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Abstract: A study of immobilization of hexavalent chromium in the form of Na2CrO4 salt by self-
compacting soils (SCS) is presented. Carbofill E additive was used as SCS binder. The efficiency of
immobilization of Cr (VI) was evaluated by washing out chromium compounds from SCS samples.
The influence of the nature of the soil and the content of Carbofill E and Na2CrO4 in the SCS samples
on the efficiency of Cr (VI) immobilization was studied. It was found that the nature of the soil and
the content of Carbofill E in the SCS samples affect the immobilization of Cr (VI). Moreover, increasing
the Carbofill E content in SCS samples further increases Cr (VI) immobilization. X-ray diffraction
studies of the samples with immobilized hexavalent chromium showed that part of the sample
transforms from a readily soluble form of salt into oxide forms of chromium and calcium-chromium,
which are practically insoluble in water.

Keywords: immobilization; hexavalent chromium; self-compacting soil

1. Introduction

Self-compacting soil mixture (SCS) is a highly flowable soil mixture prepared by
homogeneous mixing of excavated loose soil, binder, and various additives. The mixture
compacts its own weight and easily fills various excavations after formwork removal,
cavities, and other hard-to-reach areas without the use of vibration. The technology for the
production of SCS is in accordance with the principles of sustainable and environmentally
friendly technology. By using SCS mixtures in the construction of buildings and roads, we
conserve the natural resources of gravel/sand mixtures and it is possible to use excavated
soil in the construction site for the same needs as we ordinarily use sand and gravel.
Therefore, it is possible to recycle hardened SCS and make a product from it with new
properties needed to implement design solutions. Heavy metals can be immobilized
in SCS to permissible regulatory limits, thus providing a solution for contaminated soil
remediation problems.

Industrialization and technological progress increase the release of hazardous waste,
such as heavy metals, metalloids, and organic pollutants, into the environment [1,2]. Heavy
metals are known to be significant environmental contaminants due to their high density
and toxicity at low concentration. Furthermore, they cannot be decomposed into a non-
toxic form. Most of the heavy metal concentration accumulates in the sediments of water
basins and at the upper level of the soil. The main pathway of exposure to heavy metals for
humans is food chain contamination [3,4]. Long-term contact with heavy metals causes
major health problems in humans [5,6], animals [7], and plants [8]. Due to this, public health
and environmental concerns are constantly raised. Therefore, it is imperative to reduce
heavy metal pollution and the possibility of food contamination. Due to the widespread use
of chromium in industrial processes, it is a major pollutant, among other toxic heavy metals.
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It is used mainly in electroplating [9,10], plating [11], and the manufacture of steel [12],
tannery [13,14], and textiles [15]. Therefore, for these reasons there is a possibility that large
amounts of chromium may enter the environment. Moreover, chromium is found naturally
in small amounts together with other metals, like iron. Chromium has a wide range of
oxidation states (−4 − +6). The most stable and common forms are trivalent chromium
(Cr(III)) and hexavalent chromium (Cr(VI)). They are chemically stable and found naturally
in the environment [16]. Cr(VI) and Cr(III) differ in their oxidation states as well as in
their toxicity. Cr(III) has been shown to be an essential microelement in the diet of living
organisms and is important for the metabolism of lipids and glucose [17,18]. Cr(VI) is
known to be a toxin in nature, and small amounts can easily enter cell membranes [19].
Both acute and chronic exposure to Cr(VI) can cause numerous diseases such as pneumonia,
bronchitis, gastrointestinal hepatic disorders, hypersensitivity, and renal impairments [16].
Human studies have shown that Cr(VI) is a carcinogen and increases the risk of lung cancer
when inhaled [20].

