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Abstract: A long-term monitoring of deposited sediment in the environment is
considered in order to examine the mechanism of incorporation of Cu and Cd
into mineral fractions and to investigate their bioavailability during landfill
maturation. Using the sequential extraction technique (Community Bureau of
Reference, BCR), the dominant presence of Cu and Cd in the oxidation and
residual fraction was determined, which suggests a low risk of bioavailability
of these metals in the environment. The maturation of the deposited sediment
indicates that the Cu and Cd content decreases over time in the exchangeable
fraction and increases in the oxidation fraction. X-ray techniques XRF and
EDS indicated a prevalence of silicates in the tested samples, which suggests
the possibility of presence of silicate compounds that can bind metals and thus
convert them into less mobile forms in the sediment. By imaging the samples
with a scanning electron microscope SEM, the formation of heterogeneous
structures over time was determined, which confirms the formation of new
minerals and the potential possibility of incorporating copper and cadmium in
them. In order to determine the mineral forms and dominant compounds in the
examined sediment samples, X-ray diffraction analysis was applied, and the
transformation pathways were explained.

Keywords: bioavailability of Cu and Cd in sediment fractions; metals adsorp-
tion, sequential extraction; sediment maturation mechanism.

INTRODUCTION

In this research a structural characterization, heavy metals binding pathways
with risk assessment of dredged riverbed sediment and determination of different
maturation stages are presented. The deposited sediment samples from tree ver-
tically hotspots landfill sites were subjected to long-term monitoring, over a period
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1 34 DUBOVINA et al.

of 3 years (2017-2019) and become characterized as samples with variable
values of heavy metals with the average composition (e.g., Cu 245.15 mg/kg,
Cd 9.16 mg/kg) mostly higher than of the upper continental crust (UCC).1:2 In
order to examine the bioavailability of high concentrations of Cu and Cd in the
deposited sediment samples after dredging, an operational specification per-
formed by the four-step BCR (Community Bureau of Reference) sequential ext-
raction procedure was applied.3-# The structural characterization of the examined
matrices using the scanning electron microscopy/energy dispersive X-Ray spec-
troscopy (SEM/EDS) and X-ray fluorescence analysis (XRF) characterized the
qualitative and semi-quantitative distribution of elements that can represent an
important instrumental analysis in order to determine the dominant binding
mechanisms and mobility pathways of monitored metals in sediment system to
stable forms.3-¢ X-ray diffraction (XRD) analysis determined the mineral forms
of Cu and Cd, and in line with the analysis of other mineral forms present in the
sediment, the mechanisms of potential metal adsorption were investigated.

The general characterization of sediment using the mentioned techniques
will contribute to the assessment of the risk of mobility of metal forms due to the
influence of atmospheric precipitation, weathering reactions and leaching of
sediment deposited on the landfill over long period of time.”

EXPERIMENTAL

The research area is positioned in the coastal area of the Bega Canal near the border with
Romania. After the sludge was deposited in the environment, an exploratory landfill was
formed, where long-term monitoring was performed for a period of 3 years (2017-2019). Risk
assessment of metal mobility or distribution of heavy metals by fractions in sediment deposits
after dredging was determined using the conventional technique of sequential sediment ext-
raction (BCR).3-10 The procedure for determining the distribution of heavy metals in
sediments by fractions consists of four steps. In the first step, 1 g of a dry sediment sample is
weighed and mixed with 40 mL of acetic acid (0.11 mol/L) in a 100 mL vessel and extracted
for 16 h at 22+5 °C. The samples are then centrifuged; the supernatant is decanted and used
for analysis. In the second step, the sediment from phase 1 is used in the second phase by
adding 40 mL of hydroxylamine hydrochloride (0.5 mol/L) to the sample and extracting for
16 h at 2245 °C. Centrifugation is then performed, the supernatant is decanted and the metal
content is analysed. Samples from this phase are used in phase 3. In the third step, 10 mL of
hydrogen peroxide (8.8 mol/L) is added; digestion is performed at room temperature for 1 h
with occasional shaking. Evaporation for 1 h in a water bath at 852 °C to 3 mL. 10 mL of
hydrogen peroxide (8.8 mol/L) is added, followed by digestion for 1 hour in a water bath at
85+2 °C, and then evaporated to a volume of 1 mL. 50 mL of 1 mol/L ammonium acetate is
added and extraction continued for 16 h at 22+5 °C. The sample is centrifuged, the super-
natant is decanted and used for analysis. Finally, in the fourth step, the samples from the third
phase are subjected to digestion with imperial water (9 mL of HCI and 3 mL of HNOs), after
which the samples are filtered and analyzed for metal content.

