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Abstract: Land application of sewage sludge on agricultural soils can be sustainable only if pol-
lutant contents and organic matter quality meet the requirements imposed by minimization of
environmental risks. This study investigated the degradation of linear alkylbenzene sulfonates (LAS)
and extractable organic halogens (EOX) and the formation of humic substances (HS) during the
thickening and storage phases of sewage sludge treatment. Changes in spectroscopic properties
(UV-Vis, FT-IR, and excitation-emission matrix (EEM) fluorescence) of HS were also evaluated to
assess the occurrence of biological activities during these curing phases of sewage sludge (SS). Humic
acids (HA), fulvic acids (FA), EOX, and LAS were extracted from sewage sludge sampled from four
municipal wastewater treatment plants of different size and treatment sequence, before and after
90 days of aerobic or anaerobic storage. During storage, the loss of organic C in the SS ranged from
almost null to 31%. No significant changes of FA were registered, whereas HA increased in almost
all samples, up to 30%. The amount of humic substances synthesized during storage correlated
with the percentage of C lost. Spectroscopic changes of FA and HA showed an increase in their
aromaticity, with a corresponding decrease in the aliphatic contribution. These changes show the
improved agronomical quality of SS. LAS decreased during storage up to 30%, surprisingly more
under anaerobic than aerobic conditions, whereas EOX decreased significantly in all samples, even
up to 81%. In conclusion, although storage may be normally considered not influencing the quality
of SS, their organic matter quality improved and contamination decreased during 90 days of storage,
whatever the conditions of oxygen availability applied.

Keywords: sewage sludge reuse; EOX; LAS; humic substances; land use

1. Introduction

Since the implementation of the European Council Urban Wastewater Treatment
Directive 91/271/EEC [1], the annual production of sewage sludge (SS) from wastewater
treatment plants (WWTPs) has been rapidly increasing [2–4]. The high costs of landfilling
and incineration, together with principles of the circular economy, have led to the current
pressing need for a cost-effective and sustainable alternative disposal method of SS [5].
The use of SS as fertilizer is a suitable recycling strategy, which increases the sustainability
of agricultural production by reducing the need for synthetic inorganic fertilizers [6,7].
However, this practice may lead to soil contamination and health problems [8,9] due to
the accumulation in soils of persistent organic contaminants (POPs) [10], toxic metals
(e.g., Cd and Hg [11]), and the presence of pathogenic microorganisms [12]. Therefore, the
sustainable use of sludge derived from WWTPs as a fertilizer in agriculture requires the
adoption of efficient treatment strategies and precise specification of their properties and
quality [13].
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Suitable treatments and regulation of municipal and industrial waste disposal have
greatly reduced risks from toxic metals and pathogens, but other types of contaminants
are now becoming increasingly diffuse in SS. These emerging contaminants, among which
plasticizers [14], pharmaceuticals [15], chlorinated compounds, and linear alkylbenzene
sulfonates (LAS) [16,17], are not always satisfactorily eliminated during SS treatments.
Nowadays, they represent the major reason of concern for the application of SS to agricul-
tural soils [18].

LAS, introduced in 1964 as the readily biodegradable replacement for branched alkyl-
benzene sulfonates (BAS), are the most used anionic surfactants. They are a mixture
of homologs and isomers characterized by a hydrophilic negatively charged sulfonate
head-group attached to a benzene ring and a long hydrophobic alkyl tail of 10–13 carbon
units [19]. LAS are widely used in cleaners and household detergents, given their low
cost, excellent detergent properties, and general good biodegradability under aerobic
conditions [20].

Recently, particular attention has also been given to the presence of organic halo-
genated compounds in municipal wastewaters. Extractable organic halogens (EOX) repre-
sent the sum of organic chlorine (Cl), iodine (I), and bromine (Br), which can be extracted
by organic solvents from biosolids. These compounds include not only synthetic poly-
chlorinated biphenyls, organochlorine pesticides, polychlorinated dibenzo-p-dioxins, or
polychlorinated dibenzofurans but also those naturally produced by microorganisms, flora,
and fauna [21]. During municipal wastewater treatments, organic halogens are adsorbed
and concentrated on microbial biomass [22,23]. Due to the toxicity and persistence of
these compounds, monitoring and control of SS are essential before their application to
agricultural soils. The importance and usefulness of the EOX parameter in the evaluation of
the environmental quality of SS have been demonstrated by several investigations [23–25].
However, the degradation of EOX during thickening and storage of SS has so far never
been investigated.

