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Abstract: Due to decreasing rainfall, drought is an environmental problem becoming even more
alarming every year. The direct reuse of treated wastewater (WW), in compliance with current
legislation, can be one of the applicable solutions to deal with water scarcity. In this study, an analysis
of wastewater treatment plants (WWTPs) (>400 population equivalent) in the Lombardy region
(Northern Italy) was performed to identify the most critical parameters in their effluents (total and
ammonia nitrogen, and phosphorous). Biochar filters, as final adsorption means for WWTP effluents,
could improve water quality for direct reuse. Biochar from biological sewage sludge produced by
an urban WWTP (130,000 population equivalent) was prepared via pyrolysis (350–650–950 ◦C) and
chemical activation with KOH. In each preparation step, the material was analyzed to follow the
physicochemical transformations. The removal efficiency of COD, N-NH4

+, N-NO3
-, and P from real

WW was studied using batch adsorption tests. Pyrolysis at 650 ◦C + KOH activation guaranteed
higher yields for N-NH4

+ (32%), P (44%), and N-NO3
− (66%) with a contact time in the batch test

of 6 h for N-NH4
+ and P, and 3 h for N-NO3

−. Up to 50% COD removal was achieved in 6 h with
950 ◦C pyrolyzed + KOH-activated biochar.

Keywords: wastewater reuse; wastewater treatment plant; wastewater resource recovery facility;
circular economy; pyrolysis

1. Introduction

Decreased rainfall and accelerated evaporation caused by climate change reduce
available water resources for human communities and agricultural irrigation [1–3]. Water
scarcity can lead to competition between sectors and the emergence of conflicts related to
water resources [4]. Droughts can be addressed through sustainable water management
policies, investment in water infrastructure, efficient agricultural practices, and adaptive
solutions to address climate change [5,6]. The reuse of treated wastewater (WW) in agricul-
ture can represent one of the effective techniques for tackling the problem of drought [7,8],
as promoted by the European Union [9].

It is universally known that treated effluents of wastewater treatment plants (WWTPs),
in compliance with regulatory impositions, can be discharged into surface water bodies for
indirect reuse [10]. The direct reuse of WWTP effluents for irrigation, civil, and industrial
uses, with dedicated water distribution pipelines, is an increasingly shared approach at
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the European level [11]. The reuse of water for irrigation purposes in agriculture can help
promote a circular economy by recovering nutrients (such as nitrogen, phosphorus, and
potassium) from treated urban WW and potentially reducing the application of mineral
fertilizer [9]. This approach to appropriate water reuse should be consistent with EU water
policy and should contribute to achieving the United Nations Sustainable Development
Goals for 2030, in particular Goal 6 of ensuring the availability and sustainable management
of water [12].

WWTP effluents may not comply with limit values for direct reuse, being more stringent
than emission limits for urban WWTP into surface waters. WWTP effluents may need
additional treatment to meet direct reuse requirements [13]. The qualitative characteristics
of these waters could improve with the application of an adsorption process just before the
final disinfection. The use of recycled adsorbent material represents a further contribution
to a circular economy, reducing the use of mineral-activated carbon. Biochar obtained from
sewage sludge can represent an interesting alternative for water utilities, as the treatment and
disposal of sewage sludge can account for 20–60% of the total operating costs of a full-scale
WWTP [14]. WWTP managers are faced with two challenges: on the one hand, the demand
for ever higher water quality standards increases the production of sewage sludge [15,16]; on
the other hand, the possibilities for the recovery/final disposal of sewage sludge are changing
in an increasingly demanding and challenging way [17–19]. The global annual production
of dry sludge is estimated to be approximately 45 million tons [20]. In Italy, in 2020, the
amount of sewage sludge from urban WW treatment reached approximately 3.4 million tons
(in terms of wet matter). Lombardy is the region with the greatest production of almost
469,000 tons, 13.8% of the total national production [21]. The transformation of biological
sewage sludge into biochar via thermochemical treatments is a promising technology for
sludge management within the same WWTP that produced it [22].

Biochar production has increased over the years due to its growing practical applica-
tions in different industrial sectors such as soil amendments, pollution removal, energy
and gas sequestration and storage [23]. The most widely used technique for obtaining
biochar is thermochemical conversion via different processes such as pyrolysis, gasification,
hydrothermal carbonization, and torrefaction. Pyrolysis consists of heating the biomass at
different temperatures under inert gas flux with no or little oxygen sources. Depending on
the kind of biomass, heating environment, and heating rate, biochar with different surface
characteristics and different compositions can be obtained [24]. Pyrolysis weakens the
interactions between the polymers in lignin biomass, resulting in the depolymerization of
cellulose and hemicellulose, reducing biomass tenacity and thus enhancing grindability [25].
Via cellulose pyrolysis, oligosaccharides are obtained, which are cleaved by the glycosidic
link to produce d-glucose, which is subsequently intermolecularly rearranged to make
levoglucosan, which is finally dehydrated to produce levoglucosenone. This substance
is finally dehydrated, decarboxylated, aromatized, and intramolecularly condensed to
create an aromatic biochar network [23]. Hemicellulose is also converted during pyrolysis
to obtain biochar [26]. Oligosaccharides release xylosan, which has already undergone
dehydration, decarboxylation, and aromatization. Biochar is obtained as a result of in-
tramolecular condensation reactions in this mixture. The generated biochar is activated
using physical, chemical, or biological approaches. Physical activation generally has lower
activation effectiveness than chemical activation, which generally needs a lower tempera-
ture [27]. Chemical activation of biochar is more corrosive than physical activation, though
its exact mechanism of action has yet to be clarified. Physical activation methods, such as
with steam and gas like CO2, can enhance biochar’s attributes by changing its physical
characteristics, density, and moisture content [28]. Steaming biochar for 45 min at 800 ◦C
significantly enhanced its surface area and micropore volume, from less than 5 m2 g−1 up
to 800 m2 g—1. This material shows improvement in its ability to adsorb metal ions [29].
Chemical agents, such as acids, alkalis, and metal salts, are frequently used in biochar
activation. Acid treatment can improve biochar’s pore properties, such as porosity and
surface area, by washing away impurities that exist on the surface. Alkali treatment can
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tune the porous structure, which is crucial for environmental applications [30]. Moreover,
chemical activation introduces functional groups onto the biochar surface not present in
the starting material.

