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Abstract Controlled fermentation has been used for kitchen waste treatment. The most
important factors affecting methane production from kitchen waste is organic loading rate and
hydraulic detention time. Two main types of fermentation of kitchen waste are natural fermen-
tation and controlled fermentation. The fermentation products are poly-3-hydroxyalkanoates
(PHA) and poly-lactate (PLA).

1. INTRODUCTION

In the last century, the world had experienced various industrial revolutions, which were
driven by fossil fuels such as petroleum and coal. These rapid changes also brought along
serious environmental issues such as the dumping of nonbiodegradable polymers in landfills,
uncontrolled release of greenhouse gases, and usage of nonrenewable energy. These concerns
have sparked interest in finding alternative renewable materials such as industrial chemicals
and biodegradable polymers that will reduce the environmental pollution. Despite intensive
research and development in green technology and discussions by interested parties, there was
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no major commitment in adopting green technology at a commercial level. Even though the
world has acknowledged the depletion of fossil fuel reserves and increases in oil production
cost, the price per unit of chemical derived from petroleum is relatively more competitive.

However, this perception is about to change as a result of current biotechnological devel-
opments in utilizing biological agents and cheap renewable resources to produce bioproducts.
Biotechnology has made a strong impact by providing a sound alternative technology that
contributes to the well-being of the environment. Biological agents such as enzymes and
cells are more efficient than chemical reagents. Enzymes are known for their specificity and
are extremely efficient in producing intermediates or chemicals and can perform as efficient
as metal catalysts. Live cells can be considered as living catalysts because of their ability
to assimilate or dissimilate chemical compounds while harvesting the energy released. The
abundance of organic matter, particularly the biomass generated by domestic and agricultural
activities, coupled with the biocatalysts mentioned, promises a great potential in producing
competitive chemicals or intermediates for the chemical industries. The production of chemi-
cals that cannot be synthesized chemically such as citric acid, monosodium L-glutamate, and
L-lysine from agricultural residues have encouraged the acceptance of biotechnology as a
future technology by the chemical industry.

1.1. Availability and Potential of Kitchen Refuse Biomass

The potential and definition of municipal solid wastes (MSW) as renewable materials may
vary depending on the economic scale of each country. In developed nations such as Japan
and the United States, MSW consists of paper and paperboard products, yard trimmings, glass,
metals and to some extent electrical appliances as in Fig 6.1 (1, 2) The potential for conversion
of biomass into valuable products is limited because of the low volumetric discharge of
organic matter. Moreover, the organic wastes collected from the municipalities are mostly
being incinerated or converted into compost rather than chemicals. On the other hand, in the
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Fig. 6.1. Materials generated in MSW by weight (3).
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Table 6.1
Distribution (%) of MSW wet base content in developing countries (3)

Types Laos Paraguay Nicaragua Tanzania Philippines Honduras Poland Turkey

Food waste 35 37 34–51 45 45 46 34–61 64
Grass and

wood
25 19 23–26 25 16 12 2–6 2

Paper 10 10 5–7 4 16 12 14–19 15–18
Textiles 1 1 2 1 4 3 3–7 2–3
Plastic 6 4 4–6 2 7 7 4–8 6–7
Leather and

rubber
1 1 1–2 1 1 2 2 1

Noncombustible 23 27 11–23 22 11 18 12–23 7–10

developing nations, the main bulk of MSW will be organic matter. Studies in eight developing
countries have shown that the generation of kitchen refuse from household, restaurant and
commercial venues comprised up to 60% of the total MSW content as shown in Table 6.1 (3).
According to the UN estimates, 60% of the world’s population will be living in urban areas by
the year 2015. It is further estimated that about 90% of the population increase between now
and the year 2015 will be in urban areas. Most of that increase in urban population will be in
developing countries with the MSW generation rate of between 0.5 and 1.3 kg/person/day. In a
recent study by the World Bank, urban waste generation is predicted to increase substantially
over the next years as GNP pre capita increases. It is predicted that a total of 31.6 million
tonnes per day of waste will be generated in the next few years in Asian countries (4) With an
average of 50% of the total MSW being organic-based waste, it is estimated that 15.8 million
tonnes of biomass, a renewable resources, are being disposed daily in Asia alone.

