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Abstract Polyhydroxyalkanoates (PHAs) are one of

the most promising, degradable and eco-friendly

alternatives to fossil fuel-based plastic. Nevertheless,

PHA derived from edible sources is a relatively easier

process than using other resources. Cost of raw

material is being considered as a significant constraint

for sustainability of industrial bioplastic production. In

recent days, lignocellulosic biomass (LCB) in the

form of waste residue generated from agriculture,

forestry, energy crop system, marine biomass, indus-

trial and municipal solid waste has gained great

attention as it is the most abundant feedstock

worldwide and supports the sustainable production

of PHA. However, the conversion efficiency and PHA

yield vary significantly based on the source and nature

of LCB due to their content distinction. The complex

structure of LCB, mainly composed of cellulose,

hemicellulose, and lignin, makes it challenging to be

depolymerized. Therefore, the processes required to

utilize LCB for production of PHA are covered in this

review including pretreatment, hydrolysis, fermenta-

tion, and the associated difficulties during the process

development. In addition, several attempts made to

exploit LCB as a feedstock for PHA production were

also discussed in order to improve the overall conver-

sion process.

Keywords Polyhydroxyalkanoate � Lignocellulosic
biomass � Pretreatment � Hydrolysis � Detoxification �
Fermentation

1 Introduction

The biodegradable plastics received considerable

attention in recent years due to several environmental

issues raised around the world related to the accumu-

lation of the non-degradable petrochemical plastic

wastes (Khanna and Srivastava 2005a) and fossil fuel

resource depletion (Harding et al. 2007). Polyhydrox-

yalkanoates (PHAs) are considered as an efficient
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degradable biopolymer alternative to the conventional

plastic due to its similar material properties to

thermoplastics and elastomers (Verlinden et al.

2007; Pandian et al. 2010; Annamalai et al. 2018a).

PHAs are classified as both biodegradable and

biocompatible polyesters of 3-, 4-, 5- and 6-hydrox-

yalkanoic acids (Chen and Wu 2005; Khanna and

Srivastava 2005b). They are widely synthesized by a

variety of bacterial species as a storage material for

energy and carbon. PHA sythesis occurs under unfa-

vorable growth conditions such as excess carbonwith an

environmental stress of at least one nutrient essential for

growth (nitrogen, phosphate or oxygen limitation)

(Valappil et al. 2007; Annamalai and Sivakumar

2016). PHAs are accumulated as intracellular granules

up to 90% of the cellular dry weight to survive under

stress conditions (Gouda et al. 2001). The PHAs are

classified into short chain length PHAs (scl-PHAs) and

medium chain length PHAs (mcl-PHAs) based on its

monomeric composition (Solaimanet al. 2006).The scl-

PHAs are composed of hydroxy fatty acids (HFAs)with

three to five carbons, whereas the mcl-PHAs contain

HFAswith six to fourteen carbon atoms. In general, scl-

PHAs compete in the market with polyethylene or

polypropylene to be used for packaging or everyday

plastic commodities owing to its thermoplastic nature

and unique physical properties (Koller andMuhr 2014).

Contrarily, characteristic of mcl-PHAs resemble those

of elastomers, latex, and resins with potential applica-

tions in drug delivery systems, tissue engineering, smart

latexes and thermo-sensitive adhesives (Muhr et al.

2013). And also, the low glass transition temperature of

mcl-PHAs is accountable for their rigidity which makes

them suitable to be used as biological rubber materials

(Cerrone et al. 2014).

PHAs are recognized as entirely biodegradable

with zero toxic waste and recyclable into organic

waste (Avérous and Pollet 2012). PHAs are synthe-

sized and accumulated intracellularly by various

gram-positive and negative bacteria, some fungi and

archaea (Bhuwal et al. 2013). Several studies have

been made on isolation of PHAs producing bacteria

from a wide range of sources such as soils from

terrestrial and marine, sludge, water and polluted

environments (Table 1). However, only a few bacteria

have been used at industrial scales such as Cupri-

avidus necator, Azohydromonas lata and recombinant

Escherichia coli (Peña et al. 2014).

The investigations on the production of PHA have

received much attention continuously in the past few

decades due to its potential applications in packag-

ing, medical, agricultural and fisheries (Rehm 2006).

The total production of PHA was estimated as 54 kt

in 2014 and is expected to increase fivefold dramat-

ically by 2020 (Annamalai et al. 2018a). In 2017, the

global (PHAs) market reported that PHA market is

growing at a compound annual growth rate (CAGR)

of about 6.3% over the next decade and reaching

almost $119.15 million by 2025 because of the

increasing demand from the healthcare industry and

market for renewable materials, and recent improve-

ments in PHAs manufacturing technologies (Fig. 1)

(https://www.researchandmarkets.com/reports/43755

04/global-polyhydroxyalkanoate-pha-market-analysis).

Among the PHAs, poly-3-hydroxybutyrate (PHB)

which is a linear polyester of D(-) 3-hydroxybutyrate

is the most common, widely produced and the best-

characterized homopolymer (Valappil et al. 2007;

Hamieh et al. 2013).

However, the primary limiting factor for its commer-

cial success is the cost of sugar used for production, and it

was estimated that 3 tons of glucose are required to

produce a ton of PHA, especially PHB (Collins 1987;

Annamalai et al. 2018a). About 45% of the total

production cost is attributed to the raw materials where

the carbon source could account for 70–80% of the total

expense (Choi and Lee 1997; Du et al. 2012). Regardless

of the production costs of PHA declined considerably

over the last several decades, the cost of production is

still considered as highly expensive compared to those

petrochemical plastics (Ferreira and Schlottbom 2016).

In 2011, the prices for PHAs were in the range of

4.3–5.26 $/kg, while the conventional polyolefins such

as polyethylene terephthalate and polystyrene were

about 1.6–1.9 $/kg (Cesário et al. 2014a). Production

of PHAs by microbial fermentation using simple and

pure carbon source leads to increases the price as these

processes required multiple steps for large-scale produc-

tion and industrialization (Sawant et al. 2016).

Adequate knowledge in LCB derived plastic helps

the researchers to continue building on and solve the

obstacles, leading toward sustainable commercializa-

tion of LCB based plastic. The present article attempts

to survey the current trends in PHAs production

including the sources, pretreatment, conversion pro-

cess, and fermentation strategies using LCB. Major

constraints happened during biomass processing were
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discussed along with the pretreatment and hydrolysis

considerations. Up to date studies about the status of

different LCB exploitation for PHA production were

covered in this review. Finally, different technological

process issues which must be considered during PHA

production implementation on an industrial scale were

discussed.

2 LCB biomass: source and chemical structure

2.1 Availability of LCB

The LCB is classified into three main groups based on

the resources such as (1) forest residues (2) crop

Table 1 PHA producing microorganisms isolated from various habitats

Organisms Habitat PHAs

Type

References

Bacillus sonorensis Soil PHB Shrivastav et al.

(2010)

Halomonas hydrothermalis Marine PHB Shrivastav et al.

(2010)

Rahnella aquatilis Children’s plastic toy PHB Singh and Parmar

(2011)

Stenotrophomonas maltophilia Beach sand PHB Singh and Parmar

(2011)

Paracoccus sp. and Micrococcus sp. Polluted Marine Microbial Mat

(seafood cannery waste)

PHB López-Cortés et al.

(2008)

Rhodococcus sp. and Methylobacterium sp. Marine Microbial Mat PHA López-Cortés et al.

