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Abstract: Sustainable agriculture practices within the guidelines of nutrient recycling and the circular
economy must be increasingly promoted. This work aims to evaluate the performance of dried
sewage sludge (DSS), green liquor dregs mixed with sewage sludge (DSSA), raw sewage sludge, and
commercial organic fertilizer control, using a short-term agronomic assessment with lettuce crop
(Lactuca sativa) in greenhouse conditions. Different application rates based on the nitrogen content
were tested for each soil amendment: 0, 85, 170, and 225 kg N/ha (treatments T0, T1, T2, and T3,
respectively). DSS and DSSA resulted in fresh lettuce productivities 1.3 and 3.2 times higher in T3
than in T0, respectively. The ideal N content in lettuce leaves was reached for all materials and
treatments, with the highest values obtained for DSS (2.88–3.33% from T1 to T3). Lettuce produced
in soils amended with DSS and DSSA showed also ideal levels of Ca. Overall, the performance of
sludge-based products was similar to commercial fertilizer, without impairing the nutritional balance
of the crop and the soil.

Keywords: biosolids; lettuce; soil productivity; pulp mill dregs; heavy metals; residues

1. Introduction

In recent years, arable land areas have suffered increased pressure to meet the current
demand for food production using intensive and mechanized agriculture. Agricultural
production in the world has grown about three times over the past 50 years, while the
cultivated areas have expanded by only 12%. By 2050, the rising world population will
lead to an increase of 70% in global demand for agricultural production [1]. Moreover,
the combination of excessive demographic pressure, climate change, and organic matter
(OM) depletion due to unsustainable agricultural practices has resulted in land degradation
and a decline in soil fertility, with associated excessive water requirements [1]. In this
scope, Goal 2 of the UN Sustainable Development Goals (Zero Hunger) aims to set the
necessity of implementing a sustainable food-production system and resilient agricultural
practices to increase productivity by 2030. One of the first approaches is the balanced use of
fertilizers, maintaining global crop productivity at current levels while reducing fertilizer
losses and environmental pollution. Nowadays, the agricultural sector is highly dependent
on synthetic NPK fertilizers, which can compromise food security due to an increase in
fertilizer costs and tension in the phosphorus (P) market [2]. As a low-cost alternative,
sewage sludge (SS) from municipal wastewater treatment plants (WWTP) can partially
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replace chemical fertilizer as an organic soil amendment, which is in line with the new
Circular Economy Action Plan and Goal 12 of the UN Sustainable Development Goals [3].
Furthermore, Goal 12 (ensure sustainable consumption and production patterns) aims to
reduce waste generation through prevention, reduction, recycling, and reuse.

The modernization and construction of new WWTP to treat and return water to the
environment is a key factor to the increase in SS production worldwide, with an estimated
production of 13 Mt (dry basis) in the European Union in 2020 [4]. Within the different
alternatives to manage SS, its application to soil is still a primary route, although this lacks
consensus within the scientific community and among stakeholders [4]. The main advan-
tage of land spreading is the possibility of recycling OM and macronutrients (mainly N and
P) to the soil. According to a European Environmental Agency assessment, around 45%
of the European mineral soils have very low organic carbon content (0–2 wt%) [5]. Thus,
SS can be a valuable source of OM, preventing soil erosion, increasing biological activity
and water holding capacity [6,7]. Despite all the benefits discussed previously, SS must be
applied to the soil with caution because it may contain a wide spectrum of harmful pollu-
tants such as pathogens, potentially toxic metals (PTM), and complex organic pollutants
(e.g., polycyclic aromatic hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins and
dibenzo-p-furans (PCDD/Fs), pesticides, surfactants and hormones, and pharmaceuticals),
which can pose potential risks to the health of humans, animals, and plants [8–11]. In this
case, SS may require analytical control and in certain cases, pretreatment before the soil
application may be crucial, particularly to eliminate pathogens. In the EU, the use of SS
in agriculture must comply with the Council Directive 86/278/EEC, which establishes
the limited concentrations of PTM (Cd, Cu, Hg, Ni, Pb, and Zn) in SS and the receiving
soil [9,10,12]. However, this Directive is outdated and does not reflect current needs for
ensuring the safe use of SS in agriculture [9]. In most EU Member States, limit values for
PTM concentrations in sludge are more restrictive, and regulation for additional pollutants
(pathogens and organic compounds) is also included [9,10]. As in other countries, the
current Portuguese legislation (Decree-law No. 276/2009) limits the concentration of PTM
in both SS and soil (including chromium), specific organic compounds, and pathogens
(Escherichia coli—E. coli, and Salmonella spp.). Thus, the use of SS as soil amendment
should be a compromise between the legislation requirements, nutritional needs of the crop
based on the level of production intended, characteristics of the soil and SS, and climatic
conditions [10,12].

