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ABSTRACT
Subsequent to the increasing diffusion of wastewater treatment, particularly in 
high- and middle-income countries, the sewage sludge generated should be treated 
and valorised in an ecological and economic way, thus contributing to the circular 
economy. In this study, the monitoring of Heavy Metals (HM), Extractable Organic 
Halogens (EOX) and Linear Alkylbenzene Sulphonate (LAS) in sewage sludge from 
10 different wastewater treatment plants located in Friuli Venezia Giulia (Italy) was 
reported, and their macronutrient content provided. The obtained results showed, for 
all tested samples, that HM content in sewage sludge was below the maximum per-
mitted limits provided for by Italian and European regulations for agricultural reuse. 
Comparison with a similar monitoring campaign carried out in 2006 revealed how, 
while wastewater treatment plants efficiently resolved water pollution, they accumu-
lated heavy metals and other persistent toxic compounds in sludge, thus restricting 
their potential reuse. Consequently, consistent and regular sludge monitoring should 
be undertaken to prevent soil and groundwater contamination. These outcomes 
could be of particular relevance for the future perspective of agricultural reuse of 
sewage sludge in waste management practices.

1. INTRODUCTION
From the perspective of sustainable agriculture, reuse 

of sewage sludge is fundamental due to nutritional and or-
ganic matter content (Fijalkowski et al., 2017) and low cost. 
However, the persistent presence of a series of organic con-
taminants and toxic elements in sewage sludge may result 
in environmental and health issues (Anjum et al., 2016). 
Wastewater treatment plants (WWTPs) are in continuous 
development, with ongoing construction of new treatment 
units or upgrading of existing facilities. Sludge manage-
ment has become one of the most critical environmental 
issues in the sector. Indeed, nowadays, approximately 50% 
of total operating costs in WWTPs are incurred in sludge 
treatment (Quian et al., 2016). In Europe in 2015, approx. 
9.5 million tons dry matter of sewage sludge were pro-
duced (Eurostat, 2018), thus requiring appropriate disposal. 

Several options are available for use in the final dispos-
al of sewage sludge, including energy and resource recov-
ery (Abis et al., 2018; Di Maria et al., 2018; Gherghel et al., 
2019; Haarlemmer et al., 2018). Specifically, treated sludge, 
when applied as fertiliser and soil conditioner are a source 

of nutrients for the soil, (Yoshida et al., 2018; Ashekuzzam-
an et al., 2019), although the risks of soil contamination 
and pathogen transmission should be carefully considered 
(Singh and Agrawal, 2008; Tsybina and Wuensch, 2018). 
Council Directive 91/271/EEC encouraged the land appli-
cation of sewage sludge (European Commission, 1991) 
due to the related fertilizing and conditioning properties 
for agricultural soil. However, this practice may also lead to 
environmental and health risks, due to accumulation of per-
sistent organic contaminants, toxic elements (Valentin et 
al., 2013) and heavy metals (Chen and Hu, 2019) contained 
in sewage sludge. When sludge produced by urban WWTPs 
is used as fertilizer in agriculture, a detailed specification 
of the properties and quality of sludge is required (USEPA, 
1995; American Society of Civil Engineers and American 
Water Works Association, 1996) to prevent the onset of 
health and environmental issues. In a study by Laura et al. 
(2020), decision support framework was used to analyse 
different strategies for sewage sludge handling in Latin 
America; a pool of different parameters was considered, in-
cluding economic, social, environmental and technological 
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aspects. Given local peculiar sludge characteristics, such 
as low HM content and high pathogenic contamination, 
the application of a composting process before agricultur-
al reuse was recommended as the best solution for man-
aging sludge valorisation (Laura et al., 2020). A study by 
Collivignarelli et al. (2020), investigated a sewage sludge 
management chain in the Pavia province, Italy, highlighting 
the most critical issues for agricultural application, includ-
ing a need to promote global sludge reduction in WWTPs, 
the production of sludge with standardized characteristics, 
together with a better selection of materials in dedicated 
sludge treatment plants and an increased control of agri-
cultural soil response (Collivignarelli et al., 2020). 

