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Abstract: One of the methods of managing sewage sludge (SS) is its soil application. This possibility
is promoted by the chemical composition rich in organic matter and nutrients. However, heavy metal
contents in SS must meet respective permissible limits. Among the heavy metals in SS, Cu and Zn
are found in the largest amount; thus, this study focuses on these elements. The main aim of the
study is to investigate the quantitative distribution of metals in sequentially separated fractions of
sewage sludge. Additionally, the potential risk of environmental contamination with heavy metals
was assessed in the case of SS application for agricultural purposes. The relevant analyses were
conducted on four different examples of municipal SS. Based on the total amounts as well as those
determined in the SS fractions, the following indices were calculated: Igeo (geoaccumulation index),
ICF, (individual contamination factor), and RAC (risk assessment code). The use of data from the
sequential analysis as well as the calculated indices made it possible to assess the usefulness of SS in
practice in terms of potential introduction of Cu and Zn into the environment with the sludge dose.
It was found that total Cu (Cugot) and Zn (Znyot) did not exceed the permissible limits binding within
respective Polish and international regulations. Regardless of the years of study and the analyzed
SS, Cuyot ranged from 260.9 to 393.5 mg~kg*1, and Znyot from 475.5 to 1153.1 mg-kgfl. The amounts
of Cu and Zn were predominantly reducible (bound to iron and manganese hydroxides, Fr. II) and
oxidizable complexes (bound to organic matter and sulfides, Fr. III). The average amounts of Cu in Fr.
II ranged from 149.4 to 172.4 mg-kg_l, while those of Zn in Fr. Il ranged from 370.9 to 754.6 mg~kg_1.
Cu amounts in Fr. III were from 160.9 to 183 rng-kg_1 and Zn amounts in Fr. IIT were from 104.9 to
171.9 mg-kg~!. Total content of metals as well as TOC values strongly determined the quantitative
level of both elements in the SS fractions. Generally, with the increase in the total amount of metals,
their levels in the sludge fractions increased. In turn, the increase in TOC resulted in a decrease in the
amounts of Cu and Zn in the sludge fractions. Calculated Igeo and ICF ratios showed high and very
high SS contamination with Cu and Zn. Ige, values for Cu, regardless of the year of study and sludge
sample, that ranged from 4.62 to 5.43 and for Zn from 3.41 to 4.86. At the same time, the ICF values
for Cu ranged from 8.59-23.04, and for Zn 15.42-44.47. The RAC values indicated a low (Cu) and
medium (Zn) risk of using SS in terms of the potential metal availability in the environment. The
RAC values ranged from 1.46 to 4.40% for Cu and from 9.63 to 23.13% for Zn.

Keywords: waste biomass; sequential method; metals; geoaccumulation index (Igeo); individual
contamination factor (ICF); risk assessment code (RAC)

1. Introduction

Copper and zinc belong to the group of chalcopyrene elements, found in ores mainly in
the form of sulfides. These metals are common in nature, together with other cyclic elements,
and constitute as much as 99.9% of the Earth’s crust [1]. In addition to their considerable
economic importance, both elements are microelements essential for the health of humans,
animals, and plants. Zinc and copper are mainly loaded with industrial wastewater from
such industry branches as metallurgy, textile, paint and fertilizer production, as well as
manufacture of plant protection products and plastics. In municipal sewage sludge, the
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presence of Cu and Zn is primarily associated with the corrosion of copper and galvanized
pipes and is also the result of the use of dietary supplements, cosmetics, or medicines
by humans [2-5]. Heavy metals in wastewater are found in various forms, which is
mainly due to their biogeochemical character. Additionally, according to Ziolko et al. [6],
most metals in wastewater can be associated with three major sub-fractions: surface-
bonded organic ligands, insoluble matter, and soluble organic ligands. The ability to form
various fractions is used in the process of purifying wastewater from impurities. During
the municipal wastewater treatment process, not only biogenic compounds (C,N,P) are
removed, but also heavy metals. Ziolko et al. [6] or Sylwan and Thorin [7] described these
issues in detail, emphasizing the importance of the sedimentation process during the initial
mechanical treatment of wastewater. More complex processes are involved during the
stage of biological wastewater treatment by activated sludge, such as binding of soluble
metals to bacterial walls and extracellular polymers, active cellular uptake of soluble metals
by the bacteria cells, or volatilization of metal to the atmosphere. Additionally, metals
may be transferred from wastewater during chemical precipitation of phosphorous and
during sludge stabilization in fermentation chambers [6]. In addition, during the sewage
sludge dewatering process, at least partial removal of heavy metals from the sludge can be
expected, although this largely depends on the type of processes used [8]. According to the
cited authors [8], the obtained centrate may contain high contents of N and heavy metals,
mainly Zn, Cu, Ni, and Pb, which was confirmed in the study carried out by these authors
inrelation to Zn. In general, the cited studies found low metal concentrations in the centrate,
which was explained by the authors in view of special factors resulting from low redox
conditions and neutral pH. These conditions are conducive to the formation of insoluble
complexes, leaving the dissolved state. Moreover, with an increasingly negative surface
charge during the process, sludge flocs are likely to exert strong electrostatic attraction
toward cationic metals and metalloids, thus promoting adsorption to the sludge surface [8].

