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ABSTRACT 12 

This review investigated the application of anaerobic digestion (AD) as a sustainable solution for managing 13 

waste generated by the leather industry and sludge from the treatment of tannery effluents. The novelty of 14 

this review is the classification and discussion of the application of AD for both sludge and solid tannery 15 

waste, either as mono- or co-digestion with other substrates. The review underscored the potential of AD as a 16 

sustainable management of tannery waste and sludge, highlighting the feasibility of AD application to 17 

address the environmental challenges of the tanning industry. The application of AD represents a promising 18 

perspective in the leather industry, due to the specific nature and the high production volumes of tannery 19 

waste and sludge. The review highlighted the impacts of tannery sludge and waste origin and characteristics 20 

on biogas yields and digestion performance. The review also indicated the limited experience on mono-21 

digestion of tannery sludge and tannery waste, and the key challenges as process instability, the seasonal 22 

variability of feedstock and the potential inhibition due to the presence of heavy metals. Co-digestion with 23 

other substrates was identified as a promising approach to improve efficiency and yields, as well as an 24 

opportunity to stimulate the implementation of AD in the tannery sector. The experiences on AD of tannery 25 

sludge and waste remain largely at laboratory scale, and this can hinder the scale-up of applications. The 26 

review discussed the research which made substantial contributions in this area and examined the treatment 27 

opportunities for a better understanding of the topic. 28 
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1. Introduction 35 

The role of the leather industry is important in the global economy. In 2022, the leather goods market size 36 

was valued at more than two hundred billion dollars, and further growth is expected on a global scale[1]. 37 

Leather is a unique, durable, and flexible material that provides a wide range of consumer goods by 38 

processing the hides and skins of animals, a waste product of the food industry[2]. Nonetheless, the tanning 39 

industry is known to negatively impact the environment mainly due to the large volumes of water demand, 40 

the high quantities of solid, liquid, and gaseous waste production, and the use of various chemicals (e.g., 41 

hexavalent chromium) which are hazardous to humans, ecosystems and the environment. Moreover, the 42 

sustainability of this industry is highly weakened by a significant contribution to deforestation and 43 

greenhouse gas emissions associated with intensive animal farming[3]. In 2023, UNIC, the Italian Tanners' 44 

Association and other Leather Naturally members estimated that for one square meter of leather, about 122 45 

litres of water and 2.46 kilograms of chemicals are consumed. Wastewater results from the wet tanning 46 

phases, the production of steam, the washing and cleaning cycles, and the abatement and cooling systems. 47 

According to their ‘Sustainability Report’, about 1.83 kilograms of waste are produced per square meter of 48 

leather, 22% of which is sent to disposal. The majority of the tanning waste production is represented by 49 

tanning liquids with a value of 37.5%, and about 14.3% is constituted by sludge[4]. 50 

The amount and the chemical composition of tannery sludge and waste are extremely variable: they depend 51 

on the tanning technologies used, the type of processed leather (bovine, ovine, etc), the characteristics of the 52 

tannery wastewater and the sludge management procedures applied at treatment plants. The content of 53 

hazardous organic matter and heavy metals, particularly chromium, is among the primary concerns in sludge 54 

management[5].  55 

Globally, tannery sludge is currently landfilled due to its limited treatment options[6]. The problems caused 56 

by the unsustainable management of tannery sludge and tannery solid waste have repercussions on multiple 57 

aspects, including the environment, public health, and the economy.  58 

Sludge disposal also offers interesting contrasts. Although the tannery sludge is not regarded as hazardous in 59 

industrialised countries, the cost of dewatering and disposal represents about 40% of the operational costs 60 

that treatment plants incur, as compared to only about 5% in India. With more stringent norms for organic 61 

content and recovery of valuable by-products from sludge expected soon, these costs will escalate further. 62 

Sludge dewatering and final disposal account for 28% and 34% of the total cost of wastewater treatment 63 

plants in France and Italy, respectively. With more stringent regulations regarding organic content and the 64 

recovery of valuable by-products, these costs may rise in the future[7]. Tannery sludge can be dried as an 65 

option to reduce the volume for disposal, but this is an energy-intensive process, typically carried out by 66 

using fossil fuels such as natural gas. Drying can lead to risks of sludge self-combustion[8]; therefore, 67 

transport and storage are subject to strict regulations. Landfills are not a sustainable option for tannery waste 68 

and sludge due to the lack of proper sites, the production of unpleasant odours, and the problem of the high 69 

content of organic matter in the tannery sludge[9]. The presence of hazardous chromium ions causes risks of 70 

leaching into soil, freshwater, and groundwater sources; moreover, the potential oxidation of chromium from 71 
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trivalent to hexavalent, Cr (VI), poses environmental and health risks as it is a well-known and very 72 

hazardous pollutant for the ecosystem, and human beings[10,11]; similarly, the accumulation of Cr (III) in 73 

the soil can lead to contamination of the food chain or represent a potential source of Cr (IV) if oxidised in 74 

the environment[12]. 75 

Alternatives to landfilling are considered in the scientific literature in an attempt to identify more sustainable 76 

solutions for the disposal of tannery sludge and waste. Research activities have been focusing on thermo-77 

chemical processes such as incineration, pyrolysis and gasification, on the recovery of chromium, and the 78 

stabilisation of these materials for their use in agriculture or the building industry[12]. 79 

Thermo-chemical treatments of tannery sludges are processes at high temperatures, in air or controlled 80 

atmosphere, thus with the partial or absence of oxygen. The main processes are incineration and combustion, 81 

pyrolysis, and gasification. Incineration and combustion occur in an abundance of oxygen; the difference 82 

between the two lies in whether energy is recovered during the process. The main drawback of these two 83 

processes is the risk of oxidation of trivalent chromium into hexavalent chromium, the potential NOX and 84 

SO2 emissions[13], and the possible leaching of heavy metals and chromium from the ashes[14]. Pyrolysis 85 

and gasification are more complex processes, with the main difference being that pyrolysis occurs in the 86 

absence of oxygen, while gasification takes place with a sub-stoichiometric amount of oxygen. These 87 

processes have great potential since they allow an efficient reduction of the sludge volume, they lower the 88 

emission of hazardous gases, if compared to combustion, and they produce energy as heat or syngas and fuel 89 

as bio-oil. The main drawbacks of these technologies are the high costs of processes, the lack of experience 90 

on large-scale installations applied to sludge, the availability of limited experiences at relatively small scales, 91 

the absence of political drivers or economic incentives for the development of these technologies, and the 92 

potential leaching of heavy metals from residual solid materials, tar, and char[15]. Recovery of chromium is 93 

another alternative for tanning sludge valorisation, but despite being an established technology, its drawbacks 94 

are the intensive chemical demand and the risk of secondary waste production with hazardous 95 

properties[14,16]. Other methods to recover value from tannery sludge are stabilisation in bricks for the 96 

building industry[17], use of sludge as an impermeable membrane filler[18], biological aerobic treatments 97 

for agricultural fertilisers or amendments, and recovery of lipids for biofuel[19].  98 

All these different approaches are currently limited to either the laboratory scale or as pilot trials, and none 99 

represent an established solution for the management of tannery sludge and waste due to several drawbacks. 100 

To illustrate, the agricultural use of most potential products obtained from tanning sludge processing is 101 

highly restricted due to the possible leaching of chromium in the environment and potentially in the food 102 

chain[12]. Incineration can generate hazardous ash and, more importantly, induce the risk of chromium 103 

oxidation from Cr (III) to Cr (VI), which is hazardous to human health[20]. Other techniques, such as 104 

pyrolysis and gasification, are very expensive, and their environmental, social, and economic impact has not 105 

been thoroughly explored[21].  106 

In this context, Anaerobic Digestion (AD) emerges as a biological, eco-compatible, and efficient alternative 107 

for tannery sludge management, allowing not only to obtain added value products, such as biogas, but also to 108 
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mitigate the environmental impacts of this waste by reducing its volume, offering a sustainable solution for 109 

waste management and renewable energy production[22–24]. Through a series of microbial processes, 110 

including hydrolysis, acidogenesis, acetogenesis, and methanogenesis, anaerobic digestion transforms 111 

organic matter into biogas, predominantly composed of methane (CH4) and carbon dioxide (CO2)[25]. In 112 

recent years, there has been a notable surge in attention to the application of anaerobic digestion on tannery 113 

sludge and solid tannery waste, with a growing number of publications dedicated to these research areas 114 

(Figure 1). This raises a necessity for a systematic review to provide a comprehensive overview of the state-115 

of-the-art.  116 

A systematic approach has been applied to the discussion of the main topic: the anaerobic digestion of 117 

tannery sludge and solid waste. The core concepts of the research were identified in the following keywords: 118 

anaerobic digestion, tannery solid waste, and tannery sludge. The considered academic databases are Google 119 

Scholar, Scopus, and ScienceDirect. Figure 1 was built based on the analysis of available documents per 120 

year, referring to the Analyse search results of Scopus (anaerobic digestion AND tannery solid waste, 121 

anaerobic digestion AND tannery sludge) and is presented as cumulative values. 122 

 123 
Figure 1. Cumulative number of publications in the area of anaerobic digestion of tannery sludge and tannery solid waste. 124 

 125 
This work proposes a fresh eye approach to reviewing the current applications of anaerobic digestion to 126 

tannery sludge and tannery solid waste. To the best of our knowledge, only a few publications have currently 127 

reviewed this field, but provided only a broad overview of the options for tannery sludge waste management 128 

and did not include solid tannery waste[12,26]. On the contrary, this review aims to establish the current 129 

knowledge on the application of AD for tannery sludge and solid tannery waste, both in mono- and co-130 

digestion with other substrates. Moreover, this review includes a discussion of the environmental and 131 

economic aspects of AD for tannery waste and a comprehensive analysis of the strengths, weaknesses, 132 

opportunities, and threats (SWOT) of AD for tannery residues to identify the critical bottlenecks and define 133 

the direction of new research in the field. The novelty and contribution to the knowledge of this review are 134 

the classifications of the available classes of tannery waste used in anaerobic processes, the comparison of 135 
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the economic and environmental impacts of the available studies, and the discussion of the potential for 136 

anaerobic digestion as a sustainable management solution for tannery waste and sludge.  137 

 138 

2. Solid waste and sludge production from tanning activities 139 

The production of finished leather results from a complex series of processes that generate significant 140 

amounts of various solid and liquid residues. Leather manufacturing also requires many kinds of chemicals, 141 

which are often discharged in wastewater and then found in sludge.  142 

 The tanning process (Figure 2) starts from the raw animal skin that has been stabilised by preparatory stages 143 

after the slaughtering of the animals[27].  144 

 145 
Figure 2. A schematic overview of the leather production process. Modified from [27]  146 

 147 

Many of the leather manufacturing procedures are defined as ‘wet processes’, requiring water as an input. 148 

Water is necessary in different ways: it acts as a solvent for the hide-chemical reactions, softens the skin, and 149 

removes the residual chemicals. Thus, leather manufacturing is characterised by high water demand, and it 150 

correspondingly generates large volumes of waste. According to the type of tanning technology and the 151 

desired final product, one ton of raw hide consumes approximately 15 to 50 m3 of water, about 500 kg of 152 

chemical products, and about 9.3 to 42 GJ of energy. The outputs of the tanning process include from 200 to 153 

250 kg of finished leather, 15-50 m3 of wastewater, 450 to 730 kg of untanned, tanned, and finished solid 154 

waste, from one to 10 kg of organic solvent emissions, and about 500 kg of sludge with a solid fraction of 155 

almost 40%[28].  For simplicity, the waste residues of the leather manufacturing process can be grouped into 156 

three categories: wastewater, gaseous emissions, and solid waste, which includes sludge. An estimation of 157 

the volume production and composition of the leather industry waste is represented in Figure 3. 158 
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 159 
Figure 3. Liquid, solid, and emissions from finished leather production. Modified[28] 160 

Because of the large quantity of chemicals, water, and the complex physical, biological, chemical, and 161 

mechanical processes involved in producing leather products, the amount of solid waste generated is among 162 

the most critical issues. The solid wastes are typically classified as untanned solid wastes, tanned solid 163 

wastes, and finishing wastes. The untanned solid wastes, as the raw trimmings and fleshings, are generated in 164 

the beam-house and pre-tanning processes. The tanned solid wastes, such as chrome shaving, tanned 165 

trimmings, and unusable splits, come from chrome tanning and re-tanning. The finishing wastes, such as 166 

buffing dust and dyed trimmings, come from finishing operations like conditioning, staking, milling, buffing, 167 

impregnation, coating, and polishing[29]. The primary use of these materials has been in the production of 168 

biomaterials, as it is characterised by high amounts of protein (30–35% collagen) and fat[30]. Despite the 169 

differences between different tanneries and tanning technologies, Table 1 reports the percentage contribution 170 

to the generation of the different solid wastes of leather manufacturing[31]. 171 
Table 1. Percentage contribution of tanning solid waste. Adapted from [31] 172 