A major cause of concern is related to the toxicity of 
heavy metals even at trace concentrations (order of mag-
nitude of ng/L), in particular Cd, given its high bioavailabil-
ity (Hu et al., 2017). Heavy metals such as lead, cadmium, 
mercury, nickel and chromium (Pires and Mattiazzo, 2003; 
Singh et al., 2004; Hargreaves et al., 2018) in municipal 
wastewater originate from household sewage, industri-
al wastewater or urban runoff (Sorme and Lagerkvist, 
2002). The majority of these toxic metals accumulate in 
the sludge, since only a small amount is released with the 
treated final effluent (Sorme and Lagerkvist, 2002). Once 
sludge from WWTPs are applied to the soil, the degrada-
tion of organic compounds in sewage sludge affects the 
availability of heavy metals, inducing accumulation in plant 
biomass, one of the primary elements of the human food 
chain (Gondek et al., 2014). A recent study by Romanos et 
al. (2019) highlighted that to reduce metals and pathogen-
ic microorganisms in sludge in line with strict legislative 
limits, further processing (such as composting) may be 
required.

Recently, particular focus has been concentrated on 
organic compounds present in domestic and municipal 
wastewater due to their accumulation in sludge. The use 
of some parameters, such as Extractable Organic Halogen 
(EOX) (Kannan et al., 1999; Niemirycz et al., 2005) and Lin-
ear Alkylbenzene Sulphonate (LAS), is particularly mean-
ingful, in view of their good representation of a general 
wide-ranging organic pollution in sludge.

The importance and usefulness of EOXs in the assess-
ment of environmental quality have been demonstrated in a 
series of studies (Rodziewicz et al., 2004; Contreras Lopez, 
2003; Goi et al., 2006; Rizzardini and Goi, 2014; Braguglia 
et al., 2014); however, a limited number of investigations 
have addressed the issue of EOX content in sludge. Sew-
age sludge application in agriculture represents the main 
source of LAS entrance to agricultural soil (Jensen, 1999). 
Sludge concentrations of the latter are strictly dependent 
on sludge treatment applied, with higher degradation ob-
served under aerobic conditions: commonly found LAS 
concentrations are 1,000-30,000 mg/kg in anaerobically 
digested sludge; <1,000 mg/kg in aerobic sludge and <500 
mg/kg (dry weight) in aerobically stabilized sludge (Schow-
anek et al., 2007). Aerobic conditions are also restored 
during sludge transportation, storage and application on 
agricultural soil, promoting rapid LAS degradation (Jensen, 
1999). The first comprehensive regulation to suggest en-

hanced monitoring of sludge was the 3rd draft of Directive 
“Working Document on Sludge” (EU, 2000) published by the 
European Union in 2000; however, since publication of this 
document, very few developments on the topic have been 
fulfilled.

This work provides an important contribution to the 
concept of introducing EOX and LAS parameters in the 
monitoring of sludge from WWTPs, as suggested by the 
“Working Document on Sludge”, only partially integrated 
in some national and regional legislation references (Emil-
ia-Romagna Region, 2005; Italian regulation, 2018).

In this paper, an updated version of a previous study re-
ported by Goi et al. (2006) in the Friuli-Venezia Giulia region 
(North-East of Italy), the evolution of meaningful charac-
terization parameters in sewage sludge manifested sub-
sequent to upgrading of wastewater treatment processes 
over an approximately 10-year period was evaluated. In 
addition, LAS concentration, one of the emerging contam-
inants in sewage sludge, was also assessed. Due to the 
increasing stringency of legislation relating to the use of 
sewage sludge in agriculture, this study may provide a val-
uable contribution by suggesting the suitability of specific 
sewage sludges for agricultural reuse and those which, on 
the contrary, should undergo additional treatment or be for-
warded to different final destinations.