(2008)

Plasticicumulans acidivorans Activated sludge PHA Jiang et al. (2012)

Enterococcus sp.

Brevundimonas sp.

Pulp, paper, and cardboard industry

sludge and waste water

PHA (Bhuwal et al.

2013)

Burkholderia cepacia Palm oil mill effluent (POME) PHA Alias and Tan

(2005)

Aeromonas sp. Environmental sample mcl-PHA Kung et al. (2007)

Bacillus, Citrobacter, Enterobacter, Escherichia,

Pseudomonas and Staphylococcus

Soil near edible oil industry PHA Marjadi and

Dharaiya (2011)

Ralstonia sp. Soil PHA Michael et al.

(2012)

Bacillus sp. Oil contaminated soils PHA Motamedi et al.

(2015)

Pseudomonas putida

P. oleovorans

Delta Microbial mat PHA Berlanga et al.

(2006)

Bacillus cereus Ammunition-polluted soil P(3HB-

co-HV)

Mizuno et al.

(2010)

Aquitalea magnusonii Fresh water PHB Ng and Sudesh

(2016)

0

20

40

60

80

100

120

140

2015 2016 2021 2025

M
ill

io
n 

U
SD

Years

Fig. 1 Market size of PHA in recent years (integrated

information reported by the global (PHAs) market report)
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residues and (3) municipal solid wastes (MSW)

(Taherzadeh andKarimi 2008). These biomass resources

appear to be the largest, abundant and worldwide

available feedstock. Meanwhile, LCB does not require

extra cultivation land, therefore the production of food

and fiber crop is not affected. The plant biomasses which

contain 90% of lignocellulosicmaterials are amounted to

be about 200 9 109 tons/year, of which about

8–20 9 109 tons is potentially utilized (Saini et al.

2015).Most of the global agriculture residues come from

four crops which are corn, rice, wheat, and sugarcane,

while the rest of agro-wastes constitute a small part of the

total world biomass. Asia is the leading producer of rice

and wheat straws, while sugarcane bagasse and corn

stover are mainly generated in America. Furthermore,

energy crops, particularly C3 and C4 plants, such as

perennial grasses and aquatic plants are the most

promising source among other LCB. Of which C4 plants

are the more favorable source since they possess an

effective photosynthetic pathway. Hence, they produce

more than two times of biomass annually in warm and

temperate regions (Zabed et al. 2016). Forest wastes

mainly consist of pure forestry and forestry by-products

such as sawdust, wood chips from top and branches dead

tree, pruning, barks in the form of hardwood (e.g., willow

and poplar) and softwood (e.g., pine and spruce) (Cai

et al. 2017). In addition, in EU countries, more than

250 9 106 tons of MSW is being generated annually,

with 3% increase per year (Hadar 2013). Organic

fraction of MSW in the form of food waste and waste

paper are considered as an alternative and potential

source. However, wide variation in their composition

and presence of contamination hinder their exploitation

in biorefinery applications. (Zabed et al. 2016).

2.2 Chemical structure and basic components

of LCB

The exact composition of LCB varies from source to

source depending on the plant species, growth condi-

tions and types of plant tissue, and it usually comprises

of 35–50% cellulose, 20–35% hemicellulose and

10–25% lignin (Table 2) (Sawant et al. 2016). Cellu-

lose composed of D-glucose subunits, linked by b-1, 4
glycosidic bonds, whereas the hemicellulose that

consists of different polymers like pentoses (e.g.,

xylose and arabinose), hexoses (e.g., mannose, glu-

cose, and galactose) and sugar acids. The major sugar

of hemicelluloses is mannose in case of softwoods, T
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whereas xylose in agriculture residues and hardwoods

(Persson et al. 2006). Hemicellulose serves as a

connecting link between lignin and cellulose fibers

which makes the whole cellulose-hemicellulose-lignin

network more rigid (Hendriks and Zeeman 2009).

Lignin is an amorphous molecule which is constructed

of phenylpropane units linked in large three-dimen-

sional structures, and it is extremely resistant to

chemical and enzymatic hydrolysis due to its molec-

ular configuration (Mussatto and Teixeira 2010).

Thus, it remains a significant limiting factor for

efficient hydrolysis where it shields the cellulose and

adsorbs the enzyme (Sethi et al. 2013). Moreover, the

degradation of the phenylpropanoid matrix leads to

release the toxic metabolites which greatly affect the

enzymatic hydrolysis (Studer et al. 2011). Although

the lignocellulosic material seems to be potential and

alternative feedstock for PHA production owing to the

composition and massive availability, its economic

feasibility mainly depends on several factors including

pretreatment, hydrolysis and fermentation methods.

3 Conventional processes of PHA production

from LCB

The Fig. 2 described the conventional production

process of PHAs from LCB. Though several studies

have been made on the production of PHAs from LCB,

its effective utilization remains as a challenge due to

its recalcitrance structure which complicates the

conversion process into monomer sugars from cellu-

lose and hemicellulose (Du et al. 2012).

3.1 Pretreatment of LCB

Several factors influence the conversion of LCB such

as cellulose crystallinity, its accessible surface area,

protection by lignin and hemicellulose, the degree of

cellulose polymerization, and degree of acetylation of

hemicelluloses (Taherzadeh and Karimi 2008). Thus,

pretreatment becomes a crucial step before enzymatic

hydrolysis process since it accelerates the degradation

of the lignin-carbohydrate complex to produce sugars

(Verardi et al. 2012; Jia et al. 2015). The pretreatment

Fig. 2 A typical schematic flow sheet of PHA fermentation process using LCB and inhibitors formation
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and delignification are considered as essential steps

which cause significant changes in size, assembly of

biomass and chemical composition which leads to

more efficient hydrolysis and high yield of sugars

(Davis et al. 2013). However, the lignin and

xylooligomers released during the pretreatment inhibit

the enzymatic digestion by binding irreversibly to the

enzymes or blocking the accessibility of substrate to

enzymes (Kumar et al. 2013). Hence, it is critical that

the pretreatment process should be a feedstock non-

specific, utilizing less chemical, water, and energy.

The resulting biomass should be extremely reactive at

both macro and micro-accessible sites to increase the

rate of enzymatic hydrolysis and sugar yield.

Several pretreatment methods have been exploited

such as (1) physico-mechanical comminution and

ultrasound (2) chemical-hydrogen peroxide, diluted

and concentrated acid or alkali and sodium chlorite (3)

physico-chemical—steam explosion, liquid hot water,

ammonia fiber expansion (AFEX) pretreatment, and

(4) biological pretreatment—microbial enzymes for

delignification (lignin-modifying enzymes and lignin-

degrading auxiliary enzymes) (Hendriks and Zeeman

2009; FitzPatrick et al. 2010; Kim et al. 2011; Dubey

et al. 2012; Cesário et al. 2014a; Annamalai and

Sivakumar 2016; Ravindran and Jaiswal 2016; Anna-

malai et al. 2018a, b). Wang et al. (2012) reported that

pretreatment of office and newspaper led to a signif-

icant increasing of the glucose yield. Office paper

pretreated with diluted acid showed an increase in

glucose yield from 69 to 91%. Whereas, AFEX

pretreatment of newspaper caused a 13% increase in

glucose concentration and more than 50% using

oxidative lime compared with untreated paper. Among

them, the physicochemical pretreatments such as

steam explosion, AFEX, and supercritical CO2 helps

to increase the accessible area; whereas, alkali, acid,

steam explosion and hydrothermal pretreatments

remove the hemicelluloses, and the lignin could be

removed by alkali, oxidative delignification, and

biological pretreatment (Sun et al. 2016). Among the

various pretreatments, AFEX is an ideal pretreatment

technology to accomplish effective pretreatment. It is

crucial to increase the surface accessibility for enzy-

matic hydrolysis, reduce the lignin content and

remove the hemicellulose while de-crystallizing cel-

lulose. Moreover, AFEX has several unique benefits

such as (1) complete recovery of pretreated chemical

(ammonia), (2) the remaining ammonia in pretreated

biomass is an excellent nutrient source of microbial

growth, and (3) washing step during the process is not

needed which enables high solid loading hydrolysis

(Balan et al. 2009).

