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Abstract

Purpose Adsorbent amendment to contaminated sediments is one in situ remediation method to decrease the bioaccessibility
of pollutants from the sediments. In this work, alkali-activated blast furnace slag (BFS) granules were used in a field experi-
ment at Lake Kivijarvi (Finland). The lake was heavily affected by a mining accident in 2012, which released a significant
peak load of metals and sulfate. The purpose of this work was to evaluate the performance of the novel amendment material
for in situ remediation in real conditions with a preliminary cost estimation.

Methods Alkali-activated BFS granules were prepared and characterized for composition, microstructure, and surface
properties. Two mesocosms were placed in the lake: one with granule dosing and another without. Sediment and pore water
samples were collected after a two-week period. Similar small-scale experiment was performed in laboratory with a three-
month duration. Bioaccessibility of metals from sediments was assessed with a three-stage leaching procedure.

Results The granules were effective in decreasing the mobility of Fe, Zn, Ni, and Cr in all leaching stages by approximately
50-90% in comparison with unamended sediment in the mesocosm experiment. Laboratory-scale incubation experiments
also indicated decreased release of Ba, Co, Ni, Al, Fe, Mg, Mn and S. The estimated material costs were lower than the
removal of the contaminated sediments with dredging and off-site treatment.

Conclusion The results showed preliminarily the effectiveness of alkaline-activated BFS in the remediation of metal-contaminated
sediments in a field experiment. However, topics requiring further study are the leaching of trace elements from the material and
impact on the sediment pH.
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1 Introduction
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Lakes and other water bodies can be adversely affected by
unsuccessful mine closure (Ciszewski et al. 2012) or acci-
dental release of untreated effluents and tailings (Cagnin
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et al. 2017; Saup et al. 2017) due to elevated metal(loid)’
load. Ultimately, sediments act as the sink of metal(loid)s;
however, changes in pH or redox potential may result in re-
dissolution of the scavenged contaminants (Calmano et al.
1993; Salomons and Stigliani 2012). In such cases, the sedi-
ments become a source of secondary pollution and increase
the potential bioaccessibility of metals.

! The term metal(loid) is used in this article to cover metals and met-
alloids. (Sometimes they are also referred to as potentially toxic ele-
ments or heavy metals.).
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To minimize the risk of metal(loid) re-dissolution, in situ
remediation by active capping or sediment augmentation
with adsorbents has been studied as a less disruptive and
lower-cost option for dredging and off-site treatment (Zhang
et al. 2016). In augmentation, adsorbent material is mixed in
the sediment (Alvarado et al. 2020), while in active capping,
adsorbent is applied on the sediment surface as a thin, nor-
mally few centimeter-thick layer with the aid of geotextiles
(Viana et al. 2008; Zhang et al. 2016). In addition to adsorp-
tion and other sequestration mechanisms, active capping also
provides physical and chemical isolation for the sediment
and reduces the flux of dissolved contaminants into the
overlying water column (Zhang et al. 2016). Consequently,
the potential bioaccessibility of metal(loid)s decreases.
Modeling of active capping set-ups has demonstrated that
effective metal(loid) stabilization can be achieved for up to
100 years (Viana et al. 2008). Some examples of active cap-
ping or augmentation materials for metal(loid) stabilization
include limestone, steel slag, activated carbon (with or with-
out chemical modifications), iron sulfide minerals, crushed
concrete, bentonite, bauxite, commercial Aquablok® mate-
rial, organoclay, and apatite (Viana et al. 2008; Dixon and
Knox 2012; Randall et al. 2013; Kang et al. 2016; Ting et al.
2018; Park et al. 2019; Ting and Hsi 2019).

Alkali-activated materials (AAMs) could represent another
active capping or augmentation material option since they
have been successfully used for the removal of a number of
aqueous metal(loid)s (e.g., As, Cd, Cr, Co, Cs, Cu, Mn, Ni,
Pb, Sb, Sr, and Zn) as summarized by Luukkonen et al. 2019.
Furthermore, the use of alkali-activated metakaolin and blast
furnace slag (BFS) decreased the potential bioaccessibility of
Ni, Zn, Al, Cu, Cr, and Fe in laboratory-scale in situ sediment
remediation experiments (Kutuniva et al. 2019). AAMs are
hydrous alkali or alkaline-earth metal aluminosilicates with
mesoporous and amorphous structures. They are prepared by
reacting an aluminosilicate precursor and a high-pH alkali-
activator solution under (near) ambient conditions (Provis
2014). Beneficial features of AAMs include the potential to
use industrial side-streams as raw materials and a low-energy
manufacturing process (Mehta and Siddique 2016). In the
case of low-calcium raw materials, the obtained molecular-
level structure consists of a three-dimensional network con-
taining SiQ4(2Al) and SiQ4(3Al) environments that resem-
bles zeolites but with a low level of crystallinity (Lecome
et al. 2006). When high-calcium raw materials are used, the
structure consists of Al-substituted tobermorite-like chains
(SiQ2 and SiQ2(1Al) environments) with a varying degree
of crosslinking (Lecome et al. 2006; Myers et al. 2013).
The removal of cations in AAMs occurs via ion exchange
at negatively charged Al sites (e.g., [Al04]—) (Bortnovsky
et al. 2008; Guo and Shi 2017). Anions, on the other hand,
can be adsorbed layered double hydroxides, which are second-
ary reaction products of alkali-activation whose formation is

promoted by a high Mg content in high-Ca alkali-activated
systems (Parker et al. 1995; Trifiro and Vaccari 2004; Provis
and Bernal 2014).

