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Abstract

The chapter includes the information concerning the wastewater treatment plants
(WWTPs) functioning in respect to polychlorinated dibenzo-p-dioxins (PCDDs)/
polychlorinated dibenzofurans (PCDFs) and polychlorinated biphenyls (PCBs). In
particular, the chapter describes the occurrence and fate of PCDDs/PCDFs and PCBs in
WWTPs, at different treatment stages, including the tertiary wastewater treatment (e.g.
constructed, wetlands biofilters) and factors affecting the removal of these micropollu-
tants during treatment process. Considering the production of growing amounts of
sewage sludge as an end product of the wastewater treatment process, the chapter
describes also the occurrence and fate of above-mentioned compounds in sewage sludge
and the ways of their utilization with the special emphasis on agricultural uses,
bioremediation and phytoremediation processes. With regard to the agricultural use of
sewage sludge, the impact of sludge-born PCDDs/PCDFs and PCBs on plant growth
and plant metabolism is described, together with the current state of knowledge on the
accumulation and translocation of the studied compounds in plant tissues.

Keywords: PCDDs/PCDFs, PCBs, wastewater, sewage sludge, phytoremediation,
plant growth, plant metabolism

1. Introduction

Rapid growth in global population has been observed from approximately 5.3 billion in 1992
[1] to about 6.97 billion in 2011 [2]. United Nation predicted that in 2030, the global population
reach over 8billion, whereas in 2050 exceed 9 billion. The growing population affect the
consumption of water and consequential production of wastewater. The projections
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concerning influent wastewater flow in USA estimate its rise from 100,000,000 m?/day in 1996
to 170,000,000 m*/day in 2025 [3-5].

An increased usage of water around the world led to an increased concern about the outgoing
wastewater quality from municipal wastewater treatment plants (WWTPs) [6]. Usually,
quantification of wastewater quality is based on monitoring of traditional parameters which
can be analysed in easy and inexpensive way and are regulated by the European Urban
Wastewater Directive (91/271/EEC). These parameters include biochemical oxygen demand
(BOD), chemical oxygen demand (COD), nitrates, phosphates and total suspended solids [7].
Nevertheless, these routine chemical analyses cannot give a complete overview of the threat
to the water environment posed by other substances released through the WWTPs effluents
such as polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs)
and polychlorinated biphenyls (PCBs), which are toxic, carcinogenic and known endocrine
disrupters posing a serious risk for living organisms [6]. According the Directive of the
European Parliament and the Council 2013/39/EC of 12 August 2013 amending Directive
2000/60/EC and 2008/105/EC in respect of priority substances in the field of water policy,
PCDDs/PCDFs and PCBs have been identified as priority hazardous substances, which need
to be eliminated from the water environment.

Considering the above, the present chapter reviews the available data concerning the occur-
rence and fate of PCDDs/PCDFs and PCBs in wastewater (point 2) and sewage sludge (point
3) with the special emphasis of the ways of sewage sludge utilization and impact of sludge-
born PCDDs/PCDFs and PCBs on the plant growth and plant metabolism.

2. The occurrence and fate of PCDDs/PCDFs and PCBs in WWTPs

WWTPs represent an obligatory and final step prior to the release of wastewater into the
environment. Hence, an emerging task for WWTPs would be to act as a barrier for micropol-
lutants, preventing the emission of potentially harmful substances into the aqueous environ-
ment. WWTPs use different kinds of methods including biological, physical and chemical
processes, to fulfil the regulatory standards regarding the quality of the effluent discharges.
Regardless of the methods used at any particular WWTP, all the treatment processes can be
generally divided into three categories: (1) primary, (2) secondary and (3) advanced tertiary
treatment [5]. The primary treatment removes large objects from incoming wastewater through
floatation, settling and screening mechanisms and the smaller objects such as sand are removed
in grit chambers and sedimentations tanks. The secondary treatment is designed to substan-
tially degrade organic matter and dissolved nutrients using trickling filters and activated
sludge. The purpose of the tertiary treatment is to further improve the effluent quality before
it is discharged to the receiving environment and include filtration, chlorination and UV
radiation.

