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1. Introduction 
The Paris agreement (COP 21, December 2015) highlighted climate change and the 

countries ability to deal with its impacts as its main focus; with the Green Deal, Europe 

aims to overcome these challenges, becoming a modern, resource-efficient, and 

competitive economy (ec.europa.eu). In this context, the principles of Sustainable 

development and Circular Economy, such as the recovery of resources from waste, are 

crucial. Wastes with high organic loads, in particular, can be treated as a renewable 

feedstock, as they are continuously produced as byproducts of several urban and 

industrial activities, such as the tanning industry. The tannery sector is considered one of 

the most polluting industrial activities in the world (Mannucci et al. 2010), and Italian 

production is among the most remarkable (16% of global turnover), being the first in 

Europe (66% of European turnover) (Alibardi et al. 2016). Industries are located mainly 

in four regions: Veneto, Tuscany, Campania, and Lombardy. According to the Italian 

tannery industry sustainability report of 2020, Italian tanneries generate an average of 

1.65 kg of waste per square meter of leather produced, with 20.8% of it being sludge; the 

total production in 2020 was around 97 million square meters, so we can estimate a total 

of 33,3 thousand tons of sludge produced. Based on the raw material, process, and 

chemicals used, which all vary according to the time of the year and the area, this waste 

may contain a complex mixture of both organic and inorganic pollutants (Mwinyihija et 

al. 2010) that can cause serious environmental impacts on water, land and atmosphere 

(Giaccherini et al. 2017). Enforcing the application of Circular Economy principles in 

this sector will lead to a significant reduction of the volume of sludge to be disposed of, 

as well as an increase in the potential of recovery of added value products such as short 

chain fatty acids (SCFAs).  
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SCFAs nowadays are mainly produced by chemical synthesis of raw petroleum, which is 

a non-renewable source (Volker et al. 2014), and microbial cultures feed with pure sugars 

(Feng et al. 2010, Zhu and Yang 2004), which can compete with the food market. These 

practices inevitably lead to the emission of greenhouse gasses (GHG); as an example, the 

production of 1 ton of acetic acid via petrochemical synthesis emit 3.3 tons of CO2-eq 

cradle-to-grave (Atasoy et al. 2018). The employment of organic wastes as an alternative 

carbon source would account for a net reduction of the environmental impact of the 

industrial/civil activity which produced that waste. SCFAs have many applications in 

food, pharmaceutical, and cosmetics industries, and due to their functional groups, they 

are extremely useful for the chemical industry as precursors of reduced chemicals (esters, 

ketones, aldehydes, alcohols and alkanes) and the production of biofuels like methane 

and hydrogen, as well as biopolymers, such as polyhydroxyalkanoates (PHAs) (Strazzera 

et al. 2018). The most common process performed to produce SCFAs is anaerobic 

digestion (AD), which has dual benefits such as waste remediation and bioenergy 

production (Naresh Kumar et al. 2022). When AD is performed to mainly produce 

SCFAs, it is specifically referred to as acidogenic fermentation, and the operative 

conditions (pH, temperature, solids content, etc.) are set to favour the acidogenesis and 

prevent the formation of methane. These conditions also differ based on the 

characteristics of the waste. One of the crucial challenges in the optimization of the SCFA 

production is the increase of the concentration, which is usually around 15–30 g/L after 

the AD process, up to values that make the separation of the product from the medium 

convenient (Rebecchi et al. 2016). The storage and transport of SCFAs are generally safer 

and easier compared to biogas, given that the latter cannot be stored at atmospheric 

pressure; in addition, the added value of SCFAs is 50–130 $/ton (Fei et al. 2015), which 
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is higher than that of methane, 0.72 $/m3 (Oleskowicz-Popiel et al. 2012). The literature 

regarding the use tannery sludge to produce SCFAs is scarce (the only study found was 

by Zhai et al. 2020), despite its rich organic matter and the high disposal costs of this 

waste, due to the presence of pathogenic microorganisms, heavy metal ions and other 

undesirable constituents (Liu et al. 2019). For this reason, in this study, the performance 

of the acidogenic fermentation of tannery sludge is compared with other type of organic 

wastes (waste activated sludge (WAS), sewage sludge, food waste, etc.) to assess whether 

this sludge is a viable substrate to produce SCFAs. 

 

1.1 Anaerobic digestion (AD) 

AD is one of the most widespread and well-known technologies in Europe for the 

treatment of a variety of organic wastes (Valentino et al. 2021). The main advantages of 

this procedure include the stabilization of the sludge, the reduction of total solids, and the 

recovery of bio-based products such as biogas and organic acids. The process is carried 

out by a complex community of bacteria and archaea, which transform, in absence of 

oxygen, the complex organic matter into products with an added value, such as SCFAs 

and biogas. The conversion of the substrate into these products can be summarized in four 

stages (Figure 1): hydrolysis, acidogenesis, acetogenesis, and methanogenesis. In the 

hydrolysis phase, hydrolytic bacteria secrete extracellular enzymes that can convert 

carbohydrates, lipids, and proteins into sugars, long chain fatty acids (LCFAs), and amino 

acids (Li et al. 2011). These products can diffuse through the cell membranes of 

acidogenic microorganisms, where they are converted into SCFAs and other intermediate 

products (Meegoda et al. 2018). During acetogenesis, these SCFAs and other 

intermediates are converted into acetate, while hydrogen is being produced (Hansen et al. 
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2013). During the final stage, methanogenesis, methane and carbon dioxide are produced, 

from a group of obligate anaerobic archaea. Based on the end products, the metabolic 

process of AD can be classified as: acidogenic fermentation, and methanation process 

(Fonseca et al. 2021, Ghysels et al. 2020). Nevertheless, the two fermentative stages are 

consecutive, and have different optimal operative conditions. Many authors performed 

the two steps into separate reactors; hence, producing SCFAs and hydrogen from the first 

stage and methane from the second stage (Micolucci et al. 2020, Valentino et al. 2021), 

with the possibility of using the digestate as fertilizer if the latter is free from toxic 

substances. The potential benefits of the anaerobic treatment of many organic residues 

Figure 1 Simplified scheme of the anaerobic digestion pathways (Adapted from Batstone et al. 2002). 
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has been extensively explored and, up to now, only biogas production followed by 

methanation is the most applied scheme that found a specific market sector (Daryapurkar 

et al. 2001, Lefebvre et al. 2004, Banu et al. 2007, Mannucci et al. 2010). This technology 

allows to recover energy from organic waste, by reducing the amount of byproducts to be 

disposed of compared to the aerobic process (Mannucci et al. 2010). 

 

1.2 Short chain fatty acids (SCFAs) 

Short chain fatty acids (SCFAs) are a class of linear aliphatic mono-carboxylate 

compounds with a number of carbon atoms between two (acetic acid) and four (butyric 

and isobutyric acids). In some cases, medium chain fatty acids (MCFAs) can be also 

produced (from five to seven carbon atoms), even though is smaller amount compared to 

SCFAs. For simplicity reason, in this thesis, the acronym SCFAs is used to indicate all 

the organic acids, from acetic to heptanoic. The main physical and chemical 

characteristics of commercialized SCFA are summarized in Figure 2. These compounds 

have a high solubility in water, which tends to decrease with the increase of the number 

of C in the aliphatic chain. Nowadays, the commercial production of these compounds 

relies on the chemical synthesis using non-renewable materials such as raw petroleum 

(Volker et al. 2014) and pure sugars (glucose, xylose, etc.), which allows higher 

productivity with minimal side products (Feng et al. 2010, Zhu and Yang 2004). Both 

these methods are not environmentally sustainable: the first one uses fossil fuels, which 

are one of the main responsible for climate change, and the second one employs a carbon 

source that raises ethical concerns about the use of food and soil to produce chemicals 

(Zigová et al. 1999). The possibility of using organic-rich wastes as a carbon source 

would have the advantage of employing a process of the circular economy for bio-based 
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production of bulk chemicals that is less impactful in terms of emissions and waste 

generation. The production of SCFAs from waste is obtained through acidogenic 

fermentation, which is an AD involving only the first two steps: hydrolysis and 

acidogenesis. Hydrolysis is the process in which complex organics polymers are broken 

into simpler organic monomers, while during acidogenesis these monomers ferment into 

SCFAs mainly (Lee et al. 2014). Both processes involve a complex consortium of obligate 

and facultative anaerobes, such as Bacteriocides, Clostridia, Bifidobacteria, Streptococci, 

Figure 2 Main physical and chemical characteristics, economic value, and applications of SCFAs. 
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and Enterobacteriaceae (Weiland 2010).  Although mixed microbial cultures may lead 

to lower yields in terms of SCFAs, they have several advantages, mainly, since non-sterile 

conditions are needed, the risk of damaging contamination is decreased (Bathia and Yang 

2017). Several studies already employed different types of waste as their chosen substrate 

to maximize the production of SCFAs, employing different operational pH, temperature, 

retention time, organic loading rate, as well as the use of additives to affect the 

concentration, the yield, and the composition of SCFAs produced (Lee et al. 2014). 

