
Chapter 7
Recycling of Multiple Organic Solid Wastes
into Chemicals via Biodegradation

Trevor J. Shoaf and Abigail S. Engelberth

Abstract Much of the solid waste produced annually is high in organic content, and
while the definition of what exactly is considered to be organic waste differs based
on locale, the sheer volume of organic waste produced is shocking. Organic waste
contributes to greenhouse gas (GHG) emissions and often carries costly disposal
fees. Redirecting the organics from the waste into a higher value use can (1) mitigate
emissions, (2) potentially reduce cost, (3) save time and effort on producing primary
resources, (4) produce valuable goods and commodity chemicals. The organic
fraction of municipal solid waste (OFMSW) can be recycled via biodegradation
into readily used methane gas or into chemical building blocks such as acids or
alcohols. Biodegradation may include anaerobic digestion, fungal transformation,
and composting. This chapter will explore selected types of biodegradation, factors
affecting each type, how the composition of the organic fraction affects the outcome
of the biodegradation products, and the mitigation potential for recycling OFMSW
via biodegradation. Upcycling, recycling, or repurposing carbon-rich wastes will
enhance the carbon circular economy and reduce the burden on primary production.
This chapter aims to demonstrate the utility of biodegradation to produce market-
ready products from otherwise wasted resources.
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7.1 Introduction

Global waste generation and disposal has become a salient issue after the turn of the
century. In an effort to shift from a linear to a more circular economy, reuse and
conversion of wastes away from the landfill and into more suitable and higher value
products is necessary. A potential solution is to use the carbon present in the organic
fraction of municipal solid waste (OFMSW) – in the form carbohydrates (i.e.
sugars) – as a resource for biochemical degradation and conversion. OFMSW is
rich in both simple and complex sugars: food waste has been shown to have
concentrations of up to 71.5% total sugars on a dry basis [1], and cotton waste fibers
are around 95.4 wt % cellulose [2].

Sugar-rich waste is an ideal candidate for biodegradation to mitigate the ever
growing stream of organic waste by diverting it from a landfill and into a process by
which microorganisms consume the sugars to produce higher-value products. The
aim of this chapter is to highlight recent findings and to demonstrate the current
understanding of how OFMSW and other organic wastes can act as a feedstock for
biodegradation.

Biodegradation of OFMSW into valuable products – specifically commodity
chemicals or petro-chemical replacements – reduces demand on virgin resources
and assists in the goal for national energy independence. In 2007, the United States
passed the “Energy Independence and Security Act” with a goal to reduce reliance
on foreign entities for their energy sources [3]. While energy independence is a
significant driving force, reduction in volume of organic solid wastes annually
landfilled is another. Of the 268 million tons of municipal solid waste (MSW)
produced in the USA in 2017, the majority (53%) was landfilled [4]. Due to the
organic nature of the OFMSW, degradation continues regardless of final resting
place. When landfilled, OFMSW degrades resulting in both leachate and greenhouse
gas emissions [5]. The leachate, which is the liquid excreted from landfills to the
environment, levels increase with OFMSW decomposition and can reduce landfill
gas collection operation [6]. Landfilling as a waste management solution for organic
wastes also increases the negative impacts on human health (e.g., cardiovascular,
pulmonary) by the waste treatment chemicals used [7, 8].

Background and current status of research into OFMSW and other waste organics
as they pertain to biodegradation to produce either liquid or gaseous products that
have a demonstrated market demand will be elucidated [3]. First, liquid-based
products produced through the acetone-butanol-ethanol (ABE) fermentation schema
will be discussed followed by the sequential production of lactic acid and methane
gas.

The major organic wastes that will be discussed are categorized as either agri-
cultural residues or organic fraction of municipal solid wastes. All wastes discussed
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are organic in composition and have either been previously studied as potential
candidates for a biodegradation or have a high potential for conversion to higher
value products.

7.1.1 Agricultural Residues

Agricultural residues are considered to be wastes derived from agricultural
processing. The term ‘agricultural processing’ refers to anything from tapioca
production, resulting in cassava bagasse, to rice harvesting, resulting in rice straw
generation. The defining characteristic of agricultural residues, as applied to this
chapter, is that these parts of the crop are generally deemed inedible and are
conventionally discarded as refuse [9]. The term bagasse is used to describe the
more fibrous waste of a crop [10]. The agricultural residues highlighted in this
chapter are cassava bagasse, three different straws (rice, barley, and wheat), sugar
beet pulp, and corn stover.

Cassava is predominately found in diets of the people living in Asian, African,
and Latin American locales, making cassava the sixth most important global food
crop. The major solid wastes from cassava processing are bagasse and peels, which
are inedible due to their deadly concentration of cyanide [11]. For every 250–300
tons of edible tubers of cassava processed, about 280 tons of bagasse and 1.6 tons of
peels are produced [9]. Cassava bagasse contains water, residual starches, and
cellulose fibers, where the residual starches and cellulose fibers can be used in
microbial biodegradation [3, 12]. The global production of cassava in 2019 was
304 million tons, up from 287 million tons in 2017 [13].

Rice straw is the residue remaining in the field after harvest [14, 15]. The volume
is dependent upon the techniques employed for grain removal, including the cutting
height, as well as the choices by the growers regarding the treatment of the straw not
harvested with the grains. When these factors are considered, the global rice straw
production in 2019 was between 370 and 520 million tons [13]. Of the rice straw
production in 2017 the United States produced only 4.3 million dry tons and the
United States Department of Energy (DOE) forecasts there to be 10.8 million dry
tons by 2030 [3]. The DOE used an estimate of the moisture content of the grain to
be 13.5% and a ratio of 1 dry gram of rice to 1 dry gram rice straw [16]. While grown
to a lesser extent globally than rice, barely straw is also a significant agricultural
residue to consider. The worldwide production of barley straw in 2019 was 159 mil-
lion tons and it is estimated that between 0.33 to 0.53 kg of straw is produced per kg
of barley [17].

