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Abstract

Huge quantities of treated wastewater (TMWW) and biosolids (sludge) are
produced every day all over the world, which exert a strong pressure on the
environment. An important question that is raised is “what to do with them?”.An
effort is put by the scientific community to eliminate the concept of “waste” and to
replace it with the concept of “recycling of resources”, by means of effective
management, which does not concern only the users, but all the other groups
involved in the problem, such as facility administrators, operations, politicians,
scientific community and the general population. Sludge concentration data
showed that there exist 516 chemicals in biosolids which create a serious health
risk. It is pointed out that this risk will be greatly exacerbated by chemical toxins
present in the sludge which can predispose skin to infection by pathogens.
Consequently, the need for science-based policies are necessary to effectively
protect public health. The risk assessment due to sludge, is difficult to evaluate of
due to the large number of unknown interactions involved. People living near the
sludge application sites may suffer from such abnormalities as: eye, nose, and
throat irritation, gastrointestinal abnormalities, as nausea, vomiting, diarrhea,
including cough, difficulty in breathing, sinus congestion, skin infection and sores.
Many problems seem to be related to biosolid and wastewater application in
agriculture, which should be solved. A universal one, acknowledged as an
“international health crisis” is the resistance of pathogens to antibiotics and to the
evolution of multidrug resistance of bacteria”. Certain anthropogenically created
environments have been identified as major sources of multidrug resistance
bacteria such as in water treatment plants, concentrated animal feeding operations
etc. All these, and many other health problems, render the safety of sludge and
biosolid and wastewater agricultural reuse, for the time being questionable even
though the application is done according to official guidelines. It is therefore
necessary that more research work be conducted on the short and long term
application effects of sludge on human health, and on the environment so as to
successfully address these problems Also,the existing guidelines must be
reconsidered on the basis of the research findings to be attained. It is only then that
the application of these inputs to land could be as safe as possible.
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Introduction

Huge quantities of treated municipal wastewater (TMWW) and biosolids (sludge)
are produced every day all over the world, which exert a strong pressure on the
environment. An important question that is raised is “what to do with them?”.

As the natural resources are being depleted, the demand for clean potable water
increases, the irrigation water needs also increase and the climate is warming, as a
result the management of wastewater in this context, is becoming a challenging
situation. Both developed, and developing countries are struggling to effectively
reuse wastewater and especially the treated biosolids (sludge).

An effort is put by the scientific community to eliminate the concept of “waste”
and to replace it with the concept of “recycling of resources”, by means of effective
and modern management, which includes issues of converting for example the
biosilds into useful products, such as in organic fertilizers, building materials,
production of biogas (UN-HABITAT, 2008) etc.

On the other hand, the wastewater, and biosolids reuse in agriculture, is an
attractive option, which contributes to the relative release of the exerted pressure
on the ecosystem, thus offering a partial solution to the problem, which is faced by
many countries, but at the same time may create other problems which must be
effectively addressed. Yet, as the production of wastewater and biosolids increases,
especially in the developing countries due to the increase of production and to the
changing habits of contemporary human beings, who spent more water for various
uses, and consumes more food of plant and animal origin, the problem of disposal
of the above byproducts is becoming more complex and its solution more urgent.
Consequently, the management of these wastewater treatment byproducts must
concern not only the users, but all the other groups involved in the problem, such
as facility administrators, operators, politicians, scientific community and the
general population.

