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Abstract 
 
This study focused on the fate of the most representative metals in urban wastewater treatment by the conventional activated 
sludge process. The research analyzed: distribution between soluble and particulate fraction in the different treatment stages, 
removal efficiencies as related to partitioning, and metal behavior during rainfall events. A mass balance approach allowed 
evaluating the behavior of the metals, migration between phases and final fate, in order to investigate metal dynamics during the 
treatment cycle. Metal distribution between phases in outflow fluxes (treated effluent and sludge) resulted consistent with their 
partitioning between soluble and particulate fraction in the influent and significant migration between phases was not observed. 
Arsenic was found to be the most critical element for sludge reuse, despite being mostly partitioned into the soluble fraction. 
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1. Introduction 
 
Over the last thirty years, the approach to 

wastewater treatment has been aimed at improving 
treated effluent quality, according to regulatory 
developments and given the increased sensitivity to 
environmental issues and to the protection of water 
resources. 

Numerous studies have focused on the 
enhancement of secondary treatment efficiency and 
the implementation of tertiary processes, such as 
disinfection and/or refinement of treated water for 
reuse purposes. As a secondary effect, these 
innovations have inevitably led to an increase of 
sludge production per population equivalent (Fytili 
and Zabaniotou, 2008; Kelessidis and Stasinakis, 
2012). 

More recently, also by reason of tightening of 
regulations on landfill disposal and more stringent 
requirements for agricultural and energetic reuse, 
technologies aimed at reducing sludge production 

and improving its quality, in order to promote 
recovery/reuse are gaining increasing interest. 

In this sense, it is essential a better 
understanding of partitioning dynamics and removal 
processes of potential pollutants, such as metals, and 
to investigate on the possibility of adopting targeted 
measures, aimed at reducing their concentrations in 
sludge. However, given the conservative behavior of 
metals, migration between phases does not result in 
removal but simply in a transfer of the impacted area 
from the solid matrix to the receiving water body, 
which should therefore be assessed in relation to the 
overall environmental benefits. 
 

2. Outline of the work 
 

On the basis of European and Italian 
regulations, wastewater sludge is classified according 
to the European Waste Catalogue (EWC, 2002) with 
the Code 19 08 05 (“Sludge from treatment of urban 
waste water”). 

In Italy, landfilling has been the most widely 
used method for wastewater sludge disposal (EC, 
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2010), until recent regulations (Decree, 2005) 
introduced more stringent measures. In light of the 
new standards, landfill disposal of urban wastewater 
sludge is expected to cease, because of Total Organic 
Carbon (TOC) content in sludge and of Dissolved 
Organic Carbon (DOC) concentration in the eluate; 
anyway, the impossibility to apply the new rules 
immediately has led to grant extensions in order to 
implement interventions and organize alternative 
reuse systems and strategies. 

Wastewater sludge management is thus a 
highly relevant and important issue, also because of 
the energetic and agronomic properties of the sludge 
itself. Sludge reuse in agriculture as a soil conditioner 
is viewed positive because of the organic matter and 
nutrient contents, and it can be carried out by two 
different techniques: a) direct spreading on the soil, 
after stabilization processes and if complying with 
chemical-physical requirements set by EC Directive 
(1986) and its national transposition, the Italian 
Legislative Decree n. 99/1992 (Decree, 1992). 
Similarly, the calorific value of the organic matter 
makes wastewater sludge suitable for energy 
recovery and therefore to be treated by dedicated 
waste to energy plants, or in co-combustion with 
other fuels.  

In this case, in systems operating according to 
the simplified procedure, sludge combustion is 
allowed after compliance with the requirements set 
by the technical standards of the Decree of the Italian 
Environment Ministry 05/02/1998 (Decree, 1998). 
Both for agricultural reuse and energy recovery 
purposes some issues are posed, on one hand 
concerning the safety of agricultural products and of 
the workers employed in spreading operations and 
the other hand related to the potential environmental 
impacts. EC Directive (1986) on agricultural land 
treatment is currently under revision, and a tightening 
of limits and a review of the parameters could be 
introduced; moreover, some Italian regions (Emilia 
Romagna, Lombardia) have already issued 

supplementary regulations to the national laws, by 
introducing additional inorganic and organic 
parameters and restricting some of the quality 
standards.  

Heavy metals represent the category of 
parameters more involved in the above revision 
processes, as a consequence of their characteristic 
tendency to accumulate; gaining a better 
understanding of their presence and behavior is 
therefore essential, in order to address sludge 
management strategies, also in relation to the 
evolution of the regulatory framework concerning the 
different reuse systems. 