Humic substances (HS), namely humic (HA) and fulvic acids (FA), are major organic
constituents of sludge [26,27]. HS are considered important indicators of the biological
maturity and chemical stability of sludge [28]. During sludge stabilization, labile organic
matter is biologically converted into more stable HS through the humification process [29].
Their quantification has been largely used in the evaluation of the SS quality for agricultural
use [30,31].

In intensively cropped and organic matter depleted soils, the SS distribution is an
important strategy for its recycling [32]. In particular, the addition of HS has positive effects
on the soil structure by enhancing cationic exchange capacity [33], particle aggregation [34],
and the assimilation of nutrients by plants and microorganisms [35]. Moreover, HS are
involved in heavy metals and xenobiotic organic molecules retention in soils [36]. Con-
sequently, the transformation of HS during the stabilization phases of sludge is of great
significance-relevance.

This study aims to investigate the degradation of LAS and EOX and the synthesis of
humic substances (FA and HA) during the thickening and storage phase of SS treatment.
We considered a stage that is generally neglected in the evaluation of the performance of
sewage treatment plants: namely the period spent by treated sludge in thickening beds
and storage facilities. To this purpose, we evaluated: (i) the effect of sludge storage on
the degradation of EOX and LAS; and (ii) the changes of HS quantity and quality as an
indicator of organic matter stabilization and fertilizing properties of SS.

2. Materials and Methods
2.1. Sewage Sludge

Sewage sludge samples were collected, fresh and after 90 days of storage, from four
different WWTPs located in the Friuli Venezia Giulia region in the northeast of Italy. Their
main characteristics are given in Table 1. Sewage sludge from plant 1 (P1), which represents
a medium-size plant treating largely municipal wastewaters, was obtained after anaerobic
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treatment. It was then dewatered by a belt press and stored aerobically in a heap under
a shelter. The sludges from plants 2 (P2), 3 (P3), and 4 (P4) were produced by small
size plants treating exclusively urban sewage. Sludge P2 underwent only thickening
and drying in open-air drying beds. After undergoing aerobic treatment, the sludge was
stored aerobically in a heap in the open-air ground. Sludges P3 and P4 underwent aerobic
digestion and were both stored (in the dark at 25 ◦C) in a plastic container under anaerobic
conditions by substituting air with N2.

Table 1. Sewage sludge samples: WWTP, sewage sludge (SS) treatment sequence, and SS storage conditions.

Plant Plant Size (P.E.) Wastewater Treatment Sequence SS Treatment and
Thickening SS Storage (90 d)

P1 >100,000 Scr.—G.Tr.—O.Rm.—Pr.S.T.—A.S. (N-DN;
SBR)—S.Cl.—Disnf. Thk.—An.Dig.—B.Pr. Aerobic

P2 7500 Scr.—G.Tr.—A.S. (N-DN)—S.Cl Thk.—D.Bd Aerobic
P3 5000 Scr.—G.Tr.—A.S. (N-DN)—S.Cl.—Disnf. Thk.—Aer.Dig.—D.Bd Anaerobic
P4 9500 Scr.—G.Tr.—A.S. (N-DN)—S.Cl.—Disnf. Thk.—Aer.Dig.—D.Bd Anaerobic

Legend: Aer.Dig. = Aerobic digestion; An.Dig. = anaerobic digestion; A.S. = activated sludge; B.Pr. = belting press; D.Bd. = drying bed;
FP = filter press; G.Tr. = grit trap; N-DN = nitrification-denitrification; O.Rm. = oil removal; P.E. = population equivalent; Pr.S.T. = primary
settling tank; Scr. = screening; S.Cl. = secondary clarifier; Disnf. = disinfection; Thk. = thickener.