2. MATERIALS AND METHODS
2.1 WWTPs and sample collection

Sewage sludge samples were collected from 10 dif-
ferent municipal WWTPs in the Friuli-Venezia Giulia region 
(North-East of Italy); the analysed plants were reported as 
samples 1-10 in Table 1, together with a brief description of 
the main plant characteristics, including treatment capaci-
ty (expressed as population equivalent, P.E.), process units 
and sludge treatment sequences. It should be noted that 
the majority of analyzed plants were small-scale plants (P.E. 
in the range of 850-9,000 P.E.) mainly involved in the treat-
ment of domestic wastewater, while two medium-scale 
plants (n. 1 and 2) were also studied: plant n.1 treated large-
ly municipal wastewater, while plant n. 2 treated a mixture 
of municipal and industrial wastewater, with the main frac-
tion deriving from chlorine-free pulp and paper industry.

The WWTPs analyzed in this study were localized in the 
same area as the treatment plants investigated in a similar 
study in 2006 (Goi et al., 2006). Over the last decade, the 
selected WWTPs have been transformed and upgraded 
both in size and process units, thus enabling a comparison 
of how the improvement of wastewater treatment process 
could affect sewage sludge quality. For each of the stud-
ied WWPTs, a representative sample of 5 Kg was collect-
ed manually at the end of sludge treatment from a fresh 
sludge pile of about 50 kg, by filling polyethylene bags. Af-
ter collection, each sample was labeled and then placed in 
a cooler box with ice for transport to the laboratory.

2.2 Sample preparation
Samples were immediately transported to the laborato-

ry and stored at 4°C for subsequent analysis, the samples 
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were freeze-dried and passed through a 1 mm sieve to ob-
tain well homogenized samples. Sewage sludge samples 
were frozen at −20°C, then lyophilised using a Coolsafe 
55-4 Touch lyophilizer with −50 °C condenser temperature. 
The ultimate vacuum pressure was 0.4 mbar.

To test potential degradation of LAS over time, a frac-
tion of sludge from the different size WWTPs (samples 
nr. 3, 4, 8, 10 in Table 1) was placed in a pilot-size aerobic 
drying bed, where aerobic conditions were maintained by 
ideal surface venting for 6 months after sludge withdrawal 
(Table 1).

2.3 Heavy Metal analysis
Heavy metal content was determined using the USEPA 

3051 method of Inductively Coupled Plasma Atomic Emis-
sion Spectroscopy, ICP-AES, (Varian Vista Pro), as per-
formed in Misson et al. (2020). Calibration was performed 
using standard solutions (0.5, 1, 5, 10, 30, 50 ppm) prepared 
from an ICP-standard 23-element solution in 5% HNO3 
(Merck solution IV), with yttrium (Y) as internal standard. 
The method detection limit (MDL) was calculated as 3 s/m 
(where s is the standard deviation of 10 replicate blanks 
and m is the slope of the calibration curve) for each ele-
ment.

2.4 EOX analysis
All samples were freeze-dried, manually sieved through 

a 1 mm mesh sieve and grinded in a ball-grinder. Subse-
quently, 1.0 g of pre-treated samples were extracted with 
5 mL of solvent (ethyl acetate or n-hexane) by shaking for 
24h. Most of the solvent was separated and then evaporat-
ed from the extracts under a nitrogen flow, until only 1 mL 
remained; the resulting sample was then refrigerated until 
time of analysis. Analyses were performed using Trace Ele-
mental Instrument, Euroglas ECS 1000 upgraded with digi-
tal coulometer and control software (TEIS). The apparatus 
consisted of an injection system, a thermal extraction, a 
trapping section and a titration cell. 100 µL of residual ex-
tract were introduced into the instrument at an injection 

rate of 20 µL/min, and combustion at 950 °C was carried 
out, with pyrolysis of organochlorine compounds and re-
lease of hydrogen halides. The reaction gases formed 
during the combustion process, after water removal with 
sulphuric acid, were introduced into the titration cell where 
the halogenated acid (formed during the combustion of 
organic halogens) created a current which could be meas-
ured and related to the global quantity of organic halogen 
compounds in the extract.

