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ARTICLE INFO ABSTRACT
Keywords: Water-intensive industries face challenges due to water scarcity and pollution. In the management of these
Alkali-activated materials challenges, membrane processes play an important role. However, they produce significant amounts of reject
Sel‘?Pf)lymer waters, in which the separated salts and pollutants are concentrated. This study aims to develop a novel man-
a 1mty . N agement concept for reject waters using alkali activation to immobilize salts in a solid phase using metakaolin,
Solidification/stabilization

blast furnace slag (BFS), or their mixture as precursors and to create alkali-activated materials with sufficient
properties to be potentially used in construction applications. Seven different waters were used to prepare the
NaOH-based alkali activator solution: deionized water, three simulated seawaters with increasing salinity, and
three reverse osmosis (RO) reject waters from mining or pulp and paper industries. Overall, BFS-based samples
had the highest immobilization efficiency, likely due to the formation of layered double hydroxide phases
(hydrotalcite, with anion exchange capacity) and hydrocalumite (chloride-containing mineral). Moreover, high-
salinity water enhanced the dissolution of precursors, prolonged the setting time, and increased the compressive
strength compared with nonsaline water. Thus, the obtained materials could be used in construction applica-
tions, such as backfilling material at mines where RO concentrates are commonly produced.
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1. Introduction

Water scarcity is a significant problem in many areas globally. One
important user of freshwater resources is the concrete production in-
dustry, which was estimated to consume 16.6 Gt of water in 2012 [1].
Thus, the use of seawater or different wastewaters as batching water in
concrete products could help to reduce the freshwater consumption if
corrosion-prone metal rebars are not used [2]. Additionally, the man-
agement of many industrial wastewaters is a major environmental issue,
where membrane separation processes, such as reverse osmosis (RO),
are widely used. However, membrane processes produce reject water
(also known as the rejectate or brine) in which the separated salts and
other impurities are concentrated. For a typical RO process, the amount
of reject water can be up to 80 % depending on the influent salinity and
applied pressure [3]. Currently, reject waters are further concentrated
and discharged into seas, deep wells, evaporation ponds, or municipal
sewers [4]. However, these methods are often not environmentally
sustainable or practically and economically feasible, especially if the RO
plant is located inland [5]. As an alternative approach, the immobili-
zation of reject waters and other highly concentrated salt solutions into a
solid matrix would decrease environmental contamination. One option
for such a solid matrix could be alkali-activated materials (AAMs) [6,7].

AAMs are obtained through a reaction between aluminosilicate
precursors (e.g., metakaolin [MK] or blast furnace slag [BFS]) and alkali
activators (e.g., NaOH). They are separated into two classes depending
on the products formed in the reaction: (1) those rich in calcium (i.e.,
CaO content <30 weight-%) and (2) those poor in calcium, which are
referred to as geopolymers (i.e., CaO content <5 weight-%) [8]. The use
of side stream materials for AAM production is not only affordable but
also environmentally friendly. The mechanical properties and durability
of AAMs produced using industrial side streams show that these mate-
rials have a high potential for application as construction materials
[9,10].

AAMs are capable of binding solid wastes (frequently referred to as
solidification/stabilization, S/S) in their structure via physical or
chemical mechanisms to decrease the release of hazardous components
(such as potentially toxic elements or ions) [11]. For instance, BFS-based
AAMs have been used for the S/S and treatment of landfill leachate with
immobilization rates of total organic carbon, chemical oxygen demand,
NH3-N, Cl~, and SO?{ of 81 %, 89 %, 97 %, 97 %, and 78 %, respectively
[12]. The addition of landfill leachate improved the alkali activation
reaction [12]. Waste materials can have different functions in AAMs:
those with soluble AI3" or Si** can be used as precursors or those with
the capability to increase pH can replace alkali activators [9,13,14].
Also, as mentioned earlier, the water used to prepare AAMs can be of
waste origin or seawater to preserve freshwater resources. Some in-
dustrial wastewaters, such as those from copper mining or paper and
pulp production, and seawater have been successfully used in AAMs
[2,15,16]. The S/S of highly concentrated saline or other types of
wastewater into a geopolymer matrix (sometimes referred to as inter-
solidification) has been studied earlier up to the proof-of-concept level
[17,18]. However, there are still significant knowledge gaps regarding
the physicochemical mechanisms and practical applications of the S/S
method [19]. Therefore, in this study, a novel concept of immobilizing
highly concentrated saline wastewaters, such as RO reject waters, into
AAMs is assessed. Furthermore, this study evaluates actual RO concen-
trate effluents in addition to simulated effluents to validate the method.
The objectives of this study were to (1) compare MK, BFS, and their
mixture (representing low, high, and medium-Ca systems, respectively)
as precursors in high-salinity water-containing AAMs and (2) determine
salt leaching and assess the fate of salts (i.e., the immobilization
mechanism) in the AAMs. Three different binder systems were studied,
and the optimal amount of alkali activator was screened. Then, six
different high-salinity waters were used to replace deionized water. To
identify the sinks of salts, X-ray diffraction (XRD) of the hardened pastes
and efflorescence, leaching experiments, pore solution analysis, and
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elemental mapping were performed using an electron probe micro-
analyzer (EPMA). Suitability of prepared AAMs as a construction ma-
terial was assessed in terms of compressive strength and setting time.

