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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 ClxCd 

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. Fe x Zn Fe = ±a(Zn)
2 
± b(Zn) ±c 

2. Fe x Cu    Fe1 = ±a1(Cu)
2 
± b1(Cu) ±c1 

3. Fe x Cd Fe2 = ±a2(Cd)
2 
± b2(Cd) ±c2 

4. Fe x Cr Fe3 = ±a3(Cr)
2 
± b3(Cr) ±c3 

5. Fe x Ni    Fe4 = ±a4(Ni)
2 
± b4(Ni) ±c4 
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6. Fe x P Fe5 = ±a5(P)
2 
± b5(P) ±c5 

7. Fe x K      Fe6 = ±a6(K)
2 
± b6(K) ±c6 

8. Fe x OM Fe7 = ±a7(OM)
2 
± b7(OM )±c7 

9. Fe x pH    Fe8 = ±a8(pH)
2 
± b8(pH) ±c8 

10. Fe x CC   Fe9 = ±a9(CC)
2 
± b9(CC) ±c9 

11. Fe x EC   Fe10 = ± a10(EC)
2 
± b10(EC) ± c10 

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

and chemical properties. 

 
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. Ymax and 

Ymin, is found, for each regression equation, respectively, which in the present ex-

ample is Femax and Femin 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: (Fe1max-Fe1min), between (Fe2max-Fe2min) …(Fe10max-Fe10min). 

 

4. From the same experimental data, the max and min values of the actual value of 

Fe can be found, and the difference (Feacmax-Feacmin) 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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PEC = 
(Ytmax – Ytmin) x 100 

[1] 
(Yamin - Yamax) 

   

Where   

PEC = Percent Elemental Contribution (%)  

(Ytmax - Ytmin) = 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 
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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) 
 

 

           [2] 

Where   

    M1, M2, M3,…,Mn = the metals involved in the pollution in mg/Kg 

 

 

2. Heavy Metal Load (HML) 

HML = M1 + M2 + M3 + ….. + Mn [3] 

Where   

M1, M2, M3,…,Mn = the metals involved in the pollution in mg/Kg 

3. Total Concentration Factor (TFC) 
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TCF = 
M1 + M2 + M3 + 

…. 
+ Mn 

[4] 
M1r + M2r + M3r + 

…. 
+ Mnr 

Where   

M1, M2, M3,…,Mn = the metals involved in the pollution in mg/Kg 

M1r, M2r, M3r,…,Mnr = 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  it is  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 
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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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