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Handling Editor: Jason Michael Evans More people globally are now using on-site sanitation technologies than sewered connections. The management

of faecal sludge generated by on-site facilities is still challenging and requires an understanding of all sanitation

Keywords: service chain components and their interactions; from source conditions to treatment and resource recovery. This
Fa‘?cal sludge study aimed to improve the current lack of knowledge regarding these interactions, by establishing a quantifiable
Um'le . relationship between human excreta source separation and resource recovery via pyrolysis. The effects of source
Sanitation . . . . . . . . °

Biochar separation of faeces and urine on biochar quality were investigated for different pyrolysis temperatures (450 °C,
Nutrient 550 °C, 650 °C) and this information was used to assess energy and nutrient recovery. Results quantify the
Energy benefits of urine diversion for nitrogen recovery (70% of total N losses during thermal treatment avoided) and

show an increase in the liming potential of the produced faecal-based biochars. The quality of produced solid
fuels is also improved when source-separated faeces (SSF) are used as a feedstock for pyrolysis, including a 50%
increase in char calorific value. On the other hand, biochars from mixed urine and faeces (MUF) are more rich in
phosphorus and potassium, and surface morphology investigation indicates higher porosity compared to SSF
biochars. The high salinity of MUF biochars should be considered before agricultural applications. For both
biochar types (SSF, MUF), the presence of phosphate compounds of high fertiliser value was confirmed by X-ray
diffraction analysis, and temperatures around 500 °C are recommended to optimise nutrient and carbon
behaviour when pyrolysing human excreta. These findings can be used for the design of circular faecal sludge
management systems, linking resource recovery objectives to source conditions, and vice-versa. Ultimately,
achieving consistent resource recovery from human excreta can act as an incentive for universal access to safe
and sustainable sanitation.

1. Introduction consider all sanitation service chain components and their interactions,

from toilet source conditions to treatment technologies and resource

Approximately 3.4 billion people rely on on-site technologies to ac-
cess sanitation services; including pit latrines, septic tanks, composting
toilets and container-based sanitation (World Bank, 2019; WHO/UNI-
CEF, 2021). For the first time, this is more people globally than those
who use sewered sanitation systems (i.e., flush toilets connected to piped
sewer systems). These on-site sanitation facilities produce faecal sludge
(FS), which consists of human excreta (faeces and urine) with or without
the addition of other waste and wastewater streams. The produced FS
needs to be safely contained and treated to avoid environmental pollu-
tion and protect public health (Strande et al., 2014), but is not just a
waste to be safely discharged; it is also a potential source of valuable
resources to be recovered (Guest et al., 2009; Pradel et al., 2016).
Therefore, it is essential to develop FS management (FSM) systems that
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recovery.

One option for FS treatment is pyrolysis, the thermochemical con-
version of carbonaceous materials in an oxygen-limited environment
(Lehmann and Joseph, 2015). Pyrolysis has been established in the
treatment of many organic feedstocks, including wood biomass, agri-
cultural waste and sewage sludge (Méndez et al., 2013; Ippolito et al.,
2020). The end-products of the process, which include a solid output
known as biochar, a bio-oil and gas (syngas), have various re-use pos-
sibilities, making pyrolysis a promising technology for resource recovery
research (Somorin et al., 2020; Das and Ghosh, 2021). Although it has
not been widely applied for FS treatment, interest in FS pyrolysis is
increasing with a focus on energy and nutrient recovery from its
end-products (Gold et al., 2018; Bleuler et al., 2020).
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So far, significant progress has been made towards achieving better
understanding of FS composition and its distribution among different
toilet types and containment systems (Krueger et al., 2021a), as well as
establishing standardised methods of FS sampling and analysis (Vel-
kushanova et al., 2021). Previous research has shown that FS compo-
sition is very variable and therefore, ensuring uniform treatment
standards and consistent quality of recovered products is challenging
(Strande et al., 2018). Similar issues have been faced with other types of
waste, such as municipal solid waste, and source control has been crucial
in achieving consistent recovery of marketable end-products (World
Bank, 2012). For FS, source separation of human excreta has often been
reported as being beneficial for treatment efficiency and resource re-
covery (Chipako and Randall, 2020; Larsen, 2020). However, the
investigation of how a specific parameter, like source separation, affects
FS and end-product characteristics cannot easily be quantified based on
existing knowledge, as there are many influencing parameters that are
challenging to monitor for on-site sanitation systems. For example, a
previous study that compared FS from ventilated improved pit latrines
(VIPs) and urine-diverting dry toilets (UDDTs) did not observe signifi-
cant differences in nutrient content and noted that the studied UDDTs
are often not used correctly and likely include urine inputs (Krueger
et al., 2021a).

Therefore, there is a necessity to consider how source control can be
better deployed in future FSM systems to enable improved treatment
and resource recovery efficiency, without assuming that current designs
should be replicated. The impact of such work can be significant, as
currently 2.4 billion people have access to on-site sanitation that is not
safely managed (WHO/UNICEF, 2021). In order to meet the United
Nations (UN) Sustainable Development Goal (SDG) 6 on “Clean Water
and Sanitation”, FSM services to accommodate these needs have to be
secured by 2030, creating an opportunity to inform the design of new
sanitation systems to be focused on resource recovery. For this, the
connection between source conditions, treatment efficiency and
resource recovery should be understood, and source control strategies
employed systematically.

