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Abstract 

The objective of this study was to test three different alternatives to mitigate the destabilizing 

effect of accumulation of ammonia and volatile fatty acids during food waste anaerobic 

digestion. The three options tested (low temperature, co-digestion with paper waste and trace 

elements addition) were compared using consecutive batch reactors. Although methane was 

produced efficiently (500 mlCH4·gVS
-1

; 16 lCH4·l reactor
-1

), the concentrations of propionic 

acid increased gradually (up to 21.6 g·l
-1

). This caused lag phases in the methane production 

and eventually led to acidification at high substrate loads. The addition of trace elements 

improved the kinetics and allowed higher substrate loads, but could not avoid propionate 

accumulation. Here, it is shown for the first time that addition of activated carbon, trace 

elements and dilution can favor propionic acid consumption after its accumulation. These 

promising options should be optimized to prevent propionate accumulation. 
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1. Introduction 

Moving our society towards a circular economy and a sustainable future, food waste (FW) 

must be considered as a resource. In addition, the European Directive 2008/98/CE imposes 

the valorization of commercial FW from large producers through soil return. Among all the 

options for FW valorization, anaerobic digestion (AD) allows the conversion of organic 

matter into biogas and digestate. Considering FW as a substrate for AD, it has been stated that 

these two end-products may have huge implications for production of renewable energy (Thi 

et al., 2016) and for recovery of nutrients (Stoknes et al., 2016), respectively. Moreover, the 

benefits of AD when compared to other treatment methods, such as landfilling, incineration or 

composting have been previously proved (Bernstad et al., 2016). 

However, AD of FW is a complex process associated with several issues. In short term, as 

FW is mainly composed of easily degradable carbohydrates, reactor overloading and initial 

accumulation of volatile fatty acids (VFAs) have been frequently reported due to unbalance of 

the acidogenesis/acetogenesis and methanogenesis steps (Capson-Tojo et al., 2016). In 

addition, during long term operation several authors have reported high concentrations of total 

ammonia nitrogen (TAN) and thus free ammonia nitrogen (FAN), which is toxic to 

microorganisms (Banks et al., 2008; Rajagopal et al., 2013). This occurs due to the high 

protein content of FW. Proteins are rich in organic N, which is reduced to TAN during AD. 

The high TAN concentrations achieved during AD of FW have been found to be responsible 

for inhibiting acetoclastic methanogens, which are known to be more sensitive to high 

TAN/FAN concentrations (inhibited over 2.8-3.0 g TAN·l
-1

) than 

hydrogenotrophic/mixotrophic archaea (De Vrieze et al., 2012). Thus, this latter archaea are 

the predominant species at the high TAN concentrations associated with FW AD (Jiang et al., 

2017). As a conclusion, different studies have suggested that syntrophic acetate oxidation 
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(SAO) and hydrogenotrophic methanogenesis (HM) are predominant pathways for methane 

production during AD of FW (Banks et al., 2012; Capson-Tojo et al., 2017; Yirong et al., 

2015). In these systems, syntrophic interactions between different groups of bacteria and 

archaea are particularly important to avoid accumulation of intermediate metabolites such as 

VFAs, molecular hydrogen or formate. If any of the aforementioned compounds start to build-

up in the reactors, it eventually causes acidification of the AD process, decreasing the pH 

down to values at which the production of methane no longer occurs. Thus, accumulation of 

VFAs during FW AD has been reported by several authors, causing inefficient AD and 

eventually process failure (Banks et al., 2008; Wanqin Zhang et al., 2015). 

Different options have been proposed to overcome this issue. Among them, co-digestion (i.e. 

simultaneous digestion of two or more substrates) and supplementation of trace elements 

(TEs) are among the most promising alternatives for achieving stable FW AD (Capson-Tojo 

et al., 2016). Several co-substrates have been co-digested with FW, such as green waste (X. 

Chen et al., 2014), manure (Ebner et al., 2016), sludge (Kim et al., 2017), macroalgae (Cogan 

and Antizar-Ladislao, 2016) or cardboard/paper waste (Asato et al., 2016; Capson-Tojo et al., 

2017; Kim and Oh, 2011). Among those co-substrates, lignocellulosic-rich organic matter 

appears as a convenient option due to their much slower hydrolysis rates when compared with 

FW (reducing the risk of initial VFA accumulation), their high C/N ratio (diluting N 

concentrations) and their higher alkalinity. Paper/cardboard waste (PW) is particularly 

suitable for centralized commercial FW co-digestion, mainly because both wastes are usually 

the main organic solid waste streams in urban areas (Kim and Oh, 2011; Zhang et al., 2012). 

Other than co-digestion, the supplementation of TEs has also been found to stabilize AD of 

FW (Banks et al., 2012; Zhang and Jahng, 2012; Wanli Zhang et al., 2015a). As the results by 

Banks et al. (2012) suggest, a lack of TEs exists during AD of FW because of the 

requirements for synthesis of the enzymes needed for syntrophic HM, particularly for the 
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production of formate dehydrogenase for formate cleavage. In their study, the build-up or 

formate and/or hydrogen led to accumulation of propionic acid (HPr) in the reactors, whose 

degradation is thermodynamically favorable only within a small range of concentrations of 

these species (Batstone et al., 2002). Different TEs have been found to be required for both 

mesophilic and thermophilic AD of FW, such as iron, selenium, cobalt, molybdenum, nickel 

or tungsten (Qiang et al., 2013, 2012; Wanqin Zhang et al., 2015). By adding mixtures of 

these elements, it has been possible to avoid accumulation of VFAs, even at higher organic 

loading rates (OLRs) than in the reactors without them (Zhang et al., 2011; Wanli Zhang et 

al., 2015a; Wanqin Zhang et al., 2015). Some authors have even recovered acidified reactors 

by TEs supplementation (Qiang et al., 2013, 2012). 

Besides their wide industrial applicability, consecutive batch reactors have been barely used 

for solid FW AD. As these systems allow testing several conditions in parallel, they are 

particularly convenient for AD studies at laboratory and pilot scale. To the knowledge of the 

authors, no study has been carried out to compare the aforementioned stabilization options 

(i.e. co-digestion and TEs addition) and their ability to avoid accumulation of VFAs at 

different substrate loads. Moreover, a simple option to decrease the FAN concentration in the 

reactors is working at low temperatures, displacing the NH3-NH4
+
 equilibrium towards NH4

+
 

and therefore lowering the impact of NH3 inhibition.  

