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ARTICLE INFO ABSTRACT

Editor: V. Victor Biosolids are contaminated with heavy metals (HMs) and alkali and alkaline earth metals (AAEMSs). These metals

limit the suitability of biosolids for land application as well as their pyrolytic conversion to high-quality products.

Keywords: In this work, a mild sulphuric acid pre-treatment of biosolids was carried out at different stirring speeds
Addlle“h‘i“g‘ (300-900 rpm), temperatures (25-100 °C), extraction time (0-180 min), and acid concentration (1-5% v/v) to
EZ?me,ﬂZimn reduce the metals load in biosolids and their biochar derived from pyrolysis. The metal leaching process was very
Pyrcrl}},/sis rapid and reached equilibrium in less than 30 min. The optimum conditions removed about 75-95% HMs and
Biochar 80-95% AAEMs except Ca due to the formation of CaSO4 hydrates. Temperature was the driving parameter for

Cd and Ni extraction, whereas temperature and acid concentration played the leading roles in Cu extraction. The
shrinking core product layer diffusion and surface chemical reaction models described the extraction kinetics of
Ni, Cu and Cd. A leaching activation energy of 10.02 kJ/mol and 7.37 kJ/mol was estimated for Ni and Cd,
respectively. FTIR, SEM and XRD characterisation of the treated biosolids jointly indicated that the leaching
mechanism was dominated by acid dissolution of metal-containing components followed by ion exchange of
metal species with protons from H,SO4. Treatment at 25 °C and 3% H,SO4 lowered the biosolids ash content by
50% and preserved the physicochemical attributes, which enhanced the pyrolysis upcycling of the treated bio-
solids. Pre-treatment influenced the migration characteristics of the metals during pyrolysis and the produced
biochar had several folds lower HMs and AAEMs contents than the raw biosolids-derived biochar.

Alkali and alkaline earth metals

1. Introduction and Zn, and their concentrations can be higher than the safe limit pre-
scribed by many environmental legislations [1,3,5,6]. As a result, in
Victoria, Australia, only the least contaminant (C-1) and highest treat-

ment (T-1) grades biosolids have unrestricted applications in agricul-

The sustainable management of the increasing biosolids remains a
big hurdle for the wastewater industry and research community.

Traditional biosolids management spans across landfilling, incineration,
composting, stockpiling and recently thermochemical processing for
resource recovery [1,2]. In many countries, land application in agri-
cultural soils is the predominant management route [3]. For instance, in
Australia, about 70% of biosolids are beneficiated to agricultural land
because of their nutritional organic and inorganic (mainly N, P, K)
constituents [4]. However, the increase in emerging contaminants such
as per- and poly-fluoroalkyl substances, pesticides, microplastics, and
heavy metals (HMs) in biosolids are limiting their direct land applica-
tion. Controlled HMs in biosolids include As, Cr, Cd, Cu, Hg, Pb, Ni, Se,

tural land [5].

Thermochemical treatment can be an attractive management option
for biosolids that cannot be used conventionally in agricultural soils due
to concerns with environmental pollution. Pyrolysis is a widely studied
method for converting biosolids to biochar (carbon and nutrient-rich
solid), bio-oil (condensable volatiles liquid) and pyrolysis gas (non-
condensable gases) [7-10]. Pyrolysis can degrade the persistent organic
contaminants and pathogens in biosolids and reduce the waste volume
significantly [11,12]. However, pyrolysis concentrates inorganic con-
stituents such as HMs, alkali and alkaline earth metals (AAEMs) and

* Corresponding author at: Chemical and Environmental Engineering, School of Engineering, RMIT University, Melbourne, VIC 3000, Australia.

E-mail address: kalpit.shah@rmit.edu.au (K. Shah).

https://doi.org/10.1016/j.jece.2022.107378

Received 13 November 2021; Received in revised form 30 January 2022; Accepted 10 February 2022

Available online 12 February 2022
2213-3437/© 2022 Published by Elsevier Ltd.


mailto:kalpit.shah@rmit.edu.au
www.sciencedirect.com/science/journal/22133437
https://www.elsevier.com/locate/jece
https://doi.org/10.1016/j.jece.2022.107378
https://doi.org/10.1016/j.jece.2022.107378
https://doi.org/10.1016/j.jece.2022.107378
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jece.2022.107378&domain=pdf

1.G. Hakeem et al.

silicates in the resulting biochar. This is due to the degradation of
organic matter during pyrolysis and the thermal stability of the metals
[13]. The elevated HMs contents in the biochar could hinder their direct
land application similar to the parent biosolids. Also, excessive levels of
AAEMs in biochar can weaken the oxidation resistance of the biochar
carbon, lower the ash fusion temperature, and induce slagging and
fouling during combustion [14,15]. While the metals are largely
retained in the biochar after pyrolysis, they have many deleterious ef-
fects on the pyrolysis process and products formation [16-18]. More-
over, the possible migration of HMs from biosolids to oil and gas
fractions during pyrolysis has raised environmental concerns [19,20].
Therefore, the removal of HMs and AAEMs from biosolids could be
beneficial for selective product formation during pyrolysis as well as for
the enhancement of biosolids and their char quality.

Several methods are demonstrated in literature for metals removal
from biosolids [21,22]. The use of mineral and organic acids [23,24],
chelating agents [25], ionic liquids [26], surfactants [27], ferric salts
[28,29], and bioleaching [30] have been reported. Acidification can be
the most promising technique for concurrent biosolids demineralisation,
hydrolysis, and HMs solubilisation while preserving the organic residue
(high-grade pre-treated biosolids with a low concentration of HMs and
AAEMs) for pyrolysis upcycling or land application [21,31,32]. Previous
studies on biosolids acid pre-treatment mainly focused on HMs extrac-
tion from contaminated/industrial biosolids with no pyrolysis investi-
gation of the pre-treated biosolids [33-36]. As such, very harsh
pre-treatment conditions are used to remove HMs from biosolids
before disposal or land application. The harsh conditions usually result
in the breakdown of the biosolids’ valuable organic matter during the
pre-treatment. Owing to its low cost, industrial maturity, and effec-
tiveness, sulphuric acid (H2SO4) is a popular leaching solvent. Consid-
erable variation exists among studies on the removal efficiency of HMs
from municipal biosolids using HoSO4 due to several opposing factors
such as solids concentration, temperature, acid concentration (or pH),
stirring speed and extraction time [24,32,37,38]. For instance, Stylianou
et al. [32] reported over 70% removal of Ni, Cu, Cr and Zn from
municipal biosolids at an optimum condition of 20% (v/v) H2SO4 and
80 °C for 30 min. In contrast, removal of 82% Cr, 25% Cu, 80% Ni, 50%
Pb and 70% Zn was achieved at 20% (v/v) HoSO4 and room temperature
for 60 min in another work [24]. The extraction kinetics of HMs leaching
from biosolids using HoSO4, which is necessary to develop scale-up
process designs for biosolids treatment and to understand the feasi-
bility of integrating within the existing infrastructure of water treatment
plants, are scarce in the literature [33]. Studies published on the kinetics
of HMs extraction using acids are only applied to hazardous wastes and
metals-ores [39-42].