Sugar beets are mainly grown for use as a source of crystalline sugars with
270 million tons produced annually with a dry basis of five million tons of sugar
beet pulp annually, 20% of which is produced within the USA [18, 19]. The process
to transform sugar beets into crystalline sugar also results in three major byproducts:
tops, pulp, and molasses [20]. While sugar beet molasses has been used in
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fermentation to produce alcohol and methane, sugar beet pulp is the reside of focus
for this chapter due to its high-solids composition [20, 21].

Corn stover is the solid agricultural waste byproduct created when growing corn;
generally, corn stover is most every part of the grass that is not the ear. [22]. Barley
straw and rice straw account for less than a 1:1 ratio for their product by weight, corn
stover accounts for 1 kg stover per kg grain [3]. This fact, along with the fact that
corn takes up over 12 times more land in the USA for growing than barley and rice
combined, makes corn stover an attractive potential waste residue for
biodegradation [3].

7.1.2 Municipal Solid Wastes (MSW)

The specific organic content of OFMSW is highly dependent on source, season, and
region [17, 23, 24], though is usually abundant in food wastes (FW), whether they be
from residences, markets, or restaurants [24]. In 2015 the DOE reported that 15.1%
of OFMSW was food wastes, 6.2% was wood, 13.3% from yard trimmings, and
25.9% was non-recycled paper products [25]. OFMSW tends to have higher mois-
ture content than MSW and varied concentrations of rejected materials. Materials
that may inhibit a biodegradation process and are present to varying degrees within
OFMSW include plastics, cardboard, paper, metal, glass, bones, and fruit kernels
[16]. Glass (4.4% of MSW), metals (9.1% of MSW), plastics (13.1% of MSW), as
well as “other inorganic species found in MSW” (3.6% of MSW) are not usable as
feedstock for anaerobic digestion [16, 26]. It is estimated that between 1.6 and 2.0
billion tons of MSW are produced globally per year. Of that, around 70% is
landfilled, and only around 19% is recycled [27]. The production of MSW is around
three times that of the combined production of agricultural residues of rice straw
(520 Mt), barley straw (84 Mt), and cassava bagasse (76 Mt).

Food wastes are not the only organic-rich feedstock in MSW; textiles are another
fraction of MSW and have a cellulosic makeup between 30 and 40% on average
[28, 29]. In the United States, over the past two decades, the production of textile
MSW by weight has increased 80%, from 9.48 million tons in 2000 to 17.03 million
tons in 2018 [30]. Of the textile waste produced in these two decades, on average,
66% was landfilled, which is equivalent to 11.3 million tons in 2018 [30].

In 2019, the fraction of textile waste in MSW found in Lahore, Pakistan was
9.21%. This percentage was determined through a case study and does not define the
percent of textiles found in MSW worldwide. In 2015 the fraction of MSW that can
be attributed to rubber, leather, and textiles was 9.3% [26]. In the textile market
globally, cotton is attributed to 30% of the market share and cellulose from cotton
requires significantly more time to degrade naturally as compared to amorphous
cellulose [2].
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7.1.3 Biodegradation Processes Overview

The biodegradation processes discussed in this chapter focus on the production of
either a liquid or gaseous product. The focus will be on two general schema, acetone-
butanol-ethanol (ABE) and anaerobic digestion for the production of lactic acid and
methane. Each will be discussed in detail in the Sects. 7.3 and 7.4. Table 7.1 is
included here to highlight and summarize microorganism type and use on the
substrates of interest. Table 7.1 displays strain, along with key operating parameters,
sorted by process and also highlights the feedstocks pertinent to the present work.

Table 7.1 Key operating parameters for highlighted microorgansms

Process Microorganism
pH
range

Temperature
range (�C)

Relevant
feedstocks References

ABE Clostridium acetobutylicum 5.0–7.0 30–42 Barley Straw [31–33]

Rice Straw

Cotton
Fibers

OFMSW

Clostridium beijerinckii 5.0–6.8 34–40 Barley Straw [34–36]

Switchgrass
and Corn
Stover

Packing
Peanuts

Clostridium tyrobutyricum 5.0–6.0 20–37 Cassava
Bagasse

[37–39]

Clostridium thermocellum
and Clostridium
saccharoperbutylacetonicum

5.0–6.0 30 Rice Straw [40–42]

Lactic
Acid

Bacillus coagulans 6.0–6.4 50–52 OFMSW [43, 44]

Lactobacillus casei 6.5 30–45 Cassava
Bagasse

[45]

Lactobacillus delbrueckii
sp. Bulgarcus

– – Corn Stover [46]

Lactobacillus plantarum 6.25 35 Food Waste [1]

Streptococcus sp. 6 35 Food Waste [24]

ABE—acetone-butanol-ethanol
OFMSW—organic fraction of municipal solid waste
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7.2 Pretreatment to Overcome Substrate Challenges

To maximize yield of a desired product from organic solid waste, pretreatment may
be required [36, 47–52]. Pretreatment methods that have been employed for organic
wastes and agricultural residues can be categorized by one of the following groups:
mechanical, physical, chemical, physicochemical, or biological. The prevalence and
availability of these methods depends upon the scale of the study, the composition of
the waste, and the availability of the resource. Section 7.2 aims to provide sufficient
background to more acutely explain the differences in parameters and reasons for
increased yield in each of the products discussed. Table 7.2 illustrates how different
combinations of the pretreatment methods are related to each of the main feedstocks
and how the pretreatment methods relate to the final products of interest. Note that
while other pretreatment methods exist and are common for lignocellulosic materials
that are not considered waste, such as switchgrass grown for energy production, they
will only be discussed if they have demonstrated use in the pretreatment of organic
solid wastes as well.

7.2.1 Physical and Mechanical Pretreatments

Physical and mechanical pretreatments employ either a physical or mechanical
action or change to the substrate to increase yields of target components (e.g.,
cellulose, hemicellulose) [51]; examples include ultrasonication [67, 68], grinding
[69, 70], rotary drum reactor [59, 63], and microwave treatment [65, 71, 72].

