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a b s t r a c t

Remediation of contaminated soil can be performed by using various techniques, which must be
adequately tailored for each specific case. The aim of this research is to critically evaluate the potential
use of red mud and paper ash and a combination of the two as immobilization additives for the
remediation of contaminated soil from one of the most polluted sites in Slovenia. The proposed pro-
cedure involves the preparation of geotechnical composites made from contaminated soil and mixed
with 25 wt% of immobilization additives and an optimal quantity of water to achieve consistency, at
which maximum compaction according to the Proctor Compaction Test procedure can be achieved. The
results reveal a positive, time-dependent trend for the immobilization of potentially toxic elements in
the composite with paper ash, because of the formation of the new hydration products with potentially
toxic elements. In a composite containing only red mud, potentially toxic elements were immobilized by
sorption mechanisms with no general time-dependent trends. The composite with a combination of
additives demonstrates the remediation characteristics of both red mud and paper ash. Using this
approach excavated contaminated soil, red mud and paper ash can be successfully recycled in the pro-
posed composites, which can be beneficially used in situ for rehabilitation of contaminated sites.
Nevertheless, mobilization of some potentially toxic elements at high pHs may represent a limiting factor
and has to be taken into the consideration when a combination of red mud and paper ash is used as
immobilization additive.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The management of contaminated soil poses a great challenge
from the perspective of human and ecosystem health, and from
that of economic and social development (van Hees et al., 2008).
According to data provided by the European Environmental Agency
(EEA), there are at least 342,000 sites with contaminated soil in
Europe alone (EEA, 2014). In 34.8% of all these cases of soil
contamination, potentially toxic elements (PTEs) are the most
common type of contaminant (EEA, 2014). Excavated contaminated
soil can be categorized into non-hazardous or hazardous waste, and
relevantmanagement techniques can be employed according to the
waste hierarchy, with landfilling being the least desirable option
and recycling the most. Soil recycling and remediation can be
regarded as an “R5” recovery operation within the European
).

Ltd. This is an open access article u
legislative framework [“…soil cleaning resulting in the recovery of
soil and recycling of inorganic construction materials”] (European
Commission, 2008). Current remediation procedures aim to elim-
inate the transfer pathways of PTE from contaminated soil to re-
ceptors (humans, animals, and the environment). These procedures
include different physical and chemical treatment options, of which
immobilization has been recommended by the EU Commission as
the Best Available Technique (European Commission, 2006). The
selection of an appropriate additive is crucial for successful
immobilization. Produced in large quantities, conventional binders
as well as recycled waste materials from different industrial pro-
cesses can be used for the immobilization, for example blast
furnace slag and fly ash (Zhou and Haynes, 2010).

Red mud (RM) is a waste material that has the potential to be
used for the purpose of immobilization in soil remediation.
Approximately 170 Mt of RMda waste material from alumina
productiondwas generated worldwide in 2015 (Hua et al., 2017),
typically deposited in large lagoons or land-based disposal pits. RM
can pose a health hazard to the local environment and population
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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due to its high alkalinity and high total concentrations of PTEs (Hua
et al., 2017). Chemical and physical properties of RM may vary
considerably, reflecting its diverse range of sources (Klauber et al.,
2011). Cases of successful use of RM for the immobilization of
contaminants in soil have been reported (comprehensive literature
review presented in Table S1). Main immobilization mechanisms of
PTE assigned to the RM amendment aredhigh sorption capacity,
surface complexation, and formation of inner-sphere complexes
(Hua et al., 2017; Khairul et al., 2019). Partial neutralization of
highly alkaline RM is required to achieve better adsorption capacity
and enable its safe use (Pichinelli et al., 2017).

Another alternative recycled material which has potential soil
remediation uses is paper ash (PA), a highly alkaline material that
contains (latent) hydraulically active phases (Segui et al., 2012). The
official data from the European paper and pulp industry reveal that,
in the EU, paper mills generate 11 Mt of waste annually, approxi-
mately 70% of which represents waste from fiber recycling, for
example, deinking sludge that is usually incinerated (Zhang et al.,
2015). The combustion residue of paper sludge is PA. The papers
reported by Segui et al. (2013) and Onyelowe (2017) demonstrated
that PA can provide significant improvement in the geotechnical
properties of soil. The use of PA has also shown great potential for
the immobilization of both PTEs and organic contaminants from
sewage sludge (Pav�si�c et al., 2014).