Although composting of SS is one of the preferable options to stabilize organic matter
and decontamination, thermal drying is arising as a viable option to obtain a consistent
product to be applied in the soil [4,13,14]. Indeed, the present study is part of a project
(Dry2Value) that aims to develop an industrial dryer to be implemented in WWTP to
facilitate subsequent SS management phases, such as reducing transport costs and odors.
The drying step will act as a pretreatment of SS to reduce high water content, unpleasant
odors, and microbiological contamination. Thus, the final product is an organic-rich
material (~30% wet basis (wb) of moisture) that can be used as an organic soil amendment,
also containing relevant quantities of nutrients (N and P). Although the removal of moisture
content by thermal drying is a costly process, the implementation of this step must be
a balance between the cost of energy for drying and the reduction of the final cost for
transportation and storage. Moreover, our previous studies explore the feasibility of using
waste materials as drying additives to assist the drying process with energy gains, sanitize
the SS, and balance the final product with additional micronutrients [4,13,14]. The selection
of the best additive for the application in a full-scale drying process to produce an organic
soil amendment was addressed in our previous study [15]. The screening of waste materials
as potential drying additives was based on eleven criteria, grouped into environmental,
technical, and economic categories. The results indicated that green liquor dregs (GLD),
waste from kraft pulp mills, were the best alternative due to the good performance in the
drying process, reducing drying time, and the positive influence on SS microbiological
decontamination. GLD is produced at a rate of 10–20 kg/t of pulp, during the clarification
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of green liquor, and is currently disposed of in industrial landfills. This residue is mainly
comprised of sodium and calcium as carbonates, hydroxides, sulphates, and contains small
quantities of potentially toxic metals [16].

The present work aims to evaluate the performance of dried SS—with and without
GLD—and other materials (raw SS and commercial organic fertilizer) as organic soil
amendments in lettuce crop (Lactuca sativa) growth and soil properties after growing, in
a greenhouse short-term agronomic assessment. This work will analyze the feasibility of
producing an organic soil amendment to partially replace commercial fertilizers and the
impact of the different materials on the availability of N and other nutrients.

2. Materials and Methods
2.1. Materials

Four organic materials were mixed with soil in growth tests with lettuce (Lactuca sativa),
as summarized in Table 1. A sample of SS (about 40 kg) was collected in a Portuguese
WWTP from an activated sludge system after mechanical dewatering by centrifugation.
The sample was stored at 4 ◦C until further use. A green liquor dregs sample (about 5 kg)
with an initial moisture content of 40%wb was obtained from a Portuguese kraft pulp mill.
This sample was dried at room temperature and preserved in a closed container until use.

Table 1. Materials used in the growth tests with lettuce.

Materials Designation Source

Raw sewage
sludge
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The raw SS was dried without (DSS) and with 0.15 g GLD/gwb (DSSA), based on
previous studies [4] in a laboratory oven until approximately 30%wb of moisture. The final
moisture of the material was decided based on two criteria: (i) the European Regulation (EU)
2019/1009, which indicates that soil conditioners must have at least 20% dry matter, and
the Portuguese Decree-law No. 103/2015, which defines a maximum of 40%wb moisture;
(ii) to avoid additional costs in the drying process.

A psammitic Regossol soil, non-humic, sandy, and poor in OM and nutrients, was
selected for the growth tests due to its appropriate characteristics for this type of test [17].
The soil used was sieved through a 10 mm screen for the growth test and a 2 mm screen to
determine the main physicochemical characteristics (before and after the experiment).

2.2. Physicochemical and Microbiological Characterization

The determined parameters were based on the Portuguese regulation for applying SS
in the soil (Decree-law No. 276/2009) and for fertilizers (Decree-law No. 103/2015). The
moisture was determined according to DIN EN 12880:2001, while the OM was obtained
by loss on ignition at 550 ◦C (DIN EN 15935:2012). The pH was measured in a 1:5 w/v
suspension of solid material: water (DIN ISO 10390:2005). Nitrogen was determined
according to the Kjeldahl method (DIN EN 16169:2012), while phosphorus and boron were
quantified by ICP-OES (DIN EN ISO 11885:2009). Other elements (Ca, K, Mg) and metals
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(Pb, Cd, Cu, Ni, Zn) were determined by ICP-MS (DIN EN ISO 17294-2:2005). Mercury
(Hg) was obtained by AAS (DIN EN ISO 12846:2012). The presence of organic compounds
such as PAH (DIN CEN/TS 1618:2013), PCB (DIN EN 16167:2012), and PCDD/F (DIN
CEN/TS 16190:2012) was determined to meet the legislation. Additionally, the enumeration
of Escherichia coli and the search for Salmonella spp. were based on ISO 16649-2:2001 and
ISO 6579-1:2017.

The characterization of the soil used followed some distinctive methods, except for
pH. The electrical conductivity (EC) was determined in a soil: water extract of 1:2 w/v. The
assimilable phosphorus and potassium were determined according to the Égner-Riehm
method, and the assimilable magnesium and calcium followed the ammonium acetate
method. The extractable Fe, Cu, Mn, Zn, and B were determined by the Lakanen-Erviö
method. The content of PTM was determined by atomic absorption spectrometry after acid
digestion with aqua regia. The productivity of the plant in dried basis was obtained after
drying the fresh material at 65 ◦C.