2.5 LAS analysis
All measurements were made with a Shimadzu high 

performance liquid chromatograph LC-20AT (Shimatzu 
Corporation Kyoto, Japan), fitted with a SIL-20AHT au-
tosampler with a loop 20 µL, equipped with a diode array 
detector (DAD), a quaternary pump, a vacuum degasser 
and a thermostatic column compartment. The analytical 
cartridge column (thermostated at 35°) was a SUPELCO-
SIL LC-8 (SUPELCO, Bellefonte, PA, USA), 25.0 cm × 4.6 
mm ID, 5 µm particle size. Microwave-assisted extraction 
(MAE) was performed over a Microwave Mars 5 Diges-
tion Oven apparatus (CEM, North Carolina, USA) on 0.5 g 
of dried sewage sludge samples using methanol (HPLC 
grade by Merck) as solvent (Mortensen et al., 2001; García 
et al., 2005; Villar et al., 2007; Braguglia et al., 2014) and 
the extracts filtered through glass wool and analysed by 
HPLC.

A good resolution of all LAS peaks was obtained using 
as mobile phase acetonitrile–water containing 0.1M Na-
ClO4 (55:45) and isocratic elution (acetonitrile was HPLC 
grade by Merck and sodium perchlorate was analytical 
grade by Sigma Aldrich). Compounds were eluted isocrati-
cally for 6 min at runtime at a flow rate of 0.8 mL/min after 
20 µL injection. Instrumental response was preliminarily 
tested through use of standard LAS solution (standard 
solutions with C10–C13 chain length were prepared in ul-
trapure water), highlighting an excellent HPLC cleaning and 
separation process.

WWTP Plant size (P.E.) Wastewater treatment sequence Sludge treatment sequence

Nr. 1 >100000 Scr. - G.Tr. - O.Rm. - Pr.S.T. - A.S. (N-DN; SBR) - S.Cl. - Disnf. Thk. - An.Dig. - B.Pr.

Nr. 2 >100000 Scr. - A.S. - S.Cl. - CoTr - Pr.S.T. Thk. - Aer.Dig. - FP

Nr. 3 * 9000 Scr. - G.Tr. - A.S. (N-DN) - S.Cl. - Disnf. Thk. - Aer.Dig. – P.D.Bd.

Nr. 4 * 7500 Scr. - G.Tr. - A.S. (N-DN) - S.Cl. Thk. - P.D.Bd.

Nr. 5 6000 Scr. - G.Tr. - A.S. (N-DN; IFAS) - S.Cl. Thk. - D.Bd.

Nr. 6 5000 Scr. - G.Tr. - A.S. (N-DN) - S.Cl. - Disnf. Thk. - Aer.Dig. - D.Bd.

Nr. 7 4000 Scr. - G.Tr. - A.S. (N-DN; MBR) Thk. - D.Bd.

Nr. 8 * 3500 Scr. - G.Tr. - A.S. (N-DN; MBBR) - S.Cl. Thk. - P.D.Bd.

Nr. 9 1500 Scr. - G.Tr. - A.S. (N-DN) - S.Cl. - Disnf. Thk. - D.Bd.

Nr. 10 * 850 Scr. - G.Tr. - A.S. (N-DN; SBR) P.D.Bd.

Legend: P.E. = Population equivalent; Scr. = Screening; G.Tr. = Grit Trap; O.Rm. = Oil removal; Pr.S.T. = Primary settling tank; A.S. = Activated sludge; N-DN 
= Nitrification-Denitrification; SBR = Sequencing Batch Reactor; MBBR = Moving Bed Biofilm Reactor; IFAS = Integrated Fixed-film Activated Sludge; MBR = 
Membrane BioReactor; SBR = Sequencing Batch Reactor; S.Cl. = Secondary clarifier; CoTr = Coagulation-flocculation treatment; T.F. = Trickling Filter; Disnf. = 
Disinfection; Thk. = Thickener; B.Pr. = Belting press; FP = Filter Press; Aer.Dig. = Aerobic digestion; An. Dig. = Anaerobic digestion; D.Bd. = Drying bed; P.D.Bd. = 
Pilot Drying bed; (Dom) = Domestic wastewater; (URB-Dom) = Urban wastewater, mainly domestic; (URB-Ind) = Urban wastewater, mainly industrial * = optimal 
aeration of the sludge was performed usingy a pilot drying bed (P.D.Bd.) for 6 months.

