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Abstract: Composting is a common treatment for the high amounts of sewage sludge produced
in wastewater treatment plants, and the product is used in agriculture. Composting reduces the
levels of biodegradable organic pollutants, although other compounds present in wastewater and
not eliminated previously by conventional physical-chemical and chemical treatments, such as
polychorodibenzo-p-dioxins/furans (PCDD/Fs) and polychlorinated biphenyls (PCBs), have been
found in the final compost at higher levels than those observed in the initial sludge. Their formation
was studied during composting under unfavorable aeration conditions and paying attention to
different stages of the process. Experiments were carried out in small vessels inside a controlled
oven for three types of sewage sludge. Pentachlorophenol was previously added as a dioxin pre-
cursor. A clear formation of PCDD/Fs was found, especially during the maturation stage for two
experiments. Mainly octachlorodibenzo-p-dioxin (OCDD) and 1234678-heptachlorodibenzo-p-dioxin
(1234678-HpCDD) to a lesser extent were formed. OCDD levels in the final samples were around
10 times higher than those of the initial mixture after removing the concentration effect. No clear
formation nor degradation of PCBs was observed. The toxicity values due to PCDD/Fs and PCBs
found in the initial mixtures were 1.20-2.46 ng WHO-TEQ/kg, and those from the final samples were
2.30-7.86 ng WHO-TEQ/kg. Although the toxicity values are below the most restrictive limits found
in Europe in this case, toxicity could increase considerably with the presence and concentration of
other precursors. Compost from sewage sludge is an ecological product, but the operating conditions
must be controlled to avoid PCDD/F formation and facilitate degradation of persistent organic
pollutants.

Keywords: sewage sludge; sawdust; composting; inappropriate aeration; PCP; PCDD/Fs; PCBs;
thermophilic stage; maturation stage

1. Introduction

Large amounts of sewage sludge are generated every year as a residue of wastewater
treatment plants (WWTPs). In Europe, the production of sludge has remained relatively
stable between 2007 and 2018, averaging around 7-8 million metric tons per year [1,2].
This waste contains valuable organic matter, nitrogen, phosphorus and micronutrients (in
particular, metals such as nickel and copper), useful for soil fertilization and remediation.
Therefore, its use in agriculture potentially represents an optimum solution. Although
around 40% of the total amount produced is used in agriculture, it increases up to 80%
in Spain, where the waste is used directly or in previous composting [2]. Unfortunately,
sewage sludge also contains pathogens, organic and inorganic pollutants and potentially
toxic compounds, such as polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs), nonylphenols
and other trace pollutants, such as pharmaceuticals and phytopharmaceuticals, personal
care products and microplastics, so-called “emerging contaminants” [3]. They derive from
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the contaminated wastewater, and conventional physical-chemical and biological treat-
ments carried out in WWTPs do not eliminate them. They pass from water to sludge.
Pollutants can be persistent in the environment, accumulating and biomagnifying, and may
pose hazards to human health and the ecosystem [4], such as carcinogenicity, teratogenicity,
reproductive toxicity and genotoxicity. The EU Directive 86/278/EC on sludge used in agri-
culture [5] did not establish limit values for these organic compounds, and some Member
States have adopted them. A new directive that provided limits for organic micropollutants
and pathogens was proposed in 2000, but it was withdrawn [6]. Nevertheless, sewage
sludge treatment activities focus on improving its quality for recovery opportunities (which
should include organic pollutants control) while minimizing the quantities to be treated
and disposed in accordance with the EU Directive on waste [7] and the Circular Econ-
omy Action Plan [8]. In this sense, the current plan calls for wastewater treatment plants
(WWTPs) to be turned into water resource recovery facilities (WRRFs) [9].

A common treatment for sewage sludge before its application in agriculture is compost-
ing. This process involves microbial degradation of materials in the presence of adequate
air and moisture levels, resulting in a product known as compost. Compost exhibits charac-
teristics similar to fertile soil. To initiate composting, sewage sludge is mixed with bulking
agents such as straw, sawdust, leaves, or woodchips to enhance permeability to air and
facilitate biological degradation. As aerobic microorganisms oxidize the organic matter,
they generate heat, leading to temperature elevation. Then, the composting process must
include a thermophilic stage (fermentation at 45-70 °C for several days) and a maturation
stage at room temperature [10]. Composting is also suitable for many types of organic
waste, such as yard waste, livestock waste or municipal solid waste (MSW). This treatment
reduces the amount of waste and should also reduce the levels of biodegradable organic
pollutants, such as lesser molecular mass PAHs, nonylphenol and nonylphenol ethoxy-
lates, antibiotics or personal care products [11-13]. However, other compounds such as
PCDD/Fs and PCBs have been found in the final compost at higher levels than in the initial
sludge [14,15].