It has been shown in the literature that biochar has potent adsorption effects on
organic contaminants in liquid media (phenols, herbicides, etc.). Electrostatic forces and
intermolecular gravity influence the physical adsorption of organic contaminants into
biochar, while during chemisorption, ionic or covalent bonds between contaminants and
the biochar-based material form. Adsorption is highly pH dependent, and cations like
calcium and potassium promote better adsorption efficiency [31].

Kamali et al. [32] reported cadmium, zinc, and copper adsorption in WW using biochar
from woody biomass. Rice-husk- and corncob-biomass-derived biochar resulted in a 589 mg
g−1 phenol adsorption capacity with a mechanism involving acid–base and hydrogen bond-
ing interactions. Wheat husk biochar showed better adsorption of 2,4-dichlorophenol, while
sugarcane-bagasse-derived biochar was used for 2,4,6-trichlorophenol adsorption [33].

However, in the scientific literature, the studies on biochar for water treatment are
mainly based on laboratory scenarios [34–37], and the operating conditions for a large
scale certainly need to be investigated [38]. Furthermore, the adsorption of individual
pollutants in synthetic aqueous solutions has been studied (e.g., phosphate [35], copper [36],
and hexavalent chromium [37]). This methodology is not representative of real situations,
in which biochar should be applied to complex waters simultaneously rich in different
pollutants and interferents.

This work is composed of two parts. The first one reports a survey on the effluents
of WWTPs (> 400 population equivalent) located in Lombardy, a region of northern Italy.
The quality of the effluents was studied to identify any critical parameter in view of a
direct recovery, mainly for irrigation uses, according to the regulations in force. In the
second part, the application of biochar obtained from the thermochemical treatment of
biological sewage sludge to improve the qualitative characteristics of a full-scale WWTP
effluent is discussed. Batch adsorption tests were performed to study the removal efficiency
of some chemical parameters from a WWTP effluent. The optimal operating conditions
for (i) thermochemical processes for biochar preparation (pyrolysis temperature, chemical
activation, etc.) and (ii) adsorption tests for WW treatment (contact time, biochar dosage,
etc.) were studied to ensure the technical and energy sustainability of the treatment chain.
This integrated approach represents a contribution to the sustainable recovery of resources
and promotes a circular economy based on WW treatment [14,39].

2. Materials and Methods
2.1. WWTP Effluent Analysis
2.1.1. Monitoring Data

The processed data were obtained from the online site of SIRe Acque [40], an infor-
mation system of the Lombardy region dedicated to water, which collects official data
regarding sewerage, collection, and purification services. The first section of the SIRe
Acque system is responsible for collecting and organizing the results of samples taken from
the WWTPs in Lombardy. The Lombardy region, through the analysis of these samples,
verifies whether the treated effluents comply with the concentration limits and standards
for the removal of polluting substances, as required by regional, national, and community
legislation. In this way, the control body guarantees that the water respects the legal limits
and can be safely released into the environment.

In this research, data relating to the years 2019 and 2022 were taken into consideration,
and WWTPs with a treatment potential of greater than 400 population equivalents were
included. The WWTPs studied were divided into 4 potential classes based on the population
equivalent (PE) of the reference agglomeration: (i) 400 ≤ PE ≤ 2000, (ii) 2000 ≤ PE ≤ 10,000,
(iii) 10,000 ≤ PE ≤ 50,000, and (iv) PE ≥ 50,000. Further information, reported in the
regional database and elaborated by the researchers, included the treatment chains of the
WWTPs: P—primary treatment; S—secondary treatment; deN—specific treatments for
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nitrogen; deP—specific treatments for phosphorus; and deNP—specific treatments for
nitrogen and phosphorus.

2.1.2. Regulatory Framework for WW Reuse

The European Union Regulation 2020/741 [9] was issued in May 2020 and applied
starting from 26 June 2023. The regulation highlighted the growing pressures on water
resources caused by climate change and drought. To address these challenges, the European
Union promoted widespread WW reuse where appropriate and cost-effective. A framework
was created to enable member states to reuse WW if they wish or need to. The main
topic of the regulation was reuse for irrigation in agriculture. Based on different types of
crops, different classes of reclaimed water quality were defined. The EU defined WW for
irrigation reuse (called reclaimed water) as urban WW treated in accordance with Directive
91/271/EEC and resulting from further treatment in a reclamation facility.

At a national level, Ministerial Decree No. 185 of 2003 was issued in Italy [41], which
regulated the reuse of WW for irrigation, and civil or industrial use. WW recovered
for irrigation or civil reuse has to meet chemical–physical and microbiological quality
requirements at the time of emission from the recovery plant (WWTP).

In this research, five parameters provided by the SIRe Acque database were considered:
BOD5, COD, total suspended solids (TSSs), total phosphorus (TP), total nitrogen (TN), and
ammonia (NH4), referring to the WWTP effluents. The analysis of the parameters showed
how many WWTPs in Lombardy exceeded, in the years 2019 and 2020, the most restrictive
limit value established by the European and/or Italian regulations. Table 1 shows the
most restrictive requirements considered for the data processing for WWTP effluents. The
identification of the critical parameters for the reuse of WWTP effluents in Lombardy was
the aim of the data analysis.

Table 1. Reclaimed WW quality requirements for direct reuse at European and Italian levels. PE:
population equivalent; BOD5: biological oxygen demand at 5 days; COD: chemical oxygen demand.

Parameter Source of the Legislation and
Limit Value (mg L−1) References

BOD5 EU: 10 (*) [9]

COD
Italy: 100 [41]

Lombardy: 60; PE ≥ 50,000 [42]
TSS EU, Italy: 10 (*) [9,41]

TP
Italy: 2 [41]

Lombardy: 1 (**) (PE ≥ 50,000) [42]

TN
Italy: 15 [41]

Lombardy: 10 (PE ≥ 100,000) [42]
NH4 Italy: 2 [41]

Notes: (*) The European requirements relating to the quality of treated WW refer to irrigation reuse in agriculture.
(**) Refers to effluents delivered outside drainage basins to lakes.