2.3. Greenhouse Growth Tests

The growth tests were performed in a greenhouse covered with polycarbonate panels
and with automatic cooling by dynamic dampened panels (cooling system) and roof
opening. The cultivation was performed in polyethylene pots with 21 cm diameter and
5.5 L capacity. The Portuguese legislation (Decree-law No. 276/2009) based on Directive
86/278/CCE allows the use of sewage sludge in edible plants if its application precedes
10 months before sowing. Nevertheless, this restriction was not considered in this work to
obtain a response in a short time. Additionally, the crop used was lettuce (Lactuca sativa)
since it is a common indicative crop to measure the availability of nutrients and other soil
elements. Moreover, lettuce is easily adapted to the growth in pots, reaching the end of its
cycle in a marketable form. Each pot received three lettuce plants.

Table 2 summarizes the treatments used based on the supply of N. The conditions were
the same for the four materials mentioned in Table 1, and each treatment was replicated
four times. These organic soil amendments contain organic N concentrations with value
for agronomic applications, but it is expected that most of the nitrogen supplied will not
be immediately available for the crops. On the contrary, mineral N will be released over
time from these organic materials. Thus, to avoid any deficiencies on mineral N in the first
growth phase, each pot received 40 kg N/ha as a solution (50% N-amide, 25% N-nitric, and
25% N-ammoniacal). This additional supply is not a variable in this study but a supplement,
considering that the tested materials will not be able to substitute the mineral fertilization
completely. This approach will ensure that any situations of non-fertility are not related to
the shortage of nutrients [18,19].

Table 2. Conditions to test the amendments (SS, DSS, DSSA, and COF) to the soil.

Treatments
Application Rate of the
Amendments to the Soil

(kg N/ha)
Observations

T0 0 Without any soil amendment (control)
T1 85 Low quantity of soil amendment applied

T2 170 Maximum recommended for manure and slurry
by Portuguese Despacho No. 1230/2018

T3 255 Quantity of soil amendment applied in excess to
evaluate the system in extreme conditions

The assay started with preincubation of SS four weeks before planting the lettuce
due to the initial biological instability of the sample. After four weeks, each pot with 5 L
of soil was treated with the amendments and received three small plants of lettuce. All
the experiments lasted for two months (December–February). The pots were randomly
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arranged and periodically rotated/translated to guarantee the same radiation conditions
and irrigated with distilled water until the soil reaches the field capacity.

Finally, the lettuce was harvested, cleaned, weighed (fresh weight), and dried (dry
weight). The dried material was milled for further chemical analysis. A homogenized sam-
ple of soil from each pot was collected to analyze the agronomic characteristics and PTM.

2.4. Statistical Analysis

The data obtained were analyzed using a one-way analysis of variance (ANOVA) for
products or treatments independently, using Astatsa online software. Whenever some
changes occurred, pairwise comparisons were performed to identify the statistically signif-
icant difference through the Tukey’s Honestly Significant Difference (HSD) test. Results
were considered significant at p < 0.05. Statistically significant differences were identified
by distinct lowercase letters or asterisks in specific figures of Section 3, according to the
rank order of the means from the highest to the lowest. In addition, mean values and
standard deviations in four replicates are presented in tables or figures throughout the
manuscript. Each physical and chemical parameter was measured in duplicate.

3. Results and Discussion
3.1. Characterization of the Materials

The physicochemical and microbiological characterization of the organic amendments
is present in Table 3. In addition, the reference values for SS application in soil (Portuguese
Decree-law No. 276/2009) were also included for comparison purposes.

Table 3. Physicochemical and microbiological characteristics of the sewage sludge-based products
and commercial fertilizer, with respective legal limits.

SS DSS DSSA DL No.
276/2009 COF

pH 7.0 7.2 8.4 - 7.76
H (%) 84.2 31.5 24.6 - 17.0

OM (%) 70.8 70.1 40.1 - 57.4
TN (%) 6.14 6.13 2.38 - 3.08

N-NO3
- (%) <0.001 <0.001 <0.001 - <0.005

N-NH4
+ (%) 0.41 0.43 0.05 - 0.74

P2O5 (%) 6.15 6.62 4.49 - 2.34
K2O (%) 0.31 0.30 0.23 - 2.55
MgO (%) 0.73 0.64 1.99 - 1.04
CaO (%) 2.13 2.29 28.7 - 19.0

Cd (mg/kg) 0.8 0.9 0.8 20 0.7
Cu (mg/kg) 170 174 128 1000 34.8
Ni (mg/kg) 25 25 28 300 8
Pb (mg/kg) 23 27 22 750 8.4
Zn (mg/kg) 770 787 543 2500 185
Hg (mg/kg) 0.46 0.40 0.39 16 0.01
Cr (mg/kg) 34 35 33 1000 17

LAS (mg/kg) 10,000 1,700 - 5000 -
Total 16-PAH (mg/kg) 0.11 0.35 - 6 -
Total 6-PCB (mg/kg) <0.02 <0.02 - 0.8 -
WHO-PCDD/F TEQ

(ng/kg) 2–4 2–4 - 100 -

E. coli (CFU/g) 4.6 × 104 <1.0 × 101 <1.0 × 101 1000 <1.0 × 103

Salmonella spp. Present Absent Absent Absent/50 g Absent
All percentages, except moisture, and units are on a dry basis; H—moisture; OM—organic matter; TN—total
nitrogen; LAS—linear alkylbenzene sulphonates; PAH—polycyclic aromatic hydrocarbons; PCB—polychlorinated
biphenyls; WHO-PCDD/F TEQ—the sum of the toxic equivalencies of the 17 most toxicologically significant
dioxins and furans; CFU—colony-forming unit; DL 276/2009—Portuguese Decree-law No. 276/2009; PTM
content in COF corresponds to the information on the product label.



