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A B S T R A C T   

Co-pyrolysis technology is an effective method to reduce heavy metal concentration in biochar produced from 
biosolids. In the current study, the effect of co-pyrolysis feedstock on product yield and properties was studied by 
mixing Biosolids (BS) with Wheat Straw (WS) and Canola Straw (CS) in a 3:1 mass ratio and carrying out thermal 
decomposition at 700 ◦C in a fluid bed reactor. This study found that the feedstock ash content and the volatile 
matter had a significant effect on biochar, oil, and gas yields from co-pyrolysis. The results also indicated that the 
addition of WS and CS feedstock notably reduced As, Cd, Cr, Cu, Ni, Pb, Se, and Zn concentrations in the biochar, 
due to the net effect of dilution and synergistic effects. BS-WS and BS-CS co-pyrolysis reduced Cu concentration 
in biochar by 61.6% and 63.3%, respectively, and Zn concentration by 66.4% and 64.4%, respectively. Ligno
cellulosic biomass addition also reduced biochar yield and improved C, H, and N content, along with the calorific 
value and the thermal stability of biochar. C content was increased by 36.9% in BS: WS biochar and 43.3% in BS: 
CS biochar compared to solely biosolids’ biochar. The calorific value of biochar was increased by 43.5% and 
52.9% in BS-WS biochar and BS-CS biochar compared to biosolids’ biochar. During co-pyrolysis, CS addition 
produced oil with the lowest mole percentage of nitrogenated compounds. However, the addition of WS and CS 
increased co-pyrolysis oil acidity. Biosolids co-pyrolysis with WS and CS also increased the gas yield and the 
heating value compared to biosolids pyrolysis. Furthermore, the synergistic effect between biosolids and co- 
feedstocks resulted in increased gas yields and decreased oil and biochar yields.   

1. Introduction 

In recent years, transforming biosolids to biochar by pyrolysis has 
been studied extensively as a sustainable method to manage biosolids 
(Fonts et al., 2012; Inguanzo et al., 2002; McNamara et al., 2016; Patel 
et al., 2019; Singh and Agrawal, 2008; Song et al., 2014). Pyrolysis of 
biosolids has demonstrated the potential to eliminate most of the con
taminants present in biosolids, such as odor, disease-causing organisms, 
micro-plastics, pesticides, and pharmaceutical-related impurities, and to 
partially destroy Per- and Polyfluoroalkyl Substances (PFAS) present in 
biosolids (Fonts et al., 2012; Inguanzo et al., 2002; McNamara et al., 

2016; Patel et al., 2019; Singh and Agrawal, 2008; Song et al., 2014). 
However, biochar produced from biosolids pyrolysis has limitations due 
to its high heavy metal concentration, low carbon content, and low 
calorific value (Patel et al., 2020; Yang et al., 2018). 

Co-pyrolysis demonstrates extraordinary potential as a developing 
technique to upgrade biochar properties and increase its potential in 
agricultural and non-agricultural applications (Singh and Agrawal, 
2008; Patel et al., 2020; Abnisa and Wan, 2014; Wang et al., 2016a, 
2020; Zhao et al., 2017). Co-pyrolysis involves blending biosolids with 
another feedstock and heating the blend in an inert environment. It is 
more economical and efficient than other alternatives, such as acid 
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treatment and metal extraction (Veeken, 1999; Marinos et al., 2007). 
Recently, many researchers have studied the co-pyrolysis of bio

solids, and they mainly focussed on the yield distribution, biochar 
properties, and the presence of synergistic effects under different tem
peratures and mixing ratios (Wang et al., 2020, 2018, 2016b; Zhao et al., 
2017; Ali et al., 2022; Bai et al., 2021; Dong et al., 2019; Han et al., 2013; 
Huang et al., 2017; Jin et al., 2018; Lin et al., 2016; Martínez et al., 
2014; Saleh Khodaparasti et al., 2022; Urych and Smoliński, 2021, 2019; 
Zhang et al., 2020; Zhu et al., 2014; Shuang-quan et al., 2009). These 
studies have observed that the temperature and mixing ratio of the 
process had significant effects on yield distribution, biochar properties, 
and their potential agronomic and environmental values for enhancing 
soil quality (Wang et al., 2020, 2019; Dong et al., 2019; Huang et al., 
2017; Jin et al., 2017). Most of those studies have used lignocellulosic 
biomass co-feedstocks such as cotton stalk, rice straw, rice husk, wheat 
straw, pinewood, and bamboo sawdust due to their abundance and low 
cost (Wang et al., 2016a, 2019; Huang et al., 2017, 2016b; Jin et al., 
2017; Alvarez et al., 2015; Lan et al., 2020; Zhang et al., 2015a; Zhu 
et al., 2018). 

Several co-pyrolysis studies have observed that co-pyrolysis behavior 
is not a simple summation calculation, and there are synergistic effects 
when co-pyrolysis is carried out in TGA and fixed bed reactors 
(Shuang-quan et al., 2009; Wang et al., 2016b; Jin et al., 2017). Wang 
et al., 2016, Alvarez et al., 2015 and Zuo et al., 2014 observed that with 
the addition of biomass wastes (Wheat straw, Pinewood sawdust), 
co-pyrolysis of biosolids produced higher gas and liquid yield and lower 
biochar yield than the expected yield values (Wang et al., 2016b; 
Alvarez et al., 2015; Zuo et al., 2014). However, Zhu et al., 2015 re
ported observing no synergistic effects between biosolids and pine 
sawdust in a thermogravimetric reactor at 1000 ◦C (Zhu et al., 2014). 
Therefore, statements regarding synergistic effects are still not conclu
sive, and further investigations on synergistic effects with different 
co-feedstock types, operating conditions, and reactor types are crucial 
for establishing the mechanisms of synergistic effects. 

The type of co-pyrolysis reactor used has a critical effect on the co- 
pyrolysis behavior since the contact between particles, heat transfer 
characteristics, and volatile residence time depends on the reactor type 
used in the pyrolysis/co-pyrolysis reactor (Abnisa and Wan, 2014; 
Fadhilah et al., 2023). However, most of the co-pyrolysis of biosolids 
studies in the literature were performed in TGA or fixed bed-type re
actors. Several comprehensive reviews comparing the pyrolysis reactor 
types show that product yield distribution heavily depends on the type 
of reactor used (Dong et al., 2019; Han et al., 2013; Huang et al., 2017; 
Lin et al., 2016; Wang et al., 2019; Ischia et al., 2011; Ruiz-Gomez et al., 
2017). Fluidized bed reactors demonstrated rapid heat transfer, 
enhanced control of temperature and residence time, and improved 
mixing of particles compared to other reactor types (Abnisa and Wan, 
2014; Fadhilah et al., 2023). Furthermore, fluidized bed reactors are 
beneficial because of their ease of scalability, ability to process materials 
with a broad particle size distribution, and simple operation (McNamara 
et al., 2016; Zuo et al., 2014; Ruiz-Gomez et al., 2017). In addition, Fei 
et al. noted that the extent of contact between feedstock particles in the 
reactor is an essential parameter that can induce synergy (Fei et al., 
2012). Therefore, it can be hypothesized that fluidized bed reactors may 
improve synergistic effects in co-pyrolysis because of the higher mixing 
and improved contact between particles (Fadhilah et al., 2023). How
ever, the co-pyrolysis of biosolids with lignocellulosic biomass in a flu
idized bed reactor has not been studied. Therefore, it is crucial to 
investigate the co-pyrolysis behavior in a fluid bed setting and investi
gate the presence of synergistic effects. 

Moreover, most biosolids co-pyrolysis studies published in the 
literature focused on understanding synergetic effects and biochar 
product characterization (Wang et al., 2020, 2019; Ali et al., 2022; 
Huang et al., 2017; Zhang et al., 2020; Jin et al., 2017; Fan et al., 2016). 
As a result, studies on the properties of co-pyrolysis oil and gas products 
are fewer since biochar was focused on as the main product. 

Nevertheless, investigating the properties of co-pyrolysis oil and gas 
products is vital as large-scale pyrolysis plants may use oil and gas va
pors for bioenergy generation, and the synergetic effect of co-pyrolysis 
may improve oil and gas vapors yield, composition, and other critical 
physicochemical properties for bioenergy generation (McNamara et al., 
2016; PYREG GmbH, 2018). 

