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Abstract: The fertilizer framework in the European Union has recently been reviewed by EU Regu-
lation 1009/2019 that excluded sewage sludge from the list of the possible constituents of organic
fertilizers relying on their origin, not on their quality. This paper aimed to carry out a complete
characterization of sewage sludge obtained from a pharmaceutical manufacturing process (PDSS)
to demonstrate that sewage sludge obtained from a standardized and controlled manufacturing
process can be safely recycled as organic fertilizer. The agronomic and environmental characteristics
of the PDSS product were analyzed and compared to other organic fertilizers. Its fertilizing potential
was also evaluated through plant growth trials. PDSS was characterized by a high concentration of
total N (6.6% w/w), which was all present in organic form. PDSS also showed a low concentration
of heavy metals, an absence of pathogens and low concentrations of organic contaminants. Plant
growth trials showed that the PDSS was able to improve lettuce and carrot growth (+25 and +46% of
dry weight compared to the unfertilized control), as well as their physiological status. Considering
all the results, the exclusion of sewage sludge relying only on its origin and not on its quality appears
to conflict with the principles of the circular bioeconomy.
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1. Introduction

The world’s population continues to grow, with a medium-variant projection indi-
cating that the global population could reach 10 billion in 2050 [1]. Therefore, the need
for more food production is evident to feed the world’s growing population, as well as
to achieve the Sustainable Development Goals, i.e., Zero Hunger, defined by the United
Nations in 2015 [2]. With agriculture being the major source of food [3], increasing crop
yields represents a priority challenge. In recent decades, agricultural productivity has been
enhanced mainly by using fertilizers, and world demand for nitrogen, phosphorus and
potassium for fertilizer use is expected to increase by about 10% from 2016 to 2022 [4]. The
increasing requirement for fertilizers poses serious issues related mainly to their production
and environmental impact. Indeed, synthetic N and P fertilizers are commonly produced
from non-renewable resources using high-cost processes [5,6], and environmental issues
related to their use are well known (e.g., eutrophication, gaseous emissions) [7]. The use of
organic fertilizers has enhanced the sustainability of agricultural production, decreasing
the need for non-renewable resources and the environmental impact of agriculture [8]. For
instance, it was recently reported that anaerobic digestate can replace urea as a fertilizer in
agriculture without increasing ammonia emissions and reduces the risk of soil and water
pollution [9,10].

The fertilizer framework in the European Union has been recently reviewed by EU
Regulation 1009/2019, which laid down rules and quality requirements for the commercial-
ization of fertilizers [11]. The new regulation aims to increase the circularity of agriculture,
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i.e., by encouraging the recovery of nutrients from secondary sources. EU Regulation
1009/2019 states that, “an EU fertilizing product shall consist solely of component materials
complying with the requirements for one or more of the component materials categories (CMCs)
listed in Annex 2.” Plants or their parts, compost, fresh crop digestate, digestate other than
fresh crop digestate, manure and processed manure and food-industry by-products are
listed as CMCs. Therefore, they can be used to formulate organic and organo-mineral
fertilizers marketable in the EU when they comply with certain requirements, i.e., type of
feedstocks, absence of pathogens. Sewage sludge, which is defined as the solid or semi-
solid residues obtained from the treatment of wastewater [12], are excluded from the list of
CMCs and are not considered as possible fertilizer constituents. The exclusion of sewage
sludge from the CMCs list is mainly based on the evidence that certain sewage sludge, i.e.,
sludge derived from the treatment of municipal wastewaters, is highly contaminated by
pathogens, microplastics, heavy metals and organic micropollutants [13-15]. As a conse-
quence, agricultural reuse of municipal sewage sludge may result in environmental threats
to the soil such as those recently reported by Rolsky et al., who showed that the application
of municipal sewage sludge could introduce microplastics into the soil [15]. Other studies
have also reported the accumulation of total and bioavailable heavy metals in soil after
repeated municipal sewage sludge application [16]. Nevertheless, not all sewage sludge is
produced by the biological treatment of municipal wastewaters: it can also be produced by
manufacturing activities (e.g., food, pharmaceutical, chemical and textile industries). For
example, about 10 million tonnes (dry matter) of municipal sewage sludge are produced
annually in Europe (EU-28) [17], whereas the food industries in Europe generate about
20 million (dry matter) tonnes of sewage sludge [18]. Industrial wastewaters usually result
from standardized production processes, and their quality, as well as the quality of the
resulting sewage sludge is often higher than that of municipal wastewaters and municipal
sewage sludge. For instance, agro-industrial and pharmaceutical sewage sludge have been
proven to contain high concentrations of plant nutrients (N, P and K) and lower concentra-
tions of heavy metals and pathogens in comparison to municipal sewage sludge [19,20].
Cucina et al. have also showed that repeated applications of pharmaceutical sewage sludge
on agricultural lands improved soil fertility (i.e., increased organic matter quality and plant
nutrients), concluding that agricultural reuse of this sludge may represent a sustainable
re-use strategy [21]. In addition, recent literature has pointed out that biomasses commonly
used in agriculture and reported as CMCs (e.g., compost and manure) can contain high
concentrations of heavy metals and emerging organic pollutants (i.e., pharmaceuticals).
Significant concentrations of dioxins and heavy metals were found in compost from green
wastes [22], whereas antibiotics were reported to be the major contaminants in processed
and unprocessed manures [23]. Therefore, definitions of CMCs, which rely only on the
definitions and origins of biomasses may be misleading, since certain sewage sludge might
show better agronomic and environmental performance than compost, manures and other
secondary sources classified in the CMCs list. The exclusion of all sewage sludge from the
CMCs is also in conflict with the principles of the circular bioeconomy and the European
Directive 2018/851/EC [24]. The latter provides a waste hierarchy that shall apply as a
priority order in waste prevention and management legislation and policy: prevention,
reuse, recycling, other recovery and disposal. Excluding all sewage sludge from the fertil-
izer framework will lead to a depletion of reusable nutrients and increased environmental
issues related to their use or disposal, i.e., waste use in agriculture [25], co-composting [26]
and landfill [27,28].
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In this context, the aim of the present work was to challenge the origin paradigm of
the European Fertilizer Regulation and demonstrate that well characterized sewage sludge
might be included in the list of CMCs, moving to a quality paradigm. To achieve this
aim, sewage sludge obtained from a standardized manufacturing activity (pharmaceutical
industry) was characterized and the analytical results were compared to those of other
biomasses currently comprised in the list of CMCs by the European Regulation 1009/2019.
The characterization focused on fertilizing properties (contents of plant nutrients and
organic matter), the presence of pathogens, heavy metals and emerging organic pollutants.
The fertilizing performance was also evaluated using plant growth assays.

