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Abstract– Acid fermentation for the generation of medium-

chain fatty acids (MCFA) through mixed culture is an alternative 

that has a high potentital for high-value biomaterials production. It 

has been studied with greater concurrence in recent years, obtaining 

promising results in the pharmaceutical industry and biorefineries. 

This has created a circular economy by using biomass from 

distilleries, livestock waste, food waste, and organic sludge. 

Therefore, this research aims to evaluate the state of the art of 

producing medium-chain fatty acids from biomass. During this acid 

fermentation process, electron donors are needed to promote chain 

elongation pathways, such as β-reverse oxidation, fatty acid 

synthesis, or other pathways, such as maintaining a high 

intracellular concentration of acetyl-Coenzyme A. On the other hand, 

emphasis is made on improved processes to produced medium-chain 

fatty acids, such as microbial electrolysis, metabolic engineering 

techniques, the use of new enzymes, and the effect of various carbon 

sources to increase microbial activity. The results were compared to 

control samples achieving higher MCFA concentration. The use of 

biomass for the generation of MCFA for chemical and 

pharmaceutical products, as well as for biorefining, is an innovative 

and constantly advancing application. 

Keywords-- medium-chain fatty acids, ethanol, biomass, chain 

elongation, electron donor. 

 

I.  INTRODUCTION 

Biomass is all organic matter from plants, animals, or 

waste generated from natural or artificial transformation [1]. 

These wastes include agro-industrial wastes, which include 

plant and fruit wastes. In addition, animal wastes, such as 

manure, poultry manure, and pig slurry, as well as sludge from 

wastewater treatment, are also included [2]. Currently, due to 

the increasing food demand caused by population growth, the 

generation of agro-industrial waste has been increasing, which 

is causing waste management problems in cities and countries 

[3]. This problem occurs especially in countries that produce 

fruits, vegetables, meats, among others. An example of this 

overgeneration of waste in Panama is rice husks and rice straw. 

These constitute one of the biggest environmental problems in 

terms of waste management [4]. It favors the generation of 

greenhouse gases and respiratory diseases [5], since its 

“management” makes use of indiscriminate burning by 

producers. Therefore, researchers have studied the use of 

biomass for the generation of biofuels and chemical products 

through thermal, thermochemical, and biological digestion 

processes [6], [7].  

Biological decomposition is divided into anaerobic and 

aerobic decomposition. Anaerobic decomposition occurs in the 

absence of oxygen, while aerobic digestion occurs in the 

presence of oxygen [8]. Anaerobic digestion is a process in 

which organic substrates are converted into biogas and a 

nutrient-rich digestate. Instead, anaerobic fermentation results 

in the production of biohydrogen, biol (liquid organic 

fertilizer), short-chain fatty acids (SCFA), and medium-chain 

fatty acids (MCFA), among other by-products [4], [8], [9].  

Medium-chain fatty acids (MCFA) can be generated from 

anaerobic fermentation. This has been the most widely applied 

technology since it can generate renewable energy and can 

reduce and take advantage of organic wastes, such as agro-

industrial waste, wastewater, food wastes, among others [10], 

[11], [12]. Medium-chain fatty acids are products with wide 

applications in sectors of the food, pharmaceutical, chemical, 

and biofuel industries [13], [14], [15]. Currently, most of these 

products are generated from fossil materials, which is why it is 

considered an unsustainable and polluting process due to the 

generation of greenhouse gases [15], [16]. MCFA are obtained 

through the chain elongation process [17]. 

The elongation process for MCFA production is a redox 

reaction that requires short medium-chain fatty acids as electron 

acceptors and electron donors, such as ethanol or other 

reduction agents [18]. Throughout this process, anaerobic 

organisms use electron donor oxidation to produce acetyl-CoA. 

This relates to the electron acceptor by donating two carbon 

atoms from the electron donor during each cycle of reverse β-

oxidation producing, then MCFA [12], [19], [20]. 

Medium-chain fatty acids (MCFA) are organic acids 

containing a carboxylic group attached to a hydrocarbon chain, 

with chain lengths between six and twelve carbon atoms (C6-

C12) [21]. These MCFAs include caproate, heptylate, 

caprylate, nonanoate, decanoate, undecanoate, and dodecanoate 

[22]. MCFAs are bioproducts with wide application in 

biorefineries and circular economy. However, producing and 

recovering MCFAs from biomass is a difficult process and is 

under study. These carboxylic acids are currently obtained from 

fossil or vegetal precursors, such as coconut and palm oil 

production. However, both approaches are unsustainable due 

either to high carbon emissions or to competition with the food 

industry [23].  