PCDD/Fs and PCBs are unintentionally produced by-products of chemical industrial
processes and combustion processes. They are listed as persistent organic pollutants (POPs)
in the Stockholm Convention [16]. These compounds can be present in the initial sewage
sludge, and due to the mass reduction during composting, a concentration of recalcitrant
pollutants increases their levels. Furthermore, they could be present in the bulking materi-
als added to the composting process, such as sawdust or wooden pellets previously treated
with pentachlorophenol (PCP)-containing wood preservatives [17]. PCP was used for many
years as a fungicide to treat wood to prevent woodworm, although nowadays its use is
limited because of its relationship with the formation of PCDD/Fs. It has been observed
that PCP is the most contaminated pesticide with these compounds. Another source of
PCDD/Fs and PCBs in compost could be an enzymatic formation from chlorophenols
such as PCP during the composting process, as has been demonstrated for PCDD/Fs in
experiments in vitro with different chlorophenols at 25 and 37 °C in the presence of lignin
and manganese peroxidases, lignolytic enzymes typical during sewage sludge compost-
ing [18]. Octachlorodibenzo-p-dioxin (OCDD) but also 1234678-heptachlorodibenzo-p-
dioxin (1234678-HpCDD) to a lesser extent were the congeners which showed the highest
formation. The formation of HpCDD and OCDD with chlorinated organic precursors
during metabolic processes from different types of waste under environmental conditions
(such as composting and digestion) has also been reported [19-21]. However, the study on
PCDD/Fs in sewage sludge and its compost is limited due to the high cost of analysis of
PCDD/Fs. A significant decline in the levels of PCDD/Fs and PCBs has been observed in
sewage sludge from some European countries since the late 1970s, and they are now gen-
erally below 10 ng TEQ/kg dry mass (expressed as toxicity equivalents, TEQ) in samples
without specific industrial contributions [3]. Therefore, the levels found in compost are
normally lower as well, although some recent Chinese samples showed levels higher than
the limit proposed for land application [22].
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The specific conditions which favor the enzymatic formation of these types of com-
pounds have not been clearly determined until now. Variations of nearly tenfold have been
observed in PCDD/F levels of compost samples collected from various locations within
the same composting plant [23]. The enzymatic formation depends on the presence of pre-
cursors (specifically chlorophenols) from sewage sludge or sawdust, and therefore on the
initial materials used, and the operating conditions (aeration, humidity, aerobic/anaerobic,
etc.) [22]. Different points of the composting plant could have different conditions, and the
sample heterogeneity plays an important role. Mufioz et al. [24] observed that inappropri-
ate aeration and the presence of PCP caused a notable rise in OCDD levels. Weber et al. [20]
also observed HpCDD and OCDD formation during anaerobic treatment of sewage sludge.
No study reported the removal or degradation percentage for PCDD/Fs during sludge
composting, which might be attributed to the elevated levels of HpCDD and OCDD.

Most papers highlighted the PCDD/F formation but did not pay much attention to
PCBs (they did not observe a clear formation in the conditions studied or did not analyze
them) [19,25,26], despite being closely related to PCDD/Fs. Some of them,
12 congeners, are identified by the World Health Organization (WHO) as having dioxin-like
properties, so they are called dioxin like-PCBs. Nevertheless, Mufioz et al. [27] observed a
high contribution of PCBs to the total toxicity due to PCDD/Fs and PCBs in composted
samples from MSW (although the toxic concentrations were low and did not present great
environmental concern). Therefore, PCBs must be also considered.

Nevertheless, proper composting conditions lead to PCDD/F biodegradation and
can be used for remediation of dioxin-contaminated soils, as was demonstrated by Huang
et al. [28] and Tran et al. [29]. These authors obtained a removal efficiency of 75 an 81%,
respectively, after 35 days of aerobic co-composting of food waste with PCDD/F contami-
nated soil. The highest biodegradation rate was observed during the thermophilic phase,
where bacterial activity was at its peak. Other authors found similar results using simulated
compost-amended landfill reactors under hypoxic conditions [30]. Other authors used
a semi-aerobic, mesophilic, fed-batch composting (FBC) reactor loaded with household
garbage to remove PCDD/Fs [31]. The bacteria “Dehalococcoides” and its phylogenetic
relatives of Chloroflexi were proposed as the possible dechlorinators. The proper aeration
conditions for the PCDD/F biodegradation are not defined, although promising results
were obtained in different conditions. White rot fungi, and specifically the enzyme man-
ganese peroxidase they secrete, have been found to be crucial in PCDD/F degradation
from contaminated soils [32-34]. In some cases, the removal mechanism was found to be
biased towards oxidation rather than dehalogenative reduction. It is noticeable that fungal
growth is inhibited by high PCDD/F concentrations.