2. Materials and Methods
2.1. Production and Collection of the Pharmaceutical Dried Sewage Sludge

The sewage sludge used in this study was produced in a wastewater treatment facility,
which is part of a pharmaceutical plant located in the Lombardy Region (Tribiano, Milano,
Lombardy region). The plant produces intermediates of 3-lactam antibiotics.

The schematic representation of both the pharmaceutical plant and the wastewater
treatment facility is given in Figure 1. Briefly, raw materials are processed in controlled
reactors where the chemical synthesis of the antibiotics’ intermediates occurs. After filtra-
tion and the recovery of the crystallized products, exhausted solvents and process waters
are separated through distillation and processed waters move to the wastewater treatment
section. The “equalization” stage allows for a constant composition of the influent that
reaches the biological oxidation section. At the end of the oxidation, the effluent is concen-
trated by using several successive systems (membrane filtration, screw press and air dryer)
from an initial concentration of total solids (TS) of 8 g L~! to a final concentration of TS
of 95% w/w. Reclaimed waters are discharged to a surface water body or sent again to
the biological oxidation unit, whereas exhausted air from the air dryer is forced to pass
through a biofilter.

|

Raw

materials

Water

Sludge
(14 gL TS)
Crystalline
product Reclaimed water to
surface water body
PRODUCTION SECTION WASTEWATER TREATMENT SECTION

BIOFILTER

Dried Sludge
Recycled Mix liquor Exhausted (95 94 TS)

solvents (8 g/L TS) air ‘
t

Process
walers

Sludge Hot air
(40 gL TS)

_
_

Exhausted
solvents and
process waters

Water

Figure 1. Scheme of the main sections of the pharmaceutical plant.
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The pharmaceutical dried sewage sludge (PDSS) was sampled at the exit of the air
dryer four times during a year in order to study composition variability. About 1 kg of
PDSS was collected on each occasion and transferred to the laboratories for analytical
determinations and agronomic trials.

In order to compare the agronomic quality of PDSS to an organic N fertilizer available
in the market, dried cattle manure (DCM) [26] was purchased from a local store and
sampled for analytical determinations and fertilizing trials.

2.2. Analytical Methods
2.2.1. Physico-Chemical Analysis

In order to assess the variability of PDSS composition, four samples of PDSS were
analyzed during the year. pH, TS and volatile solids (VS) were analyzed following standard
procedures [29]. Total organic C (TOC), total N and organic N were determined using
official methods for the analysis of organic fertilizers and amendments [30]. Nutrients (P,
K, Ca, Mg and Na) were determined by inductively coupled plasma mass spectrometry
(Varian, Fort Collins, CO, USA) preceded by acid digestion [31].

2.2.2. Heavy Metals, Pathogens and Organic Contaminants

Heavy metals were determined by inductively coupled plasma mass spectrometry
(Varian, Fort Collins, CO, USA) preceded by acid digestion [31]. In addition to heavy
metals analysis prescribed by European and Italian regulations concerning fertilizer quality
(Pb, Cu, Zn, Ni, Cd, Hg, Cr VI, As), total Cr, Be and Se were also analyzed as suggested by
the recent literature [9,32].

Pathogens (Salmonella spp., fecal coliform and Escherichia coli) were determined ac-
cording to standard procedures [33].

Organic contaminants (hydrocarbons, PAHs, PCDD/PCDE, PCB and toluene) were an-
alyzed following standard methods [34-39]. Residues of (6R-trans)-7-amino-3-[[(5-methyl-
1,3,4-thiadiazol-2-yl)thio]methyl]-8-oxo-5-thia-1-azabicyclo[4,2,0]oct-2-ene-2-carboxylic acid
(7-ZACA) were analyzed since this molecule is the intermediate produced throughout the
year at the pharmaceutical plant where the PDSS was sampled. 7-ZACA residues were
analyzed through high performance liquid chromatography coupled to mass spectrometry
(HPLC-MS).

