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ARTICLE INFO ABSTRACT

Keywords: This study investigated the influence of temperature (400 °C, 500 °C and 600 °C) and —carrier gas (N5 and CO2) on
Biosolids biochar yields, physicochemical, and structural attributes. Higher temperatures resulted in less functional
P}’mlySiS groups, higher surface area and lower H/C and O/C ratios. The biochar produced under Ny environment was
?;ﬁzziamre more alkaline and showed higher salinity whereas the biochar produced under CO, environment had higher

surface area. The FTIR spectra of biochar produced in CO5 atmosphere indicated the decrease of functional
groups such as -OH, C—0, -CONH- and C—C with increasing pyrolysis temperature. However, the band in-
tensity for Si-O-Si or Si-O-C and aromatic and hetero-aromatic structures were more prominent in biochar
obtained in CO; environment than Ny environment. The presence of calcium carbonate (CaCOs3), quartz (SiO3)
and magnesium calcite (MgCO3) in biosolids and their biochars was confirmed by XRD spectrum. The outcomes
from this research, particularly the stark contrast in biochar characteristics due to the variation in production
conditions, inform the tailoring of biochars prepared under different conditions to environmental applications.

Carrier gases

1. Introduction

Biosolids are treated sewage sludge generated during municipal
wastewater treatment process. The global production rate of biosolids is
rising due to the concomitant increase in human population and
expansion of wastewater treatment facilities and has reached an amount
of 371000 tonnes per year of dry solids in Australia in 2019 [1]. Typi-
cally, biosolids management have included land application, incinera-
tion and landfilling [2,3]. Largely, biosolids are applied to soils for
agricultural purposes due to their inherent nutrient value. However,
excess biosolids application may contaminate land through the release
of pollutants such as heavy metals, pathogens and organic contaminants
[4]. As a result, the land application of biosolids is under strict regula-
tions in many countries, including Australia. Currently, water industries
are faced with the challenge of managing biosolids around trans-
portation costs, large biosolids volume and the presence of different
organic and inorganic contaminants [5]. Thermochemical techniques
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such as pyrolysis, gasification and hydrothermal treatment are attractive
for addressing these challenges and are under intense research explo-
ration [6].

Pyrolysis is a widely investigated thermochemical method for con-
verting biosolids to biochar under limited oxygen conditions. Pyrolysis
can be categorised into fast and slow pyrolysis based on their residence
time and heating rates. Slow pyrolysis maximises the yield of biochar
and is typically used when the biochar is intended for use as soil
amendment, due to the relatively mild operating conditions compared to
fast pyrolysis [7,8]. Recently, the conversion of biosolids to biochar has
attained a great interest because of easy destruction of pathogens and
some organic contaminants while reducing waste volume and costs
associated with biosolids transportation and stockpiling [2,9]. Biochar
yield and attributes depend on pyrolysis conditions and feedstock
characteristics [10]. Pyrolysis temperature is one of the most significant
factors influencing yield and biochar physicochemical and structural
properties. To a large extent, the influence of pyrolysis temperature on
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biochar yield and properties is understood. For example, higher pyrol-
ysis temperature lowers biochar yield and leads to a product with a
larger number of aromatic carbon structures [11,12]. Many studies have
demonstrated how biochar properties can be tailored to specific pur-
poses, including increasing agro-environmental physicochemical prop-
erties, carbon sequestration or contaminant sorption, typically by
controlling the production temperature [13,14]. The effect of carrier gas
on the properties of biochar has been often overlooked, with most of the
literature studying biochar production in a pyrolysis reactor under inert
gas atmosphere usually Ny [15]; or in muffle furnace under reduced
oxygen environment [16]. The emission of CO; has increased continu-
ously in the past decades due to human activities and it would be
appealing to find novel uses to use this gas in industrial processes.
Carbon dioxide could be used as a reaction medium in pyrolysis and this
would alter the distribution and characteristics of the resulting fractions
[17-19]. Studies comparing CO3 and N as a carrier gas in pyrolysis have
predominantly focused on the production of bio-oil and pyrolysis gas
[17,20,21] or in the determination of pyrolysis kinetic parameters [22,
23]. The use of COy as carrier gas with the purpose of altering the
properties of the resulting biochars has not been systematically studied
and information remains limited. Azuara et al. [24] reported similar
stability for chars prepared under CO, or N atmosphere. Using CO5
atmosphere reduced the total and bioavailable polycyclic aromatic hy-
drocarbons (PAHs) [25] and resulted in higher surface area [18].
Replacing N, with CO, was found to increase total heavy metals con-
tents in biochar; however, reducing the bioavailable fraction of the
metals [26]. A reduction in the available heavy metals, particularly Pb,
in soils amended with biochar was reported when using CO, compared
to Ny as carrier gas during biochar production [27]. However, there
were no obvious differences in the microbial community in contami-
nated soils amended with biochar obtained under both atmospheres
[28]. Finally, the kinetics of heavy metal release was significantly slower
in biochar produced under CO3 than in biochar produced under N [27].

Given the extremely limited number of studies on the effect of carrier
gas on biochar properties, there is a clear research gap on how these
parameters influence a wide range of physico-chemical properties of
biochars, in particular those of relevance for soil amendment. Therefore,
the aim of our study was to obtain a detailed physicochemical charac-
terisation of biochar produced from biosolids using three different
temperature and two carrier gases. For this, we used a range of tem-
peratures which have been commonly used to prepare biochar for soil
amendment (400-600 °C), avoiding to use higher temperatures, which
have not shown agronomic advantages [29] and might result in the
production of non-cost-effective biochars [30] or lower temperatures,
which might result in phytotoxicity [31]. We hypothesise that, besides
the control on biochar properties by the pyrolysis temperature, the use
of a specific carrier gas would allow tailoring biochar for different
applications.