Fresh and stored SS samples (about 5 kg) were collected in polyethylene bags at the
end of the sludge treatment processes (fresh) and from heaps or anaerobic containers after
90 days (stored). The bags were transported to the laboratory and immediately stored at
+4 ◦C. For the subsequent analysis, the samples were freeze-dried with a Coolsafe 55-4
Touch lyophilizer (Labogene) and then 1-mm sieved.

2.2. Organic C and Total N Analyses

Organic carbon (Corg) and total nitrogen (Ntot) of the SS samples (fresh and stored)
and extracted HS were determined with a CHN elemental analyzer (Vario Microcube,
Elementar). Caffeine IAEA was used as reference material.

2.3. Extraction of Humic Substances

The isolation of HS from SS samples was performed according to the procedure
recommended by the International Humic Substances Society (IHSS). Briefly, 40 g of dried
sample was extracted by adding 400 mL of fully deaerated 0.1 M NaOH and shaking for
4 h under N2. The alkaline suspension was left to settle overnight. After centrifugation
(20 min at 14,000 rpm), the extract was filtered (0.2 µm cellulose filters), acidified with 6 M
HCl to about pH 1, and then allowed to stand for 16 h. Then, centrifugation for 20 min at
5000 rpm allowed the separation of humic acids (HA) in the precipitate and of the fulvic
acid (FA) fraction (supernatant).

To purify HA, the precipitate was re-dissolved by adding a minimum volume of 0.1 M
KOH under a nitrogen atmosphere with constant stirring. Solid KCl was then added to
attain a concentration of 0.3 M K+, and the suspension was centrifuged to remove the
suspended solids. HA were re-precipitated by adding 6 M HCl with constant stirring to
pH 1.0, and the suspension was allowed to stand for 16 h. The separation was carried out
by centrifugation, and the supernatant was discarded. To further reduce the ash content,
HA were suspended in a 0.1 M HCl/0.3 M HF solution in a plastic container and shaken
overnight at room temperature. After centrifugation, the precipitate was suspended in
Milli-Q water and transferred to a Visking dialysis tube and dialyzed against distilled
water until a negative Cl− test with silver nitrate (AgNO3). Purified HA were freeze-dried
and then weighed.

To isolate FA, the FA fraction extract was loaded on a XAD-8 resin column. The
effluent was discarded, and the XAD-8 column, containing the retained FA, was rinsed
with 0.65 column volumes of distilled H2O. The adsorbed FA were desorbed from the
resin with one column volume of 0.1 M NaOH, followed by two column volumes of Milli-
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Q water. The solution was immediately acidified with 6 M HCl to pH equal to 1, and
concentrated HF was added to a final concentration of 0.3 M HF. The acidified solution was
passed again through XAD-8 resin and the FA recovered by the same process described
above. The eluate was passed through H+-saturated cation-exchange resin and finally
freeze-dried.

2.4. Humic Substances Characterization

UV-vis spectra of HA and FA were recorded at pH 7.0 (0.1 M phosphate buffer) on a
Varian Cary 1E spectrophotometer in 1 cm quartz cuvettes and scanned from 210 to 700 nm
(scan rate of 60 nm min−1). The specific absorbance at 254 nm (SUVA254, L cm−1 mg−1)
was calculated, normalizing the absorbance value at 254 nm by the optical path length
(1 cm) and the Corg concentration in the cuvette (mg L−1). Calculation of aromaticity from
SUVA254 data was performed according to ref. [37]. Determination of the E4/E6 ratios
(i.e., the ratio of the absorbance measured at 445 and 665 nm) was conducted according to
ref. [38].

Attenuated reflectance Fourier-transform infrared (ATR-FTIR) spectra of HA and FA
were recorded with an FT-IR spectrum (100 PerkinElmer Spectrometer) equipped with an
ATR device, over an interval from 4000 to 500 cm−1, with a 4 cm−1 resolution. A linear
baseline correction was applied to compare spectra. Attribution of the main absorption
bands was performed according to [39,40].

