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Abstract

Filter cake is a nutrient-rich solid byproduct generated during sugarcane juice clarification,
representing both a challenge and an opportunity for the sugar–energy industry. This study
presents a systematic bibliometric analysis of global research on filter cake valorization,
with a particular focus on its potential for bioenergy and biofuel production. Data were
retrieved from the Scopus database and analyzed using VOSviewer, resulting in a dataset
of 530 publications up to 2024, of which 485 address recycling and reintegration pathways.
The results identify Brazil and India as leading contributors, with research traditionally
concentrated on agricultural applications. However, emerging trends highlight the growing
interest in thermochemical and biochemical conversion routes, including its use as a
substrate for biogas, bioethanol, and other biofuels. The findings demonstrate that filter
cake is a promising feedstock for integrated biorefinery systems, contributing to renewable
energy generation and resource recovery. Despite this potential, the transition toward
advanced biofuel production and high-value energy applications remains limited. This
review provides a comprehensive overview of research trends, identifies key gaps, and
outlines strategic directions to support the shift from conventional waste management to
energy-oriented valorization within a circular bioeconomy framework.

Keywords: sugarcane filter cake; biomass valorization; biofuels; bioenergy; biorefinery;
bibliometric analysis
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1. Introduction
The sugar–ethanol industry plays a key role on the global stage through the production

of sugar and ethanol, widely consumed commodities. Sugarcane (Saccharum officinarum) is
the primary feedstock for this agro-industrial sector [1]. It provides approximately 70% of
all sugar produced worldwide [2] and is the second-most cultivated crop for bioethanol
production [3], a renewable fuel that helps reduce greenhouse gas emissions [4].

Sugarcane is mainly cultivated in tropical regions and can regrow two to six times
after the initial harvest [5]. Botanically, the aerial part of sugarcane comprises leaves,
inflorescences, and stalk [6], which is the most valuable component as it contains sugar-rich
juice. The stalk is typically composed of water, sucrose, and fiber, and the fibers, in turn,
consist mainly of cellulose, hemicellulose, and lignin [7], providing mechanical resistance
to the plant [8].

During photosynthesis, the process of converting CO2 and sunlight into energy, sugars
are synthesized, distributed, and stored within the stalk [9–11]. Thus, among various
important parameters, sugar content is considered the most economically relevant factor
for the crop [9], as a wide range of valuable products can be derived from it. For example,
sucrose-rich cane juice is crystallized to produce food-grade sugar crystals [12], whereas
in other industrial processes, sugars are fermented using yeast to produce bioethanol [13].
Besides the main products, the industrial production of sugar and ethanol generates several
byproducts, such as bagasse, ash, and filter cake [14]. Filter cake, also known as press mud,
is a solid residue that results from the purification of the extracted juice [15]. In this process,
the clear liquid rises while the filter cake settles at the bottom [16].

Filter cake contains proteins, sugars, fats, water, and lignocellulosic fibers [15,17], along
with essential nutrients such as N, P, K, Ca, and Mg [18]. Its composition is influenced by
factors such as soil type, the maturity stage of the cane at harvest, and juice treatment [18].
The chemical properties of the filter cake can vary depending on the type of clarifying
agent used during the purification process. When sulfitation is employed, the filter cake
exhibits acidic properties [19], whereas purification via carbonation produces an alkaline
profile [16]. These variable chemical properties are significant as they allow this biomass to
be effectively used as an agent for soil pH correction [20].

Despite the advantageous characteristics of filter cake, its improper disposal can lead to
environmental problems, including soil and water pollution [21]. For instance, its microbial
decomposition can produce acids that leach into and contaminate soils, in addition to
releasing methane gas, which has a global warming potential 21 times greater than that of
CO2 [22]. Crude filter cake may also present a high biochemical oxygen demand (BOD) due
to its high content of organic matter and nutrients [23]. If these chemical components enter
water bodies, the resulting increase in BOD can reduce dissolved oxygen concentration
through microbial degradation of the organic matter [24], potentially leading to the death
of fish and other aquatic life [25]. However, composting filter cake can reduce BOD to
levels that are safe for agricultural use [26].

The generation of pollutant residues from the sugar–ethanol sector is expected to
increase as global sugarcane production rises to meet the growing demand for bioethanol
and sugar. The ten leading sugarcane-producing countries have a combined annual output
of 1.556 billion tons of sugarcane [27], which is associated with massive residue generation,
as, on average, 35 kg of filter cake are produced per ton of sugarcane processed [28]. In this
scenario, recycling filter cake for various applications becomes a highly relevant alternative,
with the potential to reduce environmental pollution while simultaneously enabling the
production of multiple valuable products [29,30]. This sustainability focus has stimulated
scientific research on filter cake applications in fields such as agriculture [31–33], environ-
mental bioremediation [34–36], civil construction [37,38], biofuel production [39–41], ther-
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mal energy [42,43], the synthesis of bioproducts [44,45], and even animal nutrition [46,47].
Converting this low-cost biomass for biotechnological and commercial uses supports a
circular bioeconomy [48].

Considering the information presented, this study aims to map the evolution, trends,
and current state of scientific research on the utilization of sugarcane filter cake, partic-
ularly highlighting its potential in various applications. By showcasing the economic
and environmental benefits of filter cake, this study contributes to the broader discourse
on sustainability in various areas of research, fostering innovative and environmentally
friendly waste management solutions.

2. Materials and Methods
The scientific articles for this present bibliometric analysis were retrieved from Scopus,

one of the largest academic databases, which provides a broad view of global research
output [49]. To perform this query, a strategic mix of keywords, Boolean operators, and
quotation marks was used to refine the search. Logical operators were used to capture
prefixes and suffixes of different words, while quotation marks captured multi-word terms.

Choosing the correct keywords is crucial for achieving results that align with the
research objectives [50]. Based on these ideas, the following search query was used:
TITLE-ABS-KEY ((“sugarcane” OR “sugar cane” OR “sugar-cane”) AND (“filter cake”
OR “filtercake” OR “filter-cake” OR “press mud” OR “pressmud” OR “press-mud” OR
“sugar-cane mud” OR “sugarcane mud” OR “sugar cane mud” OR “clarification sludge”))
AND DOCTYPE (ar).

The advanced search option was used to identify only research articles whose titles,
abstracts, or keywords were relevant to the search query, thereby excluding patents, book
chapters, conference papers, and review articles. To cover all studies focused on the
theme, there were no restrictions on language or publication time. The resulting articles
were then investigated qualitatively to ensure that they focused on sustainable filter cake
reuse strategies. After removing results unrelated to the theme, the relevant articles were
exported from Scopus in CSV format for analysis using the statistical software VOSviewer
(version 1.6.20). The bibliometric analysis included the following indicators: sources,
countries, institutions, keywords, and most cited articles, with the latter obtained from the
Scopus database.