2. Materials and methods
2.1. Materials

Three types of precursors were used: MK (MetaMax, BASF, Ger-
many), BFS (KJ400, Finnsementti, Finland), and a mixture of MK and
BFS (1:2 as a weight ratio, respectively). The composition and XRD
patterns of the precursors are shown in Table 1 and Fig. S1, respectively.

To prepare sodium hydroxide solutions, seven types of waters were
used: (1) synthetic seawater prepared according to the standard ASTM
D1141-98 [20], (2) synthetic seawater with a double concentration of
salts, (3) synthetic seawater with a triple concentration of salts, (4) RO
reject water from the mining industry, (5) and (6) two different RO
reject waters from pulp and paper industries, and (7) deionized water (as
a reference). The salts used to prepare the synthetic seawater were
MgCl-6H20 (VWR), CaCl; (anhydrous) (VWR), SrClp-6H20 (VWR), KCL
(Merck), NaHCO3 (Merck), KBr (VWR), H3BO3 (Merck), NaF (VWR),
NacCl (Sigma), and NapSO4 (Sigma). The characteristics of the waters are
shown in Table 2.

2.2. Preparation of the AAM samples

First, the sodium hydroxide tablets were mixed in different waters
(Table 2) and cooled for 3 h. Then, the alkali activator was mixed with
the precursors according to the ratios shown in Table 3. In addition, the
NaOH content of the mix designs was optimized using deionized water
(shown in Fig. S2). The mix designs containing MK, a mixture of MK and
BFS, and BFS are referred to as low, medium, and high-Ca systems,
respectively. After mixing, the fresh-state paste was cast into 20 x 20 x
20 mm?® or 50 x 50 x 50 mm? cubic molds (depending on the intended
analysis). The samples in the molds were covered with plastic bags for
24 h, then demolded, and kept in plastic bags until testing. Sample
preparation and storage were conducted at room temperature (~22 °C).

2.3. Characterization of AAMs

2.3.1. Mechanical, microstructural and chemical characterization

Compressive strength was determined for 20 x 20 mm? area by using
1 mm/min loading rate and 5 N preload with a Zwick/Roell Z010 or
7100 universal testing machines. The compressive strength was calcu-
lated by dividing the force at break by the surface area.

Setting time was recorded by an automatic Vicat machine, model
E044 N, by Matest.

A 4-kV wavelength-dispersive X-ray fluorescence spectrometer
(PANalytical AxiosmAX) was used to determine the chemical composi-
tion of BFS and MK. The measurement was conducted on compacted
powder. The loss on ignition of BFS and MK was determined by the mass
decrease of a dried sample (at 105 °C for 24 h to reach constant weight)
when heated to 950 °C.

XRD analysis was conducted with a Rigaku SmartLab diffractometer
(9 kW Cu X-ray source) in the range of 5-120°26 at a scan speed of 6°26/
min to identify the crystalline phases from a 28-day-old sample. The
hardened samples were milled before analysis.

Table 1
Oxide composition of the precursors.

