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A B S T R A C T   

Anaerobic fermentation is a clean production process for recycling of many agricultural and industrial wastes. 
During anaerobic fermentation, the existence of various inhibitors often leads to low efficiency or even failure of 
anaerobic digesters. 5-hydroxymethylfurfural (HMF) is such an inhibitor which can be produced in the pre
treatment of biomass for subsequent anaerobic digestion. This paper provides a review of various production 
methods of HMF and its effects on hydrogen production, methane production and ethanol production through 
fermentation. The conversion and removal of HMF were summarized from the aspects of biomass pretreatment, 
non-biological treatment and biological treatment. This article aims to provide new ideas and methods for 
reducing the inhibition effect of HMF on anaerobic fermentation of biomass and restoring the performance of the 
anaerobic fermentation.   

1. Introduction 

Currently, fossil fuels including coal, oil and natural gas are the 
major energy sources worldwide. The reserves of fossil fuels are limited, 
and the excessive exploitation and utilization of these energy resources 
produce a large amount of carbon dioxide, resulting in a severe impact 
on the environment [1,2]. Therefore, the research and development of 
renewable energy have become a worldwide focus; especially the 
research on second-generation biofuels, such as bioethanol, bio
hydrogen and biomethane [3]. According to the forecast of the United 
Nations Conference on Environment and Development (UNCED), the 
utilization of biomass resources will reach 50% of the total world 
resource utilization by 2050 [4]. However, numerous lignocelluloses 
have been discarded or burned directly [5]. 

Anaerobic fermentation refers to the degradation and transformation 
of organic matters, particularly, organic wastes by microorganisms 
under anaerobic conditions [6-11]. Biological hydrogen, biomethane 

and ethanol are produced through the fermentation and metabolisms of 
microorganisms. Pretreatment is usually used to increase yield before 
anaerobic fermentation [12]. 

There are many studies on the utilization of industrial and agricul
tural biomass wastes for the production of biofuels or other valuable 
chemicals [13-17]. Biomass contains cellulose, hemicellulose and lignin 
enhancing the tensile strength and the protection of the plant, and 
hindering microbial degradation [18]. In order to make better use of 
biomass, pretreatment is needed [19,20]. Pretreatment processes 
including physical, chemical, and biological ones have been investigated 
and used [21-23]. Since pretreatment is beneficial to increase yield and 
improve economic benefits, pretreatment plays a vital role in biomass 
utilization [24]. However, some of the intermediates and byproducts 
such as furfural, hydroxymethyl furfural (HMF), formic acid, and levu
linic acid produced during pretreatment are inhibitors of subsequent 
anaerobic fermentation [12,18,25,26]. The concentration and type of 
these substances are closely related to the raw materials, pretreatment 
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methods and conditions. 
HMF can be produced during the hydrolysis phase of anaerobic 

digestion by thermal and thermo-chemical pretreatments at low pH 
[27,28]. As a dehydrated product of hexose, HMF has two important 
functional groups, hydroxyl and aldehyde, and is a high value chemical 
from biomass [29]. HMF is a relatively unsaturated heterocyclic furan 
molecule, which can be replaced by hydroxide and aldehyde functional 
groups, oxidized to dicarboxylic acid or reduced to diol, and can be 
purified into fuel by hydrogenation [30]. Studies have reported that 
HMF inhibited hydrogen production, interfered with microbial growth, 
and had synergistic effects with other inhibitors [31-33]. High concen
tration of HMF in wastewater or anaerobic sludge could lead to the 
deterioration and even failure of anaerobic reactors [34]. 

Due to the important role HMF has played in anaerobic fermentation, 
numerous research articles are available on the production of HMF in 
anaerobic fermentation [35], the inhibitory effect of HMF [36], and the 
detoxification method of HMF [25]. However, few articles have rigor
ously discussed such research and put forward constructive insights. The 
generation of HMF in biomass utilization is described, firstly. Then, the 
effects of HMF on hydrogen production, methane production and 
ethanol production in anaerobic fermentation are reviewed with a focus 
on the inhibitive effect. Disinhibition measures are also summarized and 
commented for the offset of the HMF inhibition in anaerobic fermen
tation. Through the critical review of data on the influence of HMF in 
anaerobic fermentation we hope that a better optimization of anaerobic 
fermentation can be achieved. 

2. Generation of HMF 

Generally, most saccharides, including glucose, fructose, and cellu
lose, can be used as potential feedstock for the production of HMF [26]. 
When biomass is used to generate HMF, the crystal structure of cellulose 
in biomass must be destroyed by pretreatment in order to produce 
glucan first. The glucan is then hydrolyzed to glucose or others hexose. 

After that, the glucose is isomerized to fructose. The fructose continues 
to be dehydrated and eventually produces HMF [29,38,39]. The 
pathway for the conversion of biomass to HMF is shown in Fig. 1. 

2.1. Generation of HMF using hexoses as feedstock 

Recent studies on the generation of HMF in hexoses utilization are 
summarized in Table 1. The types of catalysts and experimental condi
tions are different, which is also the focus of our discussion. The catalyst 
plays an important role in the reaction selectivity and hexose conversion 
process; the function of Brønsted acid is mainly to catalyze the hydro
lysis of glucan and promote the dehydration of hexose. Lewis acid cat
alyzes the polarization of the carbon group formed after opening the ring 
structure of glucose, which is beneficial to the process of isomerizing 
glucose to fructose. The most commonly used Brønsted acids are sulfuric 
acid, phosphoric acid, hydrochloric acid, oxalic acid, Lewis acid and p- 
toluenesulfonic acid. Basic catalysts usually cause side reactions, so 
Lewis acid is the first choice. In the past few years, various catalysts have 
been studied, such as metal oxides, sulfate or phosphate metal oxides, 
metal-doped zeolites and various other basic or Brønsted and Lewis acid 
catalysts. The catalysts should have protons or Lewis acid; the systems 
used in the reaction also include aqueous, organic, two-phase and ionic 
liquid systems. DMSO (dimethylsulfoxide): water, MIBK: water and THF 
(tetrahydrofuran): water was the most commonly used two-phase sys
tems. [27,39-43,45,46]. 