The occurrence of PCDDs/PCDFs and PCBs in the untreated wastewater and sewage sludge
has been studied very intensively during recent decades and revealed their very high concen-
trations with a predominance of highly chlorinated congeners [8-15].
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The available literature data indicate that conventional wastewater treatment systems are
not able to sufficiently remove hydrophobic contaminants, which have adverse effects on the
receiving water ecosystem [5, 7, 13]. Thus, organic compounds are detected in the river
water worldwide [13, 16-22]. This is due to the fact that for many years, quantification of
wastewater effluents and receiving river water pollution were restricted to monitor
biochemical oxygen demand (BOD), chemical oxygen demand (COD), nitrogen and
phosphorus concentrations and total suspended solids [7]. However, as shown in the work
of Urbaniak et al. [13] and Urbaniak and Kiedrzynska [14], significant concentrations of
PCDDs/PCDFs and PCBs may be present in treated wastewater, with the highest values in
the smallest WWTPs. All WWTPs studied by Urbaniak et al. [13] were found to discharge
toxic PCDD/PCDF and PCB compounds into their receiving rivers. This is the effect of
insufficient regulation of the discharge of toxic congeners of PCDDs/PCDFs by municipal
WWTPs: the existing regulations only apply to municipal WWTPs with a population
equivalent (p.e.) of 100,000. In consequence, the release of PCDDs/PCDFs in treated
wastewater from the studied WWTPs is not regulated, as the plants are below this p.e. This,
together with the increasing number of municipal WWTPs, and the results presented by
Sztamberek-Gola et al. [23] and Oleszek-Kudlak et al. [24], which demonstrate increases in
the concentrations of the lower chlorinated, and hence, more toxic, PCDDs/PCDFs in WWTP
outlet water, may result in lower quality of the receiving waters. Data presented by
Sztamberek-Gola et al. [23] and Oleszek-Kudlak et al. [24] obtained on the basis of three
WWTP analyses, revealed total and toxic equivalency (TEQ) concentrations within the range
of 107.26-219.19 pg/m? for total PCDDs, from 201.75 to 736.50 pg/m> for total PCDFs and
from 14.70 to 116.40 pg I-TEQ/m? for TEQ. Moreover, the authors observed increased PCDD
and PCDF concentrations to be related to increased daily wastewater flow: the lowest values
were noted in effluents from the smallest WTP, with a daily flow of 20,000 m®, whereas
samples coming from WWTPs with twice the flow (40,000 and 45,000 m®) were found to
have concentrations about two times higher. Considering the above results, the authors note
that wastewater treatment affects the fate of PCDDs/PCDFs, with increased amounts of
lower chlorinated, and thus more toxic, congeners in the outlet effluents. As a consequence,
the International-TEQ (I-TEQ) concentrations are more than five times higher in the
outgoing treated effluent than the incoming wastewater. Moreover, the authors observe a
predominance of PCDFs over PCDDs in the outgoing effluents. Also other studies confirm
the presence of PCDDs/PCDFs in wastewater effluents. The study of Rappe et al. [10]
showed that the TEQ and PCDD/PCDF concentrations in wastewater effluents from publicly
owned treatment works ranged between 0.264 and 3.84 pg TEQ/L. Urbaniak et al. [13]
examined 17 outflows of treated wastewater from municipal wastewater treatment plants.
Sewage treatment plants were divided into three classes based on their p.e. size, that is: class
I (0-1999 p.e.), class II (2000-9999 p.e.), class III (10,000-14,999 p.e.) and class IV (15,000—
99,999 p.e.). The analysis of the treated wastewater collected at the sewage outlets revealed
that toxic PCDDs/PCDFs and dI-PCBs were present at a range of concentrations from 32.30
to 732.79 pg/L. The mean values at high water flow and during stable hydrological
conditions were respectively 81.96 and 216.92 pg/L for class I wastewater treatment plants,
80.47 and 74.30 pg/L for class II, and 69.82 and 137.06 pg/L for class IV. These results indicate
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that small wastewater treatment plants had higher concentrations of the studied compounds
than the larger ones. In the case of the concentrations measured as TEQs, the obtained
values were less diverse, amounting to 4.38 and 3.81 pg TEQ/L for high and stable flow in
class I wastewater treatment plants, 4.72 and 3.97 pg TEQ/L for class II, and 3.94 and 3.15 pg
TEQ/L for class IV.

With reference to the PCBs, only a few publications refer to their concentrations in the WWTPs
effluents. Katsoyiannis and Samara [25, 26] demonstrated the occurrence of the sum of
indicator PCBs (37PCBs) in the raw urban wastewater and wastewater after primary and
secondary treatment steps. The authors showed decreasing mean concentrations of }7PCBs
from 1,000,000 through 631,000 to 250,000 pg/L in raw wastewater and effluents from primary
and secondary treatment stage, respectively. Another research conducted by Blanchard et al.
[27] in the outflow from the Montreal WTP (Canada) showed much lower concentrations
(measured as sum of 13 PCB congeners) ranged from 20 to 860 pg/L with the mean value of
310 pg/L, whereas Pham and Prolux [28] found a concentration of }'13PCBs in the treated
wastewater from the same WTP of 1400 pg/L. The study of Bergqvist et al. [6] conducted in
two WTPs in Umea (Sweden) and in Siauliai (Lithuania) showed higher } 7PCBs ranged from
1000 to 6000 pg/L. The authors also demonstrated a rapid increase of the }7PCBs during the
treatment process (ranged from 300 to 1000 pg/L and from 1000 to 6000 pg/L in the case of
Umea and Siauliai WTD, respectively). However, other authors suggest that treatment proc-
esses such as sorption to the sludge remove up to 70% of PCBs, whereas volatilization led to
eliminate of about 50% of the Aroclor 1254 [29, 30]. According to Pham and Prolux, 1997, the
removal rates ranged from 33% (for PCB: 101) up to 100% (for PCB: 194) with the average value
for the) 13PCBs of 67%. Despite the above, Urbaniak and Kiedrzynska [14] note that the treated
wastewater effluent of the smallest wastewater treatment plants, class I, is characterized by dl-
PCB values more than double those of medium and large wastewater plants. This phenomenon
was not noted for TEQ values, which were found in the narrow range of 0.31-0.37 pg TEQ/L.
The study of Urbaniak and Kiedrzynska [14] demonstrates a significant problem with the
maintenance of the proper purification efficiency in all the studied WWTPs and in this way
effluents quality which have the potential to affect the quality of river water.

