-C

8.8+ 0.10 69,667 + 3,521 48,500 + 1,270 90,667 + 3,344 6,750 + 375 1,439 + 580
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Degradation efficiency of TS, VS, and COD

In the anaerobic digestion process, the biodegradable TS, VS, and COD
represented by the amount of organic matter in the substrate was converted into the
final product named methane and carbon hydroxide. In other words, the degradation
of organic fractions in the substrate is proportional to the biogas produced (Feng et al,,
2019). The efficiency of TS, VS, and COD reduction from all treatments was calculated
by the initial and final value relationship and was expressed as a percentage, shown
in Table 4.4. Besides the volume of biogas production, the measurement of TS, VS,
and COD reduction could further evaluate the efficiency of biodegradability of
feedstock. It can be seen that after 45 days of anaerobic digestion, the 2% NaOH
pretreatment has a positive effect on degradability compared with the controls.

Moreover, the removal efficiency of organic material increased with increasing
initial value performed by the higher percentage of TS, VS degradation rate, and COD
removal rate. As mentioned earlier, the highest initial value of TS, VS, and COD was
obtained from mixing ratio 2:1 at 2 weeks’ pretreatment time. Thereby, the reported
data has verified the results that the COD removal rate and VS degradation rate at T2-
B treatment were achieved higher than the rest treatments.

As shown in Table 4.4, the percentage of TS and VS reductions for NaOH-treated
water primrose was from 57.55- 58.95% to 50.22-53.31% in treatment 1, in the range
of 61.65-70.84% and 54.36-64.76% in treatment 2, and lastly, in treatment 3 were
59.13-64.45% and 51.62-59.74% accordingly. Compared with the controls, these
results were slightly higher. Pang et al. (2012) mentioned that after NaOH pretreatment,
the organic material was increased, and more quantity soluble components were
utilized by bacteria, which led to a higher biogas production related to increasing TS
and VS reductions. The experimental results showed that the COD degradation was
obtained at a range of 51.46- 66.55% removal efficiency for all mixing ratios in co-
digestion, whereas the COD reduction control of water primrose and cow dung was
45.25 and 40.84%, respectively. Stabilization of the COD reduction after 21 days may
be due to exhausting nitrogen and carbon content and the aging of the microbial cells

(Kumar et al., 2020).
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Table 4 5 Removal efficiency of the mixture in anaerobic digestion

Removal efficiency (%)

Treatments
TS VS COD
T1-A 57.95 50.22 52.64
T1 T1-B 58.95 5141 55.19
T1-C 58.01 53.31 51.46
T2-A 65.65 60.55 59.86
T2 T2-B 70.84 64.76 66.55
T2-C 61.65 54.36 57.88
T3-A 59.13 51.62 54.74
T3 T3-B 62.44 56.28 55.06
T3-C 64.45 59.74 55.44

The significant removal of physico-chemical parameters of concentrated liquid,
semiliquid, or solid biomass was used for biogas production. The results proved that
co-digestion gave more biodegradability material for biogas production due to the
nutrient in co-substrate, which helped the anaerobic microorganisms thrive more

smoothly.

Response Surface Methodology (RSM) modeling for anaerobic co-digestion
In order to achieve the optimum biogas production, the factor of different
pretreatment times of water primrose and mixing ratio with cow dung considered were

optimized using response surface methodology (RSM). RSM was employed for
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investigating the influence of two different factors on experimental methane yield from
pretreatment time, mixing ratio and the relationship between them. A three-level-two-
factorial experiment was designed by central composite design (CCD) in order to
optimize the parameters. The 20 runs CCD for biogas production are shown in Table
4.5 with both replicates of factorial points, and star points were 2 and center points
were 4. The factors and levels were numbered as flowing:

Factor 1: NaOH (7 days), NaOH (14 days), and NaOH (21 days)

Factor 2: Ratio 1 (1:1), ratio 2 (1:2) and ratio (2:1)

The biogas production was selected as the dependent variable, namely responses to
the test. In order to predict the optimal point and the peak value, the Design- Expert

11 software was used and the second-order polynomial formulation (Eq. 23) was

employed to fit the independent variables and the responses.
Biogas production = +8436.07 +271.67A +605.00B-62.50AB -4.64A% -1254.64B7
.......... Equation 23

Where: A= NaOH (day)

B= Ratio

The equation in terms of coded factors can be used to make predictions about
the response for each factor's given levels. By default, the high levels of the factors
are coded as +1 and the low levels are coded as -1. The coded equation is useful for
identifying the relative impact of the factors by comparing the factor coefficients.
From the above equation, the increase of two factors of pretreatment time by NaOH
and ratio led to the negative of biogas production as the se response can be seen
clearly in Fig. 4.10. The ANOVA for the response surface quadratic model for biogas
yield was presented in Table 4.6.
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Table 4 6 RSM design of experiments and obtained results

Factor 1 Factor 2 Biogas production
Run A:NaOH B:Ratio Actual Predicted Residual

(day) value Value
1 21 3 8100 7990.95 109.05
2 14 2 8610 8436.07 173.93
3 14 3 7750 7786.43 -36.43
4 7 2 8320 8159.76 160.24
5 21 2 8500 8703.10 -203.10
6 21 2 8500 8703.10 -203.10
7 14 1 6570 6576.43 -6.43
8 21 1 7000 6905.95 94.05
9 14 1 6570 6576.43 -6.43
10 21 3 8100 7990.95 109.05
11 7 I 6150 6237.62 -87.62
12 7 1 6150 6237.62 -87.62
13 14 2 8610 8436.07 173.93
14 14 3 7750 7786.43 -36.43
15 7 3 7500 7572.62 -72.62
16 21 1 7000 6905.95 94.05
17 14 % 8000 8436.07 -436.07
18 7 3 7500 7572.62 -72.62
19 7 2 8320 8159.76 160.24
20 14 2 8610 8436.07 173.93

The Model F-value of 74.35 implies the model is significant.

There is only a

0.01% chance that an F-value this large could occur due to noise. P-values less than

0.0500 indicate model terms are significant. In this case, A, B, B2 are significant model

terms. Values greater than 0.1000 indicate the model terms are not significant. If there

are many insignificant model terms (not counting those required to support hierarchy),
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model reduction may improve your model. The Lack of Fit F-value of 2.70 implies a
9.66% chance that a Lack of Fit F-value this large could occur due to noise. Lack of fit
is bad - we want the model to fit. The coefficient of determination (R?) is the
proportion of variation in the response due to the fitting model rather than to random
error, and it is favorable that the R? value is above 80% (Joglekar and May, 1987). The
R? of 0.9637 in Figure 4.9 is as close to the Adjusted R? of 0.9507. The Predicted R? of
0.9361 is in reasonable agreement with the Adjusted R? of 0.9507; i.e., the difference
is less than 0.2. Adeq Precision measures the signal to noise ratio. A ratio greater than
4 is desirable. The ratio of 24.188 indicates an adequate signal. This model can be used
to navigate the design space in Table 4.7.

Using Design Expert software, contour plots and 3D surface plots were
generated to find the optimum operating conditions of the biogas production's
anaerobic digestion process. A contour plot provides a two-dimensional view where
all points with the same response are connected to produce contour lines of constant
responses. A surface plot provides a threedimensional view that may provide a clearer
picture of the response surface (Rao and Baral, 2011). The response surface plots and
corresponding contour plots of biogas yield are shown in Figs. 4.10. These plots are
drawn by keeping one variable at its central point level and varying the others within

the experimental range.

As shown in Fig. 4.10, the interaction between NaOH pretreatment time and
mixing ratio suggests that in order to obtain the maximum biogas production, the NaOH
pretreatment time needed in an anaerobic digestion system is different under different
conditions of time pretreated and mixing ratio. As can be seen in the plots, at the short
time of the pretreatment process, the biogas production was considerably low and it
increased first and then decreased with the increased pretreatment time of NaOH from
7 days to 21 days. The maximum biogas yield was achieved at the central point. Thus,
it decrease when there is an increase or decreasing the ratio from the central point.
The yield started decreasing when the ratio greater than 2.5. The optimum region for
biogas production rate is in the time range of 14 days and the ratio is in the range of 2

(2 to 1), respectively.
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Table 4.7 ANOVA for the response surface quadratic model for biogas

production
Sum of
Source df Mean Square  F-value p-value
Squares
Model 1.287E+07 5 2.575E+06 74.35 < 0.0001 significant
A-NaOH  8.856E+05 1 8.856E+05 25.57 0.0002
B-Ratio 4.392E+06 1 4.392E+06 126.82 < 0.0001
AB 31250.00 131250.00 0.9023 0.3583
A2 100.60 1100.60 0.0029 0.9578
B2 7.346E+06 1 7.346E+06 212.10 < 0.0001
Residual  4.849E+05 4 34633.59
Lack of Fit 2.058E+05 3 68598.41 2.70 0.0966 not significant
Pure Error 2.791E+05 1
Cor Total 1.336E+07 9

Table 4 8 Fit statistics of biogas production

Std. Dev.

Mean

CV. %

7680.50

242

186.10 R?

Adjusted R2

Predicted R2

Adeq Precision

0.9637

0.9507

0.9361

24.1875
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4.5 Pilot-scale for biogas production from anaerobic co-digestion

In order to support the result from laboratory-scale experiments, pilot- scale
work of anaerobic digestion was implemented under more realistic conditions and also
was to facilitate future practical application. The best performance of pre-treatment
time of sodium hydroxide and cow dung ratio to water primrose was chosen for the
pilot-scale experiment. The substrates converted the water primrose and cow dung
into biogas under anaerobic digestion. Pretreated water primrose and cow dung using
as co-substrates were calculated based on dry matter of water primrose with 10% TS
per liter and added into the digester at the start of the process. The materials collected
from the same agricultural field (water primrose) and cattle farm (cow dung) to ensure
the most uniform feed characteristics possible.

The pH is an important indicator reflecting the growth of microorganism in
anaerobic fermenter varied from 6.8 to 7.2 (Sreekrishnan et al., 2004) with the optimum
value at 7.0-7.2 (Khalid et al., 2011). Similarly, the pilot-scale digester was operated at
pH 7-7.5 in mesophilic temperature (25-37°C) as shown in Fig. 4.11. In practical, the
beginning pH of digester was 8.66 then dropped to 6.15 during the first week operation
system due to the hydrolysis stage occurs of biodegradable material producing fatty
acids (Khayum et al,, 2018). The methanogens was quickly adapted to growth and
develop in digester from week two onwards since the pH was more stable in digester
ranged from 7.04- 7.67. This is demonstrated by gradually increasing methane content

to reach 50% on day 23th and 68.6% on day 35™ as the highest value in this study.

The retention time of conventional anaerobic process is in the range of 30-60
days (Khanto and Banjerdkij, 2016), whereby, the experiment was operated until 45
days to assess the stability of the process in this study. The performance of daily biogas
and cumulative biogas production in anaerobic co-digestion is illustrated in Fig. 12
Results showed that, the digestion started producing gas on the first day of process
and gradually increased with no fluctuation of biogas production. However, it took
about 3-4 days from beginning process to detect methane gas in biogas (Fig 4.12) as
this time the hydrolysis process occurs with pH drop from 8.66 to 6.15 and the

acidification inhibited methanogens activity. In contrast to CH,, carbon dioxide was
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produced at high concentration from the beginning of the experiment, which was due
to the reaction of dissolved organic matter converted into CO, at the acidogenesis

stage (Ziemifski and Frgc, 2012).

From week two till week five, biogas produced was more stable at high volume
obtained and fluctuated in ranged of 100-135 L/day. In addition, it can be observed
from Fig. 6 that the first peak volume reached on 16th day with 100 L/day, and quickly
reached second peak volume on 35th day with 135 L/day. Then daily biogas decreased
after 36 day of digestion time as less organic matter remaining in the material for
bacterial survive and growth (Khayum et al, 2018). It indicates that substrate
decomposition taking place over a period of 12-15 days of retention time to achieve
optimal biogas yield. In another word, the VFAs accumulation was consumed by
methanogen activity and thus buffer recovered at pH of 7.15-7.23 (Chandra et al.Vijay
et al,, 2012). Accordingly, the initial methane in biogas generated on 4th day with 2.6%
and in ranged of 50.9%- 68.6 % from 24th day onwards. In this study, the maximum
daily biogas production associated highest methane content which was obtained on
day 35. The biogas production reached 1,026 L on day 17" and quickly reached 2,077
L after 10 days, the total gas was 4,160 L at the end of digestion process.Generally,
anaerobic digestion of lignocellulosic material may not feasible in biogas generation
due to the lack of the active microbial community, whereas, cow dung mixed with
lignocellulosic substances would enhance the biogasifiability as cow dung has essential
bacterial nutrients to support digested biomass as well as maintain the nutrient values
in slurry (Kumar et al.,, 2020). Earlier studies was done by investigating anaerobic co-
digestion of biomass and cow dung via different mixing ratios (Kumar et al., 2020;
Latinwo and Agarry, 2015; Mel et al,, 2015; Muthukumar et al., 2018).These studies
confirmed that the mixing ratio of cow dung and biomass boosted material
degradation, and at the same time, resulting in high biogasifiability and methane
potential. In comparison, the current 1000 L pilot-scale produced biogas yield of 1.7

mL/ ¢TS/day which was lower than 1 L of lab-scale.
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This may due to unreasonable control conditions such as uneven temperature and

heterogeneous mixing because a larger dead mass in the digester (Zhang et al.,, 2018).

4.6 Biogas upgrading using chemical absorption

Absorption is a reactive absorption process of transferring a component of its
gas into a chemical solvent (gases being absorbed by a liquid) and involves chemical
reaction of CO, and aqueous solutions to form a weak binding intermediate compound

(Lawal et al., 2010).

In this experimental study, raw biogas was passed through two purification
columns, each column provides different purification substrates. The first column was
filled with adsorbent substrate of iron oxide, hereby, when the biogas enters through
the purification device, the corrosive gasses will react with iron oxide to form insoluble
iron sulfide. Iron oxide presents in different shapes and types, in this experiment, the
steel wool (iron sponge) is made from iron fiber that exists in everyday life was used.

The reaction can be expressed as (Sarperi et al., 2014):

FeO + H,S —>FeS+HO Equation 23

Fe,Os; + 3H,S — Fe,S; +3H,0 . Equation 24

During scrubbing process, several reaction of iron oxide with H,S do occur as following:

Fe;O4 + 4H,S — 3FeS + 4H,O+S L Equation 25
FesO4 + 6H,S — 3FeS, + 4H,0+2H, ... Equation 26
FeS+S—>FesS, L Equation 27

The reduction of H,S in gas stream was effectively reduces by using iron sponge
resulting in the insoluble salt (FeS) as the product of the reaction (Fe?*+ S —> FeS).
The resultant FeS was easily taken from the system along with discharged solids. It will
be oxidized in the atmosphere to the formation of dissolved salts and used as plant

nutrients (Angelidaki et al., 2018).
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In the second purification column, investigation was focus on two gases
removal of CO, of alkaline solution and raw biogas called chemical absorption process.
The solubility of CO, was examined at different doses of NaOH/ Ca(OH), (1%, 2% and
3%). Calcium hydroxide or sodium hydroxide was prepared by the reaction of calcium
oxide/sodium hydroxide pellets with water. These columns were vigorously shaken to
mix well to produce an aqueous solution. The precipitate was then settled and
removed from the solution after letting it stand for 15-20 min. Firstly, when sodium
hydroxide and calcium hydroxide are dissolved in water, due to it is strong alkaline,
negative hydroxide ions (anions, OH) and positive sodium/calcium ions (cations, Na*/
Ca”") are almost fully ionized in water (Yoo et al,, 2013). This part of the reaction can

be shown as (Rajagukguk and Satria, 2019):
Ca(OH), > Ca** +20H . Equation 28
NaOH —> Na"+OH . Equation 29

Secondly, the dissolved carbon dioxide and either water or hydroxide ions to form H*
ions and bicarbonate by reversible reactions (Da Silva et al., 2007). It occurs in very fast

rate and in high level of pH (pH>10) (Yincheng et al., 2011):
CO, + H,O = H,CO, Equation 30
CO, + OH = H" + HCO* . Fquation 31

Bicarbonate ions are immediately react with hydroxyl ion (OH) to form carbonate

ions:
HCO* + OH &= COs* +H,O . Equation 32

A decreasing of OH- anions occurs when CO, continuously is absorbed by an alkaline
solution, the overall reaction may in general be expressed (Rajagukguk and Satria,

2019):

2NaOH + CO, —> Na,CO3 +HO ... Equation 33
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Ca(OH), + CO, > CaCOs;+H,O .. Equation 34

After reaching the saturated condition of CO5*, further CO, is fed in aqueous solution

can be occurred according to the reaction:
Na,CO; + CO, + H,O — NaHCO, ... Equation 35
CaCO; + CO, + H,O — Ca(HCOs), Equation 36

In addition, the H,S content in the outlet of the first column was further dissolved in

alkali chemisorption process:

H,S+OH—>HS +HO Equation 37
H,S + NaOH —> NaHS +H,O .. Equation 38
H,S + 2Ca(OH), — Ca(HS), +2H,0 Equation 39

The ability to absorb CO, and H,S by using chemical solvents as NaOH, Ca(OH), and
steel wool is presented in Table 4.9. The difference of gas composition in inlet was
the result of gas produced in different days from the pilot digester, however, it was
not affect the comparability of the experimental results. Carbon dioxide and hydrogen
sulfide were simultaneously removed after purification process, generated methane
enriched biogas. The absorption of CO, and H,S was simultaneously absorbed by
reacting rapidly with purification substrate resulting in remaining gas outlet was less
than 13% of CO, and 1.5 ppm of H,S for all trials after purification process with the
initial value of CO, in ranged 30.2-31.2% and H,S in ranged 40.8- 46.1 ppm. The results
from Table 4.9 are compared the removal efficiency of CO, and H,S and also CHq4

enrichment in biogas from different concentration of NaOH and Ca(OH),.

