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CHAPTER 8

ABSTRACT

Citrus peel waste is rich in biopolymers and the biomass energy in it can 
be recovered by anaerobic digestion bioprocess. Nevertheless, the process 
instability is a common operational issue during anaerobic digestion of 
citrus wastes. Bioprocess monitoring, control, and microbial management 
are key points to control instability and increase the energy conversion 
efficiency of anaerobic digesters. Factors affecting anaerobic digestion 
process, particularly due to physicochemical properties of the substrate 
and the formation of undesirable compounds during the process, and their 
effect on microbial bioconversion efficiency during anaerobic digestion 
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194 Handbook of Research on Food Science and Technology, Volume 2

are discussed. Further, advances on anaerobic digestion of citrus wastes 
are analyzed and discussed in this paper along with perspectives and 
opportunities for future are presented in this paper.

8.1 INTRODUCTION

The agricultural industry generates a great quantity of byproducts with low 
or no value to the main process, but the biomass energy present in most of 
them can be harnessed into commercial-valued products [47]. Citric plants 
belong to the genus Citrus [34], and are typically from subtropical and 
tropical environments with variations in appearance and fruit quality [38].

Mexico is 4th bigger producer of citric fruits with the 4.6% of world-
wide production, with more than 7.5 millions tons in 2014 [13]. Citrus 
fruits production in Mexico generated more than 380 millions USD, which 
supported over than 69 thousand families in rural settlements [45]. Conse-
quently, there is large production of citric wastes after fruit processing and 
they have a great potential to be used as a substrate for the production of 
different value-added products, such as dietary fiber, organic acids, essen-
tial oils, phenolic compounds, enzymes, biofuels, biopesticides, plastics, 
fertilizers among others [53].

8.2 CLASSIFICATION OF CITRUS FRUITS

Citric fruits belong to Rutaceae family and are grouped in Aurantioideae 
subfamily. Most important genera are Citrus, Poncirus, and Fortuneal, 
of which the first mentioned is the most important in agronomic prac-
tices representing almost the total production. Classifications proposed by 
Swingle (most important) and Tanaka (complimentary) [38] is followed 
for present day cultivated Citrus, but still the establishment of genetic rela-
tionship between citrus and allied genera is a riddle [5]. Some of the char-
acteristics of the most cultivated and better-known species of citrus plants 
are presented in the following subsections.Ap
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Advances and Opportunities of Anaerobic Bioconversion of Citrus Waste 195

8.2.1 ORANGE (Citrus sinensis L. Osb.)

Orange is one of the most popular fruits and Mexico is an important 
producer worldwide. It is originally from China and obtained from a 
medium size perennial tree (growth up to 7 m). It can be consumed fresh 
or processed practically at any time. It can be eaten alone or as part of 
many dishes [48]. Orange is even used in Mexican traditional medicine 
against colds, coughs, sore throats, and as antiscorbutic and astringent [3] 
and have been reported to show antidepressive, anxiolytic [32] and anti-
bacterial activity [46].

8.2.2 GRAPEFRUIT (Citrus paradisi Macf)

Native to the Caribbean, this fruit can be eaten fresh or as part of an elabo-
rated dish. Mexico is the fourth most largest producer of this fruit [13]. The 
grapefruit is used to produce jellies, juices, and concentrates by the food 
industry. Grapefruit is a low-calorie food and is a good source of Vitamin 
C and Inositol. There are two kinds of grapefruit: with white pulp (vari-
eties Dunchan and Marsh) and with pink or red pulp (varieties Star Rubi, 
Red Blush, etc.) [38]. In recent years, grapefruit extracts are reported to 
demonstrate regulatory activity over renal failure related-blood pressure 
[18] and apoptotic activity on leukemia cells [10].

