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A B S T R A C T   

Sustainable management of biosolids and alum sludge are becoming increasingly important due to the rapid 
growth in their production with increasing urbanization globally. Pyrolysis has been identified as a promising 
method for biosolids management. However, land application of biochar derived from pyrolysis of biosolids may 
be limited despite their significant agro-environmental benefits, mainly due to the potential increased concen
tration of heavy metal content in the biochar. Current study experimentally investigated co-pyrolysis of biosolids 
with alum sludge with an aim to produce high quality biochar with reduced heavy metal content. Moreover, it is 
further hypothesized that the addition of alum sludge may catalyze pyrolysis reactions, which may alter prop
erties of pyrolysis products such as oil, gas and biochar. The results indicate that co-pyrolysis can reduce heavy 
metal concentrations in biochar while also improving oil and gas product qualities, suggesting beneficial syn
ergistic effects. Furthermore, the process parameters such as pyrolysis temperature and alum sludge mixing ratio 
have a significant impact on the yield distribution and product (biochar, pyrolysis oil and gas) properties.   

1. Introduction 

Global biosolids generation rapidly rises due to exponential increase 
in urbanization and industrialization [1]. Biosolids are the treated solid 
organic by-product of wastewater, and conventional disposal methods of 
biosolids such as landfilling, stockpiling, and incineration are not 
environmentally sustainable. Increasing biosolids production and strict 
environmental regulations are causing the wastewater industries to 
move towards more sustainable management options [2]. Biosolids have 
great potential as a fertilizer in agricultural applications as it consists of 
organic compounds, macronutrients. Biosolids also consists of a wide 
range of the undesirable properties in biosolids such as odor, pathogens, 
heavy metals, pesticides, pharmaceutical waste, and other emerging 
contaminants such as micro-plastics and per fluoro alkyl substances 
(PFASs) [2–5]. 

Pyrolysis is considered as a promising method for sustainable man
agement of biosolids [4–6]. It transforms biosolids at high temperatures 
(400–1200 ◦C) in the absence of oxygen to produce biochar, oil and gas 
products which may have potential applications as fuels [6,7]. Pyrolysis 

eliminates odor, pathogens, micro-plastics, pesticides and pharmaceu
tical related impurities in the resultant biochar products [4–6]. It is also 
reported in the literature that PFASs may be vaporized at pyrolysis 
temperatures [8]. Hence biochar produced from biosolids may be free of 
PFAS. Furthermore, biochar has many benefits, especially in land ap
plications as it improves soil carbon storage, improves the nutrient 
supply for plants, enhances the soil water retention capacity due to its 
porous nature and adsorbs soil pollutants. Biochar land application can 
also contribute to attenuate climate change by reducing N2O, CH4, and 
CO2 emissions [9]. 

However, pyrolysis does not generally reduce heavy metals in bio
char. On the contrary, biochar pyrolysis typically increases the con
centration of the heavy metals, as most of the heavy metal present in 
biosolids retains in biochar while organic matter decomposes at pyrol
ysis temperatures [1,4,9]. High heavy metal content in biochar may 
limit its land applications as it could lead to soil contamination and 
associated risks to humans and the ecosystem [4,10]. There are strict 
rules and regulations globally around the land application of biosolids 
and their potential derivatives, which may reduce the market value of 
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biochar produced from biosolids [2,11]. 
Co-pyrolysis, therefore can be considered a promising technique to 

improve biosolids derived biochar quality by reducing heavy metal 
concentrations. Co-pyrolysis demonstrates great potential as a devel
oping technique due to its simplicity and effectiveness. In co-pyrolysis, 
the mixture of two or more materials are used as the feedstock to 
perform pyrolysis, and it can be used to produce high-quality biochar by 
blending biosolids with other biomass that have low metal concentra
tions which dilutes the metal concentrations in the resultant biochar [1, 
9,12–14]. There are numerous studies on co-pyrolysis of various ligno
cellulosic biomass as a method to improve the characteristics of pyrol
ysis oil, and to reduced production cost but literature on co-pyrolysis of 
biosolids is scarce [12,15–19]. Only few studies investigated 
co-pyrolysis of biosolids to improve biochar quality and those studies 
used lignocellulosic biomass such as cotton stalk, bamboo sawdust, and 
rice straw to blend with biosolids [1,9,13,20]. Therefore, it is important 
to investigate the potential of utilizing other types of waste as feedstock 
in co-pyrolysis with biosolids. 

In this study, alum sludge, which is a by-product from water purifi
cation process, is identified as a potential feedstock for co-pyrolysis of 
biosolids. Drinking water treatment plants commonly use aluminum 
based coagulant agents such as aluminum sulfate (alum) and poly 
aluminum chloride. The sludge resulted from this process is removed 
after flocculation tanks which is commonly referred to as alum sludge 
[21]. Increasing volumes of alum sludge are generated around the world 
due to the increasing global demand for drinking water [22]. Most of the 
generated alum sludge is stockpiled or disposed into sewers and land
fills. Hence, there is an identified requirement to investigate the po
tential beneficial applications to manage alum sludge [22]. Alum sludge 
also contains a low concentration of heavy metals and a substantial 
amount of minerals [22]. Co-pyrolysis of biosolids with alum sludge may 
produce high-quality biochar with lower heavy metal content, which 
has not been discussed in literature earlier. 

In this study, suitability of co-pyrolysis of biosolids with alum sludge 
to produce biochar was investigated at different co-pyrolysis tempera
tures and mixing ratios. Biochar, oil and gas products from pyrolysis and 

co-pyrolysis products from biosolids and alum sludge were character
ized and the effect of the pyrolysis/co-pyrolysis temperature and mixing 
ratio of alum sludge on product properties and synergistic effects 
observed in co-pyrolysis of biosolids with alum sludge were also 
discussed. 

2. Material and methods 

Biosolids samples used in this study are supplied from Mount Martha 
Water Recycling Plant (38◦16′06′′S and 145◦03′31′′E) of South East 
Water Corporation, Victoria, Australia. In this plant, municipal and in
dustrial sewage are treated using activated sludge process and anaerobic 
digestion followed by dewatering and solar drying before being stock
piled. The alum sludge sample employed in this study was sourced from 
the White Swan Water Treatment Plant (37◦30′58"S 143◦55′34"E) of 
Central Highlands Water, Victoria, Australia. In this plant aluminum 
sulfate (alum) is used as the coagulant and lime is used to optimize 
coagulation pH. 

Biosolids and alum sludge materials were grinded using ball mill and 
sieved using a sieve shaker to obtain particles in the size range between 
100 µm and 300 µm. Particle size distributions (Supplementary data- 
Fig. S1) of sieved biosolids and alum sludge samples were obtained using 
Malvern Mastersizer 3000 and samples were dried overnight at 150 ◦C in 
the oven (Binder FED 720 drying oven with air ventilation via a rear 
exhaust; Binder GmbH, Germany) prior to experiments. 

Co-pyrolysis and pyrolysis experiments were carried out in a fluid
ized bed reactor constructed of a quartz tube. The reactor inner diameter 
was 27 mm and its reaction zone height was 680 mm. The distributor 
plate was located 320 mm above the bottom of the reactor and had a 
porosity of 3 (16–40 µm). Fig. 1 shows the experimental set up, which 
was used to carry out fluidized bed experiments pyrolysis and co- 
pyrolysis experiments. The reactor was operated at atmospheric pres
sure and the reactor was heated using an electric heating furnace at a 
35 ◦C/min heating rate. The system was continuously fed with a stream 
of nitrogen to maintain the reactor in a minimum fluidization regime. 
After the set pyrolysis temperature was reached, each pyrolysis/co- 

Fig. 1. Experimental setup for fluidized bed pyrolysis/co-pyrolysis.  
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pyrolysis experiment was carried out for 1 h, and after each experiment, 
biochar was collected from the reactor and pyrolysis oil was collected 
from the condensers. Pyrolysis gas was analyzed by a micro-GC equip
ment connected online. 