The aim of this work was to study the formation/degradation of PCDD/Fs and dioxin
like-PCBs during the composting process of sewage sludge with the presence of PCP and
inappropriate aeration, so the mixtures could simulate the lumps which are not well mixed
in a composting plant. Inappropriate aeration causes a higher PCDD/F formation for these
kinds of materials according to the literature. A simple method at laboratory scale was
used, and different parameters were studied: type of sludge and phase of the process.
Previous results corresponding to PCDD/F levels after 40 days of composting indicated a
formation, so it was considered interesting to study possible changes during the maturation
stage from 40 to 70 days in this work and compare them to the previous results. In addition,
it was considered interesting to add PCB results, so in this case samples were analyzed at
the beginning of the composting process, at 40 days and at 70 days in this study. The results
obtained will help define the controls that must be carried out during the composting
process so that this material can be completely beneficial for the soil.

2. Materials and Methods
2.1. Sewage Sludge and Initial Mixtures

Three different types of sewage sludge were used for the experiments. They originated
from different wastewater treatment plants (WWTPs) in the province of Alicante (Spain)
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which collect sanitary water and rainwater and can collect direct discharge with tanker
trucks upon request. The WWTDPs serve different areas with different industrial loads and
population. Therefore, sludge samples corresponded to rural, urban and urban-industrial
areas (hereafter R, U and Ul sludge, respectively). Table 1 illustrates the characteristics of the
WWTPs from which the three sludge samples originated. All of the samples derived from a
mixture of primary and secondary decantation treatments, The secondary decantation had
a previous biological reaction stage involving activated sludge. The WWTP where R sludge
was produced carried out physical-chemical treatment of coagulation and flocculation
prior to the biological degradation. In addition, this sludge was chemically stabilized with
Ca(OH),. The other two samples, U and UlI, were subjected to a stabilization treatment
using anaerobic digestion due to their higher contaminant load.

Table 1. Characteristics of the WWTPs of origin [35].

Characteristic Sludge R Sludge U Sludge UI
Water flow (m3/d) 11,142 36,501 48,627
Population served
(Inhabitant equivalent) 86,739 240,216 285,719
Type of area Rural Urban Urban—industrial
SS inlet water (mg/L) 364 428 389
BOD:s inlet water (mg/L) 530 487 393
COD inlet water (mg/L) 897 869 767
Total N inlet water (mg/L) 98.80 70.25 78.10
Total P inlet water (mg/L) 11.31 8.90 12.64

Water treatment

Preliminary treatment
Physical-chemical treatment
and primary sedimentation
Activated sludge

Preliminary treatment Preliminary treatment

Primary sedimentation Primary sedimentation

Activated sludge
Phosphorus and nitrogen
removal and secondary
sedimentation

Activated sludge

Phosphorus removal and

. . Secondary sedimentation
secondary sedimentation

Disinfection by chlorination

Disinfection by chlorination and ultraviolet light

Disinfection by chlorination

Sludge treatment

Gravity and flotation
thickening
Lime stabilization
Centrifuge dewatering

Gravity and flotation
thickening
Anaerobic digestion
Centrifuge dewatering

Gravity and flotation
thickening
Anaerobic digestion
Centrifuge dewatering

Note: BODs: Biochemical Oxygen Demand for 5 days; COD: Chemical Oxygen Demand.

The samples of sewage sludge were first air-dried from around a water content of
85% until 30% to better mix the materials. Then, they were mixed with bulking agents:
sawdust and straw. The mixture comprised 80% sewage sludge and 20% bulking materials:
14% sawdust and 6% straw (volume percentages based on wet materials and assuming
a 30% water content for sludge). This specific composition was selected according to a
previous study of our group [24] to ensure a sufficient temperature increase to 60 °C during
the initial days and achieve acceptable fermentation. This fermentation was related to the
evolution of CO,, denoted by a concentration of the inorganic material (ash).

Once the three initial mixtures were prepared, their moisture content was adjusted to
65% by spraying water to ensure adequate moisture for the process without compromising
aeration. PCP (Sigma-Aldrich, Darmstadt, Germany, 99% certified) dispersed in water was
added as dioxin precursor to achieve 100 mg PCP/kg dry mixture. This compound can
be found in the initial materials, e.g., 2.8-12.0 mg/kg in sawdust [36], but it was added
in excess to contaminate samples with PCP and to observe a possible formation more
clearly. The concentration of PCP was selected based on values in the literature for in vitro
PCDD/F formation from PCP, specifically those obtained when the reaction was catalyzed
by peroxidases typical of sewage sludge composting, with values up to 7-10% ng OCDD/kg
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PCP [18]. Then, with 100 mg PCP/kg mixture, the OCDD formation could be around
8000 ng/kg sample. Mixing was carried out manually for a sufficient duration to ensure
homogeneity. Before composting, 10 g of each mixture was analyzed for the PCDD/F and
PCB content in the initial samples.