Medium-chain fatty acids have different industrial 

applications such as antimicrobial agents, comestible additives, 

animal feed, and biofuels [24]. Biofuels derived from fatty acids 

depend on the length of the chain generated. For example, gas 

can be obtained through the C1-C4 carbon chain. Meanwhile, 

gasoline is produced through the C4-C9 chain. Jet fuel, diesel, 

and lubricants through the C8-C16, C10-C18, and C16-C30 

carbon chain [25]. Hydrocarbons generated from medium-chain 

fatty acids (C6-C14) are favorable substitutes for jet fuel and 

gasoline [26].  
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Due to their high carbon/oxygen (C/O) ratio, methyl esters 

of MCFA have a higher energy density than ethanol, so they 

can be used or applied in the process of the generation of liquid 

fuels. In addition, it is a highly hydrophobic product [21]. The 

initial pH of the process has been evaluated through various 

investigations using different biomasses. In addition, the 

working temperatures during the acid fermentation process and 

the C/N ratio for the generation of MCFA have been evaluated. 

However, the available information is still limited, and this 

process is still under study [27]. Accordingly, this project aims 

to evaluate the state of the art of producing medium-chain fatty 

acids from biomass. 

II. PRODUCTION OF MEDIUM-CHAIN FATTY ACIDS FROM 

DIFFERENT SUBSTRATE 

Livestock waste, organic sludge, and food waste are the 

most used biomasses for MCFA production.  

 

A. Livestock waste 

  Livestock waste include animal manure, poultry manure, 

straw, and husks from animal bedding [28]. These wastes emit 

greenhouse gases into the environment [29]. Steed and Tibbo 

[30] mentioned that livestock contributes between 59% and 

63% of the world’s greenhouse gas emissions. In addition, they 

contribute 84% of nitrous oxide (N2O) emissions and 54% of 

methane (CH4) emissions. Rekleitis et al. [28] also mentioned 

that methane generation is high from this waste. Another study 

[20] mentions that cattle manure biomass generates a higher 

percentage of caproate than other biomasses, such as activated 

sludge. This is due to the high presence of chains elongating 

microorganisms inherent to the biomass, resulting in high 

MCFA production efficiency.  

Liu et al. [31] used cattle manure as a substrate in their two-

stage assays, where the first stage corresponded to the 

acidification process of the material, and the second stage 

involved the addition of the electron donor (lactic acid). To 

enhance the fermentation process, they added N2 nanobubble 

water at the second stage of the process. This enhanced caproic 

acid production by 55.03% compared to the control group. This 

was because nanobubbles can break down recalcitrant material 

from the substrate. Which enhances the presence of 

microorganisms associated with lignocellulose degradation, 

increasing carbohydrate degradation, and enhancing the fatty 

acid cycle pathway during chain elongation [31]. The anaerobic 

fermentation of swine manure and corn stalks under 

thermophilic conditions improved lactic acid production, which 

resulted in the generation of MCFA by chain elongation under 

mesophilic conditions. A maximum productivity of 1890 

mgCOD/L/d and 1290 mgCOD/L/d of MCFA and n-caproate was 

obtained, respectively [32]. Another study [33] reported the 

production of 6.7 gCOD/L/d of MCFA using swine manure as 

substrate, where 55.1% corresponds to caproic acid (C6) and 

only 6.1% to heptanoic acid (C7). 

 

B. Organic sludge 

Organic sludge is the solid waste generated by wastewater 

treatment plants. High organic matter concentrations 

characterize this raw material. It also contains nutrients such as 

nitrogen (N), phosphorus (P), calcium (Ca), potassium (K), 

copper (Cu) and zinc (Zn) [34], [35]. In this sense, the 

hydrolysis of sewage sludge to obtain amino acids (as an in-situ 

electron donor) through the acid fermentation process is a 

treatment to obtain MCFA. In their study, Wu et al. used this 

technique to obtain a production of up to 3.01 g/L of caproate 

[36]. Organic sludge from treatment plants is a substrate used 

to obtain MCFAs because it has a high content of 

microorganisms and extracellular hydrolytic enzymes. Sludge 

has been used as a substrate, and inoculum mixed with ethanol 

as an electron donor, obtaining a maximum of 7173.1 mgCOD/L 

of MCFA [37]. Another study produced a 61.3% conversion 

rate of short-chain fatty acids (SCFA) to MCFA. This study 

used liquor-making wastewater such as substrate and ethanol as 

the electron donor for chain elongation [38]. 