TABLE 1: Main characteristics of the plants considered in the present study.
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3. RESULTS AND DISCUSSION
3.1 Nutrient content and agricultural reutilization 
potential 

To achieve successful land application, sludge nutrient 
concentration should be carefully considered. P require-
ment of most crops is four to ten-fold less than N needs; 
moreover, P is usually present in more bioavailable forms 
(inorganic). Consequently, to prevent underestimating 
crops needs, it is important to consider N requirement 
when evaluating sludge application rate (Hue, 1995). A 
comparison with literature data highlighted a wide varia-
tion in plant macronutrient concentration in sewage sludge 
(Table 2). The results obtained on N content in the present 
work were coherent with other literature studies, while P/N 
ratio was relatively lower compared to literature studies. 
(Sommers,1977; Mumma et al., 1988; Mtshali et al., 2014) 
As shown in Table 2, sewage sludge could be seen as an 
imbalanced fertilizer due to elutriation of soluble nutrients 
from sludge during wastewater treatment. For example, K 
featured a typical range of 0.1 – 0.4 % d.w., consequently, 
to make the sludge more suitable for agricultural reuse, a 
K supplement (such as KCl, wood ash and K-rich crop res-

idues) would be required (Hue, 1995; Czerska and Smith, 
2008; Pakhnenkoa et al., 2009). 

3.2 Heavy Metals
Heavy metal concentration is one of the most crucial 

factors of concern in the land reutilization of sludge. For 
monitoring purposes, the heavy metals to be investigated 
were chosen in line with the suggestions of the “Working 
Document on Sludge and Biowaste” (European Union, 
2004): “heavy metals are intended as cadmium (Cd), chro-
mium (Cr), copper (Cu), mercury (Hg), nickel (Ni), lead (Pb) 
and zinc (Zn) in metallic form as well as their salts and ox-
ides”. The presence of heavy metals is essential for plants 
and animals, although an excessive concentration of these 
elements may damage crops and threaten human health 
by entering the food chain (Usman et al., 2012). Therefore, 
before land application heavy metal concentrations should 
meet the limits defined by legislations on sewage sludge 
management. Table 3 shows the permissible limits for 
heavy metals suggested by some national legislations and 
European Council Directive 86/278/EEC (European Com-
mission, 2009), aimed at protecting the environment (in 

TABLE 2: Total concentration of selected plant nutrients in sewage sludge

variable
Total Nutrient, % d.w.

N P K Ca Mg

FVG sewage sludge (10 samples)

Range 3.1-6.8 0.37-1.7 0.17-0.38 1.88-17.13 0.22-4.78

Mean 4.21 0.93 0.27 6.88 1.95

Median 4.15 0.85 0.29 5.47 1.63

Sommers, 1977 (250 samples)

Range 0.5-7.6 1.1-5.5 0.08-1.1 0.6-13.5 0.03-1.1

Mean 4.9 2.9 0.52 3.3 0.52

Median 4.8 2.7 0.3 3 0.41

Mumma et al., 1988 (15 samples)

Range 1.19-4.93 0.22-3.13 0.03-0.46 0.32-15.9 0.04-0.81

Mean 2.9 1.2 0.19 3.92 0.35

Median 2.78 0.78 0.15 2.17 0.34

Mtshali et al., 2014 (7 samples)

Range 0.5-4.5 0.7-2.5 0.04-0.49 0.12-1.59 0.04-0.43

Mean 2.47 1.69 0.15 0.92 0.22

TABLE 3: Selected National and EU permissible limits of heavy metals in sludge for agricultural use (mg/kg d.w.) (EC 2009; Stylianou et 
al., 2008; Italian regulation, 2018).

