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Abstract

Sewage sludge incineration may have adverse impact on the environment due to heavy metals toxicity. Heavy metals
concentrations in sewage sludge ash increased in comparison to concentrations in sewage sludge. The aim of the study is to
evaluate the impact of temperature and time incineration on the transfer coefficient of heavy metals from the sewage sludge
into the sewage sludge ash. The transfer coefficient range from a minimum of 0.0 for lead and cadmium to a maximum of
3.5 for zinc. The study shows that the transfer coefficient of heavy metals mainly depend on the incineration temperature.
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1. Introduction

Nowadays thermal processes such as incineration,
especially in fluidized bed furnace, are good solutions
for the disposal of sewage sludge from wastewater
treatment plants in large urban agglomerations [1].
Thermal utilization of sewage sludge offers the
following advantages: volume reduction, oxidation of
organic matter, destruction of pathogens and energy
recovery. However, sewage sludge incineration may
have adverse impact on the environment due to heavy
metals toxicity [2].

One of the major problems related to heavy metals
is their tendency towards bioaccumulation and
biomagnification. The most commonly found heavy
metals in sewage sludge include copper, cadmium and
lead. Copper is an essential substance to human life,
but its high values cause e.g. anemia, liver and kidney
damage [3]. Cadmium distributed in the environment
will remain in soils and sediments for several
decades. Plants gradually take up this metal which get
accumulated in them and concentrated along the food
chain, reaching ultimately the human body [4].

According to [5], heavy metals concentrations
in sewage sludge ash increased in comparison to
concentration in sewage sludge. Metals which are
present in wastes incinerated in fluidized bed furnace
can either remain in the bottom ash, be retained in
the fly ash or in raw flue gas. The metals portioning
depends on, for instance, the physical and chemical
properties of the metals [6, 7].

The transfer of zinc, lead, copper, manganese
and cadmium in sewage sludge into flue gas was
investigated through the incineration of sewage
sludge. The transfer behavior of the heavy metals was
expressed as a transfer coefficient [8].

The aim of the study is to evaluate the impact of
incineration temperature and time on the transfer
coefficients of heavy metals from the sewage sludge
into the sewage sludge ash.

2. Material and methods

The sewage sludge from Wastewater Treatment
Plant in Sitkéwka-Nowiny was used in this research.
The wastewater treatment plant receives sewage from
Kielce agglomeration, located in the central part of
Poland.

The sewage sludge ash was obtained as a result
of sewage sludge incineration. The sewage sludge
was dried in a laboratory drier at 105°C. Then, the
sewage sludge was reduced to the fraction < 125 um.
The sewage sludge was incinerated in Naberthem
laboratory furnace for given temperatures within the
range of 600-980°C and time of 2-20 minutes.

The research was conducted in accordance with the
Box's two-factor experimental design [9]. The design
was created by adding symmetrically positioned star
points and a central point to the two-level design
type 22. The experiment involved five independent
repetitions in each point of the design (Table 1).
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Table 1. Experimental design

Sample Incineration temperature, T Incineration time, t
S1 600 il
S2 980 1
S3 655.6 4.6
S4 790 20
S5 655.6 17.4
S6 924.4 17.4
S7 790 1

ST 790 1
S8 790 2
S9 924.4 4.6

Concentrations of metals in sewage sludge and
sewage sludge ashes are the sum of four fractions
of the heavy metals studied in accordance with
four-step BCR sequential extraction procedure [10-
12]. A change in the method of residual fraction
mineralisation was introduced, i.e. aqua regia was
used in the process of mineralization [13].

The heavy metals in the obtained extracts were
determined using an optical spectrometer with
inductively coupled plasma ICP Perkin-Elmer
Optima 8000.