In recent days, the usage of ionic liquids (ILs) has

received great attention in lignocellulose biorefinery

concept as it can fractionate the biomass into carbo-

hydrate-rich materials (CRMs), lignin-rich materials

(LRMs) and hemicellulose (An et al. 2015). The ILs

are a type of molten salts with melting points below

100 �C, were proposed for LCB pretreatment (An

et al. 2015). Unlike traditional organic solvents, ILs

possesses unique properties including chemical and

thermal stability, negligible vapor pressure, non-

flammability and excellent solubility in many organic

compounds (An et al. 2015; Li et al. 2016). Addition-

ally, ILs are recyclable materials with minimal loss of

activity and the raw materials used for their synthesis

are renewable and readily existing (An et al. 2015; Wu

et al. 2013). Wu et al. (2014) reported that the IL

pretreatment of poplar wood using 1-ethyl-3-

methylimidazolium acetate ([EMIM]-OAC) improved

the enzymatic digestibility, decrease the cellulose

crystallinity which led the complete hydrolysis of

cellulose at very low enzyme loadings (4 FPU/g).

While, pretreatment of pine wood by dimethyl

sulfoxide/1-allyl-3-methylimidazolium chloride

(AmimCl) using microwave, caused a significant

increase in the enzymatic hydrolysis reaching 85.4%

(Liu et al. 2014).

3.1.1 Pretreatment inhibition

Despite the pretreatment enhances the cellulose and

hemicellulose and decreases the lignin, it may cause

hydrolysis inhibition through inhibitory compounds

produced during pretreatment (Fig. 2). The dilute

sulfuric acid pretreatment was considered as a poten-

tial method in removing the hemicellulose from the

LCB; however, it lead to the production of toxic

byproducts such as furfural, 5-hydroxymethylfurfural

(HMF), and phenolics, which greatly affects the

production of any byproduct (Kuhad et al. 2010).

The furfural and HMF are the degradation products of

pentose and hexose sugars, respectively. Whereas,

lignin ends up with phenolic compounds which

suppress the activity of several enzymes such as

alcohol dehydrogenase, aldehyde dehydrogenase and

pyruvate dehydrogenase which are required for PHA
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fermentation. The furfural has more severe conse-

quences than HMF since they compete with acetalde-

hyde which is the natural substrate of aldehyde

dehydrogenase causing microbial growth inhibition

(Modig et al. 2002).

The moderate conditions of AFEX treatment suited

for herbaceous and agricultural residues which min-

imize the formation of inhibitors like furaldehydes,

organic acids and aromatic compounds (Cesário et al.

2014a). Bals et al. (2010) reported that almost 90%

hydrolysis of cellulose and hemicellulose was

obtained after AFEX pretreatment of bermudagrass

(5% lignin), switchgrass (15% lignin) and bagasse

(15% lignin). However, the AFEX process was not

very efficient for biomass with higher lignin content

([ 25%) such as aspen chips, newspaper, woods, and

nut shells (Balan et al. 2009).

3.2 Hydrolysis of LCB

Cellulose and hemicellulose in the LCB could be

hydrolyzed either by enzymatically or chemically into

sugars, such as glucose, xylose, etc., which are

potential carbon sources for the production of value-

added chemicals (Table 2) (Maitan-Alfenas et al.

2015). Cellulose hydrolysis into fermentable sugars is

a biorefining area that has invested enormous research

efforts, as it is essential for the consequent production

of bioproducts (Kumar et al. 2008). In general, acidic

and enzymatic hydrolysis of biomasses is the conven-

tional and widely used methods in practice.

3.2.1 Acid hydrolysis

Among the various hydrolysis methods, acid hydrol-

ysis is well known and widely used for LCB where it

can penetrate lignin and break down both cellulose and

hemicellulose to produce simple sugar without any

pretreatments (Sun et al. 2016). In general, acid

hydrolysis can be done using either concentrated

(10–30%) or diluted (2–5%) sulfuric acid, hydrochlo-

ric acid, mineral acids (phosphoric and nitric acid) and

some organic acids (formic acid) (Lenihan et al. 2010).

The concentrated acid hydrolysis requires moderate

temperature producing high glucose yield (90%), but it

causes severe corrosion and instrumentation damage.

Contrarily, hydrolysis using diluted acid requires high

temperatures to reach acceptable sugar yield and

cellulose degradation. Although the biomass

hydrolysis using concentrated and diluted acid is

being considered as an appropriate method for

production of sugars, it leads to the production of

sugar degradation products such as furfural and HMF

(Verardi et al. 2012) which greatly inhibits the cell

growth and product yield. Lenihan et al. (2010)

suggested that the phosphoric acid is comparatively

less aggressive than other acids and produced fewer

growth inhibitors.

3.2.2 Enzymatic hydrolysis

Due to the several limitations in acid hydrolysis such

as degradation of sugars and formation of fermenta-

tion inhibitors, enzymatic hydrolysis is considered as

the most promising approach as it is a mild and eco-

friendly process and needs less energy (Maitan-

Alfenas et al. 2015). In general, the LCB intended

for PHA production is commonly pretreated using

either alkali or acid process to increase the exposure of

cellulose to enzymatic hydrolysis (Amache et al. 2013;

Jönsson et al. 2013; Lee et al. 2014; Li et al. 2016;

Heng et al. 2017). Figure 3 illustrates the comparison

of different reported investigation of LCB based PHA

yield (g/L) from acidic and enzymatic hydrolysis

(Silva et al. 2007; Yu and Stahl 2008; Sathesh Prabu

and Murugesan 2010; Pan et al. 2012; Radhika and

Murugesan 2012; Davis et al. 2013; Narayanan et al.

2013; Zhang et al. 2013; Cesário et al. 2014a;

Follonier et al. 2014; Gowda and Shivakumar 2014;

Obruca et al. 2015a, b; Sawant et al. 2015; Alkotaini

et al. 2016; Annamalai and Sivakumar 2016; Kim et al.

2016; Annamalai et al. 2018a), and it is suggested that

the yield is varied within and among two groups.

Mostly, the average sugar yield achieved from enzy-

matic hydrolysis is more than double the amount of

sugar produced with acid based hydrolysis and the

PHA yield also higher than the average, where mcl-

PHA yield of the enzymatic hydrolyzed LCB caused

overall average reduction. The comparison of PHA

yield from independent studies limited our conclusion;

however, it would provide a proper evaluation of kind

of process required to achieve the higher yield. A

comparison of a wide range of LCB with different

experimental factors is required to finalize the best

LCB and conversion process.