Pyrolysis experiments of biosolids and alum sludge were carried out 
at three pyrolysis temperatures (500 ◦C, 700 ◦C and 900 ◦C). Co- 
pyrolysis experiments were carried out at two mixing ratios, which are 
biosolids: alum sludge 1:1 and biosolids: alum sludge 3:1 at tempera
tures 500 ◦C, 700 ◦C and 900 ◦C. In total, 12 experiments were carried 
out. Biosolids pyrolysis alone at X (X denotes temperature in ◦C) were 
labeled BSX, and alum sludge pyrolysis X (◦C) were labeled ASX. Co- 
pyrolysis experiments of alum sludge and biosolids with a 1:1 mixing 
ratio at X (◦C) were labeled AS: BS 1:1X, and co-pyrolysis experiments of 
alum sludge and biosolids with 3:1 mixing ratio at X (◦C) were labeled 
AS: BS 3:1X. 

Mass of biochar was calculated by subtracting the reactor’s initial 
weight from the final weight after pyrolysis/co-pyrolysis. Biochar mass 
yield was calculated by Eq. 1;   

Pyrolysis oil mass was calculated by subtracting the initial weights of 
condensers, pipes and heating coil from the final weight after pyrolysis/ 
co-pyrolysis. Pyrolysis oil mass yield was calculated by Eq. 2.   

Pyrolysis gas mass yield was calculated as below shown in Eq. 3;   

Heavy metals (As, Cd, Cr, Cu, Ni, Pb, Se and Zn) in biosolids, alum 
sludge and biochar produced from pyrolysis and co-pyrolysis were 
determined by following U.S. EPA 3050B method [25]. Samples were 
digested using a water bath, and heavy metal concentration was deter
mined using an inductively coupled plasma optical emission spectrom
etry (ICP-OES; Optima 5300DV; Perkin Elmer, USA). Bioavailable 
fractions of selected heavy metals (Cd, Cu, Ni, Pb and Zn) in biosolids, 
alum sludge and resultant biochar were determined by DTPA extraction 
method as described in Lindsay and Norvell (1978), followed by ICPMS 
analysis [26]. Elemental compositions (C, H, N and S) in the feedstock 

and biochar products were determined using an elemental analyser 
(PerkinElmer 2400 Series II CHNS/O). Volatile matter, Fixed Carbon 
content and Ash content of feedstock and biochar were determined using 
TGA Q500 IR thermo gravimetric analyser, and calorific values were 
determined using Bomb Calorimeter, 6400 Parr. pH values of biochar 
and raw materials were obtained by mixing biochar and deionized water 
(10:1 water: biochar ratio) and the mixtures were equilibrated for 1 h, 
and pH value was then measured using a pH meter [25]. Fourier 
Transform Infrared (FTIR) spectra of the biosolids, alum sludge and 
biochar derived from pyrolysis and co-pyrolysis were obtained using a 
Perkin Elmer Spectrum 100 FTIR instrument. FTIR spectra were ob
tained for the wavenumber range of 4000 – 600 cm− 1 with 32 scans and 
4 cm− 1 resolution and absorbance selected as the y axis. Bru
nauer–Emmett–Teller (BET) surface area of the biochar samples were 
determined using gas sorption (BET) surface area, and porosity analyser 
(TriStar II 3020) and surface characteristics of biochar were further 
analysed using SEM (FEI Quanta 200 SEM) imaging. 

Pyrolysis oil samples were collected from the condenser using 

dichloromethane, and these samples were analysed using GC/MS (Agi
lent, GC-7890A, and MS-5975C) to determine the composition of bio oil 
samples. HP-5 capillary column (30 m length, 0.25 mm I.D. and 0.25 µm 
film thickness) was used in the GC/MS equipment, and the temperature 
program of the column was as followed: 45 ◦C for 4 min, increase to 

250 ◦C at 10 ◦C/min and maintain the temperature for 5 min at 250 ◦C 
[5]. Helium gas was used as the carrier gas and the temperature of the 
ion source was set to 250 ◦C [5]. The relative composition of each 

compound was determined by peak area normalization [8]. pH mea
surements of pyrolysis oil were made using a calibrated pH meter at 
room temperature. The electrode was immersed into the sample solution 
until a steady reading is reached. Outlet gas stream from the pyrolysis 
reactor system was analysed using an Agilent Micro GC 490 which was 
connected to the pyrolysis reactor system. Micro GC extracted gas 
samples from the outlet gas stream every 4 min for analysis. 

Percentage retention of Na and K in biochar produced from pyrolysis 
and co-pyrolysis were calculated using Eq. 4. The concentrations of Na 
and K in biosolids and alum sludge were found using acid digestion 
followed by ICP-MS analysis as described in heavy metal analysis.  

Biochar mass yield (%) =
Mass of biochar produced from pyrolysis/Co − pyrolysis

Mass of feedstock used in pyrolysis
× 1 (1)   

Pyrosis oil mass yield (%) =
Mass of pyro oil produced from pyrolysis/Co − pyrolysis

Mass of feedstock used in pyrolysis
× 100 (2)   

Pyrolysis gas mass yield (%) = 100 − Biochar mass yield − Pyrolysis oil mass yield (3)   
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The higher heating value (HHV) of the pyrolysis gas is calculated by 
Eq. 5 below, where φi is the average molar percentages of CO, H2, CH4, 
C2H6, C3H8 [27].   

The average relative deviation between the experimental value and 
calculated value was used to analyze synergetic effects in co-pyrolysis of 
biosolids and alum sludge on biochar, oil and gas product yields. 
Calculated product yield values for co-pyrolysis are calculated according 
to the following Eqs. 6 and 7, 

For AS: BS 1:1 co-pyrolysis, 

Ycalculated,(1:1), T,i =
YBS,T,i + YAS,T ,i

2
(6) 

For AS: BS 3:1 co-pyrolysis, 

Ycalculated,(3:1), T,i =
YBS,T,i + 3 × YAS,T,i

4
(7)  

Where, Ycalculated,(1:1),T,i is the calculated mass yield of i pyrolysis 
product (biochar, pyrolysis oil, and pyrolysis gas), of AS:BS 1:1 co- 
pyrolysis, at T temperature (500, 700 and 900 ◦C) and Ycalculated,(3:1),T,i 
is the calculated mass yield of i product, of AS:BS 3:1 co-pyrolysis at T 
temperature. YBS,T, i is the experimental mass yield of i in biosolids at T 
temperature and YAS,T, i is the experimental mass yield of i in alum 
sludge. 

The statistical analysis was performed using SPSS 15.0 on pyrolysis 
and co-pyrolysis yield accounting the effects of pyrolysis temperature 
and the effects of mixing ratio [5]. Turkey’s test was used to differentiate 

means within treatments (P < 0.05) [5]. The results of the statistical 
analyses can be found in Supplementary data (Table S2). 