Due to the multitude of processes, by which metals can be transferred from wastewaters
to sludge, as well as the fact that these pollutants are not subject to decomposition, they may
be readily accumulated in the product of municipal wastewater treatment, i.e., sewage sludge.
Thanks to the technological progress and the increased populations having access to the sewage
system, the mass of sewage sludge produced is increasing, which is particularly noticeable
in Europe, North America, and East Asia [9]. Of course, such a tendency has positive effects
in terms of protecting aquatic ecosystems, but it also creates a problem with management of
the biomass of such waste. According to Shaddel et al. [10], the management of SS varies in
different countries due to dissimilar social, economic, and technical contexts. The authors
cited above [10] listed common strategies such as no recycling (landfill, storage), substance
reuse (land use), substance conversion (composting, anaerobic digestion, incineration), and
energy recovery. Regardless of the various possibilities, low-cost methods are still chosen,
which are not always in line with the principles of environmental protection. Presently,
land application as a major route for SS utilization in the EU has been banned in several
countries, or limited only to its use for reclamation purposes. However, in many countries
around the world (the USA, China, South Korea), sewage sludge is successfully used
for agricultural purposes, in view of the SS chemical composition rich in organic matter
and nutrients [11-13], and thus it contributes significantly to the improvement of soil
fertility [14-16]. However, when SS is applied repeatedly, there is a possibility of heavy
metal accumulation in soil and the resulting incorporation into the food chain. To minimize
the negative impacts of adding SS to soil, the EU passed the European Directive [17] as
an SS management measure, specifying the content limits of heavy metals both in soil
and SS [18]. A similar legal regulation exists in Poland [19]; it specifies the conditions for
SS use and criteria regarding hygienization and thresholds of heavy metal contents both
in soil and SS. Compliance with these legal provisions is important because according to
statistical data [20], sewage sludge management in Poland is based on its agricultural use
as an alternative to organic manure, or sewage sludge is subject to co-composting. The
aforementioned legal regulations, both Polish and EU, limit the level of heavy metals in
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SS based on their total amounts. Of course, this is essential information, and the total
contents of heavy metals in SS can provide important but general knowledge. However,
toxicity, mobility, bioavailability, and geochemical processes of metals in the environment
depend strongly on their geochemical fraction [11,21-23]. Generally, metals can be found in
various forms: water-soluble, exchangeable, carbonate-bound, bound to Mn, Fe oxides and
hydroxides, bound to organic matter, or they appear in the residual fraction. The sequential
extraction procedure is performed with increasingly aggressive solutions of the reagent.
For each step there is a selected reagent capable of eluting the group of metal compounds
with strictly known properties—for example, susceptibility of a given element to solubility
and mobility. The BCR method, the most popular among the sequential techniques and
very frequently used for various matrices, defines four main fractions: exchangeable,
bound to iron and manganese oxyhydroxides, bound to organic matter and sulfides, and
residual. Among them, the first two are the most important because metals in these
combinations are the most mobile and accessible to plants, while they may also be subject
to secondary accumulation on SS colloids [22,23]. Knowledge of geochemical fractionation
through sequential extraction is essential for understanding of the physical and chemical
behavior of heavy metals for proper SS management. This is primarily related to the
mobility and bioavailability of metals, which directly determines their potential negative
environmental impact. For this purpose, such additional indicators are applied as, e.g., the
geoaccumulation index (Igeo), contamination factor (ICF), and risk assessments code (RAC)
to evaluate the potential harm of heavy metals in SS to the environment. Considering the
above, this research presents an innovative and comprehensive approach to the broadly
understood environmental safety of sewage sludge used for fertilization purposes. This
issue has been included as a sub-compilation of a sophisticated chemical analysis on metal
fractionation in the solid phase of sludge with the use of indices evaluating the mobility
and potential negative accumulation of Cu and Zn in the environment along with a forecast
of such risk. In view of the above, scientific hypothesis can be made that an important issue
for practice is the mutual interaction between the examined variables, i.e., the metals in the
SS and the calculated indices. It can be assumed that such a relationship will exist and the
assessed amounts of Cu and Zn in various connections with SS will determine the index
values, indicating at the same time the level of environmental safety of the tested sewage
sludge. Therefore, this study aimed to achieve the following: 1. Investigate the occurrence
and quantify the current range of total Cu and Zn contents in sewage sludge originating
from different municipal wastewater treatment plants; 2. Investigate the distribution and
geochemical fractionation as a key to the evaluation of Zn and Cu bioavailability and
mobility in relation to the potential use of the geoaccumulation index (Igeo), contamination
factor (ICF), and risk assessment code (RAC); and 3. Valorize the special and temporal
variation of Cu and Zn amounts in sequentially separated fractions, as well as in their total
contents in sewage sludge.

