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ABSTRACT

The aim of the investigation was to evaluate the levels of BOD, chemical oxygen demand,
biogen compounds (e.g. ammonium nitrogen, phosphates) and the heavy metals (Zn, Cu,
Ni, Cd, and Pb) content in supernatants, and condensates generated during sewage sludge
drying and reject waters, compared to the concentrations in raw wastewater from selected
WWTP in southern Poland. It was stated that when compared to raw wastewater, other liq-
uids were highly polluted with ammonium nitrogen. Reject waters and condensates were
not highly polluted with phosphates in contrast to supernatants. The most abundant heavy
metal in all samples was zinc, followed by nickel. Copper and lead concentrations were
similar but lower than that of zinc. Cadmium concentration was at a very low level. Consid-
ering the potential loads of heavy metals, which may be discharged with condensates and
supernatants to the head of WWTP, they can be at the level of maximum 2% of the total
load. It indicates that one-time effect of these liquids on heavy metals loads discharged into
an activated sludge chamber is negligible, however, when accumulated in wastewater treat-
ment, they pose a risk for biological processes.
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1. Introduction

Methane digestion is one of the commonly used
processes of sewage sludge stabilization, both in
Poland and European Union [1]. Digested sludge is
dewatered before further management processes (e.g.
drying, agricultural use). The process generates super-
natants, which are usually recycled into influent. This
practice significantly increases loads of nutrients

(especially nitrogen compounds) in wastewater
incoming to an activated sludge chamber. Recycled
supernatant can account even for 40% of nitrogen load
into the head of wastewater treatment plant, while
hydraulic loads contribute about 5–10% of inflow [2].
Data on supernatants properties given by individual
researchers are usually focused on the problems of
nutrients concentrations. Concentrations of ammonium
nitrogen in supernatants vary from about 100 to more
than 1,000mgN-NHþ

4 L−1, but according to Hill and
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Khan [2] are usually in the range of 500–1,500 mg
N-NHþ

4 L−1. Supernatants are usually alkaline [3];
chemical oxygen demand (COD) and BOD values are
usually high compared to raw wastewater [4–8]. The
results obtained by Cydzik-Kwiatkowska et al. [5]
indicate that supernatants are moderately biodegrad-
able under aerobic conditions (BOD5/COD= 0.4).
According to the data of Oleszkiewicz et al. [8], organ-
ics in supernatant are not well biodegradable since,
about 70% of biodegradable organic compounds are
broke down during methane digestion. Load of
biodegradable organic compounds in supernatants can
support the denitrification process.

Data concerning sodium and potassium concentra-
tion in supernatants are within the range of 79mg
Na L−1 and 27–195mgK L−1 [3,7], respectively. Super-
natants are also polluted with phosphates; the observed
concentrations of these compounds are usually higher
than 60mg PO3�

4 L�1. According to Oleszkiewicz et al.
[8], concentrations of orthophosphates in supernatants
are within the range of 60–210mg PO3�

4 L�1, but some-
times they are higher, e.g. in the study conducted by
Qiao et al. [4], concentration of phosphates in a super-
natant was at an average level of 410mg PO3�

4 L�1

(supernatant separated after thermal conditioning of
sludge). In the studies by Piaskowski and Ćwikałowska
[9], it was stated that orthophosphates concentration in
a liquid phase of a supernatant was equal to 119mg
PO3�

4 L�1, whereas, in the supernatant containing sus-
pended solids, it is 630mg PO3�

4 L�1.
High concentrations of N and P compounds in

supernatants are undesirable and affect negative treat-
ment of influents in a wastewater treatment plant.
Because of this, most research works on supernatants
are focused on the problems connected with nutrients
removal or effect on the activated sludge process. In
the meantime, it is also important to evaluate the con-
centrations of inorganic and organic micropollutants in
supernatants because, they can act as inhibitors of aero-
bic and anaerobic processes in wastewater treatment
plants. Research works on micropollutants concentra-
tions in supernatants have been rarely done up till
now. Włodarczyk–Makuła evaluated concentrations of
selected polycyclic aromatic hydrocarbons in superna-
tants [10]. In terms of heavy metals, some research
works were done under the effects of treatment pro-
cesses on heavy metals release to the supernatants [11–
13]. According to the result obtained by Kamal Gad [12],
concentrations of heavy metals in supernatants were in
the range of 0.0014 (for Cr (VI)) to 0.0204mgL−1 (for Ni)
at pH equal to 6.9. In research carried out by Janosz–
Rajczyk and Wiśniowska [13], the concentrations were
in the range of 0.0034 (in the case of Hg) to 0.998mg
L−1 (data concerning Zn). The data on micropollutants

