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Abstract Cassava is the third significant source of

calories after rice and maize in tropical countries. The

annual production of cassava crop is approximately

550 million metric tons (MMT) which generates about

350 MMT of cassava solid residues, including peel,

bagasse, stem, rhizome, and leaves. Cassava peel,

bagasse, stem, and rhizome can be exploited for solid,

liquid and gaseous biofuels production. Biofuels

production from cassava starch started in the 1970s

and researchers are now extensively studying cassava

residues like peel, bagasse, stem, rhizome, and leaves

to unravel their applications in biofuels production.

However, there are technical and economic challenges

to overcome the problems existing in the production of

biofuels from cassava-based residues. This review

provides a comprehensive summary of the techniques

used for biofuels production from various cassava-

based residues.

Keywords Cassava residues � Biochar � Bioethanol �
Bio-oil � Biogas

1 Introduction

The primary requirements for the human survival are

food, clothing, and shelter (Bansal 2005). Now, the

secondary requirements are essentially healthcare,

energy, and environment (Dineshkumar et al. 2015).

Energy is produced from transportation fuels, heat,

and power (McKendry 2002) and fossil fuels are one

of the major sources of energy (Shafiee and Topal

2009). Due to depletion of fossil fuels and instability

in the organization of the petroleum exporting coun-

tries (OPEC), researchers are focusing on alternative

renewable energy (McKendry 2002; Demirbas 2005;

Banerjee et al. 2010). Many studies have revealed that

the major share of renewable energy can be produced

from biomass (Berndes et al. 2003; Demirbas 2005;

Goldemberg 2007; Lund 2007). Biomass resources
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include a variety of materials which are broadly

categorized as woody biomass, agricultural and agro-

industrial residues, aquatic biomass, animal wastes,

and commercial remains (Bhardwaj et al. 2015). All

non-edible parts of plants, animals, domestic and

industrial litters are the important sources of biomass

energy since edible parts are used for food and feed

supply (Casson et al. 2014). Agriculture is the pillar of

sustainable development (Nurse 2006), and agro-

industries produce, process, and package food on

large-scale using modern methods andmachinery. The

residues generated from agro-industries constitute a

great share in bio-energy production (Wilkinson and

Rocha 2008). Food and agricultural organization

(FAO) statistics have revealed that sugarcane, corn,

rice, wheat, potato, soybean, cassava, tomato, banana,

and onion are the ten valuable crops in terms of

production in 2017 (FAO 2018). This article presents a

comprehensive review on solid, liquid and gaseous

biofuels production from the solid residues of cassava

crops and processing industries.

2 Cassava

Cassava or tapioca or yuca or manioca (Manihot spp.)

is a perennial shrub and belongs to the family of

Euphorbiaceae that can be planted for producing

edible starchy tubers (Nassar 2007). It is ranked as the

sixth most important source of calories in the human

diet (FAO 1999). It grows in soil with low nutrients

and less rainfall (Cock 1982). The edible part of

cassava is called tuber whilst the non-edible part

contains leaves, stem or stalk, rhizome, peel, and

bagasse or fibrous residue (Rymowicz et al. 2004).

The biochemical composition of cassava-based resi-

dues is presented in Table 1. Whole cassava plant

(Fig. 1a) contains 45% (w/w) tuber, 10% (w/w)

rhizome, 35% (w/w) stem, and 10% (w/w) leaves

(Ravindran 1993). Cassava plants grow denser as it

grows taller (Fig. 1b). Rhizome is the portion between

stem and tuber (Fig. 1a) (Pattiya et al. 2008). Tuber

(Fig. 1c) typically contains 6% (w/w) peel, 15% (w/w)

bagasse and 79% (w/w) starch (Sriroth 2001). Tuber

Table 1 Biochemical composition of cassava-based residues

Substrate Starch Sugars Cellulose Hemicellulose References

Cassava bagasse 60.1 – 15.63 4.58 Rattanachomsri et al. (2009)

32.6 18 – – Anbuselvi and Balamurugan (2013)

48 – 13 9 Raman and Pothiraj (2008)

56 – – – Thongchul et al. (2010)

61.84 – – – Srinorakutara et al. (2004)

63 – – – Ray et al. (2008)

65.6 – 8.1 2.8 Djuma’ali et al. (2011)

49.66 – 21.47 12.97 Wongskeo et al. (2012)

66 – – – Woiciechowski et al. (2002)

57.8 88.4 – – Patle and Lal (2008)

79.45 – – – Hermiati et al. (2011)

64 – – 2.11 Johnson and Padmaja (2011)

Cassava stem 8.41 – 21.43 11.62 Sovorawet and Kongkiattikajorn (2012)

– – 35.2 24.3 Han et al. (2011)

– – 56.4 20.2 Magesh et al. (2011a)

– – 38.8 7.2 Castaño Peláez et al. (2013)

Cassava peel 15.82 – 35.86 9.27 Kongkiattikajorn (2013)

67 – – – Sanette and Tando (2013)

41.85 48.22 – – Sivamani and Baskar (2015)

Cassava rhizome – – 27.82 39.67 Pattiya et al. (2012)

Cassava leaves 28.7 29 – – Anbuselvi and Balamurugan (2013)
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contains two outer layers: thin brown periphery

(periderm) and thick leather wrap (cortex) (Fig. 1d,

e) and both layers constitute a peel (Sivamani and

Baskar 2015). Also, tubers have central vascular fibre

(bagasse) which contains high resistant starch

(Fig. 1f) (Alves 2002). Other than peel and bagasse,

the remaining part is edible starch (El-Sharkawy

2003). The leaves, petiole and tender stem constitute

forage (Fig. 1g, h) (Ravindran 1993).

Among cassava producing countries, Nigeria is the

highest producer with 54.83 million metric tons

(MMT) in 2017 followed by Thailand (30.02 MMT)

and Indonesia (23.44 MMT) (Fig. 2). Normally,

cassava starch yields 150–200 kg per ton of tuber

Fig. 1 a, b Whole cassava plant, c cassava tuber with rhizome, d peel, e peel without periderm, f bagasse, g stem, and h leaves

Fig. 2 Cassava production statistics in 2017 by country
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processed and 2–5 m3 of liquid waste (effluent) and

about 200 kg of solid waste (peel and bagasse) are

generated per ton of processed tuber (Sriroth 2001).

