Long-term Effects on the Fractionation and Mobility of
Heavy Metals in a Polluted Soil Treated with Bauxite Residues

PETRONELA-BIANCA PAVEL', ELENA DIACU?*, CONSTANTIN HORIA BARBU!

!“Lucian Blaga” University of Sibiu, Faculty of Agricultural Sciences, Food Industry and Environmental Protection, 7-9 loan Ratiu
Str., 550012, Sibiu, Romania

2 University “Politehnica” of Bucharest, Faculty of Applied Chemistry and Materials Science, Department of Analytical Chemistry
and Environmental Engineering, 1-7 Polizu Str., 011061, Bucharest, Romania

The main purpose of this study was to evaluate the efficiency of red mud (a bauxite residue) used as
amendment to immobilize the metals present in a polluted soil and to assess the fractionation and mobility
of the metals in soil after 6 years since red mud addition. In this context, the seven-step sequential extraction
procedure (SEP) of Zeien and Briimmer was performed in order to investigate the mechanisms of metals in
soil after the red mud addition. The analysis of heavy metals mobility (Zn, Cd and Pb) through sequential
extraction showed a significant reduction of the metals concentrations in the mobile fraction (F1) and an
increase of the metal concentration bounded to the less mobile fractions, the amorphous and crystalline Fe-
oxides (F5 and F6). The red mud addition to soils caused a pH increase of the soil, up to 2 pH units (e.g. from
5 to 7) and had a pronounced effect in lowering the metal mobility in soil relative to the soil without the

immobilizing amendment.
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Soil pollution by toxic metals and metalloids is of major
environmental concern as they harm human health and
restrict multifunctional soil use and fertility [1]. Numerous
strategies have been developed to remediate the affected
soils or to prevent the movement of contaminants into non-
polluted areas.

For the sustainable and cost - effective protection and
restoration of soil ecosystems contaminated by heavy
metals, their characterization is required, and soil treatment
must be performed in conjunction with the treatment of
leachate, wastewater and ground-water contaminated by
\[/afious pollutants, including in situ and ex situ methods

2].

In-situ approach can immobilize toxic metals and
minimize migration by addition of various low cost
amendments. Considering the large extent of such areas
and the communities demands, in-situ remediation is
favoured in very many cases.

In-situ immobilization of metals is based on the addition
of amendments that increase the proportion of metal
burden within the soil solid phase, by precipitation or by
increasing metals sorption, thus reducing their mobility and
availability [3-5]. Therefore, the aim of immobilization is to
reduce metals availability and activity, without their
removal. Addition of amendments also reduces the
exchangeable or phyto-available fractions of Pb and Mn,
which are reflected in low plant tissue concentrations [6].

A large number of amendments have been proposed
and tested for in-situ immobilization of heavy metals in
degraded soils. The amendments include traditional
agricultural materials, organic matter, and industrial by-
products [7-14]. The use of various industrial materials,
previously considered as “waste” for soil remediation
represents a big step ahead in modern waste management,
with huge economic and environmental benefits.

Among these “waste products” lays red mud (RM), a
by-product of the alumina industry deriving from the
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digestion of crushed bauxite with caustic soda, which has
shown some encouraging results as heavy metals sorbent,
with great potential for their immobilization in soil and with
sut])sequent capacity to reduce their uptake by plants [15,
16].

Because certain studies have demonstrated that a
remobilization of metals may occur as a consequence of
re-acidification of soils treated with alkaline amendments
(6], red mud could be a suitable candidate for a more
“sustainable” heavy metal immobilization [17-19].

Red mud is a heterogeneous material and its
characteristics varies largely, even within the same landfill,
depending on the sources of bauxite ores, alumina refining
processes and the methods used for its disposal [19 - 21].

The main objective of this study was to assess the
application effect of red mud on the distribution of Zn, Cd
and Pb in various soil fractions and to evaluate the heavy
metals mobility in soil after 6 years since its application to
soil. The application of red mud to heavy metal
contaminated soils was already described in our previous
research [22].

Experimental part
Soil characteristics and sample preparation

Two mean soil samples (n=30) were collected from
Copsa Micd, near the former smelter, SOMETRA S.A. The
plots are characterized in table 1.