2.3. Plant Growth Trials
2.3.1. Experimental Design

The fertilizing properties of PDSS were assessed through plant growth assays using
dried cattle manure (DCM) as the organic reference material and unfertilized soil as a
control in the test (CONTROL). Soil characteristics before and after fertilization are reported
in Table 1. The water-holding capacity of the soil was determined according to standard
procedures [40]. Lettuce (Lactuca sativa L., variety Derby) and carrots (Daucus carota L.,
variety Soprano) were selected as test species since they are commonly used in fourth-range
production. Fourth-range vegetables may represent a suitable market for PDSS in replacing
synthetic fertilizers due to the large incomes of the sector. In addition, selecting lettuce
and carrots allowed evaluating the fertilizing effects on both hypogea (roots) and apogee
(leaves) producing crops.

PDSS and DCM were dosed in order to apply 150 kg N ha~! and 195 kg N ha~!
for lettuce and carrots, respectively, according to plant requests. DCM was used as a
reference material because it contains organic N such as PDSS, and it is routinely used as
an organic-commercial fertilizer to produce horticultural crops. To do so, the same amount
of total N was dosed for both PDSS and DCM.

Plastic jars (3 L volume, provided with holes in the bottom) were filled with 2.5 kg of
soil and organic fertilizers were applied on the top of the soil and mixed with it. After two
days, lettuce and carrot plants (one for each vessel) were transplanted into unfertilized and
fertilized jars. Each treatment was replicated four times for a total of 24 jars (3 treatments
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x 2 species x 4 replicates). During the fertilizing assays, water was periodically added to
all jars in order to maintain the soil at 75% of its water-holding capacity (22.5 g 100 g~ ! soil
dry matter). Weeds were manually removed periodically.

Table 1. Main characteristics of the soils, pharmaceutical dried sewage sludge and dried cattle manure used in the

experiments.
Parameter Unit 2 Soil PDSS P Soil + PDSS DCM ¢ Soil + DCM
pH - 6.09 +0.1 8.0+0.1 6.1£0.1 72401 6.0+0.2
Total solids Y% nd. ¢ 96.1 £1.0 nd. 523 £1.0 nd.
Total organic C % 1.5+01 355+1.2 1.6+0.1 412 +17 14+02
Total N Y% 0.18 +0.01 6.6 £0.2 0.22 +0.00 42+04 0.21 +0.01
Organic N/Total N % n.d. 100 n.d. 823 40.2 n.d.
C/N - 83+£0.7 54+04 73+01 9.8+0.1 6.7 +02
Total P Y% n.d. 0.6 +0.1 n.d. 1.1£02 n.d.
Total P Mg P05 kg ™! 109 +£5 n.d. 106 £ 8 n.d. 110 £ 4
Total K Y% 21400 04+01 21+01 3.0+0.3 23+01
Total Ca Y% nd. 46=+02 nd. 1.4 +0.0 n.d.
Total Mg % n.d. 02+0.1 n.d. 0.6 £0.1 n.d.
Total Na Y% n.d. 1.1£0.1 n.d. 1.3£0.1 n.d.
Water-holding capacity % 30+1 na.f n.d. n.a. n.d.
Cation exchange capacity cmol kg1 18.6 £1.3 n.a. n.d. n.a. n.d.

2 Results expressed on dry weight basis, except for pH and total solids. ® Pharmaceutical dried sewage sludge. ¢ Dried cattle manure.
4 Mean value + SD, 1 = 4. © Not determined. f Not applicable.

2.3.2. Physiological Status and Plant Yields

The chlorophyll content (CHL), epidermal UV-absorbance (FLAV) and Nitrogen Bal-
ance Index (NBI) were analyzed on lettuce leaves (5 leaves per plant) using a Dualex®
scientific leaf clip (ForceA, Orsay, France) at day 20, whereas the carrot leaves did not allow
for this method to be used. Lettuce plants were harvested after 28 days from the beginning
of the fertilizing assay, while carrot plants were harvested after 48 days. Lettuce roots were
removed and the fresh weight of the green plant was recorded. The fresh weight was also
determined for carrot plants after cleaning them from soil residues. The dry weight of the
plants was determined by drying them in a ventilated oven at 50 & 2 °C until a constant
weight was reached. N concentration in lettuce and carrot plants was determined through
an N-analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany) whereas P
and K concentrations were determined by inductively coupled plasma mass spectrometry
(Varian, Fort Collins, CO, USA) preceded by acid digestion [31].

