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bstract

The chemical speciation of Cd, Cu, Pb, Cr and Ni in Torun municipal sewage sludge is investigated with addition of a natural sorbent (clinoptilolite
ock). The total contents of the heavy metals in the sludge are substantially lower than the corresponding limits established by European or Polish
egislation excepting nickel only. But the metals concentrations excepting lead exceed significantly the natural background (average contents in
oils and in the Earth’s crust) in dozens. Application of the sequential chemical extraction indicated that the metals in the sewage sludge are bound
ainly (over 50%) in the residual fraction. The metals form the following order by parts of the mobile form: Ni > Cd � Cr > Cu � Pb. Addition of

he clinoptilolite to the sludge leads to the metals contents fall in all four fractions of the sequential procedure. Concentrations of mobile forms of

admium, chromium, copper and nickel decrease by 87, 64, 35 and 24%, respectively, as a result of addition of 9.09% of the clinoptilolite. The total
ecreases of the metals amount after 9.09% clinoptilolite addition to the sludge are around 11, 15, 25, 41 and 51% for copper, nickel, chromium,
admium and lead, respectively.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Sewage sludge production is increasing impetuously from
ear to year in the whole world. The European Union countries
ave increased sewage sludge production by several percents
3–5%) per year [1,2]. In Poland, production of dry sludge from
unicipal wastewater treatment had grown from 359,819 tonnes

n 2000 to 476,054 tonnes in 2004 [3,4]. Utilization of the men-
ioned sludge mass was distributed among storing on landfills
34%), agricultural use (14%), utilization for land recupera-
ion (23%), compost production (6%), burning (0.2%) and some
ther utilization ways (23%) [4]. Obviously, constant increase
f sludge production as well as accepted in many countries prac-
ice of disposal of the significant sludge mass in landfills may

ause serious environmental problems. From this point of view,
trategy development of communal wastewater sludge utiliza-
ion as agricultural fertilizer seems to be prospective thanks

∗ Corresponding author. Tel.: +48 56 6114330; fax: +48 56 6114837.
E-mail address: bbusz@chem.uni.torun.pl (B. Buszewski).
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o significant contents of organic matters, nutrients, calcium
nd potassium [5,6]. Municipal sewage sludge contains usually
itrogen, P2O5, CaO and K2O in amounts (% d.m.) of 2.5–3.5,
.5–2.5, 0.2–0.8 and to 0.5%, respectively [7].

At the same time, due to the content of heavy metals and
athogenic organisms, the sewage sludge may be considered
s unfriendly to environment and therefore, the waste prod-
cts require an appropriate pretreatment before utilization [8,9].
pplication of sludge with high metal concentrations in agri-

ulture may provide unwanted environmental impacts, such as
hyto and microbial toxicity with food chain and groundwater
ontamination. Uptake of heavy metals by plants and subsequent
ccumulation along the food chain is a potential threat to ani-
al and human health [8,10,11]. In that case, mobile species

f heavy metals cause more serious pollution problems since
hey can be easily taken up by plants and enter the trophic chain
r pollute the groundwaters. Cadmium is usually found to be

he most extractable among the studied heavy metals [12]. Data
bout the association of heavy metals with geochemical phases
f the soil can be obtained by sequential extraction allowing to
etect the distribution of heavy metals in different fractions as

mailto:bbusz@chem.uni.torun.pl
dx.doi.org/10.1016/j.jhazmat.2007.04.001
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ell as to evaluate mobility and toxicity of metals in soils and
ludge [13,14].

Ability of the metal to change chemical form into water-
oluble compounds is conditioned by its species existing in
he sludge. Parcelling and identification of the heavy metals
pecies accumulated in the sludge with their following quantita-
ive determination are necessary to evaluate the metals’ potential
nvironmental influence [15].