Leachate is one of the immediate products of MSW disposal in the open dumping sites
or landfill. Pollution due to leachate contamination of groundwater system caused by organic
matters, heavy metal and toxic chemicals is inevitable in poorly designed landfills. Leachate
is formed when water percolates through the dumped solid waste, extracting the organic
and inorganic compounds as a result of the natural hydrolytic and fermentative processes.
Generally, such leachates contain high concentrations of soluble and suspended organic and
inorganic matters (5), with significant levels of heavy metals. The biochemical oxygen demand
(BOD) ranges from 20,000 to 50,000 mg/L and tends to vary considerably both daily and
seasonally (6). As shown in Table 6.2, the chemical properties of leachate varies widely
depending on factors such as temperature, water input (rain), composition, and age of MSW.

2. FERMENTATION OF KITCHEN REFUSE

2.1. Natural Fermentation Process

Based on the chemical properties and composition, the most cost-effective method in the
treatment of MSW is using sanitary landfill. By exploiting the low energy requirement of
anaerobic processes, the organic matter which is mainly kitchen refuse is being stabilized.
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Table 6.2
Characteristics of different leachate sources (6)

Parameters Fresh leachate Landfill leachate

pH 4.2–5.0 7.3–8.7
BOD5 48,000–55,000 780–22,440
COD 65,000–78,000 8,800–40,580
Total solid 35,000–52,000 4,600–25,000
Suspended solid 3,870–9,340 1,440–4,670
Ammonium 200–720 1,500–2,900
Total nitrogen 2,000–2,600 2,200–3,000
Lactic acid 13,000–19,000 50–250
Acetic acid 2,200–5,500 2,230–5,100
Propionic acid 580–3,200 120–2,500
Butyric acid 20–1,080 130–2,300
Phosphorus 100 Minimal
Manganese 7.27 1.40
Zinc 7.72 5.20
Nickel 0.52 0.70
Chromium 0.20 0.52
Copper 0.44 0.30
Iron 100 Minimal
Lead 0.45 0.14
Cadmium 0.07 0.01

All parameters are in mg/L except pH.

Alternatively, such organic matter could be easily composted aerobically. Nonetheless, the
potential energy recovery from the anaerobic treatment makes it an advantage over other
methods in the selection of treatment for kitchen refuse. However, the treatment in the sanitary
landfill is far from the optimal conditions, resulting in prolonged existence of organic matter
and environmental problems. Without any process control parameters, the anaerobic treatment
of MSW is largely dependent on the presence of natural occurring microorganisms in the land-
fill. A few studies have shown that landfill ecosystem harbors a consortium of microorganisms
with diverse biochemical properties forming a complete food chain in stabilizing the organic
matter. Among the reported and identified microorganisms in landfills are Candida spp.,
Bacillus spp., Cellulomonas spp., Staphylococcus spp., Acinetobacter spp., Alcaligenes spp.,
Enterobacter spp., Pasteurella spp., Proteus spp., Pseudomonas spp., Serratia spp., Yersinia
spp., Clostridium spp., Syntrophomonas spp., Lactobacillus spp., Pediococcus spp., Leuconos-
toc spp., Weisella spp., Desulfuromonas spp., Methanobacterium spp., Methanosaeta spp., and
Methanosarcina spp. (7–11). In addition to the diversification of microbial population in the
landfills, inconsistency of MSW composition, age and poorly designed landfills makes the
treatment of MSW using anaerobic fermentation difficult to control or predict (51, 52).

In general, the anaerobic fermentation of organic matter can be divided into three stages. In
the first stage known as hydrolysis process, all the complex substrates such as carbohydrates,
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protein, and lipids are being de-polymerized into smaller compounds. The conversions are
controlled by series of extra-cellular enzymes that produce long chain fatty acids and carbon
dioxide. This is followed by the degradation of long chain fatty acids into carbon dioxide,
hydrogen, and short fatty acids such as acetic, propionic, and butyric acids by acid forming
microorganisms (acidogens). As the name implies, this stage is called acidogenesis. The final
stabilization of organic matter will only occur at the final stage of the anaerobic process. At
this point, the methane producing microorganisms (methanogens) which are extremophiles
with narrow optimum growth conditions metabolize the short chain fatty acids mainly
acetic acid to emit methane and carbon dioxide. Another pathway of methane production
is via the reduction of carbon dioxide and hydrogen into methane by the hydrogen-utilizing
methanogens. Methane and carbon dioxide (end-products) will be continuously emitted until
all the organic matter has been depleted.