It is observed that the concentration of absorbents has a great influence on the CO,
removal efficiency in which the removal efficiency increased about proportionally with
increasing doses of the absorption liquids. The maximum value in the measured CO,
removal efficiency was found in 3% NaOH with 62.91% and lower removal efficiency

in 1% and 2% NaOH which was 58.33% and 59.68%, respectively. Similar result was
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recorded by using Ca(OH), with the highest concentration reached highest CO, removal
which was 64.74% at 3% Ca(OH),, followed by 2% and 1% which was 61.97% and
60.33%, respectively. This can be explained that increasing concentration produces a
greater quantity of OH™ concentration and react with CO, which leading to increase
CO5* concentration compared to HCO5 and therefore, enhance absorption rate as well
as higher CO, removal efficiency. Notably, the forward of reaction 13 was dominated
during initial time of the absorption process due to the presence of a very high

alkalinity in absorbent.



Table 4.9 Comparison biogas composition and its efficiency
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Gas input Gas output Efficiency (%)
Absorbent o, Hs CH, CO, H,S CH, o, H,S
(%) (%) (ppm) (%) (%) (ppm) enrichment removal removal
67.
1% NaOH 31.2 46.1 81.8 13.0 1.2 21.73 58.33 97.4
2
67.
2% NaOH 31 40.8 83.8 125 1.4 23.42 59.68 96.57
9
68.
3% NaOH 30.2 39.1 852 11.2 0.8 24.38 62.91 97.95
5
1% 68.
30.5 40.8 845 121 1.5 24.08 60.33 96.32
Ca(OH), 1
2% 68.
30.5 42.5 86.1 11.6 i1 25.69 61.97 97.41
Ca(OH), 5
3% 68.
31.2 41.3 88.2 11.0 0.3 28.76 64.74 99.27
Ca(OH), 5

However, it also can be found that CO, removal efficiency was reduced with

reaction time within each measurement series when the reduction of the outlet stream

every 30 min was not significant after one hour. In another word, the absorbent tends

to be more saturated when the time increases. Hence, high CO4* accumulation forced

the backward reaction (32) and leading to the forward reaction (31) resulting in

decreasing HCO; concentration and lower CO, removal efficiency. When CO, was

continuous fed after the exhaustion of OH, the carbonate was converted to

bicarbonate as reaction (35) and (36). This chance occurs at low rate about 4-5%

(Kordylewski et al., 2013).
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Regarding to H,S removal efficiency, solid desulfurizing substances such as steel
wool was utilized in this study. The selection was given low-cost investigation and
ability to regeneration (Kulkarni and Ghanegaonkar, 2019). In overall, a nearly constant
H,S level was obtained after the gas flow passed through two consecutive columns
for all experiment series which were maintained below 1.5 ppm at differing H,S
concentration input varied from 46.1 ppm to 40.8 ppm. The efficiency achieved at high
level of greater than 96% for all experiments. That implies the input H,S concentration
does not much effect to the removal efficiency in this substrate investigation. The H,S
was readily reacted with iron oxide to form iron sulfide and the accumulation of
elemental sulfur covered on steel wool after purification process is shown in Fig. 8.
Due to the H,S removal decreases considerably as less than 1.5 ¢/l for each
experiment, therefore, it is possible to use steel wool in order to support
desulfurization process. On the other hand, when absorption of steel wool is saturated,
once regeneration, its activity will reduce 1/3 compared to its original, therefore, it has
to be renewed after once or twice used (Abatzoglou et al., 2009). In fact, with low
concentration of H,S (<1%) and small scale of experiment, using steel wool is an

effective method for removal of H,S.

Figure 4.13 The accumulation of elemental sulfur after purification process
On the concern of methane enrichment, Table 4.10 shows the comparison of CHg

increased from raw to purified biogas. It is found that the CHg enrichment is
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proportional to the increase in the doses of absorbent. In the same condition and
quantity of chemical reagents, the Ca(OH), was more effective than NaOH when it
achieved CHy concentration higher after purified. The CHy concentration was 81.8%,
83.8% and 85.2% after purified by using 1%, 2% and 3% NaOH, respectively, which
enriched CH,4 concentration up to 21.739%, 23.42% and 24.38% compared to its original
concentration. While in using 1%, 2% and 3% Ca(OH),, the methane concentration
increased to 84.5%, 86.1% and 88.2%, respectively, also methane enrichment was
24.08%, 25.69% and 28.67%, respectively. Therefore, the efficiency of CH4 enrichment
is possible to reach above 80%, even at mild concentration of alkaline solution or
nearly 90% could able to obtain at higher concentration (3% Ca(OH),).

Besides, the sponge used in this study are non-reactive and tasteless, odorless,

non-toxic and non-corrosive. Hence, the structural characteristics of sponge which
contains empty space between fibers in the sponge making it to swell when soaking
up with solution. In that way, the liquid solution is kept in within the sponge and can
easily accumulate moisture from raw biogas.
The aim of biogas purification in this study was to achieve high CO, removal efficiency
in biogas stream at minimal alkali consumption and that feasibility was confirmed. The
efficiency of method using NaOH solution under normal conditions was competitive
to the method using Ca(OH),. Nevertheless, CO, absorption was more prospective for
Ca(OH), absorbent when 60.33% to 64% CO, removal efficiency achieved compared
to 58.38% to 62.91% for NaOH absorbent at 1% to 3% concentration, respectively.

The kinetic of CO, absorption

As the absorption proceed continuously within 2 hours, the carbon dioxide in
the mixture gas was absorbed and accumulated into the aqueous solution. In scrubbing
column, at an early stage in scrubbing column, due to a high concentration presence,
CO, was quickly started reacting according to the stoichiometry of the reaction to form
carbamate and bicarbonate until the solvent was completely saturated or neutralized
at pH 7-8 (Tippayawong et al., 2010). At a certain time, the concentration of CO, inlet
was equal to CO, outlet of gas stream, this demonstration is shown in Fig. 14, the plots

showed that NaOH and Ca(OH), solution could able to absorb 50% CO, inlet gas at
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the first 30 minutes of the process. More clearly, the first measurement of the rate
C/Cy of CO, absorption experiments were above 50% and gradually increased to above
90% at the end of the absorption process. The 3% Ca(OH), absorbent was achieved
almost saturated with 96.75% meanwhile the 3% NaOH absorbent reached 93.79%
after 120 min absorption time. Alternatively, other concentrations of the aqueous
solution were also highly effective with the rate of declining CO, absorption of 1% and

2% NaOH was 91.54% and 92.71% while 91.61% and 91.78% for 1% and 2% Ca(OH),,

respectively.
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Figure 4.14 Plot of absorption time (min) vs C/C, for CO, absorption

In addition, the model parameters of the theoretical predictions is shown in
Table 4.10. As T dedicated the absorption time when the CO, inlet reaches 50% of
CO, outlet at which In[C/(C-Cy) is zero. Accordingly, T reach its value at very short time
of the absorption process which was no longer than 40 min reaction. In case of using
NaOH solution, value of T was 30.6 min, 33.7 min and 31 min for 1%, 2% and 3%
concentration respectively meanwhile Ca(OH), reached its value at slightly longer time
of 34.88 min and 37.03 min for 1% and 2% concentration compared to NaOH solution.

Still, at 3% Ca (OH),, the absorption time had tendency to be shorter with 26.98 min,
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this demonstrated that Ca(OH), was very reactive and contributed to more efficient
CO, absorption. This evidence is clearly observed in Fig.4.13. A similar results were
reported by Tippayawong et al., the study employed different aqueous solutions of
sodium hydroxide (NaOH), calcium hydroxide (Ca(OH),) and mono-ethanolamine (MEA)
to remove CO, from biogas in a packed column reactor. These solutions were achieved
saturation with CO, after saturation with CO, after 50 min for Ca(OH),, and 100 min for
NaOH and MEA corresponding to value of Ca(OH), was 29 min, NaOH and MEA were

42 min and 36 min, respectively.

Table 4.10 Kinetic parameters for CO, absorption

Absorbent
Parameters 1% 20 30
1%NaOH 2%NaOH 3%NaOH
Ca(OH), Ca(OH), Ca(OH),
k (min) 0.90 0.80 0.80 0.85 0.75 0.88
T (min) 30.61 33.7 31.04 34.88 37.03 26.98
R? 0.9493 0.89865 0.86813 0.98316 0.96125 0.88579

Moreover, the correlation coefficient R? reflected the relationship of prediction of
model and obtained data from experiments which given a goodness of fit with R?

values of greater than 0.89 for all the experimental series (0.89-0.99).

4.7 Energy analysis

The primary energy inputs to mineral-based resources are deliberated. It refers
to the energy that has not undertaken any conversion or transformation process. Many
parameters may define the efficiency of biogas production, so the multi-criteria analysis
is needed to evaluate the performance of a biogas plant. The process investigation for
agricultural and any waste biomass (i.e., weeds) streams and food industry residues

revealed the energy inputs for feedstock collection, transport, and pretreatment. The
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analyses for energy crops considered the entire supply chain from planting and
cultivation, through harvesting and transport processes. However, utilizing weeds (for
example, water primrose) provides more benefits if it could reduce the cultivation cost.
Also, it was on arable land with no conflict with food and fodder production. Results
from this study show that there could be significant and energy efficiency for biogas
plants arising from feedstock resource and process adopted a single feedstock,
conversion technology applied, and digestate management technique.

Biogas, in a raw form, has limited applications within only heating purposes
since the large percent of CO, has considered as the incombustible gas and it alleviates
heat value also interfering with further compression and transport (Yousef et al., 2018).
The caloric content of the biogas was determined with results reported as high heating
value (HHV) and low heating value (LHV). One of the crucial reasons for the
determination of the energy content of feeds is the calorific value. The difference
between HHV and LHV represents caloric content lost to the generation of water vapor
in the combustion process. The HHV represents the heat released if the test conditions
are returned to 25°C and energy from condensing the water vapor is recovered. In
contrast, the LHV reports the heat released if the water produced in combustion
remains a vapor. Generally, researchers have reported the calorific value concerning
LHV and HHV (Li et al., 2014). Komilis et al. (2014) suggested that the LHV has a practical
application in energy estimation and utilization of the biogas released from the burner.

In this study, HCV and LCV were 35.18 MJ/m® and 31.69 MJ/m?, respectively.
HCV and LCV are considerably greater than biogas production from traditional
anaerobic digestion (LCV of 18.0-23.4 MJ/m® and HCV of 20.0-25.9 MJ/m>. Notably,
further investigation on concentration and condition of experiment in this study could
able to achieve the calorific value of natural gas (36.5 MJ/m?). Nevertheless, Hosseini
and Wahid (2014) stated that the lower heating value of biogas at standard condition

can be around 13.720-27.440 MJ/m°.
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CHAPTER 5
SUMMARY

The study demonstrates that the massive weed (water primrose) availability in
the agricultural field takes more effort to collect, transportation, storage, or even treat
material before getting its bio-methane production as renewable energy. On the other
hand, this weed causes many problems in a variety of ways for agricultural land. Above
all, implementing a project to produce biogas would mean that renewable energy
producing biogas energy for generating electricity and heat. This would considerably
reduce agricultural weed, and evaluating its energy potential is necessary for
environmental evaluation.

The result of this study has clearly demonstrated that water primrose is a
potential feedstock for anaerobic digestion. The application of alkaline pretreatment
on lignocellulosic biomass achieved a significant outcome for biogas production and
methane concentration. Also, pretreatment of water primrose in co-digestion with
other substrate (cow dung) enhanced biogas volume, methane content. In order to
support the result from laboratory-scale experiments, pilot-scale work of anaerobic
digestion was implemented under more realistic conditions and also was to facilitate
future practical application. The study stated with low concentration of H,S, CO, and
small operation scale, a simple model of biogas production and biogas upgrading
implemented in this study are feasible and would be an appropriate choice for rural
areas. The purpose of this thesis work is to report the research findings as follows:

- Alkaline pretreatment (2% NaOH) of water primrose has achieved the

highest performance in biogas yield and methane content.

- At a mixing ratio 2:1 of water primrose to cow dung, not only biogas
production but also methane percentage gave the highest value compared
with other treatments in this study.

- The purified biogas of using 3% Ca(OH), gave maximum CO, and H,S

removal efficiency and high-calorific value.
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Besides, there are some recommendations from this study findings that
would benefit for further research:

Research could explore the efficiency of using CaO solution for
pretreatment methods instead of NaOH because CaO is not only has the
same effect on lignocellulosic biomass but also it is the most economically
favorable alkaline reagent.

Research to develop initial pH approaches and carry out above 10 for all
digesters of the anaerobic digestion process and the mixing should conduct
one time per day in the digester.

Extended decomposition time is needed for biogas production that the HRT
should be operated above 50 days until the measured methane is below
50%.

It would be helpful to further quantify the value research by economic

analysis.
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Abstract

In this study, the effects of alkaline pretreatment (2% NaOH) of water primrose on its biogas production efficiency and anaerobic
co-digestion of cow dung were investigated. A scanning electron microscope (SEM) was used to analyze the changes in main
compositions and physico-chemical structure of water primrose after pretreatment and untreated biomass. Furthermore, the
experiments evaluate the efficiency and optimization mixing ratio of co-digestion using water primrose and cow dung. The
pretreatment of water primrose at different periods for the examination of the biodegradability matters in the substrate and biogas
production. Among the three mixing ratios of co-substrate tested, the best performance in this study was achieved at mixing ratio
2:1 (water primrose to cow dung, w/w) for 2 weeks’ pretreatment time on grass, including all measurements as biogas production
(8610 mL), methane concentration (68.2%), and percentage of total solids (70.84%), volatile solids (64.76%), and chemical

oxygen demand (66.55%) removal efficiency.

Keywords Water primrose - Cow dung - Pretreatment - Biogas production - Energy analysis

1 Introduction

Currently, energy resources and the environment have in-
creased interest and this study concerns regarding alternative
sources of energy. Fossil fuels play a significant role in the
development of various industries, transportations, agriculture
sectors, and to meet many other basic human needs in modern
civilization [1, 2]. However, the more fossil fuels use, the
more toxic gases produce on the environment, such as CO,,
SOy, and NOx, which is the primary source of greenhouse
gases [3, 4]. Therefore, it is necessary to find out renewable
energy to replace energy sources derived from fossil fuels. In
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this context, the anaerobic digestion process could be a better
option.

Furthermore, this is one of the solutions to solve the bio-
mass waste problems from crops, agricultural waste, industrial
waste, food waste, chicken waste, or animal wastes [S, 6].
Compared with other renewable energy (such as solar, wind,
hydro energy), the anaerobic digestion of biomass was in-
volved less capital investment. In addition, available biomass
sources can easily be found in rural areas. It is not dependent
on world prices or the supply uncertainties as of imported and
conventional fuels [6, 7].

The production of biogas through anaerobic digestion is
not only getting rid of unwanted wastes but also known to
minimize the impact on the environment; energy-rich methane
can be generated biofuel and energy for electricity and heat [8,
9]. Apart from biogas production, the bio-slurry also produces
as a by-product of the anaerobic process; this is a mixture of
digested matter and water with a high concentration of mineral
substances and nutrients that suitable to be used as fertilizer.
Therefore, by changing natural waste into vitality, biogas is
using nature’s abundant to reuse substances into valuable
properties [10].

Almost of microorganisms need oxygen to survive, but in
specific environments, there is oxygen-free such an environ-
ment, some microorganisms will grow and develop thanks to
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the amount of oxygen taken from the material and methane
[11, 12]. These microorganisms exist in swamps, landfills,
covered lagoons, or enclosed tanks called anaerobic digestion.
Anaerobic digestion refers to producing biogas by fermenting
organic materials in the absence of air or oxygen with the
support of microorganisms to breakdown materials into inter-
mediates to generate mainly methane (CHy) and carbon diox-
ide (CO2) and along with other trace gases. The biogas typi-
cally has 50-70% methane and 50% carbon dioxide [13].

Once anacrobic digestion is operated, some sensitive fac-
tors should be considered. The imbalances could lead to in-
hibit or fail the process. Factors represent important parame-
ters that can affect the efficiency of anaerobic digestion listed
as pH, temperature, total solids, volatile solids, nitrogen ratio,
retention time, etc. Moreover, in order to improve biogas
yield, their quality, or may reduce the retention time needed,
pretreatment methods are applied for substrates such as using
fungal, chemical, mechanical, and thermal techniques [14]. In
short, comprehensive knowledge of anaerobic digestion is vi-
tal to ensure a stable operation and cost-effective final product.
Biogas is a clean fuel and does not cause air pollution. It is
considered as a better fuel than natural gas because it does not
contain sulfur. Sulfur on burning gets converted into sulfur
dioxide, which is responsible for many lung diseases. The
efficient utilization of biogas technology has positive effects
on the national economy and can readily be integrated with
rural development as it provides no smoking, cleaning fuel for
cooking, lighting, and running agro-machinery [15, 16].