In order to enhance the removal of PCDDs/PCDFs and PCBs from wastewater effluents and
the receiving river waters, the land-water ecotones constructed in a river valley with different
kinds of plants and micro-organisms may be applied. Such structures may partially purify the
inflowing surface water and groundwater contaminated by PCDDs/PCDFs and PCBs through
their capturing, immobilization and/or degradation [31-33]. Wetlands are another promising
solution towards wastewater purification due to their intrinsic function to transform and store
organic matter and nutrients [34, 35] and associated micropollutants such as PCDDs/PCDFs
and PCBs. Due to these properties, wetlands have been used for water quality improvement
worldwide [36]. Constructed wetlands were first used for treatment of wastewater in the 1950s,
while in last years, they are also used for treatment of runoff water from city areas and
agriculture. Constructed wetlands exploit natural processes to remove pollutants in a sustain-
able cost and in an energy effective way with minimal operation and maintenance cost.
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Moreover, their usage as tools in the treatment of polluted waters has been gaining popularity
as an ecological engineering alternative over conventional, chemical-based methods.

The promising solution provides ecohydrology [37], through the use of cascade system of
biofilters for the purification of wastewater, runoff water, leachate, etc. The biofilters which
consist with zone of intensive sedimentation, which facilitate the deposition of matter,
nutrients and micropollutants and their further biodegradation by existing microbiota and
macrophyte zone where an intensive phytodegradation processes occur, are considered to be
one of the most effective solutions for pollutant removal. Our earlier results obtained on the
basis of such systems functioning in the urban area and receiving the untreated sewage and
storm water (Sokotowka River, Poland) showed the removal efficiency reaching 95% for
mineral matter, 86% for organic matter, 81% for total nitrogen and 86% for total phosphorus
[38]. At the same time, removal efficiency of biofilter located in rural area (Asella lake, Ethiopia)
was 67%, 36%, 76% and 93% for mineral matter, organic matter, total nitrogen and total
phosphorus, respectively [38]. Moreover, results from the biofilter located in Asella (Central
Ethiopia) demonstrated a 70% reduction of the lake sediment TEQ after one year of biofilter
implementation (data not published). The implementation of such biofiltration system enabled
areduction in the input of micropollutants into the river recipients through sedimentation and
acceleration of biodegradation and phytodegradation processes and in this way indicates the
positive role of such systems in the quality of water ecosystems and in consequence of human
health.

3. The occurrence and fate of PCDDs/PCDFs and PCBs in sewage sludge
and sewage sludge amended soil

The occurrence of PCDDs/PCDFs and PCBs in inflowing wastewater causes considerable
problems for the WWTPs because conventional biological and chemical processes are
insufficient for removing them. What is more is scarce data exist to explain how wastewater
treatment affects the behaviour and fate of PCDDs/PCDFs and PCBs. Since they have a very
high sorption potential [39], they are expected to partition into the sewage sludge part of the
wastewater during treatment processes. In addition, the majority of treatment processes are
very conducive to volatilization; hence, low volatilization potentials of PCDDs/PCDFs reduce
their loss [24].

Various studies confirm that sewage sludge contains a very high level of PCDDs/PCDFs and
PCBs ranging between 2.26 and 1270 ng I-TEQ/kg in the United States [10], from 19 to 225 ng
[-TEQ/kg in UK [40], from 7 to 160 ng I-TEQ/kg in Spain [41], and between 16.85 and 74.56
ng I-TEQ/kg in Poland [24, 42]. Our study from the Lodz Wastewater Treatment plant showed
the concentration of 17 toxic congeners PCDDs/PCDF in sewage sludge equal to 3270.07
ng/kg and the TEQ concentration equal to 29.71 ng TEQ/kg.

These findings confirm that the majority of PCDDs, PCDFs and PCBs are deposited in sludge.
This in turn implicates problems with the further use of such contaminated sludge as a fertilizer
especially because PCDDs/PCDFs and PCBs toxicity is further enhanced by their accumulation
in soil, and bioaccumulation and biomagnification within food chains.
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Concerning the above, the further part of the chapter is focused on the methods dedicated to
safe disposal and utilization of sewage sludge and the fate of sludge-born PCDDs/PCDFs and
PCBs in the environment.