SCFAs have many applications in several sectors such as the food industry, cosmetics, 

textiles, bio energy, and pharmaceuticals (Andersen et al. 2015; Baumann and 

Westermann 2016), and they can be utilized as building blocks for the chemical industry 

or as precursors of reduced chemicals and derivatives (esters, ketones, aldehydes, 

alcohols, and alkanes) in conventional organic chemistry (Valentino et al. 2021). 

Moreover, SCFAs produced from the anaerobic digestion of waste sludge has gained 

growing attention in making biodegradable plastics (PHA), or carbon source in 

biotreatment for wastewater (Wang et al., 2019; Xu et al., 2019). PHA is a family of 

naturally occurring biopolyesters synthesized by various microorganisms (Tan et al. 

2014) which accumulate these substances as intracellular carbon and energy source, under 

nutrient-limited growth conditions (Lorini et al. 2020). The interest on PHA has 

progressively increased in recent times, since they are completely biodegradable, and they 

have thermoplastic properties comparable to traditional plastics (Lorini et al. 2022); 

moreover, the possibility of using a renewable carbon source to produce its precursors 

make it a sustainable material. 
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As previously mentioned, several factors influence the productivity of SCFAs from AD, 

namely pH, Temperature, total solids, and pretreatments which will all be dealt with in 

the next paragraphs. 

1.2.1 Effect of pH 

The pH value in the reactor is important for the production of SCFAs because most 

acidogenic microorganisms cannot survive in extremely acidic (pH 3) or alkaline (pH 12) 

environments (Liu et al. 2012). As explained by Lee et al. 2014, the range of pH values 

to produce SCFAs is between 5.25 and 11, but the optimal values depend on the type of 

waste used: for sludge alkaline pH is usually preferred, whereas for wastewaters neutral 

and acidic conditions tend to favour the production of SCFAs. Besides, the alkaline 

environment is not conducive to methanogenesis, thus preventing the consumption of the 

produced SCFAs for methane formation (Zhang et al. 2009a). Moreover, the growing 

concentration of SCFAs can lead to a drop in the pH value, which can be neutralized by 

the alkalinity, maintaining a stable pH. Many authors investigated the relation between 

pH and alkalinity with SCFA production. Garcia-Aguirre et al., 2017 evaluated the effects 

of pH and temperature on SCFA production efficiency from municipal solid waste, and 

the highest SCFA production (8.3 g COD/L) was achieved under alkaline pH and 

mesophilic condition. Cheah et al. (2019) used food waste as substrate and found that, 

when the operative pH was changed from 6 to 7, the SCFA production was boosted and 

a higher production of propionic and valeric acids was recorded. Valentino et al. (2021) 

studied the anaerobic digestion of food waste, and the higher pH used (6.6), compared to 

previous studies (5.0-5.5), was one of the factors that lead to a higher concentration of 

SCFAs in the stream. The pH also influences the type of SCFAs produced (Bengtsson et 

al. 2009). Atasoy et al. (2019) found that at neutral pH values, acetic acid was produced 
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at the highest levels, while at acidic values a mix of acetic and butyric acid was dominant; 

the productivity was also investigated, and high pH values lead to higher SCFAs 

production.  

1.2.2 Effect of temperature 

Temperature affects the growth of microorganisms, the activities of enzymes, and the 

hydrolysis of particulate organic matters to soluble substances (Kim et al. 2003), which 

are all enhanced with the increase in temperature. However, anaerobic microorganisms 

in thermophilic conditions are more sensitive to environmental changes than in a 

mesophilic process (Kim et al. 2006). Valentino et al. (2022), using a mixture of the 

organic fraction of municipal solid waste (OFMSW) and waste activated sludge (WAS), 

studied the production of SCFAs and biogas under two temperature conditions, obtaining 

similar results in the mesophilic (37°C, 20 g CODSCFA/L) and thermophilic conditions 

(55°C, 16.5 – 31.6 g CODSCFA/L). Through the SCFA levels were generally higher at 

55°C, frequent fluctuations were observed, resulting in a process more difficult to control 

and less stable compared to the mesophilic condition. The solubilization of the COD was 

also reported to be higher in the thermophilic process, but a non-negligible fraction of the 

sCOD remains unconverted into SCFAs. A wider range of temperature was investigated 

by Soomro et al. (2020); in this study, the OFMSW was also separated into food and 

paper fraction, and the three different substrates were subject to four different 

temperatures of AD (25-37-42-52°C). The best result was given by the mixed waste, with 

21.5 g COD/L at 42°C, while food fraction had the best result at 37°C (15.1 g COD/L) 

and paper fraction at 52°C (10.2 g COD/L).  

These results show that the optimal temperature for the highest SCFAs production 

depends on the substrate properties (alkalinity, organic matter complexity, presence of 
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other chemicals…), and that the enhanced kinetics and solubilization provided by higher 

temperatures do not ensure higher yields.  

1.2.3 Effect of total solids content (TS) 

TS content is an important attribute of anaerobic digestion. Higher TS allow the use of a 

smaller digester volume, which reduces the initial costs. However, higher TS and/or TSS 

content in tannery wastewater reduce mass transfer, settling rates (Song et al. 2000), and 

may alter other rheological properties of the medium, such as the viscosity (Battista et al. 

2018); consequently, this can affect the microbial communities, their activity, and 

metabolic pathways. When the TS content is less than 15% (w/w) we refer to wet 

digestion (Karthikeyan et al. 2013), characterized by a liquid medium, which allows 

homogeneity in the bioreactor, full access of the degrading microorganisms to the 

substrate, and dilution of inhibitory products (Pommier et al. 2007). The same 

mechanisms should be valid for the fermentation of tannery sludge to produce SCFAs. 

Motte et al. (2013) compared the substate conversion into fermentative end-products 

(mainly hydrogen, acetic and butyric acids) at different TS contents (10 to 33%) and 

found that the conversion yield decreased by 30% when switching from wet to dry 

conditions. Lim et al. (2008) studied the effect of the organic loading rate (OLR) on 

acidogenesis of food waste in a semi-continuous reactor, obtaining 14.0, 24.0, and 30 g 

SCFA/L with an OLR of 5.0, 9.0 and 13.0 g TS/(L*d), respectively. Although the higher 

concentration was obtained with an OLR of 13.0 g TS/(L*d), yield was lower compared 

to the other tests. As explained by Liu et al. (2018b), the SCFAs production increased 

with the increasing TS content up to a point, when a higher TS content inhibited further 

degradation, leading to a lower conversion efficiency of SCFAs production. 
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1.2.4 Pretreatment of sludge for AD 

Another aspect investigated was the application of a pretreatment to support the initial 

hydrolysis of the tannery sludge, given its high amount of proteins and organic 

macromolecules; in addition, these molecular structures lead to a high concentration of 

ammonia, which inhibits the bacteria and the hydrolysis rate of organics (Zhai et al. 2020). 