Qualitative and quantitative distribution of elements in sediment samples was analyzed
using two different X-ray techniques by energy dispersive X-ray spectrometry (EDS) in combin-
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METAL MOBILITY IN SEDIMENT FRACTIONS 1 3 5

ation with scanning electron microscopy (SEM) and X-ray fluorescence analysis (XRF). For
SEM/EDS analysis, the samples were dried, and the entire volumes were ground into a fine
powder. The powder sample was applied to the carbon strip and recorded. SEM analysis of
samples was performed on Quantax 70 EDS System — Hitachi Tabletop Microscope TM3000 —
Brucker, Germany. The X-ray fluorescence XRF process begins by homogenizing the sediment
sample and recording it by measuring the wavelength or energy of the photon and the intensity
of the characteristic radiation emitted from the sample. A Delta Premium Handheld XRF
Analyzer Specifications analyzer was used to record sediment samples.

X-ray diffraction (XRD) is a widespread analytical technique that has been applied to
determine different forms of crystal structures in sediment.!! For X-ray diffraction analysis,
the entire volume of sediment was crushed, and a certain amount of sample was applied to a
glass plate, measuring 20 mmx20 mm and with a recess of 0.5 mm. Analyzes were performed
on an automatic powder diffractometer Rigaku MiniFlex 600, Brag—Brentano geometry with a
secondary graphite monochromator. Recording was done in step mode, with a stop time of 2 s.
Radiation was performed via copper anodes, with a voltage of 40 kV and a current of 15 mA.

RESULTS AND DISCUSSION

By using conventional sequential extraction (BCR), an assessment of the
potential risk of deposited sediment into the environment after dredging activity
was determined.!? Long-term monitoring, over a period of 3 years (2017—
—2019),0f sediment quality was determined analysing the binding of elevated
metals, dominantly of copper and cadmium, to certain fractions of sediment in
order to establish their bioavailability.

Sediment related results from conventional sequential extraction (BCR)
procedure

The distribution of Cu and Cd (Figs. 1 and 2) show a dominant presence in
the oxidable and residual phases, which suggests that these metals are mainly
bound to organic matter, sulphides and minerals and therefore less available in
the environment.!3:14 Individually inspection at each of the metal binding phases
in the sediment, showed that copper is the most abundant in the residual fraction
ranging from 44.42 to 50.95 %, while the binding to organic matter and sulphides
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Fig. 1. Binding of Cu to different fractions during sediment maturation (2017-2019).
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are also characterized by a high share of 37.51 to 38.92 % (Fig. 1). A similar
trend of sediment binding is shown by Cd with a somewhat more dominant pre-
sence in the mineral fraction from 48.52 to 54.16 %, which indicates a low risk of
bioavailability to biota (Fig. 2).13
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Fig. 2. Binding of Cd to different fractions during sediment maturation (2017-2019).

During long-term monitoring of sludge sediments, the percentage of Cu and
Cd decreased in the dissolved phase (2018 (Cu 5.82 %; Cd 5.75 %), 2019 (Cu
3.90 %; Cd 3.70 %)), while the oxidative phase was characterized by a higher
presence of these two metals. The change in the distribution of Cu and Cd in the
sediment fractions indicates the formation of organic complexes and sulphides
during the aging of the sediment at the landfill.16

Semi quantitative to quality comparisons of different heavy metals indicators

Comparison of XRF and EDS techniques and related results from XRF ana-
lysis of the hot spots of the investigated sediments (chronologically: S1 sample
(2017), S2 sample (2018) and S3 sample (2019)), were scale up based on the
increscent content of Si in the landfill sediment over time (Table I). The pre-
dominantly low Ca/Si ratio during all monitoring periods indicates sediment