2.2. Controlled Fermentation

Unlike natural fermentation process that is being carried out in the landfill, controlled
fermentation of kitchen refuse is done with two objectives, firstly to increase the treatment
efficiency and secondly to produce value-added products from the conversion of organic
matters. In general, the organic fraction of MSW will be subjected to properly designed biore-
actor, which enables the operators to control the biochemical process toward the production
of desirable products. The types of end products produced from MSW is also affected by
different biochemical processes and microorganisms used. At present, there are two different
biochemical processes that utilize MSW, nonsterile and sterile fermentations. In nonsterile
fermentation, endogenous microorganisms are exploited to produce methane and organic acid
cocktails mainly acetic, propionic, and butyric acids via anaerobic process. The sterile process
is lactic acid fermentation using MSW as raw material using monoculture system.

3. PRODUCTION OF METHANE

Anaerobic degradation of a mixed composition of kitchen refuse such as lipids, carbo-
hydrates, and proteins requires a synergistic relationship between all microbial populations
which occurs only when the optimum conditions for each group of microorganisms exist.
Since the activity of methanogens is the limiting factor in the final conversion of organic
matter into methane and carbon dioxide, the optimum must be set within the desirable range.
Methane production from organic fraction of MSW has attracted special interest as a result
of the generation of renewable energy. Anaerobic fermentation of kitchen refuse is seen as
an approach to mitigate the large quantity of MSW dumped in landfills. Various methane
generation systems and their potential have been reviewed by Gunaseelan (12).

There are several important factors that affect the methane production from kitchen refuse.
Firstly, the organic loading rate (OLR), which is equivalent to the amount of organic matter
to be stabilized by microorganisms. As reported by Gallert and Winter (13), the highest OLR
achieved was 9.4 kg/m3/day at about 65% volatile solids (VS) removal. However, the perfor-
mance of a full-scale plant treating kitchen refuse is wider, between 5 and 14 kg/m3/day of
OLR with 55–77% VS removal efficiency. This large variation is governed by the properties of
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MSW and bioreactor configurations. As discussed by Chynoweth and coworkers (14), low VS
content (<1%) can be treated with high rate bioreactors such as upflow anaerobic sludge blan-
ket and anaerobic filter. These systems could tolerate higher OLR (>15 kg/m3/day) because
of their capability in retaining high density microorganisms. Shorter hydraulic retention time
(HRT) of less than a day is required to remove high percentage of VS. For intermediate VS
content of between 5 and 10%, two-stage fermentation or recycling of solid (sludge) systems
is recommended. In the two-stage fermentation, the hydrolysis and acid phases is carried
out in the first stage, while the methane production in the second. Insoluble matter such as
lingo-cellulosic compounds is hardly digested because of their recalcitrant properties and low
kinetic reaction order. Recycling of sludge assisted in stabilizing the system and compensating
the biomass loss during washout. Low rate bioreactors such as plug flow digester, continuous
stirred digester, or batch system are suitable for high VS content of more than 10%. Due to
the high load of VS, the system can only cope up to the maximum of 5 kg/m3/day of OLR
and HRT between 20 and 30 days.

Complete removal of VS is crucial as the final composition of the treated kitchen refuse
would determine the downstream treatment. The low content of VS could facilitate the
physical separation between solid and liquid by settling method compared with highly viscous
treated kitchen refuse. It has been showed that the nondegraded organic matter such as lignin
and cellulose may represent up to 15% of the total COD (15). Therefore, this factor poses a
great challenge for a commercial scale organic based MSW treatment plant as the quality of
kitchen refuse is highly variable and inconsistent. Another important factor which is closely
related to OLR is HRT. HRT is the function of microorganisms growth and washout. It also
determines the size of the bioreactor which in turn influences the economic scale of the
treatment plant. Sudden variations in COD would mean changes in volume of organic matter
leading to daily fluctuation of HRT. In principle, if the same amount of substrate is fed daily, a
population balance between the acidogens and methanogens will be maintained easily. Sudden
addition of large amounts of readily digestible organic matter could result in the production
of excess amounts of acids, thus creating an imbalance of anaerobic digestion (16). When this
occurs, the methanogens activities tend to slow down and eventually acids will accumulate
in the system. Nonetheless, with the introduction of sludge recycling system, formation of
granules and fixed bed for microbial growth, the system will be stable and thus better able to
withstand the effect of sudden increase of COD without affecting the bioreactor performance.

In a continuous anaerobic fermentation, the kitchen refuse should be introduced in a smaller
quantity continuously or intermittently daily. Single loading pattern in a day would disturb the
steady state condition of the microbial population or also known as loading shock (17). The
loading shock is more detrimental to methanogens. A longer time is needed for methanogens
to regain its optimum density because of slower growth rate and washout. Moreover, the
condition after the loading is in favor of acidogens to produce more acids than what can be
consumed by methanogens (18). Accumulation of acid compounds at the initial stage is one
of the factors in lowering the methane content emitted as methanogens has narrow range of
optimum growth conditions (13).