Therefore, public health studies and environmental issues have increased interest in
the removal of traces of chromium compounds from soil, surface, and groundwater over
the past several decades. During the last decade, many physical, chemical, and biological
treatment methods have been used to remove chromium compounds from contaminated
soils, sediments, and water. Conventional methods, such as chemical precipitation [21,22],
adsorption [23,24], coagulation [25], ion exchange [26,27], and membrane separation [28,29]
have been used to remove chromium-containing contaminants from industrial waste.
Unfortunately, most of the methods listed above are only effective in removing chromium
compounds from liquid media. The detoxification method for chromium-contaminated
soils and sediments is based on chromium-containing compounds that transform to a form
with solubility below the threshold for nonhazardous waste. Geopolymer metakaolin [30],
Portland cement [31], hydroxyapatite [32], gypsum [33], alkali-activated fly ash [34], spinel-
based glass-ceramic [35], and carbon monoxide [36] are widely used for this purpose.
Despite the success of using these reagents for the detoxication of chromium-containing
contaminants, they do face certain disadvantages, such as high cost, low efficiency, large
amounts of recovered sludge, the resulting severe limit of their transportation and storage,
etc. However, this can be overcome by upgrading the detoxication of chromium-containing
contaminants using SCS technology. The most toxic hexavalent chromium and its content
can be disposed of using a Carbofill E additive as a binder component.

Other components of the soil also have an influence on its final properties. Soils
with a ‘cement-stabilized clay admixture can significantly improve water stability’ [37].
Gravelly sand stabilized with cement [38] can achieve optimal compaction parameters
and meet the requirements as a material for the subbase of the road. Boundary conditions
for self-compacting clay concrete and the possibilities to achieve identical results with a
material poured into formwork rather than compacted were presented [39].

As heavy metals are very hazardous substances with long-term effects on ecosystems,
their leaching from SCS is important not only from an ecological point of view, but also
from the perspective of the use of these soils. Leaching of heavy metals from SCS within
the permitted emission limits would allow its widespread use not only where it is normally
used, but also in the management of contaminated sites, where the ‘bound’ pollutants do
not enter the groundwater.

2. Materials and Methods
2.1. Materials and Characterization of Raw Soil (Materials)

All chemicals used were of reactive or analytical grade. Potassium dichromate
(K2CrO4) (>99.0%, from Merck ACS, St. Louis, MO, USA) was used. The water for all
experiments was obtained from the Water Stills GFL 2008 (Burgwedel, Germany) system.

The binder material Carbofill E (Thomas Cement, Germany) was used for experiments,
which is a factory-produced mineral, single-component binder system that is used, usually
without adding any other components, to produce liquid soils/temporarily flowing, self-
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compacting fillers based on excavated soil, tested recycled material or aggregates. The
main Carbofill E binder compounds consisted of hatrurite (Ca3 (SiO4)) and α-quartz
SiO2, tricalcium aluminate (Ca3Al2O6), gismondine (CaAl2Si2O8·4 (H2O)), calcium sulfate
(CaSO4). The initial setting time (Vicat) of the Carbofill E mixture was 270 min., and the
final setting time was 370 min. 43.5% water amount from cement mass was needed to
prepare the paste of standard consistency. The flexural strength of the cement mortar with
Carbofill E was 2.09 MPa after 3 days and 2.2 MPa after 28 days. The compressive strength
of this cement mortar with Carbofill E was 26.5 MPa after 3 days and 46.2 MPa after 28 days.

For this study, clay and sandy soil were used from local construction sites in Lithua-
nia. The sandy soil particles were sieved (according to EN 932-1), and their particle size
distribution is given in Table 1.

Table 1. Sandy soil particle size distribution.

Sieve Size, mm 0.63 0.125 0.25 0.5 1 2 4 5.6
Percentage
Passing, % 1.0 8.0 70.4 94.0 96.2 97.3 98.5 100

According to the results of granulometric composition tests of sandy soil, it is classified
as poorly coarse sand according to EN ISO 14688-1.

The Atterberg limits (plastic limit, PL and liquid limit, LL) were found to determine
the clay soil plasticity index according to EN ISO 17892-12. Variations of the Atterberg
limits (the cone penetrometer method was used) of the clay are given in Table 2. The
plasticity index (PI) is a measure of the plasticity of clay and according to the value of PI
(25.36%) this clay could be assigned to highly plastic soils. The plasticity index (PI) is the
difference between the liquid limit and the plastic limit (PI = LL−PL). The PI (>17) indicates
highly plastic soil (based on EN ISO 14688-2).

Table 2. Characterization of clay soil according to Atterberg’s limits.

