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Abstract 21 

Anaerobic digestion is a promising technology for energy recovery from secondary sludge, yet the 22 

presence of humic substances in wastewater limits anaerobic digestion. In particular, humic substances 23 

make secondary sludge denser and more compact, reducing the availability of organic matter for 24 

biodegradation. Here we review the impact of humic substances on the anaerobic process, with emphasis 25 

on humic substances properties, effect on sludge structure and composition, effect on hydrolysis, 26 

acidolysis and methanogenesis, evolution of humic substrances, and strategies to counteract negative 27 

impact. Strategies include removing humic substances, pretreatment of secondary sludge prior anaerobic 28 

digestion, and addition of metal salts, enzymes and organisms. We observed that humic substances with 29 

a high E4/E6 ratio, representing the absorbance determined at 465 nm and 665 nm, a low carbon/nitrogen 30 

ratio, and a low aromaticity are easier to digest anaerobically. The liquid-solid phases distribution of 31 

humic substances influences anaerobic digestion efficiency, and the repolymerisation of humic 32 

substances during anaerobic digestion reduces sludge degradability. 33 
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1. Introduction 36 

Energy recovery from secondary sludge in anaerobic digestion processes is crucial for 37 

wastewater treatment plants (Li et al. 2017a). However, the presence of humic 38 

substances in secondary sludge poses challenges to achieving high anaerobic digestion 39 

efficiency (Li et al. 2019b; Liu et al. 2015). Understanding the impact of humic 40 

substances on anaerobic digestion performance and developing effective mitigation 41 

strategies are of paramount importance, yet a comprehensive summary of their effects 42 

remains lacking.  43 

The activated sludge process has been widely adopted by wastewater treatment plants 44 

to treat wastewater (He et al. 2021; Liu et al. 2023). Organic and inorganic substances 45 

in wastewater are absorbed into activated sludge and eventually end up in secondary 46 

sludge, which becomes an ideal resource for renewable energy production (Pan et al. 47 

2022). Anaerobic digestion has been regarded as an effective approach to recovering 48 

chemical energy from secondary sludge (Li et al. 2017a; Liu et al. 2021b; Wang et al., 49 

2017; Wang et al. 2019a; Zhang et al. 2022b), its conversion efficiency of organic 50 

matter to energy is usually less than 50% (McCarty et al. 2011; Raposo et al. 2012). 51 

The presence of humic substances naturally occurring in secondary sludge and their 52 

release into the liquid phase of anaerobic digestion has been identified as a significant 53 

factor hindering anaerobic digestion's efficiency (Li et al. 2019b; Liu et al. 2015). 54 

Moreover, the presence of stubborn bacterial cell walls and refractory organic matter in 55 

secondary sludge also greatly impacts the anaerobic digestion efficiency (Li et al. 56 
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2019a). Diverse methods have been adopted to enhance methane accumulation in 57 

anaerobic digestion, such as optimization of operational conditions (Wu et al. 2019), 58 

the addition of additives (Feng et al. 2014), and pre-treatment before anaerobic 59 

digestion (Li et al. 2016). While these techniques facilitated the destruction and the 60 

subsequent energy recovery from secondary sludge, they also released more humic 61 

substances from the solid to the liquid phase, becoming an inhibitor to energy recovery 62 

from secondary sludge in anaerobic digestion.  63 

Humic substances are typical compounds in secondary sludge, accounting for 20–30% 64 

of volatile solids (Xu et al. 2020). They usually possess the characteristics of a large 65 

molecular size, aromatic structure, and oxygen-containing functional groups, which 66 

complicate decomposition and further utilisation by anaerobes (Li et al. 2017b). Humic 67 

substances in secondary sludge are sourced from dead microorganisms, animal residues, 68 

and plant degradation and polymerisation (Liang et al. 2021; Xu et al. 2020), while 69 

some have been found to generate in situ during anaerobic digestion processes due to 70 

the transformation of protein-like substances (Dai et al. 2013). The inhibition effects of 71 

humic substances on anaerobic digestion have been observed to reduce methane 72 

production (Li et al. 2021; Liu et al. 2019a), likely due to the inhibition by humic 73 

substances of functional enzyme activities associated with hydrolysis and acidification 74 

(Huang et al. 2021), as well as competition between humic substances and methanogens 75 

for electrons (Li et al. 2019b). However, inconsistent observations have also been 76 

reported in which humic substances acted as promoters that facilitated methane yield 77 
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(Huang et al. 2021; Zhou et al. 2014). The effect of humic substances on anaerobic 78 

digestion processes and the associated mechanisms thus remains poorly summarised. 79 

Furthermore, various technologies have been proposed to alleviate the inhibition of 80 

anaerobic digestion processes by humic substances, such as the removal of humic 81 

substances from wastewater, the pretreatment of secondary sludge before anaerobic 82 

digestion, the addition of metal salts, and the addition of enzymes or the introduction 83 

of endogenous or exogenous organisms (Azman et al. 2015; Hu et al. 2022; Li et al. 84 

2014; Li et al. 2021; Millati et al. 2020). However, the performance of these methods 85 

has greatly varied (Fernandes et al. 2015; Li et al. 2021). To date, a comprehensive 86 

summary of the mechanisms and mitigation strategies related to humic substances in 87 

anaerobic digestion processes remains lacking, which hinders the development of 88 

energy recovery from secondary sludge using these processes.  89 

This review aims to introduce novel insights into the impact of humic substances on 90 

anaerobic digestion processes, addressing key aspects that have not been 91 

comprehensively summarized before. Specifically, this review focuses on Ⅰ) unveiling 92 

the characteristics of humic substances and their impact on the structure and 93 

composition of secondary sludge; Ⅱ) investigating the intricate influence of humic 94 

substances on crucial steps of anaerobic digestion processes, i.e., hydrolysis, 95 

acidification, and methanogenesis, shedding new light on their complex interactions; 96 

Ⅲ) exploring the dynamic evolution of humic substances in anaerobic digestion 97 

processes, providing novel insights into their transformation and behavior; and Ⅳ) 98 
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examining the effects and mechanisms of methods that mitigate inhibition of anaerobic 99 

digestion by humic substances, presenting promising approaches for improving energy 100 

recovery efficiency. This review deepens our understanding of the effects of humic 101 

substances on anaerobic digestion processes and provides challenges and research 102 

recommendations for future research development.  103 

2. Influence of humic substances on secondary sludge structure 104 

2.1 Characteristics of humic substances  105 

Humic substances are the second-most abundant organic substance in secondary sludge, 106 

accounting for 20–30% of the volatile solids (Wang et al. 2023; Xu et al. 2020). They 107 

originate from wastewater and are enriched in secondary sludge due to biosorption 108 

(Kulandaivelu et al. 2020; Ryu et al. 2021). Nonetheless, the definitive structure of 109 

humic substances remains undefined, owing to their diverse chemical composition 110 