On this basis, the current study aims to (a) investigate the effect of 
feedstock properties on co-pyrolysis behavior and product (biochar, oil, 
and gas) properties and (b) study the synergistic effect on yield distri
bution, oil and gas properties, and heavy metal concentration in biochar, 
in a fluidized bed reactor. Lignocellulosic biomasses were selected as the 
co-feedstocks in the current study due to their low ash, heavy metal, and 
high carbon content. Therefore, blending lignocellulosic biomass with 
biosolids (BS) is hypothesized to produce biochar with improved carbon 
content, surface area, and low heavy metal content. Wheat straw (WS) 
and canola straw (CS) were selected as the co-feedstocks in the current 
study. The selection of these lignocellulosic biomasses was based on 
mapping of agricultural waste generation in Victoria, Australia, as per 
the availability, cost, physicochemical properties (Ultimate and proxi
mate analysis, and total heavy metal content), and proximity to waste
water treatment facilities. The mapping study results are included in the 
supplementary document (Fig. S1) (Department of Agriculture, 2019; 
Department of Economic Development, J., Transport and Resources, 
2014; Mark Siebentritt and Associates, G.O.P.L., Renewable Energy 
Production from Almond Waste, 2012; Melissa Morris, 2010; Statistics, 
2019). In addition, co-pyrolysis results of biosolids with WS and CS were 
compared with co-pyrolysis results of biosolids and alum sludge from a 
previous study (Rathnayake et al., 2022) carried out by our research 
group to analyze the effect of feedstock type on the decomposition 
behavior. 

2. Materials and methods 

Biosolids (BS) samples were collected from the Mount Martha Water 
Recycling Plant of South East Water Corporation in Victoria, Australia. 
Wheat straw (WS) and canola straw (CS) samples were collected from 
Buloke Park Farms, Bridgewater, Victoria, and Yarrawonga, Victoria. 
These samples were ground and sieved to achieve the desired particle 
size range (100–300 µm) using a ring mill and an automatic sieve shaker. 
All the samples were dried in the oven for 24 h at 105 ◦C (Binder FED 
720 drying oven, Binder GmbH, Germany). 

Pyrolysis and co-pyrolysis experiments were performed in a quartz 
tube fluidized bed reactor with a 27 mm inner diameter and a reaction 
zone with a height of 680 mm (Patel et al., 2019; Rathnayake et al., 
2022). The ceramic frit distributor plate with a porosity of 3 (16 − 40 
µm) is placed at a 320 mm distance from the bottom of the reactor to 
ensure that the gas was sufficiently preheated before entering the re
action zone (Patel et al., 2019; Rathnayake et al., 2022). The diagram of 
the experimental setup is included in the supplementary materials 
(Fig. S2), and further information on the reactor specifications can be 
found in a previous study carried out by our research group (Patel et al., 
2019; Rathnayake et al., 2022). Initially, the feed sample was loaded 
into the reactor, and nitrogen was flushed through the setup for around 
15 min to ensure an inert atmosphere. Then the reactor was heated to 
the required temperature (700 ◦C) using an electric furnace (Gradient 
Tube Furnace, Carbolite EZS-3 G, UK) at 35 ◦C/min while continuously 
feeding nitrogen to maintain minimum fluidization velocity. After 
achieving the required furnace temperature (700 ◦C), it was maintained 
for one hour. The outlet gas stream was analyzed using an Agilent Micro 
GC 490 (GC, Agilent Micro GC 490, USA) connected to the reactor sys
tem. Micro GC extracted gas samples from the outlet gas stream every 4 
min for analysis. After each experimental run, the reactor system was 
allowed to cool down to room temperature before collecting biochar and 
oil samples. Biochar was collected from the reactor, and pyrolysis oil 
was extracted from the condensers using dichloromethane. 

Co-pyrolysis experiments of BS with WS and CS were carried out at a 
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3:1 mixing ratio and 700 ◦C. This temperature and mixing ratio were 
selected based on optimum process conditions identified by the previous 
co-pyrolysis study carried out by our group (Rathnayake et al., 2022). 
Every experiment was replicated three times to improve the reproduc
ibility of the data. Biochar(BC) samples from pyrolysis experiments of 
biosolids, wheat straw, and canola straw were labeled as BSBC, WSBC, 
and CSBC, and from biochar co-pyrolysis of biosolids with wheat straw 
and canola straw were labeled as WS: BSBC and CS: BSBC, respectively. 

The mass of biochar produced was calculated by subtracting the 
initial weight of the reactor (including the feedstock sample) from the 
weight of the reactor after the experiment (including biochar produced). 
The mass of bio-oil produced was calculated by subtracting the initial 
weight of the condensers and tubing from the weight of the condensers 
and tubing after the experiment. 

Biochar mass yield(%) =
Mass of biochar/oilproduct

Mass of feedstock used in pyrolysis/co − pyrolysis
× 100

(1)  

Oil mass yield(%) =
Mass of biochar/oil product

Mass of feedstock used in pyrolysis/co − pyrolysis
× 100 (2) 

Biochar and oil yields were calculated by Eq. (1) and (2), respec
tively, and gas mass yield was calculated by the difference as shown in 
Eq. (3); 

Pyrolysis gas mass yield(%) = 100 − Biochar mass yield(%)

− Pyrolysis oil mass yield(%) (3) 

Heavy metals (As, Cd, Cr, Cu, Ni, Pb, Se, and Zn) in the biochar and 
the feed materials were determined using an inductively coupled plasma 
optical emission spectrometry (ICP-MS; Optima 5300DV; Perkin Elmer, 
USA). Before ICP-MS analysis, samples were digested following the US 
EPA 3050B method (Wang et al., 2018). Bioavailable fractions of 
selected heavy metals (Cd, Cu, Ni, Pb, and Zn were determined by the 
DTPA extraction method as described in Lindsay and Norvell (1978), 
followed by ICP-MS analysis (Wang et al., 2019). Proximate and Ulti
mate analysis of original feedstock and biochar were determined using a 
thermogravimetric analyzer (TGA, TGA Q500 IR, USA) and an elemental 
analyzer (CHNS analyzer, Perkin Elmer 2400 Series II CHNS/O, USA). A 
Bomb calorimeter (Automatic Calorimeter 6400 Parr, USA) was used to 
determine the calorific value of biochar. A Fourier Transform Infrared 
Spectometer (FT-IR, Perkin Elmer Spectrum 100, USA) for the wave
numbers ranging from 4000 to 600 cm− 1 with 32 scans at 4 cm− 1 res
olution Brunauer–Emmett–Teller (BET) surface area of the biochar 
samples were determined using a surface area analyzer (High 
Throughput Surface Area and Porosity Analyzer, TriStar II 3020, UK) 
and degasser (Degasser, VacPrep™ 061, UK). Surface characteristics of 
biochar were further analyzed using Scanning Electron Microscopy 
(SEM, FEI Quanta 200, Sweden) imaging. 

Oil samples were analyzed using Gas chromatography–Mass spec
trometry (GC/MS, Agilent, GC-7890A, and MS-5975 C, USA) to deter
mine the relative composition of components in oil. Further details on 
the temperature program and the column specifications can be found in 
a previous study (Rathnayake et al., 2022). In addition, pH levels in 
bio-oil samples were checked using a calibrated pH meter (Benchtop pH 
meter, Thermo Scientific Orion 3 Star, USA). In between the 

measurements, the probe of the pH meter was rinsed with isopropyl 
alcohol, followed by DI water, to remove any residue. 

Synergistic effects during co-pyrolysis of biosolids with different 
feedstocks in yield distribution were investigated by comparing the 
experimentally derived parameters with the calculated ones. The latter 
were obtained by applying the rule of mixtures. By this means, the 
behavior is derived from a linear interpolation of the yields of the pure 
feedstocks. The calculated yields for co-pyrolysis were obtained from Eq. 
(4), shown below; 

Yi,calculated =
Yi,BS + 3 × Yi,F

4
(4)  

Where Yi,calculated is the calculated mass yield of i pyrolysis product 
(biochar, oil, or gas) in co-pyrolysis. Yi,BS is the experimental mass yield 
of i in, and Yi,F is the experimental mass yield of i in WS or CS. 

The pyrolysis gas’s higher heating value (HHV) is calculated by Eq. 
(5)below, where φi is the average molar percentages of CO, H2, CH4, 
C2H6, and C3H8 (Zhang et al., 2020).   

SPSS 15.0 was used to analyze yield distribution from experiments 
accounting for the effects of co-pyrolysis feedstock. In addition, Turkey’s 
test was used to differentiate means within treatments (P < 0.05). Re
sults from this analysis are included in supplementary data (Table S2). 