Liquid waste is mainly used for biogas production and

solid wastes are used for the production of various

value-added products including biofuels (Ubalua

2007), while cassava starch is mainly used to produce

a variety of food products (Jobling 2004).

Storage of cassava tubers after harvest is a major

challenge restricting industrial scale production. The

process of postharvest physiological damage starts in

1 day as soon as the cassava roots are dug up from the

soil. So, cassava roots cannot be stored more than

1 month due to its high moisture content. Low protein

level, high cyanide and rapid deterioration rate limit

the utilization of cassava roots in industries (Uche-

chukwu-Agua et al. 2015).

3 Biofuels

Basically, biofuels are derived from biomass and they

are classified into three types based on feedstock—

first, second, and third generation biofuels (Fig. 3a).

First generation biofuels are produced from edible

feedstocks like edible oils, sugary, and starchy mate-

rials. Second generation biofuels are produced from

non-edible feedstocks like non-edible oils, and ligno-

cellulosic materials. Third generation biofuels are

from algae. Based on the state of matter, biofuels are

also classified into three types—solid, liquid and

gaseous biofuels (Fig. 3b).

Pellets, briquettes, and biochar are considered as

solid biofuels. To overcome the harvesting, handling,

transportation and storage costs of less dense agricul-

tural residues, they are condensed to produce small-

Fig. 3 Classification of

biofuels. a Classification

based on feedstock,

b classification based on the

state of matter
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sized high dense materials that can be used for

combustion. Biomass briquettes are large sized high

dense materials with a hole at the centre to allow the

passage of air. Biochar is produced by the pyrolysis of

biomass and used as a soil enhancer to make fertile.

All solid biofuels are used as a substitute for coal and

charcoal.

Biobutanol, biodiesel, bioethanol, bio-oil and syn-

thetic diesel are common liquid biofuels. Biobutanol

and bioethanol are produced by fermentation of sugars

with microbes and used as a substitute for gasoline.

Biodiesel is produced by transesterification of oils that

can be an alternative to diesel. Synthetic diesel is

produced by the integration of biomass gasification

Fig. 4 Production process

of biofuels from cassava-

based residues

123

Rev Environ Sci Biotechnol (2018) 17:553–570 557



and the Fischer–Tropsch (BG–FT) synthesis or by

catalytic depolymerization process (CDP). This also

can be an alternative to diesel. Bio-oil is produced by

the pyrolysis of biomass and used as a substitute for

heavy and light end fuel oils.

Biogas and syngas are listed as the common

gaseous biofuels. Biogas comprises mainly of

methane and carbon dioxide can be produced by the

anaerobic digestion of biomass with livestock waste.

Syngas contains mainly of carbon monoxide and

hydrogen can be generated by gasification. These

biofuels can be a suitable alternative to natural gas.

Biohydrogen is also considered as a gaseous biofuel

that can be produced by fermentation of sugars with

microbes. The schematic representation of the pro-

duction of different biofuels from various cassava

substrates is depicted in Fig. 4.

4 Cassava peel

Cassava peel is an industrial residue obtained during

the processing of cassava tuber to starch. The steps

involved in cassava processing are washing, peeling,

cutting, brushing, screening, centrifuging, and drying

(Sivamani and Baskar 2015). Cassava peel is not

widely used for biofuels production because of its

toxicity due to cyanogenic glycoside. Because of the

detoxification effect in animals, the peel is commonly

utilizing as an animal feed. The toxicity is observed in

cassava due to the presence of cyanogenic glycosides,

lotaustralin, and linamarin. They are converted to

toxic prussic or hydrocyanic acid (HCN) when they

are contacted with the linamarase enzyme, which is

released when cassava cells rupture. The detoxifica-

tion of cassava before biofuels production was

performed either by soaking in clean water or by

fermentation (Sivamani and Baskar 2015).

4.1 Bioethanol production from cassava peel

Starch, sugars, cellulose, and hemicellulose are the

carbohydrates present in cassava peel. Polysaccha-

rides (Starch, cellulose, and hemicellulose) are

hydrolyzed to monosaccharides (Glucose and xylose)

and then fermented with bacteria or yeast for the

bioethanol production. The factors affecting the

bioethanol production from sugars are substrate con-

centration, inoculum size, reaction time, pH, reaction

temperature, and agitation speed. The chemistry of

bioethanol production from polysaccharide is shown

in Eqs. (1, 2).

CnH2n�2On�1 þ nH2O ! CnH2nOn

Polysaccharide Monosaccharide
ð1Þ

CnH2nOn ! n

3
C2H5OHþ n

3
CO2

Monosaccharide Ethanol
ð2Þ

The mixed enzyme system was utilized for the

hydrolysis of cassava peel (Srinorakutara et al. 2004).

Cassava peel was mixed with cellulase and pectinase

at 28 �C for 1 h followed by incubation with a-
amylase at 100 �C for 2 h and glucoamylase at 60 �C
for 4 h to obtain reducing sugars concentration of

122.4 g/L for substrate concentration of 100 g/L.

Finally, ethanol concentration of 3.62% (w/v) was

obtained after 24 h fermentation at initial reducing

sugar concentration of 89.2 g/L. The bioethanol

production from cassava peel was studied through

acid hydrolysis and microbial fermentation (Yoonan

et al. 2007). Here, cassava peel was hydrolyzed using

sulphuric acid, hydrochloric acid, and acetic acid at

135 �C and 90 min. The sulphuric acid was found to

be effective for cassava peel hydrolysis. Then,

hydrolysate obtained after hydrolysis was found to

contain 60.79 g of reducing sugars and 37.09 g of

glucose per 100 g of cassava peel. Eventually, ethanol

yield and productivity were obtained at 0.43 g/g and

0.51 g/L h respectively after 18 h of fermentation

with Saccharomyces cerevisiae. Aspergillus niger

from rotten cassava wastes was found to contain the

highest amylase activity on starch agar and used S.

cerevisiae for ethanol fermentation (Adesanya et al.