 

3. Case study 
 

The main object of the current study was to 
investigate dynamics and final fate of the most 
representative metals in conventional wastewater 
processes, such as the activated sludge systems. 
Based on a mass balance approach, partitioning 
between soluble and particulate fraction and 
distribution in the different treatment stages were 
considered, in order to evaluate removal efficiency, 
behavior, migration between phases and final fate in 
the output flows of the systems. 

Behavior during rainfall events has also been 
studied. The study was carried out at a wastewater 
treatment plant (WWTP) located in Rome 
metropolitan area, with average input flow-rate 3.0 
m3/sec; treated effluent is discharged into the Tiber 
river.  

The water line is made of a pretreatment stage 
and two identical process trains, each including two 
parallel primary clarifiers, an activated sludge unit 
and two parallel secondary clarifiers. The sludge line 
includes pre-thickening, anaerobic digestion (not 
operating during the study), post-thickening and 
dehydration with centrifuges. Fig. 1 describes the 
process diagram of the WWTP showing the location 
of the sampling points. 

 

 
 

Fig. 1. Process diagram of the wastewater treatment plant 
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4. Material and methods 

 
Monitoring campaigns based on regular and 

systematic sampling of influent, treated effluent and 
sludge were carried out, weekly/fortnightly, for a 
period of 15 months. Composite samples were taken, 
constituted by the assembling of subsamples 
collected on a hourly basis by means of automatic 
samplers. At the same time, discrete samples were 
also drawn, in order to assess comparability between 
the average data collected through composite and 
discrete sampling. Discrete sampling on the water 
treatment line and sludge was carried out according 
to international methods (APHA-AWWA-EF, 2005).  

Wastewater samples were taken at 8 
monitoring points: influent; effluent from primary 
sedimentation (first and second train); effluent from 
activated sludge unit (first and second train); effluent 
from secondary sedimentation (first and second 
train); treated effluent. 

Sludge samples were collected at 4 locations: 
secondary sludge from first and second train; inlet 
and outlet of dehydration. Supernatants from the 
sludge treatment line were also sampled. Altogether 
for each sampling campaign 13 treatment stages were 
monitored; a total of 28 campaigns were carried out. 
Analyses were performed with methods accredited 
by the Italian accreditation body Accredia under UNI 
CEI EN ISO/IEC 17025 Quality Procedures. 

Table 1 lists analytes, methods and related 
quantification limits (LOQ), both for water and 
sludge samples. Dissolved metals were determined 
after filtration of the sample through 0.45 um filters.  

During monitoring campaigns, flow-rate data 
of the main fluxes of both the water and the sludge 
treatment lines were collected. 
 
5. Results and discussion 

 
5.1. Influent 
 

Table 2 shows metal concentrations in the 
influent both for discrete and composite samples. For 
statistical purposes, concentrations below the 
detection limits were taken as equal to the detection 
limit itself. 

Comparison of analytical results from 
composite and discrete samples shows that 
concentrations found are in a strictly close 
agreement, which is consistent with what might be 
expected for an urban wastewater treatment plant 
receiving no anthropogenic inputs from industrial 
activities. Metal concentrations in the influent were 
extremely low, such as to comply or at least be 
comparable with quality standards set for drinking 
water (EC Directive, 1998). The graph below (Fig. 
2), in logarithmic scale to allow visualization of the 
trends for all parameters, compares statistical figures 
(minimum, maximum, average, median) of influent 
composite samples with quality standards for 
drinking water. 
 
5.2. Treated effluent and metal removals efficiency 

 
Table 3 shows treated effluent concentrations of 

metals both for discrete and composite samples. 
 

Table 1. Parameters, analytical methods and instrumental detection limits 
 

WATER SAMPLES SLUDGE SAMPLES 
 
 LOQ 

μg/L 
Method 

LOQ 
mg/kdDW 

Method 

Cu 1.0 APHA SM2005 3030K+3125 1.0 EPA 3052 1996+EPA 6010 C 2007 
Pb 0.2 APHA SM2005 3030K+3125 1.0 EPA 3052 1996+EPA 6010 C 2007 
Ni 2.0 APHA SM2005 3030K+3125 1.0 EPA 3052 1996+EPA 6010 C 2007 
Zn 1.0 APHA SM2005 3030K+3125 1.0 EPA 3052 1996+EPA 6010 C 2007 
Cd 0.2 APHA SM2005 3030K+3125 1.0 EPA 3052 1996+EPA 6010 C 2007 
Cr 5.0 APHA SM2005 3030K+3125 1.0 EPA 3052 1996+EPA 6010 C 2007 
As 1.0 APHA SM2005 3030K+3125 4.0 EPA 3052 1996+EPA 6010 C 2007 
Hg 0.2 EPA 7473 2007 0.001 EPA 7473 2007 
Mn 0.2 APHA SM2005 3030K+3125 1.0 EPA 3052 1996+EPA 6010 C 2007 