As mentioned before, the methanogens which caused the final conversion of kitchen refuse
into stable end-products are very sensitive to conditions in the system. They can easily become
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dormant or inactive when optimum conditions are not maintained. One of the most important
environmental requirements is the appropriate pH. Whilst the acidogens can function satis-
factorily at any pH level above 5, the methanogens are inhibited when the pH falls below
6.2. The best operating range for methanogens is between 6.8 and 7.2, while the tolerable
level is between 6.0 and 8.0 (19). The pH of the system has to be maintained within the
optimum range by the system’s buffering capacity since the start-up operation commenced.
Naturally, all biological systems are equipped with the ability to resist change of pH as a
survival strategy. This is known as natural buffering capacity measured as alkalinity. During
the microbial metabolic activity, some buffering materials such as bicarbonates, carbonates,
and ammonia will be secreted into the solution.

The quantity of buffer produced is usually enough to counter the acid generated, so that
the pH will remain at a constant level. Sudden changes in the acid production rate or the
amount of buffering material can cause changes in pH. This means that the natural alkaline
buffer in the system has been reduced and/or that acids are secreted faster than the neutralizing
buffer and that the methanogens cannot keep up. The optimum anaerobic fermentation would
require the ratio of volatile fatty acids: alkalinity of between 0.1 and 0.3. Typical causes of
acidic pH are sudden changes in organic loading or temperature, lack of pH control, presence
of toxic waste, and slow bacterial growth during start-up. Another important parameter in
kitchen refuse fermentation is the release of ammonia from the degradation of protein. As
reported by Angelidaki and Ahring (20), free ammonia may be responsible to the inhibition
of methane producing microorganisms. Mesophilic methanogens are more susceptible to
ammonia inhibition at the range of 80–150 mg/L compared to thermophilic methanogens at
250 mg/L (21, 22) as protein-based organic matter is being degraded at a higher rate during
thermophilic process.

4. PRODUCTION OF ORGANIC ACIDS

In any anaerobic treatment of organic compounds, a consortium of different groups of
microorganisms is responsible in stabilizing the organic matter. Prior to the production of
methane, by manipulating the anaerobic fermentation parameters, methanogens can be sup-
pressed for higher production of organic acids. A simple approach is by creating an acidic
condition (pH < 6.0) during the fermentation. It has been widely reported that accumulation
of organic acids such as acetic, propionic, and butyric acids would inhibit the growth of
methanogens (23, 24). This is in line with findings by Inanc and coworkers (25), explaining
the role of propionic acid in promoting the growth of dominant acidogenic population in
anaerobic digestion of carbohydrates. This is done by shorter HRT and higher OLR which
resulted in wash out of methanogens and excess of organic acids in the fermentation broth.

Even though acid phase is part of the anaerobic fermentation of kitchen refuse, it has
not been intensively studied like methane production. The production of organic acids from
organic wastes using plug-flow reactor as reported by Sans et al. (26), has shown promising
results. With shorter HRT of 2 days, the production of organic acids mainly acetic and butyric
acids was between 11.8 and 19.5 g/L. It was reported that acidic condition (intermediate
products of anaerobic fermentation) not only suppressed the growth of methanogens but
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also reduce the production of organic acids by acidogens and hydrolytic microorganisms.
This is because of negative feedback inhibition of intermediate products accumulation. To
mitigate the situation, a cascade fermentation system was proposed by Argelier and coworkers
(27). A series of three continuous stirred-bioreactors was used to achieve high production of
organic acid up to 42 g/L. This system also demonstrated very high OLR at 12.5 kg/m3/day
at only 12.5 days HRT. The system created a cascade of fermentation by different groups of
microorganisms in different bioreactors. Hydrolytic microorganisms are confined at the first
stage, while acidogens dominated the remaining two bioreactors.

An equally potential raw material from production of organic acids which is derived from
kitchen refuse is leachate. The fermentation of leachate generated from MSW was carried
out in nonsterile condition for the production of organic acids (28). An optimization trial was
done to determine the best condition for endogenous acid-producing microorganisms to grow.
By exploiting the different optimum pH for methane and acid producers, the production of
organic acids from leachate was the highest when the pH was adjusted initially to pH 7 with
no further control. Approximately 45 g/L total organic acids were produced after 5 days of
treatment, with 28 g/L lactic acid, 8 g/L acetic acid, and 9 g/L propionic acid. Attempts to
produce organic acids using endogenous acid-producing bacteria from kitchen refuse were
not as high. When the fresh leachate was autoclaved and seeded with 10% fermented kitchen
garbage, the highest organic acids achieved were only between 34 and 37 g/L. The highest
selectivity of lactic acid (85%) was achieved during the treatment of leachate seeded with
kitchen refuse without any pH adjustment (29).

