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Abstract

Phosphorus (P) recovery from P-rich residues is crucial to sustain food and industrial demands globally, as phosphate rock
reserves are being depleted. The aim of this study is to investigate the speciation and recovery of P from hydrochars (HC)
of a metal-bearing sewage sludge (SS) produced by hydrothermal carbonization (HTC). We here focus on extractions by
acid leaching as P cannot be directly recovered by HTC due to insoluble metal-P compounds. Acid leaching of SS and HCs
was investigated using H,SO, and HCI over a range of leaching times, and explained in terms of how composition affects
P and metal release efficiency. HTC at 180, 215 and 250 °C showed that P remained immobilized (> 75% of total P) in the
HCs. More than 95% was present as inorganic P, and was the direct consequence of the double addition of iron salts in the
wastewater treatment plant. Leaching experiments in 2.5 M acid solutions showed that a near complete release of P could
be achieved in HCs, while it was only incomplete in SS (up to 85%). Lower acid concentrations were ineffective for total P
recovery. Treatment temperature exceeding 180 °C however decreased P release rates, such that total removal took at least
2 h of reaction time instead of a few minutes. On the other hand, acid leaching transferred more than 70% of iron, manga-
nese, copper and zinc into the leachate, necessitating a post-treatment purification process. This work therefore reveals that
HC produced at low HTC temperatures could offer promising avenues for time- and energy-efficient P recovery from SS.
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carbonization of sewage sludges. Sewage sludges are some
of the most phosphorus rich residues available, and this
study reveals a path towards a sustainable reuse of these
resources. Previous studies have addressed the speciation
and recovery of phosphorus during hydrothermal carboniza-
tion, yet there is limited knowledge regarding the efficiency
of acid leaching of hydrochars from sewage sludges. This
study adds novel insight into the benefits of hydrothermal
carbonization as strategy to efficiently extract phosphorous
form sewage sludge, here using concentrated mineral acids.

Introduction

Phosphorus (P) is an essential element, and its availability
is crucial to sustain food and industrial demands globally.
Its main commercial value is as a major component of fer-
tilizers [1]. It is, however, also used in a wide variety of
applications and products, such as detergents and paints, as
well as food and beverages [2]. Globally, the current growth
in the human population is increasing the demand for food,
resulting in a rapid increase in P consumption [3]. While
phosphate rock is the only accessible source of P [1] it is
a non-renewable resource from only a handful of countries
(Morocco, US, Jordan, China and South Africa), and it is
critically approaching near-depletion in the near future [4].
Noting that remaining P sources are of lower quality and/or
difficult to extract [5], there is now an urgent need for effi-
ciently managing and recycling of P-rich residues to address
the world s future demands.

One potentially important solution is by recovering P
from sewage sludge (SS) in waste streams. SS is the largest
by-product generated by municipal Wastewater Treatment
Plants (WWTP), and it is an important source of P because
of the transfer of phosphate from wastewater into the sludge
[6]. While SS includes a mixture of valuable elements (phos-
phorus, potassium, nitrogen and organic carbon), it may also
contains hazardous pollutants (heavy metals, pathogenic
microorganisms and organic pollutants) that limit its poten-
tial for direct use in agriculture [7, 8].

One possible approach to make the nutrients more avail-
able is to produce biochars from SS. Biochars are produced
by carbonization of the biomaterial in processes such as
torrefaction and pyrolysis. In the former, biomaterials are
heated to 200-350 °C under an inert or nitrogen atmos-
phere [9] while the latter operates in the absence of oxygen
at higher temperatures (300-650 °C) [10]. However, as SS
has a high moisture content of up to 98 weight percent, %
wt., this complicates the direct use of these thermochemical
processes, where the moisture content must be < 15% wt.
[11]. High moisture contents even restricts the direct usage
in, for example, agriculture and landfill where moisture lev-
els must be <60%) [11].
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In contrast to conventional thermochemical processes,
hydrothermal carbonization (HTC) is a wet process that
uses the inherent water of the sludge as both reactant and
solvent under autogenous saturated pressures for several
hours at temperatures of around 180-250 °C [11, 12]. No
energy-intensive drying step is needed before HTC process-
ing of the feedstock [13]. These conditions produce a solid
hydrochar (HC), alongside a large amount of process water
(PW) and a small gas fraction (mainly CO,) as by-products
[8]. By degrading the feedstock structure during the hydro-
thermal reaction, HTC can significantly reduce SS volumes
by improving its dewaterability and hydrophobicity [14, 15].

