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Abstract
This work presents an inter-loop approach in which the hydrothermal carbonization (HTC) of sewage
sludge allows the production of biochars capable of removing iron ions, which usually harm the lead-acid
batteries performance, from spent sulfuric acid without any activation step. The HTC process was
performed at three different water/biomass ratios under 180 ºC by 24 h, and except for water, no
additional chemical input was used. The moisture content of the sludges ranged from 76 to 91 wt.%.
Biochars were characterized by XRD, FTIR, SEM, TGA and N2 adsorption-desorption. Results suggest a
high dependence of their textural and surface properties on the water amount inside the reactor vessel.
The expressive presence of multiple mineral phases in the sewage sludge allowed the formation of a
hydrophilic surface, which was fundamental for the iron ions adsorption at strong acidic conditions.
Porosity was strongly in�uenced by the water/biomass ratio, with biochar’s surface displaying pore
dimensions in nano and micro domains. Furthermore, the non-activated biochar presented an adsorption
capacity up to 148 mgFe g-1, whereas the commercial activated carbon “as received” achieved 178 mgFe
g-1. Results show the potential of the HTC technique for sewage sludge conversion into biochar without
pre-drying, and the possibility of interconnecting two or more industrial processes in order to make them
cleaner and more sustainable, matching the principles of circular economy.

1. Introduction
The generation of waste from urban and industrial activities has achieved unsustainable levels,
occupying an important place in the planning of cities, as well as in managing industrial processes
(Belaud et al., 2019). Therefore, the development of closed-loop technologies has emerged as a
contemporary way to convert trash into treasure, even though there are cultural barriers to be overcome
(Russo et al., 2019).

For instance, proposing useful applications for the sludge produced in sewage and water treatment
plants is one of the hardest tasks for public managers. For comparative purposes, it is estimated that the
United States produces more than 6.5 million metric tonnes of sewage sludge per year (Venkatesan et al.,
2015), whereas in Brazil, where only around 59% of municipal solid waste is appropriately disposed of in
sanitary land�lls, the production can achieve up to 3.0 million tonnes per year (Alfaia et al., 2017; ANA,
2017). This kind of biowaste is usually discarded in land�lls, causing a high environmental impact not
only because of the large production worldwide but also for being considered a hazardous material due
to its metal and pathogenic microorganisms’ content (Jafari and Botte, 2021). Additionally, unless the
distance to be covered for sewage sludge disposal exceeds a certain limit, the relatively low cost of fee
taxes has discouraged the implementation of cleaner and more pro�table technologies (Tesfamariam et
al., 2020).

Fortunately, several alternative strategies have been proposed in order to mitigate the environmental
impact of sewage sludge as well as explore its continuous and growing production, such as its
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conversion into biofertilizers and its use as a source of bioenergy, two sustainable applications that have
gained ground in the world scenario (Ding et al., 2016; Zaharioiu et al., 2021).

Concurrently, an industrial waste which has attracted the attention of managers is the one from lead-acid
batteries. Despite the well-established lead-acid batteries recycling technologies, a recent study highlights
that, unlike lead and plastic casings, the electrolyte sulfuric acid, which corresponds to up to 44 wt.% of
the electrolytic cell, �nds a limited route when being converted into CaSO4 or Na2SO4 (Ballantyne et al.,
2018). The spent sulfuric acid (SSA) presents a concentration ranging from 10 to 25 wt.%, demanding a
large amount of base to be neutralized, as well as several heavy metals, such as Fe, Zn, Cd, Sb and Pb
(Zhao et al., 2021). The multiple-valence iron is considered to generate fatal effects to the battery
capacity, leading to corrosion of the electrodes, which in turn causes loss of active materials, as well as
promotes selective discharge, undesirably releasing O2 and H2 gases. The resulting effect of iron
contamination can be understood as a decrease in the battery life cycle (Lam et al., 2021; Liu et al.,
2011).