Agronomy 2022, 12, 209 6 of 16

All materials have a pH between 7.0 (neutral) and 8.4 (basic), which can help correct
the pH of acidic soils. Nevertheless, lettuce growth is boosted in soil with a pH between
6 and 7 [20]. As already expected, SS and DSS have identical and high OM, N, and P
contents. Organic N is the dominant form of nitrogen for all materials including COF,
followed by N-NH4

+. However, the plants only absorb the mineralized forms (essentially
N-NH4

+ and N-NO3
−), which are obtained by the mineralization of organic N [21]. These

values corroborate the need for mineral supplementation described previously in the
Materials and Methods section.

Comparing the sludge-based materials, OM, N, and P contents decrease considerably
in DSSA when compared to the raw SS. The chemical composition of GLD and its alkaline
pH (>8) can explain the differences observed. According to Graves (2000), a pH greater
than eight promotes the conversion of N-NH4

+ to NH3 (gaseous phase) [22]. As expected,
SS and DSS have a high content of OM, which is crucial for good soil condition, namely
to increase the water and nutrients retention, porosity and oxygenation, cation exchange
capacity (CEC), and pH stability [12,23,24]. Nitrogen, especially nitrate, is a key factor for
vegetable growth and yield, and phosphorus has energetic and structural functions in the
plant. Except in the case of COF, the levels of the macronutrient K are very low (0.23–0.31%).
Regarding the secondary macronutrient Mg, DSSA and COF present higher contents
(1.99 and 1.04%, respectively). Additionally, Ca is one of the main components of DSSA
(28.7%), which could be an advantage to improve soil quality. Indeed, calcium deficiency in
very acidic soils may affect cation exchange phenomena [12]. However, the excess of Ca can
hinder the absorption of other elements by plants, such as Mg, Fe, Mn, and Zn [20,25]. GLD
is rich in Mg and Ca [4,25], which justified the higher levels of these elements in DSSA.

Regarding the PTM, all materials show concentrations below the legal limits estab-
lished for direct use of sludge in soil (Portuguese Decree-law No. 276/2009). Another
parameter regulated by legislation is the content of organic compounds. Table 3 shows that
all materials comply with the maximum limits allowed, except the SS where LAS content
(10,000 mg/kg) is double the legal limit. Concerning the microbiological contamination,
as already expected, SS cannot be used in the soil without pretreatment because of the
high content of E. coli and the presence of Salmonella spp. On the other hand, it is possible
to conclude that thermal drying at 100 ◦C is sufficient to sanitize the materials (DSS and
DSSA) [13].

3.2. Characteristics of the Soil before the Experiment

Soil fertility and productivity depend on a set of interrelated characteristics, such as
texture, structure, availability of organic matter, and nutrients [12,21]. Table 4 presents the
main properties of the soil used in the greenhouse experiment.

The soil is acidic (pH 5.50), with a sandy texture (97% sand), a bulk density of 1290 g/L,
low OM (0.70%), total N (TN) of 0.04%, and does not present saline effects. As expected, due
to low clay percentage (2%) and OM content, CEC is very low (<5.0 meq/100 g). However,
the sandy texture has the advantage of providing good soil aeration. The exchangeable
bases are also very low (Ca2+ < 2.0, Mg2+ < 0.5, K+ < 0.1, and Na2+ < 0.1 meq/100 g),
which meets the conditions of an acidic pH [20]. According to the values presented
by INIAP (2006), the assimilable P and K indicate that the soil presents low fertility
(26–50 mg/kg P2O5 and K2O). Mg and Ca may be equally absorbed in the exchange
complexes. Deficiency of assimilable Mg usually arises in acidic soils, with a Ca/Mg
ratio > 4 meq/100 g, which is the case here (13.5 meq/100 g) [20]. Regarding the micronu-
trient contents in the soil (extractable Fe, Cu, Zn, Mn, and B), Fe and B are low, Cu and Mn
are medium, while Zn content is high. PTM content is below the legal limits established for
soil receiving sludge (Portuguese Decree-law No. 276/2009) and a commercial fertilizer
(Portuguese Decree-law No. 103/2015).
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Table 4. Characteristics of the soil used in the experiment.