5. PRODUCTION OF L-LACTIC ACID

Homolactic bacteria, e.g., Lactobacillus bulgaricus and Lactobacillus delbruckii, have been
chiefly employed for lactic acid production. The substrate may be lactose (whey), glucose
(or glucose syrup), or sucrose (either pure or as beet molasses), and the fermentation is the
classic example of an anaerobic process. Disaccharides are hydrolyzed to hexoses, which are
catabolized via the Embden–Meyerhof pathway to pyruvate, which is finally reduced to L

(−) lactic acid by lactic dehydrogenase. Under some conditions, the D,L-acid is produced,
possibly by action of a racemase (Fig. 6.2). The normal medium includes carbohydrates and
inorganic nutrients to supply nitrogen, phosphate and potassium. Additional vitamins may
also be added.

L. delbruckii is used at temperature of up to 50◦C and L. bulgaricus up to about 44◦C. The
latter must be used to ferment whey because L. delbruckii cannot ferment lactose. The use of a
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Fig. 6.2. Enantiomers of lactic acid (34).
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large inoculum and the relatively high temperature make rigorous sterilization of the medium
unnecessary, and pH is maintained at 5.8–6 by addition of calcium carbonate. Although lactic
acid is produced by an anaerobic process, small amounts of oxygen are not detrimental. The
fermentation generally takes 6–7 days and, yields are in the range of 80–90 g lactic acid per
100 g carbohydrate supplied.

Homofermentative and heterofermentative lactic acid bacteria utilize either the well known
EMP pathway of glucose metabolism to produce lactic acid as the main end product, or
pathways of pentose metabolism resulting in lactic acid plus other products such as acetic
acid, ethanol, and CO2 (30). Lactic acid bacteria, despite being able to produce acids as
the main metabolic products, are rather sensitive to acids. Therefore, processes aiming for
high consumption of carbon source to produce high concentrations of lactic acid have to be
conducted at pH 5.5–6. According to Buchta (31), lactic acid fermentation is strongly inhibited
at pH 5 and ceases at pH values below 4.5. The temperature range for optimal growth of
mesophilic lactic acid bacteria is 28–45◦C and that of thermophilic lactic acid bacteria is
45–62◦C. Lactic acid bacteria are facultative anaerobic organisms. Therefore, in practice, low
oxygen tension could be tolerated and exclusion of oxygen (air) is not an absolute requirement.

Unlike mixed organic acid fermentation from kitchen refuse and leachate, L-lactic acid
production is carried out under sterile conditions. Intensive research was done in Japan by
Sakai and coworkers (32) to develop a novel approach in utilizing MSW as a source of
renewable material. The flow diagram of the biochemical process is as shown in Fig. 6.3.

Addition of glucoamylase 

Removal of solid 

Minced with water 

Municipal Solid Waste 
(Food Waste) 

Removal of inactive lactic acid by 
Propionibacterium freundenreichii

Saccharification process 

L-lactic acid fermentation by 
Lactobacillus rhamnosus

61 g/L of L-lactic acid
(>98 % optical purity) 

Fig. 6.3. Flow diagram of L-lactic acid fermentation using food waste from municipal solid waste (32).
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There were three stages of biochemical processes involved in the production of L-lactic
acid. Due to the nonsterile condition and probably partially fermented starting material
(minced food waste), the presence of endogenous D,L-lactic acids were detected. Thus, the
removal of D,L-lactic acids was crucial as the production of poly-lactate (PLA) requires
strictly L-lactic acid. This was achieved by using Propionibacterium freundenreichii which
had strong affinity to utilize D,L-lactic acid rather than sugar that was present in the substrate
(Stage 1). This novel feature enabled maximum conversion of sugar for the production of
L-lactic acid. Upon the removal of inactive lactic acid, the food waste was saccharified
using glucoamylase to release sugars in the second stage. In the last stage, the enzymatically
treated food waste was subjected to lactic acid fermentation using a specific L-forming homo-
fermentative strain, Lactobacillus rhamnosus (33). The serial fermentation process using food
waste demonstrated the true potential of biomass conversion into lactic acid. The end product
of the fermentation was of high quality with more than 98% optical purity at 82% conversion
of glucose released from the saccharification process into L-lactic acid (62 g/L) (32).

