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ABSTRACT

This study investigates the characterization in terms of physical, chemical, and biological properties of
biochar derived from faecal sludge, aiming to evaluate its potential for agricultural and environmental
applications. Faecal sludge samples were collected from a household septic pit at Kotla Nihang, a census
town in Rupnagar district of Punjab, during the financial years of 2020-21 and 2021-22. Biochar samples
were produced at pyrolysis temperatures of 300 °C, 400 °C, and 500 °C with residence times of 30, 60, and
90 minutes in an oxygen-free environment. Physical analysis revealed that increasing pyrolysis temperature
enhanced favorable physical properties; including ash content, BET surface area, and water holding capacity,
while reducing moisture content and volatile matter, which are crucial for enhancing soil aeration and
water retention. Chemical analysis revealed that higher pyrolysis temperatures increased the concentrations
of pH, electrical conductivity, whereas total nitrogen and total organic carbon contents decreased. Low
pyrolysis temperatures (300 °C) produced acidic biochar, whereas higher temperatures (400 °C and 500 °C)
yielded biochar with alkaline characteristics. This finding is significant for agricultural applications, as
biochars produced at higher temperatures can neutralize acidic soils and improve fertility, while those
produced at lower temperatures can address alkalinity issues in soils. The biological assessment confirmed
the absence of faecal coliform bacteria in the biochar, ensuring its safety for soil amendment use. Overall,
faecal sludge-based biochar demonstrates promising potential for enhancing soil quality/soil health and
promoting sustainable agricultural practice.
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Scholar)
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Introduction

The rapid urbanization in India is leading to a sig-
nificant increase in waste generation. As more
people migrate to urban areas and incomes rise, con-
sumption levels are escalating, resulting in higher
rates of waste production. Projections estimate that
waste generation in India will grow at a per capita
rate of approximately 1-1.33% annually. This surge
in waste has substantial implications for land use,
economic costs associated with waste collection and
transportation, and environmental impacts. Waste
in India can be broadly categorized into urban
waste, industrial waste, biomass waste, and bio-
medical waste. Urban waste, which includes mu-
nicipal solid waste (MSW), sewage, and faecal
sludge, is of particular concern. Approximately 0.12
million tons of faecal sludge is generated daily in
India. Faecal sludge, which can be raw or partially
digested, consists of excreta and blackwater, with or
without greywater, and is typically found in pit la-
trines and septic tanks. Its characteristics are influ-
enced by storage duration, temperature, soil condi-
tions, and groundwater intrusion (Chandana and
Bakul, 2021A; Garn et al., 2017). Faecal sludge (FS)
in developing countries remains one of the most
dangerous pollutants as it facilitates the spread of
pathogens (Coffey et al., 2017; Crockera et al., 2016).
The sanitation situation in developing countries has
improved with the increased coverage of toilets.
Hence, The Indian government has constructed
more than 100 million toilets in rural areas since
2014 to convert India into an open defecation free
(ODF) zone under initiatives like the Swachh Bharat
Mission (Chandana and Bakul, 2021B). However,
the percentage of the Indian population using at
least basic sanitation is only 44.2% (Pandey and
Sengupta, 2020). Moreover, the focus of Indian gov-
ernment has shifted to ensuring proper contain-
ment, emptying, transport, treatment, and reuse or
disposal of faecal waste. However, technological
and infrastructural gaps remain, particularly in the
safe collection, transportation, and treatment of fae-
cal sludge (Pandey and Sengupta, 2020). Hence, the
management of faecal sludge in India poses signifi-
cant challenges particularly in the census towns.
Census towns, which have attained urban character-
istics but are administered as rural areas, face
unique challenges. These areas often lack sewer

lines connecting toilets to sewage treatment plants,
resulting in improper disposal of faecal sludge. This
can lead to serious health issues, including the
spread of waterborne diseases such as diarrhea,
malaria, dengue, cholera, and typhoid (GOI, 2014).
Conventional methods of faecal sludge disposal,
such as direct use in agriculture, incineration, and
landfilling, are increasingly viewed as inadequate.
There is growing interest in thermal processing and
treatment methods, particularly pyrolytic conver-
sion of faecal sludge to biochar. This method not
only offers a promising and economical solution for
waste management but also provides environmental
benefits such as pathogen elimination at high tem-
peratures (Agrafioti et al., 2013; Cantrell et al., 2008;
Ro et al., 2010). Biochar, produced through the py-
rolysis of organic material (faecal sludge, sewage
sludge etc.) can be used as an alternative energy
source and has potential applications in improving
soil productivity, remediating contaminated soils,
and mitigating climate change (Woolf et al., 2010).
The quality and characteristics of biochar are influ-
enced by pyrolysis process parameters, including
temperature, residence time, heating rate, and feed-
stock particle size. Specifically, pyrolysis tempera-
ture plays a crucial role in determining the biochar’s
properties and its suitability for various applications
(Antal and Gronli, 2003; Kim and Parker, 2008).
Given the benefits and potential applications of
biochar, this study aims to characterize and quantify
biochar produced from faecal sludge under different
pyrolysis temperatures and residence times in India.
By exploring these parameters, we seek to enhance
the understanding and application of biochar in sus-
tainable waste management and environmental pro-
tection.

