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A B S T R A C T   

Due to the special property of food waste (FW), anaerobic digestion of food waste is facing many 
challenges like foaming, acidification, ammonia nitrogen and (NH4

+-N) inhibition which resulted 
in a low biogas yield. A better understanding on the problems exiting in the FW anaerobic 
digestion would enhance the bio-energy recovery and increase the stable operation. Meanwhile, 
to overcome the bottle necks, pretreatment, co-digestion and additives is proposed as well as the 
solutions to improve biogas yield in FW digestion system. At last, future research directions 
regarding FW anaerobic digestion were proposed.   

1. Introduction 

Food waste includes food processing waste and edible residues produced by families, schools, canteens and catering industries. It is 
mainly composed by oil, meat, fruit peel, vegetables, bones, rice noodles, fish, waste tableware and other substances. In 2022, there 
was about 1.3 billion tons food waste produced. The amount of FW is also increased with the population growth which will reach to 2.1 
billion tons by 2030. 

FW is characteristics of high organic content, high moisture content, high fat, and high salt. It has dual attributes including 
environmental pollution and resource utilization. On the one hand, food waste is easy to rot, if it is not well treated, it will bring out 
serials of environmental problems. On the other hand, FW can be used to produce high value by-products through components 
extraction, anaerobic digestion, composting and pyrolysis [1,2]. Components like oil, flavonoids, phenolic acids, β-hydroxybenzoic 
acid and carobenoids et al. can be obtained by solvent-based extraction [3,4], supercritical carbon dioxide extraction, subcritical water 
extraction, pressurized liquid extraction [1,5]and thermal extraction [6]. Especially for the bioactive compounds like flavonoids and 
phenolic acids can be used to produce antioxidants with anticancer activities. While these extraction methods are characteristic of high 
operating cost, lower yield, high energy consumption and not environmental-friendly [7]. Composting can reduce the greenhouse 
gases (GHGs) emissions and improve soil properties. While composing of food waste also faced some challenges like odours control, 
process optimization and compost quality which requires be solved. Meanwhile the composting cycle should be shortened [8]. 
Considering the characteristic of the above two technologies, anaerobic digestion (AD) is proposed as an effective technology for the 
food waste treatment [9–11]. FW can be converted into high valuable products including biogas and organic fertilizer. Biogas can be 
used for power generation, heat energy and other fields, while organic fertilizers can improve the yield and quality of crop and 
vegetables. 

Although AD is widely used in the treatment of solid waste, there are still some key technical challenges such as the volatile fatty 
acids (VFAs) accumulation, process instability and foaming need be solved. How to realize effective treatment of food waste under the 
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principle of “reducing quantity”, “harmless “and “reclamation” is an increasingly prominent topic for countries around the world. 
Hence, it is necessary to summarize the existing problems and development for the food waste treatment. This paper summarized the 
literature and reviews the technologies that related to the conversion of FW to biogas (Fig. 1). It concluded the challenges faced by the 
AD of food waste in details and provided the solutions as well as the properties of the solutions, which is helpful for the improvement of 
treatment level of food waste. 

2. Characteristics of food waste 

The main components of FW includes: (1) Food residue, such as leftovers, vegetable peels, fish and shrimp shells, bones and so on. 
(2) Food processing waste, such as leftover vegetable leaves after cutting, fruit pits, pulp, and so on. Table .1 displayed the composition 
of food waste around the world. It could be seen that there were obvious difference in the components of food waste due to the 
differences in eating habits. For example, the main staple food in China is rice and wheat which are the predominant composition in 
food waste, while the main staple food in Polish is meat, potatoes and cream which are the predominant composition in food waste. It is 
worth noting that vegetables has accounted for a considerable proportion in all the sources, which is one of the main source of 
bioactive compounds in the food waste. 

To further analyze the potential effect of food waste on the anaerobic digestion, examples of the chemical characteristic of food 
waste were displayed in Table .2. The total solid (TS) content of food waste ranges from 7.62% to 23.70%. The ratio of VS (volatile 
solids)/TS is more than 80% indicated a high organic content for biological treatment. While pH of the FW ranges from 3.6 to 6.6, 
which is not friendly for the anaerobic digestion and easy to cause acidification. Carbohydrate was the main component in TS, while 
the lipids also occupy a certain proportion which will cause negative effect on the anaerobic digestion. Though there is obvious 
difference among different sources of FW due to the eating habits, culture, climate, and seasons, the FW for anaerobic digestion will be 

Fig. 1. Main content of this work.  