Water primrose is a semi-aquatic plant, rapid growth, and
spreading in the shallow areas of ponds, lakes, and streams,
usually in standing water, rice paddies, that common belong-
ing agricultural area land. Ludwigia hyssopifolia
(L. hyssopifolia) is the scientific name of water primrose, com-
monly known as seedbox or “Tianna” in Thai, belongs to the
Onagraceae family. Extensively in China, South, and
Southeast Asia, including Thailand and other tropical coun-
tries. Semiaquatic water primrose plants are growing with
food crops. Eradicating weeds with herbicides has been ad-
verse effects in food production because weeds compete with
crops for water, nutrients, and soil. Also, weeds can harbor
insect and disease pests, and noxious weeds and weed seeds
can significantly affect crop quality. Recently, in Thailand,
agricultural processes were focusing on organic agriculture.
Therefore, these weeds were possible to remove and gradually
reduce the population of weeds from the croplands [17].

On the other hand, this large quantity of potential biomass
can be utilized for biofuel applications directly. There is no
literature available on water primrose related to biogas pro-
duction. Therefore, it is a new energy material for biogas
production. In this study, the whole parts of water primrose,
such as flowers, leaves, stems, fruits, roots, will be used as a
material to produce biogas production. Typically, the material
should undergo pretreated before going the anaerobic process
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to release much more simple sugars that hold inside the cell
wall of lignocellulosic material [17-19]. Thus, chemical pre-
treatment is applied for water primrose to increase biogas
yield. Besides that, co-digestion of water primrose and cow
dung through anaerobic conditions using different ratios was
also investigated.

2 Materials and methods
2.1 Feedstock preparation

Water primrose was collected from the agricultural field (Fig.
1) nearby Maejo University, San Sai, Chiang Mai, Thailand
(coordinates 18° 53’ 24.3” N-99° 02’ 11.5" E). The collected
grass underwent air-dried for 2 weeks. A shredder crushed air-
dried samples into 1-2 cm pieces. Then used a blender to
reduce the size into 5-10 mm pieces. Also, the samples were
keptin airtight plastic bags for further use. The co-substrate of
cow dung was obtained from the cow farm at the Faculty of
Animal Science and Technology, Maejo University, Thailand.
The cow dung was transferred to the laboratory and put in the
fermenter within a day.

2.2 Alkaline pretreatment on feedstock

Water primrose biomass (10% TS of dried) as treated with 2%
NaOH and applied all the experiments. Subsequently, the
mixing ratio of water primrose with cow dung and pretreat-
ment time processes were investigated. Water primrose was
allowed 1, 2, and 3 weeks” period of pretreatment time. The
water primrose (WP) and cow dung (CD) were used as a
control (without pretreatment). The three experimental groups
of the different mixing ratio of water primrose and cow dung
(w/w) corresponding to the pretreatment time (1, 2, 3 weeks)
were referred to as treatment 1 (T1, mixing ratio 1:1), treat-
ment 2 (T2, mixing ratio 1:2), and treatment 3 (T3, mixing
ratio 2:1). In the mixing ratio, 1:1 containing 3 pretreatments
time. It was applied to water primrose, named as follows: T1-
A (pretreatment time: 1 week), T1-B (pretreatment time: 2
weeks), and T1-C (pretreatment time: 3 weeks).
Furthermore, similarly, in the mixing ratio, 1:2 and 2:1 named
as T2-A, T2-B, T2-C and T3-A, T3-B, T3-C, respectively.

2.3 Scanning electron microscopy analysis

The dried water primrose (raw material) and pretreated water
primrose were investigated under scanning electron microsco-
py (SEM) to examine the changes in the physical structure of
the substrate. Before imagining, the samples were crushed
manually into powder form used a pestle and mortar then
coated by a carbon layer to improve the electrical conductivity
of the samples, as well as fixed sample positions during SEM
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Fig. 1 Water primrose: Growing
field (a) Whole plant (b) Fruits (¢)
and Flowers (d)

that may ruin the image captured. The JEOL JSM-5410LV
scanning electron microscopy (SEM) was used. Observations
of SEM images were performed at x 500 magnification with
an accelerating voltage of 15 kV.

2.4 The experimental setup

All the samples (treated with NaOH and untreated) were
fermented in batch anaerobic digesters of 1 L with a working
volume of 700 mL (Fig. 2). Each treatment was conducted in

Fig. 2 SEM image of water
primrose untreated material (a)
and pretreated material (b)

triplicates with a solid loading of 10% TS based on dry matter
content of water primrose. Pretreated water primrose and cow
dung were used as co-substrates with the different mixing
ratios of 1:1, 1:2, and 2:1 (water primrose: cow dung, w/w).
The control was prepared as mono-substrates for anaerobic
digestion and only contained grass and cow dung (without
pretreatment). The pH adjustment for all treatments before
fermentation was 8.5-9 by using calcium oxide (CaO) pow-
der. In total, the experiment consisted of 33 digesters, includ-
ing control and pretreated samples. During the fermentation
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process, all digesters were manually shaken and mixed twice a
day (moming and aftemoon) for 30 s to 1 min before the gas
record. The experiments were run for 45 days under
mesophilic conditions.

2.5 Analytical methods

The pH value of the substrate was measured using the pH
meter (Oakton PCSTestr 35 Waterproof pH). Total solids
(TS) measuring, samples were ignited in a muffle furnace at
a temperature of 105 °C for 24 h, and TS was determined by
the quantity of residue materials that left after igniting. The
volatile solids (VS) were the remaining solids that were lost on
ignition of the residue materials from TS at 550 °C for a period
time of 30 min to 1 h.

Before measurements of alkaline, volatile fatty acids
(VFAs), and chemical oxygen demand (COD), a sufficient
amount of the samples was first centrifuged at 1500 rpm for
15 min and the supernatant liquid was used for analysis. The
estimation of alkaline was verified by a combination of 2
indicators (phenolphthalein and methyl orange) and titrated
with 0.01 M H,SO, to the endpoint of red color in solution.
VFAs were measured by adjusting the pH of samples to 3.3~
3.5 then boiling for 3 min. The samples were subsequent ti-
tration from pH 4 to 7 with 0.1 M NaOH solution. COD was
determined by titrating samples with 0.1 N ferrous ammonium
sulfate to the first red-brown endpoint in closed reflux. These
parameters, including TS, VS, alkaline, VFAs, COD, were
performed according to standard methods [20].

Proximate and ultimate analyses of the water primrose
were carried out by using X-ray fluorescence (XRF) spec-
trometers and an elemental analyzer. Proximate analysis of
samples was performed by moisture content (MC), volatile
content (VC), fixed carbon (FC), and ash, and for ultimate
analysis included elemental chemical: carbon (C), hydrogen
(H), oxygen (O), nitrogen (N), and sulfur (S).

2.6 Biogas determination, energy analysis, and bio-
fertilizer

The measurement of daily biogas was regularly read on the
scale displayed on the gasholder every 24 h. The main biogas
compositions, including methane and carbon dioxide, trace
gases of hydrogen sulfide, and oxygen, were determined by
a portable gas analyzer (Geotech GA5000). Energy analysis
of high heating value (HHV) and low heating value (LHV),
also bio-fertilizer estimation methods, was adopted from our
previous studies [7, 21].

2.7 Statistical analysis

The results from anaerobic digestion experiments data were
reported as mean + SE from triplicate observations.
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Significant differences between means were analyzed. All sta-
tistical analyses were performed using SPSS Version 20.0. A
correlation was assumed significant when P < 0.05.

3 Results and discussion

3.1 Characteristics of feedstock used for anaerobic
digestion

In order to estimate the biogas potential from the substrates for
anaerobic digestion, the general characteristics are measured
by parameters related to the physical and chemical of water
primrose and cow dung and are presented in Table 1. In the
water primrose samples, it is observed that a high concentra-
tion of TS and VS was found 900,000 mg/L and 836,667 mg/
L, respectively. Furthermore, in terms of proximate analysis,
volatile content was 63.07% indicated the high amount of
organic fractions are available and easily biodegradable in
the substrate, which is highly beneficial for biomethane gen-
eration [21, 22].

According to the ultimate analysis, the elemental contents
of water primrose consisted of CHONS (based on the weight
percentage on a dry basis). The major element in the grass was
C content with 40.2 wt%, followed by O and H with 22.13 and
5.03 wt%, respectively. N and S contents were also detected in
the grass with a percentage of 1.8 and 0.24. Nevertheless, the
content of oxygen was not taken into account as a part of

Table 1 General characteristics of water primrose and cow dung
Parameter Measured values
WP CD

TS (mg/L) 900,000 + 4165 196,666 + 1064
VS (mg/L) 836,667 = 3754 140,000 + 984
pH 5.05 +0.02 8.15+0.02
COD (mg/L) 61,667 + 4812 153,333 + 5695
VFAs (mg/L) 3218 182 4376 + 896
Alkaline (mg/L) 1917 312 34,458 + 295
Proximate analysis (wt%)

MC 7.28

vC 63.1

FC 1.28

Ash 284

Ultimate analysis (wt%)

C 40.2

H 5.03

[} 22.13

N 1.8

S 0.24
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nutrients due to the operation of digesters requires strictly
anaerobic condition [21]. Therefore, CHNS content is con-
sidered as the basic element in the contribution of organic
matter [23]. In addition, the pH measurement of water prim-
rose was in the acidic range (5.05); meanwhile, the pH of
cow dung was used as co-substrate in the range of basic
range (8.15). In the process of fermentation, in anaerobic
co-digestion of water primrose and cow dung could lead to
preventing the pH drops in digesters.

3.2 The effect of pretreatment on co-digestion in
fermentation

Anaerobic digesters of all treatments (untreated and treated)
in this study were using 1-L bottles containing samples of T1
(T1-A, T2-B, T3-C), T2 (T2-A, T2-B, T2-C), and T3 (T3-A,
T3-B, T3-C). The anaerobic digestion experiment was
started immediately after samples pretreated by NaOH solu-
tion were done at 7-day, 14-day, and 2 1-day period. The cow
dung was used as co-substrate with water primrose at ratios
prepared as each treatment corresponding to 1:1, 1:2, and 2:1
on TS basis. The working volume of digesters was 700 mL
containing substrates and tap water. The adjustment for the
initial pH of all digesters was in the range of 8.5-9. The
experiments were performed under mesophilic anaerobic di-
gestion for 45-day operation. In order to evaluate the effect
of co-digestion on the biogas potential, before the fermenta-
tion process, a sufficient samples in each treatment were
taken out for parameter analysis. The characteristics of pH,
TS, VS, COD, VFAs, and alkaline of co-substrate before
fermentation are given in Table 2.

The value of TS, VS, and COD is good parameters to
indicate the ability of biodegradation of the substrate; the
higher the initial VS and COD, the more organic matter in
it [24]. From the results, as the treatment duration increased,
the value of some parameters was increasing in each treat-
ment, including TS, VS, and COD. While the parameters
showed a gradually increasing trend with increasing pretreat-
ment time, however, in mixing ratio of 2:1 at 2 weeks pre-
treatment, the highest values of TS, VS, and COD were
found. Overall, co-digestion of WP:CD in 2:1 mixing ratio
provided the highest initial value of COD, TS, and VS which
reached to 133,667 + 4257 (mg/L), 79,667 + 3503 (mg/L),
and 62,000 + 1459 (mg/L), respectively. Whereas in case of
1:1 mixing ratio, the lowest amount of value in COD, TS,
and VS was found (50,667 + 3542, 47,500 + 1500, 36,000 +
1322). Interestingly, the value of TS, VS, and COD became
higher when increasing the amount of water primrose in co-
digestion. This value indicated that NaOH solution had a
positive effect on water primrose during pretreatment dura-
tion, which made lignin content broken down in solution and
thus, the carbohydrate of the substrate was easily soluble in
the liquid phase [25]. Thereby, the bacteria was more

Parameters of co-digestion before fermentation process

Table 2

Treatments

Parameter

T3

T2

Tl

T3-C

T3-B

T3-A

T2-C

T2-B

T2-A

T1-C

TI1-B

TI-A

0.10* 8.9+0.12° 8.9 +0.08"

88+

8.8+0.10

8.7+0.13*

8.7 +0.13°

8.8 +0.09 8.8+0.10*

88£0.11*

pH

77,500 + 3143

79,667 + 3503"
62,000 + 1459*

74,353 + 3405°°
50,000 + 1644™

69,667 +3521°

65,000 + 3256™
48361 + 1641 ©

64,000 + 3214

58,500 + 2500¢
46,000 £ 1548+

53,333 + 2266

56,500 + 2500°
6292 +257°

47,500 + 1500¢

TS (mg/L)
VS (mg/L)

51,500 + 1355™

48,333 + 1724¢ 48,500 + 1270°

45,000 + 1412«

36,000 = 1322¢

132,167 +4221°
7813 + 355
1226 + 496"

133,667 + 4257
7375 £ 417

105,128 £ 4211°

7500 + 468*

90,667 + 3344™
6750 +375°

1439 + 580"

74,667 +2551°¢

59,333 + 2158¢
5563 +313¢

52,000 + 2832¢

50,667 + 2542¢
4708 +212¢
1216 + 395"

COD (mg/L)

7438 + 629°°

6000 + 270"
1596 +211°*

ALK (mg-CaCOs/L)
VFA (mg/L)

1409 + 542

1033 +415°

1332 £ 394

1052 + 484°

1474 + 871°

All statistical analyses were performed using SPSS Version 20.0. Means with the same letter (superscript) are not significantly different from each other. A correlation was assumed significant when P <

0.05
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accessible to the substrate; the hydrolysis degree was en-
hanced, resulting in high solubility organic matter converted
into biogas production under anaerobic conditions [26, 27].

The stability of the anaerobic process was evaluated by
indicators of VFAs and alkaline in digesters. The presence
of volatile fatty acids and alkaline is conducive factors of
digesters related to the environment of biomethane generation.
The concentration of VFAs throughout treatment groups was
quite constant, with the values ranged from 1033 £ 68 to 1596
+ 111 mg/L. The higher concentration of VFAs causes de-
crease pH in digesters, led to the inhibited microorganism in
reactors [28]. However, higher alkalinity could help prevent
the drop of pH by the accumulation of VFAs in the digesters,
which ranged from 4708 + 212 to 7813 + 313 (mg CaCO5/L)
in this study.

3.3 Influence of alkaline pretreatment on the physical
structure of water primrose

The main purposes of alkaline pretreatment are to increase the
surface structure by swelling and to decrease or break down
the lignin content in lignocellulosic biomass, which facilitated
the entry of enzymes to hemicellulose and cellulose [29, 30],
thus, improve the reaction time of chemical solution and sub-
strate as well as shortening hydrolysis [31]. The physical
structure changes of water primrose before and after pretreat-
ment were performed by SEM images taken at x 500 magni-
fication which are shown in Fig. 3. As these images show the
surface morphology of water primrose, the significant differ-
entiation between untreated and treated surface was observed.
With the untreated samples, the surface was too rigid and in
intact morphology form, which made it challenging to en-
zymes to access the plant cell wall. Tetard et al. [32] explained
that depending on the different linkage of lignin and cellulose
in biomass could be led to different topography, such as the

=

holder
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Fig. 3 Lab-scale anacrobic digestion for biogas production. a Experimental setup. b Working volume of digester. ¢ Gas collection and storage in gas

holes and gaps layer appeared in the same region after the
pretreatment process. This phenomenon evident is exposed
in Fig. 3b; the cell walls were disrupted and the surface be-
came loose with a large number of holes which are visible in
the length scales and revealed the following layers within the
cell walls. This may help enzymes attack the surface area
casily during hydrolysis [33], resulting in higher methane
yield [34].

3.4 Specific biogas production and methane potential

The total biogas production and methane concentration of the
controls, co-digestion (water primrose and cow dung) at the
three mixing ratios of 1:1, 1:2, and 2:1, are shown in Table 3.
The final total volume of biogas was calculated after 45 days
of operation by the sum of the amount gas obtained per day.
The gas components were measured by gas analyzer GA
5000. For each mixing ratio, the trend was similar to the low-
est total biogas obtained at 1 week and highest at 3 weeks’
pretreatment time. Additionally, the increasing volume of bio-
gas obtained, the higher the concentration methane achieved.
Hence, the methane content in biogas indicates the amount of
solubilization of the substrate was degraded by microorgan-
isms in anaerobic digestion [35].

The maximum biogas volume in the digesters from treat-
ment | to treatment 3 was 7200 mL, 8100 mL, and 8610 mL
obtained in T1-C, T2-C, and T3-B, respectively. As a result,
the methane concentration was distributed as T3-B (68.20%)
> T1-C (64.55%) > T2-C (66.05%). In comparison with the
biogas volume between each treatment, there was no signifi-
cant different volume observed. However, these values were
67.9%, 88.9%, and 100.01% higher if compared with the con-
trol of water primrose in terms of biogas volume and 32.4%,
48.9%, and 51.9% if compared with the control of cow dung.
Even though at the co-digestion of water primrose to cow
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Table 3 Biogas production and methane concentration

Table4 Removal efficiency of mixture in anaerobic digestion

Treatments Total biogas (mL) Methane (%)
WP (control 1) 4285¢ 55.07"
CD (control 2) 5436° 53.00°
Tl TI-A 6150 63.88""
TI-B 6570 64.05"
TI-C 7200¢ 64.55"
T2 T2-A 7500¢ 64.91°"
T2-B 7750¢ 6547
T2-C 8100" 66.05*
T3 T3-A 8320 66.78"
T3-B 8610° 68.20°
T3-C 8260™ 66.15"

All statistical analyses were performed using SPSS Version 20.0. Means
with the same letter (superscript) are not significantly different from each
other. A correlation was assumed significant when P < 0.05

dung in mixing ratio 1:2 carried more microorganisms than
others, but the efficiency of this treatment did not achieve the
highest value of biogas production as well as methane con-
centration. The possible reason is that the limited organic mat-
ter in the substrate was not enough supplied for anaerobic
microorganisms to convert to methane product. The pretreat-
ment of NaOH reflected the higher value of TS, VS, and COD
than the controls made more biodegradability of the compo-
nents in the feedstock, thus obtained higher biogas production.