4. Sewage sludge utilization

The main methods of sewage sludge utilization include storage, natural resources and
agricultural land use, and burning. At present, most often the sewage sludge is stored on
sludge lagoons. This practice became insufficient because (1) the storage has a limited capacity
and (2) sludge could be used as a potential recyclable material; however, this method requires
drying of sewage sludge to the content of 58-95% dry weight (d.w.), which is high energy-
consuming.

The use of thermal processes removes organic compounds associated with the sewage sludge
but leave contaminated fly ash. Moreover, this kind of sewage sludge utilization led to air
pollution and airborne diseases among human population due to smoke production which
may contain toxic compounds like heavy metals. The use of efficient equipment led to the
reduction of emissions of harmful elements to the atmosphere but at the same time move the
problem of pollutant emissions to the captured ashes. Additionally, during the incineration
process as an end by-product, the hydrogen (H,), methane (CH,), carbon monoxide (CO) and
carbon dioxide (CO,) are produced. This led to increased production of greenhouse gases,
which are the main concern of the Kyoto Protocol regarding climate change.

The alternative method of sewage sludge utilization is their use as a soil and plant fertilizer.
This way of their utilization is possible thanks to high organic matter content and high levels
of nitrogen and phosphorus which are required for plant growth [43, 44]. Moreover, the organic
matter increases the water capacity influences by this way positive on the structure, texture
and microbial activity of the soil. The use of sewage sludge as a fertilizer is widespread [9].
The amount of sludge used for agricultural purpose is 25% in Germany and up to 90% in
Sweden [9].

The use of sewage sludge as plant fertilizer is not only the method of sewage sludge manage-
ment but also the method for implementation of the Renewable Energy Sources Directive —
when using energetic crops (2001/77/EC) and the Kyoto Protocol (OJ L 203 of 2005, p.1684).
Moreover, crops may be used for the reduction of enhanced pollutants levels in soil after sludge
application.

Following application, the sludge is present in relatively thin film on the soil surface.
Nevertheless, it should be stated that due to high persistence of the PCDDs/PCDFs and PCBs,
the addition of these compounds to the soil through the application of sludge must lead to
an increase in soil contamination. This is important because Regulation of the Ministry of
Environment of Poland from 16 April 2002 recommended to not exceed the 20 ng PCB/g d.w.
in agricultural soil (PCB: 28, 52, 101, 118, 138, 153 and 180) and 2000 ng PCB/g d.w. in
industrial soil (O] 2002, 63 item 634). Nevertheless, there is no law regulation concerning the
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concentrations of 17 toxic congeners of PCDD, PCDF and 12 toxic d1I-PCB in soil. In contrast,
in Germany, the limit for PCB is 0.4, 2.0, 0.8 and 40.0 mg/kg d.w. for playgrounds, parks,
residential and industrial areas, respectively [45]. The limit for PCDD/PCDF is the following;:
100, 1000, 1000 and 10,000 ng TEQ/kg d.w. for playgrounds, parks, residential and industrial
areas, respectively [46].

In case of sewage sludge, the Directive 86/278/EEC on the protection of the environment, and
in particular of the soil when sewage sludge is used in agriculture, does not provide any limit
values or requirements for organic compounds in sewage sludge. Thus, several national
regulations on the use of sludge have added specifications on organic compounds. This is the
case in particular of Austria, France and Germany which have all included limit values for
some organic compounds in the relevant regulation for the use of sludge, for example, in
Austria, the limit values for PCDDs/PCDFs in sewage sludge are 100 ng TEQ/kg d.w. in Lower
and Upper Austria and Burgenland and 50 ng TEQ/kg d.w. in Carinthia [47]. The limit of 100
ng TEQ/kg d.w. is also valid in Germany [48]. The limits for PCBs in sewage sludge are the
following: 0.2 mg/kg d.w. in Lower and Upper Austria and Burgenland and 1.0 mg/kg d.w. in
Burgenland. In France, the limit for sum of seven principal PCBs (PCB 28, 52, 101, 118, 138,
153, 180) is 0.8 mg/kg d.w.; in Germany is 0.2 mg/kg d.w. for each of the six PCB congeners;
and in Sweden is 0.4 mg/kg d.w. In Poland, according to Ministerial Decree (O] 2009, 27 item
169), PCBs should be completely removed from the sewage during their treatment; neverthe-
less, there is no limits of the aforementioned compounds in sewage sludge.