3.2.2.1 Cellulose and hemicellulose hydrolysis Be-

sides the application of cellulase in several industries,
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it has been widely used to convert lignocellulosic

wastes into high-value products (bioplastic,

bioethanol, biodiesel, etc.). The complete hydrolysis

of cellulosic part requires the synergistic action of

three different types of cellulases; endoglucanase (1,4-

b-D-glucan-4-glucanohydrolase;
carboxymethylcellulase), exocellobiohydrolase (1,4-

b-D-glucanglucohydrolase; avicelase), and b-
glucosidase (b-D-glucosideglucohydrolase) (Bals

et al. 2010; Annamalai et al. 2012, 2014; Verardi

et al. 2012; AL-Kharousi et al. 2015). The

endoglucanase randomly cleaves the b-1, 4 linkages

of cellulose at exposed positions to produce new

reducing ends; whereas, the exocellobiohydrolase

specifically hydrolyzing cellobiosyl units from non-

reducing ends (Pérez et al. 2002). Finally, the b-
glucosidase converts the cellobiose into glucose

(Maitan-Alfenas et al. 2015).

Unlike cellulose, hydrolysis of hemicellulose is

much complicated as it requires several enzymes with

diverse modes of action and specificity to get complete

hydrolysis into monosaccharides (Azam 2010). The

xylanolytic enzyme system for degradation of xylan

comprises of endoxylanase, exoxylanase, b-D-xylosi-
dase, acetyl xylan esterase, a-glucuronidase, a-arabi-
nofuranosidase and ferulic acid esterase. These

enzymes carry out a combination of action where

endo-enzymes cleave the internal bonds, exo-enzymes

cut the end of the oligosaccharides and disaccharides,

and remaining enzymes hydrolyze glucuronoyl and

the acetyl residues (Balat 2011).

3.2.3 Hydrolysis inhibition

Although enzymatic hydrolysis is the most potential

method in biorefinery, hydrolysis conditions and end-

product inhibition of this process obstructs its effi-

ciency (Alvira et al. 2010; Sun et al. 2016). During the

hydrolysis, deactivation of cellulase caused by specific

phenolic compounds derived from lignin such as

vanillin, syringaldehyde, transcinnamic acid and

hydroxybenzoic acid and also furfural, HMF, xyloo-

ligomers, and xylose, which are released from the

lignocellulosic material upon hydrolysis (Follonier

et al. 2014).

The end product inhibition of cellulases by glucose

and cellobiose significantly delay the rates of enzyme-

catalyzed cellulose hydrolysis (Andrić et al. 2010).

The activities of both b-glucosidase and cellulase are

substantially inhibited by the high content of glucose

in the hydrolysate. Furthermore, the cellobiose com-

bined with tryptophan which occurs near the active

site of cellobiohydrolase forming a steric hindrance to

prevent cellulose chains reaching the active sites of

cellulase which could be resolved by the addition of b-
glucosidase to decrease the formation of cellobiose

(Sun et al. 2016). Although enzymatic hydrolysis is

eco-friendly, the reaction is slow and highly expensive
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Fig. 3 Yields of PHA obtained from various lignocellulosic biomasses by enzymatic and acidic hydrolysis (straight line is the average)
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process due to the high cost of cellulase enzyme which

considered as a significant obstacle for industrial scale

application (Verardi et al. 2012).

3.3 Detoxification of hydrolysate

Several inhibitory compounds formed during acid

hydrolysis or pretreatment step before hydrolysis

greatly inhibits the enzymatic hydrolysis as well as

microbial fermentation (Kumar et al. 2008; Jönsson

et al. 2013). The effect of the these compounds varied

depending on their concentration, type of microor-

ganism and fermentation conditions used, which

subsequently affects the microbial growth and PHAs

content (Castilho et al. 2009; Chandel et al. 2011;

Obruca et al. 2015a, b). Hence, the hydrolysates

should be detoxified to improve their fermentability

and these processes are considered as cost-effective

for PHA production (Chandel et al. 2011; Cavka and

Jönsson 2013; Jönsson et al. 2013).

Various chemical, physical, and biological methods

were used to detoxify the LCB hydrolysate. Most of

these methods have been reviewed in details including

overliming, extraction (liquid–liquid extration and

solid–liquid extraction), vacuum, heating, evapora-

tion, and treatment with microbial and enzymatic

biocatalysts (Jönsson et al. 2013; Wang et al. 2018).

However, these techniques possess several drawbacks

such as high production input, complexity, time

consuming process, extensive loss of fer-

mentable sugar and waste accumulation. As a result,

these techniques are unsuitable for industrial applica-

tions. Therefore, recent studies focused on separation

methods based on pressure-derived membrane pro-

cesses in form of nanofiltration and reverse osmosis

membranes. Wang et al. (2018) reported that reverse

osmosis membranes possess more ability to retain

fermentable sugars under various conditions (pH,

pressure, temperature and elute concentration) and led

to remove inhibitory compounds as well as increasing

the concentration of the sugar in the hydrolysate

simultaneously. On the other hand, recovery of these

non-sugar inhibitory compounds without a significant

loss of fermentable sugar to be exploited as platform

chemicals in multiple industries is a prospective

strategy. Flocculant in form of organic salts or organic

polyelectrolytes showed promising results in detoxi-

fication of LCB hydrolysates (Carter et al. 2011). The

flocculant polyethylenimine (PEI) was able to remove

100% furan, 73% total phenolic compounds, and 43%

organic acids with minimal reducing sugar loss from

diluted ammonia pretreated bagasse with a potential

flocculant recyclability (Fang and Aita 2018).

However, Yu and Stahl (2008) suggested that the

effect of inhibitors on microbial activity could be

overcome efficiently by (1) a large inoculum, (2) a

diluted hydrolysate solution, and (3) a tolerant strain,

or a combination of the three for the production PHAs.

Several other reports also suggested using resistant

strains to overcome the HMF inhibitory effects for the

cost-effective production of PHA from LCB hydro-

lysate (Nduko et al. 2012; Dietrich et al. 2013;

Weissgram et al. 2015).

3.4 PHA fermentation

PHAs are formed intracellularly as an inclusion

bodies, and its production mainly depends on cell

densities (Ienczak et al. 2013). Several researchers

have been working extensively on better fermentation

strategy to increase the yield of PHAs through batch,

fed-batch and continuous fermentation (Peña et al.

2011; Amache et al. 2013). However, the selection of

operation strategy mainly relies on several factors

such as the type of culture (pure or mixed), carbon

source [simple pure sugars or complex waste materi-

als) and bioreactor type (air-lift reactor and continu-

ously stirred tank reactor (CSTR)] (Peña et al. 2011;

Amache et al. 2013). Nevertheless, most of the studies

using LCB hydrolysates for PHA production have

been implemented using batch culture, and only a few

were conducted using fed-batch fermentation

(Table 3). Furthermore, the fermentation could be

done by a single stage or multi-stages through

sequencing batch system (SBR) (Peña et al. 2014).

3.4.1 Batch fermentation

Batch fermentation is an appropriate process and

widely used for PHA production because of low cost

and flexibility. However, the productivity of batch

fermentation is low compared to other fermentations

due to the degradation of the accumulated PHAs after

complete utilization of the carbon source caused a

reduction in PHAs content. Addition of high concen-

tration of substrate in batch culture to overcome

exhausting of carbon leads to inhibit the growth as

well as production yield (Amache et al. 2013). Studies
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Table 3 Types of lignocellulosic biomass, pretreatments and yield of PHAs from various microorganisms

PHA producer Lignocellulosic

biomass

Pretreatment/

hydrolysis

PHA

type

Mode of

operation

Biomass

(g/L)

PHA

(%)

PHA

(g/L)

Yield

(gP/

gS)

References

Ralstonia

eutropha

Bagasse

hydrolysates

0.75% H2SO4

100–130 �C
PHB Flasks,

batch

6 65 3.9 n.a Yu and Stahl

(2008)

Burkholderia

sacchari

Bagasse

Hydrolysate

Acid PHB Fermenter,

batch

4.4 62.0 2.73 0.39 Silva et al.

