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Speciation of Cd and Pb in organic soil treated
with municipal sewage

Abstract: The studies were carried out on the basis of field experiment. The purpose of this study was to determine the effect of
purified municipal sewage, applied in single (optimal for plant growth) and double doses, on the content of Cd and Pb, and its
chemical speciation in organic neutral soil. The sequential extraction procedure was used to separate Cd and Pb from soil into 5
operationally defined fractions: exchangeable F1, “carbonate bound” — specifically bound F2, bound to Fe-Mn oxides F3, bound to
organic matter F4, and residual F5. The total content of Pb in reference soil and in soils treated with sewage was lower than permis-
sible values accepted in Poland for natural soils, while the content of Cd exceeded the highest acceptable level for natural organic
soils. The Cd association with different geochemical fractions, both in soil fertilized with sewage, and unfertilized (control) soils,
followed the order [%]: F3>F2>F4>F1>F5. Cadmium was associated mainly with F3 (51-60%) and F2 (23-26%) fractions, while
6—8% was stated in exchangeable form (F1). Speciation distribution of Pb was lined up in the order [%]: F3>F4>F2>F5>F1. Lead
was retained mainly in F3 (46-56%), F4 (21-30%) and F2 (10-13%) fractions. In soils treated with sewage there were stated the

higher amounts of metals bound to organic fraction compared to reference soil.
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INTRODUCTION

Municipal sewage used for fertilization and irri-
gation of field crops and grasslands is one of the so-
urces of metals (Cd, Pb, etc.) in the environment. This
type of recycling of sewage purified to a different
degree can largely satisfy plant’s demand for water
and minerals, and also provides a positive aspect in
the protection of surface waters against contamina-
tion with biogenic compounds (Olek and Filipek
1996). Some negative result of municipal sewage
applying is a soil pollution by toxic substances, espe-
cially heavy metals, which when introduced into the
soil, may undergo various transformations. A major
threat to natural ecosystems appears when concen-
trations of their active forms increases. Toxicity and
mobility of metals in soils depend on many factors,
e.g. their total content, speciation, and forms of oc-
currence, especially pH and organic matter content.

The aim of the study was to determine the content
of total and chemical speciation of Cd and Pb in or-
ganic soil treated with purified municipal sewage.
Determination of Cd and Pb speciation in soil fertili-
zed with sewage, may be helpful in the study of me-
tal mobility, possibility of their mobilization in the
soil under the influence of sewage, and uptake by
plants.
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METHODS

The study was based on the results from a 3-year
field experiment carried out in an experimental faci-
lity in Hajdoéw near Lublin (E Poland). The experi-
ment was located in the valley of Bystrzyca river and
covered an area of about 8 hectares. The experiment
was conducted on Fibric Histosols (Commission V
Genesis, Classification and Cartography of Soils PTG
2011). Soil properties before the experiment founda-
tion are summarized in Table 1. The experimental field
was divided into seven blocks, and each block into
3 objects — A, B, C. Following plant species were
grown in irrigated objects: poplar (Populus nigra and
Populus alba), willow (Salix americana) and osier
(Salix viminalis), maize (Zea mays), hemp (Canna-
bis sativa), spring rapeseed (Brassica napus ssp. ole-
ifera), as well as two grass mixtures (I — for wet habi-
tats and II — for optimally wet habitats). The species
composition of mixture I was following: meadow
foxtail (4lopecurus pratensis 1.), reed canarygrass
(Phalaris arundinacea L.), tall fescue (Festuca arun-
dinacea L.), meadow fescue (Festuca pratensis L.),
Kentucky bluegrass (Poa pratensis L..), creeping bent-
grass (Agrostis alba L.), fowl bluegrass (Poa palu-
stris L.), and perennial ryegrass (Lolium perenne L..),
while mixture Il was composed of: meadow foxtail
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TABLE 1. Selected properties and concentra-

tion of metals in soil used for the study PHgar g;%; TC Total N I}:;gfosll.ly. (An\]/gl](aglle) forms (Trﬁglig?lr)ﬁem
%) (%)  (mgkgh) p K Mg Pb  Cd
7.2 33 1.62  668.5 786 183 1662 56.0 5.9

TABLE 2. Doses of sewage in field experiment

Plants Doses of sewage during vegetation period (mm)
A—control B -—best for plant C — double best