The potential for P recycling by HTC processing and the
distribution of P within HTC products are mainly deter-
mined by the type of feedstock [16]. For example, HTC pro-
cessing of SS accumulates P in the HC, mainly as inorganic
orthophosphate, which is the form most strongly associated
with the composition and speciation of metals in the sludge
(rich in Ca, Al and Fe content) [14]. Studies of microalgae
and distillery grains have shown that 100% of P is present
in the aqueous phase after HTC for 2 h at 200 °C [17, 18],
while HTC of animal manure between 200 and 250 °C trans-
fers the majority of the P to the HC [19].

The accumulation of P in HC from SS is driven by the
addition of coagulant in the WWTP, where metal salts, such
as aluminum sulfate and iron (III) chloride, are commonly
added to remove the P via precipitation from the wastewater
[20]. Inorganic P thereby tends to remain in the HC within
stable metal associations, along with the majority of the
heavy metals [12]. Thus, an effective method for dissolving
P trapped in HC is treatment by mineral acids in solutions
of extremely low pH [19].

The transformation and distribution of P during HTC of
SS has been investigated in many recent studies [21-24].
Zhai et al. [24] showed that feedwater pH affected the P spe-
cies of HC from SS. In that study, low pH conditions trans-
formed apatite P into non-apatite P and organic P into inor-
ganic P. Alkaline conditions, on the other hand, transformed
non-apatite P to apatite P, and a small fraction of inorganic
P to organic P. These studies have, however, mainly focused
on improving the efficiency of total phosphorus (TP) recov-
ery. For example, Becker et al. [12] developed a P recovery
approach from SS by HTC using acid leaching of HC with
82.5 wt.%. of P recovered as struvite. Although these stud-
ies address P speciation and recovery under specific HTC
(e.g., temperature, time, pH) and acid leaching conditions,
the kinetics of phosphorus and of concomitant (heavy) metal
ion release of hydrothermally carbonized SS materials need
to be understood.

The principal objective of this investigation is to evaluate
the efficiency and time of P release from sewage sludge via
HTC followed by acid leaching. HCs generated at three dif-
ferent temperatures (180, 215, 250 °C) were characterized
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to determine the major inorganic elements present and the
distribution of the P. The acid leaching efficiency of dissolv-
ing the P and major multivalent metals was compared with
two strong acids (H,SO,, HCI) at different concentrations
(0.25 M, 2.5 M), and with different extraction times of up to
72 h. In addition, the influence of HTC reaction temperatures
on HC yield, ash content, heavy metal distribution and HC
morphology were examined.

Materials and Methods
Digested Sewage Sludge

A digested and mechanically dewatered SS sample was col-
lected from an anaerobic digester receiving activated sludge
and primary sludge. The SS was collected in May 2019 from
the wastewater treatment plant Vatten och Avfallskompetens
i Norr AB (Vakin) (On, Ume4, Sweden). It was collected
on a single occasion, during stable operating conditions,
then packed in a sealed plastic bag and frozen to — 18 °C
within 2 h. The plant used ferric salt (FeCl;) as coagulant,
before the primary settlement and then after the activated
sludge step before the secondary settlement. The sample had
a moisture content of 70.9 wt.% and an ash content of 43.1
wt.% (dry basis).

Hydrothermal Carbonization

HTC runs of the digested SS were performed in a 450 mL
stirred stainless steel reactor (Biichiglasuster, Switzerland).
The reactor was loaded with a slurry made from 126 +0.74 g
wet SS and 209 + 1.4 g deionized water. The addition of
water was added to favor the carbonization process and to
promote the proper mixture/stirring of the material. The
HTC runs were carried out at three different temperatures
(180, 215, 250 °C) under autogenous pressure, with a hold-
ing time of 2 h and at a mixing speed of 1000 rpm. The reac-
tor reached the set temperature in 40—70 min at heating rates
of 5 °C/min. After the reaction was completed, the reactor
was cooled with water for 30—60 min to bring it back to
room temperature. Before each run, the reactor was charged
with N, gas above 40 bars to check leaks.

After each run, the gas product was released and the reac-
tor opened. The solid and liquid fractions were separated
using vacuum filtration. HC was oven-dried overnight at
105 °C, ground and sieved to a particle size of < 0.5 mm,
and kept in a desiccator until further use. Liquid fractions
were kept at — 18 °C until subsequent characterization. The
hydrochar (HC) and process water (PW) were respectively
labelled as HC-t and PW-¢, where ¢ denotes the HTC tem-
perature in °C. All HTC runs were performed in triplicate.