Solid waste Kg per ton of raw leather  

Untanned trimming 120-150 

Fleshings 70-230 

Tanned splits 115-140 

Chrome-tanned splitting and 

shaving 

100-120 

Buffing dust 2-5 

Finishing trimmings 30-40 

 173 

In European countries, including Italy and Spain, tannery wastewater and sludge are typically treated in 174 

tannery waste-specialised common effluent wastewater treatment (TCETP). The centralisation of these 175 

infrastructures represents an effective and sustainable way for the proper collection of solid waste and 176 

advanced practice for wastewater treatment practices, ensuring the protection of the environment and 177 

ecosystems, including humans, and respecting environmental legislations and regulations[32].  178 
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Tanning sludge is mainly produced from primary and secondary sedimentation tanks, respectively, after the 179 

physical-chemical and biological wastewater treatments. The primary sludge is mainly composed of 180 

settleable suspended solids that can be either easily degradable as collagen and proteins, or difficult to 181 

degrade, such as fibres and inorganic matter, including metal salts, carbonates, etc. Secondary sludge is 182 

composed of the settleable solids lost in the primary sedimentation and by the substances produced in the 183 

biological treatments (typically an activated sludge plant), including biomass residues, dissolved and 184 

suspended biodegraded matter, and non-biodegraded matter attached to the biomass[5, 30]. The chemical and 185 

physical properties of tannery sludge are determined by the nature of the treated wastewater and the 186 

technologies applied in the treatment plants[23,26]. 187 

Typical tannery sludge treatments aim primarily to reduce the volume, the amount of organic matter, and the 188 

number of disease-causing microorganisms present in the solids. Mainstream technologies and mechanisms 189 

for tannery sludge management are presented in Figure 4. Primary, secondary, and tertiary sludges coming 190 

from the respective wastewater treatment stages are first mixed in a homogenization tank to provide uniform 191 

particle size and chemical composition distribution. The thickening process aims to reduce the sludge 192 

volume by reducing the water content through physical treatments, including settling, flotation, or 193 

centrifugation. Conditioning is either chemical, by dosing inorganic coagulants and/or organic flocculants or 194 

thermal conditioning by heating the sludge under controlled conditions. This process aims to increase both 195 

the particle sedimentation rate and the permeability of the sludge. The stabilisation process aims to reduce 196 

the odour and putrescence of the sludge caused by the decay of organic compounds and to decrease the level 197 

of pathogenic organisms. It can be achieved either chemically, for example, with lime, or biologically with 198 

anaerobic treatments[29, 31]. The final conventional step of the sludge treatment in a common effluent 199 

treatment plant (CETP) is the dewatering process. The dehydration of tanning sludge aims to reduce the 200 

volume and weight of the sludge by partial separation of the liquid component. The process can be carried 201 

out mechanically by filtration or centrifugation, thermally, or in very limited cases, with natural methods of 202 

drying beds. The product thus obtained has a semi-solid consistency, which can reach 90% of solid content. 203 

Any liquids resulting from the dewatering stage are typically recirculated to the head of the wastewater 204 

treatment. The sludge is disposed of in landfills according to the regulations (Figure 4)[29, 31]. 205 
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 206 

Figure 4. Example of tanning sludge treatment in TCETP 207 

It has been estimated that around 90% of the global leather industry adopts trivalent chromium sulphate as a 208 

tanning agent due to its greater effect on the mechanical properties of the final product[33,34]. However, 209 

only approximately 30-40% of the added chromium in the leather processing is discharged, remaining in the 210 

wastewater effluent[23,35]. Primary physicochemical treatments can effectively remove dissolved trivalent 211 

chromium from effluent. Consequently, primary tannery sludge is often rich in precipitated chromium along 212 

with inorganic and organic compounds, classifying it as hazardous waste. The concentration of trivalent 213 

chromium has been measured at approximately 2.5% (w/w)[12] and around 500 mg/kg[36]. In addition to 214 

the organic content and water, which account for approximately 30% and 65%, respectively, tannery sludge 215 

is also rich in other hazardous materials, including sulphides and metals such as Calcium (Ca), Magnesium 216 

(Mg), Nickel (Ni), Zinc (Zn), Iron (Fe)  [26, 34]. These compounds represent key issues for safe disposal and 217 

economical, environmentally friendly management. Despite the previous discussion, proposing a precise 218 

characterisation of tannery sludge is challenging due to numerous systematic bottlenecks:  219 

1. Tannery processes significantly vary based on the final target products and the specific procedures 220 

and chemicals used by the producer.  221 

2. The specific tanning and post-tanning procedures and agents can generally be divided into chrome, 222 

metal, and vegetable-based processes.  223 

3. The parameters and procedures of the wastewater treatment plant are subject to seasonal and annual 224 

fluctuations.  225 

However, different proposed characterisations are reported in Table 2.  226 
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Table 2: Composition of tannery sludge from literature. P = tannery sludge from primary sedimentation, S = tannery sludge from secondary treatments, P&S = 227 

tannery primary and waste activated sludge mixture, TS = tannery sludge 228 

Parameter  [20] [20] [28] [34]  [21] [21] [21]   [21] [41] [42] [43] [44] [45] [58] [62] [62] 

Type P S TS P&S TS TS TS TS TS S S P&S S S P S 

Total solids (%) 70.0 73.7 25-45 27 91 90.3 62.7 84.7  17.9 17.8 6.6  46.5 63.03 27.65 

Organic matter 

(wt%) 

57.7 72.9 40 – 75          36.87    

Volatile solids 

(wt%) 

28.6 24.5 40-75  81.2 65.5 62.2 73.9 63 80.4 70 54.5  79.3 52.4 54.9 

pH    8.2          8.2   

COD (% TS)     94.6 160.6 90.9 90.1  94.7 

g/L 

153    73.8 72.1 

Sulphur (% TS) 2.0 1.4               

Fixed carbon 

(% TS) 

18.0 39.2               

Carbon (% TS) 32.0 40.5               

Organic carbon 

(% TS) 

  21 - 38 42 12  29.4 18.0 3.7 20.4    21.44    

Ammonium (% 

TS) 

  0.1 – 1.6 2.6      262 0.28  0.06    

Organic 

nitrogen (% 

TS) 

  1.3 - 7              

TKN (% TS)    7.3     1079 

mg/L 

   1.42 3.8 0.07 0.07 

Total Nitrogen 

(% TS) 

    1.9 5.0 0.75 0.95  1780* 2880 140-

200 

    

Total 

Phosphorous 

(% TS) 

  0.01 – 0.06 0.38 0.89 0.13 0.14 0.01  74.1*  86.2      
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Sulphate (% 

TS) 

    1.5 1.4 0.64 0.71         

Sulphide (% 

TS) 

    0.05 0.001 0.03 0.006         

Total sulphur 

(% TS) 

  0.7 - 7              

Chromium (III) 

(% TS)  

  0.8 - 5 4.4 <0.01 0.17 0.58 0.16  145 205 268   2.7  

Aluminium (% 

TS) 

  0.1 – 5              

Iron (% TS)    0.6 – 12              

Copper (% TS)    4.1             

Nickel (% TS)    2.4             

Zinc (% TS)    0.109             

Calcium (% 

TS) 

  1 - 15              

*mg/L 229 

 230 

 231 

 232 
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3. AD applied to tannery sludge and tannery waste 233 

Anaerobic digestion (AD) has been proven to be an eco-friendly technology able to deal with tannery 234 

wastes by reducing their volume, preventing, and reducing pollution, meanwhile recovering biogas as a 235 

source of renewable energy. To date, various studies have been conducted for the treatment of tannery 236 

wastewater[37,38] and tannery solid waste[39,40], but relatively less effort has been made for the 237 

application of anaerobic digestion on tannery sludge generated from the treatment of tannery wastewater.   238 

 239 

3.1 Mono-digestion of tannery sludge  240 

When the anaerobic digestion process relies on a single feedstock, it is typically referred to as mono-241 

digestion. While this approach can produce biogas and CH4 for energy recovery, its efficacy heavily relies 242 

on factors such as the organic content of the feedstock, the inoculum-to-substrate (I:S) ratio, and the 243 

potential inhibitory effects of contaminants like chromium, chloride, and sulphate, in the case of tannery 244 

sludge. Various studies have examined the parameters that affect the overall feasibility of the AD process 245 

(Table 3).  246 

An important focus was on the type of tannery sludge and its preparation, and how these aspects influence 247 

AD performance. To illustrate, Akyol and Demirel[41] used three different tannery sludges to measure the 248 

anaerobic digestion efficacy in the production of biogas and CH4 as potential energy sources. The 249 

substrates, obtained from a wastewater treatment plant of a tannery located near Istanbul, Turkey, include 250 

raw sludge cake from the belt filter press unit and seed sludge masses produced in the anaerobic digesters 251 

that treat primary and secondary sludge. The anaerobic digestion was investigated using a mesophilic batch 252 

anaerobic digestion system, focusing on fundamental parameters, such as inoculum-to-substrate (I:S) ratios 253 

and solids content, which were varied to evaluate the maximum biogas and CH4 yields. The highest biogas 254 

and CH4 yields obtained were 172 mL biogas/g VS added, and 89 mL CH4/g VS added within an I:S ratio 255 

of 1:10, and 1:2, respectively. The relatively low biogas and CH4 yields could be attributed to the low 256 

organic content of raw sludge cake. Interestingly, chromium, chloride, and sulphate, traditionally 257 

considered potential inhibitors of the anaerobic process, were not found to influence the anaerobic process 258 

negatively. Similarly, Mpofu et al.[42] provided a low-cost solids reduction and biogas production 259 

alternative for tannery sludge, eliminating the requirement of heating energy, pH correction, and mixing 260 

costs. Fresh sludge was sampled from a secondary clarifier of a South African tannery wastewater 261 

treatment plant, provided by a conventional activated sludge process with the pre-treatment and primary 262 

treatment units. The inoculum was obtained from a laboratory anaerobic batch reactor. At optimum 263 

operating conditions, biogas yields were 200–217 mL biogas/g VS added with about 55% of CH4. 264 

According to the results, the maximum decrease of the concentration of TS, VS and COD was 86.8%, 81%, 265 

and 50.5%,  respectively. The authors further investigate the adjustment of parameters, including the I:S 266 

ratio, adjusted to 4, resulting in a cumulative biogas yield of 150 mL/g VS added, of which 84 mL/g VS 267 

added of CH4, meaning an increase of yield equal to 56%[43]. 268 
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Zupančič and Jemec[44] measured the anaerobic treatment efficiency of Slovenian tannery sludge by 269 

mixing the excess biomass from the wastewater treatment plant and the sludge settled in the primary 270 

sedimentation. The anaerobic digestion efficiency was measured as biochemical CH4 potential assays. The 271 

resulting biogas and CH4 production were respectively at 0.973 m3/kg VS and 0.617 m3/kg VS.  Similarly, 272 

Abbas et al.[45] found that secondary clarifier sludge from Pakistan’s Kasur treatment plant performed 273 

better than primary and lagoon sludges, with cumulative biogas yields of 70 mL from a mixture of 80 274 

grams of tannery sludge and 20 grams of cow dung, as raw weight, over 40 days under mesophilic 275 

conditions at neutral pH. These findings highlight the importance of sludge origin and treatment in 276 

determining biogas productivity. 277 

Another key focus in the literature is related to the optimisation of the operational parameters to maximise 278 

the biogas yields. In this context, Ruiz-Aguilar et al.[46] explored the use of electron acceptors such as 279 

nitrate, iron, and urea in sludge from a Mexican tannery that does not use chromium as a tanning agent, and 280 

they found that nitrate amendments increased biogas production in 25 days. Additionally, reactors with a 281 

carbon-to-nitrogen (C:N) ratio of 6.0 increased biogas production in just 9 days, underscoring the role of 282 

nutrient balance in enhancing digestion efficiency. 283 

Concerns have frequently arisen regarding the inhibitory effects of metals, especially chromium, on the 284 

anaerobic digestion process. Priebe et al.[11] measured the biogas production of activated sludge from a 285 

tannery wastewater treatment plant in southern Brazil and noted that chromium formed highly stable 286 

complexes that resisted microbial hydrolysis. However, their analysis showed no evidence of Cr(VI) 287 

oxidation during digestion, and the process still achieved a maximum cumulative biogas of 405.34 mL/g 288 

VS added, and CH4 yields of 189.42 mL CH₄/g VS added.  289 

Meanwhile, low organic content and unsuitable feedstock composition emerged as challenges in several 290 

studies. For instance, the lack of biogas production in Ijaz et al.’s mono-digestion experiment[47] on pre-291 

tanning waste sludge from Pakistan’s Sialkot district emphasised the need for co-digestion or pre-treatment 292 

to enhance biodegradability. These results highlight the necessity of tackling substrate limitations to 293 

enhance biogas production yields. Another important aspect of this research is the integration of modelling 294 

tools, as shown by Polizzi et al.[48], whose work not only assessed the AD potential of primary sludge but 295 

also offered important insights into kinetic parameters and simulation models. These models act as 296 

powerful instruments for optimising reactor performance and guiding the design and management of 297 

anaerobic digestion systems, thereby enhancing the applicability of the findings to industrial-scale 298 

operations. 299 

 300 
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Table 3. Main anaerobic digestion parameters and results of mono-digestion studies on tannery sludge 301 

TS type Location Inoculum T  

(°C) 

pH RT  

(d) 

RV 

 (mL) 

Biogas yield  

(mL/gVS) 

CH4 yield 

(mL/gVS) 

CH4 concentration  

(%) 

Ref. 