The objective of this study was to compare the performance of three options for AD 

stabilization using pilot-scale consecutive batch reactors: working at low temperatures (30 °C 

vs. 37 °C), co-digestion of FW with PW and supplementation of TEs. The total solids (TS) 

contents and the concentrations of VFAs and TAN after each consecutive batch were 

measured. In addition, the digestate from a pilot reactor was used to test different options for 

favoring the consumption of the VFAs that had progressively accumulated (mainly HPr). An 

extensive characterization of commercial FWs from different sources was also carried out. 
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2. Materials and methods 

2.1. Inoculum and substrate 

The inoculum used to start the pilot reactors was collected from an industrial plant digesting 

different organic streams at high TAN/FAN concentrations (5.04 g TAN·l
-1

; 0.615 g FAN·l
-1

). 

Thus, it was assumed that the microbial population was already adapted to high FAN 

concentrations, such as those existing during FW AD. The sludge had a TS content of 

5.81±0.02 %, with 59.13±0.08 % corresponding to volatile solids (VS). Concerning the 

commercial FW, the waste collection was carried out in the region of the Grand Narbonne, in 

the south of France. Five different mayor FW producers from the region were used as 

representative examples of potential FW suppliers: (1) fast food restaurant, (2) restaurant, (3) 

supermarket, (4) fruit and vegetable supermarket and (5) fruit and vegetable distribution. A 

proportional mixture (wet weight) of the different FWs was used as substrate for the 

experiments. 

2.2. Consecutive batch reactors for stabilization of anaerobic digestion  

Four different pilot reactors were run in parallel to test the different strategies for AD 

stabilization. The particular working conditions are shown in Table 1. 

The Control reactor was fed with FW and incubated at 37 °C. The reactor T30 had equivalent 

working conditions, but was kept at 30 °C to lower the FAN proportions. The Co-PW reactor 

was operated similarly, but a supplementary amount of PW was added as co-substrate (75 % 

FW:25 % PW w/w). This co-digestion ratio was selected because similar values have been 

previously applied successfully in the literature (Kim and Oh, 2011; Zhang et al., 2012) and 

because this is a proportion similar to the one at which FW and PW are generally found in 

municipal solid waste (Hogg et al., 2002). The PW used was regular office paper grinded to 

less than 1 cm (92.7 % TS; 77.6 % VS/TS). During the start-up of this reactor, a small amount 
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of dried compost was added to the inoculum to increase the initial TS contents to values close 

to those expected after several consecutive batchs using this substrate (around 9 % TS). 

Finally, the Sup-TEs reactor had equivalent working conditions to those of the Control reactor 

but was supplemented with TEs at the following concentrations: 100 mg·l
-1

 Fe, 1 mg·l
-1

 Co, 5 

mg·l
-1

 Mo, 5 mg·l
-1

 Ni, 0.2 mg·l
-1

 Se, 0.2 mg·l
-1

 Zn, 0.1 mg·l
-1

 Cu, 1 mg·l
-1

 Mn. These values 

were calculated from optimal results reported in the literature (Banks et al., 2012; Zhang and 

Jahng, 2012; Wanli Zhang et al., 2015a). The required volume of a concentrated solution 

(x100) containing FeCl2·4H2O, CoCl2·6H2O, Na2MoO4·2H2O, NiCl2·6H2O, Na2SeO3, 

ZnCl2·2H2O, CuCl2·2H2O, MnCl2·4H2O was used for doping the reactor. 

Concerning the reactor loading, the same procedure was applied in all the systems. The first 

load was 0.087 kg FW·kg inoculum
-1

 (corresponding to an initial substrate to inoculum ratio 

(S/X) of 0.25 g VS·g VS
-1

), continuing with 0.173 FW·kg inoculum
-1

 (two-fold initial load) 

and 0.260 kg FW·kg inoculum
-1

 (three-fold initial load). The reactors were fed when a biogas 

plateau was reached or when yields of approximately 500 ml CH4·g VS
-1

 (common 

biochemical methane potential (BMP) value for FW (Capson-Tojo et al., 2016)) were 

obtained. When feeding, the required amount of digestate was removed to keep a constant 

working volume in the reactors. It is important to consider that, as the kinetics of biogas 

production in the reactors differed, the reactors were not fed at the same times and a different 

number of feeding cycles was achieved in each condition throughout the operational period. 

Table 2 aims to summarize the loading regime applied in the four reactors (i.e. Control and 

three stabilization strategies). The Control reactor and the reactors T30 and Co-PW were 

started at the first selected load (Cycle 1; 0.087 kg FW·kg inoculum
-1

). It must be mentioned 

that this first cycle was used for adaptation of the inoculum and therefore the three reactors 

had the same working conditions (37 °C and FW as substrate; grey-shaded methane yields in 

Figure 1). The specific conditions of T30 and Co-PW were started in Cycle 2 (with the same 
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load of Cycle 1). In the 3
rd

 cycle, the load was doubled in all the pilots, and the Sup-TEs 

reactor was started with inoculum issued from the Control reactor and with the same load that 

was applied in the other pilots (0.173 kg FW·kg inoculum
-1

). This allowed the comparison 

between the different conditions. To permit a straight-forward comparison between the 

Control and the Sup-TEs after the start-up of the latter, the first 2 feeding cycles of the 

Control (used for inoculating Sup-TEs) are also presented in the figure showing the 

performance on Sup-TEs (grey-shaded methane yields in Figure 1). 

The experiments lasted a minimum of 173 days (Co-PW) and a maximum of 187 days 

(Control). The reactors consisted of cylindrical vessels made of stainless steel that were 

continuously agitated by inner stirring blades. A more precise description of these reactors 

can be found elsewhere (Ganesh et al., 2013). 

2.3. Batch essay for investigating the VFA consumption 

After 159 days of operation, 4 kg of digestate from the Co-PW reactor were sampled and used 

to test different options for favoring the consumption of the accumulated VFAs. Table 3 

summarizes the different working conditions defined. 