3.5 Degradation efficiency of TS, VS, and COD

In the anaerobic digestion process, the biodegradable of TS,
VS, and COD represented by the amount of organic matter in
substrate was converted into the final product named as meth-
ane and carbon hydroxide. In other words, the degradation of
organic fractions in the substrate is proportional to the biogas
produced [36]. The efficiency of TS, VS, and COD reduction
from all treatments was calculated by the relationship of the
initial and final value and was expressed as a percentage,
which is shown in Table 4. Besides the volume of biogas
production, the measurement of TS, VS, and COD reduction
could further evaluate the efficiency of biodegradability of
feedstock. It can be seen that afier 45 days of anacrobic diges-
tion, the 2% NaOH pretreatment has a positive effect on de-
gradability compared with the controls.

Moreover, the removal efficiency of organic material in-
creased with increasing initial value which was performed by
the higher percentage of TS, VS degradation rate, and COD
removal rate. As mentioned earlier, the highest initial value of
TS, VS, and COD was obtained from mixing ratio 2:1 at 2
weeks’ pretreatment time. Thereby, the reported data has ver-
ified the results that the COD removal rate and VS degradation

Treatments Removal efficiency (%)
TS 'S COD

WP (control 1) 51.29¢ 49.15° 4525%
CD (control 2) 48.56° 45.63° 40.84°
T TI-A 57.55% 50.22¢ 52,64
TI-B 58.95>¢ 51.41¢ 55.19%
TIC 58.01" 53.31% 5146
™ T2-A 59.13b¢ 51.62° 54.74%
T2-B 62.44° 56.28" 55.06"
nC 64.45" 59.74° 55.44b
T T3-A 65.65" 60.55 59.86"
T3-B 70.84° 64.76" 66.55"
T3-C 61.65" 54.36™ 57.88"

All statistical analyses were performed using SPSS Version 20.0. Means
with the same letter (superscript) are not significantly different from each
other. A correlation was assumed significant when P < 0.05

rate at T3-B treatment were achieved higher than the rest
treatments.

As shown in Table 3, the percentage of TS and VS reduc-
tions for NaOH-treated water primrose was from 57.55-
58.95% to 50.22-53.31% in treatment 1, in the ranged of
59.13-64.45% and 51.62-59.74% in treatment 2, and lastly,
in treatment 3 were 61.65-70.84% and 54.36-64.76% accord-
ingly. Compared with the controls, these results were slightly
higher. Pang et al. [37] mentioned that after NaOH pretreat-
ment, the organic of the material was increased and more
quantity soluble components were utilized by bacteria, which
led to a higher biogas production related to increasing TS and
VS reductions.

The experimental results showed that the COD degradation
was obtained at a range of 51.46-66.55% removal efficiency
for all mixing ratios in co-digestion, whereas the COD reduc-
tion control of water primrose and cow dung was 45.25 and
40.84%, respectively. Stabilization of the COD reduction after
21 days may be due to exhausting nitrogen and carbon content
along with the aging of the microbial cells [38]. Also, the
significant removal of physico-chemical parameters of con-
centrated liquid, semiliquid, or solid biomass was used for
biogas production. The results proved that co-digestion gave
more biodegradability material for biogas production due to
the nutrient in co-substrate which helped the anaerobic micro-
organisms thrive more smoothly.

3.6 Energy analysis and bio-fertilizer
The caloric content of the biogas was determined with results

reported as high heating value (HHV) and low heating value
(LHV). One of the crucial reasons for the determination of the

@ Springer
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energy content of feeds is the calorific value. The difference
between HHV and LHV represents caloric content lost to the
generation of water vapor in the combustion process. The
HHV represents the heat released if the test conditions are
returned to 25 °C and energy from condensing the water vapor
is recovered. In contrast, the LHV reports the heat released if
the water produced in combustion remains a vapor. Generally,
researchers have reported the calorific value concerning LHV
and HHV. Komilis et al. [39] suggested that the LHV has a
practical application in energy estimation and utilization of the
biogas released from the burner. In this study, HCV and LCV
were 27.21 MJ/m® and 24.50 MI/m?, respectively. HCV and
LCV are considerably greater than biogas production from
traditional anaerobic digestion (LCV of 18.0-23.4 MJ/m?
and HCV of 20.0-25.9 MJ/m®) [40]; consequently, the study
results confirmed that high-calorific biogas was obtained in
this study system of the sustainable valorization of water prim-
rose with cow dung.

The digestate called biogas slurry (i.e., bio-fertilizer) refers
to the liquid part of digestates produced from the anaerobic
digestion process; it contains huge content of nitrogen, phos-
phorus, and other macronutrients and micronutrients.
Nitrogen and phosphorus are the two main nutrients in the
digestates used for agricultural purposes [2, 7, 21]. The nutri-
ents in the digestate examined in the current study were gath-
ered efficiently. Biogas digestate physicochemical character-
istics which include nutrients, total nitrogen, total phosphorus,
fluoride, chloride, sulfate, sodium, potassium, calcium, and
magnesium were 15.54,4.71, 0.61, 1.2, 0.75, 2.41, 0.50, and
0.28, respectively. This digestate offered high contents of nu-
trients that are important for use as fertilizer, generating agro-
nomic benefits.

4 Conclusion

The result of this study has clearly demonstrated that water
primrose is a potential feedstock for anaerobic digestion.
Furthermore, the application of alkaline pretreatment on grass
achieved a significant outcome for biogas production and
methane concentration. Especially, after NaOH pretreatment
of 2 weeks on water primrose, at a mixing ratio 2:1 (water
primrose to cow dung), not only biogas production but also
methane percentage gave the highest value compared with
other treatments in this study (8610 mL and 68.20%, respec-
tively). Hence, in order to evaluate the production efficiency
of the co-digestion of the fermentation process, the removal
efficiency of TS, VS, and COD was calculated. The results
indicated that the increased percentage of TS, VS degradation
rate, and COD removal rate represented the improved biode-
gradability of feedstock and thus the high biogas production
gained.

@ Springer
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Abstract

This study aimed to evaluate potential biogas production from Ludwigia hyssopifolia (water primrose) and examine the effect of
alkaline pretreatment on samples through biogas production efficiencies. The research was carried out for 45 days of operation
from anaerobic mono-digestion of water primrose by using a batch experiment. Pretreatment was applied for substrate using
sodium hydroxide (NaOH) solution (w/v) at different concentrations (0, 1, 2, 3, and 4%) with 10% of total solids (TS) based on
dry matter. The scanning electron microscopy (SEM) images were captured to investigate the characteristics of the raw material
and pretreated biomass. The results showed that the treatment with 2% NaOH has the highest performance in biogas yield
(8072.00 mL) and methane content (64.72%). Notably, the increase (3, 4%) or decreasing (0, 1%) NaOH concentration in
treating water primrose did not achieve a significant improvement. Further investigation in the power potential of produced
biogas was calculated, and the result was 22,382.19 W/m® power. Consequently, the feasibility of the alkaline pretreatment
method for biogas production and achievable potential for energy efficiency indicates that water primrose is appropriate agro-

weed biomass for bioenergy applications.

Keywords Water primrose - Pretreatment - Mono-digestion - Biogas production

1 Introduction

The energy consumption in the world is overexploitation due
to population development and economic growth has led to
several problems that need to be tackled, such as climate
change, the loss of natural resources, or the environmental
population [1, 2]. Also, the energy demand has risen signifi-
cantly, which may face the fossil fuels crisis as today more
than 88% of the main energy used still relies on fossil fuels [3]
and once combusted, a large amount of carbon dioxide (CO,)
emission to be released [4].
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This matter has given a growing concern in greenhouse gas
emission as well as energy security that is leading to an in-
crease in the proliferation of various research on alternative
energy [S, 6]. The concept of alternative energy is often re-
ferred to as renewable energy; it includes the energy supplied
from natural sources such as biomass, solar energy, geother-
mal, hydropower, wind energy, and ocean energy [7, 8].
Among these energy generation sources, converting biomass
sources to biogas generation has been widely attracted huge
attention through anaerobic digestion [9].

Anaerobic digestion or biogas technology is alternative en-
ergy and this biological process using biomass as the primary
feedstock, mostly from agricultural and agro-industrial wastes
such as asparagus, wheat, barley, rice straw and maize stalks;
sorghum forage, wheat straw, and corn stover [10-12]. The
process takes place in the oxygen-free condition for degrada-
tion organic matter while producing biogas, which contains
principally of methane (CHy4, 50-75%), carbon dioxide (CO,,
25-50%), and other trace gas approximating hydrogen sulfide
(H5S), hydrogen (H,), and nitrogen (N>) [11, 12].

Biomass principally comprises cellulose, hemicellulose,
and lignin, which is called lignocellulosic biomass [13].
Cellulose and hemicellulose can degrade after the hydrolysis
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step in anaerobic digestion, making lignocellulosic biomass a
potential candidate for biofuel generation [14]. On the con-
trary, lignin plays a function in the formation of the cell wall
(impermeability) [15] and does not allow microbes to attack or
degrade at the anaerobic system [16] and, more importantly,
high lignin content in the substrate could lead to process fail-
ure [17]. The pretreatment step is typically required to break
down the complex structure and chemical properties of ligno-
cellulosic biomass, making it resistant to degradation by en-
zymes and bacteria during anaerobic digestion [15-17].

Generally, pretreatment methods have been accomplished
by the physical method (comminution, steam-explosion, lig-
uid hot water pretreatment), chemical method (alkaline, acid),
and biological method (use of microorganisms and enzymes)
[14, 17, 18]. The alkaline pretreatment is considered to be the
most effective that is typically applied for lignocellulosic ma-
terials. This method of pretreatment causes the structure to
swell, increases the area of the interval surface, and breaks
down structural linkages between lignin and cellulose/
hemicellulose [19]. Furthermore, this method involves lower
temperature and pressure, thereby offers lower production
costs and easy operation compared to other pretreatment
methods [20].

Water primrose (Ludwigia hyssopifolia) is an invasive
aquatic weed, growing equally well in or adjacent to water.
This plant is growing with food crops. Eradicating weeds with
herbicides has been adverse effects in food production be-
cause weeds compete with crops for water, nutrients, and soil.
Also, weeds can harbor insect and disease pests, and noxious
weeds and weed seeds can significantly affect crop quality
[21]. So far, there is no literature available on water primrose
related to biogas production. Therefore, this is a novel energy
material for biogas production. In this study, the whole parts
of water primrose, such as flowers, leaves, stems, fruits, roots,
will be used as a mono-substrate to produce biogas produc-
tion. The highlight of this investigation is the effect ofalkaline
pretreatment on the substrate. Sodium hydroxide (NaOH) is
selected as the chemical reagent to determine the optimum
conditions for dry water primrose pretreatment.

2 Materials and methods
2.1 Sample collection and preparations

Water primrose was collected from a field near Maejo
University, Chiang Mai city, Thailand. Before use, the whole
part of the plant was air-dried for 1 to 2 weeks, shredded by
machine into small pieces, and milled by a blender. The final
size of blended water primrose was 5-10 mm and then it was
stored in plastic bags at room temperature. Based on the dry
matter of water primrose, 10% of total solids concentration
was calculated for each treatment in the current study.
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Consequently, 70 g of water primrose samples was prepared
separately for pretreatment and control (untreated samples).
Each treatment was done in triplicate samples.

2.2 Pretreatment of water primrose

The pretreatment of water primrose was conducted in a closed
container with a capacity of 1.5 L. Solutions were prepared at
different doses of NaOH as 1, 2, 3, and 4% (w/v). Afterward,
in each container, the sample with a total solids (TS) content
of 10% (100 g TS/L) was soaked with NaOH following ratio
1:5 (w/v) and kept for 2 weeks of pretreatment time. In each
treatment, three samples were conducted. The collecting water
primrose and sample preparation are shown in Fig. 1.

2.3 Imaging with scanning electron microscopy

In order to document the disruptive effect of alkaline on the
pretreated samples, scanning electron microscopy (SEM) was
carried out at the Institute of Product Quality and
Standardization (IQS), Maejo University, Chiang Mai,
Thailand. First, dried water primrose was sputtered with a very
thin layer of gold to guarantee its electrical conductivity. The
samples were then sputter-coated with and fixed with the brass
stub for examination under the field emission scanning elec-
tron microscope (FESEM) (Nova Nanosem 450, USA). The
instrument used was JSM-5410LV and operated with a field
emission gun, and observations were performed at a total
magnification of x 500.

2.4 Anaerobic mono-digestion design

The capacity of the digester was 1 L with an operating vol-
ume of 700 mL used in current experiments that fed with
10% TS per liter and retention time of 45 days. All experi-
ments were prepared based on the dry matter content of the
sample in triplicates. In total, 70 g of samples was added to
each digester. After the addition of the substrate, the di-
gesters were recapped by rubber stoppers and gas outlet
released from the top of digesters via a gas transfer tube into
a gas holder which placed inside a water bath (Fig. 2). The
gas produced was measured equivalent to the volume of
water decreased from gasholders. Then, the daily volume
gas was taken every 24 h; the composition of gases such as
methane (CHy), carbon dioxide (CO3), oxygen (O»), and
hydrogen sulfide (H»S) was quantified by gas analyzer
Geotech GAS5000 every 3 days. In all experiments, the pH
of samples was adjusted up to 8.5-9 by added calcium oxide
(CaO). This pH was maintained throughout the process
without any further adjustment.

121



Biomass Conv. Bioref.

Fig. 1 Sample preparation of
water primrose. a Source of
material. b Collecting material. ¢
Air-dry material. d Shredding
material. e Sample. f Pretreatment
sample

2.5 Analytical methods

The physical and chemical analysis of water primrose was
conducted in the Laboratory of Faculty of Science. The solids
content, including total solids (TS) and volatile solids (VS),
was characterized using a 10 g of sample drying at 105 °C for
24 h and 550 °C for 30 min to 1 h, respectively [21]. The pH
was measured by pH meter (Oakton PCSTestr 35
Waterproof). A three-point calibration of the pH probe was
checked before analysis.

2.6 Biogas energy and power potential calculation

The calculation of energy and power potential is adopted by
[22] using the biogas collected and its flame to heat water as
follows:

Fig. 2 Schematic diagram of the
gas collecting and measurement
setup

Gas transfer tube

E = M.C.A0 + M CyAf (1)

where E is the amount of heat energy dissipated, M. is
the mass of calorimeter (g), C. is the specific heat ca-
pacity of the calorimeter (390 J kgﬁl Kfl), Af is the
change in temperature (°C), M, is the mass of water
(g), and C, is the specific heat capacity of water
(4200 Jkg ' K.

(E)

Power = —~ (2)

®

where £ is the amount of heat energy calculated in Eq.
1 and ¢ is the time taken for the energy to be dissipated

(s).

—

1r <— Gas collecting tube

‘Gas holder
—_—

Digester
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3 Results and discussion
3.1 Substrate characterization

Determining the characterization of material used in the ex-
periment leads to a better estimate of the relationship between
substrate and biogas potential. The initial characteristics of
water primrose for TS and VS were 900,000 mg/L and
836,000 mg/L, respectively, based on dry matter. High TS
and VS contents show that the organic compounds in the
water primrose could contribute high organic conversion to
the biogas generation. Since the pH of the substrate was 5.05,
therefore, applying NaOH pretreatment on water primrose re-
sults in reduced amounts of CaO that was used to adjust pH in
the fermenter before fermentation and increases alkaline buff-
er capacity as acids were produced causing the acidic environ-
ment in the digester. This is the advantage of using NaOH
pretreatment for the substrate.

Water primrose is a semi-aquatic annual herb widely dis-
tributed worldwide as Asia, Africa, and Australia. This plant
stands erect along with wet soil or floats out across the water
surface with bright yellow flowers, can grow up to 2-m or
even 3-m high. Leaves are long and slender in shape and
arranged alternately on the stem, up to 10-cm long, 1-2-cm
wide, shiny, dark green and lighter green central vein or in
yellow color [23]. Water primrose has been growing in un-
wanted places, their growth does not meet the purposes for
either food or feed, and thus their value for a specific purpose
as biogas energy in the anaerobic digestion is in a manner
conforming with the sustainability principles.

3.2 Effect of NaOH on the substrate

According to Du et al. [24], the pretreatment time should be in
the ranges of 3 to 30 days; beyond that ranges, the application
of pretreatment technology is not conducive. Biogas produc-
tion from lignocelluloses biomass in general and water prim-
rose in particular is well known that the rate-limiting step in
the anaerobic digestion process is the hydrolysis step and pos-
sible inhibition in the overall process due to the complicated
polymer of lignin [20, 24, 25]. Thus, pretreatment substrates
show not only profound concerning increase the anaerobic
biodegradability, but improving biogas production of biomass
[14, 17, 24].

In the current research, the pretreatment test was prepared
following by adding a sample with NaOH solution ratio 1:5.
The effect of alkaline pretreatment on water primrose was
evaluated through biogas and methane efficiency shown in
Table 1. The results show that adding concentration of
NaOH leads to an increased content of the biodigestibility of
the substrate under anaerobic conditions. The complex struc-
ture of lignocellulosic biomass was significantly effected by
NaOH pretreatment. As different doses of NaOH were used in
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Table 1 Total biogas and methane content of different alkaline
treatments on substrate

Treatment Total biogas (mL) Methane (%)
Control (no treatment) 4285.80 55.07

1% NaOH 5307.00 58.33

2% NaOH 8072.00 64.72

3% NaOH 6933.03 60.84

4% NaOH 5073.50 59.51

pretreatment of water primrose, the organic matter degrada-
tion was observed through the volume of biogas production
and CH, content per all treatments differently. The cumulative
biogas production was highest for 2% NaOH (8072.00 mL),
followed by 3% (6933.03 mL), 1% (5307.00 mL), 4%
(5073.50 mL), and lastly, control (4285.80 mL). In terms of
methane content in biogas, after 45 days of fermentation, the
percentage of methane was similar in all treatments (55-65%).
However, the highest methane obtained at 2% NaOH treat-
ment (64.72%) was 9.65% more than the control (55.07%).