3. Results and discussion 

3.1. Product yield 

Biochar, oil, and gas product yields from different pyrolysis and co- 
pyrolysis experiments are shown in Fig. 1. Pyrolysis of WS and CS 
resulted in lower biochar yields and higher oil and gas yields compared 
to pyrolysis of BS. The lower ash content in WS and CS compared to BS 
can explain these results (See Table 1) since many studies have observed 
that the ash content present in the feed positively correlates with the 
biochar yield (Huang et al., 2017; Zhu et al., 2018; Suliman et al., 2016). 
Furthermore, high oil and gas yields from WS and CS are connected to 
high volatile matter content in the raw feed materials. Thus, high vol
atile matter and low ash content in WS and CS feed explain the higher oil 
and gas yields from lignocellulosic biomass (WS and CS) pyrolysis 
compared to BS (See Table 1). 

The differences in CS and WS pyrolysis product distribution can be 
attributed to the differences in their chemical composition. In literature, 
cellulose, hemicellulose, and lignin composition in WS were reported as 
42–50%, 23–30%, and 16–18%, respectively, and in CS, it was reported 
as 34–36%, 14–16% and 24–27% (Adapa et al., 2009; Adapa and 
Schoenau, 2009; Ji et al., 2014; Wenchao Ji et al., 2014; Fajardo and E. 
C.M, 2015; Fragiskos et al., 2014). Therefore, higher biochar yield from 
WS pyrolysis can be linked to the higher lignin content in WS compared 
to CS, and higher gas content in CS pyrolysis can be linked to higher 
hemicellulose in CS compared to WS (Batista and Gomes, 2021; Shahbaz 
et al., 2020). 

In co-pyrolysis experiments, adding CS and WS reduced biochar yield 
by 46.72% and 43.82%, respectively, and increased gas yield by 79.53% 
and 92.34%, respectively, compared to BS pyrolysis (See Fig. 1). On the 
other hand, oil yield in WS and CS co-pyrolysis experiments remained in 
the 40–42% range, which was comparable to BS pyrolysis (See Fig. 1). 

HHV
(
MJ/Nm3) =

(φCO × 12.633) + (φH2
× 12.745) + (φCH4

× 39.819) + (φC2H6
× 63.414) +

(
φC3H8

× 101.242
)

100
(5)   
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The addition of lignocellulosic biomass (WS and CS) increases the vol
atile matter content and reduces the feed blend’s overall ash content, 
which explains the higher gas yield and the lower biochar yield in co- 
pyrolysis compared to pyrolysis of BS (Wang et al., 2020, 2019; Dong 
et al., 2019). 

Tar produced from pyrolysis and co-pyrolysis of biosolids and 
biomass contains a diverse and complicated mixture of various organic 
compounds, such as oxygen-containing hydrocarbons, aromatic com
pounds, sulfur-containing hydrocarbons, and aromatic hydrocarbons 
(Alen Horvat and Tar, 2019). Tar cracking reactions, as shown in Eq. (6), 
(7), and (8) below, decompose heavy molecular weight hydrocarbon 
compounds to form low molecular weight gaseous compounds such as 
CO, CH4, and H2. Minerals in biosolids such as Mg2SiO4, CaO, CaCO3, 
MgCO3, Fe2SiO4, clay minerals, and alkali metals act as catalysts to 
promote tar-cracking reactions (Zhu et al., 2018; Yang et al., 2015). 

CxHy +CO2→
y
2
H2 + 2xCO (6)  

CxHy + 2H2O→
(
x+

y
2

)
H2 + xCO (7)  

CxHy +
2x − y

2
H2→xCH4 (8) 

It is also essential to compare the behavior of adding lignocellulosic 
biomass (CS and WS) with other feedstock types, such as sludge waste. In 
the current study, WS and CS co-pyrolysis data were compared with the 
results of alum sludge (AS) pyrolysis/co-pyrolysis, and the required data 
was taken from our previous study (Rathnayake et al., 2022) AS behaved 
similarly to BS during pyrolysis and produced high biochar yield and 
low oil and gas yield. This behavior is consistent with the literature and 
can be explained by high ash content and low volatile matter in AS and 
BS (See Fig. 1) (Patel et al., 2019; Singh and Agrawal, 2008; Huang et al., 
2017; Jin et al., 2017; Ruiz-Gomez et al., 2017). 

Moreover, significant differences in yield distribution could be 
observed between AS and lignocellulosic biomass (WS and CS) co- 

Fig. 1. Product mass yield of biochar, oil, and gas products 
from pyrolysis/co-pyrolysis of biosolids, alum sludge, 
wheat straw, and canola straw (Rathnayake et al., 2022). 
BS-Biosolids pyrolysis, AS-Alum sludge pyrolysis, WS- 
Wheat straw pyrolysis, CS- Canola straw pyrolysis, AS:BS- 
Alum sludge and biosolids co-pyrolysis at 3:1, WS:BS- 
Wheat straw and biosolids co-pyrolysis at 3:1, CS:BS- 
Canola straw and biosolids co-pyrolysis at 3:1.   

Table 1 
Ultimate and Proximate analysis of feedstock and resultant biochar from pyrolysis co-pyrolysis experiments on a dry basis (Rathnayake et al., 2022).  

Samples Feedstocks Pyrolysis biochar Co-pyrolysis biochar AS co-pyrolysis data 

BS WS CS BSBC WSBC CSBC WS: BS 
BC 

CS: BS BC AS ASBC AS: BS 
BC 

Ultimate 
analysis (wt%) 

C 36.71 
± 1.39 

46.41 
± 5.32 

50.36 
± 3.48 

26.46 ±

0.67 
38.51 
± 3.77 

40.91 
± 3.77 

36.22 
± 4.46 

37.92 
± 1.12 

12.18 ±

0.59 
10.44 ±

0.06 
12.51 ±

0.97 
H 4.24 

± 0.58 
3.12 
± 1.43 

3.98 
± 0.57 

1.03 ±

0.05 
1.27 
± 0.29 

1.46 
± 0.29 

1.91 
± 0.08 

2.03 
± 0.12 

5.82 ±

0.17 
2.16 ±

0.70 
0.19 ±

0.40 
N 5.42 

± 0.46 
1.43 
± 0.98 

2.95 
± 0.58 

3.33 ±

0.16 
0.63 
± 0.43 

0.82 
± 0.43 

1.92 
± 0.24 

2.15 
± 1.03 

1.26 ±

0.13 
0.99 ±

0.10 
1.13 ±

0.05 
S 0.92 

± 0.09 
0.06 
± 0.92 

0.07 
± 0.17 

0.52 ±

0.03 
0.23 
± 0.12 

0.19 
± 0.12 

0.10 
± 0.06 

0.15 
± 0.13 

0.68 ±

0.18 
0.32 ±

0.07 
0.42 ±

0.06 
Oa 23.70 

± 0.89 
44.41 
± 0.92 

37.53 
± 2.57 

8.35 ±

0.67 
18.09 
± 1.68 

17.21 
± 4.30 

13.58 
± 5.83 

12.74 
± 2.01 

23.06 ±

0.31 
9.55 ±

0.48 
9.12 ±

2.28 
H/C 1.39 0.81 0.95 0.47 0.40 0.43 0.63 0.64 5.73 2.48 0.18 
O/C 0.48 0.72 0.56 0.24 0.35 0.32 0.28 0.25 1.42 0.69 0.55 
HHV (MJ/kg) 14.68 

± 0.24 
17.22 
± 4.51 

19.17 
± 3.89 

9.17 
± 0.31 

14.41 
± 4.06 

15.53 
± 4.64 

13.16 
± 6.89 

14.02 
± 5.58 

8.81 
± 0.42 

5.51 
± 0.90 

2.69 
± 1.15 

Proximate 
analysis (wt%) 