Limited studies on integrated acid pre-treatment and pyrolysis were
centred on understanding the role of inherent biosolids metals on their
thermal decomposition behaviour and kinetics [43-45]. The analytical
pyrolysis of acid demineralised biosolids or demineralised biosolids
spiked with specific metals/minerals demonstrated the catalytic role of
metals in fostering or inhibiting gaseous pollutants release, thermal
degradation stability of organic macromolecules, and pyrolysis activa-
tion energy. Removing ash-forming elements from biosolids by H2SO4
treatment was reported to improve devolatilisation and denitrogenation
reactions during the catalytic pyrolysis of the treated biosolids to
co-produce hydrocarbons and ammonia [31]. However, the effect of
pre-treatment and subsequent pyrolysis on the metal contents in the
biosolids derived biochar was not reported. Also, previous studies [31,
46] lack detailed physicochemical characterisation of acid pre-treated
biosolids, which is crucial in understanding the effects of acid treat-
ment under a wide range of conditions and for assessing the suitability of
the treated biosolids for appropriate applications.

Reducing biosolids HMs contaminants load through mild H2SO4
treatment can upgrade the quality of low-grade biosolids that are ordi-
narily unfit for agricultural application suitable for unrestricted land
use. Also, the pyrolytic conversion of upgraded biosolids to high-quality

Journal of Environmental Chemical Engineering 10 (2022) 107378

biochar and bio-oil can enhance value recovery from biosolids. No single
study has reported a comprehensive insight into the integrated chemical
and thermal treatment of biosolids. Therefore, this study aims to employ
mild HpSO4 (1-5% v/v) pre-treatment to obtain high-quality biosolids
and biochar with respect to HMs concentration. The whole spectrum of
biosolids HySO4 treatment for metals removal, involving process opti-
misation, leaching kinetics and mechanistic insights, and physico-
chemical characterisation, were studied. The effect of pyrolysis on the
subsequent concentration of the metals in the derived biochar was
investigated. Specific objectives were to (i) investigate the role of pre-
treatment process parameters (temperature, acid concentration and
stirring rates) on the extraction behaviour of AAEMs and controlled HMs
from Australian biosolids, (ii) estimate the leaching kinetic parameters
using the shrinking core models, (iii) study the effects of pre-treatment
process parameters on biosolids physicochemical, thermal and struc-
tural properties, and (iv) examine the influence of pre-treatment and
pyrolysis on the fate of metals in the biosolids derived biochar.

2. Materials and Methods
2.1. Sample collection and preparation

The biosolids used in this study was obtained from Mount Martha
wastewater recycling plant, South East water corporation, Melbourne,
Australia. The plant uses anaerobic digestion and lagoon treatment for
sludge concentration. The concentrated sludge is dosed with polymer
additives to coalesce the flocs, followed by mechanical dewatering using
a belt-press filter and drying using a solar dryer. The biosolids employed
in this study are the final solids from the dryer. Before further use, the
biosolids sample was oven-dried at 105 °C and sieved to 100-400 pm
particle sizes. The ultimate and proximate analyses, as well as their
metals compositions, are presented in Table SI1. The raw biosolids
contain higher concentrations of Cd, Cu, and Zn than those of C-1 grade
biosolids (the least contaminant grade, according to Victoria (Australia)
EPA biosolids guidelines [5]. Therefore, the extraction of Cd, Cu, Ni, and
Zn (HMs) alongside Na, K, Mg, and Ca (AAEMs) were investigated in this
study. The chemicals used were of analytical grades and included sul-
phuric acid (s.gr 1.64, 98% Assay, RCI Labscan Ltd), 70% nitric acid
(Merck Pty Ltd), and 30% hydrogen peroxide (Rowe Scientific Pty Ltd).
Deionised 18.2 MQ.cm Milli-Q water (Milli-pore Corporation) was used
throughout this work.

2.2. Pre-treatment procedure

The batch pre-treatment experiment was conducted in 20 ml glass
vials immersed in a temperature-controlled oil bath on a magnetic stirrer
hot plate (Super-Nuova® Thermo Scientific). The vials were capped
tightly to avoid evaporation losses and keep the solid mass ratio con-
stant. Dried biosolids and H2SO4 (pH <2) was used in a solid to liquid
ratio of 1:10 (g/ml). The influence of temperature (25-100 °C), acid
concentration (1-5% v/v), stirring speed (300-900 rpm), and time
(0-180 min) was investigated on AAEMs and HMs extraction. For the
investigation of single parameter effect on metal extraction rates, other
parameters values were kept constant at 63 °C, 3% acid, and 600 rpm.
The process parameters were optimised using the Box-Behnken response
surface methodology design. The range and levels of the factors (acid
concentration, temperature, and time) are shown in Table SI2.

A typical pre-treatment experiment involved heating 10 ml of HoSO4
with a known concentration to the desired temperature (+3 °C). Then, 1
g of dried biosolids were added to the pre-heated acid solution, a mag-
netic stirrer bar was inserted into the vial, and the vial was tightly
capped. The reaction lasted for 180 + 2 min under continuous stirring at
the desired rpm. The slurry was then vacuum filtered to separate into an
aqueous stream (leachate) and solid residue. Aliquot of the leachate was
filtered using NY 0.45 pym syringe filter, diluted and quantified for
metals using ICP-MS. The dissolved metal concentration in the leachate
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(mg/kg dry biosolids) was calculated by Eq. (1), and the metals
extraction fraction was calculated by Eq. (2). The residue was washed
with deionised water until the filtrate approached neutral pH. The
treated biosolids were dried and stored for further analysis. Each pre-
treatment experiment was carried out at least in triplicates, and the
average results are presented in the manuscript. Experimental and
measurement errors are reported as the standard deviation of the data.
Pre-treated samples are denoted as Sample number (pre-treatment
conditions) - for instance, S1(25—1-1) denoted Sample 1 obtained at
25 °C and 1% acid for 1 hr.

c mg _ CM.lfavhat@ (%) X Vv (L) (1)
M leachate kg - W (kg)
CM Jleachate (%)
Extraction fraction y = (2)

mg
Ch biosolids <E>

Where: M denote metal component and Cy jeqchare iS the concentration of
metal dissolved in the leachate, Cypiosorigs iS the metal concentration in
the biosolids feed, V is the total leachate volume, W is the dry mass of
biosolids.