Table 1 
Component of food waste.  

Sources Main composition Reference 

Polish Bread (23.9%), vegetables (23.3%), meat (15.1%) and potatoes (7.8%) Jan.et al. [12] 
Danish Fresh vegetables and salads (30%), fresh fruit (17%), bakery (13%), drinks, confectionery and desserts (13%) Maklawe et al. 

[13] 
Korean Fruits (29%), vegetables (30%), staple food (22%), egg (2%), Bakery products (2%), fish (4%), meat (3%), soy foods (4%) Bashir et al. [14] 
Finnish Vegetables (19%), home cooked food (18), milk products (17 %), bakery and grain products (13%), fruits and berries (13%), 

meat, fish, and eggs (7%), convenience food (6%) 
Kirsi et al. [15] 

China Wheat (25.78%), rice (20.36%) and vegetables (18.61%) Long Qian et al. 
[16] 

Greece Vegetables (21%), cooked food without meat (20%), dairy products (17%), fruits (15%) and bread (10%) Abeliotis et al. 
[17] 

UK Fruit (30%), vegetable (23%), bread and cereals (16%) Joseph et al. [18] 
Japan Vegetable (22.9%), Fruit (13.7%), left towers (22.3%) Tetsuji et al. [19]  

Table 2 
Examples of food waste: chemical characteristic.  

Sources TS (%) VS (%) pH Protein (%TS) Carbohydrate (%TS) Lipids (%TS) Reference 

FW in a student canteen, China 23.70 23.1 6.6 14 44.9 14.1 Miao Yu et al. [20] 
FW in a dining hall, Japan 7.62 7.2 3.6 14.9 33.4 13.5 Lijie Wu et al. [21] 
FW in a restaurant, Korea 18.1 17.1 6.5 18.2 61.7 12.9 Lei Zhang et al. [22] 
FW in a kitchen, India 23.3 21 5.2 / / / Kranti.et al. [23] 
FW in a kitchen, Singapore 23.2 18.97 5.4 24.29 48.52 27.19 Huanhuan Tong et al. [24]  
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facing many challenges like foaming, acidification, ammonia nitrogen (NH4
+-N) inhibition and emerging contaminants. 

3. Problems exist in anaerobic digestion of FW 

3.1. Foaming 

Foaming is a common problem existed in the AD of FW [25], while the exact mechanism of foaming is still not well known. Qin He 
et al. found that the foaming was mainly caused by the growth of specifc bacteria and the production of surface active materials. 
Meanwhile, the accumulation of VFAs and total ammonia nitrogen (TAN) were also contributed to foaming by reducing the surface 
tension of sludge [26].Pingjin Yang et al. found that extracellular polymeric substances were the key factor to cause foaming in the AD 
of FW [27]. Foaming also relates to the operating parameter and microbial communities’ diversity [28]. The presence of oil, grease, 
lipid, proteins, lipoproteins, polysaccharide-lipid complexes in the feedstock and the accumulation of VFAs, ammonia during AD of FW 
may also contribute to foaming [29]. The negative effect of foaming, such as reduce mass transfer efficiency, affect microbial activity, 
lower biogas yield, cause the blockage of pipes and the overflow of biogas slurry, make operational challenges for AD operator. How to 
reduce to foaming during the anaerobic digestion of FW is required further study. 

3.2. Acidification 

The accumulation of VFAs is easily occurred in the anaerobic digestion of high solid concentration substrate [30]. As mentioned 
above, the TS concentration of FW can reach to 23.70%, in which VS is accounted for more than 80%. Moreover, food waste has a 
relative high content of lipid which may cause low carbon nitrogen ratio and lead acidification when FW is the sole substrate [31]. 
During the AD of food waste, lipid is first hydrolyzed to long-chain fatty acids (LCFAs) which will adsorb on the surface of micro-
organisms and hinder the mass transfer process resulting in a decrease of microorganism’s activity and instability of anaerobic 
digestion. Meanwhile, the metabolites of LCFAs, especially the accumulation of VFAs can lead to the decrease of microorganism’s 
activity and cause the imbalance between the acid stage and the methanogenic stage, resulting in the “acidification” in the anaerobic 
digestion system. The acidification will greatly decrease the pH and the activity of methane-forming bacteria due to its highly sensitive 
to the pH changes. Finally, it will lead to a low biogas yield and unstable of anaerobic digestion system. Hence, it is strongly demand for 
develop efficient technologies to avoid VFA inhibition in AD of FW and keep the stable operation. 