2.3.3. Leachate Collection and Characterization

Leachate analysis was carried out in order to evaluate the potential for groundwater
contamination consequent to PDSS and DCM application to the soil. Leachates from all
the jars were obtained after 20 days from the beginning of the agronomic trials by adding
water to allow leaching from the bottom of the plastic jars (100 mL of water for each jar).
Leachate samples were collected and immediately filtered through a 0.45 pm syringe filter.
pH and electrical conductivity were determined following standard procedures [29], while
NH,4*-N and NO3 ™ -N were evaluated using spectrophotometric methods (Ammonium
10 and Nitrat 50 detection kit, Nanocolor, Macherey-Nagel, Diiren, Germany; Compact
photometer PF-12, Macherey-Nagel, Diiren, Germany). Heavy metals in the leachate
samples were determined by inductively coupled plasma mass spectrometry (Varian, Fort
Collins, CO, USA) after the acidification of the samples (500 pL of HNO3 69% w/v in 5 mL
of the sample).
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2.4. Statistics

The reported results were the average values of three analytical replicates, and stan-
dard deviation was calculated using standard procedures. The determination of significant
differences among the parameters analyzed at a level of significance of p < 0.05 was car-
ried out by a two-way analysis of variance (ANOVA) and Tukey’s test (Microsoft Excel
Solver 2013).

3. Results and Discussion
3.1. Characterization of the Dried Pharmaceutical Sewage Sludge and Agronomic Value

The fertilizing potential of biomasses depends mainly on their physico-chemical
characteristics and nutrients concentration, which depend on feedstock characteristics
and the operational parameters of the process by which they were produced. The main
characteristics of PDSS are reported in Table 1 and compared to DCM, in order to assess its
agronomic value.

PDSS was characterized by a sub-alkaline pH and a high content of TS (8.0 and 96.1%
w/w, respectively). The reduced content of water may represent an advantage for the
management of the PDSS due to the reduction in the transport and distribution costs in
comparison with liquid fertilizers [41]. Nevertheless, energy consumption for PDSS drying
and dusting in using PDSS as fertilizer can represent possible problems. The sub-alkaline
pH is typical of sewage sludge, mature compost and manures, and it was related to the
presence of basic cations (Ca and Na). This can have a positive mineral alkalizing effect on
soil, at least in the short-term [19]. The sludge showed a high concentration of TOC and
total N (35.5 and 6.6% w/w), with the N represented by only organic N (organic N/total N
ratio was 100%).

These results make the PDSS potentially classifiable as an N organic fertilizer under
the Italian fertilizer regulation [26]. The presence of N in the organic form is typical of
N organic fertilizers, i.e., DCM, and represents a positive characteristic since organic N
is slowly mineralized by microorganisms in soil, representing a long-term source of this
element for the crops. The low C/N value of PDSS (5.4) ensured that the N immobilization
process after land application should not occur [42].

The other macronutrients studied (P and K) were detected in PDSS in concentrations
lower than that of N (0.6 and 0.4% w/w, respectively). These values were lower than P
and K concentrations commonly found in DCM and other organic fertilizers (i.e., manure,
digestate and composts) (Table 1) [19,43], but still represent a valuable content of recover-
able nutrients. With respect to the other elements analyzed, their concentrations decreased
following the order Ca > Na > Mg and the values measured did not differ significantly
from those of the DCM and other biomasses described in the literature [9,19,44].

Summarizing, the analyzed PDSS showed a high concentration of organic matter and
N in organic form that confirm its high agronomic value. The comparison of PDSS to a
marketable N organic fertilizer (DCM) and to other biomasses showed that the analyzed
sewage sludge might be considered as a potential N organic fertilizer. It should be also
highlighted that the composition of PDSS showed a high homogeneity throughout the year,
as demonstrated by the low SD values determined. This was expected since the sludge
was obtained from a standardized production process.

3.2. Environmental Aspects

Besides the chemical composition, a complete assessment of a new fertilizer should
also evaluate the environmental aspects. In this paper, heavy metals, pathogens and organic
contaminants were analyzed in the PDSS and the results were compared to the DCM and
other biomasses commonly used as fertilizers and reported in the following paragraphs.
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3.2.1. Heavy Metals

Results of the heavy metal determination are reported in Table 2. Cd, Cr VI, and
Be were under the detection limit of the method used in all the PDSS samples analyzed.
The other heavy metals analyzed were all present in low concentrations in PDSS and the
highest concentration was observed for Zn (79 mg kg~!). With the exception of total Cr, all
the heavy metals were detected in PDSS at concentrations lower than those measured in
the DCM. Although total Cr was the second heavy metal in PDSS in terms of concentration,
it was always much lower than that found for other organic amendments (e.g., compost)
(Table 2). Moreover, Cr VI (the toxic form of Cr) was always found under the detection limit
of the method and under the limits established by European and Italian Regulations [11,26].
The low concentration of heavy metals in PDSS was expected since all the raw materials
used in the pharmaceutical productive process are certified for their quality (i.e., absence
of heavy metals). Interestingly, PDSS was characterized by a lower concentration of
heavy metals than other sewage sludge (i.e., agro-industrial and municipal sewage sludge,
Table 2) and this was particularly evident for Zn, Cu, Cd, Pb and Ni. The same conclusions
were obtained from the comparison of the PDSS and other biomasses that are commonly
used in agriculture (i.e., composts and digestates) that showed higher contents of heavy
metals in comparison with the sewage sludge analyzed in this work. For instance, Pb
concentration in composts can be ten times higher than the concentration detected in PDSS
(24 and 12.4 mg kg ! for green compost and organic waste compost versus 1.3 mg kg~! in
PDSS). Similarly, Zn and Cu contents in anaerobically digested sewage sludge were found
to be thirty and ten times higher, respectively, than the contents in PDSS. Moreover, when
the comparison was carried out between the PDSS and the straw described in Scaglia et al.
it emerged that the two materials did not differ significantly [22].