2.3. Leaching kinetics

Metal extraction is usually described as a solid-liquid phase hetero-
geneous reaction and can be regarded as a leaching process. The
shrinking core kinetic model is a popular correlation used to estimate
leaching kinetic parameters [39,47,48]. The model offers a good
approximation of real particles behaviour than other reaction models in
a wide variety of situations [49]. Egs. (3)-(5) can be used to describe the
shrinking core models for each of the leaching phenomenon [40,50].

i) If the reaction rate is diffusion-controlled through the liquid film
(external diffusion effects), the rate expression is:

a; = kayt 3

ii) If the reaction rate is controlled by diffusion through the product/
ash layer (internal diffusion effects), the rate expression becomes

1—2/3a,~—(1 ) = kayt 4

iii) If the reaction rate is controlled by surface chemical reaction
(phase boundary reaction), the rate expression becomes

1—(1—a)® =kt (5)

iv) For each of the cases, the temperature dependence of the
apparent rate constant can be correlated by the Arrhenius
expression

Ea

k, = AeRF (6)

Where: ¢; is the extraction fraction of metal i, kq; is the liquid diffusion
rate constant, kq; is the product layer diffusion rate constant, k. is the
chemical reaction rate constant, t is the extraction time (min), k, is the
overall apparent rate constant, A is the pre-exponential factor, R is the
universal gas constant (8.314 kJ/mol K), Ej is the activation energy (kJ/
mol), and T is the absolute temperature (K). Experimental data (metals
extraction fraction and time) were fitted to Egs. (3)-(5) to determine the
leaching mechanisms and kinetic parameters. The coefficient of corre-
lation (R?) value and near-zero intercept of the linear relationship was
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used to assess the appropriate fit of the experimental data to the kinetic
model equations. Finally, the leaching E; was estimated by fitting
appropriate rate constants to the Arrhenius correlation (Eq. 6).

2.4. Physicochemical characterisation of treated biosolids

2.4.1. Ultimate and proximate analyses

Proximate analysis of treated biosolids was performed using a
Simultaneous Thermal Analyser (STA 6000 Perkin Elmer), and ultimate
analysis was performed in a CHNS 2400 Series II Perkin Elmer. The
oxygen content was obtained by difference on a dry ash-free basis. Both
analyses were performed in triplicates, and the results were the average
of three runs with errors expressed as the standard deviation of the
measurements.

2.4.2. Minerals and metals analyses

The minerals (metal oxides) compositions of treated and raw samples
were determined using an X-ray Fluorescence (XRF, AXS S4 Pioneer
Bruker) instrument. The major mineral species in the raw and treated
samples were identified through an X-ray Diffractometry (XRD, AXS D4
Pioneer Bruker) analysis. Trace metals were determined using Inductive
Coupled Plasma-Mass Spectrometry (ICP-MS 7700 Series, Agilent
Technologies) instrument following acid digestion of biosolids samples
according to method 3050B [51]. Briefly, 0.25 g of dried biosolids
sample was weighed into thermal glass vessels. Then 5 ml of 70% HNOg
was added to the biosolids, and the mixture was refluxed at 95 °C for
2 hr in a digester block (DK 42/26, VELP Scientifica). The procedure was
repeated until no brown fumes were given off, indicating complete
oxidation in HNOs. After cooling, the solution was concentrated to the
required volume by drying at 65 °C. Then 2 ml of 30% Hy0, was added
to the solution, followed by heating at 95 °C for 20 min. This step was
repeated several times with the addition of 1 ml H,O5 until no effer-
vescence was observed. The digested solution was centrifuged, filtered
and diluted appropriately for metals quantification in ICP-MS.

2.4.3. Functional groups distribution

The functional groups present in raw and treated biosolids as well as
their biochar were identified using a Fourier Transformed Infrared
Spectroscopy (FTIR, Spectrum 100, Perkin Elmer). The FTIR spectra
were captured in absorbance mode over a scanning wavelength of
4000-400 cm ! at 32 scanning times and 4 cm ™! resolutions.

2.4.4. Structural properties

A scanning electron microscope ((SEM), FEI Quanta 200, USA) was
used to analyse the surface morphologies of raw and treated biosolids
samples. Before SEM imaging, all samples are securely placed on an
aluminium stub with carbon tape and coated with iridium using Leica
EM ACE 600 sputter coating instrument. The SEM instrument was
operated at 30 kV voltage, and SEM images were captured at the same
spot size (5.0) and magnification (x3000) to compare the surface
morphology. Brunauer-Emmett-Teller (BET) surface area of raw and
acid-treated biosolids samples was measured using the Micromeritics
TriStar II instrument (nitrogen gas sorption at 77 K). Before the analysis,
the samples were degassed under vacuum for at least 20 hrat 180 °Cin a
Micrometrics VacPrep 061 system.

2.4.5. Thermogravimetric analysis

The thermal degradation behaviour of raw and treated biosolids was
assessed using TGA 8000 (Perkin Elmer, USA). Five milligrams of each
sample was heated from 35 to 800 °C at a heating rate of 20 °C/min
under a pure nitrogen atmosphere flowing at 20 ml/min. TG and DTG
profiles were obtained as plots of %mass loss and derivative mass loss
versus temperature, respectively.
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2.5. Fate of metals in biosolids biochar

Biosolids treated at 63 °C and 3% H,SO4 for 2 hr (conditions selected
from the optimisation results) was used to produce biochar at 500 °Cin a
muffle furnace for 3 hr residence time. Similarly, raw biosolids biochar
was also produced at the same conditions to compare the HMs contents
in the two char products. Biochar from treated biosolids (TB) and raw
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biosolids (RB) was denoted as TBB and RBB, respectively. The metal i
retention factor (MRF;), calculated by Eq. (7), was used to demonstrate
the effect of pyrolysis on metal concentration in the biochar [52]. The
recovery of metal i (R;) in the char products after pyrolysis was calcu-
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lated by Eq. (8) [19].
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Fig. 1. Effects of stirring speeds on the extraction rate of AAEMs and controlled HMs at 63 °C, 3% H3SO4, and 1:10 (g/ml S/L).
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HSO4 is shown in Fig. 1. The profile illustrates the effect of external
mass transfer (film diffusion barrier) on the metals extraction rates. The
extraction behaviour of all the metals was quite similar, as the extraction
rate rapidly increased up to the first 30 min and then became relatively
stable. For most of the metals, increasing stirring speed from 300-900
rpm was inconsequential on the extraction rates. Whereas, the extrac-
tion rate of few of the metals (such as Mg and Cd) increased when the
stirring speed increased from 300 to 600 rpm; however, negligible im-
provements were observed from 600 to 900 rpm. The very close or
overlapping extraction profile at 600-900 rpm indicated that the
extraction kinetics of each metal element was neither limited nor
controlled by external film diffusion. Hence, the apparent reaction rate
can be dominated by internal diffusion or surface chemical reaction
phenomena. Therefore, 600 rpm was selected as the optimum working
speed for subsequent experiments. It can be seen from Fig. 1 that the pre-
treatment at 600 rpm extracted about 70-95% of all metals excluding Ca
in the first 30 min suggesting the dominance of an extremely fast ion-
exchange reaction between the metal cations and protons from HSOj4.
Remarkable scatter exists among studies on the optimum stirring speeds
and their effects on metals extraction using HySO4 [41,49,53]. Differ-
ences in feed materials, chemical speciation of the metals within the feed
matrix, and process conditions contribute to the varied influence of
stirring speed on metals extraction. The influence of agitation speed may
not be negligible at very low rpm and in the early stage of the process
where the external mass transfer barrier would be prominent [54].
However, the influence will depend on feed parameters, particularly
particle size, since external mass diffusion theory is a function of particle
size (k ~ 1/d;,) with diffusion coefficient (k) increasing with decreasing
particle diameter (d,) [41].