8.2.3 MANDARIN (Citrus reticulata)

Mandarin shows a wide range of variations in its morphological and 
molecular characteristics [33]. Different taxonomic systems recognize 
different species of mandarin: Swingle recognizes 5, Tanaka recognizes 36 
and Davies and Albrigo recognize 3 “real” and some others as mandarin 
hybrids [38]. Mandarin fruits are rich in Vitamin C and essential oils. Its 
juice is used to add tastes in meat, fish, and shellfish dishes and is also 
widely used in the preparation of desserts [38]. Chinese traditional medi-
cine is reported to use mandarin for treatment/co-treatment against cancer 
[28, 42]. Presence of compounds with antifibrotic [63] and bactericidal 
properties have also been reported [11].
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196 Handbook of Research on Food Science and Technology, Volume 2

Tangerine is a special case in the family of citrus fruits. Tangerine clas-
sification is more difficult due to the heterogeneity of taxonomic systems. 
In recent years, a karyological separation of mandarin confirmed that 
tangerine is a subspecies of mandarin, Citrus tangerina cv. Dancy [33]. 
Tangerine well known for the presence of compounds with antioxidant 
and anti-inflammatory activity, principally in its peel [58, 35].

8.2.4 LEMON (Citrus limon (L.) Burm. F.)

Lemon is the third most important citrus fruit in the world [13]. It is native 
to Asia and it grows as a small tree with irregular branches and short thorns. 
The fruit on reaching maturity stage develops its round shape, rough peel 
and acid-taste juice. In many earlier cultures, it is used as a remedy for 
respiratory and nervous illnesses and as antiseptic [3]. Recently, lemon 
peel extracts have been reported to show anti-inflammatory and anti-
oxidant activity [4], to improve the immunological system [19] and to 
dissolve gallstones [9].

8.3 EDAPHIC AND CLIMATOLOGICAL CONDITIONS

8.3.1 WEATHER

Citrus fruit trees can be raised in a wide range of altitude (from sea level 
to altitudes higher than 2000 m), and temperature (from 18 to 30°C). The 
varieties of citrus fruits are chosen depending on their preferred culture 
conditions and thus can be cultivated under different conditions [38]. In 
tropical regions, the elapsed time between flower apparition and develop-
ment of mature orange fruit can be 8–9 months, but in continental weather 
conditions it can be delayed for 16 months. Climatic conditions influence 
intensity, duration, and distribution of flowers [38].

Perennial trees, like citrus trees, suffer due to these environmental factors 
more than other types of cultivars. Principal regions of citrus production 
have a sub-tropical weather; between 23.5 and 40° latitude in both hemi-
spheres, and this region presents environmental conditions favorable to 
development, production, and quality of the citrus plants. These factors are 
also responsible for the great variation in yield of cultivars, which range 
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Advances and Opportunities of Anaerobic Bioconversion of Citrus Waste 197

from 100 ton/ha in sub-tropical locations to 15 ton/ha in tropical regions 
[38]. Recent changes in precipitation patterns and climate changes affect 
population and yield of cultivars [54]. Consequently, economic growth of 
the citrus fruit farmers is greatly affected [45].

8.4 CITRUS AGROINDUSTRIAL WASTE

The worldwide production of citrus fruits, including orange, lemons, lime, 
and mandarins was 139,796,997 tons [14]. Citrus fruit are consumed as 
fresh fruit or as processed products, like juices, essential oils and marma-
lades. Apart from the citrus peels, which is the main waste, fruit pulp, 
fruit kernels, seeds, and membranes are other wastes, and all these wastes 
constituted about of 50% of the total weight of fruit [50].

Composition of citrus peels waste is characterized by high organic 
content mainly sugars like as glucose, fructuose, sucrose, pectin, cellulose, 
and hemicellulose, and low content of lignin and with pH between 3 and 
4 [36]. Large quantities of lignocellulosic content of citrus wastes are the 
most important renewable reservoir of carbon, which can be exploited for 
variety of vitally important chemical feedstocks and fuels for economic 
activity and growth of any country.

There are numerous studies on enzymatic hydrolysis of cellulose and 
hemicellulose present in citrus peel, for the bioconversion of obtained 
sugars to ethanol by fermentation.