concentrations in supernatants are insufficient. Taking
condensates from sewage sludge drying into
consideration, it should be emphasized that the
research works on them are few and far between. The
given data only indicate that condensates from sewage
sludge drying contain high quantities of organic com-
pounds, but they are not suitable for biodegradation
(BOD5/COD = 0.2). They also contain high quantities of
nitrogen compounds (C/N is about 8), but low
concentrations of phosphorus [14,15]. Condensates
from middle temperature dryer devices are less
concentrated than those from high temperatures ones
[14,15].

The aim of the present investigation was to
compare concentration of selected macro and micropol-
lutants (heavy metals) in supernatants, condensates
from sewage sludge drying, reject waters, and waste-
water from two WWTP in southern Poland. The
WWTPs differed with the influent flow and the technol-
ogy of sewage sludge drying. Based on the results, the
threat for aerobic and anaerobic biological processes
resulting from heavy metals presence was evaluated.

2. Materials and methods

2.1. Sampling procedure

Samples of raw wastewater (influent), supernatants
from filter press dewatering, condensates from sewage
sludge drying, and reject waters (mixtures of superna-
tants and condensates—this waste liquid is recycled
into the influent) were taken three times from two
wastewater treatment plants in southern Poland—
WWTP in Częstochowa (WWTP H) and WWTP in Ruda
Śląska (WWTP M). The letter “H” in WWTP H is
connected with the fact that in the plant, high
temperature drying technology is used. “M” in WWTP
M means medium temperature technology.

WWTP H is a plant in which wastewater is treated
up to a tertiary level. It treats municipal wastewater,
and the inflow to the plant is approximately
43,000m3 d−1. The raw sludge and excess activated
sludge are stabilized in two-stage methane digestion
process. The first step is mesophilic methane digestion
(35˚C) in closed digestive chambers; the second step is
digestion in open digestive chambers. Digested sludge
is dewatered mechanically with filter presses and then
dried (to about 90–95% of d.m.) by indirect drying
technology. The heating medium is oil of temperature
equal to 220–280˚C (high temperature drying). The
fumes from the drying process have temperature of
about 120–150˚C; they are condensed in condensers,
mixed with supernatants obtained during filter press-
ing, and as a mixture recycled to the head of WWTP.
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WWTP M treats up to 10,000m3 d−1 of wastewater.
It is mechanical–biological WWTP with BNR removal.
Uniquely excess sludge (it is not anaerobically fer-
mented) undergoes dewatering; the process is carried
out with filter presses (generated supernatants are
recycled to the inflow). The sludge is dried directly
with hot air (temperature 100˚C—medium tempera-
ture drying). Air from a drying device is next cooled;
during the process, part of steam generates conden-
sates which are recycled to the sewage system in
WWTP (the volume of condensate generated daily is
negligible compared to the volume of supernatant and
raw wastewater). The remaining cooled air is directed
to biofilters.

2.2. Analytical methods

In the unfiltered samples of the liquids taken from
wastewater treatment plants, the following physico-
chemical parameters were determined: pH potentio-
metrically, alkalinity—with titration method,
ammonium nitrogen—with Nessler method, ortho-
phosphates—with a molybdenum blue method, and
COD—by a standard dichromate method. All analyses
were done according to standard methods [16]. BOD5

was analyzed with OxiTop® measurement system.
COD and BOD5 were also determined in samples fil-
tered through a 0.45 μm filter to evaluate the concen-
trations of organic compounds in solution. All tests
were performed in triplicates.