3.1.2. Effects of acid concentration

The effect of acid concentration (i.e., 1-5% v/v) at 63 °C and
600 rpm on the extraction profiles of the metal elements is shown in
Fig. 2. The regression analysis and one-way ANOVA of the parameter
can be found in Table SI3. The effect of acid concentration was not
significant (p > 0.05) on the extraction rate of most metals. For Na, K,
Mg and Zn, the lowest acid concentration (1%) extracted maximum
metals corresponding to 82%, 85%, 99% and 99% in the first 60 min.
However, higher acid concentration (3-5%) enhanced the extraction
stability of the metals, as the extraction rate for the metals dropped after
60 min using 1% acid. HoSO4 was reported to have good selectivity to
Zn, reaching to100% extraction in previous literature [55,56]. Zn and
Cu are the two limiting HMs in the biosolids; however, the lower affinity
of Zn towards the organic ligands compared to Cu could also explain its
stronger solubilisation at all acid concentrations [28]. Alkali metals (Na
and K), unlike the alkaline earth metals (Mg and Ca), are very reactive
and highly water-soluble [57]. Ca extraction was significantly influ-
enced (p < 0.05) by acid concentration in the first 10 min. The two-fold
extraction (45%) of Ca in the first 10 min probably occurred before the
formation of CaSOg4, and the extraction decreased monotonically with
time as more CaSO,4 was formed until no further extraction was observed
beyond 30 min. This observation was confirmed by the increase of
gypsum peak (CaSO4 dihydrate) in the XRD pattern of treated biosolids
at increasing extraction time (data not shown). Other studies [58,59]
have also reported consistently low Ca extraction (3-15%) with HaSO4
regardless of the concentration owing to the poor solubility of CaSO4
hydrates in water [60]. Cd, Ni, and Cu extraction rates increased with
increasing acid concentration, and the influence of acid concentration
was significant (p < 0.05) on the extraction of Cu and Cd than Ni.
However, Cu extraction reached equilibrium faster than Cd, and longer
extraction time appeared to favour Cd extraction at higher acid con-
centrations, which agreed with the findings of Safarzadeh et al. [40].
The improvement in Ni extraction with increasing acid concentration
from 1% to 5% was 13% in the first 30 min and increased to 20% after
180 min of extraction, similar to the observation reported by Stylianou
et al. [32]. Cd and Ni are mainly present as reducible fractions in
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biosolids strongly linked to carbonates, and higher acid concentration
can increase the dissolution rate of carbonate-containing matrix [28].
Cu can easily form complexes with organic matter due to the high sta-
bility constant of organic Cu compounds [61]. Thus, the improved
organic matter oxidation at high acid concentration likely favoured the
extraction of Cu. The metal dissolution process was strongly influenced
by the acid concentration and extraction time due to the differences in
the amount of available H" and the competitive formation of respective
metal sulphate film that slowed down the extraction [62].

3.1.3. Effects of temperature

The influence of temperature on the metal extraction rate is illus-
trated in Fig. 3. The regression analysis and ANOVA of the process
parameter can be found in Table SI3. The influence of temperature on
the metal extraction profile was different for each metal. Similar to the
effect of acid concentration, the leaching temperature had little to no
influence (p > 0.05) on the extraction of Na, K, Mg and Zn, whereas
temperature played a foremost role in the extraction of Cu, Cd and Ni.
The maximum extraction efficiency of Na, K, Mg and Zn ranges from
80% to 100% at all temperatures. Zn and Mg had the highest extraction
efficiency of over 99% and had the least variation with temperatures,
indicating high extraction stability in HoSO4 at the investigated condi-
tions. Ambient temperature (25 °C) slightly outperformed higher tem-
peratures for AAEMs (excluding Ca) removal, suggesting that the metals
are available as salts unbounded to the biosolids organic matrix, which
would otherwise require harsh pre-treatment conditions to dissociate
[53]. The optimum extraction temperature for Ni (76%) and Cd (99%)
was 100 °C, whereas it was 63 °C for Cu (85%). The influence of
extraction time was more prominent on Ni than Cu and Cd at all tem-
peratures. For instance, Ni extraction at 100 °C reached 50% in 20 min
whereas it took around 180 min to reach the same 50% extraction at
25 °C. Meanwhile, the marginal increase in Cd extraction (~10-15%) at
all temperatures was similar up to the first 60 min, beyond which the
extraction rate waded stronger at 25 °C while it steadily decreased at
100 °C and the extraction converged at 80% at 180 min. Other re-
searchers [40,50,63] found no remarkable influence of time on Cd
extraction with HoSO4 at 25-60 °C with reported maximum extraction
of ~95% in < 15 min. However, in the current study, the extraction
temperature was up to 100 °C and the time extended to 180 min; hence
the effect of time on Cd extraction at different temperatures was
obvious. The effect of temperature on Cu extraction was notable. No
earlier work studied the effect of temperature up to 100 °C on Cu
dissolution from biosolids. In the current study, Cu extraction increased
(from 73% to 85%) with the increase in temperature from 25° to 63°C.
However, a further increase in temperature to 100 °C dropped Cu
extraction to 35%. The decrease in Cu extraction at 100 °C could be
attributed to the selective displacement of Cu from CuSOy in solution by
Fe. Iron extraction was very low at 25 °C (30%), which increased to 50%
at 63 °C and reached almost 100% at 100 °C (data not shown). Biosolids
used in this study had over 10-fold more Fe (15134 mg/kg) than Cu
(1240 mg/kg), and Fe is more reactive than Cu. The displacement re-
action (Eq. 9) was spontaneous and catalysed by heat and HySO4 at
100 °C [64]. Also, dissolved Cu can participate in the oxidation of
ferrous to ferric at high temperatures to precipitate as Cu-ferrite, thereby
limiting Cu extraction [65].