Sample No. Sample Moisture Content, % Average Moisture Content, % Plasticity Index (PI), %

Plastic limit (PL), %

25.36

1 25.93
25.48

2 24.76

Liquid limit (LL), %

3 49.87
50.84

4 51.26

The water permeability of clay and sandy soils was determined according to EN
ISO 17892-11. Permeability of raw soils: sandy soil—5 × 10−5 m/s, and clay soil—
5 × 10−10 m/s.

Soil pH was measured in a soil-water slurry. The procedure was performed according
to ISO 10390 using a pH meter (Hanna instruments HI 98130). The average measurement
results are sand pH-8.16, clay pH-7.98.

Organic matter content was determined after drying and combusting (450 ◦C) the
samples according to EN 13039. The content of organic matter found in sand was 0.32% and
0.51% was found in clay. Therefore, we can say that there is no organic matter in the soil.

2.2. Methods

The mixing process was kept constant in the production of SCS to achieve the same
homogeneity and uniformity in all the mixtures. It started by mixing all the soil and
Carbofill E for one minute using a standard mixer as described in EN 12390-4. Then,
three-quarters of the mixing water with Cr (VI) was added and mixed additionally for
one minute. Thereafter, the required amount of water was added and the SCS was mixed
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additionally for approximately three minutes. After the mixing process was completed,
the test was carried out on fresh SCS mortar to assess the diameter of the slump flow and
the density of the mixture. The diameter of the slump flow was measured according to the
procedure recommended by EN 12350-8. The diameter of the SCS mortar is measured in
two perpendicular dimensions and the average is reported as the final diameter. The SCS
mortars were proportioned to give a slump flow of 600 to 650 mm, which was achieved
by using different water content. Between 5 × 102 and 1 × 105 mg Cr (VI) per kg of the
mixture was added to the SCS samples during their formation. Na2CrO4 salt dissolved in
water was used as a source of Cr (VI). It was found that dissolved Cr (VI) had no effect on
the physical—mechanical properties of the SCS.

The hardened SCS samples were also tested for compressive strength. Measurements
were made after 7, 14, 28, 56, and 91 days, following the EN 12390-4 standard. Three
100 mm cubes were used for compressive strength tests. The cube samples were cast into
the moulds without any compaction and vibration. After demoulding, all samples were
kept at 20 ± 2 ◦C and 95% humidity until testing.

The permeability of hardened SCS samples was measured according to the procedure
recommended by EN ISO 17892-11. Measurements were made after 28 days. The SCS
samples were prepared as cylindrical samples (ø = 71,4 mm, H = 35 mm) without any
compaction and vibration. All samples were stored at 20 ± 2 ◦C and 95% humidity until
testing. The falling head test is performed when the test primers are poorly water-permeable
(according to EN ISO 17892-11).

The washing out of Cr (VI) compounds from SCS samples was carried out in accor-
dance with the recommendations of the standard EN 12457-2-2003. Two methods were
used to bring the washing of Cr (VI) compounds as close as possible to real environment
conditions. Method N 1 simulates the washout of undisturbed compacted soil. Here, the
SCS cubes were continuously rinsed for 24 h in 10 L of distilled water circulated at 20 ◦C
(Figure 1). The water was then filtered through a 0.45 µm filter and the Cr (VI) content was
determined. Method N 2 simulates the washing out of crushed soil. For this, the SCS cube
was crushed and a grain fraction ≤4 mm was taken for further analysis. They were dried at
105 ◦C to constant weight and cooled to 20 ◦C; 50 g of these grains were placed in a conical
flask filled with 500 mL of distilled water and shaken on a shaker at 200 rpm and 20 ◦C for
24 hours. The water used to wash the grains was analyzed as in the first method.
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The total amount of chromium in the water washed out from the SCS samples was
determined by using the atomic absorption spectrometer (AAS) AA–7000 Shimadzu (Japan)
(featuring λ= 357.9 nm) equipped with an electrodeless discharge lamp and an air-acetylene
flame. For the conditions described above, the sensitivity of the AAS method is ~0.2 µg/mL
chromium for 1% absorption [40].

3. Results and Discussion
3.1. Physical and Mechanical Research of the SCS

The test results relevant to the diameter of the slump flow and the density of the
mixtures are presented in Table 3. All SCS mixtures were designed to reach a diameter of
the slump flow of 600–650 mm, which was acquired by adjusting the dose of water used.