Furthermore, Regional Regulation No. 6 of 2019 is in force in the Lombardy region for
domestic and urban WW discharges [42]. The limit values are differentiated according to
the WWTP treatment potential and the type of receptor. For COD, TP, and TN, this regu-
lation sets stricter limits than the standards described above for WW reuse, as compared
in Table 1. These emission values are imposed on WWTPs with a PE of >50,000 and for
TP and TN in effluents discharged outside of lake drainage basins. In the case of effluents
flowing to lakes or the relative lake drainage basins, the TP limits are even lower (not con-
sidered in this research). The effluent data processing was carried out under two conditions:
(i) considering the European and national limits and excluding the regional ones;
(ii) including the even stricter limits of the Lombardy region for WWTPs with a ≥ 50,000 PE.
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2.2. Sewage-Sludge-Derived Biochar
2.2.1. Biological Sewage Sludge

The biological sewage sludge for biochar production was sampled from an urban
WWTP located in the Lombardy region (Northern Italy) with limited industrial input,
serving a population of 130,000 PE. It was mesophilic sludge, a mixture of primary and
secondary sewage sludge. The WWTP water line included a pre-aeration, degreasing,
and sand removal tank, a primary settler, a conventional activated sludge compartment,
and a post-denitrification process. The primary sludge came from the primary settler,
which guaranteed removal yields of 30% for BOD5, 90% for suspended solids, and 10%
for TP and TKN. The secondary sludge came from the secondary settler with a residence
time of ≥ 2 h and a hydraulic loading rate of less than 1.5 m h−1. The sludge age in the
oxidation tank was in the range of 3–4 days. The sludge line was composed as follows:
static thickener, dynamic thickener, anaerobic digestion system, and final dewatering with
a centrifuge. The dewatered biological sewage sludge used for biochar production had an
average concentration of total solids equal to 240 kg m−3 and a percentage of volatile solids
of 58%.

2.2.2. Biochar Preparation

The sewage sludge (200 g) was dried at 105 ◦C for 24 h in a muffle under air in a
ceramic crucible to remove the water. A brownish solid was obtained, which was subjected
to pyrolysis and subsequent chemical–thermal activation to obtain the biochar and the
activated carbon, respectively. In particular, biochar was obtained via pyrolysis performed
at three different temperatures (350 ◦C, 650 ◦C, and 950 ◦C) by weighing approximately
2 g of dried powder in an alumina boat, heating it in a horizontal Carbolite oven under
nitrogen at 10 ◦C/min up to the desired temperature value, keeping the temperature
constant for 2 h, and cooling down to room temperature at 10 ◦C/min. The temperature
values were chosen from the results of the thermogravimetric analysis (see the following
paragraphs) as the values at which the two main observed decomposition processes were
over 350 ◦C and 650 ◦C, and the value at which the residual mass was constant (950 ◦C). The
obtained black powder (biochar) was activated in 2 steps. The first chemical step consisted
of mixing it with KOH (6:1 weight ratio), preparing a dispersion in water (25 mL for each g
of biochar), magnetically mixing for 2 h, and subsequently heating in a Control AG-System
muffle (Fratelli Galli, Fizzonasco, Italy) at 110 ◦C for 12 h to obtain a dry powder. The
second step was a thermal treatment performed on the obtained powder following the
same procedure as the 650 ◦C pyrolysis process (heating ramp, 2 h of isothermal treatment,
and cooling ramp, all the steps performed under a nitrogen atmosphere). The activated
samples were washed with 0.5 M HCl up to pH = 7, filtered under vacuum, and washed
with water under vacuum. Finally, the powders were dried in a Control AG-System muffle
(Fratelli Galli, Fizzonasco, Italy) at 110 ◦C for 12 h to obtain the activated carbon samples.

2.2.3. Biochar Characterization and Analytical Methods

The physicochemical characterization of the dried sludge, the biochar, and the acti-
vated carbon was performed using several different analytical techniques. Thermogravi-
metric analysis (TGA) was conducted with a Q5000 apparatus (TA Instruments, New Castle,
DE, USA) interfaced with a TA5000 data station under nitrogen flux (10 mL min−1) in a
platinum pan by heating approximately 3 mg of each sample from room temperature up
to 1000 ◦C (10 K min−1 heating rate). The TGA data were analyzed using the Universal
Analysis software V4.5A by TA Instruments, which allowed us to also obtain the derivative
of the thermogravimetric curves (DTG), which was useful for determining the starting and
ending temperatures of the different decomposition processes.

A Zeiss EVO MA10 (Carl Zeiss, Oberkochen, Germany) scanning electron micro-
scope (SEM) was used for the morphological study of gold-sputtered samples (secondary
electron detector). The measurements were performed at 20 kV with a working distance
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of 8.5 mm. Energy dispersive analyses were performed with an XMax 50mm2 probe
(Oxford Instruments, Abingdon, UK) coupled with the SEM.

Powder X-ray diffraction (PXRD) measurements were performed at room temperature
after manual grinding in an agate mortar. A Bruker D2 Phaser diffractometer (Bruker
Corporation, Billerica, MA, USA) with Cu-Kα radiation was employed. The measurements
were performed from 5◦ to 50◦ in 2θ with the following step scan mode: a scan step of 0.02◦

and a counting time of 3 s per step. The X-ray tube working conditions were 40 kV and
40 mA. Fourier-transform infrared spectroscopy analyses (FT-IR) were performed with a
Nicolet FT-IR iS10 spectrometer (Nicolet, Madison, WI, USA) equipped with an attenuated
total reflectance (ATR) sampling accessory (Smart iTR with a diamond plate). Thirty-two
scans in the 4000–600 cm−1 range at a 4 cm−1 resolution were co-added. Well-ground
powder samples were used, and spectra were obtained after pressing the samples onto an
ATR diamond crystal at room temperature (20 ◦C). Peak wavenumbers were attributed
using the “Find peaks” function of the OMNIC™ Spectra Software. The specific surface
areas of the samples were determined with Sorptomatic 1990 equipment (Thermo Fisher
Scientific, Waltham, Massachusetts, US) operating with the static volumetric principle.