The excitation-emission matrix (EEM) fluorescence spectra of HA and FA were
recorded in 0.1 M phosphate buffer solution at pH 7.0 (50 mg L−1 of HS) with a Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies). Solutions were irradiated
in 1 cm quartz cells, thermostated at 20 ◦C. Scanning and recording of emission spectra
(300–600 nm) were carried out at sequential 5 nm increments of excitation wavelength (λex)
between 220 and 550 nm. Bandwidths for both excitation and emission were 4 nm, with
emission wavelength (λem) increments of 1 nm and integration time of 0.1 s. The scans were
used to generate three-dimensional contour plots of fluorescence intensity as a function of
excitation and emission wavelengths. All fluorescence intensities were normalized by the
Corg concentration in the cuvette. Blank spectra, recorded under the same conditions, were
subtracted before normalization.

The fluorescence humification index (HIX) was calculated by dividing the area of the
emission at 435–480 nm by that at 300–345 nm at λex of 254 nm [41].

2.5. EOX Analysis

Freeze-dried SS samples (1 g) were extracted with 5 mL of ethyl acetate by shaking the
suspension for 24 h. Most of the solvent was then stripped from the extracts under nitrogen
flow until the volume was reduced to 1 mL and stored refrigerated until analysis. The
EOX content of the extracts was determined with a Trace Elemental Instrument (Euroglas
ECS 1000) upgraded with digital coulometer and control software (TEIS). Instrumental
parameters were: injection rate of 20 µL min−1, combustion chamber temperature of 950 ◦C
(oxygen atmosphere), and titration cell filled with 70% acetic acid solution with silver ion
concentration kept constant to 10−7 M.

2.6. LAS Analysis

HPLC-grade acetonitrile and methanol were purchased from Merck (Darmstadt,
Germany). Sodium dodecyl-benzenesulfonate was used as standard (Sigma-Aldrich,
St. louis, MO, USA). Standard solutions of LAS were prepared in ultrapure water, obtained
from a Milli-Q water purification system (Millipore, Bedford, MA, USA).

Microwave-assisted extraction (MAE) was performed on 0.5 g of dried SS samples
by adding 5 mL of methanol [42]. Then the extraction vessels were closed and introduced
into the microwave extraction system (Microwave Mars 5 Digestion Oven apparatus, CEM,
North Carolina, USA) with an oven power of 340 W and irradiation time of 10 min. After
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extraction, the vessels were cooled at room temperature. The extracts were filtered through
glass wool before analysis.

Measurements were taken with a Shimadzu HPLC (LC-20AT Shimadzu Corporation
Kyoto, Japan), coupled with a SIL-20AHT autosampler with a loop of 20 µL, equipped
with a diode array detector (set at λex = 225 nm), a quaternary pump, a vacuum degasser,
and a thermostated column compartment. The analytical cartridge column was a SU-
PELCOSIL LC-8 (SUPELCO, Bellefonte, PA, USA), 25.0 cm × 4.6 mm ID, 5 µm particle
size. A commercial mixture of LAS with C10 to C13 chain lengths was used to prepare
standard solutions at different concentrations in methanol. LAS were separated using
acetonitrile-water containing 0.1 M NaClO4 (55:45) as a mobile phase. The column was
thermostated at 35 ◦C, and injected samples (20 µL) were eluted isocratically over a 6 min
run time at a flow rate of 0.8 mL min−1. Since polar interferences are eluted between 0 and
2 min, they do not interfere in the analysis.

3. Results
3.1. Chemical Characterization of SS

Chemical characteristics of sludge samples, including Corg, total N (Ntot), and content
of organic C in HA (HA-C) and FA (FA-C) before and after sludge thickening and storage
are reported in Table 2. Biological activity is accompanied by the production of carbon
dioxide and, therefore, by the loss of organic C. The four SS displayed different degrees
of loss of Corg (∆Corg, Table 2) at the end of storage. The P1 sludge did not appear to
have undergone an extended biological transformation after three months, as testified by
the small loss of Corg (−6%). On the contrary, sludge from plant 4 lost about 30% of its
original Corg content and must have therefore undergone strong biological mineralization.
Samples from plants 2 and 3 represented intermediate situations, so these SS provide a
well-sorted representation of storage situations which, for different reasons, may have
different impacts on post-treatment modifications of SS quality.

Table 2. Elemental composition and content of Corg, FA-C, HA-C, and (FA+HA)-C in sewage sludge samples and percentual
changes in Corg, Ntot, and (FA+HA)-C following storage. Different letters (a, b) refer to significant differences (HSD test, P <
0.05). All data are expressed on a dry weight basis.