Grinding is a basic pretreatment that uses mechanical blades or impellers to
reduce the size of the substrate [69, 70]. A hammer mill was used to grind wheat
straw, barley straw, and corn stover with the goal of determining the physical
properties at three particle sizes (0.8 mm, 1.6 mm, and 3.2 mm screen sizes)
[70]. The bulk density achieved for the wheat straw, barely straw, and corn stover
was highest for the smallest hammer mill screen sizes tested [70]. A household
garbage disposal, which imparted the same type of action as a hammer mill, was
compared to a bead mill to reduce FW particle and increase VFA production and
methane yield [69]. A household garbage disposal was tested as a pretreatment
option due to the distributed nature and volume of food waste production. It was
reported that reducing FW particle size below a lower limit threshold of 0.6 mm
particles resulted in VFA accumulation and decreased methane yield, as well as a
reduction in FW particle solubility in the anaerobic chamber. The optimal particle
size for methane production from FW was 0.62 mm [69]. Note that standard garbage
disposal was only able to reduce the FW particles to 0.88 mm, whereas the bead mill
achieved the optimal size of 0.62 mm and could further reduce the FW particles to
0.4 mm [69].

Ultrasonication uses targeted sound waves to sunder substrates prior to fermen-
tation [67, 68]. Ultrasonic waves between 10 kHz and 20 MHz are emitted and
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weaken cell walls and break down lignin to improve accessibility of sugars to
microorganisms [73]. The ultrasonic waves cause the formation of cavitation bub-
bles that, when disrupted, create a high pressure burst to lyse cells
[73]. Ultrasonication was used on sugar beet pulp pellets that had been ground to
2 mm pieces to increase methane production 26% and methane concentration 79%
when ultrasonication was paired with enzyme pretreatment, a magnetic field
pretreatment, and grinding [74].

The rotary drum reactor has the same technological basis to traditional
composting techniques, in that air is added to drums from the unloading side to
assist in aerobic biodegradation and mechanical force degradation [59, 63]. A rotary
drum reactor was able to separate biodegradable materials from MSW which
resulted in a feedstock that was consistent in biogas yield to the quantity produced
from FW alone [63]. A rotary drum reactor was successfully scaled-up to a 100-L
capacity for use in the pretreatment of sugar cane bagasse to produce ethanol using
SSF operating conditions [59].

Microwave pretreatment irradiates substrates with electromagnetic waves,
between 0.3 and 300 GHz frequency, and can be used concurrently with chemical
pretreatments to enhance cellulose concentrations from organic solid wastes by
disrupting cells through polar and dielectric molecular interactions [65, 71,
72]. Microwave pretreatment has shown to increase glucose concentrationswhile
reducing the concentration of fermentative inhibitors (e.g., 5-hydroxymethylfurfural
and furfural) [71]. When microwave pretreatment was applied to a stand-in version
of OFMSW, formulated based on previous characterization of Canadian kitchen
waste, after size reduction pretreatment, resulted in an increased biogas production
between 4 and 7%, suggesting synergy from combining pretreatments [65].

7.2.2 Chemical Pretreatments

Chemical pretreatments employ solvents – often acids – to reduce the long chain
carbohydrates into shorter chain sugars that are more readily consumed during
biodegradation. Organosolv is conventionally used for delignification of lignocellu-
losic biomass and it relies on an organic solvent (e.g., MgSO4, HCl, (NH4)3PO4) to
degrade the lignin barrier of biomass [75]. For rice straw, an ethanol organosolv
pretreatment (with a solid-to-liquid ratio of 1:8 and 75% (v/v) aqueous ethanol
containing 1% (w/w) sulfuric acid catalyst) was shown to improve butanol produc-
tion from 43.6 g/kg rice straw to 80.3 g/kg rice straw [56].

Alkaline pretreatment was considered as an alternative to organosolv to improve
the yield of ABE from rice straw [52]. Alkaline pretreatment is often viewed as a
promising path for pretreatment of agricultural residues due to its ability to simul-
taneously increase the internal surface area, decrease in cellulose crystallinity, and
disrupt the lignin [52].

Phosphoric acid-acetone is a combination of two organic acids for enhanced
organosolv pretreatment that has been shown to effectively pretreat cotton-based
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textile wastes to recover cellulose [2, 76]. The two-step method follows: (1) phos-
phoric acid (H3PO4) is used to treat solid textile cotton waste (2) acetone
((CH3)2CO) is used to recover cellulose. Step 1 dissolved 94% solids using 19 g
H3PO4/g cotton compared to the initial solid mass. Step 2 recovered 97% cellulose
using 41 g (CH3)2CO/g solid. Recovered cellulose here is defined by: grams
cellulose precipitated per gram of dissolved cellulose [2]. Phosphoric acid-acetone
pretreatment was shown to increase the glucose yield compared to untreated rice
straw from 101.8 g glucose/kg rice straw [52].

7.2.3 Physiochemical Pretreatments

Physiochemical pretreatments take advantage of the discord between physical and
chemical properties to synergistically create a force that breaks the barrier between
complex substrates and fermentation. Examples of physiochemical pretreatments are
hydrothermal pretreatment [50, 58], steam explosion [55, 77], and the use of
supercritical CO2 (SC-CO2) [60, 78, 79].

Hydrothermal pretreatment (HTP) uses a high temperature water bath, between
160 �C and 180 �C for 30–60 min, to surround a vessel containing the substrate of
interest in an effort to increase the hydrolysis rate [58]. HTP structurally changes
organic solid wastes to allow more straightforward degradation and increases the
soluble chemical oxygen demand by degrading insoluble organic carbohydrates and
proteins [50]. The production of inhibitory compounds (i.e., melanoidins) is an
inherent pitfall of HTP due to interactions between carbohydrates and amino acids
during HTP, but it is possible to design the reaction vessel to counteract this by
addition of acid consuming bacteria (i.e., Lactobacillus plantarum SF5.6) [50]. A
two-phase anaerobic digestion of MSW was coupled with HTP and it was deter-
mined that biogas production in the two-phase anaerobic digestion was 31.5%
higher if HTP was employed first as compared to the control; two-phase anaerobic
digestion could reach a net energy output 97.4% higher than the one phase anaerobic
digestion with HTP [50].