3. Results and Discussion
3.1. Unclassified Articles

The selected search identified a total of 530 articles published through the end of
2024 (search conducted in February 2025). Of this total, only 45 were not included in the
bibliometric analysis, as they were outside the scope of this study. In this context, the
use of the terms “sugarcane” and “filter cake” retrieved studies on filter cakes from other
agricultural crops and on other sugarcane residues. For example, Melikoglu, Ozdemir,
and Ates [51] investigated the thermochemical decomposition kinetics of residues such as
sugarcane bagasse and filter cakes from orange and pomegranate to assess their renewable
energy potential generation; Ma and Gao [52] developed a mathematical model of filter
cake removal via membrane microfiltration to enhance the efficiency of sugarcane juice
purification. Similarly, Costa et al. [53] extracted the flocculant protein 2S albumin from
Moringa seeds using a CaCl2 solution to test its potential as an alternative to acrylamide in
sugarcane juice clarification.

Studies exploring other residues from the industrial production of sugar and ethanol
were also found. Radhakrishnan and Das [54] examined farmers’ views on using mill
wastewater as fertilizer in cane fields; Hamad, Xu, and Liu [55] developed an eco-friendly
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drilling fluid using silica from sugarcane bagasse for applications in the oil and gas industry;
and El-Sayed et al. [56] used ethanol-industry vinasse as an organic carbon source for
Chlorella vulgaris production in a photobioreactor.

3.2. Selected Articles

From the 530 articles retrieved, 485 fall within the scope of this study. These publica-
tions cover 22 academic research areas according to Scopus analysis, as shown in Figure 1.
It should be highlighted that publications may simultaneously belong to more than one
field of knowledge. For example, publications addressing the use of filter cake in the field of
Agricultural and Biological Sciences may also belong to the area of Environmental Science,
since both fields cover similar topics and are therefore related.

Figure 1. Percentage contribution of the different research areas of the articles found in the SCOPUS
database.

Agricultural and Biological Sciences and Environmental Science stood out among the
others (Figure 1), indicating that most studies are linked to these areas. This highlight
indicates that these areas are the most explored on the reuse of agro-industrial waste, which
poses significant pollution risks when inadequately managed. Another possible reason
for this highlight, particularly in the area of Agricultural and Biological Sciences, is that
filter cake has great potential to be converted into a biofertilizer, reducing dependence
on chemical fertilizers while generating economic and environmental benefits [57]. These
attributes may stimulate the scientific community’s interest in further exploring its potential,
thereby encouraging more publications in these areas.

According to Figure 1, the presence of diverse knowledge areas may be explained by
the versatility of filter cake, which enables its reuse in various applications. For example,
the work of Soares, Raniro, and Pavinato [58] falls under the Agricultural and Biological
Sciences category, as it focuses on utilizing crude filter cake to enhance the solubilization of
phosphate mineral fertilizers and increase phosphorus availability in soil for sugarcane cul-
tivation. In contrast, Raimondi et al. [59] evaluated the potential of filter cake for adsorbing
heavy metals (Pb and Zn) in mining areas, positioning their research within Environmental
Science. On the other hand, the study by Pajampa and Wongwuttanasatian [60] is catego-
rized in the Energy area, as the authors converted filter cake into a solid fuel (pellets) with
varying proportions of sugarcane bagasse for steam generation in a boiler.

Despite the high biotechnological potential of filter cake, the economic viability of its
large-scale valorization faces significant logistical challenges. The high moisture content
(approximately 70–80%) and the seasonal nature of sugarcane production impose high

https://doi.org/10.3390/fuels7030046

https://doi.org/10.3390/fuels7030046


Fuels 2026, 7, 46 5 of 26

transportation and storage costs, requiring bioeconomic processing units to be integrated
into or located near sugar mills. Furthermore, the variability in the chemical composition
of the cake, influenced by soil type and the clarification process used, requires robust
and adaptable pretreatment processes to ensure efficiency in the production of second-
generation biofuels or bioplastics. Figure 2 illustrates the various applications of filter cake
across the different sectors identified in the analyses presented in this study.

Figure 2. Overview of the main application routes and valorization pathways of sugarcane filter cake
identified in the analyses presented in this study.

Evolution of Publications

According to data from the research carried out, the first Scopus-indexed article on
filter cake utilization was published in 1982, when Rai, Singh, and Prasad [61] evaluated the
effect of a pyrite (FeS2) and filter cake fertilizer blend on chickpea production. They found
that the fertilizer blend increased soil nitrogenase enzyme activity and iron content in plant
nodules, significantly boosting grain yield. This shows that the first filter cake study was
in agriculture, one of the oldest and most widely researched fields. In recent years, filter
cake has also been studied in civil engineering as an additive in cement production [37]
and brick manufacturing [38]. Studies on the use of filter cake biochar for soil and water
remediation have also emerged [34,59,62–64]. Additionally, new investigations in the field
of animal nutrition have also examined filter cake as an economical feed for swine [46],
cattle [65], and poultry [66].

As shown in Figure 3, research on filter cake has increased significantly over time
despite minor fluctuations. This growing trend is strongly linked to the significant increase
in environmental pollution, which is largely due to the improper disposal of polluting
waste. This consequently leads to the emergence of several studies focused on reducing
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environmental risks, specifically by minimizing agro-industrial waste. Another factor
may be researchers’ interest in filter cake’s versatility, leading to studies that highlight its
various applications.

Figure 3. Trend of publications on filter cake over time.

Although the number of publications in 2024 was lower than that in 2022, it rose
significantly from 2023 to 2024. This suggests that research on filter cake will likely continue
to grow, driven by new findings and increasing environmental concerns.

3.3. Main Applications of Filter Cake

The articles within the scope of the topic presented a wide range of applications
for sugarcane filter cake biomass. The main applications identified were: (i) agriculture,
(ii) environmental bioremediation, (iii) biofuel production, (iv) synthesis of bioproducts,
(v) civil construction, and (vi) animal nutrition.

Although bibliometric trends have identified several promising application pathways
for filter cake, many studies remain in the early stages of development, such as those
involving the synthesis of bioproducts in biorefineries for environmental remediation,
construction, animal nutrition, and other uses. Notably, using filter cake as a biofertilizer in
agricultural fields offers multiple economic and environmental benefits and is one of the
most established applications, which explains the large volume of publications in this area
(Figure 1). Conversely, energy scarcity, combined with climate change, largely driven by
the burning of fossil fuels, has spurred research into bioenergy. For filter cake, these studies
reveal promising opportunities for the energy sector, but they are still under development,
mainly due to the lack of techno-economic feasibility studies, the need for pretreatment
steps of the filter cake prior to fermentation or digestion routes, and challenges related to
scaling up production. Consequently, while traditional agricultural applications continue
to dominate the literature, innovative energy-driven alternatives are steadily emerging and
gaining traction.

