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Abstract 6 

Sludge treatment is an integral part of faecal sludge management in non-sewered sanitation settings. 7 

Development of pyrolysis as a suitable sludge treatment method requires thorough knowledge about the 8 

properties and thermal decomposition mechanisms of the feedstock. This study aimed to improve the current 9 

lack of understanding concerning relevant sludge properties and their influence on the thermal decomposition 10 

characteristics. Major organic compounds (hemicellulose, cellulose, lignin, protein, oil and grease, other 11 

carbohydrates) were quantified in 30 faecal sludge samples taken from different sanitation technologies, 12 

providing the most comprehensive organic faecal sludge data set to date. This information was used to predict 13 

the sludge properties crucial to pyrolysis (calorific value, fixed carbon, volatile matter, carbon, hydrogen). 14 

Samples were then subjected to thermogravimetric analysis to delineate the influence of organic composition 15 

on thermal decomposition. Septic tanks showed lower median fractions of lignin (9.4%dwb) but higher oil 16 

and grease (10.7%dwb), compared with ventilated improved pit latrines (17.4%dwb and 4.6%dwb 17 

respectively) and urine diverting dry toilets (17.9%dwb and 4.7%dwb respectively). High fixed carbon 18 

fractions in lignin (45.1%dwb) and protein (18.8%dwb) suggested their importance for char formation, while 19 

oil and grease fully volatilised. For the first time, this study provided mechanistic insights into faecal sludge 20 

pyrolysis as a function of temperature and feedstock composition. Classification into the following three 21 

phases was proposed: decomposition of hemicellulose, cellulose, other carbohydrates, proteins and, partially, 22 

lignin (200-380°C), continued decomposition of lignin and thermal cracking of oil and grease (380-500°C) 23 

and continued carbonisation (>500°C). The findings will facilitate the development and optimisation of 24 

faecal sludge pyrolysis, emphasising the importance of considering the organic composition of the feedstock. 25 
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1. Introduction 27 

Today, more than half of the global population uses sanitation systems from which faecal waste enters 28 

the environment untreated (UNICEF & WHO, 2020). Approximately 2.7 billion people use onsite sanitation 29 

technologies that generate faecal sludge (FS) requiring FS management (FSM) (Strande et al., 2014). The 30 

treatment of FS is an integral part of FSM to reduce negative impact on the environment and public health 31 

(Strande et al., 2014; Tayler, 2018), thereby contributing to Sustainable Development Goal 6 (United 32 

Nations, 2015). The thermal conversion of FS through pyrolysis into char, oil and gas offers opportunities 33 

for resource and energy recovery (e.g. production of solid fuel or soil amendment) and eliminates the 34 

pathogenic risk (Bond et al., 2018). The suitability of pyrolysis for FS treatment is still under discussion 35 

(Andriessen et al., 2019) and has been the subject of laboratory-scale studies (Liu et al., 2014; Ward et al., 36 

2014; Gold et al., 2018a; Yacob et al., 2018; Hübner et al., 2019; Bleuler et al., 2021), while the first scaled 37 

treatment plants are already operating in India (Krueger et al., 2020). These studies are crucial for an initial 38 

assessment of this technology, but they provide insufficient understanding of the underlying treatment 39 

mechanisms.  40 

The current level of understanding on FS pyrolysis largely views this process as a black box to produce 41 

char for resource recovery, with little understanding of the internal processes causing the observed pyrolytic 42 

decomposition characteristics. A small number of studies have started to address this deficiency by 43 

investigating the pyrolysis (Yacob et al., 2018; Somorin et al., 2020) and gasification (Onabanj et al., 2016) 44 

of fresh faeces, transferring modelling approaches commonly used in biomass and fossil fuel research. Both 45 

Yacob et al. (2018) and Somorin et al. (2020) conducted thermogravimetric analyses of faeces, observing 46 

the highest weight-loss rates within approximately 200-400°C, followed by a shoulder extending to 47 

approximately 500°C. Evolved gas analysis detected various compounds that were identified as markers for 48 

the presence of protein, lignin, lipids and carbohydrates (Somorin et al., 2020), all of which are known 49 

components of faeces (Rose et al., 2015). Nevertheless, there remains a considerable lack of knowledge 50 

regarding the following aspects. Firstly, the pyrolytic decomposition of FS needs to be distinguished from 51 
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the aforementioned studies, as FS not only contains faeces and will have undergone in situ decomposition 52 

within the sanitation technology. Secondly, no comprehensive quantification of the macromolecular 53 

composition of FS exists, which is necessary to develop an understanding of the relationship between its 54 

organic composition and its thermogravimetric weight-loss patterns.  55 

In areas where pyrolysis is already a well-established treatment process, for example in lignocellulosic 56 

biomass conversion, relationships between feedstock composition and thermal decomposition mechanisms 57 

have been accordingly well researched and correlated. Thus, it is common to describe the properties of 58 

biomass and its decomposition behaviour during pyrolysis as a function of its individual organic constituents: 59 

hemicellulose, cellulose and lignin (Basu, 2010; Brown et al., 2015; Wang & Luo, 2017). Transferring the 60 

approach from biomass pyrolysis, it is proposed that the pattern of pyrolytic FS decomposition can be 61 

explained by isolating the behaviour of the individual organic constituents. Faeces, as a main constituent of 62 