Generally speaking, biodegradability improvement of the
alkaline-pretreated water primrose enhanced not only by the
total biogas volume but also by the methane concentration.
After alkaline pretreatment, the complex structure of lignocel-
lulosic biomass would change due to the reaction of alkaline.
These changes resulted in the high solubilization rate of lignin
and hemicellulose, making substrate easily for anaerobic mi-
croorganisms to metabolize and produce gases [13, 14, 17].

Furthermore, there was no significant biogas yield im-
provement by applying 1 and 4% NaOH treatment compared
to the control. This indicated that at the mild concentration,
alkaline did not become strong enough to increase the degra-
dation of organic matter. On the contrary, high chemical con-
centration loading results in the disadvantage or even toxic to
microbes [13, 20].

Similar biogas yield results were also observed by Chandra
et al. [25]; the author used 4% NaOH (g/g TS) pretreated
substrate for a wheat straw at mesophilic temperature. The
total biogas obtained from the untreated substrate was 3349
L. Meanwhile, the value of biogas yield using 4% NaOH was
observed higher than that of the untreated substrate, with the
total gas was 6279 L. The results evidenced that the efficiency
of 4% NaOH treatment on wheat straw had increased biogas
production by 87.5% compared to the untreated wheat straw
substrate. Effective comparison of using three alkali chemicals
by Yang et al. [26], including lime (Ca(OH),), sodium hy-
droxide (NaOH), and potassium hydroxide (KOH) on rice
straw. Alkaline loading at vary concentration of 2%, 6%,
and 10% levels. The study reported that among these
chemicals evaluated, the biogas production was achieved
50% higher than the untreated sample in case using either
KOH or NaOH pretreatment. However, NaOH treatment
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was the most effective at 20 °C and 10% chemical loading for
24 h achieved the highest lignin removal of 35% for rice
straw. Besides, the study implied that in the future, the pre-
treatment on rice straw might concentrate on different doses of
NaOH to optimize the pretreatment conditions further.

3.3 Scanning electron microscopy of a raw and
pretreated water primrose

SEM analyses of native and 2% NaOH-pretreated samples
were carried out to assess changes in morphology.
Figure 3(a) shows the SEM micrograph of native water prim-
rose, the surface of which shows to have a stable and compact
structure. As can be seen, the apparent structure of water prim-
rose is closely regulated, and there are rough particle bulges.
Morphological changes induced by alkaline pretreatment are
first noticeable after pretreatment at 2% of NaOH, as shown in
Fig. 3(b); the apparent structure became looser, more holes
appeared on the surface of solids and the size became larger,
the surface area increased accordingly. Here, a slight defibril-
lation was observed, consisting of the separation of individual
fibers and an enlarging of the reactive area. By 2% of NaOH,
more pronounced structural changes in the biomass were seen
due to solubilization and break down of the hemicellulose and
cellulose. As hemicellulose operates as cementing material, its
solubilization causes a significant defibrillation effect on the
biomass. Also, a reduction in fiber length and the formation of
entangled clusters can be seen. After pretreatment at 2%
NaOH concentration, the fiber structure is almost entirely
disintegrated due to the higher solubilization of hemicellulose
and lignin re-localization.

3.4 Evaluate biogas production and methane content
from the substrate

Biogas can be produced from various organic substrates such
as municipal, agricultural, and industrial wastes and energy

Fig. 3 SEM images of the
untreated (a) and 2% NaOH-
treated water primrose sample (b)
under magnification of x 500

crops through anaerobic digestion process [9, 15, 27].
Among those sources, the most popular using for biogas pro-
duction is grasses as it contains high energy content and easy
to harvest [28, 29]. Mono-digestion is the foundation for fur-
ther development of co-digestion; investigated biogas produc-
tion on a single substrate before mixing with one or more than
one substrates would obviously evaluate the influence of each
substrate that is involved in the fermentation process. One of
the most significant factors in deciding operating anaerobic
digestion is to investigate biogas potential on the feedstocks
used. The more amount of dissolved carbon in the substrate,
the more gas could be converted by bacterial. The second
factors are the time given to the bacteria called hydraulic re-
tention time (HRT). In case the substrate has enough time for
bacterial to digest, there may get a full conversion of organics
to the end products.

Typically, HRT works in the mesophilic temperature range
0f 20-35 °C for 15-40 days [30]. The investigation from dry
water primrose shows that methane production decreased rap-
idly after 45 days of operation. Therefore, the ideal time for
the decomposition of this material was performed for 45 days.
The daily and accumulative biogas production from all treat-
ment is presented in Fig. 4 and Fig. 5. Biogas started produc-
ing immediately on the first day from all treatments (control,
1, 2, 3, 4% NaOH). During the first 2 weeks, there was no
significant different gases production among these treatments.
From the third week onward, the biogas curves of 2 and 3%
NaOH treatment were higher than the rest of the treatment and
this curve maintained until the end of the process.

The highest rates of biogas production per day reached
257.5 mL/day using 2% NaOH; this peak value was obtained
on day 35. The maximum biogas yield of control, 1%, 3%,
and 4% gradually reached their peak value on days 33,37, 27,
and 45, respectively. In all treatments, the daily biogas volume
curve was mostly flat and there was no clear peak in daily
productivity. The digesters with 2% NaOH have a 71.6%
higher peak volume than the controls (150 mL), followed by
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Fig. 4 Daily biogas production from dry water primrose

3% NaOH, which is 40.6% higher than the controls but 18.1%
lower than 2% NaOH. At 4 and 1% of NaOH, the peak vol-
ume was not much different compared to the controls, which
reached 169.5 and 172 mL, respectively. Hence, the pretreat-
ment samples reached the peak value of the controls (150 mL)
than about 2 days and 18-20 days for 1%, 4%, and 2%, 3%
NaOH, respectively.

For all of the digesters, at the beginning stage of anaerobic
digestion, the anaerobic bacteria started acting on the organic
matter of the substrate [10, 11]. The bacteria population in-
creased and digested on more substrate leading to increase
biogas production. After an adaptation period, the bacteria
were active on the most considerable amount of readily bio-
degradable organic matter in the substrate, resulting in an ap-
parent influence on daily gas production that performed as the
peak value [17]. After that, the carbon and nutrient in the
substrate decrease, biogas production started to drop and grad-
ually to stop producing.

The accumulative biogas yield calculated based on the gas-
producing per day that varied from 4,285.80 to 8072.00 mL
that shows in Fig. 5. There was no significant different volume
in the treatment between 1, 4% NaOH, and control. The
highest biogas yield was obtained from 2% NaOH; it was by
16.4%, 52.1%, and 59.1% higher than the yield of pretreat-
ment samples of 3%, 4%, and 1%, respectively. Moreover, it
was much higher 88.4% for biogas yield of control. Therefore,
the treatment of 2% NaOH concentration is the best option for
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Fig. 5 Cumulative biogas from dry water primrose
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pretreatment substrate, which not only quickly reaches the
highest volume but also achieves the highest cumulative bio-
gas volume. The rapid culmination of volume obtained from
treated samples due to the bacteria initially is quickly
digesting easily biodegradable materials. This result indicates
that the pretreated water primrose is easy to access hydrolytic
bacteria at the early stage of the digestion process.

During the forty-fifth day of anaerobic mono-digestion,
the methane concentration obtained from all treatments is
shown in Fig. 6. The methane content was measured ev-
ery 3 days of the fermentation process. The biogas pro-
duction started producing from day one while the methane
concentration was detected from day 6 onward for all
treatments. Generally, the difference of methane forma-
tion in biogas varied from a minimum value of 55.07%
(control) to a maximum value of 64.72% (2% NaOH). All
through the first 6 days of fermentation, the methane was
recorded at 0% at all treatments. After that, methane con-
centration steadily rose until the end of the process. It is
observed that at the beginning of the anaerobic digestion,
the methane concentration at 4% NaOH treatment was
slightly higher than the rest of the treatments. The 4%
NaOH had the earliest peak value on day 27 with
59.51% of methane, which indicated that at a high con-
centration of NaOH treatment on water primrose would
positively improve the initial methane concentration.
However, the highest methane formation from this study
was at 2% NaOH, with 64.72% obtained near the last day
of the process (day 42). This is further supported that 2%
NaOH of pretreatment on water primrose not only had a
positive effect on the quantity of the total volume of gas
produced but also improves the quality of the gas. The
biogas compositions, including CHs, CO,, H»S, and O,
were 64.72, 35.09, 0.09, and 0.1%, respectively, observed
in the digesters applied 2% NaOH pretreated substrate.

Overall, the peak methane value of all treatment was
found at the final stage of anaerobic digestion; this is
because the acidogenic and methanogenic bacteria took
a long time to adapt and balanced growth. Another reason
is maybe the certain amount of organic inhibitors in the
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substrate was further degraded and converted to biogas
generation, which contributed to methane concentration
[31]. The comparison of methane content in biogas from
water primrose with other feedstocks is presented in
Table 2. Water primrose provided higher methane content
compared to water hyacinth, corn stover, rice straw, to-
bacco straw, soybean residues, papaya peels, sugarcane
bagasse, rice straws, maize straw, food waste, and fruit/
vegetable waste [32-38], moreover, almost similar meth-
ane concentration compared to wild Mexican sunflower
and dry maize straw [36, 39]. Therefore, the methane
value from different biomass sources compared to the re-
sult obtained from this study showed that the potential
maximum methane content available in water primrose
is highly competitive with other sources of biomass
feedstocks.

3.5 Energy and power analysis

The primary energy inputs to mineral-based resources are
deliberated. It refers to the energy that has not undertaken
any conversion or transformation process. Many parame-
ters may define the efficiency of biogas production, so the
multi-criteria analysis is needed to evaluate the perfor-
mance of a biogas plant. The process investigation for
agricultural and any waste biomass (i.e., weeds) streams
and food industry residues revealed the energy inputs for
feedstock collection, transport, and pretreatment. P6schl
et al. [40] stated that the analyses for energy crops con-
sidered the entire supply chain from planting and cultiva-
tion, through harvesting and transport processes.
However, utilizing weeds (for example, water primrose)
provides more benefits if it could reduce the cultivation
cost. Also, it was on arable land with no conflict with

food and fodder production. Results from this study show
that there could be significant and energy efficiency for
biogas plants arising from feedstock resource and process
adopted a single feedstock, conversion technology ap-
plied, and digestate management technique. From Egs.
(1) and (2), the energy and power of the gas burned were
computed, which shows in Table 3. An average of 1132.3
cm® biogas was used for calculation; the results of biogas
power potential were 25.34 W or 22.3822 W/L or
22,382.19 W/m®. The pure methane content could gener-
ate 37,2589 J of energy or 37,258.9 W/m® [41]. As a
result, 60.07% of methane content was estimated from
22.382.19 W/m® power. In addition, it is noted that the
energy of 10 m* of gas liquefied petroleum (LPG) used
for cooking is equal to 25 m* of biogas. In other words,
the ratio of energy from LPG gas to energy from pure
methane is 5:2 [41]. Consequently, biogas production
from water primrose is a potential feedstock in anaerobic
digestion with achievable energy efficiency.

4 Conclusions

This study indicates that the utilization of water primrose is
effective for biogas production through anaerobic mono-di-
gestion. The NaOH pretreatment has significant positive ef-
fects in enhancing biogas yield as well as methane concentra-
tion. The best optimal treatment for water primrose was at 2%
NaOH with the cumulative biogas yield of 8072 mL, which is
88.4% higher than that of control, 16.4% higher than 3%
NaOH, and also 52.1% and 59.1% higher than 4% and 1%
NaOH, respectively. Furthermore, the highest methane con-
tent (64.72%) obtained from 2% NaOH was also higher than
the rest of the treatments. The energy assessment by testing its

Table 2 Comparison of methane

concentration from different No. Feedstock name Methane (%) References
feedstocks
1 Water hyacinth 403 Pereira et al. [32]
2 Corn stover 51 Lietal [33]
3 Food waste 59.0 Li etal. [34]
4 Fruit/vegetable waste 63.4 Qiao et al. [35]
5 Rice straw 63 Li etal. [36]
6 Tobacco straw 63.37 Li etal [36]
7 Dry maize straw 65.47 Li et al. [36]
8 Soybean residues 57.14 Onthong and Juntarachat [37]
9 Papaya peels 54.00 Onthong and Juntarachat [37]
10 Sugarcane bagasses 49.12 Onthong and Juntarachat [37]
11 Rice straws 56.25 Onthong and Juntarachat [37]
12 Maize straw 42.05 Wei et al. [38]
13 Wild Mexican sunflower 65 Dahunsi et al. [39]
14 Water primrose 64.72 This study
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Table 3 Biogas energy and

power potential calculation The volume ~ Mass of water Change in Energy gained by Time  Power

of gas used and calorimeter  temperature  water and taken  dissipated
calorimeter
Vigas (cm?) Mg Af (°C) E() t(s) P (Watts)
Calorimeter 473

Test 1 1975 53 17 4097.8 167 245

Test 2 874 47 14 3021.8 114 26.5

Test 3 548 40 13 2423.8 97 24.9

Average 11323 3181.1 253

flame also given an energy efficiency potential of 22,382.19
W/m® power. Consequently, the results of the research paper
would contribute to the increasing estimation of energy effi-
ciency and the influence of NaOH treatment for biogas pro-
duction on a new biomass material.
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Abstract

This study aims to investigate the potential of water primrose for biogas production in batch anaerobic digestion. To examine the
ability of co-digestion with other substrates, cow dung and swine manure was chosen to mix with pretreated water primrose in a
ratio of 1:1 (w/w, based on dry matter of water primrose). The pretreatment of water primrose was conducted by using sodium
hydroxide at 2% concentration for one week. A modified Gompertz equation was employed to estimate parameters, including
estimated biogas yield potential (¥,,,), maximum biogas production rate (R,,). and duration of lag phase (\). The equation showed
a good approximation of cumulative biogas production with a coefficient of determination (R?) over 0.997. The overall results
indicate that all treatments had successfully produced biogas production in the range of 4285 to 6150 mL with methane (CH,)
content above 50%. The maximum biogas yield of 6150 mL was obtained at co-digestion with cow dung and high methane
content of 63.88%. This value was given 25.50 MJ/m® for high calorific value (HCV) and 22.97 MJ/m® of low calorific value

(LCV).

Keywords Water Primrose - Cow dung - Swine manure - Biogas production - Energy analysis - Kinetic model

1 Introduction

In the 21st century, the widespread assumption of fossil fuels
reflects the ease of its application and product diversity com-
pared to other energy sources, mainly because petroleum and
natural gas are considered the largest sources from it [1, 2]. As
a result, fossil fuel production is becoming increasingly ex-
pensive, yet, itis difficult to access due to this source is non-
renewable [3, 4] and when burned, the large quantities regard
to the emission of carbon dioxide (CO,) produced which
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contributes to climate change and global warming [5]. For
those reasons, fossil fuels are not attributed as sustainable
energy in correlation with ecology and environment.
According to Kang et al. [6], to counteract the decline of fossil
fuel, itis necessary to accelerate finding altemative renewable
energy sources, minimizing dependence. In this regard,
bioenergy, such as biogas, biodiesel, and bioethanol, appears
as clean. Renewable energy could be the best option for an
alternative path of sustainability which is a suitable solution to
ecological-environmental problems against the degradation
time of fossil fuels and the reduction of CO, emission [7].

For useful energy generation in biorefinery, natural sources
such as biomass material, including lignocellulosic biomass,
animal waste, or municipal waste, have been widely investi-
gated through anaerobic digestion process by numerous stud-
ies [8, 9] because of its wide distribution, less expensive and
renewable. Different types of biomass waste are used as a
feedstock under an anaerobic digestion system and
decomposed with microorganisms’ help to form biogas as
the final product that could convert to various forms of energy,
such as heating, electricity, transportation, and hydrogen
through biorefinery technologies [10, 11].
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The anaerobic mono-digestion is commonly used ani-
mal manure as feedstock to produce biogas production.
However, many studies indicated that instead of using
one substrate indigestion, the combination of two or more
substrates, called co-digestion, would make the overall
process economically profitable because of offering high
biogas yield, more biodegradable carbon matter, increase
nutrient, reduce toxicity, advance the efficient use of the
equipment, and cost-sharing [12, 13]. Thereby, it was ev-
ident that the anaerobic digestion process proves its ad-
vantages in biogas energy and utilizing digestion residue
as a plant fertilizer, resulting in the reduction of waste
disposal and energy cost [14, 15].

Even though anaerobic digestion happened partly, it can be
divided into four stages: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. During the process, the
large organic compounds are broken down into smaller mol-
ecules by hydrolyzing and fermenting microorganisms and
produce mainly acetate, hydrogen, and different amounts of
volatile fatty acids; methane is produced from two groups of
methanogenic bacteria, one is acetate and the other is hydro-
gen and carbon dioxide [16, 17]. The degradation of organic
matter into biogas process was presented in Fig. 1.