Acid Leaching

Kinetic acid leaching of SS and HC was performed in 15 ml
polypropylene tubes following a procedure similar to that
described by Stark et al. [25]. A 0.5 g sample was mixed in
10 ml 2.5 M of sulphuric acid (H,SO,) or 10 ml 2.5 M of
hydrochloric acid (HCI) at room temperature. All samples
were vigorously mixed with a vortex shaker for 15-20 s,
then shaken at predetermined intervals over a period of
5 min to 72 h. The samples were then centrifuged at 6842
RCF (4500 rpm, Mega Star 1.6R) for 20 min to allow
solid-liquid separation. Leachates were collected and stored
at 4 °C before analysis, while solid residues were washed
three times with milliQ water, dried at 80 °C overnight and
stored until chemical analysis. For comparison, acid leaching
of HC at 180 °C (HC-180) was also performed with 0.25 M
H,SO,. Leachate samples were labelled as L—#-acid and the
solid residues after leaching as HC-t-acid, where ¢ is the
hydrothermal temperature in °C and acid is either H,SO, or
HCI at a concentration of 2.5 M or 0.25 M.

The time-dependent masses of P (mg/g) normalized for
the total P of the HC prior extraction, were used to compare
acid leaching efficiencies. These masses were determined
using analytical methods described in Sects. “Standards in
Measurements and Testing Protocol” and “Characterization
of Solid and Liquid Fractions”. To facilitate this comparison,
phosphorus release kinetics were estimated using the first-
order rate equation:

Prelease = PO X (1 - e_kt) (1)
where P, ... is the fraction of phosphorus release at time ?,
P, is the fraction of phosphorus release at (pseudo-)equilib-
rium, and k (h™!) is the first order rate constant. Fitting of
the dataset where a near complete removal of P was achieved
with the very first minutes of reaction time was made using
the smallest best-fitting k values. The quality of the fit was
based on the sum-of-squares of the deviation of the model

to the experimental data.
Standards in Measurements and Testing Protocol

P species in the solid SS and HC phases were identified
using the Standards in Measurements and Testing (SMT)
extraction protocol [21, 26]. Briefly, this protocol entails
a sequential extraction of phosphorus into five phosphorus
fractions: (i) total P (TP); (ii) organic P (OP; phospholipids
including DNA and phosphate monoesters); (iii) inorganic
P (IP; including apatite and non-apatite); (iv) non apatite
inorganic P (NAIP) associated with AI**-, Fe**- and Mn?*-
(oxy)(hydr)oxides; and (v) apatite P (AP) bonded with Ca**.

The extraction protocol comprised the following inde-
pendent steps. TP: a 0.5 g sample was calcinated for 3 h
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at 450 °C, and then the ash treated with 20 ml 3.5 M HCl
with continuous stirring for 16 h. IP: a 0.5 g sample was
mixed with 20 ml 1 M HCI with continuous stirring for
16 h. OP: the residue obtained from IP was calcinated for
3 h at 450 °C, then the ash was mixed with 20 ml 1 M HCl
under continuous stirring for 16 h. NAIP: a 0.5 g sample was
mixed with 20 ml NaOH 1 M for 16, after which 10 ml of the
supernatant was mixed with 4 ml 3.5 M HCI and allowed to
stand for 16 h to precipitate any organic matter. AP: residue
from the first extraction with NaOH (NAIP) was extracted
again with 20 ml 1 M HCl for 16 h. All extraction steps were
performed at 20 °C and centrifuged at 2112 RCF (2500 rpm,
Mega Star 1.6R) for 15 min. The extraction experiments
(SMT) were performed in triplicate, from which standard
deviations were obtained.

Some steps of the SMT protocol were modified as
detailed elsewhere [16]. Firstly, a 0.5 g sample was used
instead of 0.2 g, to ensure better reproducibility by using
a larger sample mass. Secondly, PO,-P was measured
using the phosphomolybdenum blue method instead of the
vanadomolybdophosphate method. Lastly, a filtration step
with activated carbon was removed.

Characterization of Solid and Liquid Fractions

The ash content of the SS and HC was analyzed in tripli-
cate according to UNE-EN 18122:2016 [EN 18122:2016].
The pH of the materials was measured in triplicate using an
Orion Star A215 pH/conductivity meter. Solid fractions of
0.5 g were initially shaken in 10 ml deionized water for 1.5 h,
as described by Rajkovich [27]. The ash content and HC
yield were calculated by Eq. (2) and Eq. (3), respectively:

Mass after heating
Ash = — X 100% 2
Initial mass
Yield Dry mass of HC < 100%
1€ = —_—
Dry mass SS ’ 3)

Total P concentrations in the process water, leachate and
SMT extracts were analyzed using the phosphomolybdenum
blue method according to DIN EN ISO 6878:2004-09 and
using the cuvette test (LCK350, Hach-Lange). All extracts
were diluted up to 200 x with milliQ water prior to analysis,
to match the range of the test kit.