Attempts to combine RM with other additives, such as lime (Lee
et al., 2011), a combination of lime and zeolite (Friesl et al., 2003), a
waste material of the gravel industry (gravel sludge) (Friesl-Hanl
et al., 2009), apatite (Shin and Kim, 2016), gypsum (Segui et al.,
2013), a combination of water treatment sludge and red gypsum
(Gadepalle et al., 2007), coal combustion fly ash (Ciccu et al., 2003),
and pulverized fuel ash, shell powder, and Na2S (Zhang et al., 2019)
have been reported.

The objective of this study was to critically valorize neutralized
RM from an old disposal site, PA from paper recycling processes,
and a mixture of both additives for the remediation of contami-
nated soil via an immobilization procedure in which a chemically
inert geotechnical composite is obtained. The understanding of
immobilization mechanisms in such composites is crucial to ensure
their environmental compatibility. The goal of this research was to
describe those mechanisms on a phenomenological basis. To the
best of the authors’ knowledge, no cases of soil remediationwith PA
or with a combination of RM and PA as additives for PTE immobi-
lization are described in the literature. The decision to combine RM
with PA in this study was based on the assumption that it would
result in improvements in the mechano-physical properties and
immobilization effectiveness of the geotechnical composite
compared to the case with only RM. Most importantly, it could
result in a substantial increase in the RM’s recycling potential. The
quantity of immobilization additives used in this study (25 wt%)
represents a balance between the environmental and physico-
mechanical properties of the geotechnical composites employed
in the preceding empirical studies in laboratory and practical ap-
plications. The implementation of the investigated remediation
procedure can provide a large sink for residues from alumina and
paper production processes, and, a solution for contaminated soil
through the preparation of construction materials with acceptable
environmental and mechano-physical performances for usage in
geotechnical applications.

The results of this study can represent a basis for more sus-
tainable management and use of the waste materials generated by
paper and aluminum industry as well as those generated by the
construction sector (e.g. for the rehabilitation of degraded sites).
They can initiate the industrial symbiosis in which the closed-loop
system is established on a local level.
2. Materials and methods

2.1. Raw materials

Partly neutralized RM obtained from an old depot was a residue
of processing of bauxite ore from deposits in the vicinity of Nik�si�c in
Montenegro using the Bayer process at an alumina plant owned by
Uniprom-KAP in Podgorica. Approximately 30 kg of RM was
sampled from an open disposal site at the alumina plant via the
method prescribed in SIST EN 14899 (2006) and dried to a constant
mass at 105 �C. According to the European Waste Catalogue (EWC),
RM is classified as 01 03 09 (European Commission, 2000). The RM
investigated is shown in Fig. S1.

The PA used in this study was generated at a paper mill com-
pany, Vipap Videm Kr�sko d.d., located in Kr�sko, Slovenia. It was
formed in a steam boiler, in which heat is gained from the incin-
eration of deinking sludge with up to 10 wt% bark. Approximately
90 wt% PA is bottom ash and the remaining 10 wt% is fly ash. Ac-
cording to the EWC, PA is classified as 10 01 01 (European
Commission, 2000). A representative sample of approximately
50 kg was collected from a 300-m3 silo according to the method
prescribed in SIST EN 14899 (2006). The sample was stored in a
closed, airtight plastic barrel. The PA investigated is shown in
Fig. S1.

The contaminated soil (CS) was collected from one of the largest,
most degraded areas in Sloveniadthe Old Zinc-works site (Fig. S1).
This is a degraded site located in the town of Celje with an area of
17 ha. The first zinc ore smelter was established at this historical
industrial site in 1873 and was later expanded to include various
branches of the metallurgicalechemical industry until all industrial
activities in the region ceased in 1990. During all these y of pro-
duction, the industrial wastes, which mainly consisted of metal-
lurgical slags, ashes, tars, and the tailings of zinc ores, were
disposed of or mixed with natural ground on the site itself (Grilc,
2013). The results of chemical analyses of the soil excavated dur-
ing earthworks at this degraded site classified the soil as hazardous
waste (classified as 17 05 03* according to EWC) (European
Commission, 2000). Sampling of the CS was performed according
to the method prescribed in SIST EN 14899 (2006). In the labora-
tory, all of the collected material was merged into one represen-
tative sample, which was passed through a sieve of 16-mm mesh
size. The oversized particles were then crushed in a jaw crusher and
mixed with the rest of the sample.

The Brunauer, Emmett, and Teller specific surface area (BETssa)
of raw materials was determined by nitrogen gas sorption using
ASAP 2020 equipment (Micromeritics, Norcross, Georgia, USA). The
density of raw materials was determined using the pyknometer
method, according to SIST EN 1097-7 (2008). Their particle-size
distribution was determined according to SIST EN 933-1 (2012)
and by laser diffraction analysis (particles < 400 mm) using a
CILAS 920 Particle Size Analyser (Cilas, Orl�eans, France).