TABLE I. Comparative quantitative spot analysis in selected areas of exploratory deposited
samples using Energy dispersive X-ray spectrometry (EDS) and X-ray fluorescence analysis
(XRF) techniques

Year of characterization of deposited sediment

Parameter EDS XRF
2017 2018 2019 2017 2018 2019
Content, %
Ca 1.89 1.21 0.89 1.72 0.93 1.89
Al 8.25 10.51 13.53 9.41 9.71 13.11
Si 18.59 22.72 24.35 20.92 23.64 25.21
Atomic ratio
Ca/Si 0.10 0.05 0.04 0.08 0.04 0.07
Si/Al 2.25 2.16 1.80 222 2.43 1.92
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METAL MOBILITY IN SEDIMENT FRACTIONS 1 3 7

characterized by a high Si presence. Accordingly, the presence of Si suggests that
silicate compounds predominate in the sediment, which is very important from
the aspect of binding metals by silicate substances in the process of landfill
maturation and thus reduces their mobility.>

The scanning electron microscopy shows a different microstructural nature
or variations in the semi-homogeneous structure as well as visible macro/meso
porosity. The formation of new minerals due to mineralogical changes is visible
in Figs. 3—5 due to the formation of larger aggregates.
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Fig. 3. Analysis of deposited sediment sample from 2017 using a scanning electron
microscope (SEM) with magnification: a) 500%, b) 1000x, ¢) 2000x%, d) 4000x; e) analysis of
energy dispersive X-ray spectrometry (EDS).

The application of EDS and XRF analysis indicates that the sediment from
2019 has a slightly more heterogeneous structure, with a lower Si/Al ratio of about
1.80 (EDS) and 1.92 (XRF), respectively, compared to other periods of sediment
characterization (Table I), which may also indicate a higher binding capacity of
heavy metals during sediment landfill maturation.!” This can also be explained by
the presence of aluminosilicates with increased aluminium content.18:19

Maturation and characterisation of sediments and heavy metals binding
pathways

As it was investigated in the geological classification of northern part of
Serbia (Vojvodina) including cross-border geological units to Romania, the
loess—paleosol section (LPS) of this region is dominantly represented and char-
acterrized by irregularities in sedimentological properties, magnetic susceptibility
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Fig. 4. Analysis of deposited sediment sample from 2018 using a scanning electron
microscope (SEM) with magnification: a) 500x, b) 1000x, ¢) 2000 x, d) 4000%; e) analysis of
energy dispersive X-ray spectrometry (EDS).

Intensity, a. u

Energy, keV

Fig 5. Analysis of deposited sediment sample from 2019 using a scanning electron microscope
(SEM) with magnification: a) 500%, b) 1000x, ¢) 2000x. d) 4000x; e) analysis of energy
dispersive X-ray spectrometry (EDS).
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METAL MOBILITY IN SEDIMENT FRACTIONS 1 3 9

and color of the sediment with a unique sedimentology differing from all other
investigated sections in Serbia.20 Characterization of three different time periods
(2017-2019) by target samples using XRD analysis show elevated picks of min-
erals, shifting of high intensity of, e.g., quarz to lower and alternating muscovite
and albite (Fig. 6).

- - Albite
v
- v -Quarz
400 4 - Muscovite
=]
©
z
v
[ =
i)
s
200
o
-
% v
b 3 v . - 4
s a v *t ¥ :
} an | ol v (® v T 2 4 -
S W LW N O T
3 " ﬂJWI*M ﬁ# ﬁ) wﬂww&aw%%wﬁ ol bt fsts s,
10 20 30 40 50 60 70 80

20/°
Fig. 6. The dominant selected minerals from sample 1 (2017).

Quartz (SiOy) and albite a sodium aluminosilicate (NaAlSi3Og), Table 11, are
non-clay minerals and the albite as a feldspathic mineral can act as a sintering aid
and sinter raw material at dominantly higher temperatures (rock forming mineral is
possible also at 20 °C), 50 and 80 °C,2! or pressure which can render the reactivity
of it when exposed to an alkaline environment during the synthesis of the zeolite.22

TABLE II. Identified minerals in sample 1 (2017)