Sample Corg
g kg−1

∆Corg
%

Ntot
g kg−1

∆Ntot
% C/N FA-C

g kg−1
HA-C
g kg−1

(FA+HA)-C
g kg−1

∆ (FA+HA)-C
g kg−1

P1
Fresh 224 ± 13 a 32 ± 2 a 8.2 a 2.9 ± 0.2 a 11.2 ± 0.7 a 14.1 ± 0.7 a
Stored 210 ± 21 a −6.3 31 ± 3 a −3.1 7.9 a 2.8 ± 0.3 a 11.4 ± 1.1 a 14.2 ± 1.2 a +0.9

P2
Fresh 223 ± 20 a 35 ±3 a 7.5 a 3.3 ± 0.3 a 11.7 ± 0.6 a 15.0 ± 0.7 a
Stored 197 ± 12 a −12.0 34 ± 2 a −2.9 6.8 a 3.1 ± 0.2 a 13.0 ± 0.5 b 16.1 ± 0.5 b +7.3

P3
Fresh 259 ± 21 a 33 ± 3 a 9.2 a 1.8 ± 0.2 a 6.1 ± 0.5 a 7.9 ± 0.5 a
Stored 219 ± 11 b −15.6 33 ± 2 a 0 7.7 a 1.5 ± 0.3 a 7.2 ± 0.4 b 8.7 ± 0.4 b +10.9

P4
Fresh 319 ±19 a 42 ± 2 a 8.9 a 0.5 ± 0.1 a 10.4 ± 0.6 a 10.9 ± 0.6 a
Stored 221 ± 18 b −30.6 37 ± 2 b −11.9 7.0 b 0.5 ± 0.1 a 13.8 ± 1.1 b 14.3 ± 11 b +30.7

Very slight variations in Ntot contents were found in sludges P1, P2, and P3 after
storage. This indicates that little ammonia volatilization or nitrate leaching occurred
during this period in the examined samples. On the contrary, sludge P4 lost about 12%
of Ntot.

The changes in C/N ratios mainly reflect C losses through mineralization (evolution
of carbon dioxide). This loss was very small for the aerobically treated dewatered sewage
sludge from plant 1 after 90 days of storage. However, changes in C/N ratios appear
to be relatively small, even in samples P2 and P3. The higher and significant decrement
(from 8.9 to 7) regarded SS from plant 4. The C/N parameter, which decreases during
decomposition as a result of C loss as CO2 and which is often used to characterize the
degree of stabilization of sludges and composts, is not sufficient for monitoring changes
that may occur during storage of treated sewage sludge.
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The HA and FA content in the sludge samples was expressed considering their carbon
concentration (HA-C and FA-C). No significant changes in FA-C were registered in all
stored samples (Table 2). This stability, however, was only apparent as an increase of the
percentage of FA-C to the total Corg content of the sludge was observed, after storage,
in all samples unless it was statistically significant only in P4 (Figure 1a). At the same
time, the percent content of HA-C to Corg increased significantly in all stored sludges
during the three months that followed the end of the SS treatment, except in P1 (Figure 1b).
The amount of HA produced during storage was strongly related to the loss of Corg that
occurred during this period and is therefore evidently related to the intensity of biological
transformations that have occurred and that are confirmed by the Corg loss (Figure 2).
The total amount of humified C, (FA+HA)-C, increased in the three months of the storage
period in all sludge samples except that from plant 1, where sewage and SS underwent the
most intensive treatment.

Figure 1. Concentration of FA-C (a) and HA-C (b) as a percentage of Corg in fresh (blue) and stored
(red) sewage sludge samples. Different letters (a, b) refer to significant differences (HSD test, P < 0.05).

Figure 2. Amount of humic acid (HA) produced during storage as a function of the loss Corg (∆Corg).