Materials and Methods

Sampling Location Selection Criteria

Sampling sites for faecal sludge collection were cho-
sen based on the following criteria: (i) Sites must be
located in rural areas, such as villages or census
towns, lacking sewer infrastructure. (ii) The selected
sites should be part of the FSM program in India.
(iii) Faecal sludge must be collected during the
manual emptying of septic pits by household own-
ers, farmers, or stakeholders for field application.
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Faecal Sludge Sample Collection

Faecal sludge samples were obtained from Kotla
Nihang, a census town in the Rupnagar district of
Punjab, during the financial years 2020-21 and 2021-
22. Kotla Nihang, as per the 2011 Census, has a
population of 4,715 and a density of 1,261 people per
square kilometer (Gol, 2014 and 2017). The town
lacks sewer lines. Samples were collected from
households during septic pit emptying and were
stored in 50-liter plastic tanks (see Plate 1).

Faecal Sludge Sample Processing

Upon receipt, the faecal sludge samples had a mois-
ture content of approximately 85%. Dewatering was
achieved using muslin-cloth press filtration. Post-fil-
tration, the sludge was separated into liquid and
semi-solid fractions. The liquid fraction, categorized
as wastewater or blackwater, was collected in plas-
tic bottles for analysis. The semi-solid fraction was
air-dried at room temperature for three days, then
ground and stored in 1 kg capacity airtight plastic
containers. A 100-gram portion of the air-dried fae-
cal sludge was used for biochar production at vari-
ous temperatures and residence times. For compari-
son, a portion of the air-dried sludge, without
biochar treatment, was ground and sieved through
a 2 mm mesh for analysis. Moisture content was

T A
Plate 1. Collection of Plate 2. Processing of faecal
faecal sludge sludge-filtration and

samples at Kotla
Nihang, Punjab.

separation of liquid
and solid fractions.

Treatment details

There were 11 treatments were prepared with 3 rep-
lication for two different years and taken for charac-
terization of faecal sludge-based biochar as T-1, T-2
and T-3: FS based Bio-char produced at 300 °C with
residence time 30 minutes, 60 minutes and 90 min-
utes applied in the pot soil. Similarly, T-4, T-5 and
T-6: FS based Bio-char produced at 400 °C with resi-
dence time 30 minutes, 60 minutes and 90 minutes
applied in the pot soil and T-7, T-8 and T-9: FS based
Bio-char produced at 500 °C with residence time 30
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minutes, 60 minutes and 90 minutes applied in the
pot soil. T-10: Raw FS application in the pot soil and
T-11: Control (Pot soil without incorporation of RFS
and FSB).

Biochar Yield Quantification

Biochar yield was calculated as the ratio of the pro-
duced biochar’s weight to the dry weight of the fae-
cal sludge before pyrolysis, expressed as a percent-
age: Biochar Yield (% )= (W2/W1) x100, where W1
is the dry weight of the faecal sludge sample prior to
pyrolysis and W2 is the weight of the produced
biochar (Agrafioti et al., 2013).

Characterization of Faecal Sludge-Based Biochar

The quality of faecal sludge-derived biochar (FSB)
and raw faecal sludge (RFS), including initial pot
soil (IPS), was characterized based on physico-
chemical and biological properties. These analyses
were conducted using standard methods for both
financial years 2020-21 and 2021-22, as detailed in
Table 1.

This symbol shows the direction from up to
down. Flow chart to elaborate work done in this

paper.
Results and Discussion

Quantification of Biochar Yield

The yield of biochar from faecal sludge in 2020-21
and 2021-22 is shown in Figure 1 for an assortment
of pyrolysis temperatures and residence durations.
The fact that residence times of 30, 60, and 90 min-
utes had no effect suggests that reactions are fin-
ished in 30 minutes. Higher temperatures, however,
significantly decreased yield; it fell to roughly 28.7%
at 400 °C and then to about 25.6% at 500 °C, most
likely as a result of secondary reactions or increased
decomposition (Onay, 2007). Kim and Parker (2008)
observed similar results, with a 34% decrease in
yield as the temperature increased from 250 °C to
500 °C. At higher pyrolysis temperatures, Shen and
Zhang (2003) and Hossain et al. (2011) also docu-
mented yield decreases (e.g., Hossain’s biochar de-
clined from 72.3% at 300 °C to 52.4% at 700 °C).