Effects of TMWW and biosolids on soils and plants

In recent years the scientific community has shown a great concern about the
effects of TMWW and biosolids on the soil quality, and plant growth.
(Kalavrouziotis and Koukoulakis, 2009a; NRC, 1996). Numerous experiments
have been conducted aiming at the study of these effects on various types of soil
and plant species. The results of this work has indicated that both short term and
long term reuse of TMWW, and especially of biosolids may lead to the
accumulation of heavy metals in the soil and plants. However, an important issue
that is connected with the reuse, is that of safety, as a number of problems related
to health risk effect are directly associated with the reuse of both TMWW and of
biosolids. Harisson et al. (2006) reported that sludge concentration data showed
that there exist 516 chemicals in biosolids. These workers identify various areas
where more research is needed on the level of fate, and toxicity of chemicals to
“human and non human receptors”. Such information is of vital importance for the
biosolid application to be considered safe. It is obvious that the issue of TMWW
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and biosolid safety is very important for human health. The biosolid reuse is
affected by various factors, which may influence the degree of safety. An important
factor related to safety is the metal plant uptake. McBride (2003) reported that the
uptake varies with the metal type and plant species. He underlines in relation to the
role of biosolids in plant uptake that “several critical generalizing assumptions
about the behavior of sludge-borne metals in soil crop-system included into the
EPA (Environmental Protection Agency) risk assessment for metals, tend to
underestimate the risks and do not seem to be justified by the published research”.
These authors advocate the need for a more science-based precautionary approach
to toxic metal additions to soils. Lewis and Gattie (2002) reviewed and assessed the
decrease of risk from known pathogens in land applied sewage sludge. They point
out that this risk will be greatly exacerbated by chemical toxins present in the
sludge. They state that the chemical irritants can predispose skin to infection, and
they emphasize on the need of science based policies which can effectively protect
public from such pathogen interactions, which must be taken into account in
relation to protecting the human health.

Efromymson et al. (1998) outlined the complexity of the ecological interactions
involved in relation to the ecological risk due to toxic contaminants and to excess
of N in sewage sludge. They concluded that a definite risk assessment is difficult to
accomplish as there are too many unknown interactions and many uncertainties.
Therefore, the application of sludge to these environments cannot be considered
safe. According to the above workers the accurate risk assessment will require the
understanding of short and long risk term sludge application effects on soil
microorganisms and, plant and wild life. Another important problem has been
reported by Ghosh (2005), related to sludge application. According to it, while the
bacterial levels 13 days after application decrease to control levels, Staphylococcus
aureus increases to its highest level after 13days from application.

The appearance of symptoms reported by Lowman et al. 2013 in the people living
near the sludge application sites, such as: of eye, nose, and throat irrigation,
gastrointestinal abnormalities, as nausea, vomiting, diarrhea, also cough, difficulty
in breathing, sinus congestion, skin infection and sores, (Khuder et al., 2007), have
been attributed to sludge application and more specifically to the influx of
staphylococcus during the “post application period” of sludge. Similar results have
been reported by Lewis et al. (2002a) and Harrison, and Summer (2005) stating
that there have been numerous reports in the literature documenting health
incidents in people living around the sites of sludge application. They point out that
this situation exists even in sites where the sludge application was done in
“compliance with the regulations”. They conclude that “compliance with the
regulations does not ensure protection of public health”, and they suggest
reconsideration of the regulations controlling sludge application.

An important problem, related to biosolid application in agriculture is the
resistance of pathogens to antibiotics and to the evolution of multidrug resistance
of bacteria, which is universally recognized and acknowledged as an “international
health crisis”. It has been reported in this respect that certain anthropogenically
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created environments have been identified as major sources of multidrug resistance
bacteria (water treatment plants, concentrated animal feeding operations etc.).
Snyder, (2005) reported that “serious illness, including deaths and adverse
environmental impacts have been linked to land application of sewage sludge”.

The US clean Act defines sewage sludge as pollutant. As the wastewater contains
many contaminants, during the treatment process all these contaminants
concentrate in the sewage sludge. On the other hand the US National Academy of
Sciences (NAS) has warned that sewage sludge being a complex and unpredictable
mix of biological and chemical wastes, its risk when used for agricultural purposes,
cannot be assessed. Therefore, the NAS panel concluded that “standard strategies
to manage the risk of land application do not protect public health (NRC, 2002).
Based on the above and on many other relevant publications, which appeared in the
literature, the so called “safety” of sludge and biosolid and wastewater reuse seems
to be for the time being partly accomplished. It is therefore necessary that the
research work conducted towards addressing effectively all the barriers involved
and also existing guidelines must be reconsidered in the light of the research result
to be attained.