3. Results and discussions 

3.1. Biochar yield and characterization 

3.1.1. Biochar Yield 
In Fig. 2, the yield of biochar produced from different feedstocks at 

different pyrolysis/co-pyrolysis temperatures are presented. It is 
observed that biochar yield decreased with increasing pyrolysis/co- 
pyrolysis temperatures in all pyrolysis and co-pyrolysis systems. For 
example, the yield of biochar derived from the pyrolysis of BS, AS, AS:BS 
(1:1) and AS:BS (3:1) at temperatures from 500◦ to 900◦C were reduced 
by 21.94%, 12.04%, 12.30% and 8.04%, respectively. This trend is 
consistent with literature and can be attributed to the further decom
position of substances such as carbohydrates, protein, lipids, and poly
phenols due to increased level of heat transfer at higher temperatures [5, 
23,24]. 

Biochar yield from pyrolysis also varies with the original feedstock 
mixture. Biochar yield obtained from alum sludge, and alum sludge and 
biosolids mixtures were significantly higher compared to biosolids. 
Biochar yield also increased with increasing mixing ratio of alum sludge 
in the feedstock mixture. This can be mainly due to the higher ash 
content and less volatile matter content present in alum sludge when 
compared to biosolids. Most of the studies in literature reported a 
decrease in biochar yield in co-pyrolysis compared to pyrolysis of bio
solids, but those studies have used feedstock with less ash content and 
high volatile matter, such as lignocellulose biomass and food waste as 
co-pyrolysis feedstock [9,23,24]. Therefore, alum sludge can be 

Fig. 2. Mass yield of biochar from pyrolysis/co-pyrolysis of alum sludge and biosolids at different pyrolysis temperatures (500 ◦C, 700 ◦C, and 900 ◦C).  

Alkali metal retention (%) =
Alkali metal concentration present in biochar × Biochar yield

Alkali metal concentration in the feed
× 100 (4)   

HHV
(
MJ/Nm3) =

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

× 39.819) + (φC2H6
× 63.414) +

(
φC3H8

× 101.242
)

100
(5)   
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Table 1 
Heavy metal content 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 
[25].  

Metal 
Component 

Metal content (mg/kg) C1 Grade 
(mg/kg) 

C2 Grade 
(mg/kg) 

Temperature - 500 ◦C 700 ◦C 900 ◦C 

Samples Biosolids Alum 
sludge 

BSBC ASBC AS:BS 
(1:1) BC 

AS:BS 
(3:1) BC 

BSBC ASBC AS:BS 
(1:1)BC 

AS:BS 
(3:1) BC 

BSBC ASBC AS:BS 
(1:1)BC 

AS:BS 
(3:1) BC 

As 4.63 
±

0.185 

9.91 
±

0.05 

5.87 
±

1.06 

13.13 
±

1.43 

10.99 
±

0.51 

12.84 
±

1.08 

3.84 
±

1.17 

12.52 
±

1.72 

8.29 
±

3.76 

3.09 
±

1.42 

3.64 
±

2.18 

3.73 
±

0.95 

1.46 
±

0.27 

8.81 
±

0.60  

20  60 

Cd 1.10 
±

0.46 

< 0.1 1.72 
±

0.14 

0.30 
±

0.08 

1.10 
±

0.68 

0.50 
±

0.05 

1.50 
±

0.09 

0.21 
±

0.03 

0.80 
±

0.01 

0.50 
±

0.03 

1.30 
±

0.05 

0.28 
±

0.03 

0.9 
±

0.01 

0.4 
±

0.01  

1  10 

Cr 21.03 
±

2.48 

4.03 
±

1.49 

50.49 ±

3.25 
8.41 
±

1.30 

23.69 
±

1.85 

16.93 
±

1.04 

55.56 
±

2.22 

11.65 
±

2.65 

26.7 
±

0.35 

15.91 
±

3.05 

60.00 
±

2.51 

12.60 
±

3.34 

28.32 
±

0.84 

19.33 
±

0.66  

400  3000 

Cu 1014.41 
±

2.21 

79.35 ±

2.83 
1894.54 
±

27.53 

111.00 
±

19.50 

1181.65 ±

29.17 
460.1 
±

19.95 

1998.47 
±

149.24 

119.78 
±

19.89 

968.14 ±

5.93 
412.99 ±

13.51 
1850 
±

25 

136.42 
±

2.21 

961.76 ±

4.12 
494.24 ±

12.88  
100  2000 

Ni 8.83 
±

1.59 

12.12 ±

2.06 
30.68 ±

3.66 
26.32 
±

3.89 

37.18 
±

1.41 

39.59 
±

1.71 

42.01 
±

3.99 

26.18 
±

1.91 

39.53 
±

5.76 

43.06 
±

1.53 

33.99 
±

0.51 

16.68 
±

0.66 

35.50 
±

2.25 

25.50 
±

0.25  

60  270 

Pb 23.03 
±

2.02 

0.97 
±

0.935 

50.13 ±

4.12 
1.03 
±

0.87 

25.75 
±

2.14 

12.52 
±

3.28 

51.52 
±

1.53 

2.04 
±

0.98 

23.12 
±

5.11 

13.77 
±

2.65 

53.48 
±

0.98 

3.90 
±

2.08 

21.76 
±

1.45 

17.02 
±

1.87  

300  500 

Se 4.52 
±

0.30 

< 1 5.22 
±

0.3 

< 1 < 1 < 1 5.51 
±

1.2 

< 1 < 1 < 1 5.89 
±

0.9 

< 1 < 1 < 1  3  50 

Zn 895.44 
±

32.28 

60.77 ±

9.62 
1823.55 
±

88.23 

112.54 
±

43.09 

922.95 ±

13.53 
413.50 ±

18.25 
2230.16 
±

134.92 

145.31 
±

35.43 

955.31 ±

22.35 
453.31 ±

3.35 
518.16 
±

5.92 

93.76 
±

32.45 

767.88 ±

54.21 
419.71 ±

10.15  
200  2500 

BSBC = Biosolids biochar, ASBC = Alum sludge biochar, AS: BS (1:1) BC= Biochar from co-pyrolysis of alum sludge and biosolids at 1:1 mixing ratio, AS: BS (3:1) BC= Biochar from co-pyrolysis of alum sludge and 
biosolids at 3:1 mixing ratio 
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identified as a good feedstock to be blended with another feedstock to 
increase the biochar product yield. Moreover, the highest biochar yield 
from co-pyrolysis of alum sludge and biosolids was obtained when alum 
sludge and biosolids are co-pyrolyzed in a 3:1 ratio at 500 ◦C. 

3.1.2. Total heavy metal concentration in biochar 
The total concentration of heavy metals present in biosolids, alum 

sludge and biochar derived from pyrolysis of biosolids and alum sludge 
and their mixtures are presented in Table 1. Allowable limits of heavy 
metal concentrations in biosolids to be fit for land applications accord
ing to the EPA Victoria Biosolids Guidelines are also included in Table 1. 
EPA Victoria regulates the production, quality and use of biosolids to 
maximize their reuse while protecting the environment and public 
health [25]. Their guidelines classify biosolids into two main contami
nation grades based on the heavy metal concentration in biosolids [25]. 
C1 is the grade given to the least contaminated biosolids, and they are 
allowed to be used in unrestricted land applications [25]. It can be seen 
that heavy metals concentrations in biosolids feedstock varied in the 
sequence of Cu > Zn > Pb > Cr > Ni > As > Se > Cd. Concentrations of 
Cu, Zn, Cd and Se present in biosolids exceeded the allowable limits to 
be classified as C1, and thus land applications of biosolids are limited 
[25]. 