2008). Sugar concentration of 0.88 g/L was produced

on the 7th day and ethanol concentration of 1.05% (v/

v) was obtained on the 10th day. The feasibility of

cassava peel for bioethanol production with a mono-

culture of Saccharomyces diastaticus 2047 and S.

cerevisiae 7532, and co-culture of S. diastaticus 2047

and Candida tropicalis 5045 was analyzed (Kongki-

attikajorn and Sornvoraweat 2011). The bioethanol

yield of 0.4416 g/g cassava peel was achieved for co-

culture fermentation after pretreatment with 0.1 M

sulphuric acid.

The peel of crops of yam, potato, and cassava was

investigated for bioethanol production (Akponah and

Akpomie 2011). The peels were hydrolyzed using
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inorganic acids, a-amylase and A. niger. Then, S.

cerevisiae was employed in the fermentation process.

Cassava peel has generated highest of 250 mg/g of

glucose with acid pretreatment and eventually,

17.52% (v/w) of ethanol was produced. The produc-

tion of bioethanol from cassava and sweet potato peel

by the hydrolysis process using Gloeophyllum sepiar-

ium and Pleurotus streatus was studied (Oyeleke et al.

2012). Finally, Zymomonas mobilis and S. cerevisiae

were compared for the fermentation process. Cassava

peel has yielded 11.97 g/cc of ethanol at substrate

quantity of 50 g whereas ethanol concentration of

6.5 g/cc was obtained with 50 g of sweet potato peel

when co-culture was employed. The bioethanol was

obtained from cassava peel by sulphuric acid hydrol-

ysis followed by fermentation with S. cerevisiae

(Abidin et al. 2014). The acid concentration, time of

hydrolysis and fermentation conditions were opti-

mized and 0.5 M H2SO4, 1 h and 4 days of hydrolysis

and fermentation respectively were found to be the

optimal conditions to produce 3.58% (v/v) of bioetha-

nol. Also, the bioethanol was yielded from cassava

peel with A. niger for hydrolysis and S. cerevisiae for

the fermentation process (Adetunji et al. 2015).

Bioethanol concentration of 8.5% (v/v) was produced

for 20 g of cassava peel and pH of 6.71 after 7 days

each for hydrolysis and fermentation processes. The

bioethanol concentration from cassava (Manihot escu-

lenta) peel was optimized through enzymatic hydrol-

ysis and fermentation by Z. mobilisMTCC 2427 using

response surface methodology (RSM) (Sivamani and

Baskar 2015). Ethanol concentration of 35.010 g/L

(83% of theoretical yield) was achieved under opti-

mized conditions of 69.82 g/L of substrate concentra-

tion, 24.74% (v/v) of a-amylase concentration and

5.22% (v/v) of simultaneous saccharification and

fermentation (SSF) mixture.

The mixed feedstock of cassava peel and waste was

evaluated to maximize the bioethanol yield with co-

culture of Saccharomycopsis fibuligera NCIM 3161

and Z. mobilis MTCC 92 using one factor at a time

(OFAT) method (Sivamani et al. 2015). Ethanol

concentration of 26.46 g/L (93.75% of theoretical

yield) was obtained in single step fermentation at

optimum conditions of cassava peel-to-waste ratio of

4, substrate concentration of 50 g/L, pH of 4.5,

temperature of 37 �C, reaction time of 120 h, inocu-

lum size of 10% v/v and agitation speed of 100 rpm.

The wild cassava (Manihot glaziovii) was utilized for

the production of bioethanol followed by biogas

(Moshi et al. 2015). Alkali, enzyme and alkali-enzyme

sequential pretreatment methods were attempted and

alkali-enzyme method improved combined ethanol

and methane yield by 1.2–1.3 fold. Also, the cassava

peel was utilized to maximize the bioethanol yield

with co-culture of S. fibuligera NCIM 3161 and Z.

mobilisMTCC 92 using OFAT method (Pandian et al.

2016). The maximum bioethanol concentration was

obtained at an optimum substrate concentration of

70 g/L.

The bioethanol was obtained from cassava and yam

peel through hydrolysis by G. seplarium and P.

Table 2 Summary of bioethanol production from cassava peel

Substrate Biofuel Substrate concentration

or quantity (g/L)

Method Product concentration

or quantity (g/L)

References

Cassava

peel

Bioethanol 100 Enzymatic hydrolysis

and fermentation

36.2 Srinorakutara et al. (2004)

100 Acid hydrolysis with

fermentation

43.00 Yoonan et al. (2007)

15 Enzymatic hydrolysis

and fermentation

8.32 Adesanya et al. (2008)

10 Acid hydrolysis with

fermentation

4.42 Kongkiattikajorn and

Sornvoraweat (2011)

25 Acid hydrolysis with

fermentation

13.88 Akponah and Akpomie

(2011)

200 Enzymatic hydrolysis

and fermentation

65 (Oyeleke et al. (2012)

50 Acid hydrolysis with

fermentation

28.35 Abidin et al. (2014)
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ostreatus and fermentation by Z. mobilis and S.

cerevisiae (Adiotomre 2015). The ethanol concentra-

tions of 26.5, 42.6 and 55.2 g/cc were achieved for 20,

35 and 50 g of cassava peel respectively. The potential

of Bacillus cereus GBPS9 was studied for the

bioethanol production from sugarcane bagasse and

cassava peel (Ezebuiro et al. 2015). Peel was

hydrolyzed with acid, alkali, and steam explosion

pretreatments followed by the fermentation. Here,

acid pretreatment was found to be effective for cassava

peel and carbohydrate and lignin contents have

reduced from 69.6 and 13.9 to 80.4 and 4.8 respec-

tively and achieved ethanol concentration of 17.8 g/L.