Element Limit 86/278/EEC Limit Italy Limit Netherlands Limit France

Cd 20-40 20 1.25 20

Cr - 200 75 1000

Cu 1000-1750 1000 75 1000

Hg 16-25 10 0.75 10

Ni 300-400 300 30 200

Pb 750-1200 750 100 800

Zn 2500-4000 2500 300 3000
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particular soil) when sewage sludge is applied on land for 
agricultural purposes. 

HM concentrations in sludge samples investigated in 
this study are illustrated in Table 4. As shown in Table 4, 
heavy metal concentrations in all tested samples were 
below the maximum permitted limits (Table 3), thus pro-
moting agricultural reuse of the analysed sludge. The only 
exceptions were Cr and Zn concentrations in sample no. 
10 (239.63 and 5,676.4 mg/kg respectively), likely due to 
the advanced wastewater treatment in plant no. 10. Indeed, 
plant no. 10 is a small WWTP applying nitrification-denitri-
fication in a sequential batch reactor (SBR); in this kind of 

process, sludge remains in the tank over extended periods, 
leading to a significant metal adsorption on the sludge it-
self.

Generally, the concentration of heavy metals in sludge 
is affected by the treatment plant potentiality and type of 
influent wastewater, i.e. domestic or industrial (Spanos et 
al., 2016; Chanaka Udayanga et al., 2018). Process upgrad-
ing in the wastewater treatment circuit may lead to an in-
crease of metal content in the sludge. In practice, compar-
ing actual data with the previous study by Goi et al. (2006) 
in the same area, a general rise in maximum measured HM 
concentrations was observed (Figure 1). 

TABLE 4: Heavy metal concentrations in the analysed sludge (mg/kg d.w.)

Sample Cd Cr Cu Hg Ni Pb Zn

Italian limits (mg/kg d.w) 20 200 1000 10 300 750 2500

SS no.1 2.12 59.54 339.54 2.12 36.67 92.19 1265.97

SS no.2 0.74 17.74 53.61 0.54 13.06 12.78 109.56

SS no.3 1.17 48.07 584.11 1.36 31.20 63.81 555.47

SS no.4 0.51 32.27 189.89 0.12 20.86 24.59 190.57

SS no.5 1.01 35.17 302.42 0.47 18.86 38.58 436.07

SS no.6 1.65 194.17 593.48 0.36 78.81 81.16 1446.43

SS no.7 0.88 39.71 237.65 0.20 24.76 43.45 309.37

SS no.8 0.94 22.58 146.29 0.07 11.56 24.66 586.92

SS no.9 1.44 41.97 427.55 0.39 27.24 87.21 795.75

SS no.10 1.97 239.63 347.45 6.40 46.61 76.78 5676.40

mean 1.24 73.08 322.20 1.20 30.96 54.52 1137.25

median 1.09 40.84 320.98 0.43 26.00 53.63 571.19

FIGURE 1: Heavy metal concentration in sludge samples and maximum values found in 2006 monitoring campaign.
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This interesting outcome could be explained by the 
process upgrade and plant revamping undertaken in the 
studied WWTPs over the last decade. These improve-
ments in wastewater treatment processes have maxi-
mized the efficiency of contaminant removal from waste-
water, allowing a larger transport of metals into residual 
solid fraction. 

3.3 EOX
Over the last two decades considerable interest has fo-

cussed on data relating to the occurrence, behaviour and 
fate of organohalogen compounds in water, sludge and the 
environment. The presence of organic halogen compounds 
in sludge was a key point in the new EU proposed monitor-
ing (European Union, 2004). These compounds, in fact, are 
highly persistent and do not degrade over time; moreover, 
they are not absorbable by the soil (especially polar com-
pounds) and consequently directly reach the groundwater, 
leading to water contamination. Therefore, a sludge with 
high concentrations of these harmful compounds is gen-
erally deemed unsuitable for agricultural reuse (Rizzardini 
and Goi, 2014).

As well as the singular toxicity of the individual com-
pounds monitored, the utilization of EOX as a sum pa-
rameter to obtain global information is a very interesting 

perspective in monitoring organic halogen content in soils. 
Moreover, as already observed in a previous case study 
(Goi et al. 2006), the EOX parameter may be of importance 
in quality control for the choice of sludge processing 
routes. 