Approximately 150 mg of each sample was charged in the glass sample holder and
degassed at 250 ◦C for 12 h. Subsequently, the samples were cooled down at −196 ◦C,
and an adsorption run was performed (using the BET method, N2 as the analyzing gas,
20 points for the run, and a blank performed in He). The correction for the volume of the
sample was performed by measuring He adsorption.

2.2.4. Adsorption Batch Experiments
Raw Wastewater

The raw WW treated with sewage sludge biochar during the adsorption tests was
sampled from an urban WWTP (20,000 PE) in Lombardy (Northern Italy). The real WW
came from a combined sewer receiving several industrial, as well as domestic, discharges.
The characteristics of the WW are reported in Table 2.

Table 2. Qualitative characteristics of real WW. n: number of data.

Parameter Mean Value Confidence Interval

pH 7.9
(n: 8) ±0.2

COD (mg L−1)
362

(n: 8) ±190

N-NH4
+ (mg L−1)

24.4
(n: 8) ±10.2

N-NO3
- (mg L−1)

0.6
(n: 8) ±0.1

TP (mg L-1) 4.3
(n: 8) ±1.0

Experimental Procedures

To evaluate the adsorption performance of the biochar obtained via the pyrolyzed
sewage sludge, batch adsorption tests were carried out, following a standard methodology
provided by ASTM International [43]. Two types of adsorption tests were conducted, and
the methodological approach adopted is described below:

1. Search for the “optimal thermo-chemical conditions of pyrolysis”: a constant concentra-
tion for each biochar (approximately 4.0 gbiochar LWW

−1) was used to identify the most
effective biochar for the WW adsorption treatment. The different biochar samples were
obtained from different thermochemical conditions during the biochar preparation.

2. Identification of the “optimal biochar concentration”: different biochar concentrations
(0.25–0.4–0.8–1.7–4.0–5.8 gbiochar LWW

−1) were used to determine the optimal quantity
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for the adsorption treatment of the WW, for each of the most promising thermo-
chemical treatments.

Initially, the real WW was filtered through 0.45 µm filter paper, and the pH was
measured with a WTW-IDS probe, model SenTix® 940 (Xylem Analytics Germany Sales
GmbH & Co., Mainz, Germany). Glass beakers containing 60 mL of WW each were placed
in a magnetic stirrer and kept under constant stirring (600 rpm). A specific quantity of
biochar was weighed with an analytical balance and introduced into each of the beakers.
Each adsorption test lasted six hours, during which multiple samplings (10 mL each) were
performed: at the beginning of the test, after only 3 h for the first type of experimental test,
and after 6 h. Biochar was separated from the WW via 0.45 µm filtration. The samples
were stored at a temperature of approximately 4 ◦C and subsequently sent to a chemical
analysis laboratory for the determination of COD, NH4, N-NO3

−, and TP levels, some of
the parameters indicated in the minimum requirements for the reuse of water, as described
above. By measuring the residual concentration of the adsorbate (chemical parameter) in
the WW, the removal yield of each parameter by the biochar (adsorbent) was determined
as follows:

Removal yield (%) =
Initial concentration

(
mg L−1

)
−final concentration (mg L−1

)
Initial concentration (mg L−1

) × 100 (1)

Analytical Procedures

COD was measured according to the ISPRA 5135 method [44]. N-NH4
+ was studied

following the APAT-IRSA-CNR 4030 [45] method. N-NO3
− concentrations were studied

according to EPA method 300.1 [46]. TP was analyzed according to EPA method 3051A [47]
and EPA method 6010D [48].

3. Results and Discussion
3.1. WWTP Effluent Analysis

In the Lombardy region (Northern Italy), the total number of WWTPs was 1257 in the
year 2019 (Figure 1a) and 1206 in the year 2022 (Figure 1b).
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Figure 1. Potential classes of WWTPs in the Lombardy region, referring to the years (a) 2019 and
(b) 2022. PE: population equivalent; n.d.: no data.

This decreasing trend could indicate the closure of some WWTPs in favor of greater
centralization of WW treatment. Figure 1 shows the subdivision of the WWTPs located in
the Lombardy region into five potential classes. From 2019 to 2022, no major changes were
visible, only a 2% reduction in data gaps and a 3% increase in the lowest potential class
(PE ≤ 400). In subsequent data analyses, WWTPs with a potential of >400 PE were studied.
Also excluding the WWTPs with a lack of data, approximately 60% of the WWTPs were
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considered, corresponding to a treated PE of 99.7% of the total in the Lombardy region.
WWTPs with a PE of ≤400 served only 0.3% of the total population.

Figure 2 shows the different WW treatments for the four potential classes of WWTPs
in the years 2019 (Figure 2a) and 2022 (Figure 2b).
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Figure 2. Water line treatments of Lombardy WWTPs: (a) 2019; (b) 2022. P: primary treatment; S:
secondary treatment; deN: specific treatments for nitrogen; deP: specific treatments for phosphorus;
deNP: specific treatments for nitrogen and phosphorus; otherT: other treatments not specified.

For 400 < PE < 2000, there was an increase (17%) in the secondary treatment, to the
detriment of the primary one, which halved from 2019 to 2022. A 5% increase in specific
treatments for the removal of nitrogen was also observed. With an increase in potential, the
water line treatment chains became increasingly complete, with more and more specific
treatments. In WWTPs with 2000 ≤ PE < 10,000, approximately 40% of the water lines were
equipped with a specific process for nitrogen removal, with the presence of treatments
for both nitrogen and phosphorus increasing by up to 19%. WWTPs with only secondary
water treatment were halved compared with the lower capacity class. The two major
potential classes had a similar division in terms of process equipment. Most WWTPs also
consisted of specific treatments for the removal of nitrogen and phosphorus, with an almost
complete water line. For 10,000 ≤ PE < 50,000, from 2019 to 2022, the number of WWTPs
with only phosphorus removal decreased from 9 to 5% thanks to the inclusion of processes
such as denitrification, with an increase from 65 to 72% for deNP. The same happened for
PE > 50,000, introducing processes for the removal of phosphorus if there were only
processes for nitrogen, and vice versa. The WWTPs with both treatments simultaneously
increased from 80 to 91% over the years. In general, for all potential classes, a revamping of
WWTPs was observed from 2019 (Figure 2a) to 2022 (Figure 2b), thanks to the inclusion of
additional treatments to increase the quality of the treated WW.