The production of ethanol from three cultivars of

cassava (TME 0505, TME 419 and TME 4779) was

studied in single step fermentation for 21 days using

five various microbial inoculants (Rhizopus nigricans

and S. cerevisiae, A. niger and S. cerevisiae, R.

nigricans, A. niger and S. cerevisiae, R. nigricans,

Spirogyra africana and S. cerevisiae, and A. niger, S.

africana and S. cerevisiae) (Chibuzor et al. 2016).

TME 4779 has produced the maximum bioethanol

concentration of 14.46 ± 2.08 g/cc using mixed inoc-

ulant of R. nigricans, S. africana, and S. cerevisiae.

The summary of bioethanol production from cassava

peel is presented in Table 2.

4.2 Biogas production from cassava peel

Carbohydrates, lipids, and proteins present in cassava

peel leads to the production of biogas. The livestock

wastes act as the source of inoculum. Carbon,

hydrogen, and oxygen produce methane and carbon

dioxide, whereas nitrogen and sulphur produce ammo-

nia and hydrogen sulphide respectively. The factors

affecting the biogas production are substrate concen-

tration, inoculum loading, carbon to nitrogen (C/N)

ratio, time, pH, temperature, hydraulic retention time,

and agitation speed. The chemistry behind the biogas

production is shown in Eq. (3).

CaHbOcNdSe ! p CH4 þ q CO2 þ r NH3 þ s H2S

ð3Þ

The production of methane and cyanide removal

from cassava peel was studied together (Cuzin and

Labat 1992). During methanogenesis, in a plug flow

digester, the linamarin was detoxified by linamarase

and b-cyanoalanine synthase and leads to the

formation of hydrogen cyanide. The same research

group has studied the production of biogas from

cassava peel (Cuzin et al. 1992). The high starch, C/N

ratio, and cyanogenic glucosides are present in cassava

peel reduce the methane production. Plug flow

digester has overcome the drawbacks and yielded

0.661 m3 biogas/kg volatile solids (VS) with a loading

rate of 3.6 kg VS/m3 days. A digester with a capacity

of 88 m3 is required to produce methane from 1 ton of

cassava peel on a dry basis from energy saving

calculations. Methanobacterium congolense sp. nov.,

a gram-positive bacterium that was isolated and

utilized for the production of biogas from cassava

peel in an anaerobic digester (Cuzin et al. 2001). The

doubling time under optimal growth conditions was

7.5 h and the DNA base composition was 39.5 mol%

G ? C. Methane and carbon-dioxide production were

increased in the presence of 2-propanol, 2-butanol or

cyclopentanol as hydrogen donors, temperature range

from 37 to 42 �C, and pH of 7.2. The feasibility of

cassava tuber, cassava peel, palm kernel cake, and

palm kernel shells was studied for the production of

methane at 35 �C for 30 days in 2 L batch digester

(Jekayinfa and Scholz 2013). The highest biogas of

0.66 m3/kg VS was yielded for cassava-based residues

and the highest methane of 0.32 m3/kg VS was

obtained for palm kernel cake.

The effect of wood ash was investigated as a

seeding material on biogas production from a mixture

of pig waste and cassava peel in a laboratory anaerobic

digester for 45 days (Adeyanju 2008). A mixture

containing 200 g of pig waste, 200 g of cassava peel

and 1200 mL of water were seeded with wood-ash

produced the highest biogas volume of 2345 mL. The

productivity of biogas from cassava peel and livestock

waste (poultry, piggery and cattle waste) was inves-

tigated by mixing peel and waste of different ratios

(1:1, 2:1, 3:1 and 4:1 by mass) (Adelekan and

Bamgboye 2009). The factorial design for 3 9 4 trials

was performed with a retention period of 30 days in a

batch anaerobic digester within mesophilic tempera-

ture range and the maximum biogas yield of 35 L

biogas/kg total solids (TS) was obtained for piggery

waste in the ratio of 1:1. The biogas production from a

mixture of cassava peel and livestock waste (cow

dung, poultry droppings, and swine dung) was eval-

uated in the ratio of 1:1 in 50 L digester (Ofoefule and

Uzodinma 2009). The swine dung has produced the

highest biogas yield of 169.6 L for the total mass of
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slurry; however, the biogas production was initiated

from the 11th day. On the other hand, cow dung started

biogas production from the 9th day onwards. The

biogas from cow dung, spent grain/cow dung mixture

and cassava peel/rice husk mixture was examined in

971 L digester at mesophilic temperature (Ezekoye

and Ezekoye 2009). Spent grain and cow dung were

mixed in the proportion of 70:30 and cassava peel and

rice husk were mixed in the ratio of 50:50. The cow

dung spent grain/cow dung mixture and cassava peel/

rice husk were mixed with water in the ratio of 1:2, 1:2

and 1:5 respectively in the batch fixed dome plastic

biodigester. The production rate is higher for cow

dung whereas biogas yield (3.839 m3) is higher for

spent grain/cow dung mixture.

The significance of retention time on biogas

production was studied from poultry droppings and

cassava peel in polyethylene digester (Ezekoye et al.

2011). The cumulative biogas yield of 1.508 and 1.179

m3 was obtained for poultry droppings and cassava

peel after 42 and 79 days at 34 and 33 �C respectively.

The potential of water hyacinth (Eichhornia crassipes)

and cassava (Manihot esculentum) peel for biogas

production were investigated using locally-designed

and modified digesters with and without starter culture

(Asikong et al. 2012). The biogas yield of 650 and

635 mLwas obtained with water hyacinth and mixture

of water hyacinth and cassava peel respectively after

30 days of digestion with the starter culture. The

mixture of residues (cow dung, cassava peel, and

cowpea) was employed for the production of biogas

with water in the ratios of 1:2, 1:5 and 1:5 respectively

in 45 L metallic biogas digester at the ambient

mesophilic temperature and neutral pH for 30 days

(Ukpai and Nnabuchi 2012). Biogas produced by

mixture cowpea and water have the highest methane

content of 76.2% (v/v) and cow dung in water has

produced the highest cumulative biogas yield of 124.3

L for the total mass of slurry. The effect of pig dung

was studied on crop wastes such as bean husks, peel of

yam, cassava and plantain for biogas production in the

ratio of 4:1 on the wet basis for 16 days (Okareh et al.