 
Table 2. Metal concentrations in WWTP influent 

 
Concentration (μg/L) Cu Pb Ni Zn Cd Cr As Hg Mn 

Minimum 9.1 2.9 1.4 44.7 0.2 5.0 3.3 0.2 34.4 
Average 26.4 12.5 3.5 105.2 0.2 5.5 5.0 0.2 90.4 

Maximum 63.4 32.9 7.6 216.2 0.3 10.5 8.8 0.5 213.4 

WWTP INFLUENT Discrete Samples 

Median 23.5 11.8 2.8 95.4 0.2 5.0 4.8 0.2 83.7 
Minimum 5.9 2.2 1.3 31.1 0.2 5.0 3.0 0.2 29.9 
Average 31.4 12.8 4.4 195.2 0.2 5.8 4.9 0.5 90.8 

Maximum 98.6 41.5 8.6 841.6 0.6 11.1 10.2 6.1 159.2 

WWTP INFLUENT Composite Samples 

Median 23.4 9.0 3.8 109.0 0.2 5.0 4.8 0.2 88.0 
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Table 3. Metal concentrations in WWTP effluent 
 

Concentration (μg/L) Cu Pb Ni Zn Cd Cr As Hg Mn 
Minimum 1.0 0.3 1.0 7.9 0.2 5.0 2.7 0.2 14.8 
Average 5.8 2.6 2.6 37.3 0.2 5.0 3.7 0.2 61.6 

Maximum 14.7 6.0 10.0 68.6 0.2 5.5 5.2 0.4 110.8 
WWTP EFFLUENT Discrete Samples 

Median 5.1 2.5 2.2 34.0 0.2 5.0 3.6 0.2 62.4 
Minimum 1.0 0.2 1.0 2.2 0.2 5.0 1.0 0.2 1.9 
Average 5.9 2.8 3.6 37.1 0.2 5.0 3.6 0.2 63.6 

Maximum 15.8 6.2 39.6 71.8 0.2 6.3 4.9 0.5 97.3 
WWTP EFFLUENT Composite Samples 

Median 5.7 2.8 2.3 36.9 0.2 5.0 3.4 0.2 61.9 
EFFLUENT LIMITS (discharge in 
surface water) 

Parametric 
value 

400 300 4,000 1,000 20 4,000 500 5.0 4,000 

 

 
 

Fig. 2. Comparison between drinking water quality standards (EC Directive, 1998) and values in WWTP influent 
 

Treated effluent concentrations were low, 
with values significantly below the standards for 
discharge into surface water (EC Directive, 1998). 
Average concentrations were lower than the limits by 
a factor, dependent on the metal, ranging from 15 for 
Zinc and 1,000 for Nickel.  

Fig. 3 shows overall removal efficiency in the 
liquid stream, based on composite sample results, for 
all metals except for cadmium and mercury, whose 
concentrations both in influent and treated effluent 
samples often resulted lower than the instrumental 
detection limit.  

 

 
 

Fig. 3. Overall removal efficiencies of WWTP 

Removal computed from discrete samples 
exhibited a similar trend. The chart shows that, 
despite urban wastewater treatment plants are not 
designed for removing metals, significant removal 
efficiencies are obtained, especially for lead, zinc, 
and copper. 
 
5.3. Dewatered sludge 

 
The analysis of the residual solid fraction 

shows that, contrary to results for the treated effluent, 
in which concentrations were significantly below 
discharge standards, in sludge average values were 
close to the levels allowed for reuse (Table 4). 
Concentrations found are in good agreement with 
other studies (Chipasa, 2003; Hoss et al., 2001; 
Mayr, 2005).  

Data show as many parameters can often 
reach critical concentrations, especially arsenic, 
which was found to constantly exceed the standards 
for energy reuse and specific standards set by some 
Italian regions for agronomic use. 