Precursor  SiO, Al,03 CaO SO3 MgO Fe,03 TiO,

(wt%) (Wt%) (wt (wt (wt%) (Wt%) (wt%)
%) %)
MK 49.8 42.0 0.0 0.0 - 0.4 1.7
BFS 29.1 11.5 32.4 3.5 11.1 0.4 2.0
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An EPMA, Jeol JXA-8530F Plus with an energy-dispersive detector,
was used for elemental mapping to qualitatively assess the composition
of the formed gels and dissolution of the precursor particles. Crushed
pieces of 28-day-old pastes were embedded in epoxy resin (EpoxiCure 2
Epoxy Resin and Epoxy Hardener, Buehler), polished with silicon car-
bide grinding papers (P240, P800, P1200, and 2000), and covered with
carbon. The probe had a concentrated spot, 15 kV accelerating voltage,
20 nA current, 0.5 pm step size, and 500 ms dwell duration. Na™, ca’t,
S, and Cl were mapped.

2.3.2. Efflorescence and leaching of salts

Efflorescence formation was observed visually by placing a 50 x 50
x 50 mm> sample (cured for 28 days in plastic bags before the efflo-
rescence test) into deionized water (half exposed in water and half in air)
for 28 days. After exposure, the samples were photographed, and the
formed efflorescence deposits were collected for XRD analysis.

To investigate the capacity of pastes to immobilize salts, two leach-
ing experiments were conducted. The first method is based on a standard
one-stage batch leaching test (SFS-EN 12457-2) and was used to mea-
sure leaching from crushed 28-day-old hardened samples (particle size
<4 mm). The extraction was conducted with distilled water at a liquid/
solid (L/S) mass ratio of 10 for 24 h. The weight of the crushed mortar
was 87.5 g. Eluates were filtered with a 0.45 pm membrane filter, and
the total concentrations of Na™, Mg2+, and Ca®" (i.e., the main cations
present in the studied waters) were measured with a Thermo Fisher
Scientific iCAP 6500 Duo inductively coupled plasma optical emission
spectrometer. Anions, SO~ and Cl~, were measured with an ion-
chromatography system (ICS-2000, Dionex). Eq. (1) was used to calcu-
late the leaching per dry mass (A;o = the release of a constituent at an L/
S = 10 [mg/kgl; C;p = the concentration of a constituent in the eluate
[mg/L]; Lo = the volume of the leachant [L]; MC = the moisture per-
centage of the dry mass).
Ly, MC )

Ay = Cro (—

M,fﬁ (€5)

The second leaching test was performed using a standard method for
monolithic building materials (NEN 7343:1995). Cubic samples (50 x
50 x 50 mm3) were exposed to 1 L of deionized water in closed con-
tainers at room temperature (+21 °C), and the water was replaced and
sampled after 6 h, 24 h, 5 days, 16 days, 36 days, and 78 days. The
leaching of a component per unit area (mg/m?) was calculated accord-
ing to Eq. (2), where ¢; is the concentration of the component (mg/L), V
is the volume of the eluate (L), and A is the surface area of the sample
(m?). Leaching was calculated as a cumulative value for up to 78 days.
. GxV

E;

i A (2)

Table 2
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Table 3
Experimental mix designs for alkali-activated samples.
Sample Water type Mix design
D MK [g] BFS NaOH Water
[g] [g] [g]