Parameter Value Parameter Value

pH 5.50 Ca assimilable (mg/kg) 202
EC (mS/cm) 0.11 Mg assimilable (mg/kg) 15
OM (%TS) 0.70 Fe extractable (mg/kg) 16

CEC (meq/100 g) 0.70 Cu extractable (mg/kg) 2.5
Bulk density (g/L) 1290 Zn extractable (mg/kg) 4.0

Sand (%) 97 Mn extractable (mg/kg) 31.9
Silt (%) 1 B extractable (mg/kg) 0.32

Clay (%) 2 Ca exchangeable (meq/100 g) 0.15
TN (%) 0.04 Mg exchangeable (meq/100 g) 0.20

P assimilable (mg/kg) 48 K exchangeable (meq/100 g) 0.07
K assimilable (mg/kg) 47 Na exchangeable (meq/100 g) 0.08

PTM (mg/kg) Value DL 276/2009 * DL 103/2015 *

Cd 0.03 1 0.5
Zn 7.45 150 60
Pb 0.43 50 50
Cu 1.97 50 20
Cr 0.70 50 30
Ni 0.28 30 15
Hg 0.002 1 0.1

All percentages and units are on a dry basis; EC—electrical conductivity; OM—organic matter; TN—total N; *
limits for metals in soil with pH ≤ 5.5 for direct use of sewage sludge according to Portuguese Decree-law No.
276/2009 and soil amendments according to Portuguese Decree-law No. 103/2015.

3.3. Influence of the Different Treatments and Amendments on Lettuce Growth
3.3.1. Crop Productivity

Figure 1 illustrates the effect of the different treatments (T0 to T3) and soil amendment
materials (SS, DSS, DSSA, and COF) in the growth of lettuce, and Figure 2 presents the
mean productivity as fresh and dry weight of lettuce for the various added materials.
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Visually, it is possible to state that all treatments have better productivity than T0,
independently of the material used, which is corroborated by the results in Figure 2
(p < 0.05). In general, the productivity of fresh lettuce ranged from approximately
44 ± 1 g/pot in T0 to 140 ± 1 g/pot in T3 for SS, DSSA, and COF. Thus, the produc-
tivity is around 3.2 times higher in T3 than in T0. DSS revealed small productivities in T2
and T3 compared to the others (p < 0.05) but still 1.3 times higher in T3 (100 ± 2 g/pot) than
in T0 (44 ± 1 g/pot). These small productivities observed in T3 (compared to T1 and T2) for
DSS do not represent a problem since the system is in extreme conditions in this treatment.
Indeed, the increase in the application rate of the materials can lead to toxicity, increased
salinity, nutritional imbalance, pH change, and other problems that can affect the proper
growth of the crop. These differences can be due to physical, chemical, and biological
effects on the different added materials or even the initial crop quality. Regardless, DSS
exhibited similar productivity to SS and DSSA in T1 while it had the great advantage of
not containing pathogens compared to SS. DSSA showed a consistent performance for all
treatments with productivities ranging from 83 to 143 g/pot from T1 to T3. Thus, the use
of GLD during the drying process is advantageous from a technical point of view and the
final product. The values on dry weight led to the same conclusions.
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ments at application rates of (a) T1—85 kg N/ha; (b) T2—170 kg N/ha; (c) T3—255 kg N/ha
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also for each figure independently; different letters mean statistically different results).

3.3.2. Chemical Composition

Leaf analysis evaluates the nutritional status of a crop and complements soil analysis
in establishing proper fertilization rates over time. Moreover, this type of analysis helps
to identify the state of deficiency or phytotoxicity of a nutrient or other element. The
determination of macronutrients (Figure 3a–f) content in dried lettuce was conducted after
the growth experiment. According to Maynard and Hochmuth (2007), sufficient nutrient
ranges for selected greenhouse lettuce crops (dried most recently matured whole leaves)
are N—2.1–5.6%; P—0.5–0.9%; K—4.0–8.0%; Ca—0.9–2.0%; Mg—0.4–0.8% [23].

Firstly, it is important to point out that the treatments and added materials improved
the macronutrient content in the lettuce leaves compared to T0 (p < 0.05), except in some
cases for K and Ca. The ideal macronutrient content was only reached for N for all materials
and treatments, with the highest values obtained with DSS (2.88-3.33% from T1 to T3). The
increase in the application rate from 85 (T1) to 240 kg N/ha (T3) showed a statistically
significant impact on the N content in the lettuce leaves for the soil amended with SS. For
the other amendments, all the treatments showed no distinctive results, except for T1 with
DSS. The P content in the leaves was far below the minimum required, with a maximum
of 0.27% for lettuce from the soil amended with DSSA in T3. Pereira et al. (2020) found
higher values for P content in lettuce leaves (0.4-0.7%), within the normal standards for this
crop, possibly due to the initial high P concentration in the soil [26]. In the same line as our
work, Castro et al. (2009) obtained a mean value of 0.4% P for crops treated with sewage
sludge, but they indicate that the P content could increase to about 0.7% after a third crop
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season [24]. Indeed, sludge-based materials (SS, DSS, DSSA) have a high amount of N and
P compared to COF, but deficiencies in K were evident. The level of K was around 6% for
the lettuce leaves except for those grown with COF.
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Figure 3. Macronutrient content (a) nitrogen; (b) phosphorus; (c) potassium; (d) calcium; (e) mag-
nesium; (f) sodium in the dried biomass of lettuce for the different added soil amendments
(T0—0 kg N/ha; T1—85 kg N/ha; T2—170 kg N/ha; T3—255 kg N/ha; mean values obtained
in four replicates of each treatment).