 Raw  
 

Turkey Seed sludge 37 7.4–7.8 47 1000 1 89 
 52 [41] 

Primary 
 

Turkey 
   

     [41] 

Secondary Turkey 
   

     [41] 

 Secondary South 
Africa 

Laboratory 
prepared TS 

2° 

35.5–
37 

6.5-6.6 up to 
105 

500 200–217  
55 

[42] 

Secondary South 
Africa 

Acclimated 
microbial pre-
digested cow 

manure 

35 7.0-8.0 up to 
106 

- 150 84 

56 

[43] 

Mixture of primary 

and secondary  

Slovenia TS 2° 
municipal 
WWTP 

37 7 - 1160 97 61 
63 

[44] 

Secondary  Brazil TS 35 7 86 350 405.34 189.42 48 [11] 

- 
 

Pakistan fresh cow 
dung 

32-35 7.2 - 2500 0 0  [47] 

pre-tanning - 

primary  

Mexico Granular 
sludge from a 

UASB 
digester 
treating 
tequila 

vinasses 

32.5 7 - 6000  260 

 

[48] 

 302 
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From the analysis of the published research, it can be concluded that there is a very low number of studies 303 

that reported the efficiency in biogas and CH4 production by considering mono-anaerobic digestion of 304 

tannery sludge, probably due to the low efficiency or the low and seasonal availability of the substrate. Most 305 

of these studies are focused on chromium-based tanning sludge without considering the possibility of using 306 

tannery sludge coming from different types of tanning processes, such as vegetable and chrome-free 307 

approaches that produce sludge with different properties, including the absence of chromium. Anaerobic 308 

treatments were applied mainly on lab-scale reactors, with scale-up analysis and economic feasibility 309 

assessments either missing or incomplete. However, these studies proved that biogas and CH4 can be 310 

recovered from tannery sludge by mesophilic anaerobic digestion, with a temperature of about 35° C, and a 311 

neutral pH. Acclimated inoculum can help to mitigate the inhibition by NH3, H2S and metal concentrations. 312 

These works contribute to comparing different sources of anaerobic microorganisms that influence the 313 

quality of digestate and the need for prior treatments of substrates containing chromium. This information 314 

can contribute to the development of anaerobic processes of solid waste treatment in tanneries, guiding this 315 

industry in a sustainable and more technological direction in terms of solid waste treatment and disposal. 316 

While globally many AD plants utilise mono-digestion systems, the main drawbacks of mono-digestion 317 

methods are the risk of instability of the bioprocess, the seasonal-based feedstock availability, the potential 318 

inhibition due to the presence of high concentrations of heavy metals, and the low biogas yield. Easily 319 

biodegradable waste can lead to the rapid accumulation of high concentrations of volatile fatty acids (VFA) 320 

in the reactor, inhibiting methanogenic microorganisms. Additionally, high proteinaceous substrates can 321 

generate high concentrations of ammonia (NH3), a potentially toxic compound for the anaerobic 322 

microorganisms, and sulphate-rich sludges can produce hydrogen sulphide (H2S) [34]. Adjusting the pH, 323 

controlling the retention time, feeding the reactor intermittently, adopting micro-aeration, using two-stage 324 

anaerobic systems, or using microbial diversity to maintain high biomass are approaches that can help 325 

address these issues, but they can lead to higher operational costs and complexity[49–51]. 326 

 327 

3.2 Mono-digestion of tannery solid waste 328 

In addition to tannery sludge, other solid wastes are generated by the tanning process, including chrome 329 

shavings, tanned trimmings, and splits, collectively known as leather solid biomass (Table 4). These wastes 330 

have been explored for AD processes despite their intrinsic resistance and stability imparted by the tanning 331 

process, which makes them less suitable for this technology. Despite these challenges, only a few studies 332 

have investigated the feasibility of biogas production from leather solid biomass through AD in mono-333 

digestion; however, contradicting results have been reported. Most research has shown negative results 334 

proving the impracticality of employing these residues for biogas production. For example, Kavan Kumar 335 

and colleagues[52] found that leather fleshings were unsuitable for biogas production through mono-336 

digestion in batches. Similarly, Fernández-Rodríguez et al.[53] reported that despite various pre-treatment 337 

methods, including hydrothermal carbonisation and thermal hydrolysis, no valuable biogas was produced 338 

from chrome-tanned and chromium-free leather shavings, highlighting the recalcitrant nature of these 339 
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materials. On the other hand, a few studies have obtained some biogas production from these residues with 340 

the appropriate inoculum addition. Zupančič and Jemec[44], performing in-batch biochemical CH4 potential 341 

assays with solid tannery waste inoculated with pre-digested sludge, found that trimmings had the best 342 

specific CH4 productivity (SMP) at 37°C with 0.377 m³/kg VSS, while fleshings performed better at 55°C 343 

with an SMP of 0.649 m³/kg VSS.  Moreover, Gomes et al.[54] studied AD under mesophilic conditions in 344 

batch setups, finding that, with a S:I ratio of 1.5, gelatine exhibited the highest biogas formation potential, 345 

with a maximum of 596.2 ± 18.2 L/kg of organic dry matter after around 60 days. This was followed by 346 

extruded shavings (454.8 ± 29.4 L/kg) and untreated shavings (299.1 ± 6.3 L/kg), with extruded off-cuts 347 

showing the lowest yield (203.4 ± 3.5), highlighting the importance of pre-treatment for effective collagen 348 

decomposition and improved performance. In a follow-up study, Gomes et al.[55] compared extrusion and 349 

hydrothermal pre-treatment of chrome shavings, finding that extruded wastes yielded 3.8% higher biogas 350 

(460 mL/g VS) than hydrothermally pre-treated wastes (443 mL/g VS). Priebe et al.[11] tested animal 351 

protein (collagen) at different stages of chemical stabilisation, including untanned (hydrolysed collagen), 352 

tanned with minimal chromium content (hide powder), and wet-blue leather (chrome shavings). With 353 

nutrient solutions to aid microorganisms and three different inocula (sewage sludge, slaughterhouse sludge, 354 

and aerobic sludge), the study found that hide powder produced 399.52 mL of biogas/g VS with aerobic 355 

sludge as inoculum, while chrome shavings produced a maximum of 162.16 mL of biogas/g VS with 356 

slaughterhouse sludge as inoculum. 357 

These studies collectively demonstrate that while it is possible to obtain biogas from leather solid biomass, 358 

the process faces significant difficulties and requires further optimisation. Due to these challenges, 359 

alternative treatments are often preferable, and in the context of anaerobic digestion, co-digestion with other 360 

substrates is recommended to improve efficiency and yield. 361 
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Table 4. Main anaerobic digestion parameters and results of mono-digestion studies on tannery solid waste 362 

Sample type Location Inoculum T  

(°C) 

pH Reactor volume  

(mL) 

Biogas yield 

(mL/gVS) 

CH4 yield 

(mL/gVS) 

CH4 

concentration 

(%) 

Ref. 

Trimmings  Slovenia TS 2° municipal WWTP 37- 

55 

7-7.5 1160 547  

 

377   [44] 

Fleshings Slovenia TS 2° municipal WWTP 37- 

55 

7-7.5 1160 1074 649  [44] 

Hide powder Brazil sewage sludge, slaughterhouse 

sludge, aerobic sludge 

35 7 350 399.52 
 

71.21 [11] 

Chrome 

shavings 

Brazil sewage sludge, slaughterhouse 

sludge, aerobic sludge 

35 7 350 162.16   73.68 [11] 

Gelatin Germany Sludge municipal WWTP 37±2  

 

7-8.5 65  

 

596.2 ± 18.2 

 

 

 

-  [54] 

Shavings  Germany Sludge municipal WWTP 37±2  

 

7-8.5 65  

 

   [54] 

Offcuts Germany Sludge municipal WWTP 37±2  

 

7-8.5 65  

 

   [54] 

Extruded 

shavings   

 

Germany Sludge municipal WWTP 37 ± 2  

 

8-8.5 65 460  Up to 68 [55] 

Chromium 

leather 

shavings 

Germany Sludge municipal WWTP 37 ± 2  

 

8-8.5 65    [55] 

 363 
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3.3 Co-digestion of tannery sludge 364 

Co-digestion, using multiple feedstocks, has the potential to overcome some of the previously mentioned 365 

limitations due to the synergy of co-substrates, allowing for better stability, enhanced digestibility, higher 366 

quality of co-digestate, and yield of biogas produced. Moreover, it can reduce the inhibitory effect of 367 

intermediatory compounds like VFA and free NH3, increasing the conversion rate from acidification to 368 

methanogenesis. The Main anaerobic digestion parameters and results of co-digestion studies are 369 

summarised in Table 5. 370 

 371 

3.3.1 Co-digestion of tannery sludge with slaughterhouse waste and cow dung waste 372 

Slaughterhouse waste and cow dung are among the most common biological wastes linked to the increasing 373 

population and demand for food industry products such as meat, livestock, and poultry. Slaughterhouse 374 

operations produce an important amount of organic waste, which is typically composed of a high content of 375 

suspended solids, liquid, and fat[56]. For example, a bovine slaughterhouse generates solid waste equal to 376 

about 27.5% of the animal's weight. The solid wastes from the slaughterhouses consist of vegetable matter 377 

and animal matter. The by-products are fat, skin, tissue, organs, intestinal contents, bone, and blood, 378 

specifically rumen 80 wt.%, dung/manure 12 wt.%, blood 5 wt.%, and others 3 wt.%[57]. This waste 379 

received little consideration in the biogas-generating process[57]. 380 

Abbas et al.[45] worked on the anaerobic digestion of waste-activated tannery sludge utilising cow dung as a 381 

co-substrate. The efficiency of co-digestion using tannery sludge to cow dung in a ratio of 30:70, and 70:30 382 

was measured to enhance the cumulative biogas production from 70 mL to 208 mL, 481 mL in mesophilic 383 

conditions. Similarly, Vasudevan and Ravindran[58], using recycled biological tannery sludge obtained from 384 

a TCETP in Dindigul, India, reported that a 7:1 sludge-to-cow dung ratio yielded optimal results, including a 385 

CH4 content of 48.8% and a 27.4% volume reduction. The digested slurry also demonstrated potential as 386 

organic manure due to its high nitrogen, P₂O₅, and K₂O content, highlighting an added environmental benefit 387 

of nutrient recycling. 388 

Other studies focused on the optimisation of the operational parameters, including I:S and the influence of 389 

inhibitory compounds. Mpofu et al.[43] demonstrated the feasibility of integrating tannery and 390 

slaughterhouse sludge in anaerobic co-digestion and the importance of the inoculum-to-substrate ratio on 391 

energy yield and biodegradability. The Logistic, Cone and modified Gompertz models were found to 392 

accurately fit the experimental data with an R2 value higher than 99.8%. Co-digestion improved the process 393 

kinetics and performance, particularly achieving CH4 yields of 156% and biodegradability of about 59.4–394 

96.7%; the lag phase was reduced by 59.3%, and the retention time by 53.7%. However, higher I:S ratios 395 

required increased reactor capacity, resulting in higher operational costs. Some years later, Mpofu et al.[59] 396 

focused on the effect of sulphate concentrations in co-digestion systems involving chrome-based ostrich 397 

tannery sludge. They found that lower sulphate content and I:S ratios above 3 maximised methanogenic 398 

activity, reduced dried solids by nearly 49%, and allowed for water and elementary sulphur recovery, 399 

providing both energy and environmental benefits. The recovery of energy from tannery waste has been 400 
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another focal point. Ijaz et al.[47] explored the anaerobic treatment of industrial pre-tanning waste from 401 

Pakistan’s Sialkot district, located in Punjab province, a famous location for leather manufacturing. The 402 

study concludes that with the appropriate pH and temperature (6.8 to 7.5, and 32-35 ºC) and an appropriate 403 

combination of waste and manure, biogas was produced in just 39 to 40 days. The maximum amount of 404 

biogas was measured to be up to 1623 ml/kg when equal proportions of manure and dried sludge were 405 

processed. The results depicted that about 473 ml of biogas was biosynthesised from 1kg of a sample 406 

comprising 25% pre-tanning waste and 75% manure.  407 

Even if globally 90% of the leather makers are still using chrome-based tanning agents, due to the 408 

consolidated culture, better aesthetic quality, and mechanical performance, no studies have studied how the 409 

tannin-based tanning agents affect the anaerobic co-digestion biogas production.  410 

 411 

3.3.2 Co-digestion of tannery sludge and fleshings 412 

Leather fleshings consist of skin residue originating from the removal with sharp blades of the subcutaneous 413 

connective tissue and meat residue adhered to the animal hide during the pre-treatment in tannery industries. 414 

The content of leather fleshings includes various components, including subcutaneous tissue, flesh, and fat; 415 

this last content is about 4–18%, although it varies according to the type of animal, feeding, climate, and 416 

flaying method. Fleshings negatively impact water and soil. However, they are usually recycled in the food 417 

industry, cosmetic industry, agricultural compost, biogas, and biodiesel production[60].   418 

Focusing on the composition and proportion of feedstock, Kanchinadham et al.[61] investigated the effect of 419 

organic load on the anaerobic co-digestion of tannery solid wastes based on fleshings, primary sludge (PS), 420 

and secondary sludge (SS), generated during the treatment of tannery wastewater in a semi-continuous mode. 421 

The reactors were operated for 300 days. The 6 reactors in a semi-continuous mode were fed with different 422 

volatile solids inputs. The VS load of 68 g measured the highest efficiency with biogas generation of 470 423 

mL/g VS added; moreover, the VFA/alkalinity ratio was in the range of 0.206–0.714, and stable conditions. 424 

Similarly, Kameswari’s group[62]  investigated the optimal mix proportions of fleshings (F), primary sludge 425 

(PS), and secondary sludge (SS) from tannery wastewater. A ratio of F:PS:SS = 1.00:2.70:0.30, with a 426 

residence time of 45 days, produced the maximum biogas yield of 385 mL/g VS added.  427 

Further refinement was made to tackle the economic feasibility of the process, addressing the rate-limiting 428 

step of hydrolysis by adding commercial-grade lipase[63]. This resulted in a 15% increase in biogas 429 

generation, a CH4 yield of 0.31 m³/kg VS added, and a reduction in the digestion period from 42 to 29 days. 430 

Notably, these adjustments reduced reactor volume by 30%, offering significant capital and operational cost 431 

savings. Using crude enzymes extracted from biomass would further reduce the operating cost.  432 

Kinetic modelling has proven valuable for understanding and optimising anaerobic digestion processes. 433 

Thangamani et al.[64] used a first-order kinetic model to describe the mesophilic anaerobic co-digestion of 434 

limed fleshings, animal tissue waste obtained in the preparatory stages of leather processing in a tannery and 435 

primary sludge from the tannery effluent treatment plant limed fleshings and primary sludge. Primary sludge, 436 

which acts as a source of various microorganisms required for digestion, was added as a diluent in the ratio 437 
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of 1:1, on a weight basis, to suspend the fleshing solids and to achieve suitable flowability in the feed 438 

mixture. Their batch reactors, operated at different initial VS concentrations and with a retention time (RT) 439 

of 8 weeks, achieved CH4 content ranging from 71% to 77% and specific gas production rates between 440 

0.419 and 0.635 L/g VS added. The first-order kinetic model was found to be an adequate kinetic model to 441 

describe the anaerobic co-digestion. Moreover, the results indicate that the primary constituents of the 442 

volatile solids in the feed mixture are fats and proteins, which suggests that biodegradability is a key 443 

advantage of this type of substrate. In a comparative study, Bayrakdar[65] compared the performances of 444 

single and two-phase mesophilic anaerobic co-digestion using leather flashings and tannery sludge, 445 

consisting of primary and secondary sludge, collected from an industrial zone located in Turkey.  446 