3.2. UV-Vis Characteristics of HA and FA

UV-vis spectra of HA and FA extracted from the sludge samples before and after
storage are shown in Figure S1 (Supplementary Materials). In all spectra, absorbance
decreased monotonically with increasing wavelength. The presence of a shoulder between
240 and 290 nm is related to absorbance by aromatic groups or unsaturated compounds
(tryptophan, conjugation of quinone, and ketones) [43]. Compared to fresh samples, the
higher absorption in this region reported by HA and FA from stored samples indicates
increased aromaticity after storage. In fact, except for HS from sample P1, the SUVA254
values (and consequently the % of aromaticity) significantly increased in both HA and FA
after storage (Table 3). The E4/E6 ratio has a negative correlation with the humification
degree, molecular size, and condensation. The E4/E6 ratios of HA and FA varied after
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storage in all samples except for HA of plant 1. Oxic conditions during the storage (plants 1
and 2) favored the breakdown of large humic molecules, reflected by the increase in E4/E6
ratios. This pointed out also the enrichment of HS with oxygen functional groups [44].
Anaerobic conditions during storage (plants 3 and 4) resulted in an apparent increase in
molecular sizes in both FA and HA.

Table 3. E4/E6 ratios, SUVA254, and % aromaticity of HA and fulvic acids (FA) extracted from fresh
and stored sewage sludge samples.

Sample
E4/E6 SUVA254 Aromaticity (%)

HA FA HA FA HA FA

P1
Fresh 7.20 5.26 1.94 2.05 13.0 13.6
Stored 7.06 7.33 1.87 1.96 12.6 13.1

P2
Fresh 6.57 4.43 2.81 1.72 17.6 11.8
Stored 7.48 7.09 4.03 2.64 24.0 16.7

P3
Fresh 6.62 9.81 1.98 2.58 13.3 16.4
Stored 5.35 6.26 2.61 3.16 16.5 19.4

P4
Fresh 5.11 6.85 1.31 2.03 9.7 13.5
Stored 4.51 5.51 2.23 2.63 14.5 16.7

3.3. FT-IR Spectra of HA and FA

All ATR-FTIR spectra of HA and FA extracted from sewage sludge before and after
storage are reported in Figure S2. The obtained spectra of HA were very similar to each
other, displaying the typical absorption bands of HA extracted from SS [39,40]: O–H and
N–H stretching around 3400–3300 cm−1, aliphatic C–H stretching at 2930 cm−1, carboxyl
and ketonic carbonyl stretching at 1710 cm−1, visible as a shoulder merged with the much
more intense 1650–1620 cm−1 (conjugated carbonyl C=O and aromatic C=C) absorption
band. The band at 1560–1530 cm−-1 is attributed to N–H vibrations. Absorption due to
CH2 bending, O–H deformation, and C–O stretching of phenolic groups is visible in the
region 1485–1400 cm−1, C–O stretching and O–H deformation of COOH groups around
1200 cm−1, and stretching of carbohydrate or alcoholic C–O at 1040 cm−1. The FA spectra
appeared similar to those of HA; the only differences were the non-splitting of the band
in the 2940–2860 cm−1 region and the absence of any absorption in the 1450 cm−1 region.
These differences could be attributed to a lower content of aliphatic chains in FA [45].

Some shifts and intensity variations were observed after the storage period. Coherently
with other techniques and parameters, small changes were observed in HA from all plants
and were mostly limited to a decrease in intensity of absorbance in regions related to
stretching and bending vibrations of carbohydrates and a slight relative increase of carboxyls
(1720 cm−1). In fact, the 1720/1040 cm−1 intensity ratio decreased up to 24% in P4.

3.4. EEM Fluorescence Spectra of Humic Substances

As shown in Figure 3, three main peaks were detected in the normalized EEM spectra
of FA extracted from fresh sludge from plant 1. Peak 1 was characterized by an Ex/Em
wavelength range of 260–280/330–350 nm, which is attributed to soluble microbial byprod-
ucts and frequently disappears with stabilization [46]. This peak was already very little
expressed in this sample compared to samples P2 and P4. As reported by ref. [47], the level
of non-humic substances is relatively high in SS before treatment, but fluorescence emitted
by these components is expected to progressively decrease with the stabilization degree
achieved by the organic materials. This indeed occurred in FA in sample P2, but it was not
even detectable in sample P3, which, in the fresh sample, already displayed peaks typical
of well-humified FA. These peaks (namely peaks 2 and 3) were characterized by Ex/Em
wavelength ranges of 300–340/400–430 and 250–260/450–470 nm, respectively, which are
related to typical FA components.
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1 
 

 
 
 
 
 
 
 

Figure 3. Excitation-emission matrix (EEM) fluorescence spectra of FA extracted from sewage sludge
samples. Numbers indicate the considered peaks.