To verify the representativeness of the data 
acquired from the treatment plant considered by the 
present study, they were also compared to the 
average values obtained from WWTPs of the same 
territorial context and similar capacity and process 
diagrams (Fig. 4); the graph shows that the values 
taken from different treatment facilities were fully 
comparable.  
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Table 4. Results in dewatered sludge 

 
Concentration (mg/kgDW) Cu Pb Ni Zn Cd Cr As Hg Mn 

Average 279 128 29 758 1.3 34 12 1.2 203 
Median 250 124 25 722 1.3 33 13 1.2 177 

Land Application, EU; Directive 
1986/278/EEC 

1,000÷1,750 750÷1,200 300÷400 2,500÷4,000 20÷40 - - 16÷25 - 

Land Application, Italy; 
Legislative Decree 99/1992 

1,000 750 300 2500 20 - 10(1) 10 - 

Incineration, Italy; Environment 
Decree 05/02/98 

300 200 40 - 7(2) 100 9 7(2) 400 

Secondary solid fuels; CTI 
(2012) – Recommendation 

8/2012 

2,000 600 200 - 10 500 15  600 

(1) Regional limits Emilia Romagna (DRG 285, 2005); (2) Sum Cd + Hg 

 
 

Fig. 4. Metal concentrations in sludge from this study compared with results from another WWTP  
 
5.4. Influence of polyelectrolyte 

 
In order to investigate on possible 

contribution to the concentration of metals in sludge 
from polyelectrolyte used in sludge treatment, a 
sample of polyelectrolyte was analyzed. Table 5 
shows obtained results in the polyelectrolyte and its 
relative contribution to the metal content in sludge, 
computed based on quantities used daily. As shown, 
the contribution of polyelectrolyte can be considered 
negligible in comparison to the average 
concentrations in sludge. 

 
Table 5. Metal contributions from polyelectrolyte 

 

Metal 
POLYELECROLYTE 

Concentration 
(mg/kg) 

DEWATERED 
SLUDGE 

Contribution from 
polyelecrolyte 
(mg/kgDW) 

As <1 0.005 
Cd <0.25 0.001 
CR 0.528 0.003 
Cu 11.3 0.061 
Pb 3.92 0.021 
Mn 0.5 0.003 
Ni <0.25 0.001 
Zn 16 0.086 
Fe 13.5 0.073 

 

5.5. Metal concentrations during rainfall events 
 
In order to investigated metal behavior during 

rainfall events, a collector-sewer to the treatment 
plant was monitored during a forecasted intense 
rainfall, following a dry weather period. Monitoring 
was carried out between 6.30 - 13.30, sampling 
wastewater with an automatic device every 20 
minutes. During the event there was a peak of 100 
mm rainfall at 8.30. Trends resulted for the various 
metals are shown in Fig. 5. 

All metals showed a significant increase in 
concentration during the monitored period; maximum 
values were observed two hours after the rainfall 
peak, and levels higher than reference value recorded 
during dry weather conditions continued for a few 
hours. 

By analyzing the concentrations of individual 
metals in the observation period the following trends 
were found: 

 zinc and copper showed a concentration peak 20 
times higher than the average value during dry 
weather; 

 arsenic, nickel, manganese and lead peaks 
exceeded by more than 100 times the average 
influent concentration during dry weather. 

The survey found that intense rainfall events 
after dry weather periods cause, for limited periods, 
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significant increases of metal contents in WWTP 
influents.  

These increases, anyway, were not reflected 
on metal concentrations of treated effluent composite 
sample and sludge, for two reasons: 

 by reason of the hydraulic residence time of the 
system and of the production time span of dehydrated 
sludge; 

 because of the dilution determined by rain 
events in the medium term. 

 
5.6. Metal partitioning between soluble and 
particulate fraction 

 
In order to understand removal mechanisms, 

partitioning of each metal between soluble and 
particulate fraction in influent and effluent was 
determined. Average values on composite samples 
are shown in Fig. 6. 

Fig. 7 compares, for each metal, the percent 
fraction of soluble and particulate metals in the raw 
influent with the overall percent removal efficiency 
of the treatment plant.  

Cadmium and mercury are not represented, as 
their concentrations in the influent were lower than 
instrumental detection limits. Removal efficiencies 
are evidently linked to the removal of the particulate 
fraction, in it self associated with the reduction of 
Total Suspended Solids (TSS); the amount not 
removed is clearly connected with the dissolved 
fraction, which remains in the treated effluent.  

