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Accumulating ammoniacal nitrogen instead of melanoidins determines the 
anaerobic digestibility of thermally hydrolyzed waste activated sludge 

Javier A. Pavez-Jara *, Jules B. van Lier, Merle K. de Kreuk 
Department of Water Management, Delft University of Technology, Building 23 Stevinweg 1, 2628, Delft, The Netherlands   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Thermal hydrolysis process (THP) of 
waste activated sludge produced 
partially biodegradable melanoidins. 

• Ammoniacal nitrogen was limitedly 
released during THP. 

• Ammoniacal nitrogen increased drasti-
cally during subsequent digestion of 
THP sludge. 

• 20 gCOD/L melanoidins did not acutely 
inhibit full-scale acetotrophic 
methanogens. 

• Free ammoniacal nitrogen inhibited 
acetotrophic methanogenesis in THP 
sludge digestion.  

A R T I C L E  I N F O   
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A B S T R A C T   

Full-scale thermal hydrolysis processes (THP) showed an increase in nutrients release and formation of mela-
noidins, which are considered to negatively impact methanogenesis during mesophilic anaerobic digestion (AD). 
In this research, fractionation of THP-sludge was performed to elucidate the distribution of nutrients and the 
formed melanoidins over the liquid and solid sludge matrix. Degradation of the different fractions in subsequent 
AD was assessed, and the results were compared with non-pre-treated waste activated sludge (WAS). Results 
showed that the THP-formed soluble melanoidins were partially biodegradable under AD, especially the fraction 
with molecular weight under 1.1 kDa, which was related to protein-like substances. The use of THP in WAS 
increased the non-biodegradable soluble chemical oxygen demand (sCOD) after AD, from 1.1% to 4.9% of the 
total COD. The total ammoniacal nitrogen (TAN) concentration only slightly increased during THP without AD. 
However, after AD, TAN released was 34% higher in the THP-treated WAS compared to non-treated WAS, i.e., 
36.7 ± 0.7 compared to 27.4 ± 0.4 mgTANreleased/gCODsubstrate, respectively. Results from modified specific 
methanogenic activities (mSMAs) tests showed that the organics solubilised during THP, were not inhibitory for 
acetotrophic methanogens. However, after AD of THP-treated sludge and WAS, the mSMA showed that all 

Abbreviations: +AD, samples taken after the BMP was performed; AD, anaerobic digestion; AMPTS, automated methane potential test system; BMP, biochemical 
methane potential; BSA, bovine serum albumin; EBPR, enhanced biological phosphorus removal; EPS, extracellular polymeric substances; FAN, free ammonia ni-
trogen; FEEM, Fluorescence excitation emission matrix; mSMA, modified specific methanogenic activity; MW, molecular weight; NFRI, normalised fluorescence 
regional integration; sCOD, soluble chemical oxygen demand; SDOS, specific degree of solubilisation; SEC-HPLC, size exclusion chromatography; SMA, specific 
methanogenic activity; TAN, total ammoniacal nitrogen; tCOD, total chemical oxygen demand; THP, thermal hydrolysis process; THPl, THP-liquid; THPs, THP-solid; 
THPt, THP-total; TS, total solids; UFLC, ultrafast liquid chromatography; URI, ultraviolet absorbance ratio index; UVA 254, ultraviolet absorbance at 254 nm; VFA, 
volatile fatty acids; VS, volatile solids; WAS, waste activated sludge; WWTP, wastewater treatment plant. 
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analysed samples presented strong inhibition on methanogenesis due to the presence of TAN and associated free 
ammonia nitrogen (FAN). In specific methanogenic activities (SMAs) tests with incremental concentration of 
TAN/FAN and melanoidins, TAN/FAN induced strong inhibition on methanogens, halving the SMA at around 2.5 
gTAN/L and 100 mgFAN/L. Conversely, melanoidins did not show inhibition on the methanogens. Our present 
results revealed that when applying THP-AD in full-scale, the increase in TAN/FAN remarkably had a greater 
impact on AD than the formation of melanoidins.   

1. Introduction 

One of the most critical challenges for wastewater treatment facil-
ities in many countries is the handling and disposal of waste activated 
sludge (WAS) (Fytili and Zabaniotou, 2008; Kelessidis and Stasinakis, 
2012; Yang et al., 2015). Among possibilities to stabilise WAS, anaerobic 
digestion (AD) is a well-established technology since it has shown, high 
system robustness, reduction of pathogens, and recovery of the 
biochemical energy as biogas (Lin et al., 1997; Appels et al., 2008). 
However, the conversion efficiency of organics present in WAS into 
biogas in a conventional AD process is still low, ranging between 20 and 
50% (Kabouris et al., 2009; Luostarinen et al., 2009; Ohemeng-Ntia-
moah and Datta, 2018). To improve the bioconversion rate and CH4 
yield, different pre-treatments for organic substrates have been pro-
posed such as mechanical, thermal, chemical, and biological techniques, 
or integrations of these (Zhen et al., 2017; Gonzalez et al., 2018). Whitin 
full-scale installations using pre-treatment processes for WAS digestion, 
thermal hydrolysis process (THP) is a commonly applied technology, 
which is offered by different companies. Some THP brand names present 
in the market are Cambi®, Biothelys®, Exelys®, THP®, LysoTherm® 
and Turbotec®. THP suppliers claim to improve biogas production, 
dewaterability, and to reach a pathogens-free digestate (Kepp et al., 
2000; Pérez-Elvira et al., 2010). THP follows a sequence of two steps. 
The first step consists of heating the product to be hydrolyzed which 
may consist of secondary sludge, primary sludge or a mix of both, up to 
140–180 ◦C (at 4–10 bar) for a determined time. Commonly, 20–40 min 
is set by the manufacturer. In the second step, the pressure is suddenly 
released, causing the pressurised-hot-water in the microbial biomass to 
evaporate, producing a violent expansion with the subsequent lysis, and 
release of the cytoplasmic content (Ringoot et al., 2012). 