The characterization of those initial mixtures is shown in Table 2. This is useful
for determining the C/N ratio before composting, which is an important parameter for
the process, and appreciating differences between sludge samples. The C, H, N and S
contents were determined using a Carlo Erba CHNS-O EA 1108 analyzer (Triad Scientific,
Manasquan, NJ, USA), which was used to carry out complete oxidation and analysis of
resultant gases by gas chromatography. The content in other elements was analyzed by
X-ray fluorescence by a sequential spectrometer PHILIPS MAGIX PRO (Philips Analytical,
Almero, the Netherlands) equipped with a rhodium X-ray tube and beryllium window.
The results are expressed as weight percentage with respect to dry matter, and the rest
up to 100% mainly corresponds to oxygen. The Ca content was high in the mixture with
sludge from a rural area stabilized with Ca(OH)y, as expected, and N and K showed lower
levels for this sample. On the other hand, sludge from an urban-industrial area showed
slightly higher levels of some metals such as Fe, Si and AL

Table 2. Elemental composition of the initial mixtures.

Element Content in Initial Mixture (%)
Sludge R Sludge U Sludge UI
C 39.5 40.2 39.6
H 54 5.7 5.4
N 1.8 4.6 3.8
S <0.1 1.0 0.8
Ca 15.8 6.3 9.1
Fe 1.3 2.9 5.0
Si 1.0 2.3 2.8
P 2.7 4.0 2.7
Al 0.4 12 1.4
Mg 1.0 1.1 1.1
Na <0.1 0.5 0.5
K <0.1 0.6 0.3
Ti 0.2 0.3 0.2
Cl 0.1 <0.1 0.1
Ba <0.1 <0.1 0.1
Sr <0.1 0.1 0.1
n <0.1 <0.1 0.1
Cu <0.1 <0.1 <0.1
Mn <0.1 <0.1 <0.1
Zr <0.1 <0.1 <0.1
Ga <0.1 <0.1 <0.1

2.2. Laboratory Runs

Two identical 250 mL polyethylene containers with lids were filled with each mixture
up to 4/5 of the total volume in order to produce replicates. The lids had been previously
perforated homogeneously, and therefore non-aerated conditions, probably semi-anaerobic
conditions, were achieved. In this way, the mixtures could simulate the lumps which
are poorly mixed in a composting plant. The six containers were placed inside a conven-
tional oven with natural convection (UNB100, Memmert GmbH + Co0.KG, Schwabach,
Germany). Additional containers filled with water were also placed in the oven to maintain
atmospheric humidity during the experiment, and water was periodically added to the
samples to counteract the possible moisture loss through evaporation. A diagram of the
experimental configuration can be observed in Figure 1.
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Thermocouple for
temperature control

Thermocouple :
to measure the

actual temperature

Composting vessels

Watervessels

Figure 1. Diagram of the experimental setup.

The oven temperature was adjusted manually to simulate the temperatures reached
in the composting process, ensuring that it remained above 60 °C for a minimum of 10
days, followed by a gradual decrease until 40 days (end of the composting process). Finally,
the temperature was kept at around 30 °C for 30 more days (maturation phase). Figure 2
shows the temperature profile in the oven.

80 -

40 -

Temperature (°C)

20 -

0 - T T T T T
10 20 30 40 50 60 70

<

Time (days)

Figure 2. Temperature profile during the experiments (adapted from Mufioz et al. [24] with permission
from Science of the Total Environment; published by Elsevier, 2018).

Table 3 summarizes the different composting runs carried out. For each one, three
samples of 10 g were collected for PCB analysis: an initial one, one sample taken from the
vessel after 40 days and one ample taken after 70 days. Therefore, 18 samples were analyzed
in total. The PCDD/F levels in the initial samples and those obtained at 40 days were
previously studied [24] and are used in this paper for comparison as well as those obtained
in experiments without PCP. PCDD/F levels after 70 days were analyzed in this study.
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Table 3. Description of runs.

Experiment ID Description

R-PCP Sludge from rural area, with PCP addition

R-PCP-r Sludge from rural area, with PCP addition, replicate
U-PCP Sludge from urban area, with PCP addition

U-PCP-r Sludge from urban area, with PCP addition, replicate
UI-PCP Sludge from urban-industrial area, with PCP addition
UI-PCP-r Sludge from urban-industrial area, with PCP addition, replicate

2.3. Sample Analysis

Samples were either analyzed immediately upon collection or frozen for up to one
month prior to analysis to stop the composting process.

The moisture content was necessary to express results of PCDD/F and PCB contents
on a dry basis, so that water did not influence the final results. This was obtained by drying
at 105 °C for 24 h.

The ash content was also important since the ratio between composted material ash
and the initial material ash (both on dry matter) indicated the concentration degree of the
organic material due to the biodegradation process. The ash content was determined in a
Heron 12PR /300 muffle furnace (Hobersal, Barcelona, Spain) at 900 °C for 8 h.