The metal element concentration of the leachate (Ca, Mg,
Fe, P and Al) was determined in dilute HNO; by induc-
tively coupled plasma optimal emission spectroscopy, and
an Optima 200 DV (PerkinElmer, Uberlingen, Germany),
equipped with cross-flow nebulizer and double spray cham-
ber, was used for elemental analysis. All analyses were per-
formed in triplicate.
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Wavelength dispersive X-ray fluorescence (WD-XRF)
was used to determine the main components in solid samples
using a Bruker S8-Tiger WD-XRF analyzer equipped with
a Rh-anticathode. Detailed information about the method
can be found elsewhere [28]. All analyses were performed
in triplicate.

Sample imaging of digested SS, HC and HC post-leach-
ing was performed with a scanning electron microscope
(SEM, Carl Zeiss Evo) operating in a low vacuum with vari-
able pressure 60 Pa, combined with energy dispersive X-ray
spectroscopy (EDS, Oxford instruments X-Mx 80 mm?).

Results and Discussion
Phosphorus Distribution During HTC Processing

The hydrochar yield recovered after HTC reactions (Table 1)
decreased from 67.1% at 180 °C to 59.5% at 250 °C, while
the ash content increased with reaction severity. The increase
in ash content was the result from losses in volatile matter,
and from the dissolution of organic matter into the process
water [7], which also correlated with the enrichment of P
and other inorganic matter in the HC (Table 2). Imaging
(Fig. 1) showed that HTC transformed the clustered aggre-
gates of SS (Fig. 1a) to fragmentation and a more porous
HC particles, a likely consequently of the decomposition of
organic matter (Fig. 1b—d) [29].

The distribution of P in the HC and PW after HTC
(Fig. 2) revealed that most of the P remained in the HC, with
a total P recovery of 75.8% at 180 °C and 83.7% at 250 °C.
Similar P recoveries for these temperatures were obtained
by Shi et al. [21] with~85% recovery at 260 °C in the HTC
treatment of dewatered sewage sludge with an initial P con-
centration of 25.4 mg/g. The HTC reaction process also
enriched some elements in the HC with temperature, just
as in Shi et al.[21]. In particular, larger HTC temperatures
resulted in higher metal concentrations in the HC (Table 2).
Those forming Metal-P precipitates especially contributed
to P increments in the HC.

The phase migration and distribution of elements in
the solid and liquid fractions were strongly influenced

Table 1 Characteristics of sewage sludge (SS), hydrochar (HC) and
process water (PW) resulting from different hydrothermal tempera-
tures (180 °C, 215 °C and 250 °C) (average values of three analyses
expressed as mean + standard deviation)

Ash, % Yield, % pH pH

SS 43.1+0.76 6.15+0.01

HC-180 56.4+0.43 67.1+0.7 6.21+0.01 PW-180 7.06+0.31
HC-215 63.6+1.44 653+0.7 6.22+0.02 PW-215 7.24+0.20
HC-250 66.1+0.60 59.5+1.3 6.50+0.01 PW-250 7.47+0.18
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Table 2 Main element content in sewage sludge (SS), hydrochar (HC) and HC residues after acid leaching with either H,SO, or HCI at different
concentrations and temperatures (mean + standard deviation, expressed as mg/g)

Na Mg Al Si P K Ca Fe Cl S
SS 44+05 22+0.08 11+£0.16 21+045 45+1.7 24+0.05 30+£090 165+2.72 0.24+0.02 153+0.14
SS-H,SO, 24+0.07 0.12+£0.24 54+0.36 44+3.1 32+0.38 24+0.095 79+1.5 5.82+0.80 0.19+0.01 37.1+4.20
SS-HC1 22+40.07 041+£0.06 5.7+0.21 44+3.1 47+03 2.6+0.18 1.6+0.04 8.96+0.80 9.61+0.96 21.2+3.43
HC-180 5.1+£0.5 26+033 18+097 31+69 51+2.1 25+036 40+1.2 201+£4.02 0.03+0.02 16.9+0.88
HC-180-H,SO, 35405 0.40+0.17 9.840.54 70+2.4 0.49+0.3 3.8+023 8.6+73 7.83+1.54 0.21+0.09 51.9+13.6
HC-180-H,S0,-0.25* 4.6 1.1 94 46 29 4.2 6.5 111 0.07 414
HC-180-HCl* 3.6 1.2 11 70 0.91 43 2.9 9.91 144 32.0
HC-215 4.7+£0.02 2.7+026 18+1.6 26+49 52+27 224025 39+12 215+£6.78 0.03+£0.02 18.6+0.22
HC-215-H,S0,* 34 04 10 74 0.45 44 10 16.8 0.10 61.5
HC-215-HCl* 43 1.2 12 76 0.65 4.6 3.0 15.6 14 41.1
HC-250 55402 39+0.16 24+036 39+0.7 64+0.72 2.9+0.051 46+0.27 258+1.04 0.02+0.04 20.2+0.19
HC-250-H,S0,* 3.6 - 8.9 69 1.1 3.6 31 359 0.21 111
HC-250-HCI1* 43 0.81 13 91 1.3 5.0 3.2 31.0 25.6 52.0