This study aimed to quantify the effects of source separation of faeces
and urine on resource recovery via pyrolysis by: 1) characterising the
two excreta components (separately and combined), while maintaining
other influencing parameters of composition, apart from source sepa-
ration, constant; and 2) assessing biochars from source-separated faeces
(SSF) and mixed urine and faeces (MUF) produced at different temper-
atures (450 °C, 550 °C, 650 °C) for their resource recovery potential.
This encompassed the characterisation of SSF and MUF samples for their
thermal properties and elemental composition, and the assessment of
the effect of pyrolysis temperature on biochar stability. The produced
biochars were fully characterised for properties related to soil amend-
ment and solid fuel applications, including the examination of their
crystalline composition and surface morphology. While this study
deployed pyrolysis as the treatment technology under investigation,
presented findings can be used to inform other thermal treatment
technologies that may benefit from urine diversion. At a higher level,
this work can inform the design of new circular sanitation systems,
taking all FSM components under consideration, from the source to the
envisioned end-products.

2. Materials and methods
2.1. Human excreta sample collection and preparation

Samples of source-separated faeces and urine were collected from 12
volunteers over a period of 4 months (September to December 2021), at
Imperial College London. Ethical approval was received from the
Research Governance and Integrity Team of the College (211C6817) and
samples were obtained in line with the Imperial College Healthcare
Tissue Bank (ICHTB) process. Ten of the volunteers were non-vegetarian
and two mainly followed a vegetarian diet. The detailed sampling
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protocol developed for this study is described in Supplementary Material
(Appendix S1).

Samples of source-separated faeces (SSF) were dried to constant
weight at 105 °C, and dry-sterilised at 150 °C for 150min as suggested by
Krueger et al. (2021a). Dry samples were mechanically mixed, homo-
genised and ground to <10 mm using pestle and mortar. Samples were
combined into a composite SSF sample before pyrolysis experiments,
both to increase sample representativeness (US EPA, 1995) and to
ensure confidentiality of volunteers.

To prepare mixed samples of urine and faeces (MUF), urine samples
were collected and stored at 4 °C for up to 1 week before being blended
with raw faeces at a ratio of 1g:10 mL (faeces:urine). This ratio is
considered representative of the ratio of daily excretion (Rose et al.,
2015) and that reported for on-site sanitation systems (Krounbi et al.,
2019). Mixed samples were then dried, dry-sterilised, ground and
combined into a homogenised composite MUF sample, following the
same procedure as for SSF samples.

2.2. Pyrolysis experiments

The experimental configuration for pyrolysis experiments is illus-
trated in Fig. S4 (Appendix S2, Supplementary Material). Slow pyrolysis
was carried out on a rotary furnace (Carbolite, UK) consisting of a quartz
glass reactor connected to an oil trap and condenser. A 30g sample
aliquot was placed in the reactor and N, was purged at a flowrate of
1.5L/min to ensure an inert atmosphere is maintained. A preliminary
assessment showed that a high gas flow rate is optimum for this type of
laboratory-scale reactor to ensure that evolving gases are evacuated and
do not condense inside the furnace.

The experiments were conducted for two types of feedstocks (SSF,
MUF) and three prescribed temperatures (450 °C, 550 °C, 650 °C) at a
heating rate of 10 °C/min for 30min. The chosen operational parameters
were based on previous research for FS (Liu et al., 2014; Ward et al.,
2014; Woldetsadik et al., 2017) and a preliminary thermogravimetric
assessment (Appendix S3) that showed no significant change in weight
loss after 30min retention time for all the highest heating temperatures
tested. All experiments were performed in triplicate and average values
are reported. The produced biochars are referred below as SSF450,
SSF550, SSF650 and MUF450, MUF550, MUF650, based on the com-
bination of feedstock type and pyrolysis temperature used.

2.3. Analytical methods

Thermal analysis of samples was conducted on a simultaneous
thermal analyser (STA) 449 F5 Jupiter (NETZSCH, Germany) to obtain
the thermogravimetric analysis (TGA) and derivative thermogravimetry
(DTG) curves under 50 mL/min Ny flow. Proximate analysis was con-
ducted for the determination of volatile matter, fixed carbon and ash
content, following standard method ASTM D7582-15 (ASTM, 2015) as
adapted by Krueger et al. (2021a) for implementation by TGA. The
higher heating value (HHV) was determined by bomb calorimetry,
following standard method ASTM D5865/D5865M-19 (ASTM, 2019) on
a 6100 Calorimeter (Parr, USA). CHNS analysis was performed on a
ThermoScientific Flash Smart Elemental Analyzer according to BS EN
ISO 16948:2015 (ISO, 2015). The structure of the biochar and feedstock
materials was investigated by Fourier-transform infrared spectroscopy
(FTIR). The FTIR spectra were collected based on ASTM E1252-98
(ASTM, 2021), on a Nicolet 6700 FTIR Spectrometer (Thermo Fisher
Scientific USA) over the wavenumbers range 4000-500 cm™?, using a
diamond ATR-crystal.

Analysis of the inorganic constituents of samples was performed by
ICP-OES (Inductively Coupled Plasma Optical Emission Spectroscopy)
on an Avio 500 (PerkinElmer, USA). The samples were first dry-ashed at
490+£5 °C for 4 h (APHA, 1992; Hseu, 2004) and then digested with aqua
regia for 2 h at 95 °C, based on Standard Method 3050B (US EPA, 1996)
as adapted by Krueger et al. (2020). Availability of phosphorus (P) was
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determined after overnight extraction by 2% formic acid (Wang et al.,
2012; IBI, 2015).