2. Materials and Methods
2.1. Materials

There are 400 different municipal wastewaters treatment plants (WWTPs) operating
in the Wielkopolskie province, which treat incoming wastewaters in a similar technological
system, generating sewage sludge (SS). In this work, samples of sewage sludge were
analyzed, which are exemplary and representative materials of typical WWTPs. Details
related to the characteristics of SS treatment, collection, and its preparation for chemical
analyses were presented in detail in an earlier papers by Jakubus [22,23]. Here, general
information is given to provide understanding of the research context. Sewage sludge
samples used in this study were gathered from four WWTPs differing in their designed size
expressed as the equivalent number of inhabitants (ENI), and consequently the amount of
wastewaters purified and the resulting sewage sludge produced (Table 1). Sewage sludge
samples 1 and 2 (551, SS2) came from large facilities, serving large urban agglomerations,
while sludge samples 3 and 4 (553 and 554) came from small, local installations, serving
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smaller towns. The locations of WWTPs are presented in Figure 1. The SS samples were
collected in three consecutive years after the completed process of SS management at the
WWTPs. The SS samples were dried at 105 °C, ground to obtain a homogeneous, uniform
structure, and then stored in plastic bags at 4 °C. Briefly, the reporting results concerned SS
indicating typical properties characterized by an alkaline reaction, C:N values of 5.8-6.6,
Niot ranging from 50.4 to 73.0 g-kg !, and the amount of TOC from 329.6 to 420.1 g-kg~!.
For the assessment of Ntyt and TOC, the Vario Max CNS apparatus was used.

Table 1. Basic parameters of WWTPs, from which sewage sludge samples were collected, after [22].

Average Approximate Mass of Generated
Sewage Sludge ENI Capacity—Q (m3/d) Sewage Sludge (t/Year)
SS1 1,200,000 200,000 17,000
552 350,000 6000 3500
SS3 51,500 6000 730
554 28,500 6000 550
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Figure 1. Locations of WWTPs in the study area.

2.2. Methods

As previously noted, detailed information on the analytical procedures used can
be found in earlier publications by Jakubus [22,23]. Total copper (Cuyot) and zinc (Zngo)
contents in sewage sludge were determined using the aqua regia procedure [24]. Distribution
of metals in individually separated fractions of SS was analyzed by the BCR method [25].
According to this protocol, the following four fractions were separated: Fr. I (exchangeable,
water, and acid-soluble), Fr. II (reducible, e.g., bound to iron and manganese hydroxides),
Fr. III (oxidizable, e.g., bound to organic matter and sulfides), and Fr. IV (residual, non-
silicate bound metals). The Cu and Zn concentrations in the obtained extracts, both total
amounts and in separated sewage sludge fractions, were determined by flame atomic
absorption spectrometry (FAAS) using the Varian Spectra AA 220 FS apparatus.

2.3. Indices of Contamination Assessment

The metal amounts in the separated SS fractions allowed to determine the following
independent indexes: the geoaccumulation index (Igeo), the individual contamination factor
(ICF), and the risk assessment code (RAC). Table 2 presents detailed information concerning
the above-mentioned indices.
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Table 2. Indices used in the study.

Indices Equation Value Ranges with a Description
Igeo < 0—no pollution
Igeo = logy (%) 0 <Igeo < 1—no to moderate pollution
geoaccumulation Cn-amount of metal in SS 1 < Igeo < 2—moderate pollution
index (Igeo) Bn-geochemiocal background value 2 <Igeo < 3—moderate to high pollution
[26] in soil: for Cu=7.1 mg-kg*1 ; for 3 <Igep < 4—high pollution
Zn =30 mg-kg_1 [27] 4 <Igeo < 5—high to very high pollution
Igeo > 5—very high pollution
individual ICF < 1—low contamination (LC)
contamination ICF = Frl+ I;rrIIIVJr Fr.III 1 < ICF < 3—moderate contamination (MC)

factor (ICF) [23]

3 < ICF < 6—considerable contamination (CC)
ICF > 6—very high contamination (VHC)

risk assessment
code (RAC)
[28]

RAC = —=L__.100%

RAC < 1%—no risk (safe to the environment)
RAC 1-10%—Tlow risk (relatively safe to the environment)
RAC 11-30%—medium risk (relatively dangerous to the environment)
RAC 31-50%—high risk (dangerous to the environment)

total content

2.4. Statistical Analysis

Data presented in the paper are means of three repetitions. Statistical calculations were
made using the STATOBL software working in the Windows environment. Due to the fact
that the experiment takes into account three factors—years (A), amounts of metals in the
separated fractions (B), and sewage sludge (C)—the three-way ANOVA was applied. On
the other hand, two-way ANOVA was applied to calculate total metal amounts, including
the following two factors: years (A) and sewage sludge (B). Tukey’s test at the « = 0.05
level was applied to calculate the least significant differences and to indicate uniform,
homogeneous groups (mean contents of metals do not differ significantly) within the factor
level. Box-whiskers plots were constructed to represent the total and individual amounts
of metals in the SS fractions. In the boxplot figures, the distribution of data is given by
the minimum value, maximum value, median, and first and third quartiles shown for
each parameter. In addition, Pearson’s correlation coefficients were calculated for the
analyzed parameters. Based on the correlation coefficients, the determination coefficient
was calculated as follows: R? (%) = r2-100%. Moreover, for pairs (x, y) of correlated
parameters, estimates of simple regressions of the form can be determined (Regression
model): y = Bg + B1x, where the regression parameter 31 shall be interpreted as follows: if
parameter x increases by one unit, parameter y increases (decreases) by 1 units.