Poplar 0 900 1800

Willow 0 750 1500

Corn 0 750 1500

Hemp 0 600 1200

Rape 0 450 900

Grass

mixture 0 600 1200

(Alopecurus pratensis L.), meadow fescue (Festuca
pratensis L.), orchard grass (Dactylis glomerata L..),
timothy (Phleum pratense L.), Kentucky bluegrass
(Poa pratensis L.), fowl bluegrass (Poa palustris L.)
and perennial ryegrass (Lolium perenne L.). Each
plant or grass mixture was grown in three objects:
A —control, B —single sewage dose (determined on a
base of N and water loads) optimum for a given spe-
cies, C — double sewage dose (Table 2). Sewage used
for treatment was derived from municipal wastewa-
ter treatment plant “Hajdéw” in Lublin. After harve-
sting, the unit soil samples, being a basis for prepa-
ring the analytical sample, constituted the material
for study. The analytical sample was subject to deter-
mine the contents of Cd and Pb in particular frac-
tions operationally defined by the method Tessier et
al. (1979) (Table 3), and the total contents of these
metals in soil according to PN-ISO 11466. Total con-
tents of Cd and Pb were determined by means of soil

samples digestion in aqua regia (3:1 HCI:HNO; acids
ratio). Percentage of a given metal fraction in soil
was calculated relative to the sum of all its factions.
Concentrations of metals in the soil filtrates were de-
termined using flame technique in atomic absorption
spectrophotometer. The soil samples used for the
experiment were subject to determination of pH —
potentiometrically in 1 mol KCI-dm™3, organic mat-
ter content — by annealing (Bednarek et al. 2004),
contents of available phosphorus and potassium — by
means of Egner-Riehm method, while content of ava-
ilable magnesium — applying Schachtschabel method.

The degree of soil contamination with Cd and Pb
was determined on the basis of the total Cd and Pb
contents in soil according to a 6-point scale: 0 — natu-
ral content, I — increased content, II — low contami-
nation, Il — moderate contamination, IV —heavy con-
tamination, V — very heavy contamination (Kabata-
Pendias et al. 1993).

RESULTS AND DISCUSSION

Contents of fundamental nutrients in 1 dm> of se-
wage was as follows: N-NO, — 35 mg; N-NH, — 4.0
mg; N-Nog — 43.0 mg, P-PO, — 4 mg; K — 30 mg;
Mg — 10 mg, whereas heavy metals concentrations in
1 dm3 of sewage were: Pb<0.5 mg, Cd<0.1 mg,
Cu<0.5 mg, Zn<2.0 mg.

TABLE 3. Operationally defined fractions

Reagent

Stage  Fraction

of heavy metals
1 Exchangeable (F1)
2 "Carbonate-bound" (F2)
3 Fe-Mn oxide bound (F3)
4 Organic (F4)
5 Residual (F5)

1 mol MgC]z-dm’3, pH7

1 mol CH;COONa-dm™, pH 5

0.04 mol NH,OH-HCldn1 in 25% acetic acid
0.02 mol HNO,-dn1? and 30% H,0,

HCIO, — HF

TABLE 4. Fractions of metals (Cd, Pb) in soil irrigated with purified sewage water

Object Metal Fractions (mg-kg™!) Total Recovery
Fl F2 F3 F4 FS FI-F4  FI-F5  (mgkgh)' %?

A cd 0.3 1.0 2.4 0.4 0.3 4.1 44 5.9 73.4

B 0.4 1.4 2.8 0.6 0.3 52 55 6.3 87.8

C 0.2 1.0 2.6 0.5 0.0 43 43 5.6 77.1

A Pb 2.1 48 232 9.0 25 39.1 41.6 57.0 72.9

B 2.1 5.4 19.2 122 25 38.9 414 54.0 76.6

C 21 45 24.0 9.6 3.5 402 43.7 57.0 76.6

'analyzed after the digestion of soil samples in the mixture of concentrated acids HCI and HNO, in the ratio of 3:1 (aqua regia).
2ratio (%) of metal fraction sum determined by means of Tessier method to its total content determined in aqua regia.
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C — sewage — double dose | 6

B — sewage — single dose

A —control | 7
FIGURE 1. Percentage
of Cd
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The total lead content (Table 4) in the tested orga-
nic soil developed from low peat was higher than the
average concentration of this metal in Polish organic
soils (Kabata-Pendias and Pendias 1999), and it did
not exceed 70 mg-kg™!, which is recognized a natural
(degree 0) for this type of soil according to the guide-
lines by Kabata-Pendias et al. (1993). In contrast, the
total cadmium content determined in aqua regia exce-
eded the quantitative standards set for the metal,
which according to the assessment proposed by Ka-
bata-Pendias et al. (1993), classified analyzed soils
as moderately contaminated (degree III). Total con-
tent of Cd and Pb in soils from objects fertilized with
purified sewage was similar to their amounts in the
soil of the control object (A). Aqua regia proved to
be a stronger reagent dissolving the studied soil than
reagents used in Tessier method, which allowed to
extract approximately 72—-88% of the total Cd and Pb.