A total elemental composition analysis of raw materials was
performed on powdered samples by a Niton XL 3t GOLDD 900
handheld X-ray fluorescence (XRF) analyzer (Thermo Fisher Sci-
entific Inc., Waltham, Massachusetts, USA) and triplicated. The
measurement uncertainty was better than ±5%, with the exception
of low As and Hg and high Ti and Ba contents. Leaching tests of raw
materials were performed according to SIST EN 12457-2 (2004).
The ratio of dry mass of raw material samples to the volume of
leaching solution was 1/10. Determination of the contents of Cl�

and SO4
2� in the leachates was performed by UV/Vis spectropho-

tometry (on a HACH DR/2010 Portable Datalogging Spectropho-
tometer, Loveland, CO, USA). The measurement uncertainty for the
spectrophotometry was ±5%. The contents of As, Ba, Cd, Cr, Cu, Hg,
Mo, Ni, Pb, Sb, Se, and Zn were determined in accordance with SIST



Table 2
Mixing proportions of the investigated geotechnical composites and their
designations.

Designation of the composites Mixing ratios (wt.%)

CS/RM CS/PA CS/RMPA

Red mud 21.5 0 11.3
Paper ash 0 21.6 10.4
Contaminated soil 64.6 64.9 65.1
Optimum water content 13.9 13.5 13.3
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EN ISO 17294-2 (2005) using ICP-MS (Agilent 7700x, Agilent
Technologies, Tokyo, Japan). The measurement uncertainty of these
measurements was better than ±2%. The accuracy of the spectro-
photometric determination of Cl� and SO4

2� was verified by
analyzing the standard reference material Anions eWhole Volume
(Merck KGaA, Darmstadt, Germany), while the accuracy of the ICP-
MS analysis was verified by the determination of elements in
standard reference material SPS-SW1 e Reference Material for
Measurements of Elements in Surface Waters (Spectrapure Stan-
dards, Oslo, Norway). Data are presented in the Supplementary
Material (Tables S2 and S3). Good agreement between the deter-
mined and certified values was obtained (better than ± 5% for
spectrophotometry and better than ± 2% for ICP-MS), confirming
the accuracy of the analytical procedure applied.

Mineral phases in the rawmaterials were characterized by X-ray
powder diffraction (XRD), using an Empyrean (PANalytical,
Netherlands) diffractometer with CueKa radiation. Powder
diffraction data were collected at a tube tension of 40 kV and a tube
current of 45 mA using a 2q step size of 0.02� and measurement
time of 100 s per step. The results were analyzed by Highscore
(PANalytical, Netherlands) diffraction software, using the Powder
Diffraction File PDF-4þ (ICDD, USA) database as the reference
source of data. The microstructural and mineralogical features of
the raw materials were investigated further by scanning electron
microscopy (SEM) using a JEOL 5500 LV (Tokyo, Japan) microscope
equipped with energy dispersive spectroscopy (EDS) capability
(Oxford Instruments, UK).

To investigate the potential (latent) hydraulic reactivity of the
RM and PA samples, pastes made from RM, PA, and a combination
of RM and PA were prepared by blending them with an excess of
demineralized water (Table 1) in a mortar mixer and curing them
for 7, 28, and 56 d in a climatic chamber (at 90% RH and 22 �C). XRD
analyses of the pastes as well as SEM/EDS analyses were performed
at each curing time interval.
2.2. The investigated geotechnical composites

There were three geotechnical composites investigated in this
study, which were prepared by mixing the CS with an additive in a
set of selected ratios as shown in Table 2.

The quantity of additives was determined based on empirical
data from previous laboratory trials and practical field applications.

Homogenization of geotechnical composites was performed in a
planetary blender (Gostol 171, Gostol Nova Gorica, Slovenia) at a
speed of 300 rpm for a duration of 5 min. The Modified Proctor
Compaction Test (SIST EN 13286e2:2010/AC:2013) was performed
to determine their maximum reference dry density (Table S4) and
optimum water content (OWC) (Table 2) by using a Proctor
compaction device (Automatischer Proctor Type AP, Strassentest,
Germany). The determination of the maximum density according
to the Proctor Compaction Test can vary by up to ±0.1 Mg/m3. The
test was conducted in a cylindrical mold, A (diameter: 100 mm;
height: 120mm; volume: 942 cm3), with a rammer, B (4.5 kg), and a
compacting energy of 2.66 MJ/m3. Compaction was performed in
five layers, where 25 blows were delivered to each layer with the
Table 1
Composition of the pastes.