(2004)

Burkholderia

cepacia

Bagasse

Hydrolysate

Acid PHB Fermenter,

batch

4.4 53.0 2.33 0.29 Silva et al.

(2004)

Pseudomonas

strains

Grass biomass 2% NaOH/

120 �C
Enzymatic

mcl-

PHA

Flasks,

batch

0.9 33 0.3 n.a Davis et al.

(2013)

Azotobacter

beijerinickii

Coir pith Autoclave

(120 �C)
Enzymatic

PHB Flasks,

batch

5.0 48 2.4 n.a Sathesh Prabu

and

Murugesan

(2010)

Burkholderia

sacchari

Wheat straw

hydrolysate

AFEX

Enzymatic

PHB Fermenter,

fed-batch

135.8 72 105.0 0.22 Cesário et al.

(2014b)

Burkholderia

cepacia

Spent coffee

grounds

1% H2SO4

Enzymatic

P(3HB-

co-

3HV)

flasks,

batch

4.91 54.79 2.69 0.23 Obruca et al.

(2014a)

Bacillus

megaterium

Spent coffee

grounds

hydrolysate

1% H2SO4

Enzymatic

PHB Flasks,

batch

3.4 51 1.7 0.04 Obruca et al.

(2015a, b)

Paracoccus sp.

LL1

Corn stover H2O2

Enzymatic

PHB Flasks,

batch

14.8 72 9.71 0.251 Sawant et al.

(2015)

Bacillus

mycoides

Rice husk

Hydrolysate

0.5% H2SO4

Autoclave

(120 �C)

P(3HB-

co-

3HV)

Flasks,

batch

1.8 21.6 0.39 n.a Narayanan

et al. (2013)

Sphingopyxis

Macrogoltabida

Sawdust 2 wt% H2SO4 P(3HB-

co-

3HV)

Flasks,

batch

0.32 72 0.23 n.a Silva et al.

(2007)

Burkholderia

cepacia

Wood

Hydrolysate

2% H2SO4 PHB Fermenter,

fed-batch

16.97 51.4 8.72 0.19 Pan et al.

(2012)

Pseudomonas

resinovorans

Fruit pomace

and waste

frying oil

Enzymatic mcl-

PHAs

Fermenter,

fed-batch

10.2 12.4 1.8 n.a Follonier et al.

(2014)

Bacillus

megaterium

R11

Oil palm empty

fruit bunch

10 g/L NaOH

3% (v/v) H2O2

Enzymatic

PHB Flasks,

batch

24.2 51.6 12.5 0.232 Zhang et al.

(2013)

Bacillus

thuringiensis

IAM 12077

Jackfruit seed

powder

0.5-5.0% v/v

H2SO4

PHB Fermenter,

batch

n.a 51.3 4.03 n.a Gowda and

Shivakumar

(2014)

Bacillus

thuringiensis

IAM 12077

Mango peel No

pretreatment

PHB Flask,

batch

7.86 51.7 8.03 0.19 Gowda and

Shivakumar

(2014)

Bacillus

megaterium

MC

Oil Palm Trunk

Sap

No

pretreatment

PHB Flask,

batch

10.9 30 3.28 n.a Lokesh et al.

(2012)
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suggested that the concentration of glucose in biore-

actor should be between 0 and 20 g/L (Ryu et al. 1997)

and 10 and 20 g/L (Kim et al. 1994). However,

Ienczak et al. (2013) suggested that carbon source

pulse during fermentation should not be performed

upon carbon source exhaustion as it leads to the

degradation of PHA due to PHA depolymerase

activity.

3.4.2 Fed-batch fermentation

Fed-batch fermentation is industrially preferred and

also a most effective method to reach high cell density

cultivation (HCDC), high yield and productivity.

Consequently, it is used widely in microbial fermen-

tation for PHA synthesis (Ibrahim and Steinbüchel

2010). In fed-batch fermentation, cells are initially

grown under a batch regime until it reaches the end of

the exponential phase and then under famine condition

of essential nutrients (nitrogen, phosphorus, and

oxygen) with supplementation of carbon source and

other needs into the bioreactor (Shamala et al. 2014).

Till date, many studies have been made with fed-batch

fermentation for production of PHA by Burkholderia

sacchari, Burkholderia cepacia, Pseudomonas

resinovorans and Bacillus megaterium utilizing

hydrolysates of lignocellulosic biomass (Pan et al.

2012; Cesário et al. 2014a; Follonier et al. 2014;

Alkotaini et al. 2016). Cesário et al. (2014a) achieved

very high biomass and polymer accumulation (135.8

and 105.0 g/L) from wheat straw hydrolysate as a

source for PHB production using fed-batch fermenta-

tion strategy. Since good feeding strategy is critical for

high cell density, PHA content, and PHA productivity,

Table 3 continued

PHA producer Lignocellulosic

biomass

Pretreatment/

hydrolysis

PHA

type

Mode of

operation

Biomass

(g/L)

PHA

(%)

PHA

(g/L)

Yield

(gP/

gS)

References

Burkholderia

cepacia

Wood (forest

biomass)

Pressurized

hydrothermal

treatment

Detoxification

(overliming/

charcoal)

P(3HB-

co-

3HV)

Flask,

batch

4.1 39 1.6 n.a Keenan et al.

(2006)

Bacillus

megaterium

KCTC 2194

Red alga

(Gelidium

amansii)

10% (w/v) acid PHA Fermenter,

batch

5.5 51.4 2.83 0.291 Alkotaini et al.

(2016)

Bacillus

megaterium

KCTC 2194

Red alga

(Gelidium

amansii)

10% (w/v) acid PHA Fermenter,

fed-batch

10.1 54.5 n.a n.a Alkotaini et al.

(2016)

Cupriavidus

necator

Water hyacinth

hydrolysates

5% NaOH

Enzymatic

PHB Fermenter,

batch

12 58 7 0.24 Radhika and

Murugesan

(2012)

Recombinant

R. eutropha

(pKM212–

XylAB)

Sunflower

hydrolysate

Hydrothermal

treatment

(190 �C)
Enzymatic

hydrolysis

PHB Fermenter,

batch

10.97 72.53 7.86 n.a Kim et al.

(2016)

Ralstonia

eutropha

NCIMB

11599

Wheat bran 1% NaOH

Enzymatic

PHB Flask,

batch

24.5 62 14.82 0.319 Annamalai

and

Sivakumar

(2016)

Ralstonia

eutropha

NCIMB

11599

Waste office

paper

0.5% H2O2

Enzymatic

PHB Flask,

batch

7.74 57.52 4.45 0.210 Annamalai

et al. (2018a)
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several attempts of carbon feeding strategies is

continuously tried.