3.3. NH4
+-N inhibition 

NH4
+-N inhibition is a well-known problem in the AD of nitrogen-rich organic substrates such as food waste. The content of protein 

in the food waste will bring in the release of NH4
+-N during the anaerobic digestion, which will limit biogas production and even cause 

digestion failure [32]. Kuichuan Sheng et al. found that an excessive inhibition of methanogenesis was appeared when the TAN 
concentrations was reached to 3.78 g/L in the anaerobic digestion of food waste [33]. Hong Chen et al. found that the ammonia 
inhibition was appeared when the TAN concentration in the AD system was exceeded 2 g/L. Ammonia inhibition will cause the 
accumulation of acetate and propionate and decrease of pH. Meanwhile, the activity of hydrogenotrophic methanogens was inhibited 
[34]. There was no uniform conclusion for the influence of ammonia on the methanogens. Some studies showed that hydrogenotrophic 
methanogens were more sensitive to ammonia than acetoclastic methanogens [34,35], while other literatures reported that the 
acetoclastic methanogens was more easily affected by ammonia than that of the hydrogenotrophic methanogens [36,37]. Though 
many methods like air stripping [32,38], nitrification and denitrification [33], chemical precipitation and ammonia-binding had been 
carried out for alleviating the ammonia inhibition in AD process, how to reduce operational cost and complexity, promote the effi-
ciency and put in full-scale practical application of those technologies is still required study. 

3.4. Emerging contaminants 

Except traditional pollutants like COD and NH4
+-N, emerging contaminants like antibiotic, plasticizer and microplastics are ob-

tained much attention in recent years. Antibiotics is widely used as an antimicrobial drug in the medical field and also used as food 
additives for live stock anti-bacteria purposes [39]. It will cause some pathogenic bacteria to produce antibiotic resistance genes 
(ARGs) when discharged into environment. The ARGs in the anaerobic digestion of food waste mainly come from two aspects: (1) 
Direct sources. The ARGs in food sources like meat, eggs, vegetables and fruits contaminated by the ARGs left in crops, soil and 
groundwater ultimately leave in FW [40,41]. Amount of ARGs had been detected in meats, fruits and vegetables. Kärt Kanger et al. 
found that there were more than 300 kinds of ARGs in FW，especially for sulfonamide and tetracycline resistance genes [42]. Liao 
hanpeng et al. also found that more than 20 kinds of ARGs including ermB, ermF, mefA, sul1, sul2, tetX and tetW in FW [43]. (2) Indirect 
sources. During the anaerobic digestion of FW, ARGs can be brought in by the added sludge or manure [44]. Piggery manure was an 
important reservoir for ARGs with a high level of residual antibiotics (~105 ng/g dry manure) [45]. 

ARGs can pollute the natural environment and cause risks to human health. Recent researches showed that AD could reduce the 
abundance of ARGs and cut down ARGs transferring from AD system into the environment [46,47]. However, there are still many key 
problems need further study: first, the mechanism of antibiotic degradation in anaerobic digestion is not clear; Current research on the 
evaluation of antibiotics and their resistance genes mainly focuses on the change of abundance; the influence of anaerobic digestion 
performance on the reduction of antibiotic and the “co-metabolism” between antibiotics and organic matter are still unknown; second, 
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how to optimize the process parameters of anaerobic digestion to strengthen the efficiency of antibiotic removal and ARGs reduction; 
third, the migration and transformation pathway of antibiotics and ARGs in biogas slurry and biogas residue during anaerobic 
digestion is lack of study. Fourth, the research on the behavior of different kinds of antibiotics in the anaerobic digestion needs to be 
further strengthened. 

Microplastics, as a <5 mm plastic, has been proven existing in food waste [48]. It mainly comes from food packaging, food con-
tainers, and plastic-coated paper. Microplastics also present in food itself like shellfish, table salts, honey, canned food and sugar [49, 
50]. Studies have been showed that microplastics could inhibit the anaerobic digestion processes resulting in a decrease of methane 
yield and microbial abundance [51–53]. Jingjing Zhang et al. found that microplastics could inhibit acidification and methanogenesis 
process when its concentration was exceed 0.25 g/L [54].Wei Wei et al. found that the side effect of microplastics on the AD was due to 
the induction of reactive oxygen species [53]. However, the mechanism of microplastics on the AD process is still lack of researches. 