2. Materials and methods
2.1. Biosolids collection

Biosolids were collected from Mount Martha Water recycle plant,
Southeast water (38°16’06” S and 145°03'31” E), Melbourne, Australia.
The raw sludge was treated by using lagoon and aerobic digester and the
biosolids obtained are representative of other facilities in Australia and
elsewhere. Then the sludge was processed by using sludge blend tank,
dosing polymer and belt press. Moisture was reduced to 60% by solar
dryers. Biosolids used in this experiment were collected from the solar
dryer, grounded and sieved to 500-1000 um particle size. Sampled
biosolids were oven-dried at 105 °C for 24 hrs before pyrolysis.

2.2. Biochar preparation

Pyrolysis of biosolids was performed under slow pyrolysis mode in a
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fluidised bed reactor constructed of quartz tube, with internal diameter
of 27 mm and height of 680 mm. This custom reactor was made by
Monash scientific (Australia). Initially, 40 g of oven-dried biosolids were
placed in the quartz tube reactor and introduced within the fluidised bed
reactor before pyrolysis. The reactor was operated at atmospheric
pressure and powered by energy from three electrical zones. Details of
this reactor and the pyrolysis set up are described elsewhere [15]. Three
different pyrolysis temperatures (400, 500 and 600 °C) were selected
under nitrogen (N3) and carbon dioxide (CO2) atmospheres. The gas
flow (N2/ CO») was introduced to reactor and monitored by a mass flow
controller (MFC). The set temperature reached with a standard heating
rate of 35 °C/min and maintained for 60 min of heating under the carrier
gas (Ny / CO) sweeping at 7.5 L min~!. The pyrolysis gas passed
through steel condensers and caustic soda scrubber was used to remove
any acid gas. The bio-oil was collected from the condenser and the gas
was analysed online using a micro-GC / MRU. The solid product (bio-
char) was stored in a freezer. Biochar yield was calculated as the ratio of
the weight of produced biochar to the dry weight of biosolids subjected
to pyrolysis according to Eq. (1).

Biochar yield (%) = 100* (Wo/W) (€D

where W is the dry weight of biosolids sample before pyrolysis and
W, is the weight of biochar. Biochar obtained were denoted as BN400,
BN500, BN600 and BC400, BC500, BC600, where N and C represent the
gas (N3 and CO,, respectively) and 400, 500 and 600 represent the
maximum pyrolysis temperature. Biochar production at each condition
was carried out three times and the average of the yields has been
reported.

2.3. Determination of biochar physicochemical properties

2.3.1. Chemical analysis

Electrical conductivity (EC) and pH was measured in biosolids and
their biochar by using 1 g sample added to 20 ml of deionized water and
agitated for one hour on a mechanical shaker. The EC and pH were
determined by using Five easy Mettler Toledo conductivity metre and
pH metre respectively with results normalised to 25 °C [12]. The cation
exchange capacity (CEC) of biosolids and biochar was measured by the
ammonium acetate extraction methods. Briefly, 0.5 g biochar sample
was measured in a volumetric flask, then, 20 ml of 1 M NH4OAc (pH 7)
was added and the mixture was stirred overnight. Finally, the solution
was filtrated and 50 ml of 1 M NH4OAc was added to leach Ca®*, Mg?*,
K" and Na™ which were measured in a Perkin Elmer 240 atomic ab-
sorption spectrophotometer [10].

2.3.2. Proximate and ultimate analysis

Thermogravimetric analysis (TGA) of biosolids and their biochar was
performed in a Simultaneous Thermal Analyser (STA) 6000 (Perkin
Elmer, USA). Perkin Elmer Software Pyris® was integrated with the
instruments and this software was used for data collection and analysis.
Initially, 2-10 mg of sample was heated from 35 °C to 105 °C at a rate of
10 °C/min and held for 3 mins at 105 °C. Then the sample was heated
from 105° to 850°C under Ny atmosphere at a flux of 20 ml/min. The
pyrolysis gas was switched to air at 850 °C and the heating was
continued until 900 °C at a rate of 10 °C and held for 5 mins at that
temperature. The weight loss of the samples from 35° to 105°C was used
to estimate the moisture content, while the major mass loss from 105° to
850°C was accrued to volatile matter (VM) content. The fixed carbon
(FC) was determined by the mass loss in air atmosphere from 850° to
900°C. The final weight (%) after combustion at 900 °C was estimated as
the ash content. Elemental Carbon (C), Hydrogen (H) and Nitrogen (N)
were determined using CHNS/O analyser 2400 series II (PerkinElmer)
via combustion at 950 °C. Samples (1.5-2.5 mg) were weighed using a
Perkin-Elmer AD-4 ultra-microbalance. Total oxygen (O) was deter-
mined by difference as shown in Eq. (2).
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Oxygen (O) (%w/w) = 100 — ash (%w/w) — C (%w/w) — H (%w/w) — N (%w/
w) (2)

2.3.3. Fourier transform infrared spectroscopic (FTIR) analysis

FTIR spectroscopy analyses of biosolids and biochar were performed
by using Perkin Elmer Spectrum 100 in the waveband of 4000-650 cm ™
scanned at a resolution of 4 cm ™. The samples were powdered before
use and the FTIR spectra were captured in absorbance mode.