Despite the advantages of THP, several authors have reported the 
potential formation of recalcitrant and even inhibitory or toxic com-
pounds due to the occurrence of side reactions during this process (Haug 
et al., 1978; Valo et al., 2004; Barber, 2016). The formation of recalci-
trant and/or inhibitory compounds is reported to increase along with the 
THP pre-treatment time and temperature in the majority of the cases 
(Dwyer et al., 2008). Although different studies have found inconclusive 
results about the specific cause of possible inhibition of AD caused by 
THP, negative effects might be attributed to intermediates of Maillard 
and caramelisation reactions that are formed during the THP process 
(Penaud et al., 2000; Higgins et al., 2017; Ortega-Martínez et al., 2021; 
Balasundaram et al., 2022; Rahmani et al., 2023). Melanoidins can be 
formed during THP since organic compounds in WAS mainly consist of 
proteins, carbohydrates, and small portions of lipids and humic sub-
stances (Wilén et al., 2003; Gonzalez et al., 2018), which react during 
THP in caramelisation and Maillard reactions. During the Maillard re-
action, an amino group present in amino acids/peptides/proteins reacts 
with the “glycosidic” hydroxyl group present in sugars to produce an 
Amadori-rearrangement-product, which is a Maillard reaction precursor 
(Ellis, 1959). If the conditions are favourable, the products of the initial 
rearrangements continue reacting, leading to the formation of in-
termediates that suffer polymerization reactions, and will thus increase 
in molecular weight (MW). The reaction products will form a wide range 
of compounds called melanoidins (Hodge, 1953; Horvat and Jakas, 
2004; Silván et al., 2006). Since the structure of melanoidins is not well 
defined and the environmental conditions can modify them, melanoi-
dins refer to a group of molecules that behave similarly instead of to one 

specific compound. Melanoidins can be classified based on MW and 
solubility, in a similar way as the classification of humic substances in 
humic and fulvic acids and humins (Migo et al., 1993; Klavins et al., 
1999). In literature, it is hypothesised that melanoidins might cause 
inhibition of the anaerobic process (Chandra et al., 2008). However, the 
extent of this inhibition or the factors affecting inhibition are not fully 
understood (Brons et al., 1985; Rufian-Henares and de la Cueva, 2009; Li 
et al., 2019; Yin et al., 2019; Gao et al., 2022; Wang et al., 2022). 

Besides the solubilisation of organics during THP, an increased nu-
trients release has also been observed (Suárez-Iglesias et al., 2017; Ngo 
et al., 2021). This (extra) solubilisation may cause operational problems 
in the subsequent steps of the reject water or sludge treatment. Addi-
tional maintenance may be required because of uncontrolled 
NH4

+-PO4
3--based minerals precipitation that causes pipe clogging or 

problems in the sludge dewatering installation. Furthermore, additional 
total ammoniacal nitrogen (TAN = NH4

++NH3) release could lead to 
NH4

+ and free ammonia nitrogen (FAN) inhibition of methanogenesis. 
The inhibition is mainly caused by FAN but the influence of TAN cannot 
be isolated (Astals et al., 2018). TAN/FAN are formed due to the 
breakdown of proteinaceous material (deamination) during AD and can 
cause inhibition of the process, especially in substrates with low C/N 
ratio (Wilson and Novak, 2009; Mata-Alvarez et al., 2014; Barber, 2016; 
Akindele and Sartaj, 2018). An elevated concentration of TAN/FAN may 
lead to an increased pH of the reactors since the pKa of NH4

+/NH3 = 8.9 
at 35 ◦C. Moreover, TAN/FAN exert a higher degree of inhibition on 
acetoclastic methanogens than hydrogenotrophic methanogens (Koster 
and Lettinga, 1984). The somewhat higher pH and temperature in AD 
reactors using THP as pre-treatment, i.e. around 40 ◦C according to 
Barber (2016), increases the FAN concentration and thus the potential 
inhibition. In addition to this inhibitory effect, high TAN concentrations 
might lead to an increase in the costs of reject water deammonification, 
either via nitrification/denitrification, partial nitritation/anammox, or 
physicochemical techniques (Fux and Siegrist, 2004; Vineyard et al., 
2020; Deng et al., 2021; Ochs et al., 2023), since the costs are propor-
tional to the mass of TAN to be removed. 

In our present study, the formation of recalcitrant compounds and 
the release of N from the different fractions of THP sludge and WAS 
monitored, and their effect on AD was determined. The distribution of 
melanoidins and N between supernatants and sludge pellets of centri-
fuged THP sludge was studied and compared to WAS without pre- 
treatment to elucidate the origin and fate of N and melanoidins. An 
evaluation of the melanoidins’ MW, aromaticity, and anaerobic biode-
gradability was also conducted, to determine their recalcitrant char-
acter. In addition, acetotrophic toxicity tests were performed to assess 
the possible inhibition of the THP-generated compounds on 
methanogenesis. 

2. Materials and methods 

2.1. Fractionation and characterisation of the substrates used for AD 

Thickened WAS and THP-treated-WAS were collected immediately 
before and after a CAMBI® system from a municipal wastewater treat-
ment plant (WWTP) located in Hengelo, The Netherlands. The sampling 
volume was 10 L, and only one sample of each sludge was taken. The 
WAS sample originated in an aerobic activated-sludge plant using 
enhanced biological phosphorus removal (EBPR) and nitrification/ 
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denitrification. THP sludge samples were collected after passing a 
CAMBI® installation, pre-treating only secondary sludge from the 
WWTP in Hengelo and surrounding small WWTPs. The CAMBI® 
installation comprised a pulper to pre-heat the sludge, a reactor with an 
operational temperature of 160 ◦C and a treatment time per batch of 30 
min, and a flash tank to perform the “steam explosion”. The samples 
were stored at 4 ◦C before analysis and fractionation. 

THP sludge was homogenised and centrifuged at 12,000 rpm for 10 
min in a centrifuge model Sorvall ST 16 R (Thermo Fisher Scientific, 
USA) at 4 ◦C, whereafter the pellet and supernatant were collected. The 
pellet of THP sludge was washed three times in a culture medium con-
sisting of buffer, macronutrients, and micronutrients (Table A1 in sup-
plementary information), to remove the remnant soluble melanoidins. 
The washing was performed by doubling the pellet volume with culture 
medium and subsequently resuspending and centrifuging at 3500 rpm 
for 10 min in a centrifuge model Heraeus Labofuge 400 (Thermo Fisher 
Scientific, USA). Four different samples were analysed: i) THP-liquid 
(THPl), comprising the centrifugation supernatant of THP sludge; ii) 
THP-solid (THPs), consisting of the buffer-washed pellet of THP sludge; 
iii) THP-total (THPt), comprising a homogenous sample of THP sludge; 
iv) WAS, comprising the non-pre-treated sample of thickened WAS. Note 
that THPt and WAS were not processed by centrifugation and washing. 
For clarification, a scheme of the fractionation is included in the sup-
plementary material (Figure A1). 