3.3.1. Agriculture

In the field of fruit cultivation, Ge et al. [67] investigated the use of composted filter
cake (CFC) with plant-growth-promoting bacteria to improve mango yields on degraded
arid soils. The application of 10 t/ha of bacteria-inoculated CFC increased organic carbon
by 28% compared to untreated soil. CFC also enhanced soil chemical and biological
properties, increasing N, P, and K availability and enzyme activities. These changes boosted
mango yields by 66.3% and 60% in the first two seasons. Fruits showed a 25% higher
◦Brix value, 25.7% more vitamin C, and 20% greater pulp biomass. These results showed
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that CFC with microbes enhances soil quality and mango yields, promoting sustainable
and cost-effective agriculture. On the other hand, Shankaraiah and Murthy [68] examined
CFC combined with chemical fertilizer to improve sugarcane yields. Amending soil with
15 t/ha CFC and 100% NPK fertilizer (250:100:125 kg/ha) increased shoot counts and stem
girth. This produced a sugarcane yield of 198 t/ha, a value 27.7% higher than the 155 t/ha
with fertilizer alone. Moreover, the harvested sugarcane exhibited higher sugar yields
(27.62 t/ha). They reported profits of 82.3 Rupees/ha and a benefit–cost ratio of 1:1.95,
indicating CFC’s potential for increased net returns.

To improve the physicochemical properties of a weathered tropical soil, Eykelbosh et al. [69]
tested pyrolyzed filter cake (biochar) and CFC as low-cost biofertilizers. The application
of 5% biochar reduced soil CO2 losses from ~25 g to ~1 g, 23 times lower than those
observed with CFC. Biochar macropores also improved soil porosity and water retention,
highlighting its value as a biofertilizer. Speratti et al. [70] also converted filter cake into
biochar with the aim of evaluating its effects on corn cultivation in sandy soils. After six
weeks of treatment, 5% biochar pyrolyzed at 600 ◦C raised maize dry biomass to 16.7 g,
33% higher than that without biochar, while also enhancing soil osmotic potential by
improving water circulation and aeration. These results placed filter cake biochar in a
prominent position, outperforming other biochars derived from cotton hulls, swine manure,
and eucalyptus residue.

In another approach, Sehar et al. [71] investigated the potential of filter cake biochar
for lettuce cultivation on cadmium (Cd)-contaminated soils. The application of 5% biochar
reduced soil Cd availability, lowering plant uptake from ~0.11 to ~0.07 mg/kg compared
to the untreated control after 60 days. This treatment also enhanced soil biological charac-
teristics by increasing the activity of antioxidant enzymes such as catalase and superoxide
dismutase, as well as increasing leaf length (6.8 cm), fresh weight (89.7 g), and chlorophyll
content (~0.6 mg/g) in the plant.

Following a similar approach, Chattha et al. [72] studied the crude filter cake’s ability
to reduce cadmium-induced oxidative stress in green beans. Treatment with 5% filter
cake reduced Cd uptake by 18%, outperforming cattle manure treatment. The authors
highlighted that phosphorus from filter cake formed complexes with Cd, immobilizing it
in the soil. Reduced Cd stress led to significant increases in the activities of antioxidant
enzymes (catalase, peroxidase, and ascorbate peroxidase), which protect plant cell mem-
branes from oxidative damage. Root and shoot lengths, leaf count per plant, and grains per
pod all increased.

Dotaniya et al. [73] examined the impact of filter cake on microbial activity in Pb-
contaminated soil. The results showed that the application of 10 g/kg filter cake to
soil increased organic carbon from 0.44% to 0.51% and reduced Pb from 300 mg/kg to
280.32 mg/kg. This reduced Pb toxicity to soil microbes, increasing alkaline phosphatase by
60.82%, dehydrogenase by 64.19%, and acid phosphatase by 26.85%. Sharma et al. [74] eval-
uated the impact of filter cake on the quality of wheat and canola grains in Se-contaminated
soils. Treatment with 20 t/ha of filter cake reduced Se concentrations in wheat and canola
grains by 94% and 95%, respectively, compared to untreated soil. Under these conditions,
wheat grains showed a 47% increase in starch content, while canola grains exhibited a
9.9% increase in oil content, along with higher levels of oleic, linoleic, and erucic acids.

In contrast, Khan et al. [75] used filter cake to alleviate saline stress in rice cultivation.
The application of 9% w/w filter cake to highly saline soil (12 dS/m) enhanced rice growth
and yield. Shoot and root fresh biomass increased by 40.7% and 7%, respectively, while
shoot and root lengths increased by 44.7% and 27.9%. Thousand-grain weight rose by
23.61%, and grain yield per pot increased by 198%. These improvements were attributed to
filter cake enhancing total chlorophyll by 33%, improving water transport, and stimulating

https://doi.org/10.3390/fuels7030046

https://doi.org/10.3390/fuels7030046


Fuels 2026, 7, 46 8 of 26

the activities of the enzymes catalase, ascorbate peroxidase, and peroxidase in the soil.
Similarly, Sheoran et al. [76] studied the effect of filter cake on saline stress in wheat and
rice soils. It was observed that the application of 10,000 kg/ha of filter cake to soil with
moderate sodium lowered exchangeable sodium by 20.1%, relieving plant stress. This
boosted photosynthesis, stomatal conductance, respiration, and chlorophyll, raising wheat
and rice yields by 18.9% and 16.7%, respectively. Moreover, the application of the biomass
increased variable returns to US$303/ha from US$245/ha compared to untreated soil
and reduced reliance on gypsum. These results indicate that filter cake is a cost-effective
alternative that enhances soil resistance to irrigation-induced sodification, improves plant
physiology, and boosts crop yields.

3.3.2. Environmental Bioremediation

Fernandes et al. [62] pyrolyzed filter cake into biochar (10 ◦C/min to 380 ◦C) to
remove thiamethoxam from wastewater. Dosing 10 g of biochar into 10 mL of an aqueous
solution contaminated with 10 mg/L thiamethoxam under agitation removed 70% of the
pollutant within one hour, at which point the system reached equilibrium. According to
the authors, the presence of surface functional groups on the biochar, such as hydroxyls,
carboxylates, and phenolic compounds, likely enhanced pesticide adsorption and facilitated
its removal. Similarly, Rondina et al. [63] produced filter cake biochar to assess its ability
to remove methyl orange dye from water. Using 0.5 g of biochar derived from filter
cake, the authors achieved a 98.68% removal of the dye (initial concentration: 24.17 ppm)
within 20 min. They reported that this high efficiency resulted from the biochar’s large
porosity and the interactions of its functional groups with dye molecules, promoting strong
physical adsorption.