In recent studies, it was found that a new type of heterogeneous 
catalyst made by adding Lewis or Brønsted acid sites to the surface of 
activated carbon prepared from lignocellulosic waste birch wood chips 
can effectively convert glucose into HMF. In the 160 ◦C biphasic water: 
THF system, the highest yield of hydroxymethyl furfural (51%) can be 
obtained in 8 h [40]. Zuo et al. [41] used AlCl3 as a catalyst to directly 
synthesize bio-based furan products from bio-derived glucose under 
EtAc/water two-phase conditions. Under these conditions, the yield of 
HMF was 52.9%. Interestingly, Guo et al. [42] used AlCl3 and HCl as 

Fig. 1. Pathway for the conversion of biomass to HMF.  

Z. Tan et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 424 (2021) 130560

3

homogeneous catalysts and methyl isobutyl ketone as the organic phase 
to synthesize HMF from glucose in a slug flow capillary microreactor. 
They proposed this method to convert glucose into HMF more efficiently 
and sustainably, because the microreactor has excellent heat transfer 
efficiency, and the slug flow operation greatly promotes the mixing/ 
reaction in the droplets and promotes the extraction of HMF in the 
organic slug, the yield of hydroxymethyl furfural is improved. extraction 
of HMF in the organic slug, the yield of hydroxymethyl furfural is 
improved. Recently, Le et al. [43] synthesized some sulfonated magnetic 
carbon nanoparticles (SMCNs) with good catalytic activity from euca
lyptus oil. Under the optimal temperature and the most suitable reaction 
time, it can catalyze the conversion of fructose into HMF, the conversion 
rate of fructose can reach 84%, and the yield of HMF is 51.6%. Using 
ammonium aluminum carbonate hydroxide (AACH) or homogeneous 
acid catalysts as catalyst prepared via the hydrothermal synthetic, 
glucose can be efficiently converted into HMF in the mixed system of 
DMSO (dimethyl sulfoxide) and ionic liquid ([Bmim] + Cl–) [44]. Du 
et al. [27] synthesized a series of porous organic polymers functional
ized by sulfonic acid (HO3S-POPs) with different surface areas and 
porosity profiles through an aerogel template approach. The results 
showed these POPs, compared with some commercially acid resins, have 
good catalytic activity and selectivity in catalytic conversion of fructose 
into HMF. Zhang et al. [45] synthesized an Al3+-modifled 
formaldehyde-p-hydroxybenzenesulfonic acidic resin catalyst (Al-SPFR) 
to produce HMF. Marianou et al. [46] studied the effect of Brønsted and 
Lewis acidity on conversion of glucose into HMF in aqueous and organic 
media. In their study, different Sn-based catalysts had different roles, 
some were used as homogeneous catalysts or oxides, others act as ion- 
exchange cations. Körner et al. [47] stated the effect of conversion of 
fructose to HMF using different Brønsted acids on the hydrothermal. 
Interestingly, the type of acid used has however only a little effect on the 
maximal HMF yield. Tacacima et al. [48] demonstrated that high HMF 
selectivity and yield were obtained by using fructose as feed substrate 
under the catalytic dehydration by a gel-type strongly acidic resin 
(SGC650H). It is worth mentioning that the use of dimethylsulfoxide as a 
solvent can reduce the formation of by-products during the hydrolysis of 
fructose. Rao et al. [49] introduced a way to synthesize tin phosphate as 
catalysts, and these catalysts have good activity in the dehydration of 
glucose to HMF. Parveen and Upadhyayula [50] compared the catalytic 
mechanism and effects of three kinds of organic catalysts on glucose 
conversion to HMF. They found that Sulfanilic acid, which contains both 
sulfonic acid groups and the amino groups, is an effective multifunctnal 

catalyst. In addition, they claimed that the basic groups and the Bronsted 
acidic groups are respectively closely related to the isomerization of 
glucose and the catalytic dehydration of fructose. Zhang et al. [51] 
described a new catalytic approach to transform glucose to HMF by 
using SAPO-34 as catalyst and γ-valerolactone (GVL) as solvent. 
Furthermore, this method can convert glucose efficiently and has a high 
yield of HMF. The types of catalysts, experimental conditions, substrate 
conversion rates, and HMF yields in the above methods are summarized 
in Table 1. 

In short, first of all, although the yield of HMF converted from 
fructose is higher than that of glucose, it is expensive and has a lower 
natural abundance, and only exists in food biomass such as sugar cane or 
corn. On the contrary, glucose is not only cheap, but also very abundant. 
Secondly, traditional homogeneous catalysts are difficult to recycle and 
easily cause corrosion. Some catalysts are poisonous and have high 
operating costs. Among them, the aluminum alkoxide compound is 
highly efficient, easy to use, and is a new type of catalyst that is less 
harmful to the environment. Heterogeneous catalysts are easy to recycle 
and have strong sustainability. Carbon nano-particles (CNP) and mag
netic carbon nano-particles (MCN) prepared from activated carbon are 
new types of heterogeneous catalysts, which have excellent character
istics such as easy operation, large surface area, and effective func
tionalization. Finally, the two-phase system can continuously remove 
HMF from the reaction mixture, preventing rehydration reactions and 
increasing yield. 

2.2. Production of HMF using biomass wastes 

The utilization of biomass waste is a hot research topic. There are 
methods to directly use different biomass to produce HMF, and there are 
biomass utilization methods to use HMF as by-products. Recent studies 
on the generation of HMF in biomass waste utilization are summarized 
in Table 1. 

Pham et al. [52] prepared a modified Al-MCM-41 solid acid with a 
molar ratio of silicon to aluminum as a catalyst to catalyze the conver
sion of cellulose to 5-hydroxymethylfurfural, with a 5-HMF yield of 
40.56%. Studies have shown that acidic seawater can promote the 
conversion of biomass to HMF under microwave heating conditions. 
Surprisingly, in Jin et al. [53] research, it was found that cellulose for
mylated in an acetonitrile–water co-solvent system was catalyzed by 
maleic acid and aluminum chloride to show ultra-high reactivity and 
selectivity for HMF production. Chloride and lithium chloride have been 

Table 1 
Recent methods of catalytic conversion of biomass into HMF.  

Substrate Catalysts Conditions HMF Yields (%) Conversions (%) Refs. 