The pH and electrical conductivity (EC) of biochars were measured
at a 1:20 ratio (biochar:HO [g:mL]) after mechanical shaking for 1h
(Singh et al., 2017). The biochar liming potential was determined as
CaCOgs-equivalency by adding 10 mL standardised 1M HCI to 0.5g of
sample, shaking for 2 h and leaving the mixture to stand overnight. The
solution was then titrated with standardised 0.5M NaOH until pH 7 was
reached (Singh et al., 2017). Cation exchange capacity (CEC) was
determined by saturating the biochar sample with a 1M NH4OAc solu-
tion (at pH 7) overnight, followed by washing with ethanol and addition
of 1M KCl to displace the NHj exchangeable cations (Chapman, 1965).

Table 1
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Ammonium concentration in the final extract was analysed using a
Skalar auto-analyser (Skalar Analytical BV).

The crystalline phases of biochar samples were analysed by X-ray
diffraction (XRD) using a Brucker AXS D8 Advance system with a non-
monochromated Cu Ko radiation source, with an average A = 1.504 A
over a scanning range of 10-90° (20 range). The phase determination
was performed using in-built High Score Plus X’Pert software methods
(Malvern Panalytical). The surface morphology of the biochars was
analysed under field-emission scanning electron microscopy (SEM) on a
TM4000 Tabletop Microscope (Hitachi, Japan).

A flowchart summarising the study methodology is included in Ap-
pendix S2. Samples were manually ground to <2 mm for pH, EC, CaCOs-

Physical and chemical characterisation (on a dry basis) of biochars produced from source-separated faeces (SSF) and mixed human excreta (MUF) at different pyrolysis
temperatures (450 °C, 550 °C, 650 °C). Mean values presented from analyses performed in triplicate (standard deviation in brackets).

Parameter Unit Feedstocks SSF biochars MUF biochars Guidelines (max. allowed values)
SSF MUF 450 °C 550 °C 650 °C 450 °C 550 °C 650 °C EBC (2012) IBI (2015)
Char yield [%] 34.4 31.1 29.4 45.5 41.7 38.5
(£0.5) (£0.5) (£0.2) (£0.9) (£0.9) (£0.6)
VM [%] 72.5 70 24.4 14.8 12.9 27.0 18.8 15.0
(+0.6) (+0.2) (+1.7) (£0.3) (£1.5) (+0.1) (£1.2) (+0.3)
FC [%] 15.1 11.2 43.0 50.5 50.1 22.9 26.4 28.7
(£0.3) (+0.3) (+0.7) (£0.6) (+0.7) (+0.6) (+0.7) (£0.3)
Ash [%] 12.5 18.9 32.6 34.7 37.0 50.1 54.8 56.3
(+0.4) (+0.5) (£0.7) (£0.6) (£0.3) (+0.6) (+0.5) (£0.2)
HHV [MJ/kg] 21.8 17.8 20.3 17.9 17.7 13.3 12.3 12.3
(£0.1) (+0.0) (+0.1) (+0.4) (+0.3) (+0.3) (+0.5) (£0.1)
C [%] 50 41 50.9 50.4 48.8 33.1 32.2 32.2
(+0.4) (+0.8) (+0.6) (£0.3) (+0.6) (+0.6) (+0.9) (£0.4)
H [%] 6.8 5.3 3.3 1.8 1.3 1.9 1.1 0.8
(+0.2) (+0.2) (+0.0) (£0.0) (+0.0) (+0.1) (+0.0) (£0.0)
N [%] 4.9 6.8 4.7 4.5 4.3 4.9 4.4 4.0
(£0.2) (+0.3) (+0.0) (£0.1) (£0.1) (+0.0) (+0.1) (£0.1)
S [%] 1.3 2.1 1.2 <0.1 <0.1 2.0 1.4 0.8
(£0.1) (+0.4) (+0.0) (+0.1) (+0.3) (£0.0)
H:C ratio - 0.77 0.43 0.32 0.68 0.41 0.30
pH - 9.6 10.4 11.2 9.2 10.4 10.6
(+0.0) (£0.1) (£0.1) (+0.1) (+0.0) (£0.1)
EC [mS/cm] 2.7 3.5 4.9 28.8 29.2 28.8
(+0.2) (£0.1) (£+0.2) (+0.8) (+£0.4) (+0.4)
CaCOs-eq. [%] 12.2 13.2 13.0 5.3 8.2 11.4
(£0.3) (£0.4) (£0.3) (£0.2) (£0.49) (£0.5)
CEC [cmol/kg] 69.6 40.1 24.8 73.8 47.8 46.0
(+0.7) (£1.0) (+1.1) (+0.6) (+1.0) (£3.0)
P [g/kgl 22.4 32.2 50.9 55.1 58.3 58.7 64.4 66.8
(£0.1) (+£0.5) (£0.0) (£1.7) (£1.49) (£0.9) (£0.0) (£2.7)
P (2% FA) [g/kg] 49.1 53.0 50.3 56.0 61.7 62.5
(£1.1) (+1.6) (+1.0) (+0.3) (+0.1) (£0.1)
[% P] 96.6 96.1 86.3 95.5 95.8 93.6
K [g/kg] 12.9 28.5 45.3 48.6 51.9 74.5 84.8 84.8
(£0.1) (+0.2) (+1.4) (£1.5) (+1.1) (+0.7) (+1.9) (£0.2)
Ca [g/kgl 23.2 17.7 53.9 59.4 63.9 40.3 41.4 43.2
(£0.1) (+0.1) (+1.3) (£+2.2) (+2.0) (+1.1) (+0.7) (+1.4)
Mg [g/kg] 8.8 8.7 20.6 22.9 24.6 16.8 18.4 19.4
(£0.1) (£0.1) (£0.3) (£0.5) (£1.3) (£0.1) (£1.3) (£1.7)
B [mg/kg] 34.6 34.1 39.6 83.2 83.6 86.8
(+1.6) (£0.1) (£3.9) (+0.1) (+3.6) (+0.8)
Zn [mg/kg] 443.5 449.4 535.0 245.3 260.5 263.1 400 416-7400
(£31.5) (£14.4) (£41.0) (£2.0) (£5.6) (£3.6)
Mn [mg/kg] 318.9 322.0 353.7 188.9 202.3 205.7
(+£10.4) (+24.7) (£17.0) (+5.5) (+8.6) (+18.3)
Fe [mg/kg] 739.3 752.8 792.6 492.3 462.7 468.5
(+£20.1) (£23.9) (+38.2) (+42.9) (+£12.1) (£10.2)
Cu [mg/kg] 120.4 122.3 135.7 81.7 88.7 90.9 100 143-6000
(£3.1) (£1.1) (£6.1) (£1.8) (+0.4) (£0.1)
Ba [mg/kg] 25 24.7 27.8 4.8 6.2 3.8
(+3.3) (+2.0) (+2.2) (+0.5) (+1.7) (£1.2)
cd [mg/kg] <20 <20 <20 <20 <20 <20 1-1.5 1.4-39
Co [mg/kg] <20 <20 <20 <20 <20 <20 34-100
Cr [mg/kg] <20 <20 <20 <20 <20 <20 80-90 93-1200
Pb [mg/kg] <20 <20 <20 <20 <20 <20 120-150 121-300