In contrast, Raimondi et al. [64] investigated the efficacy of composted filter cake
(SCP) for removing Cd2+ from aqueous solutions. SCP removed 97% of the metal from
samples containing 200 mg/L of Cd, indicating strong physical interactions between SCP
and Cd. This performance reflects SCP’s properties, including a cation exchange capacity
of 38 cmol/kg, a surface area of 236.1 m2/g, an organic matter content of 51.59%, and an
abundance of oxygenated groups. Raimondi et al. [59] also assessed SCP’s potential to
remove Pb and Zn from water. SCP removed 86% of Pb at 240 mg/L and 95.2% of Zn at
~20 mg/L. While less effective for Pb than clinoptilolite, SCP outperformed it in Zn removal
thanks to its higher surface area (236.1 m2/g) and pore volume (0.230 cm3/g). Kinetic data
showed that SCP reached equilibrium faster (approximately 30 min for Pb and 60 min
for Zn). Cost comparisons, reported by the authors, placed SCP as a low-cost adsorbent
(US$0.01–0.06 per kg of metal removed) with strong adsorption capacity.

In another approach, Santos et al. [77] tested two crude filter cake samples from differ-
ent mills, one from Alagoas (FCAL) and the other from São Paulo (FCSP), to simultaneously
remove multiple toxic metals from water. FCAL removed 68% of Ni and 95% of Cr at pH 6,
while FCSP removed 98% of Cu and 62.3% of Cd at pH 8. Both cakes contained carboxylic
acid, phenolic, and alcoholic hydroxyl groups that bind metal ions.

Tellechea et al. [78] investigated the use of raw filter cake, both alone and in combina-
tion with external NPK fertilizer, for the microbial bioremediation of diesel-contaminated
soil. Filter cake alone removed 70% of the diesel, whereas filter cake combined with NPK
achieved 73% diesel removal. This combination stimulated microbial activity in the soil,
promoting diesel consumption as a carbon source and thereby improving overall removal.

Unlike the above works, Ketrot and Wisawapipat [34] utilized filter cake biochar
adsorption to inhibit Pb in sandy loam soil. In their incubation tests, the addition of
5% w/w biochar to 250 g of soil with 250.8 mg Pb/kg reduced extractable Pb by 50.35% over
120 days. Biochar raised soil pH, inducing Pb complexation with hydroxide ions and
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immobilizing the metal. Raimondo et al. [79] used actinobacterial biostimulation with filter
cake to enhance the removal of the organochlorine pesticide lindane from different soil
types. Under optimized conditions, soil samples with varying moisture levels (20–30%)
and contaminated with 2 mg/kg of lindane were amended with 2–10% particulate filter
cake (0.5 mm) along with an actinobacterial consortium (2 g/kg). These samples were
shaken and incubated at 30 ◦C for 14 days. According to the authors, the filter cake served
as an effective nutrient source, promoting microbial growth in the soil. After the incubation
period, the removal efficiency reached 61.4% in clayey soil, 70.8% in sandy clay soil, and
86.3% in sandy soil.

3.3.3. Biofuel Production

Figure 4 illustrates the conversion pathways of sugarcane filter cake into biofuels,
including biogas, bioethanol, biohydrogen, and biodiesel, which were identified as the main
biofuel production routes in the literature analyzed in this study. Sanchez et al. [80] used
hydrolyzed filter cake to cultivate Saccharomyces cerevisiae for bioethanol production.
Fermentation of the substrate with 1000 mg/L (NH4)2SO4 under continuous agitation
at 200 rpm and 30 ◦C for 48 h produced 47.3 g/L bioethanol with minimal impurities.
Supplementing the substrate with (NH4)2SO4 reduced aliphatic impurities in the bioethanol.
Acid hydrolysis pretreatment (H2SO4) of the filter cake prior to fermentation broke down
higher (non-fermentable) sugars into smaller (fermentable) sugar fractions, raising the
concentration of reducing sugars from 85.5 to 122.2 g/L and favoring bioethanol yield.

Figure 4. Schematic flowchart of the conversion pathways identified in the literature analyzed in
the present study for the valorization of sugarcane filter cake into advanced green fuels: bioethanol,
biohydrogen, biodiesel, and biogas.

For sustainable butanol production, Nimbalkar et al. [81] used H2SO4 pretreatment
to extract cellulose and hemicellulose from filter cake for the cultivation of Clostridium
acetobutylicum. The hydrolyzed filter cake contained 22.3% cellulose and 21.7% hemi-
cellulose on a dry basis, underscoring its potential as a biofuel. Drying the filter cake at
100 ◦C prior to acid hydrolysis yielded 19.08 g/L of fermentable sugars, a higher value than
that obtained using the wet cake treatment. Moreover, treatment of the hydrolysate with
activated carbon showed high efficiency in removing fermentation-inhibitory compounds,
eliminating 93–97% of phenolic compounds and 98% of furans. Thus, the dried and hy-
drolyzed filter cake proved to be a promising substrate, yielding 4.43 g/L of biobutanol
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after fermentation. Conversely, Casas et al. [82] investigated the potential of oil derived
from filter cake as a feedstock for biodiesel production. Treatment of the filter cake with
supercritical CO2 at 35 ◦C and 400 bar resulted in improved extraction efficiency and oil
quality due to the high selectivity of CO2 for triglycerides and free fatty acids under those
conditions. As reported in the work, the extracted oil contained 626.13 mg/kg of total fatty
acids, including 226.6 mg/kg of oleic acid and 205.3 mg/kg of linoleic acid, which are ideal
for biodiesel production. According to the results, the acid-catalyzed transesterification re-
action between the extracted oil and methanol, at a 1:8 volumetric ratio, converted 100% of
the extract into biodiesel within 120 min. The authors reported that supercritical CO2

extraction proved to be an innovative, effective, and environmentally friendly technology
for extracting value-added compounds from biomass compared with other traditional
extraction methods such as Soxhlet extraction.

In the field of gaseous biofuel production, Wongfaed et al. [83] studied the anaerobic
digestion of enzymatically hydrolyzed filter cake for methane production. Fifteen days of
hydrolysis yielded 284 mL CH4/L, 56% higher than the untreated cake. According to the
authors, hydrolysis released lignolytic enzymes that degraded lignin, making cellulose and
hemicellulose available as microbial feed and promoting methane production. However,
hydrolysis efficiency improved only after 15 days of treatment, degrading 39.7%, 57.3%
and 35.1% of cellulose, hemicellulose, and lignin, respectively. The authors reported that
although lignin acted as a physical barrier preventing cellulase enzymes from accessing
cellulose, the synergistic combination of all the enzymes not only degraded the lignin
but also performed well in extracting the volatile solids present in the biomass, thereby
promoting conversion to biogas.