CUSO4(aq) + FC(S) - FCSO4(aq) + CU(S) (9)

Distinct from other metals, the Ca extraction rate increased in the
first 10 min and then plummeted up to 30 min; after that, the extraction
rate became relatively constant at all temperatures. The rapid extraction
of Ca in the first 10 min was attributed to the removal of water-soluble
and acid-exchangeable Ca ions; thereafter, Ca reacted with HoSO4 and
formed CaSOj4, which exhibited retrograde solubility in water at higher
temperatures [60]. XRD analysis of the treated biosolids (Fig. SI1)
showed that aside from silica, CaSO4 hydrates (bassanite and gypsum)
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Fig. 3. Effects of temperatures on the extraction rate of AAEMs and controlled HMs in biosolids at 3% H2SO4, 600 rpm and 1:10 (g/ml S/L).

were the major mineral phases in the treated biosolids. The absence of
other AAEMs sulphates corroborates their high dissolution reaching
85-100% extraction at all temperatures.

3.2. Leaching kinetics

The leaching process observed in this study can be described as a
multi-component heterogeneous reaction of several metals and HSO4 at

the same time. The reaction rate depends on many factors, including
solid surface morphology, surface reactivity, solid activity, and possible
phase transfer mechanism [66]. The leaching of AAEMs and Zn was so
rapid that it was not possible to fit the shrinking core kinetic models with
their extraction rate. This phenomenon was also evident from the
inconsequential influence and statistical insignificance (p > 0.05) of the
leaching parameters (temperature, acid concentration, and time) on
AAEMs and Zn extraction (Fig. 2 and 3) Based on the negligible effect of
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stirring speeds on all metals extraction (Fig. 1), it was obvious that their _
extraction kinetics were not limited by external mass transfer and had no g
effects on the global rate. Therefore, the apparent rate was described g 8z v gz @
either by internal mass transfer (product layer diffusion effects) or sur- 3 NI R SRS I S
face chemical reaction by fitting Ni, Cd and Cu extraction data to Eqs. 4 ’_‘5 S g % g g g
and 5 (Fig. SI3(A) and SI3(B), respectively). A satisfactory fitting was § | ¥8 ¥ o4 o
observed for extraction data from 0 to 30 min, while no fitting was found
for extraction data beyond 30 min for the three metals. The product = " oo o oo o
layer diffusion model was a better fit for Cu extraction data (R* >0.94) S| 3 S8 4 oLgeg g
than the surface chemical reaction model (R>~0.85). For Ni, both the =) ;j ﬂ ﬁ ﬁ E 3*\ ﬁ
diffusion model and the surface reaction model appeared to have a good 2|2 I 2 2% R
fitting with its experimental data (R? >0.94). However, the product = - ot T
layer diffusion model provided a stronger fit with a higher R* value of o or o Tv o
0.99 and near-zero intercept. Similarly, Cd extraction data had a good fit 3 22 ¢ J2 8
with both models (R? >0.95); however, the surface reaction model gave A A
a stronger fit (R2 = 0.99). Studies reporting the extraction kinetics of = J2 03 S 0%
HMs removal from biosolids are scarce. Lee et al. [67] observed a mixed °- ae s as A
model by combining Egs. (3)-(5) offered a better description of HMs —
extraction kinetics from biosolids. 8 Iy 3 99§
In estimating the leaching activation energy (E,), only Ni and Cd i i i ; j 3 j
extraction followed the Arrhenius temperature-dependent rate correla- 8 8x & B8x I
tion (Eq. 6) with k4 and k, increasing with extraction temperatures. For - I
Ni, the plot of In k4 versus 1000/T (Fig. SI3(C)) gave a strong linear ° wo 1 mo o«
fitting (R? >0.999), and for Cd, the plot of In k, versus 1000/T (Fig. SI3 B s2 & ZS 3
(D)) gave an R? value of 0.987. Cu extraction kinetics did not follow the ﬂ 2 f 2: ﬁ fr i
Arrhenius rate law; therefore, the leaching E, for Cu cannot be deter- z 3 de © e @
mined from the investigated pre-treatment conditions. From the slope of
the Arrhenius plots, a leaching E, of 10.020 kJ/mol was estimated for Ni J%i E § § ‘i’ E § E
and 7.371 kJ/mol for Cd. The small E, for Ni extraction is characteristic S H T4 H 41 o+
of a diffusion-controlled process [39,67], which corroborated the ?\g ) 58 R &8 ®
stronger fit of the diffusion model with its extraction data. However, the g = ew N Ty
7.371kJ/mol E, for Cd leaching was rather small for a 2 o " N o~
chemical-reaction dominated process; higher E, (>30 kJ/mol) is typical % 3 3 & a- 4
for a chemical reaction driven process [48,50,67]. Notwithstanding, g A A
studies have shown that some chemically controlled processes can have g o E § E E E g 2 E
unusually low E,. For instance, Meshram et al. [68] obtained E, values of
7.6-13.5 kJ/mol for the H,SO4 leaching of rare earth metals from spent 2 ST % 83 8
batteries for a process identified to be well fitted by a surface chemical S s o© oo o
reaction model (R? >0.998). Also, Habbache et al. [49] observed that Cu ﬂ ﬂ 2 2 3 i 3
dissolution from CuO catalyst material using HCl and H2SO4 gave fg § E g § § ; ;
< 30 kJ/mol as E, for the process determined to be controlled by surface
chemical reaction phenomena. It appears that the rate-controlling = 9y 8 83 9
mechanism of heterogeneous dissolution reactions is sometimes pre- 3 3 j 3 j S j
dicted from the kinetic equation plots rather than from the E, value. ) ® ®e g 82 5
Although in many cases, both variables can convey corroborating 8 = N N
mechanistic information [69]. Comparing the E, value obtained in this g
study with extant literature, Lee et al. [67] estimated 7.35 kJ/mol as E . " wa - 0¥ e
leaching E, for Cd extracted in HNO3 from biosolids. The E, of diffusion IR = a =3 3 22 2
dominated Ni leaching from metal ores and hazardous materials has _E X j: ﬁ 2 j 3 j:* 2
been reported over a wide range of 9-60 kJ/mol [39,41,48,50]. The g é s 3 IS 0T 83 2
estimated Ni leaching E, (10.02 kJ/mol) in this study was within the ,@‘ % =0 wwe v o wewe ©
lower end of the range. gl g e o o ®
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3.3. Characterisation of treated biosolids E g ﬂ ~ i 2 ﬂ :: o § i
S1E|=85 38 8 2853
3.3.1. Ultimate and proximate analyses %
The effect of pre-treatment on the ultimate and proximate properties 8 =
of biosolids is summarised in Table 1. A general increase in atomic C, H, "2 § 28 SE5E8% 8
and O was observed in all treated feeds relative to the raw feed. How- ; 2 Ei
ever, pre-treatment with 1-5% acid at 63-100 °C caused a decrease in g 2 = g g
0/C ratio and a slight increase in G/H ratio (Fig. SI4(B)), which ks E E § E
improved fuel and energy recovery potential of the feed materials. The ‘3 2 ‘\E s g oo oEaw -
increase in HHV from 14.59 MJ/kg in raw biosolids to 16.05-19.16 MJ/ SlE|l % &; b
kg in treated samples was attributed to reduction in ash contents [70]. - ° § ) B 2 2
Also, the pre-treatment preserved the N content in all treated samples, % $12198 €nw 8€wnm o
. . . . . . S e~ <= 0 N Y — @ O © ©
which may benefit their nutrient value for land application [71]. The 3|
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increase in S contents in TB relative to the RB can be attributed to the
residual S from H»SO4 despite post-treatment water washing carried out
or due to the formation of sulphides by the oxidising action of H,SO4 on
metals, particularly at higher treatment temperatures and acid concen-
trations [72]. The severity of the pre-treatment conditions affects the
proximate properties particularly, the ash and fixed carbon (FC) con-
tents ((Fig. SI4(A)). At low severity conditions (25 °C and 3% acid), ash
content was reduced by 50% from 30.31 in RB to 15.45 wt%, while
volatile matter (VM) increased from 56.99 wt% to 62.45 wt%. The in-
crease in VM observed in all treated feeds suggested that the
pre-treatment conditions were mild and did not cause noticeable organic
matter degradation. However, the harshest treatment conditions
(100 °C and 5% acid) caused the least increase in VM (59 wt% (data not
shown)). It was observed that the increase in temperature increased the
ash content, whereas the increase in acid concentration decreased the
ash content (Table 1). Therefore, a higher acid concentration and lower
temperature combination would give the best de-ashing outcome. FC
increased in all treated biosolids (13-20 wt%) from 12 wt% in RB as
labile carbon was likely transformed to recalcitrant carbon during the
pre-treatment. The solids recovery decreased with increasing severity
levels of the pre-treatment, with the highest recovery (74.72%) observed
at the mildest condition.