Since there was no significant increase in the macronutrient content from T2 to T3,
it seems unnecessary to use greater application rates than T2 (maximum N quantity rec-
ommended by Portuguese law for manure and slurry). Regarding the added materials
of most interest for the Dry2Value project (DSS and DSSA), several conclusions can be
drawn from this experiment: (i) DSS resulted in higher N and lower P contents (p < 0.05)
compared to DSSA and COF, with similar levels as SS; (ii) COF was the material that
provided higher levels of K, while DSS and DSSA resulted in similar levels between them
(p > 0.05); (iii) DSSA resulted in higher Na content compared to the other added materials,
whereas DSS and the other added materials had similar levels. Overall, it was possible to
conclude that the growth performance in DSS and DSSA in terms of leaf macronutrient
content was in some cases superior (e.g., P and Na) to the other materials, and they are
good substitutes for COF in the provision of balanced nutrition, except for K. In the future,
supplemental K-rich residues can be added.

Considering that N is the central macronutrient in this study, its offtake by lettuce as a
function of the treatments and materials was also considered (Figure 4). In this case, the
statistical analysis was performed at two levels: (i) to compare the influence of treatments
within each material (marked with *), and (ii) to compare the influence of materials for each
treatment (marked with letters), and equal letters mean an equal result. If there is no letter
or * over a bar, it means that the results are statistically similar (p > 0.05).

The results in Figure 4 indicate that the organic N in the materials has been mineral-
ized and absorbed by the plants in addition to that added to each treatment by mineral
fertilization (40 kg N/ha). Indeed, the performance of each material will be related to
the capability of their N to become available and assimilable. The maximum offtake of N
was observed in the soil amendment with SS in T3 (300.6 ± 21.3 mg N/pot). The main
conclusion is that the offtake of N by lettuce in the soils amended with the sludge-based
materials (SS, DSS, and DSSA) was similar or higher than the ones observed in the soil
amended with the COF (reference in the market).
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Figure 4. N offtake by lettuce as a function of treatment and added soil amendment material
(T0—0 kg N/ha; T1—85 kg N/ha; T2—170 kg N/ha; T3—255 kg N/ha; mean values and standard
deviations obtained in four replicates of each treatment; different letters indicate statistical differences
between materials; * indicate statistical differences between treatment within each material).

Regarding micronutrient content (Figure 5a–d), the ideal levels in lettuce leaves
have a wide range according to Maynard and Hochmuth (2007): Fe—50-200 mg/kg;
Mn—25–200 mg/kg; Zn—30-200 mg/kg; and B—25-65 mg/kg [23]. The statistical analysis
was similar to the one presented in Figure 4.

All the added materials and treatments meet these limits. However, it was not possible
to observe an increase in micronutrient content correlated with increased application
dose. Although the influence of the treatments seems to be more complex, the added
materials of greater interest (DSS and DSSA) show, in general, better performance than
COF in providing these elements to the plant. The levels of Fe in leaves were higher in T0
(> 250 mg/kg) than in the other treatments. The same was reported by Castro et al. (2009)
indicating that an increase in soil organic matter from amendments such as SS can lead to
decreased Fe in lettuce leaves. Indeed, according to these authors, organic matter helps to
retain Fe in the soil. Overall, the highest offtake of these micronutrients (Fe, Zn, and B) was
observed in the soil amended with SS.

Finally, it is important to point out that the content of PTM in the plants after growth
was not analyzed since the soil amended with the sludge-based materials was below the
legal limits. Additionally, PTM content in the amended soils was far below the reference
values considered for “clean soil” (i.e., 32, 27, 30, 30, and 74 mg/kg for Cr, Cu, Ni, Pb,
and Zn, respectively) [27]. Zhang et al. (2021) developed a study to assess the soil–plant–
human health risks from PTM after land application of SS and SS biochar. The assays
showed that the edible parts of radish and corn presented PTM concentrations below
the threshold levels for certain contaminants in foodstuff, even at the highest application
rate (30 t/ha). Additionally, the hazard quotient (estimated according to the models
developed by US Environmental Protection Agency) obtained for all the PTM was less
than one. Thus, it was suggested that no adverse health risk from the intake of these
contaminants is observed after consuming the radish roots and corn grains cultivated in
soil with SS and SS biochar [18]. Similarly, Alvarenga et al. (2016) conducted a study with
the application of different organic materials (including SS) in the soil at different rates
(6, 12, and 25 t/ha). According to the studies, the PTM concentration in the plant was
similar after the application of these materials. Additionally, the bioaccumulation factor
(i.e., the ratio of the metal concentration in the aboveground plant material to the total
metal concentration in the soil) was below one for Cr and Ni (<0.05 and <0.07, respectively).
These results indicate that the plant could exclude these elements. On the other hand, this
factor was higher than 1 for Cu and Zn since these elements are micronutrients. However,
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there is no risk for the human food chain since the PTM concentration in the soil was very
low, even after the application of SS [28].
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Figure 5. Micronutrient content (a) iron; (b) manganese; (c) zinc; (d) boron in the dried biomass
of lettuce for the different added soil amendments (T0—0 kg N/ha; T1—85 kg N/ha; T2—170 kg
N/ha; T3—255 kg N/ha; mean values and standard deviations obtained in four replicates of each
treatment; different letters indicate statistical differences between materials; * indicate statistical
differences between treatments within each material; the statistical analysis was conducted separately
for each figure).