Biochar samples produced from pyrolysis had higher heavy metal 
concentrations compared to their original feedstock, and most of the 
heavy metals present in biochar displayed an enrichment trend with 
rising pyrolysis temperature. The total concentration of Cr, Ni, Cu, Zn, 
Se and Pb increased with increasing pyrolysis temperature up to 700 ◦C. 
These observations are consistent with literature and can be explained 
by the higher thermal stability of metals compared to organic com
pounds resulting nearly all the metals present in feedstock being 
retained in the biochar [1,13]. However, the behavior of Cd with rising 
temperature was distinctly different than other heavy metals as it 
significantly reduced at 700 ◦C, which may occur due to evaporation of 
Cd at around 700 ◦C [26]. The total concentrations of Zn and Ni were 
also reduced by considerable amounts at 900 ◦C, which may occur due 
to vaporization of Zn and evaporation of Ni containing compounds such 
as nickel carbonyl or nickel chloride or due to carryover of 
metal-containing particles to the gas stream. However, it needs to be 
investigated further to find out why other metals were not affected by 
this phenomena. Therefore, 900 ◦C is not suitable as some heavy metal 
including components may emit to atmosphere. These emissions are 
toxic, hence temperatures 500 ◦C and 700 ◦C are more suitable for 

pyrolysis and co-pyrolysis as most heavy metal are retained in the bio
char without emitting to the atmosphere. Also, biochar can have several 
non-agriculture applications such as adsorbent, catalyst and construc
tion material where presence of metals may not be a limiting factor. 

Biochar produced from co-pyrolysis of biosolids with alum sludge 
contained significantly lower concentrations of Cd, Cr, Cu, Pb, Se and Zn 
compared to biochar produced from pyrolysis of biosolids and concen
trations of these heavy metals further decreased with increasing alum 
sludge mixing ratio. This decrease of heavy metals in co-pyrolysis bio
char might be brought about by dilution effect due to the addition of 
alum sludge which has a considerably lower concentration of Cd, Cr, Cu, 
Pb, Se and Zn compared to biosolids. Concentrations of Cd and Se in 
biochar produced from co-pyrolysis of biosolids with alum sludge at 3:1 
mixing ratio were within the limits required for unrestricted land ap
plications from EPA Victoria. Even though Cu and Zn concentrations 
were still higher than the limits required for unrestricted land applica
tions, their concentrations reduced significantly in co-pyrolysis biochar. 
For example, at 700 ◦C, Cu concentration reduction in biochar amoun
ted to 51.55% in AS: BS 1:1% and 79.33% in AS: BS 3:1 compared 
biosolids biochar. Similarly, Zn concentration reduction amounted to 
57.16% in AS: BS 1:1% and 79.67% in AS: BS 3:1 compared to biosolids 
biochar.Therefore, it can be seen co-pyrolysis of biosolids with alum 
sludge reduced heavy metal concentration in biochar by a significant 
amount. Even though this reduction was insufficient to produce Grade 
C1 biochar, it is evident that co-pyrolysis of biosolids with alum sludge 
improved the quality of biochar by reducing heavy metal content. 

3.1.3. DTPA extractable heavy metal concentrations in biochar 
Biochar with lower total heavy metal concentrations are preferred by 

Regulators in soil application, but higher total heavy metal concentra
tion do not necessarily mean more harm as most of the heavy metal 
present in biochar are stable and not bioavailable. Therefore, DTPA 
extractable heavy metal concentration is a more suitable indicator to 
represent bioavailable heavy metal concentration. Table 2 includes the 
DTPA extractable heavy metals (Cd, Cu, Ni, Pb and Zn) in biosolids, 
alum sludge and their resultant biochar. The DTPA extraction method is 
used for estimating the potential soil availability(bioavailable) of heavy 
metals. DTPA extractable concentrations of the considered heavy metals 
were significantly lower in the biochar compared to their raw material. 
This indicates that pyrolysis and co-pyrolysis reduce extractable heavy 
metal concentrations by significant amounts, and it is consistent with 
the observations from other studies in literature [4,27]. Yang et al. and 

Table 2 
DTPA extracted heavy metal concentration in feedstocks and resultant biochar from pyrolysis and co-pyrolysis experiments.  

Metal 
Component 

Metal content (mg/kg) 

Temperature - 500 ◦C 700 ◦C 900 ◦C 

Samples Biosolids Alum 
sludge 

BSBC ASBC AS:BS 
(1:1) 
BC 

AS:BS 
(3:1) 
BC 

BSBC ASBC AS:BS 
(1:1)BC 

AS:BS 
(3:1) 
BC 

BSBC ASBC AS:BS 
(1:1)BC 

AS:BS 
(3:1) 
BC 

Cd 0.60 ±

0.36 
< 0.01 0.05 

±

0.03 

< 0.01 < 0.01 0.015 
±

0.05 

< 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

Cu 332.85 
±

80.13 

0.81 ±

0.32 
42.65 
±

9.77 

0.36 
±

0.40 

27.47 
±

4.32 

1.02 ±

0.45 
29.87 
±

9.51 

0.71 
±

0.27 

16.47 
±

6.12 

3.71 ±

0.83 
32.27 
±

5.42 

0.25 
±

0.34 

13.54 
±

6.73 

3.69 ±

1.56 

Ni 5.47 ±

0.97 
0.70 ±

0.51 
0.51 
±

0.65 

0.09 
±

0.50 

0.28 ±

0.41 
0.11 ±

0.57 
0.08 
±

0.21 

0.06 
±

0.26 

0.54 ±

0.08 
0.008 
±

0.005 

0.39 
±

0.58 

0.05 
±

0.49 

0.12 ±

0.33 
0.09 ±

0.03 

Pb 1.14 ±

0.72 
0.25 ±

0.76 
0.67 
±

0.09 

0.018 
±

0.015 

0.01 ±

0.09 
0.34 ±

0.97 
0.34 
±

0.97 

0.01 
±

0.18 

0.30 ±

0.66 
0.22 ±

0.36 
0.97 
±

0.75 

0.01 
±

0.08 

0.34 ±

0.87 
0.02 ±

0.03 

Zn 404.37 
±

36.76 

2.13 ±

0.83 
38.43 
±

3.67 

0.21 
±

0.39 

22.32 
±

5.53 

8.5 ±

3.99 
32.65 
±

8.43 

0.16 
±

0.08 

12.31 
±

1.87 

9.55 ±

0.75 
39.88 
±

5.63 

0.21 
±

0.09 

8.77 ±

9.87 
8.26 ±

2.06 

BSBC = Biosolids biochar, ASBC = Alum sludge biochar, AS: BS (1:1) BC= Biochar from co-pyrolysis of alum sludge and biosolids at 1:1 mixing ratio, AS: BS (3:1) 
BC= Biochar from co-pyrolysis of alum sludge and biosolids at 3:1 mixing ratio 
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Jiang et al. have mentioned that one of the possible explanations for this 
reduction may be the development of functional groups on biochar 
surfaces that result in immobilization of heavy metals due to the for
mation of organic-metallic complexes [4,27]. 

Co-pyrolysis of biosolids with alum sludge also reduced the DTPA 
extractable heavy metal concentrations in biochar compared to biosolids 
biochar and increasing the mixing ratio of alum sludge further reduced 
the extractable heavy metal concentrations. This can be due to the 
reduction of the total concentration of heavy metals in co-pyrolysis 
biochar and further reduction of total heavy metal concentrations 
with increasing alum sludge mixing ratio. DTPA extractable heavy 
metals in biochar did not show a specific trend with pyrolysis and co- 

pyrolysis temperature.However, it was observed from the previous 
section (Table 1) that total heavy metal concentration for most of the 
heavy metal components in biochar increased with pyrolysis/co- 
pyrolysis temperature up to 700 ◦C. Also, according to literature, 
higher pyrolysis/co-pyrolysis temperatures increased the immobiliza
tion of unstable metals, which might reduce DTPA extractable heavy 
metal concentrations [1,13,20]. 