The analysis of the 17 toxic tetra- through octa-chlorinated 2378-substituted PCDD/Fs
and the 12 dioxin-like PCBs (non-ortho and mono-ortho congeners) was based on the US
EPA method 1613 [37], as detailed in a previous study [24]. Wet samples were spiked
with the internal standard solutions EPA-1613 LCS and WP-LCS (Wellington Laboratories
Inc., Guelph, ON, Canada) and left with anhydride sodium sulfate for a minimum of 3 h.
Subsequently, they were extracted in toluene using accelerated solvent extraction with a
Dionex 100 apparatus (Dionex Corp., Sunnyvale, CA, USA). After an acid-basic wash, a
multi-column clean-up was carried out using an FMS Power Prep TM System (FMS Inc.,
Boston, MA, USA) to eliminate interference and fractionate analytes. Prior to the analysis,
the recovery standards >*C PCDDs and '*C PCBs (Wellington Laboratories Inc., Guelph,
ON, Canada) were added. A Thermo Finnigan MAT95 XP High Resolution Mass Spectrom-
eter with a positive electron impact (EI+) source coupled to a Thermo Finnigan TRACE GC
2000 Chromatography apparatus (Thermo Fisher Scientific, Waltham, MA USA) was used
for the analysis of compounds. A J&W DB-5MS column (60 m x 0.25 mm x 0.1 um) was
employed for the separation of the specific isomers of PCDD/Fs and a DB-XLB column
(60 m x 0.25 mm x 0.25 um) for PCBs.

The toxicity values are expressed as WHO,p5-TEQ based on WHO,(5 TEF toxicity
factors [38].

2.4. QA/QC

Blank samples with anhydride sodium sulfate were analyzed to identify possible
interference. PCDD/F and PCB levels of the blanks were much smaller than those of
the samples. Quality assurance and quality control (QA/QC) specifications used for
identification of each congener are described in our previous work [24]. The recovery
percentages of all congeners were within the limits specified by the US EPA Method
1613 [37]; most of them were 80-90%. The minimum concentration of PCDD/Fs and PCBs
detected was 0.1 ng/kg sample.

3. Results
3.1. Degradation of Material

A degradation process occurred inside the vessels, as can be observed from Table 4.
In all cases, the ash content increased from the beginning to 40 days, whereas no clear
increase was observed between 40 days and 70 days (which corresponds to the maturation
stage). The main degradation was produced during the first 40 days. Differences between
replicates are notable due to the heterogeneity of these kinds of samples. This could also be
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the cause of the decrease in ash that seems to be observed in some samples between 40 and
70 days.

Table 4. Ash content and concentration degree during the process for all runs.

. Ash Initial Ash40d Ash70d . .
Experiment Sample Sample Sample Concentration Concentration
ID D 4 D 7

(%) %) %) egree 40 d egree 70 d
R-PCP 234 46.2 32.3 1.97 1.38
R-PCP-r 23.4 33.7 35.0 1.44 1.49
U-PCP 19.6 27.5 31.1 1.40 1.58
U-PCP-r 19.6 38.2 26.2 1.95 1.33
UI-PCP 247 38.4 37.9 1.55 1.53
UI-PCP-r 24.7 30.3 27.2 1.23 1.10

The concentration degree of organic matter is also shown in Table 4 and was calculated
by dividing the ash content of the composted sample by the ash content of the initial
mixture. This indicates the concentration of ash and other remaining components during
fermentation, considering the loss of CO,, NH3 and dry matter, as well as H,O [39]. Note
that the concentration degree is normally around 1.5 in these experiments. This was used
to refer all results of PCDD/F and PCB content to the initial mixture mass, thus removing
the effect of mass concentration, which indicates whether formation takes place.

3.2. PCDD/F Formation

Figure 3 shows the PCDD/F levels obtained in the initial mixture and the final ones
taken at 40 d (end of fermentation process) and at 70 d (end of maturation stage). All
results refer to the initial sample mass. From this figure, it is deduced that there was a clear
formation of OCDD in the three compost experiments when PCP was added, especially
important after 70 d, when the fermentation process had supposedly finished. Levels in
these samples were around 10 times higher than those of the initial mixture (724-962%
increase, depending on the sample), as can be also observed in Figure 4. This means that
special attention must be paid to the maturation phase, where the product is not normally
aerated. After Student’s t-test, the difference between the OCDD levels before and after
composting at 70 d (referring to the initial sample mass) was significant with a p-value of
0.000022.

The same behavior was observed for the three sewage sludge experiments and their
replicates. It is remarkable that the urban sludge showed the highest increase in OCDD
after 40 d, which was not the case for the other types of sludge. Nevertheless, all samples
showed similarly high levels after 70 d.

