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Abstract: Biodiesel production currently follows a first-generation model using edible oils as raw
materials. Such a production model is unsustainable, considering that it is limited by the high cost of
edible oils, competes with the food sector, and is linked to deforestation and other environmental
threats. Changing the raw material base to non-edible oils provides an opportunity to increase the
sustainability of the biodiesel industry and to avoid conflicts with food production. Processing
non-edible oilseeds for extracting the oil to be used for producing biodiesel generates large amounts
of residues, such as de-oiled cakes, seed husks, and fruit shells and pods as well as plant stems and
leaves resulting from pruning and other agronomy practices. Most of those residues are currently
disposed of by burning or used in a suboptimal way. Bioconversion following the sugar platform
route, anaerobic digestion, or enzyme production provides means for upgrading them to advanced
biofuels and high-added value products. Bioconversion of plant biomass, including oilseed residues,
requires pretreatment to enhance their susceptibility to enzymes and microorganisms. This review
provides an outlook on bioconversion approaches applicable to different residues of oilseed-bearing
plant species. Recent reports on the pretreatment of non-edible oilseed residues for enhancing their
bioconversion through either the sugar platform route or anaerobic digestion are critically discussed.
This review is based on an exhaustive Web of Science search performed in January—May 2023.

Keywords: non-edible oils; oilseed residues; biodiesel; Jatropha curcas; bioconversion; pretreatment;
anaerobic digestion; enzymatic saccharification

1. Introduction

In recent decades, intense research has been aimed at finding renewable energy sources
to replace fossil fuels. The dominance of one type of energy source is a barrier that should
be overcome by promoting energy diversification, which is a matter of major strategic
importance [1]. The availability of renewable raw materials in practically any part of the
planet has been put forward as an argument to promote research and development efforts
on energy generation from biomass materials [2]. Additionally, there is an important envi-
ronmental component in using renewable energy sources, especially if residual agriculture,
forestry, or agro-industry biomass is used as a raw material. Using residual bioresources
reduces net carbon dioxide emissions, thus contributing to a rapid transformation from to-
day’s fossil-based economy to a modern circular bio-based economy [3]. Directing biomass
residues to energy generation is an alternative to classical disposal by directly burning in
the fields or controlled landfilling [4].

Unfortunately, producing energy carriers from plant-based materials still conflicts
with basic human needs. In practical terms, most of the raw materials used for energy
production, for example, in manufacturing the so-called first-generation biofuels, compete
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with human food and animal feed [5]. Thus, bioethanol is produced commercially from
corn and sugarcane [6] while biodiesel is obtained from edible oils [7].

Biodiesel, a bio-based fuel that can be produced rather straightforwardly from plant
oils, is an ecofriendly and renewable alternative for substituting petro-diesel and thus
reducing the current dependence on fossil fuels [8]. Biodiesel production has continuously
increased during the last few years. According to data from the US Energy Information
Administration, global production increased from 751 to 911 million barrels per day in
the period 2018-2021 [9]. The dynamics of annual production by the leading biodiesel
producers during that period are shown in Figure 1.
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Figure 1. Dynamics of biodiesel production between 2018 and 2021 by the leading world producers [9].
Mb/d, million barrels per day.

Biodiesel production, in its current first-generation model, in addition to competing
with the food sector, is linked to deforestation and loss of biodiversity, particularly when
natural forests are cleared to make way for plantations [10]. An alternative to counteract
these drawbacks is to use oils from non-edible oilseeds. Besides biodiesel, various valuable
products can be produced from non-edible oilseeds if the different side streams from the
oil recovery processes are appropriately valorized. That might include other biofuels,
such as biogas produced by anaerobic digestion and bioethanol produced by the sugar
platform route.

2. Vegetable Oils—From Traditional Edible Sources to the Emerging Use of
Non-Edible Oilseeds

Edible vegetable oils, i.e., plant-based oils that are rich in nutrients and do not contain
toxic components, have been an essential constituent of the human diet since many centuries
ago [11]. Vegetable oils can be obtained from grains, fruits, seeds, and nuts. Some of the
most relevant sources of edible vegetable oils are olive (Olea europea), soybean (Glycine
max), sunflower (Helianthus annuus), rapeseed (Brassica napus), oil palm (Elaeis guineeinsis),
and cottonseed (Gossypium hirsutum), among other plants. Vegetable oils play an essential
role in domestic cooking, the food industry, and the formulation of pharmaceutical and
cosmetic products [12]. The demand for edible oils is increasing with the increase in the
world population [13].

Vegetable oils are triglycerides, i.e., molecules having three fatty-acid moieties esteri-
fied to a glycerol unit. Using vegetable oils for producing biodiesel is an area of increasing
interest [14]. Vegetable oils can be used as fuel, but their high viscosity is a severe drawback
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for their direct use. That problem can be overcome by transesterifying triglycerides with
short-chain alcohols, e.g., methanol or ethanol, substituting the glyceryl residues with
methyl or ethyl groups [8].

Most of the current global biodiesel production is based on rapeseed [7], palm [15],
soybean [16], and sunflower oils [8], either alone or mixed [7]. The use of edible oils
as raw materials conflicts with food safety and threatens the expansion of the biodiesel
industry. Therefore, alternative feedstocks, such as waste frying oil [17] or non-edible
oils [18], are considered to avoid competition with the food sector. Since non-edible oils
contain antinutritional factors and toxins, they are unsuitable for human food. That makes
them appropriate for producing biodiesel while avoiding the food vs. fuel conflict.

Various non-edible oil-producing plant species of interest for biodiesel production
have been identified worldwide. They grow in various climate zones, and many growing
in the tropical belt reach oil yields above 1000 kg/ha (Table 1), comparable with the yields
of traditionally cultivated oilseeds. The oil yield is crucial for industrial use, considering
that the feedstock cost accounts for a large share of the total cost of biodiesel production.
Some relevant non-edible oilseed-bearing plants are presented in Table 1, which includes
common names and binomial scientific names as well as the oil content of the seeds and
the oil yield per hectare according to different sources. In the rest of the text, only common
names are used.

Table 1. Summary of relevant non-edible oilseeds and plants described in this review.

Plant Name 0il Content 1, % (w/w) Oil Yield, kg/ha Web of Science Entries 2
Jatropha (Jatropha curcas) 20.0-60.0 [19-22] 1590-2500 3 [23,24] 3634
Castor (Ricinus communis) 35.0-60.0 [19,21,25] 1188 [24] 1025
Karanja (Pongamia pinnata) 27.0-40.0 [24,26,27] 225-2250 [24] 589
Polanga (Calophyllum inophyllum) 50-70 [28] 2000 [29] 482
Rubber seed (Hevea brasiliensis) 40.0-50.0 [24] 80-120 [24] 442
Mahua (Madhuca longifolia) 30.0-50.0 [8,30] 2700 [31] 271
Neem (Azadirachta indica) 20.0-50.0 [19,29,32] 2000-4000 [33] 270
Tung (Vernicia fordii) 30-40 [34] 300-400 [35] 200
Moringa (Moringa oleifera) 38.1-42.0 [19,36] 2000 4 [36] 191
Kapok (Ceiba pentandra) 25-28 [37] 1280 [38] 175
Jojoba (Simmondsia chinensis) 40.0-55.0 [8,29] 1818 [39] 114
Tobacco (Nicotiana tabacum) 30.0-49.0 [29,40-42] 2200 3 [40] 90
Yellow oleander (Thevetia peruviana) 60-65 [43] 1750 [33] 34
Hingan (Balanites aegyptiaca) 45.0-47.0 [44] 1800 © 24
Trisperma (Aleurites trisperma, also
known as Reutealis trisperma) 62.0 [19] 400 [451 20
Sea mango (Cerbera odollam) 40.0-60.0 [24,46] 1900-2400 [18] 20
Candlenut (Aleurites moluccana, also 56.3-60.0 [19,47] 3200 [47] 16
known as A. moluccanus)
Bladderpod (Physaria fendleri,
formerly known as Lesquerella fendleri) 4501481 N-R. 6
Kurrajong (Brachychiton populneus) 41% [49] N.R. 2

I The given content corresponds to the seed kernel; 2 Number of entries resulting from search algorithm “common
name” OR “scientific name” AND “biodiesel”; 3 kg/ha; 4 L biodiesel/ha; ° L/ha per year; 6 kg seeds/ha; N.R,,
not reported.

Jatropha is by far the most investigated species in the biodiesel production context.
A Web of Science search performed in April 2023 using the search terms “Jatropha” OR
“Jatropha curcas” AND “biodiesel” revealed 3634 documents. Jatropha is an endemic plant
in India, Southeastern Asia, Africa, and Latin America that produces high-quality oil for
biodiesel production [50]. It has a high versatility for growing under diverse climate con-
ditions without high material demand [51]. The oil content of jatropha kernel is up to
60% [19-22], and the plantations can yield around 1590-2500 kg oil per hectare [23,24]. Fur-
thermore, jatropha oil displays several characteristics that make it suitable for fuel use [52].
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Castor and karanja are other non-edible oilseed-bearing plants that have been exten-
sively investigated. A Web of Science search similar to the one made for jatropha but with
relevant key words for different oilseed-bearing plants yielded 1025 hits for castor and
589 for karanja. High research interest has also been directed to polanga, rubber seed,
mahua, neem, tung, moringa, kapok, and jojoba, as indicated by the 100-500 search results
found for each species. The other species included in Table 1 also have some interest, but
the number of reports for each of them is below 100.