Volatile 
Matter 

55.7 
± 1.00 

74.04 
± 5.43 

70.12 
± 1.67 

12.11 ±

3.00 
30.58 
± 1.47 

30.22 
± 1.14 

34.34 
± 4.03 

34.22 
± 1.22 

27.12 ±

0.34 
10.79 ±

0.88 
10.28 ±

0.58 
Ash 28.43 

± 0.29 
4.57 
± 1.49 

5.11 
± 1.23 

60.30 ±

0.04 
41.27 
± 3.24 

39.41 
± 3.65 

46.27 
± 1.65 

45.01 
± 2.34 

56.23 ±

0.29 
76.54 ±

1.20 
76.63 ±

0.73 
Fixed 
Carbon 

15.81 
± 1.29 

21.39 
± 4.11 

24.77 
± 3.21 

27.59 ±

3.11 
28.15 
± 3.22 

30.37 
± 2.89 

19.39 
± 3.54 

20.77 
± 2.89 

16.65 ±

0.05 
12.67 ±

2.08 
13.09 ±

0.15 

BS-Biosolids, AS-Alum sludge, WS- Wheat straw, CS- Canola straw, BSBC- Biosolids’ biochar, ASBC-Alum sludge biochar, WSBC-Wheat straw biochar, CSBC- Canola 
straw biochar, AS:BSBC- Biochar derived from alum sludge and biosolids co-pyrolysis at 3:1, WS:BSBC- Biochar derived from wheat straw and biosolids co-pyrolysis at 
3:1, CS:BSBC- Biochar derived from canola straw and biosolids co-pyrolysis at 3:1 

a Calculated by the difference 
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feedstocks. Contrary to WS and CS, adding AS increased the biochar and 
gas yield while decreasing the oil yield compared to the pyrolysis of 
biosolids. Biochar and oil yield from AS, WS, and CS co-pyrolysis was 
intermediate to yields from AS, WS and CS, and BS pyrolysis, and this 
can be explained by the dilution effect of mixing AS and lignocellulosic 
biomass with BS, which resulted in blends with intermediate levels of 
ash content. The high gas yield can be explained by minerals in AS and 
BS promoting tar cracking and secondary reactions that produce non- 
condensable gases (See Fig. 2) (Zhang et al., 2015a; Choi et al., 2019; 
Fan et al., 2020). Higher gas yield than both parent feedstock pyrolysis 
can occur due to interactions between feed materials during 
co-pyrolysis, known as synergistic effects (Wang et al., 2016b; Jin et al., 
2017; Shi et al., 2013). 

Synergistic effects between feedstocks in co-pyrolysis refer to the 
enhanced effects when processed in combination compared to predicted 
additive effects of individual feedstocks. Therefore, the degree of syn
ergy can be analyzed by the difference between experimental and 
theoretical values. This study analyzed synergistic effects in product 
distribution by comparing experimental product yields with calculated 
product yields, as shown in Fig. 2. Experimental biochar and oil yields 
were lower than the calculated yield in all co-pyrolysis experiments, 
while experimental gas yields were higher than the calculated values. 
These observations indicate the presence of synergistic effects in the co- 
pyrolysis of biosolids with WS and CS. 

However, the mechanism of synergistic effects in different types of 
co-pyrolysis feedstock may be different. The experimental gas yield was 
higher than the calculated yield by 4.55% in WS co-pyrolysis and by 
4.42% in CS co-pyrolysis (See Fig. 2). Furthermore, the experimental 
biochar yield was slightly lower than the calculated yield by 0.60% in 
WS co-pyrolysis and by 0.07% in CS co-pyrolysis (See Fig. 2). The 
experimental oil yield was lower than the calculated yield by 3.96% in 
WS co-pyrolysis and by 4.34% in CS co-pyrolysis (See Fig. 2). This result 
can be explained by the catalytic effects of minerals and metals in bio
solids promoting the degradation reactions of volatile organic matter in 
the feedstock mixtures and intensifying the char cracking reactions, 
which produce lower molecular weight gaseous products (Wang et al., 
2016b; Jin et al., 2017; Zhang et al., 2015a; Yang et al., 2015; Shi et al., 
2013). In AS co-pyrolysis, the experimental yield value of oil was much 
lower than the calculated value (See Fig. 2). The difference between 
experimental and calculated values was 3.82%. 

In contrast, the difference between the calculated and experimental 
yield values of biochar was insignificant (0.21%). The most significant 
decrease in oil yield was observed in AS co-pyrolysis. This observation 
may occur due to increased secondary reactions in co-pyrolysis via 

mineral components present in biosolids producing low molecular 
weight gaseous products. 

3.2. General properties of biochar 

Proximate and ultimate analysis, pH, and higher heating value 
(HHV) of feedstock and resultant biochar products are presented in 
Table 1. Images of biochar derived from different experiments can be 
found in Fig. S3 in the supplementary material. During pyrolysis and co- 
pyrolysis experiments, volatile matter (VM) content decreased, and ash 
content increased in all the feedstocks considered. The reason for this 
phenomenon is the decomposition and conversion of organic matter 
during thermal treatment (Wang et al., 2016a, 2019, 2020; Huang et al., 
2017; Jin et al., 2017). The addition of CS and WS in co-pyrolysis of 
biosolids experiments led to a significant increase in the VM and a 
decline in ash and FC content since, compared to biosolids, lignocellu
losic biomass (CS and WS) had higher contents of organic matter and 
lower ash content (Wang et al., 2016a, 2019, 2020; Huang et al., 2017; 
Jin et al., 2017). When these results were compared to our previous 
study on AS co-pyrolysis, the addition of AS to BS produced biochar with 
lower VM and higher ash content compared to BSBC. These results 
suggest that feedstock composition is a primary factor influencing the 
proximate composition of derived biochar in both co-pyrolysis and py
rolysis treatments. 

C, H, and N content in biochar decreased compared to their feed 
blend, which is consistent with the literature (Wang et al., 2020, 2022; 
Huang et al., 2017; Saleh Khodaparasti et al., 2022; Zhang et al., 2020; 
Ruiz-Gomez et al., 2017). The decrease in C, H, and N occurs due to the 
decomposition of organic matter during pyrolysis conversion leading to 
lower C, H, and N contents and higher ash contents (Bai et al., 2021; 
Huang et al., 2017; Wang et al., 2019; Zhang et al., 2015a). As seen from 
Table 1, CS: BSBC and WS: BSBC had higher C, H content than BSBC. Due 
to the increased carbon and hydrogen content and volatile matter, 
biochar produced from co-pyrolysis of BS and WS compared to BSBC 
may have applications in agriculture as a soil amendment to treat 
degraded soil and as a substitute to carbon black in rubber compounding 
(Peterson, 2022; Sanchez-Reinoso et al., 2020). On the contrary, when 
this was compared with results from the AS-BS co-pyrolysis study, it 
could be seen that AS co-pyrolysis biochar (AS: BSBC) had lower C, H 
content than BS biochar (BSBC). This reduction is due to the high C, H 
content, and low ash content present in WS and CS compared to BS and 
AS (See Table 1). 

The H/C and O/C ratios decreased in biochar compared to their 
parent feedstock, the H/C ratio indicates the degree of aromaticity of the 
biochar, and O/C indicates the polarity of biochar. Lower H/C and O/C 
ratios imply biochars are more recalcitrant to biological and chemical 
aging in the environment. This trend agrees with the findings in existing 
literature, and biochar with lower atomic ratios of H/C and O/C is 
conducive to C sequestration when incorporated into the soil (Zhang 
et al., 2015a; Yang et al., 2015). The H/C ratio in biochar derived from 
co-pyrolysis decreased with the addition of lignocellulosic biomass. 
However, when this result is compared to AS co-pyrolysis, H/C increases 
with the addition of AS (Rathnayake et al., 2022). 

The higher heating value (HHV) of biochar produced from pyrolysis/ 
co-pyrolysis was lower than the heating value of their parent feedstock. 
Co-pyrolysis of WS and CS resulted in biochar with improved HHV 
compared to BSBC, but according to our previous study addition of AS 
reduced HHV compared to BSBC (Rathnayake et al., 2022). Therefore, 
biochar produced from co-pyrolysis of biosolids with lignocellulosic 
biomass is a better option than BSBC in solid fuel applications due to 
increased calorific value(See Table 1). Meanwhile, biochar from AS 
co-pyrolysis is suitable as a liming agent due to its high pH value and ash 
content. Therefore, selecting feedstock for co-pyrolysis based on the 
intended application of biochar is beneficial. 