2.3.4. Surface morphology and surface area

Surface images of the biosolids and their biochar were obtained using
Philips XL30 Quanta 2 scanning electron microscope (SEM). The sam-
ples were loaded to the carbon tape on an aluminium stub treated with
compressed air. Then, the loaded samples were coated with iridium
using a vacuum sputter coating instrument. The thickness of coating was
5 nm. For comparing surface morphology, the SEM images were ob-
tained at the same spot size (5.0) and magnification (x 1000). The sur-
face area of biosolids and biochar were measured by using TriStar II
3020 gas adsorption BET analyser at 77k. Prior the analysis, around
200-300 mg of sample was degassed overnight under vacuum in a
VacPrep™ 061 degasser at 180 °C for 24 h.

2.3.5. X-ray diffraction analysis (XRD)

Crystalline structure of biochar was measured by using X-ray
diffractometer (XRD). The powdered biochar samples were loaded into
an Al-holder tubes to identify the random powder XRD patterns. The
XRD spectra was measured at an angle of 5-65 ° with a scan step size of
0.02 ° and time step of 1 s [12]. The peak areas identified for the
different minerals were compared with XRD patterns of standard min-
erals compiled by the ICDD (International Centre Diffraction Data).

2.4. Statistical analysis of data

Data were tested for normality using Kolmogorov-Smirnov and
Shapiro-Wilk test. Two-way analysis of variance (ANOVA) was per-
formed to identify the significant effects of temperature, atmosphere and
their interaction on biochar prepared at three different pyrolysis tem-
perature and gas atmospheres. A post-hoc analyses was done for tem-
perature using Tukeys test. All data are analysed using SPSS 26.0
version. Significance level was set at P < 0.05. The FTIR and XRD spectra
were plotted by Origin 2016 and Spectrograph V1.2.14 software
respectively.
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3. Results and discussion
3.1. Influence of temperature and carrier gas on biochar yield

The yield of biochar produced at different pyrolysis temperatures is
listed in Table 1. The yield gradually decreased with increasing pyrolysis
temperature from 54% to 45% at 400-600 °C. The decrease in the yield
at higher temperature is due to the decomposition of organic matter and
polymerisation/condensation reactions increased with higher pyrolysis
temperatures [12]. The biochar yield of 54.7% and 54.1% was similar at
400 °C under Ny and CO; environment respectively. The results indi-
cated that the carrier gas had a negligible impact on biochar yield at
lower pyrolysis temperature. However, at higher pyrolysis tempera-
tures, the yield of biochar was slightly reduced by ~ 3 units at 500 °C
under CO5 atmosphere compared to Ny atmosphere. CO, increased the
thermal cracking efficiency of volatile compounds and had a profound
decomposition of biomass organic macromolecules leading to lower
char yield particularly at higher temperature [32,33]. This can be
explained by three potential chemical effects of COy on the yield of
biomass biochar [19]. These are: (i) CO2 might react with tar and inhibit
secondary char formation (ii) CO, might directly react with the volatile
compounds (iii) Due to Boudouard reaction (Eq. 3) where CO5 may react
directly with the char forming CO as a permanent gas. All the effects
could directly or indirectly lower the biochar yield during pyrolysis
using CO; as carrier gas.

C(S) + COz(g)<_—’2C0(g) 3

However, at the highest temperature tested (600 °C), the yields of
biochars prepared under both atmospheres were similar. This could be
to the reverse Boudouard reaction being favoured at this range of tem-
peratures. This effect was previously reported in feedstocks where Ni is
present or, more generally, feedstocks with abundant inorganic matter
[32].

3.2. Influence of pyrolysis condition on biochar properties

3.2.1. pH and electrical conductivity

The pH of the biochar produced from biosolids was influenced by
pyrolysis temperature (F = 80.14, P < 0.001, Table 2). The pH (6.89) of
biosolids was nearly neutral, while the biochar pH increased gradually
from neutral to alkaline with increasing pyrolysis temperature from 7.30
at 400 °C to 9.45 at 600 °C (Table 1). The decline in acidic surface
functional groups due to the decomposition of oxygen-containing

Table 1
Physicochemical properties of biosolids and their biochar obtained at different pyrolysis temperatures under N, and CO, atmospheres. Data were expressed as average
+ S.E..
Parameters N, Environment CO, Environment
Biosolids BN400 BN500 BN600 BC400 BC500 BC600
Yield (%) 54.7 £0.3 50.3 £1.5 46.2 £ 0.1 541+0.1 47.5+ 0.5 46.2 £ 0.1
pH 6.89 7.47 £0.25 9.92 + 0.30 11.26 +£ 0.12 6.53 £ 0.23 7.34 £0.21 8.08 + 0.05
EC (uS em™) 1084 72415 167 + 14 406 + 6 61+1 131+3 144 + 14
C (%) 32.19 21.44 + 0.54 16.29 £+ 0.67 14.18 £ 0.43 20.64 +1.03 14.23 £ 0.45 13.24 £ 1.26
H (%) 4.45 1.68 + 0.04 0.38 + 0.07 0.23 £+ 0.09 1.44 +0.09 0.27 £ 0.08 0.24 + 0.09
N (%) 4.87 3.34 +0.03 2.63 &+ 0.02 2.02 + 0.06 3.19 £0.10 2.37 £ 0.05 2.09 +0.16
0 (%) 27.73 20.43 £ 0.46 17.18 £0.31 18.48 = 0.53 17.99 £ 1.15 21.25 +1.37 20.16 = 1.41
H/C 1.65 0.94 0.17 0.32 0.83 0.23 0.21
C/N 7.71 7.48 7.23 8.19 7.55 7.01 7.39
0/C 0.65 0.72 0.82 0.98 0.65 1.12 1.14
CEC (cmol kg™) 73.97 26.30 +1.33 34.73 £ 3.10 47.44 + 2.89 28.48 + 2.55 33.13.77 £ 2.06 36.55 + 3.22
Moisture (%) 0.43 0.62 +£0.18 0.80 + 0.22 0.41 + 0.22 1.08 + 0.27 0.43 £0.17 0.67 £ 0.17
VM (%) 53.63 22.78 +0.29 13.64 +0.34 10.23 £ 0.23 20.00 +0.71 13.59 4+ 0.30 10.06 £+ 0.19
FC (%) 15.17 22.48 +0.51 23.55 +0.80 24.28 +0.51 22.18 £0.71 24.09 &+ 0.95 25.00 + 0.05
Ash (%) 30.76 53.10 +£ 0.35 62.99 + 0.82 64.25 + 0.57 55.73 + 0.66 61.73 £1.01 64.27 + 1.05
Sger (m?/g) 2.1 7.6 17.5 32.0 11.1 30.0 45.5
BJH Average pore volume (cm®/g) 0.029 0.048 0.071 0.058 0.060 0.058 0.056
BJH Average Pore size (nm) 7.14 9.76 9.66 9.35 9.70 9.38 8.80
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Table 2