All these reactors were fed with 288 ml of digestate and incubated at 37 °C for 142 days. The 

influence on the VFA consumption of the addition of TEs was tested at two different 

concentrations: (i) the TEs concentration defined previously for the pilot reactor Sup-TEs 

(corresponding to 100 mg Fe·l
-1

), and (ii) a reactor with a 5-folded concentration 

(corresponding to 500 mg Fe·l
-1

). The effect of the supplementation of granular activated 

carbon (GAC; Sigma-Aldrich, Missouri, United States of America; CAS 7440-44-0) was also 

assessed. Addition of GAC has been reported to favor adsorption of inhibitors, allowing at the 

same time the formation of biofilms onto its surface, which has been shown to favor 

syntrophic interactions (Fagbohungbe et al., 2017). In addition, GAC allows direct 

interspecies electron transfer (DIET), avoiding the formation of electron shuttles (such as 
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hydrogen or formate) and favoring acetic acid (HAc) consumption (Dang et al., 2016; Lee et 

al., 2016). An initial GAC concentration of 10 g·l
-1

 was selected according to Lee et al. 

(2016). A last reactor was defined (1/2Dilution) to evaluate the effect on VFA consumption of 

simply diluting the digestate, aiming to reduce thermodynamic inhibitions. A Control reactor 

was also defined to perform an un-biased evaluation of the effect of these different options.  

The reactors used were specifically designed to allow sampling of the digesting medium 

during the AD process without disturbing the gas in the headspace (Motte et al., 2015). As a 

consequence, the dynamics of both the biogas production and the VFA consumption-

production were followed. 

2.4. Analytical methods 

2.4.1. Physicochemical characterization of the commercial FW 

The characterization of commercial FW is a crucial step prior to its valorization. In addition, 

its characteristics are source dependent. Therefore, an extensive characterization of the 

commercial FW from the different suppliers was performed. TS and VS contents were 

measured according to the standard methods of the American Public Health Association 

(APHA, 2005). The concentration of carbohydrates was measured by the Dubois method 

(Dubois et al., 1956). The content of lipids was determined by a gravimetric method based on 

accelerated solvent extraction using an ASE
®
200, DIONEX coupled to a MULTIVAPOR P-

12, BUCHI with heptane as solvent (100 bar, 105 °C, 5 cycles of 10 min static and 100s 

purge) (APHA, 2005). Total Kjeldahl nitrogen (TKN) and NH4
+
 concentrations were 

measured with an AutoKjehdahl Unit K-370, BUCHI. The concentration of proteins was 

estimated from the TKN contents using a conversion factor of 6.25 g protein∙g N
-1

 (Jimenez et 

al., 2013). Total organic carbon (TOC) and inorganic carbon (IC) were determined using a 

Shimadzu TOC-VCSN Total Organic Carbon Analyzer coupled to a Shimadzu ASI-V tube 

rack. The total carbon (TC) was calculated as the sum of TOC and IC. The pH was measured 
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by a WTW pHmeter series inoLab pH720. The BMPs of the substrates were determined 

according to Motte et al. (2014). 

The concentrations of micro/macro-elements were measured by Aurea Agroscience
©
 (Ardon, 

France) as follows: metallic trace elements were determined by water extraction, according to 

the norm NF EN 13346. The measurement of Cu, Ni, Fe, Mo, Mn, Co and Zn concentrations 

was performed by plasma emission spectrometry, according to the NF EN ISO 11885. The 

concentrations of total P, K, Mg, Ca and Na were measured according to NF EN ISO 11885.  

Table 4 shows the main characteristics of the analyzed FWs from the different suppliers and 

the mixture used for feeding the reactors.  

The results are in agreement with those commonly presented in the literature (Capson-Tojo et 

al., 2016). The TS content ranged from 10.1 to 40.0 % and the VS from 85.8 to 94.4 % 

VS/TS. Carbohydrates were the main component in all the samples (396-776 g·kg TS
-1

), 

followed by proteins (125-262 g·kg TS
-1

) and lipids (24.0-293 g·kg TS
-1

). Interestingly, the 

sample from fruit and vegetable distribution (mainly composed of vegetables such as leeks) 

had the highest concentration of proteins (262 g·kg TS
-1

), suggesting that some vegetables 

(e.g. leeks) might also contribute greatly to the high nitrogen content of FW (and thus to high 

TAN concentrations in the AD reactors). The high proportions of proteins led to high TKN 

concentrations and low C/N ratios (16.1 for the mixture), with values also in accordance with 

the literature (Capson-Tojo et al., 2016). High BMP values, ranging from 371 to 515 ml 

CH4·g VS
-1

 were obtained, suggesting the suitability of this substrate for AD and a high 

potential energy recovery. As the theoretical methane yields are higher for lipids than for 

proteins or carbohydrates, higher BMPs were obtained in the samples with high lipid contents 

and low concentrations of carbohydrates (i.e. restaurants). Relatively high concentrations of 

macroelements (i.e. P, Ca, Mg, K or Na) were found but, as the levels were much lower than 

the reported inhibitory limits (Angelidaki and Ahring, 1992; Appels et al., 2008; Batstone et 
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al., 2000), no inhibition was expected. Interestingly, the concentration of TEs varied widely 

according to the FW source and typology. In FW mainly composed of vegetables and fruits 

much higher concentrations of TEs required for AD (such as Cu, Fe, Mn, Mo or Ni) were 

found when compared to the samples from meat-serving restaurant. This suggests that higher 

contents of FW mainly composed of fruits and vegetables may increase the TEs 

concentrations, helping to stabilize the AD process. As expected, Fe showed the highest 

concentrations, with values up to 3 g·l
-1

 in FW from vegetable waste (fruit and vegetable 

distribution). Finally, the relatively high concentrations of VFAs (up to 7.58 g COD·kg
-1

) and 

TAN (up to 1.08 g·kg TS
-1

) suggest that the biodegradation of the substrates had already 

started during the storage period (inherent to the collection process and less than one week), 

proving also the high biodegradability and fast degradation kinetics of FW. 

2.4.2. Gas quantification and analysis 

The amount of biogas produced in the pilot reactors was continually measured using Ritter 

MilliGascounters MGC-1 V3.0. The composition of the biogas (and the volume of gas 

produced in the batch essay presented in 2.3.) was determined as described in Cazier et al. 

(2015). For comparing the kinetics of methane production in the reactors, the experimental 

data corresponding to the methane yields were fit to the Gompertz equation (Zwietering et al., 

1990) to estimate the kinetic parameters of the process. The least squares method was applied 

and the predicted values were plotted against the real data to evaluate the goodness of fit of 

the model. The resulting R
2
 and the p-value obtained from a Fisher’s exact test were used as 

indicators. 