Plasticizer, as a kind of polymer additive, is widely used in the production of plastic products. Plasticizers like bisphenols, 
phthalates and parabens can be used to synthesize a variety of products, such as plastic bottles, food packaging, metal food cans and 
cosmetic plastic pellets. Plasticizers can be dissolved in plastic packaging and direct contact with food. It has been reported that the 
concentration of plasticizer in food can reach to 0.84 mg/kg. Part of plasticizers can be entered into environment accompanied with 
food waste. Plasticizer exposure can cause cardiovascular diseases and diabetes and make threats to human health. At present, most of 
the studies on plasticizers focus on degradation or removal, and their effects on anaerobic digestion process are still unknown. 

4. Solutions 

In order to increase biogas yield, alleviate the inhibitions of the hazardous substances and promote the removal rate of emerging 
contaminants, some strategies are developed like pretreatment, co-digestion and additives. The following are the details of the 
strategy. 

4.1. Pretreatment 

Lipid, as one of major contents in food waste, is difficult to degrade which will become the rate-limiting step during the anaerobic 
digestion of food waste. Pretreatment is considered as an effective method to promote lipid degradation and the efficiency of anaerobic 
digestion. The main purposes of pretreatment are: (1) to improve the surface characteristics of substrate and enhance the adaptability 
of microorganisms; (2) Reduce/eliminate potentially toxic and harmful substances; (3) Improve the biodegradability of complex 
compounds. 

The commonly used pretreatment technologies are mainly divided into physical pretreatment [55–58], chemical pretreatment [59, 
60] and enzymatic pretreatment [61,62].The effect and possible mechanism of food waste with different pretreatments was shown in 
Fig. 2. Thermal, ultrasound and irradiation radiation were the typical way of physical pretreatment. Javkhlan Ariunbaatar et al. 
investigated the thermal pretreatment on the anaerobic digestion of food waste and found that methane yield was increased by 40% by 
thermal pretreatment at 50 ◦C for 6–12 h due to the higher solubilization of chemical oxygen demand (COD) after thermal pre-
treatment [55]. Y. El Gnaoui et al. also found that soluble COD was increased by 43.41% after thermal pretreatment resulting in an 
increase of 23.68 % on the methane yield [63]. Similar effects were obtained by other physical pretreatment on the anaerobic digestion 

Fig. 2. Effect and possible mechanism of food waste under different pretreatment.  
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of food waste. Xionghui Fei et al. found that biogas yield was increased by 14.3% due to the soluble chemical oxygen demand (SCOD) 
increasing by 70.6% after irradiation pretreatment [64]. Liangchen Yue et al. found that soluble COD of lipid waste pretreated with 
ultrasound was higher than that with microwave under the same energy input resulting in a higher methane yield [65]. The mech-
anism of physical pretreatment is to change the morphological structure of substances and convert solid organic matter into the soluble 
COD which can be easily utilized by the microorganisms. 

Compared with physical pretreatment, chemical pretreatment mainly relies on chemical agents to change the properties of food 
waste. Commonly used chemical agents includes NaOH, Ca(OH)2, CaO and NH3⋅H2O. Alkali pretreatment can promote the solubili-
zation of proteins and lignin as well as lipid saponification. Erdenebayar Naran found that methane yield could be increased by 25% 
after NaOH pretreatment due to the increase of soluble organic matter [60]. Chen Linyi et al. compared NaOH, KOH and CaO pre-
treatment on the anaerobic digestion of food waste and found that 1% CaO showed the best effect on the improvement of biogas yield 
[59]. Meanwhile, microbial analysis results showed that Methanosaeta and Methanospirillum were the predominant bacterial. 
However, alkali pretreatment could bring out other problems like salt formation and the inhibition of Na+/Ca2+/K+ on the anaerobic 
digestion. It was reported that the AD process would be inhibited when Na+ concentration was 3500–5500 mg/L. Moreover, surfactant 
was proven to increase the SCOD in anaerobic system. Jian Sun investigated the anionic surfactants SDBS and non-ionic surfactants 
APG on the anaerobic co-digestion of sludge, food wastes and green wastes [66]. The results showed that biogas production was 
inhibited by SDBS while promoted by APG. However, the effect of surfactants on anaerobic digestion depended on the type and dosage 
of surfactants. 