*Values shown are unique measurements

Fig. 1 SEM images of sewage
sludge (SS) (a), hydrochar (HC)
at 180 °C (b), 215 °C (¢) and
250 °C (d) and acid-treated HC
after 3 days of acid leaching of
HC-180 with 2.5 M H,SO, (e)
and 2.5 M HCI (f). 600 X mag-
nification
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by treatment conditions (temperature, reaction time and
solution media) and feedstock composition [23, 30]. The
feedstock metal content, such as the high content in sew-
age sludge, affects the retention of P in the solid fraction
[30]. Iron, aluminum and calcium were the major metals
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found in the SS, with even larger accumulation in the HCs
(Table 2). Because these metals form metal phosphates of
low solubility, P immobilization at higher temperatures was
also promoted. In particular, the double addition of FeCl; as
a coagulant in the WWTP, is responsible for the high iron
concentrations in both the initial SS and the HC (165 mg/g
in SS and 258 mg/g in HC-250). Therefore, based on the
iron and phosphorus levels in solution, we expect FePO, to
be the dominant insoluble precipitate. As such, HTC cannot
be used by itself to recover phosphorus from sludges with a
high metal content: a subsequent post-treatment is required.
We will therefore investigate the possibility to release P
using an acid leaching procedure but we first begin with a
discussion on P speciation assessed by the SMT protocol.

Phosphorus Speciation by SMT

P speciation based on the SMT protocol was used to deter-
mine the association of P with other elements. As shown in
Fig. 3b, the TP content was greater in HC samples generated
at higher temperatures. TP concentrations increased from
40.2 mg/g in SS to 56.3 mg/g in HC-180 and 60.1 mg/g in
HC-215 but did not increase further in HC-250 (61.0 mg/g
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Non-apatite inorganic P (NAIP)
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TP). IP was the major fraction of TP, both in the initial SS
and the HC. The IP content was greater after higher HTC
temperatures, with 39.6 mg/g in the SS but 60.9 mg/g in
HC-250, where it represented more than 95% of the TP
(Fig. 3a).

Because the OP fractions were below the limit of detec-
tion, IP values shown in Fig. 3a were subtracted from TP
values. These values (rest of P, RP) cannot necessarily be
attributed to OP. Anaerobically digested polyphosphate can
be released from bacterial cells and hydrolyzed to orthophos-
phate [31]. We therefore expect that orthophosphate will be
the major P entity that associates to metal in SS that has
been subjected to anaerobic digestion, and mechanical and
thermal processes [31]. Another suggestion is that the high
ash content in the initial SS and HC, and the organic content
during the inorganic P step in the SMT method, were hydro-
lyzed further. This could have dissolved and transformed
organic phosphates into inorganic phosphate compounds.
This phenomenon does occur during HTC, when polyphos-
phates and organic phosphates are released and precipitated
or adsorbed with dissolved metals to form other inorganic
phosphate compounds [23, 31]. Additionally multivalent
metal ions (e.g. AI’, Fe’*, Ca®* and Mg?*) present in the
SS tend to form metal phosphates of low solubility, which
lowers the potential of P immobilization in the solid frac-
tion [32]. This was verified by the increase in ash and metal
content in the HC (Tables 1 and 2).