FS, not only contains hemicellulose, cellulose and lignin, but also other carbohydrates as well as protein and 63 

lipids (Rose et al., 2015). This initial composition is altered by other material entering the FS (e.g. toilet 64 

paper, solid waste, grit, ground water) and possibly by biological degradation mechanisms occurring within 65 

the containment structure (Nwaneri et al., 2008; Shaw & Dorea, 2021). As the organic composition of FS 66 

will therefore differ considerably from that of lignocellulosic biomass, with implications for its thermal 67 

decomposition, any consideration of pyrolysis as a technology for use in FSM will not be able to rely on data 68 

based on biomass but rather will require FS specific data. This investigation was conducted in response to 69 

this need and to enhance the understanding of FS pyrolysis. 70 

The aim of this study was two-fold: to comprehensively quantify the organic composition of FS, and then 71 

to assess the influence of individual FS constituents on the pyrolysis process. To this end, the organic 72 

composition and thermal decomposition of 30 FS samples from three different sanitation technologies 73 

(ventilated improved pit latrines (VIP), urine diverting dry toilets (UD), septic tanks (ST)), collected in the 74 

eThekwini municipality (Durban, South Africa) were investigated. Assessment included the analysis of 75 

reference materials to isolate the role of individual organic compounds. First, the types of organic bonds 76 
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present in FS were qualitatively assessed by FTIR spectroscopy and the fractions of different organic 77 

compounds quantified. In a second step, the feedstock properties relevant to a pyrolysis process, namely 78 

calorific value (CV), fixed carbon (FC), volatile matter (VM), carbon (C) and hydrogen (H), were predicted 79 

using the organic composition data. Finally, thermogravimetric methods were applied to ascertain the 80 

thermal decomposition behaviour of FS and delineate the observations based on the individual organic 81 

constituents. 82 

2. Materials and methods 83 

2.1. Faecal sludge samples and organic reference materials 84 

Thirty dried FS samples from three different sanitation technologies were obtained in the eThekwini 85 

Municipality in Durban, South Africa from VIPs (n=10), UDs (n=10) and STs (n=10). After drying to 86 

constant weight at 105°C, samples were dried at 150°C for 150min for sterilisation purposes. A detailed 87 

description of the sampling and sample preparation was given by Krueger et al. (2021). This work was 88 

conducted with approval from the Biomedical Research Ethics Committee at the University of KwaZulu 89 

Natal (ref: BREC/00001371/2020) and samples were exported with permission from the South African 90 

Department of Health (J1/2/4/2 No 01/19). 91 

To enable a detailed assessment of the thermal decomposition of FS, reference materials were analysed 92 

representing the main groups of organic compounds found in FS (Table 1). 93 

Table 1 Reference materials representing the organic compounds found in faecal sludge 94 

Compound group Reference material 

Hemicellulose Xylan from corn core (CAS: 9014-63-5), Tokyo Chemical Industry, JPN 

Cellulose α-Cellulose (CAS: 9004-34-6), Sigma-Aldrich, USA 

Lignin Lignin, alkali (CAS: 8068-05-1), Sigma-Aldrich, USA 

Protein Bovine Serum Albumin (CAS: 9048-46-8), Sigma-Aldrich, USA 

Oil and grease Essential Sunflower Oil (CAS: 8001-21-6), Waitrose & Partners, UK 

Simple carbohydrates Starch, potato (CAS: 9005-84-9), FSA Laboratory Supplies, UK 

2.2. Analytical methods 95 

The FTIR spectra were collected on a Nicolet 6700 FT-IR Spectrometer (Thermo Fisher Scientific, USA) 96 
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within the wavenumber range 4000-500cm-1 using a diamond ATR-crystal and internally correcting for the 97 

ambient background signal. This was conducted in accordance with ASTM E1252-98 for internal reflection 98 

spectroscopy (ASTM, 2013), ensuring good contact between the crystal and the dried, powdered sample by 99 

screwing the pressure tower into place. 100 

Hemicellulose, cellulose and lignin fractions were quantified by determination of acid detergent fibre, 101 

acid detergent lignin and amylase-treated neutral detergent fibre following standard methods BS EN ISO 102 

13906:2008 (British Standards Institution, 2008) and BS EN 16472:2006 (British Standards Institution, 103 

2006). The dosage of amylase followed the recommendations of Mertens (2002), using Novozymes 104 

Termamyl α-amylase (University of Reading, UK). 105 

Fractions of oil and grease (O&G) were quantified as the hexane-extractable fraction using a Soxhlet 106 

apparatus and rotary evaporator, following standard method 5520 D (APHA, 2017). As the O&G fractions 107 

of the dried solids were of interest, the preceding acidification and filtration steps were omitted. 108 

Protein fractions were determined based on Total Kjeldahl Nitrogen (TKN) multiplied by a conversion 109 

factor, a method which has already been used for sewage sludge (Lau, 1981; Dai et al., 2016). To address 110 

the interference of nitrogen from non-protein sources in sludge and the uncertainty associated with the 111 

generally applied conversion factor of 6.25 (Raunkjær et al., 1994), a revised conversion factor of 5.6 was 112 

applied (Mariotti et al., 2008) and the TKN corrected for exchangeable ammonium. The Kjeldahl digestion 113 

followed standard method BS EN 16169:2012 (British Standards Institution, 2012) and the extraction for 114 

exchangeable ammonium (2M KCl) was via the standard method for soils (Keeney & Nelson, 1983). 115 