Glucose AACH 120 ◦C, 4 h, [BMIM]Cl, DMSO 52.17 83.59 [44] 
Glucose CrCl3⋅6H2O 120 ◦C, 4 h, [BMIM]Cl, DMSO 69.76 90.15 [44] 
Fructose HO3S-POPs 140 ◦C, oil-bath, 5 mol % loading 60 ~ 70 90 [27] 
Glucose Al-SPFR 170 ◦C in 2 h, 0.1 g Al-SPFR and 0.1 g glucose 47.74 95 [45] 
Glucose SnCl4 _ 13.9 100 [46] 
Glucose SnCl2 _ 8.3 100 [46] 
Fructose Phosphoric 140 ◦C, 13 min, pH 1, 45 87 [47] 
Fructose Phosphoric 140 ◦C, 431 min, pH 2 44 88 [47] 
Fructose Citric 140 ◦C, 53 min, pH 1.4 42 78 [47] 
Fructose Glycolic 140 ◦C, 224 min, pH 1.8 42 88 [47] 
Fructose Acetic 140 ◦C, 243 min, pH 2 48 95 [47] 
Fructose Hydrochloric 140 ◦C, 22 min, pH 2 41 75 [47] 
Glucose SnP glucose/catalyst 2.5:1 w/w, 175 ◦C, 1 h 61 98 [49] 
Fructose SGC650H DMSO, 100 ◦C, 3 h 100 – [48] 
Glucose Sulfanilic acid 160 ◦C, 30 min 44 – [50] 
Glucose SAPO-34 170 ◦C, 40 min, 20 mg 93.6 100 [51] 
Lignocellulose AlCl3 160 ◦C, 1.5 h, DES/MIBK 35.7% – [39] 
Wood chips CrCl3⋅6H2O 120 ◦C, 2 h, [BMIM]Cl 79 – [59] 
Rice straw CrCl3⋅6H2O 60 ◦C, 24 h, [BMIM]Cl 76 – [59] 
Microcrystalline Cellulose H2SO4 175 ◦C, 1 h, DMSO, H2O 24.1 – [35] 
Cellulose TiO2/ZrO2/CO2 200 ◦C, 3 h, THF, H2O 48.4 – [60] 
Mixed saccharide ZnSO4, NaHSO4 160 ◦C, 1.5 h, THF, H2O 40 – [62] 
Cellulose Nb/C-50 160 ◦C, 4 h, THF, H2O, NaCl 59.3 – [64]  
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reported to improve the conversion of biomass into 5-hydroxymethyl
furfural and other value-added products. Zhang et al. [54] first pre
treated corn stalks with water and ethanol under mild conditions to 
remove non-structural components. Then, the obtained pretreated corn 
stover was delignified with sodium chlorite. Their results show that 
selective removal of lignin can significantly promote the conversion of 
lignocellulose into fermentable sugars and platform chemicals (such as 
HMF). From the researches of Yan et al. [55] studied the process of 
different transition metal chlorides (such as FeCl3, RuCl3, VCl3, TiCl3, 
MoCl3 and CrCl3) catalyzing the production of HMF from cellulose in a 
two-phase system. Among these transition metal chlorides, RuCl3 is the 
most effective catalyst because RuCl3 enhances the decrystallization and 
cleavage of C-O-C bonds in cellulose, promotes the dehydration of 
glucose into 5-HMF, and inhibits the formation of by-product lactic acid. 
In addition, in the NaCl-water/butanol two-phase system, the highest 
HMF yield reached 83.3%, and the selectivity reached 87.5%. In Tyagi 
et al. [56] work, the effect of modified activated carbon catalytic acid 
combined with ionic liquid on the formation of HMF from Catalpa, In
dian Rosewood, Babool and Chinaberry was studied. It is worth 
mentioning that Cao et al. [57] used sulfonated biochar from forest 
waste wood to catalyze breadcrumbs to produce HMF, which was a new 
and sustainable HMF production method, and the highest HMF yield 
could reach 30.4%. In DES/MIBK two-phase pretreatment system, HMF 
as byproducts was generated in the preparation of furfural from ligno
cellulose with AlCl3 as catalyst [58]. High efficiency production of HMF 
form lignocellulose was achieved by the combination of dilute acid/al
kali assisted pretreatment and catalytic conversion [59]. Jing et al. [60] 
found that in-situ carbonic acid from CO2 as co-catalyst can effective 
promotive the hydrolysis of cellulose with metal oxide as catalyst. Seidel 
et al. [61] shown that 2‑naphthol can promote the autohydrolysis pre
treatment of softwood. In addition, the production of HMF is directly 
related to the concentration of 2-naphthol (as carbocation scavenger) 
during the two-stage steam explosion pretreatment. When treated in the 
THF/water biphasic system using NaHSO4 and ZnSO4 as catalysts or in 
the acetone–water system using H3PO4 as catalyst, the mixed saccharide 
feedstock can produce HMF [62]. Oktaviani et al. [63] measured the 
effects of maleic acid concentration on the production of sugar and by- 
products in sugarcane waste, corncobs and sweet sorghum bagasse. The 
results showed that after pretreatment with maleic acid, HMF and 
furfural were present in all biomass hydrolysates. Li et al. [64] synthe
sized a series of new composite material according to the efficient hy
drolysis performance of the carbon catalyst and the high stability of 
niobia catalyst. Nb/C-50 catalyst, one of these materials, showed 
excellent activity and recyclability. The types of catalysts, experimental 
conditions, substrate conversion rates, and HMF yields in the above 
methods are summarized in Table 1. 

In summary, Corn stalks, potato stems, girasol, foxtail weed, wood, 
Catalpa, Indian Rosewood, Babool, Chinaberry, bread crumbs, starch, 
straw, wood chips and cellulose can all be converted into HMF. The 
current high conversion method is first pretreatment/hydrolysis, and 
then catalytic conversion. Among them, the two-phase pretreatment 
system is relatively effective. Catalysts include transition metal chlo
rides, electrolyte-modified activated carbon, sulfonated bio-carbon and 
Namibia/carbon composites and other new types of catalysts. The uti
lization of carbon dioxide and electrolyte in the catalytic system also 
provides new ideas for the green and sustainable production of HMF. 
The acid sites of the catalyst play an important role in the conversion of 
cellulose to HMF. However, long reaction times and high doses of 
catalyst are the main challenges for large-scale HMF production. 