Based on the results of the sequential extraction ac-
cording to method by Tessier et al. (1979) (Figure 1), it
was found that both in intact soil (object A) and soils
fertilized with a single (B) and double (C) doses of
purified sewage, the percentage of cadmium in rela-
tion to the sum of tested fractions was lined up in the
following sequence [%]: F3>F2>F4>F1>F5. Achie-
ved results show that even 94—-100% of cadmium in

40% 60% 80% 100%

soil was associated with potentially mobile fractions
(F1-F4). The largest amounts of Cd were found in
F3 (51-60%) and F2 form (23-26%), whereas
exchangeable fraction F1, which was the most bio-
available, accounted for 6—8%. Such high proportion
of the metal in potentially mobile forms could enco-
urage its uptake by the test plants, and especially by
those species that produced a high yield of biomass
per unit area.

The amount of lead bound to fractions F1, F2, F3,
F4, and F5 obtained by Tessier method, regardless of
the analyzed object (A, B or C), hence doses of tre-
ated municipal sewage, formed the following decre-
asing series (Figure 2): F3>F4>F2>F5>F1. In this
range, from 92 to 94% of that amount was made up
by lead bound to potentially mobile fractions of the
soil (F1-F4). For comparison, in mineral soils conta-
minated due to the smelting industry, Gworek et al.
(2004) reported value of 85% Pb in fractions F1-F4.
Lead was mainly present in fraction F3 (46-56%) and
F4 (21-30%) of the test peat soil. Proportion of the
carbonate form was also high (10-13%), which was
favored as in the case of cadmium, by neutral pH of
soil abundant in carbonates. The lowest percentage
of Pb was composed by F1 fraction (2.1 mgkg™).
Such an amount of fraction easily available for plants
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C — sewage — double dose 5 55 22 g
y O Exchangeable F1
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FIGURE 2. Percentage of Pb
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can pose a risk of an excessive uptake of the metal by
plants. This value is above allowable limit for the
mobile fraction, which is set in Sweden for 1.0 mg
Pb-kg™! (Lucho-Constantino et al. 2005).

The high abundance of the test soil in organic
matter contributed to the accumulation of metals in
the organic fraction (F4). The greater amount of lead
(21-30%), as compared with cadmium (9—-11%) bo-
und to F4 results from a strong affinity of lead to or-
ganic matter, which is expressed by the formation of
complex connections between this metal and organic
compounds in the soil. This is confirmed by numero-
us results of Pb speciation in soils and sediments (Do-
manska 2008; Lucho-Constantino et al. 2005; Tar-
chouna Gharbi et al. 2010; Wysokinski and Kalem-
basa 2012).

The use of treated municipal sewage resulted in
fluctuations in the share of various Cd forms depen-
ding on a sewage dose, although the difference in Cd
content within a given fraction between the objects
fertilized with sewage (B, C) and control (A) was less
than 1.0 mg-kg™!. Applied sewage could affect the
value of determined soil contamination indicators as
a source of metals, and on the other hand, as a factor
stimulating the plant growth, metal uptake, and the-
reby reducing their quantities in the soil. After apply-
ing the sewage at the optimum dose, contents of car-
bonate and organic forms of lead increased, while in
double-irrigated object, primarily the increase in Pb
concentration in the form of residue was observed.
Proportion of other lead forms was similar to their
contents in the control object. Treated municipal se-
wage used in the field objects for plant fertilization,
in addition to nutrients, also contained heavy metals
and were a source of soluble organic compounds, so-
called DOC (Dissolved Organic Carbon). In objects
fertilized with sewage, it could promote the accumu-
lation of Cd and Pb in organic fraction, which was
confirmed by the observed increase of metals quanti-
ties in this fraction after sewage application. Tarcho-
una Gharbi et al. (2010), during studies upon many-
year irrigation using purified sewage, found that lead
was bound equally in all fractions, copper in organic
fraction, whereas chromium was found mainly in re-
ductive fraction after the use of sewage. High affini-
ty of Pb to fulvic acid fraction was also shown (Tar-
chouna Gharbi et al. 2010), which according to the
authors can increase the mobility of organically bo-
und lead. According to Karczewska (1995), in conta-
minated soils, which are subject to periodic inflow
processes, partial release of metals such as Cu, Pb,
and Zn can occur, and neutral soil pH probably does
not protect against such mobilization. In contrast,
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Lucho-Constantino et al. (2005) demonstrated a si-
gnificant correlation between the time of hydration,
lead content (total, exchangeable fraction, and frac-
tion bound to organic matter and sulfides), as well as
organic carbon.