Steam explosion is an attractive pretreatment method for lignocellulosic biomass
since it requires no chemical bar water and generates small amounts of waste
[55]. Steam explosion and hydrothermal pretreatments both take advantage of high
temperature water, but steam explosion uses saturated steam, whereas hydrothermal
pretreatment uses the liquid phase of water [77]. The scientific basis behind steam
explosion is that the high temperatures and high pressure is applied to the biomass,
followed by a rapid drop in pressure, causing an explosive decompressive state that
breaks down the hemicellulose [77].

Supercritical CO2 (SC-CO2) is another temperature dependent physiochemical
pretreatment technique, but it uses CO2 to break down complex organic wastes
[79]. When SC-CO2 was used to pretreat sugarcane bagasse resulting in an increase
in fermentable sugar by 280%, compared to untreated sugarcane bagasse [60]. This
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pretreatment is favorable when used on biomass or organic solid waste because it
does not result in the formation of harmful solvent byproducts [78].

7.2.4 Biological Pretreatments

Biological pretreatments use microorganisms, enzymes, or a combination thereof to
reduce substrates, with similar complexity as to what is found in organic solid waste,
and to maximize the fermentative production potential improving the carbon acces-
sibility in the substrates [73, 80, 81].

Enzymatic hydrolysis may be necessary to access the organic solid waste as a
carbon source in the fermentation media [73]. Selection of enzymatic hydrolysis
over other pretreatment methods is based on both substrate composition and the
downstream degradation process. The main goal of the enzymes used for
pretreatment of organic solid wastes is to reduce carbon chain length [73, 82]. Enzy-
matic hydrolysis often targets hydrogen bonding within a carbon chain at designated
bonding sites to reduce chain length [82]. Microorganisms can more readily con-
sume a shortened carbon chain and thus increase the yield of a given product of
interest. Cellulase, amylase, and β-glucosidase are commonly used enzymes for
cellulose hydrolysis [81]. Microbial selections involving some Clostridia species,
render enzymatic hydrolysis unnecessary, due to the innate enzymatic production of
these microbes [83–85]. Section 7.3.1 will explore these features of Clostridium
bacteria in more depth.

One of the microorganism-based approaches uses fungus to synthesize enzymes,
with the goal of reducing operational cost increases seen from the use of industrially
produced enzymes [28]. One example of such a fungus is Aspergillus niger which
produces several hydrolysis enzymes such as α-amylase, β-glucosidase, xylanase,
and cellulase [28].

7.3 Acetone-Butanol-Ethanol (ABE) Process

ABE fermentation is an anaerobic process reliant upon bacteria to produce acetone,
butanol, and ethanol [86]. While early reports of butanol production using the ABE
process revolved around the Clostridia genus, more recent industrial processes have
used genetically modified Clostridium or Saccharomyces cerevisiae [87]. Fermenta-
tions with these specific species have controlled the genetics greatly, but use of
mixed cultures has also been explored; combining Clostridium cellulovorans and
Clostridium beijerinckii [88]. Mixed culture fermentation (MCF) is often employed
in the fermentation of organic solids, but does not always lead to increased yields
[57, 85, 89–91]. ABE fermentation uses a bi-phasic schema of acidogenesis, which
produces butyrate, hydrogen, and CO2, followed by solventogenesis
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[86]. Microorganisms consume the products of the acidogenic phase and produce
acetone-butanol-ethanol during a second phase called the solventogenesis
phase [92].

ABE fermentation emerged in response to a growing acetone market during
World War I, but production began to wane in the 1980s, as the petrochemical
industry expanded its reach and portfolio [87, 93]. However, due to the rise of
interest in alternative liquid fuels and renewable chemicals – namely in the form of
biobutanol – research on ABE fermentation has reemerged [87, 93]. Butanol is
commonly considered a drop-in ready liquid fuel and is an intermediate for the
production in three disparate industries: artificial flavoring, solvents, and
cosmetics [94].

Figure 7.1 depicts a generic process flow for an ABE fermentation. The unit
operations shown in Fig. 7.1 include: pretreatment and enzymatic hydrolysis, fer-
mentation, in situ separations, and a final separation to purify the product of interest
from the mixture. The pretreatment and enzymatic hydrolysis steps are optional and
depend on the substrate used; the fermentation contains an optional in situ separation
process to assist in increasing yield as butanol is toxic to the microbes present.

The ABE production process – outlined in Fig. 7.1 – is a biphasic process where
microorganisms (historically Clostridia) consume feedstock to produce acetic acid
and butyric acid in the acidogenic phase (phase 1), and acetone, butanol, and ethanol
in the solventogenic phase (phase 2) generally in a ratio of 3:6:1 respectively
[87]. Variables that have been explored in the optimization of ABE production in
terms of butanol production will be discussed. Butanol is produced in the second
phase of the ABE fermentation, when microorganisms convert the organic acids
produced in the solventogenic phase into acetone, butanol, and ethanol. The micro-
organisms that produce butanol through ABE fermentation at the industrial and lab
scales are reviewed and then the organic solid substrates are presented and ranked by
yield of butanol, and finally the impact of in situ separation of inhibitory compounds
produced during the biodegradation mechanisms is discussed.