3.1.4. Alkali metal retained in biochar 
Percentages of Na and K retained in biochar produced from 

pyrolysis/co-pyrolysis of biosolids and alum sludge are shown in Fig. 3. 
This figure indicates that the majority of alkali metals were retained in 

Fig. 3. Retention of Na and K in biochar produced from pyrolysis and co-pyrolysis at different pyrolysis temperatures (500 ◦C, 700 ◦C, and 900 ◦C).  

Table 3 
The ultimate and proximate analysis of feedstocks and resultant biochar from pyrolysis co-pyrolysis experiments on dry basis.  

Temperatures - 500 ◦C 700 ◦C 900 ◦C 

Samples Biosolids Alum 
Sludge 

BSBC ASBC AS:BS 
(1:1) 
BC 

AS:BS 
(3:1) 
BC 

BSBC ASBC AS:BS 
(1:1) 
BC 

AS:BS 
(3:1) 
BC 

BSBC ASBC AS:BS 
(1:1) 
BC 

AS:BS 
(3:1) 
BC 

Ultimate 
analysis 
(wt%) 

C 36.71 ±

1.39 
12.18 
±

0.59 

29.26 
±

1.00 

11.29 
±

0.37 

19.49 
±

0.04 

15.51 
±

1.23 

26.46 
±

0.67 

10.44 
±

0.06 

17.31 
±

1.9 4 

12.51 
±

0.97 

25.81 
±

0.09 

8.54 
±

0.02 

14.83 
±

1.00 

6.31 
±

1.76 
H 4.24 ±

0.58 
5.82 ±

0.17 
1.33 
±

0.02 

2.37 
±

1.08 

1.05 
±

0.12 

0.93 
±

0.05 

1.03 
±

0.05 

2.16 
±

0.70 

1.01 
±

0.10 

0.19 
±

0.40 

0.86 
±

0.13 

2.09 
±

0.33 

0.80 
±

0.17 

0.50 
±

0.23 
N 5.42 ±

0.46 
1.26 ±

0.13 
3.62 
±

0.13 

1.16 
±

0.02 

2.16 
±

0.05 

1.22 
±

0.23 

3.33 
± 0.16 

0.99 
±

0.10 

2.04 
±

0.23 

1.13 
±

0.05 

3.08 
±

0.50 

0.87 
±

0.12 

1.34 
±

0.15 

0.63 
±

0.46 
S 0.92 ±

0.09 
0.68 ±

0.18 
0.24 
±

0.18 

0.22 
±

0.05 

0.37 
±

0.08 

0.65 
±

0.10 

0.52 
±

0.03 

0.32 
±

0.07 

0.3 ±

0.11 
0.42 
±

0.06 

0.42 
±

0.04 

0.32 
±

0.02 

0 ±

0.11 
0.12 
±

0.08 
Od 23.70 

± 0.89 
23.06 
±

0.31 

11.47 
±

1.00 

12.52 
±

0.33 

8.93 
±

0.47 

11.31 
±

1.63 

8.35 
±

0.67 

9.55 
±

0.48 

8.41 
±

1.22 

9.12 
±

2.28 

5.49 
±

1.56 

5.10 
±

1.33 

5.86 
±

0.56 

11.78 
±

1.36 
H/C 1.39 ±

0.22 
5.73 ±

0.10 
0.55 
±

0.02 

2.52 
±

1.00 

0.65 
±

0.07 

0.72 
±

0.01 

0.83 
±

0.01 

2.48 
±

0.78 

0.70 
±

0.01 

0.18 
±

0.32 

0.86 
±

0.06 

2.94 
±

0.46 

0.73 
±

0.08 

0.95 
±

0.12 
HHV (MJ/kg) 14.68 ±

0.24 
8.81 ±

0.42 
9.93 
±

0.46 

5.53 
±

1.60 

5.56 
±

0.24 

4.74 
±

0.58 

9.17 
±

0.31 

5.51 
±

0.90 

5.43 
±

0.98 

2.69 
±

1.15 

9.07 
±

0.45 

5.31 
±

0.57 

5.53 
±

0.62 

2.76 
±

1.08 
pH 6.80 ±

0.35 
7.32 ±

0.40 
9.13 
±

0.37 

9.51 
±

0.30 

9.16 
±

0.31 

9.93 
±

0.30 

9.56 
±

0.21 

10.39 
±

0.37 

9.22 
±

0.44 

10.54 
±

0.27 

10.11 
±

0.27 

11.07 
±

0.25 

9.49 
±

0.27 

10.85 
±

0.52 
Proximate 

analysis 
(wt%) 

Volatile 
Matter 

55.7 ±

1.00 
27.12 
±

0.34 

17.74 
±

0.10 

12.92 
±

0.82 

15.27 
±

0.21 

13.39 
±

0.37 

12.11 
±

3.00 

10.79 
±

0.88 

11.19 
±

1.07 

10.28 
±

0.58 

15.34 
±

1.28 

6.72 
±

0.64 

10.88 
±

0.17 

8.3 ±

0.40 

Ash 28.43 ±

0.29 
56.23 
±

0.29 

54.08 
±

0.05 

72.44 
±

1.11 

68.00 
±

0.28 

70.38 
±

0.35 

60.3 
±

0.04 

76.54 
±

1.20 

70.93 
±

0.70 

76.63 
±

0.73 

64.34 
±

1.84 

83.08 
±

0.89 

77.17 
±

0.86 

80.66 
±

0.44 
Fixed 
Carbon 

15.81 ±

1.29 
16.65 
±

0.05 

28.18 
±

1.00 

14.64 
±

1.93 

16.73 
±

0.49 

16.22 
±

0.09 

27.59 
±

3.11 

12.67 
±

2.08 

17.88 
±

1.77 

13.09 
±

0.15 

10.32 
±

0.56 

10.20 
±

0.25 

11.95 
±

1.03 

11.04 
±

0.04 

BSBC = Biosolids biochar, ASBC = Alum sludge biochar, AS: BS (1:1) BC= Biochar from co-pyrolysis of alum sludge and biosolids at 1:1 mixing ratio, AS: BS (3:1) BC=
Biochar from co-pyrolysis of alum sludge and biosolids at 3:1 mixing ratio 
d Calculated by difference 
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biochar after pyrolysis and co-pyrolysis of biosolids and alum sludge. 
Retainment of alkali metals in biochar is important as release of alkali 
metals into gaseous products during pyrolysis/co-pyrolysis is detri
mental which may cause several issues such as ash accumulation, slag
ging, and corrosion in the pyrolysis/co-pyrolysis reactor [28]. 

According to Fig. 3, percentage of alkali metal retained in biochar 
reduced with temperature, especially at 900 ◦C. This effect was signifi
cant in Na retained in biochar derived from co-pyrolysis at AS:BS 3:1 
mixing ratio, where the percentage of Na retained reduced from 96.67% 
to 75.53% in 500–900 ◦C. During pyrolysis, only loosely bonded free 
ions are released, while at high temperatures, more strongly bonded 
alkali metals may decompose, which explains the decrease in the per
centage of Na and K retained in biochar with rising temperatures [28]. It 
can also be observed that K release during pyrolysis of alum sludge at 
900 ◦C was significant. K release during pyrolysis depends on pyrolysis 
temperature and feedstock composition [29,30]. When feedstock has 
high chlorine concentration high K release can be observed and when 
high amount of Si is present higher retention of K can be observed 
[29–31]. Therefore, the possible explanation for this phenomena is the 
sublimation of KCl at temperatures higher than 700 ◦C, due to higher 
concentration of Cl present in Alum Sludge [29,30]. Higher K retention 
in biosolids pyrolysis and biosolids and alum sludge co-pyrolysis with 
comparison to alum sludge pyrolysis may be contributed to high Si and S 
content present in biosolids. 