There is also a significant formation of 1234678-HpCDD (82-235% increase depending
on the sample, p-value 0.02), more pronounced from 40 d to 70 d of composting, and
possibly of 1234678-HpCDF (14-144% increase but non-significant with a p-value of 0.18)
and OCDF (21-201% increase but non-significant with a p-value of 0.23). However, the for-
mation of these congeners is much lower than that of OCDD. Other congeners showed very
low values or were not detected, and their formation was not significant (p-values > 0.05).
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Figure 3. PCDD/F levels in initial samples and those taken at 40 and 70 days of processing. Results
refer to the initial sample mass. Experiments with sludge from different types of area: (a) rural area;
(b) urban area; (c) urban—industrial area. Error bars correspond to the standard deviation.
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M Sludge from urban area (U)

M Sludge from urban—industrial
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I I Formation
o N . .

l Degradation
R(40d) R-PCP R-PCP U(40d) U-PCP U-PCP UI (40d) UI-PCP UI-PCP
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[+]

Figure 4. Ratio OCDD levels obtained in the 40 d and 70 d samples compared to OCDD in the initial
samples, with and without the addition of PCP. All results refer to the initial sample mass. Error bars
correspond to the standard deviation.

Since OCDD is the congener with the most significant increase, Figure 4 shows the
ratio between the final and initial OCDD levels (considering final samples from 40 days of
processing and from 70 days separately) in order to depict the differences more clearly. All
values refer to the initial samples to remove the concentration effect of remaining material.
In the same figure, values from samples composted for 40 days without addition of PCP
are shown (R, U and UI) for comparison. They were taken from Mufioz et al. [24]. A clear
OCDD formation can be observed in samples with PCP for all kinds of sludge, whereas no
formation was found without PCP addition. Therefore, removing dioxin precursors during
wastewater treatments can be considered crucial to avoiding their formation during sludge
composting even in the most unfavorable conditions.

3.3. PCB Formation

Figure 5 shows the dioxin-like PCB levels obtained in the initial mixture and the final
ones taken at 40 d (end of fermentation process) and at 70 d (end of maturation stage).
All results refer to the initial sample mass. No clear formation was observed, since levels
seemed to decrease from the beginning to the end of the fermentation phase at 40 d, but
they increased again during the maturation phase, showing a similar trend for all the
congeners. The experiment with rural sludge (R) showed the lowest increase.

PCB-118 was the congener with the highest levels and is considered as one of the
marker PCBs by the International Council for the Exploration of the Seas (ICES). Figure 6
shows the ratio between the final and initial PCB-118 levels as an example (considering
final samples from 40 days of processing and from 70 days separately) in order to observe a
possible formation more clearly. All values refer to the initial samples to remove the con-
centration effect of remaining material. In the same figure, values from samples composted
for 40 days without addition of PCP are shown (R, U and UI) for comparison. It seems
that there was a possible formation of this compound during composting for two samples
with PCP, but the increase observed is much lower than that produced for OCDD (13-66%
increase, p value 0.53). The rest of the congeners also showed p-values higher than 0.05),
and therefore non-significant formation was observed.
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Figure 5. Dioxin-like PCB levels in initial samples and those taken at 40 and 70 days of processing.
Results refer to the initial sample mass. Experiments with sludge from different types of area: (a) rural
area; (b) urban area; (c) urban—industrial area. Error bars correspond to the standard deviation.
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Figure 6. Ratio PCB-118 levels obtained in the 40 d and 70 d samples compared to PCB-118 in the
initial samples, with and without the addition of PCP. All results refer to the initial sample mass.
Error bars correspond to the standard deviation.

3.4. Total Levels and Toxicity due to PCDD/Fs and PCBs

Table 5 shows the PCDD/F and PCB levels in the initial samples and in the final
ones taken at 70 days as they would be applied to the soil (not referring to the initial
sample mass) and the WHO,(05-TEQ toxicity levels. The increase in concentrations of
1234678-HpCDD and OCDD during the composting process is noteworthy, taking into
account that this material would be used in agriculture. Nevertheless, the toxicity values
can be considered low for all samples. The values found in the initial mixtures ranged
between 1.20 and 2.46 ng TEQ/kg, and those from the final samples ranged between 2.30
and 7.86 ng TEQ/kg. The contribution of each congener to the total toxicity can be observed
in Table S1 of the Supplementary Information. The contribution of OCDD is low due to its
lower toxicity factor compared to other congeners, thus going from 0.04-0.08 ng TEQ/kg in
the initial samples to 0.57-0.69 in the final ones. The most toxic congeners, 2378-TCDD and
12378-PeCDD, are just found in three samples, causing a considerable but still low increase
in the total toxicity. Dioxin-like PCBs showed a higher contribution for the composted
sample from urban-industrial sludge (UI) due to PCB-126 and PCB-169, which are the most
toxic PCBs. The marker PCB-118 has a low toxicity compared to the previous congeners,
and its contribution to the toxicity is only notable for the UI sample, in spite of having
higher levels for all samples.