A mostly diverse feedstock type as organic matter or
organic waste can be used as substrates for biogas pro-
duction. It is necessary to utilize all fractions from bio-
mass to different value products and generate a minimum
amount of waste. Also, it depends on plant materials, lig-
nin, cellulose, and hemicellulose in lignocellulosic bio-
mass. Noteworthy is that the lignin fraction structure in-
hibits the biogas produced because it is not fermented
under an anaerobic environment, whereas cellulose and

Fig. 1 Stage of anaerobic
digestion

Hydrolysis

G.Z
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hemicellulose take a long time to hydrolysis [18].
Cellulose is covered by lignin. Therefore, the cellulolytic
enzymes are difficult to access and convert the carbohy-
drate fractions (cellulose and hemicellulose) into sugars
[19]. To overcome this obstacle, the pretreatment process
of lignocellulosic biomass is necessary for enzymes and
microbes easily to enter soluble organics; this step per-
forms before the digestion process to achieve more effi-
cient production of biogas. Chemical pretreatment, espe-
cially alkaline, is found as a cost-beneficial method;
moreover, increasing alkaline leads to an increase of pH
buffer in the anaerobic digestion, which is highly favor-
able for growing microorganisms [20]. Notably, the sub-
strate’s pretreatment process can be applied by combined
treatments of physical and chemical methods to improve
the effectiveness of a single pretreatment method [21].

Water primrose is one kind of agricultural weed avail-
able in the wetland and crop field in Thailand considered
an aquatic invasive plant. Up to now, the potential energy
of this biomass has not been investigated; meanwhile, the
biogas industry’s strategy is the input material sources
that do replace energy crops and do not a non-food com-
petition for fuel [22]. Thus, this study aims to focus on
the novel material for biogas potential from water prim-
rose and the combination of water primrose with cow
dung or swine manure in anaerobic co-digestion was also
investigated. The best performance in methane content in
this study was then evaluated for high calorific value
(HCV) and low calorific value (LCV). Besides, to boost
biogas yield in anaerobic co-digestion, the physicochem-
ical pretreatment method was applied on water primrose
at 2% sodium hydroxide (NaOH) for 1 week.

Complex organic matter
Carbohydrates, proteins, fats

Soluble organic molecules
sugars, amino acids, fatty acids

LI g
Volatile fatty acids

carbon dioxide

[ Meth

carbon dioxid ]
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2 Material and methods
2.1 Material collection

The water primrose was collected at the agricultural field in
the fresh form nearby Maejo University, Chiang Mai,
Thailand. The collected raw material was transferred to the
laboratory at Energy Research Center, then air-dry for 2
weeks. The shredding machine and a blender were employed
to cut the material into small particles of 5-10 mm as a final
size (Fig. 2). Fresh cow dung and swine manure were collect-
ed at cow’s farm and pig’s farm at the Faculty of Animal
Science and Technology, Maejo University, then weighed
for the experiment (Fig. 3).

2.2 Alkaline pretreatment

The dry sample of water primrose with a size of 5-10 mm was
used to investigate the effect of chemical pretreatment on wa-
ter primrose. The alkaline reagent was prepared at 2% of
NaOH and mixed with sample following ratio 5:1 (mL
NaOH:g water primrose) in a plastic container with 1.5-L
capacity. The amount of sample was calculated based on the
desire set treatment of experiments. All containers were then
sealed with the plastic cover and stored in the laboratory at
room temperature for 1 week. Additionally, during pretreat-
ment time, all containers were mixed manually every 24 h.

2.3 Biodigester design

The experiment consisted of 15 digesters was made of 1000
mL of Duran bottles transparent laboratory bottles of diameter
94 mm and 222 mm length, each with 700 mL of working
volume. The substrate was digested anaerobically in the di-
gesters at mesophilic temperature. The lab-scale anaerobic
experiments were divided into three sets. Set I conducted 3
control samples such as water primrose, cow dung, and swine
manure, while sets II and IIT performed co-substrates with a
mixing ratio of 1:1 (w/w) of pretreated water primrose and
cow dung or swine manure, respectively. In sets IT and III,
the batch anaerobic digestion was carried out with 2%
NaOH pretreatment on water primrose for one week, each
set run in triplicates.

The quantity of substrates (water primrose, cow dung, and
swine manure) was computed based on total water primrose
(10% TS). Accordingly, 70 g of water primrose, cow dung,
and swine manure was determined in set I, while 35 g of each
substrate was added and mixed in sets IT and III as following
the mixing ratio 1:1. Before sealing the digester with rubber
corks, the tap water was used to dilute the substrates up to the
desired volume, which amount needed more than about two
times the original mass of the substrate, and then, calcium
oxide (CaO) powder was used to adjust the initial pH to
8.5-9 for each set of experiment. The accumulative biogas
was stored in a gas holder made of 500 mL of a graduated
cylinder placed in a water tank (Fig. 4). All digesters were

e

- ‘ -
ity

Fig. 2 Water primrose preparation: a source of the material, b material collection, ¢ air-dry material, d shredded material, e final particle size, f stored

material
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Fig. 3 Cow dung (a) and swine
manure (b) collection

allowed for 45 days and during that period, digesters stirred
twice a day for 1-2 min. The gas produced was measured
every 24 h and methane concentration was determined by
gas analyzer GA5000.

2.4 Analytical methods

The percentage of total solids (TS) and volatile solids (VS)
was measured according to the standard methods of the
American Public Health Association [23]. The samples were
ignited in a muffle furnace at 105 °C for 24 h, and then the
samples were cool down to room temperature in a desiccator
for 15-30 min. TS is the residue remaining after ignition. The
content of VS was the loss of sample mass after ignited total
solids at 550 °C for 30 min. Before analyzing other parame-
ters, all samples were diluted and centrifuged for 15 min at

Fig. 4 Schematic diagram of
anaerobic digestion

Gas transfer tube

Gas holder

1500 rpm. The permanent of homogeneous samples were tak-
en out for analysis. The pH value was determined by an elec-
tronic pH meter. Titration methods analyzed chemical oxygen
demand (COD), volatile fatty acids (VFAs), and alkaline. All
parameters, including pH, TS, VS, ash, moisture content,
COD, VFAs, and alkaline, were determined according to the
standard process. The biogas produced was continuously re-
corded every day, then released into a gas sampling bag (500
mL) every 3 days. The methane content was regularly mea-
sured from the gas sampling bag using a gas analyzer GA
5000.

2.5 Data analysis

In determining the efficiency of anaerobic digestion, the de-
composition of organic matter during the process was

Gas collecting tube
—

|11

Digester
Water tank

@ Springer

132



Biomass Conv. Bioref.

predicted by the curve fitting of the modified Gompertz
equation [24] and the observed biogas cumulative produc-
tion:

Yii¥n exp{—exp |:R"'e (A1) + 1:| } (1)
Ylll
where Y (mL/gTS) is the cumulative biogas production at a
given time ¢ (day), Y, is biogas potential of the substrate
(mL/gTS), R,, is the maximum biogas production rate
(mL/gTS/day), “e” is exp (1) =2.718, A is the lag phase time
(day), and R? is a measure of how well the model fits the
biogas production curve.

2.6 Energy analysis

The calorific values were calculated, according to Li et al.
[25]. Based on methane concentration obtain from the feed-
stock, higher calorific values (HCV) and lower calorific
values (LCV) were determined as follows:

HC Vipiogas = 0.3989 x MC + 0.0213 (R> = 1) @)
LCViiogas = 0.3593 x MC +0.0192 (R* = 1) 3)

where MC is the methane content in biogas (%). The HCV
and LCV of pure methane were 39.82 and 35.87 MI/m?,
respectively.

2.7 Statistical analysis

The data and graphs were processed using Originlab 2020
(Origin Lab, USA). The mean value and standard deviation
of the data were analyzed using analysis of variance
(ANOVA).

3 Results and discussion
3.1 Feedstock characterization

Initial characterization of water primrose, cow dung, and
swine manure used in this experiment is presented in
Table 1. The high content of TS and VS were found in water
primrose, which reached 900,000 + 4165 and 836,667 + 3754
mg/L, respectively. These values indicated a high organic
matter in the material that could convert to biogas production
in the anaerobic digestion process. According to the data of
the pH values in Table 1, the combination of pretreated water
primrose with cow dung or swine manure were preferred for
anaerobic digestion that may prevent the risk of acidification
and improve buffer capacity in digesters than conducted one
substrate in digesters. Also, manure is considered as a
nitrogen-bearing material in anaerobic digestion that during

Table 1 Characteristics of water primrose, cow dung, and swine
manure
Parameter Measured values

Water primrose  Cow dung Swine manure
TS (mg/L) 900,000 = 4165 196,666 + 1064 98,760 + 846
VS (mg/L) 836.667 3754 140,000 =984 69,000 + 548
pH 5.05£0.02 8.15+0.02 6.14+£0.20
COD (mg/L) 61,667 =4812 153,333 +5695 105,645 + 652
VFAs (mg/L) 3218+ 182 4376 + 896 2792.79 +268.12
Alkaline (mg/L) 1917 + 312 34,458 +295 2041 £155.9

the fermentation process, the buffering system is more adjust-
able by releasing ammonia [26]. Overall, the initial values of
feedstock showed a suitable condition for the anaerobic
system.

Water primrose is a non-woody plant, stands erect along
with wet soil or float out across the water surface with bright
yellow flowers and oval-shaped, typically having four petals.
Flowers vary in size from 2 to 4 cm in diameter and bloom all
season, except winter. The stems are long, trailing, branched.
Stems of water primrose can be of green to reddish appear-
ance, can reroof from cutting, can be fleshy, and can grow to
the height up to 120 or even 210 cm. Leaves are long and
slender in shape and arranged alternately on the stem, up to
10 cm long, 1-2 cm wide, shiny, dark green, and lighter green
central vein or in yellow color. The plants contain small seeds
inside. It shows the capsule pubescent, more-or-less cylindri-
cal or swollen towards the apex, up to 30 mm long with many
brown, oblong seeds about 0.5 mm long.

An observation of a cross-section of water primrose stem
was made by a microscope presented in Fig. 5. A large calci-
um oxalate crystal was found in the cross-section of the stem
of water primrose (Fig. 5 a, b, ¢, and d). Calcium oxalate
crystal is normally located in all parts of the plant as roots,
leaves, stems, seeds, and other parts [27]. The crystals might
contribute to the photosynthetic process and protect against
insects and foragers [27, 28]. However, accumulate oxalate
can cause symptoms of poisoning for ruminants in toxic con-
centrations [28]. Also, imaging with scanning electron mi-
croscopy (SEM) was investigated before and after alkaline
pretreatment (Fig. Se, f). The surface morphology of water
primrose was observed x 500 magnification. The untreated
sample showed a crystallinity of solid composition as lignin,
hemicellulose, and cellulose content were rigid and high or-
dered fibrils. After alkaline pretreatment, some particles were
broken down and separated from the original topology due to
the lignin and cellulose removal. Thus, the structure of water
primrose was deformed, and the extemal surface area in-
creased, which led to more sugar exposure, resulting in higher
biogas generation.
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Fig. 5 Cross-section plant stem under the microscope (a—d) and SEM images of the untreated (e), and 2% NaOH-treated (f) water primrose

3.2 Potential biogas production and methane
concentration

Many studies regarding alkaline pretreatment for lignocellu-
losic biomass are effective in improving biogas yield. Liang
et al. [29] have investigated solid-state NaOH treatment on
rose stalk resulting in anaerobic digestion with the highest
biogas production, which was 144% higher than untreated
samples. Also, by way of increasing NaOH concentration,
the lignocelluloses are more likely to be disrupted, which is
shown in the changes of the TS and VS reductions. The ob-
served enhancement in biogas yield of NaOH-pretreated bio-
mass such as corn stover was reported by Zhu et al. [30]; the
investigation was found the highest biogas yield 0of372.4 L/kg
VS at 5% NaOH-pretreated corn stover. This result was
37.0% higher than the untreated corn stover.

The effect of alkaline on water primrose in this study was
performed via biogas production and methane content. The
potential of water primrose for biogas production was inves-
tigated for 45 days of anaerobic conditions. The comparison
of co-digestion of water primrose with cow dung and swine
manure was made through biogas performance. The cumula-
tive biogas production was calculated based on the volume of
daily biogas produced. The final volume biogas of 3 sets of
lab-scale anaerobic experiments is shown in Fig. 6. All these
sets had successfully produced biogas production, which in
the range of 4285-6150 mL throughout the experiment as
water primrose was treated with alkaline pretreatment, the
simple soluble organic fraction presented in this biomass to

@ Springer

be digested faster and easier in the fermentation process, there-
by enhancing biogas yield, which was indicated in sets II and
1L

The cow dung produced more biogas production (5436
mL) than the others (water primrose: 4285 mL, swine manure:
4847 mL) in set I but less than the biogas obtained from co-
digestion in set I (6150 mL) and set IIT (5887 mL). This result
agreed with Lu et al. [31]; the authors highlighted that anaer-
obic co-degradation could prevent rapid acidification in the
system rather than individually digest the substrate.

It could be observed that the high content of TS, VS, and
COD demonstrated the quality of cow dung than swine ma-
nure (Table 2). Moreover, the final volume biogas indicated it
was well-operated in anaerobic digestion. Therefore, it could
be expected that cow dung has positively affected the biogas
production in co-substrate with water primrose. This finding
was evidence by the total biogas production in set II obtained
higher than in set I and set IIl. Akintokun et al. [32] also found
that rice husk co-substrate with cow dung improved biogas
production than mono-substrate. Specifically, the biogas yield
obtained from rice husk was 150 cm? and 4327.65 cm® from
cow dung, while the combination of these substrates in anaer-
obic digestion was achieved 4730.55 cm® with 11.4% meth-
ane improvement. The higher biogas production by combin-
ing two or more substrates could be explained by the mix-
ture’s nutrient balance and favorable pH in the digester [33].

The percentage of methane in biogas was sampled and
measured every 3 days; the highest methane concentration
obtained from all experimental sets is shown in Fig. 6. The
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Fig. 6 Total biogas production 7000 T T T T 70
(mL) and methane concentration Biogas prodaciod
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methane content typically ranges from 50 to 70% [34]; the
higher methane content in the anaerobic process reflects the
digestive efficiency. The potential of methane content in bio-
gas produced from water primrose was 55.07%. Compared to
other biomass material, the methane obtained from this study
was higher than rice straw, common reed, or sewage sludge
[13, 35, 36].

Overall, in sets I, II, and III, experiments produced an excel-
lent biogas volume with methane content above 50%. In set I,
CH,4 content was 55.07% (water primrose), 53.0% (cow dung),
and 51.62% (swine manure); set II obtained higher methane
content than in set I and set III, which was 63.88% methane
and whereas in set I was 60.49%. Consequently, the addition
of cow dung or swine manure increased not only biogas pro-
duction but also methane quality in anaerobic digestion.

In evaluating anaerobic digestion performance, further in-
vestigation on TS, VS, and COD removal efficiency was
made in this study, shown in Fig. 7. In fact, biogas production
is the result of the degradability efficiency of organic fraction
contained in substrate representing as TS, VS, and COD con-
tent. Overall removal percentages ranged between 46.8 and
57.55% for TS, 44.25 and 50.22% for VS, and 40.84 and
52.64% for COD. In set II, the highest percentage of all pa-
rameters could be observed from Fig. 7, followed by set III

Swine manure SetIl Set I

and lastly, in set I. The TS, VS, and COD reduction was no
significant difference in set I; the higher value of water prim-
rose than cow dung and swine manure was observed due to
the high organic component available in the substrate. Similar
TS, VS, and COD removal were observed for cow dung and
swine manure (48.56%, 45.63 %, 40.84% and 46.8%, 44.25%,
41.56%, respectively). Higher removal rates of TS, VS, and
COD reported for anaerobic co-digestion of pretreated water
primrose and swine manure (set III) than set I, which was
52.63%, 48.97%, and 46.33%, respectively. A similar result
was found by Cordoba et al. [37]; the VS and COD removal
from mono-digestion of swine manure was 32.0% and 18.4%,
respectively, whereas the increasing efficiency could be
achieved at 43% for VS and 53% for COD. The difference
was not very large, but the removal efficiency of TS, VS, and
COD value in set I was achieved the highest in this study
(57.55%,50.22%, and 52.64%, respectively). The TS removal
represents the relationship of biogas yield, as Li et al. [38]
reported the efficiency of TS reduction in co-digestion of com
stover and manure was 52.5%. Hence, the average value of TS
reduction in anaerobic digestion of dairy manure with crop
residues lies from 38 to 45%. Therefore, the efficiency of
pretreated water primrose and cow dung with swine manure
on biodegradability was achieved in this study.

Table 2 Total biogas production

(mL) and metl ation Total biogas (mL) Methane (%)
(%) of 3-set experiment
Set I Water primrose 4285 55.07
Cow dung 5436 53.00
Swine manure 4847 51.62
Set II Pretreated water primrose and cow dung 6150 63.88
Set I Pretreated water primrose and swine manure 5488 60.49
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Fig. 7 Percentage removal
efficiency of TS, VS, and COD
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3.3 Gompertz model for biogas production

The study of biogas production from water primrose, cow
dung, swine manure, and their mixture was investigated for
45 days. The biogas produced was measured and recorded
every day until the process end. The modified Gompertz equa-
tion was plotted and evaluated based on the curve fitting of the
predicted cumulative biogas values from the model and the
cumulative biogas production data from the experiment
shown in Fig. 8. The summary of estimated parameters, in-
cluding estimated biogas yield potential (¥;,,), maximum bio-
gas production rate (R,,), and duration of lag phase (), from
the model are given in Table 2.