Organic 
Solid

Waste

Optional
Pretreatment

Optional Enzymatic
Hydrolysis

Bioreactor Optional
In situ separations

Separations

Byproduct(s)

End Product(s)

Fig. 7.1 Generic process flow diagram for Acetone-butanol-ethanol (ABE) fermentation. Dotted
lines represent operations that are not required but may be implemented based on the feedstock or
desired yield
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7.3.1 Microorganisms

Aerobic conditions, pH, and temperature used within a given ABE fermentation
depend on microorganism selection. The genus Clostridia is often selected for this
fermentation due to Clostridia’s ability to produce butanol [95]. Issues regarding use
of Clostridia will be discussed and have led to increases in research into genetically
modifying Escherichia coli and Saccharomyces cerevisiae [94, 96]. Of the Clos-
tridia species, biobutanol is most prevalently produced from Clostridium
acetobutylicum and Clostridium beijerinckii, however the exploration of other
species with similar characteristics have been explored, but to a lesser extent
[61, 97].

7.3.1.1 Clostridia

The Clostridia species most prevalent in the production of butanol are Clostridium
acetobutylicum, Clostridium beijerinckii, Clostridium saccharoperbutylacetonicum,
and Clostridium saccharobutylicum [95]. Clostridia bacteria digest sugar, starch,
cellulose, and lignin – a trait that is especially advantageous when using an alterna-
tive feedstocks like agricultural residues and OFMSW [87]. These species produce
butanol under the following optimal conditions: 30–40 �C, pH between 6.0 and 7.5,
and anaerobic conditions [87]. The effect of pH on butanol production using a
non-waste feedstock was reported; the initial pH of 6.2 yielded the highest concen-
tration of butanol (6.28 g/L) of the pH values tested (5.0, 5.5, 6.0, 6.2, 6.5, 7.0) on
the C. acetobutylicum YM1 strain [33]. Table 7.3 displays the range of pH values
that have been used for ABE production along with the organic solid substrates used
and their butanol yields.

Optimal temperatures used in ABE fermentation using Clostridia species are
reported in Table 7.3 as well, however there has been interest in increasing the
optimal temperature for this process by genetically modifying Clostridium strains to
improve cellulase activity and hence butanol production. A shift towards tempera-
tures around 42 �C yields 0.18 g/g-substrate compared to between (0.08 and 0.12) g/
g-substrate in usual simultaneous saccharification and fermentation (SSF) processes
using temperatures of 36 �C [32].

SSF processes allow for the reduction of unit operations due to the removal of
pretreatment steps that take place in the same SSF reactor [32]. One of the major
challenges of SSF was the temperature optimization conundrum due to the fact that
enzymatic hydrolysis operates mostly between 45 �C and 50 �C, whereas Clostrid-
ium fermentation for ABE operates between 30 �C and 40 �C
[32, 76]. Non-isothermal simultaneous saccharification and fermentation (NSSF) is
a process designed to circumnavigate the temperature-based challenges of SSF,
namely the differences in the optimal temperatures of enzymatic hydrolysis and
fermentation, where the operation is set to the optimal enzymatic temperatures until
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the enzymatic hydrolysis has achieved the desired hydrolysis before shifting the
temperature within the reactor to a more desirable fermentative temperature [81, 98].

One development to counteract downsides of SSF and NSSF is consolidated
bioprocessing (CBP). The main aspect to CBP that sets it apart from SSF and NSSF
is the use of a single organism to produce enzymes and carry out the fermentation
[81]. This strategy takes advantage of the advances of recombinant DNA technology
that have allowed extensive modification of microbial species to carry out these tasks
[81]. A few reports on these genetic modifications on Clostridium have shown
enhanced yields of up to 0.39 g/g of butanol and ethanol using CBP [81, 99].

7.3.1.2 Escherichia coli and Saccharomyces cerevisiae

Escherichia coli and Saccharomyces cerevisiae are model organisms due to the
abundance of information and genomics surrounding their use and functionality
[100]. A strong baseline knowledge of both E. coli and S. cerevisiae allow for
reasonable modifications to optimize ABE fermentation processes and to improve
butanol yield.

A butanol production pathway was added into the native bacterial chassis of
E. coli which resulted in 33 native gene deletions and five heterologous gene
introductions [101]. The strain was enhanced to produce a 34% yield with 20 g/L
of butanol from a synthetic medium; a marked increase over engineered Clostridia
strains which can produce 18.9 g/L with yield of 29% [101].

S. cerevisiae is another model organism that has been modified to include a
butanol production pathway [102–106]. One goal behind implementing
S. cerevisiae, co-cultured with C. acetobutylicum, was to raise the butanol toxicity
threshold [107]. From this exploration, the butanol concentration was able to reach
16.3 g/L, over double the threshold of 8 g/L discussed in Sect. 7.3.3 [107].

7.3.2 Substrate Selection

OFMSW has been either homogenized or left as a heterogenous mixture for use as
the carbon source in ABE fermentation. Table 7.3 compares the output of butanol, as
it pertains to various organic solid substrates, and is sorted by highest to lowest
butanol yield, while maintaining categorical separation between OFMSW and agri-
cultural residues.

The fermentations shown in Table 7.3 were conducted with the Clostridia genus,
with the majority (60%) of those being of C. acetobutylicum, followed by 30% from
C. beijerinckii, while only one used C. tyrobutyricum. Microorganism selection is
consistent with research trends in the past few years. It should be noted that each
fermentation was performed at 36 � 1 �C with 70% of the fermentations conducted
at 37 �C. Only two studies used agitated vessels, with the final yield not among the
highest yields achieved indicating that agitation may not be required. The highest
yield of butanol per kg of agricultural residue was achieved from cassava bagasse at
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300 g/kg [38], whereas the lowest yield from an agricultural residue was from rice
straw at 112.7 g/kg [56]. Of the municipal solid waste substrates, the OFMSW from
Isfahan, Iran and was pretreated with a combination of ethanol extraction, dilute acid
pretreatment, and enzymatic hydrolysis, demonstrated the lowest yield of 83.9 g
butanol/kg substrate [108]. The decreased yield in butanol for OFMSW as compared
to agricultural residues may indicate that the sugars may not be accessible for the
microorganisms and that additional pretreatment may be required to increase yield.