With the application of a pretreatment, that might be mechanical, chemical, thermal, or 

enzymatic, it is possible to disintegrate extracellular polymeric substances (EPS), disrupt 

microbial cells to release soluble organics, and improve sludge biodegradability (Liu et 

al. 2017). Various studies on the application of a combined pretreatment with microwave 

irradiation and hydrogen peroxide have been reported, using sewage sludge from 

wastewater treatment plants as main substrate (Eskicioglu et al. 2008, Liu et al. 2017, Liu 

et al. 2018a, Ambrose et al. 2020). Xiao et al. (2012) reported that the soluble chemical 

oxygen demand (sCOD) was increased by 30.52 times after MW-H2O2 treatment. 

However, these studies are mainly concerned with the methane production from AD, 

while no article about the use of the combined pretreatment to obtain SCFAs has been 

found. The microwave irradiation, as an alternative technology to conventional thermal 

heating, has the advantages of heating rapidly, uniformly, and with high energy efficiency 

(Tyagi and Lo 2013). Microwave pre-treatment at higher temperatures between 110 and 

175 °C is considered to be very efficient for sludge solubilization (Liu et al. 2017); 

however, pre-treatments conducted at temperatures lower than boiling point are as well 

applicable (<100°) (Kuglarz et al. 2013) and have the potential of enhancing sludge 

solubilization and anaerobic digestion under more acceptable conditions (and presumably 

in a more economically sustainable matter) from the operative point of view (Eskicioglu 

et al. 2008). Hydrogen peroxide (H2O2) is a strong oxidant that produces OH• radicals 
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(Eskicioglu et al., 2008), as well as superoxide radicals O2
•− (Hayyan et al. 2016), which 

are toxic for most of the microorganisms and lead to the destruction of the cellular 

structures, and the oxidation of complex organic matter into simpler and more soluble 

substances. Eskicioglu et al. 2008 found that the dissociation of H2O2 into its radicals is 

not rapid in case of wastewater with high refractory compounds, and it can be accelerated 

by microwave irradiation. According to Liu et al. 2017, high H2O2 dosages can have an 

inhibitory effect on the growth of the bacteria, as well as generate refractory compounds; 

different dosages have been tested, based on the concentration of the total solids (TS): 

0.2-0.6-1.0 gH2O2/gTS; the dosage of 0.2 gH2O2/gTS has been reported to be the more 

appropriate to enhance hydrolysis in the AD. 

Another commonly employed oxidation technique is ozonation, which facilitates 

solubilisation and mineralisation of sludge particles with the release of biodegradable and 

non-biodegradable constituents (Chiavola et al. 2021). During sludge ozonation, ozone 

decomposes itself into radicals and reacts with the whole matter (Böhler & Siegrist 2004), 

so it must be generated on site. A study by Tunkay et al. (2022) investigated the impact 

on methanogenic consortium of the pretreatment with different ozone doses (0.03-0.06 

and 0.09 g O3/g TSS), with the objective of enhance sludge solubilization and overcome 

the rate-limiting hydrolysis step of the AD. The results showed that the optimal dosage 

was 0.06 g O3/g TSS, which resulted in a 39% reduction of the TS compared to the non-

ozonated sludge. Cesaro & Belgiorno (2020) used ozonation pretreatment on the organic 

fraction of municipal solid waste, dosing 0.16 g O3/g TS and improving the final 

production of methane up to 95%, with a positive net energy gain, with respect to either 

electrical or thermal energy. However, ozone pre-treatment requires higher investment 
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and operational costs as compared to other techniques for sludge reduction (Wang et al. 

2018). 

1.3 The tannery sludge 

Leather processing, as described by Giaccherini (2017), is a complex combination of 

mechanical and chemical procedures, which can be divided into three main phases: 

acquisition and pre-treatment of raw animal hides, treatment of the hides with a tanning 

agent, and drying and shining the hides before sending them to the manufacturers. The 

tanning can be done using two different tanning agents, chrome or vegetable tanning, 

where chrome tanning remains the principal method, accounting for 80-90% of the leather 

produced worldwide (Swartz et al. 2017). Tannery sludge is originated from the treatment 

of wastewater; the tanning process consumes more than 100 L of water and about 2 kg of 

chemicals per square meter of final product and it requires more than 1 ton of oil 

equivalent per 1000 m2 of final product as energy supply (UNIC, 2010). The wastewater 

is characterised by high organic load in terms of COD, organic nitrogen, sulphur, high 

levels of suspended solids, heavy metals, and other chemicals (Mannucci et al. 2010), 

consequently, it is normally collected and treated in centralised treatment plants. The 

common treatment line is represented in Figure 3; after the preliminary treatment, the 

equalization tank is aerated to keep the particulate matter in suspension and oxidize the 

Figure 3 Common tannery wastewater treatment process scheme (Giaccherini 2017). 
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sulphide. For this reason, the reactor must be closed, allowing the produced gas to be 

collected and treated before discharge (Giaccherini 2017). The rest of the line is analogue 

to a treatment process with activated sludge. In certain cases, tertiary treatment of 

oxidation (with H2O2 or ozone) is required to mineralize the recalcitrant COD and meet 

the discharge limits (Giaccherini 2017). At present times, tannery sludge is mainly 

disposed of in landfills (Alibardi and Cossu 2016), as for the Italian legislation that 

classifies this sludge as a special non-hazardous residue (Ronchi Decree, 2/97) and sets 

its current destination is a second-class type B controlled landfill (D. Lgs. 04/06).  

However, other methods have been explored, one example is composting (Santos et al. 

2011), in which the organic compounds are transformed into nutrients, while the Cr can 

be absorbed and concentrated in plants (Rani et al. 2017).  

The main risks associated with this sludge are the high levels of chromium (Cr), as well 

as several organic compounds harmful to both the environment and human health; the 

removal of these pollutants remains very challenging, and this prevents other possible 

uses of this waste (Liu et al. 2019). Moreover, the sludge management costs account for 

around 30-40% of the overall budget of a tannery wastewater treatment plant (Akyol et 

al. 2015), so its valorization might be an appealing alternative to the simple disposal. 

Many potential products can be derived from tannery wastewater/sludge, such as organic 

acids, metals, industrial enzymes, biofuels, fertilizer, and compost (Mpofu et al. 2021). 

Despite this, the studies dealing with its potential valorization are scarce (Bautista et al. 

2015) and mostly focus on anaerobic digestion (AD) of wastewater for biogas production 

for onsite uses as electricity generation or heating purposes (Mpofu et al. 2021).  
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2. Thesis objective 
The purpose of this work is to provide an alternative to landfill disposal of tannery sludge, 

optimizing AD conditions to maximize the production of SCFAs via acidogenic 

fermentation up to concentration and yield values that allow the technical and economic 

feasibility of their extraction. The main advantages of this biological process are the 

recovery of added value chemicals, the reduction of the waste to dispose of, and the 

implementation of a more environmentally friendly process compared to the present one. 

A comprehensive acidogenic fermentation batch tests assay has been developed and 

discussed in this study, where the effect of temperature, pH, total solids (TS) 

concentration, and microwave and H2O2 pretreatment has been investigated on SCFAs 

production (rate, yield, and concentration) and distribution. 

In particular, the chosen values of these parameters were: 

 pH: as no information regarding the optimal range of values for the AD of tannery 

sludge has been found, in this work we have investigated four initial pH, namely 

5-7-9, and 11. 

 Temperature: the acidogens, which are the responsible for the SCFAs production, 

include both mesophilic (25–45°C) and thermophilic (45–65°C) bacteria (Patel et 

al. 2021), consequently the production of SCFAs from tannery sludge has been 

tested in mesophilic (40 ± 1°C) and thermophilic (55 ± 1°C) environments, to 

determine the best temperature condition to maximize the yield. 