The values of transfer coefficients of heavy metals
input sewage sludge to the ash were calculated using
the equation (1). The equation (1) was an adjustment
of'a formula proposed by Yao et al., describing transfer
coefficient of heavy metals from input municipal
solid waste to the bottom ash [14]:

Kij :CBAij *Rj/cwij *(1_)"]) (D

where: K|, — transfer coefficient of heavy metal i from
input sewage sludge to ash during combustion at
temperature and time j, C, Aj — content of heavy metal
i in ash at temperature and time j [mg/kg d.m.], Ci
— content of heavy metal i in input sewage sludge to
combustion in temperature and time j [mg/kg d.m.],
R, — ash mass production ratio of combustion at
temperature and time j, y; — water ratio of input SS of
combustion at temperature and time j.

A high transfer coefficient indicates that the heavy
metal is mainly transferred to the ashes [5].

The correlation coefficients of transfer coefficients

were analysed with STASISTICA version 8 software.

3. Results and discussion

Table 2 shows the heavy metals content in sewage
sludge and sewage sludge ashes. In sewage sludge,
the maximum concentration of heavy metals was zinc
—344.68 mg/kg d.m. and the mimimum concentraion
was cadmium — 1.36 mg/kg d.m.
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The heavy metals content in the sewage sludge
followed the increasing sequence of Cd < Ni < Cr <
Pb < Cu < Zn. The content of copper, nickel and lead
was maximum in sewage sludge after incineration at
the temperature of 600°C during 11 minutes. Whereas
the maximum of zinc content was in sewage sludge
after incineration at temperature 655.6°C during
17.4 minutes. The minimum of contents of chrome,
zinc and lead were in sewage sludge, which was
incinerated at the temperature of 924.4°C during 4.6
minutes.

The sewage sludge incinerated at temperature 980°C
during 11 minutes was characterized the maximum of
cadmium concentration. Seven out of ten ashes had
less content of cadmium compared to the content in
sewage sludge. The specific behavior of this element
potentially was impacted by the temperature of the
incineration of sewage sludge. The temperature range
was excess the melting point and boiling point of the
cadmium compounds present in the sewage sludge
[15, 16].

The average heavy metals content in the sewage
sludge ashes followed the sequence of Zn > Cu > Cr >
Ni > Cd > Pb. The sequence of heavy metals content in
sewage sludge ashes was partly coherent with sequence
in researched sewage sludge. In all sewage sludge
ashes, the minimum content was cadmium, while the
maximum contents were copper and zinc. Furthermore,
the sequence of heavy metals in the sewage sludge ashes
is similar to sequence of heavy metals in municipal
solid waste incineration bottom ash [14].

Thehigh variation ofthe heavy metals concentrations
in sewage sludge ashes can attribute to volatile of their
and incineration conditions, like temperature and time.

Table 2. Concentration of heavy metals in sewage sludge
and sewage sludge ashes, mg/kg d.m.

Sample Cr In Cu (] Ni Ph
Sewagesludge | 61.98 | 344.68 | 222.42 1.36 26.27 | 130.51
S1 174.8.0 | 2755.23 | 553.51 | 1.09 53.76 | 170.28
S2 70.48 | 1430.76 | 351.79 | 0.81 38.40 0.32
S3 10533 | 2479.30 | 383.80 0.9 42.22 | 108.82
S4 103.24 | 2730.79 | 433.90 bd. 5247 | 93.83
S5 166.92 | 3091.66 | 462.88 | 0.70 57.27 | 156.01
S6 96.00 | 1620.01 | 314.94 | 0.06 46.59 0.25
S7 97.97 | 2542.87 | 388.93 | 0.18 | 47.88 | 87.37
S7be 106.32 | 2616.96 | 387.36 | 0.16 51.68 | 97.65
S8 84.24 | 2844.42 | 401.13 bd. 5422 | 75.55
S9 53.66 | 1398.53 | 326.37 bd. 40.25 bd.

bd. — below detection threshold
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Table 3. Average mass reductions of samples after
incineration

Sample Mass reduction, %
S1 56.49 (+3.68)
S2 70.87 (£0.10)
S3 62.64 (+2.48)
S4 70.28 (+0.89)
S5 65.3 (£2.12)
S6 70.88 (+0.32)
S7 69.46 (+2.43)

ST 69.51(+2.43)
S8 68.1(£1.35)
59 70.22 (+1.24)
Furthermore, concentrations of chrome, zinc,

copper, nickel and lead in incinerated sewage sludge
increased because of the mass reduction of samples.
The average mass reductions equaled 56.49-70.88%
(tab. 3).