Different from the above pretreatments, enzymatic pretreatment not only can promote the dissolution of solid organic matter and 
enhance biogas yield [67], but also cannot cause secondary pollution. Ying Meng et al. found that the methane yield from the 
anaerobic digestion of animal fat, vegetable oil and floatable grease after lipase pretreatment was increased by 80.8–157.7%, 
26.9–53.8% and 37.0–40.7%, respectively, and the anaerobic digestion period was shortened by 10~40 days [61]. The commonly 
used enzymes include carbohydrases, cellulase, β-glucanase, hemicellulase, proteases and lipases which are costly. Moreover, enzy-
matic pretreatment may also bring in other problems like accumulation of LCFAs and VFAs, which can cause the “acidification” of 
anaerobic system. 

Although physical pretreatment can increase the hydrolysis efficiency and shorten the digestion time, it requires relatively high 
pretreatment cost and extra energy input. Chemical pretreatment can rapidly promote the degradation of complex organic matter with 
high efficiency and low cost, while the effect of chemical pretreatment is greatly affected by the concentration of chemical agents, and 
even inhibits anaerobic digestion at high concentrations. Enzymatic pretreatment is more efficient and environment friendly while it is 
costly. However, there is no research proven that pretreatment can alleviate the NH4

+-N inhibition and remove the emerging con-
taminants. Meanwhile, Life cycle assessment for AD of food waste under different pretreatments is lack of research. 

4.2. Co-digestion 

Anaerobic co-digestion of food waste and other materials is considered as an effective way to realize more balanced nutrient levels, 
alleviate the ammonia inhibition, dilute toxic contaminants and increase biogas yield which is attracted more and more attentions. The 
commonly used additional substrates co-digestion with food waste includes algae, sludge, manure, agricultural straw and other 
organic waste. Chuenchart et al. observed that the methane yield could be increased by 10.4–89.9% in co-digestion with chicken 
manure compared with mono-digestion of food waste [68]. Kamonwan et al. found that the accumulation of VFAs and decrease of pH 
could be overcome during the co-digestion of food waste and algae and a stable CH4 production was also obtained [69]. Jingxin Zhang 
et al. evaluated an increase of 24.6% in methane yield and 10.1% in the VS reduction from the co-digestion of food waste and waste 
active sludge compared with control substrate [70]. 

Except the kind of substrate, the process parameters like bioreactor, temperature, substrate composition and organic loading rate 
also make great impact on the performance of co-digestion. LiJie Wu et al. found that biogas yield was increased by 19% in the 
mesophilic temperature when co-digesting food waste with de-oiled grease trap waste [71]. Wanli Zhang et al. investigated the 
performance of co-digestion of food waste, cattle manure and corn straw. The results showed that co-digestion of food waste and corn 
straw was inhibited by organic acids, while co-digestion of food waste and cattle manure showed a greatest synergistic effect resulting 
in a relative abundance of hydrogenotrophic methanogens (68.9%) and Methanosarcina (14.6%) [72]. While 388 mL⋅g− 1VS methane 
production was obtained which was increased by 41.1% at a substrate ratio of 2 on the co-digestion of FW and cattle manure [73]. 
Xinxin Ma et al. found that the highest biogas yield (640 mL g− 1 VS) was obtained at the substrate ratios of 7(food waste):3(sophora 
flavescens residues) [74], while 334 mL CH4/gCODInput was obtained in the co-digestion of food waste and algae at a mixture ratio of 
8:2 [69]. While Du et al. found that methane yield could be increased at a ratio of 1.6:98.4 (weight basis) on the co-digestion of algal 
biomass and FW [75]. 

Though co-digestion with other substrates can promote the performance of anaerobic digestion, its mechanisms were different. Yun 
Peng et al. found that landfill leachate could alleviate the ammonia inhibition leading to a stable methane generation in the co- 
digestion system of food waste and landfill leachate. Meanwhile, microbial analysis showed that the relative abundance of Peloto-
maculum was promoted [76]. Lei Zhang et al. found that trace element (cobalt, molybdenum, nickel and ion) in the piggery waste-
water was the most important factor to enhance co-digestion performances of food waste and piggery wastewater [22]. Shangsong 
Jiang et al. found that the accumulation of VFAs was inhibited on the anaerobic digestion of food waste and fruit, vegetable waste and 
the relative abundances of microbial (Proteiniphilum Methanosaet, Candidatus and Methanofastidiosum) was enhanced resulting in 
the increase of biogas yield [77]. Bao-Shan Xing et al. found that a relative high abundance of Clostridia and Methanosarcina caused a 
high hydrolysis rate and VFA conversion rate during the co-digestion of food waste and waste activated sludge. Methanosarcina was 
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responsible for the well performance of the co-digestion [78]. While Cunsheng Zhang et al. found that co-digestion food waste with 
cattle manure could enhance the buffer capacity without pH control even under high organic load. The increased biogas yield by 
co-digestion was caused by C/N ratio and high biodegradation rate of lipids [73]. The possible mechanism of food waste co-digestion 
with other substrate was displayed in Fig. 3. 