3. Residues of Processing of Non-Edible Oilseeds

Recovering the oil contained in non-edible oilseed-bearing plants in a usable form
requires several conditioning operations where various by-products are generated. The
shell or pod protecting the seeds and the hull or husk covering the seed kernel should
often be removed to facilitate oil recovery. Although the process might differ slightly
depending on the plant species, the simplified overview shown in Figure 2 is a reasonable
representation of the residual streams generated while processing non-edible oilseeds.

Non-edible oilseed-bearing plants } Plant management

‘ Harvest
Stems, stalks, leaves
‘ Peeling }—\—‘
Peels, shells, pods
Seeds
l Husks, hulls
‘ Decortication ‘ Press cakes, meal, de-

oiled waste

—
Pruning residues

(branches, leaves)

‘ Extraction

Qil \ Transesterification """"""" >

Figure 2. Overview of residues generated during obtention of oil from non-edible oilseed-bearing

plant species for producing biodiesel.

The harvesting of fruits leaves behind plant residues, such as stems, stalks, and leaves
(Figure 2). Peeling the fruits to get the seeds generates vast amounts of residual shells,
empty pods, or other fruit debris. Decortication of the seeds for getting the kernels generates
residual husks, also called hulls. Taken together, the residual streams from peeling and
decortication can account for most of the fruit’s weight. For example, the shell represents
between 25 and 40% of dry jatropha fruit weight [22,53-55] while the husk accounts for
35-42% of the seed [19,22,53,55,56]. Higher residue shares have been reported for other
non-edible oilseed species. For example, the husk represents around 66 and 46% of the
seed weight for candlenut and neem, respectively [19]. Plant residues might also reach
high amounts for some species. For example, for castor beans, the weight of the residual
leaves is comparable to that of the extracted oil and that of stems doubles it [57].

The oil recovery from the seeds is performed by mechanical pressing, solvent ex-
traction, or advanced technologies using supercritical fluids, subcritical water, or other
green approaches [58]. A major by-product of the process is the de-oiled solid residue,
known as press cake, if it results from mechanical pressing. It is also called meal if it results
from solvent extraction [59]. In some of the literature, that material is also called de-oiled
cake [60], de-oiled seeds, or de-oiled waste [61]. The cake consists mainly of the de-oiled
kernel, and it can contain some remaining oil depending on the effectivity of the extraction.
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For most non-edible oilseeds, the press cake represents a large portion of the weight of the
kernels subjected to extraction. Around 50% of the kernel weight remains as cake after
extraction of the oil from jojoba [62] while that amount can reach up to 60% for mahua [63]
and 70-85% for jatropha [19,22,53] and karanja [64]. For non-decorticated castor beans, the
cake makes around 50-62% of the bean’s weight [65]. It has been estimated that producing
one ton of jatropha biodiesel results in 2.5-3 tons of de-oiled cake [66].

Plant management and other agronomy practices in the cultivation are other sources
of residues. The non-edible oilseed-bearing trees require periodical thinning or pruning
to ensure healthy inflorescence and enhance fruit and seed yield. Pruning generates
large amounts of branches, stems, and leaves. Jatropha tree maintenance can result in
up to 80 tons of dry residues per hectare every ten years [67]. For castor, the stems and
leaves represent more than 50% of the total plant biomass [68], and the average stalk yield
reaches 10 t/ha [69].

4. Valorization of Non-Edible Oilseed Residues

The sustainable development of biodiesel and oleochemical industries requires optimal
recycling and reuse strategies for all the generated residues and by-products. The main
residues from non-edible oilseeds are either lignocellulosic materials, such as fruit shells,
pods, hulls, branches, and leaves, generated before oil extraction or a protein-rich material,
e.g., the press cake or de-oiled meal, generated after oil extraction. Both lignocellulosic- and
protein-rich materials have huge economic potential. However, since using non-edible oils
for biodiesel production is still emerging, the valorization of non-edible oilseed residues is
still underdeveloped compared to that of edible oil production residues.

There are numerous reports on using press cake from edible oils as animal feed, for
example, for chicken [70] or quails [71], based on their high content of crude protein [72],
dietary fiber, and carbohydrates [73]. The use of edible oil cakes as a protein source [59] or
for producing chemicals [74], enzymes, vitamins, and antibiotics [75] has also been reported.
On the other hand, residues of non-edible oilseeds have been less investigated, and their
uses are mainly limited to energy purposes. For example, direct use by combustion has
been reported for residues of jatropha [76], moringa [77], jojoba [78], and candlenut [79,80].

The utilization potential of non-edible oilseed residues goes far beyond the traditional
energetic approaches. Thermochemical, biochemical, physico-chemical, and chemical
approaches provide different utilization routes (Figure 3). Thermochemical approaches,
such as gasification and pyrolysis, result in syngas, biochar, and biooil, which can then be
converted into advanced biofuels or serve as raw materials for the chemical industry. In the
biochemical conversion approach, by either anaerobic digestion, sugar-platform processes,
or solid-state fermentation, microorganisms convert the starting substrates into gaseous or
liquid biofuels, enzymes, or other compounds. In the physico-chemical approach, different
extraction techniques for recovering compounds of interest exploit the solubility of relevant
compounds in specific solvents. In the chemical approach, pulping methods can be applied
to liberate fibers that can be applied in producing nanomaterials and biocomposites.

4.1. Bioconversion Processes for Valorization of Non-Edible Oilseed Residues

Biochemical conversion can be used for valorizing different agro-based bioresources,
including non-edible oilseed residues. Bioconversion processes consist of deconstruct-
ing the complex structure of plant biomass by enzymes or microorganisms into simpler
compounds that are further processed by microbial fermentation or chemical conversion.
Overall, bioconversion processes include several connected steps operating at room tem-
perature and atmospheric pressure. Bioconversion might also include preparatory steps
at high temperatures and pressure and using chemicals. Careful optimization of each
step is required to achieve efficient and cost-effective conversion of bioresources into
valuable products.
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Figure 3. General scheme of valorization approaches for non-edible oilseed residues. Bioconversion
routes are shown with green lines. Bioconversion products are in green blocks.

In anaerobic digestion (AD), microorganisms break down biomass materials in the
absence of oxygen by a sequence of hydrolysis, acidogenesis, acetogenesis, and methano-
genesis processes (Figure 3). The AD results in a methane-rich gas mixture known as biogas
and a nitrogen-rich wet slurry known as digestate. The high calorific value of methane
makes biogas a valuable fuel, which can be transformed into electricity and heat, used in
domestic applications [25], or upgraded to transportation fuel [81]. The AD digestate, due
to its high nitrogen content, can be used as a biofertilizer, soil conditioner, or a source for
the recovery of nutrients [82].

In sugar-platform conversion (Figure 3), saccharification, often referred to as hydroly-
sis, is applied to generate sugars from the biomass polysaccharides, i.e., cellulose and hemi-
celluloses. The sugar-platform processes include four main steps, namely pretreatment,
saccharification, fermentation, and product recovery. A pretreatment is usually required
as the first step for ensuring efficient saccharification. Pretreatment, typically performed
with heat, chemicals, or enzymes, removes lignin and/or hemicelluloses and enhances
the accessibility of cellulose to enzymes and microorganisms [83]. After pretreatment, the
pretreated materials are subjected to saccharification, performed by enzyme consortia or
chemicals [84]. Enzyme preparations containing cellulases and hemicellulases of fungal
origin are commonly used. Saccharification breaks down cellulose and hemicelluloses
into simple sugars transferred into the liquid phase, i.e., the hydrolysate. Lignin remains
relatively untouched by the saccharifying agents and is separated from the hydrolysate
by filtration. When the saccharification is completed, the generated sugars are used as
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substrates for microbial fermentations resulting in valuable products, such as biofuels,
biomaterials, and platform chemicals. Ethanol is a common fermentation product. Yeasts,
e.g., Saccharomyces cerevisiae, or bacteria, e.g., Zymomonas mobilis, are ethanol-producing
microorganisms [85]. Other fermentation products are lactic acid and biobutanol, produced
via LAB (lactic acid bacteria) and ABE (acetone-butanol-ethanol) fermentation, respectively.
The saccharification and fermentation steps can be integrated into different configurations,
such as separate hydrolysis and fermentation (SHF), simultaneous saccharification and
fermentation (SiSF) [86], and consolidated bioprocessing [87]. In the recovery step, the
products are isolated from the fermentation broth by separation techniques, such as fil-
tration, distillation, or centrifugation, and purified until reaching the quality standards
required for commercial use.

Another bioconversion approach produces enzymes (Figure 3) by cultivating enzyme-
producing microorganisms directly on biomass residues [88]. Solid-state fermentation (SSF)
techniques with various microorganisms are used [89].

The bioconversion processes applied to non-edible oilseed residues include primarily
anaerobic digestion of press cakes, sugar-platform processes of lignocellulosic streams,
i.e., hulls, shells, pods, pruning residues, and production of enzymes by SSF of press cakes.
The bioconversion approach for non-edible oilseed residues should be selected to fit the
characteristics of each addressed material well. It would be unrealistic to expect high biogas
yields from highly-recalcitrant lignocellulosic residues or high sugar yields from press
cakes with low carbohydrate content.