The single-phase system had higher CH4 yields (0.46 m³/kg VS added) but was inhibited by H₂S 447 

accumulation. In contrast, the two-phase system mitigated sulphide-related issues but faced challenges with 448 

hydrolysis reactor foaming, which impacted performance. 449 

The highest efficiency achieved, 47% higher than the control, was in terms of CH4 gas produced after 72 450 

days when the fleshings-to-sludge ratio of the feed mixture was 0.35:1 in terms of total solids. According to 451 

the Gompertz model, CH4 production in the optimised two-phase system was 54% higher than in the control 452 

reactor. In another study, Bayrakdar[66] studied the optimum leather fleshings loading by investigating four 453 

identical batch reactors with different fleshings-tanning sludge ratios (0:1, 0.25:1, 0.35:1, 0.50:1, on a dry 454 

basis) in terms of the contribution of gas production. The results confirmed the boosting in CH4 production 455 

of lipid-containing substrates and the main issues of H2S inhibition and VFA accumulation for what concerns 456 

this co-digestion system. The modified Gompertz model was applied to the batch tests to determine the 457 

kinetic constants: 0.35:1 was found to be an optimum leather fleshings and treatment sludge ratio due to the 458 

enhancement of 54% in CH4 production potential concerning the control test. 459 

 460 

3.3.3 Co-digestion of tannery sludge and shavings 461 

Shavings consist of solid waste from the trimming and leather shaping process. One of the major 462 

environmental and socio-sanitary problems of leather shaving is the presence of chromium. Research for new 463 

sustainable solutions for the management of leather shaving is becoming one of the most important 464 

challenges for the tanning industry[67,68]. 465 

Agustini et al.[69] evaluated the efficiency of the anaerobic co-digestion of chrome-based leather shavings 466 

and the sludge obtained from tannery factories in Brazil and their respective WWTPs located close to Porto 467 

Alegre. Sludge, also used as inoculum, was collected after the final leather processing was made using 468 

chromium salts as a tanning agent. Moreover, the authors evaluate the enhancement of the anaerobic process 469 

efficiency by adding cattle hair waste, which represents another potential waste of the leather industry, 470 

microalgae cultivated in tannery effluent and commercial silicone. The average biogas production for the co-471 

digestion of sludge and leather shavings was 20.9 ml/g VS added. When microalgae, cattle hair, and 472 

commercial silicone were included, the values were 43.3, 19.4, and 18.8 mL/g VS added, respectively. The 473 

CH4 percentages for microalgae and cattle hair were 58.40% and 57.40%, respectively, while the experiment 474 
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with silicone showed a value similar to the control at 59.1%. The same research group[70] also focused on 475 

wet-blue shavings and tannery sludge to measure the effect of the co-substrate ratio on gas production. In this 476 

work, they also evaluated the statistical influence of storage conditions, and they report the collection, 477 

manipulation, and quantification of anaerobic microorganisms. Two different storage conditions of the 478 

sludge were compared: ambient and refrigeration. The two-way ANOVA method was performed to analyse 479 

the two variables considered: sludge storage condition (ambient and refrigerated) and time (from 10 to 110 480 

days, at 10-day intervals). The results suggested that the sludge storage condition did not influence the 481 

amount of biogas but the quality of the produced biogas, such as the amount of CH4. The ambient sludge 482 

storage condition, at room temperature and with contact with atmospheric oxygen, showed higher CH4 483 

production. The authors assumed that the oxygen diffusion into the sludge did not prevent the formation of 484 

anaerobic areas, benefiting the anaerobes, regardless of the temperature variation. The mixed wet-blue 485 

shavings and sludge generated up to 17 mL of biogas and 10 mL of CH4 per mL of residue in the tested 486 

conditions. In 2020, Agustini’s group[71], by using similar co-substrates (chrome-based leather fleshings and 487 

tannery sludge), evaluated the efficiency of the anaerobic process by different microbial compositions. The 488 

highest performance in terms of bioCH4 production was related to the archaeal family Methanosaetaceae 489 

and bacterial order Bacteroidales. After 150 days, they produced 26.1 mL/g VS of biogas with 52% of CH4. 490 

This work aimed to show that the microbial composition and their dominance are effective tools for 491 

manipulation, isolation, and inoculation of the microorganisms inside the bioreactors, and they are strictly 492 

correlated to the maximisation of CH4 production. 493 

In the work of Ijaz et al.[47] fats, shavings, and dried sludge were chosen as co-substrates for mesophilic 494 

anaerobic digestion. The three industries belonged to the Sialkot district, located in Punjab province, famous 495 

for leather manufacturing. Sludge was collected from the existing pre-tanning waste. The study concludes 496 

that if pH and temperature are maintained respectively at 6.8 to 7.5 and 32-35 ºC, an appropriate combination 497 

of waste from tanneries along with manure can produce biogas in just 39 to 40 days. The maximum amount 498 

of biogas was measured to be up to 1623 ml/kg when equal proportions of manure and dried sludge were 499 

processed. The results depicted that about 473 ml of biogas was biosynthesised from 1kg of a sample 500 

comprising 25% pre-tanning waste and 75% manure.  501 

Even if globally 90% of the leather makers are still using chrome-based tanning agents, due to the 502 

consolidated culture, better aesthetic quality and mechanical performance, few studies have studied how the 503 

tannin-based tanning agents affect the anaerobic co-digestion biogas production. Specifically, chromium and 504 

vegetable tannins are considered the main tanning agents used in leather manufacturing, but their presence 505 

can represent an inhibition for anaerobic digestion.  506 

Moreover, Agustini et al.[72] studied the influence of the tanning agent in the co-digestion of leather 507 

shavings mixed with sludge. This work's novelty lies in comparing biogas and CH4 production with and 508 

without a tanning agent, as well as examining the influence of the tanning agent under varying organic loads 509 

and waste recalcitrance. Specifically, a low concentration of chromium in sludge and shavings is more 510 

suitable for anaerobic digestion gas production with respect to its absence: chromium content enhanced 511 
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about 3 times the biogas production with a CH4 content of about 55%. On the other hand, high 512 

concentrations of vegetable tannin (in shavings) produced 70% less CH4 than the control experiments 513 

performed without tannins. The presence of chromium showed a high reduction of organic matter and a great 514 

increase of inorganic matter; the chromium was proven to be significantly suitable for anaerobic digestion 515 

until the initial concentration of 7.6 mg/L of chromium in sludge and 16.4 mg/L of chromium in shaving, 516 

confirming that the concentrations of chromium in the residues were not inhibitory. The vegetable tannin 517 

acted as an inhibitory substance; the majority of the residue underwent hydrolysis, and only a small part was 518 

mineralised to CH4, increasing organic matter. The same research group[73] investigated in an orthogonal 519 

array the efficiency of mixtures of solid wastes from tanneries containing chromium and vegetable tannins, 520 

and they also evaluated how organic and inorganic load can influence anaerobic digestion. The co-substrates, 521 

leather shavings, were obtained from two factories, one using a tannin-based and the other a chrome-based 522 

tanning agent and sludge coming from the respective WWTP located near Porto Alegre, Brazil. The biogas 523 

and CH4 productivity in terms of VSS was assessed. On average, the chromium-containing sludge assays 524 

generated 19.6 ml of biogas/g VSS added and 8.15 ml of CH4/gVS added, 4.8% VS reduction, 60.4% BOD5 525 

reduction, 55% TOC reduction, 67% IC increase and 54.6% TN increase. Moreover, they showed a great 526 

mineralisation of the residue concerning tannin-based experiments, which also proved to be toxic. Different 527 

from sludge, the origin of shavings was not significant in any parameter, but this probably led to the small 528 

concentration of residues in the assays.  529 

 530 

 531 
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Table 5. Main anaerobic digestion parameters and results of co-digestion studies. P = tannery sludge from primary sedimentation, S = tannery sludge from secondary treatments, P&S = tannery 532 
primary and waste activated sludge mixture, TS = tannery sludge 533 

TS type Co-substrate Reactor (mL) T  (°C) TS to co-sub. ratio Biogas  CH4 (%) Ref. 
S  Cow 

 dung 
1000-buchner flasks 25-37 30:70 208 mL/80g mass (40 days) - [45] 

TS lagoon Cow 
 dung 

1000-buchner flasks 25-37 70:30 481 mL/80g mass (40 days) - [45] 

TS cow  
dung 

150-batch digester - 7:1 78.45 mV/sec (32 g mass, 24 
days) 

48.8 [58] 

P&S slaughter 500-borosilicate reactors 37 50:50 431 mL/gTVS 49.9 [43] 
TS manure 2500- borosilicate bottles  32-35 50:50 1623 mL/kg mass  [47] 
P&S fleshings 5000/10000 -borosilicate reactors 28 PS:SS:F = 2.7:0.3:1 470  mL/gVSadd  70.0 

 
[61] 

P&S  fleshings - - PS:SS:F = 2.7:0.3:1 385 mL/gVSadd 69.9  [62] 

P&S fleshings 650-glass bottles - VS (PS:SS:F) = 
4.5g.:0.5g:2.5g  
 

448 mL/gVSadd 0.31* [63] 

P Lime fleshings serum bottles - PS:LF =1:1 635 mL/gVSadd 72-77 [64] 
TS fleshings 5000-glass digesters 36 F:TS 0.35:1 - 71 [65] 
P&S fleshings 

 
1100-batch reactors 36 F:TS 0.35:1   20.88** [66]  

TS shavings 300-bench-scale 
bioreactors 

35 TS:SHA 25:1  19.4 mL/gVS (daily) 76.8 [69] 

S Wet-blue shavings 350-bench-scale 
bioreactors 

35 AS:SHA  
25:1 

17 mL/mVS 
 

58.8 [70] 

TS shavings 300- bench-scale bioreactors 35 TS:SHA 25:1 26.1 mL/gVSS  (150 days) 52  (150 days) [71] 
TS 
beam house  

Pickled 
shavings 

300- bench-scale bioreactors 35 TS:SHA 25:1 
 

0.8 mL/gVSSadd 38.83 [72] 

TS Chrome  
Cr-shavings 

 
300- bench-scale bioreactors 

 
35 

 
TS:SHA 25:1 

10.96 mL/gVSSadd 63.86  
[73] TS 

beam house  
6.46 mL/gVSSadd 61.47 

TS Chrome Cr-shavings 
Vegetable shavings 

15.01 mL/gVSSadd 57.22 
TS 
beam house  

0.01 mL/gVSSadd 1.58 

TS Chrome Vegetable shavings 
shavings vegetable 
tanning 

8.27 mL/gVSSadd 57.57 
TS vegetable tanning - 1.0 

TS Chrome tanning shavings vegetable 
tanning 

    54.5 
 

TS vegetable tanning shavings Chrome 
tanning 

 23.6 

TS Chrome tanning shavings Chrome 
tanning 

 61.8 

*m3/kgVSSadd, **mL/gVS 534 
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4. Feasibility of tannery sludge co-digestion in pilot or semi-pilot scales 535 

In tannery wastewater treatment plants, sludge management accounts for nearly 30-40% of the overall 536 

budget and 50-55% of the process and maintenance costs of tannery wastewater treatment plants[40]. Energy 537 

costs in the tanneries' effluent treatment plants can account for up to 60% of the total[7]. Tanning sludge 538 

anaerobic co-digestion proved to be an effective way to not only digest waste efficiently, reducing its 539 

volumes, and produce valuable material (VFAs), but also a good method to produce renewable thermal or 540 

electrical energy, significantly decreasing carbon emissions and producing biogas or CH4. However, landfills 541 

or incineration are still the main techniques for disposing of sludge and waste. The anaerobic digestion 542 

process can provide a solution to the growing problem of waste management and energy demand. On the 543 

other hand, the feasibility of an anaerobic digestion plant for the mixture of various types of tanning waste is 544 

a bottleneck from an economic and political point of view, and more research on development from lab-scale 545 

to pilot or full-scale is needed to address these issues. 546 

The inoculum-to-substrate ratio, which can be translated into an organic load for reactors, represents a key 547 

factor that affects not only the stability of the feed substrate and the methanogenic capacity but also the 548 

economic feasibility in terms of the performance of the overall anaerobic process. Thus, the I:S ratio is a 549 

fundamental parameter that influences the anaerobic process in terms of operating costs. Kameswari et 550 

al.[74] further studied the optimisation of the I:S on the performance of co-digestion of fleshings along with 551 

primary and secondary sludge generated in Chennai, India, during the treatment of tannery wastewater. The 552 

economic significance of the I:S ratio as related to the volume of the anaerobic digester and the potential 553 

benefit of bioenergy generated is further discussed. Input substrate of 7.5 g on a dry weight basis was 554 

composed of 2.5 g VS from fleshings, 4.5 g VS from the primary sludge, and 0.5 g VS from the secondary 555 

sludge, with a C:N ratio of 6.0 in all the reactors. An increase in biogas production was measured from 1087  556 

to 2933  for I:S ratios equal to 0.25, 0.50, 0.67, 1.0, 1.5, 2.00, and 2.30. The increase of I:S from 1.0 to 2.3 557 

led to 1.5–2.12%. A higher load of inoculum has no significant influence, furthermore leading to an increase 558 

in digester volume and thus economic costs. Beyond the optimum ratio of 1.0 resulted in an additional 559 

volume of 33, 67, and 87%, respectively, required for I:S ratios of 1.50, 2.0, and 2.30, and the net 560 

incremental benefit in terms of bio-energy generation is 1.57, 2.09, and 2.09% only. Below 1.0, for I:S equal 561 

to 0.667, 0.5, and 0.25, the reduction in reactor volume is 22, 33, and 50%, and the decrement in terms of 562 

bio-energy generation is 50.7, 53.8, and 62.1%. Hence, optimisation of the I/S ratio is not only beneficial for 563 

arriving at the reactor volume but also for maximising the benefits of bio-energy generation. However, it is 564 

worth mentioning that the I:S is mainly for lab-scale tests and not very relevant for full-scale plants unless 565 

we look at the organic loading rate of the reactor. 566 

Another fundamental parameter is the nutrient availability for the digestion process. Simioni et al.[75] 567 

optimised the nutrient solution to enhance the efficiency of the leather shavings and sludge co-digestion. The 568 

results obtained by the optimisation of the nutrient solution composition and ratio were a reduction of 71% 569 

and 35% in electric and thermal energy consumption, proving the competitiveness of co-anaerobic digestion 570 
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against landfill disposal, suggesting the importance of nutrient composition, and proposing a future 571 

perspective in the utilisation of waste or other residues as a source.  572 

Overall, the final aim is to upgrade the AD process from a laboratory to a pilot or a full-scale setup; this 573 

plays a central role in refining and optimising processes, technologies, and treatment methods. 574 