To conclude, the tested soils showed a significant
percentage of metals in potentially bioavailable frac-
tions, which in the case of changes in conditions (aci-
dity, redox processes) may result in the release of
metals and increase their mobility and bioavailability.

CONCLUSIONS

1. The total content of lead in soil from experimental
field objects corresponded to natural values, whi-
le the amount of cadmium exceeded permissible
standards set for organic soils according to Kaba-
ta-Pendias et al. (1993).

2. The sum of Cd and Pb fractions reported by Tes-
sier was lower than the total contents of each me-
tal determined by means of extraction using aqua
regia.

3. Results of chemical fractionation of Cd and Pb in soils
developed from low peat, both in objects fertilized with
purified sewage as well as from control object, provi-
de the following lineup percentage content of particu-
lar fractions in descending order: F3>F2>F4>F1>F5—
cadmium, F3>F4>F2>F5>F1 — lead.

4. Treated municipal sewage as a source of easily
soluble organic compounds may affect the binding
of Cd and Pb in organic fraction, which is confir-
med by the increase in the amount of metals in
that soil fraction in objects fertilized with sewage.

5. Speciation results indicate that in the test organic
neutral soil developed from low peat, proportions
of cadmium and lead in the individual fractions
were dependent greatly on the soil properties (pre-
sence of carbonates, organic matter content) and
biogeochemical properties of metals.
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Specjacja Cd i Pb w glebie organicznej nawozonej Sciekami miejskimi

Streszczenie: Badania przeprowadzono w oparciu o wyniki uzyskane z eksperymentu polowego. Celem badan byto okreslenie
wplywu oczyszczonych Sciekow miejskich, zastosowanych w dawce pojedynczej, optymalnej dla danej rosliny (ustalona w oparciu
o0 tadunek N i wody) i podwojnej dawce sciekow na zawartos¢ i specjacj¢ Cd i Pb w glebie organicznej obojg¢tnej. W pobranych z
kazdego obiektu, usrednionych probach glebowych, oznaczono zawarto$¢ ogoétem Cd i Pb oraz specjacj¢ tych metali. Wyodrgbniono
5 frakcji Cd i Pb zdefiniowanych operacyjnie: wymienng (F1), weglanowa okreslana jako ,,zwiazang specyficznie” (F2), zwiazana z
tlenkami Fe-Mn (F3), organiczna (F4) i pozostatosci (F5). Stwierdzono, ze calkowita zawartos$¢ otowiu w badanej glebie odpowia-
data wartosciom naturalnym, za$ ilo$¢ kadmu przekraczala dopuszczalne normy ustalone dla gleb organicznych. Wyniki chemiczne-
go frakcjonowania Cd i Pb w glebie wytworzonej z torfu niskiego, zaréwno z obiektow nawozonych oczyszczonymi $ciekami, jak i
z obiektu kontrolnego przedstawiaja nastgpujace uszeregowanie procentowych zawartosci poszczegdlnych frakcji w kolejnosci ma-
lejacej: F3>F2>F4>F1>F5 — kadm, F3>F4>F2>F5>F1 — otéw. Oczyszczone Scieki miejskie, bedace zrodtem tatwo rozpuszczalnych
zwigzkdw organicznych, moga wptywaé na wiazanie Cd i Pb we frakcji organicznej, co potwierdza odnotowany w badaniach wzrost
ilosci metali w tej frakcji w glebie.

Stowa kluczowe: kadm, otow, frakcje, gleba organiczna, $cieki oczyszczone, sekwencyjna ekstrakcja