Despite the above national regulation, European Union proposed some limit values for
concentrations of organic compounds and PCDDs/PCDFs in sludge for use on land. The
mentioned proposed limit values are following: 0.8 mg/kg of dry matter for PCBs (sum of PCBs
28, 52, 101, 118, 138, 153 and 180) and 100 ng TEQ/kg of dry matter for PCDDs/PCDFs [49].
Also the US EPA proposed the limit of 300 ng TEQ/kg of dry matter for 17 toxic PCDDs/PCDFs
and 12 coplanar PCBs [50].

5. Bioremediation and phytoremediation of sludge originated PCDDs/
PCDFs and PCBs in soil

Reports on the biodegradation of chlorinated dioxins in the soil are contradicting. On the one
hand, there are studies that indicate that chlorinated PCDDs/PCDFs are persistent. One of such
studies considered chlorinated PCDDs/PCDFs that were introduced into soil through land
application of sewage sludge [51]. According to this study, the PCDDs/PCDFs concentrations
did not change significantly after 260 days of monitoring. On the other hand, the evidence
obtained in other experiments suggests that PCDDs/PCDFs are degraded in soil, for example,
the concentration of 2,3,7,8-TCDD was monitored over 10 years in the soil and was shown to
be significantly decrease. Biodegradation was also observed in the soil spiked with one to
100 ppm of 2,3,7,8-TCDD. Between 37 and 44% of added 2,3,7,8-TCDD was eliminated during
1 year [52].
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The above results are connected with the soil microbial transformation of micropollutants.
Many literature data suggest that microbial biodegradation is the critical event determining
the fate and persistence of PCDDs/PCDFs in the soil [53].

Biodegradation is dependent on micro-organism enzymes which modify toxic compounds
into less toxic forms. Biodegradation can be carried as two processes: mineralization, when
organic compound uses a sole source of carbon and energy by micro-organisms, and co-
metabolism where transformation of given pollutant depends on the presence of other
substrate. Products of this process can be further mineralized; otherwise, incomplete degra-
dation occurs, leading to a formation and accumulation of metabolites more toxic than parent
substrates.

In this place, there is a need to underline the role of humic acids —major components of soil
organic matter which consist of complex polymers of hydroxyphenols, hydroxybenzoic and
methoxybenzoic acids and other aromatic structures with linked peptides, amino sugar
compounds, fatty acids and possibly other constituents. Hydroquinone/quinone-type couples
are perceived to affect the redox properties of humic acid and to act either as electron transfer
mediators or as direct donors of electrons. Thus, the amount of humic acids may determine
the microbial dechlorination of PCDDs/PCDFs [54].

The use of anaerobic and aerobic micro-organisms is the only known process of PCDDs/PCDFs
degradation in soil and aquatic systems, leading to a removal of chlorine atoms from the
biphenyl molecule and theoretically releasing CO,, chlorine and water. Highly chlorinated
congeners have been found to be reductively dechlorinated under anaerobic conditions
through a preferential meta- and para-chlorine removal and production of less chlorinated
congeners, which can then be used in aerobic transformations. Thus, complete degradation of
PCDDs/PCDFs can be achieved by a sequential exposure to anaerobic and aerobic micro-
organisms [55].

The fungi, similarly to bacteria, are also capable to degrade PCDD,/PCDF, in the presence of
oxygen using both processes: mineralization and co-metabolism. The fungi use specific
enzymes named lignin peroxidase or manganese peroxidase which enable to oxidize the
pollutant molecule. The fungal aerobic biodegradation was first reported by Bumpus et al. [56].
The authors documented the mineralization of ['*C] 2,3,7,8-TCDD to *CO, by Phanerochaete
chrysosporium within 30 days. P. chrysosporium also successfully been used to degrade 2,7-
DCDD. It should also be mentioned that the biodegradation activity of fungi is not limited to
less chlorinated congeners, for example, P. chrysosporium is able to remove 34 and 48% of a
mixture of PCDD/PCDF congeners containing from 5 to 8 chlorine atoms in the molecule
during 7 to 14 days [57].

It was estimated that the highest rate of microbial degradation of pollutants occurs in the plant
rhizosphere [58, 59]. Rhizodegradation of organic micropollutants is one of the most effective
remediation processes due to existing interactions in the rhizosphere between plant roots,
plant exudates, soil and micro-organisms. Moreover, plants are able to store in their rhizo-
sphere up to 40% of aminoacids, carbohydrates and other photosynthesis products. This
influences on the availability of carbon used by micro-organisms in the co-metabolism process.
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Whipps [60] demonstrated that 1 g of planted soil contains 10'* higher amount of micro-
organisms in comparison with non-planted one. Rhizosphere microbiota plays also an intrinsic
role in the protection of plants against pathogens and stress caused by too high concentration
of pollutants and eases the uptake of biogenic substances by a given plant [61]. The effective-
ness of rhizosphere biodegradation depends on the ability of micro-organisms to adapt to a
given pollution concentration and effectiveness of colonization of roots [61]. The study of
Kuiper et al. [62] demonstrated that naturally occurred rhizosphere biodegradation may be
enhanced by an addition of micro-organisms to the rhizosphere.