 Total solids: the TS contents tested in this work were 8% and 12% (w/w). Higher 

values of TS are associated with higher values of volatile solids (VS), so an 

increase in the production of SCFAs is expected, while the effect on the yield (g 

SCFA/g VS(0)) are not foreseeable. 
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 MW-H2O2 pretreatment: the correct dosage of oxygen peroxide should enhance 

hydrolysis and avoid the presence of residual H2O2; a dosage of 0.2 g H2O2/g TS 

was applied, based on the results obtained by Liu et al. 2017. The microwave 

irradiation was performed to thermal pretreat the sludge up to 90°C (the detailed 

procedure is described subsequently).  
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3. Materials and methods 
 

3.1 Substrate 

The tannery sludge for the experiments was taken from the WWTP of Montebelluno 

Vicentino, in the province of Vicenza, Italy, which collect the wastewater of several 

tanneries in the area. The waste was a mixture of primary and secondary sludge, had a 

concentration of TS of 84%, reached with a process of dehydration performed in the 

downstream of the plant. This WWTP treats about 10000 m3/d of industrial wastewater 

produced by 23 tannery plants. Tannery wastewaters are subjected to primary treatment 

and sedimentation (accomplished inside both tanneries and WWTP), and secondary 

biological treatment (anoxic/aerobic process) used for biochemical oxygen demand 

(BOD) and nitrogen removal from the primary clarified effluent. 

 

3.2 Batch tests preparation 

The different combination of initial conditions (TS, pH, temperature, pretreatment) were 

performed using 8 bottles, four in mesophilic condition and four in thermophilic 

condition. For each of these condition, four different initial pH values have been tested. 

In total, three different fermentation rounds have been performed. The summary of the 

operative condition of each test is shown in Table 1. 

 

Table 1 Summary of the operative conditions of each test. 

Test name  M8 M12 M8-P T8 T12 T8-P 

Temperature (°C)  40 40 40 55 55 55 

Solids (g TS/L)  80 120 80 80 120 80 

Initial pH  5-11 5-11 5-11 5-11 5-11 5-11 

MW-H2O2  no no yes no no yes 
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The 8% and 12% TS were prepared by diluting 20 g and 30 g, respectively, of the dried 

sludge with 200 mL of tap water in the bottles. The reactors consisted of glass bottles 

with a total volume of 250 mL, sealed with a cap with a silicon plug to maintain the 

anaerobic condition and to be able to withdraw the samples. The pH of each solution was 

adjusted using a pH-meter while adding sulfuric acid (H2SO4) and Sodium hydroxide 

(NaOH) to tap water, before adding the sludge, to the following pH values: 5.0, 7.0, 9.0, 

and 11.0. The combined MW-H2O2 pretreatment was performed based on the strategy 

proposed by Liu et al. 2017; 2018a and Ambrose et al. 2020, with some adaptations. After 

reaching the required pH, each bottle was first prepared with 20 g of TS in 192 mL of 

water (to leave some volume for the addition of H2O2) and heated up to 80°C with a 

microwave oven set at 600 W for 10 minutes. Every 1,5 min the treatment was stopped 

to avoid water loss by evaporation and to allow manual mixing of the sludge for a more 

Figure 4 Preparation of the bottles used to perform the acidogenic fermentation after 
pretreatment of the sludge. 
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homogeneous condition. After that, the bottles were allowed to cool to room temperature 

and the H2O2 pretreatment was performed, with the chosen amount of 0.2 g H2O2/g TS, 

using a solution of H2O2 at 35% (8,5 ml were added in each bottle). The bottles were left 

for 40 minutes to rest allowing the H2O2 to react and then were heated again with the MW 

to 90°C, to avoid reaching boiling temperature, with the same method described before 

(Figure 4). When the bottles cooled down, an inoculum of fresh tannery sludge was added 

to start the fermentation, as microbial community present on the sludge had been 

compromised during the pretreatment. 

 

3.3 Batch fermentation test 

The bottles were put in an oven for the mesophilic (40 ± 1°C) condition, and in 

thermostatic bath for the thermophilic (55 ± 1°C) condition (Figure 5). The bottles were 

Figure 5 Thermostatic bath used to perform the thermophilic fermentation. 
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manually mixed several times a day. A sample was withdrawn 3 times a week, to measure 

the production of SCFAs, the pH trend, the soluble COD trend, and the nutrients 

concentration (N- NH4
+, P- PO4

3-). The samples had a volume of 5 mL and were taken 

with a syringe through a rubber septum, allowing the maintenance of anaerobic 

conditions; before the sampling, the bottles were manually mixed and after 10 min the 

supernatant was withdrawn, around 2 cm from the surface. Immediately after, the samples 

were centrifuged at 4300 rpm for 5 min to separate the suspended solids (TSS) from the 

supernatant, which was subsequently filtered with a 0.22 µm acetate cellulose syringe 

filter. The fermentations were stopped once a plateau of the concentration of SCFAs 

(measured as mg COD/L) was observed.  

  

3.4 Analytical methods 

Analyses were conducted according to Standard Methods (APHA 2005) for the TKN, N-

NH4
+ total phosphorus, P-PO4

3-, VS, TS, Cr(VI) and COD. Analyses for the initial 

characterisation of the tannery sludge (COD, TKN, total phosphorus, TS, and VS) were 

performed after drying the sample for 48h at 105°C. 

3.4.1 SCFA analysis  

Volatile fatty acids were determined using an Agilent 6890 N gas chromatograph (Figure 

6) equipped with a flame ionization detector (FID) (T = 250 °C). Samples were analysed 

through an Agilent J&W DB-FFAP fused silica capillary column (15 m length, 0.53 mm 

i.D.  0.5 mm film) using hydrogen as carrier. The inlet was working in split mode, with a 

split ratio of 20:1. The instrument was programmed with a ramp temperature from 80°C 

to 200°C (10 °C/min), and a post-run phase at 220°C. The target organic acids were: 

acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, isovaleric acid, 
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caproic acid, isocaproic acid, and heptanoic acid. For the calibration of the instrument, 

three different dilution of a standard mix solution (containing the target SCFA) were 

prepared: as is, 1:2, and 1:4. A fixed amount of internal standard (2-etilbutyrric acid) was 

also added. Four points in total were taken for the calibration, three from the standard 

dilutions, and the axes origin; the calibration was considered successful with a R2 > 0.995. 

3.4.2 Chemical oxygen demand (COD) 

In this study, COD is referred to the sludge before the fermentation tests, while the sCOD 

is determined on the samples taken from the bottles at different stages of the acidogenic 

fermentation. The method provides the pulverization of the sample with a mortar, and the 

oxidation with potassium dichromate (K2Cr2O7) in presence of concentrated sulfuric acid 

(H2SO4), silver sulfate (Ag2SO4) as catalyst solution, and mercury sulfate (HgSO4) to 

avoid the interference of the chlorides, oxidable by the potassium dichromate. For the 

sample digestion, a series of vessel made of Teflon® with a certain amount of dried sludge 

and the reagents were placed in a mineralizer (Figure 7) with a two-step process, the first 

at 175°C and the second at 50°C for 1 h in total. During this, the organic carbon is 

Figure 6 Gas chromatograph used for SCFAs determination. 
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oxidized, and the potassium dichromate in excess is quantified by titration with 

ammonium sulphate and iron (FAS solution) using ferroin as indicator. The equation to 

quantify the COD as mg O2/g TS is: 

𝐶𝑂𝐷 =
(𝐵 − 𝐶) ∗ ቀ

𝑉 ∗ 𝑁
𝑇

ቁ ∗ 8

𝑃
 

where:  

B: volume of FAS used for blank titration (mL) 

C: volume of FAS used for sample titration (mL) 

N: normality of dichromate  

V: volume of K2Cr2O7 used (mL)  

T: volume of FAS used to quantify the titrant concentration (mL) 

8: weight of the oxygen (g O2/eq) 

Figure 7 Mineralizer used for the digestion of the dried sludge. 
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3.4.3 Soluble chemical oxygen demand (sCOD) 

The soluble chemical oxygen demand (sCOD) is a fraction of the COD that quantifies the 

soluble organics (Zhang et al. 2009b). Its measure provides information on the fraction 

of soluble organics that have been converted into SCFAs. The analysis was performed 

with colorimetric method, using a spectrophotometer Analytikjena Spekol 1500 (Figure 