A — Temperature; B — Acid concentration; C — Time; *dry basis; bdry
ash-free; ‘estimated by the correlation of Channiwala and Parikh [70]
using HHV(MJ/kg) = 0.3491C + 1.1783H + 0.1005S — 0.10340 —
0.0151N — 0.0211Ash

3.3.2. Functional groups of raw and treated biosolids and their biochar

The FTIR spectra of raw and treated biosolids (Fig. SI5) and their
interpretation are provided in Supplementary SI5. The analysis was used
to assess the compositional stability of the biosolids after acid treatment
and to understand the possible role of the functional groups in the metal
removal process. Biosolids contain organic matter with diverse chemical
groups, and metals extraction with leaching solvents can be closely
related to the abundance and type of functional groups [73]. Insights
into the leaching mechanisms that can involve the deprotonation of
carboxylic O-H and hydroxylic O-H groups to release H', aiding the
desorption of metals from biosolids is given in Supplementary SI9. Most
of the compounds signatures in RB are preserved in the treated feeds
indicating very mild alterations of the biochemical compositions
following acid treatment. The sample treated at 25 °C and 63 °C did not
show any obvious difference in their spectra compared to RB (Fig. SI5).
However, for the sample treated at 100 °C and 5% acid, organic con-
stituent vibrations in the waveband 900-650 cm ™! became fuzzy, indi-
cating possible molecular bond distortion of substituted C-H groups. A
remarkable increase in the intensity of the Si-O peak (980 cm ™)) was
observed in the spectra of all treated samples compared to RB due to the
relatively higher silica concentration in treated feeds (corroborated by
XRF result in Fig. 5). Likewise, RBB and TBB had similar functional
groups indicating that the pre-treatment did not impact the surface
chemistry of the TB and their resulting biochar (Fig. SI6).

3.3.3. Structural morphologies and surface area

SEM images of raw and acid-treated samples are shown in Fig. SI7.
Noticeable differences in the surface morphology were observed at mid
to high temperature treated samples (Fig. SI7(D-F)). RB image (Fig. SI7
(A)) showed a slit-like flat layered surface, and this layered surface
became disordered when acid was added to the biosolids samples. Acid
treatment caused some structural changes due to diffusion, which
resulted in mild to strong pore openings. No noticeable alteration in
surface morphology was observed for the room-temperature treated
samples (Fig. SI7(B) and (C)) despite excellent metals and minerals re-
movals. This observation indicated that the treatment predominantly
leached free and inorganic-bounded metals and was insufficient to
create inner pores within the organic matrix. Higher treatment tem-
perature changed the morphology of the samples with emerging porous
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structures (Fig. SI7(D-F)). The surface appearance of TB showed fine
whitish-grey crystals covering attributable to the formation of CaSO4
hydrates and PbSO,4, which are the two major mineral phases poorly
leached by H3SO4 [74]. However, despite these mild to strong
morphological changes in the treated feeds, their BET specific surface
areas (2.059-3.048 mz/g) and pore volumes (0.0127-0.0226 cm3/g)
were similar to the RB (2.559 m?/g and 0.0147 cm®/g). The pore size
distribution revealed that mainly mesoporous (average pore width =
7.449 nm) are present in RB, and the width of the pores increased
slightly in treated feeds. The pre-treatment conditions employed in the
current study was insufficient to cause an appreciable increase in surface
areas and pore volumes.

3.3.4. Thermal decomposition behaviour

The thermal decomposition behaviour of biosolids following acid
treatment was studied, and the thermographs are shown in Fig. 4. From
the DTG curve (Fig. 4(B)), six clear peaks (I-VI) at 80, 155, 320, 360,
465, and 705 °C were observed in the RB degradation profile. Peak I and
peak II are attributed to the loss of moisture and light volatiles,
respectively. Peaks III-V represent the major mass loss due to the
decomposition of organic matter, and peak (VI) is ascribed to the loss of
inorganics, usually carbonates. Pre-treatment temperatures influenced
the thermal decomposition behaviour of TB. For instance, peak II and
peak VI associated with the decomposition of light volatiles and in-
organics completely disappeared in all TB. This observation suggested
that acid treatment of biosolids, irrespective of severity conditions,
caused a loss of light volatiles (leachable organics) and minerals. Pre-
treatment facilitated the thermal degradation of biosolids components
with a higher weight loss rate, similar to the observations reported in
previous studies [14,44,46]. The peaks associated with organics
decomposition persisted in all treated samples but at different in-
tensities. For example, S5 and S2 had higher weight loss rates, but the
maximum degradation peak shifted to a lower temperature (290 °C) for
S5 and higher temperature (360 °C) for S2 compared to 305 °C for RB.
Also, the increased devolatilisation of S5 and S2 resulted in low residues
generation compared to RB and S4 (Fig. 4(A)). However, the DTG profile
of S4, obtained at 100 °C and 5% H3SO4, displayed a different decom-
position pattern having a lower degradation rate, as the maximum
degradation temperature increased by 60 °C compared to RB. Therefore,
pre-treatment at 100 °C may be undesirable as it caused significant
components hydrolysis, which compromised the pyrolysis performance.
Shao et al. [43] also observed that demineralisation of biosolids using
2 M HCl and 60 °C hindered the degradation of organic macromolecules
due to changes in the biosolids structure caused by the pre-treatment.