Percentages of Na retained in biosolids biochar ranged from 99.30% 
to 95.8%, and alum sludge biochar ranged from 99.12% to 95.10% 
while AS: BS 1:1 biochar ranged from 96.76% to 80.19% and AS:BS 3:1 
ranged from 96.67% to 75.53%. A similar trend can be observed in K 
retention in pyrolysis and co-pyrolysis biochar, but the decrease of K 

retention in co-pyrolysis biochar was less significant. Further investi
gation is required to explain this behavior in co-pyrolysis of biosolids 
with alum sludge. 

3.1.5. General properties of biochar 
Proximate and ultimate analysis, pH and higher heating value (HHV) 

of feedstock and resultant biochar products are summarized in Table 3. 
As the pyrolysis/co-pyrolysis temperature increased, volatile matter 
content decreased, and ash content increased in biochar products from 
all feedstock. This observation is consistent with the available literature 
data and can be attributed to more organic matter in biosolids being 
decomposed at higher temperatures leading to lower volatile matter 
content in the resultant biochar [9,20,23,24]. It can also be observed 
that biochar produced from co-pyrolysis had a significantly lower vol
atile matter and higher ash contents compared to biochar derived from 
biosolids pyrolysis, and the volatile matter was further decreased and 
ash content further increased with increasing alum sludge mixing ratio. 
This can be explained by the significantly lower organic matter and 
higher ash content in alum sludge compared to biosolids. 

The pH value of biosolids were slightly acidic at 6.80, and pH values 
of biochar were higher after pyrolysis compared to the feedstocks, and 
the increasing temperature produced biochar with higher alkalinity. The 
possible reason for this phenomenon may be due to the increased 
decomposition of organic matters at higher temperatures which leads to 
higher concentration of alkali salts in the biochar. Biochar produced 
from co-pyrolysis of biosolids and alum sludge were also alkaline, and 
higher pH values were observed in biochar prepared at higher alum 
sludge mixing ratio. Higher pH value of co-pyrolysis biochar can be 
attributed to high ash content in alum sludge. Therefore, biochar pro
duced from pyrolysis/co-pyrolysis of biosolids and alum sludge might 
lead to improved soil fertility via raising soil pH and the concomitant 
benefits on soil nutrient availability, particularly in acidic soils. 

Fig. 4. FTIR spectra of biochar prepared at different mixing ratios of biosolids 
and alum sludge at 500 ◦C pyrolysis temperature. 

Fig. 5. FTIR spectra of co-pyrolysis biochar at prepared at different temperatures (500 ◦C, 700 ◦C, and 900 ◦C).  

Table 4 
BET surface area of feedstocks and biochar produced from pyrolysis/co- 
pyrolysis of biosolids and alum sludge.  

Biochar 
sample 

Pyrolysis/ Co-pyrolysis temperature 
(◦C) 

BET surface area (m2/ 
g) 

BSBC 500 29.34 ± 0.68 
700 89.32 ± 1.11 
900 33.85 ± 1.36 

ASBC 500 18.21 ± 0.77 
700 35.18 ± 2.19 
900 15.51 ± 0.84 

AS:BS (1:1)BC 500 22.05 ± 0.71 
700 40.90 ± 2.44 
900 17.54 ± 0.04 

AS:BS (3:1)BC 500 18.71 ± 0.51 
700 24.52 ± 0.91 
900 14.00 ± 0.02 

BS – 3.06 ± 0.16 
AS – 7.95 ± 1.38  
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3.1.6. FTIR analysis of biochar 
FTIR spectra of raw biosolids, alum sludge and biochar produced 

from pyrolysis and co-pyrolysis of biosolids and alum sludge at 500 ◦C 
are presented in Fig. 4. In raw biosolids FTIR spectra, a wide peak with a 
maximum at 3422 cm− 1 indicates OH and NH stretching vibrations, the 
peak in 2923 cm− 1 indicates CH3 asymmetric stretch vibrations, and 
bands at 1633 cm− 1 and 1560 cm− 1 can be attributed to the presence of 
amides and -C––O groups [5,9,13,32,33]. In alum sludge FTIR spectra, 
peaks at 1115 cm− 1 and 794 cm− 1 indicate symmetric stretching vi
bration of Si—O—Si and bending vibration of O—Si—O [34,35]. Peaks 
at 1592 cm− 1 and 3502 cm− 1 alum sludge spectra may indicate the 
bending vibration of water that are chemically bonded to Al (OH)3 or 
OH stretching vibration of Al(OH)3 [34,35]. The absorption band at 
1442 cm− 1 indicates the presence of carbonate [34,35]. Compared with 
biosolids and alum sludge, many peaks reduced or completely dis
appeared in biochar, and the peak intensities further reduced at higher 
temperatures. O-H peak disappeared in biochar and C-H vibration were 
reduced in biochar derived from pyrolysis and gradually disappeared 
with increasing pyrolysis temperature. This suggested that large 
amounts of hydroxyl groups and aliphatic compounds were decomposed 
in pyrolysis, and elevated pyrolysis temperatures promoted further 
degradation [5]. However, it can be observed that aromatic C-O 
stretching (1034 cm− 1) and aromatic C = O (794 cm− 1) were quite 
stable in pyrolysis [5]. It can also be seen that in biochar produced from 
co-pyrolysis and pyrolysis of alum sludge peaks corresponding to 
Si—O—Si stretching and carbonate were still stable and as can be seen 

from Fig. 5 the peak corresponding to Si—O—Si stretching shifted 
slightly to higher wave numbers at higher temperatures, which indicates 
the changes in bonding structure of silicate network which could result 
into crystallization of silica [34,35]. 

3.1.7. Surface morphology of biochar 
BET surface area of biosolids, alum sludge and biochar produced 

from pyrolysis and co-pyrolysis of biosolids and alum sludge are pre
sented in Table 4. It is evident that pyrolysis and co-pyrolysis improved 
the surface area, as the BET surface area of all the biochar are signifi
cantly improved compared to biosolids and alum sludge. Biochar pro
duced from pyrolysis of alum sludge and co-pyrolysis of biosolids and 
alum sludge have significantly lower surface area than biochar derived 
from biosolids pyrolysis. The surface area of co-pyrolysis biochar also 
decreased with increasing alum sludge mixing ratio in biochar. This can 
be attributed to the lower volatile matter present in alum sludge when 
compared to biosolids. 

It can also be observed that BET surface area of biochar generally 
improved with increasing pyrolysis/co-pyrolysis temperature. This can 
be explained by the further degradation of organic materials present in 
biochar at higher pyrolysis and co-pyrolysis temperatures. However, 
there is a sharp decline in the BET surface from 700 ◦C to 900 ◦C. This 
can be explained by pores in biochar being blocked at high temperatures 
due to sintering and this observation is consistent with existing literature 
[1,5,9]. 

These results are further confirmed by the SEM images of the biochar 

Fig. 6. Mass yield of liquid product from pyrolysis/co-pyrolysis of alum sludge and biosolids at different pyrolysis temperatures (500 ◦C, 700 ◦C, and 900 ◦C).  