In view of the foregoing, some technologies have been evaluated in order to remove iron ions from SSA
aiming at enhancing the lead battery recycling process. Qifeng et al. (2016) reported a successful method
based on solvent extraction followed by stripping in which the selectivity for iron(III) achieved 99.9%.
Despite the excellent result, the employed method requires the use of an organic solvent as the extraction
agent, which may be characterized by a critical shortcoming for industrial application, and a stage with
high potential for the generation of new environmental liabilities.

Alternatively, solid-liquid adsorption is considered a powerful technique for the removal of chemical
species from solution. However, the strong acid medium of the SSA demands a high chemical stability on
the part of the solid adsorbent, since the drastic conditions favor its dissolution. For instance, among the
adsorbents largely used in industry, zeolites show a vulnerable chemical structure, susceptible to
dissolution in extreme pH conditions (Ennaert et al., 2016; Hartman and Fogler, 2007). This is an
important disadvantage and makes the use of zeolites for direct SSA puri�cation unfeasible, mainly for
type A zeolites, which have a Si:Al ratio of 1 and present interconnected cavities, a material highly
susceptible to dissolution in strong acidic medium (Julbe and Drobek, 2016).

On the other hand, carbon-based materials present a superior chemical stability, given the extremely
drastic activation conditions that an ordinary charcoal is submitted to in order to have its surface
modi�ed. Typically, such conditions include mineral acids or bases at 10-20 wt.%, followed by thermal
treatment at temperatures that achieve up to 400 or 500 ºC (Seo-Hyun et al. 2016).

In regard to carbon-based material production, pyrolysis is the most common method employed.
Although pyrolysis is a well-known technology for the conversion of biomass into charcoal, the inert
atmosphere, high temperature, and numerous other factors are signi�cant disadvantages, depending on
the speci�c type of route chosen, e.g. �xed or �uidized bed (Lopez et al., 2017).
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Hydrothermal carbonization (HTC) emerges as an alternative technology to pyrolysis, mainly due to the
milder experimental conditions required for biomass conversion. HTC is a thermochemical-based
technique capable of converting biomass into solid, liquid and gas phases without the need for its pre-
drying, which provides an interesting advantage in energetic terms (Niinipuu et al., 2020). Product
distribution fundamentally depends on the type of feedstock and the temperature of the process (usually
set to 180-250°C). However, there is also dependence on the reaction time and on the water:biomass ratio
(Nizamuddin et al. 2017).

Also, HTC does not require any inert atmosphere to take place, since the mechanism of the process
contemplates hydrolysis of the cellulose, decomposition of the hemicellulose, dehydroxylation,
decarboxylation and dehydration reactions practically insensitive to the presence of O2 (Bevan et al.,
2020). Usually, sources of biomass rich in lignocellulose are widely employed in the HTC process,
however, sewage sludge has been considered as a welcome feedstock because of its usually high
content of water. Several works have reported the conversion of sewage sludge into hydrochars, also
named biochars due to its environmental appeal (Bolognesi et al., 2021; Chen et al., 2020). Additionally,
the compositional heterogeneity displayed by sewage sludges, such as the blend of organic and mineral
materials may favor the formation of biochars with more appropriate surfaces to be employed in sorption
processes.

The inter-loop concept represents several approaches extensively explored in the context of the circular
economy by the global industry with regard to feeding one process by using tailings from another, similar
to the open-loop strategy present in the well-established reuse of blast slag from steel melting furnaces
as an additive for Portland cement production (Tsakiridis et al., 2008), and numerous proposals reported
in the literature which involve a myriad of possibilities (Gadipelly et al., 2014; Han et al., 2021). However,
these methods usually do not predict a continuous reuse of such tailings in order to create interconnected
new loops, which would purposefully develop and strengthen other industrial processes.

This work reports an approach involving a �rst recycling process, characterized by the hydrothermal
carbonization of a biowaste into a valuable material, in order to apply it in a second recycling process,
related to the reuse of spent sulfuric acid from lead-acid batteries, aiming at synergism between the two
processes.