Speciation of heavy metals usually includes the fractionation
f their total concentrations into soluble, ion exchangeable, acid
xtractable (carbonate bound), reducible (Fe–Mn oxides bound),
xidizable (organic bound) and residual forms. Sequential
xtraction of heavy metals from sewage sludge with determina-
ion of the present metal species is valuable for forecasting their

obility and bioavailability when sludge are applied to soils
16,17]. It should be noted that sequential chemical extraction
ay be also considered as a rather arbitrary way of separating

ifferent metal species due to inadequate selectivity application
f the reagents used towards one particular species, and rare
omplete dissolution of species [18,19]. In spite of the fact that
he method selectivity is sometimes imperfect, the sequential
hemical extraction technique is the key one in obtaining data
bout chemical species of metals in soils and sludge. Different
equential extraction procedures are frequently used to evaluate
eavy metal mobility in the environment [20,21]. The sequential
rocedure recommended by the BCR EUR 14763 EN Union is
sually applied now within the European Union [14].

Environment-friendly utilization of sewage slugdes evidently
equires the appropriate treatment methods. Application of dif-
erent additives to sewage sludge for immobilization of the
xcessive amounts of heavy metals is one of the ways for
mprovement of the physical and chemical properties of the
ubstratum. Although various groups of microorganisms con-
ributing in biosorption of heavy metals are usually the centre of
ttention as additives [22,23], mineral sorbents are also used to
inimize the mobility of heavy metals in the compost [24–27].
atural zeolites and the clinoptilolite in particular seem to be

ppropriate amendment materials for sewage sludge taking into
ccount their sorption and exchangeable properties towards the
eavy metals. Addition of the clinoptilolite rock to sewage
ludge might change chemical speciation of heavy metals in
omposts and decrease their mobility and bioavailability.

The aim of the present contribution is to establish influence
f addition of the natural sorbent (clinoptilolite) on the chemical
peciation of heavy metals in sewage sludge samples using the
equential chemical extraction procedure.

. Materials and methods

.1. Sewage sludge sampling

Sludge samples were collected from the tanks after fer-
entation from municipal wastewater treatment plant in Torun
Poland), where, about 60,000–65,000 m3 of municipal wastew-
ters are processed per day. The sludge volume after anaerobic
igestion is 80–100 m3 (per day) on sludge moistures about 80%.
he sludge was sampled in polyethylene bags and stored in a
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ool room without access of light. The sample moisture was
etermined by oven-drying at 105 ◦C for 24 h with the following
omogenization in an agate mortar.

.2. Clinoptilolite rock studied

Clinoptilolite rock from Sokyrnytsya deposit (the Tran-
carpathian region, Ukraine) containing about 75% of
linoptilolite was used. Quartz, calcite, biotite, muscovite, chlo-
ite, montmorillonite are the main associated minerals. The
xchangeable cations are presented by Ca2+, Mg2+, Na+ and K+

ith prevalence of the last one. Their total contents are deter-
ined as 2.53 meq/g. Thermostability of the sorbent is from 923

o 973 K, static water-storage capacity and relative moisture are
.03 and 10.19%, respectively [28].

.3. Analytical methods

The dry mass of the sample was determined by drying in
dryer at 105 ◦C up to the constant mass. Losses of ignition
ere determined as difference between the crucible masses
efore and after drying in a muffler for 4 h at 550 ◦C. The
H value was measured in water extracts at sample–deionized
ater (w/w) as 1:5. The total nitrogen contents were analyzed
sing Kjeldahl method with the following distillation with water
team. Nitrogen content was evaluated on the basis of determi-
ation of ammonium ions concentration in the distillate (Nessler
ethod). The total phosphorus amounts were analyzed by Kjeld-

al method too and measured colorimetrically with ammonium
olybdate and zinc(II) chloride in glycerine. The total organic

arbon was determined using automatic analyzer TOC-5000
ith the solid sample module SSM-5000 (Shimadzu). Potas-

ium was evaluated using flame atomic emission spectrometry
FAES). Calcium and magnesium concentrations were deter-
ined by standard titration method (EDTA). The total heavy
etals (Pb, Cd, Ni, Cr, Cu) contents were analyzed by flame

tomic absorption spectrometry (FAAS) after digestion of the
amples with aqua regia. Five grams of the sample of dry
ludge was dissolved in 20 ml (in 2 ml by turns) of concentrated
NO3/HCl (1:3,v/v) mixture and kept for 24 h at 20 ◦C. The

olution obtained was evaporated to dryness. The residue was
issolved in 30 ml of hot water and filtered. The filtrate was
iluted in a calibrated flask to 50 ml and analyzed by FAAS
AAS AAnalyst 800 Perkin-Elmer, Shelton, USA).