Soil samples used in the present study were collected
from the field experiment, from both plots (table 1) on 0-
20 cm depth, in two consecutive years, July 2012 and July
2013 (i.e. in the fifth and sixth year after red mud
application).

Soil characteristics, total content of metal and metal
fractionation were analysed using soil air-dried soil samples
(to constant weight), homogenized and sieved through a
2-mm stainless sieve. Soil texture was analyzed using the
sieve-pipette method. Soil pH was determined in a 1:5
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Table 1
PLOTS CHARACTERIZATION
Plot GPS Plot area
Soil treatments 2
notations coordinates (m*)
Untreated soil- 46°6’45.73"N
P1-C 2248
control (C) 24°14°12.54”E
1% red mud (RM) | 46°06°41.42"N
P1-RM 2132
treated soil 24°14°14.12”E

solution (deionized water). Organic carbon and humus
content were analyzed according to Walkley-Black
procedure, modified by Gogoasa. Mobile forms of
phosphorus and potassium were carried out by flame
spectrometry, in calcium acetate lactate solution (CAL) at
a ratio w/v 1:20 and buffered at pH 4.1. The total metal
concentrations in soils were analyzed by FAAS method
after digestion by aqua regia. For quality assurance, replicate
samples, blanks and standardized reference materials
were included in all analyses [23].

Soil sub-samples (2g fine-grained soil, with fraction < 2
mm) were used to investigate changes in the metal
fractions (Cd, Zn and Pb) using the SEP of Zeien & Brummer
(1989) [24]. This procedure is used for trace element
fractionation in aerated soils with less than 5 % carbonate
and is based on the use of a series of reagents to solubilize
successively the different mineral fractions into
operationally defined fractions [25]. Determined fractions
and the extraction conditions are illustrated in figure 1.

The relative index of metal mobility was calculated as a
{noli)ility factor (MF9%), according to the following equation

26]:
. F1+F2
M = F2+ F3+ FA+ F5 1 F6 1 F7

100

Operatonal!y defined Extraction conditions
fraction

F1-Mobile fraction 1 M NH,NO; (pH of the
soil)
- Overhead shaking for 24

\L , hat20°C

Results and discussions

Some physico-chemical properties of soil samples are
presented in table 2 and the total content of the Zn, Cd and
Pb in the upper soil horizon are presented in table 4.

According to soil textural triangle method, the soil
texture in both plots (P1-C and P1-RM) is sandy loam, with
clay content ranging from 16.9 to 17.3% and a sand content
below 74% (table 2). Soil reaction in the plot treated with
red mud (P1-RM) is mostly neutral with pH ranging from
7.210 7.6 as compared to the control plot (P1-C) where the
soil reaction is mostly acidic with pH (H,0) ranging from
5.1 to 5.5. This increase in pH can be attributed to the red
mud alkalinity (pH 11.6) shown in table 3.

According to soil textural triangle method, the soil
texture in both plots (P1-C and P1-RM) is sandy loam, with
clay content ranging from 16.9 % to 17.3% and a sand
content below 74% (table 2). Soil reaction in the plot treated
with red mud (P1-RM) is mostly neutral with pH ranging
from 7.2to 7.6 as compared to the control plot (P1-C) where
the soil reaction is mostly acidic with pH (H.,O) ranging
from 5.1 to 5.5. This increase in pH can be attributed to the
red mud alkalinity (pH 11.6) shown in table 3.

As can be seen in table 4, the total contents of the
investigated heavy metals are much higher than the limit
}/allies in soils according to the MAPPM Order No.756/1997

27].

The immobilization effect of red mud addition (fig. 2) is

clearly observed in the reduction of the Zn, Cd and Pb

Table 2
THE MAIN PHYSICAL AND CHEMICAL CHARACTERISTICS OF THE
SOIL. THE RESULTS REPRESENT THE MEAN VALUES OF THREE
INDEPENDENT DETERMINATIONS, REPORTED TO DRY WEIGHT

14

F2-Easily mobilizable

y

F3- Bound to Mn-oxides

l

F5- Bound to amorphous

1 M NH;-acetate (pH 6)
- Overhead shaking for 24
hat20°C

0.1 M NH,0H-HCI +
1 M NHy-acetate (pH 6)

min.