4.1.1. Anaerobic Digestion

Due to the increasing interest in non-edible oils for biodiesel production, the generation
of press cakes and other related residues is continuously increasing. The main use of the
cakes from the extraction of edible oils is as cattle feed [72]. However, cakes from non-edible
oilseeds are unsuitable for feed because they contain toxins, e.g., phorbol esters (jatropha),
ricin (castor), or chromenoflavones (karanja), or have strong odors or other anti-nutritional
factors [25]. Those barriers and the need to find economic uses for the escalating amounts
of non-edible oil cakes have increased the emphasis on using them in anaerobic digestion
for producing biogas.

Anaerobic digestion of press cakes is the most investigated application for non-edible
oilseed residues. Some examples are shown in Table 2. Regardless, the research interest
shown in the application of residues has, so far, been considerably lower than the interest
shown in biodiesel production. An advanced Web of Science search for the three most
investigated non-edible oilseed-bearing plants, using the query combination ((“jatropha”
OR “castor” OR “karanja”) AND (“biogas” OR “anaerobic digestion”)) performed in
April 2023 resulted in 135 hits, which is considerably lower than the around 5000 results
for a related search for the same plant species using “biodiesel” instead of “biogas” OR
“anaerobic digestion”.

Jatropha cakes account for most of the literature reports on the anaerobic digestion of
non-edible oilseed residues. The first scientific article showing the suitability of jatropha
press cake for biogas production was published in 1997 [90], and the second one came
only in 2008 [53]. After that, the interest in the anaerobic digestion of jatropha press cakes
continuously increased, as shown by the 38 scientific papers indexed in the Web of Science
during the last five years.

Sinbuathong et al. [91] showed that J. curcas seed cake is a good source of methane
by anaerobic digestion. Methane yields of up to 156 L/kg cake can be achieved, and
the optimal cake-to-water ratio is in the range of 1:10-1:20. The same group reported
an evaluation of the effect of the organic loading rate (OLR) on biogas production during
the AD of jatropha seed cakes in a semi-continuous flow at 30 °C [92]. The highest methane
yield (340 L/kg COD degraded) was obtained at the OLR of 1.25 kg COD/m? day.
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Table 2. Examples of anaerobic digestion of press cakes and other residues of non-edible oilseeds.

Material Conditions Results Ref.
AD of a 1:20 cake/water slurry in Methane yield: 156 L/kg of seed cake;
Jatropha seed cake a 5-L batch reactor at 30 °C fogl 60 days. COD rem}(l;valz 52%. i o1
Semi-continuous flow at 30 °C; COD Highest methane yir?ld (340 L/kg COD
Jatropha seed cake range: 1.25-5 ke /m? da degraded) was obtained at an OLR of [92]
e - & ¥ 1.25 kg COD/m3 day.
AD of cow dung alone and mixed with Biogas y31eld of ]atroPha cake
Jatropha seed cake jatropha cake in 2-L plastic jars for 40 (0170 m"/kg) was higher than that of cow [93]
days dung (0.166 m3/kg). The digestate was
’ a suitable fertilizer for maize and tomato.
Jatropha cake alone or combined with Biogas yield: 265 L/kg biomass; methane
Jatropha seed cake cattlep dung, 37 °C, 5-L glass fermenter congcent};ation: 65% 8 [94]
Co-digestion of jatropha cake and cattle ~Methane concentration: 62.3-69.2% under
Jatropha seed cake dung in a 6-m3 floating-type digester mesophilic conditions and 65.2-69.2% for [60]
for 60 days. psychrophilic conditions.
P%lot—scale cor}tinuf) us 4Q—m3 stirred Within 5 days, the reactor started
Jatropha seed cake digester; co-digestion with cow dung roducing 70 m3 of biozas per da [95]
(3:1) for 120 days P & as per day:
Co-digestion of jatropha cake (10% (w/v))
Co-digestion with sugarcane bagasse and bagasse (5% (w/v)) gave higher BPR
Jatropha seed cake and addition of Fe?* ions in 120-mL than experiments with jatropha cake alone. [96]
serum vials as digesters. Adding 10 mM of Fe?* ions led to
further improvement.
Jatropha seed cake AD in the presence of an iron additive =~ HjS content in biogas was reduced. [97]
Methane potential: 0.39 (for jatropha cake)
and 0.43 m3/kg TS (for karanja cake);
. AD in a 20 m3/d floating drum under ~ average methane concentration: 66.6% (for
Jatropha and karanja cakes mesophilic tempera’cureg jatropgha) and 62.5% (for karanja); higher 98]
methane concentration than in biogas
from cattle dung.
. Serum glass bottles (125 mL) fitted with ~ The biogas potential of residues of karanja
Jatropha and karanja cakes, o . .
ods. and elvcerol rubb.er airtight stoppers were used and jatropha was, respectlvely, 3:07 and [56]
pods, &Y as digesters. 1.83 m? per kg of produced biodiesel.
Karanja cake mixed with cow dungin  The 25:75 mixture gave the best results.
Karanja oil cake 75:25, 50:50, 25:75 and Methane content was 73%, and the slurry [99]
0:100 (w/w) proportions had a higher fertilizer value.
. Biogas yield: 198-233 L/kg seedcake. The
Mahua and hingan cakes A 20-L plastic l.)Otﬂ? was used as diggsta?t]es had high fertilizger value due to [100]
single-phase digestion system hioh ni
igh nitrogen content.
AD in 5-L capacity single-stage Particle size 2.0-1.4 mm was favorable for
Castor cake fermenters at 30 and 37 °C BPR. High temperature resulted in higher [101]
yield. Conversion of the feed: 30-35% TS.
Seed cakes and leaves were suitable
substrates for AD, but stems were
unsuitable without pretreatment. The
Castor cake, stem, and leaves ~ AD in 118-mL bottles combined biogas yield from cake, stem, [57]

and leaves was 131 g/kg of initial plant
biomass. Biodiesel yield is 155 g/kg, and
ethanol yield is 85 g/kg.

AD, anaerobic digestion; COD, chemical oxygen demand; OLR, organic loading rate; BPR, biogas production rate;

TS, total solids.

Raheman and Mondal [93] showed that maximum biogas production could be achieved
by AD at a total solids load of 15-20% with C:N ratios between 22:1 and 27:1. The biogas
yield of jatropha cake (0.170 m3/kg) was higher than that of cow dung (0.166 m?/kg). The
digestate of jatropha cake was an effective biofertilizer for improving the growth of maize

and tomato.
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Co-digestion of jatropha cake with cattle dung or other animal manure has often
been reported. The AD of jatropha cake combined with cattle dung in a lab-scale fer-
menter operating at 37 °C resulted in 265 L/kg biomass with a methane concentration of
around 65% [94]. AD in a 6-m® floating-type digester for 60 days resulted in a methane
concentration of 62.3-69.2% under mesophilic conditions and 65.2-69.2% for psychrophilic
conditions [60]. The study concluded that jatropha cake is a better solution for improving
biogas quality and composition and getting a valuable digestate. Singhal et al. [95] designed
a pilot-scale continuous stirred tank reactor for co-digesting jatropha de-oiled cake and cow
dung. The reactor produced 20 m? of biogas daily during 120 days of continuous operation.

Co-digestion of jatropha cake with various plant residues, including press cakes of
other oilseeds, has also been reported. Sen et al. [96] showed that co-digestion of jatropha
cake with bagasse in the presence of a low amount of Fe?* ions leads to high biogas yield
within a short digestion time. Iron additives have also been used to reduce the H,S content
in the biogas and to facilitate the anaerobic digestion of jatropha cake [97].

Karanja is another non-edible oilseed thoroughly investigated as a biogas source.
A total of 26 results were found in a Web of Science advanced search related to using
karanja cakes for anaerobic digestion. Anaerobic digestion of press cakes and other karanja
residues at different scales, both alone or combined with other materials, has been re-
ported. An industrial-scale study revealed that biogas produced from jatropha and karanja
cakes had a 15-20% higher methane content than biogas produced from cattle dung [98].
Khuntia et al. [56] assessed the biological methane potential of karanja and jatropha cakes
and pods and that of the residual glycerol from biodiesel production. The study revealed
that the biogas potential of the residues of karanja and jatropha is, respectively, 3.07 and
1.83 m3 per kg of produced biodiesel. Barik and Murugan [99] reported the characterization
of the biogas and the digestate resulting from the co-digestion of karanja cake and cattle
dung. The biogas contained 73% methane, and the digestate showed good characteristics
as a nontoxic and environmentally friendly biofertilizer.

Mahua cake also has a high biogas production potential. A 50:50 combination of hot
water-detoxified mahua cake and cattle dung resulted in a biogas output of 442 L /kg of total
solids (TS) with a methane concentration of 58.5-60% [63]. A lower output (198-233 L/kg)
was reported for co-digestion of mahua and hingan press cakes. However, a concomitant
production of digestates with high fertilizing value was achieved [100].