VM = Volatile matter, FC = Fixed carbon, HHV = Higher heating value, CaCO3-eq. = Calcium carbonate equivalency, P (2% FA) = 2% formic acid extractable P, EBC

= European Biochar Certificate, IBI = International Biochar Initiative.
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eq. and CEC determination and <500 pm for all other analytical pro-
cedures. All analyses were performed in triplicate and results are pre-
sented as mean values. Standard deviation values are presented in
brackets, where available. Results were statistically analysed by two-
way ANOVA (using MATLAB) to investigate the influence of source
separation and pyrolysis temperature on biochar characteristics, at the
0.05 significance level. Multiple comparison tests were used to localise
the impact of pyrolysis temperature, where a significant influence was
detected.

3. Results & discussion
3.1. Human excreta characterisation

Feedstock characteristics are summarised in Table 1. Proximate
analysis showed higher content of fixed carbon for SSF compared to
MUF (15.1% and 11.2% respectively) and the opposite trend for ash
content (12.5% and 18.9% respectively). The higher ash content of MUF
can be attributed to the presence of inorganic salts in urine (Rose et al.,
2015). The measured calorific value is also higher for SSF compared to
MUF (21.8 MJ/kg compared to 17.8 MJ/kg) showing that
source-separated faeces are a more energy-dense feedstock. MUF are
higher in nitrogen (N) (6.8% compared to 4.9% for SSF) as well as P and
K, which is expected, as most of the nutrients excreted from the human
body are found in urine (Larsen et al., 2013). These results are expressed
on a dry basis, so N volatilisation during thermal drying is expected for
both feedstocks. Ca content is relatively higher for SSF, and Mg is almost
equally distributed between the two excreta streams. Nutrient concen-
trations in fresh urine are included in Appendix S4.

The urine fraction significantly increased the volume and moisture of
FS to >90% initial moisture content. Source separation can therefore
reduce the need for mechanical dewatering before pyrolysis, which
largely influences the energy efficiency of FS pyrolysis systems (Bond
et al., 2018). Low-cost drying methods, including solar drying, can be
used for SSF feedstocks, which had a median initial moisture content of
approximately 75%. The efficiency of these methods is case-specific and
can be dependent on the geographical location (Liu et al., 2014).

Further structural differences between the two sample groups were
investigated by FTIR spectroscopy. FTIR has been suggested as a quick
method to measure faecal fat content, mainly by identifying regions of
fatty acids (De Koninck et al., 2016). Typical peaks of aliphatic C-H
bonds appearing at 2920 and 2850 em ™! are almost identical for SSF and
MUF (Fig. 1), as the fat content in human excreta sludges is attributed to
the faecal stream. A distinct shoulder peak also appears for SSF at
~1745 cm™! which can be related to the presence of lipids (C=0
stretching). Some additional differences in frequency were observed
within the 1750-1550 cm ™! range, which can be attributed to the dif-
ference in protein structure when urine is present, as amide and peptide
bonds form strong peaks within this region (Haris and Severcan, 1999).
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Both sample groups show a broad peak at 3700-3100 cm™' (O-H
stretching) and a strong peak at 1200-950 cm ™! (C-O and C—C stretch-
ing, linked to carbohydrates) which have previously been observed for
FS (Krueger et al., 2021b). The latter peak at 1200-950 cm’l, as well as
the peak forming around 500 cm™! have also been attributed to the
presence of phosphates (Jastrzebski et al., 2011; Shapaval et al., 2019).