Compound name Chemical formula
Silicon oxide SiO,

Copper indium sulfide CulnS,

Copper rhodium oxide CuRh204

Copper oxide Cu,O

Copper telluride Cu, ¢Te,
Aluminum silicate Al,SiOs
Potassium aluminum silicate hydroxide KAI1;3Si30;, (OH),
Sodium aluminum silicate Na (AlSi;Og)
Copper hydroxide sulfate hydrate Cuys5 (OH),, (SOy4)4 (HyO)g

Albite may be most widely found in pegmatites and felsic igneous rocks
such as granites. It was also found in low-grade metamorphic rocks and as authi-
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1 40 DUBOVINA et al.

genic albite in certain sedimentary varieties.23 In our samples the authigenic form
is likely to occur in muscovite—albite granite form. Muscovite can be usually
found in sedimentary rocks rather than in igneous rocks of intermediate, mafic,
and ultramafic composition,24 but this kind of rocks with higher metals content
could be also found in near region as Posavina.25

Decreasing of quartz mechanisms binding of heavy metals (dominantly Cu
and Cd) is replaced by phyropilite, ilite and albite (Fig. 7), which during the
hydrotethrmal alteration in combination with oxidation, pH values and diferent
precipitations and weathering conditions could act like zeolites based minerals
with high capacity of long term capturing of pilar heavy metals clasters. Not
dominant, but present, CHS polzonic reactions ocure in heterogenic sediment
structure in invesigated Begej Cannal locations, with cross border pollution.26
The CaCO3 content in this region is high and varies from 9.2 to 31.8 % (average
19.3 %)16 and consequently it can be assumed, that the genesis of CSH and rel-
ated polzonic reactions could be time related including dependence from higher
temperature, preasure, pH and other geochemical parameters. This could be the
reason for incapsulating of heavy metals, including Cu and Cd in the river bed
and later in landfil sediment site.
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Fig. 7. The dominant selected minerals from sample 2 (2018).

These mineral complexations will lead to higher maturation as demonstrated
in Table III and Fig. 8 in 2019 with potential incapsulation of Cu and Cd in
mineral phases. Fig. 8 shows quartz and ilite as dominant peaks and from Table
I1I silicon oxide, carbonates and alumosilicates. The Cd and Cu captured in min-
erals are not available in free forms in sediment or water.

Literature data show that muscovite and illite have high heavy metals ads-
orption capacity.2’ The results show that for, e.g., Cu2™ and Zn2" are adsorbed as
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METAL MOBILITY IN SEDIMENT FRACTIONS 14 1

monovalent ions, probably as (CuOH)*! and (ZnOH)*! hydroxy surface com-
plexes, due to their high ionic potential. SEM/EDS pushes a higher content of Al,
Si, which confirms aluminosilicate sheets, as well as Ca and heavy metals, e.g.,
Cu and Cd higher content in Figs. 3-5.
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Fig. 8. The dominant selected minerals from sample 3 (2019).

TABLE III. Dominant related and other compounds in sample 3 (2019)

Compound name Chemical formula
Silicon oxide SiO,
Calcium carbonate Ca(COy)
Copper sulfate hydroxide hydrate Cuy(SO4(OH)cH,0)H,O
Sodium aluminum silicate NaAlSiO4
Aluminum tetrahydroxodisilicate formamide Al,Si,05(OH)4(HCONH,)
Gallium cadmium copper oxide Ga,Cd.75Cu.504
Copper hydroxide sulfate hydrate Cu;s5 (OH)y;, (SO4)4 (HyO)g
Copper zinc sulfate hydroxide hydrate (CugZn) (SOy4), (OH);y (H,0)5
Copper silicate hydroxide Cu;Si401,(0OH),
Potassium aluminum silicate hydroxide KA»(Si3ADO;o(OH),
CONCLUSION

The long-term characterization of sediment from the landfill after dredging
activity is presented, in order to determine the potential bioavailability of Cu and
Cd metals characterized as a potential risk in the examined matrix. Using sequen-
tial BCR extraction, it was observed that the maturation of the deposited sludge
leads to a decrease in the metal content in the available sediment fraction. This
distribution of metals indicates that during the maturation of the landfill, metals
are incorporated into stable mineral forms and thus become less available in other
environmental media due to potential atmospheric influences. The application of

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.



1 42 DUBOVINA et al.