In the present study, high-shear granulation combined
with alkali activation was used as a facile and up-scalable
manufacturing method for alkali-activated BFS adsorbent
granules. The granules were used as a sediment amendment
material in a field remediation experiment at Lake Kivi-
jarvi (Sotkamo, Finland). The present study is the first in
which AAMs are used as a sediment amendment material
in a field-scale experiment. The performance of the granules
was evaluated by sequential leaching experiments and pore
water sample collection after two weeks. At the same time,
a similar, three-month duration laboratory-scale experiment
was performed to support the finding of the field experiment.
The results indicate preliminarily that alkali-activated BFS
granules have a promising performance in the remediation
of metal-contaminated sediments combined with lower costs
than dredging and off-site treatment.

2 Materials and methods
2.1 Preparation of alkali-activated granules

Blast furnace slag (Tradename KJ400, Finnsementti, Fin-
land) was used as a precursor for the preparation of alkali-
activated granules. Its main characteristics are shown in
Table 1. The alkali-activator solution was prepared by mix-
ing 50 wt% NaOH solution (Algol, Finland), 35 wt% sodium
silicate solution (Si02/Na20 =2.55, Algol, Finland), and

Table 1 Main characteristics of blast furnace slag (Luukkonen et al.
2016, 2020)

Property and unit Value
Na,O [wt%] 0.51
MgO [wt%] 10.24
Al O5 [Wt%] 9.58
Si0, [wt%] 32.33
P,05 [wt%] 0.01
SO; [wt%] 4.00
K,O [wt%] 0.53
CaO [wt%] 38.51
Fe,05 [Wt%] 1.23
Loss on ignition [wt%] 0.46
d,o [pm] 0.9

dso [pm] 10.8

dgg [pm] 51.7

Bulk density [g cm™>] 1.20
Solid density [g cm™] 293
Specific surface area (by N, adsorption) [m? g~'] 2.79
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water in a weight ratio of 5.0/4.2/1.0, respectively. The
alkali-activation-granulation process was performed with a
high intensity mixer (R05/T, Eirich, Germany, see Fig. 1A):
25.0 kg of BFS was placed in the mixer, and 10.1 kg of
alkali-activator solution was added as batches. The alkali-
activation-granulation process was optimized on the basis of
alkali-activator solution demand by BFS (i.e., the granules
were not too dry or too wet when granulation was finished).
The pan was operated in a counter flow current mode at a
speed of 15 rpm, and the mixing blades rotated at 315 rpm.
The granulation time per batch was 45 s. Granules were
sieved to 2—4 mm size, rinsed with water, and stored at ambi-
ent conditions until used (Fig. 1B).

2.2 Characterization of blast furnace slag granules

Specific surface area and nanoscale pore size distributions
were determined using the Brunauer—-Emmett—Teller (BET)
isotherm and the Barrett—-Joyner—Halenda (BJH) method (i.e.,
N2 adsorption—desorption) with Micromeritics ASAP 2020
(USA). The analysis was performed from 1-4-mm granules.

X-ray diffraction (XRD) analysis was performed with a
PanAnalytical Xpert Pro diffractometer (Malvern Panalyti-
cal, UK) to identify crystalline phases in the AAM. Finely
crushed granules were dispersed with ethanol on a glass
plate, and the ethanol was allowed to vaporize. Diffracto-
grams were interpreted using Highscore software (version
3.0) and the Crystallography Open Database.

A field-emission scanning electron microscope with an
energy dispersive spectroscope (SEM-EDS, Zeiss Ultra
Plus, Germany) was used for microstructural imaging and
semi-quantitative chemical analysis of the granule top and
inner surfaces. The analyses were conducted using a second-
ary electron detector with 15 kV acceleration voltage and
8.5 mm working distance. The samples were coated with
carbon prior to measurement.

Fig. 1 A Granulator and

B appearance of alkali-activated
blast furnace slag granules
before use
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Zeta potential measurement was conducted with a Mal-
vern Panalytical instrument. The employed zeta potential
transfer standard (ZTS1240, Malvern Panalytical, UK) had
a-40+5.8 mV value. Granules were crushed and sieved to
less than 0.106 um particle size for the measurement. 0.1 g
of granules and 100 mL of 0.1 M HCI were mixed, and pH
was adjusted to approximately 7 to simulate typical pH in
the aquatic environment of the lake.