I-TEQ toxicity values are also shown in Table 5 to facilitate the comparison with other
authors, although they do not take into account the dioxin-like PCBs. The OCDD toxicity
factor with this international standard was higher than those obtained from the WHO
standard. Therefore, considering only PCDD/Fs, I-TEQ values were slightly higher than
WHO-TEQ values.
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Table 5. Total levels and toxicity due to PCDD/Fs and dioxin-like PCBs in the initial samples and the
70 d composted ones.

ng/kg Dry Mass ng/kg Dry Mass
(Initial Samples) (70 d Samples)

R-PCP U-PCP UI-PCP R-PCP  R-PCP-r U-PCP  U-PCP-r UI-PCP  UI-PCP-r
2378-TCDF 0.3 0.4 0.6 <0.1 <0.1 0.7 0.6 12 17
1237,8-PeCDF 0.3 0.2 0.3 0.8 <0.1 <0.1 <0.1 0.1 0.6
23478-PeCDF 0.3 0.2 0.3 0.8 0.1 <0.1 <0.1 <0.1 1.0
123478-HxCDF 0.6 0.4 0.6 1.1 0.2 0.9 <0.1 <0.1 1.6
123678-HxCDF 0.4 0.2 <0.1 0.7 <0.1 0.4 <0.1 0.6 0.8
234678-HxCDF 0.4 <0.1 0.4 1.0 <0.1 0.5 <0.1 <0.1 1.3
123789-HxCDF 0.3 0.1 0.3 0.9 <0.1 <0.1 <0.1 <0.1 <0.1
1234678-HpCDF 4.5 3.0 5.9 8.8 7.4 11 11 20 16
1234789-HpCDF 2.1 0.7 1.4 3.2 <0.1 1.7 0.9 <0.1 <0.1
OCDF 8.6 17 18 26 33 29 35 71 73
2378-TCDD 0.1 0.1 0.1 0.1 <0.1 <0.1 3.9 <0.1 <0.1
12378-PeCDD <0.1 <0.1 0.1 1.0 <0.1 <0.1 <0.1 <0.1 0.9
123478-HxCDD 0.5 0.3 0.2 1.0 <0.1 <0.1 <0.1 <0.1 <0.1
123678-HxCDD <0.1 0.1 <0.1 1.6 <0.1 13 <0.1 <0.1 <0.1
123789-HxCDD 0.1 0.1 0.4 1.0 <0.1 0.3 <0.1 <0.1 <0.1
1234678-HpCDD 16 12 21 41 50 60 69 69 64
OCDD 145 135 181 1914 2200 2210 2294 1949 2083
Total-PCDFs 18 22 27 43 40 45 48 93 96
Total-PCDDs 161 148 203 1960 2250 2272 2367 2019 2148
TOTAL
PCDD/Fs 179 171 230 2003 2291 2316 2415 2112 2244
PCB-77 38 26 186 63 80 80 83 524 470
PCB-81 4.6 3.4 19 1.3 3.3 2.1 2.3 22 18
PCB-126 11 4.0 11 1.8 438 11 11 19 19
PCB-169 8.7 7.0 13 11 16 13 43 117 58
PCB-105 91 128 392 158 196 340 349 937 869
PCB-114 6.7 9.5 28 12 14 19 23 47 52
PCB-118 242 322 818 383 474 792 816 1908 1779
PCB-123 20 28 82 20 31 42 44 104 124
PCB-156 54 154 196 108 139 294 327 444 428
PCB-157 13 17 32 16 21 40 47 61 57
PCB-167 31 65 130 53 69 162 180 273 250
PCB-189 12 20 28 22 20 59 65 102 100
Total-PCBs 531 783 1936 849 1069 1853 1990 4558 4224
Toxicity
PCDD/Fs + PCBs 2.04 1.20 2.46 3.67 2.30 3.33 7.86 7.23 6.98
WHO205 TEQ
Toxicity
PCDD/Fs 0.83 0.69 1.11 4.19 2.88 3.38 7.08 3.10 4.46
I-TEQ

4. Discussion
4.1. PCDD/F Formation

Our results indicating OCDD formation and 1234678-HpCDD formation to a lesser
extent, especially during the maturation stage, are in accordance with those obtained by
other authors. Malloy et al. [19] observed an important increase in the PCDD/F levels
during composting, especially for compounds with a greater number of chlorine atoms such
as OCDD. They studied sewage sludge samples contaminated with PCP and composted
samples taken after the maturation stage. Similar results were obtained by Rullan et al. [40],
who observed a high contribution of HpCDD and OCDD for compost samples taken after
the maturation stage. They did not precisely measure the composting stage where the
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formation was higher and gave the results at the end of the whole process. However, Ng
et al. [26] found progressively elevated levels of these kinds of POPs in the compost samples
during the fermentation process (weeks 0-8), not paying attention to the maturation stage.
Again, analysis of the congener profiles revealed that the heptaCDD and octaCDD were the
main contributors to the observed increase in dioxin/furan content. This profile is typical
of enzymatic formation of PCDD/Fs from PCP, as demonstrated in the literature [18]. The
maturation phase is not normally considered important in the formation of POPs, contrary
to our results. However, Lazzari et al. [41] observed the increase in other pollutants, priority
PAHs, in this phase of sludge composting due to the mass reduction (around 40-60%) and
low degradation/volatilization rates of some high molecular weight PAHs.