Two-way analysis of variance (ANOVA) of physicochemical parameters of bio-
char obtained at different pyrolysis temperatures under N, and CO»atmospheres.
Significance was set at P < 0.05.

Source Variable df  Mean F P
square
Environment Moisture 1 0.06 0.47 0.51
VM 1 4.56 10.37 0.01
FC 1 0.47 0.36 0.56
Ash 1 1.71 1.32 0.27
pH 1 22.47 165.82 <0.001
EC 1 27,524.05 103.66 <0.001
CEC 1 58.03 9.73 0.01
C 1 7.18 3.80 0.08
H 1 0.06 3.20 0.10
N 1 0.06 2.85 0.12
O 1 3.47 1.20 0.29
Temperature Moisture 2 0.16 1.27 0.32
VM 2 198.58 451.76  <0.001
FC 2 5.26 4.10 0.04
Ash 2 154.77 119.82  <0.001
pH 2 10.86 80.14  <0.001
EC 2 81,114.36 305.49  <0.001
CEC 2 311.37 52.21 <0.001
C 2 89.42 47.25  <0.001
H 2 3.30 175.75  <0.001
N 2 2.25 106.75  <0.001
(0] 2 0.19 0.07 0.94
Environment Moisture 2 0.28 2.20 0.15
x Temperature VM 2 3.58 8.15 0.01
FC 2 3.23 2.52 0.12
Ash 2 10.27 7.95 0.01
pH 2 2.00 14.75  <0.001
EC 2 31,112.18 117.17  <0.001
CEC 2 64.01 10.73  <0.001
C 2 0.71 0.37 0.70
H 2 0.03 1.62 0.24
N 2 0.04 2.03 0.17
o 2 13.41 4.64 0.03

chemical groups could explain the slight alkaline pH of the biochar at
high temperature. This result was confirmed by the FTIR spectra (Fig. 1A
& 1B), which showed a weaker band intensity for acidic surface func-
tional group for 3400 cm ™}, 2923 cm™! and 1220 cm™! with increasing
pyrolysis temperature. Also, the increase in the concentration of alkali
and alkaline earth metal salts including the formation of carbonates in
the biochar at higher temperature led to the gradual change of pH from
neutral to alkaline [13,34].

The pH of the biochar was significantly affected by the carrier gas
(P < 0.001, F =165.82, Table 2). Biochar pH values were about 2 units
higher when using N3 compared to CO2. The elevated biochar alkalinity
in Ny atmosphere has been ascribed to the transformation of nitrogen-
containing functional groups like pyrimidine from amine alongside the
decrease of acidic surface functional groups [35]. The weaker band in-
tensity at 3400 cm™ for -OH groups under CO, than that in N, indi-
cating CO promotes the rupture of hydroxyl groups regardless of the
temperatures. The decomposed hydroxyl groups would transfer to
phenols, water, and CO. Moreover, the presence of more acidic oxides
(such as V205) and lower content of magnesium calcite confirmed by
XRD (Table 3) may contribute to the decrease in biochar pH produced
under CO5 compared to Ny environment. Additionally, the strong peak
at 1035 cm™! assigned to Si-O-Si or S-O-C structures which acts as
weakly acidic molecules was more intense under COy than under Ny
atmosphere. Biochar prepared under CO, environment had more ke-
tones and acidic groups at higher temperature explaining the slightly
acidic to neutral pH of the biochar in CO, media compared to the Ny
[18].

There was a significant interaction between temperature and carrier
gas on the biochar pH (P < 0.001, F = 14.75, Table 2). The increase in
biochar pH with pyrolysis temperature was observed to occur at a
quicker pace under N3 environment than the CO; environment
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(Table 1). For instance, biochar pH increased by 2.5 units from 400 °C to
500 °C under Ny atmosphere, while it increased by 0.8 units under CO4
at the same temperature range. Electrical conductivity (EC) indicates the
amount of soluble salt presents in the samples. The highest EC (1084 uS
em ™}, Table 1) was observed in biosolids and it was greatly reduced in
the biochar to 72 pS cm ™! in BN400 and 61 pS cm™! in BC400. However,
the EC value increased with increasing pyrolysis temperatures reaching
to 406 uS cm ™! in BN600 and 144 uS cm™! in BC600. EC content in the
biochar were significantly influenced by temperature (P < 0.001,
F=305.49, Table 2). The increasing pyrolysis temperature was associ-
ated with the loss of volatile materials, which will be reduced the
element concentration in ash fraction [36,37]. Biochar produced under
CO,, showed lower (approximately 100 S cm™1) EC than biochar pro-
duced using Ny environment (P < 0.001, F= 103.66, Table 2). Lower
values of EC in biochars prepared under CO5 could be related to the
amount of salts (calcite, iron phosphate hydroxide and magnesium
calcite) being lower in biochars produced under CO, compared to those
produced under Ny atmosphere. There was a significant interaction
between temperature and carrier gas (P < 0.001, F=117.17, Table 2) on
the biochar EC. For example, biochar EC increased by 5 times from a
temperature of 400 °C to 600 °C under N, atmosphere, while it increased
by 2 times under CO5 at the same temperature range.