Figure 1 shows the transfer coefficients of heavy
metals from the input sewage sludge to the ashes. The
transfer coefficients range from a minimum of 0.0 for
lead and cadmium to a maximum of 3.5 for zinc. The
maximum transfer coefficients of heavy metals were
in sewage sludge incinerated at the temperature of
600°C (during 11 minutes) and 655.6°C (during 4.6
minutes).

The results indicated that the transfer of studied
heavy metals in sewage sludge during combustion
could be explained by thermodynamic equilibrium.
Copper, cadmium and lead are transferred to gas
when temperature is more than 800°C [17].

Figure 1. Transfer coefficients of heavy metals from the
input sewage sludge to sewage sludge ashes

Linear regression coefficients R?> and models
of transfer coefficients of research heavy metals
are shown in table 4. It can be noted that transfer
coefficients mainly depend on the incineration
temperature of sewage sludge. Therefore, the values

of transfer coefficients were determined by metal
characteristics, especially of volatility.

Table 4. Linear regression coefficients and models of
transfer coefficients of heavy metals from the input sewage
sludge to sewage sludge ashes

Metal R? Model
Cr 0.86 f(Cr) = 0.6736 — 0.3039T + 0.1473t
In 0.71 f(Zn) = 2.6897 — 0.8952T + 0.136t
Cu 0.72 f(Cu) =0.71-0.1536T + 0.0357t
(] 0.28 f(Cd) =0.113 - 0,0993T - 0.0072t
Ni 0.51 f(Ni) = 0.7277 — 0.0915T + 0.0502t
Pb 0.95 f(Ph) = 0.2388 — 0.2698T + 0.0393t

4. Conclusions

The concentrations of chrome, zinc, copper and
nickel in sewage sludge ashes were higher level
compared to contents in sewage sludge. Mainly
because of the mass reduction of the sewage sludge
concentrations of heavy metals in incinerated sludge
increased. Average heavy metals contents in sewage
sludge ashes followed the increasing sequence of
Zn > Cu > Cr > Ni> Cd > Pb.

The quantities of the transfer coefficients indicated
that heavy metals were concentrated in the sewage
sludge ashes. The study of statistical results showed
that the transfer coefficients of heavy metals mainly
depend on the incineration temperature of sewage
sludge. The higher incineration temperature mainly
causes lower quantities of transfer coefficients.
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Wspotczynnik transferu metali ciezkich z osadow
sciekowych do popiotu

1. Wprowadzenie

Wspolczesnie procesy termiczne, szczegdlnie spa-
lanie w ztozu fluidalnym sa dobrym rozwiazaniem
unieszkodliwiania osadéw Sciekowych z oczyszczal-
ni $ciekow w duzych aglomeracjach [1]. Termiczne
unieszkodliwianie osadow sciekowych oferuje naste-
pujace korzysci: redukcje objetosci, utlenienie ma-
terii organicznej, destrukcje patogenow oraz odzysk
energii. Jednak z powodu toksycznos$ci metali ciez-
kich, spalanie osadow $Sciekowych moze niekorzyst-
nie wptywacé na srodowisko [2].

Jednym z gtownych probleméw zwiazanych z me-
talami ciezkimi jest ich tendencja do biokumulacji
oraz biomagnifikacji. Wedlug [5], stezenia metali
ciezkich w popiele z osadow wzrastaja w porowna-
niu do stezen w osadach $ciekowych. Metale, ktore
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sg obecne w odpadach spalanych w ztozu fluidalnym
moga pozosta¢ w popiele dennym, popiele lotnym
lub w spalinach. Transfer metali zalezy od ich fizycz-
nych i chemicznych wtasciwosci [7].