Fig. 2. Comparison of the experimental and calculated product yields of co- 
pyrolysis (Rathnayake et al., 2022). 
AS:BS- Alum sludge and biosolids co-pyrolysis at 3:1, WS:BS- Wheat straw and 
biosolids co-pyrolysis at 3:1, CS:BS- Canola straw and biosolids co-pyrolysis 
at 3:1. 
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3.3. FTIR analysis of biochar 

FTIR spectra of raw feedstock and biochar produced from pyrolysis 
and co-pyrolysis are presented in Fig. 3. Broad peaks with a maximum at 
3422 cm− 1 (OH and NH stretching vibrations), a peak in 2923 cm− 1 

(CH3 asymmetric stretch vibrations), and bands at 1633 cm− 1 and 
1560 cm− 1 (presence of amides) and 1035 cm− 1( -C––O groups) could 
be observed in BS, WS and CS FTIR spectra (See Fig. 3) (Patel et al., 
2019; Huang et al., 2017; Wang et al., 2019; Yang et al., 2020; Zhang 
et al., 2015b). In comparison, AS FTIR spectra showed peaks at 
1115 cm− 1 and 794 cm− 1, indicating symmetric stretching vibration of 
Si—O—Si and bending vibration of O—Si—O (See Fig. 3) (Rathnayake 
et al., 2022; Soleha et al., 2016; Tantawy, 2015). Peaks at 1592 cm− 1 

and 3502 cm− 1 AS spectra indicated the bending vibration of water that 
is chemically bonded to Al (OH)3 or OH stretching vibration of Al(OH)3 
(See Fig. 3) (Soleha et al., 2016; Tantawy, 2015). The absorption band at 
1442 cm− 1 indicates the presence of carbonate (See Fig. 3) (Soleha et al., 
2016; Tantawy, 2015). 

O-H peak and the peak corresponding to C-H vibration disappeared 
and reduced respectively in all biochar (pyrolysis and co-pyrolysis). This 
trend suggested that large amounts of hydroxyl groups and aliphatic 

compounds were decomposed in pyrolysis (Patel et al., 2019). However, 
it can be observed that aromatic C-O stretching (1034 cm− 1) and aro
matic C = O (794 cm− 1) were relatively stable in pyrolysis(See Fig. 3) 
(Patel et al., 2019). According to Fig. 3, Si—O—Si and carbonate bonds 
are stable during co-pyrolysis of BS and AS as peaks corresponding to 
these bonds remained stable from AS spectra to AS: BSBC. However, in 
CS: BSBC and WS: BSBC, the peak intensity at 1035 cm− 1 increased 
compared to BSBC, indicating that during co-pyrolysis, forms of oxygen 
in the feedstock primarily bonded directly with adjacent carbon atoms, 
thereby integrating into the carbon chain in the form of carbon-oxygen 
single bond. 

3.4. Surface morphology of biochar 

The BET surface areas of feedstock and biochar are presented in  
Table 2. It can be seen that biochar derived from both pyrolysis and co- 
pyrolysis had improved surface area compared to the feedstock. The 
highest increase in surface area was reported in WS, followed by CS, 
while biosolids reported the lowest increase in surface area during py
rolysis. The high volatile matter content can explain this observation in 
WS and CS compared to BS. The release of this volatile content during 
pyrolysis created more pores, thus increasing surface area. This theory 
can be further confirmed since the highest reduction of VM was reported 
in WS pyrolysis, from 74.04% to 30.58%. 

The surface area reported in our previous study for co-pyrolysis 
biochar with AS was lower than CS: BSBC and WS: BSBC, where BET 
surface area was reduced by 24.5% compared to BSBC (See Table 2) 
(Rathnayake et al., 2022). This decrease can be attributed to the lower 
volatile matter present in AS compared to biosolids (Choi et al., 2019; 
Dassanayake et al., 2015). However, the surface area of CS: BSBC and 
WS: BSBC also were slightly lower than BSBC, which can be explained by 
tar produced in the co-pyrolysis process adhering to the biochar surface, 
resulting in blockage of the porous structure (Wang et al., 2020; Huang 
et al., 2017; Jin et al., 2017). 

SEM images of the biochar from different feedstock are shown in  
Fig. 4. It is visible that biosolids’ biochar (BSBC) has a porous and well- 
defined crystalline structure (See Fig. 4(a)). Fig. 4(e) shows that the 
addition of alum sludge does not have a visible effect on biosolids’ 
biochar particles in AS: BS BC. However, from the SEM images from co- 
pyrolysis of biosolids with WS and CS (See Figs. 4(f) and 4(g)), it can be 
seen that there are some blockages in the pores, which can be due to tar 
adhering to biosolids’ biochar as previously explained (Wang et al., 
2020; Huang et al., 2017; Jin et al., 2017). Despite the tar depositions, 
this biochar can still be used in agricultural applications or as a substi
tute for carbon black in rubber compounding (Peterson, 2022; 
Sanchez-Reinoso et al., 2020). However, tar depositions on the biochar 
intended to be applied as adsorbents can be removed, and surface area 
can be increased by exposing the biochar to steam or CO2 at high tem
peratures (Feng et al., 2018; Geca et al., 2022). 

3.5. Total Heavy metal concentration in biochar 

The total concentrations of As, Cd, Cr, Cu, Ni, Pb, Se, and Zn present 
in the feed materials and the resultant biochar are presented in Table 3. 
Heavy metal concentrations for AS pyrolysis and co-pyrolysis obtained 
from our previous study are also included in Table 3 (Rathnayake et al., 
2022). High heavy metal concentration is the main limitation of land 
application of biosolids and biosolids’ biochars. Heavy metal contami
nation in agricultural land may lead to contamination in the food chain, 
causing severe health problems in human beings. EPA Victorian Bio
solids Guidelines ensure biosolids’ safe handling and reuse to protect 
human and animal health, the environment, and agricultural products in 
Victoria, Australia (Irwin et al., 2017). In EPA Guidelines, biosolids are 
classified into two primary contamination grades based on their total 
heavy metal concentration (Irwin et al., 2017). Biosolids categorized as 
Grade C1 have the lowest concentration of heavy metals, and they can 

Fig. 3. FTIR spectra of feedstock and biochar prepared from pyrolysis and co- 
pyrolysis of biosolids with different feedstock (Rathnayake et al., 2022). 
BS-Biosolids, AS-Alum sludge, WS- Wheat straw, CS- Canola straw, BSBC- 
Biosolids’ biochar, ASBC-Alum sludge biochar, WSBC-Wheat straw biochar, 
CSBC- Canola straw biochar, AS:BSBC- Biochar derived from alum sludge and 
biosolids co-pyrolysis at 3:1, WS:BSBC- Biochar derived from wheat straw and 
biosolids co-pyrolysis at 3:1, CS:BSBC- Biochar derived from canola straw and 
biosolids co-pyrolysis at 3:1. 

Table 2 
BET surface area of feedstocks and biochar produced from 
pyrolysis/co-pyrolysis of biosolids and alum sludge (Rathnayake 
et al., 2022).  

Biochar sample BET surface area (m2/g) 

BS 3.06 ± 0.16 
WS 2.50 ± 1.41 
CS 4.07 ± 1.96 
BSBC 89.32 ± 1.11 
WSBC 119.36 ± 3.71 
CSBC 101.61 ± 3.69 
WS:BSBC 83.61 ± 3.11 
CS:BSBC 74.68 ± 5.89 
AS 7.95 ± 1.38 
ASBC 35.18 ± 2.19 
AS:BSBC 24.52 ± 0.91 

BS-Biosolids, AS-Alum sludge, WS- Wheat straw, CS- Canola straw, 
BSBC- Biosolids’ biochar, ASBC-Alum sludge biochar, WSBC- 
Wheat straw biochar, CSBC- Canola straw biochar, AS:BSBC- Bio
char derived from alum sludge and biosolids co-pyrolysis at 3:1, 
WS:BSBC- Biochar derived from wheat straw and biosolids co- 
pyrolysis at 3:1, CS:BSBC- Biochar derived from canola straw and 
biosolids co-pyrolysis at 3:1 
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Fig. 4. SEM micrograph of (a) BSBC, (b) WSBC, 
(c) ASBC, (d) CSBC (e) AS:BS BC, (f) WS:BS BC, 
(g) CS:BSBC (Rathnayake et al., 2022). 
BS-Biosolids, AS-Alum sludge, WS- Wheat straw, 
CS- Canola straw, BSBC- Biosolids’ biochar, 
ASBC-Alum sludge biochar, WSBC-Wheat straw 
biochar, CSBC- Canola straw biochar, AS:BSBC- 
Biochar derived from alum sludge and biosolids 
co-pyrolysis at 3:1, WS:BSBC- Biochar derived 
from wheat straw and biosolids co-pyrolysis at 
3:1, CS:BSBC- Biochar derived from canola straw 
and biosolids co-pyrolysis at 3:1.   
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be used in unrestricted land applications (Irwin et al., 2017). The highest 
allowable limits of heavy metal concentrations in BS to be fit for unre
stricted land applications according to the EPA Victorian Biosolids 
Guidelines are shown in Table 3 (Irwin et al., 2017). 