Another alternative use of citrus wastes, to recover the energy in the 
form of methane by anaerobic digestion, which helps in waste manage-
ment and as well as energy recovery [43].

8.5 FACTORS AFFECTING ANAEROBIC DIGESTION PROCESS

Citrus residues are an excellent option to be employed in anaerobic diges-
tion process, however, several factors can affect the performance of anaer-
obic digestion process.Ap
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198 Handbook of Research on Food Science and Technology, Volume 2

8.5.1 SUBSTRATE CHARACTERISTICS

8.5.1.1 EFFECTS OF PRETREATMENT METHODS OF ORGANIC 
SOLID WASTE

The important rate-limiting step during anaerobic digestion for complex 
organic substrates is the hydrolysis step [23], due to physico-chemical 
factors like particle size, composition, parameters promoting or inhib-
iting attachment of hydrolytic bacteria on substrate, etc. Pretreatment of 
substrate is carried out to minimize the limitation due to hydrolysis step. 
Pretreatment methods can be divided into mechanical, thermal, chemical, 
biological or a combination of them.

Mechanical pretreatment such as sonication, liquid shear, colli-
sion, high-pressure homogenizer, maceration, and liquefaction help to 
reduce particle size. Thermal pretreatment disintegrated cell membranes, 
resulting in solubilization of organic compounds [50], solubilization of 
organic substrates and temperature is reported to have a direct correlation, 
but it also has been observed that solubilization can be achieved under 
lower temperatures, but with longer treatment times. In general, chemical 
pretreatment destroy the organic compounds due to use of strong acids, 
alkalis or oxidants. However, the degree of effect of chemical pretreat-
ments depend on the method and the properties of substrate. Most of 
the biological pretreatments include use of specific enzymes (peptidase, 
carbohydrolase, etc.) and sometimes combination of different enzymes. 
Many authors have suggested a combination of different methods such as 
thermo-chemical, thermo-mechanical, etc. for an effective solubilization.

8.5.1.2 C/N RATIO

Apart from the organic content of the wastes, the proportion of carbon and 
nitrogen (C/N) present in the waste is an important parameter that deter-
mines the efficiency of the anaerobic digestion process. A substrate with 
high C/N do not favor an optimal bacterial growth, while substrates with 
low C/N ratio results in production of ammonia, which is toxic to metha-
nogens and results in the failure of the process. The optimal C/N ratio for 
anaerobic digestion is to reported to be between 20–35 [59].
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8.5.2 pH

The operational pH affects the digestion process and the type of products 
formed during the process. The optimum pH for anaerobic digestion is 
in the range of 6.8–7.4. The growth rate of microorganisms is affected 
by pH changing, like methanogenic and acidogenic microorganisms have 
optimal pH levels. It is reported by some researchers that methanogen-
esis is favored in the pH range of 6.5–8.2, with optimum at 7.0 and the 
optimum pH of acidogenesis is between pH 5.5–6.5.

8.5.3 ORGANIC LOADING RATE

Organic loading rate represents the amount of volatile solids fed into a 
digester per day per unit volume under continuous feeding. Volatile solids 
represent that portion of the organic material that can be digested, while 
the remainder of the solids is fixed. The fixed solids and a part of the vola-
tile solids are non-biodegradable. The actual loading rates depends on the 
composition of waste, as the nutrients and their proportion in the wastes 
determine the level of biochemical activity that occur in the digester.

8.5.4 TEMPERATURE

Temperature is one of the most important parameter in anaerobic diges-
tion. It determines the rates of hydrolysis and methanogenesis. Anaerobic 
digestion is generally applied at two ranges of temperatures: mesophilic 
(35°C) and thermophilic (55°C). Mesophilic bacteria are more robust and 
can tolerate greater changes in the environmental conditions. Thermophilic 
systems offer faster kinetics, higher methane production and pathogen 
removal; but thermophilic process is more sensitive to toxic substances 
and is less attractive because it requires more energy consumption.