Another study conducted in Malaysia, a locally isolated bacteria was used to ferment
various organic biomass for the production of lactic acid (34). A high lactic acid-producing
bacteria was isolated from palm oil mill effluent sludge and identified as Enterococcus galli-
narium. The ability of E. gallinarium to ferment glucose into L-lactic acid was never reported
before. Initial fermentation trial was conducted using food waste produced a promising results
with 85% optical purity and production of L-lactic acid at approximately 39 g/L. Additional
trials were also carried out on sago starch and rice as raw materials for L-lactic acid production.
However, food waste was far more superior in the production of L-lactic acid. This was largely
due to better nutrient composition and C/N ratio for growth and acid production which is
lacking in sago starch and rice.

6. POTENTIAL APPLICATIONS OF KITCHEN REFUSE FERMENTATION
PRODUCTS

The introduction of biotechnology into the chemical industry should not be considered the
new era of technology, but rather as the reintroduction of an old player. Prior to the industrial
revolution and the readily available petroleum, biotechnology had played a major role in
providing chemicals such as ethanol, methane, acetone, butanol, and acetic acid. In the past
years, with growing public awareness on environmental issues, uncertainties regarding fossil
fuel supply and the rising production cost of petroleum, biotechnology has been sourced out
as an alternative pathway of chemicals synthesis. Since then, a few existing biotechnologies
such as organic acid production have been revisited and researched to fit into the needs of the
current chemical industry. One of the most promising products from bioconversion of biomass
is biodegradable polymer for plastic production.

6.1. Production of Poly-3-Hydroxyalkanoates Using Organic Acids

A major obstacle in the commercial application of bioplastics, poly-3-hydroxyalkanoates
(PHA), is the high production cost compared to conventional petrochemical plastics. One of
the determining factors in the economics of PHA production on the industrial scale is raw
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material cost. A number of nutrients, including carbon, nitrogen source, and mineral salts
are required to support both cell growth and metabolite formation in any microbial reaction.
Downstream processing, mainly the extraction of PHA from cells, attributes to the costly
process of bioplastic synthesis (35). Much effort has been spent in optimizing the PHA
production process and reducing costs such as inexpensive and scaleable PHA production
and recovery schemes to produce low-cost PHAs that are competitive with traditional ther-
moplastics. Hassan et al. (36–38) successfully used organic acids from palm oil industry
coupled with PHA production using Rhodobacter sphaeroides and Alcaligenes eutrophus.
Such processes could lead to lower PHA production cost. Another potential raw material for
PHA production is MSW or leachate. This organic biomass has the properties that makes it
an attractive material to produce high amounts of PHA – being high in organic carbon, low in
nitrogen content, and nontoxic.

Poly-3-hydroxybutyrate (PHB), the best known member of the PHA group, can be accu-
mulated intracellularly by a number of microorganisms. The most studied organism for PHB
production is Ralstonia eutropha (formerly known as A. eutrophus). The commercial interest
has been focused on R. eutropha strain because it is capable of accumulating very high PHB
levels within the cells in a short time (39). R. eutropha produces PHB on a variety of substrates,
such as glucose, fructose, and organic acids. There have been many reports on the use of acetic
and propionic acids (40–43). However, only a few have referred to lactic acid as a sole carbon
source in PHB production by R. eutropha (44).

Based on the kitchen refuse fermentation, the mixture of organic acids produced is suitable
for the synthesis of PHA using R. eutropha. In synthesis of PHA, acetic and propionic
acid monomers will be polymerized into hydroxybutyrate (HB) and hydroxyvalerate (HV)
monomers. Therefore, with the total HB monomer of 76.9 and 23.1% of HV, a P3(HB)-
3-(HV) will be formed which is a good quality bioplastic (Fig. 6.4). Two-step fermentation

Fig. 6.4. PHA product from kitchen refuse (28).
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was employed in the fed-batch fermentation of PHB using organic acids from leachate. This
approach was also useful in preventing contamination with higher initial cell density seeded
during initial fermentation stage. In the first step of the fed-batch fermentation, the R. eutropha
was supplied with ammonium nitrate (nitrogen source) in addition to organic acids (carbon
source) to give a final medium C/N of 20. This is crucial to build up the population density
rather than the production of PHA. Once the desirable cell density is achieved, the nutrient
supply is switched to nitrogen-free media with C/N higher than 30. This will minimize the
cell growth and encourage the cells to conserve and store the carbon inside the cells as PHA.