For the AD of castor oil cakes, the effect of operational factors on biogas production
has been investigated [101]. Optimal particle size, temperature, loading rate, and stirring
have been established. The yield of various biofuels from different castor streams was
shown by Bateni et al. [57]. The study showed that 1 kg of castor plant could yield 155 g
biodiesel from the oil and 131 g biogas or 85 g ethanol from the press cake, stem, and leaves.

The AD of other non-edible oilseed residues has also been investigated, although the
number of reports is lower than for the above-discussed species. For example, the biogas
potential of jojoba cake [78], neem leaf litter [102], and moringa leaves and branches [103]
has been assessed.

Research results on the anaerobic digestion of some non-edible oilseeds, mainly
jatropha, have already been developed to pilot scale [95]. Some projects on incorpo-
rating jatropha-derived biogas into the energy matrix in rural areas for providing dif-
ferent energy services [104] and biofuel-based decentralized power [105] have been
successfully implemented.

4.1.2. Sugar-Platform Processes

In the sugar-platform conversion processes, the sugars generated by saccharification
are used by microorganisms, e.g., bacteria, fungi, or yeasts, to yield various useful products,
e.g., ethanol, lactic acid, hydrogen, or butanol. Lignin, either generated as a saccharification
residue or separated during pretreatment (Figure 3), can be upgraded to novel materials,
diesel-like advanced biofuels, or commercially relevant chemicals [106].
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The interest in saccharification of non-edible oilseed residues has so far been low, as
indicated by the number of indexed articles (59) in the Web of Science, which is considerably
lower than the number of anaerobic digestion-related papers (135) for the three most
relevant species (jatropha, castor, and karanja). Despite the low number of published
reports, sugar-platform processing is a relevant bioconversion route for valorizing residues
of non-edible oilseeds. Jatropha residues, including shells [107], fruit hulls [108], husks [54],
press cakes [109], and de-oiled waste [110], are the most investigated materials in the
studies reported in the literature. Other substrates, such as castor plant residues [111] and
press cakes [112], karanja defatted kernel [113] and hull [64], moringa empty pods [114],
stems and branches [115], and bladderpod press cakes [116], have also been investigated.

Some studies on the sugar-platform conversion of non-edible oilseed residues focus
production of sugars [107] without stressing a specific end product to be obtained from the
sugars. Other studies are focused on producing biofuels, such as cellulosic ethanol [21] and
hydrogen [117]. Both ethanol and hydrogen are produced by fermentation of the sugars
resulting from saccharification of the lignocellulosic parts of the residues. Itaconic acid,
succinic acid, butanol, 2,3-butanediol, and lignin are other products that can be produced
from residues of non-edible oilseeds following sugar-platform conversion. Hydrolysates of
bladderpod press cakes have been investigated for microbial fermentations for producing
succinic acid [116] and butanol [118]. Production of itaconic and succinic acids has been
reported by fermentation of hydrolysates of jatropha press cakes [119]. Hydrolysates of
jatropha hulls were suitable for producing 2,3-butanediol [120]. High recovery of lignin
was reported by alkaline processing of jatropha press cake [61]. The recovered lignin was
characterized using 'H NMR, FTIR, and nitrobenzene oxidation.

Most reports on producing sugars and ethanol from cellulose contained in residues of
non-edible oilseeds use enzymatic saccharification, but some studies apply acid hydrolysis.
Muktkham et al. [26] investigated the effects of various acids at different concentrations
on the formation of glucose from karanja seed residues. Among the investigated acids,
HCI led to the highest glucose formation (173.4 g/kg seed residue). The fermentation
of the produced hydrolysate with Saccharomyces cerevisiae gave 88.6 g ethanol per kg of
initial biomass. In another approach, karanja seed cake was extracted with ethanol, and the
extractive-free material was submitted to acid hydrolysis with HySO4 [27]. Optimization of
the operational conditions for maximizing sugar release revealed that the maximum glucose
formation (245 g/kg of extractive-free cake) could be obtained for hydrolysis at 120 °C, with
7.5% HySOy, for 1 h, and with a liquid-to-solid ratio of 15. Garcia et al. [54] investigated
the dilute-sulfuric acid hydrolysis of the xylan fraction of a mixture of jatropha shells and
husks under H,SO,4 concentrations in the range between 0.5 to 4.5% at 170-220 °C and for
10-20 min. Low H,SO4 concentrations, low temperatures, and reaction times below 10 min
favored xylan hydrolytic conversion and minimized xylose degradation.

4.1.3. Production of Enzymes from Residues of Non-Edible Oilseeds

Since press cakes are rich in C and N in the form of proteins and carbohydrates [19],
they are suitable substrates for enzyme-secreting microorganisms. Producing enzymes of in-
dustrial importance using edible oilseed residues has been reported in several studies [121],
while production from non-edible oil residues has been less investigated. However, with
the increase in the relevance of non-edible oils for biodiesel production, the interest in
valorizing their residues for enzyme production has also increased.

Table 3 summarizes studies published over the last 15 years using non-edible oilseed
residues as substrates for enzyme production. The table gives the used substrates, culti-
vated microorganisms, the produced enzymes, and their anticipated applications. Press
cakes of jatropha [122] and castor bean [123] have attracted the most research interest.
Jatropha husks [124] and press cakes of other species, such as jojoba [123], karanja [113],
moringa [125], and mahua [88], have also been the object of study.
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Table 3. Examples of enzyme production from residues of non-edible oilseed species.

Source Microorganism(s) Enzyme(s) Application Ref.
Pseudomonas aeruginosa Protease, lipase Industrial enzyme production [126]
ASP ergilliis meer, Lipase Enzyme production [122]
Jatropha seed cake Rhizomucor miehei
Paecilomyces variotii Cellulases Biofuel production [88]
Scytadilium thermophilum Xylanase Biobleaching of paper pulp [127]
Thermoascus aurantiacus Cellulases Saccharification of sugarcane [128]
bagasse
A. niger Cellulase, xylanase Biofuel production [129]
Bierkandera adusta Screening of inducible enzyme
Jatropha seed husk / : Cellulases, xylanases activity on lignocellulosic [124]
Pycnoporus sanguineus .
residues
g L . Ricin detoxification and
Penicillium simplicissimum Lipases biodiesel enzyme production [130]
Castor bean waste Penicillium simplicissimum Lipases Biodiesel enzyme production [131]
Aspergillus spp., Emericela CMCase, FPase, Screening of fungal isolates for [132]
spp., Rhodotorula spp. [-glucosidase cellulase activity
L Ricin detoxification,
Pa. varoitii Tannase, phytase phytate phosphate release [65]
Extracellular Biofuel production,
Jojoba meal Aspergillus spp. . fortification of [123]
B-glucosidase .
T. reesei cellulases
. o Endo- and
Spingomonas echinoides, 1 Biofuel producti 113
Karani d resid Torex lact exoglucanases, iofuel production [113]
aranja seed residue prex lacteus
xylanase, laccase
A. niger, Bacillus . .
licheniformis, Proteases Enzyme production, gelatin [133]
. s film breakdown
Acinetobacter pittii
. Penzcz'llzumf MI?Z.CZJ.IO.SMM, CMCase, FPase, Screening of fungal isolates for
Moringa straw Fusarium verticillioides, . .. [125]
. . B-glucosidase cellulase activity
Cladosporium cladosporoides
Mahua seed cake A. niger Proteases ANF detoxification [88]

Filamentous fungi are the typical microorganisms used for enzyme production on agro-
industrial wastes, as they are heterotrophic decomposers that grow readily on the surface
of organic material under suitable moisture and temperature conditions. For example, As-
pergillus spp. strains are well-known producers of several hydrolytic enzymes [134]. In this
context, they secrete lipases [122], proteases [133], and (3-glucosidase [123]. The mesophilic
fungus Penicillium simplicissimum, a producer of many secondary metabolites, has also
been investigated for detoxifying castor press cakes [130] and producing lipase [131]. Fur-
thermore, the fungi Scytadilium thermophilum [127], Thermosaceus aurantiacus [128], and
Paecilomyces variotii [88] were cultivated on non-edible oilseed residues for their ability to
produce different lignocellulolytic enzymes. Apart from the valorizing aspect, non-edible
oilseed residues were in some studies primarily only used as a cellulose substrate to induce
lignocellulolytic enzymes from fungal isolates, including white-rot fungi [125], to charac-
terize their saccharification potential [124]. Hydrolytic enzymes may also be produced
by bacteria, such as Pseudomonas aeruginosa [126], Spingomonas echinoides [113], Bacillus
licheniformis, and Acinetobacter pittii [133], but that is less frequently reported.

Notably, fungal fermentation can offer a value-added effect for castor residue. Af-
ter the oil recovery, the highly toxic protein ricin remains in the press cake, making it
unsuitable as animal feed. Biodetoxification of ricin was reported in two cases by the
coproduction of lipase [130] and tannase and phytase [65]. However, none of these en-
zymes are proteolytic; thus, the degradation of the proteinaceous toxin must have been
caused by proteases that were also secreted during fungal cultivation. In both cases, com-
plete ricin removal after three days was detected by SDS gel electrophoresis [65] and gel
filtration chromatography [130].