2.2. Chemical analysis 

Total solids (TS) and volatile solids (VS) were assessed according to 
Standard Methods for the examination of water and wastewater (Rice 
et al., 2012). Soluble and total chemical oxygen demand (sCOD and 
tCOD, respectively) and TAN, were measured with the kits LCK 114, APC 
303, brand Hach Lange (Hach, USA). Carbohydrates were measured 
according to the phenol–sulphuric acid method (Dubois et al., 1951). 
Proteins and humic substances were measured based on the Lowry 
method considering the interference of humic substances, according to 
Fr et al. (1995). Volatile fatty acids (VFA) were measured using an 
Agilent 19091F-112, 25 m × 320 μm × 0.5 μm column in an Agilent 
7890 A Gas Chromatograph (Agilent Technologies, USA) equipped with 
a flame ionisation detector. Helium was used as mobile phase with a 
total flow rate of 67 mL/min and a split ratio of 25:1, the sample in-
jection volume was 1 μL. The gas chromatograph oven’s temperature 
increased from 80 to 180 ◦C in 10.5 min, and the temperatures of the 
injector and detector were 80 and 240 ◦C, respectively. FAN was 
calculated in each sample based on equation (1), according to Emerson 
et al. (1975). 

FAN=
TAN

(
10pKa − pH + 1

)=
TAN

(
10

(0.901821+2729.92)
Tk

− pH
+ 1

) (1)  

Where. 

TAN = TAN concentration (NH4
++ NH3 in gN/L). 

FAN= FAN concentration in gN/L. 
pKa = NH4

+/NH3 dissociation constant at the sample temperature 
(approximated as pKa =

(0.901821+2729.92)
Tk

). 
Tk = Sample temperature in K. 

2.3. Biochemical methane potential (BMP) and modified acetotrophic 
specific methanogenic activity (mSMA) tests 

BMP and mSMA tests were conducted with the four fractions 
formerly mentioned using an AMPTS II system (Bioprocess Control, 
Sweden) at 35 ◦C, considering the recommendations raised by Holliger 
et al. (2016). BMP tests were carried out in triplicate, using 500 mL 
bottles with a reaction volume of 300 mL. The BMP bottles comprising 

inoculum, substrate and culture medium were sampled for analysis at 
the beginning and the end of the AD. We obtained ten groups from the 
sampling: i) THPl and THPl + AD, comprising the THPl substrate at the 
beginning and end of the BMP, respectively; ii) THPs and THPs + AD, 
comprising the THPs substrate at the beginning and end of the BMP, 
respectively; iii) THPt and THPt + AD, comprising the THPt substrate at 
the beginning and end of the BMP, respectively; iv) WAS and WAS + AD, 
comprising the WAS substrate at the beginning and end of the BMP, 
respectively; v) Blank and Blank + AD, comprising only inoculum and 
culture medium at the beginning and end of the BMP, respectively. The 
tests were conducted with a concentration of 19 g of tCOD per litre of 
substrate and 28.5 g of VS per litre of inoculum, having an inocu-
lum/substrate ratio of 1.5 gVS/gCOD. In the blank bottles, the substrate 
was replaced by demineralized water, while the culture medium 
(Table A1 in supplementary information) and inoculum remained in the 
same concentration as in the tests with substrates. Results were 
expressed in millilitres of normalised CH4 (273.15 K and 1 atm) pro-
duced per gram of substrate COD. The percentage of biodegradability of 
the analysed samples was assessed considering that 100% corresponded 
to 350 NmL-CH4/gCOD. 

The inoculum to perform the BMP and mSMA tests was collected 
from the digestate produced at municipal WWTP, Harnaschpolder 
operated by Delfluent Services (Den Hoorn, The Netherlands). These 
digesters treat a mixture of WAS and primary sludge without any pre- 
treatment, at a hydraulic retention time of 21–24 days and an opera-
tional temperature of 35 ◦C. In preparatory tests (results not shown), 
microcrystalline cellulose (Sigma-Aldrich, USA) was used as the sub-
strate in positive controls with the inoculum from the same provenance, 
ensuring that the inoculum was active and produced the stoichiometric 
amount of CH4 according to the added substrate. The inoculum was pre- 
incubated at 35 ◦C for seven days to consume the remaining substrate 
from the full-scale installation and was pre-concentrated 1.7 times by 
centrifugation 10 min at 3500 rpm in a centrifuge model Heraeus 
Labofuge 400 (Thermo Fisher Scientific, USA) to reach the required 
concentration to perform the experiments. 

To study the differences in acetotrophic methanogenic activity of the 
inoculum before and after the BMP test, two mSMAs tests were con-
ducted with the mixed broth used for BMP tests at the beginning and the 
end. The mSMA tests were conducted under the same conditions as the 
BMP tests, using the automated methane potential test system (AMPTS) 
II (Bioprocess Control, Sweden) at 35 ◦C, using the same culture media 
(Table A1 in supplementary information), and recording CH4 generation 
over time. The mSMA tests were conducted using 2 gCOD/L of sodium 
acetate, which was added to the BMP-substrates THPl, THPs, THPt, and 
WAS, using the same inoculum. The BMP-blank-bottle plus sodium ac-
etate was considered as mSMA positive control in which no substrate for 
BMP was added. The reaction volume of mSMAs before and after the 
BMP test was 300 mL and 250 mL, respectively, since 50 mL of broths 
were taken for analysis once the BMP test was ended (symbolised in the 
figures as “+AD” samples). Both mSMAs were carried out in triplicate 
and the bars in the graphs represent the standard deviation. The results 
were expressed in grams of COD as CH4 produced per gram of VS 
inoculum per day, at the maximum CH4 production rate. 

Additionally, SMA tests with different concentrations of TAN/FAN 
and melanoidins were carried out, using the same inoculum as in the 
BMP and mSMA tests, in 500 mL bottles with 300 mL of reaction volume, 
and adding the same concentration of acetate and culture medium used 
for mSMAs. TAN was supplied as NH4Cl (CAS Number 12125-02-9, 
Sigma-Aldrich, USA). Resulting FAN concentrations were calculated 
according to equation (1) and plotted together with TAN. The pHs used 
to calculate FAN were measured at the beginning of the BMP test since it 
was close to the point when the maximum CH4 rate was measured. At 
the end of the BMP test (day 23), the pH of the broth was measured again 
for the FAN calculation. Soluble melanoidins were prepared to resemble 
the humic substances formed during THP. Melanoidins were prepared 
according to Bernardo et al. (1997) and Dwyer et al. (2008): by reacting 
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0.25 M glucose and 0.25 M glycine using 0.5 M NaHCO3 as buffer, for 3 h 
at 121 ◦C, in an autoclave model FVA3/A1 (Fedegari Autoklaven AG, 
Switzerland). After the incubation, the synthetic melanoidins solution 
was anaerobically digested at 35 ◦C using anaerobic inoculum in a 
proportion of 1 g VSinoculum/g COD melanoidins in order to reduce the 
amount of readily-biodegradable organics, such as short molecular 
weight melanoidins and non-reacted glucose and glycine. After the gas 
production stopped, the digested melanoidins supernatant was sepa-
rated from the digestate using centrifugation at 3500 rpm for 10 min in a 
centrifuge model Heraeus Labofuge 400 (Thermo Fisher Scientific, 
USA), characterised, and stored at 4 ◦C for further use. The inhibitory 
effect on SMA was modelled using equation (2), which is analogous to 
the equation used in ADM1 to model pH inhibition (Astals et al., 2018). 
Also, the half inhibition constant was calculated as (KImin + KImax)/ 2. 