2. Materials And Methods

2.1. Chemicals
A standard 1000 mg L−1 iron(III) solution containing 5.0% (vol/vol) nitric acid was purchased from
Spetrosol; potassium thiocyanate ACS grade (KCNS) was purchased from Reagen; nitric acid (HNO3) was
purchased from Synth. Activated carbon was purchased from Quimidrol (grain size smaller than 325
Mesh, 50-70 wt.%) and was used as received.
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2.2. Sampling and physico-chemical characterization of the
sludges
The sludge samples were provided by the local company in charge of managing the environmental
sanitation in the state of Paraná. First, the centrifuged sludge produced in the water treatment station
was sampled and labeled CWS. Then, two more samples were collected in the sewage treatment station,
one dehydrated (DSS) and another one pre-treated by lime (LSS). The three samples were packaged in
polypropylene �asks and stored at 4°C.

The samples were submitted to gravimetric assays in order to determine their moisture and organic
matter contents at 110 and 550°C, respectively. Samples were thermally treated in crucibles until they
reached a constant weight.

2.3. Hydrothermal carbonization experiments
For hydrothermal treatment only the wet DSS sample was considered. Approximately 5.00 g of DSS were
placed in a 40-mL stainless steel jacketed te�on vessel, followed by water addition in three different
volumes: 15, 25 and 35 mL in order to achieve a water:biomass ratio (W/B) equal to 3.3, 5.3 and 7.3. The
moisture water of the DSS sample was considered in the calculations. The DSS-containing stainless steel
reactor was placed into an oven at 180°C for 24 or 48 h. Upon the thermal treatment, the �ask was cooled
at room temperature and the content was separated into liquid and solid phases by centrifugation at
4,000 RPM. The black powders of biochar were washed by distilled water and dried at 110°C overnight.
For practicality, the dried samples were labeled BC3, BC5 and BC7, according to the W/B ratio used in the
experiments.

2.4. Characterization post-hydrothermal carbonization
Transmission Fourier Transform Infrared (FTIR) spectra were registered on a Perkin Elmer FTIR
spectrometer model Frontier in the range 400-4000 cm−1, using KBr pellets. KBr was ground with a small
amount of the solid to be analyzed, and the spectra were collected with a resolution of 4 cm−1 and an
accumulation of 32 scans.

Powder X-ray diffraction analysis (PXRD) was conducted in a Bruker D2 Phaser diffractometer operating
at 30 kV and 10 mA with copper radiation (Cu-Ka=0.15418 nm) in the range 7-80 ° with dwell time of 2
°/min.

Scanning electron microscopy (SEM) was recorded in a FE-SEM (TESCAN, model MIRA 3 LMU, Brno,
Kohoutovice, Czech Republic). Around 10 mg of sample was dispersed in 1 mL of water and one drop of
the suspension was placed in the sample holder in order to evaporate the solvent at 30°C for 10 min.

N2 adsorption/desorption analysis was performed in order to measure the speci�c surface area, the
average pore diameter and the pore volume of the biochars. For this purpose, the BET (Brunauer et al.,
1938) and the BJH (Barrett et al. 1951) methods were applied to the corresponding nitrogen adsorption
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isotherms, which were collected on an ASAP 2020 N Automatic Physisorption Analyzer from
Micrometrics at 77 K. The samples were previously degassed by treatment at 120 ºC until the system
pressure achieved 10 µmHg. The nitrogen adsorption data were obtained by using approximately 0.1 g of
the sample.

Thermogravimetric analysis (TGA) included TG and DSC experiments. They were simultaneously
performed on a Perkin Elmer 195 thermal analyzer model STA 6000, where approximately 10 mg of the
sample was placed in an open platinum crucible and pre-heated at 100°C for 5 min. The experiments
were carried out in a N2 atmosphere, at a �ow rate of 10 mL min−1 and a heating rate of 10°C min−1, in
the range 50-650°C.

Electronic absorption spectra (UV-Vis) in solution were obtained on a single-beam Biochrom UV-Vis
spectrometer model S60 Libra, in the range 400-800 nm.