Designation of the pastes Mixing proportion ratio (wt.%)

RM PA RM/PA

Red mud 50 0 25
Paper ash 0 50 25
Water 50 50 50
rammer. This test simulates the field conditions when geotechnical
composite is installed in the layers through compactionwith heavy
rollers. The specimens were removed from the mold by a press and
then cured in a climatic chamber at 20 �C and 98% humidity for 3, 7,
28, and 56 d. In total, 15 specimens were prepared for each
geotechnical composite.

XRD analysis of the geotechnical composites was performed at
each curing time interval. To monitor the formation of crystalline
reaction products in the geotechnical composites over time, the
relative mass fraction of the newly formed phases was defined by
using the reference intensity ratio (RIR) method (I/Ic). Ettringite-
done of the most important mineral phases for the chemical
immobilization of PTEs (Chen et al., 2009) and the only newly
formed crystalline phase detected by XRDdwas used as an indic-
ative phase for the relative quantification of the newly formed
mineral phases.

The standardized leaching procedure according to SIST EN 1744-
3 (2002) was applied to monolithic samples of the geotechnical
composites after 7, 28, and 56 d of curing. It was performed using
demineralized water as a leaching solution. The leachates were
analyzed by ICP-MS and UVeVis spectrophotometry.

The water permeability of the geotechnical composites was
determined after 28 d of curing, whereas their unconfined
compressive strength (UCS) was investigated after 3, 7, 28, and 56 d
of curing (SIST-TS CEN ISO/TS 17892e11:2004). The measurement
uncertainty of the UCS analysis is ±1.5%.
3. Results and discussion

3.1. Raw materials

3.1.1. Red mud
As shown in Table 3, relatively large BETssa and density values

were obtained for RM. From the particle-size distribution data
(Fig. S2), it is apparent that the median particle size (d50) was
smaller than 500 mm.

According to the XRF total elemental analysis (Table S5), the
most abundant elements are Ca, Fe, Al, Si, and Ti, followed by an
array of minor constituents, including PTEs, such as As, Ba, Cr, Cu,
Ni, Pb, and Zn, which are present in the RM in relatively high total
concentrations. Based on the leaching test results, it can be
concluded that these PTEs are present in the form of low water-
soluble species. Only the concentration of Cu exceeded the
Table 3
Surface area (BETssa) and density of the investigated RM, PA, and CS and the basic
parameters (pH, conductivity) of their leachates.

Parameter RM PA CS

BETssa (m2/g) 20.1 8.1 10.0
Density (Mg/m3) 3.07 2.63 2.71
pH 9.0 12.7 7.5
Conductivity (mS/cm) 0.3 9.7 1.4



Table 4
Concentrations of elements in leachates from RM, PA, and CS with the limiting
values for inert materials set by current legislation (Official Gazette of RS, 2018).

Parameter
(mg/kg dry matter)

RM PA CS Limiting value
for inert materials

SO4
2- 100 20 10,011 6,000

Cl� 280 120 37 800
As 0.49 <0.01 0.05 0.5
Ba <0.01 34.9 0.8 20
Cd <0.01 <0.01 0.34 0.04
Cr 0.03 0.02 <0.01 0.5
Cu 2.2 0.15 0.08 2
Hg <0.01 <0.01 <0.01 0.01
Mo 0.31 0.06 0.11 0.5
Ni 0.06 <0.01 0.03 0.4
Pb 0.01 0.09 0.48 0.5
Sb <0.01 <0.01 0.01 0.06
Se 0.02 <0.01 <0.01 0.1
Zn 0.10 0.63 22.61 4
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limiting value for inert materials (Table 4).
The concentration of As is also close to the legislation limits,

whereas those of all the other elements are far below their limiting
values for inertness. This indicates that the investigated RM is a
non-hazardous waste material. The results of pH measurements of
the leachates (Table 3) indicate that the alkalinity of the investi-
gated RM was partly neutralized by its exposure to atmospheric
conditions in an open depot.

The major mineral phases identified in the RM (Fig. 1) were
calcite, hematite, and gibbsite, followed by boehmite and a phase
that belongs to the feldspathoid group of minerals (cancrinite/
vishnevite). Goethite, quartz, ilmenite, illite/muscovite, perovskite,
and rutile are present as minor constituents. The results of the SEM/
EDS analysis further revealed the presence of dolomite as a minor
mineral phase of the RM. On the basis of the EDS analysis, the
mineral phase from the feldspathoid group was determined to be
cancrinite (Fig. S3). No reactive mineral phases, such as one of the
principal mineralogical constituents of RM from the sintering
process, dicalcium silicate (Sutar et al., 2014), were identified in the
Fig. 1. XRD patter
RM.
The results of the XRD analysis (Fig. S4) together with the SEM/

EDS analysis of the RM paste indicate that the RM is not a hy-
draulically active material as no new mineral phases (reaction
products) were formed during the different curing time intervals.
3.1.2. Paper ash
PA is a fine-grade material with a d50 value of 89 mm (Fig. S2).
The data of the total element concentrations (Table S5) showed

that Ca is the most abundant element, together with Si, Al, and Mg.
The less abundant elements are Ba, Fe, S, and K, followed by Zn and
Ni. There are also other elements present in trace amounts.