Adopting a different biomass treatment, González et al. [84] used hydrothermal pre-
treatment at 150 ◦C to prepare filter cake liquid fractions for biogas production. The liquid
fraction (LF) outperformed the solid fraction (SF) in microbial methane production, achiev-
ing 369 mL CH4/g COD, 48% higher than the SF. The higher fermentable sugar and fat
contents of LF, compared to the lignin- and wax-rich composition of SF, explains its superior
methane yield. In comparative studies carried out by the authors, methane production
from LF also surpassed that from pure vinasse and vinasse blends, confirming the hy-
drolysate’s potential as a feedstock. In more advanced studies, Sanchez et al. [85] applied
hydrothermal pretreatment to filter cake to produce bioethanol, which was subsequently
converted into biohydrogen (H2) through catalytic steam reforming. Saccharomyces cere-
visiae strains producing bioethanol were cultivated on various liquid substrates derived
from the hydrothermal treatment of different filter cake samples. The liquid hydrolysate,
supplemented with salts and nitrogen, served as a nutrient source for the yeast, achieving
a sugar-to-ethanol conversion of 94.35% and producing an average of 82.1 g/L of ethanol
after 70 h of fermentation. Among the samples, the second supplemented substrate (S2)
demonstrated promising H2 production, achieving nearly 80% yield and about 4 mol
H2/mol ethanol in the presence of 0.11 mol% impurities. Supplementation of the substrate
lowered 3-methyl-1-butanol and other impurities, thereby reducing catalyst deactivation
during the catalytic reforming step. On the other hand, Janke et al. [86] applied an alkaline
pretreatment to filter cake to assess its potential as a substrate for volatile fatty acid and
methane production via anaerobic digestion. Pretreatment with a higher NaOH concentra-
tion (6 g/100 g cake) increased its chemical oxygen demand (COD) content from 12% to
17% compared to pretreatment with lower NaOH levels. Under these conditions, according
to the data presented, the alkaline agent enhanced the extraction of degradable nutrients
from the filter cake (higher COD solubilization), improving microbial biodegradation of
the substrate. Consequently, the pretreated cake produced 317 mL CH4/g volatile solids in
10 days, surpassing the untreated cake by 22.4%.
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Meanwhile, Cleves, Rebellón, and Lozada [87] evaluated the co-digestion of filter cake
and food waste (FW) for methane production. Anaerobic co-digestion at an 80:20 ratio
yielded over 80% methane, a value 22% higher than pure cake digestion, increasing methane
yield to 82.36 mL CH4/g volatile solids. The FW supplied an advantageous additional
organic load, helping to balance the carbon-to-nitrogen ratio, while the filter cake provided
phosphorus, which was lacking in FW. Thus, according to the authors, the co-digestion of
filter cake with other agro-industrial residues proved to be a promising strategy by offering
the necessary nutrients required by microorganisms, boosting methane production, and
reducing reliance on costly substrates and external nutrients.

3.3.4. Synthesis of Bioproducts

Phukan and Boruah [88] subjected dried filter cake to chemical extraction using carbon
tetrachloride as the solvent. Comparative tests showed that carbon tetrachloride outper-
formed toluene and yielded more wax. The maximum crude wax yield after refinement
with activated carbon was 4.1% from treating 1 kg of cake with 3 L of solvent, while 4.8% of
soft wax (double refined) was obtained from 0.5 kg of cake with 1.5 L of solvent. According
to the results presented by the authors, the highly refined waxes exhibited 34% crystallinity,
compared to 38% for carnauba wax, underscoring the commercial potential of cake-derived
waxes. On the other hand, Texeira et al. [89] extracted antioxidant waxes from filter cake
using ethanol. An acid pretreatment of the wet biomass at 120 ◦C with H2SO4 in a filter:acid
ratio of 1:20 induced a wax yield (9.59 g wax/100 g of cake). The wax had 31.56 g/kg of
phytosterols and a minimal concentration of impurities (26.19 mg/g).

In contrast, Dilipkumar, Rajasimman, and Rajamohan [90] tested filter cake as a
carbon source for inulinase production by solid-state fermentation. The authors cultured
Kluyveromyces marxianus (MTCC-188) on 10 g of cake at different moisture levels for 72 h.
A moisture level of 65% yielded the highest inulinase activity (288 U/gds). Proper moisture
improved nutrient transfer to the yeast, boosting growth and enzyme production.

Similarly, Shankaranand and Lonsane [91] investigated filter cake as a solid substrate
for citric acid production. The cake was dried in a hot-air dryer to 11% moisture. For
fermentation, 1 mL of Aspergillus niger CFTRI 30 was inoculated into 10 g of substrate sup-
plemented with nitrogen and potassium and incubated for 120 h at 30 ◦C. The substrate has
been shown to be a good source of nutrients for fungi, yielding 80% citric acid, equivalent
to 174 g of acid per kg of substrate consumed.

Aiming to convert phytosterols into natural hormones in an ecological, effective, and
economical way, Perez et al. [92] used 20% (w/v) filter cake as the substrate in a direct
fermentation with Mycobacterium sp. at 30 ◦C, shaken at 200 rpm for 5 days. The results
showed promising yields of the target bioproduct, reaching 82.29% 4-androstenedione
(AD). The authors reported that the sterols in the filter cake can be directly metabolized
by microbial strains without extracting and purifying sugarcane phytosterols, making the
process faster and more economical.

3.3.5. Civil Construction

Mohamad et al. [38] used dried filter cake as an additive in the economical production
of low-density bricks. A cementitious mix with 20% filter cake produced bricks that were
23% lighter, with a compressive strength of 17.16 MPa, which is close to the standard value
(19 MPa). According to the authors, while higher proportions of filter cake may increase
brick porosity and brittleness, controlled additions can yield lightweight, cost-effective,
and commercially viable bricks. Alternatively, Sua-Iam and Makul [93] investigated the
effect of incinerated filter cake as an additive in cement manufacture. A blend containing
10% incinerated filter cake, with a total powder density of 650 kg/m3, achieved the highest
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compressive strength (49.8 MPa) after 180 days of curing, compared to cements made with
higher cake contents. As reported in the work, although below the strength of Portland
cement (~56 MPa), this strength still offers acceptable workability when using the right cake
dosage. Furthermore, the authors observed that strength increased steadily with longer
curing times, indicating that sufficiently extended curing yields more durable cement.

In another approach, Ditta et al. [37] tested a biocement blend of incinerated cake
and calcifying bacteria. Compressive tests showed that adding Lysinibacillus sp. to a
biocement blend with 20% filter cake increased the strength by 3.8 MPa compared to
ordinary cement. The bacteria cut porosity by 16% and water absorption by 18.3%, further
increasing strength. The authors concluded that while filter cake alone weakens cement,
adding calcifying bacteria offsets strength loss and improves porosity and water uptake.

In geotechnical engineering, James and Pandian [94] evaluated filter cake as a lime
additive to stabilize expansive soil. Mixing 0.25% cake with 5.5% lime improved soil
strength following 28 days of curing. The authors observed that these improvements may
stem from the chemical composition of the filter cake, particularly the sugars that promote
hydrocolloid formation and enhance particle cohesion, as well as the lignocellulosic fibers
that reinforce the soil matrix.