2.5. Adsorption experiments
For the adsorption experiments, 30 mL of an Fe(III) stock aqueous solution, prepared by the mixture of an
aliquot of a 1000 mg L−1 standard solution and H2SO4 98.0 wt.% diluted with distilled water, was
transferred to a 125-mL propylene �ask. Then, a weight of the biochar BC5 or CAC was added to generate
iron(III):adsorbent ratio (Fe:ADS) ranging from 30 to 300 in weight. The reaction �asks were incubated in
an orbital shaker at 180 rpm, 30°C for 30 min. Upon vigorous contact, the content was transferred to
conical �asks and centrifuged at 4000 rpm for 3 min each. The supernatant was mixed to a 2.0x10−3 mol
L−1 KCNS aqueous solution with a constant HNO3 acidity of 5.0%. Then, the resulting [Fe(NCS)(OH2)5]2+

reddish complex was analyzed by UV-Vis spectroscopy at λmax = 460 nm. The maximum adsorption at
equilibrium (qe) was calculated according to Equation 1:

1
where:

qe = maximum adsorption capacity (mg g−1);

Co = iron(III) initial concentration (mgFe L−1);

Ci = iron(III) concentration at equilibrium (mgFe L−1)

V = volume of acidic iron(III) solution (L)

m = mass of adsorbent (g)

3. Results And Discussion

qe =
(C0 − C1)V

m
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3.1. Moisture and organic contents of the sludges
The sludges were submitted to gravimetric analysis in order to evaluate their moisture and organic
contents, a relevant information to drive the HTC tests. Fig. 1 shows CWS, DSS and LSS samples, as well
as the results obtained from the gravimetric tests. Organic matter content was expressed in wet base. The
sum of moisture, organic matter and ash contents results in 100 wt.% of the sewage sludge composition.

The CWS sample had a paste-like appearance, which is in agreement with its higher moisture content
(78.5 wt.%). On the other hand, it presented the lowest organic matter content (4.4 wt.%), which would not
favor the HTC tests. The DSS sample presented moisture and organic matter contents of 29.5 and 35.2
wt%., respectively. Its higher organic matter content was responsible for the choice of this sample as the
most suitable for the HTC tests. In its turn, the LSS sample was disregarded for the HTC tests due to its
lower organic matter content (25.3 wt.%) and the presence of lime, which could interfere in the
carbonization process and would not match the scope of this work.

3.2. Performance in the HTC tests
Two different phases were observed at the end of the HTC experiments: a liquid formed by the bio-oil and
a solid formed by the biochar (Fig. 2). The mass yield was studied by the variation of time and W/B ratio.
Fig. 2 shows the mass yields obtained for W/B = 3.3, 5.3 and 7.3 over 24 or 48 h.

For all the tests, the obtained biochar yield ranged from 30 and 50 wt.%. In general, shorter reaction time
led to higher weight of biochar, whereas the W/B ratio did not signi�cantly in�uence the biochar yield. The
results are in agreement with the organic matter content of the DSS sample (48.9 wt.%) and suggest that
the organic matter content is essential to enable the use of this kind of sludge as a precursor of biochar.
The W/B ratio range covered by the experiments can be expressed as a percentage of moisture, ranging
from 76 to 91 wt.%, which allows us to con�rm the feasibility of the HTC process under real operating
conditions of a sewage treatment plant (Wilk et al., 2021). In addition, such moisture content usually
makes the sludge more �uid, like a loose paste, which can favor aspects of transfer by pumping and
avoid costs related to its preparatory dehydration.

3.3. Characterization of the biochars
FTIR spectra obtained for the biochars are presented in Fig. 3. The three biochars showed a similar pro�le
with a series of absorption bands in the evaluated range. In general, the bands are in agreement with the
previously reported in the literature (Lu et al., 2017). The broad band centered at 3300 cm−1 in Fig. 3a was
attributed to H2O and OH stretching modes, as well as the band at 1612 cm−1 was attributed to H2O
bending mode. These strong vibrational modes indicate that the biochar surface is predominatly formed
by polar groups (Bernardino et al., 2016), which may favor sorption processes involving metal ions. The
bands at 759 and 1010 cm−1 were attributed to siloxane (Si-O-Si) stretching modes, con�rming the
presence of SiO2, which is in agreement with the ash content of DSS. In addition, the presence of