2.3 Characterization of water and sediment
samples

The metal concentrations from water samples were analyzed
using a PerkinElmer Optima 5300 DV (USA) inductively
coupled plasma optical emission spectrometer (ICP-OES).
Water samples were acidified prior to analysis by adding 2%
(v v~ nitric acid (65%, Merck Supelco). Sediment sam-
ples were digested according to the EPA 3051 A method. In
short, nitric and hydrochloric acids were added, and a CEM
Mars 5X Microwave oven (USA) was used for digestion. The
digested samples were filtered and diluted with ultrapure
water. The analyses were performed with ICP-OES similarly
as mentioned above.

2.4 Insitu remediation field experiment

The field experiment took place at Lake Kivijirvi (Sot-
kamo, Finland). The lake received a significant peak load
of metals in 2012 due to a gypsum pond failure at the
Talvivaara mine of Terrafame Ltd. (Sotkamo, Finland),
located approximately 6 km NE from the lake (Leppénen
et al. 2017). More than 240 000 m3 of surface water mixed
with untreated process effluent containing 150 t of Fe, 150
t of Mn, 2 t of Ni, 1 t of Zn, 70 kg of U, 60 kg of Co,
and 2 kg of Cd was released (Kauppi et al. 2013). The
ecological status of Lake Kivijirvi is “passable” due to
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permanent stratification by saline mine waters (Finnish
Environment Institute 2019). However, according to the
European Union Water Framework Directive, all surface
water bodies should achieve a good status by 2027 (Euro-
pean Union 2000). Therefore, efficient measures to restore
the natural circulation of waters and to avoid re-dissolution
of settled metals are needed (Laamanen et al. 2019).

Two mesocosms (i.e., vinyl acetate tubes with an inner
diameter of 1500 mm) were installed with a water depth
of approximately 5.5 m (Fig. 2). Both mesocosms were
equipped with pumps to enhance circulation in the 5 m
water column and break up the stratification caused by the
elevated sulfate concentration upon the mining accident.
The pumps were used until a complete mixing of the water
column was theoretically reached. Ten kilograms of alkali-
activated BFS granules were manually spread out in one
of the mesocosms and allowed to sink down to the sedi-
ment, while the other was left untreated. After two weeks,
surface sediment (0-5 cm) samples were taken from both
mesocosms with a 60-mm diameter KC Kajak Sediment
Core sampler (KC Denmark A/S, Denmark), and the pH of
the sediments was measured. At the same time, a similar
sediment sample was taken from outside of the mesocosm.
The samples were dried at 105 °C and stored in a desic-
cator until testing. The stability of Al, Fe, Ti, Zn, Ni, Cr,
and Cu was studied in amended and unamended sediments.
Cd, Co, and U were excluded as their concentrations were
low, as also reported in our previous study (Kutuniva et al.
2019). Pore water was collected from the sediments in the
field using a disposable vacuum filter with 0.2 um pore
size and conserved with nitric acid. Samples were ana-
lyzed with ICP-MS in an accredited laboratory (Labtium
Ltd, FINAS 025) employing both laboratory duplicates
(every tenth sample and each batch) and certified refer-
ence materials.

< O 7 —
A) v —
£
- E 10 kg of
— S alkali-activated
B © blast furnace slag
o granules
(=}
S
0

In conjunction with the mesocosm experiment samples,
composite sediment samples were taken from the contami-
nated sediment layer (0-3 cm) from outside the mesocosms
to give a 2 L composite sample. This was used for an incuba-
tion experiment in a cold room. In addition, water overlying
sediments at the field sites was collected for the incubation
experiments. Three types of incubation setups were made
in 100-mL plastic vessels: 1) 50 mL of contaminated sedi-
ment only, 2) contaminated sediment + 50-mL lake water
on top, and 3) contaminated sediment with a BFS layer on
top. The vessels were loosely capped with screw caps and
placed in a container filled with water, and the whole setup
was covered with a plastic film to maintain a high moisture
content around the vessels. The setups were kept at 5 °C for
three months. Samples were taken from the sediment pore
water and lake water before the incubation period and from
pore waters and the overlying water of all setups after the
experiment and analyzed for metals and DOC.

2.5 Leaching procedure

The sediment samples had total solids of approximately
6.8% when they were collected from the lake. Three differ-
ent kinds of samples were used in the leaching experiment
after drying at 105 °C: 1) sediment without augmentation
(blank); 2) sediment with augmentation; and 3) sediment
with augmentation, which was ground with a mortar and
pestle. Sample ‘3’ was prepared in order to evaluate a sce-
nario in which the granules disintegrate. Each sample was
analyzed in triplicate.