Concentrations of NH4-N were quantified on a San++ continuous flow analyser (Skalar Analytical, NL). 116 

Thermal analysis with evolved gas analysis was conducted on a 449 F5 Jupiter simultaneous thermal 117 

analyser (STA) coupled with a QMS 403 Aëolos Quadro mass spectrometer (NETZSCH, GER) via a transfer 118 

capillary heated to 300°C. Samples of 15±2mg were subjected to dynamic thermogravimetric analysis (final 119 

temperature: 1000°C, heating rate: 10°C/min, atmosphere: N2, gas flow rate: 50ml/min) in a platinum 120 

crucible and curves of thermogravimetry (TG) and differential thermogravimetry (DTG) recorded for 121 
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interpretation, with the mass spectrometer analysing within the m/z range 1-100. Ion currents of each m/z 122 

value were normalised based on individual maximum ion currents. The TG data was corrected with a blank 123 

test using an empty crucible to account for buoyancy effects. Proximate analysis was also conducted on the 124 

STA according to standard method ASTM D7582-15 (ASTM, 2015), in an adapted procedure for 125 

thermogravimetric analysis (Krueger et al., 2020). While proximate analysis is usually carried out with larger 126 

samples sizes to increase accuracy, a thermogravimetric approach was proven to provide fast and satisfactory 127 

results (García et al., 2013).  128 

A 6100 Calorimeter (Parr, USA) was used to measure the CV in accordance with standard method ASTM 129 

70 D5865M-19 (ASTM, 2019). 130 

All analyses were performed in triplicate and are reported as mean values. 131 

2.3. Statistical methods and model predictions 132 

To account for the uneven distribution and common presence of outliers associated with FS characteristics 133 

(Gold et al., 2018b; Strande et al., 2018; Englund et al., 2020), the non-parametric two-tailed Mann-Whitney 134 

U test was conducted at the 5% significance level to detect differences between populations. 135 

The fit of the predicted properties (CV, FC, VM, C, H) was assessed based on a linear correlation with 136 

the properties reported in our previous study (Krueger et al., 2021). The prediction used the CV, FC and VM 137 

measurements of the reference materials, while C and H fractions were estimated based on the reference 138 

materials’ molecular formulae. This leads to the following equation to estimate the properties of a FS sample 139 

based on its organic composition: 140 

𝜔𝑥𝑖,𝑠𝑙𝑢𝑑𝑔𝑒
=∑𝜔𝑥𝑖,𝑥𝑗

∗ 𝜔𝑥𝑗,𝑠𝑙𝑢𝑑𝑔𝑒

6

𝑗=1

 141 

where: 142 

𝜔𝑥𝑖,𝑠𝑙𝑢𝑑𝑔𝑒
: mass fraction of parameter 𝑥𝑖 (e.g. FC) in the FS sample 143 

𝜔𝑥𝑖,𝑥𝑗
: mass fraction of parameter 𝑥𝑖 in the compound group 𝑥𝑗 (e.g. hemicellulose) 144 

𝜔𝑥𝑗,𝑠𝑙𝑢𝑑𝑔𝑒
: mass fraction of the compound group 𝑥𝑗 in the FS sample 145 
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Note, that the mass fraction of the compound group ‘simple carbohydrates’ was determined by difference, 146 

as is widely practiced for the analysis of food (FAO, 2003). 147 

All statistical operations were performed with inbuilt functions in MATLAB. 148 

3. Results and discussion 149 

3.1. FTIR pre-screening 150 

FTIR analysis does not provide a quantitative measure of individual sample constituents. It can, however, 151 

provide a preliminary assessment of the chemical bonds present in a sample. Therefore, it has been suggested 152 

as a method in the waste industry to provide general information on organic composition and an indication 153 

of their level of decomposition (Smidt & Schwanninger, 2005).  Figure 1 shows the stacked spectra of all FS 154 

samples and reference materials. Wavenumber ranges were interpreted based on spectra-structure 155 

correlations reported by Colthup et al. (1975). 156 

A broad peak within the range 3700-3100cm-1, associated with O-H bonds, and two distinct peaks within 157 

3000-2700cm-1, associated with aliphatic C-H bonds, are evident in varying magnitude across all samples. 158 

Based on comparison with the reference materials, the O-H bonds observed in FS can be associated with the 159 

hydroxyl groups found in carbohydrates, namely hemicellulose, cellulose and starch. While this region may 160 

Figure 1 FTIR spectra of faecal sludge samples and reference materials. 
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also experience interference from O-H bonds in mineral matter (Dignac et al., 2001), the association with 161 

carbohydrates is supported by peaks in the region within 1200-1000cm-1. These peaks are largely caused by 162 

the stretching of C-O and C-C bonds, evident for all FS samples and most pronounced in the carbohydrate 163 

reference materials, which is well documented for hemicellulose, cellulose and other carbohydrates 164 

(Wiercigroch et al., 2017; Wang & Luo, 2017). This region, specifically 1200-950cm-1, is described as the 165 

fingerprint of carbohydrates (Guo et al., 2018).  166 

Contributions from lignin and protein in the O-H region are also possible, as they show some absorbance 167 

within the 3700-3100cm-1 region. Lignin is a highly branched phenolic biopolymer built from aromatic units 168 

called monolignols, primarily connected through ether, but also C-C bonds (Basu, 2010; Wang & Luo, 2017; 169 