In the Victorian biosolids samples used in the current study, Cu, Zn, 
Cd, and Se concentrations were above the allowable limits to be classi
fied as C1 (Irwin et al., 2017). It can be seen from Table 3 that WS and CS 
have substantially lower heavy metal content compared to biosolids. 

Heavy metal concentrations in biochar products derived from py
rolysis experiments were higher compared to their parent feed material. 
This result can be explained by the higher thermal stability of heavy 
metals compared to the other organic components present in the feed 
sample (Yang et al., 2018; Wang et al., 2019; Jin et al., 2017; 
Ruiz-Gomez et al., 2017). Therefore, BSBC had higher Cu, Se, and Zn 
concentrations than BS; however, they were still within limits for C2 
grade (Agency, 2021). Heavy metal was enriched by a factor of 2.1–3 in 
WS and CS pyrolysis, higher than AS co-pyrolysis (See Table 3) (Rath
nayake et al., 2022). According to our previous study, AS co-pyrolysis 
reported that heavy metal in AS biochar (ASBC) was enriched by a 
factor of 0.26–2.68 compared to AS (See Table 3) (Rathnayake et al., 
2022). This difference can be attributed to the high yield of biochar 
obtained in AS: BS co-pyrolysis compared to WS and CS (Rathnayake 

et al., 2022). 
As expected, biochar produced from co-pyrolysis experiments had 

significantly lower concentrations of Cd, Cr, Cu, Pb, Se, and Zn than 
BSBC (See Table 3). Cd and Se concentrations in biochar co-pyrolysis 
biochar were sufficiently lower to be within the limits of Grade C1. 
However, Cu and Zn concentrations WS: BSBC and CS: BSBC still 
exceeded the limits to be classified as Grade C1, but their concentrations 
were significantly lower than BSBC. Cu concentration was reduced by 
61.55% and 58.25%, and Zn concentration was reduced by 66.44% and 
64.39% in WS: BSBC and CS: BSBC, respectively (See Table 3). Therefore 
biochar produced from co-pyrolysis of biosolids with AS, WS, and CS 
will be more beneficial in agricultural applications than BSBC due to 
significantly lower heavy metal concentrations in AS: BS BC, WS: BS BC, 
and CS: BS BC (Peterson, 2022; Sanchez-Reinoso et al., 2020). The 
dilution effect can explain this reduction of heavy metal concentration 
in co-pyrolysis biochar due to blending biosolids with feeds with 
considerably lower concentrations of heavy metals. It was also observed 
that synergistic effects in co-pyrolysis also impacted the heavy metal 
content in co-pyrolysis biochar. Fig. 5 compares experimental and 
calculated heavy metal concentrations in co-pyrolysis biochar. The 
calculated value of heavy metal concentration was obtained by 
assuming the synergistic effect is non-existent and co-pyrolysis biochar 

Table 3 
Heavy metal concentration (mg/kg) in feedstocks and resultant biochar from pyrolysis and co-pyrolysis experiments and contaminant upper limits for classifying 
biosolids grade C1 and C2 according to EPA Victoria Biosolids Guidelines (Rathnayake et al., 2022; Irwin et al., 2017).  

Heavy 
metals 

Feedstocks (mg/kg) Pyrolysis biochar (mg/kg) Co-pyrolysis biochar 
(mg/kg) 

AS co-pyrolysis data (mg/kg) C1 Grade 
(mg/kg) 

C2 Grade 
(mg/kg) 

BS WS CS BSBC WSBC CSBC WS: BSBC CS: BSBC AS ASBC AS: BS 
BC 

As 4.63 ±

0.185 
< 0.1 < 0.1 3.84 ±

1.17 
< 0.1 < 0.1 < 0.1 < 0.1 9.91 

±

0.05 

12.52 
±

1.72 

3.09 ±

1.42  
20  60 

C d 1.10 ±

0.46 
< 0.1 1.05 

± 0.12 
1.5 ±

0.09 
< 0.1 < 0.1 < 0.1 < 0.1 < 0.1 0.21 ±

0.03 
0.5 ±

0.03  
1  10 

Cr 21.03 ±

2.48 
3.11 
±

1.01 

3.59 
± 0.43 

55.56 ±

2.22 
11.09 
± 4.34 

11.87 
± 0.64 

23.89 
± 2.31 

24.54 
± 2.15 

4.03 
±

1.49 

11.65 
±

1.18 

15.91 
±

3.05  

400  3000 

Cu 1014.41 
±

2.21 

2.62 
± 0.94 

8.90 
± 2.44 

1998.47 
± 149.24 

9.24 
± 2.82 

26.70 
± 5.65 

768.24 
± 32.67 

734.30 
± 54.43 

79.35 
±

2.83 

119.78 
±

1.89 

412.99 
±

13.51  

100  2000 

Ni 8.83 ±

1.59 
1.68 
± 0.88 

2.11 
± 0.99 

42.01 ±

3.99 
6.04 
± 1.43 

6.86 
± 2.43 

14.87 
± 5.11 

16.08 
± 3.11 

12.12 
±

2.06 

26.18 
±

1.91 

43.06 
±

1.53  

60  270 

Pb 23.03 ±

2.02 
2.32 
± 1.21 

2.66 
± 0.23 

51.52 ±

1.53 
7.34 
± 2.11 

8.79 
± 1.54 

23.25 
± 8.64 

25.98 
± 5.13 

0.97 
±

0.935 

2.04 ±

0.98 
13.77 
±

2.65  

300  500 

Se 4.52 ±

0.30 
< 1 < 1 5.51 ±

1.2 
< 1 < 1 < 1 < 1 < 1 < 1 < 1  3  50 

Zn 895.44 
±

32.28 

26.73 
± 1.55 

18.67 
± 0.89 

2230.16 ±

134.92 
107.12 
± 2.11 

61.67 
± 4.41 

748.43 
± 32.65 

794.14 
± 28.70 

60.77 
±

9.62 

145.31 
±

35.43 

453.31 
±

3.35  

200  2500 

BS-Biosolids, AS-Alum sludge, WS- Wheat straw, CS- Canola straw, BSBC- Biosolids’ biochar, ASBC-Alum sludge biochar, WSBC-Wheat straw biochar, CSBC- Canola 
straw biochar, AS:BSBC- Biochar derived from alum sludge and biosolids co-pyrolysis at 3:1, WS:BSBC- Biochar derived from wheat straw and biosolids co-pyrolysis at 
3:1, CS:BSBC- Biochar derived from canola straw and biosolids co-pyrolysis at 3:1 

Fig. 5. Comparison of experimental and calculated heavy metal concentration in co-pyrolysis biochar (a) CS:BS BC, (f) WS:BS BC, (g) AS:BS BC (Ischia et al., 2011).  
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was simply a mixture of BSBC and CSBC, WSBC, or ASBC. However, it 
can be seen in CS: BSBC and WS: BSBC that experimental heavy metal 
concentration is higher than the calculated values (especially Cu and 
Zn). This phenomenon can be explained by the synergistic effect in CS 
and WS co-pyrolysis reducing the biochar yield, as explained previously 
in the product yield section, which leads to higher heavy metal con
centration in their resultant biochars. However, according to our pre
vious study, this trend was not observed in AS co-pyrolysis (Rathnayake 
et al., 2022; Adapa and Schoenau, 2009). Furthermore, in AS 
co-pyrolysis, the experimental Zn concentration was lower than the 
calculated value, which can be due to the higher concentration of Cl 
present in AS leading to the formation of ZnCl2 (Rathnayake et al., 2022; 
Choi et al., 2019; Johansen et al., 2011). 

The total metal contents in biochars may not accurately represent the 
risk of plant uptake. Several studies reported that during thermochem
ical conversion processes, heavy metal components present in the feed 
materials convert into more stable fractions (Yang et al., 2018; Wang 
et al., 2020, 2019). The DTPA (diethylenetriaminepentaacetic acid) 
extraction method is a non-equilibrium extraction method used for 
estimating the soil availability of heavy metals. Previous studies have 
found that this method correlates well with the crop response (Yang 
et al., 2018; Mühlbachová, 2002). Therefore, the current study used the 
DTPA extraction method to estimate the potential plant-available heavy 
metals. Table 4 includes feedstock’s DTPA-extractable heavy metal 
concentrations (Cd, Cu, Ni, Pb, and Zn) and their resultant biochar. As 
expected, DTPA-extractable concentrations of the considered heavy 
metals in biochar were significantly lower than their raw material, and it 
is consistent with the previous studies (Patel et al., 2019; Zhang et al., 
2020). This observation indicates that co-pyrolysis significantly reduced 
the extractable heavy metal concentrations. This decrease in 
plant-available heavy metal concentration can be explained by the 
development of functional groups on biochar surfaces. These developed 
functional groups resulted in the immobilization of heavy metals by 
forming organic-metallic complexes (Patel et al., 2019; Zhang et al., 
2020). WS: BSBC and CS: BSBC showed a higher difference between 
total and DTPA extractable heavy metal concentrations of Cu, Ni, and Zn 
than AS co-pyrolysis biochar (Rathnayake et al., 2022). Nevertheless, 
biochar derived from the co-pyrolysis of biosolids had only very low 
concentrations of plant-available heavy metals. 