Fig. 7. Composition of pyrolysis/co-pyrolysis oil produced at different temperatures (500 ◦C, 700 ◦C, and 900 ◦C) and mixing ratios.  
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as shown in supplementary data (Fig. S2, S3 and S4). It is evident that 
when compared with alum sludge biochar, biosolids biochar have a 
better developed and well-defined crystalline structure. Alum sludge 
biochar is amorphous and granular, with irregular packed flake-like 
particles, and there are visible cracks in alum sludge biochar which 
suggests lower thermal stability. It is visible that biochar obtained from 
co-pyrolysis of biosolids with alum sludge basically contained a mix of 
biochar from biosolids pyrolysis and biochar from alum sludge pyrolysis 
which also explains the intermediate values of BET surface area in co- 
pyrolysis biochar. 

3.2. Pyrolysis oil yield and characterization 

Pyrolysis oil yield from pyrolysis and co-pyrolysis of biosolids at 
500 ◦C, 700 ◦C and 900 ◦C are presented in Fig. 6. Pyrolysis oil mass 
yield from pyrolysis/co-pyrolysis of biosolids and alum sludge increased 
with rising pyrolysis temperatures up to 700 ◦C and then slightly 
decreased at 900 ◦C. This phenomenon is consistent with the literature 
data and can be explained by two factors [5,36]. De-volatilization of 
organic matter increased at elevated temperatures leading to a higher 
yield of volatile products thereby increasing oil yield. Conversely, at 
higher temperatures, significant gas phase secondary reactions occur, 
which promotes gas production leading to a reduction in the oil yield. 

Alum sludge pyrolysis produced less pyrolysis oil yield than pyrolysis 
of biosolids. This can be explained by less volatile matter present in alum 
sludge in comparison to biosolids. As seen from Fig. 6, the oil yield re
sults for co-pyrolysis at AS:BS (1:1) were significantly lower than oil 
yield from biosolids pyrolysis and it further decreased with increasing 
alum sludge mixing ratio. This may occur as feedstock mixtures used in 
co-pyrolysis contains less volatile content than biosolids due to alum 
sludge addition. Additionally, the mineral content present in alum 
sludge may contribute to reduction of oil product by promoting tar 
cracking reactions[37–39]. Lower oil product from co-pyrolysis is 
beneficial in reducing undesired tar production that can cause plugging, 
fouling, and corrosion in pipelines in pyrolysis/co-pyrolysis reactors 
[40]. 

The GC/MS analysis of pyrolysis oils revealed that they comprise of 
complex mixture of organic compounds as shown in supplementary data 
(Table S1). The composition of the compounds in pyrolysis oil was 
calculated based on the area of peaks from GC/MS analysis, where the 
species were categorized into five groups, namely aliphatic hydrocar
bon, aromatic hydrocarbon, nitrogenated compounds, oxygenated 
compounds and polyaromatic compounds (PAC). This categorization 
was based on several previous studies [5,41,42]. Alkanes, alkenes and 
their derivatives are categorized as the aliphatic hydrocarbons while 
benzene and its derivatives, phenols, and its derivatives as well as furans 
form the aromatics group, and compounds such as naphthalene and 
indene constitute the PACs group [5,41,42]. Nitrogenated compounds 

contain amines and amides such as pyridine, pyrazole and imidazole, 
while oxygenated compounds include aldehydes, ketones, esters and 
carboxylic acids [5,41,42]. 

Fig. 7 illustrates the distribution of pyrolysis oil compounds from 
pyrolysis/co-pyrolysis of biosolids and alum sludge. This analysis in
dicates that the composition of pyrolysis oil varies with feedstock 
mixture and pyrolysis /co-pyrolysis temperature. However, according to 
Fig. 7, all the pyrolysis oil studied mainly contains aromatic hydrocar
bons, oxygenated compounds and nitrogenated compounds. PAC was 
found in significantly lower quantities, but the presence of PAC is highly 
undesirable. High amount of nitrogenated components in pyrolysis oil 
also significantly limits its application as a liquid fuel. But according to 
several studies, nitrogenated components in pyrolysis oil can be reduced 
by using catalysts [5,12,18,43]. Alternatively, these pyrolysis oils can be 
used as a source of chemical compounds to produce nitrogen-containing 
fertilizer [43]. 

Moreover, with increasing pyrolysis temperature, composition of 
aromatic hydrocarbons and oxygenated compounds increased while 
aliphatic hydrocarbon and nitrogenated compounds decreased. Thermal 
cracking of nitrogenated compounds at increased temperatures are 
presumable, which may lead to the decrease of nitrogenated compounds 
in pyrolysis oil. Decrease in aliphatic hydrocarbons and increase in ar
omatic hydrocarbons may occur due to the increase in dehydrogenation 
reactions at higher temperatures leading to decompose of large aliphatic 
hydrocarbons to produce aromatic hydrocarbons and hydrogen at high 
temperatures [43]. Formation of PAC also decreased with increasing 
pyrolysis/co-pyrolysis temperature, and these findings are consistent 
with literature [5]. 

Similarly, compositions of aromatic hydrocarbons and oxygenated 
compounds increased while aliphatic hydrocarbon and nitrogenated 
compounds decreased when co-pyrolysis of biosolids was performed 
with alum sludge. These effects increased with the increasing mixing 
ratio of alum sludge. Mineral compounds present in alum sludge acting 
as catalysts in cracking reactions and denitrogenation and dehydroge
nation reactions may explain these effects on pyrolysis oil composition. 
Thus, co-pyrolysis slightly increased the oil product quality due to the 
decrease in polyaromatic compounds and nitrogenated compounds. 
However, a significant amount of nitrogenated compounds are still 
present in oil produced from co-pyrolysis, and upgrading is necessary 
before using it as a liquid fuel. 

pH values of pyrolysis oil produced from pyrolysis/co-pyrolysis of 
biosolids and alum sludge are shown in Fig. 8. All the oil samples pro
duced from pyrolysis and co-pyrolysis of biosolids and alum sludge had 
basic values in the range of 8.8–9.7. pH values of pyrolysis oils represent 
the corrosiveness of oil and fuel acidity of pyrolysis oil produced from 
lignocellulosic biomass is a main concern in using it as a fuel because of 
its corrosive character [43]. The possible explanation for the basic pH Fig. 8. pH values of pyrolysis/co-pyrolysis oil produced at different tempera

tures (500 ◦C, 700 ◦C, and 900 ◦C) and mixing ratios. 

Fig. 9. Mass yield of pyrolysis gas from pyrolysis/co-pyrolysis of alum sludge 
and biosolids at different temperatures (500 ◦C, 700 ◦C, and 900 ◦C) and mix
ing ratios. 
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values in oil derived from pyrolysis and co-pyrolysis of biosolids and 
alum sludge may be the presence of high amount of N containing 
compounds [43]. 

3.3. Pyrolysis gas yield and characterization 

Gas yield from pyrolysis/co-pyrolysis of biosolids and alum sludge at 
500 ◦C, 700 ◦C and 900 ◦C are presented in Fig. 9. Gas mass yield from 
pyrolysis/co-pyrolysis of biosolids and alum sludge increased with 
increasing temperature. This phenomenon is consistent with the litera
ture data and can be explained by two factors [5,38,44,45]. 
De-volatilization of organic matter increased with temperature leading 
to a higher yield of volatile products, thereby increasing gas yield. 
Furthermore, at higher temperatures, significant gas phase secondary 
reactions occur, which promotes gas production [5,38,44,45]. 

Alum sludge pyrolysis produced less pyrolysis gas yield than pyrol
ysis of biosolids. This can be explained by less volatile matter present in 
alum sludge in comparison to biosolids. It was expected co-pyrolysis 
would result gas yields intermediate to the gas yield from individual 
pyrolysis of biosolids and alum sludge as co-pyrolysis feed stock mix
tures used in co-pyrolysis contains less volatile content than biosolids 
and more volatile content than alum sludge. As seen from Fig. 9, the 
pyrolysis gas yield results for co-pyrolysis were higher than the yield 
obtained from individual pyrolysis of alum sludge and biosolids. Un
expected increase in gas yield in co-pyrolysis may occur due to the 
catalytic effect of minerals present in alum sludge which promoted 
further degradation of large hydro carbons in char and oil to produce 
smaller gaseous components and low volatile content present in the 
feedstock mixture may have reduced the increase in the gas yield at AS: 
BS (3:1) mixing ratio. 