7.3.3 Separation

In situ separation processes are advantageous due to the inhibitory effect of butanol
at concentrations greater than 8 g/L with regards to ABE production from Clostrid-
ium bacteria [39]. Pervaporation [110–113] and gas stripping [112, 114, 115] are
conventional separation processes employed for product recovery during fermenta-
tion. Gas stripping removes the solvents produced from the media throughout the
fermentation process by bubbling hydrogen or carbon dioxide through the fermen-
tation broth, effectively stripping away ABE products as they are produced
[115]. Pervaporation relies on membrane permeabilities to allow selected vapors to
pass through the membrane pores with assistance of a vacuum [111]. This procedure
partially vaporizes the fermentation broth by increasing the temperature of the feed
broth to the heat of vaporization, then the vaporized broth passes by the membrane at
which point the ABE products are pulled through the membrane via vacuum and
condensed back into a liquid on the other side [111].

Gas stripping has been shown to maintain butanol concentrations below the
critical inhibitory concentration of 8 g/L [112, 114]. When using a gas recycle
flowrate between 0.3 and 0.6 vvm (gas volume per liquid volume per minute),
18.6 g/L of butanol was produced from industrial juices, such as sugar cane juice
and sweet sorghum juice, when gas-stripping was used, compared to 10.5 g/L
butanol from industrial juices without gas stripping [115]. When gas-stripping was
applied to cassava bagasse hydrolysate, the butanol yield shifted from 0.22 g/g to
0.25 g/g, but the fermentation was able to produce 59.81 g/L with gas-stripping, and
only 9.71 g/L without gas stripping [31], demonstrating that the more significant
impact of in situ gas stripping lies in production over time, and not the yield.

Pervaporation relies on a liquid-to-vapor phase change, along with membrane
technology, to separate butanol, along with other ABE products, from the fermen-
tation media [110]. A model of a pervaporation membrane was constructed to
determine efficacy in ABE production and was determined that an in situ process
showed 250% higher butanol concentrations compared to control with no in situ
separation [111]. A techno-economic analysis on the feasibility of pervaporation,
along with gas-stripping, determined that biobutanol from MSW an economically
viable process only if these two separations were incorporated. Pervaporation
remains a relatively new yet technologically advanced separation technique
[111, 112]; the most appropriate membranes for this separation are likely still
under development.
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7.4 Lactic Acid and Methane Process

Lactic acid and methane are generally concurrently produced – especially during
anaerobic digestion. First, current approaches for optimizing production of lactic
acid from organic solid wastes will be discussed followed by variables that can be
modified to optimize lactic acid production and consequently achieve higher meth-
ane yields in the second phase. Lactic acid (LA) can be used in the production of
various marketable products (e.g., anti-aging moisturizers, chemical cleaning agents,
food preservatives, and dialysis solutions) [24]. The market size of lactic acid is
estimated to increase by 254%, from $2.64 billion to $9.0 billion, between 2018 and
2025 [116]. Lactic acid produced by biodegradation is viewed as a more cost-
effective and environmentally beneficial alternative to chemical synthesis because
of the ability to utilize in-expensive waste streams as substrates and because chem-
ical synthesis to produce lactic acid requires elevated temperatures and higher energy
input [117].

Figure 7.2 illustrates a generic process flow for LA production via biodegrada-
tion, followed by optional methanogenesis of the volatile fatty acids (VFA). The unit
operations shown in Fig. 7.2 include: pretreatment and enzymatic hydrolysis,
acidogenic fermentation, optional in situ separation, separation of LA as a purified
product, optional methanogenesis of remaining VFAs and media, in situ separation,
and a final separation to purify the methane.

Figure 7.2 shows both the acidogenesis step and the methanogenesis step of
organic solid waste fermentation. Methanogens transform organic acids into meth-
ane [118, 119]. The dotted line flowing from “Other Organic Acids” to

Fig. 7.2 Generic flow diagram for lactic acid and methane production from organic solid wastes.
The dotted lines indicate an optional process or connection between processes

7 Recycling of Multiple Organic Solid Wastes into Chemicals via Biodegradation 221



“Methanogenic Bioreactor” represent an optional step to harvest the lactic acid and
utilize the remaining broth, including other VFAs, produced during acidogenesis to
produce methane. This flow is one potential route to maximize the profitability of
methane production [120, 121].

The sequential production of lactic acid and methane is advantageous in anerobic
digestion because it overcomes an economic hurdle of methanogenesis [24]. In the
European Union (EU), LA fermentation production costs can range between 0.72
and 1.13 €/kg lactic acid with the market value at 1.36 €/kg lactic acid [24].

The microorganisms that are involved in acidogenesis include: lactic acid bacteria
(LAB) [122] and Saccharomyces cerevisiae [121], whereas methanogenesis is
carried out by: Methanomicrobium mobile [123] and Methanosarcina [21]. Similar
to ABE production, lactic acid production has been carried out with mixed cultures,
such as the combination of LAB monocultures with various fermentative abilities
that were used to produce lactic acid from sugar beet pulp [49].

7.4.1 Lactic Acid

Anaerobic digestion is performed as either a single or two-stage process with the
transformation occurring in four phases beginning with hydrolysis, followed by
acidogenesis, then acetogenesis, and finally ending with the methanogenesis
[50, 124–126]. While anaerobic digestion can be conducted using a single reactor,
or in sequential reactors; the choice between one or two reactors for the production of
lactic acid and/or methane influences both microorganism selection and operating
conditions [24].

7.4.1.1 Microorganisms

Microorganisms for lactic acid production from municipal solid wastes often include
a mix of various lactic acid bacteria (LAB) [122, 127], and S. cerevisiae
[120, 121]. Refer to Table 7.1 for a summary and Table 7.4 for more specifics.