3. Effects of HMF on anaerobic fermentation 

3.1. Effects of HMF on hydrogen production in fermentation 

In the pretreatment process, the types and concentrations of in
hibitors depend on the pretreatment conditions [65]. Phenolic and furan 

derivatives are the most destructive inhibitors [66]. Determining the 
inhibiting effect of HMF on biofuel production is an important issue to 
be concerned [33]. Cao et al. [31] used the isolated Thermoanaer
obacterium thermosaccharolyticum W16 to study the effect of lignin- 
derived inhibitors on its growth and hydrogen production. The results 
showed that adding 0.5 g/L of HMF reduced the cell concentration by 
30%, and 1.5 g/L of HMF could completely inhibit hydrogen production. 
Siqueira and Reginatto [67] reported that HMF have effect on fermen
tative H2 production by a mixed flora and 2.0 g/L HMF could promote 
the inhibition ratio reached 79.40%; the maximum hydrogen production 
rate was only 19.50% of control when the concentration of HMF was 1.0 
g/L. HMF had stronger effect on the adaptation time of microorganisms 
on dark fermentation hydrogen production. HMF will reduce the num
ber and types of hydrogen-producing microorganisms in the early stage, 
resulting in a stronger influence on the adaptation time of microor
ganisms to produce hydrogen in dark fermentation [37]. Anburajan 
et al. [68] also stated that HMF can significantly change the community 
structure of microorganisms. In Guo et al. [32] study, Clostridium 
butyricum was decreased with the increase of HMF concentration. At the 
same time, the number of Lactobacillus sp. increased. 

Interestingly, low concentrations of HMF contribute to hydrogen 
production in fermentation. This suggests that the biodegradation 
products of HMF can be used to produce hydrogen [37]. Anburajan et al. 
[68] reported that when HMF concentration was 0.60 g/L, no inhibition 
of H2 was detected and gas production was maximal; However, once the 
HMF concentration in the reactor exceeds 0.60 g/L, the H2 production 
performance would be gradually inhibited; The 5-HMF concentration 
exceeding 0.9 g/L not only inhibits the production of hydrogen, but also 
affects the structure of the biofilm and the population of microbial 
communities. Confusingly, another study found that 0.59 g/L HMF 
inhibited hydrogen production hydrogen production was only 50% of 
that of the control; In addition, at 1.0 g / LHMF, hydrogen yield is 
0 (mol/mol sugar) [69]. The reason for this difference is that the 
fermentation substrate and sludge used in each experiment are different. 
The former uses galactose, while the latter uses glucose [68,69]. In 
addition, the mesh structure of the filter in the fixed bed reactor (FBR) 
enhances the ability to grow and retain the microbial community with 
high H2 production, which reduces the reduction in hydrogen produc
tion [68]. However, in the study of used a pure culture of Clostridium 
butyricum DSM 10,702 to ferment mixed sugars for hydrogen produc
tion, it was pointed out that HMF had an inhibitory effect at all con
centrations (0–2.0 g/L). They pointed out that the results of various HMF 
concentrations in this study are different from the results of mixed 
cultures because pure culture using C. Butricum DSM 10,702 is used for 
hydrogen production and there is no HMF-degrading strain [70]. Effects 
of different concentrations of HMF on hydrogen production in fermen
tation are shown in Table 2. 

Therefore, it appears that HMF within the range of 0.6 – 2.0 g/L, can 
inhibit hydrogen production in fermentation to different degrees, and 
can affect the community structure of fermentation microorganisms. 
Although there are some studies on the inhibition of HMF on biological 
hydrogen production, the inhibition mechanism is not well understood. 
In addition, Hu et al. [32] have studied they studied the inhibitory 
mechanism of eight representative lignocellulose derivative inhibitors 
(formic acid, hydroxybenzoic acid, ferulic acid, p-coumaric acid, 
furfural, HMF, vanillin and syringaldehyde) on biohydrogen fermenta
tion, and the synergistic effect of the inhibitor mixture was discussed. 
They found that ferulic acid and p-coumaric acid are stronger than other 
inhibitors, and the main function inhibitors in the mixture are vanillin 
and syringaldehyde. The growth of the mixture on the concentration of 
higher inhibitors is strong than the total amount of the individual in
hibitor. It is found that the inhibitor mixture has a clear synergistic effect 
of growth and related to inhibitor concentration. In the study of Yao 
et al. [71], the toxicity of furfural and HMF was not as good as the 
phenol inhibitor, furfural and HMF, which were completely converted to 
the corresponding alcohol, and the transformation speed of furfural was 
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faster than HMF. Finally, Kumar et al. [69] found that the inhibitory 
effect of HMF and levulinic acid is stronger than formic acid. 

3.2. Effects of HMF on methane production in fermentation 

Phuttaro et al. [72] found that Napier grass produced a certain 
amount of HMF after hydrothermal pretreatment, and HMF significantly 
inhibited anaerobic methanogenesis. In addition, the presence of HMF 
was also observed in the acid pretreated sugarcane bagasse and wheat 
straw hydrolysate, and the production of methane by anaerobic 
fermentation was inhibited [73]. 

Throughout the anaerobic digestion process of elephant grass hy
drolysate, which contained HMF (0.43–0.50 g/L), the outlet effluent 
contained no HMF. In addition, the existence of HMF had no obvious 
negative effect on anaerobic digestion. This observation indicated that 
the microorganisms in the anaerobic sludge can use HMF as carbon 
source for biodegradation [74]. Ghasimi et al. [75] investigated the ef
fects of several typical intermediates of lignocellulosic biomass on 
methanogenesis. The results showed that 0.4 g/L HMF had no effect; 0.8 
g/L HMF had a moderate inhibitory effect, which greatly reduced the 
rate of methane production and yield; 2.0 g/L HMF had the maximum 
inhibitory effect, which completely inhibited the methanogenic activity. 
Interestingly, Park et al. [76] found that HMF delayed methane yield 
levels above 3 g/L. However, by increasing the concentration of cell 
biomass, the inhibitor is prevented, and the HMF is finally degraded and 
converted into biogas during anaerobic digestion of antithane biological 
ethanol residues. Barakat et al. [77] found similar results that HMF 
decreased the digestion rate but increased final methane production. 
Effects of different concentrations of HMF on methane production in 
fermentation are shown in Table 2. 