Figure 3c shows that NAIP was the main source of IP in
the HC and, in particular, the SS (80.2%). However, the pro-
portion of NAIP in the inorganic fraction decreased slightly
from 73.8% at 180 °C to 68.2% at 250 °C. Correspondingly,
the AP content of 19.8% in the SS increased to 31.8% in
HC-250. Similar results have been reported by Shi et al.
[21], indicating that the NAIP content in both SS and HC
is unstable and highly dependent on HTC temperature and
pH, ranging from 6.0 at 170 °C to 8.0 at 320 °C. Another
study by Shi et al. [33] of waste activated sludge showed
that increasing pH during HTC promoted the conversion of
NAIP to AP under alkaline conditions. However, the pH of
the hydrothermal products in this study slightly increased
(Table 1), concentrations of both NAIP and AP gradu-
ally increased with increasing HTC reaction temperatures
(Fig. 3d). For example, the NAIP concentration increased
from 38.3 mg/g at 180 °C to 41.3 mg/g at 250 °C. AP con-
centrations showed a similar trend, with values of 13.6 mg/g
at 180 °C increasing to 19.3 mg/g at 250 °C. Both NAIP and
AP constitute the largest fraction of IP present in the original
sludge and in HC. These are associated with an increase in
precipitated metal ions in the HC, with Fe**, AI** and Ca**
contributing to the major metal phosphate compounds. The
results for TP in the SS and HC using the SMT method cor-
related with XRF results (Table 2), providing further support
for the interpretations made.

Leaching by Strong Acids

The ability of solutions of H,SO, and HCI to leach P from
SS and HC was studied by tracking the time-resolved P
(Section “P Leaching by Strong Acids”) alongside mineral-
building (Section “Impact of Acid Leaching of Mineral-
Building Metals”) and heavy metals (Section “Impact of
Acid Leaching on Fate of Heavy Metals”). Although acid
leaching only slightly modified the morphology of HC-180
(Fig. le, 1), acid-treated HC residues (HC-180-H,SO, and
HC-180-HCI) retained the same rough structure and cracked
fragmentation as the untreated HC-180. The most discern-
ible difference was the removal of the inorganic content,
which had been leached out. These will be discussed in the
following sections.

P Leaching by Strong Acids

P leaching was rapid when exposed to both media, often
reaching (pseudo)equilibrium well within the first~2 h of
reaction time (Fig. 4a—d). P was fully recovered in the three
HC, while ~20% remained associated to SS even after 3 h
of reaction time. Release rates of HC-215 and HC-250 are
however substantially slower than in SS and HC-180. This
can be appreciated by the first-order rate constants in Fig. 5,
extracted from the first~2 h of reaction time (Fig. 4). This
consequently suggests that HC-215 and HC-250 contain
more resilient forms of P than in HC-180, requiring longer
reaction times. Most importantly for this work, our results
suggests that HC-180 provides the most complete and time-
efficient extraction of P.

Our leaching experiments generally revealed more
efficient leaching in H,SO, than in HCI, likely a result of
the double concentration of H* ions [34]. Notable excep-
tions however include HC-180 (95.5-100% in H,SO, but
91.8-98.6% in HCI, Fig. 4b1, b2) and SS (e.g., 82% in
H,SO, but 85% in HCI at 3 h reaction time, Fig. 4al, a2),
possibly revealing a role of the counter-anion in the extrac-
tion rate and efficiency. However, decreased acid concentra-
tion to 0.25 M H,SO, only partially recover P (e.g., 73%
release in 1 h, and 84% at 3 h, Fig. 4b3). It may nonethe-
less be possible that even longer contact times could still
provide satisfactory P release, which is in accordance with
acid leaching of incinerated sewage sludge ash (ISSA) and
mineral acids [35].

From these leaching experiments, we conclude that HTC
facilitates both the handling and extraction of phosphorus
in comparison to SS. In particular, HC-180 is not only rec-
ommended for its improved sanitary and dewaterability
attributes but also for its complete and rapid P recovering
efficiencies, especially in 2.5 M H,SO,
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Impact of Acid Leaching of Mineral-Building Metals

Metals in the solid and leachate were measured before
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revealed a greater enrichment in metal content at the higher
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Fig.6 Metal (Mg, Ca, Al and Fe) content as a function of phospho-
rus (P) in sewage sludge (SS) and hydrochar (HC) leachates (L) after
3 days of acid leaching with H,SO, (a) and HCI (b) at 180, 215 and

temperatures for HTC treatment. This can be explained by
the release of water containing organic matter during HTC
reactions, thereby increasing the inorganic content in the
solid fraction [21]. The corresponding HC residues after
acid leaching displayed a decrease in metal concentration,
however with the exception of the enrichment of Si and K.