2.4.3. Analysis of metabolites and final products of the digestion 

The concentrations of VFAs (i.e. acetic, propionic, butyric or valeric acids) and ionic species 

in the digestates were measured according to Motte et al. (2013). The concentration of FAN 

was calculated as a function of temperature, pH and TAN concentration (J. L. Chen et al., 
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2014).  

2.5. Thermodynamic calculations 

To support the experimental findings, theoretical thermodynamic calculations were carried 

out. For this purpose, Equation 1 was used: 

 

               
         

         
                                 Equation 1 

 

Where ΔG’ is the variation of Gibbs free energy (J∙mol
-1

), ΔG
0
 is the standard Gibbs free 

energy of the reaction (J∙mol
-1

), R is the ideal gas constant (8.314 J∙mol
-1

∙K
-1

), T is the 

temperature (K) and [I]
i
 are the concentrations and the stoichiometric coefficients in the 

reaction aA + bB ↔ cC + dD. When the line of zero ΔG’ for a reaction was calculated, the 

following conditions were assumed: 298 K, pH 7, 1 mM organic acids and 0.1 M HCO3
-
. 

These values were taken from Batstone et al. (2002) and the ΔG
0
 from Zeeman (2005).  

 

3. Results and discussion 

3.1. Performance of the stabilization strategies in consecutive batch pilot reactors 

The methane yields as well as the TS contents and the concentrations of HPr and TAN 

resulting from the different strategies evaluated for AD stabilization (working temperature of 

30 °C (T30), co-digestion with PW (Co-PW), and TEs supplementation (Sup-TEs)) are shown 

in Figure 1.  

3.1.1. Methane production and gradual propionate accumulation 

During the first 2 cycles (with a load of 0.087 kg FW·kg inoculum
-1

), the reactors were 

clearly performant, with high methane yields achieved (500 ml CH4·g VS
-1

). However, 

differences were already observed between the conditions tested. The reactor T30 showed 
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much slower kinetics than that of the Control reactor (i.e. 35 days vs. 22 days to reach 500 ml 

CH4·g VS
 -1

, respectively). This occurred simply because the lower reaction temperature 

slowed down the AD kinetics. This hypothesis was verified by adjusting the experimental 

results to the Gompertz equation. Taking the second feeding as example, the values of the 

maximum methane production rate and the lag phase were 48.1 ml CH4·g VS
-1

·d
-1 and 6.09 

days for the Control reactor (R
2
 0.9964 and p-value of 1.71∙10

-23
) and 29.7 ml CH4·g VS

-1
·d

-1
 

and 9.41 days for the reactor T30 (R
2
 0.994 and p-value of 1.03∙10

-41
). Lower maximum 

methane production rates and longer lag phases confirmed the slower AD kinetics a 30 °C.  In 

addition, the Co-PW reactor showed lower methane yields at similar digestion times. The 

maximum methane yields given by the Gompertz equation showed values of 368 ml CH4·g 

VS
-1

 in the second cycle for the Co-PW reactor (R
2
 0.997 and p-value of 4.04∙10

-24
), while a 

value of 564 ml CH4·g VS
-1

 was obtained for the Control reactor. This happened because PW 

is a more recalcitrant substrate than FW, with a lower BMP (Capson-Tojo et al., 2017). 

Therefore, the global methane yields (expressed by total VS of substrate added) decreased. 

Moreover, it is interesting to mention that in the Co-PW reactor a concentration of HPr of 

about 4 g·l
-1

 was reached already after the 1
st
 feeding (Cycle 2).  

As the performance was satisfactory, the organic load was doubled (0.173 kg FW·kg 

inoculum
-1

) in all the reactors in the 3
rd

 and 4
th

 cycles. In addition, the reactor Sup-TEs was 

started. Again, satisfactory methane yields were achieved (500 ml CH4·g VS
-1

), which led to 

high volumetric productivities (up to 16 l CH4·l
-1

). However, at the end of the 3
rd

 cycle, 

significant amounts of HPr were detected in all conditions, with concentrations up to 17.0 g·l
-

1
 in the Co-PW reactor. This HPr accumulation jeopardized the methane production kinetics 

and increased the lag phases in the methane production. Taking the results from the Gompertz 

equation of the Control reactor as example, while in the third feeding (negligible initial HPr 

concentrations) the maximum methane production rate and the lag phase were 40.4 ml CH4·g 
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VS
-1

·d
-1 and 3.62 days (R

2
 0.996 and p-value of 3.82∙10

-21
), these values were 30.5 ml CH4·g 

VS
-1

·d
-1

 and 6.40 days (R
2
 0.997 and p-value of 2.42∙10

-41
) for the same reactor in the fifth 

cycle (with initial HPr concentrations of 3.3 g∙l
-1

), indicating slower AD kinetics. 

Nevertheless, a clear improvement in the kinetics of methane production and in the reduction 

of HPr accumulation was observed in Sup-TEs when compared with the other conditions (i.e. 

methane yields of 462 ml CH4·g VS
-1

 achieved in 14 days vs. 20 days for the Control reactor 

in the 3
rd

 cycle), suggesting a positive effect of the TEs supplementation. By comparing the 

kinetic parameters of the Sup-TEs reactor with the Control reactor right after its start-up (3
rd

 

cycle), the Gompertz equation served to verify this hypothesis. While the maximum methane 

production rate and the lag phase in the Sup-TEs reactor were 44.7 ml CH4·g VS
-1

·d
-1 and 

2.00 days (R
2
 0.978 and p-value of 8.31∙10

-15
), these values were 40.4 ml CH4·g VS

-1
·d

-1
 and 

3.62 days (R
2
 0.996 and p-value of 3.82∙10

-21
) in the Control reactor. Thus, in the 5

th
 feeding 

cycle, the load was increased in the Sup-TEs reactor to 0.255 kg FW·kg inoculum
-1

. Although 

methane was produced efficiently, this load increase led to a slightly lower methane yield and 

to a sharp increase in the HPr concentration, up to 3.4 g·l
-1

. A second feeding with the same 

load (6
th
 cycle) caused acidification of the reactor, with pH values down to 5.9 and HPr and 

HAc concentrations of 7.30 g·l
-1

 and 16.1 g·l
-1

, respectively (see Table 5, showing the 

concentrations of both acids after each cycle). This suggested that a load of 0.255 kg FW·kg 

inoculum
-1

 was too high for the system. To verify if this load would lead to inhibition in all 

the conditions, an additional experiment (not presented) was carried out. Digestates from the 

four reactors were used as inoculum for lab-scale batch reactors at a load of 0.255 kg FW·kg 

inoculum
-1

 (that leading to inhibition in the Sup-TEs pilot). All the batch reactors were 

acidified (data not shown), confirming the results from the pilot reactors.  