SMA =

⎧
⎪⎨

⎪⎩

SMAi,max, if [Si] ≤ KImin

SMAi,max × e
− 2.77259×

(
([Si ]− KImin )
(KImax − KImin)

)2

, if [Si]〉KImin

(2)  

Where. 

SMAi,max = SMA measured when inhibition starts. 
[Si]: inhibitor concentration (i = TAN and FAN). 
KImax: inhibitor concentration at which the inhibition is almost 
complete (assumed as SMA = 0.06⋅ SMAx,max). 
KImin = inhibitor concentration when inhibition starts. 

2.4. Size exclusion chromatography (SEC-HPLC) 

Employing SEC-HPLC we investigated the MW of the melanoidins 
formed during THP and their fate during AD. SEC-HPLC elutes the sol-
uble molecules based on their hydrodynamic radius, which increases 
with the MW (Squire, 1985; Tarvers and Church, 1985). Absorbances at 
two wavelengths were used in the SEC-HPLC detector. One was 
measured at 254 nm, indicating the humic substances with a higher 
presence of phenolic groups (more condensed), and the other one was 
measured at 210 nm, which represented less condensed molecules 
associated with proteinaceous material (Her et al., 2008). Samples were 
taken before and after performing the BMP tests, filtered through 0.45 
μm with a CHROMAFIL Xtra PES-45/25 (Macherey-Nagel, Germany), 
and analysed by SEC-HPLC using a column model Yarra™ 3 μm 
SEC-2000, LC Column 300 × 7.8 mm, Ea (Phenomenex, USA) connected 
to an ultrafast liquid chromatography (UFLC) system (Prominence, 
Shimadzu, Japan). Acetonitrile and sodium PO4

3− buffer of 10 mM, pH 7, 
prepared in ultrapure water in a proportion of 25% and 75%, respec-
tively, were used as mobile phase. The eluent flow was 0.25 mL/min, 
and the separation was reached within 1 h at 25 ◦C. A UV detector was 
used at 254 nm and 210 nm to identify the analytes. Four Polystyrene 
sulfonate standards (Polymer standard service, Germany) of 0.1, 1.1, 
3.6, and 29.1 kDa were used to correlate the elution time with the MW. 
The results were expressed as the area under the curve of the detector 
signal (in mV) in the timeframe that corresponds to the known MW 
defined in the standards. The UV absorbance ratio index (URI) describes 
the specific aromaticity of the soluble substances measured in 
SEC-HPLC. A high URI indicates the occurrence of protein-like moieties 
associated with carboxylic and hydroxyl groups, while a low value in-
dicates phenolic groups occurrence and thus, aromaticity (Her et al., 
2008). URI was calculated as the quotient of the averaged absorbances 
at 210 nm over 254 nm, in each MW interval. 

2.5. Fluorescence excitation emission matrix (FEEM) 

FEEM was conducted using a FluoroMax-3 spectrofluorometer 
(HORIBA Jobin Yvon, Japan) with a 1 cm path-length quartz cuvette. 
The samples were filtered through 0.45 μm and diluted with ultrapure 

water to reach a concentration of 1 mgTOC/L. Emission and excitation 
spectra were analysed from 290 to 500 nm and 240–452 nm with 2 and 
4 nm of interval, respectively. The Raman peaks were removed and the 
blank (ultrapure water) was subtracted. The integration of the fluo-
rophores was performed based on the location of the maximum peak 
method, according to Dwyer and Lant (2008). The FEEM was divided 
into three areas to perform normalised fluorescence regional integration 
(NFRI), as follows: protein-like substances (3320 nm2) comprised the 
polygon formed by the points (290 nm, 240 nm), (290 nm, 268 nm), 
(328 nm, 308 nm), (350 nm, 308 nm), and (350 nm, 240 nm); fulvic-like 
compounds (7104 nm2) comprised the polygon formed by the points 
(352 nm, 240 nm), (500 nm, 240 nm), (500 nm, 288 nm), and (352 nm, 
288 nm); and humic-like compounds (16,472 nm2) comprised the 
polygon formed by the points (352 nm, 288 nm) (500 nm, 288 nm) (500 
nm, 452 nm) (472 nm, 452 nm), and (352 nm, 332 nm). The NFRI results 
comprised the volume under the FEEM in arbitrary units (AU*nm2) in 
the three polygons analysed (protein-like, fulvic-like, and humic-like 
substances), over the area of the specific polygon in nm2 (Chen et al., 
2003). 

2.6. True colour and UVA 254 

True colour and UVA 254 were measured in the soluble fraction after 
filtration using 0.45 μm syringe filters CHROMAFIL Xtra PES-45/25 
(Macherey-Nagel, Germany). The true colour was measured at 475 nm 
using a Platinum–Cobalt colour reference solution (Hazen 500, Certi-
pur® Merck, Germany) with a concentration of 500 mgPt-Co/L in a 
Genesys 10 S UV–Vis spectrophotometer (Thermo Scientific, USA) using 
1 cm pathway plastic cuvettes. UVA 254 was measured in the same 
spectrophotometer as the true colour measurement, at 254 nm with 1 cm 
pathway quartz cuvettes. The results are expressed in mg Pt–Co/L and 
1/cm in the case of true colour and UVA 254, respectively. 