The leaching test (Table 4) showed that the water soluble con-
centration of Ba was 1.7 times higher than the limiting value for
inert materials. None of the other PTE exceeded the values for
inertness set by the legislation (Official Gazette of RS, 2018), so the
PA should be regarded as non-hazardous waste.

Calcite represented the major crystalline phase, along with lime
and portlandite. Quartz, talc, gehlenite, anhydrite, and dolomite are
mineral phases that occur as minor phases (Fig. 2). The elevated
background in the XRD spectra reflects the presence of an amor-
phous phase. The presence of high concentrations of water-soluble
lime and portlandite is the reason for the high alkalinity of the PA
leachate.

The presence of an amorphous phase was further confirmed by
the SEM/EDS analysis. The phase occurs in various irregularly
shaped grains made of a vitreous groundmass with small rounded
pores (Fig. S5). The EDS analysis revealed that the amorphous phase
consists mainly of Si, Al, and Ca. The associated minor elements are
K, Na, Mg, Cl, and Fe in different proportions. The phase consisting
of Ba and S was also identified by SEM/EDS.

The results of the XRD analysis of the PA paste (Fig. 3) showed
that, after 7 d, different calcium aluminate hydrates (CAH) were
formed: hemicarboaluminate (Hc), hydrocalumite (Hy), and mon-
ocarboaluminate (Mc). A clear transition of Hc to Mc was observed
at longer curing time intervals. The results confirmed that the PA is
hydraulically active.

The results of the SEM/EDS analysis further confirmed the
n of the RM.



Fig. 2. XRD pattern of the PA.
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hydraulic activity of the PA, because of the generation of reaction
rims around the amorphous phase grains in the groundmass of the
PA paste (Fig. S6).

After 7 d of curing, two different CAH phases were formed in PA
and RM/PA pastes: Hc and Mc. At longer curing time intervals, a
marginal depletion of Hc was observed, but its transformation into
Mc was not significant, notwithstanding the excess calcite in the
RM/PA paste on account of the presence of PA. In comparison to the
PA paste, the relative quantity of CAH formed in the RM/PA paste
was smaller by a factor of more than two. This leads to the
conclusion that the RM could not be activated by lime or por-
tlandite from the PA, which confirms the finding that the investi-
gated RM is not a (latent) hydraulic material. The results of the
SEM/EDS analysis of the RM/PA paste revealed partially reacted
grains of PA, whereas on the fragments of RM, no evidence of the
reaction could be identified (Fig. S7).
Fig. 3. Sections of the XRD patterns of the PA (left) and RM/PA (right) pastes. The most inten
(Hy), and monocarboaluminate (Mc), are indicated.
3.1.3. Contaminated soil
The total concentrations of As, Cd, Cu, Hg, Ni, Pb, and Zn

(Table S5) exceeded the critical limit values set by Slovenia’s na-
tional Soil Quality Decree (Official Gazette of RS, 1996). The most
critical parameters in the CS leachate (Table 4) were Pb, Cd, Zn, and
sulfate concentrations. Cd, Zn, and sulfate exceeded the limiting
values for inertness.

Fig. 4 presents the results of the mineralogical analysis. Quartz,
dolomite, calcite, muscovite/illite, anorthite, and chlorite are pre-
sumably the phases from the geological ground, whereas gypsum,
gahnite, franklinite, mullite, hemimorphite, hematite, cerussite,
zincite, and goslarite are mineral phases that presumably originate
from the slag fragments and other metallurgical-chemical waste in
the CS.

Franklinite and gahnite are the primary Zn-bearing mineral
phases in the metallurgical slag. As members of the spinel group,
se peaks of the newly formed mineral phases, hemicarboaluminate (Hc), hydrocalumite



Fig. 4. XRD pattern of CS.