3. Results and Discussion
3.1. Total Amounts of Metals

The mean total amounts of Cu for the years of the study were as follows: for
SS1—383.1 mg-kg !, ranging from 267.8 to 469 mg-kg~!; for S52—362.5 mg-kg !, ranging
from 336.3 to 393.5 mg-kg~!; for S53—347.4 mg-kg !, ranging from 311.4 to 377.8 mg-kg !,
and for S54—324.1 mg-kg !, ranging from 260.9 to 379.4 mg-kg ! (Figure 2). It should be
noted that the total Cu amounts were decreasing from year to year, which was particularly
evident for SS1 (42% reduction) and SS4 (21% reduction). On the other hand, the average
total amounts of Cu for SS2 and SS3 were comparable in the years of the study (Table 3).
The decrease in total Zn amounts during the years of the study was also noticeable. Such
a tendency can be noted for SS1 (2-fold decrease) and SS3 and S54 (20% lower amount).
As shown in Figure 2, the amounts of Zn in the years of the study ranged from 652.6 to
1311.3 mg-kg~!, on average 1080.2 mg-kg ! for SS1, from 1009.5 to 1153.1 mg-kg~!, on
average 1094.5 mg-kg ! for SS2, from 475.5 to 704.4 mg-kg !, on average 591.1 mg-kg !
for SS3, and from 477.8 to 677.4 mg-kg~!, on average 583.5 mg-kg ! for SS4. It is worth
emphasizing that SS1 was characterized by wide quantitative ranges of both Cu and Zn
(Figure 2). SS from the facilities serving large agglomerations (551 and S52) had significantly
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higher Zn contents than those found for SS3 and S54, while significantly differing from
each other. Znyt was at a comparable level for S53 and 554 and not significantly different,
especially in the 2nd and 3rd year of the study (Table 3). The total amounts of Cu also did
not differ significantly for S52, SS3, and SS4. Significantly higher amounts of the metal
were found in SS1 (Table 3).

Cu
500

450

400

mg/kg

350

300

250

sewage sludge

M ss1 [ ss2 [ ss3 [ ss4

Zn

1400
1300

1200

1100 !
1000

900

800

700

600 - e
500 j
400

mg/kg

sewage sludge

W ss1 [ ss2 [ ss3 [0 ss4

Figure 2. Total contents of Cu and Zn regardless of years of the study.

When comparing the total amounts of Cu and Zn found in the analyzed sewage sludge
with the permissible threshold values given in the Polish, EU, and American regulations
(Table 3), it should be stated that they were below the admissible limits, and thus such SS
can be used for agricultural purposes as well as co-composting.

The composition of sewage sludge is the result of many factors [23]; hence, various
amounts of heavy metals are presented in the literature. In general, sewage sludge from
China is more heavily loaded with heavy metals, which may be related to China’s position
in the production of rare earth elements, accounting for almost 50% of world production [21].
In addition, a study conducted by Braga et al. [29] showed higher amounts of these metals
in analyzed sewage sludge. The quantitative levels of Cu and Zn in the presented studies
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are comparable to other data [5,11,30], but they are also higher in relation to the results
reported by [2,4,31,32].

Table 3. Mean total metal contents depending on sewage sludge and the years of the study (mg-kg ™).

Cu Zn
st 2nd 3rd 1st 2nd 3rd
SS1 460.1 420.7 268.4 1277.4 1307.2 656.2
5S2 349.2 396.3 342.0 1098.1 1150.5 1035
SS3 3443 373.5 3244 700.3 596.1 476.8
554 331.5 379.4 261.4 673.1 592.5 484.9
LSD = 15.664 LSD = 18.540
Polish permissible level [19] 1000 2500
EU permissible level [17] 1000-1750 2500-4000
US EPA permissible level [33] 1500 2800

Total metal contents provide a general idea on the degree of possible SS contamination
with them. Based on the total amounts of metals in the SS, we theoretically estimate the
amount of metals introduced with the SS dose per arable layer per hectare. Generally, these
amounts are small, which is mainly due both to the legal regulations specifying certain
limits of metals in SS and the statutory annual dose of SS that can be used. However,
despite the above, it is important to remember that such safely small amounts can be
misleading, because the total amount of metals does not take into account the degree of
mobility of the various combinations of elements with the solid phase of sewage sludge.
In view of metal bioavailability, their total contents are of limited importance; therefore,
this issue should be considered in more detail using sequential analysis methods [22,23].
Studies related to the quantitative distribution of metals in SS fractions not only indicate
their mobility and potential distribution, but it is also possible to estimate the potential
negative environmental impact on their basis.

3.2. Quantitative Distribution of Metals in Sewage Sludge

Cu amounts in sequentially separated fractions decreased in the following series:
Fr. Il > Fr. II > Fr. IV > Fr. 1. Most studies on the quantitative distribution of metals in
sewage sludge fractions show a similar distribution pattern, indicating the dominance of
Cu in organic connections, with the lowest amount of this element in the exchangeable, i.e.,
the most mobile fraction [4,31,32,34]. In turn, Braga et al. [29] showed that Cu was the least
associated with the residual fraction of sewage sludge. The level of this metal in fraction I
was comparable for the analyzed sewage sludge. On the other hand, the amounts of Cu in
fractions II, III, and IV differed significantly between individual SS samples (Table 4).

Table 4. Copper contents in individual fractions of sewage sludge as a mean for the years of the
study (mg-kg™).