2.7. Analysis of results 

The specific degree of solubilisation (SDOS) describes the solubili-
sation of specific compounds of interest (i-th compound) in a particular 
moment per unit of mass in the initial substrate (expressed as COD), and 
it is defined in equation (3). SDOS was calculated at the beginning and 
end of AD, discounting the Blank sample at the same moment. For 
assessing this parameter, the soluble concentration of specific com-
pounds in the blank sample (no substrate added) was subtracted from 
the soluble concentration before and after AD, and this was divided by 
the tCOD concentration in the initial substrate. The results are expressed 
in the mass of the i-th compound solubilised per mass of tCOD in the 
initial substrate. For instance, a TAN-SDOS of 40 mgTAN/gCOD at the 
end of AD, means that this specific substrate released 40 mg of TAN per 
gram of COD in the substrate once AD was completed. 

i − SDOS=
Ci,j − Ci,Blank

tCODj

⃒
⃒
⃒
⃒

t=0 and t=23
(3)  

Where. 

t = Digestion time in days (t = 0 is considered before AD, t = 23 after 
AD) 
i − SDOS = Specific degree of solubilisation of the i-th parameter. 
Ci,j = Soluble concentration of the i-th parameter in the j-th sample. 
Ci,Blank = Soluble concentration of the i-th parameter blank sample 
(before and after AD, respectively). 
tCODj = Substrate tCOD concentration (homogenous) in the j-th 
sample, before AD (19 gCOD/L). 
i = sCOD, T. colour, UVA 254, TAN, and soluble proteins. 
j = THPl, THPs, THPt, and WAS. 

To better understand the effect of THP conditions on the biode-
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gradability of proteins in relation to the biodegraded organic matter 
during AD, the TANreleased/CODconsumed ratio was calculated in all ana-
lysed fractions (COD balance in Figure A2 of supplementary material). 
TAN released per unit of total COD consumed is defined in equation (4). 
This parameter shows the TAN released per unit of biodegradable COD 
in the analysed substrates. 

TANreleased

/

CODConsumed =

(
TAN − SDOS+AD,j

)
−
(
TAN − SDOS− AD,j

)

(
(tCOD− AD,j − tCOD− AD,Blank)− (tCOD+AD,j − tCOD+AD,Blank)

CODj

)

(4)  

Where. 

TAN − SDOS+AD,j = TAN-SDOS after AD in the j-th sample. 
TAN − SDOS− AD,j = TAN-SDOS before AD in the j-th sample. 
tCOD+AD,j = tCOD concentration after AD in the j-th sample 
(tCOD+AD− Blank = tCOD concentration in the Blank after AD). 
tCOD− AD,j = tCOD concentration before AD in the j-th sample 
(tCOD− AD,Blank = tCOD concentration in the Blank before AD). 

Single-factor ANOVA with a confidence level of 95% was used to 
evaluate the significance of differences between the different samples. 
Also, mean difference tests with the same level of significance as ANOVA 
were used when comparing two samples’ averages. 

3. Results and discussion 

3.1. Fractionation of THP sludge samples 

The biochemical parameters of WAS and the different fractions of 
THP sludge are given in Table 1. After fractionation, about 40% of the 
THP sludge (THPt) consisted of THPl, while 60% of the mass was found 
as THPs. It is important to remark that the parameters measured in THPl 
and THPs corresponded to the concentrations reached after the frac-
tionation that was performed in the laboratory and, therefore, do not 
represent values that can be found in a full-scale installation. The soluble 
biochemical parameters in the THPl fraction were similar to those of the 
THPt since both samples share the soluble portion of THP sludge. 
Measured VFAs in THPl and THPt could originate from the release of 
cytoplasmatic metabolites and/or physicochemical conversion of lipids, 
(long-chain) fatty acids and proteins present in WAS, which were solu-
bilised. The increased TAN concentration in pre-treated samples was 

most likely produced by the physicochemical deamination of proteins 
during THP (Wilson and Novak, 2009). Melanoidins present in the THP 
sludge fractions caused the observed increase in UVA 254 and true 
colour compared to WAS. The percentage of solubilised organic matter 
after pre-treatment (sCOD/tCOD) increased from 0.5% in WAS to 32% 
in THPt, evidencing the capacity of the pre-treatment to solubilise the 
organic compounds present in the WAS. The soluble compounds present 
in the THPs fraction indicate that not all soluble substances were 
removed during the washing protocol, and some remained within the 
THP-treated sludge’s solid matrix. In addition, true colour and UVA 254 
were measured in the soluble phase only; the pre-treatment induced an 
increase of 650 and 300 times in true colour and UVA 254, respectively, 
compared to WAS. Elevated colour and UVA 254 during THP have been 
widely reported in the literature and have been attributed to the for-
mation of melanoidins (Dwyer et al., 2008). 

Table 1 also shows the BMPs of the analysed samples. Obtained 
values clearly indicate that the THPl fraction had the highest biode-
gradability, reaching 66% of the theoretical CH4 production. Further-
more, THPs and WAS showed about 34% of biodegradability, indicating 
the low biodegradability of both substrates. The BMP of THPt corre-
sponded to the weighted average of the BMPs of THPl and THPs, given a 
mass distribution of 40% in the supernatant and 60% in the pellet during 
the fractionation. The assessed biodegradability of WAS and THPt was 
slightly lower than the results obtained by Stuckey and McCarty (1984) 
and Jeong et al. (2019) at similar conditions. However, as suggested by 
Jeong et al. (2019), a high sludge concentration during THP may result 
in low BMP values of the pre-treated sludge due to mass transfer limi-
tations. Notably, in our work, WAS pre-treated at a concentration of 
16.6% (166.8 ± 0.4 gTS/L in Table 1), whereas in Jeong et al. (2019) the 
highest concentration reached was 7%. It is noteworthy that THPt was 
sampled before it was diluted to enter the anaerobic reactors, which 
explains the high TS concentration. Moreover, in the case of WAS and 
THPt the increment of about 35% in biodegradability (from 34% to 47%) 
due to pre-treatment is in accordance with the 25–27% increment that 
Jeong et al. (2019) found for mesophilic digestion after THP 
pre-treatment at 175 ◦C. On the other hand, Haug et al. (1978) showed a 
biodegradability of WAS between 32.5 and 42.5% and an increment of 
22.2%, i.e., from 32.5 to 39.7% after pre-treatment. While the biode-
gradability in their work was similar, the attained increment was lower 
than the one obtained in our present work, even though pre-treatment 
conditions were similar (175 ◦C for 0.5 h). 

3.2. Occurrence and degradation of melanoidins 

Fig. 1-a shows the concentration of sCOD and its specific degree of 
solubilisation (sCOD-SDOS) in the studied samples before and after 
anaerobic digestion, (”+AD” indicates anaerobically digested samples). 
The sCOD-SDOS value relates the sCOD concentration at a specific 
moment to the initial substrate COD. This parameter is introduced to 
discount the effect of the culture medium, and inoculum due to 
endogenous respiration. Besides, the concentrations shown were 
measured in the reaction broth, which includes the substrate, inoculum, 
and culture medium. The sCOD-SDOS decreased after AD in all analysed 
samples, showing that organic matter, which was solubilised during 
THP, was largely biodegraded under anaerobic conditions. Results 
showed a very high anaerobic biodegradability of the sCOD observed in 
the samples THPl and THPt. On the other hand, THPs and WAS showed 
less soluble organics before AD, which was a consequence of the par-
ticulate nature of the samples. The residual sCOD after AD was consid-
ered recalcitrant under anaerobic conditions, and accounted for 16.2, 
1.4, 4.9 and 1.1% of the tCOD in THPl, THPs, THPt, and WAS, respec-
tively. In practice, anaerobically recalcitrant sCOD will leave the 
anaerobic digester with the reject water and will be conveyed to any 
subsequent step after AD, such as struvite precipitation and/or partial 
nitritation/anammox processes, or will be directed toward the WWTP 
headworks. The sCOD in the analysed samples was correlated with true 

Table 1 
Biochemical parameters in the fractionation of THP sludge and WAS.  