(Baveye and Wander 2019). Noteworthy, the average elemental composition of humic 111 

substances is relatively consistent, mainly composed of carbon, oxygen, nitrogen, 112 

hydrogen, and sulfur (Nardi et al. 2021). Previous studies have reported that humic 113 

substances originated from numerous materials such as leonhardite, soil, and compost 114 

manure, which typically exhibit similar levels of carbon content, but differ in terms of 115 

oxygen, hydrogen, and nitrogen content. In contrast, humic substances obtained from 116 

secondary sludge are characterized by a high concentration of nitrogen and hydrogen 117 

and a low concentration of oxygen in their composition (Yang and Li 2016). Humic 118 
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substances also contain diverse functional groups, including carboxyl, alcoholic 119 

hydroxyl, quinone, ketone, and phenolic groups (Lipczynska-Kochany 2018; Wang et 120 

al. 2022c). This structure allows humic substances to combine with diverse organic 121 

matter, such as organic acids, fatty acids, lipids, amino acids, and others (Nardi et al. 122 

2021). 123 

Based on water solubility, humic substances can be further divided into three categories: 124 

humic acid (soluble at pH＞2), fulvic acid (soluble at all pH values), and humin 125 

(insoluble at all pH values) (Ghaneian et al. 2014; Liu et al. 2019a). These fractions can 126 

vary remarkably in their chemical composition, molecular size, and properties, such as 127 

hydrophobicity, and aromaticity (Rigobello et al. 2017). Moreover, the structure of 128 

humic substances is dynamic and can be influenced by various environmental factors 129 

such as pH, and ionic strength, which dominates the size and shape of the specific 130 

fraction of humic substances (Klučáková 2018).  131 

2.2 Effect of humic substances on secondary sludge structure and composition 132 

Typically, sludge flocs (Fig. 1) mainly contains three layers, namely soluble, lightly 133 

bound, tightly bound extracellular polymeric substances (Liu et al. 2020), and consisted 134 

of humic substances, protein, carbohydrate, bacteria cell, metal ions, and other organic 135 

matters, and so on (Kulandaivelu et al. 2020; Wang et al. 2023). Humic substances 136 

develop strong links (dotted line in Fig. 1) with inorganic, such as metal ions and 137 

organic matter, such as proteins and polysaccharides, which lowers the solubility of the 138 
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latter in secondary sludge. Furthermore, the functional groups of humic substances react 139 

with biodegradable organic matter through absorption, sedimentation, and aggregation 140 

(He et al. 2016; Siddiqui et al. 2020; Xu et al. 2020; Zhou et al. 2023), and with 141 

inorganic matter through the bridge, electrostatic, and steric interactions (Calabi-Floody 142 

et al. 2011; Zhang et al. 2021b), which result in a more compact, denser, and stable 143 

secondary sludge structure (Fig. 1). For example, the addition of humic substances 144 

enhanced the fractal dimension of sludge by 8.7% and decreased the total surface energy, 145 

soluble total organic carbon, and transverse relaxation times by 5.8%, 36.1%, and 146 

24.4%, respectively, indicating that humic substances can combine with organic matter 147 

in secondary sludge and improve the sludge floc structural stability (Xu et al. 2020). 148 

Additionally, the enhancement of extracellular polymeric substances' spatial 149 

configuration, along with the decrease in its random-coil degree due to humic 150 

substances, reduces the active sites in extracellular polymeric substances in 151 

combination with extracellular enzymes (Xu et al. 2020), which inhibits the hydrolysis 152 

and acidification potential of secondary sludge in anaerobic digestion processes. 153 

Apart from influencing the structures of organic substances in secondary sludge, humic 154 

substances also affect their organic substance composition (Yang et al. 2019) due to 155 

their nature as recalcitrant substances and important components of the organic matter 156 

(Wang et al. 2019b). Studies have confirmed that pretreatment efficiently promotes 157 

sludge anaerobic digestion efficiency, as shown by significant changes in recalcitrant 158 

substance content, such as humic substances during pretreatment conditions (Liu et al. 159 
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2020; Wang et al. 2022b). However, in most cases, the hydrolysis degree of secondary 160 

sludge is represented by protein and polysaccharide variations, while the recalcitrant 161 

organic substance variation is not included (Lu et al. 2020). A suitable index is thus 162 

needed to describe the variation of recalcitrant organic substances. Three-dimensional 163 

fluorescence spectroscopy can provide a pathway to analyze the amount of recalcitrant 164 

organic substances and a reference for future studies (Geng and Zhou 2022). This 165 

technology has been successfully used to quantify variations of humic substances 166 

content, such as changes from 33.26% to 23.05%, 36.2% to 15.9%, and 29.4% to 10.5% 167 

after pretreatment with sodium percarbonate (Wang et al. 2022b), heat-CaO2 (Liu et al. 168 

2019b), and sulfite (Liu et al. 2020), respectively. Overall, the impact of humic 169 

substances on the structure and composition of secondary sludge might affect the 170 

efficiency of anaerobic digestion, as discussed in the following.  171 

 172 

Figure 1. Proposed humic substances’ interactions with organic and inorganic 173 

substances in sludge. The presence of humic substances can make secondary sludge 174 

denser and more compact, reducing the availability of organic matter.  175 
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3. Humic substances on the influence of each stage in anaerobic digestion 176 

Anaerobic digestion of secondary sludge typically involves three interlinked stages: 177 

hydrolysis, acidification, and methanogenesis (Guo et al. 2022). In the hydrolysis stage, 178 

polysaccharides and proteins are transformed into monosaccharides and amino acids. 179 

Hydrolysis products are further transformed into short-chain fatty acids in the 180 

acidification stage. These acidification products are ultimately transformed into 181 

methane as the end-product of anaerobic digestion. The impact of humic substances on 182 

anaerobic digestion efficiency in each stage and the associated mechanisms are 183 

discussed in the following sections (and summarised in Table 1 and Fig. 2).  184 

 185 

Figure 2. Influence of humic substances on each stage of anaerobic digestion. Note: 186 

E4/E6 refers to the ratio of absorbance determined at 465 nm and 665 nm (E6) of humic 187 
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Table 1 Influences of humic substances on each step in the anaerobic digestion of secondary sludge  189 

Hydrolysis Acidification Methanogenesis Note References 

Positive: reduces non-specific 

binding of enzymes, enhances 

enzymatic hydrolysis efficiency  

Not available Not available Commercial humic 

substances 

Tang et al. 

(2020a) 

Positive: improves hydrolytic 

enzyme activity due to its strong 

hydrophobicity and protection of 

enzyme activity 

Positive: quinone structure 

of humic substances serves 

as an electron acceptor  

Negative: inhibits acetoclastic 

methanogen activity and blocks the 

conversion of acetyl-CoA to 5-

methyl-tetrahydromethanopterin 

Commercial humic 

substances (SHHA) 

Higher 

hydrophobicity and 

aromaticity  

Liu et al. 