 

C. Food waste 

Population growth has caused the inadequate use of natural 

resources since it is necessary to cover people's basic needs, 

such as food, electricity, and transportation. This has caused 

land, water, and air to show a continuous deterioration [39], 

[40]. This population increase leads to more food production, 

which increases the generation of municipal organic waste 

(OMW). According to the World Bank, in growing and low-

income countries, 93% of municipal solid waste is incinerated 

or deposited in open fields, roads, waterways, and bodies of 

water. In high-income countries, only 2% of municipal solid 

waste is incinerated [41]. Large-scale waste management 

continues to be a problem for developing countries [42].  

Food waste has been used in anaerobic fermentation to 

produce MCFA and long-chain alcohols. Food waste represents 

a good substrate for the formation of MCFA. In one study, these 

were inoculated with yeast (Saccharomyces cerevisiae) to 

obtain ethanol, which is an electron donor. This helped to 

generate 533 mgCOD/L of MCFA [43]. In their study, Fernando-

Foncillas et al. [44] used a 40/60 ratio of sewage 

sludge/municipal organic waste (restaurant, supermarket, and 

household waste) to produce MCFA. Without external addition 

of ethanol. They generated 1870 mg/L caproate and 823 mg/L 

heptanoate. Ethanol is the most used electron donor for chain 

elongation [19].  

Ethanol is the sole electron donor in the system, and CO2 

is required to promote the growth of MCFA generating 

organisms. This is for the stimulation of syntrophic ethanol 

oxidation, which increases production costs [12], [45], [46]. 

Therefore, in situ electron donor generation is recommended to 

alleviate the cost problem [36], [47], [48]. 
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    In their study, Wua et al. used food waste as a substrate. 

These were inoculated by anaerobic digestion sludge (sewage 

sludge). They added an anaerobic yeast (Saccharomyces 

cerevisiae) to produce ethanol as an electron donor [43]. This 

yeast was added in the form of dry cell powder. They showed 

that adding the yeast improves the formation of MCFA by chain 

elongation, 27.44% MCFA against 2.97% of the control [47]. 

By using expired beverage and dairy wastes for chain 

elongation by lactate or lactic acid (as electron donor), >500 

mMC of caproate and >300 mMC of butyrate were produced, 

with 85% caproate selectivity [49]. Lactic acid and ethanol as 

electron donors allow the increase of carbons in the electron 

acceptor chain to produce MCFA [21]. On the other hand, a 

high ratio of lactic acid/volatile fatty acids promotes electron 

transfer from the electron donor to the carbon chain because 

volatile fatty acids are the electron acceptors [32]. 

 

III. STRATEGIES FOR MEDIUM-CHAIN FATTY ACID 

PRODUCTION 

The conversion of biomass into medium-chain fatty acids 

(MCFAs) has been widely studied due to its potential to 

transform organic waste into high-value products. Among the 

most consolidated strategies is anaerobic fermentation, which 

has proven to be highly effective for this purpose [80]. In this 

regard, Wu et al. [81] evaluated the application of this 

technology using waste activated sludge (WAS) as a substrate, 

demonstrating that these residues, when anaerobically 

fermented, can significantly increase the production of n-

caproate, one of the most valued MCFAs [98]. Similarly, De 

TABLE I 

PARAMETERS AND OPERATIONAL CONDITIONS FOR THE PRODUCTION OF MEDIUM-CHAIN FATTY ACIDS. 

Fermente

d 
Digested 

Biomass 

Process 

Size 

Process Characteristics Digesti

ve 
Tempe

rature 

pH Fatty Acid 

Production 

Electro

n 
Donor 

Electron 

Donor 
Volume 

Ref 

Food 
Waste 

Biorea

ctor (1 

L) 

- A continuous chain elongation reactor was used.  

- The system is maintained under anaerobic conditions.  
- CO₂ flow is controlled to enhance protein synthesis of 

MCFA-producing microorganisms and to prevent 

excessive ethanol oxidation to acetate.  
- Reactor feeding consists of leachate from the 

acidification stage and chemical-grade ethanol, which is 

continuously added to promote fatty acid chain 
elongation.  

- The Hydraulic Retention Time is maintained at 11 

hours, allowing sufficient time for fatty acid chain 
elongation while limiting acetate consumption by 

acetotrophic methanogens. 

30 °C 

(Mesop

hilic) 

The pH is 

regulated 
between 

6.5 and 

7.0 using 
a pH 

controller 

and 5 M 
NaOH 

solution 

from day 
102 

onwards. 

Medium-Chain 

Fatty Acids 
(MCFA): 

Caproic, 

Caprylic of 512 
± 72 mg DQO/g 

SV 

Ethano
l 

The 
electron 

donor 

volume 
varies 

between 9 

and 22 g/L 
(with a 

minimum 

concentrati
on of 18.4 

g/L from 

day 123 

onwards). 