0.2 M NHy-oxalate

Fe-oxides (pH 3.25)
- Overhead shaking for
\L 4 h in the dark

F6- Bound to crystalline
Fe-oxides

y

F7- Residual fraction

0.1 M ascorbic acid

+ 0.2 M NH,-oxalate

(pH 3.25)

- Horizontally shaking in
a water bath for 30 min at
96°C +£3°C

Digestion with aqua regia
~4h

Fig. 1. Relationship between metal mobility in the different
operationally-defined phases and leachant strenght of chemical

reagents used for Zeien- Briimmer SEP [24]
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& \L - Overhead shaking for 30 o
= min. H
N g
.§ F4- Bound to organic 0.025 M NHEDTA (pH 2
] matter 4.6) El
= - Overhead shaking for 90 2

i =

Year 2012 2013
P t
arameter Unit. | P1-C | P1-RM | P1-C | PI-RM
pH (H;0) - 5.1 72 5.5 7.6
EC pS/em | 169.9 | 2183 | 950 | 249.0
Sand % | 725 | 731 | 715 | 732
Silt % | 106 | 96 | 113 | 98
Clay % | 169 | 173 | 172 17
Texture Sandy loam
Organic carbon % 1.0 1.1 1.0 0.8
Humus (H) % 1.7 1.9 1,7 14
P-car mgkg'| 332 | 370 | 312 | 405
K-car mgkg' | 143.0 | 2074 | 1392 | 1987

EC=Electrical conductivity, CAL=calcium acetate lactate extraction

THE BASIC PHYSICO-CHEMICAL

Table 3

CHARACTERISTICS OF RED MUD

Parameter | Unit Red mud
pH - 11.6
Humidity % 5.0
Density | kg dm™ 1.5
Total Pb | mg kg’ 52.5
Total Cd | mgkg’ 4.0
Total Zn | mgkg" 91.3
Total Cu | mgkg’ 50.0
Total Mn | mgkg' 65.0
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Metal Limit values July 2012 July 2013 Table 4
t"t N Unit MAPPM TOTAL CONTENT OF HEAVY METALS IN THE
cgn(i::l o n Order P1-C PI-RM | PI1-C | P1-RM | UPPER SOIL HORIZON (0-20 cm). THE RESULTS

N0.756/1997 REPRESENT THE MEAN VALUES OF THREE

Zn mg kg! 100 882.449.3 | 749.8+11.4 | 784.7+11 | 689.1+8.9 | NDEPENDENT DETERMINATIONS, REPORTED

TO DRY WEIGHT.

cd mg kg 1 132503 | 11.550.6 | 12.8502 | 10.5t1.4

Pb mg kg 20 608.2+13.6 | 532.149.6 | 587.3£7.3 | 5435.6
2(Pa BTN ¥ il 100

Fig. 2. Zn, Cd and Pb distribution in different
geochemical fractions in soil samples (0-20 cm
depth) collected in july 2012

B L = Alolale fractioa #F2=Easy mobilizable fiacton
Fi= Bonmd to blp=oxides ® Fd= Bound to orzmme malis
Metal | Plot | F1 | F2 | F3 | F4 | F5 | F6 | F7 |3F, o1y | MF%
’ Table 5

Zn | PI-C |5568 494 247 168 635 1094 61.8 | 8824 | 68.7 THE CONTENT OF Zn, Cd AND Pb
(g k™) [PTRM EXTRACTED IN THE 7 GEOCHEMICAL

gkg 18.7 1560 64.5 49.5 1485 1927 1200 7498 | 233 FRACTIONS PROPOSED BY ZEIEN-

Cd | PIC 01 14 05 01 03 05 02| 132 | 875 BRUMMER (mg kg"), THE SUM (=) OF
e ke | PIRM THESE FRACTIONS (mg kg') AND THE
(mgkg™) 14 57 13 07 10 08 05 11.5 62.5 MOBILITY FACTOR (MF%)

Pb P1-C | 1545 152.1 1825 815 274 73 3.0 | 6082 | 504
(mgkg") |[PI-RM| 11 1618 1644 1330 537 170 1.1 | 5321 | 306

concentrations found in the mobile fraction (F1) of the
treated soil (P1-RM) compared to the control (untreated)
soil (P1-C). This reduction is also reflected in the relative
distribution of these elements among the all seven
operationally defined chemical fractions shown in table 5.