The potential bioaccessibility of metals was evaluated by
using a three-step sequential leaching method (Rauert et al.
1999). The procedure is shown in Fig. 3. The first step (acid
extraction) was performed as follows: a dried sample (0.5 g)
and 0.11 M acetic acid (20 mL) were mixed and shaken

Fig.2 Experimental setup: A schematic presentation of the mesocosm experiment; B spreading of alkali-activated blast furnace slag granules to

the mesocosm
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SAMPLE SAMPLE SAMPLE
WITHOUT WITH ACTIVE WITH
ACTIVE CAP CAP (GROUND) ACTIVE CAP
Acetic acid 0.11M
e T »> S1, acid extractable fraction

S4, stable residual fraction
Fig.3 The procedure of the leaching method

overnight with an end-over-end shaker. After centrifuging,
the supernatant solution (S1) was separated and analyzed. The
solid residue was mixed with distilled water (10 mL), shaken
for 15 min, and separated from water by centrifuging. In the
second step (reducing conditions), 0.5 M hydroxylammonium
chloride solution (20 mL) was mixed with the solid residue
and shaken overnight. The solid residue was then separated by
centrifuging, and the supernatant solution (S2) was analyzed.
The solid residue was washed with distilled water similarly
as described above. In the third step (oxidizing conditions),
5 mL of 30% hydrogen peroxide (VWR Chemicals) was
slowly mixed with the solid residue from the second step.
The mixture was allowed to react at room temperature for 1 h
with occasional shaking. Then, the temperature was increased
to 85 °C (in a water bath) for 1 h, and the solution was evapo-
rated to 1.5 mL volume. Another 5 mL of hydrogen peroxide
was added, and the volume was evaporated to 0.5 mL. After
cooling, 25 mL of 1 M ammonium acetate (VWR Chemicals)
solution was added, and the mixtures were shaken overnight.
The supernatant (S3) was separated by centrifuging, and the
solids were again washed as described above. The final solids
(S4) were analyzed as described in Sect. 2.3.

3 Results and discussion

3.1 Characterization of alkali-activated blast
furnace slag granules

The micrographs of alkali-activated blast furnace slag
granules are shown in Fig. 4. The surface layer has a typical

@ Springer

“““““““ -+ S2, reducible fraction

“““““““ -+ S3, oxidizable fraction

appearance of calcium-aluminum-silicate-hydrate (C-A-
S—-H) gel with some unreacted plate-like BFS particles
and pores. However, the inner parts of granules are essen-
tially nonporous or have only closed porosity. This is also
evident from the very low specific surface area (Table 2),
which was measured from granules of 1-4-mm diameter.
The average composition of the granule surface (as deter-
mined by an area analysis in SEM—-EDS, Table 3) exhibits
a very high concentration of sodium (approx. 41 weight-%),
which indicates that the manufacturing process may intro-
duce excessive alkali-activator solution in relation to the
BFS weight. The unreacted sodium cations migrate to the
surface of granules. In fact, residues of unreacted sodium
hydroxide was detected with XRD (see supporting informa-
tion, Fig. S1). The inner parts of granules were analyzed
from crushed samples, and they exhibited more expected
sodium content (approx. 9 weight-%).

The zeta potential measurements aimed to characterize
the surface sites of the granules. The results revealed two
kinds of zeta potential environments, -18.56+1.04 mV and
7.17+1.97 mV, of which the former resulted in a much
stronger signal. The negative zeta potential corresponds to
the negatively charged C-A-S—H gel (i.e., [AlO,]™ sites),
whereas the smaller peak with positive charge is likely
related to the presence of layered double hydroxides.

3.2 Vertical profiles of metals in sediments
The abrupt increase in emissions from the mine site in 2012

are seen at~2 cm in the chemical profiles as local maxima
in concentrations of certain elements (Fig. 5). The vertical
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10 000x |-

Fig.4 Micrographs of granule surface: A magnification 100x, B magnification 1000x, and C magnification 10 000x

profile in Fig. 5 is from the sampling location 14 in the
northern part of lake Kivijdrvi in Laamanen et al. (2019)
(also Cf..Lep P a.nen et al. 2017)', The con({entratlons ,Of Ni Table 3 Average compositions (weight-%) of alkali-activated blast
and Zn, in particular, were considerably higher than in the  yrnace slag granule surface and inner part

pre-mining sediments. Part of the easily leachable elements

(Ca, Mn, Na) has migrated deeper in the sediment profile by Element [weight-%] Surface fnner part
(¢} 53.6 48.9
Na 40.7 9.2
Table 2 Specific surface areas, average pore widths, and cumulative Mg 038 3.7
pore volumes of alkali-activated blast furnace slag granules Al 0.4 29
Si 1.6 12.0
Parameter Value
S 0.2 0.6
Specific surface area 0.60 m*> g~ K 0.0 0.4
Average pore width 28.38 nm Ca 2.7 22.3
Cumulative pore volume 0.0020 cm® g! Ti 0.0 0.8
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Kivijarvi 2015_14

Co mg kg
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Fig.5 Vertical profiles of Co, Fe, Zn, and Ni in the sediments. The depth of 6 cm corresponds to year 1986 and the depth of 2 cm to year 2012

diffusion, a feature also seen in the element concentrations
of the solid materials (cf. Laamanen et al. 2019).