In summary, it appears that when higher HMF concentration has 
negative effects on fermentation, it is likely to lead to lower anaerobic 
digestion rate, longer fermentation time, and less methane yield. On the 
contrary, when HMF concentration is low, anaerobic sludge is likely to 
use it as carbon source for utilization and conversion, which will even
tually increase methane production, although it will cause fermentation 
delay. No research on the effect of HMF on the use of pure-bred 

microorganisms to produce methane has been found so far. One strategy 
might be to start each section with studies using pure cultures then move 
into the more complex communities of anaerobic digesters. 

3.3. Effects of HMF on ethanol production and microbial growth 

Ethanol production by biomass fermentation mainly uses the 
degradation and stabilization effect of yeast on organic matter, so as to 
convert biomass waste into energy substances that we can use. There are 
many studies on the effects of various toxic inhibitors produced by 
lignocellulose pretreatment on the growth, metabolism and fermenta
tion of yeast. Studies have shown that these inhibitors can inhibit the 
normal growth and fermentation activity of yeast bacteria by interfering 
with cell membrane function, blocking the synthesis of important en
zymes in the cell, and affecting the transcription of DNA [78-80]. 

Taherzadeh et al. [82] used glucose as a source of carbon and energy 
to cultivate Saccharomyces cerevisiae CBS 8066 in batches, and compared 
the effects of HMF and furan. The results showed that high concentration 
of HMF (4 g/L) has physiological effects on Saccharomyces cerevisiae CBS 
8066, for example, reducing evolution rate of CO2, reducing protein 
content, and increasing total carbohydrate content. However, a lower 
concentration of HMF (2 g/L) did not have a significant effect on 
biomass composition. Sanchez and Bautista [83] pointed out that HMF 
only prolonged the lag phase since HMF may be an intermediate product 
that is transformed by the yeast itself during the fermentation process. 
However, Iwaki et al. [84] and Ishida et al. [85] all pointed out that 
furan and HMF as stressors inhibit the growth and fermentation of yeast. 
Elevation of the nontranslating mRNA levels of Saccharomyces cer
evisiae treated with furfural or HMF increased, which induced the for
mation of cytoplasmic mRNP particles and was accompanied by 
translational inhibition. Vanillin, furfural and HMF at a concentration of 
7–10 mM did not strongly inhibit translation activity, but their com
bined stress severely inhibited translation [85]. 

4. Strategies to reduce the impact of HMF 

There are four different ideas to reduce the inhibitory effect of HMF 

Table 2 
Effects of different concentrations of HMF on methane production in fermentation.  

Concentration of HMF 
(g/L) 

Fermentation products Inoculum Effects of HMF on fermentation Ref 

2.0 Biohydrogen T. thermosaccharolyticum MJ1 Relative biohydrogen production was 74.40%; relative maximum OD660 
value was 91.80%. 

[33] 

1.8 Biohydrogen Anaerobic granular sludge Hydrogen production performance was around 50% of the control [68] 
1.5 Biohydrogen T. thermosaccharolyticum W16 Hydrogen production was completely inhibited [31] 
1.0 Biohydrogen Anaerobic granular sludge Hydrogen production was reduced 79% [67] 
1.0 Biohydrogen T. thermosaccharolyticum W16 Hydrogen production was decrease 50.2% [31] 
1.0 Biohydrogen Seed sludge Hydrogen production activity was completely stopped [69] 
1.0 Biohydrogen Anaerobic granular sludge Hydrogen production rate was only 19.50% of control. [67] 
0.60 Biohydrogen T. thermosaccharolyticum W16 H2 production rate was inhibited by 25% [31] 
0.59 Biohydrogen Anaerobic granular sludge H2-producing mixed flora was inhibited by 50% [69] 
0.48 Biohydrogen Anaerobic granular sludge 50% of the maximum H2 production rate [67] 
0.43–0.50 Biomethane anaerobic sludge No obvious negative effect; [74] 
0.4 Biomethane inoculum was taken from the 

digesters. 
No inhibitory effect on methanogenesis [75] 

0.8 Biomethane inoculum was taken from the 
digesters. 

Methane production and methane production rate were decreased [75] 

2.0 Biomethane inoculum was taken from the 
digesters. 

Methanogenic activity was completely inhibited the [75] 

3 Biomethane Granular sludge Methane production was delayed; HMF was finally degraded and converted 
to biogas. 

[76] 

4 Bioethanol S. cerevisiae CBS 8066, Protein content was slightly reduced and total carbohydrate was slightly 
increased 

[82] 

2 Bioethanol S. cerevisiae CBS 8066, No significant changes in biomass composition [82] 
2.0 Bioethanol Saccharomyces cerevisiae Lag phase was prolongated [83] 
3.78 Bioethanol Saccharomyces cerevisiae The activities of the alcohol dehydrogenase were clearly decreased [81] 
5.04 Bioethanol Saccharomyces cerevisiae Translation was repressed and non-translated mRNAs were increased [85] 
8.82 Bioethanol Saccharomyces cerevisiae The attenuation of bulk translation activity and the assembly of cytoplasmic 

mRNP granules 
[84]  
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on biomass anaerobic fermentation: (1) avoid the formation of HMF in 
the process of biomass hydrolysis; (2) detoxify hydrolyzed products 
before fermentation; (3) screen and breed HMF resistant microbial 
species, and (4) convert HMF into products without inhibiting anaerobic 
fermentation. The key to detoxification is to separate inhibitors from 
hydrolysates without losing large amounts of fermentable materials 
[86]. Methods for detoxification of biomass hydrolysates have involved 
various directions including physical, chemical, and biological methods 
[87-89]. The main advantages and disadvantages of these techniques to 
reduce the impact of HMF are summarized in Table 3. 

4.1. Choosing the appropriate pretreatment to avoid HMF generation. 

4.1.1. Oxidation pretreatment 
Oxidation pretreatment (Fig. 2) is mainly used to treat lignocellulose 

by oxidants with oxidation property. Furthermore, the most important 
feature of this pretreatment is that it does not produce inhibitory com
pounds and toxic substances to affect the subsequent hydrolysis and 
fermentation [90]. 