The properties of treated wastewater and biosolids

In order to achieve safe reuse, it is necessary to acquire a deep insight of the
TMWW and biosolids (sludge) properties. Both of these inputs are characterized
by negative and positive characteristics. The wastewater and the sludge contain
macro, micronutrients and organic matter. However, sludge and biosolids have a
much higher concentration of plant nutrients and organic matter. Especially they
are very rich in heavy metals. Also, both of them contain toxic organic compounds,
pharmaceuticals, and xenobiotics, at the same time they are carriers of microbes,
and pathogens, helminth spores and viruses, fungi, bacteria etc. In fact, it is this
composition that creates a high health risk and makes dangerous their reuse and
strongly problematic. On the other hand the TMWW and the biosolids or sludge
may be very useful in supplying plants with macro and micronutrients and
additionally the soil with organic matter. The existence of pharmaceuticals, also
creates serious universal problems related to the increase of some microorganisms
such as Acinetobacter spp (Zhang et al., 2009) and the resistance to antibiotics, a
problem related to human health risk. It has been reported that the wastewater
treatment plants and biosolids concentrate antibiotics and pathogens from hospitals
and industry etc. They state that “the activated sludge process probably provides a
favorable environment with high microbial biomass and selective process for
horizontal gene transfer of antibiotic resistant genes” (Czekalski Nadine et al.,
2012

Elemental interactions and their contribution to soils and plants

Significant interactions between heavy metals, plant macro and micronutrients as
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well as soil physical and chemical properties, are taking place in soil and plants
(Kalavrouziotis and Koukoulakis, 2012).

Interactions between elements occurring in soils and plants have been reported
long ago by Olsen (1972), Robson and Pitman (1983), and later on by Marschner
(2002) and Bollan et al. (2005). Originally, the work on the interactions was
focused on the “balanced supply” of nutrients in crops (Shear et al., 1946), which
was considered a “sinus non quam” condition for optimum plant growth, and
maximum yield. This concept showed that the interactions are related to maximum
plant yield, as they play an important role in plant growth. In fact, the interactions
according to Frey et al., (2010) affect the components of the rhizosphere microbial
population, such as the ammonia oxidizing bacteria (AOD).

Hundreds of interactions are occurring in plants and soils. For example about 362
interactions took place in cabbage plant and in its different organs (roots, leaves,
heads and stems). More specifically, the percent distribution in terms of these
interactions, were as follows: antagonistic 16,85%, and synergistic 70,71%
(Kalavrouziotis and Koukoulakis, 2012).

Similarly, 182 interactions occurred in Brassica oleracea var gemmifera (Brussel’s
sprouts) of which 71,62% were synergistic, 6,70% antagonistic and 4,07% biphasic
(Kalavrouziotis et al., 2009d). The effect of the interactions irrespective of the
plant organ it can be either positive or negative, depending on whether they are
synergistic or antagonistic. It also depends on the kind of the interacting elements,
that is whether they are plant nutrients or heavy metals. The interactions may
contribute plant nutrients. If they are synergistic and occur between heavy metals
and essential nutrients, if they occur between heavy metals and are synergistic they
may contribute more heavy metals, hence the result will be negative. On the other
hand, if the interactions are antagonistic, the result will be positive as less heavy
metals will be supplied to soils or to plants.

Therefore, it becomes obvious that some interactions may cause a risk effect on
human health and this must be borne in mind. For example, the interaction CIxCd
being synergistic, may contribute significant quantities of Cd to treated waste-
water, thus increasing the health risk effect on human beings where the wastewater
is used for crop irrigation (Kalavrouziotis et al., 2011a).