The study with application of plants for phytoremediation/rhizoremediation of soil contami-
nated with organic compounds showed the decline in the concentration of organochlorine
compounds of 30% during 2 years of plant cultivation. At the same time, the unplanted soil
demonstrated the reduction of about two times lower [63]. On the basis of 21-month study,
Nedunuri et al. [64] showed the decrease of aromatic compounds concentrations of about 42
and 50% in soil cultivated with fibre flax (Lolium annual) and St. Augustine grass (Stenotaphrum
secundatum), respectively. Other examples showed phytoremediation of soil contaminated
with crude oil using combination of grass and fertilizers [64—-66]. Despite grasses, the shrubs
and trees can be also used as effective phytoremediation tools. The example can be the study
of Vervaeke et al. [67] who reported 57% reduction of aromatic compounds and mineral oils
during 1.5 years of willow (Salix viminalis) cultivation.

With respect to the removal of sludge-born PCBs, Wyrwicka et al. [68] demonstrated that the
use of cucumber (Cucumis sativus L. var. Cezar) resulted in a decrease in PCB concentrations
by an average of 38.63%. However, the efficiency of PCB removal decreased as the dose of
sludge increased in sludge-treated soil (41.28, 38.39 and 36.22% PCB reduction at doses of 3, 9
and 18 tonnes/ha). Urbaniak et al. [43] demonstrated that the use of other plant from the
Cucurbitaceae family — Cucurbita pepo L. cv Atena Polka—reduced total PCDDs/PCDFs and
TEQ concentration by 37 and 68%, respectively, in soil amended with sewage sludge. The
comparative study of the use of Cucurbita pepo L. cv Atena Polka (zucchini) and Cucumis sativus
L. var. Cezar (cucumber) showed that zucchini was more efficient in sludge-born PCDDs/
PCDFs removal, while cucumber demonstrated higher efficiency in soil phytotoxicity allevi-
ation [44]. Presented studies demonstrate that cultivation of the plants from the Cucurbitaceae
family plays a positive role in reducing the PCDDs/PCDEFS in soil amended with sewage
sludge.

The above data confirm the positive role of plant-bacteria systems in the removal of PCDDs/
PCDFs and PCBs from soil contaminated through agricultural utilization of sewage sludge.

6. Impact of PCDDs/PCDFs on plant growth and plant metabolism

There is limited data on the impact of PCDDs/PCDFs on the plant growth and biomass
production. The literature on this issue mainly comes from studies on the effects of sewage
sludge on plant growth and metabolism [69-71]. Application of sewage sludge as soil organic
amendment and as a source of macronutrients and micronutrients can contribute not only to
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restore the soil cover and vegetation on devastated land [72] but also can be used in the
organization and maintenance of green areas in cities and recreational facilities. An important
aspect of the use of sewage sludge is to improve soil fertility, of low quality class, which can
be used, for example, for energy crops (biomass extraction). The addition of sewage sludge
may have beneficial effects on plants and soil expressing itself by improving the physico-
chemical properties of the soil, increased nutrient content for plants, increased production of
plant biomass, and increased activity of soil enzymes and soil micro-organisms [73]. However,
the presence of pollutants in sewage sludge may have a negative impact on the growth and
development of plants. The content of heavy metals, toxic organic compounds including
PCDDs/PCDFs and microbiological contaminants may contribute to the occurrence of
secondary oxidative stress [74-76]. The occurrence of environmental stresses can lead to an
imbalance in cellular redox state and predominance of oxidation reaction over reduction
reactions. The reactive oxygen species (ROS) are highly reactive and toxic and can damage
important from the biological point of view molecules such as nucleic acids, proteins and
lipids [77]. It is well known that oxidative stress is a common plant reaction to numerous biotic
[78] and abiotic stresses including drought [79], high salinity [80], temperature extremes [81,
82], anoxia [83], mineral nutrients’ deficiencies and metal toxicity [84], increased UV-B
radiation [85], gaseous pollutants [86], acid rain [87] and PCDD/PCDFs [88].

The enzymatic and non-enzymatic antioxidant systems present in the plant tissues prevent the
accumulation of ROS caused by stress factors. The enzymatic free radical scavengers include,
among others, superoxide dismutase (SOD), catalase (CAT) and peroxidases; ascorbate
peroxidase (APx), glutathione peroxidase (GSH-Px), phenolic peroxidase (POx). Non-
enzymatic, low molecular weight antioxidants mainly include ascorbic acid, glutathione,
carotenoids, flavonoids, a-tocopherol and the phenolic compounds [89, 90].