Measurement THPl 

fraction 
THPs 

fraction 
THPt 

sample 
WAS 
sample 

BMP (NmL-CH4/gCOD) 
[% of 
biodegradability] 

230 ± 23 
[66 ± 7] 

119 ± 35 
[34 ± 10] 

165 ± 24 
[47 ± 7] 

122 ± 22 
[35 ± 6] 

sCOD (g/L) 54.9 ± 0.9 9.76 ±
0.06 

52.9 ± 0.2 0.95 ±
0.05 

tCOD (g/L) 75 ± 2 238 ± 9 172 ± 1 212 ± 7 
Total solids (gTS/L) 57.5 ± 0.1 187.3 ±

0.7 
136.3 ±
0.5 

166.8 ±
0.4 

Volatile solids (gVS/L) 50.5 ± 0.4 131.1 ±
0.5 

105.2 ±
0.1 

130.6 ±
0.3 

TAN (mg TAN/L) 1034 ± 8 389 ± 2 1068 ± 14 713 ± 12 
Soluble proteins 

(mgBSA/L) 
16,993 ±
1480 

2406 ±
231 

17,578 ±
896 

Not 
detected. 

Soluble carbohydrates 
(mg/L) 

3353 ±
895 

1025 ± 69 2488 ±
1053 

367 ± 37 

VFA (mgCOD/L) 1885 ± 81 210 ± 17 1997 ± 74 35.2 ± 0.2 
UVA 254 (1/cm) 207.2 ±

0.2 
41.93 ±
0.05 

207.6 ±
0.2 

0.688 ±
0.001 

True colour (g Pt–Co/L) 81.0 ± 0.2 8.54 ±
0.02 

84.1 ± 0.2 0.123 ±
0.002  
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colour (Fig. 1-b), UVA 254 (Fig. 1-c) and soluble proteins (Fig. 3-b), 
indicating that the solubilised organic matter contained proteins, aro-
matics, and coloured compounds such as melanoidins. The formation of 
soluble melanoidins in THP has been previously reported by Dwyer and 
Lant (2008), and colour and UVA 254 were used to estimate their con-
centration. Melanoidins, as well as humic substances, can be classified 

according to their acid/base solubility in i) fulvic acids (always soluble), 
ii) humic acids (insoluble at pH < 2) and iii) insoluble humins (Sutton 
and Sposito, 2005). However, in our present work, sCOD, true colour, 
and UVA 254 only accounted for the fulvic and humic fractions that are 
soluble at the pH of the experiments, without distinction between humic 
and fulvic acid fractions. 

Fig. 2-a and Fig. 2-b show the MW distributions before and after AD 
as coloured bars in the soluble part of the analysed samples. The size of 
computed areas under the curve with 254 nm and 210 nm showed a 
similar trend as sCOD, true colour, UVA 254, and soluble proteins, in 
which THPl followed by THPt had the highest concentrations of humic 
substances, followed by THPs and WAS. The concentration of humic 
substances (254 nm) decreased after AD. In addition, for both wave-
lengths, the MW of the humic substances before AD was mainly below 
3.6 kDa, which according to MacCarthy (2001), corresponds to a fulvic 
acids fraction. The compounds measured in the Blank and WAS were 
very likely not melanoidins but extracellular polymeric substances 
(EPS), which are commonly present in aerobic and anaerobic biomass 
(Fr et al., 1995; D’Abzac et al., 2010). The presence of EPS-like com-
pounds was more evident in WAS, in which the fraction larger than 29.1 

Fig. 1. Chemical analysis of the different THP-treated fractions and other 
sludge samples subjected to AD (indicated as + AD): a) Soluble COD concen-
tration and sCOD-SDOS; b) True colour concentration and true colour-SDOS; c) 
UVA 254 concentration and UVA254-SCOD. The data consider the substrates 
dilution with inoculum and culture medium. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 2. a) Distribution of MWs at 254 nm; b) Distribution of MWs at 210 nm; c) URI in each MW interval (logarithmic scale); d) Protein-like, fulvic-like and humic- 
like NFRI in FEEM. Bars represent the samples before and after (+AD) anaerobic digestion. 

Fig. 3. a) TAN concentration and TAN-SDOS; b) Soluble proteins concentration 
and soluble proteins-SDOS; in the samples before and after (+AD) BMP tests, in 
the analysed samples. 
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kDa was the highest in the measurements at 210 nm (Fig. 2-b). After AD, 
the concentration of compounds measured at 254 nm and 210 nm 
decreased for all THP fractions, showing that the anaerobic microor-
ganisms either consumed or adsorbed part of these substances, removing 
them from the soluble phase, as shown in Fig. 2-b and Fig. 2-c. For the 
pre-treated samples, the low MW molecules showed the highest biode-
gradability, and the fraction below 1.1 kDa, decreased in all samples 
analysed at 254 nm and 210 nm wavelengths. The low MW fraction may 
have consisted of furfural, hydroxymethylfurfural, and similar com-
pounds, which have been identified as intermediates of Maillard re-
actions (Hodge, 1953). These compounds are reported to be 
biodegradable under anaerobic conditions (Boopathy, 2002; Park et al., 
2012; Huang et al., 2019), which may explain our observed results 
(Fig. 2 -a and Fig. 2-b). 