Prior to the conversion of organic acids from leachate into PHA, ammonium content in the
fermentation broth needs to be controlled. Direct utilization of the broth may result in low PHB
yield as low C/N ratio will encourage growth rather production of PHA. Ammonium content
after the fermentation was more than 500 mg/L. Mordenite zeolite (particle size < 75 μm) at
concentration of 40 g per 100 ml of broth was able to remove more than 90% of ammonium.
The fermentation using R. eutropha was carried with partially purified organic acids under
sterile condition. R. eutropha had high affinity towards lactic acids than other organic acids.
Nevertheless, most of the organic acids were finally consumed in the production of PHA but
at different uptake rates. Overall, PHA fermentation process using organic acids derived from
leachate yielded 6.9 g/L PHA at 85% of cell content (28).

6.2. Production of Poly-Lactate Using Organic Acids

One of the recent plastics emerging in the market is polylactic acid or poly-L-Lactide
(PLA). PLA is a potential substitute to petroleum based plastics in a number of applications
including disposables such as plates and utensils, where degradability would be the strong
point. Recently, Cargill, as part of its strategy to add value to grain processing, entered the
plastics derived from corn. Its new carbohydrate-based polymer was called NatureWorkTM

PLA, and it was strongly promoted as a renewable, biodegradable plastic (45).
PLA is the crystalline form of lactic acid polymers. PLA belongs to the family of poly(α-

hydroxy) acids, one of the sub-categories of the polyesters. Notable members of this same
family are polyglycolic acid (PGA), the various forms of PLA (poly-L-lactic acid, poly-D-
lactic acid, stereo copolymer poly-L, D-lactic or PLA-X acid, PLA/PGA copolymers and PLA-
X/PGA copolymers). However high-molecular-weight polymers of glycolic and lactic acid are
possible to obtain by direct condensation reaction. Polyglycolide and polylactide are typically
made by ring-opening polymerization of their respective cyclic diester dimmers, glycolide,
and lactide.

Unlike PHB, the synthesis of PLA from L-lactic acid is using a series of chemical reactions
(32). The L-lactic acid produced from food waste was first subjected to a purification step.
Impurities such as protein, salts, acetic, and propionic acids present in the fermentation
broth were separated from L-lactic acid using a combination of esterification, distillation, and
hydrolysis processes. n-Butanol was used to form butyl lactate ester which has a specific
boiling point of 130◦C which was then distilled. The concentrated butyl lactate was then
hydrolyzed at 95–110◦C to produce high purity of L-lactic acid. The polymerization of
L-lactic acid commences with a stepwise increment of reaction temperature from 135◦C up
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Lactic acid fermentation
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Fig. 6.5. Polymerization process of L-lactic acid produced food waste (32).

A B C

Fig. 6.6. Chemical recycle of poly-lactate by ammonia (a) PLA – left, polyethylene – right, 10%
ammonia – top; (b) reaction at 80◦C; (c) after 2 h) (33).

to 160◦C at 10 mmHg. Subsequently, the lactide reaction mixture was distilled at 180◦C at
5 mmHg to final purification step. The final product contains high optical purity of PLA at
98.8% at 95% yield (Fig. 6.5).

The main advantage of PLA compared with petroleum-based polymer is the recyclable
feature of the PLA polymer. A simple solubility test was carried out between PLA and
polyethylene. In the presence of 10% ammonia at 80◦C, after the PLA was completely solubi-
lized while polyethylene remains as it is (Fig. 6.6). This unique feature enables the PLA to be
reused and remolded into a new product. Such technology is now ready to be commercialized
with the installation of PLA demonstration plant at Kyushu Institute of Technology, Japan.
The total energy requirement for the production of 1 kg PLA is 14.4 Mcal.
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6.3. Environmental Mitigation of Greenhouse Gases Effect

The survival and sustainable growth of living organisms on the earth’s surface for thousand
of years is partly attributed to the balance of climatic factors such as atmospheric gases and
solar energy. This equilibrium is obtained through the adsorption and reflection of solar energy
from the sun and back into space. In this process, the atmospheric gases have the ability to
adsorb and release the energy at a steady state. The trapped heat allows the earth’s atmosphere
to warm up, also known as the “natural greenhouse effect,” creating a suitable environment
for living organisms. These atmospheric gases or greenhouse gases (GHG) comprise of water
vapor, carbon dioxide, methane, nitrous oxide, and ozone. However, the rapid industrial
development which began in the eighteenth century in Europe followed by America in the
nineteenth century and then in Asia shortly after that, has caused a shift in the equilibrium
of the GHG. Atmospheric concentrations of carbon dioxide have increased by 30%, methane
concentrations have more than doubled and nitrous oxide concentrations have risen by about
15% (46). As a result, this has enhanced the heat-trapping capability of the earth’s atmosphere.
The increased concentrations of GHG are likely to accelerate the rate of climate change.