Ozone is a strong oxidizing agent and readily available for use. The 
reaction of ozone with lignin takes precedence over that with carbo
hydrates due to the high selectivity of ozone. In this way, it will be 
beneficial to reduce the consumption of carbohydrates, increase eco
nomic benefits. For decades, Ozonolysis has been used as an effective 
technique for different types of biomass to promote its deconstruction 
and delignification. Andersen et al. [91] indicated that ozonolysis pre
treatment is able to improve the enzymatic saccharification of euca
lyptus sawdust. However, taking into account of factors such as high cost 
and low efficiency in the process of using ozone, pretreatment schemes 
that combine ozone with other approaches for further effectively utilize 
biomass to produce energy substances have been reported [92]. Min
munin et al. [93] stated that Ozone treatment can be used with alkali 
solution pretreatment to enhance the efficiency of lignin elimination. In 
other study, the hydrolyzate obtained by pretreating the straw with 
NaOH and ozone successively had a high enzymatic efficiency [94]. 
Moreover, the combined pretreatment of ozone and ammonia can 
significantly increase the production of biomethane. This treatment can 
help dairy manure fiber and rice straw achieve better hydrolysis at low 
temperatures and low pressures compared to soaking in aqueous 
ammonia or ozonation alone [95]. 

4.1.2. AFEX pretreatment 
Ammonia fiber explosion (AFEX) is a new technology that combines 

steam explosion with alkali treatment. When the pressure is swiftly 
released, ammonia will explode instantly, causing the expansion and 
physical destruction of biomass structure, and reducing the crystalliza
tion of cellulose and lignin (Fig. 3). This technique allows the biomass to 
be reacted in liquid anhydrous ammonia at elevated temperatures 
(90–100◦ C) and high pressure (1–5.2 MPa) for a period of time (30–60 
min). Under such conditions, ammonia will explode instantly, causing 
the expansion and physical destruction of biomass structure, and 
reducing the crystallization of cellulose and lignin [96]. AFEX pre
treatment produces almost no inhibitory compounds because only a 
small part of the raw material solids is dissolved and does not lead to the 
production of hemicellulose and lignin degradation products. Moreover, 
the hydrolyzed product can be used directly without further treatment, 
and the ammonia salt residue can be used as a microbial nutrient [97]. 

As an effective bagasse pretreatment method, AFEX pretreatment 
can not only improve enzymatic performance but also increase metab
olizable energy content [98]. In addition, compared with steam explo
sion, AFEX pretreatment can endow sugarcane residues with higher 
fermentable sugar recovery and fermentability of enzymatic hy
drolysates [99]. In addition, the sugar conversion rate of AFEX pre
treated agave residue during the enzymatic hydrolysis process is about 
85%, and the metabolism rate of ethanol exceeds 90% during the 
fermentation process without washing or adding any nutrients [100]. 

4.1.3. CO2 explosion pretreatment 
CO2 explosion pretreatment refers to the rapid release of carbon 

dioxide in high pressure environment to destroy the crystal structure of 
the biomass, and then the weak acid formed by CO2 further hydrolyzes 
the biomass residue in the reactor. This pretreatment technology costs 
more than steam explosions, but less than AFEX, and has good economic 

Table 3 
Major advantages and disadvantages of methods to reduce the effect of HMF on 
fermentation.  

Methods Advantage Disadvantages  

pretreatment Oxidation 
pretreatment 

Easy to use; 
High selectivity; 
Environmental. 

High cost; Not 
economically 
feasible;Need 
a lot of ozone. 

[90] 
[91] 

AFEX pretreatment Environmental. 
The hydrolyzed 
product can be 
used directly; 
the ammonia 
salt residue can 
be used as 
microbial 
nutrition. 

High cost; 
high 
volatility; 
Hazardous to 
the 
environment. 

[96] 
[97] 
[98] 
[99] 

CO2 explosion 
pretreatment 

Non-toxic; Non- 
flammable; 
Easy to recycle 
after extraction; 
Low cost. 

The 
pretreatment 
still needs to 
be improved. 

[101] 

Microwave 
irradiation 

Fast heat 
transfer; Short 
reaction time; 
Simple 
operation; High 
efficiency. 

High cost; [102] 
[103] 

Gamma ray 
radiation 

Enhance the 
enzymatic 
hydrolysis of 
lignocellulosic 
biomass. 

High cost; [104] 
[105] 

Removal and 
adsorption 
treatment. 

Electrocoagulation 
technology 

High efficiency 
and energy 
saving; High 
degree of 
automation; No 
secondary 
pollution. 

High cost; [107] 
[108] 

Flocculation No loss of 
fermentable 
sugar. 

poor cycle 
performance 
and complex 
recovery 
methods; 

[109] 
[110] 

Adsorption Reduce the loss 
of reducing 
sugars. 

High cost. [111] 
[116] 

Electrodialysis High removal 
efficiency. 

Easy to 
produce 
precipitation. 

[118] 
[119] 
[122] 

Ion exchange resin No loss of 
fermentable 
sugar; Good 
regeneration 
performance; 
low cost. 

Low 
selectivity. 
High cost. 

[24] 
[123] 

Biological 
treatment 

Selection of 
microorganism 

Environment 
friendly; 
Selective 
degradation of 
ligninand 
hemicelluloses. 

Very long 
pretreatment 
time (several 
weeks) due to 
slow yield 

[126] 
[127] 
[132] 
[133] 
[134] 
[135] 
[136] 
[137] 
[138] 

Genetic and 
metabolic 
engineering 

Environment 
friendly. 

High cost. 
High 
difficulty 

[140] 
[141] 
[143]  
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benefits in the process of ethanol fermentation. In addition, it has an 
important feature that no inhibitors are produced during the subsequent 
fermentation [101]. 

4.1.4. Emerging technologies for pretreatment 
Microwave irradiation is not only a pretreatment method for biomass 

conversion into biofuel, but also a pretreatment method for biomass 
thermo-chemical pyrolysis [89]. Microwave pyrolysis has many ad
vantages compared to conventional pyrolysis. First, the yield of gas 
products including hydrogen and methane will increase, which will in
crease economic benefits. Second, the addition of a suitable catalyst can 
increase the heating performance and change the selectivity to 

microwave pyrolysis products [102]. Reports show that in the study of 
the conversion of fructose into hydrogen coke, acidic seawater can 
promote the conversion of HMF under microwave heating conditions 
[103]. 