Fig. 5. Sections of the XRD patterns of CS/PA and CS/RMPA, along with the XRD pat-
terns of the materials used. The two main peaks corresponding to ettringite (Et) are
indicated by dotted lines.
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these two phases are considered to be highly stable. Pb was mostly
found in its elemental and oxide forms. Secondary minerals were
formed after the weathering of primary minerals of the slag.
Cerussite, gypsum, goslarite, and zincite were determined in the CS
by XRD, andmimetite was determined by SEM/EDS. These minerals
are highly susceptible to dissolution (Vanaecker et al., 2014) and
represent the most probable source of Zn, Pb, and SO4

2� in the
leaching tests. The mineralogical compositions of the metallurgical
slags from the CS are similar to those reported by various authors
who have investigated sites contaminated by zinc and lead smelt-
ing processes (Vanaecker et al., 2014).

3.2. Investigated geotechnical composites

3.2.1. Mineralogical composition
In the CS/RM geotechnical composite, no newly formed reaction

products were identified (Fig. S8). Ettringite was identified in the
CS/PA and CS/RMPA already after 7 d (Fig. 5).

The formation of ettringite was attributed to the reaction of the
latent hydraulic active mineral phases from the PA with sulfate
from the CS. The amorphous phase of the PA started to dissolve
when brought into contact with alkaline pore solution, which
resulted from dissolution of portlandite. As soluble sulfate in the
form of gypsum was also present in the system, ettringite was
formed. Sulfate consumption and dissolution of the amorphous
phase progressed gradually over time, which was reflected in an
increase in the relative quantity of ettringite in the composites.

The progress of ettringite formation (Fig. 6) in CS/RMPA over
time is similar to that in the CS/PA composite, but the relative
quantities differ significantly.

Reaction products of CS/PA and CS/RMPAwere further identified
by an SEM/EDS analysis. In Fig. S9, the CAH phase incorporating
sulfate is shown, where the typical microstructure of ettringite,
described as “tiger stripe” morphology (Diamond, 2004), can be
seen.

3.2.2. Immobilization efficiency and environmental assessment
All concentrations of PTEs in the leachates from the CS/RMwere
below the limiting values for inert materials (Table S6, Fig. 7)
(Official Gazette of RS, 2018).

The mechanisms of PTE immobilization by RM are governed by



Fig. 6. Relative mass fraction of ettringite formed in CS/RM, CS/PA, and CS/RMPA after
different curing intervals.

Fig. 7. Concentrations of PTEs in the leachates from CS/RM, CS/PA, CS/RMPA, and CS.
The limiting values for inertness correspond to the values permitted by the landfilling
regulation (Official Gazette of RS, 2018).
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surface sorption and precipitation processes (Liu et al., 2011). The
constituents of RM, which provide a large number of adsorption
sites due to their high specific surface area, are the iron and
aluminum hydroxide mineral phases, goethite, hematite, the feld-
spathoid group of minerals, and gibbsite.

The pH of the RM is favorable for immobilization as it is close to
the neutral value, where multiple PTEs have their adsorption
maxima (Pichinelli et al., 2017). No time-dependent trends in the
immobilization efficiency could be defined for most of the PTEs as
their adsorption is a relatively fast process. A minor time-
dependent increase in the immobilization of Cd, Pb, and Zn was
observed nevertheless. This could be attributed to the slow diffu-
sion of ions of those PTEs in the composite before they had reached
the adsorption sites. There was a minor increase in the concen-
trations of As and Mo in the leachates from CS/RM compared to the
leachates from CS, which can be attributed to the discharge of these
elements from RM, as reported in the literature (Hua et al., 2017).
Another reason is that oxyanions are mobile and less efficiently
adsorbed at the pH level of CS/RM.

The absence of cations that could form low-soluble complexes
with sulfate limited the latter’s immobilization in CS/RM compared
to the other composites (Fig. 8).

Sulfate anions cannot be adsorbed onto the surface adsorption
sites of RM particles because they are negatively charged at the pH
level of CS/RM (Fig. 9). This is in agreement with the surface
complexation models (Dzombak and Morel, 1990). Nevertheless,
sulfate in CS/RM was successfully immobilized below the limiting
values for inertness. The most alkaline leachate, with pH 11.5, was
measured in the case of CS/PA (Fig. 9).