inorganic compounds could also be con�rmed by the two bands around 542 cm−1, referring to metal-
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oxygen (M-O) stretching modes, provenient, for instance, from the typically abundant iron and aluminum
metals. Moreover, the biochars were further characterized with regard to the organic part of their
composition. The presence of hydrocarbons was con�rmed by the two bands at around 2879 cm−1,
attributed to the stretching modes of terminal CH3 groups, as well as the bending modes of CH2 groups at

around 1340 cm−1. The presence of amide (CONH) and carbonyl (C=O) groups was suggested by the
bands centered at 1515 and 1735 cm−1. In its turn, the band at 1150 cm−1 was attributed to C-O-C
glycosidic bounds, which suggests the presence of non-converted oligosaccharide or triacylglycerol
compounds (Fang et al., 2019). In Fig. 3b, it is possible to con�rm the presence of SiO2 due to the band

centered at 910 cm−1, attached to the silanol (Si-OH) stretching mode. Also, Fig. 3b shows a sharp band
at around 3700 cm−1, which is usually attributed to the presence of free H2O molecules (Lengyel et al.,
2017), probably associated with a more hydrophilic surface, richer in silanol groups.

Figure 4 depicts the PXRD for the synthesized biochars. The set of diffraction peaks for the three
biochars con�rmed the existence of a mixture of inorganic and organic compounds. The presence of
carbonaceous compounds could be characterized by the narrow and sharp graphite peak at 26.8° (2θ).
Literature reports that a biochar typically has an amorphous PXRD pro�le (Uchimiya et al., 2017),
however, several crystalline phases can be identi�ed in Fig. 4a, such as halloysite at 2θ = 9.6° (Li et al.,
2017), kaolinite at 2θ = 20.5, 25.2 and 50.2° (Meroufel et al., 2013), quartz at 2θ = 21.1, 27.7 and 68.1º
(Tavares et al., 2020), and alumina (α + γ polymorphs) at 2θ = 35.9 and 54.6° (Chauruka et al., 2015). Fig.
4b shows an additional diffraction peak at 43.2° (2θ), which was attributed to γ-alumina, and Fig. 4c
shows the additional diffraction peak centered at 28.9° (2θ), attributed to calcium carbonate (Ranjan et
al., 2018), which may have been formed by a leaching process, intensi�ed by the high W/B, resulting in a
higher availability of calcium ions. Anyhow, the presence of a large amount of crystalline compounds
may strongly in�uence the strength of sorption sites and acid-base surface properties of the material.

SEM images show that the variation in the W/B ratio plays an important role on the biochar porosity (Fig.
5). The lowest W/B ratio favored the formation of micrometric pores, apparently achieving an average of
4 µm, with smaller channels on the inside (Fig. 5a-c). As the W/B was increased, the porosity of the
biochar was decreased. BC5 presented smaller pores around 100 nm (Fig. 5d-f), and BC7 did not present
visible pores in the SEM images (Fig. 5g-i). The BC5 images depict a clear presence of graphite sheets,
highly organized and containing nanometric pores.

Another important consideration is the clear modi�cation of the textural pro�le of the biochars after the
HTC process. The lower W/B ratio (Fig. 5a-c) allowed an increase in the conversion of the smooth sheets
into porous structures, similarly to what was reported for high temperature pyrolysis processes (Khosravi
et al., 2019).

The mineral phases can also be seen in the images, such as angular-shaped quartz agglomerates and
rod-shaped halloysite (Li et al., 2015) embedded in the graphite sheets and quartz crystallites (Fig. 5e and
5h).
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Considering the characteristics of the formed surfaces, it can be highlighted that the W/B ratio strongly
in�uenced the hydrocarbonization of the DSS. Besides the water availability, the inner pressure of the
hermetic system may have been a crucial factor in the decarboxylation and polymerization reactions,
promoting an increase of the DSS hydrocarbonization. Literature clearly reports the dependence of the
HTC process on the W/B ratio (Ischia and Fiori, 2021), focusing mainly on the reaction yield. However,
there is a lack of discussion on the in�uence of the W/B ratio over the morphology of the hydrochars.