Table 3. Components used in the preparation of SCS mixtures and physical properties of the mixtures.

Soil
Component Carbofill E, % Soil, % Water, % Diameter of Slump

Flow, mm
Density of the
Mixture, kg/m3

Sandy soil (Sa)
10 65 25 610 2000
15 60 25 640 2036
20 55 25 650 2077

Clay soil (Cl)
10 45 45 640 1631
15 42 43 630 1644
20 37 43 620 1699

The compressive strength test results of different mixture compositions are shown
in Figures 2 and 3. The average compressive strength of the SCS mixed with sandy soil
and 10%, 15%, 20% Carbofill E ranged from 2.33 to 22.0 MPa (Figure 2). The average
compressive strength of the SCS mixed with clay soil and 10 %, 15%, 20% Carbofill E
ranged from 0.49 to 3.22 MPa. (Figure 3).
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Figure 3. Compressive strength (samples of SCS with clay soil and 10%, 15%, 20% Carbofill E binder)
development with time.

Figure 4 illustrates the average dry density of SCS mixed with sandy soil and 10%,
15%, 20% Carbofill E, and with clay soil and 10%, 15%, 20% Carbofill E of the samples
obtained from each mixture after 28 days of hardening. The average dry density of sandy
soil and Carbofill E samples is in the range of 1687 kg/m3 to 1769 kg/m3, the density of
clay soil and Carbofill E samples is in the range of 1009 kg/m3 to 1082 kg/m3. The lowest
density was reached in the sample made of clay and Carbofill E mixtures.
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Figure 4. Density of SCS with sandy and clay soils corresponding to the amount of Carbofill E binder.

The water permeability of hardened SCS with sandy and clay soils is shown in Figure 5.
The coefficient of permeability of SCS mixed with sand and 10 %, 15%, 20% Carbofill E
was found to vary between 4.28 × 10−8 m/s and 2.04 × 10−11 m/s, while the coefficient of
permeability of SCS mixed with clay and 10 %, 15%, 20% Carbofill E was found to vary
between 4.56 × 10−10 m/s and 3.84 × 10−10 m/s.
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3.2. Immobilization Studies of SCS Contaminated Cr (VI)

The research was carried out on the sandy and clay soils most widespread in Lithuania.
Since the excavated sites in landscaped plots can be improved with SCS in the future, it is
important that heavy metals are securely immobilized and their leeching from these soils
is minimized. Initially, the effect of Carbofill E additive on the washing out of chromium
compounds from SCS samples was evaluated. The Cr (VI) content in the samples exceeded
the allowed hygienic standards (3000 mg/kg) by 30 times [41], and the content of Carbofill
E additive ranged from 10% to 20%. Compared with other studies [42], the same amount
of the additions in blended cement pastes, which contain 15–20% bagasse ash, can be
used effectively for the immobilization of concentrated waste Cr(VI) solutions. The data
presented in Figures 6 and 7 show that the addition of Carbofill E dramatically reduces
the washing out of chromium from all modified soil samples. For example, only 18.0 and
64.6 mg/kg of chromium were washed out from crushed sandy and clay SCS samples with
10% Carbofill E, respectively (Figures 6b and 7b). Meanwhile, the amount of chromium
compounds washed out from uncrushed SCS soil samples decreased hundreds of times to
5.87 × 10−2 and 6.89 × 10−2 mg/kg, respectively (Figures 6a and 7a). A further increase
in the Carbofill E content in the SCS samples further reduced the chromium washing out,
although not as noticeably. For example, an increase in the concentration of Carbofill E in
uncrushed sandy SCS samples from 10% to 15 % reduced the washing of chromium by
approximately 9 times (from 5.87 × 10−2 to 0.65 × 10−2 mg/kg) and more than 16 times
(from 18.0 to 1.1 mg/kg) in crushed samples. An increase in the amount of Carbofill E up
to 20% in sandy SCS reduced the washing out of chromium from both soil samples only
1.86 times: from 0.65 × 10−2 to 0.35 × 10−2 mg/kg in uncrushed samples and 1.1 up to
0.591 mg/kg in crushed samples, respectively. The same dependence, only with a relatively
large washing out of chromium, was observed for clay SCS samples (Figure 7). The higher
efficiency of chromium immobilization in sandy soil compared to clay soil is due to its
higher density (Figure 4). As a result, the water permeability of the soil de-creases, which
leads to a decrease in the leaching of chromium from sandy soil (Figure 5).
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Figure 6. Washing out of chromium compounds from SCS sandy samples with immobilized Cr (VI)
3000 mg/kg and various amounts of Carbofill E. Samples: uncrushed—(a); crushed—(b).
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Figure 7. Washing out of chromium compounds from SCS clay samples with immobilized Cr (VI)
3000 mg/kg and various amounts of Carbofill E. Samples: uncrushed—(a); crushed—(b).