Though there are many benefits for co-digestion of food waste with other substrates like alleviate the NH4
+-N accumulation and 

VFAs, adjust C/N ratio and increase biogas yield, the addition of other substrates may also bring in addition pollutants like heavy 
mental, antibiotic and microplastic, which will make negative effect on the anaerobic digestion. Antibiotics together with antibiotic 
resistant bacteria, microplastic have been detected in livestock [79] and sludge [80]. Though some studies proven that co-digestion 
with food waste also could remove emerging contaminants like antibiotic [81], the effect of pollutants brought out by the addition 
substrate on the co-digestion and the research on emerging contaminants removal during the co-digestion are relatively scarce which is 
required further study. 

4.3. Additives 

To promote the performance of AD, trace elements, carbon-based materials (activated carbon and biochar) and iron-based ma-
terials (iron oxides, and magnetite) are used as the additive in the AD of food waste to enrich microorganisms, increase biogas yield and 
shorten the digestion period. However, both trace elements and activated carbon are expensive which is difficult for a large scale 
application. 

Biochar, as an environment friendly and inexpensive material substituted for activated carbon, can be produced from the pyrolysis 
of biomass in the absence of oxygen. It is characteristic of porous structure, large specific surface area and good conductive perfor-
mance which is attracted most attention [82–85]. The functions of biochar in the AD of food waste can be concluded as following: (1) 
Improve the pH buffering capacity. Carbohydrates in food waste can be easily converted to VFAs resulting in a decrease of pH. Biochar 
can effectively promote the buffering capacity of anaerobic digestion and neutralize the generated VFAs [86]. Debnath Ovi found that 
pH value was maintained in a slightly alkaline range (7.88–7.45) compared with that of the control groups (6.31–7.01) after the 
addition of biochar [84]. Le Zhang et al. also found that pH values was maintained in the range of 6.9–8.4 during the whole AD process 
of food waste under high substrate by biochar, while pH value in the control group was decreased to 6.7 [87]. (2) Mitigate VFAs 
accumulation. Acid accumulation is a common phenomenon in the AD of food waste, since amount of VFAs can be produced from 
carbohydrates in food waste. Promoting the VFA degradation is crucial for the system stability. Yahui Zhu et al. investigated the 
biochar addition on alleviating acid inhibition in anaerobic digestion of food waste and the results showed that biochar effectively 
accelerated the consumption of VFAs resulted in a lower VFAs concentration in biochar groups compared with that in groups without 

Fig. 3. Effect and possible mechanism of food waste co-digestion with other substrate.  
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biochar [88]. Guneet Kaur et al. found that biochar not only promoted the degradation of both acetic and butyric acids, but also 
facilitated propionic acid oxidation during the co-digestion of food waste with sludge mediated by biochar [89]. Meanwhile, biochar 
was also proven to promote the degradation of LCFAs especially valeric acid, caproic acid and iso-valeric acid. (3) Alleviate ammonia 
inhibition. Ammonia nitrogen is produced by the protein degradation contained in food waste, which is in the form of free ammonium 
nitrogen (NH3) and ionized ammonium nitrogen (NH4

+) [90]. Both forms directly or indirectly inhibit the AD process. It is strongly 
required to reduce the ammonia concentration for improving the performance of the AD of food waste. Yun Peng et al. investigated the 
effect of biochar on alleviating NH4

+-N inhibition during long-term anaerobic digestion of food waste [91]. The results indicated that 
the methane yield was decreased sharply without biochar when TAN concentration was higher than 2000 mg/L, while only a slight 
decline in methane yield was appeared with biochar addition. It was due to the adsorption of NH4

+/NH3 by biochar which reduced the 
TAN concentration and ammonia toxicity. Chengyuan Su et al. proved that biochar could alleviate the NH4

+inhibition in the anaerobic 
digestion of food waste due to facilitate the microbes grow, promote the formation of biofilms and increase the relative abundance of 
Methanoregulaceae [90]. (4)Increase biogas yield. Jiao Cai et al. observed that the maximum methane production rate was increased 
by 33.3%–275% after the addition of different biochar dosages in the AD of food waste [92]. Debnath Ovi et al. also found that 
methane yield was improved from 333.32 ± 14.9 mL/gVSadd to 455.83 ± 17.9 mL/gVSadd by the assistance of biochar [84]. 