EOX concentrations in the analysed sewage sludge 
samples, obtained both by hexane and ethyl acetate ex-
traction, are presented in Figure 2 and Table 5. The maxi-
mum concentration of EOX found in the present work was 
26.86 mg/kg (related to sample no. 1), extracted by ethyl 
acetate. This EOX content was associated to the largest 
WWTP with combined municipal and urban sewage sourc-
es; EOX concentrations in small municipal WWTPs usually 
displayed low values in this monitoring campaign, with the 
exception of samples 6 and 8. At variance with the HM 
assay, maximum EOX values measured in the actual sam-
ples were comparable to those of the previous monitoring 
campaign. 

The measured EOX content in ethyl acetate extractions 
was 2-6 times higher when compared with hexane extrac-
tions, in agreement with the results reported by Reemtsma 
and Jekel (1996). This suggested that polar halogenated 
molecules were present in larger quantities than non-polar 
compounds (i.e. non-polar compounds could only be ex-
tracted by ethyl acetate).

Sample LAS CV%
EOX

By hexane CV% By ethyl acetate CV%

SS no.1 574.41 9.6 7.03 5.34 26.86 1.26

SS no.2 136.36 14.8 0.25 45.02 3.26 38.8

SS no.3 180.95 14.1 1.11 20.57 6.95 4.27

SS no.4 53.75 26.3 1.17 28.6 4.98 5.88

SS no.5 523.45 23.6 0.69 55.17 1.74 11.89

SS no.6 220.27 22.7 7.89 16.00 19.81 7.73

SS no.7 301.57 12.4 1.46 15.13 4.56 5.08

SS no.8 55.88 17.3 5.22 7.83 11.7 14.4

SS no.9 427.76 9.2 0.24 31.66 1.24 24.19

SS no.10 138.12 16.3 0.93 11.76 3.38 3.77

FIGURE 2: EOX concentration measures (A- Hexane extraction; B- ethyl acetate extraction) in sludge samples and average values com-
parison with 2006 campaign.

TABLE 5: EOX and LAS concentration in sludge samples from analysed WWTPs (mg/kg d.w.)
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EOX monitoring in sludge from WWTPs in the con-
sidered area showed a general persistence of halogenic 
contamination. Upgrading of the treatment plant process 
apparently produced no visible effect on EOX degradation. 
However, a general reduction in average EOX concentra-
tion was discernible compared to the previous monitoring 
study (Figure 2). 

3.4 LAS
Due to the extensive use of surfactants, specifically LAS, 

in domestic and industrial applications, their presence in sew-
age sludge is assured (Granatto et al., 2019). Moreover, these 
compounds can only be partly degraded in WWTPs, with the 
extent of degradation largely depending on a) LAS content in 
raw sewage, b) sludge age after storage and c) process na-
ture (i.e. whether the process is aerobic or anaerobic). There-
fore, a measurable portion of LAS invariably accumulates in 
soils and consequently monitoring of these compounds in 
sludge is extremely important (Villar et al, 2007). 

In Europe LAS concentration in sewage sludge lies be-
tween <1 g/kg d.w. and 30 g/kg d.w. (Gawlik and Bidoglio, 
2006). Table 5 and Figure 3 show the measured LAS con-
centration in the analysed sludge samples. The lowest 
concentrations were found in samples 4 and 8 (55.88 and 
53.75 mg/kg, respectively), while the highest amount was 
highlighted in sample no. 1 (574.41 mg/kg). Stock et al. 
(2002) analysed more than 150 sludge samples from dif-
ferent WWTPs in a comprehensive study in Westphalia 
(Germany). They found a correlation between WWTPs size 
and LAS concentration; it should be underlined that extend-
ed aerobic sludge treatment is common in smaller treat-
ment plants and enhances reduction in LAS concentration.

In accordance with the above, LAS concentration in 
sample 2 (treated by aerobic digestion) was three times 
lower than sample 1(treated by anaerobic digestion) for 
equal WWTPs size. The present study demonstrated that 
LAS content was lower in sludge treated in pilot drying 
beds, with optimal aeration, or by aerobic digestion pro-
cess. It is noteworthy that LAS mean concentration was 
significantly lower than limit values proposed in the “Work-
ing Document on Sludge” (EU, 2000).