Arumugam[76] studied the anaerobic co-digestion of limed fleshings, solid waste and sludge coming from 575 

the effluent treatment in a two-phase digester on a semi-pilot scale. The two-phase system comprised two 576 

separate reactors for the acidogenic phase and methanogenic phase, which were continuously stirred tank-577 

type reactors in series (CSTR), with a total volume of 4 and 10L, respectively. The two-phase process of the 578 

digestion system has been modelled using the adaptive neuro-fuzzy inference system (ANFIS) with HRT, pH 579 

and organic loading rate (OLR) as input parameters and cumulative gas production as output parameters. The 580 

acidogenic phase reactor was fed with a mixture of tannery solid and sludge wastes in the ratio of 1:1 by 581 

weight. The average cumulative CH4 production rate was 0.31 m3 CH4/kg VS fed and 0.15 m3 CH4/kg VS 582 

added. Furthermore, Agustini et al.[77] focused on the scale-up, economic, and energetic evaluation of the 583 

co-digestion of mixtures of shavings and sludge from tanneries in laboratory and semi-pilot scales. A linear 584 

consistency appeared in cumulative biogas and CH4 production with a doubled biodegradation rate to a five-585 

fold volume of treated waste. The reduction of TOC, electric, and thermal consumption of 70%, 6.8%, and 586 

1.6% highlighted the environmental and economic benefits in terms of disposal and cost savings. Other 587 

authors focused on the simulation of the possible energy saving or biogas production of a full-scale setup, 588 

basing their calculations on average daily waste production in specific locations. 589 

Kameswari et al.[78] presented a study on the economic effect of substrate ratios on the tannery waste co-590 

digestion experiments using fleshings from an Indian tannery industry and the primary and secondary sludge 591 

generated during the treatment of tannery wastewater. Results showed that the average biogas generation 592 

with a mixed proportion of fleshings, primary and secondary sludge of 1.00:2.70:0.30 was 385 /g of VS. 593 

Based on the experiments, the total biogas generation per year was estimated at 24.92*106 m3, equivalent to 594 

17.44 * 106 m3 of CH4 per year with a total processing capacity of 700,000 tons per year, corresponding to 595 

the average value for Indian tanneries. In addition, for total leather processed in India, bioenergy production 596 

and greenhouse gas emission reductions were estimated at 52.15 * 106 kWh per year and 0.3 * 106 tons of 597 

CO2-eq per year, respectively. The research revealed the significant potential for the Indian tanning industry 598 

to gain advantages from utilising bioenergy and carbon credits within the clean development framework 599 

mechanism. In the study of Zupančič and Jemec[44], the co-digestion waste composition included waste 600 

fleshings, skin trimmings, and sludge. Waste fleshings were predominated by lipid content, containing 90–601 

92% of fat and up to 7% protein, and nitrogen content was 1.0–1.3% of dry matter. Skin trimmings contain 602 

protein (70–80%) and up to 20% fat in dry matter, with a total nitrogen content of about 10–12% of dry 603 

matter. The research highlighted the efficiency of two techniques: conventional semi-continuous and, more 604 

recently, Anaerobic Sequencing Batch Reactors (ASBR). The sterilised and hydrolysed tannery waste was 605 

composed of 50% waste sludge, 40% waste fleshings, and 10% skin trimmings (percentages are relative to 606 

VS). The study calculated the possible amount of biogas-CH4 produced and the sizes of full-scale, based on 607 
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average daily waste production in the local Slovenian tannery. The local tannery was a medium-sized plant 608 

with an annual production of approximately 5,000 tonnes of leather, a water consumption of 300,000 m3 per 609 

year, and a wastewater treatment plant of 70,000 PE (population equivalents) in size. In the semi-continuous 610 

experiment, the total CH4 production was found to be 980,000 m3/year with a digester size of 1700 m3 and 611 

VS output of 705 tons per year. In the ASBR experiment, the maximum CH4 production per year was 612 

1,120,000m3 with a digester size of 2,100 m3, an exchange volume of 32%, and a VS output of 444 tons per 613 

year. It was observed that although the ASBR process yields better results in biogas production and VS 614 

removal, it far exceeds the reactor volume commonly used in the conventional process. The authors 615 

suggested the consideration of other properties, including additional buffer tanks, biogas yield, and 616 

efficiency, to implement the process and calculate the economic benefits. However, the anaerobic digestion 617 

of selected substrates was possible at 268 mg/L of chromium (VI) and 2650 mg/L of sodium, making tannery 618 

wastes suitable for biogas production.  619 

 620 

5. Methods to enhance the efficiency of tannery sludge and tannery waste digestion 621 

Anaerobic digestion of tannery sludge, along with co-digestion of other tannery waste such as fleshings, 622 

shaving, or slaughterhouse waste that belongs to the same manufacturing chain, has proven to be an efficient, 623 

effective and environmentally sustainable remediation technique as well as a method for renewable energy 624 

production. However, the main technical bottleneck of this process is the presence of complex floc 625 

structures, hard cell walls, and large amounts of molecular organic matter in the sludge, which may hinder 626 

the hydrolysis step[79]. Consequently, researchers have tried to overcome these issues by applying different 627 

kinds of pre-treatment to sludge-based anaerobic digestion. In general, effective pre-treatment techniques are 628 

focused on the acceleration of the sludge solubilisation to enhance the biodegradation degree of the organic 629 

content, especially during hydrolysis. The pre-treatments can be divided into physical, mechanical, chemical, 630 

thermal, and biological. Table 6 reports some examples of sludge pre-treatment for the enhancement of 631 

substrate solubilisation, reduction of HRT, and enhanced anaerobic digestion performance. 632 
Table 6. Pre-treatments for enhanced anaerobic digestion 633 

Type Pre-
treatments Advantages Disadvantages Ref. 

Physical 

Ultrasonication 
Enhanced efficiency of CH4 yield; 

acceleration of the process, enhanced 
microbial diversity 

Increase energy consumption, operational 
cost, and higher complexity of the process [80] 

High-pressure 
homogenizatio

n 

Enhanced solubilisation compared to  
chemical treatments, higher CH4 yield, 

reduced odours, reduced digester 
volume  

Lower sludge dewaterability, operational 
cost, and complexity of the process [81] 

Microwave 
irradiation 

Evolving technology, thermal and non-
thermal effects, and industrial 

feasibility 

Unrevealed mechanism, possible issues of 
economic feasibility [82] 

Electro-kinetics 
disintegration 

Increased CH4 yield by enhancing the 
solubility of organic matter and 

solubilisation of complex organic 
molecules; decreased dewatering 

period, enhanced stability of digested 
sludge and oxidation of the aliphatic 

structures 

Increased energy consumption, operational 
cost, and higher complexity of the process [83] 

Ball milling 

Improved properties of the digestive 
slurry, shortened lag phase and 

increased CH4 yield, reduced stirring 
consumption 

Decreased simplicity of the process [84] 

https://doi.org/10.1016/j.watres.2014.08.045
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Thermal 

Low-
temperature 

pre-treatment 
Low input, simplicity, energy saving 

Inefficient for the destruction of recalcitrant 
matter in biomass, unclear mechanism, and 
higher release of Cr in the liquid fraction 

[85,86]  

High-
temperature 

pre-treatment 
Effective on specific biomass Energy cost to be evaluated [87] 

Freeze-Thaw 
pre-treatment Shortened lag phase  No significant improvement in CH4 yield [88] 

Chemical 

Alkali pre-
treatment 

Significant increase in COD and CH4 
yield 

Increase in chemical use, decrease in the 
simplicity of the process [89] 

Acids pre-
treatment 

Improved biogas production, promoted 
disintegration and solubilisation of 

sludge (proteins), and enrichment of 
functional microorganisms 

Increase in chemical use, decrease in the 
simplicity of the process [90] 

Oxidation pre-
treatment 

Mesophilic condition, higher CH4 
production and yield, cellulose and 
hemicelluloses converted at a high 

percentage 

Increase in chemical use, decrease in the 
simplicity of the process [91] 

Biochemic
al 

Enzyme-
assisted pre-
treatment, 

anaerobic or 
aerobic  pre-

treatment 

Increase in CH4 yield and production Decrease the simplicity of the process and 
higher the operational cost [92] 

 634 
 635 

Kameswari et al.[93] presented the effects of various pre-treatment processes separately in primary and 636 

secondary tannery wastewater sludge. They evaluated the effect of ozonisation, sonication, hydrogen 637 

peroxide, alkaline, and alkaline thermal treatment to enhance the soluble chemical oxygen demand as 638 

parameters for higher anaerobic process efficiency. The results were expressed in terms of the enhancement 639 

of the soluble-to-total COD ratio of primary and secondary sludge as parameters of hydrolysis performance. 640 

For ozonisation pre-treatment from 15 minutes of processing time, the ratio of SCOD to TCOD was 641 

increased by 233% for primary sludge and for 5 minutes of processing time by 280% for secondary sludge. 642 

The ratio was higher in the case of secondary sludge due to the extracellular polymeric substances. For 643 

sonication pre-treatment, a processing time of 2 minutes increased by 166% for primary sludge, and with a 644 

processing time of 1 minute by 200% for secondary sludge. The pre-treatment with hydrogen peroxide for 645 

primary sludge with a dosage of 0.06 grams of H2O2 per gram of total solids was found to increase the 646 

soluble-to-total COD by 43.5% for primary sludge, and a dosage of 0.3 g H2O2/g total solids increased the 647 

ratio of secondary sludge by 29.6%. During the alkaline pre-treatment, in which the pH was measured at a 648 

value of 11 with the addition of sodium hydroxide, the ratio was increased respectively for primary and 649 

secondary sludge by 133% and 160%; by alkaline thermal pre-treatment, the respective ratio was further 650 

enhanced by 200% and 260%, respectively. The order of effectiveness of the considered pre-treatments is: 651 

ozonation > alkaline thermal treatment > sonication. From a sustainable point of view, it was also highlighted 652 

that the alkaline thermal treatment requires pH adjustment, chemical addition, and heating energy of the 653 

sludge, while ozonation and sonication do not. It was finally concluded that ozonation and sonication are the 654 

best options for the pre-treatment.  655 

Vineetha Antony[94] aimed to reduce the organic fraction of tannery primary sludge, which is considered 656 

hazardous waste in India, by focusing their research on enhancing the hydrolysis rate of the sludge during 657 

anaerobic digestion. Various pre-treatments have been applied and compared, including autoclaving, thermal 658 

treatment, alkali treatment, and biological sulphate reduction. The primary tannery sludge was collected from 659 
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CETP and was characterised by high levels of chromium and organic content, making it unsuitable for 660 

disposal in secured landfills. In the control test, anaerobic digestion of the tannery primary sludge at 10% 661 

was conducted with no pre-treatment. Solids concentration gave the following results: 30.8% of soluble 662 

COD removal and 31.2% of volatile suspended solids (VSS) removal in 61 days of non-mixing conditions. 663 

The thermal pre-treatment was found to be the best: at a temperature of 170°C, for 60 minutes, anaerobic 664 

digestion was enhanced respectively by 46.4% and 48.7%, as soluble COD and VSS removals in 35 days. A 665 

further increase in the performance was measured with a pH value equal to 8 and a feed COD/VSS ratio 666 

equal to 1.5, further enhancing the thermal pre-treated anaerobic sludge digestion to the extent of 667 

approximately 50% removal of both SCOD and VSS within 28 days. Biological treatment with sulphate 668 

reduction, by the addition of Na2SO4, achieved the maximum VSS removal by 54.4% in 35 days, but no CH4 669 

was produced due to the presence of sulphide as an inhibition substance. The results of this investigation are 670 

helpful for the design of a pilot-scale study offering an alternative to landfill disposal of the sludge and 671 

increasing the landfill's lifespan. The effect of thermal pre-treatment for the enhancement of anaerobic 672 

process efficiency was also studied by Zhai et al.[95], promoting VFA accumulation using waste tannery 673 

sludge collected in Hebei, China. A dual strategy was proposed to improve the resource utilisation efficiency 674 

of tannery sludge. The elemental content of C, N, O, H, and S of the samples was: for the sludge supernatant 675 

(SST) 27.63%, 3.45%, no oxygen was found, 3.59%, 8.43%, respectively; for sludge solid (SS) 10.91%, 676 

0.29%, 38.82%, 1.69%, 0.46%, respectively. Sludge supernatant contains 69.6 mg/L soluble polysaccharide, 677 

1143.3 mg/L soluble protein, 72.2 NH3-N mg/L, total phosphorus equal to 4.6 mg/L, soluble COD 4049.8 678 

mg/L, and an alkaline pH equal to 13.5. The results in terms of VFA and acetic acid per gram of soluble 679 

COD were measured and performed in thermophilic conditions, 50°C. Hydrogen peroxide is a well-known 680 

oxidising agent, significantly stronger than molecular oxygen and able to act on organic compounds directly 681 

or indirectly through OH free radicals produced by the breakdown of the oxygen–oxygen single bond. 682 

Microwave (MW) irradiation is a thermal pre-treatment characterised by rapid uniform heating and energy 683 

efficiency compared to the more costly traditional heating alternatives. Tuci et al.[96] provided a viable 684 

alternative to the wasteful disposal of tannery sludge in landfills using anaerobic digestion with a 685 

combination of pre-treatments. The efficiency of the anaerobic process was evaluated in terms of short-chain 686 

fatty acids (SCFA) production in the acidogenic fermentation step. SCFAs are products of great commercial 687 

interest, as they can be utilised in many industrial applications, including chemical, cosmetics, food, 688 

agricultural, and petrochemical industries, and many others[97]. The novelty of the work lies in the study of 689 

the effects of temperature, pH, total solids concentration, and the combined MW-H2O2 pre-treatment. The 690 

results of the batch tests revealed that under both mesophilic and thermophilic conditions, the combined pre-691 

treatment yielded comparable results. The production of SCFAs in the mesophilic and thermophilic tests 692 

reached maximum values of 16,800–17,700 mg of SCFA-associated COD per litre in about two weeks, and 693 

23,700–26,200 mg/L in three weeks, respectively. Lower performance was observed in control tests without 694 

pre-treatment, and no significant effect was linked to the varying initial volatile solids  695 
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The studies on biogas production for both tannery sludge and tannery waste are performed in either 696 

mesophilic or thermophilic conditions[98], with temperatures in the typical ranges applied in AD (30-37 ⁰C 697 

or 50-55 ⁰C), and there is limited experience on the performance at psychrophilic conditions[42]. Fernández-698 