8). A certain amount of sample is placed in a test tube, then an oxidizing solution 

(K2Cr2O7) and a catalyst solution (H2SO4 + Ag2SO4 + HgSO4) are added. The test tubes 

are placed in an oven at 150°C for 2 h, then the absorbance at 600 nm wavelength was 

measured to define the concentration of sCOD (mg O2/L). The amount of sCOD was 

determined with the following equation:  

𝑠𝐶𝑂𝐷 =  𝑠𝐶𝑂𝐷௠௜௦ ∗ 𝐷. 𝐹. 

where: 

sCODmis: mean value obtained with the spectrophotometric analysis 

Figure 8 Spectrophotometer used for the analysis. 
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D.F.: dilution factor of the sample, before the addition of the reagents 

 

3.4.4 Total solids/Volatile solids 

TS were determined by first weighing the empty crucible (tare), and then the crucible 

with the sample (wet weight); the latter is then put in the oven for 48 h at 105°C, to 

dehydrate the sample, and then is weighted to determinate the dry weight. The equation 

used for the quantification of TS as g TS/Kg(sludge) was: 

𝑇𝑆 =
𝑊2 − 𝑊0

𝑊1 − 𝑊0
∗ 1000 

where: 

W0: weight of the empty crucible 

W1: wet weight of the crucible with the sample 

W2: dry weight of the crucible with the sample 

Figure 9 Oven and muffle used to dehydrate/incinerate wet sludge. 
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For the quantification of VS, the same sample resulting from the previous procedure (W2) 

must be incinerated in the muffle (Figure 9) for 24h at 550°C. The crucible with the ashes 

resulting from the incineration is weighted (W3), and the VS amount is given by the 

equation: 

𝑇𝑉𝑆 =
𝑃2 − 𝑃3

𝑃1 − 𝑃0
∗ 1000 

 

3.4.5 TKN / Ammonia nitrogen 

The TKN method is used to determinate the total amount of initial nitrogen in the sludge 

(TKN = NORG + N-NH3 + N-NH4
+). The sample is pulverized, placed in a vessel made of 

Teflon® and then it goes under acidic digestion with concentrated sulfuric acid and 

potassium peroxidisulfate (K2S2O8) in the mineralizer in two steps; the first step occurs 

at 200°C for 85 min, the second at 200°C for 95 min. At the end of the first step, the 

vessel is opened and hydrogen peroxide is added (H2O2); after a few minutes the vessel 

is closed again for the second step. The resulting solution is filtered with a black ribbon 

filter, then the ammonia is steam distilled (the distiller used is a VELP SCIENTIFICA 

UDK 129, Figure 10) to avoid the loss due to volatilization. The spectrophotometric 

analysis is based on the reaction of the ammonium ion with the Nessler’s reactive, which 

create a yellowish solution, and the absorbance is read at 410 nm wavelength. The value 

of the TKN (g N/Kg TS) is given by the following equation: 

𝑇𝐾𝑁 =
𝑚 ∗ 𝐴𝐵𝑆 ∗ 𝐷. 𝐹.∗ 𝑉

𝑃
 

where: 

m: slope of the straight line resulting from the calibration 
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ABS: absorbance obtained by the spectrophotometric analysis  

D.F.: dilution factor before the addition of the Nessler’s reactive  

V: volume of the flask where the digested was diluted (0,25 L) 

P: weight of the dry sample (g TS) 

The ammonia nitrogen was analysed on the samples taken from the fermentation tests; 

the procedure is the same described for the TKN starting from the distillation of the 

ammonia to the spectrophotometric analysis, and the equation for the ammonia value (as 

mg (N-NH4
+)/L) is the following: 

𝑁 − 𝑁𝐻ସ
ା  = 𝑚 ∗ 𝐴𝐵𝑆 ∗ 𝐷. 𝐹. 

where: 

Figure 10 Distiller used for the TKN analysis. 
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m: slope of the straight line resulting from the calibration 

ABS: absorbance obtained by the spectrophotometric analysis  

D.F.: dilution factor operated before addition of the Nessler’s reactive  

 

3.4.6 Total phosphorus / Orthophosphate  

For the total phosphorous, the procedure is analogue to the one reported for the TKN 

(pulverization, mineralization…), but the objective here is to transform the whole 

phosphorous present in orthophosphate; after filtration with black ribbon filter, the 

determination is based on the reaction of orthophosphate ions with ammonium molybdate 

and potassium antimonyl-tartarate (mixed reagent), with the formation of a 

heteropolyacid which is subsequently reduced by ascorbic acid to molybdenum blue, an 

intensely colored compound. Spectrophotometric determination is performed, obtaining 

the absorbance of the sample at a wavelength of 710 nm. The equation that gives the value 

of the total phosphorous (g P/Kg TS) is: 

𝑃்ை் =  𝑚 ∗ 𝐴𝐵𝑆 ∗ 𝐷. 𝐹.∗ 𝑉 ∗ 𝑃 

where:  

m: slope of the straight line resulting from the calibration 

ABS: absorbance obtained by the spectrophotometric analysis  

D.F.: dilution factor before adding the mixed reagent 

V: volume of the flask where the digested was diluted (0,25 L) 

P: weight of the dry sample (g TS) 
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The orthophosphate ion was quantified on the samples taken from the fermentation tests; 

the procedure is the same described for the total phosphorous starting from the filtration 

phase, which is already performed during the procedure of sampling with a 0.22 µm 

acetate cellulose syringe filter, consequently the use of black ribbon filter is not required. 

The equation to quantify the orthophosphate (as mg (P-PO4
3-) is: 

[𝑃𝑂ସ
ଷି] =  𝑚 ∗  𝐷. 𝐹.∗  𝐴𝐵𝑆 

where: 

m: slope of the straight line resulting from the calibration 

ABS: absorbance obtained by the spectrophotometric analysis  

D.F.: dilution factor operated before adding the mixed reagent 

 

3.4.7 pH 

The pH was monitored with each sampling. The pH meter (Figure 11) was calibrated with 

3 solutions with known pH (4, 7, 10), then the sample was measured, after the filtration. 

The instrument was also used to set the initial pH of each batch test.  

Figure 11 pH meter used for the analysis. 
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3.4.8 Hexavalent chromium [Cr(VI)] 

Hexavalent Chromium Cr(VI) was analyzed in the liquid phase at the end of each tests to 

quantify any possible Cr(VI) release. The analyses were performed by an outside lab. The 

hexavalent chromium was determined calorimetrically by reaction with 

diphenylcarbazide in acid solution (pH 1.6-2.2), reached adding a certain amount of 

H2SO4. The adsorption was measured at 540 nm wavelength. 
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4 Results and discussion 
4.1 Characterization of the initial matrix 

The analyses performed on tannery sludge, obtained at the end of the WWTP process 

(Figure 12), are reported in Table 2. There results, except for TS, refer to the dry matrix, 

obtained after a 48 h dehydration in the oven. 

 

Table 2 Chemical characterization of the tannery sludge 

Parameter Unit Value 

TS g/Kg 830 ± 14 

VS g/Kg 590 ± 4 

COD gO2/KgTS 793 ± 18 

TKN gN/KgTS 32.8 ± 0.9 

PTOT gP/KgTS 7.9 ± 0.4 

 

This waste, by its nature, is subject to a certain variability due to the different raw 

materials used and the tanning process itself. This can result in different characteristics 

of the sludge in both spatial and temporal terms; as an example, in the study of Alibardi 

Figure 12 Dry sludge collected from the 
Montebelluno Vicentino WWTP 
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and Cossu (2016), the dried tannery sludge collected from the WWTP had a higher TS 

(92%) and VS (74%) content, a TKN of 69 g N/Kg TS, and a PTOT concentration of 3.8 g 

P/Kg TS. The relatively high levels of COD and TKN derived from the tannery 

wastewater (Mannucci et al. 2010), which is rich in these chemical species; therefore, the 

amount of total phosphorus in tannery wastewater is very low (Zhao and Chen 2019), and 

this is reflected in the resulting sludge.  