Kawamoto, 2017; Lu et al., 2020). Hence, many of the O-H groups of the precursor monomers are lost in 170 

condensation reactions, resulting in the observed spectra. While O-H bonds produce a broad band in the 171 

3700-3100cm-1 wavenumber range, the lower transmittance for protein can be attributed to the narrower band 172 

of N-H absorbing in the same region. 173 

The two distinct peaks within 3000-2700cm-1 in FS are associated with the presence of aliphatic C-H 174 

Figure 2 Examples of FS samples. ST sample with highest O&G fraction (A) and its hexane extract (B). 
Fibrous pulp visible in ST sample during fibre extraction (C). Examples of visibly fibrous FS structure in a 

ST sample (D) and a VIP sample (E). Hair removed from a UD sample (F). 
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bonds. This is especially evident in the corresponding peaks in sunflower oil, where the aliphatic structures 175 

of fatty acids in the triglycerides of vegetable oils cause this characteristic absorbance (Yang et al., 2005; de 176 

la Mata et al., 2012). These two peaks have also been observed for sewage sludge and faeces. For sewage 177 

sludge, this has been utilised in a solvent-free standard method for the quantification of O&G using the 178 

absorbance peak at 2920cm-1 (ASTM, 2017). The intensity of the double peak was observed to diminish 179 

during sludge treatment, thus providing an indication of sludge stabilisation (Dignac et al., 2001; Smidt & 180 

Schwanninger, 2005). In medical research, these wavenumbers have been used to assess the presence of 181 

faecal fat (Jakobs et al., 2000; De Koninck et al., 2016). 182 

3.2. Quantification of organic composition 183 

The quantification of organic compound groups is shown in Figure 3 and the statistical analysis between 184 

technology groups in Table 2. 185 

Table 2 Comparison of organic composition between three sanitation technologies. P-values of the 186 
two-tailed Mann-Whitney U test, α=5%. 187 

Parameter VIP vs. ST VIP vs. UD ST vs. UD 

Total fibre         .173 .623 .162 

Hemicellulose .593 .939 .622 

Cellulose     .212 .910 .473 

Lignin        .006 .571 .026 

Protein       .821 .140 .174 

Oil and grease           .003 .649 .014 

Other         .130 .272 .273 

Fibre 188 

 10%dwb and above 50%dwb, but with no evidence for significant differences between sanitation 189 

technologies. The fibrous consistency of certain samples is clearly visible in the raw sludge, emphasised by 190 

the pulp remaining during the fibre extraction of the ST sample with 47.3%dwb total fibre (Figure 2). The 191 

fractions of cellulose mostly cluster between 5-15%dwb and those of hemicellulose mostly between 0-192 

2%dwb, although individual samples exceed these ranges considerably. This agrees with observations 193 
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reported for sewage sludge of generally up to 30%dwb cellulose, but lies below typical ranges for 194 

hemicellulose between approximately 5-10%dwb  (Hattori & Mukai, 1986; Zhang et al., 2018; Cipolletta et 195 

al., 2019; Ahmed et al., 2019). The lignin fractions found for most FS samples agree with the ranges reported 196 

for sewage sludge between approximately 10-30%dwb (Hattori & Mukai, 1986; Goto et al., 1999; Zhang et 197 

al., 2018; Cipolletta et al., 2019). 198 

Different factors can be expected to influence the fibre fractions in FS, namely the material input and the 199 

in situ degradation mechanisms. Fibre input is a function of cleansing materials (e.g. toilet paper, rags) and 200 

dietary habits. Dietary sources are indigestible fibres passing through the digestive system unchanged 201 

(Bijkerk et al., 2004). Volk & Rummel (1987) estimated undigested plant matter to constitute approximately 202 

25% of dry matter faeces, which has been reported as 6g of dietary fibre excreted per capita daily (Rose et 203 

al., 2015). Faecal fibre will, however, be greatly influenced by dietary habits (Beyer & Flynn, 1978; Kelsay 204 

et al., 1978) and increased faecal fibre is often associated with high concentrations of indigestible fibre in 205 

the diets of low income countries (Rose et al., 2015).  206 

In situ degradation of FS will further influence fibre composition as hemicellulose, cellulose and lignin 207 

are biologically degraded. In aerobic conditions (e.g. composting) fibres are generally degraded after more 208 

readily available substrates have been digested (Tuomela et al., 2000), with the degradation of hemicellulose 209 

and cellulose occurring before that of lignin (Jurak et al., 2015). Such aerobic conditions are found in the top 210 

layer of pit latrines, where any newly introduced faeces undergoes a phase of rapid degradation (Nwaneri et 211 

al., 2008). In anaerobic conditions, found in STs (Shaw & Dorea, 2021) and the deeper layers of pit latrines 212 

(Nwaneri et al., 2008), limited lignin degradation is expected (Ahring et al., 2015; Mulat & Horn, 2018; 213 