Therefore, the Sup-TEs reactor was restarted in day 133 with digestate from the Control 

reactor and the load was reduced to 0.173 kg FW·kg inoculum
-1

 (the maximum applied in the 
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other three reactors). However, even at this load HPr continued to accumulate in the reactors, 

slowing down the methane kinetics (longer lag phases) and endangering the AD process. With 

much lower maximum methane production rates and longer lag phases than previously, the 

values of the kinetics parameters in the 6
th
 feeding of the Control reactor serve to illustrate 

this decrease of the AD kinetics: 23.9 ml CH4·g VS
-1

·d
-1 and 13.3 days (R

2
 0.998 and p-value 

of 1.76∙10
-36

), respectively. The co-digestion reactor (Co-PW) showed the most important 

build-up of HPr, with concentrations up to 21.6 g·l
-1

 detected after the 4
th
 cycle and pH values 

down to 6.5. Interestingly, the substrate conversion (estimated as the sum of methane and 

VFAs) remained relatively constant. At this point, the feeding of this reactor was stopped to 

evaluate if the concentration of HPr would decrease without addition of an external substrate. 

After two months, no significant decrease was observed.  

Concerning the TS contents, average values from 6.5±0.6 to 7.9±0.6 % were observed in the 

reactors Control, T30 and Sup-TEs. Due to the addition of PW, the Co-PW reactor reached 

higher TS values, of 11.3±0.3 % after the 3
rd

 Cycle. The high TS contents in Co-PW were 

caused by the high TS proportion of the PW and its lower degradability when compared with 

FW.  

3.1.2. Role of the concentrations of FAN and metabolites in propionate accumulation 

The FAN concentrations were also affected by the working conditions. Since no specific 

strategies were applied to reduce the FAN concentrations, the Control and Sup-TEs reactors 

showed the highest concentrations (1077 and 780 mg FAN·l
-1

, respectively). Applying a 

temperature of 30 °C in T30 allowed reducing this value to 691 mg FAN·l
-1

 by displacement 

of the NH4
+
-NH3 equilibrium towards NH4

+
. In addition, the co-digestion reactor (Co-PW) 

showed also lower TAN levels (520 mg FAN·l
-1

) because of the high C/N ratio of PW, which 

diluted the TAN concentrations (up to 7.1 g·l
-1

 in Co-PW vs. 9.5 g·l
-1

 in the Control reactor). 

It must be mentioned that the much lower concentrations of FAN in Co-PW were also related 
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to the lower pH values in this reactor due to the higher HPr concentrations. While in the other 

reactors the pH ranged between 7.89 and 8.16, the pH in Co-PW ranged between 7.85 and 

6.49. This affected greatly the NH4
+
-NH3 equilibrium, favoring the formation of NH4

+
. 

In order to understand why HPr accumulated in the reactors, it was required to pay attention 

to the high TAN/FAN concentrations and its consequences, as well as to the concentrations of 

AD metabolites. With this purpose Figures 2 and 3 are shown. Figure 2 represents the 

different pathways and reactions involved in methane production during AD and Figure 3 

plots the theoretical lines of zero ΔG’ for the same reactions at different acetate 

concentrations and hydrogen partial pressures. As aforementioned, acetoclastic archaea are 

inhibited over 2.8-3.0 g TAN·l
-1

 (De Vrieze et al., 2012) and therefore the acetoclastic 

pathway (acetoclastic methanogenesis-AM; dashed lines in Figure 2) becomes less important 

than in non-stressed AD conditions. As a consequence, syntrophic acetate oxidation (SAO) 

and hydrogenotrophic methanogenesis (HM; continuous lines in Figure 2) becomes the 

predominant methane producing pathway (De Vrieze et al., 2012; Jiang et al., 2017). Thus, 

mediated interspecies electron transfer (MIET), using hydrogen or formate as electron 

shuttles, becomes a critical step of the global process. These syntrophic interactions are 

particularly important for syntrophic propionate oxidation (SPO; reaction (i) in Figure 2). HPr 

can only be degraded by coupling SPO and SAO with HM. In addition, as acetic acid (HAc) 

and hydrogen/formate are products of HPr degradation (reaction (i) in Figure 2), SPO 

becomes thermodynamically unfavorable by product-induced feedback inhibition if these 

compounds accumulate in the reactor (which is more likely to occur during HM). It must be 

mentioned that, as the thermodynamics and stoichiometry of hydrogen and formate are 

virtually identical, only one has been considered in Figures 2 and 3 (Batstone et al., 2002). 

As it can be observed in Figure 3, while acetoclastic methanogenesis (AM) is 

thermodynamically favorable in almost the whole range presented (therefore being 
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predominant in non-stressed AD), there is only a small thermodynamic window in which 

SAO, SPO and HM can occur simultaneously (yellowish region in Figure 3). Figure 3 offers a 

possible explanation for the HPr accumulation observed. During batch AD of FW, an initial 

accumulation of VFAs (mainly HAc) occurs at the beginning of the process (Wanli Zhang et 

al., 2015a). In the present study, transient HAc concentrations of 17.2 g∙l
-1

 (0.29 M) were 

detected during the first days after reactor loading. In addition, before re-loading the pilots, 

the minimal concentrations of HAc were higher than 2∙10
-3 

M (Table 5). This means that 

throughout the operational period in all the reactors the concentrations of HAc were mostly 

within a range where the degradation of HAc was more thermodynamically feasible than that 

of HPr (region at the right of the vertical red line in Figure 3). This jeopardized the growth of 

syntrophic propionate oxidizers, which are slow-growing microorganisms (de Bok et al., 

2004), causing eventually accumulation of HPr. Thus, it can be hypothesized that SPO was 

not thermodynamically favorable due to the high concentrations of HAc and 

hydrogen/formate in the reactors. 