(2015) 

Positive: electron transfer capacity 

of humic substances promotes 

hydrolase activity, i.e., protease 

and amylase 

Positive: electron transfer 

capacity of humic 

substances promotes 

enzyme activities related 

to acidification, such as 

acetate kinase, butyric 

kinase, and 

phosphotransacetylase 

Negative: electron transfer capacity 

of humic substances inhibits F420-

reducing hydrogenase activity 

Humic substances 

extracted from sludge  

Wang et 

al. (2022a) 

Positive: increases microorganism 

activity and metal regulation by 

chelation 

Not available Not available Humic substances 

extracted from peat  

Hartung 

(1992) 

Negative: inhibits hydrolytic Negative: low ratios of Positive: increases the activity of Humic substances Huang et 
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protease activity through humic 

substances accumulation outside of 

anaerobe cells 

E4/E6 and carbon/nitrogen 

make humic substances 

more difficult to 

decompose in anaerobic 

digestion 

enzymes associated with 

methanogenesis due to small 

molecular humic substances passing 

through the cell membrane and 

accelerating electron transfer  

extracted from sludge al. (2021) 

Negative: inhibits key enzyme 

activity, such as α-amylase and 

protease due to the high mobility of 

humic substances and easy access 

to enzymes  

Positive: quinone 

functional groups of humic 

substances possess good 

electron transfer chains 

and behave as catalysts 

Negative: lowers enzyme F420 

activity, humic acid competes for 

electrons with acetate and prevents 

its conversion to methane, and 

humic acid might compete for 

metabolites, which blocks the 

methanogenesis pathway 

Commercial humic 

substances 

Li et al. 

(2019b) 

Negative: inhibits hydrolytic 

bacteria activity, such as 

Clostridiales, Bacteroidales, and 

Anaerolineales) 

Not available Negative: inhibits the activity of 

hydrogenotrophic methanogens 

Methanobacteriaceae, 

Methanomicrobiales-WCHA208, 

and Unassigned Thermoplasmata 

WCHA1-57 

Commercial humic 

substances  

Azman et 

al. (2017) 

Negative: increases sludge floc 

structural stability, reducing 

organic content availability 

Negative: less amount of 

low molecular quality 

organic substances 

available 

Negative: changes the accessibility 

of hydrolysis products, leading to 

poor anaerobic bioconversion  

Commercial humic 

substances  

Xu et al. 

(2020) 

Note: E4/E6 refers to the ratio of absorbance determined at 465 nm and 665 nm of humic substances. SHHA means commercial humic substances 190 

from Shanghai Reagent Company.  191 
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3.1 Hydrolysis stage 192 

Conflicting observations have been reported regarding the influence of humic 193 

substances on the hydrolysis stage of anaerobic digestion (Table 1). Tang et al. (2020a) 194 

demonstrated that the efficiency of enzymatic hydrolysis increased from 64.9% to 81.8% 195 

in the presence of humic substances (obtained from waste wheat straw), which reduced 196 

the non-specific binding of hydrolase. Liu et al. (2015) revealed that the strong 197 

hydrophobicity of commercial humic substances benefitted the formation of protective 198 

micelles, which enhanced hydrolytic enzyme activity, including protease and α-199 

glucosidase, thus accelerating hydrolysis. Similar observations were reported by Wang 200 

et al. (2022a) using humic substances derived from sludge and by Hartung (1992) using 201 

humic substances obtained from peat, which respectively increased the electron transfer 202 

capacity or the activity of microorganisms responsible for hydrolytic enzyme secretion 203 

and hydrolysis promotion.  204 

In contrast, Huang et al. (2021) found that proteinase activity decreased by 20% under 205 

a 7.5 mg humic substances/g volatile solids stress condition, which was attributed to 206 

hydrolytic protease inhibition due to the interaction between humic substances and 207 

functional enzymes or substrates and the accumulation of humic substances (from 208 

sludge) outside anaerobe cells. This research also found that a low E4/E6 ratio (refers 209 

to the ratio of the absorbance determined at 465 nm and 665 nm) and high 210 

carbon/nitrogen ratio under humic substances stress conditions make humic substances 211 
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more difficult to decompose in the hydrolysis stage of anaerobic digestion and increase 212 

the possibility of the combination between enzymes and humic substances (Huang et 213 

al. 2021). The presence of humic substances resulted in up to 38.2% inhibition of 214 

hydrolysis due to their superior mobility and easy contact with enzymes, i.e., proteinase 215 

and α-amylase, and such inhibition effects were dependent on both the concentration 216 

and structure of humic substances (Li et al. 2019b). Azman et al. (2017) observed up to 217 

40% inhibition of hydrolysis efficiency by humic substances, which was attributed to 218 

the reduced hydrolytic bacterial activity, such as Clostridiales, Bacteroidales, and 219 

Anaerolineales. Another study additionally revealed that humic substances enhanced 220 

sludge floc structural stability, which reduced the organic content bioavailable to 221 

anaerobes in the liquid phase, thus inhibiting hydrolysis efficiency (Xu et al. 2020). 222 

Inconsistent observations of the impact of humic substances on hydrolysis are likely 223 

caused by the sources, structures, molecular weights, functional groups, and 224 

concentrations of humic substances, as well as the microbial community in the 225 

secondary sludge. Specifically, the presence of humic substances has promoted 226 

hydrolysis as in Tang et al. (2020a), Liu et al. (2015), and Huang et al. (2021), but the 227 

magnitudes of these changes have varied greatly. This may be caused by the different 228 

sources of humic substances (waste wheat straw versus commercial humic substances 229 

versus peat). Nonetheless, although both Wang et al. (2022a) and Huang et al. (2021) 230 

utilized humic substances from sludge, hydrolysis was promoted in the former but 231 

inhibited in the latter study. This discrepancy might be due to differences in the humic 232 
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substances' structure and functional groups. Those in Wang et al. (2022a) possessed 233 

higher nitrogen-content and oxygen-containing groups than those in Huang et al. (2021), 234 

which potentially increased the electron transfer capacity. This higher capacity 235 

subsequently may have made the interactions between negatively charged humic 236 

substances and enzymes stronger than those between hydrophobic interactions and 237 

enzymes, resulting in the release of hydrolytic enzymes and facilitating their activity 238 

(Li et al. 2019a; Liu et al. 2015). Moreover, greater inhibition of hydrolysis efficiency 239 

by humic substances was observed in (Azman et al. 2017), although the same 240 

commercial humic substances were used. Such differences might be related to 241 

variations in the humic substances concentrations and corresponding differences in the 242 

microbial community adaptation capacity.  243 

3.2 Acidification stage 244 

Most studies have revealed the positive effects of humic substances on the acidification 245 

process during anaerobic digestion (Li et al. 2019b; Liu et al. 2015; Wang et al. 2022a). 246 

For example, the short-chain fatty acid yield increased from 1379 mg chemical oxygen 247 

demand (used as an indicator that measures the amount of oxygen consumed by 248 

inorganic and organic compounds)/L to 2741 mg chemical oxygen demand/L when the 249 

dosage of SHHA (commercial humic substances from Shanghai Reagent Company) 250 

increased from 420 mg-SHHA/g volatile solids to 1120 mg-SHHA/g volatile solids, 251 

possibly because the presence of quinone structures in the humic substances accelerated 252 

the bioreactions of pyruvate to acetyl-CoA and glyceraldehyde-3p to D-glycerate 1,3-253 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



16 

 

diphosphate (Liu et al. 2015). Li et al. (2019b) also observed a 101.5% increase in 254 

acidogenic efficiency at 150 mg humic substances/g volatile solids. Additionally, a 255 

recent study revealed that humic substances contributed to electron transfer chains and 256 

acted as catalysts, promoting the activities of enzymes responsible for the acidification 257 

stage, such as acetate kinase, phosphotransacetylase, and butyric kinase (Wang et al. 258 