Agronomy 2023, 13, 2196

12 of 28

An overview of the production of hydrolytic enzymes by solid-state fermentation
(SSF) of various fungi on non-edible oilseed residues is presented in Table 4. In SSF, which
is carried out in static mode, the moldlike growth on a solid substrate essentially requires
the absence of free water. The moisture content should not exceed the maximum water
retention capacity of the particulate matter but just enough to keep it moist [88]. Too much
water reduces the particle porosity and the microbial respiration and thus reduces substrate
digestion and stimulates aerial growth of mycelia. Typically, the moisture level in SSF is
about fifty percent, obtained by mixing sterilized particulate solids with a minimum volume
of liquid and the inoculum culture. In the SSF studies presented in Table 4, the fermentation
processes ensued for at least two days but continued up to 7-9 days. Maximum enzyme
yield usually peaks after 3-5 days and then drops on prolonged cultivation, likely due to
inactivation or degradation [88,126,127,129,131].

Table 4. Overview of enzymes produced by solid-state fermentation (SSF) on non-edible oilseed
residues. Enzyme classification numbers are provided where applicable.

Max. Activity

Enzyme Microorganism Substrate SSF Length (Ulg Substrate) Ref.
P. aeruginosa Jatropha seed cake 120 h 620 [126]
Lipase (EC 3.1.1.3) P. simplicissimum Castor cake 96 h 44.8 [130]
P. simplicissimum Castor cake 120 h 155 [131]
Tannase (EC 3.1.1.20) Pa. varoitii Castor cake 48 h 2600 [132]
Phytase (EC 3.1.3.8/.26) Pa. varoitii Castor cake 72h 260 [65]
Cellulase (FPase 1) Th. aurantiacus Jatropha seed cake 6 days 49 [128]
(EC 3.2.x.x) Pa. variotii Jatropha seed cake 4 days 27.3 [88]
Th. aurantiacus Jatropha seed cake 6 days 1244 [128]
Endoglucanse (CMCase 2)  Aspergillus niger
(EC 3.2.1.4) FGSCA733 Jatropha seed cake 120 h 3974 [128]
Sp Hgomonas Karanja seed residue 8 days 16.2 [113]
echinoides
Iprex lacteus Karanja seed residue 8 days 49.2 [113]
S. echinoides Karanja seed residue 8 days 234 [113]
Exoglucanase (EC 3.2.19) Iprex lacteus Karanja seed residue 8 days 312 [113]
. . Th. aurantiacus Jatropha seed cake 6 days 28.9 [128]
P-glucosidase (EC3.2.121) ) oillus sp. DHE7  Jojoba meal 72h 153 [15]
Scytadilium
thermophilum Jatropha seed cake 9 days 1455 [127]
Xylanase (EC 3.2.1.8) A. niger FGSCA733 Jatropha seed cake 48 h 6087 [128]
S. echinoides Karanja seed residue 8 days 4.8 [113]
I. lacteus Karanja seed residue 8 days 16.2 [113]
P. aeruginosa PseA Jatropha seed cake 72h 1800 [126]
A. niger Mahua deoiled seed cake 2 days 52.5 [88]
Protease (EC 3.4.x.x) A. niger Karanja seed residue 7 days 3.7 [133]
Acinetobacter pittii Karanja seed residue 7 days 1.8 [133]
B. licheniformis Karanja seed residue 48 h 21 [133]

! Filter paper as substrate; > carboxymethyl cellulose as substrate.

Given the concern about the high cost of commercial enzymes needed for bioethanol

production, many studies using SSF have focused on expressing lignocellulolytic en-
zymes [113]. Cellulolytic enzymes comprise endoglucanase, detected using carboxymethyl
cellulose as a substrate (i.e., CMCase), exoglucanase [128], and 3-glucosidase [123]. Hemi-
cellulases, such as xylanases, are also included in many studies [127]. The total cellulase
activity can be assessed by the digestion of filter paper (i.e., FPase). Radhakumari et al. [113]
also observed the activity of lignin-degrading laccases from S. echinoides grown on karanya
seed residue but at far lower levels than the cellulase activities.

Although standard enzyme assays are used, the reported activity yields of the same
enzymes vary greatly and thus are difficult to compare (Table 4). For example, CMCase,
xylanase, and protease activities vary over three orders of magnitude. The differences
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can arise biologically from the type of microorganism and substrate used, or they can
be of technical origin related to the SSF methodology and analytical performance. The
enzyme expression levels, though, are not economically sustainable compared to com-
mercial production. When optimizing an SSF process, the moisture content, pH, nutrient
supplements, and inoculum size are critical factors. Thus, approaches for maximizing the
enzyme yields varying such factors are reported for lipase from P. simplicissimum [131],
tannase and phytase from Pa. variotii [65], f-glucosidase from Aspergillus sp. [123], and
cellulase from T. aurantiacus [128].

In summary, the studies in this review section are, in many cases, the first reports of
their kind. Thus, they extend the field of agro-industrial waste used for enzyme production
into non-edible oilseed residues. They demonstrate and point to the future potential of
producing industrially important enzymes from press cakes and other residues.

4.2. Other Valorization Routes for Non-Edible Oilseed Residues

Production of bio-oils, biochar, and activated carbon by thermochemical conversion
is a valorization approach for non-edible oilseed residues. There is documented research
on the thermochemical conversion of jatropha de-oiled cake [66] and husks [135], castor
husks [136], stems and leaves [68], and residues of other non-edible oilseeds. Pyrolysis
of jatropha press cake has been reported to result in bio-oil and biochar yields of up to
45 and 36% (w/w), respectively [137]. Gasification of jatropha and moringa husks can
cover the energy needs of a biodiesel facility with a capacity of 800 L/day, as shown in
a simulation study reported by Pfeil et al. [135]. The effect of alkaline pretreatment on hy-
drothermal liquefaction (HTL) of castor stems and leaves was reported by Kaur et al. [68].
The study included a thorough characterization of the HTL products (bio-o0il and biochar),
the determination of their maximum heating value, including an assessment of the appli-
cation potential of the phenolic compounds contained in the produced bio-oil. Pyrolysis
of rubber-seed shells results in high yields of activated carbons displaying high specific
area and other properties as adsorbents [138]. Pyrolysis of tobacco seed cakes resulted in
biochar with high potential as an adsorbent and soil amendment [139]. Neem bark has
been reported for bio-oil production using pyrolysis [140].

Press cakes of castor, jatropha, karanja, and neem as well as castor stems and moringa
empty pods have been investigated for biocomposites and other material applications.
Cellulose fibers produced from castor stems with an alkaline pulping process exhibit
good properties for composites and textile applications [141]. Castor press cake is also
useful for producing green composites by combining it with wood nanocellulose [142].
The production of an eco-friendly polymeric resin from jatropha cake reinforced with
microfibrillated cellulose has been reported [143]. Patil et al. [144] reported using karanja
cake for developing green resins with modified sisal fibers. The produced composites
exhibit improved tensile properties compared with those made with as-received sisal fibers.
Cellulose extracted from neem press cake was shown to be suitable to be incorporated as
a biofiller in polymer matrices for manufacturing eco-friendly composites [145]. Cellulose
nanofibers prepared by acid hydrolysis of moringa empty pods were shown to be a good
natural reinforcing material for fiber-reinforced polymer composites [146].

The production of particleboards from castor stalks and jatropha press cakes has also
been investigated. Grigoriou and Ntalos [69] mixed chipped castor stalks with industrial
wood particles to produce the middle layer of three-layer particleboards. The produced
materials meet most of the relevant European and American standard requirements for
interior boards. Evon et al. [147] manufactured renewable and biodegradable particleboards
by thermo-pressing jatropha press cakes. The assessment of the mechanical properties
revealed that the particleboards are suitable for being used as an interlayer sheet for pallets,
furniture, or building materials.

Following a lignin-first strategy, valuable products can be obtained from lignocellulosic
residues of some oilseeds. A recently discovered “ideal lignin”, which is a benzodioxane
homopolymer termed catechyl lignin (C-lignin), can be extracted from jatropha and castor
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seed coats [148] and from candlenut shells [149]. Liu et al. [148] applied catalytic hy-
drogenolysis in deep eutectic solvents to castor seed husks for extracting C-lignin and
depolymerizing it to catechol.

Press cakes can be sources for the extraction of protein and bioactive compounds.
Protein yields between 53 and 82% have been reported after extraction and recovery from
jatropha cake [22]. Jatropha press cake protein is of interest for non-food uses, e.g., in
producing coatings and adhesives. Biswal et al. [30] found that proteins from mahua de-
oiled cake display comparable functional properties to proteins from other plants. Protein
from de-oiled karanja cake was shown to be suitable for fabricating low-cost, fully “green”
biocomposites [144]. The potential of a protein extract from moringa seed residue for
inducing the separation of microalgae from their aqueous medium has been shown [150].
Microwave-assisted extraction of proteins and polyphenols with antioxidant activity from
jojoba seed cake was reported [151]. Polyphenols and flavonoids obtained from jatropha
de-oiled meal exhibited antioxidant activities comparable to that of 3-carotene [152].

In our opinion, some of the valorization routes mentioned above can be applied to
bioconversion residues. For example, saccharification residues and the spent substrate after
enzyme production by SSF can be upgraded by thermochemical-conversion technologies
or used for manufacturing particleboards, composites, and other materials.