It must be underlined that the reuse of TMWW is a multifactor problem related to
social, economical, and environmental parameters. Consequently, it is directly
connected and associated with the environmental quality due to the fact that it is in
an immediate association and contact with the soil and plant system (Cheng et al.,
1998). It has been reported by Kalavrouziotis et al. (2009b) in relation to the
occurrence of the interactions in the soil system that out of 40 interactions which
occurred under the effect of the TMWW, almost all of them were synergistic, and
most of them were between heavy metals, a fact that suggested that the soil was
supplied with heavy metals, which could have significant environmental impact.
The presence of TMWW intensifies the elemental interactions, increasing
significantly their number of occurrence(Kalavrouziotis et al., 2011a).
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The elemental contribution of the interactions occurring in the plant, may not be
always the same in a given plant organ. In other words, in the roots an interaction
may be synergistic and in the leaves antagonistic. In many however cases, it may
be in two or more plant organs constantly the same i.e. antagonistic or synergistic.
For example, the interaction CdxPb has been found antagonistic in Broccoli leaves
and synergistic in Broccoli roots. Similarly, the interaction PbxCd is synergistic in
Broccoli roots (Kalavrouziotis et al., 2009a). As to the contribution of the
interactions, in terms of heavy metals or plant nutrients, and their accumulation in
the plants, a number of factors affect it, with the plant genotype being the most
important (Kalavrouziotis et al., 2009c).

Elemental contribution of interactions

One important question that is raised with respect to the interaction’s contribution
is: “What is the quantitative contribution of the interactions in terms of metals or
plant nutrients?”. The answer to this question is based on the following rational:
“The difference between two sites in the field in elemental concentration may be
due to various reasons such as: variability of mineral content, microbial activity;
water content, fixation, aeration, pH, organic matter, oxidation reduction potential,
calcium carbonate, etc. All these factors affect the soil availability of the metals
and plant nutrients. To these, the interactions must also be added, which
undoubtedly occur continuously in the soil and affect the availability of heavy
metals and plant nutrients. Consequently, to quantify the effect of interactions of
the concentrations of the elements in general in the soil, it is necessary to run a
regression analysis between the heavy metals, plant nutrients, and possibly the soil
chemical and physical properties. The statistical approach to solution of this
problem is analyzed below as follows (Kalavrouziotis et al., 2010; Koukoulakis et
al., 2013).

1. Based on the analytical experimental data of soil heavy metals (Zn, Cu, Mn, Cd,
Co, Cr, Ni, Pb), essential elements i.e. macro and micronutrients (N, P, K, Ca, Mg,
Cl) and soil physical and chemical soil properties (pH, Organic Matter (OM), Cal-
cium Carbonate (CC), and Electrical Conductivity (EC)), regression analysis is run
according to the interactions given in Table 1.Among the regression equations pro-
duced, the statistically significant ones are chosen.

2. These significant regressions equations are taken into account for the quantifica-
tion of the elemental contribution of each chosen interaction in terms of Fe, Zn, etc.
Let us assume that the following interactions and their corresponding regression
equations are statistically significant, i.e.

1. Fex Zn Fe = +a(Zn)’+ b(Zn) +c

2. Fe x Cu Fe, = +a,(Cu)?+ by(Cu) *c,
3. Fe x Cd Fe, = +a,(Cd)?+ b,(Cd) *c,
4. Fe x Cr Fe; = +a5(Cr)? £ by(Cr) *c;
5. Fe x Ni Fe, = +a4(Ni)? £ by(Ni) c,
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Fex P Fes = +a5(P)? + bs(P) +cs

Fe x K Fes = +ag(K)® % bgs(K) g

Fe x OM Fe; = +a;,(OM)*+ b,(OM )#c;
Fe x pH Feg = +ag(pH)” + bg(pH) *cg

0. Fex CC Feg = +ay(CC)? + by(CC) *cq

11. Fe x EC Fejp== alo(EC)zi' blo(EC) * Cypo

P e i

Table 1. Interactions between heavy metals, macro and micronutrients and soil physical
and chemical properties.