The total content of selected heavy metals ions
(Zn, Cu, Cd, Ni, and Pb) as well as sodium and potas-
sium ions was analyzed in unfiltered samples and the
ones filtered through 0.45 μm filter, after concentrated
HNO3 and HCl (1 + 3—aqua regia) digestion. The con-
tent of metal ions was detected by an atomic absorp-
tion spectrometry method, using a spectrometer
novAA 400, Analytic Jena, Germany. In further parts
of the study, the term heavy metals is used to name
concentration of heavy metal ions.

3. Results and discussion

Physicochemical characteristics of wastewaters,
supernatant, condensates, and reject water is pre-
sented in Table 1. Raw wastewater from WWTP M
(COD within the range 837–850mgO2 L

−1) contained
more organic compounds than the ones from WWTP
H (COD from 435–518mgO2L

−1). Influent from
WWTP H was more unpredictable than from WWTP
M. Based on BOD5/COD values, it was stated that
influent to WWTP M was well biodegradable (BOD5/
COD in the range 0.7–0.8). Influent to WWTP H (with

BOD5/COD in the range 0.45–0.6) was worse biode-
gradable, but according to the criteria given by Miksch
and Sikora [17], it was still at least moderately biode-
gradable. BOD5/COD values observed for WWTP H
were typical for municipal wastewater treatment
plants [17]. According to the data given by Spellman
[18], concentrations of COD in typical wastewater are
in the range of 200–500mgO2L

−1 (although the range
observed for municipal influents is between 250 and
1,000mgO2L

−1 [19]). According to Henze et al., muni-
cipal wastewater of total COD higher than 750mg
O2L

−1 must be considered as medium wastewater.
The ones of total COD lower than 500mgO2L

−1 are
treated as diluted wastewater [20].

Wastewater from WWTP M contained slightly
higher concentrations of ammonium nitrogen and sig-
nificantly higher concentrations of phosphates than
these from WWTP H. Typical ammonium nitrogen
concentrations in wastewater are between 12 and 50
mgN-NHþ

4 L−1 [18]. Wastewater with ammonium con-
centration lower than 45mgN-NHþ

4 L−1 are diluted
ones, 45 and above medium, and above 75mg
N-NHþ

4 L−1 are concentrated ones [20].
Phosphates concentrations were similar in both

mixtures of supernatants and condensates. When
phosphates concentrations are considered, the contents
lower than 10mg PO3�

4 L�1 are recognized as typical
for diluted wastewater, above 10, but lower than 15
mg PO3�

4 L�1 for medium, and above 15 as concen-
trated [20]. According to the classifications given
above both wastewater from WWTP H and WWTP M
can be classified as medium in terms of the ammo-
nium nitrogen content and concentrated in terms of
phosphates concentration.

Concentrations of COD in supernatants from
WWTP H were in the range of 356–568mgO2L

−1 and
were similar to the observed in raw wastewater. In
supernatants from WWTP M, organic compound con-
tents were significantly lower (COD range between 61
and 79mgO2L

−1). The COD values from WWTP M
were lower than usually stated in the literature
[3,5–8]. Whereas in supernatants from WWTP H,
about 60% of COD was present in solution, in super-
natants from WWTP M, soluble COD reached over
88%, so was well available for micro-organisms.

Based on BOD5/COD values, it can be stated that
in all collected supernatants both the total and soluble
fractions of organic compounds were not suitable for
biodegradation (BOD5/COD< 0.3) [17]. This confirms
the thesis of Oleszkiewicz et al. [8]. Supernatants from
WWTP H and WWTP M differed in terms of ammo-
nium and phosphates concentration, whereas WWTP
H supernatants were typical, the other liquids
contained low concentrations of biogens.
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It is quite surprising that condensates from high
temperature drying did not contain very high COD
contents (up to 373mgO2L

−1). Condensates from
WWTP M were more concentrated (COD within the
range 2,304–2,418mgO2L

−1), but the quantities of
them generated during sludge treatment are negligi-
ble. Supernatants and condensates mixtures from
WWTP M are characterized by similar values as mix-
tures from WWTP H. The reject waters from high tem-
perature drying (they are recycled to the head of
WWTP) contained significantly higher concentrations
of ammonium nitrogen than the mixtures from med-
ium temperature ones. The results obtained in our
study confirm the ones obtained by Roskosch and
Otto [15] in terms of low biodegradability and high
ammonium concentration.