Currently, there is little literature concerning the impact of PCDDs/PCDFs and PCBs on plant
antioxidative system, and usually, information are related to multistress associated with the
presence of organic pollutants and heavy metals. The plants belonging to the Cucurbitaceae
family are known to accumulate high levels of PCDDs/PCDFs and PCBs compared with other
plant species. However, the studies showed also that plant belonging to cucurbits: zucchini
and cucumber, activate the antioxidative system and detoxification mechanisms as an effect of
application of sewage sludge containing high levels of POPs including PCDDs/PCDFs and
PCB [68, 91]. Obtained results indicate that signs of sewage sludge toxicity were greater in
zucchini than in cucumber plants. Visible symptoms of leaf blade damage after sewage sludge
application occurred only on the zucchini plants. Activity of peroxidases such as ascorbate
peroxidase (APx) and guaiacol peroxidase (POx) increased in zucchini plants significantly with
increasing of sewage sludge dose, but they decreased in cucumber plants. Moreover, both in
zucchini and cucumber plants, the relationship between peroxidases activity and catalase
(CAT) activity was inverse. Activity of detoxifying enzyme —glutathione S-transferase (GST)
—increased progressively with the sludge concentration in both the zucchini and cucumber
leaves. Moreover, the increase in GST activity was greater in zucchini plants and was visible
at the lowest dose used. Concentration of a-tocopherol, a lipophilic antioxidant, increased with
sewage sludge dose in both investigated species.
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Other research focused on the influence of light soil fertilization using sewage sludge on soil
toxicity showed its negative impact on growth and development of three plant species Lepidium
sativum, Sorgo saccharatum and Sinapis alba [92].

7. Accumulation and translocation of PCDDs/PCDFs and PCBs in plant
tissue

Plants are the organisms, which are the first stage in the food chain. Widely distributed at low
concentration in the environment, extraordinary toxic PCDDs/PCDFs and PCBs have the
ability to bioaccumulate in the food chain. For these reasons, accumulation of these compounds
by plants is an important step for the transfer of PCDDs/PCDFs and PCBs into the higher
trophic levels and biomagnification. Understanding the mechanisms of uptake and transloca-
tion of PCDDs/PCDFs and PCBs allows to control the risk of unexpected contamination of
important vegetative plants. On the other hand, this knowledge can be used as a tool for
selecting plants that have high phytoremediative potential [59, 93].

The accumulation of persistent pollutants such as chlorinated pesticides, chlorobenzenes,
PCBs and PAH as well as PCDDs/PCDFs in vegetation has been demonstrated in several
investigations carried out in the 1980s of the twentieth century [94-96]. In recent years, our
understanding of the uptake of PCDDs/PCDFs by plants increased considerably [97, 98] but
the pathway by which above-mentioned organic pollutants enter to the plant tissues still
remain under discussion. Early evidence suggested that organic compounds were unlikely to
be taken up from soil and translocated within the plants due to their hydrophobicity [99].
Nevertheless, according to many publications, the absorption from soil vapour may be the
major pathway by which PCDDs/PCDFs from soil enter into the aerial plant tissues [100-102].
Other studies also evidence that dry gaseous deposition is the dominant pathway of PCDDs/
PCDFs in plant tissue, such as lettuce, potato, apple, pear, rice, pea and oilseed rape [103-
108]. However, more recent studies have shown that some species of plant have the ability to
mobilize and accumulate significant concentrations of several organic compounds from soil.
Generally, it is estimated that there are several pathways of PCDDs/PCDFs and PCBs accu-
mulation in plants: (1) adsorption to the root surface, (2) root uptake trough absorption from
soil vapour or water phases of soil and translocation to upper plant organs, (3) contamination
of the foliage and fruits by soil particles which develop in contact with or in close proximity
to the ground, (4) absorption of volatilized from soil PCDDs/PCDFs and PCBs by aerial plants
parts, (5) atmospheric deposition of airborne PCDDs/PCDFs and PCBs for both gas and particle
phase [97, 109].

Uptake and distribution of PCDDs/PCDFs and PCBs are a function of chemical and physical
properties of particular pollutant, such as hydrophobicity, water solubility and vapour
pressure, as well as environmental conditions, such as temperature, pH, organic carbon
content of the soil and plant species [110].

The most important property which determines the possibility of absorption of various
compounds from the soil by roots is hydrophobicity. Usually, it is expressed as the 1-octanol/
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water partition coefficients (K,,) and extends over a wide range for different organic com-
pounds [111]. K, values vary over several orders of magnitude and are expressed as log K_,...
More hydrophobic substances that having a higher log K, value are sorbed more strongly to
soil organic particles. In consequences, if the log K, value of the compound is around 2, the
compound could be easily absorbed by plants, whereas if the log K, value is over 5, the
compound is hardly absorbed [112, 113]. The value closely related to the hydrophobicity is
solubility. Water solubility describes the amount of a chemical which can dissolve in a known
quantity of water. The solubility of the chemical compound is dependent on temperature and
is pH-dependent. Another feature describing the tendency of the substance to move from the
aqueous phase to the gas phase is Henry’s constant (H,). This parameter can be useful in
predicting the ability of chemical to volatilize from soil, water or plant surfaces into the
atmosphere. Although chemical properties are important predictors of uptake, the physiology
and composition of the plant root itself are also a significant influence. One explanation for
such difference in uptake potential is the varying types and amounts of lipids in roots cells.