.4. Sequential extraction

Five compositions with the different zeolite contents 0.99%
100 mg); 2.91% (300 mg); 4.76% (500 mg); 6.54% (700 mg);
.09% (1 g, w/w) were prepared for the sequential extraction
f the sewage sludge with the zeolite addition by placing 10 g
f the dried sludge and the transfer mass of the zeolite into
ask. Fractionation of heavy metals in these compositions was

tudied using the sequential extraction procedure described by
he BCR EUR 14763 EN Union [14]. Four metallic fractions
ere determined by means of the sequential extraction scheme:

light exchangeable metals, reducible metals, oxidizable metals
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nd residual metals. Separate extraction stages were conducted
n the polypropylene flasks with the mixture shaking at 50 rpm.
fter 20 min centrifugation (5000 rpm), the aqueous extract was

eparated from the solid residue. This residue was washed with
0 cm3 of distilled water, shaken for 25 min and centrifuged
nce more. Then the washing water was discarded. The metals
xtracts were filtrated using 0.45 mm cellulose nitrate membrane
lters. The obtained solutions were kept in a cold store at 4 ◦C
or analyzing and the residues were placed into flasks and dried
t 105 ◦C. The heavy metals were divided into four fractions in
he following steps:

Fraction 1 (easy exchangeable and carbonate associated frac-
tion): extraction with 200 ml of 0.11 M CH3COOH (pH 7)
shaking for 16 h at 20–22 ◦C.
Fraction 2 (reducible fraction or Fe and Mn oxide associ-
ated fraction): extraction with 200 ml of 0.5 M NH2OH HCl
(acidified to pH 2 with HNO3) shaking for 16 h at 20–22 ◦C.
Fraction 3 (oxidizable fraction or fraction bound to organic
matter): extraction by 10 ml of 30% H2O2 with shaking for 1 h
at 20–23 ◦C. Digestion was continued by heating the mixture
at 85 ◦C in a water bath for 1 h and followed by cooling. Then
10 ml of H2O2 was added and the mixture was heated for 1 h
at 85 ◦C. After that, 2 ml of 3 M NH4OAc in 20% HNO3 (v/v)
was added with shaking for 16 h at 20–22 ◦C.
Fraction 4 (residual fraction): extraction with 6 ml H2O and
45 ml 6 M HCl and 15 ml 14 M HNO3 with shaking for 16 h at
20–22 ◦C.

. Results and discussion

.1. Sludge properties
As one can see in Table 1, the significant amounts of such
utrients as nitrogen, phosphorus, potassium and organic matter
n the municipal sewage sludge in question allow to consider it
s a good fertilizing material. But high contents of toxic heavy

able 1
elected physical and chemical properties of the sewage sludge

elected characteristics Values (n = 3) Limit (86/278/EEC)a

In sludge In soil

oisture (% d.w.) 82.40 ± 2.57
sh (% d.w.) 34.90 ± 1.02
H 6.10 ± 0.02
OC (% d.w.) 20.55 ± 0.01
otal P (P2O5 % d.w.) 2.32 ± 1.45
otal N (% d.w.) 3.16 ± 0.13
g (MgO % d.w.) 3.72 ± 0.12
a (CaO % d.w.) 8.63 ± 0.54
(K2O % d.w.) 0.82 ± 0.17

b (mg/kg d.w.) 38.12 ± 1.12 750–1200 50–300
d (mg/kg d.w.) 13.02 ± 0.96 20–40 1–3
r (mg/kg d.w.) 303.40 ± 6.77 – –
u (mg/kg d.w.) 240.40 ± 1.18 1000–1750 50–140
i (mg/kg d.w.) 402.80 ± 5.38 300–400 30–75

a Council Directive 86/278/EEC on the protection of the environment, and
articular of the soil, when sewage sludge is used in agriculture.
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etals and cadmium especially may make the sludge usage in
gricultural soil improvement dangerous. The low pH value of
he sludge would contribute to increase of the heavy metals solu-
ility and hence their availability for uptake by plants or transport
o groundwater.