Keeping into account metal partitioning 
between soluble and particulate fraction in both 
influent and treated effluent, the Figs. 6 - 7 show that 
the dissolved fraction, indeed, for all metals 
considered by this study does not undergo significant 
changes with treatment. Manganese represents the 
only significant or most marked exception, since a 
part of its dissolved fraction is removed. 

 

 
 

Fig. 5. Metal concentrations in WWTP influent during intense rainfall  
 

 
 

Fig. 6. Metal partitioning in WWTP influent and effluent 
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Fig. 7. Metal partitioning in WWTP influent and removal efficiency 
 
5.7. Mass balances 

 
Given the close agreement between data from 

composite and discrete samples, the discussion of the 
results of mass balances and partitioning between 
dissolved and particulate phase will be presented by 
analyzing the results from the composite samples 
only. Mass balances were drawn for each metal, 
based on the average flow-rate values taken at the 
different plant units, and on the average 
concentrations detected over the course of 
monitoring. Overall results are summarizes hereafter 
(Table 6). 

Table 7 shows, for each metal, influent and 
effluent loads of the WWTP, partitioned between 
dissolved and particulate phases, both as kg/d and 
percentage. Influent and treated effluent loads are 
computed based on the results of composite samples. 

With reference to the mass balances, 
percentage distributions of the metals in the output 
flows (treated effluent and dewatered sludge) were 
found, as shown in Fig. 8. 

Metal behavior was found consistent with 
their partitioning between the soluble and particulate 
fractions in influent wastewater; this allowed 
defining four different clusters: 

 CLUSTER 1 - copper, lead and zinc: these 
metals showing a predominant distribution in the 
particulate phase (around 70-80%) and high tendency 
to accumulate in sludge; 

 CLUSTER 2 - arsenic, manganese and 
chromium: characterized by being partitioned mostly 
in the soluble phase (about 70-90%), were mainly 
found in the effluent; 

 CLUSTER 3 - nickel: exhibited an intermediate 
behavior, being equipartitioned between particulate 
and soluble fraction; 

 CLUSTER 4 – mercury and cadmium: they 
cannot be classified, as generally present at 
concentrations below the detection limits. 

With reference to the process chain 
considered in this work and based on mass balances 
and removal efficiencies, the data below (Table 8) 
show how influent concentrations of metals are 
distributed in the two output flows. Besides, it also 
allows highlighting the influent concentrations that 
produce metal concentrations found in dewatered 
sludge. 

Arsenic was found mostly partitioned in the 
soluble phase of plant influent (74%) and its 
contribution to the sludge content was only 26% of 
the input loading. Despite this, because of the 
stringent quality standards set by some Regional 
authorities, mass balances indicate that with average 
influent values around 6 µg/L, a transfer of 1-2 µg/L 
to the sludge is enough  produce non-conformity with 
quality standards set for agronomic or energy reuse. 
 
6. Discussion  
 

Ziolko et al. (2011), in their extensive review, 
highlighted the scarcity of recent studies on metal 
removal efficiency in the activated sludge process, 
and that both metal concentrations and their 
partitioning between soluble and particulate phases in 
influent wastewater have been found to be rather 
variable in different locations. Some recent data on 
metal concentration in dewatered sludge from urban 
wastewater treatment plants are reported in Table 9. 

Concentrations appear highly variable 
especially for copper, nickel and chromium; data 
from this study are mostly in the low-middle range, 
except for arsenic, whose average value is very close 
to that found by Van der Velden et al. (2008). 
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Table 6. Metal mass loadings in WWTP influent and effluent 

 

 Cu 
(kg/d) 

Pb 
(kg/d) 

Ni 
(kg/d) 

Zn 
(kg/d) 

Cr 
(kg/d) 

As 
(kg/d) 

Mn 
(kg/d) 

WWTP influent (Avg composite sample) 8.14 3.33 1.14 50.60 1.49 1.28 23.54 
WWTP effluent (Avg composite sample) 1.54 0.72 0.94 9.61 1.31 0.93 16.48 

Dewatered sludge 7.40 3.38 0.76 20.09 0.90 0.33 5.39 
 

Table 7. Metal loading and partitioning in influent and effluent (composite samples) 
 

 Cu Pb Ni Zn Cr As Mn 
Partitioning 

Influent - particulate (kg/d) 7.01 3.12 0.48 44.61 0.20 0.42 6.27 
Influent – soluble (kg/d) 1.13 0.21 0.66 5.99 1.30 0.85 17.26 

Effluent - particulate (kg/d) 0.79 0.44 0.21 3.25 0.01 0.02 5.19 
Effluent – soluble (kg/d) 0.75 0.28 0.74 6.36 1.30 0.91 11.29 