3.4. Overall implications of acid pre-treatment on biosolids

3.4.1. Biosolids grade

The XRF analysis of treated biosolids samples is presented in Fig. 5,
and their residual metals concentration is summarised in Table SI4. The
major mineral phase identified in the TB can be found in the XRD pattern
(Fig. SI1). From both XRF and XRD analyses, the main minerals bearing
elements in TB were Ca, Si, Al, Fe, and P, and their concentration in-
tensities were impacted by pre-treatment conditions (Fig. 5). Trace
amounts of other metals, including Cu, Zn, Ni, Cr, and Mn, were also
detected in the treated samples at different concentration intensities
(Fig. SI8). The overall observations are consistent with temperature,
acid concentration and extraction time effects on the metals extraction
efficiency (Fig. 1-3). All the TB met the Cl-grade biosolids HMs con-
centration threshold except for Cu (Table SI4). The maximum Cu
extraction was 95% at 63 °C and 5% acid, corresponding to a residual Cu
concentration of 241.8 mg/kg in the TB from 1239.81 mg/kg in the RB.
Therefore, more than 95% Cu removal is required to achieve the
100 mg/kg Cu concentration threshold for Cl-grade biosolids. The
required Cu concentration could be achieved using > 5% HSO4 and
63 °C or higher temperature (63 °C<T < 100 °C) and 3% HSO4 or
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using a two-step extraction at mild pre-treatment conditions or using
acidified FeCls, Fe3(SO4)2 and Hy0, [29,75,76]. Cu extraction is influ-
enced by the oxidation-reduction potential of the extracting solvents
rather than acidic pH alone [76,77]. At all conditions studied, 100%
removal of the HMs was not observed; a modest extraction of 70-95%
was achieved at the optimum conditions. The retained HMs in the TB
will likely be present as organic-bounded and residual fractions, which
will be highly resistant to lixiviation when applied to soil [34,78].

3.4.2. Nutrient status

The major nutrient elements in biosolids are N, P, K and acid
leaching can solubilise the components that enrich biosolids of these
elements. Except for N, which is modestly preserved in the TB (Table 1),
there was a reduction in the P and K contents after the acid leaching,
even at the mildest conditions. For instance, the total P in raw biosolids
was 1.5 wt%, and it was reduced to 0.8 wt% in biosolids treated at 25 °C
and 1% H3SO4. Consequently, the HySO4 treatment altered the N:P:K
ratio in the TB relative to the RB, influencing their agronomic value
[28]. The joint use of ferric salt or HyO2 alongside dilute HySO4 can
effectively reduce P solubilisation through the co-precipitation of P as
ferric phosphate and Fenton oxidation reaction [28,75]. On the other
hand, the pre-treatment could facilitate the production of nutrient
modified biosolids for targeted agricultural land applications. Kokkora
et al. [79] suggested that the fertilising requirement of biosolids depends

10

largely on the specific agricultural soil’s nutrient demand, and excessive
levels of these highly labile nutrients, particularly P, can have negative
environmental implications in some cases.

3.4.3. Dewaterability and conditioning

The acid treatment of biosolids lowered the pH from 6.8 to < 2,
which may affect the conditioning and dewaterability of the TB. We
observed that the mechanical dewatering of the acid-treated biosolids
via centrifugation was not altered compared to the raw biosolids at the
same conditions. Chen et al. [80] found that pH < 3 favoured the cen-
trifugal dewatering efficiency of H,SO4 treated sludge through a
monotonic decrease in sludge volume. For instance, about 50% reduc-
tion in sludge volume was observed when the pH declined from 6.8 (raw
sludge) to 1.5 (treated sludge). Similarly, Beauchesne et al. [28]
observed that sludge treatment with HoSO4 and ferric/H,05 at lower pH
enhanced dewaterability through improvement in flocs quality and
reduction in capillary suction time. The emulsification of soluble pro-
teins and lipids components following the destruction of extracellular
polymeric substances in the biosolids at acidic pH promoted particles
agglomeration and rheological behaviour, mainly improving dewater-
ability to a larger extent [80-82]. Except where the production of acti-
vated char via pyrolysis is desired, the treated biosolids demands
post-treatment conditioning before land application or thermochem-
ical conversion to biochar. pH correction via water or alkali washing is a
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common approach; however, a huge volume of aqueous waste stream is
generated. Lime conditioning of the treated biosolids can correct the pH
to the desired level while concurrently replenishing the biosolids of lost
nutrients.

3.4.4. Techno-economic and leachate management

The techno-economic viability of the acid leaching process and land
applications of the treated products is necessary to facilitate the wide-
spread adoption of this integrated approach to biosolids management.
Few studies have overviewed the techno-economic status of biosolids
leaching for HMs removal [26,30,83]. However, there is a paucity of
information on the economics of acid leaching hybridised with pyrolysis
to produce quality biosolids and biochar suitable for land application.
Lastly, the management of the acidic aqueous stream containing dis-
solved metals is a typical limitation of acid pre-treatment. Suggestions in
the literature include returning to WWTPs for tertiary treatment, alkali
neutralisation, metals recovery via precipitation, adsorption, electro-
winning, and membrane separation [62,84-86]. However, depending
on the diversity of the metal components and their concentration in the
stream, some of these techniques can be ineffective, expensive or even
generate residual wastes. A close-loop hydrometallurgical option
involving concentrating the stream through reuse and recycling, pur-
ifying the concentrated stream, and recovering valuable metals could be
more attractive and should be explored in detail [87].