3.2.2. Cation exchange capacity

Biosolids had the highest CEC (73.97 cmol kg™!) compared to the
biochars (Table 1). Cation exchange capacity (CEC) of the biochar was
significantly affected by pyrolysis temperature (P < 0.001, F = 52.21,
Table 2). Biochar CEC gradually increased from 26.30 cmol kg™ at 400
°C to 47.44 cmol kg~ ! at 600 °C under Ny environment. A similar CEC
increment was also observed in biochar under CO, environment from
28.48 cmol kg ! at 400 °C to 36.55 cmol kg ™! at 600 °C. The reduction in
CEC in the biochar compared to biosolids could be due to the removal of
surface functional groups and the formation of aromatic carbon [38].
Biochar CEC is controlled by the nature and distribution of O-containing
functional groups on the biochar surface. The negative surface charge
comes from carboxylate (COO™) groups and phenolate (Ph-O™) groups,
while oxonium groups (O™ heteroatoms in aromatic rings) provides only
positive charge [39]. Therefore, biochar with higher CEC is mainly
found due to the surface functional group with anionic effects that in-
cludes ester (-C(=0)OR), aldehydes (-C(=0)H), carboxyl (-COOH), ke-
tone (-C=O0)R), hydroxyl (-OH), and amino (-NHjy) during pyrolysis
[40]. This was confirmed by the stronger band intensity at
1000-1800 cm ! indicating the abundance of oxygen containing func-
tional groups (-OH and C-O) with increasing pyrolysis temperature.
However, under acidic condition, the x electrons of condensed aromatic
structures are able to abstract protons from solutions [39]. CEC was
influenced by the pyrolysis carrier gas (P => 0.010, F=9.73, Table 2).
There was a significant interaction between temperature and carrier gas
(P < 0.001, F = 10.73, Table 2) on the biochar CEC.

3.2.3. Elemental composition

The elemental (C, H and N) contents in the biochar substantially
decreased with increasing pyrolysis temperature. Carbon (C) content
decreased with temperature (P < 0.001, F = 47.25, Table 2) from 21%
at 400 °C to 14% at 600 °C (Table 1). The C content decreased noticeably
with increasing pyrolysis temperature in biochar, similarly to other
studies [12,41]. The decreased C concentration with increasing tem-
perature was due to dehydration and decarboxylation reactions where
the light organic compounds are transformed into volatile materials in
the forms of CO, CO2, H20 and hydrocarbons during the pyrolysis pro-
cess [17,42]. Compared to other feedstocks, the carbon fractions of
biosolids are more vulnerable to thermal decomposition [43]. The
reduced band intensity related to C-H aliphatic groups was confirmed by
the FTIR spectra with increasing pyrolysis temperature under both at-
mosphere (N3 and CO3). Pyrolysis environment (P = 0.08, F = 3.80,
Table 2) did not have a significant effect on C and there was no
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Fig. 1. FTIR spectra of biosolids and their biochar at different temperatures under N, atmosphere A) and CO, atmosphere (B).

significant interaction between the temperature and environment
(P=0.70, F = 0.37, Table 2).

Similarly, hydrogen (H) and nitrogen (N) concentrations decreased
with increasing pyrolysis temperature (For H: F = 175.75, N: F =
106.75, P < 0.001 Table 2). The biochar H contents was highest 1.68%
at 400 °C and decreased to 0.24% at 600 °C (Table 1). The total content
of H decreased gradually with increasing pyrolysis temperature under
both environments. The increase in the biochar aromaticity due to the
combination or elimination of -OH, -CHs, -CHy, and -C=0 at higher
temperature caused the decline in H contents [44]. Similarly, the N
concentration decreased from 3.27% at 400 °C to 2.06% at 600 °C. This
may be attributed to the decomposition of N-containing compounds
(N30, NO, and NO») [45] and transformation into heterocyclic aromatic
form with more stable structures (for example pyridine, pyrrole, and
quaternary nitrogen).

Both H and N contents were not statistically influenced by carrier gas
(P > 0.10, Table 2) and the interaction between temperature and carrier
gas was not significant (P = 0.24, Table 2).

The decrease in molar H/C ratio indicated an increase in aromaticity

due to strong carbonisation in the biochar with increasing pyrolysis
temperature. BN500 had the lowest H/C molar ratio (0.17) compared to
0.94 for BN400 and 0.32 for BN600 (Table 1). However, when CO5 was
used as carrier gas, BC600 had the lowest H/C (highest aromaticity) at
0.21 compared to 0.83 for BC400 and 0.23 for BC500. The O/C ratio
increased by 1.5 times in CO, compared to N environment. The molar
O/C ratio is related to oxygen functional groups and its surface hydro-
philicity of carbon materials. The O/C was slightly higher (BC400: 0.65
& BC600:1.14) under CO, with increasing pyrolysis temperature
compared to Ny (BN400: 0.72 & BN600:0.98). The decrease of H/C was
related to the increased in aromatisation and carbonisation reaction in
biochar produced at 600 °C under CO;, atmosphere and while the O/C
suggested that the biochar produced exhibited higher hydrophilic
characteristics at 600 °C as it has a much higher O/C ratio [46] char-
acteristics than those produced under Ny atmosphere, similar to the
observations made in earlier studies [18,46].