The lowering of pH and conductivity in the leachates from CS/PA
followed a time-dependent trend. This was attributed to the
gradual formation of reaction mineral products that consumed
dissolved ions and the neutralized alkalinity of the pore solution
(Fern�andez et al., 2010; Garrabrants and Kosson, 2005). Lower
concentrations of As were determined in the leachates from CS/PA
compared to CS/RM (Table S6), despite the former having a higher
pH value, which usually favors the mobilization of As(V) and As(III)
oxyanions. The successful immobilization of As which occurred in
CS/PA was attributed to the formation of Ca3(AsO4)2 � 3e10H2O
and/or the incorporation of these oxyanions in the CAH phases
(Chen et al., 2009). Compared to the Cd and Zn in CS/RM, Cd and Zn
in the leachates from CS/PA were present in lower concentrations.
High pH values favored the formation of low-solubility Cd(OH)2
and CaCd(OH)4 and the immobilization of Cd in the newly formed
reaction products (Malviya and Chaudhary, 2006). A possible
chemical immobilization mechanism of Zn is the formation of
low-soluble phases, such as calcium hydroxyzincate
(CaZn2(OH)6� 2H2O) and zinc hydroxide (Mellado et al., 2013). This
is in agreement with the time-dependent trend in the lowering of
Zn concentrations due to the gradual formation of reaction prod-
ucts with longer curing times. Alkaline pH values resulted in less
efficient immobilization of Cr and Mo oxyanions, Cu, and Pb
(Kogbara et al., 2014). The concentrations of Cr and Cu in CS were
already well below the limiting values for inert materials. There is a
clear time-dependent trend in the lowering of Mo and Pb con-
centrations below the prescribed inertness limits. The immobili-
zation of Mo was attributed to the formation of CaMoO4 and to its
incorporation in the CAH phases (Cornelis et al., 2008). The



Fig. 8. Leaching of sulfate and chloride from CS/RM, CS/PA, CS/RMPA, and CS. The
limiting values for inertness correspond to the values permitted by the landfilling
regulation (Official Gazette of RS, 2018).

Fig. 9. pH and conductivity of the leachates from CS/RM, CS/PA, and CS/RMPA.

Fig. 10. Development of the UCS in the case of CS/RM, CS/PA, and CS/RMPA.
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immobilization of Pb was due to its incorporation in the newly
formed minerals and co-precipitation (Chen et al., 2009). The
concentrations of Ba were highest in the leachates from CS/PA
compared to the other two composites. This was attributed to Ba’s
leaching from PA. In CS/PA, the immobilization of Bawas controlled
by the precipitation of low-soluble BaSO4 (Cappuyns, 2018), which
consumed the soluble sulfate from CS. This soluble sulfate was also
consumed partly due to the formation of ettringite. After 28 d of
curing of CS/PA, all the PTEs were below the limiting values for
inertness.

The immobilization of PTE was not as efficient in CS/RMPA as in
SC/RM. The time-dependent trends for the immobilization of Mo,
Pb, and Zn were less pronounced but still observable. In CS/RMPA,
the concentration of Ba was twice as high and sulfate leaching was
5e10 times lower than in the case of CS/RM. This was attributed
both to the use of PA, which caused the release of Ba, and to the
formation of BaSO4, CaSO4, and ettringite. All the parameters,
except for theMo concentration, were below the limiting values for
inert materials in the leachates. Due to a combination of less
efficient immobilization and alkaline pH values of CS/RMPA com-
posite (Fig. 9), the solubility of molybdate and other oxyanion
species from CS and the aluminum solubility from RM may be
increased (Mila�ci�c et al., 2012). Their potential leaching from CS/
RMPA composite may represent a limiting factor in environmental
acceptability of composites with addition of RM.
3.2.3. Mechano-physical characteristics
There were only minor differences between the geotechnical

composites regarding the optimum water content (OWC) (Table 2,
Fig. S10). For instance, the consumption of water at OWC needed to
achieve the desired maximum compaction was, in the case of the
CS/RM, governed by the RM’s high specific surface area. The CS/PA
consumed water mainly on account of the exothermic reaction
between the free lime from PA and water. When compared to data
given in the literature, the OWC values for CS/PA obtained in this
study were lower than those reported elsewhere (Segui et al.,
2013), mainly due to the variations in the characteristics of the
raw materials used.

The lowest values of UCS were measured in the case of CS/RM
(Fig. 10). This is in agreement with the finding that no newmineral
phases that could contribute to the binding of the composite were
formed. Both CS/PA and CS/RMPA had a UCS that was almost twice
as high as that of CS/RM after 3 d of curing. After 56 d, the UCS
values were 3.3 times higher in the case of CS/PA and 4 times higher
in the case of CS/RMPA. These increases were due to the formation
of new hydraulic reaction products as the duration of the curing
period increased.

Themost pronounced increase in the UCS of CS/PA and CS/RMPA
was observed during the early ages of curing, that is, between 3 and
7 d. Similar observations with the use of PAwere reported by Segui
et al. (2013). Although more reaction products were formed in CS/
PA than in CS/RMPA, an approximately 1.2 times higher UCS was
measured in the case of CS/RMPA. This is attributed to the physical
properties of the RM, which acted as a filler to support the grains
more efficiently. According to Slovenian Technical Specifications
(DARS, 2001), CS/PA (after 56 d of curing) and CS/RMPA (after 7 d of
curing) comply with the UCS limit values (>2.5 MPa) for use as a
base course for roads.