 

4.2 Effect of the initial pH on the tannery sludge fermentation 

The monitoring of the pH revealed that in all the performed tests, approximately after 5 

days from the beginning of the fermentation, the pH values converged to 7 (Figure 13 

report the tends of pH as mean value of each condition performed). For this reason, no 

significant influence of the pH on the acidification performances was observed, and no 

consideration can be made about the initial pH to distinguish the tests. This highlights the 

Figure 13 Mean pH trends observed in all tests performed. 
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ability of the tannery sludge to act as a buffer and maintain a pH value around 7 with 

relatively high concentration of SCFAs. This is due to the presence of lime, which is used 

in the liming and unhairing stages of the processing of the raw hide, and in the tertiary 

treatment of the wastewater (Giaccherini 2017). This characteristic is noteworthy for 

future large-scale application, since an external intervention to correct the pH will not be 

necessary. As the concentration of acids grow, the alkalinity provided by the lime avoids 

the drop of the pH to acidic values. Moreover, neutral pH (around 7) is considered by 

many studies the most suitable for the SCFAs production (Liu et al. 2018b). 

4.3 Production of SCFAs over time 

The graphs of the mesophilic tests (Figure 14) all show a similar behaviour of a fast initial 

SCFAs concentration growth followed by a plateau. The M8 series reached the plateau 

after day 9, while the series M12 reached the plateau on day 15. In batch test M8 the 

specific rate had a gradual slowdown before reaching the plateau after approximately 10 

days. For M8-P, the fermentation trend is similar to M12, with the plateau reached 

approximately on day 15, but the values of specific rate of production are higher, 

especially in the initial stages of the fermentation. These results prove that the initial TS 

influenced the acidification process, which is slower for the M12 compared to M8; this 

might be explained by the higher viscosity, due to the higher TS, which can negatively 

affect the fermentation (Battista et al. 2018). The analysis of the required time for 

maximum SCFAs concentration is a measurement of the total exploitation potential of 

this sludge in terms of organic matter acidification and the future development on 

industrial-scale as a continuous process (CSTR) by selecting the appropriate hydraulic 

retention time (HRT) based on the desired production. As for the maximum concentration 

of SCFAs archived, the M8 test performed between 9.5-10.3 g CODSCFA/L. Higher results 
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were obtained by the M12 series, where the concentration was in the range of 14.6-15.8 

g CODSCFA/L, similar to M8-P which yielded slightly higher maximum concentration 

(16.8-17.7 g CODSCFA/L) slightly higher. The pretreated sludge performed the best in 

terms of concentration of SCFAs, proving that the microwave combined with partial 

oxidation of the organic matter can affect the acidification; when compared with M8, the 

production was almost doubled.  

For the thermophilic series (Figure 15), the trends of T8 and T12 are analogue to the 

mesophilic condition, even though the plateau was reached sooner due to the faster kinetic 

typical of the higher temperatures (Vidal-Antich et al. 2021). In T8 the plateau was 

abruptly reached on day 8, while T12 was characterized by a more gradual slowdown of 

the specific rate of production until reaching the plateau on day 12, again due to the 

influence of TS. In the series T8-P the trend appears different from both the other 

thermophilic condition and the M8-P, as the SCFAs production was continuously 

increasing until the very final days (24 to 27), when it finally slowed down, but without 

reaching an evident plateau. The temperature (Kim et al. 2003) and the MW-H2O2 

pretreatment (Xiao et al. 2012) both contributed to enhance the solubilisation of organic 

matter and triggered a long process of acidogenic fermentation. However, an HRT of 

more than 20 days is normally difficult to manage in a continuous process from the 

economic point of view, despite the high production potential of this operative conditions. 

The concentration peaks of the T8 and the T12 were 6.7-7.4 g CODSCFA/L and 13.9-15.3 

g CODSCFA/L respectively, which are lower compared to the mesophilic condition. As 

reported by Mpofu et al. (2021), conventionally, mesophilic AD at 35-40°C is preferable 

to thermophilic AD when treating tannery wastewater, in fact it may exacerbate inhibition 

instead of improving reaction kinetics and process efficiency. The series T8-P reached  
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Figure 14 SCFAs concentration trends (mgCOD/L) in the mesophilic batch test 
M8 (A); mesophilic batch test M12 (B); mesophilic batch test M8-P (C). 
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Figure 15 SCFAs concentration trends (mgCOD/L) in the thermophilic batch test 
T8 (A); thermophilic batch test T12 (B); thermophilic batch test T8-P (C). 
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concentrations between 23.7-26.2 g CODSCFA/L, much higher than M8-P (16.8-17.7 g 

CODSCFA/L), highlighting the combined effects of high temperatures and the MW-H2O2 

pretreatment on the SCFAs production. Overall, the mesophilic condition seems more 

appealing for a future industrial-scale development for the SCFAs production process 

from tannery sludge, also taking into account the economic drawback of the thermophilic 

condition related to heat requirements. 

The literature regarding the production of SCFAs from tannery sludge is scarce, so a 

comparison can be assessed with municipal sludge related experiments, since both 

derived from a wastewater biologically treated in WWTPs. Lorini et al. (2022) tested the 

production of SCFA from thickened WAS in three different conditions, obtaining 5.2 ± 

0.3 g CODSCFA/L in mesophilic temperature, 7.7 ± 0.3 g CODSCFA/L in thermophilic 

temperatures, and 8.8 ± 0.1 g CODSCFA/L in thermophilic temperature with thermal 

pretreatment (70°C for 48 h). These results were obtained with a solids content of 30 g 

TS/KgWAS in 8-9 days (HRT), which is a time closer to the M8-T8 than the M12-T12 of 

this study; this is a confirmation that the lower TS reduce the time required for complete 

acidogenic fermentation. A mixture of WAS and OFMSW was used by Valentino et al. 

(2019) in an AD process (CSTR) to produce SCFA, obtaining 20 g CODSCFA/L in 

mesophilic conditions (37°C); in thermophilic conditions (55°C) the concentrations were 

generally higher, but widely variable over the course of the process, in a range from 16.5 

to 31.6 g CODSCFA/L, resulting in a more difficult fermentation control. Morgan-

Sagastume et al. (2010) conducted a semi-continuous fermentation of WAS pretreated 

via Cambi (high pressure and temperature) process, adopting an operative temperature of 

42°C and obtaining 19.9 ± 1.9 g CODSCFA/L from the mixed primary-WAS and 18.5 ± 

2.2 g CODSCFA/L from the municipal WAS. These values are between those obtained in 
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this study by the M8-P (16.8-17.7 g CODSCFA/L) and the T8-P (23.7-26.2 g CODSCFA/L). 

In Morgan-Sagastume et al. (2015) the thickened WAS fed four acidogenic fermentation 

batches, without pH control and pretreatments, conducted at different operative 

temperatures; no statistically relevant differences were found regard the maximum SCFA 

productions (between 6 ± 0.9 and 9.4 ± 1.6 g CODSCFA/L), archived in 4.5 days at 35°C 

and in7 days at 55°C. In general, we can observe that when the substrate is composed 

only of WAS, the concentrations of SCFAs obtained are lower than the mixed substrates 

(primary sludge/OFMSW and WAS); in all studies, the production was further enhanced 

by performing pretreatments. The effect of the temperature seems to be inconsistent and 

dependent on the characteristics of the sludge and the process itself. 

 

4.4 SCFA/sCOD ratio 

The amount of sCOD that converted into SCFAs indicates whether the concentration of 

soluble organics can affect the conversion efficiency of acidogenic fermentation, and if 

the enhanced solubilization given by temperature and pretreatments can drive to higher 

production of acids. The highest value of sCOD, at the end of the fermentation, was 

archived by T8-P (34.1 g O2/L), as expected due to the application of the MW-H2O2 

pretreatment combined with the thermophilic temperature. T8 had the lowest value (12.6 

g O2/L), confirming again to be the worst condition studied. Figure 16 shows the 

SCFA/sCOD ratios (COD/COD); these results were calculated on the plateau reached in 

each acidogenic fermentations, where the higher SCFAs concentrations were registered. 