3.1.3. Role of the operating mode in propionate accumulation 

The first point to mention in this section is that a main drawback of batch operation when 

compared with continuous mode is the initial substrate overload that occurs after feeding, 

which can lead to high transient VFA concentrations. In continuous operation, this 

overloading does not exist and therefore the concentrations of HAc or hydrogen are never as 

high as in batch operation. As shown in Figure 3, if lower concentrations of HAc or hydrogen 

are present, SPO is favored. In other words, at equivalent loads in continuous reactors, the 

initial overload of substrate occurring in batch experiments is avoided and therefore the initial 

accumulation of intermediate compounds is less important, thus reducing the initial 

accumulation of HPr. Continuous operation in continuous-stirred tank reactors (CSTRs) may 

be a more appropriate option when compared to batch reactors (even if it is more complex 
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technically). 

The observed accumulation of HPr during FW AD has been commonly reported in the 

literature in continuous or single batch reactors. For example, in an AD plant of 900 m
3
 

digesting FW, Banks et al. (2011) observed HPr concentrations up to 14 g∙l
-1

 after 426 days of 

operation at an average OLR of 2.5 g VS∙l
-1

∙d
-1

. These results were confirmed by different 

semi-continuous lab-scale studies, in which HPr build-up during FW AD at low OLRs, 

directly inhibiting the AD process or jeopardizing its performance (Zhang et al., 2013; Wanli 

Zhang et al., 2015a, 2015b). However, these studies showed that the addition of TEs or co-

substrates rich in those elements (such as piggery wastewater or fresh leachate from the 

storage of a municipal solid waste incineration plant) avoided the HPr accumulation and 

stabilized the AD process, even at high OLRs (6-8 g VS∙l
-1

∙d
-1

). A possible reason behind the 

accumulation of HPr in the present study even when TEs were supplied may be the initial 

substrate overload that exists after feeding during sequential batch operation.  

In addition, the strategy used for feeding the successive batch reactors may also have led to a 

key issue. In the present experiment, the loading strategy consisted on starting a new batch by 

monitoring only the methane kinetics (i.e. the reactors were fed once a biogas plateau or a 

determined methane yield was achieved) and no attention was paid to the VFA 

concentrations. Therefore, the reactors were reloaded when the concentrations of HAc were 

approaching values low enough to allow HPr oxidation (right region of Figure 3), increasing 

again the HAc concentrations and avoiding the development of syntrophic propionic 

degraders (slow-growing bacteria). Thus, the batch time was never long enough to allow HPr 

degradation. This also implies that if the process is to be scaled-up, the biogas production 

should not be the sole parameter to evaluate if the re-loading is feasible. The VFA 

concentrations must also be monitored. It must be mentioned that this issue would not have 

been observed after only one batch operation. 
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Co-digesting FW with a substrate having a higher C/N ratio (i.e. PW) did not avoid HPr 

accumulation. In fact, at the co-digestion proportions applied (75 % FW:25 % PW w/w), the 

dilution of TAN (up to 7.0 g∙l
-1

 in the reactor) was not enough to avoid inhibition of 

acetoclastic methanogens. On the contrary, the co-digestion reactor showed the worst methane 

production performance and the highest HPr concentrations (up to 21.6 g·l
-1

). As PW is 

degraded more slowly than FW, a hypothesis explaining this observation could be that the 

release of VFAs during AD was also slower, causing relatively higher HAc concentrations in 

the reactor for a longer period of time. Consequently, according to Figure 3, SPO was not 

feasible. Another possible explanation is that PW addition simply favored the synthesis of 

HPr. More significant HPr accumulation during co-digestion of card packaging and FW when 

compared to FW mono-digestion were also reported by Zhang et al. (2012) in continuous 

reactors. More research must be carried out to elucidate the reasons behind this observation. 

3.2. Favoring consumption of propionic acid after its accumulation 

In order to screen different possibilities to avoid HPr accumulation or to favor its 

consumption, the experimental design presented in Table 3 was carried out. As described 

above, the influence of the addition of TEs and GAC on the VFA consumption was tested 

using digestate from the Co-PW reactor (with concentrations of HAc and HPr of 6.41 and 

21.0 g·l
-1

 respectively). Two different TEs concentrations (equivalent to 100 and 500 mg Fe·l
-

1
) and one of GAC (10 g·l

-1
) were tested. The effect of diluting the digestate (doubling its 

volume adding water) was also assessed. The dynamics of methane production and 

concentrations of HAc and HPr are presented in Figure 4.  

According to the results presented in Figure 4, three successive phases can be identified. 

During the first phase, corresponding to about the first 28 days (vertical red line in Figure 4), 

methane production occurred because of the degradation of HAc and readily available 

residual substrates but HPr was not consumed in any condition. At this end of this phase, the 
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HAc concentration was approximately of 0.4 g∙l
-1

 (7∙10
-3

 M) in all conditions, meaning that 

SPO should have been thermodynamically feasible if the partial pressure of hydrogen (or the 

equivalent concentration or formate) is low enough (Figure 3). However, in the case of 

undiluted reactors, a “stable phase” occurred during which the concentrations of HPr and HAc 

did no vary and no significant production of methane was observed (period between both 

vertical lines in Figure 4). After about 52 days, HPr started to be degraded in those conditions 

(vertical blue line in Figure 4). Simultaneously, a slight increase in the HAc concentrations 

was observed since HPr was degraded into HAc (resulting in an increase of the HAc 

concentrations up to 5.3 g∙l
-1

; in agreement with Equation (i) in Figure 3) and methane was 

also produced (probably by SAO and HM). Interestingly, in the case of the diluted reactor 

(1/2Dilution), SPO started earlier, right after the first phase. This can be explained by the 

lower concentration of electron shuttles (hydrogen and/or formate) due to the addition of 

water. In this experiment, the total consumption of HPr took between 66 and 114 days, 

confirming that the degradation of this VFA is clearly a problem after its build-up. 

Even if the global behavior of the undiluted reactors (Control, addition of TES, addition of 

GAC) was similar, slight differences can be highlighted. The addition of TEs (5xTEs) 

improved slightly the kinetics of HPr degradation when compared to the Control reactor, 

probably by favoring the synthesis of formate dehydrogenase (Banks et al., 2012). 