All the heavy metals analyzed in the PDSS were largely under the limits established by
both the Italian and EU regulations for fertilizer production and commercialization [11,26].
Conversely, some of the biomasses used for the comparison exceeded the limits (e.g.,
digestates), demonstrating that sewage sludge produced from a standardized process
can represent a safer source of nutrients in terms of heavy metal content compared with
biomasses recognized as CMCs. In addition, the low concentrations of heavy metals in
PDSS and the low application dose used for N fertilizers make the accumulation and bio-
absorption of heavy metals in soil unlikely after fertilization. Conversely, the accumulation
and bio-absorption of heavy metals following the application of compost (i.e., compost
from municipal sewage sludge) was reported due to both a high concentration of heavy
metals in the biomass and the high amount of materials applied to the soil [45].
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Table 2. Mean concentration of heavy metals in the pharmaceutical dried sewage sludge and comparison with other biomasses used in agriculture.

Parameter  Unit? PDSS P DCM P AISS € MSS © Gcd owc?d Straw 4 ECD 4 MSSD Limit Limit
Value Value 8
Pb mg kg ! 13+050  50+04 522437 <5.6 24+ 0.2 1244 1.0 32+0.1 3.0+ 0.0 64 + 11 140 120
Cu mg kg~ 130+56  583+18  306+13 1408+24 535+1.6 376+15 183+12  833+1.1 408 + 60 230 300
Zn mg kg~ 79 + 16 179 + 8 84 +3 757 + 12 151+ 3 106 + 3 54 +2 393 + 4 1020 + 120 500 800
Ni mg kg~ 8.6+ 19 6.1+ 0.2 443+31  26+09  418+10 71+ 1.0 44+06 96+05  61.0+13.0 100 50
cd mg kg~ <011 <0.1 4.6+0.2 1.0+01 0174003 0334009 0124002 037 =+ 0.05 1405 1.5 15
Hg mg kg ! 0.6 +0.2 0.4+ 0.0 <0.2 <13 0.8+ 0.0 0.1+ 0.0 0.4 + 0.0 02+ 0.1 0.1+03 1.5 1
Cr VI mg kg~ <0.2 <0.2 - - <0.2 <0.2 <0.2 <0.2 - 05 2
Total Cr mg kg~ 195+ 53 74+ 04 <5.6 <5.6 888+09  11.8+1.0 6.1+0.3 172+ 04  95.0 4220 - -
As mg kg~ ! 0.9 +0.2 1.1+0.1 - - 0.5+ 0.1 0.6 +0.1 0.2+ 0.0 11402 9.0+22 - 40
Se mg kg ! 0.2+0.1 0.6 £0.1 - - - - - - 3.7 +£21 - -
Be mg kg ! <0.5 <0.5 - - - - - - - - -

2 Results are expressed on dry weight basis. ® PDSS: pharmaceutical dried sewage sludge, DCM: dried cattle manure. © [19]. AISS: agro-industrial sewage sludge; MSS: municipal sewage sludge. 9 [22].
GC: green compost, OWC: organic wastes compost, ECD: energy crops digestate. ¢ [9]. MSSD: municipal sewage sludge digestate. f [26]. 8 [11]. ' Mean value + SD, 1 = 4. ! Detection limit of the method.
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3.2.2. Pathogens

Mean concentrations of pathogens in the PDSS and the comparison of the results with
those of other biomasses commonly used in agriculture are reported in Table 3. All the
pathogens analyzed (Salmonella spp., fecal coliform and Escherichia coli) were absent or
under the detection limit of the method used in all the samples of PDSS. This was probably
due to the high air temperature used during the drying process of the pharmaceutical
sewage sludge and the results were in accordance with Romdhana et al. who reported that
various heating technologies were effective to reduce pathogens in sewage sludge [46].

Table 3. Mean concentration of pathogens in the pharmaceutical dried sewage sludge and comparison
with other biomasses used in agriculture.

Salmonella spp. Faecal Coliform Escherichia coli
Unit 2 Presence-absence in 25 g CFUb g1 CFUg!
PDSS Absent <10°¢ <10
DCM Absent <10 <10
AISS ¢ Absent - <10
Mss 4 Absent - 8.9 x 102
GCe Absent 7x10*+36x10°  1x 10>+ 04 x 10?
OowcC ¢ Absent 0=£0 0£0
ECD ¢ Absent 0£0 0+0
MSsSD f Absent - Absent
Straw © Absent 0£0 0+0
Limit value & Absentin25g - -
Limit value Absentin25g - 103 g1

2 Results are expressed on a dry weight basis. ® Colony forming unit. ¢ Detection limit of the method. 4 [19].
AISS: agro-industrial sewage sludge; MSS: municipal sewage sludge. € [22]. GC: green compost, OWC: organic
wastes compost, ECD: energy crops digestate. f[9]. MSSD: municipal sewage sludge digestate. & [26]. h11].

As a consequence, the PDSS complied with the limits established by both Italian and
European regulations concerning fertilizers with regard to pathogens content [11,26].