Figure 3 focuses on WWTP effluents and the regulatory limits imposed by European
and Italian legislation for WW reuse [9,41]. The highest percentages of exceedances of
the regulatory limits were observed for the low potential of 400 < PE < 2000 (Figure 3a).
With an increase in PE, the discharge overruns clearly decreased (Figure 3b–d). The same
concept was found in the data gap analysis (n.d.), resulting in a more myopic view of small
WWTPs. These aspects can be linked to the better management of large WWTPs, manned
and controlled by the operators daily. Smaller WWTPs with more compact treatment chains
can be neglected, resulting in less monitoring and poorer effluent quality. Certainly, from
the year 2019 to the year 2022, the lack of data decreased for all potential classes, realizing
a more accurate overall view in 2022. Major overruns were observed for TN and TP in
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over 70% of WWTPs with 400 < PE < 2000 (Figure 3a). The same parameters plus NH4
saw approximately 40% limit breaches in 2022 for 2000 ≤ PE < 10,000 (Figure 3b). For
10,000 ≤ PE < 50,000 (Figure 3c), except for COD, which always complied with the regula-
tions, the other parameters showed overruns in the range of 15–27%. The outflow from
legal requirements reached a maximum of 27% in 2022 for TN and NH4. In the highest
potential class (PE ≥ 50,000, Figure 3d), the most critical parameters in 2022 were NH4, SS,
TN, and BOD5, with respective exceedances of 19%, 14%, and 12% for both TN and BOD5.
Finally, with reference to all the studied classes, the most critical parameters in the effluents
were TN, NH4, and TP.
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Figure 4 focuses on the requirements for the direct reuse of WWTP effluents imposed
by the Lombardy region (Northern Italy), which are more restrictive than the Italian
legislation for COD, TP, and TN [42].

Figure 4 should be compared with Figure 3d for the COD, TP, and TN parameters. In
2019, considering the Lombardy legislation, failure to comply with the limits increased
as follows: from 2 to 7% for COD, from 10 to 20% for TP, and from 14 to 17% for TN. In
2022, the increase was from 2 to 5%, from 7 to 16%, and from 12 to 19% in the case of COD,
TP, and TN, respectively. In 2022, for PE ≥ 50,000, more than 10% of WWTPs showed
exceedances of the limits for all parameters, except for COD.



Water 2023, 15, 3636 10 of 19

Water 2023, 15, x FOR PEER REVIEW 10 of 20 
 

 

 

Figure 3. Compliance with the legislative requirements for direct reuse referring to the effluents of 

Lombardy WWTPs in the years 2019 and 2022. European and Italian requirements [9,41]: BOD5 ≤ 10 

mg L−1; COD ≤ 100 mg L−1; SS ≤ 10 mg L−1; TP ≤ 2 mg L−1; TN ≤ 15 mg L−1; and NH4 ≤ 2 mg L−1. (a) 400 

< PE < 2000; (b) 2000 ≤ PE < 10,000; (c) 10,000 ≤ PE < 50,000; (d) PE ≥ 50,000. In: regulatory limit 

respected; Out: regulatory limit not respected; n.d.: no data. 

Figure 4 focuses on the requirements for the direct reuse of WWTP effluents imposed 

by the Lombardy region (Northern Italy), which are more restrictive than the Italian leg-

islation for COD, TP, and TN [42]. 

 

Figure 4. Compliance with the legislative requirements of the Lombardy region for direct reuse re-

ferring to the effluents of Lombardy WWTPs of ≥50,000 PE in the years 2019 and 2022. Lombardy 
Figure 4. Compliance with the legislative requirements of the Lombardy region for direct reuse
referring to the effluents of Lombardy WWTPs of ≥50,000 PE in the years 2019 and 2022. Lombardy
requirements [42]: COD ≤ 60 mg L−1 for PE ≥ 50,000; TP ≤ 1 mg L−1 for PE ≥ 50,000; TN ≤ 10 mg L−1

for PE ≥ 100,000. In: regulatory limit respected; Out: regulatory limit not respected; n.d.: no data.

3.2. Powder Characterization

The thermogravimetric curve of the dried sludge (Figure 5) shows three main mass
loss steps, with the first one starting from room temperature and ending at approxi-
mately 150 ◦C due to the water release (approximately 8 wt%); the second one ending at
380 ◦C due to an initial decomposition step of the organic matter present in the biomass
(31.9 wt%), such as lignin and humic substances [49], proteins, and carbohydrates [50] and
the third one, due to the subsequent evolution of several different decomposition processes
(as testified by the derivative curve of the thermogravimetric signal (DTG)), ending at
550 ◦C (31.6 wt%) due to the presence of organic components or polluting compounds
that are thermally more stable than the polymeric compounds previously quoted. After
a very small further mass decrease (1.2%), the sample mass was constant starting from
approximately 660 ◦C. Considering that pyrolysis is performed on a higher sample mass
with respect to TGA but with an appended isothermal step, the temperature values of
350 ◦C (close to the end of the first decomposition step), 650 ◦C (constant mass), and 950 ◦C
(to maintain a 300 ◦C increment) were chosen for the pyrolysis.

Apart from the humidity release, the biochar obtained from the thermal treatment at
350 ◦C was thermally stable up to 200 ◦C, while the ones obtained at 650 ◦C and 950 ◦C were
stable up to 400 ◦C, as evident in the thermogravimetric curves reported in Figure S1a,b.
The specific surface of the dried sludge was 1.7 m2 g−1, with a micropore total surface area
of 0.3205 m2/g. After pyrolysis, the surface area increased to 2.5 m2 g−1, 5.8 m2 g−1, and
9.7 m2 g−1 for the treatments at 350 ◦C, 650 ◦C, and 950 ◦C, respectively, while after activation,
the values increased to 45.2 m2 g−1, 85.3 m2 g−1, and 97.7 m2 g−1 (with micropore total
surface areas of 12.4 m2 g−1, 23.3 m2 g−1, and 28.8 m2 g−1), respectively.