Khan & Ahring, 2019). The degradation of hemicellulose and cellulose in anaerobic digestion has been 214 

reported widely in experimental studies (Siegert & Banks, 2005; Golkowska & Greger, 2013; Chapleur et 215 

al., 2016; Azman et al., 2017). Interestingly, the mass fractions of the fibrous constituents within the FS of 216 

all three sanitation technologies can be ordered as medianlignin > mediancellulose > medianhemicellulose, 217 

corresponding to their chemical resistance to biological degradation. This observation indicates that the 218 
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lignin mass fraction in FS may increase in relative terms with sludge age as the more degradable fractions of 219 

hemicellulose and cellulose are diminished. The lignin fraction in STs was also found to significantly differ 220 

from that in VIPs and UDs (Table 2), which was also illustrated by the lower median of lignin in ST sludge 221 

(9.4%dwb) compared with VIPs and UDs (17.4%dwb and 17.9%dwb respectively). This may also be 222 

Figure 3 Fractions of organic compounds found in faecal sludge. The inorganic fraction denotes the ash 
content reported in our previous study (Krueger et al., 2021). A detailed overview of individual sample is 

given in the supplementary material. 
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attributed to the higher rates of stabilisation of easily degradable material from the initial phase of rapid 223 

aerobic degradation in VIPs and UDs, increasing the fraction of lignin in relative terms. 224 

Protein 225 

There is no evidence that protein mass fractions, mainly present between 5-20%dwb, differ significantly 226 

between the FS of the sanitation technologies. These fractions are similar to, but generally below, the 227 

fractions of 15-20%dwb typically found in digested primary sludges (Metcalf & Eddy, 2003). While there 228 

are no reports in the literature on protein fractions in FS, they can reasonably be assumed to stem from faecal 229 

input and microbial growth within the containment facility. Based on estimations of 6.3g protein excreted 230 

per person daily, faecal dry matter contains approximately 20%dwb protein originating from both undigested 231 

protein and bacterial biomass (Rose et al., 2015). The latter is the main contributor of protein, as bacteria 232 

themselves consist of approximately 50%dwb protein (Stouthamer, 1973; Zubkov et al., 1999) and  have 233 

been reported to account for 30-55% of faecal dry mass (Stephen & Cummings, 1980; Achour et al., 2007; 234 

Guyton & Hall, 2011). The protein fraction in FS will also be subject to the in situ degradation mechanisms 235 

as microorganisms including bacteria grow and transform the waste, especially as microbial communities in 236 

onsite sanitation derive not only from faeces but also the surrounding soil and groundwater environment 237 

(Torondel et al., 2016). Based on visual inspection, many samples also contained considerable amounts of 238 

hair (Figure 2). A study of 63 cesspools and STs in Thailand found that FS contained on average between 0-239 

6% hair on a dry weight basis depending on sanitation type, with >20%dwb reported for individual 240 

containments (Koottatep et al., 2012).  Hair consists of up to 95% protein, namely a structural group of 241 

proteins called keratins (Robbins, 2012; Preedy, 2012). Therefore, in addition to bacterial biomass, hair may 242 

also be an important contributor to the protein fraction. Note that this would not apply to any synthetic hair 243 

extensions.    244 

Oil & grease 245 

The O&G fractions generally do not exceed the typical range between 5-20%dwb observed for digested 246 

primary sludge (Metcalf & Eddy, 2003). The statistical analysis shows strong evidence that O&G fractions 247 
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in ST sludge differ significantly from those in VIPs and UDs. The higher median fraction in ST sludge 248 

(10.7%dwb) compared with UDs (4.7%dwb) and VIPs (4.6%dwb) emphasises this and confirms the 249 

conclusions drawn from the FTIR analysis. Concerning the input from faeces, Rose et al. (2015) report faecal 250 

dry weight to consist of 8.7-16% fat, but O&G in FS also derive from other sources, as flushed sanitation 251 

systems like STs may also be used to dispose of cooking oil or may be connected to kitchens. Thus, FS may 252 

contain elevated O&G due to absent or malfunctioning grease traps, especially when originating from 253 

commercial sources such as restaurants (Strande et al., 2014; Tayler, 2018). This supposition is supported 254 

by the ample data available on untreated primary sludges, which are known to contain high amounts of O&G 255 

of up to 35% from constituents such as vegetable oil (Metcalf & Eddy, 2003). 256 

The above is a possible explanation for the oily consistency of one ST sample (Figure 2) showing an 257 

outlying fraction of 45.5%dwb and the highest absorbance in the FTIR pre-screening within the 3000-258 

2700cm-1 range, associated with fatty acids. Besides a potentially higher input, the degradation mechanisms 259 

can also provide explanation for higher fractions of O&G in STs. While pit-based technologies offer the 260 

initial phase of aerobic decomposition and continued contact of O&G with the remaining sludge matrix, STs 261 

will separate and accumulate O&G in a floating layer of scum while other solids settle and are digested at 262 

the bottom of the containment (Kalbermatten et al., 1982). A further consideration is that the anaerobic 263 

conditions in STs may contribute to the formation of fatty acids,  as these are formed as intermediate products 264 

during anaerobic digestion (de Lemos Chernicharo, 2015).  265 

Simple carbohydrates 266 

As previously stated, the remaining organic fraction ‘other’ is assumed to consist mainly of simple 267 

carbohydrates (e.g. sugars, starch). For 87% of the samples more than 90%dwb of the mass fraction could 268 

be directly determined, mostly leaving a fraction of between 0-10%dwb to be classified as simple 269 

carbohydrates. No statistically significant differences were observed between FS types, although only ST 270 

sludge showed individual fractions higher than 10%dwb in this category. These slightly higher fractions of 271 

simple carbohydrates in STs may be associated with the lower levels of sludge stabilisation in STs, compared 272 
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with in VIPs and UDs. 273 