Rodríguez et al.[53] investigated the possibility of exploiting thermophilic conditions to improve the 699 

solubility of collagen-based polymers present in tanning waste that are recalcitrant to biological degradation. 700 

The results showed that thermophilic digestion conditions achieved a high level of solubilisation of organic 701 

matter in tannery waste, leading to biogas production potentials comparable to those obtained at mesophilic 702 

conditions but with the substrate pre-treated with a thermochemical hydrolysis step[53]. These results 703 

indicate the potential of thermophilic digestion as an effective treatment to enhance the value recovery from 704 

tannery waste and sludge and suggest the need for further investigations.  705 

 706 

6. Strengths, weaknesses, opportunities and threats of anaerobic digestion of tannery sludge and 707 

waste 708 

The anaerobic digestion of tannery waste and sludge is a potential candidate for delivering sustainable 709 

management of these residues from the leather industry and the related tannery waste and wastewater 710 

management sectors. The main strengths of the AD of tannery residues are represented by the large scientific 711 

and technical knowledge of the bioprocess and the diffused application of this technology to various types of 712 

substrates. The knowledge and experiences on AD can support the technological development still necessary 713 

to implement digestion plants in the tanning industry. Similarly, experiences in the management of substrates 714 

with similar characteristics (e.g., sewage sludge, slaughterhouse waste, agri-food industry) can provide 715 

solutions to overcome the challenges due to the intrinsic characteristics of tannery sludge. Another strength is 716 

the availability of AD reactor solutions at various scales. This supports the possibility of implementing AD 717 

technologies of various scales and meeting the specific requirements of the local tanning industry or waste 718 

management company.  719 

Whilst the general knowledge on AD, the direct application to tannery waste and sludge remains mainly 720 

limited to laboratory or pilot scale are weakness for the sector. This lack of experience at full scale can limit 721 

confidence in investing in the technology, as finding solutions to unexpected problems might be too risky. 722 

Similarly, tannery sludge and waste are complex substrates that are subject to change due to seasonality in 723 

the production of leather and various treatments at the wastewater treatment site.  724 

However, literature examples illustrate the ongoing efforts to translate the benefits of AD from research 725 

settings to practical applications within the tannery industry, demonstrating the feasibility of the process. The 726 

implementation of AD technology and its potential scaling up for tannery solid wastes has been investigated. 727 

In the study, a linear consistency in the scale-up of biogas production indicated the feasibility of transitioning 728 

from laboratory findings to industrial applications, with the potential for significant cost savings in energy 729 

consumption and waste disposal[99]. Additionally, a research project focused on a dynamic AD process plant 730 

for leather shavings was conducted on a semi-technical scale, representing a step towards the industrial 731 

implementation of AD for this specific waste stream[100]. 732 
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Another area of research aimed at enhancing the recovery of value from tannery sludge and waste via AD is 733 

the manipulation of the microbial communities active in the biological process[101]. The potential of this 734 

approach is to augment the capability of the microbial communities to overcome inhibitory conditions like 735 

elevated concentrations of ammonia, sulphur compounds or chromium, or to increase the biodegradability of 736 

the substrates[102]. Despite this potential, research on microbiological approaches for tannery sludge and 737 

waste AD remains limited[70,71] and needs more attention in the future. 738 

The management of digestate from AD of tannery sludge and waste also remains an aspect that can hinder 739 

the implementation of this treatment solution. Whilst digestate from the co-digestion of tannery waste and 740 

sludge was suggested for direct application in soils as a substitute for mineral fertiliser[103], the chemical 741 

composition and presence of metals can limit the exploitation of this route due to legislative constraints [34]. 742 

The large use of chromium as a tanning agent can affect not only the biological process but also the quality 743 

of the final digestate, requiring the need for co-digestion or mixing with other substrates to achieve 744 

concentrations below inhibitory or regulatory levels. In addition, the Cr-rich digestate (as effluent from AD) 745 

could still represent a material whose final destination is the landfill [34]. Managing chromium in the 746 

digestate from anaerobic digestion of tannery waste is necessary due to its potential environmental risks. 747 

Implementing chrome-free tanning processes can preferentially eliminate the substance from the waste 748 

stream and consequently from the digestate[104]. On the other hand, chromium recovery technologies 749 

directly applicable to tanneries can be adopted to recover unused chromium from wastewater and reuse it in 750 

the tanning process. Alkaline thermal hydrolysis is a potential method that allows for the recovery of 751 

chromium, which can then be reused, aligning with circular economy principles and preventing 752 

contamination[105]. Alternatively, pre-treatment can be applied for chromium removal to reduce its 753 

concentration in the digestate: chemical precipitation using agents like lime[106]; chelating agents[107] or 754 

advanced materials such as magnesium oxide nanoparticles to remove chromium from tannery wastewater 755 

by adsorption and precipitation[108]. Finally, de-chroming of the solid tannery waste can be applied before 756 

or even after anaerobic digestion using mild phosphoric acid hydrolysis[67]. As well as chromium, managing 757 

the sulphur during AD application on tannery waste is essential to prevent inhibition of the process and 758 

ensure a safe digestate. In literature, some strategies have been proposed: pre-treatment of the tannery 759 

wastewater by desulfurization technologies[109], sulphide removal by air or oxidant[110], or 760 

coagulation[111]. Alternatively, the optimisation of AD conditions, including the management of sulphate 761 

concentration, the pH, the Organic Loading Rate (OLR), and the inoculum-to-substrate ratio (ISR), may be 762 

an advantageous method to maintain the sulphate concentration below the inhibitory threshold[112]. 763 

Microaeration and addition of specific chemicals, like organic polysulfide, able to digest sulphur and related 764 

compounds, or iron salts able to precipitate sulphides, can be in-situ sulphide removal methods[113–115]. 765 

AD post-treatments may include the removal of hydrogen sulphide directly from the biogas using traditional 766 

metal, such as water, NaOH, or scrubbers, activated carbon or biofilters, or iron oxide pellets [112]. Finally, 767 

some AD processes applied to tannery waste were found to even facilitate the recovery of elemental sulphur 768 

as a byproduct[116]. Besides the effectiveness of the mentioned methods, the appropriate strategy for 769 
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inhibitory compounds strictly depends on the type of tannery waste; thus a continuous research on the topic 770 

is necessary. 771 

Finally, the main weaknesses that hinder a comprehensive comparison of the previous research include:  772 

- the lack of characterisation of raw materials and substrates, such as TS, VS, TKN, TP, Cr; 773 

- the lack of complete information on technical and environmental conditions used during the anaerobic 774 

digestion, for example, HRT, substrate volume, co-substrate ratios, reactor volume, and inoculum; 775 

-  the lack of consistency in the units of measurement of experimental results; some works present total daily 776 

biogas production, while others report outcomes in terms of total volatile solids added, and some focus on 777 

the maximum value achieved. 778 

Co-digestion represents an opportunity for tannery sludge and waste anaerobic treatment. Results from the 779 

literature demonstrated that it could enhance the potential for biogas and energy recovery, thus increasing 780 

volume reduction and minimising the impact of the challenging characteristics of some tannery waste (slow 781 

biodegradability, unbalanced nutrient content, presence of toxic compounds). According to these 782 

assumptions, the tanning industry can identify opportunities for trans-sector collaborations (e.g., with the 783 

farming industry and/or the slaughterhouse sector) to establish a common residue management strategy that 784 

can benefit from the synergies between the various substrates and available resources[69,117]. The digestion 785 

of tannery waste and tannery solid waste is also a bio-process that can be integrated with other processes to 786 

maximise the recovery of energy or resources. AD can deliver volume reduction and bioenergy recovery in 787 

the form of biogas, thus reducing the mass load to downstream processes (e.g., thermal processes) and 788 

containing capital and operational costs[118]. 789 

Anaerobic co-digestion for waste volume reduction and biogas production has shown numerous advantages 790 

compared to mono-digestion. Co-digestion can improve the nutrient and organic balance, enhance pH buffer 791 

capacity, often enhance the biogas production and digestion rate, and produce a high-quality digestate usable 792 

in agriculture as a bio-fertiliser. Thus, co-digestion also has environmental, socio-sanitary, and economic 793 

benefits due to shared equipment and easier feedstock handling. On one hand, using slaughterhouse waste 794 

represents a potential integration of tanneries and slaughterhouses as biorefineries that can promote 795 

sustainable economic development in developing countries. Moreover, the use of tannery waste, including 796 

leather fleshings and shavings, as a co-substrate represents a chance to implement a circular economy 797 

perspective. The main threat to the co-digestion of tannery waste and sludge is the regulatory framework for 798 

anaerobic digestion of waste and sludge. Despite the reported benefits, environmental legislation in some 799 

Countries prevents the co-digestion of sludge from wastewater treatment with solid waste. The possibility of 800 

overcoming this limitation can be achieved by identifying digestate final disposal routes to prevent the 801 

spread of pollutants in farmland devoted to food production for human consumption. 802 

 803 

 804 

 805 

 806 
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Table 7. Results of the SWOT analysis for anaerobic digestion (AD) of tannery sludge and waste.  807 

Strengths Weaknesses 

Large scientific and technical knowledge on AD 

AD is a diffuse and well-developed technology 

AD plants are available at various scales 

Similarities with other types of waste or sludge 

Applications limited to lab or pilot-scale 

Variability and complexity of tannery waste 

Presence of inhibitory compounds 

Lack of consistency in data reporting 

Opportunities  Threats  

Co-digestion with other substrates 

Co-location of AD plants with other sectors 

Trans-sector collaboration 

Integration with other treatment processes 

Legislative constraints for co-digestion 

Strict quality standards for digestate disposal 

 808 

7. Conclusions 809 

The anaerobic digestion of tannery sludge and tannery solid waste represents a sustainable solution for the 810 

disposal of these challenging residues from the tanning industry.  811 

While the principles and the challenges of tannery waste treatment by AD are individually recognised, the 812 

novelty of this review resides in its specific and structured organisation of the literature concerning their 813 

intersection. By employing a process-oriented structure (mono and co-digestion) and categorisation by waste 814 

stream (tannery solid waste and sludge), this review aims to provide researchers and practitioners with a 815 

significantly clearer and better understanding of the application of anaerobic digestion to tannery waste. 816 

Furthermore, the discussion section offers a synthesised and insightful analysis of the specific challenges, 817 

opportunities, and optimisation strategies unique to this application, thereby simplifying the identification of 818 

effective solutions and future research directions in this field. 819 

Discussion of the environmental and economic aspects of AD for tannery waste and a comprehensive 820 

analysis of the strengths, weaknesses, opportunities and threats (SWOT) of AD for tannery residues 821 

identified the key bottlenecks and defined the direction of new research in the field. The novelty and 822 

contribution to the knowledge of this review include the classifications of the available types of tannery 823 

waste used in anaerobic processes, the comparison of the economic and environmental impacts of the 824 

available studies, and the discussion of the potential for anaerobic digestion as a sustainable management 825 

solution for tannery waste and sludge. 826 

The application of AD still presents limitations, including the presence of inhibitory substances, such as 827 

chromium and sulphur, which may need further research efforts. Despite these limitations, the economic 828 

feasibility and environmental benefits of this technology remain compelling. Biogas production can 829 

significantly reduce operational costs and energy demand for tanneries; the reduction of waste volumes, the 830 

mitigation of greenhouse gas emissions, and the potential production of fertiliser align with the main 831 

principles of a circular economy, contributing to a more sustainable tanning process. 832 
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The current scientific literature identifies these residues as having biogas and CH4 yields comparable to other 833 

substrates more commonly used in anaerobic digestion, but the lack of detailed characterisation, the regional 834 

and seasonal variability, as well as the variable content of toxic residues, limit the implementation of full-835 

scale digestion schemes. Co-digestion with other substrates can overcome some of the intrinsic limitations of 836 

tannery residues, and the industry can benefit from synergies with other sectors, in particular stock farming 837 

and the slaughterhouse industry, but environmental legislation can present limitations, particularly to protect 838 

the human food chain from contamination from the disposal of digestate. Further research is still needed to 839 

identify the possibility of integrating tannery waste digestion with other treatment processes to maximise the 840 

recovery of resources and minimise the final disposal of residues. Future research efforts may focus on fine-841 

tuning operating parameters and developing pre-treatment methods, especially for recalcitrant wastes such as 842 

chromium and its associated risks with contamination. Moreover, comprehensive economic and life cycle 843 

assessments, along with research into the implementation of real-world, long-term operational studies and 844 

co-digestion options, are necessary to ease the wider adoption of anaerobic digestion for achieving a more 845 

sustainable and circular economy within the leather processing sector. 846 

 847 

CRediT author statement 848 

Bianca Maria Bresolin: conceptualisation, writing original and final draft, writing-review and editing; Marco 849 

Gottardo: reviewing and editing; Francesco Valentino: reviewing and editing; Giulia Adele Tuci: writing 850 

original draft, writing-review and editing; Luca Alibardi: writing original and final draft, writing-review and 851 

editing. 852 

Funding details 853 

This study was funded by the European Union - NextGenerationEU, in the framework of the iNEST - 854 

Interconnected Nord-Est Innovation Ecosystem (iNEST ECS_00000043 – CUP H43C22000540006). The 855 

views and opinions expressed are solely those of the authors and do not necessarily reflect those of the 856 

European Union, nor can the European Union be held responsible for them.” 857 

Data Availability 858 

This is a review paper, so new data are not reported. 859 

Disclosure statement 860 

The authors report there are no competing interests to declare.  861 

 862 

 863 

 864 

 865 

 866 

 867 

References 868 

[1]  Bielak E, SawoszczukTomasz, Syguła-Cholewińska J. Application of Chromatographic and 869 



33 

Microbiological Analyses to Identify and Assess the Durability of Antimicrobial Properties of 870 

Innovative Materials for the Footwear Industry─Leather Modified with Origanum vulgare Oil. Ind 871 

Eng Chem Res. 2023;62(14):5864–5876. 872 

[2]  Dixit S, Yadav A, Dwivedi PD, et al. Toxic hazards of leather industry and technologies to combat 873 

threat: A review. J. Clean. Prod. Elsevier Ltd; 2015. p. 39–49. 874 

[3]  Redwood M. Corporate social responsibility and the carbon footprint of leather. J Soc Leather 875 