Quality Characterization of Biochars (2020-21 and
2021-22)

Physical Properties of Biochars

In Table 2, RFS and IPS had moisture contents of
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7.65% and 7.86% in 2020-21 and 2021-22, respec-
tively. Figure 2 shows that the moisture content of
biochar gradually decreased from 4.38% to 3.58% as
the pyrolysis temperature climbed from 300 °C to
500 °C (30 minutes of residence), while the ash con-
tent grew from 52.6% to 68.4% and the volatile mat-
ter decreased from 33.6% to 20.5%. This trend aligns
with the findings of Hossain et al. (2011) and
Tomczyk et al. (2020) regarding wastewater sludge
biochar. Ash content of raw faecal sludge was 32.5%
and volatile matter content was 50.8% for both
years. The raw sludge and pot soil, which had BET
surface areas of 4.0 and 25.0 m?/g, respectively, BET
(Brunauer, Emmett, and Teller) surface area in-
creased from 5.0 m?/g at 300 °C to 18.0 m?/g at 500
°C (30 minutes of residence). This increase in surface
area is attributed to the decomposition of labile or-
ganic matter, creating more pores during pyrolysis,
as noted by Kajina and Rousset (2018). At 300 °C,
400 °C, and 500 °C, the water-holding capacity also
rose, of 58.8%, 65.2%, and 67.2%, respectively. RFS
and IPS had water holding capacities of 55.5% and
35.8%, respectively. In general, biochars produced at
greater pyrolysis temperatures have higher ash, sur-
face area, and water retention but lower moisture
and volatile content, which make them ideal as soil
additions to improve crop production and soil
health.

Chemical Properties of Biochars

Chemical properties-such as pH, electrical conduc-
tivity (EC), macro-nutrients (N, P, K) were analyzed

Table 1. Methodology for the quality characterization of RFS, FSB, and IPS (2020-21 and 2021-22).

Parameters Unit

Method /Instrument

References

(A) Physical Properties

Moisture Content % Gravimetric Method Bandyopadhyay et al., 2012
Ash Content % Muffle Furnace ASTM, 1998

Volatile Matter Content % Muffle Furnace APHA, 1992

Water Holding Capacity % Keen box method Piper, 1950

BET Surface Area m?/g BET method Hillel et al., 2004

(B) Chemical Properties

pH (1:2) 0-14 Digital pH meter -

EC (1:2) dSm™ Conductivity Bridge -

Organic Carbon Content % Walkley & Black Walkley and Black, 1934
Total Nitrogen (N) % Nitrogen Analyser -

Total Phosphorous (P) % Spectrophotometer -

Total Potassium (K) % Flame photo meter -

(C) Biological Properties

Faecal coliform MPN/100ml

Multiple-Tube Fermentation Technique

APHA (2005)
Test No. 9221 E(2)
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Table 2. Quality characterization as physical properties of FSB, RFS and I during the years of 2020-21 and 2021-22.

BET Surface

Volatile Matter

Ash Content

Moisture Content

Treatment

Water Holding

Capacity
(WHC)(%)

(m*/g)

2020-21 2021-22 2020-21 2021-22 2020-21 2021-22 2020-21 2021-22 2020-21 2021-22

4.38

Area (BSA)
(%)

Content (VMC)

(AQ)
(%)

(MC)
(%)

Years

52.6 52.7 33.6 33.2 5.0 5.0 58.8 58.2

4.35

T-1 (FS based Bio-char produced at 300 °C with

residence time 30 minutes applied in the pot soil)
T-2 (FS based Bio-char produced at 300 °C with

4.36 54.8 54.9 324 32.6 6.0 6.0 62.5 62.6

4.32

residence time 60 minutes applied in the pot soil)

T-3 (FS based Bio-char produced at 300 °C with

4.35 55.7 55.8 30.8 30.5 8.0 7.0 63.7 63.8

4.31

residence time 90 minutes applied in the pot soil)

T-4 (FS based Bio-char produced at 400 °C with

4.28 63.2 63.4 254 25.6 9.0 9.0 65.2 65.8

4.27

residence time 30 minutes applied in the pot soil)

T-5 (FS based Bio-char produced at 400 °C with

4.25 64.2 64.5 24.6 24.8 11.0 11.0 66.4 66.6

4.24

residence time 60 minutes applied in the pot soil)