[56] 

Food 
Waste 

Discon

tinuous 
reactor 

(20 L) 

- The process is carried out at atmospheric pressure (1 

atm), simplifying operation and reducing costs 

compared to pressurized systems.  
- The organic loading rate (OLR) represents the amount 

of organic matter (expressed as Chemical Oxygen 
Demand, COD) introduced daily into the reactor.  

- The system's pH is regulated by adding sodium 

hydroxide (NaOH) to neutralize acidity generated by 
fermentation, or hydrochloric acid (HCl) if pH 

reduction is needed. 

35 °C 
(Mesop

hilic) 

Adjusted 
to pH 5.5 

Medium-chain 

fatty acid 

production: 5.5 
± 0.4 g/L  

- Caproic acid 
(C6): ~4.0 g/L  

- Caprylic acid 

(C8): ~1.2 g/L  
- Capric acid 

(C10): ~0.3 g/L 

Ethano
l 

~4.0% 

(w/w) (~40 
g/L, ~640 g 

per reactor) 

[57] 

Fermente

d 

Activated 
Sludge 

Batch / 

Anaero
bic 

Reacto

r 

- Acidification is controlled until short-chain fatty acid 

(SCFA) concentrations no longer increase. Samples are 
typically collected every 2-3 days to measure acid 

concentrations.  

- 10.5 g/L of sodium 2-bromoethanesulfonate is added 
to inhibit methanogen activity, allowing acidic products 

to accumulate without being converted into methane.  

- The chain elongation process can last up to 33 days, 
depending on fatty acid concentrations and other 

parameters. Sampling is performed every 2-3 days to 

monitor progress and MCFA production.  
- No external microbial inoculum was added in this 

study, as the wastewater sludge contains endogenous 

microorganisms sufficient for fatty acid production. 
The microorganisms in the sludge participate in 

biomass hydrolysis and subsequent fermentation to 

produce SCFA and MCFA. 

35 °C 
(Mesop

hilic) 

Adjusted 
to pH 6.0 

- 8.0 

Medium-Chain 

Fatty Acids 
(MCFA): 4079 

mg/L (max with 

20 g/L ZVI) 

Caproic acid 

(C6): 3719.6 

mg/L 
Heptylic acid 

(C7): 211.1 

mg/L 
Caprylic acid 

(C8): 148.3 

mg/L 

Ethano

l, 

The 

electron 
donor 

volume 

4555 mg/L 
(~5 - 20% 

v/v ethanol) 

| 100 mL 
(in 250 mL 

serum 

bottles) | 

[58] 
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Groof et al. [82] reported that the fermentation of complex 

waste using mixed microbial cultures is effective in producing 

medium-chain carboxylic acids (MCCAs), positioning it as a 

competitive alternative to traditional technologies [83][82]. On 

the other hand, emerging methods such as microaerophilic 

fermentation have begun to attract interest. Although less 

studied, this technique has shown interesting potential to 

improve product selectivity by reducing the formation of 

undesired compounds, as demonstrated by Zhang et al. [84] 

These results suggest a possible complementary role to 

anaerobic fermentation, although it still faces technical 

challenges such as the need for precise oxygen control and the 

lack of large-scale validation studies [99]. 

 

Fatty acid chain elongation is a biochemical process 

involving carbon units to short-chain fatty acids, converting 

them to middle-chain fatty acids. This process occurs 

intracellularly [50], [51]. An effective strategy for chain 

elongation is using acidified and hydrolyzed feeds containing 

either ethanol or lactic acid to convert them to n-caproate. The 

operation of a reactor with a long hydraulic retention time of 4 

days was more effective than 1 day in promoting chain 

lengthening from MCFA and ethanol. in a higher concentration 

of MCFA. In addition, it leads to more efficient use of ethanol 

and substrates (fermentation medium or substrate for 

microorganism cultivation) [52]. 

Another strategy for chain elongation is using metabolic 

engineering by genetically engineering the essential enzymes to 

promote MCFA production [28]. A study provided evidence 

that metabolic engineering is critical to designing better 

pathways. For example, Rigouin et al., the role of the protein 

used (YALI0F0654 (Yl ELO1)) in the elongation of exogenous 

or de novo synthesized C14 into C16 and C18 can be seen [53]. 

Metagenomics is also defined as a strategy used for chain 

elongation. A study investigated how ammonia affects chain 

elongation, giving insights into the mechanism of ammonia 

tolerance [53]. Fernandez-Blanco et al. [54] conducted studies 

that established optimal conditions for bacterial growth. In 

addition, they conducted studies in batch bioreactors to observe 

the fermentation of lactate, which is the electron donor, and 

acetate (the electron acceptor), as a result, confirmed consistent 

production profiles of C4 - C8 fatty acids. 