The mesophilic tests (Figure 16A) all show similar results, around the value of 0.7 

COD/COD, so solids content and pretreatment don’t seem to have an influence on this 

parameter.  
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The thermophilic tests (Figure 16B) differed more between each other; the T8 test was 

the only condition showing values below 0.6 COD/COD, while T12 and T8-P have values 

similar to the mesophilic tests, around 0.7 COD/COD. The worst results were obtained 

by the T8, so the mesophilic condition seems again preferable to the thermophilic one. 

The similar ratios obtained by all the tests lead to think that the conversion efficiency is 

Figure 16 SCFA/CODsol ratio (COD/COD) of the mesophilic batch tests M8, M12, and M8-P under 
initial pH 5, 7, 9, and 11 (A); thermophilic batch tests T8, T12, and T8-P under initial pH 5, 7, 9 and 11 
(B). 
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not affected by the concentration of soluble organic matter, and around 30% of the sCOD 

always remained unconverted to SCFAs in all different fermentative conditions tested.  

These results are in line with the values found by Valentino et al. (2019) (0.72 mesophilic, 

0.59 thermophilic) on OFMSW, and by Presti et al. (2021) (0.69 g CODSCFA/L) on sewage 

sludge, while other literature report values of 0.81 ± 0.3 (Micolucci et al. 2020) using 

food waste. Lower values, between 0.4-0.6, were obtained by Morgan-Sagastume et al. 

(2010), where the Cambi pretreatment was performed on WAS and sCOD values were 

between 31-40 g O2/L; in fact, compared to the T8-P, the sCOD is higher, but the lower 

conversion efficiency led to similar final concentration of SCFAs (around 20 g 

CODSCFA/L). 

 

4.5 Fermentation yield 

The yields showed in Figure 17 were calculated as the ratio between the maximum SCFAs 

produced and initial VS concentration (g CODSCFA/g VS(0)). Comparing the tests with the 

same TS/pretreatment, but different temperature, the results show similar values. This 

suggest that the temperature did not have noticeable effect on fermentation yields. The 

higher amounts of VS in each test slightly increased the yields, shifting the average values 

from 0.16 (M8) to 0.18 (M12) in mesophilic conditions, and from 0.12 (T8) to 0.16 (T12) 

in thermophilic conditions. The pretreatment greatly improved the yields in both the 

mesophilic (M8-P, 0.30 g CODSCFA/gVS) and thermophilic (T8-P, 0.31 g CODSCFA/g VS) 

conditions, doubling the values. Consequently, it can be observed that the MW-H2O2 

pretreatment led to an enhanced solubilization of the organic compounds into nutrients 

available for microorganisms. Moreover, the dosage of 0.2 g H2O2/g TS generates low 
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residual H2O2 and did not have an inhibitory effect on the microbial growth. Given the 

similar results obtained at 40°C and 55°C, the mesophilic condition appears preferable. 

Valentino et al. (2019) reported yields around 0.41-0.44 g CODSCFA/g VS, independently 

from the chosen process temperature (37 and 55°C), using a mixture of OFMSW and 

WAS. The thermal pretreatment on WAS performed by Lorini et al. (2022) led to a 

significant COD and VS solubilization, obtaining a yield of 0.38 ± 0.04 g CODSCFA/g VS. 

Figure 17 Yield values (gSCFA/gVS(0)) of the mesophilic batch tests M8, M12, and M8-P under initial 
pH 5, 7, 9, and 11 (A); thermophilic batch tests T8, T12, and T8-P under initial pH 5, 7, 9 and 11 (B). 
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Morgan-Sagastume et al. (2015) fermented thickened WAS at different temperatures (35-

42-55°C), obtaining the best yields: 0.33 ± 0.03 and 0.27 ± 0.02 g CODSCFA/g VS at 42°C 

and 55°C respectively. The yields obtained from tannery sludge reported in this study are 

comparable to those obtained from WAS only when the combined MW-H2O2 

pretreatment was performed. When the mixture is used, the yields values are higher due 

to the higher fermentability of the OFMSW (Valentino et al. 2019). 

 

4.6 SCFAs composition  

As no influence of the initial pH was observed between the different tests, the graph 

reported in Figure 18-19 are the mean values of the four bottles corresponding to the four 

initial pH conditions. The abundances of each SCFA are reported as the ratio (%, 

gCODACID/gCODSCFA) between the specific acid concentration and the total SCFAs 

concentration. In both the temperature conditions, the most abundant SCFA is acetic acid, 

followed by butyric acid (20-22% in mesophilic, 24-26%% in thermophilic conditions). 

Isovaleric acid is third in abundance at 40°C (11-16%), while at 55°C the fraction of 

propionic acid is slightly higher (15-16%). The mesophilic series (Figure 18) shows 

similar values between M8 and M12 tests, with a slight increase from 37% to 41% of the 

acetic fraction. The remaining fraction is composed by propionic (10-13%), isobutyric 

(6-8%), and valeric (1-5%) acids. The M8-P have the highest fraction of acetic acid 

among all tests (52%), while valeric acid almost disappear. The thermophilic series 

(Figure 19) also shows a slight increase of acetic acid from T8 (37%) to T12 (39%) and 

the pretreated T8-P (40%). Isovaleric (13-15%) and isobutyric (7-8%) acids make up the 

remaining composition. The valeric acid completely disappeared. 
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Compared to the acidogenic fermentation of OFMSW-WAS mixture (Valentino et al. 

2019), the two dominant SCFAs were the same of this study, but at different proportions, 

as butyric acid was 41-42% (COD basis), and acetic acid was 22-23%, (COD basis), 

followed by propionic acid (11-10%), and a non-negligible amount valeric acid (12-11%), 

which is either absent, or very low in our results. The predominance of the butyric acid 

over the acetic acid is probably due to the use of OFMSW (Girotto et al. 2017). In Lorini 

et al. (2022), the most abundantly observed acids were acetic, butyric, and propionic for 

the thermophilic WAS fermentation (55-22-18% respectively) and the thermally 

pretreated WAS fermentation (58-19-15% respectively). Similar composition, but with 

less predominance of these three acids, was obtained by Morgan-Sagastume et al. (2015) 

Figure 19 Composition in terms of %COD of the SCFAs obtained from the mesophilic batch tests M8 
(A), M12 (B), and M8-P (C) as the average of all the initial pH conditions. 

Figure 18 Composition in terms of %COD of the SCFAs obtained from the mesophilic batch tests M8 
(A), M12 (B), and M8-P (C) as the average of all the initial pH conditions. 
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using thickened WAS as substrate for acidogenic fermentation (results obtained at 42 and 

55°C, COD basis), with 28-38% of acetic, 15-26% butyric, 13-23% propionic, 12-18% 

isovaleric, and 4-11% valeric acids. These results are comparable to the series performed 

in this study, confirming the similarity between WAS and tannery sludge on the final 

SCFAs composition via acidogenic fermentation. 

  

4.7 Perspective of tannery sludge utilization in a new biorefinery value-chain 

Due to the growing concern on greenhouse gasses emissions, the transition towards a 

Circular Economy approach is now required in most of the productive sectors. In this 

context, biorefinery represents an innovative approach in the environmental management, 

where products at the end of their service life or waste materials, such as the organic 

waste, are seen as valuable resources for the production of high added value bio-products 

or biofuels (Nghiem et al. 2017). The potential of microbial fermentation and recovery of 

SCFAs from tannery sludge has never been investigated in detail, so this study aim to 

furnish a basis on which other scale-up experiments can rely on. The results obtained in 

this work are summarized in Tables 3-4. The final concentration of SCFAs reached is an 

important parameter, since downstream processing is also a challenge, and greater focus 

is needed in this area to recover SCFAs with a higher productivity and purity (Mkhize et 

al. 2014). The amounts of SCFAs potentially extractable from the liquid phase are 

significant, with no risk related to the Cr(VI) release (the analysis reported a concentration 

below the LOQ of 0.03 mg/L), even when compared to other organic wastes. 