Fe Zn Mn Cu cd Co Cr Ni Pb N P K Ca Mg Ci PH oM cc EC

Fe FextZn Fexlvin FexCu FexCd FexCo FexCr FexMi FexPh FexN. FexP FexK Fexca FexMg FexCi FexpH FexOM FexCC FexEC
Zn | ZazEe ZoxMn  ZoxCu  ZoxCd ZoxCo  ZoxCr  ZaxMi EoxPb ZmN PP ZoxK ZnxCa PoxMg ZaxCl ZnapH ZnxOM ZoxCC o EnxEC
Mn | MpxFe MnxZn Mn=Cu  MpzCd  MnzCa MuzCr Dnshli MznPh Mz MaxP  MaxkK MnxCa MnzMg  MnzCl  MaxpH  MaxOM  MnzCC MaxEC
Cu CuxFe CuxZn CuxMn CuxCd CuxCo CuxCr CuxNi CuxPh CuxN CuxP CuxK CuxCa CuxhMg CuzCr CuzpH CuxOW CuxCC CuxEC
Cd | CoxFe Cdxzn  CizMa  CdCw CixCo  CdxCr  CdxMi  CdwPo  CiwN  CdwP  CdwK  CdxCa  CdxMg CdeCr  CosgH  CdsOM  CdsCC  CdzEC
Co CoFe CoZn CxMnr CoxCu CoxCd CoxCr Coxhi CuoxPh CoxN CoxP CoxK CoxCa CoxMg CoxCr CoxpH CoxOM CoxCC CoxEC
G | CmFe  CmZn  MimMn  Cr¥cU  Cr¥cD  CrECo Crei  CmPb  CmN  CmP  CeK CrxCa  CrMg  CmCl  CopH  CmOM  CsCC CmEC
Ni NixFe NizZn NizMn NizCu NizCd MNizCo MizCr NizPh iz HNigP MizK NizCa Nizhlg NizCr HNizpH NizOM MizCC NizEC
Pb | PozFe PbxZa  FbaMn  PbwCu  FbmCd  PbxCo  PhCr  FbaMi PbxN  PoxP  FosK  PbxCa  FPbxmg  PbaCr  FPompH  PoxOM  PhaCC PhxEC
N MzFe NzZn MezMn NxCu NzCd NxCo NxCr MsNi Mzph Nz=P Nz NzCa Maing NxCr NzpH NxOM NxCC NzEC
P PxFe PxZn Pzhn PxCu FxCd FxCo PxCr PNl PxPb PxN Pzl PzCa PxMMg PxCr PzpH PxOM PxCC PxEC
K | ExFe KzZa KMo  KzCs  KxCd  KsCo  RxCr  KzNi KaPb KsN  KzP KECA  KaMg KaCr KapH  KxOM  KxCC  KzEC
Ca CaxFe CaxZn CaxMn CaxCu CazCd CaxCo CaxCr CaxMi CaxPh CaxN CaxP Cazk CaxMg CaxCr CaxpH CaxOM CaxCC CaxEC
Mg | MgsFe MgaZn  MezMn MgCu  MexCd  MgsCo  MgsCr MesMi  MexPb  MgaM  MexP MgxK  MgxCa Megxer MgxpH  MgzOM  MgaCC  MgxEC
a ClzFe ClzZn ClzMn ClzCu ClzCd ClzCo ClzCr ClzNi ClzPh ClzN ClzP ClzK. ClzCea Clzmg ClzpH ClzOM ClzCC CIzEC
pH | pHeFe  pHiZn  pHxMa  pHiCu  pHxCd  pHxCo  pHaCr pHeNi  pHxPb  pHxN  pHxP  pHxK  pHxCa pHxMg pHaCr pHROM  pHxCC  pHxEC
OM | OM=zFe OMzZn OMzMn OM=zCu OMzCd OMzCo OMzCr OM=zMi OM=zPb OMzN OMzP OMxK OM=zCa OMzMg OMzer OMzpH OMzCC  OM=EC
cc CCzFe CCxZn CCxMn CCxCu CcCxCd CCxCo CCxCr CCxNi CCxPh CCxN CCxP CCzK CCxzCa CCzmg CCxCr CCxpH CCxOM CCxEC
EC | ECxFe ECxZn ECzMa ECxCv ECaCd ECxCo ECxCr ECaNi ECxFo  ECxN ECxP  ECxK ECxCa ECzmg ECxCr ECxpH  ECROM  ECxCC

3. Each one of the above equations is solved for the maximum and minimum value
of the independent variable X (Xmax, Xmin), which in these examples is repre-
sented by the elements: Zn, Cu, Cd, EC, respectively. These values of the above el-
ements can be easily found from the available analytical data of the experimental
soil. Thus, by solving the above equations, the difference between the correspond-
ing maximum, and minimum values of the dependent variable (Y) i.e. Y. and
Y min, 1S found, for each regression equation, respectively, which in the present ex-
ample is Fenax and Fenn respectively. These values are the results of purely interac-
tions effect.