The biogas production potential of water primrose was es-
timated at 110.05 mL/gTS, higher than cow dung or the value
in set 3 treatment. Simultaneously, the co-digestion of
pretreated water primrose with cow dung caused biogas to
increase from 110.05 mL/gTS to 122.09 mL/gTS. However,
the treatment in set I1I, which combined pretreated water prim-
rose and swine manure gave lower biogas (101.54 mL/gTS)
compared to the water primrose substrate. Still, this substrate’s
lag phase indicated that the biomass might not produce gas
immediately after the process started. It required a full adap-
tion period from week 2 onward. However, combining water
primrose with cow dung or swine manure reduced the mini-
mum haft time to produce biogas () from 11.70 days (water
primrose) to 6.17 days (set IT) and 5.74 days (set III).

Also, from Table 2 and Fig. 8, it can be observed that in set
1, the swine manure gave the highest kinetic parameters of the
biogas production potential of 150.10 mL/gTS at a maximum
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biogas production rate 2.29 mL/gTS/day with a lag phase (\)
of 13.81 days. While set II and set III, which comprised an
equal amount of water primrose with cow dung and swine
manure, they have had lower biogas production potential
(122.09 mL/gTS and 101.54 mL/gTS, respectively).
However, the maximum biogas production and the lag phase
were improved: 2.43 mL/gTS/day and 6.17 days in set IT or in
set IIl. The values were 2.47 mL/gTS/day and 5.74 days,
respectively. Moreover, the modified Gompertz equation
was observed a better coefficient of determination (Rz), which
represented biogas production with a goodness of fit. The
model fits the data for cumulative biogas production of all
the set experiments (0.9976-0.9997).

This study implies that the water primrose content is more
complicated than other substrates, which took a long time to
degrade in the system. The cow dung and swine manure pos-
itively affected water primrose in anaerobic co-digestion indi-
cated in enhanced maximum biogas production and shortened
the lag phase duration. The reasonable explanation may be
that the higher quantity and quality of anaerobic bacteria con-
tain manure allowed to digest more kinds of substrate content
than converted to biogas in the anaerobic digestion process
[39].

3.4 Energy value

The study demonstrates that the massive weed (water prim-
rose) availability in the agricultural field takes more effort to
collect, transportation, storage, or even treat material before
getting its bio-methane production as renewable energy.
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Fig. 8 Comparison of biogas 100
production from experimental g
data and modified Gompertz Q0
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Above all, implementing a project to produce biogas would
mean that renewable energy produced must be larger and bet-
ter affect the environmental evaluation [40]. On the other
hand, this weed causes many problems in a variety of ways
for agricultural land. Therefore, producing biogas energy for
generating electricity and heat from water primrose in anaer-
obic digestion would considerably reduce agricultural weed
and evaluating its energy potential is necessary.

The energy potential from biomasses has been investi-
gated by many studies, which is expressed as heating val-
ue. An energetic measurement from rice straw was made
by Nguyen et al. [41] and indicated that the heating value
obtained from results was 14.2 and 15.3 MJ kg for high
heating value and the low heating value was 13 and
13.7 MJ kg™'. On the concern in calorific value from 27
different special biomass materials, Ozyuguran et al. [42]
have predicted the energy potential based on proximate
analysis from herbaceous and woody biomasses, nutshells,
fruit stones, stem and husks, pulps, and agricultural resi-
dues. The authors found that the lowest heating value was
from tobacco waste with 14.51 MJ kg ', and the highest
heating value was 21.23 MJ kg™' for damson plum stone.
Another study that investigated food waste from a canteen
in China at different pressure levels showed that at high
pressure of biogas, the possible HCV and LCV that could
be obtained from the substrate was 36.2 MJ/m® and 32.6
MJ/m?, respectively [43].

This study’s highest methane content was taken to compute
the heating value; thereby, 63.88% of the methane from co-
digestion of pretreated water primrose with cow dung was

= Water primrose

% Cowdung

A Swine manure
Setll

e Setlll

Model

50
Time (day)

calculated for HCV and LCV based on Egs. (1) and (2). The
results were obtained as 25.50 MJ/m® for HCV and 22.97 MJ/
m? for LCV. Compared with biogas production obtained tra-
ditional AD (HCV of 20.0-25.9 MJ/m* and LCV of 18.0~
23.4 MJ/m?), the methane gained proved high-calorific biogas
in this study [24]. Bastidas-Oyanedel et al. [44] stated that
with the methane content of 65% in biogas production in
anaerobic digestion, the HCV typically obtains about 7.2
kWh/Nm® and LCV about 6.5 kWh/Nm®. Similarly, with
26 MI m* from biogas, the calorific value could equal to
0.77 m® of natural gas of 33.5 MJ calorific value, or replace
1.1 kg of hard coal with 23.4 MJ calorific value or 2 kg of
firewood with 13.3 MJ calorific value [45].

4 Conclusion

This study has demonstrated that water primrose is a suitable
feedstock for biogas energy. Among the three substrates test-
ed, the highest accumulative biogas and methane content of
6150 mL and 63.88%, respectively, were produced by the co-
digestion of pretreated water primrose and cow dung. This
methane content is given HCV with 25.50 MJ/m® and LCV
with 22.97 MJ/m’*. The modified Gompertz equation gave a
good fit with the coefficient of determination (R?) for all treat-
ment over 0.997. Based on results, the study suggests that
pretreatment of water primrose in co-digestion with other sub-
strates could enhance biogas volume, methane content, and
high-calorific biogas.
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ABSTRACT

This study aims to examine the perspective of feedstock for producing
biomethane from invasive aquatic weed water primroses (Ludwigia
Hyssopifolia). The methane yield and methane content of biogas were
analyzed and studied. The calculating methods of theoretical methane
yield based on the elemental application or the theoretical chemical
oxygen demand (COD) number were showed. The percentage of
element chemicals, carbon (C), hydrogen (H), oxygen (0), nitrogen (N),
and sulfur (S) of raw materials were analyzed, and results were 40.2%,
5.03%, 22.13%, 1.8% and 0.24%, respectively. The plant biomass was
contained moisture content, volatile carbon, fixed carbon and ash were
7.28%, 63.07%, 1.28% and 28.37%, respectively. From the water
primroses calculated yield of methane (CHa), carbon dioxide (CO2) and
ammonia (NHz) results were 54.90%, 41.40% and 3.70%, respectively.
Therefore, the aquatic weed water primroses biomass are suitable
feedstock for biogas production as well as future scale-up studies.

Keywords: Invasive aquatic weed, water primroses, methane, biogas.

1. INTRODUCTION

Energy is an essential tool for national and international development.
Many countries face added dilemmas regarding environmental
protection due to their heavy dependency on biomass and fossil fuel
[1-3]. They opined that the Asian region is endowed with vast renewable
energy resources and less amount of conventional energy resources
[4]. The global quest for environmentally friendly and ecologically
balanced and sustainable energy has increased over the last few
decades. In addition to this has forced the world to search for other
alternate sources of energy [5]. However, the new alternative energy
sources demand massive economic investment and technical power to
operate, making it a little difficult for developing and under-developing
countries. Currently, biogas is a reliable [6-8], accessible, and
economically feasible alternative and renewable energy source, which
can be generated using agricultural, domestic and industrial materials
employing simple technology.

The technology can be utilized to provide energy for households, rural
communities, farms, and industries. One of the aims of organic farming
is to reduce the use of non-renewable resources to a minimum. So far,
however, only very little progress has been made to introduce
renewable energy in organic farming [9, 10]. Biomass is a crucial
energy carrier with good potential for on-farm development. Apart from
utilizing farm manure and crop residues for biogas production [11,12],
the production of nutrient efficient short rotation coppice is an option
in organic farming: the habitat and the aquatic and semiaquatic weeds.
The weeds “control” meaningis protection of these plants at same level
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and they can’'t economic damage. And the aquatic weeds can be taken
under control to manageable limits by various methods.

These efforts come when plants' growth has become an expensive
problematic, as machinists of canals look costs for de-weeding and
disposing of water based biomass, much of it from the waterweeds. The
biomass from these aquatic macrophytes (i.e., plants large enough to
be seen by the naked eye) has swollen in volume [13, 14]. Their
excessive growth upsets the local eco-balance and impairs rivers and
lakes for sports and recreation. It is barely astonishing, then, to find
that local lake owners and municipalities, feel compelled to have the
waterways cleared and the biomass taken to a service company such
as a composting plant for disposal, both of which incur high costs.

Similarly, semiaquatic weeds are a massive problem in agricultural
land. These weeds compete for resources with crops, and weed
infestation usually results in yield and quality reduction [15, 16]. Weed
control has always been a significantconcern in agricultural production
because of the extensive labor required with traditional culture for
weeding or modern agriculture, the wide use of herbicides. Agriculture
is still the occupation of most Thai people, despite the rising share of
industry and services. In terms of agricultural lands, Thailand is also
one of the world's largest countries, especially in Asia [17, 18].
Presently, the market demand for organic food is increasing mainly due
to consumer perceptions of these products' quality and safety. The
major aim of organic agriculture is to optimize the health benefits and
productivity of interdependent communities of soil life, plants, animals,
and people.
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Organic agriculture is estimated that this necessity will continue to grow
shortly. Therefore, reducing herbicides and eradicate the weeds of
essential in the organic farming system. Weed control is considering
the major obstacle for the growers in organic farming. Lower plant
productivity in organic farming is mainly related to poor weed control
[9]. Oerke [10] stated that there is no reliable study of worldwide
damage due to weeds. However, it is broadly known that losses
produced by weeds have exceeded the losses from any category of
agricultural pests. The potential crop yield loss without weed control
was estimated by 43%, on a global scale. Invasive plants characterize
a severe threat to the native biodiversity of inland aquatic ecosystems
throughoutthe world. The damages caused by these species are mostly
linked to their high biomass, and their presence modifies water quality,
hydrology [9, 10], or the composition and structure of native
communities. No chemical weed control measures were used on the
energy crops. Accordingly, many semi-aquatic weeds can produce
biofuels, and, at the same time, weed plants were removed then
utilized for bioenergy feedstocks.

Vu et al. [19] study suggested that rice field weeds are a good source
for bioethanol production. Non-indigenous aquatic plants currently
invade aquatic ecosystems. Also, a significant challenge for biological
invasion research is to develop the ability to predict the spread of
species. Throughout the world, Ludwigia peploides subsp.
Montevidensis, Ludwigia grandiflora subsp. hexapetala and Ludwigia
hyssopifolia are now considered to be two of the most invasive aquatic
plants. Ludwigia hyssopifolia (water primrose) usually grows in wet
places, and it can be a severe rice weed in lowland rice fields via its
allelopathic effects. It currently poses a threat to agricultural systems
as a stubborn weed and has constituted a significant concern as no
particular control measure has been sought for it before this research.
However, the feedstock of water primrose for biogas production
potential and theoretical values are address in the establishment of
sole biomass as a viable biogas resource, which the current study
addressed. Scope and objectives of this study to investigate the
potential of biogas production and energy analysis from water
primrose, to estimate the methane production potential of water
primrose through the theoretical biochemical methane potential
(TBMP) via elemental chemical compositions, and to the prediction
from the calculation in this study can be applied for another biomass
material.

2. MATERIALS & METHODS

Ludwigia hyssopifolia (water primrose) was obtained from the crop field
which is located near to the nearby Maejo University, Chiang Mai
Province, Thailand (coordinates 18° 53’ 24.3” N-99° 02" 11.5" E).
Classification of the plant, growing locations, flower blooms with seeds
and mature plants nature was described in Figure 1. The methodology
adopted in this study is illustrated in Figure 2. In these tests, one
square meter was completely harvested in three repetitions for
biomass quantity analysis.

The biochemical methane potential (BMP) of the substrates was
performed according to [20, 21]. To apply the model to a specific
feedstock, we need to know the feedstock's chemical components. The
model considers only carbon, hydrogen, oxygen, nitrogen and sulfur as
input elements, and the relative ratios of these elements can be taken
from published values for ultimate analyses of water primrose biomass.
Total solid (TS, %), volatile solid (VS, %), pH, ash and moisture content
(MC, %) contents were analyzed using standard methods [22].
Proximate and ultimate analyses of the water primrose were carried out
by using X-ray fluorescence spectrometers and an elemental analyzer
(Elementar Analysensysteme Gmbh, Germany, Model: vario EL cube),
and by for ultimate analysis included elemental chemical: carbon (C),
hydrogen (H), oxygen (0), nitrogen (N), and sulfur (S).

Theoretical biochemical methane potential (TBMP) is computed by the
constants of chemical elements given by ratios of C:H:O:N from the
stoichiometric formula. The principle chemical equation of methane
production (adopted from Pavlostathis and Giraldogomez [23]):
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Common Name : Water primrose
Scientific Name : Ludwigia hyssopifolia
Kingdom: Plantae
Class: Dicotyledonae
Family: Onagraceae
Genus: Ludwigia

Location: Material available zone, near to Maejo University, Chiang Mai. Thailand

Figure 1. Classification of the plant. growing locations, flower blooms
with seeds

Material site selection & collations

!

Biomass drying. size reduction &
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Figure 2. Study outline and methodology

TBMP is assumed under STP (standard temperature and pressure)
conditions:
a,b c_ad
TBMP= 2AXGHT)
12.017a+1.00794b+15.999¢+14.0067d

(2)

Energy content analysis: The higher calorific values (HCV) and lower
calorific values (LCV) of produced biogas were determined according to
the following [20, 25, 25]:

HCV biogas(MJ/m3) = 0.3989 x MC (3)

LCV biogas(MJ/m3) = 0.3593 x MC (4)
Where; MC is the methane content in biogas (%)

Statistical analysis: the values reported in the present study were the
mean of three replicates. Moreover, data are reported as mean + SE
from triplicate observations. All Statistical analyses of data were
performed using the program SPSS 20.0.
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3. ResuLTs & Discussion

Water primrose typical characterization was presented in Table 1.
Theatrical Biochemical Methane Potential (TBMP) tests are a useful
tool for determining the best substrate configurations; however, some
methodologies are destined to save costs and time from this process
by using the theoretical final methane potential of a substrate from its
organic composition. TBMP tests are applicable when used to expose
which types of substrates have the highest biochemical potential from
various possibilities [21]. The biogas yield of the individual substrates
varies significantly depending on their origin, organic substance
content, and substrate composition. Moreover, biomass resources'
chemical constituents include carbohydrates, proteins, fats, cellulose,
and hemicelluloses as main components. Feedstocks differ markedly
in their chemical composition. As such, the amount and the
composition of biogas vary from one substrate to another.

Table 1. Water primrose typical characterization

Parameters Compounds
Total Solid (TS, %) 90.0
Volatile Solid (VS, %) 8367

pH 476

Ash Content (%) 2837
Moisture (%) 7.28
Carbon (C, wt%) 40.2
Hydrogen (H, wt%) 503
Oxygen (0, wt%) 2213
Nitrogen (N, wt%) 18

Water primrose element (CHONS) compositions as shown in Table 2.
The theoretical methodologies' ability to accurately estimate methane
yields of complex substrates was evaluated by comparing the
experimental productivity from the TBMP tests with the theoretical
productivity obtained from the different methodologies [22]. Although
the theoretical results obtained for the elemental composition equation
method follow behavior similar to the previous method and the
experimental results, the values are lower, but it gets agreements
higher than 90%.

Table 2. Biogas composition and elements

Biogas CHi(%)  COz2(%)  NHs(%)

composition  54.90054 4140336 3.696099

Elements C(%) H(%) 0(%) N%  S(%)
402 5.03 2213 18 0.24

Table 3. Total biogas production from the water primrose

Biogas The gas produced  The gas produced with 1 Kg of
composition  with 11bof water ~ water primrose
primrose

CHa 9.8625 fi3 CHa 0.6162 m3
CO2 7.4288 ft3 CO2 0.4641 m3
NH3 0.6661 ft3 NHs 0.0416 m3

17.9575  ft3/Ib 1.1219 m3/Kg

Total theoretical amount of gas 112188 L/kg

TBMP is a simple but reliable procedure for determining maximum
methane volume produced per gram of the substrate's volatile solid
and indicates the rate and extent of converting biodegradable organics
to methane in an anaerobic digestion set-up. Although the TBMP of
water primrose has not been studied, other grasses, vegetables and
food wastes have been studied using Buswell's and modified Dulong's

equations with the elemental (CHNSO) compositions of substrates. The
predicted biogas production results, as well as the determined
parameters, are shown in Tables 3 and 4. Biomethane is produced by
the breakdown of biodegradable materials with microorganisms' help
in the absence of oxygen. Through anaerobic digestion, biomethane,
carbon dioxide, and ammonia are coproduced, and the overall reaction
is shown in equation 2.

Table 4. Biogas composition, total biogas production and theoretical
amount of biogas

Gas composition (%) Total gas praduction (m*) The total theoretical

amount of gas.

"~ CHa [ NH CHa €02 NH» mi/Kg 1/kg
5490054 4140336 3696099 0616235 0464068 0041578 1121661 1121881

Table 5. Results of the theoretical biochemical methane potential
method from different materials

Gas i Total
Total biogas (m?) thearetical
Materials composition (%) amountof  References
CHy  ©COz  NHz CHs ©CO: NHs  &3s(/kg)
Musa 5364 4483 152 050 042 001 93585 Mata-
sapientum Alvarez et
al [26]
E.polybractea  52.74 4508 217 053 045 002 997.83 Burton and
Wu [27)
Eucalyptus 4998 4779 223 045 043 002 102363 Mishra et al.
28]
F. simplex 4945 4854 201 050 049 002 100073 Xapetal
[29]
Teak leaves 55647 4357 006 050 047 001 107399 Wannapokin
etal [30]
Bambusoideae 4581 5274 146 035 040 001 764.65 Huangetal.
[31]
Water 5490 4140 369 061 046 004 112188 This study
primrose

The overall biogas yields depend on the chemical composition of the
water primrose. The target strain should be highly digestible. The
volatile solids/ash-free dry weight of biomass plays a significant role in
predicting theoretical biogas production potential, critical in
determining biogas productivities. The biogas composition of carbon
dioxide (43.57%) and methane (54.9%) were estimated. Total biogas
yield was 1.1219 m3/kg achieved through the theoretical estimation,
and total methane yield reached 0.6162 m3. Results of the theoretical
biochemical methane potential method from different materials are
shown in Table 5.