Thermal analysis results (Fig. 2) show the differences in decompo-
sition behaviour when urine is present, compared to source-separated
faeces. Three thermal decomposition stages are observed within the
typical pyrolysis temperature range (200-700 °C) for both sample
groups. Similar stages have been observed by previous studies for
human excreta (Somorin et al., 2020) and FS (Krueger et al., 2021b).
This study provides a deeper understanding of how source separation
impacts decomposition behaviour.

The three identified stages in Fig. 2 are as follows:

1) 200-400 °C

Rapid weight loss (>50% of initial weight) mainly attributed to the
decomposition of protein, hemicellulose, cellulose and other carbohy-
drates (Krueger et al., 2021b). The maximum weight loss rate peak is
observed at 310 °C for SSF, while for MUF it is observed at 320 °C and
proceeded by a smaller peak between 250 and 290 °C. This different
pattern may be attributed to the decomposition of urea-based nitroge-
nous compounds in mixed excreta sources (Jones and Rollinson, 2013;
Zhu et al., 2021).

2) 400-550 °C

Weight loss within this temperature range has been attributed to the
completion of lignin decomposition reactions and to the cracking of oil
and grease (Krueger et al., 2021b). A distinct shoulder is observed on the
DTG curves, occurring at around 450 °C until the completion of main
pyrolytic reactions by 550 °C. Similar findings have been reported by
Fidalgo et al. (2019) for human faeces. Here, it can further be observed
that this shoulder is more distinct for SSF compared to mixed excreta,
due to the excretion of dietary fat through the faecal stream.

3) >550 °C

During the final stage, and for temperatures >550 °C, gradual weight
loss occurs due to continued carbonisation. At temperatures higher than
700 °C further weight loss occurs, which can be attributed to the
decomposition of inorganic compounds, including carbonates (Kwon
et al.,, 2018). Notably, these occur at a significantly higher rate for
urine-containing excreta sources, which can be attributed to the high
presence of inorganic salts in urine (Rose et al., 2015).
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Fig. 1. Fourier-transform infrared spectroscopy (FTIR) spectra for source-separated faeces (SSF) and mixed human excreta (MUF).
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Fig. 2. Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) curves for source-separated faeces (SSF) (a) and mixed human excreta (MUF) (b).

3.2. Biochar stability

According to the International Biochar Initiative (IBI) and European
Biochar Certificate (EBC) guidelines, the H:C molar ratio can be used as
an indicator of biochar stability. Biochars with H:C < 0.7 are recom-
mended as stable, as this indicates the prevalence of fused aromatic
string structures, while H:C > 0.7 indicates that pyrolytic reactions have
not been completed (EBC, 2012; IBI, 2015). This requirement is met for
excreta-derived biochars produced at 550 °C or higher temperatures,
while at 450 °C the H:C ratio is 0.8 for SSF and 0.7 for MUF (Table 1).
Previous studies that tested FS-derived chars produced at 500 °C re-
ported H:C < 0.7, indicating complete pyrolytic reactions at this tem-
perature (Liu et al., 2014; Krounbi et al., 2018). Therefore, biochar
stability during human excreta pyrolysis is expected to be achieved
between 450 and 500 °C.

These findings were confirmed by FTIR analysis for the biochars
produced (Fig. S5, Appendix S5). Notably, some vibrations at 3000-
2800 cm !, which are linked to aliphatic C-H bonds present in the
feedstock materials, were still observed for biochars produced at 450 °C,
particularly for SSF which had the highest H:C ratio at this temperature.
These aliphatic methylene bands have been suggested as an indication of
the level of decomposition of organic wastes (Smidt and Schwanninger,
2005). Similar results for sewage sludge-derived chars have shown that
these peaks disappear at temperatures >500 °C (Ren et al., 2018).

Therefore, temperatures around 500 °C are recommended for human
excreta pyrolysis applications, particularly those involving environ-
mental exposure (e.g., use of the biochar in agriculture). Further opti-
misation should be performed on a case-specific basis, as the optimum
temperature would be influenced by several factors, including feedstock
mass and furnace size.

3.3. Biochar characterisation

Biochar characteristics are summarised in Table 1. ANOVA results
(Appendix S6) suggest that source separation has a significant (p < 0.05)
effect on all tested parameters. The char yield is higher for MUF
compared to SSF for all pyrolysis temperatures, although this increase
can be attributed to the higher ash content in MUF. Both types of biochar
showed a similar volatile matter decrease pattern for the temperatures
tested (no significant interaction effects observed between source sep-
aration and temperature by ANOVA). The relatively high residual vol-
atile matter content of these biochars (>10%), even after preparation at
high pyrolysis temperatures, can be attributed to the method followed

for volatile matter determination (at 950 °C). As discussed for the pre-
sented TGA curves (Fig. 2), a second weight loss peak occurs for both
feedstocks at high temperatures (>700 °C) due to the decomposition of
inorganic compounds. Therefore, an overestimation of the volatile
matter can occur for excreta-based feedstocks when using this standard
method and should be taken into consideration when interpreting
results.

3.3.1. Value as a soil amendment

The measured pH values (>9) show that all the biochars prepared
were alkaline. The pH increased alongside the ash content with higher
pyrolysis temperatures, similar to previous findings for FS (Liu et al.,
2014; Krounbi et al., 2018). A quantifiable parameter often used in
agriculture relating to the ability to treat acidified soils is the biochars’
liming potential, expressed as CaCO3 equivalency (Ippolito et al., 2015).
In this aspect, a difference is observed between biochar types, with SSF
having significantly higher liming potential (p-values in Table S3)
despite pH values being similar, particularly at temperatures up to
550 °C. Moreover, the electrical conductivity (EC) of MUF biochars is up
to 10 times higher than SSF biochars (Table 1); this is indicative of the
large ion concentration present in urine. These ions include
saline-causing species, as confirmed by XRD analysis (Fig. 4), so should
be taken into consideration particularly for salt sensitive plants that may
be negatively affected by high salinity in applied biochars (Bleuler et al.,
2020).