3.5. Effect of pre-treatment and pyrolysis on biosolids biochar: the fate of
metals

The metals (AAEMs and HMs) contents in raw and treated biosolids-
derived biochar (i.e., RBB and TBB, respectively) are given in Table 2.
The contents of the metals in the parent materials (i.e., RB and TB) were
also provided to understand the effect of pre-treatment and subsequent
pyrolysis on the metals’ retention in the biochar. Biochar yield from TB
(35.59 wt%) was lower than that from RB (50.68 wt%) due to the low
ash content in TB. Total AAEMs load in TB was 2.45 times lower than RB,
equivalent to a 60% AAEMs removal during the pre-treatment. Pyrolysis
of both RB and TB further increased the AAEMs concentration consid-
erably. The produced biochar had AAEMs concentrations of ~133000
and ~54000 mg/kg for RBB and TBB, respectively. High levels of
AAEMs and other ash components in biochar are undesirable as they can
decrease the biochar surface areas, limit microporous structure forma-
tion and activation performance, which may hinder their application in
catalysis and adsorption [88]. Moreover, the high ash content in biochar
can reduce the carbon sequestration potential and calorific value [7,14],
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thereby lowering biochar attractiveness for land application and energy
recovery. Therefore, biosolids pre-treatment before pyrolysis can pro-
duce quality biochar with low ash and AAEMs contents and high fixed
carbon relative to RBB; however, at the cost of biochar yield.

Pyrolysis concentrates HMs in the biochar due to considerable mass
reduction of the biosolids feed, equivalent to about 50% and 65%
reduction for RB and TB, respectively (Table 2). Hence, the metals
concentrations in both RBB and TBB increased by at least 1.5-fold
compared to the concentration in their respective biosolids feed. The
total concentration of all metals except Pb decreased drastically by at
least 25% in TBB compared to RBB, indicating that the biosolids pre-
treatment effectively lowered HMs in the resulting biochar. The
similar Pb concentration in both RBB and TBB was due to the very low
extraction of Pb during the biosolids pre-treatment. However, the
retention rate for all metals in RBB was lower than that for TBB due to
the higher biochar yield in RB that enhanced the metal dilution rate. The
metal component with the highest and lowest MRF was not the same for
both RBB and TBB, which can be linked to different removal efficiency of
the metals during pre-treatment and the chemical form of the residual
metals in the TB. For instance, Cr had the highest MRF (1.980) in RBB,
which shifted to Cu (3.217) in TBB. Similarly, As had the lowest MRF
(1.462) in RBB, and it was Pb (2.145) for TBB. This observation suggests
that biosolids pre-treatment can help to selectively lower or enrich a
metal of interest in the resultant biochar for targeted applications. Apart
from the highly volatile HMs such as As and Cd [19,20], the recovery
rate of other metals was > 80%, indicating that all the HMs are immo-
bilised almost completely in the char. Notably, the metals recovery was
slightly higher in TBB than RBB due to the higher stability of the residual
metals in the TB following the removal of the leachable metals during
pre-treatment. The similar recoveries of Cr, Cu, Ni, and Zn in both char
products were credited to the metals’ relatively lower mobility, which
promoted their transformation to residual fraction at pyrolysis condi-
tions [89]. The overall observation suggests that pre-treatment can in-
fluence the migration characteristics of HMs during biosolids pyrolysis.

Although the concentration of the metals in both RBB and TBB were
within the lower limits suggested by the International Biochar Initiative
guideline [90], only TBB met the requirement of C1-grade material HMs
concentration but was limited by Cu. However, the ecological risks with
the residual HMs in the biochar can be highly reduced. Studies involving
biosolids biochar soil trials demonstrate that the metals are immobile
with low leaching toxicity and plant availability [91,92]. Therefore,
pyrolysis of de-metallised biosolids can produce high-quality biochar
and effectively inhibit the transport of HMs from the biochar during land
application.

Table 2
Fate of metals in biosolids and their derived biochar.
Samples Cl-gradea RB TB RBB TBB
Biochar yield (wt%) 50.68 35.59
HMs concentration (mg/kg) MRF R (%)
RBB TBB RBB TBB
As 20 3.64 £ 0.78 1.69 + 0.16 5.32 £ 1.65 3.98 +£ 0.74 1.462 2.355 74.09 83.34
cd 1 1.87 +£0.21 0.57 £0.12 2.86 + 0.84 1.33 £0.17 1.529 2.333 77.49 83.04
Cr 400 20.65 + 2.31 10.36 +£ 1.36 40.88 + 9.85 28.98 + 4.51 1.980 2.797 ~100 ~100
Cu 100 1239.81 + 341.13 192.60 + 2335.19 + 619.62 + 1.884 3.217 95.48 100
10.31 217.59 96.07
Ni 60 35.40 + 1.37 11.73 £1.89 58.28 +13.85 29.39 + 8.89 1.646 2.506 83.44 89.17
Pb 300 23.60 + 1.84 19.71 £ 1.14 41.81 + 5.15 42.28 + 6.05 1.772 2.145 89.80 76.34
Zn 200 1075.14 + 124.98 76.24 + 2045.21 + 175.01 209.47 + 1.902 2.748 96.41 97.78
6.87 78.57

Total AAEMs (g/kg) 61.74 25.19.32 133.21 +£12.33 53.66

+ 2.28 +1.27 + 4.89
Ash contents (Wt%) 30.31 17.20 53.57 43.40

+ 0.69 + 0.04 + 1.25 +2.17
FC (wt%) 11.98 17.40 19.47 25.53

+0.11 + 0.41 + 1.46 +1.89

@ Least contaminant grade biosolids as described in Victoria EPA biosolids guidelines [5]. RB — Raw biosolids; TB — Treated biosolids; RBB — Raw biosolids biochar;

TBB — Treated biosolids biochar; MRF — Metals retention factor; R — Metal recovery.
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4. Conclusions

Mild H,SO4 pre-treatment of biosolids was carried out to remove
deleterious HMs and ash-forming metals (AAEMs), resulting in high-
grade biosolids and biochar. The extraction profiles of all metals were
very similar and rapid, reaching equilibrium in 30 min. About 80-90%
of AAEMs except Ca were removed during the pre-treatment, and this
extraction rate was not largely influenced by leaching temperature and
acid concentration. The formation of CaSO4 hydrates limited Ca
extraction to 20% at all pre-treatment conditions. The maximum
extraction of 95%, 95% and 75% was recorded for Cu, Cd, and Ni,
respectively, at different optimum conditions. Ni extraction was
controlled by the product layer diffusion mechanism with a leaching
activation energy of 10.02 kJ/mol, while the surface chemical reaction
model described Cd extraction. Acid pre-treatment at the mildest con-
dition reduced the ash content in raw biosolids by 50% but did not alter
important physicochemical properties, such as surface chemical groups
and surface morphology. Pre-treatment enhanced biosolids pyrolysis
behaviour with a higher weight loss rate and low solid residues gener-
ation than raw biosolids. Biosolids pre-treatment prior to pyrolysis
further reduced the total HMs concentration in resultant biochar by at
least 50% albeit, at the expense of biochar yield. The decontamination of
biosolids and their derived char through mild H>SO4 leaching could
effectively solve the increasing challenge of biosolids land application.
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