In terms of metal release during leaching, only Ca, Mg,
Al and Fe were analyzed because of their high concentra-
tions and affinity with P to form insoluble phosphate precipi-
tates. Solubilization of these multivalent metal cations was
affected by acid strength [36] and amount added [37], and is
demonstrated in Fig. 6a by showing the relationship between
released metal and P. The main reactions for P release and
these metals include [37]:

Fe, (PO,), + 6H" — 3Fe’ + 2H,PO, )
FePO, + 3H" — Fe’* + H,PO, 5)
AIPO, + 3H" — AP’* + H,;PO, (6)
Cag(Al)(PO,), + 21H' — 9Ca®" + A" + TH;PO,  (7)

These reactions are strongly favored in acid conditions,
yet they likely required even greater acid concentrations that
initially expected as other acid-soluble compounds (e.g.
including CaO, CaCO; and MgO) might consume a portion
of the acid [37, 38].

The release of Fe increased from 121 mg/g for L-SS-
H,S0O, to 180 mg/g for L-250-H,SO,. Lowering acid
concentration to 0.25 M acid extracted 138 mg/g in

Phosphorus content in leachate (mg/g)

250 °C. Note that leachates were extracted with 2.5 M acid with the
exception of HC-180 (a) where 0.25 M H,SO, was also used

L-180-H,SO, (Fig. 6a). A similar trend was observed with
HCI leaching (Fig. 6b), where Fe reached a maximum
release of 181 mg/g with HC-250.

Concentrations of Mg, Al and Ca released from SS and
HC remained relatively constant, and much lower compared
with Fe and P concentrations (Fig. 6a, b). The most pro-
nounced difference was seen with the leaching of Ca with
HCI. Here, the Ca content increased from 22.0 mg/g (L-SS-
HCI) to 34.5 mg/g (L-250-HCI), compared with a decrease
with H,SO, from 7.48 mg/g (L-SS-H,SO,) to 5.58 mg/g
(L-250-H,S0O,) with H,SO, (Fig. 6b). This might be a result
of Ca-sulphate precipitation that remained in the HC-residue
after extraction, resulting in a lower Ca release compared to
a higher release with HCI (Table 2).

Acid leaching also promotes metal dissolution, especially
iron (Fig. 6 and Table 2) where Fe/P ratios increased from
LSS to L250. This consequently implies that P recovery
from products other than iron associated to phosphorus is
challenging. It also implies that HCs of lower P solubility
are not ideal materials for producing fertilizers [39]. For
this reason, phosphate is commonly recovered as calcium
phosphate (Ca;(PO,),) or struvite (NH,MgPO,#6H,0), both
of which are common fertilizers [40]. From the leaching
results in this study, calcium phosphate could be recovered
from the high levels of Ca and P released during leaching of
HC with HCI (Fig. 6b). However, due to high levels of Fe
released to the leachate a purification step is required prior
precipitation of calcium phosphate or struvite, as already
demonstrated by Liang et al. [38] with SS incineration ash.
On the other hand, the process water from HTC could pro-
vide a source of ammonium ions that could then be used to
precipitate struvite with the P-rich leachate. For example, by
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mixing the correct ratio of Mg?*, process water rich in NH**
and phosphate-rich leachate, Becker et al. [12] obtained a
phosphate recovery of ~80%.

Impact of Acid Leaching on Fate of Heavy Metals

HTC of SS and subsequent acid leaching of the HC yields
high recovery of P and most common multivalent cations.
However, heavy metal (HM) concentrations are also impor-
tant to monitor throughout the process since they have a
bearing on the potential use of the products as fertilizer.
The HM content was measured in both HC and HC leaching
residues after 72 h (Table 3, Fig. 7). Zinc, copper and man-
ganese were detected at the highest amounts, with concen-
trations ranging from 140 to 620 mg/kg, followed by nickel
and vanadium, at concentrations ranging from 33 to 40 mg/
kg. The HM concentrations in HC were all highest with the
highest carbonization temperatures, which can be explained
by a loss of mass at the higher temperatures, enriching the
heavy metals in the solid phase [23, 41].

A similar trend was observed for P, multivalent cations
and HMs during acid leaching of HC (Table 3). For Mn and
Zn, more than 70% was released with both acids, apart from
slightly less than 60% of Zn released by HC-250-H,SO,.
Ni release displayed little variation during acid leaching,
with more than 90% remaining in the solid phase after acid
treatment. Cu release showed the biggest variation between
the two acids: leaching HC at 180 °C with 2.5 M H,SO,
resulted in a 44.8% release, while 2.5 M HCI released
94.9%. The same trend was seen with HC-215 and HC-250,
HCI releasing higher percentages of Cu compared with
H,SO,. Fang et al. [34] suggested that leaching with H,SO,
resulted in the precipitation of some metal-sulphate which
would decrease the metal concentration in the leachate. As

such, the remaining sulphur and chlorine compounds in
HC-residues (Tables 2, 3), could possibly be explained by
coexisting CuSO, precipitate and copper-chloride aqueous
complexes. Overall, acid leaching at higher concentrations
facilitated heavy metal release, and especially for Zn, Cu
and Mn. This aligns with work by Fang et al. [42] where
a single P extraction step from ISSA using 0.2 M H,SO,
predominantly released Cu, Mn and Zn compared to other
trace metals (e.g. As, Pb, Ni and Cr).