Contents of lead, copper and cadmium in the sludge are con-
iderably lower than the corresponding limits accepted by EU
Directive 86/278/EEC). Only nickel concentration is evaluated
bout the level defined by the Directive. But the determined
etals concentrations in the sludge exceed significantly the

stablished limits for soils. Contents of cadmium and nickel
lmost by 10 times exceed limits.

Comparison between the heavy metals concentrations deter-
ined in the studied sludge and with their average contents in

oils and the Earth’s crust allows to evaluate measure of the
ewage sludge enrichment by the metals relatively to the natu-
al background. As shown in Table 2, cadmium amount in the
ludge is more than 10 times more than its average contents
n soils and the Earth’s crust. The same measure of the stud-
ed substrate enrichment is observed for nickel and copper, but
oncentrations of lead and chromium are not so significant.

Therefore, utilization of the sludge as an agricultural fer-
ilizer without a preliminary treatment for the heavy metals
xtraction or immobilization may be rather hazardous for envi-
onment. It should be noted that although knowledge of heavy
etals speciation in sludge is necessary for metal-contaminated
aste application, estimation of the geochemical background
f an application site is also very important for evaluation of
nvironmental dangerous.

.2. Distribution of the metals species in the sewage sludge

Data on the metals species distribution in four fractions of
he sewage sludge without the zeolite addition obtained as a
esult of the sequential extraction procedure is shown in Fig. 1.
s the figure indicates, the metals differ from one another by
uantitative grouping in separate chemical species in the sludge.
his grouping is specific for each metal.

The metals formed the following orders by relative contents

f the species:

Cu (residual � oxidizable � reducible > exchangeable);
Cr (residual � oxidizable > exchangeable > reducible);

Fig. 1. The distribution of the metal species in the sewage sludge.
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Table 2
Comparison of the heavy metals contents in the studied sludge and the average contents in soils and the Earth’s crust

Contents of heavy
metals (mg/kg d.w.)

The studied sludge Soils, average [29] Farming soils,
average [30]

The Earth’s crust,
average [31]

Pb 38 10 36 12
Cd 13 0.5 0.44 0.2
C
C
N
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r 303 200
u 240 20
i 403 40

Pb (residual);
Ni (residual > oxidizable > exchangeable > reducible);
Cd (residual > oxidizable > reducible > exchangeable).

The similar metals speciation in the sewage sludge was estab-
ished by Walter et al. [12] excepting lead. As a result of the
equential extraction application Alvarez et al. [32] described
hat metals distribution was different for each fraction and
he highest levels of copper and chromium were found in the
xidizable fraction, the highest contents of nickel were dis-
ributed among the exchangeable and the reducible fractions, the
redominant part of lead was accumulated in the residual frac-
ion. Although, our study results correspond well to the results
eported by Alvarez et al. [32] concerning lead and nickel, the
ain parts of copper and chromium in our case were concen-

rated in the residual fractions with the significant amount of
opper in the oxidizable fraction. It is clear that differences in
he metals speciation as well as in their total concentrations are
onditioned by a number of factors with the municipal industry
pecification in the first place.

The metals concentrations as a percentage of the four frac-
ions sum are shown in Fig. 2. The results indicate the highest

obility of nickel and cadmium in the analyzed sludge. The
hares of their mobile forms (Fractions 1 and 2) are 29 and 27%,
espectively. The mobile parts of lead, copper and chromium
o not exceed 3%. The highest contents of cadmium and nickel
n exchangeable fraction were also reported by Kazi et al. [19].