5. Pretreatment of Non-Edible Oilseed Residues for Bioconversion

The complex structure of many types of residual biomass makes them slowly
biodegradable, which is a major limitation for bioconversion processes. Therefore, biocon-
version processes require pretreatment to disrupt the close inter-component association
between the main plant biomass constituents. Pretreatment removes the physical and chem-
ical barriers that make biomass recalcitrant to the access of enzymes and microorganisms
participating in the biochemical processing [83].

A wide range of pretreatments has been investigated as a first step for the bioconver-
sion of different biomass materials [153]. Depending on the main principle behind the used
approach for enhancing cellulose enzymatic susceptibility, pretreatments are generally clas-
sified as physical, physicochemical, chemical, and biological methods (Figure 4). They can
be applied as stand-alone methods or combined with another pretreatment approach. Ac-
cording to Galbe and Wallberg [154], this classical classification is somewhat arbitrary, and
it has become outdated since it focuses primarily on cellulose and underestimates the effec-
tive recovery of different biomass constituents, an essential requirement for pretreatments
in a biorefinery context.

Physical Chemical finico, Biological
chemical
Milling Acid LHW Fungal Steam explosion
treatment +acid

Extrusion Alkali Steam . —

explosion Enzymatic Steam explosion
Ultrasound Organosolv theatment + alkali

AFEX B

AFEX+CO

Microwave Ozonolysis { 2 ‘

Wet oxidation

| . «
. Extrusion + alkali
High energy | Metal salts \—‘

radiation CO, explosion —
. Fungi + ‘
liquid/DES Supercritical organosolv
fluids e
lonic liquid +
| acid

Figure 4. Classification of pretreatment methods applicable to lignocellulosic materials. DES, Deep
eutectic solvents; AFEX, ammonia freeze explosion; LHW, liquid hot water. Based on Kumar et al. [155].
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Among the methods relevant to industrial biorefining, hydrothermal approaches, such
as steam explosion or liquid hot water, have been widely employed for a wide range of
materials [156]. These methods have an environmental advantage derived from the fact
that no chemicals other than water are used. Nevertheless, depending on the specific
material and the targeted bioconversion product, chemical agents may improve the results
in downstream operations. For example, using a dilute acid solution associated with
steam explosion or liquid hot water has been proven as the right option for monomeric
sugars released compared to oligomeric sugar production in non-catalyzed hydrothermal
pretreatment. Crucial aspects for the commercialization of different pretreatment methods
have been discussed elsewhere and are out of the scope of the current study. For example,
Sidana and Yadav [157] recently reviewed the state of the art of lignocellulose pretreatment,
including non-conventional methods with a focus on cleaner production of biofuels on
other valuable goods.

Various pretreatment methods have been applied to different residues of non-edible
oilseeds to improve their susceptibility to bioconversion by either anaerobic digestion
or sugar-platform processes. Some of the most relevant methods are discussed in the
sections below.

5.1. Pretreatment for Sugar-Platform Processes

In sugar-platform processes, pretreatment is essential for enhancing the enzymatic
saccharification of polysaccharides. Several pretreatment methods have been reported for
lignocellulosic residues of non-edible oilseeds. They are mainly directed at producing sug-
ars for ethanol production, but some of them also address hydrogen production and lignin
recovery. Jatropha and castor are plant species whose residues have often been investigated.
The most frequently reported pretreatment methods for non-edible oilseed residues are
hydrothermal approaches, either catalyzed with external chemicals, e.g., acids or alkalis,
or auto-catalyzed. Acid-catalyzed hydrothermal pretreatment, also known as dilute-acid
pretreatment, mostly uses sulfuric acid, but hydrochloric and phosphoric acids can also
be used. Alkali-catalyzed methods use mostly sodium hydroxide. Table 5 summarizes
some relevant examples of pretreatments reported for sugar-platform bioconversion of
non-edible oil-producing plants.

Table 5. Examples of pretreatment of residues of non-edible oilseed-bearing plants for sugar-
platform bioconversion.

Targeted Product (TP), Experimental Conditions (EC),

Pretreatment Method Material and Results (R) Ref.
TP: ethanol
. . EC: 121 °C, 1 h, 0.5% HSOy; SiSF
Dilute-acid pretreatment Jatropha shells R: Yield of pretreated solids: 73%, maximum [158]
cellulose-to-ethanol conversion: 40.4%.
TP: ethanol
Dilute-acid pretreatment  Jatropha shells EC: SiSF applied to pretreated materials at optimized [108]

Dilute-acid pretreatment

Dilute-acid pretreatment
combined with
water extraction

conditions (0.9% HpSO4, 178 °C, 30 min) R: ethanol yield:
72% of theoretical one
TPs: glucose and ethanol
EC: Temperature (110-150 °C), H»SO4 concentration
Jatropha shells (0.5-2.5%) and time (15-45 min) were optimized following [159]
a Box-Behnken design
R: Optimal values: 136 °C, 1.5% HSOy, 30 min.
TP: glucose
EC: Water extraction followed by pretreatment with H;SO4
Jatropha shells (0.1-1.5%) at 110-180 °C for 20-60 min; ES [107]
R: 84% cellulose conversion for pre-extracted shells and
71.5% for non-extracted shells.
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Table 5. Cont.

Pretreatment Method

Material

Targeted Product (TP), Experimental Conditions (EC),
and Results (R)

Ref.

Dilute-acid pretreatment

Dilute-acid pretreatment

Dilute-acid pretreatment

Dilute-acid pretreatment

Acid pretreatment (HCl)

Alkaline pretreatment

Alkaline pretreatment

Alkaline pretreatment
(with lime)

Alkaline pretreatment

Autohydrolysis

Enzymatic pretreatment
with laccases

Jatropha pruning residues

Moringa empty pods

Moringa stem and leaves

Karanja defatted kernel
and hull

De-oiled jatropha waste

Jatropha shells

De-oiled jatropha waste

Jatropha press cake

Castor plant residues

Castor pruning residues

Castor stem and leaves

TP: fermentable sugars and ethanol

EC: H,SO4 concentration (2.5-10.0%), temperature
(120-180°C), and time (5-45 min)

R: the effect of the operational conditions on xylan
hydrolysis, xylose degradation, and ES of cellulose

was assessed.

TP: glucose

EC: 1% (w/w) HpSOy, 130-190 °C, 10-30 min; ES

R: around 90% cellulose recovery in pretreatment and up
to 84% conversion in ES.

TP: glucose and ethanol

EC: 175-195 °C, 5-15 min, 0.5-4.0% (w/w) HySO4

R: highest glucose yield (35.1 g/100 g) achieved for
hydrolysis of material pretreated at 185 °C, 2% w/w acid,
and 5 min.

TP: ethanol

EC: 0.5% Hp504, 121 °C, 15 psi, 90 min, hydrolysis with 5%
H,SO4 at 50 °C for 70 h. Fermentation with commercial
yeast.

TP: hydrogen

EC: Pretreatment with 2% (v/v) HCl at LSR 10, followed by
enzymatic hydrolysis with Viscozyme and hydrogen
fermentation using a hybrid immobilized cell system.

TP: ethanol

EC: NaOH (1% NaOH), 121 °C, 1 h; SiSF

R: Yield of pretreated solids: 50.4%; pretreatment
solubilized 63% of lignin but retained 93% of the cellulose
and 99% of the xylan; maximum cellulose-to-ethanol
conversion: 41%.

TPs: glucose and lignin

EC: Time (6-73 min), temperature (85-156 °C), and NaOH
load (0.6-12.4%) were optimized for maximizing

lignin recovery

R: Maximum lignin recovery: 93.4%; ES resulted in

a glucose yield of 92.5%.

TP: fermentable sugars

EC: 100 °C, 1-2 h, lime dose range: 0.1-0.2 g/g, LSR: 10,
20mL/g.

R: Maximal lignin removal: 38.2%; maximal cellulose
conversion: 68.9%.

TP: ethanol and biodiesel

EC: 8% (w/v) NaOH, 100 °C, 60 min, 22% solid loading; ES,
ethanol fermentation

R: using ethanol for producing biodiesel with castor oil
was assessed.

TP: ethanol

EC: 100-200 °C, 15 min

R: Maximal xylan hydrolysis (77.5%) and cellulose
recovery (83%); ES was 2.9-fold higher than for
non-pretreated material.

TP: reducing sugars

EC: Optimization of temperature (35-45 °C), pH (6.5-7.5),
LSR (2-6), and enzyme load (400-600 IU/mL) for
maximizing delignification

R: ES of the delignified cellulose resulted in a sugar yield of
775.2 mg/g substrate.

[160]

[114]

[115]

[64]

[110]

[158]

[55]

[161]

[111]

[162]
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Table 5. Cont.

Pretreatment Method

Targeted Product (TP), Experimental Conditions (EC),

and Results (R) Ref.