3.3.6. Animal Nutrition

Sahu et al. [46] investigated the potential of filter cake as an economical ingredient
in swine diets. A 15% filter cake diet yielded a gain of 65.8 kg versus 67 kg for the diet
without filter cake. Despite this small difference, the filter cake diet saved 5.25 rupees per
kg of weight gain. Filter cake also supplied 10% more protein than corn and 11.6 MJ/kg of
digestible energy, surpassing that of wheat. In contrast, Malupere et al. [65] incorporated
sun-dried filter cake into cattle feed formulations. Although the diet containing 10% filter
cake resulted in a net weight gain of 82.1 kg compared to 84.3 kg for the feed without filter
cake, it reduced total feed costs by 6.4%. Moreover, according to the authors, filter cake
can replace up to 20% of wheat bran without adversely affecting feed intake, digestibility,
rumen function, or calf growth.

In another approach, Melkam, Kebede, and Mengistu [66] focused on including sun-
dried filter cake in broiler diets. A 10% filter cake diet during the finishing phase (days
29–49) yielded the highest weight gain (2112.9 g). In the work, it was reported that this
result is associated with the fact that older birds, having a more developed digestive tract,
can digest filter cake fibers more efficiently.

Unlike the above studies, Keshavanath, Shivanna, and Gangadhara [95] evaluated
crude filter cake and bovine manure as alternative feed sources for fish (carp). A diet with
25 kg of filter cake resulted in 95.33% survival, 78.57 g of weight gain, 20.67% of protein and
2.01% of fat. In comparative tests, the diet containing 25 kg bovine manure only increased
fish fat content (2.41%). Filter cake diets did not affect the texture, odor, or taste of cooked
fish. The authors emphasized that filter cake also costs 30% less than bovine manure and
improves fish yield by 26% per 10,000 kg feed, highlighting its promise for aquaculture.

3.4. Bibliometric Analysis

Bibliometric studies are important because they enable tracking the evolution, trends,
and current status of scientific research focused on a specific topic of interest [96]. Among
the many tools available for conducting bibliometric analysis, VOSviewer stands out as a
powerful statistical tool that provides functionality for creating, exploring, and visualizing
bibliometric network maps [97]. This tool is designed to analyze large numbers of publi-
cations simultaneously by generating network maps that display key information about
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the analyzed publication set [98]. These network maps combine data from the following
sources: journals, countries, institutions, keywords, and citation counts [99].

In addition, based on the literature screening of the selected articles and the authors’
research expertise, Table 1 was developed to map the Technology Readiness Levels (TRLs)
of the technologies addressed in the reviewed studies. The screening of the selected articles
revealed contrasting TRLs among the evaluated applications. Many studies are still in their
early stages, particularly bench-scale investigations focused on adsorbent and biocomposite
synthesis. In the case of green biofuels, although production technologies have advanced
considerably, large-scale implementation remains a major challenge, placing this sector in a
transitional position within the TRL spectrum. In contrast, other pathways already employ
mature, commercially established technologies, such as the direct agricultural application
of filter cake as a biofertilizer. In this sense, Table 1 summarizes the main valorization
pathways for sugarcane filter cake, highlighting their associated advantages and challenges,
as well as the proposed hierarchy reflecting the technological maturity identified in the
compiled dataset.

Table 1. Summary of the main valorization routes for filter cake.

Valorization Route Main Advantages 1 Technical/Economic
Challenges 1 Maturity Level (TRL) 2

Biofertilizers Recycling of NPK and organic matter;
improves soil health [67,68]

High transport costs due to
moisture content [100] High

Biogas/Methane Continuous renewable energy
generation; waste reduction [83,84]

Presence of fermentation
inhibitors; need for
pretreatment [81]

Medium–High

2G Biofuels Ethanol production without increasing
land use (cellulosic route) [80]

High complexity of biomass
hydrolysis processes [80,85] Medium

Adsorbents Low-cost material for heavy metal and
dye removal from water [59]

Requirement for chemical or
thermal activation [62] Laboratory

Bioactive Compounds High market value (e.g., waxes and
antioxidants for cosmetics) [88,90]

Low extraction yields; high
purity requirements [88,89] Low

1 The references presented in brackets are representative examples of studies reporting the respective advantages
and challenges. 2 The Technology Readiness Level (TRL) and the classification of advantages and challenges were
assigned based on the authors’ perceptions, which were constructed from the analysis and identification of key
approaches in the articles included within the thematic scope of this manuscript.

3.4.1. Sources That Publish the Most Articles

The journals that stood out in terms of the number of published articles are presented
in Figure 5. However, the journals with the largest nodes (circles) were the most relevant
in this regard, such as Sugar Tech with 32 publications, followed by Bioresource Technology
with 14 publications, and the Australian Journal of Crop Science and the Indian Journal of
Agricultural Sciences, each with 10 publications.

The lines (links) connecting the nodes (journals) represent bibliographic relationships
between articles from different journals, with stronger lines indicating a higher frequency
of simultaneous references among the articles. In this sense, the map reveals strong links
between Sugar Tech and the Australian Journal of Crop Science, and between Bioresource
Technology and Waste Management, indicating that articles published in these journals share
similar bibliographic references and therefore tend to address similar topics.
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Figure 5. Network mapping of the journals where the analyzed articles were published. Circles of the
same color represent the same research clusters, while lines indicate connections between journals;
thicker lines denote stronger connections.

3.4.2. Countries

Regarding the relevance of the countries, the co-authorship network map shows that
India and Brazil presented the largest number of publications focused on the topic, with
140 and 139 publications, respectively. Figure 6 confirms this observation, with larger nodes
indicating a greater number of articles produced.

Figure 6. Network mapping of co-authorship among countries. Circles of the same color represent
the same research clusters, while lines indicate connections between countries; thicker lines denote
stronger connections.

FAOSTAT data [101] revealed that between 1994 and 2023, Brazil and India led
global sugar production from sugarcane, producing, on average, about 29,309,667 and
23,472,206 tonnes of sugar per year, respectively. This high sugar production generates a
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massive amount of filter cake during processing, which explains the efforts of the scientific
communities in Brazil and India to reuse it in order to mitigate environmental problems
caused by improper disposal, thus contributing to the growing number of publications on
this topic.

According to Figure 6 the most intense lines indicate stronger collaboration between
researchers of different nationalities in the development of the scientific papers under
analysis. Thus, stronger collaborations can be observed between Brazilian researchers and
researchers from the United States and Canada.

Regarding India, its researchers showed stronger collaboration with researchers from
Saudi Arabia and Oman.

3.4.3. Most Productive Institutions

The institutions that most actively collaborated on the theme are highlighted in the
network map in Figure 7. It is important to mention that VOSviewer performed this
analysis considering all institutions, not only those affiliated with the lead author of each
article. The network map in Figure 7 shows co-authorship relationships among institutions,
revealing only those that collaborated with others on scientific research within the theme.

Figure 7. Network mapping of co-authorship among institutions. Circles of the same color represent
the same research clusters, while lines indicate connections between institutions; thicker lines denote
stronger connections.