The non-aerated conditions during composting seem to play an important role for
the PCDD/F formation. In a previous work, we carried out composting experiments with
one of the samples studied in the present work, with added PCP and forced aeration
conditions [24]. As a result, no PCDD/F formation was observed, contrary to what is
observed under conditions of poor aeration.

The type of area the samples derive from could be important for the formation process.
Grossi et al. [42] found high levels of PCDD/Fs in compost samples from MSW that were
above the acceptable levels, especially in compost from metropolitan areas. In our work,
compost samples from an urban area (U) showed higher OCDD/F formation during the
first 40 days. In the case of sewage sludge, after comparing the effect of adding PCP, we can
generally state that wastewater with high levels of dioxin precursors is prone to causing
elevated dioxin levels during sludge composting.

4.2. PCB Formation

In our work, neither clear formation nor degradation of PCBs was observed, but rather
fluctuation. Lii et al. [22] highlighted that recalcitrant PCBs are difficult to degrade during
composting, resulting in a low removal or even an increase, thus posing potential risks
for land application. This might be partly related to the strong sorption of PCBs onto
organic matter during sludge composting and to the mass reduction. For example, Gibson
et al. [43] reported 11.7% of removal, whereas Lazzari et al. [15,41] observed an increase
by 37% during the whole composting process. The bulking agents, composting methods
and processes influence the differences in results. Note that the mass reduction effect was
removed in our study. It has been demonstrated that, in soil, microbial degradation of PCBs
occurs significantly only after 12 months [44].

Ng et al. [26], who also found that mean concentrations of PCBs fluctuated throughout
the fermentation process (weeks 1-8) with no clear temporal trend of change, analyzed
the congener profiles. They revealed that PCB-118, PCB-105 and PCB-156 were the main
contributors to the observed increase in dioxin-like PCB content during weeks 0—4. They
are also the main contributors in our work, from the beginning of the process until the end,
especially PCB-118, one of the marker PCBs.

Regarding the influence of aeration conditions, since we did not observe PCDD/F
formation under forced aeration in a previous work [24], presumably, there would also be
no formation of PCBs.

4.3. Toxicity due to PCDD/Fs and PCBs

All samples showed toxicity values below the lowest limit values found for PCDD/Fs,
17 ng/kg with units of I-TEQ as proposed guideline value [45] and 20 ng TEQ/kg as
regulation in some European countries [6]. The limit values for PCBs normally refer to
different congeners from those studied in our paper, such as the value 0.2 mg/kg set
in Denmark for the sum of seven congeners: PCB-28, 52, 101, 118, 138, 153 and 180 [6].
Therefore, we considered dioxin-like PCBs together with PCDD/Fs so that both contributed
to the value to be compared with the TEQ limit.

Our results of toxicity due to PCDD/Fs and PCBs, 2.30-7.86 ng WHO-TEQ/kg in
the final samples after 70 d, are in accordance with the literature. Ng et al. [26] found



Water 2024, 16, 1545

15 of 17

References

similarly low levels in matured livestock compost for sale. The mean concentrations
(lower—upper bound) of total dioxins/furans, total dioxin-like PCBs and total PCBs were
2.01-2.05 ng I-TEQ/kg dry mass, 0.04-0.05 ng WHO-TEQ/kg dry mass and 1.55 ug/kg
dry mass, respectively. On the other hand, a study carried out with 88 compost samples
from 16 European countries (eight different types/categories) indicated good quality of
the composts at the European level in general. Few of the samples exceeded the most
conservative limits applied within different countries. PCDDs/Fs and dioxin-like PCBs
were detected at generally small concentrations, ranging from 2.9 and 15.1 ng WHO-
TEQ/kg for PCDD/Fs and 14-130 ng WHO-TEQ/kg for PCBs [46]. The current restrictions
regarding PCBs and PCP in wood preservatives may contribute to the low levels in compost
samples from some countries. Nevertheless, it would be desirable for persistent organic
pollutants contained in sewage sludge to be degraded to produce a safer product. Therefore,
the degradation pathway during sludge composting must be investigated.

5. Conclusions

A remarkable increase in PCDD/Fs, specifically OCDD, was noted for all samples
with previously added PCP. One could conclude that this is simply due to the effect of a
reduction in the amount of material during the composting process. However, the results
refer to the initial sample mass, and this effect has been removed. The OCDD concentration
increased during the first 40 days and continued during maturation.

No clear formation nor degradation of PCBs was observed. The differences are
probably due to heterogeneity.

The TEQ values obtained are not worrying, and it can be said that compost from
sewage sludge is an ecological product, but the operating conditions must be controlled
even in the maturation stage since PCDD/F formation is possible.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w16111545/s1, Table S1: Toxicity levels due to PCDD/Fs and
dioxin-like PCBs in the initial samples and the 70 d composted ones.
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