Comparing the EEM spectra of FA before and after storage in all samples, it is possible
to observe that storage did cause increments in the intensity of peaks 2 and 3, with the
only exception of the well-stabilized fresh sludge in P1, where no significant changes
were observed.

In the EEM spectra of HA (Figure 4), peak A was characterized as peak 1 in EEM
spectra of FA, by an Ex/Em wavelength range of 260–280/330 nm. Except for sample
P3, the level of non-humic substances was relatively high at the beginning of the process.
Peak B was centered at an Ex/Em wavelength range of 330–360/420–460 nm and could be
identified as an HA component. Considering EEM spectra of HA extracted from P1 after
storage, the fluorescence intensity (FI) of peaks A and B presented very slight decreasing
and increasing trends, respectively.
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2 

 

Figure 4. EEM fluorescence spectra of HA extracted from sewage sludge samples. Letters indicate
the considered peaks.

Much stronger changes were observed in the other three samples. In sample P2, the
EEM spectrum of fresh HA differentiated significantly from that of stored. In fact, the
intense peak A almost disappeared after storage. Peak B, on the other hand, displayed
a low intensity in HA from the fresh P2 sample, but his peak became more intense after
storage. Moreover, a new fluorescence peak (peak C) with an Ex/Em wavelength range
of 250–275/450–480 nm appeared in stored HA from plant 2. This peak could be referred
to as humic components [46]. These changes indicated that humification occurred during
storage in this sludge sample. In HA from P3, while no changes observed in peak A, the
intensities of peak B and C increased almost twice, coherently with the intense biological
activity testified by the >15% loss in Corg.

EEM features are often summarized and evaluated by calculating the Zsolnay humifi-
cation index (HIX) [41]. HIX values are reported in Table 4 and increased after storage as a
consequence of shifting of the emission spectra toward longer wavelengths (red-shifting of
fluorescence emission) that occurs with humification and aromaticity degree [48–50].
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Table 4. Zsolnay humification index (HIX) of FA and HA and Peak B fluorescence intensity (FI) of
HA extracted from fresh and stored sewage sludge samples.

Sample
HIX Peak B (FI)

FA HA HA ∆ (%)

P1
Fresh 1.77 2.72 0.61
Stored 1.46 4.25 0.85 +32

P2
Fresh 1.09 10.98 0.24
Stored 2.46 15.82 0.35 +46

P3
Fresh 3.54 8.04 0.26
Stored 4.43 9.54 0.46 +77

P4
Fresh 1.07 3.82 0.17
Stored 1.35 4.74 0.32 +88

In HA from sample P4, peak B doubled its intensity after anaerobic storage. However,
the EEM fluorescence spectra of stored HA from plant 4 displayed a very strong intensity
of emission for peak A, typical of poorly humified materials. Probably the increase of
this peak is related to the strong biological activity that occurred in this sludge during the
3 months of anaerobic storage, which is testified by the strong decrease in Corg registered
and which, under the controlled anaerobic conditions maintained during storage, may
have caused a massive release of microbial byproducts.

3.5. EOX and LAS

The concentrations of EOX (mg kg−1 d.w.) in SS samples from the four different
WWTPs before and after storage are shown in Table 5. Results indicated that, in general,
storage caused a decrease in the EOX concentration in sludge samples from all plants. This
indicated that reductive dehalogenation occurred during storage. The reduction of EOX
concentration was 14, 81, 29, and 30% in samples P1, P2, P3, and P4, respectively.

Table 5. Linear alkylbenzene sulfonates (LAS) and extractable organic halogens (EOX) concentrations
in fresh and stored sewage sludge samples. Different letters (a, b) refer to significant differences
(HSD test, P < 0.05). All data are expressed on a dry weight basis.