The most relevant institutions in terms of the number of articles produced were the Uni-
versity of São Paulo—USP/Brazil (35 articles), São Paulo State University—UNESP/Brazil
(33), Khon Kaen University—KKU/Thailand (19), Northern Fluminense State University—
UENF/Brazil (16), Indian Institute of Sugarcane Research, Lucknow—ICAR/India (14),
University of Agriculture, Faisalabad—UAF/Pakistan (14), Federal Rural University of
Pernambuco—UFRPE/Brazil (11), Tamil Nadu Agricultural University—TNAU/India
(10), Federal University of Viçosa—UFV/Brazil (9), and the Brazilian Agricultural Re-
search Corporation—EMBRAPA/Brazil (9). As shown in the network map in Figure 7, the
lines connecting the nodes represent scientific collaborations among research institutions.
A notably strong partnership is observed between USP and UNESP, and between USP
and EMBRAPA, all Brazilian institutions. This may be attributed to the first two institu-
tions being located in São Paulo state, the largest producer of sugarcane and food-grade
sugar in Brazil [102], and, at the same time, to one of them receiving strong support from
Brazil’s largest agricultural research company (EMBRAPA) to advance research on filter
cake utilization.
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Overall, Brazil was the country with the largest number of collaborating institutions,
producing 139 articles through the efforts of 44 different organizations. It is worth noting
that although the Indian Institute of Sugarcane Research, Lucknow—ICAR/India, Khon
Kaen University—KKU/Thailand, Tamil Nadu Agricultural University—TNAU/India,
and the University of Agriculture, Faisalabad—UAF/Pakistan, stood out in terms of article
count, they did not exhibit significant collaboration with other institutions, which explains
their absence from the co-authorship network map.

3.4.4. Keywords

Keywords are terms used to enhance the visibility of publications. Before analyzing
keywords in VOSviewer, it was necessary to merge synonymous and plural terms to
eliminate duplicates. For example, “press mud” was replaced by “filter cake,” “saccharum
cinarum” was replaced by “sugarcane,” and “biofertilizers” by “biofertilizer”. In addition,
the minimum number of keyword occurrences in VOSviewer was set at 15, resulting in
32 keywords (Figure 8).

Figure 8. Network mapping of the most frequently occurring keywords. Circles of the same color
represent the same research clusters, while lines indicate connections between keywords; thicker
lines denote stronger connections.

In the network map, the most prominent keywords (largest nodes) were “sugarcane”
with 233 occurrences, “filter cake” with 200, “soil amendment” with 92, “biofertilizer”
with 82, and “composting” with 59. These terms are connected by thicker lines, indicating
that they appear more frequently in the same articles. Since every study addressed the
reuse of sugarcane filter cake, “sugarcane” and “filter cake” emerged as the most common
terms. Additionally, as shown in Figure 1, most studies have focused on agricultural and
environmental applications, particularly the conversion of filter cake into biofertilizers
through composting or pyrolysis to improve degraded soils and enhance crop productivity.
This focus explains the highlights of terms such as “soil amendment”, “biofertilizer”,
and “composting”.

Moreover, as mentioned in Section 3.4, the bibliometric analysis of all publications
revealed that many studies are still in the early stages of development, while others are
at more advanced stages. Notably, the use of filter cake as a biofertilizer in agricultural
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fields, particularly in sugarcane cultivation, is among the most established and large-scale
applications. This widespread application may explain the frequent occurrence of the terms
“sugar cane”, “filter cake” and “biofertilizer” in articles within the thematic scope.

The transition of the sugarcane energy industry to a circular bioeconomy is strongly
driven by regulatory frameworks and decarbonization policies [103,104]. In the Brazilian
context, the RenovaBio program has emerged as a strategic catalyst, encouraging reductions
in carbon intensity through the use of waste to produce biogas and other biofuels [105,106].
The substitution of synthetic fertilizers, which have a high carbon footprint due to the
Haber–Bosch process, with enriched filter cake not only promotes the circularity of nutrients
in the soil (nitrogen, phosphorus and potassium) but also directly contributes to global
greenhouse gas mitigation targets [107,108], aligning waste management with the UN
Sustainable Development Goals (SDGs) [109].

3.4.5. Most Cited Articles

Citation analysis is an essential technique in scientific mapping that measures the
relevance of publications based on the number of citations they receive. It identifies the
most influential works in a field of research [110].

Key metrics include total citations (TC), which reflect the overall relevance of publi-
cations, and Field-Weighted Citation Impact (FWCI), which compares an article’s citation
frequency with that of similar articles in the same field [50], thereby indicating its spe-
cific relevance. Scopus calculates the FWCI as the ratio between the number of citations
an article has received and the average number of citations received by similar articles
published in the previous three years. Thus, FWCI values greater than 1 indicate that the
citation count of the analyzed article exceeds the average citation count of similar articles,
indicating that the article is cited more frequently than the overall average [111].

It should be noted that this analysis included only studies describing the characteristics
and potential of sugarcane filter cake, excluding those that used it without focusing on its
attributes. Table 2 lists the articles that excelled in these metrics.

Table 2. Most cited articles focusing on the use of sugarcane filter cake.

Authors Title Year Journal TC * FWCI *

Gupta et al. [112] Characterization of pressmud: A sugar industry waste 2011 Fuel 125 2.01

Kumar et al. [113]
Composting of sugar-cane waste by-products through
treatment with microorganisms and subsequent
vermicomposting

2010 Bioresource
Technology 113 1.38

Eykelbosh et al. [114]
Biochar decreases dissolved organic carbon but not
nitrate leaching in relation to vinasse application in a
Brazilian sugarcane soil

2015
Journal of

Environmental
Management

99 3.47

González et al. [115] Effect of liquid hot water pre-treatment on sugarcane
press mud methane yield 2014 Bioresource

Technology 85 1.87

Makul e Sua-Iam [116] Characteristics and utilization of sugarcane filter cake
waste in the production of lightweight foamed concrete 2016 Journal of Cleaner

Production 73 1.65

Dhillon et al. [117]
Selenium accumulation by forage and grain crops and
volatilization from seleniferous soils amended with
different organic materials

2010 Chemosphere 69 1.38

Khan et al. [75]
Mitigation of Salinity-Induced Oxidative Damage,
Growth, and Yield Reduction in Fine Rice by
Sugarcane Press Mud Application

2022 Frontiers in Plant
Science 60 5.88

Rasul et al. [118] Salinity-induced changes in the microbial use of
sugarcane filter cake added to soil 2006 Applied Soil

Ecology 57 1.93

Raimondo et al. [119]
Bioremediation of lindane-contaminated soils by
combining of bioaugmentation and biostimulation:
Effective scaling-up from microcosms to mesocosms

2020
Journal of

Environmental
Management

56 1.71

TC: total citations; FWCI: Field-Weighted Citation Impact. * 2024 values.
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According to Table 2, it is notable that the article entitled “Characterization of press-
mud: A sugar industry waste”, produced by Gupta et al. [112], recorded the highest TC (125)
and the fourth-highest FWCI (2.01), demonstrating superior overall relevance. Through
characterization analysis, the study reported that filter cake contains 33.73% carbon and
2.36% nitrogen, making it a promising substrate for methane production. Furthermore, its
free hydroxyl and silanol groups enable its use as a biosorbent for removing heavy metals
from wastewater.