Since 10% Carbofill E in the sandy and clay SCS samples is sufficient to immobilize
Cr (VI), further studies were performed on samples with 10% of this binder. The sandy
samples of SCS with immobilized Cr (VI) content exceeding the permissible level from 5 to
1000 times have been investigated. As can be seen from the graphs in Figure 8, the maximum
chromium content (589.61 mg/kg) was washed out only from the crushed sample, which
had a maximum chromium content (105 mg/kg) (Figure 8b). Meanwhile, even at such high
levels of chromium, only 9.58 mg/kg was washed out from the undisturbed SCS sample.
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The effectiveness of immobilization of heavy metals in SCS soils can be better illus-
trated not by the absolute amount of washed-out metals, but by the percentage of heavy
metals remaining in these soils after the washing out procedure of the total amount added
to them. Data in Table 4 show that the nature of the soil affects the immobilization of
Cr (VI) only in crushed SCS samples with a 10% addition of Carbofill E. Meanwhile, in
uncrushed soil samples, regardless of the nature of the soil and the amount of Carbofill E,
more than 99.99% of the total added Cr (VI) content (3000 mg/kg) was immobilized. In
sandy SCS samples with 10% Carbofill E and the maximum Cr (VI) content (105 mg/kg),
the immobilization efficiency did not change: it was more than 99.99% in the uncrushed
sample and 99.4% in the crushed sample.

Table 4. Dependence of the efficiency of immobilization of Cr (VI) as a percentage of the SCS type
and the amount of Carbofill E.

Type of SCS SCS Samples
Carbofill E, %

10 15 20

sandy undisturbed 99.9980 99.9978 99.9988

crushed 99.4 99.633 99.980

clay undisturbed 99.9970 99.9983 99.99197

crushed 97.847 99.655 99.806
3000 mg/kg Cr (VI) was added to the SCS samples.

Studies showed that Carbofill E supplementation has an inhibitory effect on the
immobilization of Cr (VI) in SCS. Meanwhile, the nature of the soil insignificantly affects
the immobilization of Cr (VI) only in the samples of crushed soil.

3.3. X-ray Diffraction Studies of SCS Contaminated Cr (VI)

To understand the nature of the immobilization of Cr (VI) compounds in SCS, XRD
analysis of these soils was carried out. This is a nondestructive method of instrumental
analysis, which is informative and suitable for characterizing the crystal structure of mate-
rials; therefore, it is widely used in the study of inorganic crystalline compounds (silicates
and other minerals, ceramics, cement and its hydration products, zeolites). The results of
the study are presented in Figures 9 and 10, and the peaks of the identified compounds
and their positions are tabulated in Supplementary Material Tables S1–S5. As expected,
typical diffraction peaks for hexagonal quartz SiO2 (83-539) prevail in all investigated
samples of sandy SCS (Figure 9). Furthermore, their number and intensity decrease with
increasing concentration of the additive (Tables S1–S3). Also, two peaks CaSiO3 (84–655)
and Ca3(Si3O9) (76–1846) of composite monoclinic deformations of wollastonite 2M were
found. These compounds were introduced into the SCS sample together with the Carbofill
E binder. At the same time, Cr (VI) was not detected in the form of Na2CrO4. It is likely that
part of this salt in SCS samples initially reacts in an alkaline medium with Ca2+ ions present
there, forming sparingly soluble CaCrO4 calcium chromate according to Equation (1):