Fraction SS1 SS2 SS3 SS4 Mean for Fraction
I 6.4 8.3 9.6 8.8 82d*
I 172.4 149.4 170.5 166.4 164.7b
I 183.0 172.6 169.7 160.9 1715a
v 27.7 28.3 23.6 23.7 258 ¢
LSD for BxC = 3.359
Mean for SS 974a* 89.7 ¢ 93.3b 899 ¢

* Homogeneous groups of tested variables are indicated by the same lowercase letters.
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Cu amounts in Fr. IV for SS1 and SS2 were comparable, similarly as for SS3 and S54.
Regardless of the years of the study, the Cu amounts in individual fractions varied within
wide ranges, which was particularly noted for SS2 and SS3 for Fr. I, as well as S53 and S54
in the case of Fr. II, III, and IV (Figure 3). It should be noted that although SS2 and 554 came
from different facilities (different sizes of wastewater treatment plants, i.e., serving large
agglomerations and small municipalities) and significantly differed in the total amount,
their average metal contents in the fractions were comparable (Table 4).

Cul

16
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<
E 10 N
8
6 == -
4
sewage sludge
M ss1 [ ss2 M ss3 [ ss4
Cull
240
220
200
£ 180
£ 160 x
140
120 ——
100
sewage sludge
W ss1 M ss2 Mss3 [ ss4
Culll
220
200
w 180
= 160 X
£
140
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100
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Mss1 Mss2 Mss3 M ssa
Culv
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40
35 T
< 30
-14]
E 25 X
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15 an
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Woss1 Mss2 M oss3 M oss4

Figure 3. Cu amounts in individual fractions of sewage sludge regardless of year of the study.
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As indicated by the data contained in Table 5, the Cu content in fractions II, III, and IV
decreased in the years of the study, while it increased in fraction I. The decrease in the Cu
amount in the years of the study was also emphasized as a mean value for fractions. The
greatest reduction in the metal content was found for SS1 (by 25%) and S54 (by 30%) (Table 5).

Table 5. Mean copper contents for sewage sludge and its fractions depending on the years of the
study (mg-kg ™).

Years of Study Fractions (Mean for SS)
I II III v
1st 6.1 165.9 183.3 35.1
2nd 74 184.4 192.0 25.5
3rd 11.2 143.7 139.3 16.8
Sewage sludge (mean for fractions)
SS1 SS2 SS3 SS4
1st 108.6 91.8 93.5 96.7
2nd 102.4 98.9 102.7 105.3
3rd 81.2 78.3 83.8 67.7
LSD =2.643

Regardless of the SS sample, the amount of Cu in the fractions was determined by
the total amount of the metal in 45-98% (R2). In addition, TOC content had a strong,
but negative impact on the Cu total content, as well as its amounts in the individual SS
fractions (Figure 4). Table 6 presents estimators for significant pairs of variables, which
prove their mutual influence. The amounts of TOC strongly influenced the amounts of Cu
in Fr. II, I, and IV. Therefore, it can be assumed that when the TOC content increases by
1 g-kg ™!, the amount of Cu in Fr. Il will decrease by 0.17 mg-kg ! (S51), 1.15 mg-kg ! (SS2),
1.89 mg-kg~! (5S3), and 1.55 mg-kg ! (SS4). In the case of fraction III, such a reduction in
metal level will be as follows: by 0.15 mg-kg~! (SS1), 0.98 mg-kg ! (552), 0.60 mg-kg !
(SS3), and 1.84 mg-kg’1 (S54). For the amount of Cu in the residual fraction, it can be
assumed that it will decrease by 0.54 mg-kg~! (5S2), 0.53 mg-kg ! (SS3), and 0.56 mg-kg~*
(SS4). An increase in TOC by 1 g-kg ™! can also theoretically contribute to a decrease in
Cuyor by 0.32 mg-kg ! in SS2 or 0.45 mg-kg~! in SS3. Tytta [35] also calculated Pearson’s
correlation coefficients for selected parameters in the examined sewage sludge but found
no significant correlations between the amount of Cu in sludge fractions and the content of
organic matter.

As can be seen from the data in Table 6, the total Cu amounts influenced the amount
of the metal in Fr. II and III. With an increase in Cuyt by 1 mg'kg_l, the amount of Cu in Fr.
Il may increase by 0.29 mg-kg ! (SS1), 0.28 mg-kg ! (5S2), and 0.59 mg-kg ! (SS3 and SS4),
while in Fr. Il an increase in Cu of 0.21 mg-kg ! (SS1), 0.76 mg-kg ! (5S2), 0.91 mg-kg~!
(SS3), and 0.66 mg-kg ! (SS4) can be noted. The data presented in Figure 4 also indicate a
significant relationship between the Cu amount in fraction I and the amount of the metal
in the other SS fractions, which was expressed by the determination coefficient (R?) in the
range from 47 to 94%.

The Zn amounts in separated SS fractions decreased in the following order:
Fr. I > Fr. IIl > Fr. I > Fr. IV, while significantly differing between the analyzed sewage
sludge (Table 7). The dominant share of Zn in fractions II and III (i.e., reducible and oxidiz-
able complexes, e.g., bound to iron and manganese hydroxides and bound to organic matter
and sulfides, respectively) was indicated by Wang et al. [4], Braga et al. [29], Karwowska
and Dabrowska [31], Zhang et al. [32], Latosiriska et al. [34], and Tytla [35]. Those authors
also indicated a small amount of the metal in the connections of the residual sewage sludge,
with the exception of a study conducted by Latosifiska et al. [34], where the lowest level
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of the metal was showed in fraction I. As presented in Figure 5, the Zn content varied
within wide ranges, which was particularly observed for SS1 in fractions II, III, and IV, and
552, SS3 in fractions IIl and IV. The Zn amounts in fractions I-1II were comparable for SS1
and SS2, not significantly different. In turn, significant differences were noted between
the Zn contents both in sewage sludges and their fractions. Regardless of the above, the
mean amounts of the metal for SS3 (149.4 mg-kg ') and SS4 (147.4 mg-kg ') did not differ
significantly (Table 7).