3.4. Influence of the Different Treatment and Amendments on Soil Properties
3.4.1. pH, Conductivity, and Organic Matter

Table 5 presents the pH, EC, and OM values of the soil after the growth experiment.
For the soil amended with SS and DSS, the pH decreased slightly (about 0.5 units) between
T0 and T3. The biodegradation of the organic fraction of the materials, and nitrification
processes due to the high amounts of organic N, may have contributed to the acidification of
the soil [20,29]. On the other hand, in general, the application of DSSA and COF promoted
an increase in the pH compared to T0. This increase was more significant between T0 and
T3 for the soil amended with DSSA (0.7 units). Lettuce growth is boosted in soil with a
pH between six and seven [20]. As observed in Table 5, in general, the soils amended with
the four materials resulted in pH close to six. Thus, this factor was not detrimental to the
proper growth of the crop.
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Table 5. pH, EC, and OM of the soil after lettuces harvest, for all treatments and soil amendments
(mean values obtained in four replicates of each treatment; mean ± standard deviation).

Parameter Treatment
Materials

SS DSS DSSA COF

pH T0
5.80 +0.13 5.80 +0.13 5.80 +0.13 5.80 +0.10

−0.10 −0.10 −0.10 −0.13

T1
5.57 +0.06 5.60 +0.00 5.69 +0.09 6.08 +0.10

−0.05 −0.00 −0.07 −0.08

T2
5.45 +0.06 5.42 +0.11 6.12 +0.22 6.04 +0.10

−0.05 −0.09 −0.14 −0.08

T3
5.30 +0.00 5.25 +0.06 6.39 +0.35 5.92 +0.05

−0.00 −0.05 −0.19 −0.04

EC T0 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00
(mS/cm) T1 0.06 ± 0.04 0.05 ± 0.01 0.08 ± 0.01 0.03 ± 0.00

T2 0.06 ± 0.01 0.08 ± 0.03 0.11 ± 0.01 0.03 ± 0.01
T3 0.10 ± 0.02 0.10 ± 0.01 0.13 ± 0.02 0.04 ± 0.01

OM (%) T0 0.88 ± 0.05 0.88 ± 0.05 0.88 ± 0.05 0.88 ± 0.05
T1 0.83 ± 0.13 1.03 ± 0.10 1.03 ± 0.13 1.30 ± 0.18
T2 0.90 ± 0.08 0.98 ± 0.17 1.10 ± 0.27 1.28 ± 0.19
T3 0.93 ± 0.10 0.90 ± 0.41 1.53 ± 0.05 1.15 ± 0.13

EC—electrical conductivity; OM—organic matter.

Based on EC values (Table 5), all amendments tend to slightly increase the soil EC value.
However, this increment does not seem to be incompatible with crop growth. Additionally,
these values of EC correspond to soils without saline effects [20]. The increase in the OM
content is not directly proportional to the increase in the application dose. Although SS,
DSS, and COF present the highest amounts of OM, the soil amended with DSSA showed
the major increments in OM, with 1.53% for T3. An experiment conducted by Breda et al.
(2020) showed similar behavior regarding the chemical changes in the soil amended with
SS. Regarding the soil OM, there was an increase over time that was proportional to the
application rate, which is not possible to verify in the present work [30]. This OM increase
is a relevant aspect to provide a good agronomic condition to any soil.

3.4.2. Nutrients

The total content of nitrogen of the soil amended with the different organic materi-
als after lettuce growth is statistically equivalent for all treatments and products tested
(0.03–0.05% of total N). Concerning other macronutrients content, Figure 6a–c presents
the nutritional condition of P2O5, K2O, and Mg. In these cases, the statistical analysis was
performed at two levels: (i) to compare the influence of treatments within each material
(marked with *), and (ii) to compare the influence of materials for each treatment (marked
with letters), and equal letters mean equal result. If there is no letter or * over a bar, it means
that the results are statistically similar (p > 0.05).