Na2CrO4 + Ca(OH)2 → CaCrO4 +2KOH (1)

Furthermore, redox reactions take place in which sparingly soluble and less oxidized
chromium compounds are formed. The part of hexavalent Cr, with an oxidation state
of +6 in an alkaline environment, was reduced to hexagonal calcium chromium oxide
Ca5(CrO4)3O0.5 (38–294), determined in the XRD study, with an oxidation state of +5
according to the equation:

6CaCrO4 + CaO4 + 3Ca2+ + 6e→ 2Ca5(CrO4)3O0.5. (2)
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The other part of Cr (VI) was reduced to the trivalent form of chromium with oxidation
state of +3, practically insoluble and chemically inert, rhombohedral Cr2O3 chromium oxide
(84–315) according to the equation:

2CaCrO4 + 4H2O + 6e→ Cr2O3 + CaO + Ca(OH)2 + 6OH− (3)

XRD studies show that the immobilization of Cr (VI) in SCS was provided by the
reaction of a well-soluble salt Na2CrO4 dissolution in water is 84.5 g/100 g at 25 ◦C) in an
alkaline medium with Carbofill E components to form sparingly soluble and chemically
inert chromium compounds that are difficult to wash out of soil samples.
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4. Conclusions

The self-compacting soils (SCS) were made from sandy and clay soils randomly
excavated from a local construction sites using Carbofill E as a binder. The SCS density,
compressive strength, and water permeability properties produced show that modified
soils are a suitable material to achieve the desired properties as designed. When sandy soil
is used, the compressive strength of SCS is higher than that of clay soil, but it is necessary
to use a higher amount of binder in sandy soil to achieve lower water permeability.

This study investigated the possibility of immobilizing hexavalent chromium in self-
compacting soils (SCS) using Carbofill E as a binder. Samples of sandy and clay SCS with
10, 15, and 20% Carbofill E additives were used in the study; 500 to 100,000 mg of Cr (VI) in
the form of Na2CrO4 were added to 1 kg of the SCS sample. Tests showed that the washing
of chromium from undisturbed soil samples is more than a hundred times lower than that
from crushed soil. At the same time, an increase in the amount of Carbofill E additive in
SCS samples reduces the washing out of chromium from them. Therefore, when sandy SCS
samples with the addition of 10%→ 15%→ 20% Carbofill E were washed, chromium was
washed out of them as follows: 5.87 × 10−2 → 0.65 × 10−2 → 0.35 × 10−2 mg/kg from
uncrushed samples and 18 → 1.1 → 0.591 mg/kg. The same chromium washing out
relationship was observed from clay SCS samples. According to XRD data, the crystalline
phases of hexagonal calcium chromium oxide Ca5(CrO4)3O0.5 (38–294) and rhombohedral
chromium oxide Cr2O3 (84-315) were established. Therefore, it is likely that most of
the chromium in the water-soluble form (Na2CrO4) is converted to practically insoluble
Ca5(CrO4)3O0.5 and Cr2O3 chromium compounds during the formation of SCS samples,
which contributes greatly to the efficiency of immobilization. Tests showed that SCSs,
regardless of their nature, are suitable for immobilization, since after the samples are
washed, more than 99% of the incorporated chromium remains in them. The use of SCS in
construction offers the potential to have a significant economic and environmental impact,
as well as the potential to immobilize hazardous waste in recycled soil. The effectiveness
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of the immobilization of individual soils contaminated with hazardous waste (such as
petroleum products, hazardous polymeric substances, etc.) should be investigated in
future research.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15062335/s1, Table S1: The phase composition of sandy SCS
samples with 10% Carbofill E and Cr (VI) 3000 mg/kg; Table S2: The phase composition of sandy
SCS samples with 20% Carbofill E and Cr (VI) 3000 mg/kg; Table S3: The phase composition of sandy
SCS samples with 10% Carbofill E and Cr (VI) 30,000 mg/kg; Table S4: The phase composition of clay
SCS samples with 10% Carbofill E and Cr (VI) 3000 mg/kg; Table S5: The phase composition of clay
SCS samples with 20% Carbofill E and Cr (VI) 3000 mg/kg.
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