This difference for each of the above ten interactions given above as a general ex-
ample, are as follows: (Feimax-F€1min), between (Feamax-F€amin) - . (FE10max-F€10min)-

4. From the same experimental data, the max and min values of the actual value of
Fe can be found, and the difference (Femax-F€acmin) Can be calculated which is due
to the factors mentioned previously including the interaction effect. This difference
is equal to 100% and represents the concentration of the element by which two
sampling points in the same field differ in their metal content. Therefore, the con-
tribution of interaction in terms of ‘“Percent Elemental Contribution (PEC)” of a
single element based on one regression equation, is given by the following relation
(Koukoulakis et al., 2013):
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(thax - thin) X 100
(Yamin - Yamax)

PEC = [1]

Where
PEC = Percent Elemental Contribution (%)

(Yimax- Yimin) = difference between the theoretical independent values of the
given metal concentration in mg/Kg as determined by the
solution of the respective regression equation.

(Yamin - Yamax) = difference between the actual values of the dependent variable
as it is given by the soil analytical data, representing a given
metal in mg/Kg.

The importance of the interactions

Based on the results obtained so far in relation to the usefulness and importance of
the elemental interactions (Koukoulakis et al., 2013; Kalavrouziotis and
Koukoulakis 2012; Kalavrouziotis and Koukoulakis 2009a; Kalavrouziotis et al.,
2009b; Kalavrouziotis et al., 2009c; Kalavrouziotis et al., 2008), the following may
be summarized. The elemental interactions, which unfortunately have not been
paid due attention by the scientific community, play an important economical,
environmental, and social role.

The interactions between metals and macro and micronutrients under the effect of
TMWW and sludge or biosolids are continuously taking place in the soil and
plants, affecting soil fertility, productivity,plant growth, and yields. Also, the
interactions affect forest plant growth, pasture’s animal crops or evergreen plants
of the ecosystem, thus influencing the environmental quality.

Furthermore, the positive heavy metal interactions (synergistic) may contribute
toxic metals, which, in the long run may affect adversely human and animal health
, causing the so called “silent toxicity” (Papaioannou et al., 2015). Also, the
interactions can unfavorably affect the microflora and the macroflauna diversity in
soil influencing positively or negatively soil quality.

Another important aspect of interactions is that they may be used to explain
observed positive effects of heavy metals on plants. Such positive effect on plant
growth may be due to contribution of the interactions in terms of plant nutrients
(Kalavrouziotis and Koukoulakis 2011b; Bollard, 1983).

Soil metal pollution by the biosolid and wastewater reuse

Both, the biosolids and wastewater reuse, provide the closing of the plant nutrient
cycle (Shomar et al., 2013). In fact, by the reuse a sustainable and ecological sound
wastewater and sludge management can be accomplished, provided that the known
health risk barriers are removed from these wastewater treatment byproducts. In
other words, the agricultural application of biosolids or sludge must be

8
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accompanied by concrete and well defined safety measures in order to secure a
healthy environment and to protect the consumer’s life. Such an application of both
wastewater and biosolids could be very advantageous in the sense that it will be
economic and a good supplier of plant nutrients, and friendly to the environment.
Biosolid application to soil may contribute heavy metals which could accumulate
in the soil either in short term being applied at high levels, (Shomar et al., 2013), or
in long term, applied in lower levels but repeated for many years.