Of all the GHG, methane has the highest heat trapping capacity or global warming potential
(GWP) which is 23 times more than carbon dioxide (47). It has been recognized that the largest
source of methane is from the anthropogenic activities mainly from landfills, municipal, and
industrial wastewater treatment facilities and agricultural sectors (48–50). This is largely due
to the rich organic content in the wastes generated at the end of the food and agricultural
sectors. Due to the nature of the waste, anaerobic digestion/treatment is employed as it is the
best and cost-effective method to reduce the polluting strength, which unfortunately emits a
large quantity of methane into the atmosphere. General estimates of methane concentration
from different sources are presented in Table 6.3.

Reducing methane emission from landfills seems to be a good approach in mitigating
the GWP. This is done by utilizing aerobic systems for treating organic matter that will
completely stop the methane release. However, the high operational cost especially high
energy requirement for aeration and disposal of the large quantity of sludge produced may
deter the industry from applying aerobic treatment. As such, anaerobic process is still the
choice of the industry due to cost-effectiveness. Alternatively, the current landfill system
could adopt a methane recovery system or installation of anaerobic bioreactor for kitchen
refuse fermentation which not only reduces the release of methane, but also represents a new
source of energy. Being renewable and combustible, generation of electricity from methane is
a promising mitigation step to reduce the concentration of methane in the atmospheric gases.
In addition, it eliminates the undesirable smell from the landfills. Lastly, the life span of the
landfill system could be prolonged as the volume of wastes is reduced.

7. INTEGRATED ZERO DISCHARGE CONCEPTS OF MUNICIPAL SOLID
WASTE MANAGEMENT AND HANDLING

Continuous increase in the prices of fossil fuels and rapid depletion of its reserves have
renewed global interest in exploring alternative renewable energy sources. For decades, the
world has largely depended on fossil fuels as its source of energy and petroleum-based
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Table 6.3
Estimates of the global methane budget (Tg methane/year)
from different sources (50)

Sources Estimate (Tg methane/year)

Natural sources
Wetland 92–237
Termites 20
Ocean 10–15
Hydrates 5–10

Anthropogenic sources
Energy 75–110
Landfills 35–73
Ruminants 80–115
Waste treatment 14–25
Rice agricultural 25–100
Biomass burning 23–55
Other 15–20

Note: 1 Tg = 1 million tons.

chemicals. However, growing attention is now given to renewable sources such as wood fuels,
agricultural wastes, animal wastes, MSW, and effluents. In addition to being renewable and
sustainable, these types of energy sources are considered environmentally friendly. As such,
they have great potentials for mitigating climate change. In particular, biomass as renewable
resources hold great promise as a component of Kyoto Protocol strategies for the reduction of
greenhouse gas emissions to acceptable levels.

Historically, an increase in the demand for cheap chemicals or intermediates to feed the
rapidly growing industrial era and new discoveries of synthetic polymers in 1950s have
encouraged the growth of petrochemical industries. The industries were largely based on the
technology to convert petroleum into materials such as polyethylene, polypropylene, nylon,
polyesters, and epoxy resins. All these polymers are synthesized from seven main precursors
i.e., ethylene, propylene, butylenes, benzene, toluene, xylenes, and methane, which have
become the backbone of the diverse petrochemical industry. It is estimated that 90% of the
organic chemicals produced annually were synthesized from fossil fuels. Coal was once the
main source of chemicals but because of the complexity of its conversion processes when
compared to the more readily available and competitive petroleum and gas, the utilization of
coal was limited only for energy.

There is a lot of potential for the utilization of waste for the production of organic acids and
biodegradable plastics. The strategy is to have a zero waste technology, combining with the
current waste management in most of the industries. Organic acids are the major key in this
technology which is able to generate income and protecting the environment from pollution.
A new paradigm is required that looks at waste not as a problem to be buried or burned but as
an opportunity to recover valuable resources, create jobs, save money, and reduce pollution.
The philosophy has arisen out of the realization that the wastefulness of our industrial society
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is compromising the ability of nature to sustain our needs and the needs of future generations.
“Zero Waste” is a whole system approach that aims to fundamentally change the way in
which materials flow through human society. The goal is an industrial system directed toward
material recovery rather than material destruction.
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