Concentrations of selected metals (Zn, Cu, Ni, Cd,
Pb, K, and Na) in supernatants, condensates, their mix-
tures with supernatants, and influents from two
selected wastewater treatment plants in southern
Poland are listed in Table 2. WWTP H is large installa-
tion with high temperature drying of sewage sludge. In
WWTP M, they use moderate temperature drying
devices. It has some influence on the composition of
condensates. In general the most abundant heavy metal
in the samples was zinc, followed by nickel. Copper
and lead concentrations were similar, but lower than
zinc. Cadmium concentration was the lowest and it

could be concerned as negligible. The total concentra-
tion of heavy metals (sum of Zn, Cd, Ni, Cd, and Pb)
was in most samples higher in the ones from WWTP
H. The average total concentration of all analyzed
heavy metals in various types of samples are presented
in Figs. 1 (for unfiltered samples) and 2 (for samples
filtered through 0.45 μm filter). Unfiltered samples rep-
resent concentration of pollutants in a liquid phase and
suspended solids, whereas filtered ones represent only
concentration in the solution.

As can be seen from Fig. 1, the highest concentra-
tions of heavy metals in unfiltered samples were
stated in influent and in condensates for WWTP H.
Supernatants from WWTP H contained lower concen-
trations of heavy metals than both in condensates and
raw wastewater and consequently in the mixture of
supernatants and condensates, the average heavy
metal concentration was lower than in influent and
condensate alone. The results presented in Fig. 2 indi-
cate that in influent samples about 55% of heavy met-
als were present in the solution. In the case of
condensates, about 47% of them were present in the
solution, and about 53% were bounded to the particles
and colloids.

In supernatant samples in which total concentra-
tion was lower than in WW and C ones, almost 74%
of heavy metals were present in solution, whereas
in the case of the mixture of supernatant and

Table 1
The range of content of selected physicochemical parameters in supernatants, condensates, and wastewater from sludge
drying and reject waters from two wastewater treatment plants in southern Poland

Parameter

WWTP Liquid pH
Alkalinity
(mval L−1)

BOD5

(mgO2L
−1)

COD
(mgO2L

−1)
N-NHþ

4

(mgNL−1)
PO3�

4

(mg PO3�
4 L−1)

WWTP H WW UF 7.20–7.85 7.2–8.2 200–330 435–518 30.28–55.05 6.98–17.54
F 44–92 97–184

S UF 7.82–7.97 60.2–61.3 95–155 356–568 612.43–700.9 47.74–64.14
F 45–96 272–353

RW UF 8.91–9.14 6.4–10.1 80–185 140–309 80.96–120.4 1.56–4.04
F 48–190 101–233

C UF 8.59–9.16 6.3–9.3 78–215 305–373 91.83–154.0 6.30–6.98
F 68–180 109–259

WWTP M WW UF 7.54–7.63 9.0 620–660 837–850 54.10–69.15 32.48–39.80
F 300–330 320–384

S UF 7.57–7.62 3.2–3.3 12–21 61–79 0.95–2.32 0.30–0.59
F 7 54–72

RW UF 7.70–7.83 3.5–3.7 34–120 76–504 10.38–16.00 1.27–4.97
F 12–33 57–112

C UF 6.58–6.61 14. 9–17.5 360–385 2,304–2,418 295.29−342.92 0.52–2.40
F 260–350 2,160–2,237

Note: WW—wastewater, S—supernatant, C—condensate, RW—reject water, UF—unfiltered sample, F—sample filtered through 0.45 μm
filter.
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condensates, it is average 80%. It means that although
concentrations of heavy metals in supernatants and
the mixtures of supernatants and condensates form
WWTP H contained less metal ions, they were in
the form which is more bioavailable than in raw
wastewater.