3.4.3 Continuous fermentation

Continuous fermentation is known as chemostat

cultivation, is another operation strategy broadly

employed for PHA production, in which the substrate,

culture medium, and other requirements are being

pumped continuously into bioreactor system (Balat

2011). In this, the substrate (carbon source) is

continuously fed in excess while one or more nutrient

such as nitrogen and phosphorous are kept in famine

condition. It is highly controllable and dependent on

specific growth rate which can be adjustable through

dilution rate. The cultivation using continuous strategy

can advantageously maximize the PHA accumulation,

yield, and productivity; however, there is a higher risk

of contamination (Amache et al. 2013).

3.4.4 Carbon catabolite repression phenomenon

Carbon catabolite repression (CCR) is found to be a

major bottleneck in PHA production utilizing LCB as

an alternative feedstock due to the selective consump-

tion of specific sugar in the hydrolysate as it mainly

composed of glucose and xylose (Zhou et al. 2013).

The consumption of mixed sugars achieved sequen-

tially in many PHAs producing bacteria, whereby the

utilization of glucose represses xylose utilization due

to CCR and makes the fermentation process more

complex with reduced productivity (Cesário et al.

2014a). Hence, few studies have been made on native

xylose utilizing bacteria such as E. coli and B. cepacia

to utilize xylose for PHA production through different

feeding strategies with glucose and xylose to over-

come the CCR phenomenon. Lopes et al. (2011) stud-

ied the CCR using B. sacchari IPT10 which utilizes

xylose after the complete consumption of glucose,

while the UV PTS mutant consumed both glucose and

xylose simultaneously. Likewise, Li et al. (2007) used

E. coli phosphotransferase system (PTS) mutants

which harboring phaC (Re) and phaAB (Re) genes

from Ralstonia eutropha (known as C. necator) could

utilize glucose and xylose simultaneously and pro-

duced scl-PHA, while E. coli LR1120 and LR1110

containing phaC1 gene from Pseudomonas aerugi-

nosa were able to accumulate mcl-PHA.

4 Lignocellulosic materials as a potential raw

material for PHA production

In recent days, several researchers are in search of

renewable and economic resources as feedstock to be

implemented in the PHAs production. Of which, LCB

is considered as one of the major feedstock sources

due to its high cellulose content and its abundant

availability. In order to maximize the value derived

from the biomass feedstock, it is better to take

advantage of the different component and even

intermediate of the biomass (Rabelo et al. 2011).

There are several investigations have been made

continuously on the production of PHAs utilizing

various LCB (Table 3).

4.1 Woody biomass

Approximately, out of 180 billion tons of total plant

matter generated annually, 80 billion tons is woody

biomass, which represents a massive reservoir of

renewable source. Most of the cellulosic constituent is

efficiently exploited by the paper/pulp industry result-

ing in the generation of a variety of solid waste

materials, for instance, sawdust, shavings or bark

(Kucera et al. 2017). Wood waste in the form of

hemicellulose and lignin fractions are enormously

underutilized process streams, which hold potential as

platform intermediates in the production of value-

added products, such as PHAs (Obruca et al. 2015a, b;

Kucera et al. 2017). The woody biomass requires very

harsh conditions to be degraded into fermentable sug-

ars which leads to the production of several types of

inhibitors that affected the later fermentation process.

The concentration of xylose content of acid hydrol-

ysed sugar maple hemicellulosic biomass was about

160.7 g/L; however, the detoxification steps caused

about 50% loss of xylose. The fed-batch fermentation

of B. cepacia using woody hydrolysate exhibited

maximum PHAs production after 96 h resulted in

8.72 g/L and 51.4% of PHA content and dry cell

weight, respectively (Pan et al. 2012). Likewise, Silva

et al. (2007) reported that the Brevundimonas vesic-

ularis or Sphingopyxis macrogoltabida produced the

significantly high amount of PHA with the acid

hydrolyzed Pinus radiata sawdust used without any

detoxification. Furthermore, the PHAs-producing bac-

terium, Sphingobium scionense WP01 was grown on

pretreated P. radiata hydrolysate produced the PHAs

123

194 Rev Environ Sci Biotechnol (2019) 18:183–205



content and yield of 32% (w/w) and 0.22 (g/g),

respectively which was comparatively lower than the

yield of pure glucose due to the inhibitors in the

hydrolysate.

4.2 Grass biomass

The grass biomass comprises of 25–40% cellulose,

15–50% hemicellulose, 10–30% lignin with free

sugars (10–26%) varied based on the species, the

maturity of the plant and the environmental conditions

(Nizami et al. 2009; Ellis et al. 2012). The grass

biomass is considered as an important feedstock for

PHA production as it contains water-soluble carbohy-

drates (WSC) which are directly available substrates

for bacterial fermentation and also insoluble carbohy-

drates in the form of cellulose and hemicellulose

(Mandl 2010). The strains, B. sacchari IPT101 and

Pseudomonas chlororaphis IMD555, produced the

cell mass and PHB content utilizing the mannitol-rich

ensiled grass press juice (EGPJ) of perennial ryegrass

was 44.5 g/L and 33%, and 37 g/L and 10%, respec-

tively (Cerrone et al. 2015). Further, the grass biomass

anaerobically used to produce 15.3 g/L of volatile

fatty acids (VFAs) and the strain, Pseudomonas putida

CA-3 grown on VFA produced the biomass and PHA

content of 1.56 g/L and 39%, respectively (Cerrone

et al. 2014).

4.3 Bagasse

Sugarcane bagasse is the major byproduct of sugar

mills, representing 30% of the processed sugarcane

(AlvaMunoz and Riley 2008). The usage of bagasse to

produce fuels, chemicals, and other value-added

chemicals have been increased continuously due to

its abundant availability for bioenergy production.

Acidic hydrolysis of sugarcane bagasse resulted in

16.9 g/L xylose, and 9.7 g/L glucose was utilized by

xylose-utilising B. sacchari IPT 101 and B. cepacia

IPT 048 and accumulated PHA about 62 and 53%,

respectively (Silva et al. 2004). Whereas PHB content

reached to 65% while using sugarcane bagasse

hydrolysates by R. eutropha under nutrient-limiting

conditions at high cell density culture, but xylose

remains unutilized (Yu and Stahl 2008). Alva Munoz

and Riley (2008) reported that the Saccharophagus

degradans directly converted the tequila bagasse and

other the cellulosic materials into PHAs without any

hydrolysis which greatly reduces the cost limitation of

the production of bioplastics; however, the process

still needs to be optimized for final PHAs concentra-

tion and productivity.

4.4 Corn stover

Utilization of corn stover for production of PHAs

seems to be a good option as it is one of the most

promising renewable feedstocks for the biological

conversion to fuels and chemicals (Kim et al. 2003).

The major advantage of corn stover holds over

alternative crops, such as switchgrass, it is already

produced with grain as the target and does not require

dedicated land. Recently, corn stover hydrolysate

prepared by cellulase of Trichoderma reesei and

Aspergillus niger was used for PHA production by

Paracoccus sp. LL1 without any detoxification and the

resulting PHAs production was 9.71 g/L suggests that

the corn stover is one of the favorable substrates for

the PHA production (Sawant et al. 2015).

4.5 Rice husk

About 22% of paddy weight is rice husk which is the

result of rice milling, while rice straw to paddy ratio is

1–4.3. Although rice straw and husk are the readily

available agro-industrial waste, rice husk is much

preferable as a renewable feedstock because of easy

procurement; however, rice straw is less available and

difficult to collect (Zafar 2015). The production of

PHB and its copolymer poly(3-hydroxybutyrate-co-3-

hydroxyvalerate) (P(3HB-co-3HV) ranged between

19 and 34.5% (w/w) from acid hydrolyzed rice husk

which mainly consist of pentose sugars: xylose

(5.5–7.1 g/L), arabinose (1.19–1.36 g/L) and glucose

and galactose (0.5–0.7 g/L) (Narayanan et al. 2013).