The assimilable macronutrients (P2O5, K2O, and Mg) present some statistical differ-
ences between the materials. Regarding P2O5, SS revealed the highest increment between
T0 and T3, increasing the concentration in the soil from 35.25 to 70.75 mg P2O5/kg. Indeed,
SS was the only sludge-based material that showed statistically significant differences be-
tween treatments. On the other hand, DSS and DSSA revealed similar inputs on P content
for T2 and T3, which means that it is not necessary to use an application rate superior to
the one recommended by legislation. As expected, none of the sludge-based materials have
a significant impact on K content, but these results showed similarity with COF, except in
T3 (p < 0.05). Thus, an additional K-rich material should be considered to provide more
K to the soil. Regarding the assimilable Mg, DSSA was the material with more influence
in the soil, increasing the content from 8.50 (T0) to 47 mg/kg (T3). Regardless, statistical
analysis demonstrates differences between DSSA and the remaining products in T2 and T3.
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Concerning the micronutrients content, Figure 7a–d depicts the nutritional status of
the soil after lettuce growth for the different organic materials. The statistical analysis was
performed again at two levels. In general, for all micronutrients (extractable Fe, Zn, Mn,
and B), there are no significant differences between treatments for each separately analyzed
product (p > 0.05).

Once again, the materials have similar performances in most cases. Although DSS
and DSSA have regular behavior providing micronutrients for the soil, these materials
stand out due to their capability of providing assimilable B to the soil, with values twice as
high in T2 than in T0. Indeed, lettuce is sensible for the deficit of B [20]. Thus, the good
performance of DSS and DSSA in providing this element to the soil is an advantage.
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Figure 7. Micronutrients content in the soil after lettuce growth for the different soil amend-
ments: (a) extractable iron; (b) extractable zinc; (c) extractable manganese; (d) extractable boron
(T0—0 kg N/ha; T1—85 kg N/ha; T2—170 kg N/ha; T3—255 kg N/ha; mean values and standard
deviations obtained in four replicates of each treatment; different letters indicate statistical differences
between materials; * indicate statistical differences between treatments within each added material;
the statistical analysis was conducted separately for each figure).
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3.4.3. Potentially Toxic Metals

Figure 8a–c presents the content of PTM in the soil for the different treatments and
materials after lettuce growth. The concentrations measured are far below the legislated
limits for PTM in soil. Additionally, the authors used application rates following the
recommendations of the legislation as well. Indeed, according to a study developed by
Inácio et al. (2008) that provides “the soil geochemical atlas of Portugal”, the reference
values (maximum concentration to consider a “clean” soil) for Cr, Cu, Ni, Pb, and Zn
are 32, 27, 30, 30, and 74 mg/kg [27]. As observed in Figure 8, the concentrations are
significantly below these reference values. Thus, it can be concluded that regardless
of the dosage and product applied, there is no risk of soil contamination and possibly
no risk to plants. Nevertheless, this conclusion should be strengthened in the future,
for example, with several consecutive applications of amendment in the soil. So, re-
garding the PTM concentration, all materials could be used as a soil amendment for
crop production, even if there is an increase in the content of some metals associated
with the variability of the raw sludge. The minimum and maximum contents obtained
by metal are listed as follows (mg/kg): (Zn) 6.79 ± 0.99 (T0) −9.68 ± 1.31 (T1, DSSA);
(Cu) 1.27 ± 0.22 (T0) −1.76 ± 0.42 (T3, DSS); (Cd) 0.03 ± 0.03 (T0) −0.08 ± 0.04 (T1, SS);
(Pb) 0.37 ± 0.02 (T0) −0.39 ± 0.05 (T2, COF); (Cr) 0.66 ± 0.02 (T0) −0.72 ± 0.08 (T3, COF);
(Ni) 0.27 ± 0.02 (T0) −0.31 ± 0.04 (T3, SS).
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Figure 8. PTM content in the soil after lettuce growth for the different treatments: (a) T1—85 kg N/ha;
(b) T2—170 kg N/ha; (c) T3—255 kg N/ha (T0—0 kg N/ha; SS—raw sewage sludge; DSS—dried
sewage sludge; DSSA—dried sewage sludge with GLD; COF—commercial fertilizer; mean values
and standard deviations obtained in four replicates of each treatment; treatments marked with * are
statistically different; the statistical analysis was conducted separately for each figure).

4. Conclusions

The proper management and application of sewage sludge in agriculture is a matter
of interest worldwide. This study presents relevant results regarding the application of
sewage sludge as a soil amendment in growing lettuce to provide organic matter and
macro- and micronutrients. All the sludge-based materials tested had a significant impact
on lettuce productivity and plant nutrition, i.e., macro- and micronutrients concentrations
in the leaves.

The soils amended with SS, DSSA, CSS, and COF demonstrated that productivity can
be more than three times higher in treatment T3 than in T0 (control). Lettuce obtained
in soils amended with DSS and DSSA (produced in the Dry2Value project) resulted in
N, Ca, and Mg tissue levels in the ranges considered ideal for lettuce leaves. Moreover,
regarding micronutrients, the sludge materials also provided the concentrations required.
The soil amended with the materials DSS and DSSA showed levels of assimilable P2O5,
and extractable Mn and B similar or better than the commercial fertilizer. Thus, these
results indicate that DSS and DSSA can be used as a substitute for commercial fertilizers
without impairing the nutritional balance of lettuce and the soil. A very important result
of this study is the evidence that residues (e.g., sewage sludge and green liquor dregs)
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can be converted into safe and valuable fertilizer products within the guidelines of the
circular economy.
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