3.2.4. Functional groups distribution
The FTIR analysis of biosolids and their biochar at three different
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Table 3

Identification of different mineral phases in biosolids and their biochars.

CO,

Nz

BC600

BC500

BC400

BN600

BN500

BN400

(%)

Compound

(%)

Compound

(%)

Compound

(%)

Compound

(%)

Compound

(%)

Compound

(%)

Compound

30.0
20.1

Quartz (Q) (SiO5)
Calcite(C) CaCO3

10.7
5.9

Quartz (Q) (SiOy)
Calcite(C) CaCO3

18.6
13.4
9.6

Quartz (Q) (SiO5)
Calcite(C) CaCO3

26.2

121
5.5

Quartz (Q) (Si0y)
Calcite(C) CaCO3

38.2

Quartz (Q) (Si05)
Calcite(C) CaCO3

12.3

7.3
4.0

Quartz (Q) (Si0y)
Calcite(C) CaCO3

18.7
13.4
3.4

Quartz (Q) (Si0»)
Calcite(C) CaCO3

20.2
6.8

Aluminium Phosphate

(AP) AIPO4

1.1

Aluminium phosphate

(AP) AIPO,

Aluminium phosphate

(AP) AIPO,

Aluminium phosphate

(AP) AIPO4

Aluminium phosphate

(AP) AIPO4

Aluminium phosphate

(AP) AIPO4

Aluminium phosphate

(AP) AlPO,
Magnesium calcite

8.3 Magnesium calcite 15.1  Magnesium calcite 10.1  Magnesium calcite 9.5 Magnesium calcite 7.1 Magnesium calcite 6.2

Magnesium calcite

9.6

(MC) Mg0.03Ca0.97

(CO3)

(MC) Mg0.03Ca0.97

(CO3)

(MC) Mg0.03Ca0.97

(CO5)

(MC) Mg0.03Ca0.97

(CO3)

(MC) Mg0.03Ca0.97

(CO3)

(MC) Mg0.03Ca0.97

(CO3)

(MC)

MgO0.03Ca0.97

(CO3)
Iron vanadium oxide

4.6

1

Iron vanadium oxide
(IVO)

26.2

Iron vanadium oxide
(Ivo)

23.8

Iron vanadium oxide
(IVO)

28.0

Iron vanadium oxide
(IVO)

5.5

Iron vanadium oxide
(IvO)

25.7

Iron vanadium oxide
(IVO)

21.2

(Ivo)

(Fe6.5V11.5035)
Iron Phosphate

(Fe6.5V11.5035)
Iron phosphate

(Fe6.5V11.5035)
Iron phosphate

(Fe6.5V11.5035)
Iron phosphate

(Fe6.5V11.5035)
Iron phosphate

(Fe6.5V11.5035)
Iron phosphate

(Fe6.5V11.5035)
Iron phosphate

18.0

19.8

20.9

7.9

5.4

13.5

24.2

hydroxide (IPH) Fe
(PO4)3(0H)3

hydroxide (IPH) Fe
(PO4)3(0H)3

hydroxide (IPH) Fe
(PO4)3(0H)3

hydroxide (IPH) Fe
(PO4)3(0H)3

hydroxide (IPH) Fe
(PO4)3(OH)3

hydroxide (IPH) Fe
(PO4)3(OH)3

hydroxide (IPH) Fe

(PO4)3(OH)3
Zinc phosphate (ZP)

5.0

Zinc phosphate (ZP)

Zn,P>05

19.0

Zinc phosphate (ZP)

Zn,yP>05

4.3

Zinc phosphate (ZP)

ZnyP507

10.1

Zinc phosphate (ZP)

Zn,yP50;

8.8

Zinc phosphate (ZP)

Zn,P50;

28.9

Zinc phosphate (ZP)

Zn,P50,

9.5

Zn,P50,
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temperatures under Ny and CO5 atmosphere are shown in Fig. 1. A and
Fig. 1. B, respectively. Overall, the results showed that the major func-
tional groups in the biosolids disappeared in the biochar after pyrolysis,
especially above 400 "C. The strong-band intensity of the band at around
3400-3700 cm™! was attributed to hydroxyl functionalities (the
stretching vibration of -OH), which decreased rapidly with increasing
pyrolysis temperature. This result indicated that a large amount of free,
associated hydroxyl and structural hydroxyl groups (-COOH and -COH)
were decomposed during biosolids pyrolysis with increasing tempera-
ture [47]. Meanwhile, the bands absorbance in biosolids at
2800-2922 cm™! assigned to aliphatic CH,, groups (C-H stretching)
reduced considerably at higher pyrolysis temperature (> 500 °C) in
biochar under N, (Fig. 1. A), while the band intensity totally dis-
appeared in biochar produced under CO; (Fig. 1. B). Comparing be-
tween two carrier gases, it was observed that most of the biochar
chemical components in the spectra between 3285 and 2853 cm™! in
CO, atmosphere disappeared or remarkably attenuated than those in
biochar produced under N» atmosphere. Notably the use of CO, gas had
a positive impact on the removal of -CH stretching in methylene group
and the organic fatty hydrocarbons were transformed into aromatic
structures by producing CO9, CHy, and other gases [48,49]. The intense
band at around 1642-1537 cm™! were sharper (Fig. 1. A) under Ny
environment compared to CO, atmosphere (Fig. 1. B). This band rep-
resents the amide bonds and/or aromatic ring stretching (C=0O and
C—C stretching vibration) and reduced slightly with increasing pyrol-
ysis temperature from 400 'C to 600 ‘C. The band at around 1550 cm ™
was mainly due to the presence of asymmetric stretching of carboxylate
groups [50].