7.4.1.1.1 Lactic Acid Bacteria (LAB)

LAB is a classification that encompasses a wide variety of bacterium that effica-
ciously produce lactic acid; the two genera encompassed by LAB are Enterococci
and Lactobacilli [128, 129].

The Enterococci genus includes species that operate at higher temperatures than
any currently known Lactobacilli strain [128, 129]. Enterococcus faecium has been
studied in a scale-up operation from 3 L to 100 L. It was concluded that E. faecium
was a feasible option for industrial uses with a pilot scale production rate of 3.91 g/L-
h. The lab scale production rate was 4.96 g/L-h, but the slower rate in the pilot scale
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was deemed a significant hurdle as the yield was not significantly different between
the 3 L and 100 L scales [129].

Lactobacilli is the other main genus represented within LABs, spanning over
200 species of microorganisms [118]. With the abundance of species represented in
LABs a versatility is present allowing operation anywhere from 2 �C to 53 �C as well
as an ability to operate under many oxygenated states for growth [118].

7.4.1.1.2 Saccharomyces cerevisiae

S. cerevisiae can be engineered to produce D-lactic acid at a purity of 99.9%
[46, 121]. The two enantiomeric forms of lactic acid that can be produced by
fermentation are D and L forms of lactic acid. When used in the production of
biologically derived plastics, L-lactic acid is more susceptible to thermal modifica-
tions at temperatures as low as 58 �C, lower than D-lactic acid [46, 128]. Furthermore,
mixtures of D and L enantiomers of lactic acid can form an enhanced racemic crystal
stereo-complex capable of increasing the melting temperature of the bioplastic by
around 50 �C [130].

S. cerevisiae, combined with indigenous microorganism consortium within food
waste, rich in Enterococcus spp., was used to determine the effectiveness of breaking
down FW by measuring metabolite yield. The results showed that the use of both the
indigenous consortium of bacteria and yeast together achieved metabolite yields of
81%, and the conclusion stated that this is a feasible combination of microorganisms
to produce lactic acid through a more targeted fermentation than the one tested in this
study [131].

7.4.1.2 Substrate Selection

Substrate selection for the production of lactic acid through anaerobic digestion is
shown in Table 7.4. As can be seen in Table 7.4, mixed cultures are a popular choice
for lactic acid production in the organic solid waste sector, with 55% of studies listed
utilizing this approach. Interestingly, each of the reported pH values for this
acidogenic fermentation are skewed acidic. It should also be noted that the results
from the studies using specific organisms, and not mixed cultures, mostly achieved
higher yields than any of the mixed culture studies reported here with the average
lactic acid yield for single culture studies being 79.3 g/L and the average lactic acid
yield for mixed cultures being 30.7 g/L.

7.4.1.3 Separations

Commonly used separation techniques for lactic acid include precipitation, solvent
extraction, adsorption, distillation, electrodialysis, and nanofiltration [134–
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136]. Section 7.4.1.3 will explore solvent extraction, electrodialysis, and
nanofiltration as they have been applied to lactic acid produced from the substrates
of interest.

Electrodialysis (ED) is a membrane separation technology that operates based on
differences in electric potential of the solutes [134]. ED poses issues with scaling on
the membrane, resulting in shorter membrane life or requires costly descaling
techniques. To improve upon ED challenges, the coupling of nanofiltration mem-
branes with electrodialysis or the use of anion-exchange membranes along with
electrodialysis was explored and it was determined that both combinations resulted
in greater deacidification, and demineralization, but these approaches are generally
more energy intensive than more traditional electrodialysis configurations [134].

Solvent extraction is a liquid-liquid extraction technique used to isolate lactic acid
post fermentation. Solvent extraction takes advantage of the solubility differences
between extraction solvent and lactic acid. However, this extraction method is not
often employed industrially due to the weaknesses that economically feasible sol-
vents have demonstrated when separating lactic acid. Environmental impact can be
addressed when choosing solvents for this liquid-liquid extraction; the lower misci-
bility is proportional to reductions in environmental impacts [136].

Nanofiltration has its merits individually in the separations of lactic acid, but it
operates even better coupled with the other previously discussed extraction tech-
niques. Nanofiltration is generally less energy intensive as it uses crossflow filtration
which does not require as much energy input when compared to other separation
techniques [134–136].

7.4.1.4 pH Control

Lactic acid was produced using three inocula under different pH values and pro-
cedures and it was determined that for the methanogenic sludge, the highest yield of
lactic acid (20.7 g/L) was at pH 5 after 72 h compared to the same sludge producing
9.7 g/L of lactic acid after 144 h with uncontrolled pH [45]. The same methods were
tested on anaerobic sludge and showed similar trends. The uncontrolled pH trial with
anaerobic sludge produced 11.5 g/L of lactic acid after 120 h, versus the pH 5 trial
with anaerobic sludge, producing 22.6 g/L after 84 h. The pH-controlled experi-
ments were completed in a shortened time frame as compared to the uncontrolled
experiments due to the noticeably faster rate of carbohydrate degradation [133].

7.4.2 Methane

Lactic acid production can be coupled with methane production (see Fig. 7.2) as the
acidogenesis phase is a precursor in methane production. Section 7.4.2 will explore
biodegradation of organic solid feedstocks used for the production of methane gas as
part of the anaerobic digestion process.
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7.4.2.1 Microorganisms

Methanogens are a class of archaea microorganisms known for the production of
methane from organic acids [119, 137]. These archaea are a part of the phylum
Euryarchaeota, consisting of seven orders: Methanococcales, Methanobacteriales,
Methanosarcinales, Methanomicrobiales, Methanopyrales, Methanocellasles, and
Methanomassiliicoccales [119, 137].

The environments that methanogens can withstand are vast and diverse, but
always anoxic [119, 137]. There have been reports of methanogens in extreme
locations: hydrothermal vents and saline lakes; simple environments: rice fields
and marshes; the feces of animals: cattle and horses; the human body: human
feces and human dental plaques; man-made environments: landfills and biogas
plants [137, 138].