SEM/EDS and XRF analysis has contributed to the quantification of elements of
interest such as Al and Si. Increase in the percentage of Si, suggests that the
maturation of the landfill in the sediment is dominated by silicate compounds,
and consequently the metals changed into more stable forms what was confirmed
by sequential analysis. Mineral changes were characterized by the formation of
new minerals, detected by the formation of larger aggregates and recorded by a
scanning electron microscope. Previous studies showed that non-clay minerals
(quartz and albite) can act as a sinter raw material at low to higher range of tem-
perature and pressure, and that clay minerals (muscovite and illite) are also good
adsorbent of dominantly monovalent ions. Temperature, pH or pressure are the
well-known parameters in the mechanism for the encapsulation of heavy metals,
confirmed in this research. Also the most important process is mixing of sedi-
ment after dredging that showed the high level results only few months after
applying the best available technique (BAT). This could be taken into account for
further analysis on implementing plan for longtime waste disposal process.

U3BO/

KAPAKTEPU3ALIMJA U3MYJBEHOI CEJUMEHTA TOKOM PA3IMYUTHUX PA3A
CA3PEBAA NEIIOHHUJE

MWJIONLI NYBOBWHA, HEHAJI I'PBA, IEJAH KPUMAP, JACMHUHA ATBABA, CPBAH POHUEBHWHR, hYPBHA KEPKE3
u BOXO JAJTIMALIMJA

Yuuseepsutuewni y Hosom Cagy, ITpupogno—maitiemamiuukyu paxyniieid, JJedapman 3a xemujy, ouoxemujy u
sawmiuiny wusomine cpegune, Tpt Jocuitieja Odpagosuha 3, 21000 Hosu Cag

Y oBOM pany pasMOTpEH je TyrOpoYHW MOHHUTOPHHT IEIOHOBAHOT CEJUMEHTA Y ’KUBOTHY
CpenuHy kako O ce UCIIUTA0 MexaHu3aM MHKopropupama Cu u Cd y MuHepanHuM pakiu-
jama M pa3MoTpuIa BHUX0Ba OMOOCTYIIHOCT TOKOM Ca3peBama JernoHuje. [I[puMeHoM TEXHUKe
CeKBeHIIMja/He eKcTpakiyje, yTBpheHa je JOMUHaHTHA 3acTymbeHocT Cu v Cd y OKCHIOBaHOj
¥ pe3unyanHoj pakuuju WTo yKa3yje Ha HU3aK PU3UK ODMONOCTYITHOCTH NOMEHYTHX MeTana y
KUBOTHOj cpenvHH. Ca3peBame [IETIOHOBAHOI CefUMeEHTa ykasyje ma ce cagpxaj Cu u Cd
CMamyje TOKOM BpeMeHa y HU3MewHnB0j (paxkuuju, a nmoehaBa y okcHIOBaHOj. PeHareHcke
texHuke XRF v EDS cy nokasasne JOMUHaHTHY 3aCTYIJBEHOCT CUJIMKATA Y UCIIUTUBAHUM Y30p-
uMa, kao U Ha MoryhHocT dopmMrpama CUIMKAaTHUX jelUmemha Koja UMajy crocodHoCT na
BE3Yjy MeTaJle U TUME UX IIPEBOJE Y Mame MOOUIHE opme y cepumenTy. CHUMajyhu ysopke
CKEHUPajyhuM eIeKTPOHCKMM MHUKDPOCKONOM YTBphEHO je popmupame XETEPOTeHUX CTYKTypa
TOKOM BpeMeHa, IITo NoTBphyje dopmupame HOBUX MHUHEpana M MOTeHIHjanHy MoryhHocT
WHKOpIopupama dakpa ¥ kagMmujyma y wuma. Kaxko Ou ce yrBpmuie muHepanHe opme U
IOMHHAaHTHA jelvibela y UCIUTHBAaHMM Yy30pLMMa CEJUMEHTa, NPUMEHEHa je peHITeHCKa
ovdpaxlMoHa aHa/lu3a W MOjallllbeHH Cy IyTeBU TpaHC(oOpMauuje JaTHX jeAUmbema TOKOM
BpEMEHa.

(ITpumbeno 30. aBrycra, peBunupaHo ¥ npuxsaheHo 29. Hopembpa 2021)
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