In the case of WWTP M, shares of heavy metals in
solutions were 70, 83, 62, and 49% for wastewater,
condensates, supernatant, and reject waters, respec-
tively. It indicates that opposite to WWTP H the most
bioavailable heavy metals were present in raw waste-
water, and less available one in supernatants and their
mixtures with condensates. As far as the loads of
heavy metals possibly discharged with reject waters to
the WWTP influent are considered, they can be at the
level of about maximum 2%. It means that the effect
of these waste liquids on heavy metals loads dis-
charged once into activated sludge chambers is negli-
gible. However, it should be emphasized that
continuous discharges of supernatants into the head of

wastewater treatment plan pose a risk of accumulation
of these micropollutants in sewage sludge. The order
of Zn content in liquids from WWTP H was: WW=C
> S > RW and from WWTP M: RW>WW>C > S. What
is meaningful, concentrations of Zn in condensates
were in the case of both WWTP, higher in condensates
than in supernatants, despite the fact that pH of con-
densates is very high (Table 2). However, in C sam-
ples of WWTP H, Zn was mainly present in
precipitates and colloids, so, in the form, in which Zn
was bioavailable worse. In the C of WWTP M, con-
densates Zn in solids was at the level similar to S. It
indicates that the form of Zn in condensates is depen-
dent on the sludge drying technology.

Concentrations of copper in all liquids from
WWTP H and WWTP M were on a similar level and
were insignificantly higher for WWTP M samples.
Nickel contents in analyzed samples were higher for
WWTP H. The order of nickel content in WWTP H
and WWTP M samples was: S > C > RW>W and RW
> S >WW=C, respectively. As can be seen, also in the
case of this metal ions, the contents in condensates in
both cases were higher than in supernatants.

The contents order for lead was: WW>C > RW= S
for WWTP H and WW= S = RW>C for WWTP M.
The cadmium content was in order: S > RW>WW=C
and WW>RW> S > C for WWTP H and WWTP M,
respectively. Based on the results, there was no clear
dependence stated between the metal concentration
and the type of a liquid. The metal distribution dif-
fered in both studied wastewater treatment plants,
and it is not the same for all analyzed metals.

Apart from individual metals concentrations in
analyzed liquids, variability of the concentrations is
also important. Concentration of Zn and Pb showed
the largest variability compared to other heavy metals.
Concentrations of heavy metals were more variable in
unfiltered samples, which was expected because con-
centration of metals in sediments and colloids is con-
nected with the characteristics of influent which vary
from day to day. On the other hand, the content of
metals in the solution, mainly in a water phase of con-
densates and supernatants is connected with the
parameters of processes.

The concentrations of heavy metals obtained in our
study were comparable to the results of Janosz–
Rajczyk and Wiśniowska [13] for supernatants form
WWTP in Częstochowa and to the ones obtained by
Kamal Gad [12] in terms of order of magnitude. Dif-
ferences observed in the case of individual metals are
connected with the characteristics of wastewater
incoming to WWTP and processes of their treatment.

While comparing the levels of heavy metals in
wastewater and other liquids examined in our study

Fig. 1. The total concentration of heavy metals in unfiltered
samples of wastewater, supernatants, reject waters, as well
as condensates taken from WWTP H and WWTP M.

Fig. 2. The total concentration of heavy metals in samples
of wastewater, supernatants, reject water, as well as con-
densates filtered through 0.45 μm filter taken from WWTP
H and WWTP M.
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to toxic levels for anaerobic micro-organisms (Table 3),
it must be emphasized that they were unable to act as
inhibitors of biological anaerobic processes since, the
concentrations observed in our study were of order of
magnitude lower than having the toxic effects. They
can, however, accumulate in sewage sludge and then
act toxically.