      Another process used for chain elongation is the use of 

precursor substrates. For example, Smit et al. used propionate 

and methanol as electron donors for chain elongation to n-

valerate in an open-culture bioreactor. This proved that 

increasing the propionate substrate concentration provided a 

consumption between 10 and 30%, and increasing the methanol 

substrate concentration in the effluent (from 250 to 400 mM) 

resulted in higher productivity (from 45 to 58 mmol C/L/day) 

[55].   

Table 1 analyzes various biomass fermentation processes 

for fatty acid production, detailing the operational 

characteristics of each system, including the type of biomass 

used, reactor configuration, temperature, and pH conditions. It 

also highlights the role of electron donors in optimizing 

substrate conversion into value-added products. The study 

examines different biomass types, such as the acidified organic 

fraction of municipal solid waste (MSW), leachates, and 

fermented activated sludge, each undergoing specific processes 

with variations in reactor scale and design. 

Gyebi Arhin et al. utilized food waste in a 1 L bioreactor, 

operating a continuous anaerobic system with acidified leachate 

and ethanol at mesophilic temperatures (see Table 1). The pH 

was controlled between 6.5 and 7.0, with a retention time of 11 

hours, resulting in a production of 512 ± 72 mg COD/g VS of 

caproic (C6) and caprylic (C8) acids [56]. In a 20 L batch 

reactor, Lan Wu et al. investigated food waste fermentation at 

35 °C and a pH of 5.5 (see Table 1). Ethanol was added at 

approximately 40 g/L (~640 g per reactor), yielding a total 

MCFA production of 5.5 ± 0.4 g/L. Of this, caproic acid (C6) 

accounted for 4.0 g/L, caprylic acid (C8) for 1.2 g/L, and capric 

acid (C10) for 0.3 g/L [57].  On the other hand, the investigation 

focused on fermented activated sludge in an anaerobic reactor. 

T. Lou et al. maintained a temperature of 35 °C, with the pH 

adjusted between 6.0 and 8.0 (see Table 1). Ethanol was added 

at a concentration of 4555 mg/L (5-20% v/v), leading to a 

maximum MCFA concentration of 4079 mg/L. Among the fatty 

acids produced, caproic acid (C6) reached 3719.6 mg/L, 

followed by heptylic acid (C7) at 211.1 mg/L and caprylic acid 

(C8) at 148.3 mg/L [58]. 

IV. STRATEGIES FOR THE IMPROVEMENT OF THE MEDIUM-

CHAIN FATTY ACID PRODUCTION PROCESS 

Several strategies have been proposed for improving chain 

elongation, such as feedstock optimization using microbial 

electrolysis (ME), biomass fermentation, and co-fermentation 

to produce MCFA [59]. Chua et al., in their review, refer to ME 

as using microbes as catalytic electrodes for chemical 

production from CO2 [60]. He also mentioned that ME can be 

used for in-situ ammonia and sulfur recovery, resulting in lower 

microbial toxicity and competing reactions, thus increasing 

MCFA production [61]. A study explored the co-fermentation 

of sludge and lignocellulosic biomass (fallen leaves and grass). 

This significantly accelerated caproate production, showing a 

41.73 % improvement [21]. 

Zerovalent iron addition resulted in an MCFA production 

of 15.4 g, which was 5.3 times higher than the control [62]. Wu 

Lin et al. conducted a study using biochar and activated carbon 

in fermentation to improve MCFA production. The results show 

that using fine biochar of 75-150 µm improved MCFA 

production with a higher electron transfer efficiency of 92.6%  

[63]. 

Another strategy employed to improve MCFA production 

is the use of metabolic engineering and multidimensional 

engineering techniques for the modification of microorganisms 

[64],[65]. In a study by Zhiwei et al., an orthogonal Type I 

bacterial fatty acid synthase (FAS) was engineered to produce 

medium-chain fatty acids (MCFA) in the yeast Saccharomyces 

cerevisiae. Multidimensional engineering was carried out to 

increase cellular tolerance to toxic MCFA, targeting the 
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evolution of the Type I membrane transporter and adaptive 

laboratory evolution of the strain. This combination of 

individual yeast selection and optimized cultivation resulted in 

a 1.3 ± 0.3-fold and 1.7 ± 0.2-fold increase in MCFA 

production, respectively [64]. In addition, mention should be 

made of metabolic engineering of the biosynthesis pathway. 