2012). During digestion, pH was varied from 5.2 to

7.1, temperature variation from 26 to 34 �C within

mesophilic range and biogas yield were varied from

85.5 to 314.5 mm H2O.

A mixture of wastes (cowpea, cassava peel, and

cow dung) was analyzed on daily basis for the

production of gas with water at a retention period of

30 days in 45 Lmetallic biogas digester (Nnabuchi and

Ukpai 2012). The peel showed the highest production

rate of 8.3 L per day at the mesophilic temperature of

37 �C. Also, the mixture of cassava (Manihot escu-

lentus) peel and pig dung was investigated with

different ratios of 1:1 (B1), 3:7 (B2) and 1:9 (B3)

(Oparaku et al. 2013). B2 has yielded the highest

biogas production of 78.5 L. The mixture of flour and

peel of wild non-edible cassava (Manihot glaziovii)

was characterized and evaluated for the simultaneous

production of biogas and bioethanol (Moshi et al.

2015). The biochemical analysis of cassava flour and

peel reveals the composition as 77–81% (w/w) of

starch, 3–16% of structural carbohydrates and 2–8%

of total crude protein. Finally, fermentation was

catalyzed by yeast that yielded the bioethanol con-

centration of up to 85 g/L (89% fermentation effi-

ciency), 5–13 and 11–14 MJ/kg VS energy yield were

obtained for bioethanol and methane respectively.

Also, 15–23 MJ/kg VS energy was yielded for the co-

production of bioethanol and biogas from the peel.

The effect of temperature was examined on biogas

production from cow dung, cassava peel and cowpea

peel for 30 days (Ukpai et al. 2015). The optimum

temperature was found to be 35 �C for biogas yield.

The temperature above 50 �C has killed the bacteria

and thereby curtails the biogas production. The effect

of urea on biogas production was investigated from

cassava peel in 1 L digester (Nkodi et al. 2016).

Cassava peel (42.7 g) was mixed with 750 mL of

water and different concentrations of urea (0, 0.01,

0.03, 0.04 and 0.05% (w/v). Then, the anaerobic

digestion was performed for 14 days under mesophilic

temperature. Finally, the cumulative biogas yield

reveals that the cassava peel with 0.01% (w/v) urea

produced the highest biogas of 80.79 L/kg TS. The

effect of carbon to nitrogen ratio (C/N) on biogas

production was investigated from multiple substrates

(vegetable waste, cow dung, cassava peel, yam peel,

sweet potato peel, beans waste, rice waste and plantain

waste) (Orhorhoro et al. 2016). The results revealed

that the substrates with C/N ratio between 20 and 30

produced more biogas i.e. beans waste with C/N ratio

from 24 to 30 has produced the highest biogas yield of

0.216 kg/kg beans waste.
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4.3 Bio-oil production from cassava peel

Pyrolysis is the process of heating biomass in the

absence of air. The products of pyrolysis include

biochar, bio-oil, and volatiles consisting of methane,

hydrogen, carbon monoxide and carbon dioxide. The

factors affecting pyrolysis production distribution are

biomass type, pyrolysis temperature, primary conden-

sation temperature, heating rate, particle size, mois-

ture content, pyrolyzer type, inert gas flow rate, and

time. Low, intermediate and high temperatures favour

the formation of biochar, bio-oil, and volatiles

respectively.

The chemistry behind the bio-oil production is as

follows:

The bio-oil was produced through the pyrolysis of

cassava peel in a fixed bed tubular reactor at temper-

atures ranging from 400 to 600 �C at a heating rate of

20 �C/min (Ki et al. 2013). The analysis of bio-oil for

chemical composition by gas chromatography-mass

spectrometry (GC–MS) revealed that the highest bio-

oil yield of 51.2% was obtained at 525 �C with gross

calorific value (GCV) of 27.43 MJ/kg. The mechanis-

tic model showed that the mean squared error for bio-

oil, biochar and pyrogas were 16.24 (R2 = 0.95), 13.37

(R2 = 0.96) and 0.49 (R2 = 0.99) respectively. The

bio-oil, pyrogas, and biochar were produced from

cassava peel through pyrolysis in a fixed bed reactor

by varying temperatures (400, 500, 600, and 700 �C)
for 20 min (Okekunle et al. 2016). The highest yield of

44, 34, and 64% was obtained for bio-oil, biochar and

pyrogas at 500, 400 and 700 �C respectively.

5 Cassava stem

Cassava stem is an agricultural residue obtained from

the fields after harvest. It is formed by nodes and

internodes. The node is the junction where leaf and

stem join together whereas the internode is the part

between nodes. The plant grows from 7 to 8 viable

nodes. The mature stems can have up to 30 nodes and

yield about 10 planting materials. Eventually, exces-

sive stems are underutilized for burning (Alves 2002).

The stem has good potential to use for biofuels

production because of its lignocellulosic content and

non-toxicity. The stem can be used for the production

of bioethanol and bio-oil.

5.1 Bioethanol production from cassava stem

Cassava stem is rich in cellulose, hemicellulose, and

lignin. Hemicellulose solubilizes faster in dilute

inorganic acids than cellulose at high pressure and

temperature. Hemicellulose and lignin are soluble in

alkali whereas cellulose is not. Thus, the prime step in

the conversion of lignocellulosic materials to bioetha-

nol is the pretreatment. The pretreatment methods

used for cassava-based residues are summarized in

Table 3. In the pretreatment step, hemicellulose

solubilizes without disturbing the cellulignin (mixture

of cellulose and lignin) fractions. The enzymatic

hydrolysis converts cellulose to cellobiose by cellu-

lase, and then to glucose by cellobiase. Finally, co-

fermentation of monomers (sugars) from hemicellu-

lose and cellulose produces bioethanol. The success of

bioethanol production from lignocellulosic materials

depends solely on the selection of pretreatment and

fermentation methods.