Fig. 2-c shows URI per range of MW in each of the samples analysed 
before and after AD. As can be observed in all fractionated THP samples, 
compounds with a MW exceeding 3.6 kDa increased the URI values 
during AD. This URI increase indicated that in these MWs ranges, either 
the microorganisms converted the aromatic compounds or there was an 
increase in the non-aromatic substances. Non-aromatic substances in-
crease can possibly be attributed to the excretion of soluble EPS during 
anaerobic biomass growth in the batch reactors, increasing the UV210 
absorbance in these fractions. Moreover, within the pre-treated samples, 
compounds with a MW below 3.6 kDa increased their aromaticity after 
AD, which is indicated by decreasing URI values. This indicates that the 
low-MW-aromatic compounds (low URI) were biodegraded during AD 
as discussed before (Fig. 2-b). In the case of the non-pre-treated samples, 
WAS and Blank samples, the fractions >29.1 kDa and ≤0.1 kDa 
decreased their specific aromaticity, indicated by an increased URI. The 
rest of the MW fractions increased their aromaticity after AD. Since WAS 
and Blank samples did not contain melanoidins, the changes in URI were 
most likely caused by changes in the EPS structure and the presence of 
degradation products of cell material in the case of WAS. The EPS 
spectrum has shown absorbance in the range 210–220 nm and 255–265 
nm, which are related to protein and humic-like structures (Meng et al., 
2016; Wang et al., 2018). 

Fig. 2-d shows the NFRI corresponding to humic-like, fulvic-like and 
protein-like substances in the FEEM. As observed in Fig. 2-d NFRI 
decreased after AD showing a similar trend as sCOD (Fig. 1-a) and total 
area in SEC-HPLC analysis (Fig. 2-a and Fig. 2-b). Also, the pre-treated 
samples showed a higher degree of fluorescence compared to WAS, 
evidencing the presence of humic substances. Furthermore, it can be 
observed that after AD the humic-like and fulvic-like fractions remained 
at a similar level, indicating lower biodegradability in these fractions. 
On the other hand, the protein-like fraction decreased in all the samples 
after AD, indicating that this fraction can be degraded under anaerobic 
conditions. Overall, THP increased the solubilisation and formation of 
biodegradable and recalcitrant melanoidins. Among the aromatic com-
pounds formed during THP, we observed anaerobic biodegradability in 
the low molecular weight fraction, which were associated with protein- 
like substances. 

3.3. TAN formation and release 

TAN release was studied in the fractionated substrates before and 
after AD. Despite that FAN is considered the main inhibitor, TAN was 
chosen as determining parameter since TAN can be measured directly, 
and it was not possible to differentiate the inhibition caused by NH4

+ or 
FAN (Astals et al., 2018). Before AD, TAN originated from: TAN in the 
substrates, TAN present in the culture medium used in the BMP tests 
(Table A1), and TAN in the inoculum. Moreover, TAN release after the 
BMP tests originated from TAN released from substrate digestion, and 
TAN released from the inoculum due to endogenous respiration. Fig. 3 
shows the concentration of TAN and soluble proteins, both before and 
after performing the BMP tests. The SDOSs of these compounds are 
shown in Fig. 3 as well. Following the former reasoning, we choose 

TAN-SDOSs and soluble proteins-SDOS to assess the TAN and soluble 
COD release caused exclusively by the substrates added in the BMP 
bottles. 

From Fig. 3-a it can be observed that before AD, TAN-SDOSs of THPl 
and THPt showed values 3.5- and 1.7-times higher than WAS. The 
elevated TAN-SDOS concentration before AD indicated that the condi-
tions during THP were such that they caused proteins deamination. The 
physicochemical breakdown of proteins to the extent of deamination 
during THP thermochemical reactions has already been reported by 
Wilson and Novak (2009). Conversely, before AD, TAN-SDOSs in WAS 
and THPs showed the lowest values, indicating that in these samples, N 
was contained in the particulate organics. In addition to the TAN sol-
ubilisation/formation during pre-treatment, AD resulted in a TAN-SDOS 
increase of at least four times in all samples analysed. 

Fig. 3-a and Fig. 3-b show that THPl rendered the highest TAN-SDOS 
increase during AD showing that most of the biodegradable proteins 
were in the soluble fraction of THP-treated sludge. Strikingly, THPs 
showed the lowest increase in TAN-SDOS during AD, i.e., from 2.8 to 19 
mgTAN/gCODsubs, indicating a lower concentration of biodegradable 
proteins in THP. Guo et al. (2020) showed the presence of structural 
proteins in WAS pellet being part of the non-soluble EPS matrix, which 
confirms our present finding. Fig. 3-b shows that the soluble 
proteins-SDOS before AD showed a similar tendency as TAN, rendering 
the highest values in the sample THPl followed by THPt. Fig. 3-b also 
shows that in all the cases the solubilised proteins are biodegradable 
during AD, which resulted in accumulating TAN in the digester broth. 

The TANreleased/CODconsumed ratios for the THP fractions were 99 ±
17, 46 ± 9 and 56 ± 15 mgTAN/gCOD in THPl, THPs and THPt, and 64 
± 10 mgTAN/gCOD for WAS, respectively. Comparing TANreleased/ 
CODconsumed, it can be inferred that THPl consisted to a large extent of 
biodegradable proteins, considering 121 mgTAN/gCOD as the stoi-
chiometric maximum from serum albumin digestion (C123H193O37N35, 
CAS 98420-25-8). The opposite was observed in THPs, in which the 
biodegradable solid fraction released about half of the TAN that was 
released in total by THPl during AD. The low TANreleased/CODconsumed in 
THPs indicated that the biodegradable solid fraction of THPt contained 
less biodegradable proteins. Moreover, the THPt sample released less 
TAN per biodegradable substrate than WAS. Considering that the BMP 
value of THPt was higher than that of WAS, THP increased the biode-
gradability of other organics too (not just proteins). At the same time, 
the decrease in TANreleased/CODconsumed in THPt compared to WAS likely 
caused by the Maillard reaction, which rendered AD-recalcitrant mela-
noidins (Martins and van Boekel, 2003; Dwyer et al., 2008). Overall, 
THP increased the solubilisation of biodegradable organic matter 
(shown as THPl) and increased the BMP and TAN release, specifically 
from the soluble fraction. However, the use of THP reduced the TANre-

leased/CODconsumed ratio, due to the formation of melanoidins and 
deamination during THP (Wilson and Novak, 2009; Wilson et al., 2011). 

3.4. Acute inhibition of the methanogenic biomass 

By assessing the mSMA at the beginning of the BMP tests, using fresh 
inoculum and the fractionated substrates, we were able to determine any 
possible inhibitory effect on the methanogenic biomass caused by 
compounds that were present in the initial substrate, such as the organic 
matter released during pre-treatment. Additionally, the mSMA results 
obtained after the BMP tests (+AD) provided information about possible 
metabolites that were formed during AD, affecting the digestion process. 