Material

Various methods

Heat pretreatment

Pretreatment with
thionyl chloride

Microwave-assisted
deep eutectic
solvent pretreatment

Ionic liquid

TP: fermentable sugars and hydrogen
EC: Different methods (dilute-acid, alkaline, enzymatic,
heat, ultrasonication) were assessed
De-oiled jatropha waste R: Viscozyme at 10% load, 10% HCI and 2.5% H,SO, gave [109]
the highest concentrations of reducing sugars. Combined
hydrolysis with acid and enzymes resulted in high
hydrogen formation.
TP: hydrogen
EC: The effect of various combinations of heat treatments
De-oiled jatropha waste on hydrogen fermentation was assessed [117]
R: Heat-treatment proved to be necessary to inhibit
methane producers.
TPs: reducing sugars and ethanol
Castor de-oiled cake EC: Thionyl chloride at 35 °C for 25 min, enzymatic [163]
hydrolysis with T. viride cellulases.
TPs: sugars and lignin
EC: Biomass suspensions in DES were irradiated at 400 W.
The slurry was vacuum-filtered and the solids were
Castor stalk washed with an acetone:water mixture [164]
R: High delignification (92%), enzymatic saccharification
yields (96%), and lignin purity (up to 98%) were achieved.
Good performance after recycling.
TP: 2,3-butanediol
EC: Biomass (4 g) mixed with 100 g [BMIM]CI at 120 °C for
1 h; the solubilized and regenerated material was
hydrolyzed with HySO4 (1.5%) at 150 °C for 30 min; the
hydrolyzed was fermented with Klebsiella oxytoca
R: Diol yield: 66.6%, diol productivity: 0.040 g/L h for
IL-pretreated material and 0.035 g/L h for
non-pretreated material.

Jatropha hull [120]

SiSE, simultaneous saccharification and fermentation; ES, enzymatic saccharification; LSR, liquid-solid ratio; DES,
deep eutectic solvent; [BMIM]CI, 1-butyl-3-methylimidazolium chloride.

Dilute-acid pretreatment is one of the most investigated methods, and different oper-
ational conditions and approaches have been reported (Table 5). One of the first studies
was performed by Visser et al. [158] using sulfuric acid (0.5%) for jatropha shells. The pre-
treatment was performed at a relatively low temperature (121 °C) and extended time (1 h)
in an autoclave. The study aimed to evaluate the suitability of jatropha shells for ethanol
production, and it resulted in a cellulose-to-ethanol conversion of 40.4% after simultaneous
saccharification and fermentation (SiSF) of the pretreated solids. Marasabessy at al. [108]
also applied dilute-acid pretreatment combined with SiSF to jatropha shells, but they used
higher temperatures and shorter times. Under optimal pretreatment conditions (178 °C,
0.9% sulfuric acid, 30 min), an ethanol yield of 72% of the theoretical value was achieved.
Garcia et al. [159] investigated lower temperatures combined with slightly higher H,SO4
concentrations using a Box-Behnken design and processed the pretreated solids following
two different hydrolysis schemes. The optimal pretreatment conditions for the separate hy-
drolysis scheme (134 °C, 1.0% H,SOy, 32.4 min) resulted in a maximal cellulose-to-glucose
conversion of 87.1%. For simultaneous saccharification and fermentation, the optimal
conditions (136 °C, 1.5% H»>SOj, 30 min) resulted in 82% cellulose-to-ethanol conversion.

In another study of dilute-acid pretreatment of jatropha shells, Martin et al. [107]
evaluated the effect of removing water extractives from jatropha shells before pretreat-
ment. The pre-extracted material was pretreated under a wide range of operational factors
(110-180 °C, 20-60 min, 0.1-1.5% H»SOy). The study showed that removing water extrac-
tives before pretreatment effectively improved enzymatic saccharification. The highest
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overall cellulose conversion (84%) in the enzymatic saccharification of the pretreated solids
was achieved for the pretreatment performed at 190 °C, 40 min, with 0.8% H;SO4. For
pretreatments under those conditions, the overall enzymatic conversion of the pre-extracted
shells was 16.5% higher than for the non-extracted samples.

Dilute-acid pretreatment has also been applied to other jatropha residues. For example,
jatropha pruning residues were pretreated with HySO4 in concentrations between 2.5 and
10.0% at 120-180 °C and for 5-45 min [160]. The pretreatment was effective for hydrolyzing
xylan with minimal xylose degradation and activating cellulose towards enzymatic hydrol-
ysis. The maximum xylose release (33.1 mg/g biomass) was achieved for the pretreatment
at a severity factor of 3.34 while the maximum release of glucose upon enzymatic hydrolysis
(597 mg/g pretreated biomass) was achieved for severity factor of 3.65.

Acid pretreatment has also been used with moringa and karanja residues. Moringa
empty pods were pretreated with dilute-sulfuric acid at a temperature range between
130 and 190 °C for 10-30 min [114]. The pretreatment was effective in improving the
enzymatic saccharification of cellulose. The highest conversion (84.3%) was achieved for
the pretreatment run at 160 °C and 20 min with 1% (w/w) H,SO4. Moringa stem and
leaves, pretreated at 185 °C, 2% (w/w) HpSO4, and 5 min, resulted in a glucose yield
of 35.1 g/100 g initial material after enzymatic saccharification [115]. That corresponds
to 83.7% of the theoretically achievable value, which was 49% higher than for the non-
pretreated material. Fermentation resulted in 0.13 g ethanol/g raw moringa biomass. In
a study with karanja residues, Doshi and Srivastava [64] applied dilute-acid pretreatment
as part of a sequential process, including a second acid hydrolysis step. Karanja defatted
kernel and hulls, either separated or combined, were pretreated with 0.5% H»SO4 at 121 °C
for 90 min and then hydrolyzed with 5% H;SOj at 50 °C for 70 h. The two-step hydrolysis
process followed by fermentation of the hydrolysate with commercial yeast resulted in
ethanol yields comparable to those achieved from processing lignocellulosic materials, such
as barley straw and corn stover.

Pretreatment with 2% (v/v) HCI combined with enzymatic hydrolysis with Viscozyme
has been reported as a way of preparing de-oiled jatropha waste for hydrogen and hydrogen
fermentation [110]. The combined process maximized the recovery of sugars, which were
then fermented to hydrogen using a hybrid immobilized cell system.

Alkaline pretreatment is another approach reported for various residues of non-edible
oilseeds, and NaOH is the most commonly used agent (Table 5). Visser et al. [158] applied
alkaline pretreatment (1% NaOH) to jatropha shells at 121 °C and for 1 h and submitted the
pretreated solids to SiSF. The study also included a dilute-acid pretreatment run in parallel
under the same temperature and time and in the same autoclave. Alkaline pretreatment
selectively solubilized lignin while retaining most cellulose and xylan. The simultaneous
saccharification and fermentation of the pretreated solids resulted in comparable cellulose-
to-ethanol conversions for alkaline (41.0%) and dilute-acid (40.4%) pretreatments.

A NaOH pretreatment was the option considered for a techno-economic study of
castor-based biorefinery [161]. In the process, the castor plant residues are pretreated with
8% (w/v) NaOH under a 22% solid loading at 100 °C and for 60 min. The pretreated solids
are then hydrolyzed with cellulases, and the hydrolysate is fermented to ethanol. The
produced ethanol is combined with castor oil to produce biodiesel. The technical and
economic feasibility of the biorefinery was assessed by simulations with Aspen Plus and
Aspen Economic Analyzer.

Another focus of alkaline pretreatment has been lignin recovery. Oruganti et al. [61]
investigated the effect of time, temperature, and NaOH concentration on lignin solubiliza-
tion from de-oiled jatropha waste. A lignin recovery of 93.4% was achieved under optimal
conditions. The recovered lignin was characterized using 'H NMR, FTIR, and nitrobenzene
oxidation. The enzymatic saccharification of the delignified solids resulted in a glucose
yield of 92.5%, which was two-fold higher than that of the non-treated material.

Lime is another chemical that can be used in alkaline pretreatment. Liang et al. [55]
reported lime pretreatment of jatropha seed cake at 100 °C and under different lime dosages,
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reaction time, and water-to-cake ratios. The pretreatment removed up to 38.2% of the initial
lignin without affecting cellulose. The pretreated solids from the experiment with 0.1 g
of lime and a water-to-cake ratio of 9 for 3 h resulted in the maximal cellulose conversion
(68.9%) in the enzymatic hydrolysis. That conversion was two-fold higher than the value
achieved in the hydrolysis of the non-pretreated material.

Autohydrolysis, i.e., auto-catalyzed hydrothermal pretreatment, was reported to be
effective in enhancing the enzymatic saccharification of castor pruning residues [111]. The
pretreatment was run by heating water suspensions of the pruning residues to 100-200 °C
and holding them in an isothermal regime for 15 min. Xylan was mostly hydrolyzed
during pretreatment while cellulose and lignin were well-preserved in the pretreated solids.
The best results were achieved for autohydrolysis at 180 °C (severity factor 3.37), which
resulted in 77.5% xylan hydrolysis and 83% cellulose recovery. Enzymatic saccharification
of cellulose resulted in an almost three-fold higher glucose release for the auto-hydrolyzed
solids than for the non-pretreated material. The hydrolysate was effectively fermented with
S. cerevisiae resulting in an ethanol yield of 93.0 g/kg raw pruning residues.