The nitrogen physisorption isotherms are depicted in Fig. 6. The biochars presented a Type III isotherm
loop, typically of nonporous or macroporous materials (ALOthman, 2012). Based on the SEM images
(Fig. 5), the non-porosite of the biochars was disregarded, emphasizing instead the domain of large pores
in the micrometric range (BC3) and high order nanopores (above 100 nm) in the case of BC5. BC7
showed a similar isotherm pro�le, however, it was not possible to establish a direct relation with the SEM
images. In addition, the hysteresis loop in the range 0.7-1.0 P/P0 was observed for the three synthesized
biochars and attached to the H3 type, typically due to the existence of mesopores (Yin et al., 2015).
Therefore, the biochars presented a large heterogeneity of its pore size, drawing attention to further
exploring studies on hierarchically structured porous materials (Leżańska et al., 2018). Additionally, as a
direct result of the large pore size distribution, the BET method took into account only a small range of
mesopores, resulting in the subestimated values of surface speci�c area (around 6 m2 g−1), and a
discrete pore volume (ranging from 0.02 to 0.05 cm3 g−1) (Table 1).

Table 1
N2 adsorption/desortpion results.

ID Speci�c area

(m2 g−1) a
Average pore size (nm) b Pore volume (cm3 g−1) b

BC3 6.3 16.6 0.05

BC5 6.5 1.32 0.04

BC7 5.9 7.44 0.02

a Determined by N2 adsorption using the Brunauer-Emmett-Teller (BET) method.

b Determined by the N2 desorption branch using the Barret-Joiner-Halenda (BJH) method.

TG and DSC experiments were performed to evaluate the thermal stability of the biochars upon
hydrothermal carbonization, whose main results are shown in Fig. 7. Owing to the applied experimental
conditions (heating under N2 atmosphere), the TG/DSC curves actually depict a kind of pyrolysis over the
synthesized biochars. The wide endothermic curve resulting from DSC analysis was attached to an
overlay of events related to the mineral and organic biochar portions, i.e. kaolinite dehydration and
dehydroxylation (Wang et al., 2011) and quartz β-α polymorphs transition (Labus, 2017). Additionally,
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depolymerization and decomposition involving cellulose, hemicellulose and lignin, which are remnants of
the HTC process, accompanied by weight loss in the TG curve (Magdziarz et al., 2020), as well as the
total decomposition of the semi-decomposed graphite present in the biochars.

Once again it is possible to notice that the W/B ratio played an important role over the synthesized
biochars. BC3 and BC7 displayed a more similar pro�le, with the �rst step of weight loss centered at
250.3 and 254.8 ºC, respectively, and the second one centered at 341.3 and 435.4 ºC, respectively,
referring mainly to the pyrolysis of the biochars. The highest thermal stability presented by BC7 for its
second step may have been to the higher level of compaction of its grains. The total ash content for BC3
and BC7 at 640 ºC was 34.4 and 44.3 wt.%, respectively, suggesting that a higher W/B ratio can in�uence
the material structure at the end of the HTC process.

The DSC curve for BC5 depicts a comprehensive endothermic event similar to those discussed for BC3
and BC7, showing heat �ows ranging from -87 to -100 mW, respectively. On the other hand, BC5 displayed
a different pro�le for its TG curve. Unlike for BC3 and BC7, its DTG curve (Fig. 7c) displayed the �rst step
of weight loss at a lower temperature (134.4°C), attributed to a free water elimination process. This is in
agreement with the discussion carried out on FTIR results, which pointed to a more hydrophilic surface in
the case of BC5. Since the three biochars were prepared under the same experimental conditions, except
W/B ratio, it is reasonable to infer that at W/B ratio of 5.3 the DSS had its hydrothermal carbonization
process conditioned to a slightly slower decarboxylation and dehydration, leading to a higher capacity to
incorporate water molecules. Furthermore, the lower weight loss experienced by the BC5 (around 80 wt.%
at 640 ºC) reinforces the thermal stability of this material.