The large variability that is evident in the data above, also between samples of the same type, agrees with 274 

previous reports on FS characteristics (Strande et al., 2018). Generally, the variability in FS is expected to 275 

be high in comparison to wastewater, as the latter is homogenised within the sewer system. For this study, a 276 

main reason for the large variability in the different organic fractions was considered to be a knock-on effect 277 

of the highly variable inorganic fractions. Multiple factors contribute to the observed variability, including 278 

differences in system design, user habits, construction quality or emptying frequency (USEPA, 1984; Strande 279 

et al., 2014).  280 

Table 3 Properties of the reference materials. The CV, FC and VM measurements were experimentally 281 
determined for the reference materials. The C and H fractions were theoretically determined based on the 282 

reference materials’ molecular formulae. 283 

Compound 

group 

CV 

[MJ/kg] 

VM 

[%dwb] 

FC 

[%dwb] 

C 

[%dwb] 

H 

[%dwb] 

FC:VM H:C Molecular formula 

Hemicellulose 16.4 82.8 17.2 45.5 6.1 0.21 0.13 C5H8O4, xylan 

Cellulose 16.2 90.0 10.0 44.4 6.2 0.11 0.14 C6H10O5, α-cellulose 

Lignin 25.4 54.9 45.1 64.3 6.1 0.82 0.09 C81H92O28, organosolv 

lignin (NCBI, 2020) 

Protein 23.1 81.2 18.8 54.5 7.0 0.23 0.13 C400H620N100O120P1S1, 

empirical (Mulder, 1838) 

Oil and grease 38.7 100.0 0.0 77.8 11.4 0.00 0.15 C57H100O6, typical 

sunflower oil triglyceride 

Simple 

carbohydrates 

14.6 85.8 14.2 44.4 6.2 0.17 0.14 C6H10O5, amylose 

3.3. Prediction of faecal sludge properties 284 

 In a previous study it was possible to make an approximate prediction of FS properties important for 285 

pyrolysis (CV, FC, C, H) by linear correlation with the ash content (Krueger et al., 2021). For the assessment 286 

of lignocellulosic biomass it is common to assess the material in terms of its individual constituents, i.e. 287 

hemicellulose, cellulose and lignin (Shen et al., 2011; Muley et al., 2016; Yu et al., 2017; Shahbaz et al., 288 

2020). For the first time, the availability of quantitative organic FS data allows for a more fundamental 289 

approach to the prediction of these properties (CV, FC, VM, C, H), thus verifying the critical influence of 290 
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the organic makeup of FS on its behaviour during pyrolysis. The thermally relevant properties of the 291 

reference materials used for this correlation are shown in Table 3. Resulting linear correlations comparing 292 

measured and predicted values are reported in Figure 4. 293 

Generally, the predictions fit the measured values well (R2>0.8). Compared with the correlation of FC 294 

with the ash content in the previous study (R2=0.66), this approach achieved a considerably better fit for FC 295 

(R2=0.84). This can be attributed to the stark differences in FC observed for the different compound groups, 296 

with O&G and lignin showing 0 and 45.1%dwb FC respectively, while the remaining compounds showed 297 

between 10.0-18.8%dwb. Lignin is also the largest contributor of char in biomass pyrolysis due to its intrinsic 298 

aromatic structure and slower depolymerisation (Brown et al., 2015). Note that protein has the highest FC 299 

fraction after lignin, indicating its importance for char formation.  300 

Figure 4 Comparison of measured and predicted thermal properties by linear correlation. Detailed 
information on the correlations is provided in the supplementary material. 
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The above data shows that improved prediction of FC formation is possible and that FS characteristics 301 

relevant to pyrolysis will depend on the fractions of the different groups of organic compounds in the 302 

feedstock. The organic composition can also explain previously observed indications of compositional 303 

distinctions between FS from different sources. Krueger et al. (2021) reported that significant differences 304 

between the ratios of FC to VM and H to C in ST sludge, compared with VIPs and UDs, indicated differences 305 

in the organic composition of ST sludge. Oil and grease showed the lowest ratio of FC to VM (0.00) and the 306 

highest ratio of H to C (0.15) (see Table 3). Lignin, in contrast, showed the opposite (0.82 FC:VM, 0.09 307 

H:C). This agrees with the significantly higher O&G fractions (median: 10.7%dwb) and the significantly 308 

lower lignin fractions (median: 9.4%dwb) in STs compared to UDs and VIPs found in this study. The 309 

previously observed differences in the FC:VM and H:C ratios of STs compared to UDs and VIPs can thus 310 

be explained. 311 

3.4. Thermal decomposition 312 

Given the good correlation between thermally relevant FS properties and organic composition, the thermal 313 

decomposition of representative individual compounds was assessed using TG-MS to facilitate the analysis 314 

of FS (Figure 5). Interactions between components will occur due to overlapping temperature ranges of 315 

decomposition (Wang & Luo, 2017) and catalytic reactions associated with the ash fraction (Fonts et al., 316 