Interestingly, SPO was clearly improved when adding GAC. The results indicate that the most 

plausible explanation is the occurrence of DIET in the reactors. As shown in Figure 4B, HAc 

was degraded faster when GAC was supplemented into the reactors, which favored slightly 

also the methane production. HAc can be degraded through DIET via direct interaction 

between an electroactive bacteria and hydrogenotrophic methanogens (Lee et al., 2016), 

which may explain the better performance in this condition. This led, not only to lower HAc 

concentrations in the reactors, but also to lower concentrations of electron shuttles, whose 



  

20 

formation was avoided (the electrons were directly exchanged). As the concentrations of both 

HAc and hydrogen/formate were lower, SPO became thermodynamically favorable earlier 

(Figure 3). Moreover, also SPO may have occurred directly through DIET (Zhao et al., 2016). 

Other than DIET, the steeper slope of HPr degradation in the GAC reactor also suggests that 

the growth of HPr oxidizing bacteria during the exponential phase was promoted, probably 

through biofilm formation onto the GAC surface, allowing syntrophic interactions to occur.  

Further research must be carried out to elucidate if the process performance can be improved 

by allowing the growth of HPr oxidizers, achieving eventually a stable HPr-degrading 

community (with and without the addition of support materials such as GAC). 

In addition, dilution of the substrate can be an option to solve HPr accumulation. Although 

this alternative is widely applied in industrial AD of solid waste for substrate pretreatment 

before AD, it leads to greater reactor volumes, lower energy balances and higher amounts of 

digestate to be dealt with and therefore is a practice to be avoided in the future. Promising 

options such as GAC addition and TEs optimization (and its combination) have the potential 

of improving greatly the performance of FW AD (i.e. improving the biogas productivities and 

reducing the retention times) and deserve further research. 

 

4. Conclusions  

Methane was efficiently produced in successive batch reactors ( 500 mlCH4·gVS
-1

; 16 

lCH4·l
-1

) but HPr accumulated in all of them, with concentrations up to 21.6 g·l
-1

. This led to 

acidification at high substrate loads. Co-digestion with PW led to the highest HPr 

concentration. Supplementation of trace elements stabilized AD, improving the kinetics and 

allowing greater substrate loads. However, it could not avoid HPr accumulation. Batch 

experiments suggested that GAC addition, TEs supplementation and dilution can favor HPr 

consumption. Further research must be carried out to elucidate the effect of these promising 
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options to prevent acid accumulation and/or favor its consumption. 
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Figure and table captions 

Figure 1.  Kinetics of methane production in the pilot reactors. The concentrations of 

propionic acid and TAN after each feeding cycle are also presented. The acetic acid 

concentrations are shown in Table 5. The numbers on the top of the methane curves stand for 

the loads applied for each batch (kg FW·kg inoculum
-1

). The grey-shaded methane curves 

correspond to conditions equivalent to those in the Control reactor (1) and to the results of the 

Control reactor (2) 

Figure 2. Different pathways involved in methane production during AD. The dashed lines 

represent the pathway inhibited at the high TAN/FAN concentrations associated with FW AD. 

The main reactions hypothesized to occur during FW AD are shown 

Figure 3. Lines of zero ΔG’ for the reactions shown in Figure 2 at different acetate 

concentrations and hydrogen partial pressures. They were calculated assuming 298 K, pH 7, 1 

mM HPr and 0.1 M HCO3
-
. The ΔG

0
 were taken from Zeeman (2005). SPO, SAO, HM and 

AM stand for syntrophic propionate oxidation, syntrophic acetate oxidation, hydrogenotrophic 

methanogenesis and acetoclastic methanogenesis, respectively 

Figure 4. Cumulative methane productions (A) and concentrations of acetic acid (B) and 

propionic acid (C) during the batch experiments. The reactors were incubated at 37 °C for a 

period of 142 days 

 

 

 

Table 1. Working conditions in the pilot reactors 
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Table 2. Loading regime applied to the pilot reactors (kg FW·kg inoculum
-1

) 

Table 3. Experimental design of the batch essay for favoring VFA consumption. The working 

temperature was 37 °C. The inoculum was taken from the Co-PW reactor 

Table 4. Characteristics of the food waste samples 

Table 5. Concentrations of acetic and propionic acids in the pilots after each feeding cycle  
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Table 1. Working conditions in the pilot reactors 

Reactor Substrate 
Initial working 

volume (l) 
Working temperature (°C) 

Control FW1 20 37 

T30 FW1 7.5 30 

Co-PW FW1 + PW2 7.5 – 10 37 

Sup-TEs FW1 + TEs3 8.4 – 10 37 

1. Food waste 

2. Paper waste 

3. Trace elements 
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Table 2. Loading regime applied to the pilot reactors (kg FW·kg inoculum
-1

) 

Reactor\Cycle # 1 2 3 4 5 6 7 

Control 0.087 0.087 0.173 0.173 0.173 0.173 na1 

T30 0.087
2 

0.087 0.173 0.173 na
1
 na

1
 na

1
 

Co-PW 0.0872 0.087 0.173 0.173 0.173 na1 na1 

Sup-TEs 0.0873 0.0873 0.173 0.173 0.255 0.255 0.173 

1. Not applicable 

2. Conditions equivalent to the Control reactor 

3. Results of the Control reactor 
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Table 3. Experimental design of the batch essay for favoring VFA consumption. The working 

temperature was 37 °C. The inoculum was taken from the Co-PW reactor 

Reactor 
Initial working volume 

(ml) 

TEs concentration 

(mg Fe·l
-1

)
1 

GAC concentration 

(g·l
-1

) 

Control  288 - - 

TEs 291 100 - 

5xTEs 303 500 - 

GAC 291 - 10 

1/2Dilution 577 - - 

1 Concentrations expressed in mg Fe∙l-1 to facilitate comprehension. All the TEs mentioned in section 2.2 were 

also added 
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Table 4. Characteristics of the food waste samples 