8.5.5 HYDRAULIC RETENTION TIME

Hydraulic retention time is a measure to describe the average time that 
a substrate resides in a digester. In most cases and if the process is not 

Ap
pl

e 
Ac

ad
em

ic
 P

re
ss

Au
th

or
 C

op
y

For Non-Commercial Use
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optimized, shorter HRT results in less efficient degradation of organic 
matter (as volatile solids or COD), associated with poor process stability.

Hydraulic retention time is defined by the following equation:

 

VHRT
θ

 =   

where V is the biological reactor volume and Ɵ the influent flow rate in 
time.

8.5.6 INHIBITORY SUBSTANCES

Inhibition of anaerobic digestion process occurs due to the presence of 
toxic substances present in the substrate or due to the formation/accumu-
lation of intermediary compounds such as volatile fatty acids, ammonia, 
hydrogen sulfide, etc. In some cases, continuous accumulation of some 
of the metabolites mentioned anterior can lead to total failure of the 
biodigester.

Regarding citrus wastes as a substrate for anaerobic digestion, pres-
ence of essential oils in the wastes inhibit the process. It has been reported 
that essential oils are cytotoxic and is one of the major technical difficul-
ties related to anaerobic digestion of these wastes [44].

8.5.6.1 PRESENCE OF ESSENTIAL OIL AND LIMONENE

In general, essential oils from plants are known for their antimicrobial, anti-
oxidant, antiradical, insecticidal activities [30, 60] and their positive effect 
in controlling postharvest diseases due to molds have been demonstrated 
[49]. In addition, essential oils are used extensively as flavoring agents in 
diverse food production, and in cosmetic industries due its fragrance and 
flavor [6, 60]. Essential oils of citrus fruits are considered as an impor-
tant part of their auto-defense mechanism, constituting a barrier against 
different pathogens [7]. Essential oils are present in the flavedo of peels, is 
a mixture of terpenes, main monoterpenes, sesquiterpene, hydrocarbons, 
and oxygenated derivatives such as aldehydes, ketones, esters, alcohols, 
and acids. About 85–99% of essential oils constitute its volatile fraction 
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and the rest 1–15% are of non-volatile fraction. The concentration of each 
one of these groups varies according to the type of citrus [1, 15, 52].

The main component of citrus essential oil is limonene (1-methyl-4-(1-
methylethenyl)-cyclohexene) represent more than 90% of total content of 
essential oils) is a cyclic monoterpene with a formula of C10H16 [29, 60]. 
Limonene is a strong antimicrobial effect, and alters the membranes by its 
incorporation into lipid monolayers, affecting its organization and leading 
to disruption and leakage of cell components. The effect of this monoter-
pene is determined by lipid composition of the cellular membrane of the 
microorganism [20].

Limonene has been shown to inhibit both hydrolytic-acidogenic 
bacteria and methanogens. Microbial oxidation of carbon double bond (C 
= C) usually requires the presence of molecular oxygen as a cosubstrate. 
This is why monoterpenes are considered to be recalcitrant in anoxic 
media. Branching and terminal ring closures, as in the case of limonene 
contribute to the molecule stability in anoxic environments. However, the 
hydrogenation of double bonds in anaerobic media is thermodynamically 
favorable [44].

Hence, various authors suggest the maximum extraction of limonene 
from citrus fruits using different kind of methodologies such as; distilla-
tion, solid-liquid extraction, solvent extraction and steam explosion [62], 
so that the inhibition during anaerobic digestion of citrus wastes can be 
minimized.