However, alkaline pretreatment increased the sugar

yield to 87% (20 g/L), and the PHA production was

50% by B. cepacia which is more efficient compared

with C. necator (Heng et al. 2017). Saratale and Oh

(2015) suggested that the alkaline pretreated rice straw

was utilized for PHB production after two-steps of

hydrolysis and the PHB content and PHB yield was

about 75.45% and 11.42 g/L, respectively.
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4.6 Wheat

Global wheat production was estimated as 660 million

tons in 2012–2013, of which 15–20% is the straw

which is an abundant feedstock with low economic

value and is typically used as cattle feed (Cesário et al.

2014a). Wheat straw contains approximately 25%

hemicellulose, mainly pentoses (80%) which could be

used as a potential source of carbohydrates to use as a

source for PHA production (Lee et al. 2007; Doan and

Nguyen 2012; Le Meur et al. 2012; Cesário et al.

2014a; Cesário and de Almeida 2015). The PHB

producer, B. sacchari IPT has been used for PHB

production utilizing wheat straw hydrolysate and

produced 60% of PHB (Cesário et al. 2014a).

Similarly, wheat bran also used as a renewable

resource where it is produced in massive amount as a

byproduct of the cereal industry (Martel et al. 2010).

Recently, Annamalai and Sivakumar (2016) at-

tempted to produce PHB by R. eutropha utilizing

wheat bran hydrolysate (62.91 g/L sugars) and the

cell dry weight (CDW), PHB content and yield

achieved were 24.5 g/L, 62.5%, and 0.319 g/g sugar,

respectively with a productivity of 0.255 g/L/h.

4.7 Spent coffee

Spent coffee ground (SCG) is the major end residue of

coffee industry which has been used beyond the

limited traditional usage as livestock food and fertil-

izers, and it is mainly composed of carbohydrates,

lipids, and proteins (Couto et al. 2009). One ton of

green coffee generated 330–650 kg of dry SCG and it

is about 2.7 billion tons of SCG waste were produced

worldwide in 2014 (Obruca et al. 2014a). In recent

days, oil extracted from SCG (15%) was used for the

production of PHAs by employing C. necator H16

(Obruca et al. 2014b). However, the residues remained

were hydrolysed into fermentable sugar and further

utilized by B. megaterium and B. cepacia to produce

about 51 and 56% of PHA, respectively (Obruca et al.

2014a, 2015a, b).

4.8 Sunflower meal

Sunflower is considered as one of the most important

sources for oilseed extraction for both food and

biodiesel production which ends up with the produc-

tion of 15 9 106 tons of oilseed meal during the

production of biodiesel is corresponding to generate

3 9 106 tons of crude glycerol (Kachrimanidou et al.

2014). In recent days, several studies were made to use

the oilseed biorefineries to produce other chemical and

value-added products. The sunflower meal (SFM)

hydrolysate was used for P(3HB-co-3HV) production

usingC. necatorDSM 545, and the yield achieved was

9.9 g/L containing 3 mol% of 3HV (Kachrimanidou

et al. 2013). Recently, the recombinant R. eutropha

NCIMB11599 expressing E. coli xylAB genes pro-

duced the PHB, content, yield, and productivity of

8.79 g/L, 88.69%, 42.0%, and 0.15 g/L/h, respectively

using sunflower stalk hydrolysate which consist of

6.15 g/L of xylose and 16.94 g/L of glucose (Kim

et al. 2016). Furthermore, SFM was also used to

produce nutrient-rich fermentation supplements after

antioxidant extraction with crude glycerol from the

biodiesel byproduct waste using fed-batch bioreactor

fermentation which caused to maximize profit and the

efficiency of resource exploitation (Kachrimanidou

et al. 2015).

4.9 Oil palm

Among the LCB resources, palm oil has been

spotlighted as a valuable source for PHA production.

Due to the demands of oil palm, there is an increase of

palm oil plantations in many countries which lead to

generate a significant amount of biomass in dry basis.

The amount of solid and liquid biomass is expected to

rise by 2020 is 85–110 million dry Mg, generating

about 70–110 9 109 kg of palm oil mill effluent

(POME) (Hassan et al. 2013). Lokesh et al. investi-

gated the potential of sap extracted from chopped oil

palm trunk (OPT) for PHA production using B.

megaterium MC1 (Lokesh et al. 2012). Likewise,

Zhang et al. (2013) studied the PHA production using

oil palm empty fruit bunch (OPEFB) by B. mega-

terium R11. The PHB content and production were

58.5% and 9.32 g/L, and 51.6% and 12.48 g/L from

the OPEFB hydrolysate with 45 and 60 g/L sugar,

respectively.

4.10 Coir pith

Coir pith, the byproduct of the coir industry, contains

about 42% cellulose, 43% lignin and a negligible

amount of hemicellulose (Asha et al. 2016). Utiliza-

tion of coir pith solved not only the environmental
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problem but also reduced the PHA production cost.

Sathesh Prabu and Murugesan (2010) reported that

30% reducing sugar produced by enzymatic hydrol-

ysis of the pretreated coir pith was converted to

48.19% of PHB by Azotobacter beijerinickii.

4.11 Fruit pomace

The pomaces derived after processing grape is mainly

composed of fruit skins, pulp, stalks, and seeds, which

contains high quantity of cellulose, hemicellulose,

pectin and starch that could be used as raw material for

the production of reducing sugars (Korkie et al. 2002).

The hydrolysate of apricot and cherries pomace

contains about 45 and 106 g/L sugar and the PHAs

production was 1.4 and 21.3 g/L, respectively (Fol-

lonier et al. 2014).

4.12 Macrophyte

Macrophytes which are dominating most of aquatic

and freshwater wetlands in form of emergent, sub-

mergent or floating plants, influencing directly or

indirectly the structure and function of the ecosystems

(Thomaz and da Cunha 2010; Jiang et al. 2018).

Utilization of the aquatic crop has been used as a

carbon source for the production of other eco-friendly

bioproducts including ethanol, biogases, methane,

levulonic acid and PHAs (Cheng et al. 2010; Radhika

and Murugesan 2012). Of which, water hyacinth

(Eichhornia crassipes) is one of the an aquatic weed

which consists of 25, 35 and 10% of cellulose,

hemicellulose, and lignin, respectively. Recently,

Pradhan et al. (2017) achieved the CDW and PHB of

3.70 and 0.30, and 4.44 and 0.96 (g/L) from pentose

and hexose rich hydrolysate of Water hyacinth,

respectively. However, production reached the max-

imum (12 g/L CDW and 7 g/L PHB) when water

hyacinth hydrolysate (35 g/L reducing sugar) was

utilized by C. necator MTCC-1472 under the opti-

mized physical and nutrient condition through central

composite design methods in laboratory scale fer-

menter (Radhika and Murugesan 2012).

4.13 Macroalgae

Macroalgal biomass is considered as a potential

feedstock for biorefinery products due to its low lignin

and also the simple process required to convert it into

sugars (Azizi et al. 2017). The acid pretreated red

algae Gelidium amansii consist of galactose (25.5 g/

L), glucose (3.6 g/L) and levulinic acid (1.05 g/L)

were used for PHA production by B. megaterium and

the yield achieved was comparatively higher than that

of other lignocellulosic materials (Table 3) (Alkotaini

et al. 2016). Azizi et al. (2017) reported the highest cell

dry weight (5.36 g/L) and PHB (3.93 g/L) by C.

necator with PHB yield of 0.54 g/g reducing sugar

using the brown algae (Sargassum sp.) after a series of

optimization with NaCl as an external stress factor.