Przejscie cynku, otowiu, miedzi, magnezu i kadmu
z osadow Sciekowych do spalin bylo badane przez
spalenie osadéw Sciekowych, a zachowanie przej-
scia metali cigzkich byto wyrazone wspoétczynnikiem
przejscia [8].

Celem badan jest ocena wptywu temperatury i cza-
su spalania na wspotczynnik przejscia metali ciezkich
z osadow Sciekowych do popiotu z osadow.

2. Materiat i metody

Osady $ciekowe pobrano z komunalnej oczysz-
czalni $ciekow w Sitkéwce-Nowiny, ktéra odbiera



THE TRANSFER COEFFICIENT OF HEAVY METALS FROM THE INPUT SEWAGE SLUDGE TO THE ASH

environment

scieki z aglomeracji Kielce, zlokalizowanej w cen-
tralnej czesci Polski. Popioty z osadow $ciekowych
otrzymano w wyniku spalenia osadow s$ciekowych.
Osady Sciekowe wysuszono w suszarce laboratoryj-
nej w temperaturze 105°C. Nastepnie osady Sciekowe
rozdrobniono do frakcji < 125 um i spalono w piecu
laboratoryjnym Naberthem dla zadanych temperatur
z zakresu 600-980°C i czasu 2-20 minut.

Badania zrealizowano zgodnie z dwuczynnikowym
planem kompozycyjnym Boxa [9]. Plan ten powstat
przez dodanie do dwupoziomowego planu typu 22
symetrycznie potozonych punktéw gwiezdnych oraz
punktu centralnego. Eksperyment obejmowat pie¢ nie-
zaleznych powtorzen w kazdym punkcie planu (tab. 1).

Stezenie metali w osadach $ciekowych i1 popiotach
z osadow Sciekowych jest suma czterech frakcji me-
tali cigzkich, badanych zgodnie z czterostopniowa
procedurg ekstrakcji sekwencyjnej BCR [10-12].
Wprowadzono zmian¢ w sposobie mineralizacji frak-
cji rezydualnej, tj. zastosowano mineralizacj¢ woda
krolewska [13]. Metale cigzkie w otrzymanych eks-
traktach oznaczono, uzywajac spektrofotometru emi-
syjnego ze wzbudzong plazma ICP-OES Perkin-EI-
mer Optima 8000.

Warto$ci wspotczynnika transferu metali cigzkich
z osadow S$ciekowych do popioldw obliczono na
podstawie rownania (1). Réwnanie (1) byto zapro-
ponowane przez Yao i inni do opisu wspotczynnika
przejscia metali ciezkich ze statych odpadéw komu-
nalnych do popiotu [14].

3. Wyniki i dyskusja

Tabela 2 przedstawia zawatos¢ metali ciezkich
w osadach $ciekowych 1 popiotach z osadéw $cieko-
wych. Najwigksze stezenie w osadach Sciekowych
byto cynku — 344,68 mg/kg s.m., a najmniejsze kad-
mu — 1,36 mg/kg s.m. Stezenia badanych metali cigz-
kich w osadach $ciekowych byty w nastepujacej ko-
lejnosci rosnacej: Cd < Ni < Cr < Pb < Cu < Zn. Ste-
zenie cynku, miedzi, niklu oraz otowiu byto najwiek-
sze w osadach $ciekowych spalonych w temperaturze
600°C w czasie 11 minut. Natomiast najwieksza za-
warto$¢ cynku stwierdzono w osadach Sciekowych
po spaleniu w temperaturze 655,6°C w czasie 17,4
minuty. Najnizsza zawarto$¢ chromu, cynku i otowiu
byta w osadach $ciekowych po spaleniu w temperatu-
rze 924,4°C w czasie 4,6 minuty.