This is intended to generate a cell factory that produces cost-

effective molecules on an industrial scale [65]. Separately, such 

modifications have been shown to increase accumulation up to 

fivefold and result in extracellular heaping of free fatty acids 

[66]. 

Fatty acid optimization utilizes modified metabolic strains, 

and to achieve this, genes encoding thioesterase (TE) protein 

were expressed [9]. Liu Jin et al. demonstrated that TE from 

Corynebacterium glutamicum (CG) can potentially improve 

fatty acids. The results showed that the total production of FAs 

increased to 180.52 mg/g dry molecular weight [67]. Also, 

among the strategies for improving MCFA production is the 

engineering of the transport system. A few years ago, 

endogenous genes related to transporters responsible for the 

export of MCFA in E. coli were investigated [68]. These 

endogenous genes are related to medium-chain fatty acid 

transporters to identify those responsible for fatty acid exports 

in E. coli. As a result, it was shown that the modified strain 

evidenced a twofold increase compared to the original strain. 

The basis of this research was based on a strain that 

overexpressed the accre genes, mdtE, and mdtC, and had the 

cmr gene deleted to achieve a combinatorial effect [69]. 

Exploiting new enzymes to enhance the production of 

MCFA is one way to improve the production of MCFA in 

microbial strains [70]. Computational methods have been 

developed that accurately predict enzyme numbers from protein 

sequences and have the desired yield for improved production 

of MCFAs [68],[71]. More recently, AI (Artificial Intelligence) 

computational designs have been developed to suggest practical 

strategies and reduce iterative experiments to obtain synthetic 

enzymes with desired catalytic functions [52], [68]. 

Engineering the transport system in MCFA is a useful and 

effective strategy to improve cellular acid resistance in MCFA 

producers [68]. Cultures producing MCFAs become acidic due 

to their accumulation.  Thus, acids easily enter the cell, causing 

intracellular acidity [72]. The transport engineering strategy to 

TABLE II 
EFFECTS OF BIOCHAR ON MEDIUM-CHAIN FATTY ACID PRODUCTION FROM BIOMASS 

Fermented 

Digested 

Biomass 

Proc

ess 

Size 

Digestive 

Temperatur

e 

Process Characteristics pH Fatty Acid 

Production 

Biochar Biocarbon 

Volume 

Ref 

Anaerobic 

Digestion 

and 
Fermentatio

n of Sludge 

Pilot 

Scale 

(1-
10L) 

30-37°C 

(Mesophili

c) 

-Anaerobic controlled process with electron addition 

(ethanol). 

-Biochars improve microbial activity, with precise 
temperature control and constant agitation. 

Continuous gas composition monitoring. 

6.0-

7.0 

Medium-

chain fatty 

acids (e.g., 
caproate), 

~10-20 g/L 

Biochar 

derived from 

anaerobically 
digested 

sludge 

Generation from 

waste, 5-10% of 

processed biomass 
volume (~50-100 

g/L) 

[77] 

Anaerobic 

Biomass 
Treatment 

of Sludge 

Labo

rator
y 

Scale 

35°C 

(Mesophili
c) 

-Fermentation with constant temperature, pH 

adjustment, and control during the process. 
- Microbiota adaptation to maximize fatty acid 

production, with biocarbon inclusion to optimize 
fermentation. 

- Monitoring key parameters like residence time. 

6.5 Caproic 

acid (C6), 
~5-8 g/L 

Biochar 

derived from 
anaerobically 

digested 
sludge 

Biochar for 

microbial 
enhancement, 7% 

of biomass 
volume (~70 g/L) 

[77] 

Organic 

Waste 
Digestion 

(Food 

Waste) 

Indu

strial 
Scale 

37°C 

(Mesophili
c) 

-Continuous reactor process with strict temperature 

and pH control. 
-Biochar is used as an adsorbent to improve substrate 

conversion, monitoring of gases, and optimization of 

reaction time for maximum fatty acid production. 

7.0 C6-C10 

fatty acids, 
~15-25 g/L 

Biochar 

derived from 
anaerobically 

digested 

sludge 

Biochar optimizes 

production, 10% 
of biomass 

volume (~100 

g/L) 

[77] 

Sewage 

Sludge 

(Low 
Carbon) 

Labo

rator

y 
Scale 

35-37°C 

(Mesophili

c) 

-Improved carbon conversion and electron transfer 

efficiency in EC. 

- Biochar dose affects medium-chain fatty acid 
production. 

- Different doses impact microbiological genera. 

Dominant pathways in EC related to MCFA 
production. 

- High biocarbon doses stimulate acidifying genera. 