SS1 Fr.1 Fr.1I Fr.IIT Fr.IV Cuyor

P [H0965% 0731 1
Fr.IV - 0979 **  0.741* 1

Clyy 0.898™  0.907*  0.939*  0.887**

TOC -----

SS2 Fr.1 Fr.Il Fr.III Fr.IV Cly

Fr.ll [ 0749% ns. 1
Fr.IV - 0.789™  0.854** 1

Cu 0.669 * 0.927 **  0.958™* 0.729 **

TOC -----

SS3 Fr.1 Fr.Il Fr.I1I Fr.IV Cuy,

Fr. IT . 0951% 1
Fr. TI1 1 0969%  ns. 1

Cuyy, 0.977 **  0.825**  (0.855™* 0.681%

ToC -----

SS4 Fr.1 Fr.Il Fr.I1I Fr.IV Cuy

Fr. 1T - -0961% 1
Fr. 11T | 0685% 0997 1
Fr.IV - n.s. n.s. 1

Cuy 0.908 ** 0.989 ** 0.996 ** 0.854 **

Figure 4. Heat maps for Pearson’s correlation coefficient between Cuyot, Cu in fractions and TOC for
sewage sludge 1-4. Significance: ** 0.01, * 0.05, n.s.—not significant.
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Table 6. Estimators of the linear regression parameter for pairs of variables.
Metal/Sewage Sludge Y X Bo B1
Cu/SS1 Fr. II Cuyot 73.81 0.29
Fr. 11 TOC 227.08 -0.17
Fr. III TOC 199.75 —0.15
Fr. III Cuyot 94.79 0.21
Cu/SS2 Cuyot TOC 446.71 —0.32
Fr. II TOC 531.69 —1.15
Fr. II Cuyot 48.80 0.28
Fr. 111 TOC 499.49 —0.98
Fr. III Cuyot 101.57 0.76
Fr. IV TOC 208.45 —0.54
Cu/SS3 Cuyot TOC 576.69 —0.45
Fr. II TOC 964.17 —1.89
Fr. II Cuyot 36.71 0.59
Fr. 1II TOC 80.34 —0.60
Fr. III Cuyot 143.42 0.91
Fr. IV TOC 249.62 —0.53
Cu/554 Fr. 11 TOC 795.59 —1.55
Fr. II Cugot 30.17 0.59
Fr. III TOC 919.48 —1.84
Fr. 1II Cuyot 47.78 0.66
Fr. IV TOC 253.0 —0.56
Zn/SS1 Fr. I Znot 53.26 0.75
Fr. II TOC 1109.1 -1.11
Fr. III TOC 190.28 —0.60
Zn/SS2 Fr. 1 TOC 9.29 —0.38
Fr. II TOC 1299.6 -1.67
Fr. II Zniot 21.12 0.66
Fr. III TOC 662.53 —1.50
Fr. 1II Zniot 463.66 0.57
Fr. IV TOC 352.24 —0.94
Zn/SS3 Fr. II TOC 1609.6 —2.94
Fr. 1T Zniot 138.84 0.40
Fr. III TOC 903.57 —1.86
Fr. III Zniot 93.90 0.36
Fr. IV TOC 274.31 —0.60
Zn/SS4 Fr. II TOC 2003.8 —3.99
Fr. II Zniot 47.13 0.72
Fr. 1II TOC 282.26 —0.44
Fr. IV TOC 193.07 —0.42
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Table 7. Zinc contents in individual fractions of sewage sludge as means for the years of the
study (mg-kg ™).

Fraction SS1 SS2 SS3 SS4 Mean for Fraction
1 137.0 136.3 76.9 90.5 1102 c*
I 754.6 7415 3755 370.9 560.6 a
11T 171.9 163.0 121.0 104.9 140.2b
v 524 39.9 241 23.3 349d
LSD for BxC = 7.310
Mean for SS 279.0a* 2702 b 1494 c 1474 c

* Homogeneous groups of tested variables are indicated by the same lowercase letters.
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Figure 5. Zn amounts in individual fractions of sewage sludge regardless of year of the study.
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Over the years, the Zn amounts decreased in fractions of SS, which on average for SS
was 1.5 times lower (Fraction II and III) and 2.5 times lower (Fraction IV). This tendency
was reflected for individual SS variants, where mean contents for the fractions showed a
reduction in Zn amounts by 2.0 times in 551 and by 30 and 25% in SS3 and 554 (Table 8).

Table 8. Mean zinc contents for sewage sludge and its fractions depending on the years of the
study (mg-kg™1).