The EDS analyses performed on the powder obtained after sludge drying (Table 3)
revealed that carbon and oxygen were the most important components of the sample,
with weight percentages of up to 41 and 44m respectively. Ca and P were present in
meaningful amounts of up to 3.5 wt% and 3.0%, respectively, followed by Fe (2.8%), Al
(2.5%), and Si (2.2%). Traces of S (<1 wt%), Na and Mg (0.3%), and K (0.2%) were also
revealed. After pyrolysis, the C and O amounts decreased due to the decomposition of
the sludge components with the release of carbon dioxide, moisture, hydrogen, carbon
monoxide, light incondensable hydrocarbons, and methane [51], with the largest variations
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registered for the treatment at 350 ◦C and smaller changes for the treatments at the other
two considered temperatures, leading to very similar ending values (C and O’s wt% values
were equal to 35 and 38% at 350 ◦C, 26 and 37% at 650 ◦C, and 25 and 36% at 950 ◦C). All
the elements detected in the sludge were still present after pyrolysis, with the maximum
increases being in the amounts of Ca (increasing up to 10 wt% for the treatment at 950 ◦C),
P (up to 8 wt%), Al and Si (up to 7 wt%), and Fe (up to 5 wt%). After activation, for all the
samples, the C content dropped, reaching values lower than 10 wt% for the 350 ◦C treated
sample and approximately 18% for the other two, pointing out that the erosion enacted
by the strong base was useful for creating pores in the C structure and stronger for the
material richer in organic compounds due to their further reaction/decomposition. O was
present in a high amount, followed by Al, P, Si, and P. Na and Cl were no longer detectable.
The sample obtained at 950 ◦C was richer in P, Fe, and K compared with the one prepared
at 650 ◦C, while Si was less abundant.
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Table 3. Elemental compositions of the dried sludge and of the derived biochar powders obtained
using EDS analysis (the values are the means of three independent measurements performed on
different areas of each sample. Each EDS analysis involved the quantification of the elements in a
small portion of the sample. Five different points of interest were analyzed for each sample, and the
average values for each element are reported in the table).

Sample
Weight %

C O Na Mg Al Si P S Cl K Ca Ti Fe

Dried sludge 40.63 43.53 0.29 0.3 2.55 2.21 2.99 0.96 - 0.2 3.54 - 2.81
Pyrolyzed at 350 ◦C 34.86 37.36 0.28 0.65 5.5 4.58 5.94 0.8 - 0.49 5.09 - 4.28
Pyrolyzed at 650 ◦C 26.2 36.77 0.29 0.9 6.33 7.02 6.79 0.85 0.27 0.82 7.32 0.27 6.18
Pyrolyzed at 950 ◦C 24.51 34.53 0.43 0.89 7.15 7.14 7.97 0.84 0.38 0.96 9.97 0.4 4.85

Pyrolyzed at 350 ◦C + activation 8.71 47.97 - 0.22 9.27 12.81 1.5 - - 14.48 2.34 - 2.69
Pyrolyzed at 650 ◦C + activation 18.4 46.42 - 0.27 13.65 10.38 0.33 0.33 - 7.06 1.57 - 1.6
Pyrolyzed at 950 ◦C + activation 18.6 43.43 - 0.28 13.4 6.24 5.09 0.26 - 8.05 1.33 0.23 3.08
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The SEM images (Figure S2a,b) of the dried sludge show the presence of compacted
grains with squared borders and sizes ranging from 50 µm to 100 µm. After pyrolysis,
a number of small grains and a decrease in the size of the powders were evident upon
increasing the treatment temperature (Figure S2c,d), and the surfaces of the grains appeared
more fragile and softer. Activation (Figure S2e,g) further decreased the grain size, leading
to a few larger grains surrounded by fine powders. For the sample pyrolyzed at 350 ◦C
(Figure S2f), the surfaces of the grains were very porous and appeared fragile and soft, in
agreement with the EDX results, outlining the strong erosion enacted by the base in the
presence of a high amount of organic matter. For the samples treated at 650 ◦C (Figure S2h)
and 950 ◦C, the surfaces of the grains appeared harder and were composed of a subsequence
of small particles whose borders touched each other at a few contact points, creating pores
and holes. This observation points out that pyrolysis at the two highest temperatures
caused the decomposition of a higher amount of organic compounds, activation caused a
weaker erosion of the C skeleton, and the subsequent thermal treatment helped in sintering
the C-based material around the pores.

The XRPD analysis confirmed the success of the pyrolysis and activation. In the dried
sludge (Figure S3a), a halo trend pointing for a mainly amorphous solid was evident,
with superimposed peaks attributable to the presence of crystalline phases that due to the
nature of the organic materials and the EDX analyses, can be hypothesized as containing Si
(SiO2; 21◦), C (graphitic; 26◦), P (aluminum phosphate; 28◦ and 35◦), and calcium (calcium
carbonate; 29◦). The thermal treatment seemed to decrease the amounts of amorphous
phases, with the peaks at 21◦ and 26◦ due to Si- and C-containing phases emerging from the
background (Figure S3b; the results obtained for the sample treated at 650 ◦C are shown as
an example). On the contrary, after activation, the halo characteristic became predominant,
with the presence of an intense peak at 45◦ probably attributable to metallic Fe (Figure S3c).

Concerning the FT-IR analyses, the dried sludge (Figure S4a) presented a very simple
spectrum, with a wide band of low intensity from 3800 cm−1 to 3200 cm−1 attributable
to -OH groups due to a small amount of water left, a peak at 2917 cm−1 attributable to
-CH from alkanes, a signal at 2360 cm−1 due the presence of compounds with C≡C bonds,
and finally, a band at 1021 cm−1 due to Si-O-Si bonds, which was in agreement with the
presence of C and Si revealed with EDX. The spectra of the pyrolyzed samples appeared
very different: for the sample treated at 350 ◦C (Figure S4b), the band for -OH stretching
was larger, the signal for -CH vibrations was still evident, while the peak attributable to
C=C bonds (1593 cm−1) appeared, and the band for the presence of Si-O-Si increased its
intensity. In the sample treated at 650 ◦C, only the signals due to C=C and Si-O-Si bonds
were detectable. Finally, for the sample annealed at the highest temperature (Figure S4d),
the C=C bond signal became predominant, a small peak for Si-O-Si bonds was visible, and
starting from 2000 cm−1, the signal decreased, as expected for an amorphous material.