In addition to changes in the sediment dry matter, min-
ing impacts were seen in the vertical pore water profiles of
especially Mn and Ni (a profile taken from immediately out-
side of the mesocosm). The pore water Mn concentrations
have changed to as deep as 30 cm in the sediment, while
the changes in pore water Ni were limited to the top 5 cm.
In contrast, Zn concentrations in the pore water were stable
throughout the vertical profile.

@ Springer

3.3 Performance of alkali-activated granules
in the field experiment

The performance of alkali-activated BFS granules in the
field experiment was evaluated by the sequential leaching
test. Three different kinds of samples were evaluated (after
drying): sediment without active cap (blank), sediment with
active cap, and sediment with active cap and grinding. The
grinding step was included to simulate possible disintegra-
tion of the granules in the sediment environment. The results
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«Fig.6 Results of sequential leaching experiments: A sediment and
active cap as such and B sediment and active cap with grinding. N/A
means that the blank sample did not contain the metal in question,
and thus the calculation of stabilization efficiency is not possible. The
green and red colors indicate decreased and increased bioaccessibil-
ity, respectively. See Table S1 in supporting material for the concen-
trations at different steps

of the leaching tests are shown in Fig. 6. (Concentrations of
metals at different leaching stages can be seen from Sup-
plementary material, Table S1.) The results in Fig. 6 are
expressed as the stabilization efficiency (Eq. 1). The nega-
tive values of the stabilization efficiency indicate that the
addition of active cap has increased bioaccessibility or that
the active cap material itself has released metals. In the last
step of the leaching experiments (analysis of the solid resi-
due), negative values indicate that there has been accumula-
tion of the metal in the stable solid phase.

Leaching from blank sample [mgL‘l] — Leaching from sample with active cap [mgL~!]

3.4 Sediment pore waters from mesocosm
experiments

Pore water samples were collected from the mesocosm that
was treated with both sediment augmentation and artificial
mixing. The purpose of the mixing was to eliminate the
saline mine water-induced stratification, as reported earlier
(Karppinen et al. 2019; Mékinen and Saarelainen 2020).
The concentrations of P and As were lower in the pore
waters of the mesocosms with induced circulation than in
the sediments outside the mesocosm while with other ele-
ments (Table 4). In the case of water mixing causing the
decrease in an element concentration, the mechanism might
be related to the increase in redox potential. More variability
was observed with the BFS-treated mesocosms in terms of
the pore water concentrations of Al, As, Ca, Fe, Mg, Mn,
and Ni than in the other two sediment types. In contrast,

6]

Stabilization efficiency =

Leaching from blank sample [mgL—l]

The total amounts of metals in the sediment were
11,050 mg kg~! of Al, 81,800 mg kg™! of Fe, 386 mg kg™!
of Ti, 682 mg kg~ of Zn, 638 mg kg~! of Ni, 17 mg kg™!
of Cr, and 41 mg kg™' of Cu as reported in the previous
study by the authors (Kutuniva et al. 2019). However, the
metals are not evenly dispersed in all sections of the lake.
As the amount of some metals, such as Cr and Cu, are rela-
tively low, the readers are advised the see also the supporting
information for Table S1, which contains the actual con-
centrations of metals from each leaching step in addition to
the stabilization efficiency as shown in Fig. 6. In general,
the results of the three-stage leaching experiments (Fig. 6)
indicate good stabilization of Fe, Zn, Ni, and Cr upon the
addition of active cap in all extraction stages (acidic, reduc-
ing, and oxidizing). On the other hand, the results of Al, Ti,
and Cu are mixed, as in some extraction stages, the leaching
increases in comparison with the sediment without active
cap. The grinding of dried sediment with active cap further
decreases the bioaccessibility of Al, Fe, and Ti, while Zn,
Ni, Cr, and Cu remained unaffected. The improved immobi-
lization of metals after grinding is likely due to the increased
surface area as granules are crushed. In those cases when the
solid residual had a concentration lower than the detection
limit (e.g., Zn and Ni), the extraction treatments have likely
removed all of the metals from the sediment (see supporting
information, Table S1). The pH of the unamended sediment
was 6.6, whereas the pH of sediment and active cap was 8.4.
The increase in pH may contribute to the improved stability,
but it may be also toxic to the benthic biota (Gu et al. 2019).

@ Springer

the pore water concentrations of K and P were higher in the
BFS-treated mesocosm than outside the mesocosms or in
the induced circulation mesocosm, especially in the second
mesocosm location. However, the increased P content is not
originating from the alkali-activated BFS since its P content
is low (0.01 weight-% as P205). It might be a result of mix-
ing and local pH variation upon active cap dosing. Never-
theless, the P increase does not appear to follow consistent
trend as it is very minor on location 1 in comparison with
location 2 (see Table 4).