ccording to their parts in the mobile forms the studied metals

orm the following order: Ni > Cd � Cr > Cu � Pb. All metals
re concentrated mainly in the residual fraction. The parts of
ickel, cadmium, copper and chromium in the residual fraction

ig. 2. The heavy metals percentage in the individual fractions of the sequential
xtraction.
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re 39, 54, 64 and 94% of the total metal extracted amounts,
espectively, while lead is connected almost completely with the
esidual fraction. The dominant accumulation of lead in this frac-
ion agrees well with the other authors results [12,33]. Although,
he mobile forms of the metals usually seem to be more danger-
us for environment, their low concentrations, in forms bound
ith oxidizable or residual fractions, may also be a source for

he metals discharge into environmental objects.
Furthermore, one should realize that the sequential extraction

rocedure is not absolutely selective concerning the metal forms.
or instance, not only weakly bound ion exchangeable forms or
orms associated with calcium carbonate, but also metals forms
ound with some organic functional groups or iron hydroxides
nd oxides may be extracted using 0.11 M acetic acid. Appli-
ation of BCR sequential extraction procedure for metals from
ndividual mineral phases of seawater sediment demonstrated
hat the majority of metals released by CH3COOH were associ-
ted with calcium carbonate, kaolinite, potassium-feldspar and
errihydrite [18]. At the same time, this extractant is considered
o be able to dissolve carbonates without attacking organic mat-
er, Fe and Mn oxides and aluminosilicates [33]. Whalley and
rant [18] reported that the recovered metals were extracted
y hydroxylamine hydrochloride during the third stage of the
rocedure from montmorillonite and MnO2 too. The residual
raction is also defined by Kazi et al. [19] as “pseudo resid-
al”. It may be suggested that metals bound with some organic
ompounds occurring in strong sorbed forms in mineral matter
re also associated with the residual fraction. In the same cases,
elative contents of metals in the different fractions may vary
epending on sludge type, ratios between sludge and extrac-
ant solutions, contact time, reagent concentration, intensity of

ixing, pH value, experiment temperature, etc.
We suppose that heavy metals of the residual fraction may

e immobilized in the sulfide minerals in the sludge. It seems
o be especially probable for cadmium, lead and copper. Metal
ulfides could form as a result of sulfate reduction in a sludge
ermentation process. The heavy metals may also be strongly
onnected in the clay minerals structures or in organic matters
s hydroxides.

.3. Influence of the clinoptilolite rock addition to the
ewage sludge on heavy metals speciation
Results of the sequential analysis of the sewage sludge
ith the natural zeolite demonstrate that the heavy metals con-

ents decrease in all four fraction due to the sorbent addition
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ig. 3. Efficiency of the clinoptilolite addition for decrease of the heavy metals
ontents in the different fractions of the sludge.

Fig. 3). Among mobile forms, the most significant decrease
as observed for cadmium. As a result of 9.09% (w/w) of

he zeolite application cadmium amounts were reduced by 62,
5, 58 and 40% in the first, the second, the third and the
ourth fractions, respectively. The total fall of the metal con-
entration comparing with its total concentration without the
eolite application was 41%. Taking into account, the high tox-
city and the significant content of cadmium in the sludge, the
btained results are encouraging with regard to the use of clinop-
ilolite rock as an effective additive for this metal immobili-
ation.

Chromium content has also decreased most after the zeo-
ite addition in the first fraction (by 49%). In the following
hree fractions, there was a fall of chromium concentrations
y 14, 40 and 25%, respectively. Copper was characterized by
omewhat weaker binding with the zeolite and by more even
all by fractions. Copper contents decreased by 15, 20, 20 and
2% for the studied fractions, respectively. The least fall of
he mobile forms and of ion exchangeable form in particu-

ar (6%) was observed for nickel. The metal amounts of the
ther fractions lowered by 16–20%. The zeolite addition had
o influence on lead speciation in the sludge. All lead con-

t
s
a

ig. 4. The total decrease of the metals concentrations as a result of the sludge
reatment process.

inued to remain in the residual fraction with decrease of its
oncentration by 51%. Wong and Selvam [27] reported that
ime addition to sewage sludge had also no influence on lead
peciation, but caused increase of its content in the residual
raction.