Since our basic aim is to accomplish safe reuse of wastewater and of sludge or
biosolids, we have developed pollution indices for the assessment of soil pollution.
These indices, can be used to evaluate not only the wastewater and biosolid based,
but of any other source which may contribute heavy metal to soil. For example
industrial activities, metal smelting, mine operations, including crop fertilizer
application. All these activities may cause soil metal pollution of the ecosystem. By
definition the soil pollution is highly complex, elementally collective and very
interactive process. Therefore, the pollution must be examined and be evaluated in
relation not only to one metal, but collectively to all metals, which are involved in
the process of pollution. Furthermore, not only the main effect of this element is
related to soil pollution but also to the interrelationships, which should be paid
special attention..

The pollution indices that have been developed by our research team, take into
account all the metals involved, and in this respect, they are dynamic, but the result
of the assessment is static, in the sense that the index assesses the metal pollution
level at the moment of soil sampling, and its chemical analysis. Irrespective of this
characteristic, the indices reflect a soil pollution caused collectively by all the
existing soil metals, and this is a very useful information with respect to decision
making as to the facing of the problem of soil amelioration.

The pollution indices that have been developed by our research team are as follows
(Kalavrouziotis et al., 2012):

1. Elemental Pollution Index (EPI)

1n
EPI = \/1\-11:<1\-12:~;h-13_\:.....xl\-{n [2]

Where
M1, My, Ms,..., M, = the metals involved in the pollution in mg/Kg

2. Heavy Metal Load (HML)
HML = M1+M2+M3+.....+Mn [3]

Where
M1, My, Ms,....M,= the metals involved in the pollution in mg/Kg
3. Total Concentration Factor (TFC)
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TCF = ——— 7 S [4]
er + M2r + M3r + o+ Mnr

Where
My, My, Ms,...,M,= the metals involved in the pollution in mg/Kg
My, My, Ma,,...,Mp = the corresponding reference values of these metals.

The above pollution indices have been calibrated on the basis of the percent dry
matter loss of Beta vulgaris L., and the relevant calibration data has been tabulated
to assess the level of soil pollution (Papaioannou et al., 2016).

The basic characteristic of the above pollution indices, is that they are easy and
simple to use and that EPI and HML do not need to have the reference values of
metals, but only TCF

The PLI index of Cabrera et al., (1999) has been used as a reference index for the
abo three, indices for reasons of comparison.

Conclusion

Based of the above the following conclusions can be drawn:

- in spite of the fact that the agricultural reuse of wastewater and biosolids
(sludge) is a routine practice in several countries, especially in Mediterranean area,
the “safety” of land disposal of these inputs is in many cases questionable..

- the replacement of the concept of “waste” by the: “recycling of resources” will be
possible only upon successfully addressing the risk health problems involved in
the reuse of wastewater and especially of sludge. This will be possible with more
systematic research and continuous effort towards accomplishing. a science - based
reuse;

- also itis a “sinus quam non” necessity, that the existing guidelines, controlling
the reuse of sludge and wastewater, must be reconsidered, in the light of the new
research results, due to fact that health risk problems appear even in cases where
the reuse is applied in compliance with the existing official guidelines .and
regulations;

- health problems related to pathogens have appeared in the many cases in people
living around and near the sites of application of sludge. Furthermore, the increase
in antibiotic resistance of bacteria is an “international health crisis”, toxic metals
accumulate in the edible plant parts. Also the existence of many unknown
interactions and uncertainties render the application of sludge not safe. Unless
these problems are successfully addressed the “safety” of reuse will be always
questionable;

- the scientific community must be supplied with all necessary research
infrastructure and needed by the states and by the Organizations involved in the
reuse, to work towards accomplishing the safety of sludge and wastewater reuse,
necessary for the effective management of these inputs, so as to release the

10
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pressure exerted by the huge quantities of wastewater anf sludge produced
universally every year;

- the research team of the School of Science and Technology of the Open
University of Patras has been working for the last 20 years with the accumulation
of heavy metals in soils and plants with emphasis in the edible parts, heavy metal
interactions, their elemental contribution to soils and plants, and also with the
establishment of pollution indices for the assessment and forecasting soil
pollution from of the long term reuse of wastewater and sludge.
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