Percent partitioning 
Influent - particulate % 86% 94% 42% 88% 13% 33% 27% 

Influent – soluble % 14% 6% 58% 12% 87% 67% 73% 
Effluent – particulate % 51% 61% 22% 34% 1% 2% 32% 

Effluent – soluble % 49% 39% 78% 66% 99% 98% 68% 
 

Table 8. Concentration and daily loads in WWTP input and output flows 
 

 Cu Pb Ni Zn Cr As Mn 
Avg conc. comp. sample (μg/L) 31.4 12.8 4.4 195.2 5.8 4.9 90.8 

INPUT 
WWTP Influent 

Daily load (kg/d) 8.14 3.33 1.14 50.60 1.49 1.28 23.54 
Avg conc. comp. sample (μg/L) 5.9 2.8 3.6 37.1 5.0 3.6 63.6 

WWTP Effluent 
Daily load (kg/d) 1.54 0.72 0.94 9.61 1.31 0.93 16.48 

Avg conc. (mg/kg DW) 279 128 29 758 34 12 203 
OUTPUT 

 
Dewatered sludge 

Daily load (kg/d) 7.40 3.38 0.76 20.09 0.90 0.33 5.39 
 

Table 9. Metal concentration in dewatered sludge (mg/kgDW)  
 

 Cu Pb Ni Zn Cd Cr As Hg Mn 
This study 279 128 29 758 1.3 34 12 1.2 203 

Van der Velden et al. (2008) 300 162 38.7 1581 4.5 85 10.5 1.1 - 
Zorpas et al. (2011) 141.9 82.0 15.55 287.6 0.775 11.01 - - 177.3 

Guillemet et al. (2009) 238.9 81.2 22.5 934.6 3.0 47.8 3.5 1.2 - 
Bright and Healy (2003) 1300 96 68 760 5.7 91 6.1 - - 

da Silva Oliveira et al. (2007) 391.7 132.1 239.4 864.4 1.34 195.0 1.14 0.31 208.1 
Höss et al. (2001) 278.89 96.61 61.59 1320.60 2.88 88.27 - - - 

Dimitriou et al. (2006) 770 36 21 875 1.8 27 - - - 
Hernández-Sánchez et al. (2013) 37.05 26.44 8.04 544.01 - 24.10 - - - 

 

 
 

Fig. 8. Metal distribution in WWTP effluent and dewatered sludge 
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Buzier et al. (2006), on a large size activated 

sludge plant, found that after secondary treatment 
lead and copper, mostly distributed in the particulate 
phase, were removed with efficiencies around 70%, 
whilst nickel removal efficiency was found to be 
about 25%. These removal efficiencies are slightly 
lower than the ones in the present study, in which, 
anyway, percent particulate fractions were found 
higher.  

Petrie et al. (2014) on a pilot scale activated 
sludge plant found zinc, copper and lead removal 
efficiency up to 70-80%, depending on both 
hydraulic and sludge retention time. 

Manganese removal efficiency is highly 
variable and recent literature reports values in the 
range 10÷50% (Gulyás et al., 2014; Silva Oliveira et 
al., 2007). In this study manganese was the only 
metal with the soluble fraction significantly affected 
by treatment, as shown in Fig. 6; dissolved 
manganese is indeed subjected to change in oxidation 
state from soluble Mn(II) to insoluble Mn(IV) during 
aerobic treatment, this allowing to improve removal 
(Karvelas et al., 2003). 

 
7. Conclusions 

 
Average metal concentrations in plant influent 

and treated effluent were found extremely low. The 
study confirms previous findings that metal 
partitioning between soluble and particulate phases 
plays a key role on their removal efficiency in 
activated sludge process. Mass balances based on 
partitioning show that output fluxes respectively to 
receiving waters (liquid stream) and sludge are in 
most cases consistent with metal distribution between 
the soluble and particulate phases in raw wastewater. 
Migration between phases was not observed for any 
metal, with the exception of manganese, whose 
dissolved fraction was significantly removed (about 
35%) from the liquid stream. 

Results on dewatered sludge highlight 
possible critical situations, particularly with respect 
to the concentrations of arsenic, although the 
concentration of arsenic removed from the influent 
and transferred to the sludge was only 1-2 μg/L. 

Alternative treatment chains or dedicated units 
could transfer critical metals from the solid to the 
liquid phase; anyway, these options should be 
assessed in relation to the overall environmental 
benefit. 
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