8.5.6.2 EXTRACTION METHODS OF LIMONENE

As mentioned, one of the ways to improve anaerobic digestion of citrus 
wastes is the prior removal of essential oils from citrus wastes. Two strate-
gies can be applied: (i) recovery of the essential oils to obtain value-added 
component under biorefinery concept, or (ii) removal of essential oils 
solely to enhance biogas production [25, 57]. The choice between recovery 
and removal depends on the economic feasibility of whole process; the 
former implies a higher cost but yields a valuable product, while the later 
to involves a cost, but increase in biogas production could compensate 
the incurred cost. Essential oils from citrus can be extracted by traditional 
methods such as cold pressing, distillation through the exposure to boiling 
water or steam and soxhlet system [17]. These conventional methods 
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202 Handbook of Research on Food Science and Technology, Volume 2

have some disadvantages related to high-energy costs and long extrac-
tion times. Several new methods such as supercritical fluid extraction, 
ultrasound extraction, controlled pressure drop process, sub-critical water 
extraction and microwave-assisted extraction have reported to be efficient, 
time saving and cost-effective extraction process with enhanced yield of 
essential oils [17, 21, 27]. A spectrum of traditional and non-conventional 
methods for limonene extraction from citrus wastes is presented in Table 
8.1. It can be observed that the extraction strategies for recovery of this 
value-added product needs to be explored further to improve the yield. 
Steam explosion has been proposed as pre-treatment to recovery the limo-
nene previous to the anaerobic digestion of citrus wastes and is reported to 
remove 94.3% of the limonene and increased the stability of thermophilic 
anaerobic co-digestion of treated citrus wastes with organic fraction [16].

TABLE 8.1 Spectrum of Methods Employed for Limonene Extraction From Citrus 
Wastes

Citrus waste Extraction method Conditions Yield 
extraction

References

Orange peel Steam explosion High-pressure reactor 10 L
Temperature 150°C for 20 min
Steam pressure 60 bar

94.3% [16]

Orange peel Solid-liquid/n-hexane - 80% [55]
Lemon peel Traditional Soxhlet 

extraction
Matrix/solvent ratio 1:25
Temperature 68°C
Time 4 h

0.95% [17]

Tangerine 
Peel

Simultaneous steam 
distillation and 
solvent extraction

Time 2 h
Solvent ethyl alcohol

7.7% [39]

Lemon Solvent extraction/
Hexane

Matrix/solvent ratio 1:15
Temperature 50°C
Time of exposure 30 min

2. 97% [17]

Orange Peel Soxhlet extraction Temperature 100°C
Time 30 min
Relation 1:4 w/v

0.09% [36]

Orange Peel Supercritical fluid 
extraction

Time 45 min
318 K
12 MPa

5.5% [22]

Orange Peel Simultaneous 
distillation-extraction

Solvent mixture of n-pentane 
and diethyl ether (1:1, v/v)

0.54% [21]
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8.6 APPLICATIONS OF ANAEROBIC DIGESTION

High consumption of fossil fuels for energy and the consequent emis-
sion of greenhouse gases, it is necessary to look for alternative clean 
and sustainable energy production [25]. Recently there are many studies 
focusing on the use of citrus wastes as biomass energy source employing 
anaerobic digestion for production of various bio-products and energy 
recovery (Table 8.2). Anaerobic digestion is well known as cost-effective 
and technically feasible way to recover the energy present in citrus wastes 
[61]. Organic matter present in the citrus wastes are degraded under anaer-
obic conditions by synergistic action of eleven different microbial trophic 
groups, including bacterial and archaeal domains and the energy is recov-
ered in the form of methane [2,36].

TABLE 8.2 Recent Studies Employing Anaerobic Digestion of Citrus Waste

Type of reactor Scale of study Loading rate HRT Product Yield References
Semi-continuous 4 L 1.91 kg 8–30 days Bio-diesel 0.33 L [31]
Leach bed batch 5 L 0.51 kg 25 days Methane 0.39 L [26]
Batch 0.5 L - 7–10 days Bio-methane 0.971 g [8]
Batch 0.120 L 3 g/day 30 days Bio-gas 0.177 L [57]
Batch 0.5 L - 30 days Bio-gas 0.154 L [12]
Batch 2 L - 15 days Methane  0.5 L [37]
Semi-continuous 0.5 L 1.2 g/L 70 days Methane 0.431 L [40]

Martin [31] have shown that the anaerobic digestion of orange peel waste, 
after d-limonene extraction showed higher methane production, which 
suggested that this process can be integrated as a biorefinery approach 
by orange juice processing industries. However, Wikandari [55] observed 
that methane production was reduced from limonene extracted orange peel 
due to inhibition of the residual solvents present in the wastes after the 
solid-liquid extraction with n-hexane.