Two of the more important parameters for biogas production are pH and temper-
ature [119]. The temperature ranges that methanogens operate under are range from
4 �C to 65 �C . Values for pH in which the production of methane from methanogens
is optimized is similarly large (between 5.1 and 9.5, with most methanogens
exhibiting optimal production near neutral pH) [119].

7.4.2.2 Substrate Selection

Table 7.5 shows selected studies to produce methane from agricultural residues and
OFMSW. Five aspects of the studies have been reported here: substrate used, the
number of bioreactor stages used, hydraulic retention time (HRT), temperature, and
yield. Note that Table 7.5 does not list microorganism information; this omission is
intentional as methanogenic processes most often use mixed cultures and not specific
organisms [21, 24, 50, 58, 139].

Table 7.5 Substrate yields for methane gas production

Substrate Stages
HRT
(days)

Temperature
(�C) Yield (Nm3/kgVS) Reference

Agricultural
residues

Sugar Beet
Molasses

2 – – 7.43 L/working
volume/day

[21]

Sugar Beet
Pulp

1 28 37 502.50 L /kg VS
accumulated

[58]

OFMSW FW 2 20 37 0.398 [24]

OFMSW 1 – 33 73.2 m3/metric
ton feedstock

[50]

Wool Tex-
tile Waste

1 46 55 0.43 [139]

VS—volatile solids
HRT—hydraulic retention time
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7.5 Technoeconomic Comparisons for Biodegradation
Processes

Technoeconomic assessment (TEA) is often employed as a tool to compare nascent
or inchoate processes to probe into potential trade-offs – both in terms of cost and
energy use. TEA provides insight in early stages of process design and allows for
early directional shifts if it is clear that a particular unit operation will be cost
prohibitive for a conversion. While TEA is a useful predition tool, it is not as widely
reported as expected. Table 7.6 is included to demonstrate the dearth of TEA reports
for organic wastes as feedstocks within biodegradation transformations. Of the
multitude of studies published, only two were identified which included any eco-
nomic information on the process. This lack of information indicates that further
research is needed to demonstrate the potential utility – or lack thereof – for these
types of feedstocks. A general assumption may be that since the feedstocks of
interest are considered to be wastes, then the process will be profitable since material
costs will be low. However, this is not necessarily the case and cursory TEA may
indicate that a particular process may never be fruitful since yield or some other such
variable might be too low to overcome. Food waste upgrading is best performed in a
facitlity focused on producing a variety of products with more than one feedstock
entering the facility [5].

7.6 Conclusions and Future Outlook

Use of organic wastes and agricultural residues as substrates to produce valuable
chemical products is possible. While many substrates have specific challenges, these
can be overcome through additional unit operations; ABE fermentation of cassava
bagasse has been shown to produce upwards of 76 g/L of butanol when in situ
separation techniques were applied as compared to 9.71 g/L without [31]. Not only
are modifications to process configuations a possibility to for increasing production,
genetic manipulations of the micrroorganisms themselves may prove most
beneficial.

Increasing the tolerance to butanol within certain Clostridium bacteria for ABE
fermentation or reducing required feremention time are two of the most promising
directions regarding microbial manipulations [150]. A significant focus on metabolic
engineering has been to increase the butanol titers from ABE fermentation by
modifications to Clostridium cellulovorans [99, 151], Clostridium cellulolyticum
[150, 152], as well as genetic modifications of other Clostridium species. Metabolic
engineering of Clostridium cellulovorans has focused on improving butanol titers
for cellulosic biomass through consolidated bioprocessing (CBP) [99, 151]. Modifi-
cations to Clostridium cellulovorans can increase butanol production at least
138 times, from 0.025 g/L to 3.47 g/L after only 84 h, when using cellulose,
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indicating that genetic manipulations of this organism show enough potential for
additional investigation with a lower-cost feedstock [99].

The use of Clostridium cellulolyticum could be advantageous for the lignocellu-
losic agricultural residues, such as rice straw, due to its ability to digest the lignin
[152]. However, proof-of-concept studies for Clostridium cellulolyticum show lim-
ited potential; sometimes only achieving a titer of 0.04 g/L up to 0.12 g/L of butanol
[150, 152].

The combination of Thermoanaerobacterium thermosaccharolyticum and Clos-
tridium acetobutylicum was studied to determine their ability to produce butanol
from hemicellulose and with 13.28 g/L of butanol produced, the concept was
promising enough to explore with food waste, namely corncob [153]. With untreated
corncob, CBP produced 7.61 g/L of butanol, signifying an advance in the field of
butanol production through fermentation sans pretreatment [153, 154]. However,
there remains many routes for expanding the use of biodegradation of agricultural
residues or OFMSW.

An engineered strain of Clostridium beijerinckii was used on corn stover hydro-
lysate to increase the production in the solventogenic phase of ABE fermentation
showing comparable results, of 20.7 g/L total solvents, to the solventogenic produc-
tion when using corn alone as feedstock [154]. The histidine kinases in
C. beijerinckii were altered to to increase butanol titer and production rate, conclud-
ing that deletion of cbei2073, a histidine kinase coding region, increased production
rate by 40% and increased the butanol biosynthesis by 40.8%, from 9.8 g/L to 13.8 g/
L of butanol [144]. This provides evidence of the role in histidine kinase in butanol
production and provides insight into specific strategies moving forward in metabolic
engineering of Clostridium strains for enhanced butanol production.

When anaerobic digestion is used, the production of lactic acid and methane
generally rely on the use of a consortia of microorganisms rather than a specific
strain like that of ABE fermentations. For this reason, only minimal effort has been
spared with respect to strain development. Though there is significant attention paid
to research in mixed microbial communities [57, 88, 155]. In the coming years,
significant attention on the economic feasibility of biodegradation processes of
organic wastes should be given. Economic potential and profitability are seminal
for commercialization of these potentially valuable feedstocks.
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