2022a). Notably, the electron transfer chain contains two parts (electron acceptor 259 

capacity and electron donor capacity); the former was determined by nitrogen content, 260 

humification index, oxygen-containing groups, and aromatic groups (Tan et al. 2017), 261 

while the latter was only determined by nitrogen content and oxygen-containing groups 262 

(Wang et al. 2022a).  263 

In contrast, some studies showed an inhibitory effect of humic substances on the 264 

acidification stage of anaerobic digestion (Huang et al. 2021; Xu et al. 2020). The 265 

concentration of short-chain fatty acids decreased from 9800 to 4800 mg/L, and the 266 

acidification rate was inhibited by 50% when the humic substances concentration 267 

increased from 1.0 to 2.5 mg humic substances/g volatile solids (Huang et al. 2021). 268 

This phenomenon might be attributed to the low E4/E6 and high carbon/nitrogen ratios 269 

of humic substances, making them more difficult to decompose and reducing the 270 

number of organic substances available for subsequent short-chain fatty acid production 271 

(Xu et al. 2020). The inconsistent observations regarding the impact of humic 272 

substances on the acidification stage of anaerobic digestion likely arose from 273 

differences between the structure, molecular weight, and functional group content, such 274 
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as phenolic group and carboxyl group of the humic substances. The commercial humic 275 

substances separately adopted by Liu et al. (2015) and Li et al. (2019b) enhanced short-276 

chain fatty acids to varying degrees, which was ascribed to differences in the molecular 277 

weight and chemical structure of the humic substances. In addition, the maximum short-278 

chain fatty acids were obtained with different concentrations of humic substances (1120 279 

versus 150 mg humic substances/g volatile solids) and functional group contents, i.e., 280 

phenolic group and carboxyl group, leading to differences in both the quinone structure 281 

number in humic substances and the bioconversion of organic substances to short-chain 282 

fatty acids (Li et al. 2019b; Liu et al. 2015). 283 

3.3 Methanogenesis stage  284 

Many studies have found that the addition of humic substances inhibits methane 285 

production in anaerobic digestion (Azman et al. 2017; Li et al. 2019b; Liu et al. 2015; 286 

Wang et al. 2022a; Xu et al. 2020). For instance, methane production was severely 287 

inhibited by 14% to 97% when the SHHA levels were increased from 430 mg humic 288 

substances/g volatile solids to 1430 mg humic substances/g volatile solids (Liu et al. 289 

2015). This inhibition was mainly caused by the competition of humic substances with 290 

acetoclastic methanogens for electrons, severely inhibiting acetoclastic methanogen 291 

activity and the bioreaction of acetyl-CoA to yield 5-methyl-tetrahydromethanopterin 292 

(Liu et al. 2015). Azman et al. (2017) observed a similar inhibition effect but attributed 293 

the lower methane yield to lower activity of hydrogenotrophic methanogens, such as 294 

Methanobacteriaceae, Methanomicrobiales-WCHA208, and Unassigned 295 
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Thermoplamata WCHA1-57 rather than that of acetoclastic methanogens, due to the 296 

lower acclimatization capacity of the hydrogenotrophic methanogen microbial 297 

community with the addition of humic substances. Li et al. (2019b) found that the 298 

methanogenic efficiency decreased by 52.2% after adding 150 mg humic substances/g 299 

volatile solids, which may have been due to lower F420 activity (a key enzyme in 300 

methane biosynthesis), competition between humic substances and acetate for electrons, 301 

and blocking between humic substances and methanogens for metabolites. In addition, 302 

Xu et al. (2020) found that a reduced methane yield with humic substances addition 303 

was due to humic substances changing the bioaccessibility of hydrolysis products, 304 

which resulted in poor bioconversion from glucose to biogas.  305 

Nonetheless, controversial outcomes have been reported in some studies. Huang et al. 306 

(2021) found that methanogenesis was enhanced approximately two-fold, and 307 

coenzyme F420 activity increased by 19% under 10 mg humic substances/g volatile 308 

solids conditions. The enhanced enzyme activity might have been caused by small 309 

molecular weight humic substances passing through the cell membranes of anaerobes 310 

and enhancing electron transfer capacity. This result was further confirmed by Zhao et 311 

al. (2023a), in that study, small molecular humic substances acted as electron donors, 312 

accelerating the electron transport capacity of methanogens and resulting in a 15.8–313 

80.8% enhancement of methane production. Noteworthy, the promotion effect of humic 314 

substances on methane production was observed during the thermal hydrolysis 315 

pretreatment of sludge which caused the variation of the humic substances molecular 316 
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structure, including carbon/nitrogen ratio, functional group, elemental composition, and 317 

E4/E6 ratio of humic substances (Huang et al. 2021; Zhao et al. 2023a). Additionally, 318 

the low concentration of humic substances adopted in those studies has also been found 319 

to play a key role in facilitating methane production. However, in traditional wastewater 320 

treatment plants, secondary sludge does not undergo thermal hydrolysis pretreatment 321 

before entering anaerobic digestion reactors due to high energy demand, which 322 

increased the operating costs of the wastewater treatment plants, and the concentration 323 

of humic substances in the secondary sludge is typically much higher than the 324 

concentration required to promote methane production (0.2-0.3 g/g volatile solids 325 

(humic substances content in secondary sludge) versus 0.05 g/g volatile solids (the 326 

adopted humic substances concentration that observed to enhance the methane 327 

production after the pretreatment of secondary sludge)).  328 

Taken together, it can be concluded that the high concentration of humic substances in 329 

the secondary sludge (far higher than the concentration of humic substances required 330 

for promoting methane production) has a negative impact on the performance of 331 

anaerobic digestion in the traditional wastewater treatment plants. Based on this, 332 

measures need to be taken to alleviate the inhibitory effects of humic substances on 333 

anaerobic digestion and improve its overall efficiency. A deeper understanding of the 334 

dynamic evolution of humic substances during anaerobic digestion is crucial in 335 

formulating strategies to mitigate their inhibitory effects on the process. In the 336 

following sections, we will first discuss the dynamic evolution of humic substances and 337 
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then explore strategies to mitigate their inhibitory effects. 338 

 339 

Figure 3. Dynamic evolution of humic substances in anaerobic digestion. Note: Stage 340 

I, stage II, and stage III represent the consumption of labile aliphatic and exposure of 341 

aromatic in humic substances, biodegradation of labile aromatic structure in humic 342 

substances, and repolymerization of humic substances, respectively. The minus sign in 343 

the green circle and the plus sign in the orange circle mean depolymerization and 344 

repolymerization, respectively. The distribution of humic substances in liquid and solid 345 

phase affect anaerobic digestion efficiency, and the repolymerisation of humic 346 

substances in anaerobic digestion reduces sludge degradability.  347 

4. Evolution of humic substances during anaerobic digestion 348 

Studying the dynamic evolution of humic substances in anaerobic digestion processes 349 
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helps to provide an in-depth understanding of their behavior and influencing factors in 350 

anaerobic digestion reactors, thereby benefiting to development and implement 351 

strategies that improve the overall performance of anaerobic digestion. Variations of 352 

the humic substances' content and structure have been commonly reported during the 353 

anaerobic digestion process. The dynamic evolution of humic substances during 354 

anaerobic digestion typically passes through three phases (Tang et al. 2018) (Fig. 3): 1) 355 

superficial labile aliphatics are extensively consumed by microorganisms as energy 356 

sources, causing aromatic exposure that enhances the aromaticity of humic substances; 357 