To summarize, the quality of the investigated sludge (in 
terms of HM, EOX and LAS) depended on multiple factors, 
including plant size (PE), type of treated water (Dom., Ind., 
or Urb.), wastewater treatment process and sludge treat-
ment sequence. It was not possible to directly correlate 
each parameter to sludge pollution, as all these variables 
were strictly interconnected and strongly matrix-depend-
ent. Despite the differences and variability present in the 
analysed parameters, all investigated sludge samples 
complied with Italian limits suggested by the regulations 
for agricultural reuse. 

Comparison with a previous study (Goi et al., 2006) 
highlighted a crucial factor: the progressive improvement 
in wastewater treatment seems to promote a higher con-
centration of several harmful pollutants in sludge. When 
HM, EOX and LAS were monitored together, it was found 
that the more efficient the wastewater treatment line, the 
higher the inorganic/organic substances transferred to 
the sludge (Figure 4). This outcome suggests adopting a 
critical approach to further process development in waste-
water treatment lines, considering future perspectives in 
sludge agricultural reuse together with the need to develop 
alternative final destination routes, such as thermal pro-
cesses (incineration, pyrolysis, gasification, hydrothermal 
treatment) (Chanaka Udayanga et al., 2018). Teoh and Li 

FIGURE 3: LAS concentration in sludge samples from analysed 
WWTPs.

FIGURE 4: Proposed scheme for sludge checking, to prevent the risk of soil and groundwater contamination in the agricultural reuse of 
contaminated sludge (considering HM, EOX, LAS).
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(2020) studied alternative sludge treatment methods apply-
ing Life Cycle Assessment (LCA); the investigated aspects 
were sludge volume, pollutants, global warming and tox-
icity. It was concluded that anaerobic digestion, pyrolysis 
and supercritical water oxidation were the best-performing 
treatment methods (Teoh and Li, 2020), suggesting that a 
differentiated approach is highly recommended in sludge 
treatment and valorization, enhancing the recovery of both 
energy and material, whilst at the same time reducing envi-
ronmental contamination hazards.

4. CONCLUSIONS
Subsequent to the increasing diffusion of wastewater 

treatment, particularly in high- and middle-income coun-
tries, the sewage sludge generated should be treated and 
valorised in an ecological and economic way, thus contrib-
uting to the circular economy. While wastewater treatment 
plants are effective in removing pollutants from water, they 
accumulate heavy metals and other persistent toxic com-
pounds in sludge, thus restricting its potential reuse. In this 
study, HM, EOX and LAS, three main limiting factors for the 
land application of sewage sludge, were monitored in sew-
age sludge samples from 10 different low-middle capacity 
wastewater treatment plants in the Friuli-Venezia Giulia 
region (North-East of Italy). The results showed how the 
concentration of these compounds was much lower than 
permissible limits suggested by Council Directive 86/278/
EEC for the agricultural reuse of sewage sludge, in particu-
lar in sludge originating from small municipal plants. Sew-
age sludge from the studied wastewater treatment plants 
could be used for sustainable agriculture, exploiting its 
macro and micronutrient content, without posing a threat 
for the environment and human health. On the other hand, 
the present study highlighted a future scenario in which a 
continuous progress in wastewater treatment, by decreas-
ing pollutant levels released to the receptor body and thus 
improving water quality, would transfer higher quantities 
of potentially harmful compounds to the sewage sludge, 
rendering it unsafe for agricultural reuse. This study, also 
in view of a similar monitoring campaign performed in 
2006, questioned the future possibility of reusing sew-
age sludge in agricultural applications. Moreover, it raised 
the need for further constant and regular sludge control, 
with the specific aim of preventing the agricultural reuse 
of sludge contaminated with organic and inorganic sub-
stances (HM, EOX, LAS), and associated risks of soil and 
groundwater contamination, as well as potential entrance 
into the food chain.
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