Pathogens were also absent in the DCM as the result of the aerobic maturation and
drying which DCM undergoes before its commercialization [47].

The high hygiene quality of PDSS appeared to be ensured by two factors. First, the
wastewater facility treats only the process waters from the manufacturing activities and
thus it should not contain pathogens. In addition, the drying process ensured the destruc-
tion of pathogens that can contaminate the wastewater treatment section. Consequently,
pathogen contamination of PDSS appears to be unlikely, in contrast with municipal sewage
sludge (Table 3) [19]. Pathogens may also contaminate other biomasses classified as CMCs,
especially when the production process is not carried out in optimal conditions. For in-
stance, pathogens can survive during composting if the materials do not reach a sufficiently
high temperature during the active phase of the process, leading to the production of
composts that do not comply with pathogens limits [22,48].

3.2.3. Organic Contaminants

With regard to organic pollutants, it was decided to analyze the concentration of
organic pollutants on which the attention of the scientific literature is focused for the
agricultural use of biomasses, e.g., hydrocarbons, polycyclic aromatic hydrocarbons (PAH),
dioxins and furans, polychlorinated biphenyl (PCB) and toluene [9,22,23]. In addition,
7-ZACA residues were determined since this was the main intermediate produced at
the pharmaceutical facility that produced the studied sewage sludge. Results of the
determination of organic contaminants are reported in Table 4.



Sustainability 2021, 13, 13165

10 of 16
Table 4. Mean concentration of emerging organic contaminants in the pharmaceutical dried sewage sludge and comparison with other biomasses used in agriculture.

Parameter Unit PDSS 2 DCM ? AISS P MSs b GC* OWC e ECD ¢ MSsD 4 Straw ¢
Hydrocarbons (C < 12) mg kg*1 fw. 21+£8¢ 35+2 - - - - - - -
Hydrocarbons (C > 12) mg kg_1 fw. 697 + 337 1120 + 142 - - - - - - -

Total hydrocarbons mg kg~ ! fw. 613 £ 380 1155 + 99 - - - - - 284 £ 251 -

Total PAH mg kg~! d.m. <0.6f <0.6 0.2 0.9 0.04 <0.01 1.1 05405 0.08

PCDD/PCDF + PCB DL ngWHO-TEQ kg~ ! d.m. 0.3+0.0 <0.1 5.3 4.8 1.0 0.3 0.9 10.6 +2.9 0.2
PCB mg kg~! d.m. <0.1 <0.1 <d.lm. <d.l.m. 0.01 0.02 0.12 <0.1 0.00
Toluene mg kg~ ! d.m. <10 <10 - - - - - - -
7-ZACA mg kg ! d.m. <0.01 - - - - - - - -

2 PDSS: pharmaceutical dried sewage sludge, DCM: dried cattle manure. ° [19]. AISS: agro-industrial sewage sludge, MSS: municipal sewage sludge. ¢ [22]. GC: green compost, OWC: organic wastes compost,
ECD: energy crops digestate. 4 [9]. MSSD: municipal sewage sludge digestate. © Mean value 4 SD, n = 4. f Detection limit of the method (d.1.m.).
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PAH, PCB and toluene concentrations were under the detection limit in all the PDSS
samples analyzed, as well as in DCM. Dioxins and furans were found in PDSS at low
concentrations (0.3 ng kg~!) and this value was lower than that of dioxin and furan
concentrations found in agro-industrial and municipal sewage sludge, composts and
digestates [9,19,22]. The total hydrocarbon content in PDSS was not significantly different
from the value observed in DCM and the presence of these compounds was attributed to
the biological activity of microorganisms rather than to external contamination [49]. In
addition, the total hydrocarbon content in the PDSS (613 mg kg ') was significantly lower
than the hydrocarbon content reported from ARPAV for seventeen digestates obtained
from the anaerobic digestion of livestock manure and organic wastes [50]. For instance,
the content of total hydrocarbons ranged from 720 to 4600 mg kg ! in these digestates and
reached the maximum value of 31,800 mg kg~ in a digestate obtained from the processing
of slaughterhouse wastes.

Analysis of 7-ZACA residues in the samples of PDSS showed that in all the samples
the concentration of this compound was under the detection limit of the method used
(10 pug kg™1). In the last decade, issues related to antibiotic contamination of biomasses
used in agriculture (i.e., manure, compost and digestate) were pointed out due to their
possible negative effects, e.g., the selection of antimicrobial resistant bacteria in soil [23,51].

In this context, the absence of detectable residues of 7-ZACA in the PDSS allows us to
affirm that its agricultural use should not represent a threat to soil from this point of view.
Conversely, Congilosi and Aga have reported high concentrations of different antibiotics
(i.e., macrolides, tetracyclines and sulphonamides) in pig, cattle and chicken manure, which
are biomasses admitted to agricultural reuse [23]. For instance, they showed that pig slurry
contained 1600-354,000 and 15-20,000 pg kg ! of macrolides antibiotics, tetracyclines and
sulphonamides, respectively [23].

3.3. Agronomic Trials
3.3.1. Yields, Physiological Status and the Composition of the Plants
Agronomic trials using lettuce and carrots were carried out to evaluate the fertilizing

properties of PDSS in comparison to DCM. The productive results and the physiological
status of the lettuce plants before the harvesting are reported in Table 5.