3.6. Pyrolysis/ Co-pyrolysis oil characterization 

Oil derived from pyrolysis and co-pyrolysis experiments are 
complicated mixtures of a large number of organic compounds. These 
organic compounds and their concentration in oil varies from feedstock 
to feedstock. Therefore, different shades of dark brown in the oil sam
ples, as shown in Fig. S4, may attribute to their composition. The 
composition of oil produced from each experiment was determined by 

identifying more than 70 compounds using GC-MS analysis, and these 
compounds are listed in supplementary data (Table S1). These com
pounds were categorized into aliphatic, aromatic, nitrogenated, 
oxygenated, and polyaromatic compounds (PAC) based on several pre
vious studies in the literature (Patel et al., 2019; Fonts et al., 2009; 
Jindarom et al., 2007). 

Fig. 6 illustrates the distribution of oil compounds from pyrolysis/co- 
pyrolysis of biosolids with AS, WS, and CS. In the current study, AS 
pyrolysis and co-pyrolysis oil data from our previous study were 
compared with WS and CS pyrolysis and co-pyrolysis oil data (Rath
nayake et al., 2022). The aromatics group comprised the highest pro
portion of all the pyrolysis and co-pyrolysis oils, consisting of benzene 
and its derivatives, phenols, phenol derivatives, and furans. The pres
ence of these compounds in oils is desirable as they have various ap
plications in chemical industries, especially as solvents (Patel et al., 
2019; Fonts et al., 2009; Jindarom et al., 2007). Pyrolysis oil produced 
from WS and CS had a comparatively higher amount of aromatic com
pounds than BS pyrolysis oil. The high composition of aromatic com
pounds in WS and CS pyrolysis oil can be attributed to the thermal 
degradation of lignin, which is high in WS and CS (Wang et al., 2016a; 
Alvarez et al., 2015). It can be seen that the proportion of aromatics in 
co-pyrolysis oil was higher than in the individual feedstock pyrolysis 
oils, which may occur due to the catalytic effect of ash content in bio
solids promoting aromatization reactions (Alvarez et al., 2015). 

A substantial amount of nitrogenated compounds were observed in 
biosolids and AS pyrolysis and co-pyrolysis oils, which comprise amines 
and amides such as pyridine, pyrazole, and imidazole. The high amount 
of nitrogenated components in oil significantly limits its application as a 
liquid fuel due to its detrimental effects, such as gum or heavier product 
formation, inhibition and deactivation of an acid catalyst, acid− base 
pair-related corrosion, and metal complexation (Patel et al., 2019; 
Alvarez et al., 2015; Zhang et al., 2015a; Zuo et al., 2014). It can be 
observed that the addition of WS and CS significantly reduced these 
undesirable nitrogenated compounds. Compounds such as naphthalene 
and indene constitute the PACs group which is also highly undesirable 
(Patel et al., 2019). However, PACs were only present in a small pro
portion of AS co-pyrolysis oil and were negligible in co-pyrolysis oil from 
WS and CS. 

Oxygenated compounds include aldehydes, ketones, esters, and 
carboxylic acids (Patel et al., 2019; Rathnayake et al., 2022). WS and CS 
pyrolysis oils contained a high proportion of oxygenated compounds at 
48.17% and 52.34%, respectively (See Fig. 6). These compounds in 
lignocellulosic feedstock were produced from the decomposition of 
hemicellulose, cellulose, and lignin (Patel et al., 2019; Wang et al., 
2016a; Lan et al., 2020; Vasu et al., 2019). Oxygenated compounds in 
co-pyrolysis oil were reduced to 19.3% and 29.9% WS: BS oil and CS: BS 
oil, respectively (See Fig. 6). This decrease may occur due to the 
intensification of de-nitrification and deoxygenation reactions of long 

Table 4 
DTPA extracted heavy metal concentration (mg/kg) in feedstock and resultant biochar from pyrolysis and co-pyrolysis experiments (Rathnayake et al., 2022).  

Heavy metals Feedstocks Pyrolysis biochar Co-pyrolysis biochar AS co-pyrolysis data 

BS WS CS BSBC WSBC CSBC WS: BSBC CS: BSBC AS ASBC AS: BSBC 

Cd 0.60 ±

0.36 
< 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Cu 332.85 ±

80.13 
< 1 < 1 29.87 ±

9.51 
0.42 ± 0.27 0.31 ± 0.11 1.12 ± 0.98 1.32 ± 0.87 0.81 ±

0.32 
0.71 ±

0.27 
3.71 ±

0.83 
Ni 5.47 ±

0.97 
< 1 < 1 0.08 ±

0.21 
0.07 ± 0.05 0.08 ± 0.24 0.04 ± 0.02 0.012 ± 0.007 0.70 ±

0.51 
0.06 ±

0.26 
0.008 ±

0.005 
Pb 1.14 ±

0.72 
0.54 ± 0.23 0.43 ± 0.22 0.34 ±

0.97 
0.06 ± 0.34 0.03 ± 0.11 0.32 ± 021 0.43 ± 0.21 0.25 ±

0.76 
0.01 ±

0.18 
0.22 ±

0.36 
Zn 404.37 ±

36.76 
1.03 ± 0.77 0.86 ± 0.12 32.65 ±

8.43 
0.11 ± 0.08 0.099 ± 0.07 10.32 ± 3.11 11.46 ± 3.10 2.13 ±

0.83 
0.16 ±

0.08 
9.55 ±

0.75 

BS-Biosolids, AS-Alum sludge, WS- Wheat straw, CS- Canola straw, BSBC- Biosolids’ biochar, ASBC-Alum sludge biochar, WSBC-Wheat straw biochar, CSBC- Canola 
straw biochar, AS:BSBC- Biochar derived from alum sludge and biosolids co-pyrolysis at 3:1, WS:BSBC- Biochar derived from wheat straw and biosolids co-pyrolysis at 
3:1, CS:BSBC- Biochar derived from canola straw and biosolids co-pyrolysis at 3:1 
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straight-chain compounds. The minerals present in feedstocks during 
co-pyrolysis lead to the production of incondensable hydrocarbons, 
which is consistent with the high experimental gas yield in Fig. 2 (Jin 
et al., 2017; Lan et al., 2020; Zhang et al., 2015a; Zhu et al., 2018; Park 
et al., 2019). High oxygenated compounds in co-pyrolysis oil products 
hinder oil’s miscibility with hydrocarbon fuels, undergo phase separa
tion during storage, and may also cause instability of oil over time 
(Abdul Rahman Mohamed, 2020). Thus, these oil products have little 
potential to replace conventional fossil fuels (Abdul Rahman Mohamed, 
2020). However, this oil may be used in commercial pyrolysis or 
co-pyrolysis reactor to achieve energy self-sufficiency by combusting 
produced oil products in a downstream stem to provide the heat energy 
required for thermal decomposition reactions. Alkanes, alkenes, and 
their derivatives are categorized as aliphatic hydrocarbons. A high 
amount of aliphatic compounds can be observed in oil derived from 
biosolids pyrolysis due to the high mineral content in biosolids ash, 
which promotes cracking reactions of high molecular weight com
pounds (Patel et al., 2019; Wang et al., 2016a; Lan et al., 2020; Vasu 
et al., 2019). 

pH values of the extracted oil samples, shown in Fig. 7, were 
analyzed to study the fuel acidity and corrosiveness. The addition of WS 
and CS decreased the pH value to 4.3 and 3.9, respectively (See Fig. 7). 
The high acidity of co-pyrolysis oil produced from WS and CS can be 
attributed to the presence of organic acids from the degradation of 
cellulose and hemicellulose from WS and CS (Vasu et al., 2019). When 
these results were compared to AS co-pyrolysis, the oil produced in that 
scenario was highly basic (9.5) (Rathnayake et al., 2022). The high 
basicity of these pyrolysis and co-pyrolysis oil produced from BS and AS 
could be due to the presence of ammonia and nitrogenated 
protein-derived compounds (Choi et al., 2019; Vasu et al., 2019). 