The 1418-435 cm™! band represents (CHs and CH, groups) typical
of C=C bond of aromatic rings polarised by oxygen atoms bound near
one of the C atoms suggesting the presence of basic oxygen containing
functional group such as pyrone group or diketones [20]. The band was
slightly decreased in biochar under CO environment, indicating less
aliphatic and cycloalkane structures, than the N5 environment with
increasing pyrolysis temperature [51]. The strong band at 1035 cm ™!
can be related to Si-O-Si or Si-O-C structures which exhibited only a
sharp change in biochar at 400 °C pyrolysis temperature under CO5
environment. This is likely associated by silicon oxide present in bio-
solids and biochar [52]. The intensity of bands at 1000-1800 em !
mainly indicated the abundance information about oxygen containing
functional groups and the C—C suggesting that the biochar produced
under CO, atmosphere had more content of C—=C, -OH, and C-O
immobilised in the char compared to N3 environment [53]. The
low-intensity bands between 795 cm™! and 897 cm ™! was assigned to
aromatic groups and hetero-aromatic compounds and had sharper in-
tensity in CO4 environment [14]. The band intensity at 875-715 em !
represents CaCOs3 Jin et al. [54], aromatic and heteroaromatic com-
pounds [14,51] which increased with pyrolysis temperature under both
atmospheres. The presence of CaCO3 and quartz (SiO3) in biosolids and
biochar was confirmed by the XRD spectra (Fig. 4). The higher intensity
band of aromatic bending in CO5 than in N5 implied that the formation
of polycondensation was higher during CO» pyrolysis [53]. The aromatic
groups can provide n-electrons which have been found to have the po-
tential to bond strongly with heavy metal cations [55]. There was metal
halogen stretching vibrations in both organic and inorganic halogen
compounds in bands below 600 cm ! in all biochar spectra [14].

3.2.5. Proximate analysis

Thermal analysis of biochar produced from biosolids showed that
temperature had a statistically significant effects on ash content
(P < 0.001, F=119.82, Table 2) and on volatile matter (P < 0.001, F =
451.76, Table 2). Ash content of biochar gradually increased with
temperature from 54.92% at 400 °C to 64.60% at 500 °C. Volatile matter
(VM) exhibited opposite trend; it decreased with increasing pyrolysis
temperature (Table 1). Fixed carbon (FC) gradually increased with py-
rolysis temperature from 22.83% at 400 °C to 24.64% at 600 °C. The
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increasing ash content with pyrolysis temperature was due to the
decomposition of organic matter and formation of ash from either non-
volatile mineral constituents or with the removal of volatile organic
decomposition products [56]. The labile carbon in VM can get converted
into stable form at high pyrolysis temperature thereby increasing the FC
contents [16]. Pyrolysis environment had no significant effect on the
biochar ash and fixed carbon contents (P = 0.27), whereas the VM was
significantly affected by the carrier gas environment (P < 0.001, F =
10.37, Table 2). The interactive effects of pyrolysis temperature and
environment was significant on biochar ash content (P < 0.001). Ash
content was increased with temperature at a quicker pace under Nj. For
example, biochar ash increased by 10 units from 400 °C to 500 °C under
Ny atmosphere, while it increased by 8 units under CO; at the same
temperature interval. The content of ash, volatile matter and fixed car-
bon in biochar impacts its environmental application. Biochars with
higher fixed carbon content in biochar are chemically and biologically
stable, having half-lives in soil over 100-1000 years [57].

Biosolids

Journal of Analytical and Applied Pyrolysis 164 (2022) 105542
3.3. Morphological study of biochar

The morphological study of biosolids showed a smooth surface with
limited porous structure, while biochar had rough surface with well-
developed pores (Fig. 2). The porous structure of biochar developed
gradually with increasing pyrolysis temperature. BN400 showed some
well-developed porous structure in SEM image under N3 environment
(Fig. 2). The development of pores was advanced in BN500 and a crack
of pore surface can be seen in BN600. Similarly, in comparison of SEM
images, BC400 showed well-developed porous structure, holes forma-
tion occurred in BC500, and the number of holes were reduced in
BC600. The current development of porous structure in biochar under
CO4 atmosphere was probably resulted from the destruction of biochar
structure, hence weakened the interaction between H and the biochar
matrix. This property can increase the formation of biochar with high
porosity and high specific surface area [18].