MK1 Deionized water 100 0 13.3 102

MK2 Deionized water 100 0 19.92 102

MK3 Deionized water 100 0 26.51 102

MK4 Deionized water 100 0 32.93 102

3M7B Deionized water 33 67 13.56 59.3

BFS1 Deionized water 0 100 2.58 38

BFS2 Deionized water 0 100 3.87 38

BFS3 Deionized water 0 100 5.16 38

BFS4 Deionized water 0 100 6.45 38

MKS1 Seawater (1x) 100 0 32.93 102

MKS2 Seawater (2x) 100 0 32.93 102

MKS3 Seawater (3x) 100 0 32.93 102

MKRT Mining industry RO 100 0 32.93 102
reject

MKR1 Pulp and paper industry 100 0 32.93 102
RO reject 1

MKR2 Pulp and paper industry 100 0 32.93 102
RO reject 2

3M7BS1 Seawater (1x) 33.33 66.67 13.56 59.3

3M7BS2 Seawater (2x) 33.33 66.67 13.56 59.3

3M7BS3 Seawater (3x) 33.33 66.67 13.56 59.3

3M7BRT Mining industry RO 33.33 66.67 13.56 59.3
reject

3M7BR1 Pulp and paper industry 33.33 66.67 13.56 59.3
RO reject 1

3M7BR2 Pulp and paper industry 33.33 66.67 13.56 59.3
RO reject 2

BFSS1 Seawater (1x) 0 100 3.87 38

BFSS2 Seawater (2x) 0 100 3.87 38

BFSS3 Seawater (3x) 0 100 3.87 38

BFSRT Mining industry RO 0 100 3.87 38
reject

BFSR1 Pulp and paper industry 0 100 3.87 38
RO reject 1

BFSR2 Pulp and paper industry 0 100 3.87 38
RO reject 2

The pore solution was extracted from 1-, 7-, and 28-day-old samples
(BFS2 and BFS3) using a titanium cylinder with an inner diameter of 6.5
cm, outer diameter of 16 cm, and height of 28 cm. A maximum pressure
of 400 MPa was applied using an Instron 3000 universal testing ma-
chine. The pore solution was filtered with a syringe filter of 0.45 pm pore
size, diluted with ultrapure water immediately after filtration, and the
pH was measured. The concentrations of Ca2+, Na't, ClI” and 50‘21_ were
detected similarly as described above.

Concentrations of salts in the simulated seawaters and reject waters. The concentrations of reverse osmosis (RO) reject waters were determined by optical emission
spectroscopy analysis, whereas the concentrations of seawaters were reported on the basis of the standard ASTM D1141-98.

Constituent Simulated Simulated seawater (2x Simulated seawater (3x Mining RO reject Pulp and paper RO Pulp and paper RO
(mg/L) seawater concentration) concentration) water reject water 1 reject water 2
Ccl™ 19841.41 39682.82 59524.23 50 42 790

S03~ 2884.94 5769.88 8654.82 3100 46 290

TOC - - - 3.4 4.9 35

NO3 - - - 100 4.4 0.68

B3+ 4.71 9.42 14.13 0.12 <0.1 <0.1

Ba** - - - 0.1 0.027 <0.025

Ca®" 416.33 832.66 1248,99 1100 39 480

cu?t - - - <0.025 <0.025 <0.025
Mgt 1327 2654 3981 20 4.5 17

Mn** - - - 0.087 <0.025 0.22

Na™ 11022.76 22045.52 33068.28 260 40 760

pb* - - - <0.075 <0.075 <0.075

Sr2t 13.91 27.82 41.73 2.3 0.1 1.6

Zn?* - - - <0.05 <0.05 <0.05
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3. Results and discussion
3.1. Identifying the fate of salts in hardened pastes

In this section, the sinks of the salts introduced to the AAMs via high-
salinity waters are discussed on the basis of the XRD, EPMA, pore so-
lution, and leaching experiments. Potential sinks could include the for-
mation of new amorphous or crystalline mineral phases containing salt
ions, chemical inclusion of salt cations or anions, or both, in alumino-
silicate gels (or other phases) formed upon alkali activation, or pore
solution (i.e., physical entrapment).

A)
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3.1.1. XRD

The diffractograms of the low-Ca AAMs (i.e., based on MK) are
shown in Fig. 1A. It is notable that unlike in typical sodium silicate-
activated MK geopolymers, several crystalline phases are present even
when using deionized water. Zeolite X (NapAl,Sis 509-6.2H50, PDF no.
00-038-0237) and Linde B1 zeolite (NajpAl;2Si1204g-27H-0, PDF no.
00-047-0162) phases were generated in all MK-containing hardened
pastes. It has been suggested in the earlier literature that when NaOH is
used as an activator for MK, it catalyzes the formation of zeolite Q4(4Al)
crystallites, and even a modest concentration of sodium silicate in the
NaOH activator greatly reduces crystallization [21-23]. The zeolite
phase is capable of immobilizing cations [24]. The zeolite phase found in

B)