Fig. 4-a shows that the mSMAs of inoculum with the addition of the 
THP-pre-treated samples were 84.2 ± 1.3, 87.1 ± 1.7 and 87.0 ± 0.2 
mgCOD/gVS/day for THPl, THPs and THPt respectively. Results showed 
that none of them was statistically different from the Blank sample 
(inoculum only), using mean differences t-test (p-values of 0.36, 0.08 
and 0.1, respectively). The equal mSMA compared to the Blank in the 
pre-treated samples before BMP indicated that there was no (acute) 
inhibition of methanogens that could have been caused by compounds 
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formed or solubilised during THP. On the other hand, mSMA of WAS 
39% higher compared to the blank test, which was significantly different 
with a p-value = 0.001 in a mean difference t-test. The difference in 
mSMA between the Blank and WAS addition might be explained by the 
storage of WAS in a “sludge-buffer-tank” at the WWTP for approximately 
two weeks. This storage period might have led to an accumulation of 
methanogenic microorganisms that increased the acetotrophic activity 
in this sample. The CAMBI® system at the WWTP was fed from the same 
sludge buffer, but any microbial activity would have been destroyed 
during the THP pre-treatment. Therefore, the mSMA in the samples with 
addition of the pre-treated fractions was not affected. 

Fig. 4-a also shows the severe decrease in the microbial activity that 
was observed in all the samples analysed after the BMP tests (samples +
AD). Results indicated that one or more compounds produced during AD 
decreased the acetotrophic activity of the anaerobic inoculum. The 
samples after AD were statistically indifferent with p-values of 0.628 in a 
single factor ANOVA, with 95% of confidence. Among the studied pa-
rameters, the increased concentrations of TAN and FAN possibly 
explained the decrease in acetotrophic activity after AD (Astals et al., 
2018). Fig. 3-a and Fig. 4-b show the concentrations TAN and FAN, 
respectively, in the studied samples before and after the BMP tests. FAN 
increased in all the samples after AD, which was a consequence of the 
increased TAN concentration, plus a slight increase in the pH during the 
incubations. To the authors’ knowledge, there is not a clear threshold in 
the literature for inhibition of acetotrophic methanogenic activity due to 
the presence of TAN and FAN (Capson-Tojo et al., 2020). Different au-
thors reported different ranges of inhibition for TAN and FAN in AD, e.g. 
Bhattacharya and Parkin (1989) found that 55 mg FAN/L was the 
maximum tolerable concentration, while Calli et al. (2005) found a 
reduction in COD conversion in UASB reactors of 78–98%, with a con-
centration of 800 mgFAN/L. Literature results indicate that TAN and 
FAN inhibition thresholds, are inoculum-dependent and might vary 
depending on the operational conditions and acclimation of the micro-
organisms to these inhibitors (Chen et al., 2008; Lee et al., 2021; 
Moerland et al., 2021). 

The influence of possible inhibitors in the samples was further 
assessed, using the same inoculum as in the mSMA test and applying 
incremental concentrations of TAN/FAN and melanoidins. Fig. 5-a and b 
show the relative SMA values as a percentage of the positive control 
(without inhibitor) at different TAN/FAN, and melanoidins 

concentrations. Both TAN and FAN distinctly decreased the SMAs 
(Fig. 5-a), and SMAs halved their maximum values at about 2.5 g TAN/L 
and 100 mg FAN/L. These half-inhibition concentrations were within 
the range that was observed in the studied samples after BMP (+AD). 
Moreover, the inoculum that was used in both (m)SMA and BMP was 
likely not well acclimated to increased concentrations of TAN and FAN, 
since the full-scale digester from where the inoculum was obtained 
contained around 789 mgTAN/L and 41 mgFAN/L. The mentioned full- 
scale digester was not equipped with any sludge pre-treatment 
technique. 

Contrary to the observed TAN and FAN inhibition of the SMA, the 
SMAs at incremental concentrations of melanoidins showed no evidence 
of inhibition of the methanogenic activity, even at COD concentrations 
as high as 20 gCOD/L, when, conversely, higher activity was observed 
(Fig. 5-b). The increased activity can possibly be attributed to some 
methanogens that might have been contained in the melanoidins stock 
solution due to the anaerobic pre-digestion process with anaerobic 
digestate. Our current findings agree with the results of Rodríguez-A-
balde et al. (2011) who did not find evidence that melanoidins can cause 
inhibition on methanogens. In contrast, Penaud et al. (2000) posed that 
there are recalcitrant compounds that may cause a decrease in anaerobic 
activity. However, in their study, TAN/FAN were not measured, 
although both compounds are expected to be present in ranges that 
might have led to process inhibition. Other studies also reported inhi-
bition of methanogens by humic substances; however, the diversity of 
the microorganisms present in a full-scale inoculum might have helped 
to mitigate this effect (Khadem et al., 2017; Yap et al., 2018; Zhang et al., 
2022). TAN/FAN are well-known inhibitors of AD. However, in litera-
ture, it is well described that anaerobic biomass can be acclimated to 
high TAN/FAN concentrations (Yan et al., 2019). The expected effect of 
increased TAN/FAN is especially high during the transition phase, when 
an AD reactor with no pre-treatment starts using THP. Under such 
conditions, the sudden increase in TAN/FAN concentrations might lead 

Fig. 4. a) mSMA before and after BMP tests (+AD) in all substrates; b) FAN 
concentration before and after BMP tests in all substrates. 

Fig. 5. a) Relative SMA values of the inoculum used in the mSMA and BMP 
tests at different concentrations TAN and FAN; 100% agrees with an SMA of 96 
± 1 mg COD/gVS/day. Note: X-axis is a log-scale. b) Relative SMA values at 
incremental melanoidins concentrations of the inoculum used in the SMA and 
BMP tests; 100% agrees with an SMA of 64 ± 1 mg COD/gVS/day. 
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to instabilities in the process before the anaerobic biomass is acclimated 
to the new regime. 

4. Conclusions 

From our present study the following conclusions can be drawn. 

• THP of WAS released digestible organics and increased the concen-
tration of aromatic compounds, which were partially biodegradable 
under anaerobic conditions. Especially, the aromatic fractions with a 
MW under 1.1 kDa that were related to protein-like compounds were 
partially biodegradable. 

• TAN was limitedly released during THP solely, but TAN concentra-
tions increased drastically during subsequent AD.  

• THP increased the solubilisation and biodegradability of organic 
matter which increased the BMPs. However, the ratio TANreleased/ 
CODconsumed decreased, due to THP-related deamination and the 
Maillard reaction of proteinaceous material that forms partially AD- 
recalcitrant melanoidins.  

• Melanoidins that were formed during THP of WAS did not cause 
acute inhibition on acetotrophic methanogenesis of a full-scale 
inoculum sample.  

• Inhibition of methanogens, while digesting THP-treated sludge, was 
likely a consequence of the released TAN (and FAN formation) from 
an increased amount of biodegradable proteins. 
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