After activation, the FTIR spectrum of the biochar prepared at 350 ◦C (Figure S4c)
mainly showed a band for -OH bonds and a peak for Si-O-Si bonds, while the samples
pyrolyzed at 650 ◦C and 950 ◦C (Figure S4e) showed an intense peak at 2360 cm−1 due
the presence of compounds with C≡C bonds, a signal at 1736 cm−1 due the presence of
compounds with C=O bonds, and a peak due to Si-O-containing compounds.

3.3. Adsorption Batch Experiments
3.3.1. Removal Yields as a Function of the Pyrolysis Operating Conditions

Figure 6 shows the removal of the chemical parameters (COD, N-NH4
+, N-NO3

−, and
TP) with sewage sludge biochar prepared under different operating conditions: different
pyrolysis temperatures, with or without subsequent chemical activation.
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Figure 6. Yields of chemical parameter removal in WW for different thermochemical treatments
of biochar. (a) COD; (b) N-NH4

+; (c) N-NO3
−; (d) Pyro: pyrolysis; act: chemical activation; COD:

chemical oxygen demand; TP: total phosphorous. 3 h; 6 h: contact times between biochar and WW
during the experimental tests.

The results after contact times between the WW and biochar of 3 h and 6 h are reported.
In general, the contact time of 6 h guaranteed better removal yields, except for phosphorus
with biochar pyrolyzed at 950 ◦C, both with and without chemical activation.

The best COD removal efficiencies from treated WW were 46 and 50% for biochar
derived from pyrolyzed sewage sludge at 650 ◦C and 950 ◦C, respectively, followed by
chemical activation with KOH (Figure 6a). The increase in adsorbent capacity following
chemical activation has been confirmed by several researchers [52–54]. Chemical activation
of sludge can improve its surface area and porosity by removing impurities, such as ash
and inorganic compounds, from the sludge [52]. Sludge-based activated carbons and
chars, thanks to their macro- and mesoporous nature inherited from the bacterial cell
wall structure and the cleavage of glycosidic and amide bonds during pyrolysis, have a
good adsorption capacity for large-molecular-weight compounds compared with smaller
molecules [52,55]. The contact time of 3 h allowed a removal efficiency of approximately
30% for both biochars to be reached. Ammonia nitrogen was not removed with the biochar
pyrolyzed at 350 ◦C, even with chemical activation (Figure 6b). This result is in line with
the recent study by Tang et al. [56] on ammonium removal in municipal WW with biochar
obtained from anaerobic digester sludge. They showed that biochar pyrolyzed at 350
and 400 ◦C, without chemical activation, had relatively lower ammonium adsorption
capacities, compared with biochar pyrolyzed at higher temperatures, due to the lack of
carbonization [56]. Pyrolysis at 650 ◦C followed by chemical activation ensured the best
yields (32%) with the maximum contact time for N-NH4

+. The same thermochemical
preparation reached a 22% yield with a 3 h contact time, which was slightly lower than
that with pyrolysis at 950 ◦C followed by activation after 6 h (26%). The same treatments
were also effective for nitric nitrogen (Figure 6c). Efficiencies of 66 and 52% were achieved
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with pyrolysis at 650 ◦C + chemical activation with 3 and 6 h contact times, respectively.
Furthermore, 47% of N-NO3

- was removed after 6 h with the biochar pyrolyzed at 950 ◦C
and chemically activated. For TP (Figure 6d), similar removal results were obtained with
pyrolysis alone at 650 ◦C after a 6 h contact time (41%), pyrolysis at 650 ◦C followed by
activation after a 6 h contact time (44%), and pyrolysis alone at 950 ◦C after a contact time of
3 h (42%). Only for TP, with biochar pyrolyzed at 950 ◦C, the removal efficiency decreased
appreciably as the contact time of the adsorption test increased. With pyrolysis at 950 ◦C
alone, there was a decrease from 42 to 26%, and with pyrolysis at 950 ◦C + activation, from
34 to 28%. Further investigations are needed, for example, with elution tests on the biochar,
to verify the possible release of phosphorus into the water by the biochar.

Lanthanum hydroxide-engineered sewage sludge biochar was used by Elkhlifi et al. [57]
to investigate its adsorption performance for phosphate removal from river water. With an
initial phosphate concentration of 17.2 mg L−1 and an adsorbent concentration of 0.5 g L−1,
a total removal efficiency was observed. These higher performances compared with our
study could be related to the different biochar modifications. Furthermore, the waters
used in the tests had different and non-comparable origins. Yu and Zhong [53] prepared
different types of biochar from sewage sludges pyrolyzed at 550 ◦C and used a complex
of ZnCl2 and H2SO4 (5 mol L−1) as an activating agent. In a static adsorption test, with
a biochar concentration of 5 g L−1, the COD and TP removal rates were in the ranges of
68–79% and 98.3–96.6%, respectively. Higher yields were obtained for both COD and TP,
but the results are not fully comparable to our study. The starting raw materials for the
biochar preparation and the biochar concentrations in the adsorption tests were similar in
both experiments, which was on the contrary for the activating species used and for the
operating conditions of the biochar preparation, including the pyrolysis temperature.

Hwang et al. [58] performed the application of a sewage-sludge-based adsorbent to
a WWTP’s effluent water with a column test (flow rate: 23 mL min−1). The adsorbent
was obtained from mixtures of sewage sludge and coal-tar pitch pyrolyzed at 700 ◦C and
using a KOH activation agent (1 mol L−1). The adsorbent with an activation temperature of
800 ◦C had the highest COD efficiency of approximately 58%. The activation temperature
of 850 ◦C guaranteed the highest removals of TN and TP, equal to 3.5 and 4.9%, respectively.
Although a partially different material was employed for the biochar preparation, and
some different operating conditions for the pyrolysis, activation, and adsorption tests were
followed, the COD removal efficiencies were comparable to those in our work, and much
lower TP efficiencies were obtained.

3.3.2. Removal Yields as a Function of Biochar Concentration

The results of the experimental tests at variable biochar concentrations are shown in
Figure 7.