P extraction seemed to be more convenient with H,SO, as
aresult of efficient P release and Cu release. The percentage
of heavy metals transferred to the leachate remained rela-
tively high for the other elements, indicating the need for a
pre- or post-treatment (e.g., by EDTA to achieve adequate
purification). Fang et al. [34] suggested that pretreatment
of ISSA with EDTA could remove heavy metals prior to
acid leaching. However, it should be noted that the levels of
heavy metals detected in this study were still well below the
levels of impurities found in phosphate rock and commer-
cial inorganic fertilizer such as TSP (triple super phosphate)
[43]. Additionally, levels of Ni, Cr and Cd were even orders
of magnitude higher in TSP compared to levels measured in
this study [43].

Conclusions

HTC of SS at 180, 215, and 250 °C) revealed that P remained
relatively immobilized (> 75% of total P) in hydrochars, and
that almost all of the phosphorus was present as inorganic
P. The high NAIP content of the hydrochars was directly
affected by the double addition of FeCl; in the WWTP.
The higher levels of acid-induced phosphorus released
(80-100%) in HTC than in SS (up to 85%) showed that HTC

Table 3 Heavy metal content in v Mn Ni Cu Zn

sewage sludge (SS), hydrochar

(HC) and HC residues after SS 40.7+4 415+9 33.043 143.3+4 620.0+6.6

i"{cz‘g(l)iagrggmtgi?etgt SS-H,S0, 9.00+5 10543 13.0+3 - 21.67+2.3

concentrations and temperatures SS-HCl 8.67+2 11+2 9.00+1 - 11.00+3.5

(mean =+ standard deviation, HC-180 50.0+5 508+17 62.0+4 216.7+2 844.0+ 19

expressed as mg/kg) HC-180-H,S0, 20.3+2 123+6 67.0+4 119.7+8 87.33+18
HC-180-H,S0,-0.25* 35.0 156 61.0 233.0 286.0
HC-180-HCI* 19.0 126 53.0 11.00 38.00
HC-215 52.7+4 538+19 72.0+5 224.3+8 926.0+11
HC-215-H,S0O,* 32.0 136 70.0 229.0 185.0
HC-215-HCI* 36.0 139 70.0 36.00 53.00
HC-250 62.3+5 632+ 14 476 +15 298.7+9 1089+ 10
HC-250-H,SO* 41.0 145 1677 406.0 461.0
HC-250-HCI* 54.0 158 1583 77.00 168.0

*Values shown are unique measurements

@ Springer



Waste and Biomass Valorization (2021) 12:6555-6568

6565

\'
s |EE
.g § E3 HC-residue
,E E B Leachate
= =
f =
T
>
Q" o
R
g
c
2 E= HC-residue
_.E 50- B Leachate
-
2
]
2

L]

E= HC-residue
EZEl Leachate

Mn
S
c
:g E=3 HC-residue
]
2 E&E Leachate
=
2
°
c
=
Q" o
7
S
c
,'g E3 HC-residue
_.E 50 E& Leachate
S
2
T
>
(&]

Fig. 7 Heavy metal distribution within hydrochar (HC) residues and leachate after acid leaching with 0.25 M H,SO, at 180 °C, or 2.5 M H,SO,

or 2.5 M HCl at 180, 215 and 250 °C

is a promising route for P recovery from complex wastes
residues. Temperature was shown to be an important factor,
as P was released faster in hydrochars produced at lowest
temperature (180 °C) considered in this work. We therefore
recommend that future studies on sludge sanitation, dewa-
tering improvement, as well as time- and energy-efficient
phosphorus recovery be focused on hydrochars produced at
low temperatures.

Leaching with acid resulted in the transfer not only of
phosphorus but also of high amounts of iron into the lea-
chate, iron phosphate being as the major precipitate com-
pound expected. Because the plant availability of iron
phosphates is limited, a pre- or post-treatment is needed to
increase the purity of the P leachate for fertilizer produc-
tion. As such, the HTC-acid leaching approach opens up
for an alternative process to recover phosphorus from SS.
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Although the composition of the sludge determines its appli-
cation in agriculture, this new source of phosphorus is closer
to become a more sustainable alternative to our current-day
dependence on phosphate rocks.
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