3.7. Pyrolysis/ Co-pyrolysis gas characterization 

The molar compositions of CO2, CO, H2, CH4, ethane, and propane in 
the exhaust gas stream from the reactor are shown in Fig. 8. In each 
experiment, exhaust gas stream samples were extracted and analyzed 
every 4 min from the time furnace was turned on to the completion of 
the experiment. In the first 20 min, the reactor was heated to pyrolysis 
temperature, and the temperature was maintained for the next 60 min. 
The concentration of pyrolysis gases increased in the 0–30 min period 
due to further bond breaking and the release of volatile gases with 
increasing temperature and then gradually decreased with time due to a 
shortage of remaining volatile matter (See Fig. 8) (He et al., 2018). 

The gas evolution pattern varied with the feedstock. In biosolids 
pyrolysis, H2 was the dominant component. WS and CS pyrolysis pri
marily produced CO, followed by H2 and methane, and both feedstocks 
had similar gas evolution patterns (See Fig. 8). The most notable dif
ference between WS and CS gas evolution is that CS produced a higher 
percentage of co-pyrolysis gases (CO, H2, CH4, ethane, and propane). 
Production of these gases is favored because of their energy value. CO 
and CO2 are produced by rearranging the unstable structures of cellulose 
and hemicellulose (He et al., 2018). Therefore, the notable higher con
centration of CO in CS pyrolysis than in WS can be attributed to higher 
cellulose and hemicellulose content in CS (Svärd, 2018; Tufail et al., 
2018). 

The exhaust gas stream from co-pyrolysis of BS with WS and CS 
produced a significantly higher proportion of CO, H2, CH4, ethane, and 
propane than BS pyrolysis (See Fig. 8). In co-pyrolysis experiments 
maximum evolution of H2, CO2, and CH4 gases shifted to a later period at 
30–60 min, compared to pyrolysis experiments (See Fig. 8). Similar to 
pyrolysis of WS and CS, co-pyrolysis of CS produced higher proportions 
of co-pyrolysis gases than WS. 

Fig. 6. Composition of pyrolysis/co-pyrolysis 
oil produced from different feedstock (Rath
nayake et al., 2022). 
BS- Biosolids pyrolysis oil, AS-Alum sludge py
rolysis oil, WS- Wheat straw pyrolysis oil, CS- 
Canola straw pyrolysis oil, AS:BS- Oil derived 
from alum sludge and biosolids co-pyrolysis at 
3:1, WS:BS- Oil derived from wheat straw and 
biosolids co-pyrolysis at 3:1, CS:BS- Oil derived 
from canola straw and biosolids co-pyrolysis at 
3:1.   

Fig. 7. pH values of pyrolysis/co-pyrolysis oil produced 
from different feedstocks (Rathnayake et al., 2022). 
BS- Biosolids pyrolysis oil, AS-Alum sludge pyrolysis oil, 
WS- Wheat straw pyrolysis oil, CS- Canola straw pyrolysis 
oil, AS:BS- Oil derived from alum sludge and biosolids 
co-pyrolysis at 3:1, WS:BS- Oil derived from wheat straw 
and biosolids co-pyrolysis at 3:1, CS:BS- Oil derived from 
canola straw and biosolids co-pyrolysis at 3:1.   
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Furthermore, these results were compared with our previous study 
on the co-pyrolysis of biosolids with AS (Rathnayake et al., 2022). AS 
pyrolysis produced H2 as the dominant compound, and higher concen
trations of CO2 and CO compared to BS pyrolysis were also observed(See 
Fig. 8) (Rathnayake et al., 2022). Co-pyrolysis gas proportion in the 
outlet stream was significantly lower in AS: BS co-pyrolysis compared to 
WS: BS and CS: BS, which can be due to the higher amount of volatile 
matter present in CS and WS (He et al., 2018). Also, these lignocellulosic 

biomasses are mainly composed of C, H, O, and other elements, which 
can be converted into non-condensable gases during co-pyrolysis (He 
et al., 2018). 

The mole composition of gas produced from the co-pyrolysis of 
biosolids indicated apparent synergistic effects, especially in H2 and CO 
compositions (See Fig. 8) (Rathnayake et al., 2022). These synergistic 
effects can occur due to minerals in biosolids intensifying tar decom
position resulting in lighter molecular weight components such as H2 

Fig. 8. Gas product composition of pyrolysis and co-pyrolysis of (a) BS GP, (b) AS GP, (c) CS GP, (d) WS GP, (e) AS: BSGP, (f) CS: BS GP, (g) WS: BS GP (Rathnayake 
et al., 2022). 
BS GP-Biosolids pyrolysis gas product, AS GP -Alum sludge pyrolysis gas product, WS GP - Wheat straw pyrolysis gas product, CS GP- Canola straw pyrolysis gas 
product, AS:BS GP- Gas product derived from alum sludge and biosolids co-pyrolysis at 3:1, WS:BS GP- Gas product derived from wheat straw and biosolids 
co-pyrolysis at 3:1, CS:BS GP- Gas product derived from canola straw and biosolids co-pyrolysis at 3:1. 
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and CO, or that bound water and AAEM provided by biosolids facilitated 
and intensified H2O- char gasification and CO2 gasification (Zhang et al., 
2015a; Zhu et al., 2018; Yang et al., 2015). WS and CS co-pyrolysis gas 
evolution patterns were similar, and in AS co-pyrolysis, gas evolution 
was different, but CO was the dominant component in all co-pyrolysis 
experiments. The highest proportion of CO and CH4 was observed in 
WS: BS co-pyrolysis, followed by CS: BS, and in AS: BS co-pyrolysis, the 
CO proportion was significantly lower. This difference can be due to 
higher C and H content in WS and CS. 

The heating values of gases produced from pyrolysis and co-pyrolysis 
experiments are shown in Fig. 9. The molar composition of gas com
ponents was calculated by integrating the gas evolution graphs obtained 
by micro-GC analysis, and higher heating value (HHV) was calculated by 
Eq. 5. As shown in Fig. 9, CS and WS gas products had higher HHV than 
BS and AS, which can be attributed to lower CO concentration in BS and 
AS gas products, and it can be explained by lower C content present in 
the BS and AS feedstocks. Co-pyrolysis gas products from WS: BS and CS: 
BS co-pyrolysis had higher HHV than their parent feedstocks’ gas 
products from pyrolysis. This result shows the beneficial synergistic ef
fects of co-pyrolysis of biosolids with lignocellulosic biomass, and it can 
be attributed to the higher ethane, propane, methane, and H2 compo
sition in co-pyrolysis gas products. These results are consistent with our 
earlier hypothesis that alkali metals in biosolids promote char cracking 
reactions, leading to increased production of low molecular weight gas 
products such as ethane, propane, methane, and H2 (Wang et al., 2016b; 
Jin et al., 2017; Zhang et al., 2015a; Yang et al., 2015; Shi et al., 2013). 
However, the HHV of AS: BS gas was lower than both BS gas and AS gas. 
This phenomenon is consistent with the earlier observation of higher 
CO2 concentration and lower CH4 concentration in AS: BS gas. 

4. Conclusions  

• Feedstock type and composition significantly affect the co-pyrolysis 
of biosolids product yields and their properties, and suitable feed
stock to perform co-pyrolysis with biosolids must be selected based 
on the intended applications of the products.  

• The addition of lignocellulosic biomass produced biochar with 
higher C and H content, aromaticity, and calorific value, which will 
be beneficial for treating degraded soil.  

• Co-pyrolysis biochar, oil, and gas product yields also depended on 
the ash content and volatile matter in the parent feedstocks.  

• Heavy metal concentrations in co-pyrolysis biochars were notably 
lower compared to BSBC.  

• According to BET analysis and SEM imaging, the addition of WS and 
CS resulted in slightly lower surface areas due to tar deposition in 
biochar particles leading to blocked pores in biosolids’ biochar. 

• The addition of WS and CS improved oil quality by reducing nitro
genated compounds and eliminating undesirable PAC compounds. 
However, the addition of lignocellulosic biomass increased the 
acidity of co-pyrolysis oil.  

• The composition of pyrolysis gas from co-pyrolysis of biosolids 
showed synergistic effects, especially in H2 and CO gas concentra
tions. However, the interactions between feedstocks were different in 
lignocellulosic biomass and biosolids compared to AS and biosolids, 
which needs further investigation. 
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