3.4. Adsorption experiments
BC5 was chosen as a test adsorbent for iron(III) removal from sulfuric acid aqueous solution due to its
higher hydrophilicity and textural properties. For comparative purposes, commercial activated carbon
(CAC) was used as a reference adsorbent. Fig. 8 shows the results obtained in the adsorption
experiments.

As can be seen, the iron:adsorbent (Fe:ADS) weight ratio did not cause a signi�cant in�uence on the
iron(III) adsorption for both adsorbents, that is, they were capable of removing iron(III) even at high
Fe:ADS ratios ranging from 200 to 300. Apparently, CAC presented a superior performance, achieving
more than 80.0 wt.% of iron(III) removal in all the experiments. For BC5, the iron(III) removal was slightly
lower, ranging from 70 to 80 wt.%. The best performance of the CAC yielded an adsorption capacity of
178 mgFe g−1, whereas for BC5, the adsorption capacity was 143 mgFe g−1. Despite the 20 wt.%
difference in the adsorption capacity, it is necessary to highlight that BC5 did not undergone any
activation treatment, which represents a surprising behavior. The SEM image for BC5 (Fig. 5f) shows a
detail of the graphite plates arranged side by side and the abundant presence of nanopores on the
surface. As is known, the BET method is not capable of detecting nanopores, resulting in an
underestimated accounting of the pores actually present in the BC5 material.
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Furthermore, the adsorption capacity was purposefully obtained at drastic acid conditions to simulate a
batch treatment for polishing of the 15-20 wt.% spent sulfuric acid aqueous solution, containing up to
1000 mgFe L−1. Even under such conditions, in which the surface of a solid adsorbent may be completely
protonated (Ambaye et al., 2021), the BC5 was capable of removing up to 80 wt.% of the iron(III) content
after 30 min of contact. These preliminary results show the potential of the biochar produced by the HTC
process to be applied as adsorbents for the puri�cation of spent sulfuric acid generated in the lead-acid
battery sector, developing a sustainable technology for its recycling.

Further advances in this inter-loop technology consider the use of the spent biochar, rich in iron ions, as a
potential surface for hydrogen sulphide removal from biogas, such that the spent H2SO4 polishing
process could be faced as a preparatory step for that.

4. Conclusions
Biochars could be successfully produced by hydrothermal carbonization and, without any activation step,
they were capable of removing iron ions from spent sulfuric acid. As the sewage sludge did not require
any dehydration treatment, its use for biochar production displayed a tremendous advantage in energetic
terms for sanitation companies.

Nevertheless, the water/biomass ratio plays an important role in tuning the characteristics of the biochar
surface, e.g. to make it more hydrophilic and appropriate for the adsorption of metal ions. Additionally,
the mineral phases may also contribute to adsorption performances, since active sites are usually
dependent on the strength of the physical or chemical interactions between ions and surface. Therefore,
for the adsorption of ions, the balance of organic and mineral contents of a given sludge, seems to be
fundamental to form both a porous and a hydrophilic surface.

At last but not least, the inter-loop approach involving sanitation and energy sectors is a virtuous strategy
to interconnecting two or more industrial processes in order to feed one through the use of tailings from
another.
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Figure 1

Appearance and moisture, organic, and ash contents of the sewage sludges studied. (Organic matter and
ash are expressed in relation to the wet base).

Figure 2

HTC reactions yield in three W/B ratios, and the aspect of the products formed.
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Figure 3

FTIR spectra for the synthesized biochars (a) BC3, (b) BC5 and (c) BC7.
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Figure 4

PXRD patterns for the synthesized biochars (a) BC3, (b) BC5 and (c) BC7. The symbols mean: H =
halloysite, K = kaolinite, Q = quartz, A = alumina, and G = graphite.
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Figure 5

SEM images obtained for the synthesized biochars (a-c) BC3, (d-f) BC5, and (g-i) BC7.
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Figure 6

N2 adsorption-desorption isotherms obtained for the synthesized biochars.
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Figure 7

TGA results obtained for (a) BC3, (b) BC5 and (c) BC7.
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Figure 8

Adsorption of iron(III) on BC5 and CAC. The experimental error was estimated as an average of 5%.
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