2) some labile aromatic structures in humic substances are further biodegraded by 358 

anaerobes; and 3) more stable and unsaturated humic substances structures form due to 359 

the repolymerisation of humic substances with new aromatics. The variations of the 360 

specific content and structure of humic substances in anaerobic digestion are discussed 361 

in detail in the following sections. 362 

4.1 Evolution of humic substances content 363 

Several studies have demonstrated in situ biosynthesis, degradation, and 364 

repolymerisation of humic substances during anaerobic digestion (Dai et al. 2013; Li et 365 

al. 2013; Wang et al. 2021b). For example, Li et al. (2013) not only revealed that humic 366 

substances were the key components of extracellular polymeric substances but also 367 

found that they emerged in microbe cells. Dai et al. (2013) observed that the humic 368 

substances content in digested sludge (30.1%) was higher than that in raw secondary 369 

sludge (20.0%), indicating the generation of humic substances during anaerobic 370 
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digestion, where humic substances content augmentation was attributed to the 371 

transformation of protein-like substances. Wang et al. (2021b) confirmed the 372 

simultaneous degradation and repolymerisation of humic substances in anaerobic 373 

digestion, as the humic substances content first decreased from 8.4 g/L to 4.6 g/L but 374 

then increased to 7.7 g/L during mesophilic anaerobic digestion. Liu et al. (2019a) 375 

controversially observed that humic substances were not formed but rather degraded in 376 

anaerobic digestion. Specifically, the humic substances content in the anaerobic 377 

digestion system with humic substances-free sludge remained almost unchanged but 378 

decreased in the anaerobic digestion system with sludge from wastewater treatment 379 

plants. These conflicting observations might be attributed to two aspects: 1) the 380 

complex composition of humic substances in real sludge had a high percentage of small 381 

molecular weight moieties and aliphatic moieties, which were oxidized in anaerobic 382 

digestion, leading to reduced humic substances content (Li et al. 2013); and 2) the 383 

organic loading rate of sludge from wastewater treatment plants was higher than that of 384 

humic substances-free sludge (0.077 mg/L versus 0.06 mg/L). This indicated that more 385 

aliphatic moieties of humic substances could be oxidized, which may explain the 386 

inconsistency of humic substances variation (Liu et al. 2019a). Additionally, the 387 

distribution of humic substances in the solid and liquid phases during anaerobic 388 

digestion processes has been shown to vary significantly; the humic substances content 389 

in the solid phase gradually decreased by 47.6%, while that in the liquid phase increased 390 

by 92.2% (Liu et al. 2019a). Tang et al. (2020b) similarly reported that 49% of humic 391 

substances were released from the solid to the liquid phase during anaerobic digestion. 392 
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The distribution of humic substances in solid and liquid phases, rather than the overall 393 

humic substances content, are more likely to influence anaerobic digestion performance.  394 

4.2 Evolution of the humic substances structure  395 

Changes in the humic substances structure due to anaerobic digestion can be mostly 396 

observed in three aspects: 1) increased humification degree of humic acid and fulvic 397 

acid, as evidenced by augmented total acidity (phenolic and carboxyl moieties) (Liu et 398 

al. 2019a); 2) degradation of aliphatic moieties by microorganisms due to their simple, 399 

linear, and vulnerable structure, while aromatic moieties are subsequently more 400 

exposed to the environment (El Fels et al. 2014; Wang et al. 2021b); and 3) the 401 

repolymerisation of aromatic moieties in humic substances. Through repolymerisation, 402 

organic compounds combine with aromatic moieties in humic substances through the 403 

actions of enzymes and microorganisms to form more complex structures, which are 404 

more difficult for bacteria to decompose and utilize. The repolymerisation of aromatic 405 

moieties generally follows three main routes: 1) consumption of aliphatic moieties 406 

conducive to transforming polysaccharides into other oxidized compounds (Liu et al. 407 

2019a); 2) polymerization of non-humic substances or biodegradable fulvic acid with 408 

humic substances aromatic structures (Awasthi et al. 2017); and 3) use of C=C in 409 

aromatics from lignin to compose the basic structures of newly formed humic 410 

substances (Zheng et al. 2014).  411 

The anaerobic digestion process changes humic substances structures by increasing the 412 
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molecular size and the amounts of aromatic structures and oxygen functional groups. 413 

In an anaerobic digestion reactor, the ratio of oxygen/carbon was raised from 0.32 to 414 

0.39, while the ratio of carbon/nitrogen was reduced from 9.06 to 6.41, accompanied 415 

by an increase in humic substances total acidity from 2.32 mmol/g to 3.29 mmol/g (Li 416 

et al. 2017b). The proportion of humic substances with average molecular weights over 417 

50 kDa and 100 kDa also rose from 14.7% to 18.4% and from 65.3% to 85.5%, 418 

respectively (Li et al. 2017b). Wang et al. (2021a) revealed that the contents of oxygen-419 

containing and aromatic moieties after anaerobic digestion increased from 37% to 45% 420 

and from 41% to 66%, respectively, indicating augmented degrees of condensation and 421 

humification. Liu et al. (2019a) also observed that the variation in the humic substances 422 

structure was caused by the consumption of aliphatic moieties and the enrichment of 423 

aromatic moieties. Notably, the release of humic substances from the solid to the liquid 424 

phase during anaerobic digestion shows that it promotes humic substances 425 

solubilization. This phenomenon might be explained by the augmentation of oxygen-426 

containing functional groups after anaerobic digestion, which improves the 427 

hydrophilicity of humic substances and thus enhances their solubility (He et al. 2023; 428 

Liu et al. 2019a). 429 

 430 
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Table 2 Methods to mitigate the inhibition of anaerobic digestion by humic substances 431 

Technologies  Conditions  Enhancement of biogas production  References  

Pretreatment of secondary sludge 

before anaerobic digestion 

140 mg calcium peroxide/g volatile 

solids 

47.6% Wang et al. (2019) 

78.91 mg calcium hypochlorite/g 

volatile solids 

33.8% Hu et al. (2022) 

Addition of metal salts 5 mM calcium ion 

5 mM magnesium ion 

5 mM iron ion 

128% 

146% 

145 % 

Azman et al. (2015) 

100 mg/L calcium ion, 70 mg/L 

aluminium ion 

Not available  Li et al. (2021) 

Addition of enzymes  Hydrolytic enzymes  Not available  Fernandes et al. (2015) 

Amylase 

Protease 

Amylase and protease 

19% 

16% 

20% 

Yu et al. (2013) 

Introduction of endogenous or 

exogenous organisms 

Ochrobactrum sp. POC9 20%  Poszytek et al. (2018) 

432 
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5. Strategies to mitigate the inhibition of anaerobic digestion by humic substances 433 