Gamma ray radiation has been demonstrated as a promising pre
treatment technology of lignocellulosics. Ionizing radiation can easily 
penetrate the lignocellulosic structure, resulting in the modification of 
the lignin and destruction of the crystalline region of the cellulose [104]. 
Liu et al. [105] demonstrated that irradiation pretreatment of ligno
cellulose can reduce the particle size distribution and reduce the shear 
rate of the material. Their research results show that after irradiated 
pretreatment, the grinding of irradiated biomass requires only 1/3–1/4 

Fig. 2. Schematic diagram of oxidation pretreatment.  

Fig. 3. Schematic diagram of ammonia fiber explosion treatment.  
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of the energy consumption, compared with untreated biomass, and can 
achieve a finer particle size distributed. Specifically, the irradiated 
biomass is ground for 1 min, and the particle size distribution of less 
than 180 μm is 37–56%. 

In addition, there are some emerging pretreatment techniques that 
are considered to have good application prospects in the utilization of 
lignincellulosic biomass. For example, high pressure hydrolysis, Elec
tron beam irradiation, pulsed-electric field, ultrasound technologies and 
high-pressure homogenization. However, Hassan et al. [89] reported 
that the commercial application of these new technologies needs further 
feasibility study considering the complexity of bio-utilized process, the 
inter-dependencies of pretreatment processes and the economic benefits 
associated with the finished product market. In the latest research of 
Maitra and Singh [106], they found that a new method combining low- 
temperature hydrothermal pretreatment and low-temperature grinding 
can reduce inhibitor output and increase sugar recovery. 

4.2. Using Non-biological methods to remove HMF from the hydrolysate. 

Electrocoagulation technology has been widely used in the treatment 
of various wastewaters because it has excellent performance in the 
removal of some tough pollutants. It has many advantages, including 
high efficiency and energy saving, simple operation, high degree of 
automation, no secondary pollution, and relatively small and stable 
sludge generation. [107]. Recently, Jeong et al. [108] applied this 
technique to the removal of biological fermentation inhibitors in hy
drolysates. The results show that the vast majority of HMF and furan can 
be effectively removed with little loss of sugars. Moreover, the experi
ment has the characteristics of simple operation, convenient conditions, 
short reaction time, and remarkable removal effect. Therefore, electro
coagulation technology is a good prospect for removing HMF from 
anaerobic feedstock. 

Flocculation is a technology to improve solid–liquid separation and 
has the potential to recycle flocculant. An important feature of this 
technique is the ability to remove inhibitors while protecting the 
fermentable sugars from loss. Polyethylenimine (PEI) can be used in 
flocculation technology to effectively remove HMF. However, its cycle 
performance is poor and the recycling method is complicated. How to 
effectively reuse PEI in a complex environment to maximize its benefits 
is a challenge that is worth of studying. However, the biggest drawback 
of this technique is that additional steps are required to remove the 
polymer and adsorbate [109,110]. 

Adsorption is a simple and effective physical detoxification method 
for removing low concentration hydrophobic chemicals in water. 
Among the adsorbents, activated carbon has attracted much attention 
because of its strong adsorption capacity [111]. The effectiveness of 
activated carbon in removing inhibitors from hydrolysates has been 
demonstrated in other studies [112]. By optimizing the detoxification 
method of activated carbon, high efficiency of inhibitor removal was 
achieved under the condition of low reducing sugar loss. However, the 
high cost of producing activated carbon has hindered its full industrial 
application [113]. Since the production cost of pyrochar is less than one 
tenth of that of activated carbon, pyrochar produced from bioenergy 
residues is a more promising low-cost adsorbent [114]. Monlau et al. 
[115] studied the feasibility of detoxification of HMF in lignocellulosic 
hydrolysate using pyrochar. The results showed that pyrochar had a 
good detoxification effect on lignocellulosic hydrolysate and did not 
lead to loss of soluble sugars. In this process, the concentration of HMF 
can be increased to about 9 times the feed concentration by desorption 
experiments [116]. In research conducted by Chen et al [117], results 
show that under the best copolymerization conditions, the adsorbent 
HMF selectivity coefficient is 21.2. 

Electrodialysis is an electrochemical process that uses electrical po
tential to drive the separation of cations and anions in solution. 
Recently, electrodialysis has been considered for the removal of 
fermentation inhibitors [118,119]. Unexpectedly, the ion exchange 

membrane can adsorb non-ionic fermentation inhibitors such as HMF 
while removing weak acid [120]. Similar results have been reported that 
electrodialysis was able to effectively remove 100% acetic acid and most 
HMF, furfural and phenolic compounds through the absorption by resin 
[121]. Trinh et al. [122] used a comprehensive detoxification process 
combining electrodialysis with adsorption to remove fermentation in
hibitors such as acetic acid and HMF in the hydrolysate. Therefore, we 
can conclude that electrodialysis and adsorption can effectively reduce 
the effects of fermentation inhibitors such as HMF and improve 
fermentation performance. 

Ion exchange resin treatment is a very promising method for 
removing HMF from acidic hydrolysates. Compared with activated 
carbon and adsorption resin, ion exchange resin overcomes the prob
lems of difficulty in regeneration and high cost, and is a more common 
and effective method for separating valuable compounds from hydro
lyzed products [24]. Kumar et al. [123] demonstrated that resin treat
ment efficiently removed HMF (50%) with no significant loss of sugars. 

Liao et al. [124] designed a composite material with an active 
interface of nanoparticles and wrapped in a metal–organic framework 
that can effectively oxidize HMF to 2,5-furandicarboxylic acid (FDCA) 
under appropriate conditions, with a total conversion rate of 95%. 

High-energy atmospheric cold plasma (ACP) is mainly used for 
semiconductors, food processing, medical sterilization and waste 
degradation. Lin et al. [125] used atmospheric cold plasma (ACP) to 
degrade the toxic substances in the sulfuric acid hydrolyzed bagasse. 
Studies have shown that ACP can remove 81% of HMF at 200 W power 
for 25 min. 