The possible reasons for biochar improving the performance of anaerobic digestion are: (1) Property of biochar. The surface area 
and pore volume of biochar ranges from 2.7 m2/g-315.2 m2/g and from 0.01 cm3/g to 1.06 cm3/g respectively which makes its high 
adsorption capacity through physical adsorption, surface precipitation and complexation and pore-filling for the removal of con-
taminants [93]. Meanwhile, inorganic alkalis and organic alkalis functional groups contained in biochar can neutralize the VFAs which 
promote the buffering capacity of AD. (3) Facilitate direct interspecies electron transfer (DIET) between methanogens and other 
bacteria. Moreover, phenolic functional groups on the biochar can be acted as electron donors, while quinone and polycondensation 
aromatic functional groups can be acted as electron acceptors [94]. Biochar could reduce the need for cytochromec as an interspecific 
electronic linkage and improved the DIET pathway among Geobacter species, Defluviitoga, Thermovirga, Cloacibacillus and meth-
anogenic archaea [95]. Yafan Cai found that biochar alleviate the ammonia inhibition mainly by accelerating of the DIET, promoting 
the growth of microorganisms, providing nutrients and adsorb ammonia nitrogen [96]. (4) Accelerate the growth of methanogens and 
hydrogen-producing bacterial. Yuxuan Cui found that biochar could enrich syntrophomonas and methanogens resulting in the 
methanogenic pathways shifting from acetoclastic/hydrogenotrophic methanogenic pathways to diverse methanogenic pathways 
[97].Similar results were obtained by Le Zhang et al. who also found that biochar simultaneously enriched Methanothermobacter and 
Methanosarcina and lead a synergy of hydrogenotrophic and acetoclastic methanogenic pathways [87].Meanwhile, the iron (Fe), 
calcium (Ca), potassium (K), Aluminium (Al) and Magnesium (Mg) contained in the biochar were proven to promote the growth of 
methanogens in AD [83]. 

Another cheaper material commonly used as the additive in the anaerobic digestion is iron-based materials like zero-valent iron 
(ZVI), magnetite (such as Fe3O4) and hematite (α-Fe2O3). Panliang Wang investigated the effect of ZVI, ferric oxide and magnetite 
nanoparticles on the AD of food waste and the results showed that those three iron-based materials could stimulate electron transfer by 
enriching syntrophic genera, primary acetate dependent methanogens resulting in an increase of biogas yield [98].The function of 
iron-based materials on the AD of food waste can be reflected as following aspects: (1)Reduce oxidation-reduction potential (ORP) and 
create a favorable environment to microbes [99]. Luo et al. found that the ORP was decreased from − 145.42 mV to-272.7 mV after the 
addition of ZVI [99]. Xin Kong et al. found that acidogenesis in food waste digestion under a high OLR was butyric-type fermentation. 
While after addition of nZVI, butyric acid was converted to acetic acid resulted in an increase of methanogen activity [31]. (2)Increase 
biogas yield and promote COD removal rate. An increase of 67% and 36% respectively for COD removal rate and methane percentage 
were obtained in the 10 g/L ZVI addition in the AD of food waste leachate [100]. Tugui Yuan et al. also found that the average methane 
generation rate was increased by 44.2%–54.3% and the energy yield was promoted by 15.6% after the addition of ZVI on the AD of FW 
[101]. (3) Remove emerging contaminants. Pan Wang et al. found that the abundance of Firmicutes was reduced with nZVI addition 
resulting in the reduction of tetracycline genes in the anaerobic digestion of food waste [102]. Pin Gao also found that Fe0 could 
promote the reduction of tetracycline resistance genes during the anaerobic digestion of waste sludge and kitchen waste [80]. 