Addition of 9.09% of the zeolite (w/w) lead to the most signif-
cant decrease of the total lead content (50.6%) evaluated in four
ractions. The total concentrations of the other metals (Cd, Cr, Ni
nd Cu) fell by 41, 25, 15 and 11%, respectively (Fig. 4). Wong
t al. [23] found that bioleaching of heavy metals from anaerobi-
ally digested sewage sludge using FeS2 caused corresponding
ecrease of chromium, copper, lead and nickel contents by 12,
1, 32 and 38%, respectively. Hsiau and Lo [24] applied lime,
ement and sodium silicate as additives for leaching of heavy
etals from sewage sludge by bench processes. The best results

or chromium and lead concentration decreases (by 39 and 41%)
ere obtained in lime-treated sludge (10% lime), whereas in

ime–sodium silicate (20 g lime plus 15 ml sodium silicate per
00 g sewage sludges) treated sludge for copper (52.5%). Study
f biological leaching of metals (Mn, Al, Zn, Cu and Ti) in
n anaerobic sewage sludge using microorganism Thiobacil-
us ferrooxidans demonstrated 24% efficiency for copper
34].

Composting of sewage sludge with natural zeolite (clinoptilo-
ite) Zorpas et al. [26] observed that the zeolite (25%, w/w) can
ake up 100% of Cd, 32% of Cu, 40% of Ni, 18% of Cr and 17%
f Pb. The metals formed the following order by immobiliza-
ion degree: Cd > Cu > Ni > Cr > Pb. We have obtained somewhat
ther order: Pb > Cd > Cr > Ni > Cu. Taking under consideration
hat we added two and a half as less amount of the clinop-
ilolite, the relative contents of the immobilized metals were
omparable in both studies. The presented data differ consid-
rably from results of Wong and Selvam [27] for lead and to
smaller degree for cadmium. Obviously these differences are

onditioned mainly by specific chemical composition of sewage
ludge in question.

Decrease of the metals concentrations in all four extracts of

he sequential procedure due to the zeolite addition to the sewage
ludge seems to be interesting result of the present study. A neg-
tive balance between the metal contents in the sludge with the
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eolite addition and without the same was obtained. On one
and, this fact substantiates definition of the residual fraction
f the used procedure only as “pseudo residual fraction” and
n the other hand, it may testify that heavy metals are immo-
ilized by the considered clinoptilolite to a large measure in
rmly bonded adsorbed forms. Such bonded form of the met-
ls (lead and cadmium especially) is caused by their location in
dsorption process in inner crystallic space of the clinoptilolite.
t is apparent that the metal bonds in the zeolite porous struc-
ure are significantly more solid than in sewage sludge. It may
lso assumed that at separation of the clinoptilolite from the
ewage sludge after composting the metals concentrations in
ome extraction, fractions could be lesser than in the conducted
xperiment.

. Conclusions

. Generally total contents of the heavy metals in the sewage
sludge from Torun municipal wastewater treatment plant are
substantially lower than the corresponding limits established
by European or Poland legislation excepting nickel only. The
metals concentrations excepting lead exceed significantly
the natural background (average contents in soils and in the
Earth’s crust) in dozens.

. Sewage sludge is the strong industrial accumulator of heavy
metals and may be a source of environmental contamination,
but huge volumes of communal sewage sludge with high
content of fertilizing compounds may be sufficiently used
for agricultural purposes. However such use of sewage sludge
requires lowering of contents of heavy metals and other toxic
components to undangerous levels.

. The application of the sequential chemical extraction
indicated that metals in sewage sludge were bound mainly
(over 50%) in the residual fraction. Nickel distributed
evenly in residual, oxidizable and exchangeable fractions
was the only exception. Nickel (27%) and cadmium (29%)
were characterized by the highest concentrations in the
mobile reducible and exchangeable fractions. The metals
form the following order by parts of the mobile form:
Ni > Cd � Cr > Cu � Pb. The significant parts of nickel,
cadmium and copper (33, 19 and 34%, respectively) are also
bonded with organic matter (oxidizable fraction).

. Addition of the natural clinoptilolite to the sewage sludge
led to the metals contents fall in all four fractions of the
sequential procedure. Concentrations of mobile forms of
cadmium, chromium, copper and nickel decreased by 87,
64, 35 and 24%, respectively, as a result of the addition of
9.09% of the clinoptilolite.

. The total decreases of the metals after 9.09% clinoptilolite
addition to the sludge were around 11, 15, 25, 41 and
51% for copper, nickel, chromium,cadmium and lead,
respectively.
. The clinoptilolite rock may be considered as a suit-
able material to heavy metals immobilization by their
bond into firmly sorbed forms of the pseudo residual
fraction.

[
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