Another highlight was the article “Mitigation of Salinity-Induced Oxidative Damage,
Growth, and Yield Reduction in Fine Rice by Sugarcane Press Mud Application”, developed
by Khan et al. [75], which achieved the highest FWCI (5.88) despite having the third-
lowest TC (60). This indicates greater relevance within the thematic field, as this metric
accounts for temporal variations and the specific citation density of the area. This work
showed that applying filter cake at 9% w/w to soil enhanced antioxidant enzyme activities,
photosynthetic pigments in plant leaves, water content via osmolyte accumulation, and
potassium uptake, thereby improving rice yield. Overall, all the articles in Table 2 are
relevant both in general and within their specific fields, each to different degrees.

Bibliometric analysis revealed that, although direct application to soil and energy
production through combustion are mature areas, there is a significant gap in research
focused on the extraction of high-value-added compounds, such as vegetable waxes and
antioxidants present in filter cake. Future studies should focus on the development of multi-
product biorefineries using supercritical or enzymatic extraction technologies. Furthermore,
the integration of filter cake into the production of new materials, such as biopolymers
and composites for civil construction, represents a promising frontier that can diversify the
revenue sources of sugar and ethanol plants.

3.5. Challenges and Future Prospects

Efforts to explore the potential of agro-industrial residues for producing biofuels and
bioenergy have increased considerably over time, driven mainly by energy shortages,
climate change, and other environmental issues [120]. Despite this context, the efficient
use of sugarcane filter cake as a raw material in various biorefinery pathways, especially
for biofuel production, may still face several challenges, especially in establishing a re-
silient green fuel sector that aligns with the Sustainable Development Goals (SDGs), as
highlighted by Ragini et al. [120] in their study on sustainable biorefinery approaches for
the valorization of agro-food industrial residues for biofuel production. A primary obstacle
identified from the literature surveyed in this study is that experimental validation remains
largely confined to bench-scale configurations, which frequently fail to yield results repre-
sentative of large-scale systems [121]. For lignocellulosic matrices such as filter cake, this
laboratory-to-industrial gap is a major bottleneck in development. Moreover, our biblio-
metric analysis identified a lack of environmental life-cycle assessments, which, according
to Pérez-Almada et al. [122], creates uncertainty about the resulting environmental impacts
and highlights the difficulties and high costs associated with transporting and mobilizing
biomass as major challenges.

An analysis of studies on the application of filter cake in biorefinery processes
has shown that, although its use offers significant economic and sustainability bene-
fits [46,59,68,76], there remains a significant gap in assessing the overall technical per-
formance and economic viability of sustainable alternatives to conventional refineries that
rely on nonrenewable resources. The current literature on filter cake application lacks
the detailed information necessary to build a comprehensive economic analysis. Future
studies, including techno-economic analyses, should be conducted, as they also enable the
prediction of a process’s environmental impact and the identification of opportunities to
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improve environmental performance [122], which can help ensure the competitiveness of
new technologies and products compared with existing ones.

The few studies in the literature that examined small-scale green fuel production fol-
lowing pretreatment of sugarcane filter cake were carefully reviewed. In general, to convert
residual biomass into a value-added bioproduct, pretreatment steps are often required to
break down the biomass’s rigid structure, enabling its fractionation and subsequent use as
a feedstock for producing green fuels and other applications [83]. In the studies analyzed,
the identified pretreatments included chemical treatments using organic [82,88,89] and
inorganic [80,81,86] reagents, thermochemical treatment with boiling water [84,85], and
biochemical methods via enzymatic action [83]. Future investigations should explore these
configurations, or combinations thereof, to assess their scalability. However, this transition
to larger operational scales must be carefully monitored for economic bottlenecks, which
commonly arise from intensive energy demands, expensive catalyst formulations, and large
solvent volumes that present post-process recycling challenges. To mitigate these issues,
replacing harsh methods with green alternatives, such as supercritical CO2 extraction, is
a highly promising and environmentally sound alternative for synthesizing value-added
bioproducts. For instance, Casas et al. [82] found that extracting filter cake oil with super-
critical CO2 at 55 ◦C and 400 bar was more efficient and sustainable than hexane extraction
via Soxhlet, orbital shaking, and ultrasound-assisted extraction for biodiesel production.

Furthermore, the development of innovative multiproduct technologies based on
hybrid systems that integrate green hydrogen production with other biofuels, as well as the
integration of biochemical and thermochemical pathways for energy recovery, appears to
be a promising alternative to increase the efficiency of agro-industrial residue bioconversion
into green fuels and to help overcome scalability constraints [120]. In another approach, AI
tools integrated into process optimization would enable effective predictive maintenance
and real-time monitoring of production inputs, improving operational flexibility as well as
the efficiency of conversion processes in biorefineries [123]. Ultimately, establishing filter
cake and similar residues as viable precursors for sustainable fuels and chemicals requires
expanding government research incentives. Such programs are critical for improving pre-
treatment efficiencies, developing effective catalysts, and enhancing the overall commercial
viability of these processes [124].

In summary, beyond its traditional use in agriculture, sugarcane filter cake holds
immense potential for biorefinery and biofuel production, with studies showing promising
results across several domains. Nonetheless, future research must focus on scalability
and provide thorough techno-economic analyses to ensure industrial viability. Future
work can also explore other biofuels. Future investigations should focus on synthesizing
next-generation green fuels, deploying hybrid systems that integrate biological and ther-
mochemical pathways, and leveraging AI tools for real-time process monitoring. Merging
these multiproduct, low-emission frameworks through targeted government incentive
programs represents the most viable path to advancing the use of filter cake and other
residues in biorefinery and biofuel production.

4. Conclusions
This bibliometric analysis demonstrates the rapid expansion of research on sugarcane

filter cake, highlighting its increasing relevance within the bioenergy sector. The mapping
of 485 publications up to 2024 confirms that Brazil and India are leading contributors, with
a strong historical emphasis on agricultural reuse and nutrient recovery pathways.

Despite these advances, the results reveal that the energy-oriented valorization of filter
cake, particularly through thermochemical and biochemical conversion processes, remains
underexplored. Current research is still largely concentrated on low-value applications,
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while its potential as a feedstock for biogas, bioethanol, and integrated biorefinery systems
has not been fully realized.

Therefore, future efforts should prioritize the development of scalable conversion
technologies, process optimization, and industrial integration strategies to bridge the
gap between laboratory research and commercial biofuel production. Advancing these
pathways is essential to reposition filter cake from a residual byproduct to a viable resource
for renewable energy generation, supporting the transition toward more sustainable and
low-carbon fuel systems.
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