Table 5. Productive and physiological parameters of the plants growth in unfertilized (control) and fertilized soils.

Parameter Plant Unit Control PDSS @ DCM P
Fresh weight Lettuce g 53.5¢t43a 700+32b 71.5+£3.0b
Productive Carrot g 405+47a 562+21Db 456+ 6.4a
parameters Dry weight Lettuce g 73+06a 91+02b 93+03b
Carrot g 58£09a 85+05b 71+£10a
Physiological NBI 4 - 136+ 0.6a 174+ 04b 175+ 0.8b
parameters CHL ¢ Lettuce - 25.0£03a 292 £0.6b 28.1£02b
FLAV f - 20£02 1.6+02 1.6 £0.1

2 Pharmaceutical dried sewage sludge. P Dried cattle manure. ¢ Mean value 4+ SD, n = 4. ¢ N balance index. ¢ Chlorophyll index.
f Flavonoids. Means in the same row followed by different letters are different at p < 0.05. Means in the same row followed by different
letters (a, b) are different at p < 0.05.

Fresh and dry weights of lettuce and carrot plants were significantly higher in the
trials fertilized with PDSS with respect to the control. Specifically, the dry weight of plants
increased by about 25% and 46% for lettuce and carrots, respectively. The results obtained
with PDSS were not significantly different from the results obtained in the trials fertilized
with DCM using lettuce, whereas PDSS fertilization showed better results than DCM when
tested on carrots. In fact, the dry weight of carrot plants was 8.5 g and 7.1 g in the PDSS
and DCM fertilized trials, respectively. Yield increases in the PDSS fertilized trials might
be attributed to an improvement in the soil conditions, the supply of additional N, other
nutrients and C from the sludge [52]. Results of the agronomic trials carried out in the



Sustainability 2021, 13, 13165

12 of 16

% (weight bases)

present work confirmed the fertilizing potential of sewage sludge, which generally resulted
in higher crop yields in adequately sludge-amended soil when compared with controls
fertilized with mineral fertilizers [53].

Not only did the yield of lettuce increase due to PDSS fertilization, but also the
physiological status of lettuce plants after 20 days of growth was enhanced (Table 5).
CHL and NBI were significantly higher in the lettuce plants grown on PDSS fertilized
soil with respect to the control (+28% and +18%, respectively) and similar results were
obtained for the plants grown on DCM fertilized soils. With respect to FLAV, no significant
differences were observed among the trials. The chlorophyll and phenolic compound
content (CHL and FLAYV, respectively) provides information on the physiological status of
the plants. The results shown in Table 5 highlight that fertilization with PDSS positively
affected the physiological status of lettuce and this might be due to the high supply
of N provided by PDSS. In fact, in optimal conditions, plant photosynthesis produces
proteins and chlorophyll through primary metabolism; however, in the case of an N
deficiency, plants activate their secondary metabolism that is associated with the production
of secondary compounds i.e., flavonoids [54]. Since the NBI is the ratio between CHL and
FLV, it is an indicator of the N status of plants and increased values of NBI such as those
observed in PDSS fertilized trials confirmed the positive effect of the sewage sludge on
plant growth [54].

The composition of the plants grown on PDSS and DCM fertilized soils in comparison
to those grown on the unfertilized control soil is shown in Figure 2.

bb
a | Control
bb O Pharmaceutical dried sewage sludge
F1 Dried cattle manure
bb bb
a a
Total N Total P Total K Total N Total P Total K
Lettuce Carrot

Figure 2. Composition of the plants grown on unfertilized (control) and fertilized soils. Different letters (a, b) indicate that

the values are different at p < 0.05.

Total N concentration was higher in the lettuce plants growth on fertilized soils
(both PSDD and DCM fertilization) with respect to the control (+30% for both fertilizers).
Conversely, neither total P nor total K concentration in lettuce showed differences among
the treatments studied. Interestingly, the concentration of all the elements studied (N, P and
K) was increased in carrots grown on PDSS fertilized soil, with respect to the control trial,
and the same results were obtained for carrot plants grown on DCM fertilized soil. The
accumulation pattern of N, P and K in plants varies with soil type, plant species, phenology
and the chelating effects of other metals [53] and this can explain the differences observed
between the accumulation of these elements in lettuce and carrots. The increase in N and P
concentrations observed in the present study was in accordance with Bozkurt et al., who
reported that maize fertilization with sewage sludge resulted in increased N and P content
in both leaves and grains, mainly due to the improvement of soil conditions, N supply
and rhizosphere aggregate stability [52]. With regard to K content in plant tissues, several
authors reported that sewage sludge fertilization is not effective for its increase due to the
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high concentration of this element in soil [52,53]. Nevertheless, Samaras et al. showed an
increased K content in cotton tissues after repeated sewage sludge application to the soil,
probably due to the increased concentration of K in the soil [55].

3.3.2. Leachate Characterization

Leachate analysis was performed to evaluate the potential for groundwater contam-
ination consequent to PDSS applications to the soil. Leachates from all the jars were
collected after 20 days from the beginning of the agronomic trials and the results of their
characterization are reported in Table 6.