Years of Study Fractions (Mean for SS)
I II IT1 v
1st 119.4 622.8 159.8 46.6
2nd 93.7 624.1 159.4 39.3
3rd 117.5 435.0 101.4 19.0
Sewage sludge (mean for fractions)
SS1 SS2 SS3 SS4
1st 333.93 270.19 175.9 168.6
2nd 330.57 288.1 148.9 148.9
3rd 172.37 252.28 1234 124.9
LSD =5.752

As can be seen from the data in Figure 6, the total amount of Zn determined in 52-97%
(R2) the metal amount in the separated SS fractions. The level of Zn in fraction I depended
on the content in the other fractions in 53-95% (R?), and these relationships were negative.
The dependences between the amount of TOC and Zn total and in the SS fraction were
inversely proportional, and thus the potential direction of quantitative changes in Zn
amounts in sewage sludge fractions can be assessed based on the estimators of linear
regression showed in Table 6. As in the case of Cu, linear regression estimators calculated
for Zn indicate significant relationships between pairs of variables. The amounts of TOC
significantly reduced the Zn content in fractions II, III, and IV. Assuming an increase
in TOC by 1 g-kg™!, we can conclude that the amount of the metal in fraction IT will
decrease by 1.11 mg-kg~! (SS1), 1.67 mg-kg ! (5S2), 2.94 mg-kg~! (SS3), and 3.99 mg-kg~!
(SS4). In the case of the metal in fraction III, the values will be lower by 0.60 mg-kg ™!
(SS1), 1.50 mg-kg~! (SS2), 1.86 mg-kg~! (SS3), and 0.44 mg-kg~! (SS4). In turn, the Zn
content in the residual fraction will be lower by 0.94 mg-kg~! (SS2), 0.60 mg-kg ! (SS3),
and 0.42 mg-kg ! (S54) when the TOC amount increases by 1 g-kg~!. Such relationships
between Zn in the fractions and the content of organic matter in the analyzed sewage
sludge were not found by Tytla [35]. The influence of the total Zn amount on the metal
level in the fractions was positive, which was particularly reflected in the case of fraction II.
With an increase in Zniot by 1 mg-kg ™!, we can expect an increase in the amount of the
metal in fraction II by 0.75 mg-kg ™! (SS1), 0.66 mg-kg~! (SS2), 0.45 mg-kg~! (SS3), and
0.72 mg-kg ! (SS4) (Table 6).

The data related to the preferential distribution of Cu and Zn in sparingly soluble
connections and at the same time with a high dependence on the TOC content should be
interpreted in a multifaceted approach. On the one hand, the conditions of wastewater
treatment need to be considered. In this context, attention should be paid to the optional
use of coagulants by wastewater treatment plants, which not only increases phosphorus
removal from the wastewater, but is effective also for trace metals. As a standard practice,
Fe and Al compounds (oxides, sulfate, chloride) are used, which at alkaline pH precipitate
as amorphous Fe, or Al hydrated oxides or oxyhydroxides [36], constituting a good matrix
for metal sorption. This phenomenon may explain the higher amounts of Zn and in Fr. I
Smaller, local sewage treatment plants very often limit the amounts of used coagulants
because of high operating costs and thus automatically the potential sorption matrix for
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metals is smaller. In the presented study, Zn levels in Fr. II in SS3 and SS4 were signif-
icantly lower in comparison to the amounts assessed in SS1 and SS2 (Table 8). On the
other hand, this is due to the biogeochemical character of metals, which was mentioned by
Kabata—Pendias and Szteke [1], indicating high susceptibility to sorption, especially by or-
ganic compounds. These relationships were underlined by significant negative correlations
between the TOC contents and amounts of metals in SS, as it was proved by statistical data.
The fact that SS is rich in humic compounds with high sorption capacity was underlined by
Jakubus et al. [37]. The quoted authors particularly emphasized the dominance of easily
decomposable compounds such as fulvic acids (FAs) and water-extracted organic carbon
(WEOC), which may indicate considerable SS susceptibility to microbiological degradation
in soil. In the discussed context, this is important information indicating a potentially easy
and quick release of previously accumulated metals, which will increase their pool of forms
easily available for plants.

Ss1 Fr.1 Fr.l Fr.IIl Fr.IV Zhey

P [0S 0936 1
Fr.IV - 0923%  0.998™ 1

ZN; 0.978™* 0987 0979  0971%

ToC -----
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Figure 6. Heat maps for Pearson’s correlation coefficients between Zni.t, Zn in fractions, and TOC
for sewage sludge 1-4. Significance: ** 0.01, n.s.—not significant.
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3.3. Risk Assessment of Metals in Sewage Sludge

To analyze the possible negative impact of heavy metals contained in sewage sludge
on the soil environment, three independent, most popular indicators—the geoaccumulation
index (Igeo), individual contamination factor (ICF), and risk assessment code (RAC)—were
used in this study. Some parameters, such as Ige, are based on the total amount of metals,
while others, such as ICF or RAC use the amount of metals present in various combinations
(fractions) with the solid phase of the sewage sludge. The Ige, parameter was used as a
method of calculating metal contamination degree in SS. The obtained results (Figure 7)
showed that although zinc was present in larger amounts in the SS, the Ige, values were
significantly lower than those calculated for Cu. The Ige, values for Cu in the 1st and
2nd year of the study for the SS ranged from 5.0 to 5.43, i.e., they indicated a very high
contamination of SS with Cu. In the last year of the study, the SS samples were highly
and very highly contaminated with Cu (Igeo: 4.62-4.96) (Figure 7). Regardless of the
years of the study, SS1 (except for the 3rd of the study) and SS2 were highly and very
highly contaminated with Zn (Igeo: 4.52-4.86). On the other hand, SS3 and S54 were
characterized by Igeo from 3.41 to 3.96, i.e., they were highly contaminated with Zn. The
presented differences in the values of Cu and Zn Ige, are a consequence of changes in the
total amounts of metal in the years of the study, as well as differences between individual
SS samples. Latosinska et al. [34] also stated that Ige, values for analyzed SS indicated a
potential high risk of Zn and Cu contamination. In turn, the Ige, values found for Cuand Zn
by Nkinahamira et al. [21] or by Zhai et al. [38] were small and indicated no negative impact
of heavy metals contained in sewage sludge. Yakamercan and Aygiin [2] found domestic SS
to be moderately contaminated by Zn and Cu, although the values for Zn were significantly
higher than those for Cu. In addition, You et al. [11] assessed the contamination degree
of heavy metals based on Igeo. According to these authors, Zn was a metal for which one
of the highest pollution indicators was determined, i.e., the pollution level ranged from
moderate to strong, whereas Cu pollution was at a medium level.