Thus, the macroalgae could be an excellent future

feedstock not only because of their availability but

also for their easy and forward use without any

requirement for enzymatic hydrolysis and inhibitor

removal which lead to reduce the cost of the produc-

tion process.

4.14 Waste paper

The waste paper which accounts more than 35% of

the total lignocellulosic waste of the MSW and

industrial solid wastes is a potential feedstock for

PHA production due to its richness in cellulose and

abundant at low cost (average $52/ton) (Dubey

et al. 2012; Annamalai et al. 2018a, b). More than

400 million tons of waste paper is generated

worldwide where only 50–65% is being recycled

because of the limitations in the recycling of paper

fibers which turned into low-quality paper products

(Wang et al. 2012; Al Azkawi et al. 2018; Nair

et al. 2018). Utilization of waste paper for PHA

production is much valuable and an alternative

route for waste management. Recently, a suit-

able and feasible bioprocess has been developed

to use waste office paper (WOP) for production of

PHAs. The hydrolysate of WOP consist of 24.48 g/

L reducing sugar (91.5%) used for PHB production

using C. necator without any detoxification and the

resulted cell dry weight (CDW), PHB production

and PHB content achieved was 7.74 g/L, 4.45 g/L

and 57.52% of, respectively, suggested that WOP

could be a potential alternative feedstock for the

biorefinery production of bioplastics (Annamalai

et al. 2018a).
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5 Technological progress in lignocellulosic derived

PHA

5.1 Process integration

Although utilization of LCB for PHA production is a

promising alternative to reduce the production cost,

the different technological process required including

pretreatment, hydrolysis, and fermentation affected

their economic competition with petrochemical-based

plastic. Nevertheless, scale-up of PHA production

requires further research on integration steps to reduce

cost, process, energy consumption and process time.

The utilization of LCB for production of PHA

mostly depends on separate hydrolysis and fermenta-

tion (SHF) and the major bottleneck is the end-point

inhibition which greatly inhibits the microbial growth

and then hinders PHA accumulation. Hence, it is

essential to develop a suitable process and fermenta-

tion strategy for one-step process such as simultaneous

saccharification and fermentation (SSF) to overcome

the troubles in reduction of energy consumption in

SHF, and the investigations were recently started to

study the feasibility of SSF in LCB derived PHA from

wheat straw and cereal mash (Dahman and Ugwu

2014; Garcı́a-Torreiro et al. 2016). Hence, investiga-

tion, assessment and any future improvement of the

technological process should be assured to improve

the productivity of PHA derived from LCB which

would be a critical point to increase the attraction

towards the industrial scale implementation.

5.2 Third generation feedstock

Though the second-generation LCBs have been used

intensively as feedstock in PHA research, there are

still many untapped biomass resources. The marine

biomasses, especially marine wastes (fish and other

shell wastes) and microalgae which identified as third-

generation raw materials, needs further investigation

to assess its application in larger scale since it is

considered as full nutrients medium containing for

instance carbohydrates and lipids and easy to grow.

The utilization of microalgae could be an appropriate

option because of the most effective renewable source

(Demirbas 2011).

5.3 Complete utilization of hydrolysate—hexose

and pentose sugar fermentation

The hydrolysate obtained from LCB containing mixed

of sugars, hexose and pentose sugars due to the

complex structure of the LCB. The PHA producers

tend to discriminatingly consume the desired sugar

mainly glucose with the known CCR phenomenon and

are considered as a challenging bottleneck in LCB

biorefinery. In addition to the wild-type bacteria which

gained more interest industrially, genetically modified

bacteria were also developed by incorporation of

E. coli xylAB genes encoding xylose isomerase and

xylulokinase in R. eutropha for PHA production to

utilize both hexose and pentose sugars (Kim et al.

2016) which required sterile condition and substrate-

specific growth nutrient causing high production cost.

Hence, it is necessary to find out novel, efficient,

powerful PHA-producing strains which could able to

utilize both hexose and pentose sugars to be incorpo-

rated into PHA polymer (Fig. 4). Research should be

focused on microbes from extreme environments such

marine microbes (halophile) and/or utilize unusual

substrates would be a feasible tool due to low risk of

contamination, and thus, production can be carried out

under unsterile/open process. In recent days, produc-

tion of PHA by mixed microbial culture (MMC) using

activated sludge under non-sterile and the microbial

consortia accumulated PHA were enriched in aerobic

SBR under feast and famine phase cycles (Koller

2016).

6 Summary and future perspectives

PHAs received great attention in the biodegradable

polymer market since it represents a potential sustain-

able replacement of the harmful fossil-fuel based

plastics. However, the price is considered the main

constraint in its commercialization since carbon

source constitutes half the production cost. Therefore,

it is crucial to explore cheap, renewable, sustainable

and alternative feedstock making bioplastic compete

with its counterpart. Hence, LCB has a few points of

interest over regular sugar and starch-based crude

biomass and has been anticipated to be one of the

fundamental bio-resources of biorefinery. Unlike

other sources, LCB-based PHA production needs

several processing steps (pretreatment, hydrolysis

123

198 Rev Environ Sci Biotechnol (2019) 18:183–205



and detoxification) prior the fermentation. Due to the

distinction of their composition and structure, pre-

treatment ranged from simple to complicated process.

After pretreatment, optimization is required to achieve

maximum hydrolysis of each type of LCB. While

enzymatic hydrolysis represents an ideal route

resulted in higher sugar and PHA yield despite the

use of expensive enzymes. However, the cost of

enzyme will be negligible in case of integration of

enzyme production in PHA production system. To

improve the feasibility of PHA production utilizing

LCB hydrolysate, prior detoxification step is used to

remove undesired inhibitory compounds as well as

retaining the maximum sugar. An additional advan-

tage is recovering these compounds to be exploited as

platform chemicals in multiple industries. Fermenta-

tion of highly prospective LCB hydrolysate opens the

door for PHA market leading to a dual benefit of

reducing the cost of both PHA and waste disposal.

Despite LCB-based PHA is still at the investigation

phase; however, the results are promising. The recent

advances in PHA production utilizing LCB involve

several new strategies to enhance the yield, produc-

tivity and overcome the process difficulties to reach

the industrial production level. Development of an

efficient biorefining system could be achieved through

process integration like SSF as well as the integration

of PHA sustainable processing stream in LCB waste

producing conventional industrial plants. In addition,

more efforts are needed towards the product quality

improvement and efficient recovery process, which

would result in high yield. Moreover, several attempts

are being made continuously to find out strains capable

of utilizing both C5 and C6 sugars to produce a high

amount of PHAs from the inexpensive renewable

sources. Zero waste policies by efficient utilization of

these resources are essential for PHA sustainable

markets.

In conclusion, LCB received more attention in the

last decades as a feedstock for PHA. However, the

investigation is continuing to improve the process and

encounter the challenges before turning to large-scale

Fig. 4 Schematic diagram of the pathway for biosynthesis of PHA utilizing hexose and pentose sugars
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implementation. Therefore, future innovation to

reduce PHA production price in the existing industries

is an urgent need.
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