6.8-

7.2 

Medium-

chain fatty 

acids: 
Caproate 

(3347.95 

mg/L) and 
caprylate 

(612.36 

mg/L) 

Biocarbon 

(10-20 g/L) (It 

is not 
mentioned) 

Biochar (10-20 

g/L), 10-20% of 

biomass volume 

[78] 

Sewage 
Sludge 

(Low 

Carbon) 

Labo
rator

y 

Scale 
(Seru

m 

Bottl
es) 

35-37°C 
(Mesophili

c) 

-Biocarbon increases MCFA accumulation by more 
than 114%. It also improves carbon conversion 

efficiency (134.66%) and electron transfer efficiency 

(94.22%). 
-The addition of biocarbon before acidification 

improves the activity of chain elongation bacteria 

(Paraclostridium). 
-Biocarbon enhances solubilization of the sludge, 

achieving a SCOD of 18,425 mg/L at terminal 
acidification. 

6.68 Medium-
chain fatty 

acids: 

Caproate 
(3347.95 

mg/L) and 

caprylate 
(612.36 

mg/L) 

Wood 
Biocarbon 

Wood biocarbon 
(10-20 g/L), 10-

20% of biomass 

vo 

[79] 
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maintain intracellular pH is to identify proton pumps. This is 

because as they consume ATP (adenosine triphosphate) to 

export protons, supplementation of auxiliary energy substrates 

and increased oxidative phosphorylation enhance cellular 

regulation and thus increase the yield of MCFA production 

[54], [74]. 

The effect of carbon sources on the production of MCFA 

plays an important role in fermentation. To evaluate the suitable 

source for optimal growth, three different carbon sources 

combined with coconut oil (3%) and palm oil (3%) were used 

[65], [75]. It was then found in this research by Hussain et al. 

higher fatty acid contents (%FA) were obtained at 26 °C, with 

mixed palm oil medium, and the highest overall lipid 

productivity (8.6 g/L-d) with coconut oil supplementation [76]. 

Table 2 summarizes strategies for MCFA production at 

different scales, under mesophilic temperatures (30-37 °C) and 

pH adjustment to optimize microbial activity. The use of 

biochar is highlighted for enhancing substrate conversion and 

electron transfer. The first three cases presented in Table 2 are 

from research conducted by Lin Wu et al. They performed three 

experiments using biochar derived from digested sludge and 

organic waste. The first experiment was carried out at a pilot 

scale (1-10 L) under mesophilic conditions (30-37 °C) with 

controlled pH between 6.0 and 7.0 (see Table 2). Additionally, 

they used biochar derived from anaerobically digested sludge at 

a dosage of 5-10% of the biomass volume (~50-100 g/L). This 

approach enhanced microbial activity and produced caproate 

(C6) concentrations ranging from 10 to 20 g/L. The second 

experiment involved anaerobic sludge treatment at a laboratory 

scale, conducted at 35 °C with a pH adjusted to 6.5 (see Table 

2). They included biochar derived from digested sludge at a 

concentration of 7% of the biomass volume (~70 g/L), 

facilitating caproic acid (C6) production within a range of 5-8 

g/L. For the industrial-scale study, they operated a continuous 

reactor at 37 °C with a pH of 7.0. The addition of biochar 

represented 10% of the biomass volume (~100 g/L), optimizing 

substrate conversion and enabling the production of C6-C10 

fatty acids in concentrations ranging from 15 to 25 g/L [77]. 

Laboratory-scale sludge treatment with low carbon content 

was carried out by Tianru Lou et al. They conducted the process 

at mesophilic temperatures ranging from 35 to 37 °C, with a pH 

between 6.8 and 7.2 (see Table 2). A biochar dosage of 10-20 

g/L (10-20% of the biomass volume) was applied, which 

enhanced the production of caproate (3347.95 mg/L) and 

caprylate (612.36 mg/L) while also stimulating acidogenic 

bacterial genera associated with MCFA production [78]. Also, 

Tianru Lou et al. conducted experiments using serum bottles at 

35-37 °C under mesophilic conditions, with a pH of 6.68 (see 

Table 2). They reported that adding biochar before the 

acidification process led to an increase of over 114% in MCFA 

accumulation, improving carbon conversion efficiency by 

134.66% and electron transfer efficiency by 94.22%. As a 
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result, a SCOD of 18,425 mg/L was achieved. In this system, 

wood biochar was applied at 10-20 g/L concentrations, 

representing 10-20% of the biomass volume [79]. Overall, 

biochar enhances process efficiency by increasing carbon 

conversion and promoting the growth of key microorganisms. 

Its dosage ranges between 5% and 20% of the biomass volume, 

depending on the type of waste treated. 