Technol Chem. 2013;97(2):47–55. 876 

[4]  Italiana IC. Solo la pelle è più sostenibile della pelle 2023. 2023; 877 

[5]  Wystalska K, Sobik-Szołtysek J. Sludge from tannery industries. Ind Munic Sludge Emerg Concerns 878 

Scope Resour Recover. Elsevier; 2019. p. 31–46. 879 

[6]  Jaffari ZH, Hong J, Park KY. A systematic review of innovations in tannery solid waste treatment: A 880 

viable solution for the circular economy. Sci Total Environ [Internet]. 2024;948(May):174848. 881 

[7]  Buljan J. Fifteenth Session of the LEATHER AND LEATHER PRODUCTS INDUSTRY PANEL 882 

COSTS OF TANNERY WASTE TREATMENT. 2005. 883 

[8]  Bertani R, Biasin A, Canu P, et al. Self-heating of dried industrial tannery wastewater sludge induced 884 

by pyrophoric iron sulfides formation. J Hazard Mater. 2016;305:105–114. 885 

[9]  Moktadir MA, Ahmadi HB, Sultana R, et al. Circular economy practices in the leather industry: A 886 

practical step towards sustainable development. J Clean Prod. 2020;251. 887 

[10]  Zuriaga-Agustí E, Galiana-Aleixandre M V., Bes-Piá A, et al. Pollution reduction in an eco-friendly 888 

chrome-free tanning and evaluation of the biodegradation by composting of the tanned leather wastes. 889 

J Clean Prod. 2015;87(1):874–881. 890 

[11]  Priebe GPS, Kipper E, Gusmão AL, et al. Anaerobic digestion of chrome-tanned leather waste for 891 

biogas production. J Clean Prod. 2016;129:410–416. 892 

[12]  Moktadir MA, Ren J, Zhou J. A systematic review on tannery sludge to energy route: Current 893 

practices, impacts, strategies, and future directions. Sci. Total Environ. Elsevier B.V.; 2023. 894 

[13]  Chen C, Chen F, Cheng Z, et al. Emissions characteristics of NOx and SO2 in the combustion of 895 

microalgae biomass using a tube furnace. J Energy Inst. 2017;90(5):806–812. 896 

[14]  Pantazopoulou E, Zouboulis A. Chromium recovery from tannery sludge and its ash, based on 897 

hydrometallurgical methods. Waste Manag Res. 2020;38(1):19–26. 898 

[15]  Pietrelli L, Ferro S, Reverberi A Pietro, et al. Removal and recovery of heavy metals from tannery 899 

sludge subjected to plasma pyro-gasification process. J Clean Prod. 2020;273. 900 

[16]  Ma H, Zhou J, Hua L, et al. Chromium recovery from tannery sludge by bioleaching and its reuse in 901 

tanning process. J Clean Prod. 2017;142:2752–2760. 902 

[17]  Juel MAI, Mizan A, Ahmed T. Sustainable use of tannery sludge in brick manufacturing in 903 

Bangladesh. Waste Manag. 2017;60:259–269. 904 

[18]  Mukherjee D, Kar S, Mandal A, et al. Immobilization of tannery industrial sludge in ceramic 905 

membrane preparation and hydrophobic surface modification for application in atrazine remediation 906 



34 

from water. J Eur Ceram Soc. 2019;39(10):3235–3246. 907 

[19]  Nagi M, He M, Li D, et al. Utilization of tannery wastewater for biofuel production: New insights on 908 

microalgae growth and biomass production. Sci Rep. 2020;10(1). 909 

[20]  Kavouras P, Pantazopoulou E, Varitis S, et al. Incineration of tannery sludge under oxic and anoxic 910 

conditions: Study of chromium speciation. J Hazard Mater. 2015;283:672–679. 911 

[21]  Kokkinos E, Proskynitopoulou V, Zouboulis A. Chromium and energy recovery from tannery 912 

wastewater treatment waste: Investigation of major mechanisms in the framework of circular 913 

economy. J Environ Chem Eng. 2019;7(5). 914 

[22]  Tuci GA, Valentino F, Parmar AC, et al. Minimizing tannery sludge in landfilling through a mixed 915 

microbial culture approach: Effect of oxidizing pretreatment, temperature and hydraulic retention 916 

time on process performances and chromium fate. Biochem Eng J [Internet]. 917 

2023;200(August):109073. 918 

[23]  Mannucci A, Munz G, Mori G, et al. Anaerobic treatment of vegetable tannery wastewaters: A review. 919 

Desalination. Elsevier B.V.; 2010. p. 1–8. 920 

[24]  Mpofu AB, Oyekola OO, Welz PJ. Anaerobic treatment of tannery wastewater in the context of a 921 

circular bioeconomy for developing countries. J. Clean. Prod. Elsevier Ltd; 2021. 922 

[25]  Laiq Ur Rehman M, Iqbal A, Chang CC, et al. Anaerobic digestion. Water Environ. Res. John Wiley 923 

and Sons Inc.; 2019. p. 1253–1271. 924 

[26]  Sunmathi N, Padmapriya R, Sudarsan JS, et al. Optimum utilization and resource recovery of tannery 925 

sludge: a review. Int. J. Environ. Sci. Technol. Institute for Ionics; 2023. p. 10405–10414. 926 

[27]  Bresolin BM, Liguori B, Gargiulo N, et al. Application of zeolites for efficient tannery wastewater 927 

remediation. Environ Sci Pollut Res [Internet]. 2024;1073–1094. 928 

[28]  Black M, Canova M, Rydin S, et al. Best Available Techniques (BAT) Reference Document for the 929 

Tanning of Hides and Skins [Internet]. 2013. Available from: http://europa.eu/. 930 

[29]  Kanagaraj J, Velappan KC, Chandra Babu NK, et al. Solid wastes generation in the leather industry 931 

and its utilization for cleaner environmentA review. J. Sci. Ind. Res. 2006. 932 

[30]  Ayele M, Limeneh DY, Tesfaye T, et al. A Review on Utilization Routes of the Leather Industry 933 

Biomass. Adv Mater Sci Eng. 2021;2021. 934 

[31]  COMMISSION E. Integrated Pollution Prevention and Control (IPPC) Reference Document on Best 935 

Available Techniques for the Tanning of Hides and Skins. Eur Commision. 2003;(February):1–1023. 936 

[32]  Torre A, Vázquez-Rowe I, Parodi E, et al. Wastewater treatment decentralization: Is this the right 937 

direction for megacities in the Global South? Sci. Total Environ. Elsevier B.V.; 2021. 938 

[33]  Guo S shan, Yu C yang, Zhao X yue, et al. The chromium migration risk from tannery sludge into 939 

shallow soil and groundwater: Influence factors, modeling, and microbial response. J Clean Prod. 940 

2022;374. 941 

[34]  Alibardi L, Cossu R. Pre-treatment of tannery sludge for sustainable landfilling. Waste Manag. 942 

2016;52:202–211. 943 



35 

[35]  Gottardo M, Tuci GA, Parmar AC, et al. A combined treatment of aerobic activated sludge and 944 

powdered activated carbon: Pilot-scale study of per/polyfluoroalkyls (PFASs), organic matters, 945 

chromium, and color removal from tannery wastewaters. J Water Process Eng [Internet]. 946 

2023;55(August):104165. 947 

[36]  Moktadir MA, Rahman MM. Energy production from leather solid wastes by anaerobic digestion: A 948 

critical review. Renew. Sustain. Energy Rev. Elsevier Ltd; 2022. 949 

[37]  Song Z, Williams CJ, Edyvean RGJ. Coagulation and anaerobic digestion of tannery wastewater. 950 

Process Saf Environ Prot. 2001;79(1):23–28. 951 

[38]  Achouri O, Panico A, Bencheikh-Lehocine M, et al. Effect of Chemical Coagulation Pretreatment on 952 

Anaerobic Digestion of Tannery Wastewater. J Environ Eng. 2017;143(9). 953 

[39]  Basak SR, Rouf MA, Hossain MD, et al. Anaerobic digestion of tannery solid waste by mixing with 954 

different substrates. Bangladesh JSci Ind Res [Internet]. 2014;42(2):119–124. 955 

[40]  Polizzi C, Alatriste-Mondragón F, Munz G. The role of organic load and ammonia inhibition in 956 

anaerobic digestion of tannery fleshing. Water Resour Ind. 2018;19:25–34. 957 

[41]  Akyol Ç, Demirel B, Onay TT. Recovery of methane from tannery sludge: the effect of inoculum to 958 

substrate ratio and solids content. J Mater Cycles Waste Manag. 2015;17(4):808–815. 959 

[42]  Mpofu AB, Welz PJ, Oyekola OO. Anaerobic Digestion of Secondary Tannery Sludge: Optimisation 960 

of Initial pH and Temperature and Evaluation of Kinetics. Waste and Biomass Valorization. 961 

2020;11(3):873–885. 962 

[43]  Mpofu AB, Oyekola OO, Welz PJ. Co-digestion of tannery waste activated sludge with 963 

slaughterhouse sludge to improve organic biodegradability and biomethane generation. Process Saf 964 

Environ Prot. 2019;131:235–245. 965 

[44]  Zupančič GD, Jemec A. Anaerobic digestion of tannery waste: Semi-continuous and anaerobic 966 

sequencing batch reactor processes. Bioresour Technol. 2010;101(1):26–33. 967 

[45]  Abbas N, Jamil N, Deeba F. Potential of biogas in waste activated tannery sludge by anaerobic co-968 

digestion. Asian J Chem. 2015;27(2):697–700. 969 

[46]  Ruiz-Aguilar G, Lovanh N, Camarena-Aguilar EA, et al. The effect of electron acceptors on biogas 970 

production from tannery sludge of a Mexican wastewater plant. Int J Environ Sci Technol. 971 

2015;12(11):3479–3488. 972 

[47]  Ijaz M, Tabinda AB, Ahmad SR, et al. Biogas synthesis from leather industry solid waste in Pakistan. 973 

Polish J Environ Stud. 2020;29(5):3621–3628. 974 

[48]  Polizzi C, Alatriste-Mondragón F, Munz G. Modeling the disintegration process in anaerobic 975 

digestion of tannery Sludge And Fleshing. Front Environ Sci. 2017;5(JUN). 976 

[49]  Vanwonterghem I, Jensen PD, Rabaey K, et al. Temperature and solids retention time control 977 

microbial population dynamics and volatile fatty acid production in replicated anaerobic digesters. 978 

Sci Rep. 2015;5. 979 

[50]  Zapata Martínez O, Serrano A, Aguilera Flores MM, et al. Rabbit manure as a potential inoculum for 980 



36 

anaerobic digestion. J Environ Sci Heal - Part A Toxic/Hazardous Subst Environ Eng. 981 

2019;54(9):943–950. 982 

[51]  Rajendran K, Mahapatra D, Venkatraman AV, et al. Advancing anaerobic digestion through two-stage 983 

processes: Current developments and future trends. Renew. Sustain. Energy Rev. Elsevier Ltd; 2020. 984 

[52]  Kavan Kumar V, Mahendiran R, Subramanian P, et al. Optimization of inoculum to substrate ratio for 985 

enhanced methane yield from leather fleshings in a batch study. J Indian Chem Soc [Internet]. 986 

2022;99(3):100384. 987 

[53]  Fernández-Rodríguez J, Lorea B, González-Gaitano G. Biological Solubilisation of Leather Industry 988 

Waste in Anaerobic Conditions: Effect of Chromium (III) Presence, Pre-Treatments and Temperature 989 

Strategies. Int J Mol Sci. 2022;23(21). 990 

[54]  Gomes CS, Repke JU, Meyer M. Use of continuous different pre-treated chromium leather shavings 991 

to produce biogas in continous scale. XXXV IULTCS Congress Dresden 2019 / 8th Freiberg Leather 992 

Days. Dresden, 25. - 28. Juni 2019; 2019. 993 

[55]  Gomes CS, Repke JU, Meyer M. Investigation of different pre-treatments of chromium leather 994 

shavings to improve biogas production. J Leather Sci Eng. 2020;2(1). 995 

[56]  Adeyemi IG, Adeyemo OK. Waste management practices at the Bodija abattoir, Nigeria. Int. J. 996 

Environ. Stud. 2007. p. 71–82. 997 

[57]  Mozhiarasi V, Natarajan TS. Slaughterhouse and poultry wastes: management practices, feedstocks 998 

for renewable energy production, and recovery of value added products. Biomass Convers. 999 

Biorefinery. Springer Science and Business Media Deutschland GmbH; 2022. 1000 

[58]  Vasudevan N., Ravindran A.D. Recycling of biological tannery sludge through biomethanation. Poll 1001 

Res . 2008;27(1):161–163. 1002 

[59]  Mpofu AB, Kibangou VA, Kaira WM, et al. Anaerobic co-digestion of tannery and slaughterhouse 1003 

wastewater for solids reduction and resource recovery: Effect of sulfate concentration and inoculum 1004 

to substrate ratio. Energies. 2021;14(9). 1005 

[60]  Abul Hashem M, Shahruk Nur-A-Tomal M. Valorization of Tannery Limed Fleshings Through Fat 1006 

Extraction: An Approach to Utilize By-Product. Waste and Biomass Valorization. 2017;8(4):1219–1007 

1224. 1008 

[61]  Kanchinadham SBK, Kalyanaraman C, Kumarasamy T. Optimization of organic load for co-digestion 1009 

of tannery solid waste in semi-continuous mode of operation. Clean Technol Environ Policy. 1010 

2015;17(3):693–706. 1011 

[62]  Sri Bala Kameswari K, Kalyanaraman C, Umamaheswari B, et al. Enhancement of biogas generation 1012 

during co-digestion of tannery solid wastes through optimization of mix proportions of substrates. 1013 

Clean Technol Environ Policy. 2014;16(6):1067–1080. 1014 

[63]  Sri Bala Kameswari K, Kalyanaraman C, Porselvam S, et al. Enhancement of biogas generation by 1015 

addition of lipase in the co-digestion of tannery solid wastes. Clean - Soil, Air, Water. 1016 