Table 6. Main physico-chemical parameters and heavy metals in the leachate collected after 20 days
of fertilization. N-NHy*, Cr VI, Hg and Be were under the detection limit of the method in all samples
(0.5mg L1101 ug L-1,01 ug L land 0.1 ug L1, respectively).

Plant Parameter Unit Control PDSS 2 DCMP  Limit Value ¢
Lettuce pH - 734009  73+£00 74400 5.5-9.5
EC mS cm™1! 0.84+0.0 094+01 08=+0.1 -
N-NO3" mg L1 6+1a 9+2a 15+2b 20
Cu ug L1 45+1.0 34+05 44+16 100
Zn ug L1 16 £3 15 + 4 2747 500
Pb ng L1 0.1+00 02+00 02400 200
Ni ug L1 80+5 96+ 5 8542 2000
Total Cr ug L1 118 + 0 122 + 3 12141 2000
Cd ug L1 <0.1¢ <0.1 0.1+0.0 20
As ug L1 0.6 +0.2 1.0+04 06+03 500
Se ug L1 0.1+0.0 01+£00 01401 30
Carrot pH - 72401 72400 73+00 5.5-9.5
EC mS cm~! 1.0+ 0.1 1.0£01 11401 -
N-NO3~ mg L1 10+0a 11+3a 13+1b 20
Cu ug L1 40+0.6 40+06 42+1.0 100
7n ng L1 13+3 1842 2447 500
Pb ug L1 024 0.0 01400 02£00 200
Ni ug L1 5446 92410 85+ 4 2000
Total Cr ug L1 118 +1 122+ 1 119+ 1 2000
Cd ug L1 0.1+ 0.0 <0.1 0.140.0 20
As ug L1 0.7+0.1 09402 07£01 500
Se ug L1 0.140.0 01400 01£00 30

2 Pharmaceutical dried sewage sludge. ® Dried cattle manure. © [56]. Limits for discharge of water in freshwater
bodies. 4 Mean value + SD, 1 = 4. ¢ Detection limit of the method. Means in the same row followed by different
letters (a, b) are different at p < 0.05.

The results of PDSS leachates were also compared to the leachates collected from
the DCM fertilized jars and to the limits established by Italian regulations concerning the
discharge of water in freshwater bodies [56].

N-NH4" was under the detection limit (0.5 mg L~1) in all the leachates (both from
lettuce and carrot jars), and no significant differences were found between the control
and the PDSS leachates (from lettuce and carrot jars) with respect to pH, EC and N-
NOs;~. However, the N-NO3;~ concentration in the leachates from DCM fertilized jars
was significantly higher than that of the control and the PDSS leachates. The leaching of
nitrates from manure-fertilized soils is well described in the literature and is mainly caused
by the mineralization of organic N in soil, which is not followed by plant uptake [57]. In
addition, organic fertilizers characterized by high amounts of ammonium-N can promote
nitrate leaching in groundwater, as described by Forge et al. who compared compost and
poultry manure as preplant soil amendments for the red raspberry [58]. They observed that
manure-amended soils showed higher nitrate leaching than compost-amended soil, and
they explained this result by taking into consideration the higher loading of ammonium-N
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in the manure treatment. In this work, PDSS fertilization resulted in lower nitrates leaching
with respect to DCM fertilization probably due to the quality of the N input of the sewage
sludge, which was completely represented by organic-N (Table 1).

With regard to heavy metal leaching, Cr VI, Hg and Be were under the detection limit
of the method (0.1 pg L™!, 0.1 ug L=! and 0.1 ug L1, respectively) in all the leachates
analyzed (both from carrot and lettuce jars). No significant differences were measured
among the heavy metal concentrations (Cu, Zn, Pb, Nj, total Cr, Cd, As and Se) in lettuce
and carrots leachates collected from PDSS and DCM fertilized soils with respect to the
control soils. This result was probably due to the low concentrations of heavy metals
contained in both PDSS and DCM (Table 2), as well as to other factors affecting the mobility
of heavy metals in soil (i.e., addition of organic matter) [59].

Summarizing, the analysis of leachates highlighted that PDSS might be considered
as an environmentally friendly organic fertilizer characterized by lower nitrate leaching
than DCM, which is a marketable organic fertilizer. Nevertheless, it should be highlighted
that all the parameters analyzed (pH, N-NH;*, N-NO3~ and heavy metals) in leachates
from PDSS and DCM fertilized soils complied with the limit values established by Italian
regulations for the discharge of water in freshwater bodies.

4. Conclusions

A complete agronomic and environmental characterization of sewage sludge obtained
from a pharmaceutical manufacturing process was carried out to highlight that the exclu-
sion of all sewage sludge based on the component materials in the new European fertilizer
regulation is in conflict with the principles of the circular bioeconomy.

PDSS showed higher agronomic and environmental value than other biomasses com-
monly used as organic fertilizers and which are now included in the list of component
materials in the European framework of fertilizers (i.e., digestate, compost, manure).
Sewage sludge produced from controlled and standardized wastewater treatment plants
can represent a valuable source of nutrients, which can be recycled safely in agriculture.
The origin paradigm used in the actual European fertilizer regulation should be modi-
fied towards a quality paradigm, where component materials are chosen based on their
agronomic and environmental qualities as well as their origin.
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