Nevertheless, the chromium content remains an issue and its final dispose on the unused 

fluxes should be considered. The interest in biorefinery emerges in an increasing in the 

research of new and efficacy pretreatment methods, such as microwave (Strazzera et al. 
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2018), where an environmental and economic evaluation is recommended because of the 

required energy and reagents demand, which is not always recovered through an adequate 

increase of SCFAs yield (Bolzonella et al. 2018). Given the results obtained in this work, 

the pretreatment seems a more relevant aspect compared to the operative temperature, so 

more effort should be put on the study of technical and economic feasibility of the initial 

treatment of the sludge in a scale-up approach.   
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Table 3 Summary of the main results (average data) obtained in the mesophilic (M8, M12, M8-P) anaerobic fermentation of tannery sludge. 

 

Parameter Unit Series M8 Series M12 Series M8-P 

  pH 5 pH 7 pH 9 pH 11 pH 5 pH 7 pH 9 pH 11 pH 5 pH 7 pH 9 pH 11 

SCFAs g COD/L 9.49 9.35 9.59 10.3 14.7 14.6 15.5 15.8 17.3 16.8 17.1 17.7 

SCFAs/CODSOL COD/COD 0.72 0.72 0.74 0.70 0.74 0.72 0.73 0.75 0.75 0.70 0.76 0.73 

YF gCODSCFA/gVS0 0.16 0.16 0.17 0.17 0.17 0.17 0.18 0.18 0.29 0.28 0.29 0.30 

Acetic acid g COD/L 4.73 4.73 4.52 4.23 6.22 6.13 6.78 6.05 9.06 7.95 9.86 8.51 

Propionic acid g COD/L 1.33 1.25 1.07 1.21 1.79 2.08 2.18 2.18 1.88 2.00 1.28 1.81 

Isobutyric acid g COD/L 0.57 0.88 0.82 0.71 0.99 0.99 1.04 1.14 0.93 1.00 0.99 1.09 

Butyric acid g COD/L 1.71 1.38 1.87 2.23 3.59 2.93 3.23 3.40 3.36 3.39 3.09 4.30 

Isovaleric acid g COD/L 0.50 0.89 1.00 1.48 1.94 2.02 2.11 2.15 1.83 1.91 1.81 1.81 

Valeric acid g COD/L 0.65 0.21 0.33 0.35 0.21 0.5 0.18 0.89 0.25 0.17 0.17 0.21 

CODSOL g COD/L 13.1 13.0 12.5 14.7 19.9 20.3 21.3 21.2 23.0 23.8 22.6 24.4 

N-NH4
+ mg/L 720 645 707 680 1132 1204 1167 1221 1620 1610 1638 1550 

P-PO4
3- mg/L 0.93 1.17 0.99 1.56 1.77 2.34 1.88 2.02 2.62 2.55 2.16 2.26 

Chromium VI mg/L < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 
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Table 4 Summary of the main results (average data) obtained in the thermophilic (T8, T12, T8-P) anaerobic fermentation of tannery sludge. 

Parameter Unit Series T8 Series T12 Series T8-P 

  pH 5 pH 7 pH 9 pH 11 pH 5 pH 7 pH 9 pH 11 pH 5 pH 7 pH 9 pH 11 

SCFAs g COD/L 7.15 7.19 7.34 7.26 15.35 14.84 13.92 14.97 23.76 26.20 26.09 25.74 

SCFAs/CODSOL COD/COD 0.58 0.57 0.55 0.57 0.64 0.65 0.60 0.62 0.71 0.74 0.73 0.75 

YF gCODSCFA/gVS0 0.12 0.12 0.12 0.12 0.17 0.17 0.16 0.17 0.28 0.31 0.30 0.29 

Acetic acid g COD/L 2.91 2.80 2.41 2.45 5.90 5.89 5.48 5.74 12.25 10.34 10.86 10.46 

Propionic acid g COD/L 1.06 1.09 1.06 1.04 2.02 2.15 2.46 2.02 3.38 4.30 4.01 3.45 

Isobutyric acid g COD/L 0.49 0.52 0.60 0.55 1.22 1.14 1.07 1.15 1.34 1.98 2.05 1.59 

Butyric acid g COD/L 1.73 1.71 2.01 2.10 3.90 3.48 2.92 3.96 4.23 6.34 5.65 6.97 

Isovaleric acid g COD/L 0.95 1.08 1.26 1.13 2.31 2.19 2.00 2.10 2.57 3.26 3.51 3.27 

Valeric acid g COD/L - - - - - - - - - - - - 

CODSOL g COD/L 12.4 12.6 13.2 12.8 23.8 22.9 23.2 24.0 33.3 35.2 35.7 34.2 

N-NH4
+ mg/L 880 725 810 741 1268 1284 1218 1131 1432 1569 1665 1679 

P-PO4
3- mg/L 2.2 2.2 2.6 22 2.8 2.8 2.8 2.5 2.6 2.7 2.9 2.8 

Chromium VI mg/L < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 
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4 Conclusion 
The aim of this study was to evaluate whether tannery sludge can be used as renewable 

carbon source for the production of intermediate compounds (SCFAs) in a process of 

acidogenic fermentation and assessing the most appropriate operative conditions in terms 

of temperature, pH, solids content, and oxidizing/heating pretreatment. The main 

parameters to evaluate the process performances were the final concentration of SCFAs, 

SCFA/sCOD ratio, yield, and composition. In the batch tests performed, the best results 

were obtained under thermophilic conditions (55°C) combined with the MW-H2O2 

pretreatment (T8-P test), with a concentration of organic acids between 23.7-26.2 g 

CODSCFA/L, a conversion efficiency of more than 0.7 (g CODSCFA/g sCOD) and a yield 

of 0.31 g CODSCFA/g VS. Between the two different temperatures investigated no 

substantial differences in the yields and the SCFA/sCOD ratios were observed, while the 

final concentrations of SCFAs is lower in the mesophilic condition only when the 

pretreatment is performed; however, the time required by the T8-P to reach the plateau 

was longer than 24 days, making it difficult to manage in a continuous process. In the 

mesophilic series, the best results were given by the pretreated tests (M8-P), with a final 

concentration slightly higher (16.8-17.7 g CODSCFA/L) compared to the M12 (14.6-15.8 

g CODSCFA/L), and a SCFA/sCOD ratio (0.7 COD/COD) similar for all the tests of the 

series. The best benefit of the MW-H2O2 pretreatment is shown by the yield, 0.30 g 

CODSCFA/g VS, double compared to the M12 and M8. Overall, the mesophilic condition 

had better results and, being also less energy intensive and easier to perform in large scale, 

it appears to be a more appealing alternative compared to the thermophilic one. These 

results are comparable with those found in the literature on the acidogenic fermentation 

of WAS, even when thermal pretreatment was performed, while better results were found 
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by other authors when a mixture of WAS with a more fermentable organic waste was 

used (Valentino et al. 2019). An interesting characteristic observed in this study is the 

characteristic of the tannery sludge to act as a buffer and maintain a neutral pH (around 

7), due to the presence of lime deriving from the tanning process and treatment of tannery 

wastewater. Usually, when the pH values drop to less than 5.25 the activity of the 

microorganism is inhibited, and during the process the accumulation of SCFAs tends to 

decrease the pH. This normally require the addition of chemicals to maintain an 

appropriate pH during the process, which is not required with this particular sludge.  

As previously mentioned, the tannery industry has a process variability due to the 

different raw materials and chemicals used during the year, so further work should be 

done to explore the different characteristics of resulting wastes and optimize the related 

valorisation process. These results represent a first step in the understanding of this 

resource and further work is needed to assess the best working conditions to fully take 

advantage of this waste. Further research should be performed on the economic and 

technical feasibility of what assessed in this work, and on the integration of this process 

in the already existing tannery WWTPs. The valorization of this renewable carbon source, 

through the recovery of bio-materials precursors, would develop an integrated process of 

Circular Economy according to the requirements of the European Green Deal, and address 

environmentally friendly practices in one of the most polluting sectors worldwide.  
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