In general, pore water concentrations of As, Fe, U, Zn,
and DOC decreased during the 3-month incubation experi-
ments (Table 5). In contrast, concentrations of Al, Ca, Mg,
Mn, P, and S increased. Adding BFS on top of the sediment
produced changes similar to the field setups with clearly
decreased pore water concentrations of Ba, Co, Fe, Mg, Mn,
and Ni, combined with increased concentrations of K, P, V,
and Zn.

3.5 Discussion of the stabilization mechanisms
of the studied metals

The stabilization of the metals in sediments by alkali-activated
BFS occurs likely via several different mechanisms. As indi-
cated by the zeta potential measurements, the granules contain
both negatively (i.e., [AlO4]— in the framework of AAMs and
surface Si~OH and Al-OH groups) and positively (i.e., layered
double hydroxides) charged surface sites. Thus, granules can
bind both negatively and positively charged ions from water.
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Table 4 Surface sediment (0-5 cm) pore water metal concentrations

Pore waters were analyzed from sediments immediately outside of the

mesocosms, in mesocosms where the stratification was disturbed by
pumping, and in mesocosms with both pumping and a BFS layer

Al As Mn Ni P Zn Ca Fe K Mg

pgl™ pel™h opgl™t pgLl”t pgl”t opelt mgLl™t mgL”' mgLTt mgL™!
Outside (location 1) 317 0.2 36,200 7.6 333 7 130 67 6.5 141
Induced circulation (location 1) 176 <0.05 27,600 0.7 189 14 105 83 6.1 112
BFS-treated (location 1) 195 0.1 32,600 2.6 338 7 122 62 6.5 132
Outside (location 2) 212 0.3 37,400 4.1 202 4 140 71 6.3 169
Induced circulation (location 2) 241 <0.05 38,400 5.6 138 8 141 76 6.6 171
BFS-treated (location 2) 196 0.1 22,900 0.1 342 6 120 33 21.6 151

In addition, the presence of unreacted alkali-activator (i.e.,
NaOH) may induce local increase in pH and cause precipita-
tion of some metals as hydroxides. However, as indicated by
the sequential extraction experiments, metals were stable also at
acidic conditions, which indicates that precipitation as hydrox-
ides was not a major mechanism in stabilization. In the fol-
lowing, each metal is discussed in detail related to its possible
stabilization mechanism.

Aluminum is sparingly soluble in the typical conditions of
natural aqueous environments: AI(OH)3 precipitates at pH >4
but is re-dissolved at pH> 11 as AI(OH)4— (Schweitzer
and Pesterfield 2010). As pH may increase drastically in
the immediate vicinity of BFS granules for a short period,
it might be possible that anionic Al species were formed
and adsorbed by the granules. The observed behavior of Al
(Fig. 6) follows the same pattern that was reported in our
previous work (Kutuniva et al. 2019): enhanced stabiliza-
tion at acid extraction and reduction stages, even though the
oxidation stage causes a significant release of Al compared
to the sediment without active cap. It appears that the alkali-
activated BFS is not stable in the highly oxidizing condi-
tions, and it releases some of the Al it contains. Nevertheless,
the extreme oxidizing conditions of the sequential leaching
experiment are unlikely to occur in natural environment.
However, the solid residual fraction clearly contained higher
Al content compared to the blank. The three-month incuba-
tion experiments (Table 5) indicated only a minor increase
(0.1 mg L—1) of Al in the pore water due to the addition of
alkali-activated BFS.

Iron can be present at+ 2 or+ 3 oxidation states, of
which the first is soluble when pH is less than approxi-
mately 6 and the latter only when pH is less than approxi-
mately 3 (Schweitzer and Pesterfield 2010). However,
Fe2+ is easily oxidized to Fe3+ if the sediment is not
completely anoxic. The stabilization of iron was consist-
ently effective in every leaching step, and the amount in
the stable solid fraction increased in comparison with the
blank sample (Fig. 6). Changes in pH level might affect
the precipitation of Fe, but since Fe also remained stable

in the acid leaching step, the results indicate stable chemi-
cal adsorption.

Titanium release increased at the acidic and reducing extrac-
tion steps in comparison with blank, but stayed unchanged at
the oxidizing step (Fig. 6). Since the blank sample did not
contain Ti above the detection limit, it can be concluded that
Ti was released from the alkali-activated BFS. The amount
of Ti in BFS is approximately 0.6 weight-% (Kutuniva et al.
2019). The maximum concentration of dissolved Ti detected
at acid and reducing extraction steps was 0.87 +0.26 mg L—1
(see Supplementary material, Table S1). Dissolved Ti exists
for example as TiO2+ which is, however, stable only when
pH <1 (Schweitzer and Pesterfield 2010). Due to the refractory
nature of many Ti-containing minerals, the concentrations of
dissolved Ti in surface waters are low: commonly clearly lower
than 100 pg L—1 (Linnik and Zhezherya 2015). However, in
extreme cases, concentrations up to 1180 pg L—1 have been
detected (Linnik and Zhezherya 2015). There is evidence that
dissolved Ti is a reactive and short-residence-time element in
the aquatic environment (Orians et al. 1990). The biological
functions and toxicity of dissolved Ti appear to be unclear
even though TiO2 nanoparticles are known to be toxic (Das
et al. 2013).