The BET specific surface area of biochar produced are presented in

Biochars at N, atmosphere

Biochars at CO, atmosphere

Fig. 2. SEM images of biosolids and biochar at three different temperatures (400, 500 and 600 °C) under two atmospheres (N and CO5).
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Table 1. The original feedstock had a very low surface area (2.1 m?/g).
The BET surface area (Sggr) of biochar increased from 7.6 m?/ gat 400 °C
to 32.0 m%/g at 600 °C under N, environment. Pyrolysis under CO2 leads
to higher surface areas, with values from 11.4 m%/g at 400 °C to
45.5 m?/ g at 600 °C. Previous studies [12,13,16] reported a higher Sggr
value for biochar from biosolids than the ones obtained in the current
study. The increase in surface area with increasing pyrolysis tempera-
ture could be associated with the removal of VM that creates more
mesopore and micropore at higher pyrolysis temperature. However, the
surface area increased significantly from 11.4m2/g (BC400) to
45.5 m?/g (BC600) under CO, environment due to effects of CO, gasi-
fication. Jindarom et al. [58] reported that CO, gasification removed
carbon atoms from the interior of biomass particles. As a result, the open
micropores were enlarged and enhanced the opening of closed micro-
pores. It was observed that the biochar produced under CO, environ-
ment showed higher Ny adsorption/desorption isotherm curves (Fig. 3
(B)) than the biochar under N; (Fig. 3. A). The pore size of biochar can be
divided into micropores (internal pore diameter <2 nm) which is
responsible for high adsorption capacity for small molecules such as gas
and common solvents; mesopores (internal pore width, 2-50 nm) and
macropores (pore of internal diameter >50 nm) [59]. As shown in the
Table 1, all the biochars were mesoporous. The pore size distribution
showed that biochar produced at 400 °C have higher pore size 9.757 nm
for BN400 and 9.701 nm for BC400. The pore size decreased gradually
in biochar produced at higher temperature in both environments. The
results demonstrated that the pore size might collapse at higher tem-
perature, resulting in a decrease in pore size [60].

3.4. Crystalline structure of biochar

The crystalline phase of biosolids derived biochar was identified by
XRD analysis. Quartz (SiO3) with a characteristic peak at 20 = 26.6° was
commonly identified crystalline structure in the biosolids and the
resulted biochar (Fig. 4). Biochar obtained from biosolids contains
higher amount of silica when prepared at high temperatures peak in-
tensity, possibly due to the change in ultrastructure of sludge biochar.
The percentage of silica content (Table 3) in the biochar (12.3.9 to
38.2%) was similar to results reported by [18]. Calcite (CaCO3) was the
next crystalline phase that was identified in substantial quantity in both
biosolids and their biochar under both atmospheres. Liu et al. [61] re-
ported that CaCO3 and SiO2 may participate in the immobilisation of Zn,
Pb and Cr at high pyrolysis temperature. There was some background
noise attributed to organic matter vibration in the samples. CaCO3 and
magnesium calcite (MgO.CaCOs) appeared in diffraction peak at 20
value of 29.44-49.51 and their intensity increased with increasing py-
rolysis temperature, particularly for calcite [62]. In general, the
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mineralogical composition of the biochar was not affected by the py-
rolysis environment. The common major mineral bearing elements are
calcium, iron, aluminium and phosphorus with calcite, magnesium
calcite, iron phosphate hydroxide, aluminium phosphate, calcium
magnesium phosphate, zinc phosphate and iron vanadium oxide being
the major mineral species in all biochars (Table 3).

3.5. Implications of our research

The current paradigm in biochar use for soil amendment establishes
that there are trade-offs for different potential benefits of soil applica-
tion, for example, when using biochar with the intention to maximise
carbon sequestration, which corresponds to biochars prepared at high
temperatures, there could be a decrease in its potential for increasing
soil fertility [63]. Our study has confirmed some trends found before, for
example, higher pH, EC, fixed carbon content and surface area as the
temperature of pyrolysis increases [2]. Importantly, it has been
demonstrated that biochars prepared under carbon dioxide have
intrinsically different physico-chemical characteristics to those prepared
under nitrogen. Biochars prepared under carbon dioxide were much less
alkaline than those prepared under nitrogen and exhibited a lower EC.
This could be of importance in calcareous soils, where the agricultural
benefits of biochar application have demonstrated to date to be limited
[64] and high salinity limit crop productivity. In addition, higher surface
areas, together with a shift in functional groups, were found in biochars
prepared under carbon dioxide, which would have implications for the
sorption of contaminants, both in aqueous and terrestrial environments.
The use of CO instead of Ny as pyrolysis atmosphere led to similar or
better results concerning properties involved in soil carbon sequestra-
tion (H/C, O/C ratios and fixed carbon). Overall, some advantageous
properties when using carbon dioxide as pyrolysis atmosphere were
identified. Although not a focus in this study, it was previously found
that using CO;, as pyrolysis atmosphere can decrease the bioavailability
of PAHs [25] and heavy metals [65]. Future research should focus in
finding specific opportunities to maximise the potential environmental
benefits of biochars prepared under carbon dioxide.

4. Conclusions

The pyrolytic conversion of biosolids to biochar at different tem-
peratures under two carrier gas offered a simple method for tailoring
biochar properties to different environmental applications. The pyrol-
ysis temperatures and atmospheres influenced the biochar yield as well
as several physicochemical and structural attributes of the biochar.
Increasing pyrolysis temperature from 400 °C to 600 °C reduced the
biochar yield but increased the biochar aromatic structures, reduced the
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Fig. 3. N adsorption/desorption isotherm report for biochar produced at three different temperatures under (A) Biochar produced under N, and (B) Biochar

produced under CO, atmosphere.
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Fig. 4. XRD spectra of biosolids and biochars at different temperature under N, (A) and CO, (B) atmosphere, where (Q) Quartz, (C) Calcite, (MC) Magnesium calcite

(MgO0.CaCOs3), (IPH) Iron Phosphate hydroxide Fe (PO4)3(OH).

surface functional groups and increased the pH. Replacing an expensive
inert gas (N2) with carbon dioxide is of interest as it reduces operating
costs and results in a similar yield of biochar with some similar physico-
chemical properties (particularly those involved in soil carbon seques-
tration) and better porosity. Notably, biochar pH, a property funda-
mental for soil remediation, particularly for heavy metals
immobilisation and for soil fertility as it modulates nutrient availability,
was significantly different when using CO5 as a carrier gas. Thus, bio-
chars prepared under different atmospheres will exhibit a contrasting
behaviour when added to the soil. The next stage of this research would
be to find niche areas where biochars prepared from carbon dioxide
could outperform other type of biochars.
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