Evaluating toxic effects for aerobic biological pro-
cesses (especially activated sludge treatment), it is clear
that the concentrations observed in our study are not
expected to be toxic to micro-organisms (with the same
objection concerning accumulation in sewage sludge).
According to the data collected by Coello Oviedo et al.
[22], Zn has some toxic effects on activated sludge at
concentrations about 3mg L−1, copper has no toxic
effects on activated sludge kinetics even at the concen-
tration of 10mg L−1, whereas cadmium LD50 value for
activated sludge organisms is about 0.31mg L−1.
According to Hartmann et al. [23], toxic effects (50%
respiration inhibition) on activated sludge were
observed at the following concentrations: cadmium—
over 200mg L−1, copper—about 500 mg L−1, nickel—
over 4,000mg L−1, and chromium—over 4mg L−1, how-
ever, the resistance of activated sludge from various
WWTP may differ because of some differences in
microbial community composition. The results
obtained by Sa’idi [24] also confirms that toxic effects
on activated sludge are observed at concentrations at
least of order magnitude higher than the ones obtained
in our study. Our results indicate that individual dis-
charges of supernatants and condensates into the head
of WWTP do not contribute to the loads of heavy met-
als which can affect toxically both aerobic and anaero-
bic processes of sewage treatment. They, however, may
act as toxicants when accumulated in a solid phase.

Soluble metal contents (Na and K) were slightly
lower in filtered samples than in not filtered ones.
This is the result of their presence rather in liquid
than in solid phase. Sodium concentrations were
higher in WWTP M samples except for condensates
samples in which concentration of Na was higher in
WWTP H samples. Potassium concentrations were
higher in WWTP H liquids except for influent (WW).

The order of sodium content in WWTP H and WWTP
M samples was: S >WW>RW>C and WW> S > RW
> S, respectively. The order of potassium content in
WWTP H and WWTP M samples was: S >WW>RW
=C and WW> S > RW>C, respectively. As can be
seen from the above results, soluble metals concentra-
tions were the highest in influent samples in the case
of both WWTP.

4. Conclusions

Based on the results obtained in the study it can
be concluded that:

(1) Condensates and reject waters both from
WWTP H and WWTP M differed in terms of
physicochemical characteristics from superna-
tants. It was especially visible in the case of
WWTP H. Reject waters and condensates from
this WWTP contained lower ammonium con-
centrations compared to supernatants alone.

(2) Also phosphates concentration was signifi-
cantly lower in C and RW from WWTP H
(compared to S). Phosphates concentrations in
condensates from WWTP H were comparable
to the ones observed in raw wastewater; con-
centrations observed in reject waters from this
WWTP were lower than in raw wastewater. It
means that discharge of reject waters can
increase the ammonium concentration in an
influent, but not phosphates.

(3) Organic compounds present in reject water
were in WWTP H moderately biodegradable
under aerobic conditions (based on BOD5/
COD ratio).

(4) In the case of WWTP M, mostly polluted with
COD and N-NH4

+ substratum was condensate,
but, the volume of it generated during sludge
drying is negligible, so it cannot increase the
concentrations of an organic compound and
ammonium nitrogen in an influent.

(5) All examined heavy metals were present in
wastewater, condensates, supernatants, and the
mixtures of supernatants and condensates. In
general the most abundant heavy metal in all
samples was zinc, followed by nickel. Copper
and lead concentrations were similar, but lower
than zinc. Cadmium concentration was at a
very low level.

(6) Considering the potential loads of heavy metals
which may be discharged with condensates
and supernatants to the head of WWTP, they
can be at the level of maximum 2% of the total
load. It means that the effect of these liquids on

Table 3
Soluble heavy metals concentrations, in mg L−1 which act
inhibitory to anaerobic fermentation [21]

Heavy metal Concentration

Cadmium 0.01–0.02
Chromium (VI) 1.0–1.5
Copper 0.5–1.0
Nickel 1.0–2.0
Zinc 0.5–1.0
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heavy metals loads discharged into activated
sludge chamber is negligible when introduced
one time. They, however, can accumulate in
wastewater sludge and then act toxically on the
biological processes.

(7) Concentrations of heavy metals in all examined
liquids were at least of one order of magnitude
lower than toxic for anaerobic and aerobic pro-
cesses. It means that presence of heavy metals
in supernatants and condensates does not
increase toxicity of influent to biological treat-
ment processes in WWTP, when discharged
one time.
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