The uptake of organic chemicals by plants is also influenced by soil properties. Transfer of
organic pollutants from soil to plant roots might be carried out by the uptake of soil pore water
during plant transpiration. Non-ionized organic pollutants, which usually are lipophilic, are
principally sorbed or bound to several components in soil including clays, iron oxides and
onto the organic fraction of the soil’s solid phase. The latter usually exerts the strongest
influence on the organic chemicals pore water concentration [114]. Similarly, compounds with
a high log K, associate with particulates in the wastewater and become incorporated into
sewage sludge during sedimentation, and thus, substances with a log K, of <2.0 appear less
frequently in sewage sludge. It is considered that with the increase in the organic matter content
of a soil, the proportion of the chemical in the pore water decreases, and consequently, its
uptake by plant also decreases. Moreover, it should be noted that the increase of the amount
of organic carbon fraction reduces the optimum of K, for uptake into plants.

Deposition of non-ionic organic compounds on leaves and its sorption at the leaf surface or
rapid movement into the leaf depends on diffusion through the cuticle or stomata. The
concentration of all these compounds on leaves is mainly due to adsorption from the gaseous
phase. Accumulation of PCDDs/PCDFs in above-ground plant parts mainly results from
atmospheric deposition in the gaseous state alone. The contribution of particle-bound depo-
sition may be, despite areas of extreme particle loading, of secondary importance [94].

The pathways of PCDDs/PCDFs accumulation in rice plants were carefully examined by
Uegaki et al., [105] who estimated that dioxins were not absorbed from the soil by growing
plants, but its uptake from atmosphere has the greatest importance. They reported that dioxin
levels in rice plants were strongly influenced by soil adhesion but only at the early growth
stage of brown rice plants grown in three different soils: dioxin-contaminated soil, paddy soil
and upland soil. In the later stage of growth, over the time of experiment, predominant
influence on dioxin level in rice leaf and steam was attributed to concentrations of these
compounds in atmospheric gas phase. This remarks remain in agree with results other
investigations which indicate that approximately 70% of 2,3,7,8-TCDD added to the growth
solution, but only 3% of 2-chlorobiphenyl was adsorbed by the roots of soybean and corn [108],
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and the most important mechanism of foliar contamination is connected with volatility of
2,3,7,8-TCDD from the growth solution.

Taking above relations into consideration, the hydrophobic nature of PCDDs/PCDFs and PCBs
(log K., values between 4.8 and 10.5) and their consequent strong adsorption to soil particles
renders them to largely immobile and generally unavailable to plants [115, 116]. The majority
of available evidence nevertheless suggests that the adsorption or absorption of PCDDs/PCDFs
and PCBs into plant roots and their subsequent translocation into other parts of the plant
structure is minimal. However, the notable exceptions are several plants of the genus Cucur-
bita, which readily take up PCDDs/PCDFs from soil and translocate them to leaves and fruits
[97, 117]. It was also found that Cucurbita plants (e.g. zucchini, pumpkin and squash) can
phytoextract polychlorinated biphenyls (PCBs) [118, 119], p,p’ DDE [120, 121] and chlordane
[122, 123] from soil and translocate some quantities to aerial tissues, as well as it was found
that there is remarkable diversity in the uptake and transportation of persistent organic
pollutants (POPs) among subspecies [119, 121, 123]. In case of willow, study of Oleszczuk and
Baran [124] demonstrated the uptake of 16 Polycyclic aromatic hydrocarbons (PAHs) by willow
from the soil amendment with the contaminated sewage sludge. The authors showed that soil
total (PAHs) content decreased significantly within the first half year, followed by minimal
changes over the subsequent 3 years of treatment. The authors showed that the total content
of (PAHs) in control ranged between 3.6-7.3 ug/kg in shoots and 13-27 ug/kg in leaves,
whereas treated plant demonstrated higher concentrations ranged from 5.5 to 17.6 and 13.5 to
33.8 ug/kg in shoots and leaves, respectively.

8. Conclusions

PCDDs/PCDFs and PCBs pose one of the most challenging problems in environmental science
and technology. Their discharges via insufficiently treated wastewater are responsible for their
occurrence in river ecosystems, both water and bottom sediments. The administration of
sewage sludge, as end products of purification processes, additionally generates problems
with the occurrence of PCDDs/PCDFs and PCBs in the environment and creates risk for
ecosystem functioning and human well-being. Despite the above, the available literature data
concerning PCDDs/PCDFs and PCBs removal from the environment using range of bio- and
phytoremediation technologies demonstrate a promising tool towards safe and effective
elimination of the compounds and in this way improvement of ecosystems quality.
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