Cation exchange capacity (CEC) is also a crucial parameter for soil
amendments as it is a measure of a soil’s ability to adsorb and retain
nutrients in exchangeable forms that are available for plant uptake
(Chapman, 1965). CEC was found to decrease with increasing temper-
ature for both sample groups, particularly for SSF, suggesting that lower
pyrolysis temperatures (<500 °C) may be required for improvement of a
soil’s nutrient-holding capacity from human excreta-derived biochars
(Table 1). The same trend has been reported for container-based sani-
tation FS (Krounbi et al., 2019), while the opposite trend was observed
by Gold et al. (2018) for FS from septic tanks and pit latrines, where
additional waste inputs are often added and may deviate from the
behaviour of human excreta. Gold et al. (2018) also noted the incon-
sistent influence of pyrolysis temperature on CEC for different types of
chars.

The fact that the method used measures CEC at pH 7 needs to be
taken under consideration when interpreting these results, as pH-
dependent variable charges can influence CEC measurements (Muner-
a-Echeverri et al., 2018). The NH40Ac extraction method at pH 7 used in
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this study is a common standard for comparison between laboratories,
however, the high pH and liming potential of the produced biochars
might affect their nutrient exchange behaviour when applied to different
soils, as generally CEC has been found to increase with increasing pH
(Singh et al., 2017).

3.3.2. Nutrient recovery

Nutrient retention is a crucial challenge of resource circularity and
the connection between SDG 6 and SDG 2 (“Zero Hunger”) has been
established by several studies (Orner and Mihelcic, 2017; Trimmer et al.,
2017). Particularly the issue of declining P availability has gained a lot
of interest over the past decades as P is a finite, non-substitutable
resource that is essential to life and plant growth and, ultimately, food
security (Cordell et al., 2009). P and K are generally concentrated in
biochars, with MUF providing higher PK concentrations (Table 1), as
expected based on the daily excretion ratios of these elements between
faeces and urine. P availability (2% formic acid extractable) appears to
be very high up to 550 °C and starts declining at 650 °C (Table 1),
suggesting that temperatures around 500-550 °C would be best for P
availability in excreta-based biochars. These results are in line with
previous studies that suggest temperatures <600 °C when producing
biochars for use in agriculture (Glaser and Lehr, 2019).

Nitrogen is also an essential macronutrient, and its synthetic pro-
duction can be very energy-intensive and costly (Canfield et al., 2010).
Expressing biochar N content results shown in Table 1 as g/person/day
(based on daily excretion ratios presented in Rose et al. (2015)) allows
the estimation of N retention for two scenarios: a) a source-separating
system, with SSF550 biochar and separated urine (SSU) as its prod-
ucts, and b) a mixed-streams system with MUF550 biochar as its prod-
uct. It can be calculated that for scenario (a) only 3.2% of total N
excreted is retained in the SSF550 biochar and 80% can be retained in
source-separated urine. For scenario (b) MUF550 contains only 12.6% of
total N excreted, due to volatilisation losses. Therefore, around 70%
more N (% of total) is retained and available for recovery through a
source-separating system, compared to a mixed-streams scenario
(detailed calculations in Appendix S7).

Ca and Mg are concentrated in the biochar and increasing with py-
rolysis temperature, but are higher for SSF, in line with excretion ratios
and concentrations of the feedstocks. Trace elements concentrations
meet IBI standards, while the stricter EBC thresholds are exceeded for Zn
and Cu of SSF biochars and are below the detection limit for Cd. Multiple
comparison test p-values (Appendix S6) showed significant increase in
trace elements concentrations at the 550-650 °C temperature range,
suggesting that pyrolysis temperatures below 550 °C could minimise
heavy metal concentration in the final products. Heavy metal bioavail-
ability and mobility are expected to be reduced in biochars compared to
feedstocks (Hossain et al., 2011; Woldetsadik et al., 2017). For full-scale
applications, it is expected that human excreta will be mixed with other
biomass sources, either as cover material during containment in toilets
or to enhance drying during pre-treatment (e.g., sawdust). Therefore,
total heavy metal concentrations are expected to be diluted and should
be compared to maximum allowed threshold values in a case-specific
context, considering potential country-specific regulations for the
intended use(s) of recovered products.

In order to qualitatively investigate the inorganic compounds pre-
sent, the ash fractions of both biochar types were analysed via FTIR
(after ashing at 600 °C for 4h). Results (Fig. 3) show a band peak at
1040-1010 cm ! and another at 650-550 cm ™', which can be attributed
to phospate compounds, including potassium phospates and calcium
phosphates (apatites) (Jastrzebski et al., 2011), as further confirmed by
XRD analysis (Fig. 4). For SSF, the bands around 1040 cm ™! are forming
a more intense peak and there are additional peaks at 1550-1350 cm ™
and ~870 cm_l, which are characteristic of carbonates (Jones and
Jackson, 1993) and carbonated apatites (Rehman and Bonfield, 1997;
Stanislavov et al., 2018). Calcium carbonate can be formed spontane-
ously in biochars when Ca(OH), (formed when CaO is hydrated) reacts
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Fig. 3. Fourier-transform infrared spectroscopy (FTIR) spectra for the ash
fraction of source-separated faeces (SSF) and mixed urine and faeces (MUF)
biochars (produced at 550 °C).

with CO5 (Galvan-Ruiz et al., 2009). The prevalence of carbonates or
carbonated apatite in SSF biochars can explain the higher liming po-
tential observed for these biochars and shows their promising soil
improvement potential.