4.3. Biological treatment to remove HMF from the hydrolysate. 

4.3.1. Treatments with a variety of highly tolerant microorganisms 
Some findings indicate that microbes are constantly evolving in a 

toxic environment, developing their ability to degrade HMF and 
achieving high tolerance to HMF [126]. These findings have greatly 
helped in the use of microorganisms to degrade HMF. Subsequently, the 
metabolic pathways and degradation mechanisms of HMF in some mi
croorganisms have also been reported [127]. 

Biocatalytic oxidation is a promising addition to chemical methods. 
It has the advantages of environmentally friendly, good selectivity, high 
reaction efficiency and mild reaction conditions [128]. Zhang et al. 
[129] found that Comamonas testosteroni SC1588 is not only highly 
tolerant to HMF but also highly selective for formyl groups. This strain 
can significantly increase its resistance to environmental stress when 
exposed to the toxic stimulation of HMF [129]. This strain has broad 
application prospects in the detoxification of fermentation inhibitors 
because it has high tolerance and detoxification ability to HMF 
[130,131]. 

In another study, a complete biological transformation of HMF was 
achieved by Acinetobacter oleivorans S27. The tolerance concentration of 
this strain to HMF was up to 3000 mg/L [132]. 

Gluconobacter oxydans has a wide range of applications in the pro
cesses of incomplete oxidation of alcohols and sugars [133]. It has been 
reported that under pH-controlled conditions, a certain amount of HMF 
can be completely converted into 5-Hydroxymethyl-2-furan carboxylic 
acid (HMFCA) by selective oxidation of resting cells of Gluconobacter 
oxydans DSM 50,049 within 6 h [134]. Another study found that the 
S. stipitis KCTC 7228 was able to convert HMF into another less inhibi
tory compound(2,5-bis-hydroxymethylfuran) [135]. 

When using microorganisms to convert HMF in hydrolysate, it is 
better to convert HMF into carbon or energy sources [127,136]. A robust 
soil microorganism, Pseudomonas putida KT2440, can use HMF as carbon 
sources after fully loading the 12 kB HMF gene cluster by genetic 
recombination technology. This strain is superior to wild microorgan
isms in reducing lag time and increasing growth rate. The ability of the 
bacterium to adapt to the environment is improved, but its normal 
physiological function is inhibited by the high concentration of HMF 
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toxicity, resulting in a decrease in growth rate and accumulation of 
transformed intermediates [136]. In addition, Bordetella sp. BTIITR 
almost completely removed HMF and furan in the hydrolysate in a 16 h 
incubation period. More interestingly, the bacterium had no signifi
cantly impact on the consumption of sugars before HMF is consumed to 
a lower concentration since the selective substrate priority of this strain 
towards HMF [137]. After that, the bacterium was applied to the study 
of removing HMF after being immobilized within chitosan beads. The 
results indicate that the immobilized cells are capable of degrading HMF 
in the hydrolysate over a greater temperature and pH ranges than free 
cells. Meanwhile, after the immobilization, the life cycle of the cells was 
prolonged, the tolerance concentration to HMF was improved, and the 
degradation efficiency was maintained [138]. The Enterobacter sp. FDS8 
cells have also shown to be effective in the degradation of HMF in hy
drolysates. The cells have good recyclability and almost no loss of sugars 
during the degradation process [131]. 

It is worth mentioning that the degradation rate of inhibitors can be 
accelerated in combination with biological treatment and other tech
nical means. For example, He et al. [139] reported that the rate of 
biotransformation of HMF by Amorphotheca resinae ZN1 under aeration 
treatment was more than doubled, greatly reducing the detoxification 
time. 

In summary, we can know that a number of microorganisms have 
high tolerance to HMF, including Comamonas testosterone SC1588, Aci
netobacter oleivorans S27, Gluconobacter oxydans DSM 50049, S. stipitis 
KCTC 7228, Pseudomonas putida KT2440, Bordetella sp. BTIITR, and 
Enterobacter sp. FDS8, Amorphotheca resinae ZN1. The combination of 
various technologies provides a feasible way to improve the detoxifi
cation efficiency of inhibitors. 

4.3.2. Treatments by utilizing the specificity of certain enzymes 
In recent years, the selective catalytic oxidation of HMF by enzymes 

has attracted great interest. Because this environmentally friendly 
bioreactor system can help reduce the impact of pollution and has sig
nificant selectivity [140]. In a recent study, enzymes such as laccase and 
manganese peroxidase (MnP) have been proven to reduce HMF toxicity. 

Laccase can perform a variety of biochemical reactions, which also 
makes it suitable for use in various fields. In addition, its oxidation 
selectivity and operational stability are maintained at very high levels in 
the reaction of aqueous solutions [141]. In the latest research, the re
combinant CotA-TJ102, was obtained through heterologous expression 
and purification. After optimization of reaction parameters, the con
version ratio of HMF was nearly 100% in 12 h. The result indicated that 
the use of laccase to degrade and transform HMF is promising [142]. 

MnP is a heme perocidases, which is closely related to the ability of 
white rot fungi to degrade wood [143]. Hofrichter et al. [144] reported 
that MnP generates peroxy radicals during the oxidation of unsaturated 
fatty acids, which are highly oxidizing and can degrade some pollutants. 
Recently, Yee et al. [145] investigated the detoxification of recombinant 
manganese peroxidase to HMF. Although the degradation rate of HMF 
was fast in the early stages of the degradation treatment, HMF was not 
completely removed even after treatment for 100 h at a higher MnP 
concentration (200 U/L). Obviously, MnP treatment can slightly reduce 
the toxicity of HMF to microorganisms but does not significantly elim
inate the inhibition of HMF. 

5. Conclusions 

In this review, we summarized the inhibitory effects of HMF on 
anaerobic fermentation and detoxification strategies. High concentra
tion of HMF can disrupt the function and transformation of microbial 
macromolecules, impede the growth of microorganisms, change the 
community structure of microorganisms in anaerobic sludge, and inhibit 
the production of biofuels in anaerobic fermentation. However, high- 
tolerance microorganisms can convert HMF into other non-toxic sub
stances, and even use it directly as a carbon source. At present, 

pretreatment and physicochemical methods can effectively reduce the 
inhibition effect of HMF. Genetically engineered microorganisms to 
convert HMF into other valuable products are the direction of future 
efforts. 
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