The addition of red mud amendment has significantly
reduced the Zn amount in the mobile fraction (F1), with up
to 60.3%, i.e. from 556.8 mg kg-1 Zn found in the untreated
soil (P1-C) to 18.7 mg kg-1 Zn found in the treated soil (P1-
RM). Due to the redistribution of the mobile fraction the
other Zn fractions increased, especially in F2 - easily
mobilizable fraction (up to 15.2%), F6 - bound to crystalline
Fe-oxides (up to 13.3%) and F5 - bound to amorphous Fe-
oxides (up to 12.6%), follow by F7 - residual fraction (up to
99%), F3 - bound to Mn-oxides (up to 5.8%) and F4 - bound
to the organic matter (up to 4.7%).

In the case of Cd, the red mud addition had a bigger
impact in reducing the F1 - mobile fraction (up to 64%),
from 10.1 mg kg"' Cd found in the control soil (P1-C) to 1.4
mg kg' Cd found in the treated soil (P1-RM). The total
content of Cd reduced from the mobile fraction was found
redistributed among the other fractions, especially in F2
(up to 39%), followed by F3 (up to 7.3%), F5 (up to 5.3%),
F4 (up to 5.2%), F6 (up to 3.3%) and F7 (up to 2.6 %).

The positive effect of the RM application in reducing the
heavy metals mobility in soil can be also observed due to
the decrease of the Pb mobile fraction - F1 (tabel 5),
compared with the untreated soil. The Pb content reduced
from the mobile fraction was redistributed mainly in F4 -
bound to the organic matter (up to 11.6%), but also in F5 -
bound to amorphous Fe-oxides (up to 5.6%) and F2 - easily
mobilizable fraction (up to 5.4%).
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The red mud addition increased soil pH and consistently
reduced the Pb, Cd and Zn concentrations in the mobile
fraction (F1), relative to the soil without the immobilizing
amendment (fig. 2). These positive effects of the RM
application in reducing the heavy metals mobility in soil
was also observed in the decreasing of the mobility factor
(MF %) calculated for all three metals of concern. The most
important reduction of the mobility factor was observed
for Zn (from 68.7% to 23.3%), followed by Cd (from 87.5%
to 62.5%) and Pb (from 50.4 % to 30.6%).

Conclusions

The results presented in this study emphasize that SEP
according to Zeien and Briimmer method can contribute
to the better understanding of the heavy metals retention
phenomena in soil by supplying information on the solid -
phase partitioning of the heavy metals. The sequential
extraction results suggest that the potential availability of
the studied heavy metals in the soil is extremely high,
especially for Cd.

Our results show that in the control soil (P1-C) large
proportions of Cd (87.5%), Zn (68.7%) and Pb (50.4%) were
associated with the mobile and easily mobilizable fractions,
indicating that these metals are extremely mobile and thus
potentially bioavailable. These results suggest that the
potential availability of the studied heavy metals is
extremely high in the untreated soil compared with the
red mud treated soil. As indicated by the mobility factor
(MF %) the apparent mobility and potential bioavailability
of heavy metals in the studied soils followed the order: Cd
> 7Zn >Pb.
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The research findings obtained from this study showed
that the red mud application on the strongly contaminated
soils from Copsa Mica increased the soil pH (~ 2 units)
and changed the heavy metals distribution in all seven
operationally defined chemical fractions. The most
significant change was observed in the reduction of the
mobile fractions of Zn, Cd and Pb and in the increase of the
metal concentration bounded to the amorphous and
crystalline Fe oxides (F5 and F6) of the treated soil (P1-
RM) compared to the untreated soil (P1-C).

The results from this study clearly revealed that red mud
application has a long-term effect in reducing the mobility
of Zn, Cd and Pb and the potential biodisponibility of these
heavy metals, this significant impact being observed even
after 6 years since its application to soil.
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