XRD analysis confirmed the heterogeneity of the produced biochars,
and the observed peak positions (20) were identified as the fingerprint of
the crystal phases present (Fig. 4). Both biochar samples are charac-
terised by a broad background diffraction pattern indicative of amor-
phous silica (Singh et al., 2017), while the broad peaks observed for
SSF550 indicate the stacking structure of aromatic layers in the biochar
and validate the carbon-rich nature of the sample (Takagi et al., 2004).
MUF550 biochar shows mostly distinctive, sharp peaks due to the
prevalence of inorganic compounds.

Sharp diffraction peaks observed for both samples match the pattern
of KCl salts (Ismail et al., 2022) and are more intense for MUF compared
to SSF biochars. The presence of NaCl salts is also observed for MUF550,
confirming the stronger salinity of mixed excreta biochars, which may
place limitations on their use in agriculture (Bleuler et al., 2020). Similar
diffraction peaks have been attributed to the formation of calcium sul-
phide crystals, suggesting that the S present in MUF biochars may bound
Ca ions. Both samples included peaks attributed to the presence of po-
tassium, magnesium and calcium phosphates. The high concentration of
P in both samples (Table 1) suggests that amorphous phosphorous
compounds are also present in the biochars (Figueiredo et al., 2021).

For SSF550, XRD results confirmed the occurrence of hydroxyapatite
(HAP) (Cas(PO4)3(OH)) and calcite crystals (CaCOs), validating FTIR
findings on the nature of inorganic compounds present and providing
further evidence on the fertiliser value and liming ability of SSF bio-
chars. Overall, FTIR analysis coupled with XRD validation is suggested
as a quick and reliable method to confirm the chemical composition,
both amorphous and crystalline, of human excreta biochars.

3.3.3. Value as a solid fuel

The demand for sustainable alternatives to charcoal fuels is intensi-
fied by climate change and energy challenges, and can be (partially) met
through waste biomass valorisation (Lohri et al., 2016). Nevertheless,
FS-based solid fuels often have relatively low calorific values and cannot
easily sustain the production of marketable briquettes that are
competitive against traditional charcoal fuels, particularly for high-ash
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Fig. 4. X-ray diffraction (XRD) patterns for source-separated faeces (SSF) and mixed urine and faeces (MUF) biochars (produced at 550 °C).

FS sources. Source separation of human excreta can be investigated as a
method to create more energy-dense excreta based solid fuels, along
with the addition of other sources of biomass, like sawdust or agricul-
tural waste, which has been previously established in the literature as a
strategy to increase fuel calorific value and decrease ash, N and S content
(Hafford et al., 2018; Hiibner et al., 2019). It is evident that SSF biochars
have significantly higher calorific values compared to MUF, notably
20.3 MJ/kg for SSF450 compared to 13.3 MJ/kg for MUF450, which
corresponds to around 50% increase in calorific value density with
source separation. Moreover, source separation allows for the combi-
nation of resource recovery objectives, as the urine stream would remain
available for nutrient recovery.

For both SSF and MUF biochars, HHVs are lower after pyrolysis and
further decrease with an increase of pyrolysis temperature from 450 °C
to 550 °C (Table 1). No significant change in calorific value is noticed

between 550 °C and 650 °C. The pattern of calorific value decreasing
with increasing temperature has also been noticed for faeces by Ward
et al. (2014) and for FS by Gold et al. (2018). Therefore, within the
studied temperature range, 450-500 °C is the most suitable for the
production of excreta-based solid fuels, although this might change with
the addition of other biomass sources in the feedstock mix. Lower
temperatures (350-450 °C) can be considered when the production of
solid fuels is the main objective, although char stability is unlikely to be
established. In any case, the volatile matter content of char-based solid
fuels should be monitored to ensure emissions during combustion are
minimised (Falemara et al., 2018).

The lower S concentrations in SSF550 and SSF650 (Table 1) meet
guiding values for the unproblematic combustion of solid fuels in terms
of SOx emissions (<0.2% S content), although these are not met for
SSF450 or any of the MUF biochars (Obernberger et al., 2006). Both

Fig. 5. Scanning Electron Microscopy (SEM) images for source-separated faeces (SSF) biochars: SSF550 (a), SSF650 (b, c); and mixed urine and faeces (MUF)

biochars: MUF550 (d) and MUF650 (e, f).
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types of biochars have higher N content than recommended values
(<2.5-0.6%) which requires caution over NOx emissions when burning
excreta-based solid fuels (Gold et al., 2017). Therefore, the combination
of excreta with other sources of biomass that have lower N and S con-
centrations compared to FS (e.g., wood), is essential not only to boost
the final products’ calorific value but also to limit combustion emissions
(Hafford et al., 2018; Ippolito et al., 2020). When excreta-based chars
are used to produce briquettes, it is recommended that the final products
are tested for their composition and fuel characteristics, to ensure
emissions and burning efficiency are optimised.