LAS ∆LAS EOX ∆EOX

mg kg−1 % mg kg−1 %

P1
Fresh 574 ± 55 a 26.9 ± 1.3 a
Stored 566 ± 65 a −1.4 23.0 ± 1.0 b −14.3

P2
Fresh 51 ± 6 a 5.0 ± 0.8 a
Stored 53 ± 14 a +6.3 0.9 ± 0.2 b −81.5

P3
Fresh 316 ± 33 a 21.3 ± 2.4 a
Stored 220 ± 32 b −30.3 15.2 ± 1.9 b −28.7

P4
Fresh 178 ± 20 a 9.7 ± 0.8 a
Stored 142 ± 14 b −20.3 6.9 ± 1.4 b −29.6

Oxygen availability within the SS is limited even in aerobic storage. Some oxygen
may be taken in because of the progressive emptying of pores during drying, but most of
the SS heap remains anaerobic, especially when sludge is stored in the open during rainy
periods, as in plant 2. These conditions favored reductive dehalogenation of EOX, which
can be used as electron acceptors by anaerobic microorganisms. The anaerobically stored
samples (P3 and P4) showed indeed about a 30% percent decreases in EOX.

No significant changes of LAS were observed in samples P1 and P2, while, surprisingly,
LAS concentration decreased by 30 and 20% in P3 and P4, respectively (Table 5). These
results are opposite to expectations since LAS are preferentially decomposed under aerobic
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conditions. The larger microbial activity in P3 and P4 was responsible for LAS degradation
even under anaerobic conditions.

4. Discussion

The aerobic or anaerobic storage of SS for 90 days increased the amount of HA and FA
with a parallel decrease in their C content (Table 2). The small changes observed in P1 were
probably due to the more intense treatment of wastewater and SS before thickening and
storage, rather than its aerobic storage.

During sludge storage, part of the organic matter is mineralized to carbon dioxide,
ammonia, and water, whereas the other part is transformed into HS. In all samples, the
content of HA was higher than FA, as reported in other studies [28,51]. FA are synthesized
and transformed, probably in HA, at the same rate during storage, so their total amount
did not change significantly during storage. The content of HA increased significantly but
at a different rate in the three treatments. SS from P4 was the more active with an increment
in HS of about 30%.

Qualitative changes of HA that occurred during SS storage could be due to the
degradation of highly aliphatic structural moieties, such as fatty acids. This caused a
relative increment of more stable aromatic compounds [52,53], as confirmed by the increase
of aromaticity observed by UV-Vis spectrometry (Table 3). EEM fluorescence and even UV
spectra appeared to be much more sensitive than FT-IR spectroscopy to detect modifications
of HA and FA during thickening and storage.

Both EOX and LAS are hydrophobic contaminants: they tend to become sorbed onto
hydrophobic surfaces and therefore to accumulate in SS [42,54]. However, while EOX
are sparingly soluble, on the contrary, LAS are highly soluble because of the ionized
hydrophilic sulfonate groups in their structure [54]. Consequently, LAS may easily adhere
to hydrophobic moieties of other molecules with their hydrophobic tail and may co-
precipitate with them.

Contamination of SS may be therefore driven in the case of EOX by their low solubility
and tendency to partition sorption on hydrophobic moieties of the HA and FA.

On the other hand, in the case of LAS, sludge contamination may be driven not
only by hydrophobic sorption but also by mechanic trapping into aggregated HS of these
contaminants during flocculation.

Surprisingly, LAS degradation was more intense in SS stored anaerobically than in
those stored aerobically. The reasons may be different according to the two SS: SS from P1
undergo very limited biological transformations, as testified by low C loss and absence of
HS synthesis. On the other side, SS from P2 had a very low content of LAS, closer to the
method detection limit, which limited the possibility to observe significant changes.

5. Conclusions

This work showed that several quantitative and qualitative changes occurred in the
humic fraction of SS organic matter, during thickening and storage, under both aerobic and
anaerobic conditions. These changes were particularly intense in SS originated from milder
treatments of wastewater. The modifications in the molecular structure of HA were a direct
consequence of SS storage practices. Storage of SS produced by WWTPs, either under
aerobic or anaerobic conditions, decreased their content of LAS and EOX and increased
the quantity of HS. All these changes ameliorated the agronomical properties of SS and,
therefore, their beneficial effects on soil fertility.
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