The water permeability values of CS/RM, CS/PA, and CS/RMPA
were 7.88 � 10�8, 3.97 � 10�9, and 5.19 � 10�8 m/s. Despite the
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lower content of fine grains in CS/PA compared to CS/RMPA and CS/
RM, the hydraulic conductivity of the former was the lowest. This
indicates that the formation of new mineral phases, which are
present in the largest quantities in CS/PA, not only contributes to
the UCS of the composite but also affects the water permeability
due to the pore filling effect.

The higher concentrations of As, Cd, Zn, and SO4
2� in the leach-

ates from CS/RM (Figs. 7 and 8) can be correlated with this com-
posite’s higher water permeability compared to CS/PA and CS/
RMPA. The low water permeability of CS/PA does not increase the
immobilization efficiency for all PTEs, although the differences are
small. This suggests that leaching from CS/PA is also driven by a
diffusion mechanism. The latter depends on the concentration
gradient between the demineralized water as a leaching solution
and the concentrated pore solution with dissolved PTE species
(Garrabrants and Kosson, 2005).

4. Conclusions

The potential use of large quantities of redmud, paper ash, and a
combination of both additives in the production of inert con-
struction productsdgeotechnical composites from contaminated
soildwas proved to be possible in this study. It was shown that
neutralized RM from an old depot can be used in relatively high
quantities as an additive for the immobilization of CS to produce
inert geotechnical composite. The extent of leaching of SO4

2�, Zn, Pb,
and Cd from the CS/RM composite, in comparison to CS, was more
than 3, 37, 48, and 34 times lower. The potential use of CS/RM
composite is limited to applications where high mechano-physical
properties are not required.

It was also shown that PA can be used for the production of inert
geotechnical composite from CS. In comparison to CS itself, the
extent of leaching of SO4

2� from the CS/PA composite wasmore than
33 times lower, while the leaching of Zn, Pb, and Cdwas lowered for
more than 2260, 48, and 34 times. The concentration of Mo in the
leachates from CS/PA decreased with curing time, and was, after
28 d, measured to be below the limiting values. On account of the
hydraulic properties of PA, its use as an additive resulted in the
formation of the composite with the lowest water-permeability
characteristics and good mechanical properties. These properties
are very favorable for the use of the CS/PA composite in the con-
struction sector and for the microencapsulation of various PTEs
within a low-water-permeable matrix.

The use of a combination of RM and PA for the production of the
CS/RMPA geotechnical composite has been investigated for the first
time. In comparison to CS, the concentration of SO4

2� in the leachate
from CS/RMPA composite was more than 18 times lower, while the
concentrations of Zn were similar to those seen in the CS/PA
composite. The efficiency of immobilization of Pb and Cd in the CS/
RMPA composite was comparable to that in the CS/RM and CS/PA
composites. Similarly to the concentration of Mo in the leachates
from CS/RM and CS/PA, the concentration of Mo in the leachate
from CS/RMPA decreased with curing time, but after 28 d and 56 d,
it slightly exceeded the limiting value for inertness. The highest
compressive strength was measured in the case of CS/RMPA com-
posite, which implies that the combination of RM and PA results in
improved mechano-physical properties of the geotechnical com-
posites compared to the use of RM only.

Further research will be targeted towards tailoring the appli-
cation rates of RM and PA to the characteristics of a specific
contaminated soil. The potential improvement of the CS/RMPA
composite with additional additives will be tested and optimized to
achieve successful immobilization of molybdate and other oxy-
anions. The applicability of such construction composites will be
investigated for construction purposes where large quantities of
materials are needed e.g. rehabilitation of exploitedmining areas in
the case of CS/RM, construction of stabile dams for safe storage of
industrial and mining waste in the case of composites with PA. Red
mud is increasingly considered as a source for extraction of valuable
elements (such as rare earth elements), therefore the use of
extraction residues for the purpose of soil remediation as described
in this study will also be the focus of future studies.

The described application of waste materials generated by
alumina and paper production processes for the remediation of
contaminated soil is in line with the principles of sustainable ma-
terial design, which leads to closed-loop material cycles. The
remediation procedure investigated can provide a basis for estab-
lishing an industrial symbiosis between the aluminum, paper and
construction sectors. Such a symbiosis can lead to the mitigation of
environmental impacts related to the alleviation of the landfilling
burden, lowering of emissions, preservation of natural materials,
reduction of health risks related to soil contamination and, ulti-
mately, to a more self-sufficient society.
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