Zinc (concentration in the sediment is 682 mg kg—1;
Kutuniva et al. 2019) was found to be stabilized in a con-
sistent manner at all leaching stages, but its amount was
below the detection limit from the stable residue (see
Fig. 6). This may reflect the fact that Zn species in the
sediment are so labile that they are completely removed
during the sequential extraction steps. Zn is present as
dissolved Zn2+ in acidic conditions and precipitated
Zn(OH)2 in the pH region of approximately 6.5-12.5
(Schweitzer and Pesterfield 2010). However, its stabiliza-
tion upon alkali-activated BFS addition was likely not due
to the precipitation since Zn was not re-released at the acid
extraction step.

Nickel (concentration in the sediment is 638 mg kg—1;
Kutuniva et al. 2019) behaved similarly to Zn: an effective
stabilization was observed at all leaching stages, but the

@ Springer



1064

Journal of Soils and Sediments (2022) 22:1054-1067

@ Springer

Table 5 Elemental and DOC concentrations from the three-month incubation experiment: lake and pore waters initially and after the experiment with either sediment layer and lake water (INC)

or sediment, BFS and lake water (INC + BFS)

DOC

Mn Na

Mg

Al Fe

Zn

Ba Co

As

pgL™' pgL™' pgL' pgL! pgLl! pgL! o pgL' mgL! mgL!' mgLT' mgL!' mgL! mgL?! mgL! mgL™!

ug L™

41

1470
1450
1700
1830
1560
1500

1600
1550
1660
1760
1830
1770

35
33
37
49

149

58
57
28

6.06 0.4

8.72

8.0
8.1

588 4.9

229
458

46

0.7

Lake water, initially

37
18
22

144

0.4

4.3

39
32
65
41

54
45

1.06

Pore water, initially
Lake water, INC

160
181

48

0.9
0.9

<0.2
<0.2
7.49
21.6

7.5

0.7

<0.05
0.28

10
21

47

6.2
7.9

0.6

372
98

11

55
33
24

Pore water, INC

0.0

1.0
39

<0.05

Lake water, INC + BFS
Pore water, INC +BFS

49

598 159 1.0 21

14

<0.05

solid residue had a Ni content below the detection limit.
Similarly as with Zn, likely all Ni species are extracted from
the sediments during acidic, reducing, and oxidizing treat-
ment steps. Ni exists as dissolved Ni2+ in aquatic environ-
ments but is prone to precipitate as Ni(OH)2 when the pH
is higher than approximately 7 (Schweitzer and Pesterfield
2010). However, similar to Zn, the stabilization of Ni was
not likely due to precipitation since it was not re-released at
acid extraction. The stabilization of Ni would be important
in the studied case, as it was released in a larger quantity,
with a total 2 t of Ni (Kauppi et al. 2013; Leppénen et al.
2017), and it is known to be highly toxic in the aquatic envi-
ronment (Liber et al. 2011).

Chromium (concentration in the sediment is 17 mg kg—1;
Kutuniva et al. 2019) can be present in aqueous environ-
ments at oxidation states+ 3 (i.e., cationic Cr3+) or+6 (i.e.,
oxyanions such as CrO42—) (Schweitzer and Pesterfield
2010). In the present study, Cr was analyzed as the total Cr.
The Cr content in the sediment without active cap was low
(see Supplementary material, Table S1), but the addition of
alkali-activated BFS still improved the stabilization at the
reduction and oxidation leaching steps.

Copper (concentration in the sediment is 41 mg kg—1;
Kutuniva et al. 2019) is most commonly occurring as dissolved
Cu2+ in the aquatic environment when pH <5 (Schweitzer and
Pesterfield 2010). In the current experiments, Cu was stabi-
lized with varying success. When using the whole granules
(Fig. 6A), the Cu stabilization decreased at the acid extraction
stage in comparison with the blank, while it was successful
at other stages. However, when the granules were ground, Cu
stabilization decreased at the reducing extraction stage, while
other stages exhibited improved stabilization in comparison
with blank. Nevertheless, the observed Cu concentrations in
the leaching experiments were small: maximum 0.08 +0.04 mg
L—1 (see Supplementary materials, Table S1). BES contains
only trace amounts of Cu, and thus leaching of copper from
BFS is not the reason for the observed behavior. However,
alkali-activated BFS might exhibit lower selectivity for Cu2+
than for other cations.

3.6 Risk evaluation

The main risks involved in the present study are related to
the use of BFS (by-product from iron/steel manufacturing)
and the use of alkaline chemicals in the manufacturing of
granules. On the other hand, the alkali activation of BFS
may change the mobility of potentially toxic elements.