The optimization of temperature, time and acid

concentration of dilute hydrochloric acid pretreatment

conditions was studied for bioethanol production from

cassava stem using RSM (Han et al. 2011). The

temperature of 177 �C, 10 min, and 0.14 Mwas found

to be optimum for pretreatment at substrate concen-

tration of 30 g/L followed by enzymatic hydrolysis

Biomass (B) Biochar

Bio-oil 

Volatiles containing CH4, H2, CO and CO2
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with 20 FPU/g cellulase and 30 CbU/g b-glucosidase
lead to 70% yield in saccharification. The fermenta-

tion of hydrolysate with S. cerevisiae yielded 7.55 g/L

ethanol (89.6% of theoretical yield). The direct

fermentation was studied for bioethanol production

from 100 mesh tapioca stem through dilute acid and

alkali pretreatments followed by fermentation with

Fusarium oxysporum in a batch reactor using RSM

based optimization parameters (Magesh et al. 2011b).

The results showed that ethanol concentration of

8.64 g/L was obtained at an optimum substrate

concentration of 33 g/L, pH 5.52 and temperature of

30 �C. The SSF for bioethanol production from

tapioca stem was studied through sequential dilute

acid and alkali pretreatments followed by saccharifi-

cation with cellulase and fermentation with S.

cerevisiae in a fermentor (Magesh et al. 2011a). The

results showed that ethanol concentration of 13.6 g/L

was achieved at an optimum substrate concentration of

50 g/L, pH 5, the temperature of 35 �C and particle

size of 100 mesh size. The viability of utilizing stem,

leaves, peel, and the root of cassava was examined for

the production of bioethanol through acid, alkaline and

enzymatic hydrolysis followed by fermentation with

S. cerevisiae (Nuwamanya et al. 2012). The alkaline

hydrolysis produced the better result in saccharifica-

tion except for stem. The maximum ethanol yields of

55.8 and 52.4 mL were obtained for root and stem

respectively.

The potential of cassava stalk was investigated for

bioethanol production by dilute acid pretreatment

followed by separate hydrolysis and fermentation

Table 3 Pretreatment methods for cassava-based residues

Pretreatment

methods

Operating conditions Advantages Disadvantages References

Steam

pretreatment

160–260 �C
(0.69–4.83 MPa)

for 5–15 min

Causes auto hydrolysis of

hemicellulose and lignin

transformation; cost-effective for

hardwoods and agricultural

residues

Destruction of a portion of the

xylan fraction; incomplete

disruption of the lignin-

carbohydrate matrix;

generation of inhibitory

compounds; less effective for

soft woods

Ezebuiro

et al.

(2015)

Two step (sodium

chlorite-sodium

hydroxide)

Sodium chlorite in

acetic acid

followed by sodium

hydroxide

Lignin destruction, Enhanced

hydrolysis

Ineffective for hard woods Klinpratoom

et al.

(2015)

Thermohydrolysis 150–200 �C
(6–25 bar)

increased bioavailability of organic

matter the rate-limiting

solubilisation and hydrolyses

process

Release of ammonium nitrogen,

increase of soluble inerts

Kouteu

Nanssou

et al.

(2016)

Popping 220 �C, 1.96 MPa,

Heating rate

between 15–20 �C/
min

Enhances accessibility of desired

cell wall components to enzymes,

greater saccharification efficiency

and lower environmental impact

Generation of inhibitory

compounds

Nguyen et al.

(2017)

Acid hydrolysis

(dilute acid

pretreatment)

Type I: T[ 160 �C,
continuous flow

process for low

solid loading

5–10%;

Type II: T\ 160 �C,
batch process for

high solid loadings

10–40% (w/v)

Hydrolyzes hemicellulose to xylose

and other sugar; alters lignin

structure

Equipment corrosion; formation

of toxic substances

Ezebuiro

et al.

(2015)

Alkaline

hydrolysis

Low temperature;

Long time; High

concentration of the

base

Removes hemicellulose and lignin;

increases accessible surface area

Residual salts in biomass Ezebuiro

et al.

(2015)

123

Rev Environ Sci Biotechnol (2018) 17:553–570 563



(SHF) and SSF with S. cerevisiae TISTR5048,

S. cerevisiae KM1195, S. cerevisiae KM7253

and co-culture of S. cerevisiae TISTR5048 and

Candida tropicalis TISTR5045 (Sovorawet and

Kongkiattikajorn 2012). Ethanol produced with the

highest concentration of 6.23 g/L for SSF with co-

culture. The effect of inoculum size and activity of the

enzyme on ethanol production from alkali pretreated

cassava stem through SHF and non-pretreated cassava

stem through SSF in Erlenmeyer flask and 5 L

bioreactor at 38 �C, 4 pH and solid-to-liquid ratio of

1:10 using accellerase 1500 enzyme and ethanol red

yeast (Castaño Peláez et al. 2013). At optimal

inoculum size of 1.59 g/L and enzyme activity of

13.3 FPU/g, ethanol concentrations of 14.7 and 11.5 g/

L were obtained in the Erlenmeyer flask and bioreactor

respectively after 72 h for SSF. The cassava stem was

pretreated through two steps (sodium chlorite fol-

lowed by sodium hydroxide) for lignin destruction,

optimized hydrolysis using sulphuric acid by RSM,

and finally fermented with S.cerevisiae TISTR 5048

(Klinpratoom et al. 2015). The pretreatment showed

91.44% of delignification and 78.18% of hemicellu-

lose solubilized. RSM results revealed that 0.6737 g of

reducing sugars was obtained per g of stem at optimum

values of 0.2 M, 16.70 mL/g and 90 min for acid

concentration, acid volume to substrate and time at

121 �C and 13.52 g/L of ethanol (84.41% of theoret-

ical yield) during batch fermentation.