T-6 (FS based Bio-char produced at 400 °C with

4.22 65.8 65.7 22.8 22.7 12.0 12.0 66.8 66.7

4.21

residence time 90 minutes applied in the pot soil)

T-7 (FS based Bio-char produced at 500 °C with

3.57 68.4 68.5 20.5 20.4 18.0 18.0 67.2 67.5

3.58

residence time 30 minutes applied in the pot soil)

T-8 (FS based Bio-char produced at 500 °C with

3.53 69.1 69.2 19.2 19.1 20.0 19.0 67.5 67.6

3.54

residence time 60 minutes applied in the pot soil)

T-9 (FS based Bio-char produced at 500 °C with

3.55 69.8 69.7 18.6 18.3 21.0 21.0 67.8 67.6

3.51
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residence time 90 minutes applied in the pot soil)

T-10 (RFS application in the pot soil)

7.66 324 325 50.8 50.2 4.0 4.0 55.5 55.6
25.0

7.86

7.65

35.8 35.8

25.0

7.86

T-11 (Control-Pot soil without incorporation of RFS/FSB)

for treatment materials (2020-21 and
2021-22; see Table/3). Pot soil was
slightly alkaline (pH ~ 7.65), while
raw sludge was slightly acidic (pH ~
6.67-6.68). Due to alkali salts, trace
metals, and polycyclic aromatic hy-
drocarbons (Baquy et al., 2017), the
pH of biochar rose with the tempera-
ture of pyrolysis: (6.7-6.9) at 300°C,
(7.3-7.4) at 400 °C, and (7.9 at 500 °C)
(Baquy et al., 2017; Patel et al., 2019;
Meéndez et al., 2005). This increase in
pH is also attributed to the formation
of carbonates and oxygenated func-
tional groups (Patel et al., 2019;
Meéndez et al., 2005).

As a result of increased salinity,
electrical conductivity increased from
3.98-3.95 dS/m (sludge) and 0.28 dS/
m (soil) to 3.11-3.25 at 300°C, 3.45-
3.49 at 400°C, and 3.65-3.68 dS/m at
500°C (Table 3), indicating increased
salinity with higher temperatures
(Chintala et al., 2013; Al-Wabel et al.,
2019). At 500 °C, the percentage of
organic carbon in biochar dropped
from 16.8% (faecal sludge) to 12.9%
decreasing with higher pyrolysis tem-
peratures and residence time, consis-
tent with findings by Zoghlami et al.,
2021. At 500 °C, nitrogen also de-
creased as a result of volatilization,
going from 3.8% to 2.3% (Bagreev et
al., 2001; Gaskin et al., 2008; Shinogi,
2004). Temperature caused phospho-
rus to rise from 2.5% to 4.1%. Due to
ash and thermal changes, potassium
grew slightly (0.18% to 0.28%),
(Zheng et al., 2013).

Overall, higher pyrolysis tempera-
tures from 300°C to 500°C, enhanced
pH, EC, and nutrient content—im-
proving biochar’s fertilizing potential
and confirming its suitability as a soil
amendment (Table 3 and Figure 4).

Biological Properties of Biochars

Faecal coliform populations were as-
sessed in raw faecal sludge, biochar
produced from that sludge, and the
original pot soil during 2020-21 and
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2021-22. In 2020-2021, the raw faecal sludge had 640
x10° MPN/100 ml, and in 2021-2022, it had 840 x10°
MPN/100 ml. In both years, the initial pot soil was
33 x10® MPN/100 ml. No faecal coliforms were
found in the biochar made from faecal sludge. The
high pyrolysis temperatures employed to create the
biochar, which successfully kill the microorganisms,
are probably the cause of this absence. This implies
that using such biochar in agriculture or the envi-

cal, and biological properties that make it suitable
for use as a soil amendment. Increasing pyrolysis
temperature positively affects ash content, BET sur-
face area, and water holding capacity while decreas-
ing moisture content and volatile matter. Chemical
properties such as pH and electrical conductivity
increase with higher temperatures, whereas total
nitrogen and total organic carbon decrease. Biochars
produced at lower temperatures are acidic, suitable
for neutralizing alkaline soils, while those produced
at higher temperatures are alkaline, ideal for acidic
soils. The significant reduction in faecal coliform
bacteria at higher pyrolysis temperatures ensures
the biochar’s safety for agricultural applications.



SHEEKHA ET AL

Overall, faecal sludge-based biochar presents a
promising solution for enhancing soil fertility, se-
questering carbon, and supporting sustainable agri-
culture.
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