The potential mechanisms of iron-based materials on the anaerobic digestion mainly include: (1)Promote hydrogenotrophic 
methanogenesis by generating H2 from corrosion. During the corrosion of ZVI, hydrogen can be produced (Fe0+2H2O→Fe2++2OH− +

H2) and further used as an electron donor for hydrogenotrophic methanogens to convert CO2 into CH4 [101].Meanwhile, ZVI can 
consume H+ through redox reaction and convert CO2 to produce methane (8H++4Fe0+CO2→CH4+4Fe2++2H2O). (2) Stimulate the 
activity of key enzymes. Fe2+ was proven to improve enzymatic activity like acetate kinase, phosphotrans acetylase, butyrate kinase 
[103] and phosphotrans butyrylase enzymes. Fe2+ can also increase the function of coenzyme F420 further promoting the conversion 
of CO2 and H2 into CH4 [104]. (3) Enhance DIET for methane production. α-Fe2O3-bentonite was proven to increase the abundance of 
hydrolytic acidification bacteria and hydrogenotrophic methanogens and promote DIET between syntrophic bacteria and metha-
nogens [105]. However, ZVI was easily agglomerated which could reduce the activity of ZVI. Meanwhile, exceed nZVI dosage might 
increase H2 partial pressure which could inhibit the anaerobic digestion [106]. 

Some researchers investigated the biochar loaded ZVI and sulfidated nanoscale zero-valent iron (S-nZVI) on the AD of food waste. 
Pan Wang et al. investigated the biochar supported nano zero-valent iron (BC/nZVI) on two-phase anaerobic digestion of food waste 
and the results showed that BC/nZVI could enrich Defluviitoga in acidogenic phase and Methanothrix in methanogenic phase. Mean-
while, BC/nZVI improved the abundance of acetate kinase, butyrate kinase and other related enzymes [107]. Xinzi Wang found that 
BC-nZVI could promote hydrolysis process, reduce the inhibition of NH4

+-N and avoid VFAs accumulation through enriching the 
methanogenesis and activating the related enzymes [108]. Dejin Zhang et al. found that S-nZVI could further strengthen the effect of 
nZVI in promoting the hydrogenotrophic methanogenesis and ammonia-tolerant hydrogenotrophic methanogenesis [109]. Dejin 

K. He et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e28200

8

Zhang et al. invesitigated the effect of S-nZVI on the anaerobic digestion of food waste under high ammonia-stressed conditions and 
concluded that S-nZVI displayed a better performance in promoting the DIET than nZVI resulting in an increase of methane yield under 
high ammonia-stressed conditions [110]. 

The possible mechanism of biochar and iron-based materials were shown in Fig. 4.Till now, most of the researches are focused on 
the biogas yield, intermediate inhibition, system stable mediated by biochar and iron-based materials, few studies are focused the 
removal of emerging contaminants using biochar and ZVI and their mechanisms. Meanwhile, whether the energy consumed by the 
preparation of biochar and iron-based materials can compensate the biogas increased by the AD is worthy to study. Moreover, a 
moderate dose of iron-based materials can be easily controlled in the batch experiment at given operation conditions, while how to 
realize the iron recycling and avoid the accumulation of iron in a continuous experiment is required further study. Meanwhile, the 
further treatment of iron in biogas residue or biogas slurry also needs study. 

5. Conclusions 

Anaerobic digestion is an effective technology for the treatment of food waste, while it is often suffered by foaming, acidification 
and NH4

+-N inhibition induced by FW property. Pretreatment can promote the hydrolysis and improve the biodegradability of complex 
compounds, co-digestion can balance nutrient levels, alleviate the NH4

+-N inhibition, dilute toxic contaminants; the addition of ad-
ditives can enrich microorganisms and shorten the digestion period. Though pretreatment, co-digestion and additives can improve the 
performance of FW anaerobic digestion based on the different mechanisms, there are still some works need further study to realize the 
“reducing quantity”, “harmless “and “reclamation” of the FW.  

(1) The optimization of pretreatments. The ideal pretreatment is characteristic of low energy input and low treatment cost while 
high energy obtained and high treatment efficiency. Future researches should focus on cutting down the energy consumption 
and operation cost through improving pretreatment efficiency, reducing enzymatic cost or combination of pretreatments.  

(2) Further screening for suitable substrates for co-digestion with food waste to decrease the risk of new pollutants brought in by the 
substrate. Meanwhile, further analyze the microbial composition and adaptability is required to increase the efficiency and 
stability of co-digestion system.  

(3) The utilization of biogas residue and biogas slurry as well as their impact on the environment after the addition of additives is 
also required further investigation. Meanwhile, the emerging contaminants removal during the AD of FW is crucial for harmless 
treatment.  

(4) Evaluate the life cycle assessment of FW anaerobic digestion to analyze the environmental and economic benefits. Meanwhile, 
the carbon balance during the whole AD process is also required. 
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