The temperature, time and solid concentration were

optimized for thermohydrolysis pretreatment for

bioethanol production from cassava stem and peel by

RSM (Kouteu Nanssou et al. 2016). The optimal

conditions were found to be 223.9 �C, 52.1 min and

10.7% (w/v) to produce 22.82 g/L of reducing sugars

from cassava stem. The temperature of 224.1 �C,
50.3 min, and 11.48% (w/v) solids concentration were

found to be optimum for reducing sugars (31.29 g/L)

release from cassava peel. After thermohydrolysis, a

part of the sample was subjected to direct fermentation

with Rhizopus spp. and another part of the sample was

hydrolyzed with accellerase 1500 enzyme followed by

fermentation with S. cerevisiae. The highest bioetha-

nol concentration of 6.15 g/L was achieved for stem

by direct fermentation with Rhizopus spp. The feasi-

bility of ethanol production was studied from the three

varieties of cassava stem based on three locations in

China at five different harvesting times (Wei et al.

2015). The rich content of starch and soluble sugars in

stem made it suitable for bioethanol production. The

effect of popping pretreatment was investigated on

bioethanol production from mixed feedstocks (coffee

husk ? cassava stem, coffee husk ? coconut coir,

coffee husk ? coconut coir and coffee husk ? cas-

sava stem ? coconut coir) (Nguyen et al. 2017). The

SHF and SSF were also compared for bioethanol

fermentation. The highest fermentable sugar of

53.66 g/L was achieved for pretreated cassava

stem ? coconut coir mixture. The maximum ethanol

concentration of 11.1 mg/mL was obtained from SSF

of pretreated cassava stem ? coconut coir mixture.

5.2 Bio-oil and biogas production from cassava

stem

The biochar yield was investigated from cassava

stem and rhizome through slow pyrolysis at differ-

ent temperatures and heating rates (Noor et al.

2012). The maximum biochar yield of 35.85% (w/

w) on a dry basis was achieved for cassava stem at

400 �C and 5 �C/min. Pattiya and co-workers have

studied the fast pyrolysis of cassava stalk in

comparison with a rhizome (Pattiya 2011b; Pattiya

et al. 2012; Pattiya and Suttibak 2012). The viability

of utilizing sugar-free cassava stem (SFCS) was

attempted for biogas production (Zhu et al. 2015).

The biogas production of 153.3 Nm3 was achieved

per mg of dry mass SFCS. The cassava stem powder

was employed as an additive for fuel pellet produc-

tion from the mixture spruce and pine (Larsson et al.

2015). The edible potato starch and inedible cassava

stem powder were utilized as additives and both

showed low emissions of dust and CO.

6 Cassava rhizome

Cassava rhizome is an agricultural residue obtained

from fields after harvest. The rhizome has no appli-

cations except firewood that leads to environmental

concerns. Thus, rhizome can be utilized as a solid

residue for the production of biofuels because of its

lignocellulosic nature.

6.1 Bio-oil production from cassava rhizome

Cassava rhizome was employed for catalytic fast

pyrolysis at 500 �C using pyrolysis coupled with GC–
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MS (Py–GC–MS) technique with zeolites (Pattiya

et al. 2007, 2008, 2010), metal oxide (Pattiya et al.

2007, 2010), natural (Pattiya et al. 2007, 2010),

alumino-silicate mesoporous (Pattiya et al. 2008)

and proprietary commercial (Pattiya et al.

2007, 2008, 2010). The pyrolysis products were

analyzed by the principal component analysis (PCA)

from chromatographic peak areas. The results showed

that the zeolite, commercial and few metal oxide

catalysts were found to reduce oxygenated lignin

derivatives thereby improving the viscosity of bio-oil.

Also, it enhances the formation of aromatic hydrocar-

bons and phenols, lower carboxylic acids. The kinetics

of pyrolysis of lignin (alcell, Asian, etek, organosolv,

Klason from cassava rhizome, beech, cassava stalk,

mixed softwood, and willow) was investigated using

thermogravimetric analysis (TGA) (Jiang et al. 2010).

The activation energy, reaction order and frequency

factor were calculated and found that activation

energy depends on biomass species and lignin sepa-

ration method, reaction order slightly depend on

biomass species and strongly on lignin separation

method, and frequency factor is independent on both.

The agricultural residues from plantations of Thailand

were characterized to design and apply thermochem-

ical conversion processes for bioenergy production

(Pattiya 2011a). Also, the properties and yield of

pyrolysis products from cassava stalk and rhizome

were investigated by conducting pyrolysis experi-

ments in fluidized bed reactor optimizing pyrolysis

temperature (Pattiya 2011b). The results have revealed

that 62 and 65% (w/w) yield of bio-oil were obtained

for stalk and rhizome respectively on a dry basis at

optimum pyrolysis temperature from 475 to 510 �C.
The bio-oil from rhizome showed the improved

quality than stalk in terms of HHV, lower oxygen

content and better storage stability.

The effect of sugarcane and cassava residues,

pyrolysis temperature, condensation temperature,

nitrogen flow rate and time was studied on pyrolysis

product distribution in a laboratory scale-free fall

reactor (Pattiya et al. 2012). The results have revealed

that the cassava stalk produced a bio-oil yield of 70%

(w/w) at the pyrolysis temperature of 70 �C, conden-
sation temperature of 10 �C, and nitrogen flow rate of

1.5 L/min. The cassava stalk and rhizome were

compared for fast pyrolysis in a fluidized bed reactor

combined with hot vapour filter (Pattiya and Suttibak

2012). The results showed that rhizome produced the

highest bio-oil yield of 69.1% (w/w) at the pyrolysis

temperature of 475 �C for particle size ranging from

250 to 425 lm. The incorporation of the filter has

reduced the yield by 6–7% (w/w) and improved the

bio-oil quality. The effect of temperature on fast

pyrolysis of cassava rhizome was reported in a

fluidized bed reactor combined with hot vapour filter

(Suttibak et al. 2012). The bio-oil yielded the maxi-

mum of 63.23% (w/w) at 472 �C with moisture, total

solids, ash, density, pH and HHV of 18% (w/w), 0.8%

(w/w),\ 0.01% (w/w), 1.1 g/mL, 3.1 and 26.9 MJ/kg

respectively. The economic feasibility of biofuel was

studied in Thailand by utilizing different agricultural

residues including cassava rhizome (Thanarak 2012).