2011;39(8):781–786. 1017 



37 

[64]  Thangamani A, Rajakumar S, Ramanujam RA. Anaerobic co-digestion of hazardous tannery solid 1018 

waste and primary sludge: Biodegradation kinetics and metabolite analysis. Clean Technol Environ 1019 

Policy. 2010;12(5):517–524. 1020 

[65]  Bayrakdar A. Anaerobic Co-digestion of Tannery Solid Wastes: A Comparison of Single and Two-1021 

Phase Anaerobic Digestion. Waste and Biomass Valorization. 2020;11(5):1727–1735. 1022 

[66]  Bayrakdar A. Anaerobic co-digestion of tannery solid waste: optimum leather fleshings waste 1023 

loading. Pamukkale Univ J Eng Sci. 2020;26(6):1133–1137. 1024 

[67]  Parisi M, Nanni A, Colonna M. Recycling of chrome-tanned leather and its utilization as polymeric 1025 

materials and in polymer-based composites: A review. Polymers (Basel). MDPI AG; 2021. p. 1–23. 1026 

[68]  Sharma S, Sudhakara P, Singh J, et al. Fabrication of Novel Polymer Composites from Leather Waste 1027 

Fibers and Recycled Poly(Ethylene-Vinyl-Acetate) for Value-Added Products. Sustain. 2023;15(5). 1028 

[69]  Agustini CB, da Fontoura JT, Mella B, et al. Evaluating co-substrates to supplement biogas 1029 

production from tannery solid waste treatment – cattle hair, microalgae biomass, and silicone. 1030 

Biofuels, Bioprod Biorefining. 2018;12(6):1095–1102. 1031 

[70]  Agustini CB, Neto WL, Priebe G, et al. Biodegradation of Leather Solid Waste and Manipulation of 1032 

Methanogens and Chromium-resistant Microorganisms. JALCA. 2017. 1033 

[71]  Agustini CB, da Costa M, Gutterres M. Biogas from Tannery Solid Waste Anaerobic Digestion Is 1034 

Driven by the Association of the Bacterial Order Bacteroidales and Archaeal Family 1035 

Methanosaetaceae. Appl Biochem Biotechnol. 2020;192(2):482–493. 1036 

[72]  Agustini CB, Spier F, da Costa M, et al. Biogas production for anaerobic co-digestion of tannery solid 1037 

wastes under presence and absence of the tanning agent. Resour Conserv Recycl. 2018;130:51–59. 1038 

[73]  Agustini CB, Meyer M, Da Costa M, et al. Biogas from anaerobic co-digestion of chrome and 1039 

vegetable tannery solid waste mixture: Influence of the tanning agent and thermal pretreatment. 1040 

Process Saf Environ Prot. 2018;118:24–31. 1041 

[74]  Sri Bala Kameswari K, Kalyanaraman C, Porselvam S, et al. Optimization of inoculum to substrate 1042 

ratio for bio-energy generation in co-digestion of tannery solid wastes. Clean Technol Environ Policy. 1043 

2012;14(2):241–250. 1044 

[75]  Simioni T, Agustini CB, Dettmer A, et al. Nutrient balance for anaerobic co-digestion of tannery 1045 

wastes: Energy efficiency, waste treatment and cost-saving. Bioresour Technol. 2020;308. 1046 

[76]  Arumugam T, Parthiban L, Rangasamy P. Two-Phase Anaerobic Digestion Model of a Tannery Solid 1047 

Waste: Experimental investigation and Modeling with ANFIS. Arab J Sci Eng. 2015;40(2):279–288. 1048 

[77]  Agustini C, da Costa M, Gutterres M. Biogas production from tannery solid wastes – Scale-up and 1049 

cost saving analysis. J Clean Prod. 2018;187:158–164. 1050 

[78]  Kanchinadham SBK, Kalyanaraman C. Carbon trading opportunities from tannery solid waste: a case 1051 

study. Clean Technol Environ Policy. 2017;19(4):1247–1253. 1052 

[79]  Khanh Nguyen V, Kumar Chaudhary D, Hari Dahal R, et al. Review on pretreatment techniques to 1053 

improve anaerobic digestion of sewage sludge. Fuel. 2021;285. 1054 



38 

[80]  Zhao K, Song G, Lu C, et al. Ultrasonication as anaerobic digestion pretreatment to improve sewage 1055 

sludge methane production: Performance and microbial characterization. J Environ Sci (China) 1056 

[Internet]. 2024;146(2024):15–27. 1057 

[81]  Wahidunnabi AK, Eskicioglu C. High pressure homogenization and two-phased anaerobic digestion 1058 

for enhanced biogas conversion from municipal waste sludge. Water Res [Internet]. 2014;66:430–1059 

446. 1060 

[82]  Li Y, Campos LC, Hu Y. Microwave pretreatment of wastewater sludge technology—a scientometric-1061 

based review. Environ Sci Pollut Res [Internet]. 2024;31(18):26432–26451. 1062 

[83]  Arenas CB, González R, González J, et al. Assessment of electrooxidation as pre- and post-treatments 1063 

for improving anaerobic digestion and stabilisation of waste activated sludge. J Environ Manage. 1064 

2021;288(March). 1065 

[84]  Qu Y, Lv X, Qin N, et al. Mechanism of ball milling pretreatment to improve the anaerobic digestion 1066 

performance and energy conversion efficiency of corn straw. Fuel [Internet]. 1067 

2024;366(March):131409. 1068 

[85]  Wang M, Wang J, Li Y, et al. Low-Temperature Pretreatment of Biomass for Enhancing Biogas 1069 

Production: A Review. Fermentation. 2022;8(10):1–22. 1070 

[86]  Tuci GA, Valentino F, Pavan P, et al. Tannery sludge valorization through zeolite-assisted anaerobic 1071 

process for short-chain fatty acids (SCFAs) production. Environ Res [Internet]. 2024;246(October 1072 

2023):118046. 1073 

[87]  Scherzinger M, Kaltschmitt M. Thermal pre-treatment options to enhance anaerobic digestibility – A 1074 

review. Renew Sustain Energy Rev [Internet]. 2021;137(December 2020):110627. 1075 

[88]  Zhang Q, Yao Y, Xi X. Effects of freezing–thawing pretreatment on anaerobic digestion of wheat 1076 

straw and its kinetics analysis. Clean Technol Environ Policy [Internet]. 2022;24(1):125–141. 1077 

[89]  López Torres M, Espinosa Lloréns M del C. Effect of alkaline pretreatment on anaerobic digestion of 1078 

solid wastes. Waste Manag. 2008;28(11):2229–2234. 1079 

[90]  Ren W, Zhang Y, Liu X, et al. Peracetic acid pretreatment improves biogas production from anaerobic 1080 

digestion of sewage sludge by promoting organic matter release, conversion and affecting microbial 1081 

community. J Environ Manage [Internet]. 2024;349(August 2023):119427. 1082 

[91]  Lee JTE, Khan MU, Dai Y, et al. Influence of wet oxidation pretreatment with hydrogen peroxide and 1083 

addition of clarified manure on anaerobic digestion of oil palm empty fruit bunches. Bioresour 1084 

Technol [Internet]. 2021;332(March):125033. 1085 

[92]  Ehimen EA, Holm-Nielsen JB, Poulsen M, et al. Influence of different pre-treatment routes on the 1086 

anaerobic digestion of a filamentous algae. Renew Energy. 2013;50:476–480. 1087 

[93]  Kameswari KSB, Kalyanaraman C, Thanasekaran K. Evaluation of various pre-treatment processes 1088 

on tannery sludge for enhancement of soluble chemical oxygen demand. Clean Technol Environ 1089 

Policy. 2014;16(2):369–376. 1090 

[94]  Antony V, Sabumon PC, Srinivasan S V. Enhanced anaerobic digestion of tannery primary sludge 1091 



39 

using pre-treatment techniques. Int. J. Environ. Waste Manag. 2016. 1092 

[95]  Zhai S, Li M, Xiong Y, et al. Dual resource utilization for tannery sludge: Effects of sludge biochars 1093 

(BCs) on volatile fatty acids (VFAs) production from sludge anaerobic digestion. Bioresour Technol. 1094 

2020;316. 1095 

[96]  Tuci GA, Valentino F, Bonato E, et al. Microwave-Hydrogen Peroxide Assisted Anaerobic Treatment 1096 

as an Effective Method for Short-Chain Fatty Acids Production from Tannery Sludge. Processes. 1097 

2022;10(11). 1098 

[97]  Agnihotri S, Yin DM, Mahboubi A, et al. A Glimpse of the World of Volatile Fatty Acids Production 1099 

and Application: A review. Bioengineered. Taylor and Francis Ltd.; 2022. p. 1249–1275. 1100 

[98]  Basak SR, Chowdhury SA, Khan R, et al. A review on the operational parameters and degradation 1101 

kinetics used in anaerobic co-digestion of tannery residues. Waste Manag Bull [Internet]. 1102 

2025;3(1):271–292. 1103 

[99]  Agustini C, da Costa M, Gutterres M. Biogas production from tannery solid wastes – Scale-up and 1104 

cost saving analysis. J Clean Prod [Internet]. 2018;187:158–164. 1105 

[100]  Czarnecki M, Wrzesińska-Jędrusiak E, Konkol I, et al. Management of Tanning Waste from Leather 1106 

Processing by Anaerobic Digestion Using a Dynamic Method on a Semi-Technical Scale. Sustain. 1107 

2024;16(21). 1108 

[101]  Carballa M, Regueiro L, Lema JM. Microbial management of anaerobic digestion: Exploiting the 1109 

microbiome-functionality nexus. Curr Opin Biotechnol [Internet]. 2015;33:103–111. 1110 

[102]  Raja Ram N, Nikhil GN. A critical review on sustainable biogas production with focus on microbial-1111 

substrate interactions: bottlenecks and breakthroughs. Bioresour Technol Reports [Internet]. 1112 

2022;19(May):101170. 1113 

[103]  Simioni T, Agustini CB, Dettmer A, et al. Use of Tannery Waste Anaerobic Digestate as Agricultural 1114 

Fertilizer: An Analysis of Oat Growth and Soil Fertility. Waste and Biomass Valorization [Internet]. 1115 

2023;14(4):1197–1206. 1116 

[104]  Ding W, Remón J, Jiang Z. Environmentally-friendly tanning for leather production: a review. 1117 

Environ Chem Lett [Internet]. 2025;23(3):839–864. 1118 

[105]  Kowalik-Klimczak A, Łożyńska M, Życki M, et al. Valorisation of Tannery Waste to Recover 1119 

Chromium with a View to Reusing It in Industrial Practise. Membranes (Basel). 2024;14(6). 1120 

[106]  Mella B, Glanert ACC, Gutterres M. Removal of chromium from tanning wastewater by chemical 1121 

precipitation and electrocoagulation. J Soc Leather Technol Chem. 2016;100(2):55–61. 1122 

[107]  Chen J, Zhou N, Chen W, et al. Controlling Cr(VI) in Leather: A Review from Passive Prevention to 1123 

Stabilization of Chromium Complexes. J Am Leather Chem Assoc. 2017;112(7):250–257. 1124 

[108]  Saied E, Eid AM, Hassan SE, et al. The Catalytic Activity of Biosynthesized Magnesium Oxide 1125 

Chromium Ion Removal. Catalysts. 2021;11(821):1–21. 1126 

[109]  Horn EJ, Oyekola OO, Welz PJ, et al. Biological desulfurization of tannery effluent using hybrid 1127 

linear flow channel reactors. Water (Switzerland). 2022;14(1):1–16. 1128 



40 

[110]  Pruden BB, Ferguson DR. Removal of Phenol in Wastewater by Wet Air Oxidation. Water Qual Res 1129 

J. 1973;8(1):148–167. 1130 

[111]  FENG J wei, SUN Y bing, ZHENG Z, et al. Treatment of tannery wastewater by electrocoagulation. J 1131 

Environ Sci. 2007;19(12):1409–1415. 1132 

[112]  Vu HP, Nguyen LN, Wang Q, et al. Hydrogen sulphide management in anaerobic digestion: A critical 1133 

review on input control, process regulation, and post-treatment. Bioresour Technol [Internet]. 1134 

2022;346(December 2021):126634. 1135 

[113]  Krayzelova L, Bartacek J, Kolesarova N, et al. Microaeration for hydrogen sulfide removal in UASB 1136 

reactor. Bioresour Technol [Internet]. 2014;172:297–302. 1137 

[114]  Mutegoa E, Sahini MG. Approaches to mitigation of hydrogen sulfide during anaerobic digestion 1138 

process – A review. Heliyon [Internet]. 2023;9(9):e19768. 1139 

[115]  Gun J, Goifman A, Shkrob I, et al. Formation of polysulfides in an oxygen rich freshwater lake and 1140 

their role in the production of volatile sulfur compounds in aquatic systems. Environ Sci Technol. 1141 

2000;34(22):4741–4746. 1142 

[116]  Mpofu AB. Anaerobic Treatment of Tannery Effluents for Resource Recovery in a Circular 1143 

Bioeconomy. 2022;(November). 1144 

[117]  Simioni T, Agustini CB, Dettmer A, et al. Anaerobic Co-Digestion of Tannery Wastes and 1145 

Untreated/Pretreated Oat Straw. Bioenergy Res [Internet]. 2022;15(1):589–601. 1146 

[118]  Tuci GA, Valentino F, Parmar AC, et al. Minimizing tannery sludge in landfilling through a mixed 1147 

microbial culture approach: Effect of oxidizing pretreatment, temperature and hydraulic retention 1148 

time on process performances and chromium fate. Biochem Eng J. 2023;200. 1149 

 1150 



https://dspace.org/

Anaerobic digestion of tannery sludge and tannery 
waste: a systematic review
Bresolin, Bianca Maria; Valentino, Francesco; Gottardo, Marco; Tuci, Giulia 
Adele; Alibardi, Luca

2025
Taylor & Francis
https://doi.org/10.1080/21622515.2025.2551055
Bresolin BM, Valentino F, Gottardo M, et al., (2025) Anaerobic digestion of tannery sludge 
and tannery waste: a systematic review. Environmental Technology Reviews, Volume 14, 
Issue 1, 2025, pp. 839-862

Downloaded from a DSpace repository. https://dspace.org/

https://dspace.org/
https://doi.org/10.1080/21622515.2025.2551055
https://dspace.org