In both cases for Cu and Zn, the calculated ICF values were greater than 6 and thus
indicated very high contamination of SS with these metals. Here it should be noted that
the ICF values for Cu and Zn were considerably higher for SS3 and S54 (except for Zn in
the 3rd year of the study) despite the fact that lower amounts of the metals were found in
fractions for these SS (Figure 7). In addition, Tytla [35] stated very high contamination of
SS by Zn and Cu, which was expressed by Cu values in the range of 9.2-24.7 and by Zn
values of 16.0 to 68.7.

The environmental risk caused by Cu and Zn was also assessed using the RAC
parameter. This parameter has been generally applied for the evaluation of heavy metal
contamination in SS. RAC shows the availability of heavy metals in SS using a percentage
scale to the presence of Cu and Zn in Fraction I of SS (Table 2). The RAC values determined
for Curanged from 1.34 to 4.40, indicating a low risk associated with the use of SS (Figure 7).
Similar Cu ranges were showed by Tytta [35]. Based on the RAC values calculated for Zn
(from 9.78 to 23.13), a medium risk was found. Results obtained in this study confirmed
earlier reports by Latosiniska et al. [34]. The cited authors due to the low share of Cu
and Zn in the most mobile fraction (Fr. I) found a low or medium environmental risk.
Studies by other authors also underlined different levels of Cu and Zn availability in
separated fractions of sewage sludge, which directly affects the calculated RAC values.
Zhang et al. [32] stated no risk for Cu, while for Zn it was a medium risk. Wang et al. [4],
Nkinahamira et al. [21], Xiao et al. [26], and Tytla [35] defined a high or very high risk
level for Zn to the ecosystem in the case of sewage sludge application. Simultaneously,
the cited authors for Cu specified its medium risk level to the environment. According to
You et al. [11], average values of RAC for Cu and Zn were 11.8 and 14.4%, respectively,
indicating a medium risk, i.e., a relatively dangerous impact to the environment.

A characteristic feature of all SS was an increase in RAC for Cu and Zn in the years of
the study. At the same time, SS3 and S54 had higher values than those determined for 551
and SS2 (Figure 7). Obviously, this is a direct reflection and connection with the amounts of
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metals in fraction I, which in the years of the study increased (2.0 times) as in the case of
Cu (Table 5), or were at a constant, comparable level as for Zn (Table 8).

years of study  SS1 §S2 SS3 554
Cu I,

1st 5.03 5.01 5.00

2nd

3rd 4.66 4.96 4.93 4.62
Cu ICF

1st 11.30 10.87 8.59 10.01

2nd 14.11 10.06

3rd
Cu RAC (%)

1st 1.46 1.75 1.86 2.00

2nd 1.70 1.34 222 2.30

3rd 2.03 3.98 4.34 4.40

years of study  SS1 SS2 SS3 SS4

1st 3.96

2nd 3.73

3rd 3.87 3.41 3.43
Zn ICF

1st 21.12 22.25 15.42 17.58

2nd 16.42 21.61

3rd 32.07 32.60 26.36
Zn RAC (%)

1st 10.27 14.02 12.72 15.33

2nd 9.78 9.63 10.77 12.15

3rd 23.13 13.94 16.23 19.88

Figure 7. Changes of Igeo, ICF, and RAC values for sewage sludge in relation to metal and year of
the study.
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4. Conclusions

It was found that Cu and Zn showed significant similarities in fractional distribution,
which results from their belonging to the chalcopyrene group of elements. The amounts
of both metals were dominant in reducible (bound to iron and manganese hydroxides)
and oxidizable fractions (bound to organic matter and sulfides). The research verified
the hypothesis, indicating partial dependencies between the tested parameters, because
the above-mentioned complexes are less mobile, and therefore less available to plants, as
confirmed by the RAC values indicating a low (Cu) and medium (Zn) potential risk of
the dangerous environmental impact. Despite such an assessment, other indicators used
(Igeo, ICF) serve as a qualitative assessment of sewage sludge application safety showing
high contamination of the tested SS with Cu and Zn. This information conflicts with
applicable regulations, because according to the standards these metals did not exceed
the permissible values and, in accordance with the law, they can be used for agricultural
purposes. The three evaluation indices focus on three different aspects, hence leading to
some interpretation discrepancies, especially when referring to the total metal content,
as is used in practice to calculate the amount of metals introduced into the soil together
with doses of sewage sludge. Therefore, in order to obtain comprehensive and accurate
assessment results, all aspects of heavy metal presence in SS should be considered. The
results presented in the study emphasize the need for a comprehensive analysis of heavy
metal contents in sewage sludge, especially in the case of its use as an alternative source of
nutrients and organic matter, or as a substrate for composting.
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