2012). Three general observations can be made from the thermal analysis data in Figure 5. Firstly, different 317 

amounts of char remain at 1000°C, as expected from the FS proximate analysis. Secondly, the temperature 318 

ranges at which the highest rates of weight loss occur differ between compounds. Both observations are 319 

caused by differences in the molecular structures (as shown in Figure 6) leading to differences in thermal 320 

stability and hence char formation. Thirdly, the main pyrolysis reactions for all compounds are complete by 321 

500°C, followed by slow, gradual weight loss due to ongoing carbonisation reactions. 322 

Figure 7 shows the thermal analysis data from two examples of each sanitation technology. Examples 323 

were taken from the technology groups’ respective FC interquartile ranges. Generally, the DTG curves show 324 

maximum weight-loss rates between 300-350°C, followed by a shoulder extending to 500°C, after which it 325 
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drops to slow gradual weight loss. This general pattern has been reported for fresh faeces (Yacob et al., 2018; 326 

Bittencourt et al., 2019), sewage sludge (Urban & Antal, 1982; Stolarek & Ledakowicz, 2001; Gao et al., 327 

2014; Patel et al., 2019) and FS (Krueger et al., 2020). The ST sample with a maximum weight-loss rate at 328 

400°C is an exception which will be discussed later. Considering that the types and quantities of the organic 329 

Figure 5 TG-MS analysis of reference materials. 
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components in FS had previously not been investigated to this extent, this newly gained understanding 330 

allowed for a novel classification of the phases during FS pyrolysis. These phases were characterised based 331 

on the decomposition behaviour of the individual reference materials.  332 

Figure 6 Molecular structures and decomposition ranges of the main organic compounds in faecal sludge based 
on data displayed in Figure 5. 
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First phase (200-380°C): 333 

This temperature range mainly sees the decomposition of protein, hemicellulose, cellulose and other 334 

carbohydrates. The weight-loss rate in FS typically peaks in this range, as these components collectively 335 

constitute the majority of volatile solids in most samples. This phase also encompasses the primary reactions 336 

of lignin decomposition, which occurs between 200 and 500°C. The primary reactions of lignin pyrolysis 337 

(200-400°C) produce both volatiles and char from ether cleavage, followed by repolymerisation and side-338 

chain conversions, which are then subject to secondary reactions at temperatures >400°C (Kawamoto, 2017). 339 

Examples for lignin decomposition products are aromatic guaiacol derivates, which are a key component of 340 

lignin polymers, and have been detected during the pyrolysis of faeces (Somorin et al., 2020).  341 

Starch showed the highest weight-loss rate of all the studied materials occurring at 310°C. The 342 

decomposition of starch is well documented, starting at 300°C with the release of water and other low 343 

molecular weight species, followed by the breakdown of pyranose rings (Zhang et al., 2002). Dehydration 344 

reactions are also important for cellulose and hemicellulose decomposition, which is governed by the 345 

breaking of glycosidic bonds and scission of the pyranose rings (Brown et al., 2015). 346 

Hemicellulose, in contrast to cellulose, has an amorphous and weak structure with a low degree of 347 

polymerisation (Basu, 2010). Weight loss from dehydration reactions peaks at 230°C, followed by a 348 

maximum weight-loss rate at 300°C caused by the evolution of volatiles forming from the breaking of C-O 349 

and C-C bonds (Peng & Wu, 2010; Wang & Luo, 2017). This is supported by the evolution of water (m/z 350 

18) in hemicellulose, peaking before hydrogen (m/z 2), methane (m/z 16) and carbon dioxide (m/z 44). 351 

Cellulose shows higher rates of weight loss in a narrow temperature range between 300-400°C. Its 352 

decomposition is described as a complex series of reactions starting with the initial formation of active 353 

cellulose (Bradbury et al., 1979). The active cellulose is further degraded to char and gases through 354 

dehydration reactions or to volatiles through depolymerisation, followed by secondary cracking (Basu, 2010; 355 

Wang & Luo, 2017). 356 
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 357 

Figure 7 TG-MS analysis of six faecal sludge examples. 
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Protein decomposition largely occurs between 200-400°C, with maximum weight-loss rates between 300-358 

350°C. Samples in this study were dried at >100°C implying that any secondary and tertiary protein structures 359 

were previously destroyed through denaturing, leaving polypeptide chains of amino acids (Garrett & 360 

Grisham, 2013). During pyrolysis, polypeptides mainly decompose through decarboxylation and 361 

condensation reactions (Ratcliff et al., 1974; Moldoveanu, 1998; Drevin et al., 2001). According to the 362 

evolution of water from condensation and carbon dioxide from decarboxylation, the former precedes the 363 

latter, but they share a joint peak at 320°C. Carbon dioxide shows a further peak at 420°C, indicating that its 364 

release is associated with different reactions steps. Reaction pathways proposed for the pyrolysis of proteins 365 

in sewage sludge are most probably transferrable to FS, including the formation of nitrogenous compounds 366 

such as heterocyclics, amides, amines, nitriles and ammonia (Debono & Villot, 2015; Leng et al., 2020). In 367 

support of this, evolved gas analysis of faeces pyrolysis also showed heterocyclics such as pyridine 368 

derivatives, which were associated with protein decomposition (Somorin et al., 2020). 369 