Parameter 
Fast food 

restaurant 
Restaurant Supermarket 

Fruit and 

vegetable 

supermarket 

Fruit and 

vegetable 

distribution 

Mixture 

TS (%) 34.3 40.1 10.2 10.0 10.6 21.0 

VS/TS (%) 93.1 88.5 94.4 89.8 85.8 90.3 

Carbohydrates        

(g·kg TS-1) 
396 524 762 776 634 618 

Proteins  (g·kg TS-1) 230 190 129 125 262 187 

Lipids (g·kg TS-1) 293 127 62.6 24.0 99.0 121 

BMPs (ml CH4·g VS-1) 515 449 377 388 371 420 

pH 5.20 5.40 4.70 4.70 5.10 5.02 

TOC (g·kg TS-1) 454 431 457 452 439 447 

TAN (g·kg TS-1) 0.69 1.08 0.53 0.40 1.80 0.90 

TKN (g·kg TS-1) 36.7 30.4 20.7 19.9 42.0 30.0 

C/N (TOC/TKN) 12.4 14.1 21.7 21.8 10.3 16.1 

P2O5 (g·kg TS-1) 7.59 27.0 5.76 6.97 14.2 12.3 

CaO (g·kg TS-1) 14.0 42.4 6.70 12.9 10.0 17.2 

MgO (g·kg TS-1) 1.21 1.86 2.56 2.49 5.16 2.66 

K2O (g·kg TS-1) 9.33 13.7 31.4 32.8 43.9 26.2 

Na (g·kg TS-1) 9.89 7.69 0.95 0.74 1.97 4.25 

Co (mg·kg TS-1) < 9.75 < 9.75 < 9.75 < 9.75 < 9.75 < 9.75 

Cu (mg·kg TS-1) 4.92 9.43 12.14 11.68 18.03 11.2 

Fe (mg·kg TS-1) 268 294 731 1227 3049 1114 

Mn (mg·kg TS-1) 12.5 10.3 30.7 30.2 54.3 27.6 

Mo (mg·kg TS-1) < 0.35 0.47 0.48 0.85 4.49 1.26 

Zn (mg·kg TS-1) 52.6 36.3 20.3 27.6 55.3 38.4 

Ni (mg·kg TS-1) < 1.99 < 1.99 < 1.99 2.06 3.87 1.19 

Acetate (g·kg-1) 6.14 5.59 1.39 4.21 4.18 4.30 

Propionate (g·kg-1) 0.01 < 5∙10-4 < 5∙10-4 < 5∙10-4 < 5∙10-4 < 5∙10-4 

Total VFAs                 

(g COD·kg
-1

) 
7.58 6.72 1.61 4.76 4.73 5.08 
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Table 5. Concentrations of acetic and propionic acids in the pilots after each feeding cycle 

Compound Reactor Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 

Acetic 

Acid 
2 

Control 0.138 0.247 0.214 0.434 1.052 0.270 na1 

T30 na
1 

0.117 0.147 0.238 na
1
 na

1
 na

1
 

Co-PW na1 0.285 0.328 0.650 6.41 na1 na1 

Sup-TEs na1 na1 0.106 0.856 1.39 16.1 0.204 

Propionic 

Acid 
3 

Control 0.004 0.174 1.91 3.33 5.88 7.65 na1 

T30 na1 0.004 3.64 5.11 na1 na1 na1 

Co-PW na1 4.05 7.57 17.0 21.0 na1 na1 

Sup-TEs na1 na1 0.00 1.32 3.40 7.30 7.135 

1. Not applicable 

2. Molecular weight of 60.05 g∙mol-1 

3. Molecular weight of 74.08 g∙mol-1 
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Figure 1. Kinetics of methane production in the pilot reactors. The concentrations of 

propionic acid and TAN after each feeding cycle are also presented. The acetic acid 

concentrations are shown in Table 5. The numbers on the top of the methane curves stand for 

the loads applied for each batch (kg FW·kg inoculum
-1

). The grey-shaded methane curves 

0 

2 

4 

6 

8 

10 

12 

0 

100 

200 

300 

400 

500 

600 

0 20 40 60 80 100 120 140 160 

P
ro

p
io

n
at

e/
T

A
N

 

co
n

ce
n

tr
at

io
n

 (
g
·l

-1
) 

M
et

h
an

e 
yi

el
d
 (

m
l·

g
 V

S
-1

) 

0 

2 

4 

6 

8 

10 

12 

0 

100 

200 

300 

400 

500 

600 

0 20 40 60 80 100 120 140 160 180 

P
ro

p
io

n
at

e/
T

A
N

 

co
n

ce
n

tr
at

io
n

 (
g
·l

-1
) 

M
et

h
an

e 
yi

el
d
 (

m
l·

g
 V

S
-1

) 

0 

5 

10 

15 

20 

25 

0 

100 

200 

300 

400 

500 

600 

0 20 40 60 80 100 120 140 160 180 
P

ro
p

io
n

at
e/

T
A

N
 

co
n

ce
n

tr
at

io
n

 (
g

·l
-1

) 

M
et

h
an

e 
yi

el
d

 (
m

l·
g

 V
S

-1
) 

0 

2 

4 

6 

8 

10 

12 

0 

100 

200 

300 

400 

500 

600 

0 20 40 60 80 100 120 140 160 180 

P
ro

p
io

n
at

e/
T

A
N

  

co
n

ce
n

tr
at

io
n

 (
g

·l
-1

) 

M
et

h
an

e 
yi

el
d

 (
m

l·
g

 V
S

-1
) 

Time (d) 

Methane Yield Propionate TAN 

Control 

T30 

Co-PW 

Sup-TEs 

Reactor 

restart 

0.087 
0.087 0.173 0.173 0.173 

0.173 

0.0871 0.087 
0.173 0.173 

0.0871 

0.087 

0.173 
0.173 

0.173 

0.0872 

0.0872 

0.173 
0.173 

0.255 

0.255 

0.173 



  

32 

correspond to conditions equivalent to those in the Control reactor (1) and to the results of the 

Control reactor (2) 
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Figure 2. Different pathways involved in methane production during AD. The dashed lines 

represent the pathway inhibited at the high TAN/FAN concentrations associated with FW AD. 

The main reactions hypothesized to occur during FW AD are shown 
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Figure 3. Lines of zero ΔG’ for the reactions shown in Figure 2 at different acetate 

concentrations and hydrogen partial pressures. They were calculated assuming 298 K, pH 7, 1 

mM HPr and 0.1 M HCO3
-
. The ΔG

0
 were taken from Zeeman (2005). SPO, SAO, HM and 

AM stand for syntrophic propionate oxidation, syntrophic acetate oxidation, hydrogenotrophic 

methanogenesis and acetoclastic methanogenesis, respectively 
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Figure 4. Cumulative methane productions (A) and concentrations of acetic acid (B) and 

propionic acid (C) during the batch experiments. The reactors were incubated at 37 °C for a 

period of 142 days 
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