 

 V. CHALLENGES, OPPORTUNITIES, AND ECONOMIC 

FEASIBILITY IN MCFA PRODUCTION 

The use of residual biomass to produce medium-chain fatty 

acids (MCFAs) stands out as an emerging strategy aligned with 

circular economy principles [85]. Being regarded as waste, 

discarded or used products can be repurposed as raw materials 

to produce high-value compounds [86]. However, its 

implementation is limited by several factors, among which the 

variability of raw material composition, such as municipal 

organic waste, sewage sludge, or lignocellulosic waste, is one 

of the main challenges [87]. This is largely due to the partial 

utilization of the substrate, the lack of electron donors, the 

generation of secondary compounds, the toxic inhibition caused 

by MCFAs in their undissociated form, and by ethanol. 

Additionally, the low performance of the microbiome limits the 

process efficiency, making it necessary to apply specific 

pretreatments to favor effective fermentation [88], [89]. It is 

also essential to optimize operational parameters such as pH, 

temperature, and the ratio between substrate and electron donor, 

as well as maintain the stability of the microbial consortium 

responsible for chain elongation [90], [91]. 

 

Given the challenges in MCFA production, it is important 

to highlight the opportunities that enhance this biotechnological 

pathway. One such opportunity is the use of biochar, which not 

only serves as a support for microbial growth but also improves 

process stability by buffering pH fluctuations and adsorbing 

toxic compounds [87], [92]. Metabolic engineering also plays a 

crucial role in optimizing biosynthetic pathways in 

microorganisms, improving production efficiency by 

modifying key genes, reducing the formation of by-products, 

and facilitating the design of more productive strains for 

industrial applications [93]. 

 

The economic feasibility of producing MCFAs from 

biomass remains a challenge for scalability. While the use of 

low-cost waste such as sludge and food waste has proven to 

reduce operational costs, challenges such as pretreatment, 

collection, and optimization of conditions like pH, temperature, 

and organic load persist [94], [95]. Studies such as that by 

Scarborough et al., which conducted a techno-economic 

assessment (TEA) based on lignocellulosic vinasse and 

simulations with ASPEN, have demonstrated that, at the pilot 

level, productivity remains insufficient to reach cost parity with 

the market [96]. On the other hand, although strategies like the 

addition of biochar and the use of residual ethanol as an electron 

donor have improved conversion, there is still a need to increase 

process efficiency and reduce investment costs (CAPEX) to 

achieve viable and sustainable MCFA production on an 

industrial scale [97]. 

 

In this regard, future research should focus on specific 

areas such as the detailed characterization of microbiomes 

specialized in chain elongation, with an emphasis on highly 

productive bacterial strains that are tolerant to inhibitors like 

caproate and capable of adapting to a wide variety of complex 

substrates [100]. The exploration of synthetic microbiomes 

designed through synthetic biology tools could enable the 

creation of more efficient and stable microbial communities 

[102],[103]. Moreover, emerging technologies such as 

bioelectrochemical systems integrated with anaerobic 

fermentations could offer new pathways to enhance energy 

recovery and the production of high-value compounds [101]. 

Another key strategy is the use of modular and scalable 

bioreactor configurations, adaptable to different types of waste, 

along with the evaluation of new technologies for the in-situ 

separation and purification of MCFAs, to reduce their toxicity 

during fermentation [104][105]. These lines of research are 

essential to overcome current technical and economic 

challenges, move toward efficient industrial implementation, 

and strengthen waste valorisation within a circular bioeconomy 

[94]. 

 

CONCLUSIONS 

The conversion of biomass, such as agroindustrial waste, 

sewage sludge, and other feedstocks, into medium-chain fatty 

acids (MCFA), represents a strategy to sustainably harness the 

growing amount of organic waste. Employing biological 

processes like anaerobic fermentation and chain elongation 

enables the production of high-value-added products for the 

food, pharmaceutical, and energy industries, alongside the 

study of operational condition optimization (pH, temperature, 

nutrients, and electron donors). This makes it possible to create 

increasingly specialized bioproducts with greater added value. 

Moreover, incorporating advanced methodologies, ranging 

from adding biochar and zerovalent metals to metabolic 

engineering techniques and artificial intelligence tools, has 

demonstrated the potential to increase MCFA productivity and 

selectivity. However, areas still need further study, such as 

variability in substrate composition, production scale, the 

development of systems resistant to inhibitions, and the 

reduction of operating costs. Consequently, deepening research 

and designing efficient processes for MCFA production is 

crucial to drive the circular economy and reduce the carbon 

footprint by leveraging organic waste, which remains a 

significant global challenge in waste management today. 
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