To mitigate the inhibition effect of humic substances on anaerobic digestion 434 

performance, several methods have been adopted, including the removal of humic 435 

substances from wastewater, the pretreatment of secondary sludge before anaerobic 436 

digestion, the addition of metal salts to reduce humic acid binding ability, the addition 437 

of enzymes to bind with humic substances or promote humic substances decomposition, 438 

and the introduction of endogenous or exogenous organisms to facilitate humic 439 

substances degradation (Table 2). The performance of each strategy is discussed in the 440 

following sections. 441 

5.1 Removal of humic substances from wastewater 442 

Researchers have developed numerous methods to remove humic substances from 443 

wastewater, including physicochemical treatments such as adsorption, filtration, 444 

advanced oxidation processes, electrochemical, and so on. (Algamdi et al. 2019; Sinha 445 

and Ghosal 2023; Yin et al. 2020; Zhang et al. 2021a). Humic substances removal can 446 

achieve high efficiencies, reaching up to 99% through adsorption using magnetic 447 

biochar at a lower pH of 3-4 (Zhang et al. 2021a), 94.5% via ultrafiltration membranes 448 

(graphene oxide-polyethersulfone) (Algamdi et al. 2019), 96% with the addition of 449 

TiO2/coconut shell powder (Sinha and Ghosal 2023), and 90% through electrochemical 450 

treatment (Yin et al. 2020). Additionally, biological treatments involving the use of 451 

enzymes responsible for humic substances degradation have also been investigated 452 
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(Zahmatkesh et al. 2017; Zhu et al. 2022). Notably, the incorporation of purified 453 

peroxidase has shown great potential in achieving nearly complete elimination of humic 454 

substances from wastewater (Zhu et al. 2022). These methods have effectively removed 455 

humic substances from wastewater and reduced their accumulation in secondary sludge, 456 

thereby enhancing the subsequent anaerobic digestion efficiency of secondary sludge. 457 

However, it is crucial to acknowledge the potential challenges associated with these 458 

approaches. Implementing physicochemical treatments usually demands substantial 459 

energy and chemical inputs, resulting in increased operational costs for wastewater 460 

treatment plants, posing economic challenges for large-scale applications (Rashtbari et 461 

al. 2020). Moreover, the stability of biological treatments employing enzymes for 462 

humic substances degradation can be affected by environmental factors, leading to 463 

fluctuations in microbial activity (Zhu et al. 2022). Although these extraction 464 

approaches can be successfully applied at the laboratory scale, their practical and 465 

economic feasibility in pilot or full-scale applications remains questionable due to 466 

extremely high operational costs.  467 

5.2 Pretreatment of secondary sludge before anaerobic digestion  468 

Pretreatment of secondary sludge means the addition of compounds with high oxidation 469 

capacities, such as calcium peroxide, calcium hypochlorite, sodium perborate in terms 470 

of enhancing the biodegradation of humic substances (Hu et al. 2022; Millati et al. 471 

2020). These compounds can destroy the structures of humic substances, leading to a 472 

reduction of polymerization and generating biodegradable organic matter with small 473 
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molecular weights. For example, the pretreatment of secondary sludge with calcium 474 

peroxide (0.14 g/g volatile solids) enhanced methane production by 47.6%, which was 475 

mainly attributed to the degradation of humic substances and the generation of 476 

biodegradable organic substances (Wang et al. 2019b). Calcium hypochlorite (78.91 477 

mg/g volatile solids) pretreatment of secondary sludge enhanced methane production 478 

by 33.8%, partly due to enhanced humic substances biodegradability, and reduced the 479 

humic substances concentration (Hu et al. 2022). Studies have also shown that sodium 480 

perborate, peracetic acid, and ozone improved humic substances degradation (Ai et al. 481 

2019; Ding et al. 2019; Yin et al. 2011). However, compounds with high oxidation 482 

capacities not only degrade humic substances in sludge but also other soluble organic 483 

substances, resulting in the oxidation of many soluble organic substances to carbon 484 

dioxide and ultimately providing fewer organic substances to anaerobes for subsequent 485 

biogas production. Also, the high prices of these compounds have limited their 486 

application. 487 

5.3 Addition of metal salts  488 

A variety of metal salts, such as calcium, magnesium, iron, and aluminum, have been 489 

added to anaerobic digestion to alleviate the inhibition caused by humic substances, 490 

with potential mechanisms shown in Fig. 4. The individual addition of calcium, 491 

magnesium, or iron salts greatly reduced the inhibition of humic substances on 492 

hydrolysis, with hydrolysis efficiencies increasing by 65%, 75%, and 72%, respectively 493 

(Fernandes et al. 2015). The corresponding methane production was also enhanced by 494 
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128%, 146%, and 145% compared with the respective group without added metal salts 495 

(Fernandes et al. 2015). This might be attributed to the presence of diverse functional 496 

groups, i.e., carboxylic, ketones, phenols in humic substances in sludge, which provide 497 

superior metal-binding abilities through complexation and adsorption reactions (He et 498 

al. 2016). Interestingly, the addition of sodium and potassium salts did not significantly 499 

mitigate the inhibition of humic substances on hydrolysis efficiency, which might due 500 

to the lower complexation ability of sodium and potassium salts with humic substances 501 

(Azman et al. 2015). The addition of 100 mg/L calcium or 70 mg/L aluminum salts 502 

greatly reduced the inhibition of humic substances on hydrolysis efficiency by up to 503 

65%, which was likely caused by the binding of metal salts with humic substances 504 

through sweep flocculation, cation exchange, and electrostatic forces (Li et al. 2021). 505 

The binding of metal salts to humic substances reactivated hydrolytic enzymes and 506 

eventually increased the degradation of organic substances in anaerobic digestion (Li 507 

et al. 2021). Furthermore, synergistic effects in alleviating inhibition by humic 508 

substances can be achieved by the joint addition of two metal ions at low concentrations. 509 

Specifically, the addition of calcium at 50 mg/L and aluminum salt at 10 mg/L restored 510 

80% of hydrolysis efficiency in anaerobic digestion in the presence of humic substances 511 

(Li et al. 2021). These studies have shown that metal salt addition can mitigate 512 

inhibition by humic substances in the hydrolysis stage, and the enhancement of 513 

hydrolysis efficiency increases the availability of soluble organic substances to 514 

anaerobes for subsequent methane bioproduction.  515 
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Notably, humic substances bind more effectively to heavy metal ions, such as mercury, 516 

cadmium, copper than to the other metal ions mentioned above, i.e., aluminum, calcium, 517 

magnesium, and iron (Zhao et al. 2023b). However, the addition of heavy metal salts to 518 

the anaerobic digestion system would pose an extreme risk to the ecosystem, such that 519 

aluminum, calcium, magnesium, and iron are better options when using metal salts to 520 

mitigate inhibition by humic substances on anaerobic digestion performance.  521 

 522 

Figure 4. Metal salts mitigate the inhibitory effect of humic substances on anaerobic 523 

digestion performance. Metal salts can effectively reduce the inhibitory effect caused 524 

by humic substances during anaerobic digestion.  525 

5.4 Addition of enzymes or the introduction of endogenous or exogenous organisms 526 

The addition of hydrolytic enzymes, such as protease, α-amylase, was shown to reduce 527 

the negative influence of humic substances on anaerobic digestion performance (Fig. 5) 528 