3.3.4. Surface morphology

SEM images of SSF and MUF biochars are shown in Fig. 5. A range of
formations with different surface morphology can be observed. Notably
Fig. 5b captures typical organic structures, as well as crystal-like shapes
and porous mineral formations. Some crystal formations appear to be
incorporated into the carbon matrix for SSF biochars, which was not
observed for MUF (Fig. 5a, d). Interestingly, the surface of MUF biochars
was more porous compared to SSF (Fig. 5e and f). MUF650 also presents
a more developed pore structure compared to MUF550, which is in line
with literature findings of biochar pore volume and surface area
increasing with pyrolysis temperature (Ma et al., 2016; Nkomo et al.,
2021). SSF biochars present a more sheet-like texture, with macroporous
cavities which can be attributed to the decomposition of the faeces’
organic structure (Fig. 5¢) (Wildman and Derbyshire, 1991). Both types
of biochar appear to have minerals present both on the surface as well as
embedded in the carbon matrix, as indicated by the compositional
contrast of the images, whereby minerals that have a higher atomic
number than carbon appear brighter (Singh et al., 2017).

The images captured suggest that the addition of urine can signifi-
cantly alter the surface morphology of produced biochars, which can
partly be attributed to the introduction of free moisture on the feedstock
surface. Dehydration reactions — occurring either during initial drying at
high temperatures, like in this study, or at the onset of pyrolysis in cases
of incomplete pre-drying — can cause the formation of richer pore canals
and alter the surface structure of resulting biochars (Chen et al., 2022). It
has previously been observed that the presence of moisture during
sewage sludge pyrolysis can intensify devolatilisation processes and
increase porosity (Xiong et al., 2013). The urine fraction is also rich in
NH4-N and K salts, which have been used as activation agents for
biomass-derived chars (Moussavi et al., 2013; Zhu et al., 2018). Further
investigation of the surface chemistry of source-separated and
mixed-stream excreta based biochars could offer valuable insights on
their comparative suitability as adsorbents and other related parame-
ters, including their water holding capacity (Das and Ghosh, 2022).
Nevertheless, the increased energy intensity and significant N losses
(and emissions) associated with urine-containing sludge pyrolysis,
should be balanced against any adsorption reuse benefits.

4. Conclusions

Overall, source separation is a promising source control method to
increase resource recovery from human excreta pyrolysis. For the first
time, this study has established a quantifiable relationship between
human excreta source separation and biochar quality, under the prism of
nutrient and energy recovery. Key findings are that:

e Impacts of source separation on the thermal decomposition behav-
iour of feedstocks can be attributed to differences in fat content and
the nature of nitrogenous compounds present. Detailed characteri-
sation of the major organic compounds (cellulose, hemicellulose,
lignin, protein, oil and grease) in separated and non-separated
human excreta is recommended to further investigate these effects
and differences.
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Both SSF and MUF biochars were found to have good P recovery
potential, with FTIR and XRD results validating the presence of
phosphate compounds of high fertiliser value.

e Urine diversion significantly benefits N recovery (70% of total N
losses during thermal treatment avoided) and results in SSF biochars
with higher liming potential.

Source-separated faeces produce more energy-dense fuels (50% in-
crease in char calorific value), while allowing the combination of
energy and nutrient recovery from faeces and urine respectively.

e Mixed excreta biochars are more PK-rich and have higher cation
exchange capacity, but their high salinity may place limitations on
their use in agirculture, especially for application to salt sensitive
plants.

Statistical analysis showed that source separation had a significant
effect on all quantitative biochar parameters tested. Pyrolysis tem-
perature also influenced biochar charasteristics, with most statisti-
cally significant changes observed at the 450-550 °C range.
Nutrient and carbon behaviour during pyrolysis suggested that
temperatures around 500 °C can balance biochar stability, nutrient
availability and solid fuel value objectives, for both separated and
non-separated human excreta feedstocks.

Effects of source separation on biochar surface morphology were
qualitatively identified and higher porosity observed for MUF
compared to SSF biochars. Further research is recommended to
investigate practical impacts on different resource recovery
applications.

5. Implications

Ultimately, resource recovery benefits (both financial and environ-
mental) should act as an incentive to achieve safe sanitation for all, in
line with the UN SDGs. To achieve SDG 6, a significant number of new
on-site sanitation facilities needs to be installed and incorporated within
sustainable FSM systems. While these topics are multi-dimensional and
require a systems-thinking approach to be analysed, resource recovery is
an important aspect of all sustainable sanitation systems. Apart from
environmental benefits, it can create a much-needed revenue stream at
the back-end of sanitation and FSM chains (Diener et al., 2014; Trimmer
et al., 2019). Efforts to create resource recovery businesses from on-site
sanitation systems are in place, but they are challenging from an eco-
nomic perspective and usually rely on external funding and subsidies in
order to be sustained (World Bank, 2019).

Establishing relationships between source control and end uses of
recovered products can create pathways for the production of consistent,
marketable excreta-based products. In turn, the operation of sanitation
businesses that cover the entire FSM service chain encourages the cor-
rect use of container-based and source separating toilets by providing
frequent collection and maintenance services for toilet users. Therefore,
a reinforcing loop is created whereby improved sanitation services
create more opportunities for resource recovery applications, and
resource recovery benefits encourage the improved coverage and effi-
cient use of sanitation systems. Further research is needed towards the
urgent requirement of recovering resources from human excreta at full-
scale and assessing the market-value and environmental benefits of the
recovered products. Ultimately though, achieving safe sanitation for all
is, and should be, the core of FSM research.
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