The biogas containing HCV was 21.83 MJ/m2 and LCV was 19.66
MJ/m3. It was much higher than biogas production from traditional AD
(LCV of 18.0-234 MJ/m3 and HCV of 20.0-25.9 MJ/m3) [25];
accordingly, these study results verified that high-calorific biogas was
obtained in this study system after methane was enriched through
biological biogas purification.

4. CONCLUSION

A simplistic theoretical study of anaerobic digestion to predict the
biogas amount of weeds waste biomass is proposed. This paper aims
to calculate the amount of energy or chemicals produced using
anaerobic digestion. This work provides a simplified model that
predicts the biogas amount produced and could be applied for weeds
energy feasibility studies dimensioning bioreactors digesting feedstock
materials and expanding anaerobic digestion systems as a clean
energy source. Therefore, the water primrose is a potential feedstock
for biogas production. The model provides basic predictions that can

3
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aid agricultural farmer decisions. The theoretical study can give overall
details and substrate information substrate for biogas production in
pilot or large scale biogas plant in the future.

CONFLICT OF INTERESTS

The authors declare that there is no conflict of interest related to the
publication of this article.

REFERENCES

1

2]

Bl

(4]

5]

(6]

7]

[8]

[9]

[10]

[11]

[12]

[13]

R.  Ramaraj, R. Kawaree, and Y. Unpaprom, “Direct
Transesterification of Microalga Botryococcus braunii
Biomass for Biodiesel Production,” Emergent Life Sci. Res.,
vol. 2, no. 2, pp. 1-7,2016.

K. Khunchit, S. Nitayavardhana, R. Ramaraj, V. K. Ponnusamy,
and Y. Unpaprom, “Liquid hot water extraction as a chemical-
free pretreatment approach for biobutanol production from
Cassia fistula pods,” Fuel, vol. 279, 2020.

M. Manmai, K. Bautista, Y. Unpaprom, and R. Ramaraj.
“Optimization of combined pre-treatments on sugarcane
leaves for bioethanol production,” Maejo Int J Energ Environ
Comm., vol. 1, no. 1, pp. 30-39, 2019.

R. Ramaraj, Y. Unpaprom, and N. Dussadee, “Cultivation of
Green Microalga, Chlorella vulgaris for Biogas Purification,” Int.
J. New Technol. Res., vol. 2, no. 3, p. 263569, 2016.

P. Khammee, Y. Unpaprom, S. Buochareon, and R. Ramaraj,
“Potential of bioethanol production from marigold temple
waste flowers,” Proceeding of The 1st Thailand Biorefinery
Conference, The Future of Biorefinery for Thailand 4.0,
Suranaree University of Technology, Nakhon Ratchasima,
Thailand, pp. 25-26, 2019.

P. Khammee, R. Ramaraj, N. Whangchai, P. Bhuyar, and Y.
Unpaprom, “The immobilization of yeast for fermentation of
macroalgae Rhizoclonium sp. for efficient conversion into
bioethanol,” Biomass Convers. Biorefinery, 2020.

R. Ramaraj and Y. Unpaprom, “Optimization of pretreatment
condition for ethanol production from Cyperus difformis by
response surface methodology.” 3 Biotech, vol. 9. no. 6, 2019.
N. Manmai, Y. Unpaprom, V. K. Ponnusamy, and R. Ramaraj,
“Bioethanol production from the comparison between
optimization of sorghum stalk and sugarcane leaf for sugar
production by chemical pretreatment and enzymatic
degradation,” Fuel, vol. 278, 2020.

H. F. Abouziena, and W. M. Haggag, “Weed control in clean
agriculture: a reviewl,” Planta daninha, vol. 34, no. 2, pp.
377-392, 2016.

E. C. Oerke, “Crop losses to pests,” J. Agric. Sci., vol. 144, pp.
31-43,2006.

J. Kaewdiew, R. Ramaraj, S. Koonaphapdeelert and N.
Dussadee, “Assessment of the biogas potential from
agricultural waste in northern Thailand,” Maejo Int J Energ
Environ Comm., vol. 1, no. 1, pp. 40-47, 2019.

R. Ramaraj, N. Dussadee, N. Whangchai, and Y. Unpaprom,
“Microalgae Biomass as an Alternative Substrate in Biogas
Production,” Int. J. Sustain. Green Energy. Spec. Issue Renew.
Energy Appl. Agric. F. Nat. Resour. Technol., vol. 4, no. 1, pp.
13-19, 2015.

R. Ramaraj, Y. Unpaprom, N.Whangchai, and N. Dussadee,
“Culture of Macroalgae Spirogyra ellipsospora for Long-Term
Experiments, Stock Maintenance and Biogas Production,”
Emer Life Sci. Res., vol. 1, no. 1, pp. 38-45, 2015.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

R. Rameshprabu, R. Kawaree, and Y. Unpaprom, “A Newly
Isolated Green Alga, Pediastrum duplex Meyen, From Thailand
With Efficient Hydrogen Production,” Int. J. Sustain. Green
Energy Int. J. Sustain. Green Energy. Spec. Issue Renew.
Energy Appl. Agric. F. Nat. Resour. Technol., vol. 4, no. 1, pp.
7-12,2015.
R. Ramaraj, and N. Dussadee, “Renewable Energy Application
for Organic Agriculture: AReview, IJSGEvol. 4, no. 1-1, pp. 33-
38, 2015.
P. T. Vu, Y. Unpaprom, and R. Ramaraj, “Evaluation of
Bioethanol Production from Rice Field Weed Biomass,”
Emergent Life Sci. Res., vol. 3, pp. 42-49, 2017.
N. Dussadee, K. Reansuwan, and R. Ramaraj, “Potential
Development of Compressed Bio-Methane Gas Production
from Pig Farms and Elephant Grass Silage for Transportation
in Thailand,” Bioresour. Technol., vol. 155, pp. 438-441,
2014.
N. Dussadee, R. Ramaraj, and T. Cheunbarn,
“Biotechnological  Application of Sustainable Biogas
Production Through Dry Anaerobic Digestion of Napier Grass,”
3 Biotech, vol. 7, no. 1, p. 47, 2017.
P. T. Vu, Y. Unpaprom, and R. Ramaraj, “Impact and
Significance of Alkaline-Oxidant Pretreatment On the
Enzymatic Digestibility of Sphenoclea zeylanica for Bioethanol
Production,” Bioresour. Technol., vol. 247, pp. 125-130.
2018.
A. Chuanchai, and R. Ramaraj, “Sustainability Assessment of
Biogas Production from Buffalo Grass and Dung: Biogas
Purification and Biofertilizer,” 3 Biotech, vol. 8, no. 3, 2018.
G. Van Tran, Y. Unpaprom, and R. Ramaraj, “Methane
Productivity Evaluation of an Invasive Wetland Plant, Common
Reed.” Biomass Convers. Biorefinery, 2019.
APHA, Standard Methods for the Examination of Water and
Waste Water, American Public Health Association,
Washington, DC, USA, 18th edition, 1998.
S. G. Pavlostathis, and E. Giraldogomez, “Kinetics of Anaerobic
Treatment,” Water Sci. Technol., vol. 24, no. 8, pp. 35-59,
1991.
A. Chuanchai, S. Tipnee, Y. Unpaprom, and K. T. Wu, “Green
Biomass to Biogas - A Study On Anaerobic Monodigestion of
Para Grass,” Maejo Int J Energ Environ Comm., vol 1, pp. 32-
38,2019.
Y. Li, R. Zhang, Y. He, C. Zhang, X Liu, C. Chen and G. Liu,
“Anaerobic Co-Digestion of Chicken Manure and Corn Stover in
Batch and Continuously Stirred Tank Reactor (CSTR),”
Bioresour Technol., vol. 156, pp. 342-347, 2014.
J.D. Mata-Alvarez, M. S. Romero-Guiza, X. Fonoll, M. Peces and
S. Astals, “A critical review on anaerobic co-digestion
achievements between 2010 and 2013,” Renew. Sust. Energ.
Rev., vol. 36, pp. 412-427,2014.
A.Burton, and H. Wu, “Bed agglomeration during the drying of
mallee leaf in fluidized bed,” Ind. Eng. Chem. Res., vol. 55, no.
6. pp. 1796-1800, 2016.
V. Mishra, C. Balomajumder, and V. K. Agarwal, “Zn (ll) ion
biosorption onto surface of eucalyptus leaf biomass: isotherm,
kinetic, and mechanistic modeling,” Clean -Soil, Air, Water, vol.
38.no. 11, pp. 1062-1073, 2010.
R. Xiao. X. Chen, F. Wang. and G. Yu, “The physicochemical
properties of different biomass ashes at different ashing
temperature,” Renew. Energy. vol. 36, no. 1, pp. 244-249,
2011
A. Wannapokin, R. Ramaraj, and Y. Unpaprom, “An
investigation of biogas production potential from fallen teak
4

143



144

leaves (Tectona grandis),” Emergent Life Sci. Res., vol. 3, pp.
1-10.2017.

[31] Y. F.Huang, W. H. Kuan, P.T. Chiueh and S. L. Lo, “Pyrolysis of
biomass by thermal analysis-mass spectrometry (TA-MS),”
Bioresour. Technol., vol. 102, no. 3, pp. 3527-3534, 2011.



APPENDIX B

CERTIFICATES

D

A
KnowveL

TAKE YOUR RESEARCH TO NEXT LEVEL

Z ,.———
KNOWVEL JOURNALS\

WWW.KNOWVEL.COM
INFO@KNOWVEL.COM

CERTIFICATE OF ATTENDANCE,
PARTICIPATION, & PRESENTATION

THIS IS PROUDLY GIVEN TO

HUYEN THU THI NONG

for attending, participating and conducting an

ral presentation at
THE INTERNATIONAL ONLINE CONFERENCE ON

INNOVATIVE SCIENCE, ENGINEERING, AND TECHNOLOGY
(I0CISET-2020) (JULY 03, 2020 - JULY 05, 2020

1S per the details below:

Submission Type: Full Paper
Title: Biomethane

Need Water Prim

nvasive Aquatic

®

145

2
KnowveL

TAKE YOUR RESEARCH TO NEH'I'LEYEL

NOWVEL IOURNALS =)
WWW KNOWVEL.COM
INFORKMOWWYEL.COM

®
CERTIFICATE OF ATTENDANCE,
PARTICIPATION, & PRESENTATION

THIS IS PROUDLY

HUYEN THU THI NONG

GIVEN TO

for attending, participa
oral presentation at
THE INTERNATIONAL ONLINE CONFERENCE ON

INNOVATIVE SCIENCE, ENGINEERING, AND TECHNOLOGY
[1OCISET-20200 UULY 03, 2020 - JULY 05, 2020

ting and conducting an

as per the details below:

Submission Type: Abstract
Title: Biomethane Potential of Invasive Aguatic
Weed Water Primroses




.’\lCZBB 20|, @ISBE BR b Zhkast ©ABgI
‘ b s

VILLANOWA O

INTERNATIONAL CONFERENCE OF BIOMASS AND BIOENERGY 2020

“Advanced Technology and Digital Innovations in Biomass, Bioenergy and Agriculture”

This is to certify that

Huyen Thu Thi Nong
Has participated as a
Presenter

10-11 August 2020
Chairman of International Conference of Biomass and Bioenergy

146




147

%fﬂ/ﬂ%ﬁdfﬁ

2 ICRMIA 2z
\_

The New Dynamics of Business Innovation & Engineering:
Creating and Protecting Value in The Era of Industry 4.0 & Society 5.0
This certificate is awarded to

Huyen Thu Thi Nong

as a Presenter of a paper entitled:

Biogas production from fresh ludwigia hyssopifolia: Effect of pretreatment using different sodium hydroxide conditions

Bogor, 28 July 2020 Prof. Dr. Ir. Noer Azam Achsani, MS  Dikky Indrawan, PhD
Dean of School of Business - [PB University Chair of BIEC & ICRMIA 2020
Sponsored by a9
@ e @|SBRB 0, = BUEA® . cAMS




148

International Virtual Conference
On

“Sustainable Development in Current Scenario:

Social Science, M Education, Medical, Ph n& o
and in Global Envi (SDCS-2021)

Orzanied By

ARFT University Ralpue|CG), CheisSan Emincat Acadeny of Professional Studies Indoee, Research Foendation of ladia & SMERF

Asvacintion with

Workd Virtual Confaranca Forum, $& Pasl Institete of Professional Stadies, Inders, BN Group of bastitutions ladarm,

College of Professional Stadies ATC. Ingore, SKITM indore & SKIPER ladore. Bagsia Nukhi Group Of Institstions Bhepal,

Smil. K G Mittal Commerce College, Mumbai

m‘;'.omf"‘ (WRGF), Warld Federation of Scionce and Tochnslegy (WFST) & Ede Acadenic
o G EBMO=T 1 ¥ 0 ¢ GO wa@
Date: 21 February, 2021

It is to be Certifted that Prof /Dr./Mr./Ms./Mrs.
Huyen Thu Thi Nong
School of Renewable Energy, Maejo University, Chiang Mai, Thailand
Participated in The International Virtuel Conference on ““Sustainable Devetopment in Current Scenario:
Suciol Science, Commerce, Management, Education, Medical, Pharmacy, Agriculture, IT & Engineering and Humanities in Global Enviromment” (SDCS-2021)
Organized by AAFT University Raipur{CG), Christian Eminent Academy of Professional Studies-Indore, Research Foundation of India & JHERF
on 21 February 2021 as Participant / Author and Presented o Paper Titled
Enhancement of Biogas Production from Fresh Ludwigia Hyssopifelia by Chemical Pretreatment

In Technical Session |

& — Y
Dr. Shikhe Verma Kashyap D, Rajexh Vipax Prof Ajay Jain D, Ashok Kwmar Gupta Dr. Sosrabh Jain
st rectunr i, A Cenirred India Boand, Chivy Mamuping Director Charrmy

ssoeial , al, Prosé
ANFT Unduersity, Raipar, CG Christhen Eminent College Padore Researeh Foundarion of India Resoureh Feundation of Jndia Resrek Faundution of Indie

wwen rencsetbimardatisns iasle rore




149

cate of MJU-TEP Results

This is to certify that

Miss Nong Thi Thu Huyen
took the Magjo University Test of English Proficiency (MJU-TEP)on

2. Semi-spea 'nﬁ
i
g Skill

=

(Dr. Sutkhet Sakunthong)
Acting Director, Magjo University Language Center

MIU-TEP Scores

of Miss Nong Thi Thu Huyen

English language skills

0%

60%

50%

0%

30% 4

20%

0%

0% -
Listening 63% Speaking 72% Writing 70% Reading 57% Total 65%
Meanings
1. Beginning users 0-20% 5. Competent users 61-70%
2. Very limited users 21-30% 6.Good users 71-80%
3. Limited users 31-40v% 7. Very good users 81-90%
4. Modest users 41-60% 8 Expert users 91-100%




NAME

DATE OF BIRTH

EDUCATION

WORK EXPERIENCE

CURRICULUM VITAE

Nong Thi Thu Huyen
05 Feb 1995

2013-2018 Bachelor of Environmental Science, Faculty

of Environment and Labour Safety, Ton Duc Thang

University, Ho Chi Minh City, Viet Nam.

2019-Now Master of Renewable Energy Engineering,

School of Renewable Energy, Maejo University, Chiang Mai

52090, Thailand.

2018-2019 Environmental Technology Centre ( ENTEQC),
Ho Chi Minh, Viet Nam.



	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1 INTRODUCTION
	1.1 Background
	1.2 Objectives of research
	1.3 Scope of research
	1.4 Benefit of research

	CHAPTER 2  LITERATURE REVIEW
	2.1 Overview of biogas production
	2.2 Anaerobic digestion
	2.3 Anaerobic digestion process
	2.4 Factors affecting biogas production
	2.5 Mono-digestion and co-digestion
	2.6 Pre-treatment biomass
	2.7 Design of experiments (DoE)
	2.8 Purification

	CHAPTER 3  MATERIALS AND METHODS
	3.1 Conceptual framework
	3.2 Preparation of materials
	3.3 Experiments in laboratory scale
	Anaerobic mono-digestion
	Anaerobic co-digestion
	Scanning Electron Microscope (SEM) and Light Microscope (LM) of water primrose
	The experimental digesters setup

	3.4 Pilot scale-up of biogas production
	3.5 Enhancement quality of biogas via purification process
	Theoretical modeling of CO2 absorption

	3.6 Analysis of basic physicochemical parameters
	Energy analysis


	CHAPTER 4 RESULTS AND DISCUSSION
	4.1 Characteristics of feedstock used for anaerobic digestion
	4.2 Light and scanning electron microscopy of water primrose
	4.3 Biogas production from anaerobic mono-digestion
	4.4 Biogas production from anaerobic co-digestion
	Degradation efficiency of TS, VS, and COD
	Response Surface Methodology (RSM) modeling for anaerobic co-digestion

	4.5 Pilot-scale for biogas production from anaerobic co-digestion
	4.6 Biogas upgrading using chemical absorption
	The kinetic of CO2 absorption

	4.7 Energy analysis

	CHAPTER 5  SUMMARY
	REFERENCES
	APPENDIX
	CURRICULUM VITAE