(Fernandes et al. 2015). This is to likely occur because additional hydrolytic enzymes 529 
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attach to humic substances, which prevents the interaction of humic substances with 530 

intrinsic hydrolytic enzymes produced by anaerobes within the anaerobic digestion 531 

process (Fernandes et al. 2015). A similar conclusion was also reached by Yu et al. 532 

(2013), who observed that the addition of protease, amylase, and their combination 533 

enhanced the yield of biogas, with values of 16%. 19% and 20%, respectively. 534 

 535 

Figure 5. Proposed metabolic pathway of humic substances degradation and 536 

transformation by enzymes. Note: MnP and LiP represent manganese peroxidase and 537 

lignin peroxidase, respectively. Adding enzymes can enhance the degradation of humic 538 

substances, benefiting anaerobic digestion efficiency.  539 

Laccase, manganese peroxidase, and lignin peroxidase facilitated the degradation and 540 

transformation of humic substances (proposed model shown in Fig. 5) (Negi and Das 541 

2023). These enzymes mainly attack humic substances along three pathways: 1) direct 542 

attack on the side chains by laccases and lignin peroxidase; 2) mediated attack on high 543 
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molecular weight humic substances by free radicals, resulting in the generation of low 544 

molecular weight humic substances; and 3) mediated attack on the low molecular 545 

weight humic substances by free radicals, resulting in their degradation, incorporation, 546 

mineralization, and polymerization. For example, the addition of laccase transformed 547 

humic substances into several small molecular substances, such as fulvic acid, and 548 

humic acid (Lisov et al. 2021; Zahmatkesh et al. 2016). Such humic substances with 549 

small molecular weights can pass through the cell membranes of anaerobes, enhancing 550 

the efficiency of electron transfer capacity and methane yield and eventually relieving 551 

the inhibition of anaerobic digestion processes by humic substances (Huang et al. 2021). 552 

In addition, manganese peroxidase and lignin peroxide can also catalyze the 553 

depolymerization of humic substances into substances with small molecular weights 554 

(Zhang et al. 2022a). However, enzyme activity is influenced by many factors, i.e., 555 

temperature, pH, humic substances concentration, and enzymes are generally expensive, 556 

which limits their application in the real world.  557 

Organisms associated with hydrolysis and methanogenesis may also overcome the 558 

inhibition of humic substances, owing to the production of enzymes or repair of their 559 

membranes. As a result, these microorganisms can tolerate high concentrations of 560 

humic substances and avoid their negative impact on the performance of anaerobic 561 

digestion (Yap et al. 2018). The presence of humic substances in anaerobic digesters 562 

has been found to be positively correlated with organisms belonging to Actinomycetales, 563 

Syntrophobacterales, Pedosphaerales, and Methanosaeta. These organisms may be 564 
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considered a potential candidate for the bioaugmentation of the sludge exposes to humic 565 

substances (Yap et al. 2018). Poszytek et al. (2018) reported that the bioaugmentation 566 

of Ochrobactrum sp. POC9 in secondary sludge, remarkably enhanced the performance 567 

of anaerobic digestion, resulting in a 20% enhancement of methane production. The 568 

effectiveness of the bioaugmentation strategy exposed to high concentrations of humic 569 

substances in anaerobic digestion has not been extensively studied. However, 570 

introducing exogenous anaerobic organisms that are tolerant to humic substances or 571 

have the capability of degrading them, maybe a promising alternative to overcome the 572 

inhibition of anaerobic digestion caused by humic substances, especially when 573 

endogenous organisms cannot adapt to the presence of humic substances. For instance, 574 

Li et al. (2019a) reported a phenomenon where long-term acclimatization of secondary 575 

sludge to the high concentration of humic substances (the ratio of humic substances and 576 

volatile solids was 20%) did not result in the adaptation of the microbial community to 577 

humic substances and therefore did not enhance the performance of anaerobic digestion. 578 

On the contrary, anaerobic digestion efficiency decreased by 74%.  579 

6. Perspective 580 

The presence of humic substances makes the sludge structure denser and more compact, 581 

resulting in fewer organic substances bioavailable for subsequent anaerobic digestion 582 

(He et al. 2016; Xu et al. 2020). Unfortunately, few studies have focused on mitigating 583 

the impact of humic substances on the sludge structure. While extensive studies have 584 
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investigated humic substances removal from wastewater, including adsorption 585 

(Sounthararajah et al. 2015), membrane filtration (Ma et al. 2010), electrochemical 586 

treatment (Shan et al. 2016), and enzymatic treatment (Zahmatkesh et al. 2017), such 587 

methods have limited application in the real world due to their high costs (Zhu et al. 588 

2022). Therefore, more attention should be given to exploring cost-effective methods 589 

of removing humic substances from wastewater before it enters biological treatment 590 

processes in wastewater treatment plants. Additionally, organic substances in secondary 591 

sludge contain biodegradable organic substances and recalcitrant organic matter, but 592 

the degree of hydrolysis is typically evaluated only by the variation of biodegradable 593 

organic substances, while the recalcitrant organic matter is not included (Lu et al. 2020). 594 

Pretreatment has been extensively and effectively adopted to promote anaerobic 595 

digestion efficiency (Li et al. 2016). For example, the humic substances content 596 

changed from 33.3% to 23.1%, from 36.2% to 15.9%, and from 29.4% to 10.5% with 597 

the pretreatment of sodium percarbonate (Wang et al. 2022b), heat-CaO2 (Liu et al. 598 

2019b), and sulfite (Liu et al. 2020), respectively. Therefore, recalcitrant organic matter 599 

variation is also needed as an index to describe the changes in organic substances in 600 

sludge and thus comprehensively and accurately represent the degree of hydrolysis. 601 

The repolymerisation of aromatic moieties in humic substances tends to generate humic 602 

substances with a larger molecular size, more aromatic structures, and oxygen 603 

functional groups, and less biodegradability to anaerobes (Awasthi et al. 2017; Zheng 604 

et al. 2014). Although phenol oxidases play an important role in the repolymerisation 605 
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of humic substances (Nozhevnikova et al. 2019), no relevant research has explored the 606 

reduction of phenol oxidase activity in the anaerobic digestion of sludge to inhibit the 607 

repolymerisation of humic substances. Therefore, more research should investigate the 608 

inhibition of phenol oxidase activity and prevention of humic substances 609 

repolymerisation.  610 

Inconsistent observations regarding the impact of humic substances on each stage of 611 

anaerobic digestion, such as hydrolysis, acidification, and methanogenesis, may be 612 

attributable to the different sources, structures, molecular weights, functional groups, 613 

and concentrations of humic substances across studies (Huang et al. 2021; Liu et al. 614 

2015). Some have reported that humic substances can act as electron acceptors, which 615 

can compete for electrons with methanogens and thus lead to the inhibition of methane 616 

production (Tan et al. 2017). However, humic substances can also act as electron donors 617 

that accelerate electron transfer capacity and enhance methane production (He et al. 618 