In summary, FS decomposition in the first phase is mainly governed by 1) breaking of glycosidic bonds 370 

and scission of pyranose rings in hemicellulose, cellulose and other carbohydrates, 2) decarboxylation and 371 

condensation reactions of protein and 3) ether cleavage, repolymerisation and side-chain conversion of 372 

lignin. 373 

Second phase (380-500°C): 374 

The secondary reactions of lignin decomposition and the thermal cracking of O&G contribute to the 375 

second phase in FS pyrolysis. As these typically account for a smaller proportion of weight loss compared 376 

with the decomposition reactions in the first phase, a distinct shoulder is visible in the DTG curves. 377 

Sunflower oil decomposition showed the latest onset of weight loss at 300°C and the latest peak at 420°C. 378 

This is in good agreement with the pyrolysis of triglyceride feedstocks that can generally be classified into 379 

two stages (Maher & Bressler, 2007). Firstly, decomposition starts at 300°C yielding fatty acids and acrolein. 380 

Secondly, thermal cracking between 400-500°C yields a complex mixture of hydrocarbons. The early 381 
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evolution of carbon dioxide before the main weight loss region can be explained by the decomposition 382 

pathway of fatty acids including decarboxylation (Alencar et al., 1983; Idem et al., 1996), before thermal 383 

cracking occurs at higher temperatures. Maximum hydrogen evolution across all FS samples is in the second 384 

phase. The only reference material with a similar pattern is sunflower oil, but due to the complexity of gas 385 

phase reactions these findings cannot isolate whether O&G is the major contributor to the hydrogen yield 386 

during FS pyrolysis.  387 

As lignin decomposition reaches its maximum at the end of the first phase, a DTG maximum in the second 388 

phase suggests an exceptionally high O&G fraction. Hence, the ST sample with more than 40%dwb O&G 389 

peaks in the second phase, deviating from the typical DTG curves seen in the other samples. This 390 

demonstrates how typical decomposition patterns are considerably altered if exceptionally high fractions of 391 

individual organic compounds are observed. Hence, pyrolysis design needs to account for ST sludge with 392 

high O&G, frequently associated with commercial sources such as restaurants (Strande et al., 2014; Tayler, 393 

2018). It also indicates that thermal analysis can provide a quantitative measure of organic composition by 394 

comparing the rate of weight loss between the first and second phase reactions.  395 

Third phase (>500°C): 396 

Both the reference materials and the FS samples show low weight loss rates beyond 500°C. This indicates 397 

that the main pyrolysis reactions are complete, and any remaining solid residue will undergo continued 398 

carbonisation. Previous studies investigated the pyrolysis of FS at temperatures between 300-500°C (Ward 399 

et al., 2014; Gold et al., 2018a), but a minimum temperature of 500°C is needed if the main pyrolysis 400 

reactions of lignin and O&G are to be completed. The char will be dominated by a strongly cross-linked 401 

aromatic structure as a result of continued condensation at temperatures >500°C (Kleber et al., 2015). This 402 

is supported by the tailing hydrogen curves across all FS samples (as seen in Figure 7) that may be associated 403 

with hydrogen expulsion from continued condensation reactions.  404 
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4. Practical implications 405 

Knowledge of the organic composition of FS and the behaviour of the individual components during their 406 

thermochemical decomposition provided a valuable basis for the prediction of FS properties (CV, FC, VM, 407 

C, H) and the interpretation of its pyrolytic thermal decomposition. This will be instrumental in the future 408 

development of FS pyrolysis systems, for example regarding the minimum recommended temperature of 409 

500°C to reach continued gradual carbonisation, and can inform its suitability based on the FS properties in 410 

each setting. The significant differences detected between the organic composition of FS from different 411 

sanitation technologies also have implications for treatment technologies other than pyrolysis, as processes 412 

such as composting and anaerobic digestion metabolise theses macromolecules via different pathways. This 413 

study therefore presented an important step towards better understanding the organic makeup of FS, as a 414 

main challenge in this subject area had previously been the absence of data. 415 

Further research is needed to validate the findings in this study, including the investigation of FS from 416 

other geographic locations, due to the large variability of FS properties reported in the literature. It is 417 

suggested that FTIR spectroscopy and TG-MS are increasingly used to rapidly generate information on the 418 

organic composition of FS, especially for the detection of elevated O&G fractions. Drawing on lessons from 419 

biomass and sewage sludge research, future studies should also address the process kinetics and explore the 420 

interactions between different organic and inorganic components during FS pyrolysis to develop a thorough 421 

understanding of the factors that will influence FS pyrolysis design.   422 

5. Conclusions 423 

The following conclusions were drawn from this study: 424 

▪ The FS source (i.e. sanitation technology type) significantly influences its organic composition. 425 

Compared with VIPs and UDs, FS from STs had higher O&G and lower lignin fractions. 426 

▪ High FC formation in lignin and protein suggests their importance for char formation, while 427 

O&G is fully volatilised. 428 

▪ The pyrolytic thermal decomposition of FS can be classified as follows: decomposition of 429 
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hemicellulose, cellulose, other carbohydrates, proteins and, partially, lignin (200-380°C); 430 

continued decomposition of lignin and thermal cracking of O&G (380-500°C); continued 431 

carbonisation (>500°C).  432 

▪ A minimum pyrolysis temperature of 500°C is necessary to ensure that the main pyrolysis 433 

reactions of the organic compounds found in FS can be completed.  434 
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