The two biochars with the overall best results in the previous measurements (at a
constant biochar concentration) were tested, namely, the ones pyrolyzed at 650 ◦C + KOH
activation (Figure 7a) and those pyrolyzed at 950 ◦C + KOH activation (Figure 7b).

Figure 7a depicts increases in the parameter removal yields with an increasing biochar
concentration, excluding TP. The initial concentrations of COD, N-NH4

+, N-NO3
−, and

TP in the WW were 234 mg L−1, 22.7 mg L−1, 0.46 mg L−1, and 5.4 mg L−1, respectively.
In the case of TP, with a concentration higher than 5.8 gbiochar LWW

−1, the yield decreased
from 53 to 38%. For optimal TP removal, the biochar concentration should not exceed
approximately 6 gbiochar LWW

−1. With higher dosages of biochar in the water, the release
of TP from the biochar may occur. As also pointed out for the previous tests, further
investigations of TP release into the water are necessary. In the cases of COD and N-NH4

+,
the yields were affected by a slight increase between 4.2 and 5.8 gbiochar LWW

−1, 31 to 32%
and 22 to 26%, respectively. Although an equilibrium plateau had not yet been reached,
the yields were acceptable even at concentrations not exceeding 4.2 gbiochar LWW

−1. Only
for N-NO3

−, the equilibrium condition was not identified, as the yield increased from
32 to 49% with the highest tested concentration (5.8 gbiochar LWW

−1). To find the equilibrium
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concentration necessary for maximum N-NO3
- removal, the dosages of biochar in WW

should be further increased.
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Figure 7. COD, N-NH4
+, N-NO3

−, and TP removal yields as a function of biochar concentration
in treated WW. (a) Pyrolysis at 650 ◦C + chemical activation; (b) pyrolysis at 950 ◦C + chemical
activation. COD: chemical oxygen demand; TP: total phosphorous.

For the biochar pyrolyzed at 950 ◦C and then chemically activated, the equilibrium
conditions were reached for the removal of all parameters, except for TP (Figure 7b). The
initial concentrations of the WW pollutants were 376 mg L−1 for COD, 27.8 mg L−1 for
N-NH4

+, 0.61 mg L−1 for N-NO3
-, and 5.0 mg L−1 for TP. COD, N-NH4

+, and N-NO3
−

showed constant removal yields for concentrations higher than 4.2 gbiochar LWW
−1, equal to

approximately 37, 35, and 60%, respectively. Meanwhile, for TP, the yield decreased from 51
to 39%, as already observed in Figure 7a. Therefore, for the biochar pyrolyzed at 950 ◦C and
activated, the optimal concentration for maximum pollutant removal was 4.2 gbiochar LWW

−1.

3.4. Future Outlooks

In the scientific background, most of the studies on adsorption are based on synthetic
aqueous solutions and simulated WW containing single pollutants. As Deng et al. [59]
and Rangabhashiyam et al. [60] pointed out, these limitations should be overcome. The
strengths of this work were (i) the use of real WW from full-scale WWTPs containing simul-
taneously different pollutants, (ii) the comparison of different thermochemical treatments
during biochar preparation, and (iii) the evaluation of the simultaneous removal of single
and multi-component pollutants. However, further future experimental tests are needed to
determine (i) the adsorption isotherms of sewage sludge biochar; (ii) the adsorption kinetics
of pollutants on sewage sludge biochar; and (iii) the equilibrium adsorption capacities of
the pollutants studied. Furthermore, elution tests on biochar could clarify the mechanism
of the release and desorption of pollutants in treated water.

4. Conclusions

The direct reuse of WW could be one of the solutions to fight against increasingly
worrying drought. Via a survey of the WWTPs in the Lombardy region (Northern Italy),
TN, N-NH4

+, and TP were found to be the critical parameters that currently stop the direct
recovery of WWTP effluents according to the European and national regulations in force. In
this study, a final adsorption treatment using biochar filters was proposed to improve the WW
quality. Biological sewage sludge was pyrolyzed at different temperatures (350–650–950 ◦C)
and chemically activated with KOH to obtain biochar for batch adsorption tests performed
with real WW, 3–6 h biochar–WW contact times, and 0.25–0.4–0.8–1.7–4.0–5.8 gbiochar LWW

−1.
For the removal of pollutants in real WW, the results show the following optimal operative
conditions:
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(i) Pyrolysis at 650 ◦C + KOH activation for N-NH4
+ (32%), P (44%), and N-NO3

− (66%);
(ii) Pyrolysis at 950 ◦C + KOH activation for COD (50%);
(iii) A contact time of 6 h in a batch test for COD, N-NH4

+, and P, and 3 h for N-NO3
−;

(iv) A concentration range of 4.2–5.8 gbiochar LWW
−1 for the highest removal yields.

The most promising behaviors of the samples treated at 650 ◦C and 950 ◦C compared
with the one obtained at 350 ◦C after the same activation procedure seem to be due to
higher C contents and higher amounts of C≡C and C=O residues on the materials’ surfaces,
as obtained via the EDS and FT-IR analyses. The preliminary results of this work suggest
that the sample obtained at 350 ◦C, which was richer in Si and poorer in P, is more efficient
for the adsorption of P and N species. Studies to understand the adsorption mechanism
are in progress.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/w15203636/s1: Figure S1: Thermogravimetric (black line)
and weight derivative (blue line) curves obtained for the dried sludge pyrolysed at 350 ◦C (a) and
950 ◦C (b); Figure S2: SEM images for (a,b) the dried sludge, the samples pyrolyzed at 350 ◦C
(c) and 650 ◦C (d), and the samples activated after pyrolysis at 350 ◦C (e,f) and 650 ◦C (g,h). Higher
magnification: 10,000×; lower magnification: 500×.; Figure S3 XRPD patterns for (a) the dried sludge,
(b) the sample pyrolyzed at 650 ◦C, (c) the sample pyrolyzed at 650 ◦C and activated.; Figure S4 FT-IR
spectra for (a) the dried sludge, (b) the sample pyrolysed at 350 ◦C, (c) the sample pyrolyzed at 350 ◦C
and activated, (d) the sample pyrolyzed at 950 ◦C, (e) the sample pyrolysed at 950 ◦C and activated.
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