2019; Xiao et al. 2019). The role of humic substances as electron donors or acceptors 619 

has been found to depend on the oxygen-containing groups and nitrogen content in 620 

humic substances (Wang et al. 2022a). For example, thermal hydrolysis pretreatment 621 

significantly changed the humic substances structure, i.e., E4/E6 ratio and 622 

carbon/nitrogen ratio in sludge, which augmented methane production by 200% (Huang 623 

et al. 2021). Noteworthy, the promotion effect of humic substances on anaerobic 624 

digestion occurred in the pretreatment of secondary sludge, i.e., thermal hydrolysis, and 625 

with low concentration, i.e., 0.05 g/g volatile solids of humic substances added to 626 
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anaerobic digestion reactors. However, this phenomenon is rare in actual wastewater 627 

treatment plants due to the complex structure of humic substances, i.e., low E4/E6 ratio, 628 

high carbon/nitrogen ratio, and the high concentration (0.2-0.3 g/g volatile solids) of 629 

humic substances in the secondary sludge. Therefore, humic substances present an 630 

inhibitory effect on the efficiency of secondary sludge anaerobic digestion in traditional 631 

wastewater treatment plants. Thus, future studies should aim to enhance the electron-632 

donating capacity of humic substances by altering the ratio of E4/E6 and 633 

carbon/nitrogen. This can help to reduce the binding of humic substances with enzymes 634 

and provide more electrons for methanogens, ultimately leading to improved 635 

performance of anaerobic digestion. Additionally, most previous studies have been 636 

performed in batch experiments (Li et al. 2017b; Li et al. 2019b). Future investigations 637 

are required to better understand the long-term effects of humic substances on the 638 

anaerobic digestion of secondary sludge in larger-scale applications and provide more 639 

crucial information for engineering applications.  640 

Studies have reported several strategies to mitigate the inhibition of anaerobic digestion 641 

by humic substances, such as the removal of humic substances from wastewater, the 642 

pretreatment of secondary sludge before anaerobic digestion, the addition of metal salts, 643 

the addition of enzymes, or the introduction of endogenous and exogenous organisms 644 

(Li et al. 2014). The pretreatment of secondary sludge before anaerobic digestion has 645 

been limited by the high demand for energy, and chemicals. Alternatively, the addition 646 

of metal salts, such as calcium, magnesium, iron, and aluminum, seems to be a plausible 647 
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method to relieve the inhibition of anaerobic digestion by humic substances (Azman et 648 

al. 2015; Li et al. 2021). However, the metal ion addition approach has been mainly 649 

applied at the laboratory scale (Azman et al. 2015). Pilot-scale and full-scale research, 650 

as well as investigations of the ecological impacts of metal ion addition, remain 651 

necessary. Moreover, adding enzymes requires the maintenance of optimal conditions 652 

for enzyme activity. However, in practical application, enzyme activity is often 653 

inhibited due to suboptimal conditions. Furthermore, the high cost of enzymes also 654 

limits their application. On the other hand, the introduction of exogenous anaerobes 655 

with the ability to degrade humic substances could be a promising method to overcome 656 

the inhibition of anaerobic digestion caused by humic substances. This can provide 657 

more substrates for subsequent anaerobic digestion processes, thereby facilitating 658 

anaerobic digestion efficiency. Further research is needed to explore the potential of 659 

this approach and determine the optimal conditions for introducing exogenous 660 

anaerobes into the anaerobic digestion system. 661 

In addition, various metabolic pathways of methane production in anaerobic digestion 662 

have been proposed to involve a range of enzymes and metabolites (Fig. 6) (Liu et al. 663 

2015; Zhang et al. 2020). Enzymes at various concentrations play a crucial role in 664 

methane production but are highly dependent on the microbial community. Microbes 665 

in sludge determine the secretion of relevant enzymes responsible for hydrolysis, 666 

acidification, and methanogenesis (Du et al. 2021; Liu et al. 2022; Liu et al. 2021). 667 

Although several studies have explored the responses of microbial communities to 668 
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diverse stress conditions, such as pH, temperature, salinity, the enrichment of 669 

microorganisms communities varies significantly under different stress conditions. Few 670 

studies have focused on the influence of humic substances on microbial community 671 

evolution and the mechanism of regulation between enzymes and microbes (Tang et al. 672 

2020b). Future studies are thus required to elucidate these phenomena, using molecular 673 

biology approaches combined with omics technology, such as genomics, proteomics, 674 

and transcriptomes to provide new insights regarding the mitigation of the inhibition 675 

effects of humic substances on anaerobic digestion performance. 676 
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 677 

Figure 6. Metabolic pathway of methane production in anaerobic digestion of secondary sludge. Note: GH, Glycoside hydrolase; GT, 678 

Glycosyltransferases; PL, Polysaccharide lyase; CE, Carbohydrate esterase; CoAT, CoA transferase; PTA, phosphotransacetylase; AK, acetate 679 

kinase; PTB, phosphotransacetylase; BK, butyric kinase; ACS, acetyl-coenzyme A synthase; frhA, coenzyme F420 hydrogenase; THMPT, 680 
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tetrahydromethanopterin; fmdA, formyl-MFR dehydrogenase; ftr, formyl-MFR-THMPT formyltransferase; mch, methenyl-THMPT 681 

cyclohydrolase; mtd, 5,10-methylene-THMPY dehydrogenase; mer, methylene-THMPT reductase; ACDS, Acetyl-CoA decarbonylase; hdrA, 682 

heterodisulfide reductase; mcrA, methyl coenzyme reductase; and mtrA, THMPT methyltransferase. Clarifying the relationship between 683 

microorganisms and enzymes involved in the degradation of humic substances during anaerobic digestion processes is beneficial for promoting 684 

the degradation of humic substances.685 
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7. Conclusion 686 

This review comprehensively summarises and presents insights into the effect of humic 687 

substances on the performance of anaerobic digestion on secondary sludge. The key 688 

findings of this review suggest that the presence of humic substances makes secondary 689 

sludge denser and more compact, reducing the number of organic substances 690 

bioavailable to anaerobes for subsequent anaerobic digestion. Moreover, the effect of 691 

humic substances on each step of anaerobic digestion is case-specific and is determined 692 

by several factors, including source, structure, molecular weight, and concentrations of 693 

humic substances. However, in traditional wastewater treatment plants, the presence of 694 

humic substances typically inhibits anaerobic digestion efficiency in traditional 695 

wastewater treatment plants, due to the complex structure and high concentration in the 696 

secondary sludge. Subsequently, the distribution of humic substances in the solid and 697 

liquid phases affects anaerobic digestion efficiency, and the repolymerization of humic 698 

substances during the anaerobic digestion process reduces the bioavailability of organic 699 

substances, resulting in a stronger inhibitory effect on the performance of anaerobic 700 

digestion. Increasing the E4/E6 ratio and decreasing the carbon/nitrogen ratio in the 701 

molecule structure of humic substances can enhance their electron donor capacity and 702 

lead to an improvement in anaerobic digestion efficiency by enhancing the electron 703 

transfer capacity and methane production. Finally, the addition of metal salts and the 704 

introduction of exogenous anaerobes are potentially effective in mitigating the 705 

inhibition of anaerobic digestion caused by humic substances, with the former reducing 706 
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humic substances’ binding ability and the latter improving their degradation.  707 
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