The concentrations of potentially toxic elements in BFS
have been reported in the literature: median results of 53
samples showed that BFS contained 34 mg kg—1 of vana-
dium, 21.2 mg kg—1 of chromium, and 7.4 mg kg—1 of zinc
(Matthes et al. 2018). In the same study, antimony, arse-
nic, lead, copper, molybdenum, and nickel were found to
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be <5 mg kg—1 and cadmium < 0.5 mg kg—1 (Matthes et al.
2018). On the other hand, the authors of the present study
reported earlier that barium, beryllium, chromium, nickel and
vanadium content of the BFS used in this study were 550,
4.6, 46, 1.2 and 410 mg kg—1, respectively (Kutuniva et al.
2019). In addition, phosphorus, lead, zinc, and tin were not
detected (Kutuniva et al. 2019). Even though the aforemen-
tioned studies have reported the presence of certain potentially
toxic elements in BFS, their mobility and bioavailability are
hindered by the rapid cooling of molten slag, which results a
glassy phase. This has been recently demonstrated in a study
that showed no phenotypic changes in rats upon inhalation
of BFS particles (Dillon et al. 2020). Another study showed
that vanadium is sparingly available from BFS used for soil
amendment (Larsson et al. 2015). In fact, the BFS used in
the present study is routinely used as a liming material in
agriculture in Finland.

Some of the alkaline chemicals used to prepare the gran-
ules (i.e., NaOH and sodium silicate) remain unreacted in
the pore solution of alkali-activated BFS granules. They
may leach out of the granules leading to increase in pH in
water and minor increase in sodium cations. However, it is
possible to neutralize the pore solution by performing pre-
treatment for alkali-activated materials before use (e.g., with
0.1 M acetic acid solution) (Szechynska-Hebda et al. 2019;
Selkéli et al. 2020). In the present study, this neutralization
step was not performed, and thus pH increased from 6.6 to
8.4 in the sediment upon granule addition. However, as the
experiment was conducted in a mesocosm, the mixing of
water was limited leading to probably higher increase in pH
compared to actual use scenario. Nevertheless, in the future
studies and possible practical use, the neutralization step
should be performed.

Finally, alkali activation may induce changes to mobility
of the potentially toxic elements in BFS. Thus, a thorough
evaluation of bioavailability of trace elements should per-
formed for alkali-activated BFS. However, alkali activa-
tion using BFS as one potential binder precursor is widely
studied as a solidification/stabilization method for different
kinds of waste materials: in these studies, the mobility of
potentially toxic elements decreases upon alkali activation
(Shim et al. 2016; Koplik et al. 2018).

3.7 Cost evaluation

In this section, the material costs arising from the sediment
activated BFS granules are provided to serve as an example
of the cost of adsorbent augmentation treatment.

The estimated unit prices of the raw materials and energy
are as follows: BFS 80 € t—1, sodium silicate solution 450
€ t—1, sodium hydroxide solution 400 € t—1, water 1 € t—1,
and electricity 0.1 € kWh—1. The mixing ratios of raw

materials employed in granule manufacturing are provided
in Sect. 2.1. Energy consumption was estimated by consider-
ing that the granulator machine has a power of 25 kW, and
it takes 22 min to prepare 1 t of granules. Consequently, the
material and energy cost of alkali-activated BFS granules is
approximately 168 € t—1.

The surface area of Lake Kivijdrvi is approximately
188 ha. In this calculation, it is assumed that the areas of
the lake basin containing most of the contamination con-
stitute approximately 20% (or 37.6 hectares) of the surface
area. If it is estimated that a 5-cm depth of the sediment is
treated with 2.5 weight-% of granules, the required adsor-
bent amount is approximately 470 t. When considering the
abovementioned unit cost of granules, the cost of treatment
would be approximately 79 000 €. This figure is likely
clearly lower than the cost of sediment dredging and off-
site treatment. The cost of dredging is approximately 6.5 €
m—3 (Frittelli 2019), which would result in a total cost of
120 000 € in the present example.

4 Conclusions

The use of alkali-activated blast furnace slag granules was dem-
onstrated as an augmentation material for metal-contaminated
lake sediment remediation in a field experiment. The experiment
ily affected by the failure of the gypsum pond dam of the nearby
mine. The experiment was executed in a mesocosm from which
samples were taken after two weeks of active cap application,
and the performance was evaluated with a sequential leaching
test and analyses of sediment pore waters. Effective and consist-
ent stabilization in comparison with sediment without active
cap was observed for Fe, Zn, Ni, and Cr. However, the granule
precursor, blast furnace slag, released some Al in the oxidative
leaching stage and Ti in the acid and reducing leaching stages.
For Cu, the stabilization performance in the acid and reducing
extraction steps appeared to depend on whether alkali-activated
slag was used as granules or powder. The material cost of gran-
ules was estimated to be~168 € t~!, which results in a total
is applied only to the deepest parts of the lake basin. Further
experiments should, however, be conducted to evaluate the long-
term performance of alkali-activated active caps.
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