The feasibility studies included the calculation of the

cost of raw fuel, collection and processing cost,

transportation costs, electricity prices, prices of agri-

cultural products, the price level of agricultural waste,

fuel prices, employment and business on producing

bioenergy. The effect of pyrolysis temperature, parti-

cle size, nitrogen flow rate and pressure, and sand as

the heat transfer medium was examined on pyrolysis

of cassava rhizome in counter-rotating twin screw

reactor (Sirijanusorn et al. 2013). The bio-oil yield of

50% (w/w) was achieved at the pyrolysis temperature

of 550 �C, the particle size of 0.250–0.425 mm,

nitrogen flow rate and pressure of 4 L/min and 2 bar

respectively and the addition of heat transfer medium

has increased the bio-oil yield.

6.2 Bioethanol production from cassava rhizome

The utility of computer-aided process engineering/

process systems engineering (CAPE/PSE) tools were

employed for the bioethanol production from cassava

rhizome (Mangnimit et al. 2013). PRO/II simulator,

SustainPro, SimaPro and ECON tools were used for

process simulation, sustainability analysis, life cycle

assessment and economic analysis respectively. A

sustainable process design with wastewater recovery

by membranes and combustion of lignin with heat

integration was shown to be effective for the produc-

tion of bioethanol from rhizome because of eco-

friendliness, conservation of water and energy, and the

highest profit. The sustainable process design was

investigated for the production of bioethanol from

cassava rhizome (Mangnimit et al. 2013). The final

design includes 39 unit operations with ethanol

production capacity of 150,000 L/day. The simulation
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on bioethanol production from cassava rhizome was

performed for sustainable process design using

LCSoft, a life cycle assessment (LCA) software,

SustainPro, a process sustainability analysis tool and

ECON, an economic analysis tool (Kalakul et al.

2014).

6.3 Synthetic diesel and briquettes production

from cassava rhizome

The feasibility of utilizing available biomass in

Thailand was theoretically discussed to produce

synthetic diesel through the integration of biomass

gasification and the Fischer–Tropsch synthesis (BG–

FT) and the catalytic depolymerization processes

(CDP) (Laohalidanond et al. 2006). A total of

eleven biomass species were selected for the study

and cassava rhizome was one among them. Based

on the product yield and process economics, CDP

was found to be effective and produced synthetic

fuel from rhizome with higher heating value (HHV)

and product yield was found to be 7451 kJ/kg and

0.14 L/kg respectively. The cassava rhizome was

utilized to produce fuel briquettes with binders at

different ratios (Sen et al. 2016). The rhizome bound

with molasses, starch gel and concentrated slop in

the ratios of 6:4 and 7:3 yielded briquettes with

density, compressive strength, impact resistance

index, and calorific value in the range of

0.69–0.91 g/cc, 8.51–14.94 kg/cm2, 153.7–416.7

and 21,670–24,367 kJ/kg respectively.

7 Cassava leaves

Cassava leaves are agricultural residues obtained

during plant growth and after harvest. Generally,

tubers are harvested from 8 to 24 months. The pruning

is the process of removal of unwanted leaves that can

be done from 4th month onwards to enhance the yield

of tubers. From young to mature leaves, the crude

protein, and carbohydrate contents started to decrease

whilst the lipid, crude fibre, ash, and lignin contents

increase. The most common use of leaves is animal

feed because of its cyanide toxicity. After the removal

of toxic materials, leaves can be used for biofuels

production. However, leaves are not equally potential

substrate like peel, bagasse, stem, and rhizome for

biofuels production because of low carbohydrate and

high protein content. The production of bioethanol

was investigated from cassava leaves and pulp through

hydrolysis by a-amylase from barley, followed by

fermentation with S. cerevisiae (Anbuselvi and Bala-

murugan 2013). The highest ethanol concentration of

5.89% (v/v) was achieved from leaves.

8 Cassava bagasse

Cassava bagasse is an industrial residue obtained

during the processing of cassava tuber to starch.

During the screening process, the fibrous part of

cassava is separated from starch and the leftover is

called bagasse. The cassava bagasse was mentioned in

literature by different names like cassava fibrous

residue or cassava fibrous waste or cassava grate waste

or cassava waste or cassava pulp. The bagasse is the

most widely used residue for the production of value-

added bioproducts. Since the biotechnological poten-

tial of cassava bagasse was sufficiently reviewed, there

is no need to discuss on biofuels production from

bagasse (Pandey and Soccol 2000; Pandey et al. 2000;

Pandey 2003, 2004; Wang and Yang 2007; Nigam and

Pandey 2009; Singhania et al. 2009; Mussatto and

Teixeira 2010; Edama et al. 2014; Zhang et al. 2016;

Li et al. 2017).

9 Conclusion

Basically, residues generated from the cassava fields

after harvesting and from cassava processing indus-

tries were proved as a potential feedstock for the

production of biofuels. The biofuels technology, a

sustainable alternative to petrochemical engineering,

provides environmental, economic and sustainable

merits, with advancements in industrial biotechnology

offers employment. The cassava peel has been utilized

to produce biochar, biobutanol, bioethanol, biogas,

and syngas with good yield at the laboratory scale. The

cassava stem has been utilized for fuel pellets,

briquettes, biochar, bioethanol, and bio-oil production.

The cassava rhizome has been utilized for the

production of fuel pellets, briquettes, biochar, and

bio-oil. The cassava leaves are recalcitrant residue for

biofuels production. Finally, cassava bagasse has been

utilized to produce biochar, bioethanol, biobutanol,

biogas, and syngas. The scale-up of processes at the
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industrial level is the crucial step in the commercial-

ization of biofuels. The production of biofuels sup-

ports the demand of petrofuels to effect the maximum

utilization of cassava residues.
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