Stezenie kadmu w osadach $ciekowych spalonych
w temperaturze 980°C w czasie 11 minut bylo naj-
wieksze sposrdéd probek badanych popiotow. Dla
siedmiu z dziesi¢ciu badanych popiotéw zawartos¢

kadmu byla mniejsza w porownaniu do stezenia
w osadach $ciekowych. Na specyficzne zachowanie
tego pierwiastka potencjalnie wptynely temperatura
spalania osadow $ciekowych ze wzgledu na zakres
przekraczajacy temperatur¢ topnienia oraz wrzenia
zwigzkow tego metalu wystepujacych w osadach
sciekowych [15, 16].

Srednie zawartosci metali ciezkich w popiotach
z osadow Sciekowych byly nastepujacej kolejnosci:
Zn > Cu > Cr > Ni > Cd > Pb. Kolejnos¢ stezen ba-
danych metali cigzkich w popiotach z osadow byla
czegsciowo zgodna z kolejnoscia w osadach $cieko-
wych. Dla wszystkich badanych popiotow z osadow
najmniejsze stezenie byto kadmu, a najwigksze mie-
dzi i cynku.

Ponadto kolejnos¢ badanych metali cigzkich
w popiotach z osadoéw Sciekowych jest podobna do
kolejnosci metali cigzkich w popiele ze spalenia sta-
tych odpadow komunalnych [14].

Wysoka zmienno$¢ stezen metali ciezkich w popio-
fach z osadéw sciekowych moze by¢ przypisana ich
lotnosci oraz warunkom spalania, takich jak tempe-
ratura i czas.

Ponadto stezenia chromu, cynku, miedzi i otowiu
w spalonych osadach $ciekowych wzrosty z powodu
redukcji masy probek. Srednia redukcja masy rowna-
ta si¢ od 56,49% do 70,88% (tab. 3).

Rysunek 1 przedstawia wspolczynniki przejs$cia
metali cigzkich z osadow Sciekowych do popiotow.
Zakres wspotczynnika przejscia byt od minimum —
0,0 dla otowiu i kadmu do warto$ci maksymalnej —
3,5 dla cynku. Maksymalne wspolczynniki przejs$cia
metali cigzkich byty dla osadow $ciekowych spalo-
nych w temperaturze 600°C (przez 11 minut) oraz
w temperaturze 655,6°C (przez 4,6 minuty).

Otrzymane wyniki wskazujg, ze przejscie bada-
nych metali cigzkich w osadach $ciekowych podczas
spalania moze by¢ wyjasnione rownowagg termody-
namiczng. Miedz, kadm i otow przechodza w forme
gazowa, kiedy temperatura spalania jest wyzsza od
800°C [17].

Wspotczynnik liniowej regresji i modele wspotczyn-
nika transferu badanych metali cigzkich przedstawia
tabela 4. Wspotczynnik przejscia gtownie zalezat od
temperatury spalania osadow $ciekowych. Zatem war-
tosci wspotczynnikow przejscia byty determinowane
charakterystyka metali, szczegolnie lotnosci.

4. Wnioski
Stezenia chromu, cynku, miedzi i niklu w popio-
tach z osadow Sciekowych byly na wyzszym pozio-
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mie w porownaniu do stezen w osadzie Sciekowym.
Stezenia metali ciezkich w spalonym osadzie scieko-
wym wzrosty gtoéwnie z powodu redukcji masy osa-
dow. Srednie zawarto$é metali ciezkich w popiotach
z osadow $ciekowych byty nastepujacej kolejnosci
rosngcej: Zn > Cu > Cr > Ni > Cd > Pb.

Wartoéci wspotczynnikéw przejscia wskazuja, ze
metale ciezkie koncentruja si¢ w popiotach z osadow
sciekowych. Wyniki analizy statystycznej pokazaty,
ze wspotczynniki przej$cia metali ciezkich glownie
zaleza od temperatury spalania osadow $ciekowych.
Wyzsza temperatura spalania osadéw spowodowata
glownie mniejsze wartosci wspotczynnikow przejscia.
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