Fig. 10 presents the concentration of CO, CO2, H2, CH4, C2H6 and 
C3H8 in the outlet stream of the pyrolysis reactor with time. The 
remainder in the outlet stream consists of nitrogen that is used as the 
fluidization gas. In the first 20 min, the reactor was heated to pyrolysis 
temperature and the temperature was maintained for 60 min. The con
centration of pyrolysis gases increased in the 0–30 min period and then 
gradually decreased. At 80 min, pyrolysis gas concentration was negli
gible in all cases implying that 60 min residence time was sufficient for 
the completion of pyrolysis/co-pyrolysis reactions. 

H2, CO, CO2 and CH4 were the most abundant components in all 
pyrolysis conditions [46]. The composition of ethane and propane in gas 
outlet was significantly low and oxygen was only present in trace 
amounts. In biosolids pyrolysis, concentrations of H2, CO, CO2, CH4, 
C2H6 and C3H8 generally increased with increasing temperature. This 
can be explained by the increase in pyrolysis gas production with 
increasing pyrolysis temperatures. This trend can be explained by high 
temperatures promoting dehydrogenation reactions which increases H2 
emission or secondary cracking of tar [36, 46–48]. Similar trends were 

Fig. 10. Composition of gas products from pyrolysis and co-pyrolysis of alum sludge and biosolids.  

Fig. 11. Higher heating value of pyrolysis gas produced from pyrolysis/co- 
pyrolysis of biosolids and alum sludge at different temperatures (500 ◦C, 
700 ◦C, and 900 ◦C). 
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observed in alum sludge gas composition with increasing pyrolysis 
temperature. Concentrations of CO, H2 and CO2 increased from 8.93%, 
2.93% and 5.12% at 500 ◦C to 13.94%, 19.68% and 18.39% at 900 ◦C, 
respectively. 

Concentration of gas components in co-pyrolysis experiments dis
played obvious synergistic effects. Gas production from co-pyrolysis was 
higher than gas production from pyrolysis in both biosolids and alum 
sludge. CO was the dominant component at 500 ◦C and 700 ◦C in both 
AS: BS (1:1) and AS: BS (3:1) mixing ratios but CO concentration slightly 
reduced at 900 ◦C. High CO concentration can be attributed to mineral 
components present in biosolids and alum sludge acting as catalysts to 
promote CO production in tar cracking reactions. H2 concentration in 
co-pyrolysis gas was significantly higher than in H2 content in biosolids, 
and alum sludge pyrolysis gas and H2 content increased with increasing 
alum sludge mixing ratio. 

Higher heating values (HHV) of the gas product from pyrolysis and 
co-pyrolysis of biosolids and alum sludge are presented in Fig. 11. It is 
clear that the heating value of the pyrolysis gases were influenced by the 
evolution of the hydrocarbons present in the gases. HHV of gas products 
in pyrolysis and co-pyrolysis in all feedstock increased with pyrolysis 
temperature. An increase in H2 and CO with increasing temperature may 
have largely attributed to this trend. Pyrolysis gas produced from bio
solids pyrolysis have a higher HHV than gas product from alum sludge 
pyrolysis. Gas product from co-pyrolysis of alum sludge and biosolids 
had lower HHV than biosolids pyrolysis, and the decrease in heating 
value with increasing alum sludge proportion was not significant in 
500 ◦C and 700 ◦C. 

3.4. Synergetic effect of co-pyrolysis of biosolids and alum sludge on co- 
pyrolysis behavior and product yields 

Fig. 12 presents experimental and calculated product yields in co- 
pyrolysis of biosolids and alum sludge. In co-pyrolysis, experimental 
yield values of biochar and oil products were lower than the calculated 
value, while gas yield was higher than the calculated value. These 
synergistic effects may be due to the catalytic effect of AAEM (alkali and 
alkaline earth metals) and minerals in alum sludge which promotes 
promote char gasification, which reduces the biochar yield and increases 
gas yield [5,38,44,45]. The intensified secondary reaction may cause a 
reduction in oil yield while increasing gas yield [39]. It can also be seen 
that the presence of synergistic effects was more prominent in AS: BS 
(1:1) co-pyrolysis when compared to AS: BS (3:1). The possible expla
nation is that due to the low volatile matter present in the feedstock in 
co-pyrolysis at AS: BS 3:1 mixing ratio catalytic effect of AAEM earth 
metals and minerals are less obvious. 

Interactions between feedstocks in co-pyrolysis were studied using a 
thermo gravimetric analyser and the results are shown Fig. S6. It was 
seen that biosolids pyrolysis occurs in three stages. First stage is dehy
dration which occurs between 50 ◦C and 180 ◦C. Devolatization of 
carbohydrates and lipids occurs between 180 ◦C and 360 ◦C. Thermal 
degradation of protein, lignin and polymers occurs between 360 ◦C and 
900 ◦C [5]. 

In alum sludge it can be seen that most mass decay occurs from 
120 ◦C to 580 ◦C, which can be attributed to volatilization of the organic 
mass fraction in alum sludge and dehydration of Al(OH)3. However, due 
to low organic content in alum sludge most of the mass decay is likely 
attributed to dehydration of Al(OH)3 [5,21,22,34,35]. TGA curves for 
co-pyrolysis demonstrates an intermediate behavior to AS and BS. It can 
be seen that thermal degradation of AS starts at lower temperature than 
biosolids which indicated lower thermal stability. Also, gas analysis 
shows synergistic effects in co-pyrolysis. It was observed that 
co-pyrolysis of alum sludge and biosolids produces more CO, CO2 and H2 
gases than individual pyrolysis of AS and BS. This can be explained by 
catalytic effect of alum sludge promoting char gasification and tar 
cracking reactions. This is also consistent with lower oil and biochar 
yield and higher gas yield in co-pyrolysis when compared to individual 
pyrolysis. 

4. Conclusions  

• In this study, the feasibility of using alum sludge as a feedstock to 
perform co-pyrolysis with biosolids to produce high quality biochar 
was studied. Compared to biochar derived from biosolids pyrolysis, 
the addition of alum sludge remarkably reduced the heavy metal 
concentrations present in biochar, especially Cu and Zn.  

• Co-pyrolysis of biosolids with alum sludge produced a higher yield of 
biochar and gas compared to pyrolysis of biosolids.  

• It was observed that heavy metal concentration in biochar reduced 
significantly with increasing alum sludge mixing ratio and biochar 
surface area, co-pyrolysis oil quality and gas yield and heating value 
generally increased with increasing temperature. However, at 
900 ◦C, co-pyrolysis temperature it was observed that some heavy 
metals vaporized from biochar product which may pose environ
mental risks. Therefore, co-pyrolysis temperature of 700 ◦C and 
mixing ratio of 3:1 (alum sludge: biosolids) were identified as the 
most suitable conditions.  

• Synergistic effects of co-pyrolysis of alum sludge with biosolids were 
observed in the product yields, which may attribute to catalytic ef
fect of alumina and other minerals present in alum sludge. 

Fig. 12. Comparison of the experimental and calculated product yields of co-pyrolysis (a) AS: BS 1:1 (b) AS: BS 3:1 mixing ratios.  
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