Enzymatic pretreatment is another approach that can be relevant for non-edible
oilseeds. Pretreatment of castor plant residues with laccase, a phenol-oxidizing enzyme,
resulted in a delignification of 85.7% [162]. The enzymatic saccharification yield of the
pretreated material (775.2 mg of sugars per gram of initial substrate) was three times higher
than the value achieved with non-delignified castor biomass. Enzyme pretreatment with
Viscozyme applied to de-oiled jatropha waste was compared with other methods [109]. The
enzymatic treatment at a 10% load gave the highest concentration (12.9 g/L) of reducing
sugars. For acid pretreatments, 7.8-8.0 g/L was obtained after pretreatment and 11.4 g/L af-
ter enzymatic hydrolysis of pretreated solids. Acid pretreatment combined with enzymatic
hydrolysis was an efficient approach for enhancing the subsequent hydrogen fermentation.

Although to a lesser extent, other methods have also been reported for pretreating some
non-edible oilseed residues. For example, heat treatment [109,117] and ultrasonication [109]
were reported for de-oiled jatropha waste. Pretreatment with thionyl chloride, which
forms HCI and SO, in water, was investigated for de-oiled castor cake [163]. Microwave-
assisted pretreatment with several deep eutectic solvent (DES) systems was investigated
for castor stalks [164]. The pretreatment with the guanidine hydrochloride-lactic acid
DES system resulted in high delignification (92%) and enzymatic saccharification yield
(96%). The regenerated lignin exhibited a high purity (up to 98%). The pretreatment
performance was maintained after three recycles. Pretreatment of jatropha hull with
the ionic liquid [BMIM]CI followed by hydrolysis with H,SO4 and fermentation with
Klebsiella oxytoca resulted in a higher 2,3-butanediol productivity than that achieved for the
non-pretreated material.

5.2. Pretreatment for Anaerobic Digestion

Pretreatment is often required to enhance the AD performance and reach high methane
yields [165]. Pretreatment methods aimed to alter the composition and structure of the
substrate to make it accessible to AD microorganisms are described elsewhere [166]. Here,
we discuss only those techniques relevant to the AD of residues of non-edible oilseed-
bearing plants.

Depending on the plant species and the technology used for extracting the oil from
non-edible oilseeds, the resulting press cakes can have a considerable content of polymeric
material, such as lignin and insoluble protein, which have limited digestibility. For example,
jatropha press cakes often contain lignocellulosic materials, such as seed husks, which
slow the hydrolysis stage of the AD process. If that might be a minor limitation for press
cakes, it can be a significant problem for other residues, such as fruit shells, pods, plant
stems, and leaves [167]. Some examples of pretreatment methods applied to residues of
non-edible oilseeds to be submitted to anaerobic digestion are presented in Table 6 and
discussed below.



Agronomy 2023, 13, 2196

20 of 28

Table 6. Examples of pretreatment methods applied to residues of non-edible oilseeds prior to

anaerobic digestion.

Pretreatment Method Material Results Ref.
Steam explosion pretreatment and co-digestion
Steam explosion Jatropha press cake with crude glycerol were assessed to enhance [168]
methane yield.
Alkaline pretreatment and co-digestion with
Alkaline pretreatment Jatropha press cake glycerol increased methane yields by 40% and [169]
28%, respectively.
Alkaline pretreatment (with Karanja press cakes, leaves, Biogas yield increase: 15-22%; methane [170]
NaOH) at 26-32 °C and pod husks production rate increase: 20-75%.
Low-temperature Castor stem and leaves to be Pretreated stems yielded 22.2 L methane or
alkaline pretreatment used for AD and 13.6 g ethanol per kg plant biomass; pretreated [57]
ethanol production leaves yielded 63 g ethanol/kg plant biomass.
o Both methods altered the kinetics of anaerobic
zc}}ilz?;}réi’fr;alfmgtznd Jatropha press cake digestion but did not increase the biogas [171]
production efficiency.
Grinding (particle size below 1 mm) enhanced
Grinding, steam explosion the methane yield by 74%; steam explosion
and alkaline pretreatments, Jatropha fruit shells (160 °C, 5 min) increased the yield by 55%; [167]
alkaline pretreatment (7.32% NaOH at 36 °C for
54 h) increased the yield by 44%.
Enzymatic pretreatment, Enzymatic pretreatment '(with cellulase and '
alkaline pretreatment, and Castor press cake and straw cellobiohydrolase), alkaline pretreatment (with [172]

acidic pretreatment

(stem and leaves) NaOH), and acidic pretreatment (with HCl); AD

at either room temperature or 37 °C for 55 days.

Ewunie et al. [168] investigated steam explosion pretreatment and co-digestion with
crude glycerol to improve the methane yield from jatropha press cakes containing large
amounts of lignocellulosic materials. The steam explosion conditions (202 °C, 9 min)
leading to maximum methane yield were established using response surface methodology.
In the co-digestion experiment, a 2% crude glycerol share and a total organic loading of
2 g/L were the optimal conditions. Environmental and economic considerations indicated
that co-digesting jatropha cake with crude glycerol was a better alternative than steam
explosion for improving the methane yield. In another study, the same group assessed the
effect of alkaline pretreatment and co-digestion with crude glycerol for improving AD of
jatropha cake [169]. Alkaline pretreatment was relatively more effective than co-digestion
with glycerol, but both methods resulted in higher methane yields than the AD of untreated
cake. A 7.3% NaOH load at 35.9 °C for 54 h gave the maximum methane increment (40.2%)
while co-digesting the cakes with 2% crude glycerol enhanced the methane yield by 28.9%.
Alkaline pretreatment has also been used for other materials [57,170].

Jabtonski et al. [171] applied thermal and acidic pretreatments to jatropha press cakes
to enhance the efficiency of anaerobic digestion by deactivating protease inhibitors and hy-
drolyzing phytate. The pretreatments altered the kinetics of anaerobic digestion, reducing
protease inhibitor activity and phytate concentration, but they did not increase the biogas
production efficiency. The low effectivity was attributed to the fact that lignin and cellulose,
which make the anaerobic process inefficient, were not targeted by the pretreatments.

Jatropha fruit shell, a lignocellulosic residue, must be pretreated before anaerobic
digestion. Ewunie et al. [167] applied grinding, steam explosion, and alkaline pretreatment
to jatropha fruit shells. All the pretreatment methods improved the digestibility. The most
effective method was grinding, a mechanical pretreatment, which enhanced the methane
yield by 74%. Steam explosion under optimal conditions (160 °C, 5 min) resulted in a yield
increase of 55%, whereas the alkaline pretreatment was less effective.

Several pretreatment methods have been applied prior to the anaerobic digestion of
press cake and other residues of castor bean processing. In a recently published work
on castor leaves, stems, and press cakes, Quezada-Morales et al. [172] investigated the
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effect of enzymatic, alkaline, and acidic pretreatments on the methane content of the
produced biogas. The enzymatic pretreatment was the most effective method. In another
study, Bateni et al. [57] used low-temperature alkaline pretreatment to improve the AD
parameters of castor stems and leaves. The potential biogas production of pretreated
biomass and its suitability for producing ethanol were shown.

Alkaline pretreatment was effectively applied to karanja press cakes, leaves, and pod
husks [170]. The pretreatment was particularly effective for leaves and pod husks, whose
digestibility is typically low due to their high fiber content. Biogas yield increased by
15-22% and methane production rate by 20-75% after pretreatment.

6. Future Directions and Conclusions

In the current scenario of increased relevance of substituting fossil fuels with bio-based
fuels without diverting food sources to energy generation [173], biodiesel production from
non-edible oils is expected to increase. An environmentally friendly, responsible, and
sustainable biodiesel industry requires a zero-waste approach toward all the side streams
of the process. The bioconversion of process residues to advanced biofuels, platform
chemicals, and novel materials is a direction to be considered.

The bioconversion research reported so far for non-edible oilseed residues is quantita-
tively limited, and it has mainly been focused on the anaerobic digestion of press cakes.
Furthermore, the reported research is rather dispersed and typically focuses on a particular
process directing a specific by-product into some end product. Higher interest in a holistic
bioconversion approach applicable to different by-products for producing various end
products is highly desirable. Reports in that direction are expected to become dominant in
the coming years.

Non-edible oilseed residues have strong potential to be raw materials for modern
biorefineries with a strong resource integration and aimed at producing several types of
biofuels and other bio-based products. In addition to the well-established processes for
producing biodiesel from the seed oil and the emerging research interest in biogas produc-
tion from the seed cakes, novel processes should be added to the production matrix. That
includes the production of bioethanol and biohydrogen by fermentation of the hydrolysates
of lignocellulosic residues, such as fruit shells, seed husks, and plant stems and branches.
An integrated configuration, where biodiesel is produced by transesterification of the oil
from a given oilseed with the ethanol produced in situ from the residues of the same
oilseed, would allow for a considerable reduction in the energy costs compared with the
production of both biodiesel and ethanol separately. Furthermore, upgrading lignin to
diesel-like advanced fuels would broaden the end-product palette and add value to the
proposed biorefinery concept. Furthermore, bioconversion residues have the potential to
be upgraded by the thermochemical-conversion route or for the development of novel
composite materials.

Utilizing non-edible oilseed residues as substrate for solid-state fermentations for
producing enzymes and bioactive compounds has clear research and innovation potential
and deserves further development. The thermochemical, physico-chemical, and chemical
utilization routes remain highly relevant, but a more substantial integration with the biocon-
version processes is necessary. The implementation scale of already existing valorization
approaches as well as other routes to emerge in the future should be flexible enough to
adapt to the existing amounts of residues, which can change depending on the market
scenario or the policy conjuncture.
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