The use of thermochemical processes, such as incineration, pyrolysis, 
and gasification, are not recommended as pretreatment methods for use of 
anaerobic digestion process for energy recovery in the form of methane 
[24,57] or by fermentation for the production of bio-ethanol [51].

Calabró [8] employed microwave steam diffusion for extraction of 
essential oils and obtained a yield of 0.971 g/kg TS. They further reported 
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a production of 300 Ln CH4/g VS under thermophilic conditions by 
co-digestion of extracted orange peel waste with different Italian kitchen 
wastes.

They further observed that the presence of high concentrations of essen-
tial oil in the wastes caused a lag phase in methanogenesis. Previously, 
Martín [31] extracted 70% of limonene in the wastes by steam distillation 
method and studied the effect of different metals (Cu, Ni, Zn, Cr, Cd, and 
PB) on the stability of the anaerobic process in a continuously stirred-tank 
reactor at 37°C and 67°C. They observed that the rate of biodegradation 
and methane production was higher in thermophilic reactor than the meso-
philic one.

Koppar [26] used a leach bed batch anaerobic digester for biogas-
ification of citrus peel waste under thermophilic (55°C) conditions and 
reported a cumulative methane yield of 0.644 L CH4 at standard tempera-
ture (273 K) and pressure (1 atm) with a HRT of 16 days. They did not 
observe toxicity due to the presence of essential oils. Later, Wikandari 
[56] observed that rapid acidification and inhibition by D-limonene are 
major challenges of biogas production from citrus wastes. They used a 
membrane bioreactor at 55°C, and with a HRT of 30 days. The hydroly-
sates formed by free bacteria digesting the citrus wastes passed through 
the membrane for their conversion into biogas and the methane produc-
tion was 0.33 Nm3/kg VS, while the conventional anaerobic reactor 
recorded a methane production of only 0.05 Nm3/kg VS. Approximately 
73% of the theoretical methane yield was achieved using the membrane 
bioreactor.

Pourbafrani [41] developed an integrated process for the production 
of ethanol, biogas, pectin, and limonene from citrus wastes. Citrus wastes 
were hydrolyzed using dilute-acid at different temperatures (130, 150 or 
170°C) and at different residence times (3, 6 and 9 min) and a maximum 
yield (0.41 g of sugars/g of the total dry citrus wastes) was obtained at 
150°C and at 6 min residence time. The sugars obtained were fermented 
to ethanol and a yield of 0.43 g/g of the fermentable sugars was reported. 
Further, they anaerobically digested the stillage and the remaining solid 
materials of the hydrolyzed citrus wastes for biogas production. They 
reported that the integrated process resulted in the production of 39.64 L 
ethanol, 45 m3 methane, 8.9 L limonene, and 38.8 kg pectin from one ton 
of citrus wastes with 20% dry weight.
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8.7 CONCLUSIONS

Anaerobic digestion process offers the viable option of recovering energy 
present in the wastes generated citrus fruit processing industry. But for 
the process to be efficient and sustainable, it is important to improve 
the extraction efficiency of essential oils present in these wastes so that 
their inhibitory effect on microbial groups involved in anaerobic diges-
tion process, in particular, methanogens is minimized to maximize the 
methane yield. Though diverse strategies exist for extraction, they are not 
completely efficient and there is a need for developing innovative strat-
egies for higher recovery of limonene, a value-added product from this 
waste. The bioconversion of citrus wastes for bioenergy production and 
other different value-added bio-products recovery can aid not only in 
terms of economic benefits, but also paving pathway in establishment of 
sustainable citrus processing industries.
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