- v * v YV o+ Yy %
x
v * ®
vy, A P - * ¥ ®e T e @
v v vy
v 4 N
\w\v
ek (V. JL__,\AJ\W“/LJU L SV J\LWVW RO reject water (UPM2) \w./\m wj \ RO reject water (UPM2)
o (g S - T ——
‘ et S
i N
~ ULJ Lug} U j s
U Lo WU RO reject water (UPM1) RO reiect
fad D W2 % reject water (UPM1)
JL’Q f \_\/ A
SV IENE W WY W i JRO.reject water (TeVe) \\*\%—.. ;
S S M A RO reject water (TeVe)
) ﬁ } \\‘w\\ N s U N
A A A _ S
R._/L W LY VALY O S U VO, wéﬁwdter% \__“ e J-w/\\/ N Seawater 3%
| | | N T
r/ F
~ ) J ““/\\
| I o Ul sewater 2x “_ N Seawater 2x
Lo | N
U AU M N MLJV JuUL S Seawater 1x \"/\_‘w \___,_,..Jl
’ { \\W 7 A Seawater 1x
, .
S LL.J L LJVJ\N/ULJU A . U J i, Deionized water \‘”/\\\~ W’
h AN ioni
Y Y v v It ’ .. Deionized water
T d T T T ¥ T & T T T T T i T T T T 1 T T T T T T T T T 1
35 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
2(0)
VZeolite X ¥ Linde B zeolite % Magadiite Y C-S-H 98 Calcium iron sulfate hydrate @ Hydrotalcite X Hydrocalumite
v v 4 M W e
v vy 5y v e *
Y
1 e A A A RO reject water (UPM2)
A
N
vamudqu »v//\'v\«\/w‘l‘{g‘rg&n_watcr (UPM1)
\/\-—W
e A M RO reject water (TeVe)
\\
\\‘w\ A
A T Seawater 3x
\\"s
L
e st
\
\"—\_..\/
T T —— ./v/\‘\\___‘\j‘eawaler 1x
\\«..
i
i v"\. - w,/ NS Deionized water
rm—r——— 1T 1 1 1 1 1 1T 1
S 10 15 20 25 30 35 40 45 50

2(0)

W Zeolite X :@:Calcium mordenite

¥*C-S-H % Clinotobermorite W Hydrocalumite

Fig. 1. XRD patterns of (A) low-Ca, (B) high-Ca, and (C) medium-Ca systems. The phases with red symbols were not observed in the reference sample prepared with

deionized water.
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the MKS3 sample (i.e., with the highest water salinity) was LSX zeolite
(NageAlgeSigs0384:384.3H20). Another phase formed in all low-Ca
AAMs is magadiite (Na(SiO2)¢(OH), PDF no. 01-073-8410). Magadiite
peak intensities decreased systematically when the salinity of synthetic
seawater increased and disappeared completely in the MKS3 sample.
Magadiite is formed by the self-condensation of soluble silicates, which
are not involved in the formation of alkali-activated gels [25]. Thus, this
result implied that silicate availability was enhanced for the alkali-
activated gels (and possibly for the zeolite phases, as mentioned
above) upon increasing salinity.

The XRD patterns of high-Ca system AAMs indicated the presence of
a calcium silicate hydrate (Ca0-SiO2-H20, i.e., C-S-H, PDF no. 00-034-
0002) (Fig. 1B). C-S-H is one of the main binding phases commonly
encountered in alkali-activated high-Ca systems, such as when using BFS
as a raw material and NaOH as an activator [10,47]. Additional Ca®t
was also provided by the high-salinity waters. C-S-H is a hydrated
defective tobermorite analog with a nanocrystalline structure. While
two silica pairs with the calcium oxide sheet, the third silica occupies a
bridging position, not directly connecting to the calcium oxide sheet
[26]. In comparison with natural zeolites, C-S-H products have a lower
cation exchange capacity [27]. However, the C-S-H gel can physisorb
chloride ions [28]. Hydrotalcite (MggAlo(OH)14-4H20, PDF no. 00-014-
0191) was another phase present in all high-Ca samples. This phase is
formed because of the high magnesium content of BFS [29]. Alkali-
activated BFS can also contain hydrotalcite-like phases that are unde-
tectable by XRD because of their poor crystallinity [30]. When the
highest-salinity water was used (i.e., sample BFSS3), hydrocalumite
(CagAl;04Cly-10H20, PDF no. 00-019-0202) was formed, indicating
partial chemical binding of chloride to the newly formed crystalline
minerals. Layered double hydroxide (LDH) structures (i.e., hydrotalcite
and hydrocalumite) are well known to uptake anions into their inter-
layer space [31]. In addition, calcium iron sulfate hydrate
(CagFe2S209-12(H20), PDF no. 00-044-0601) which have been
concluded to have spectral similarities to ettringite in an earlier AAM
study was identified [48]. The source of iron for this phase could be the
trace amounts of metallic iron present in BFS or contamination from the
steel molds used for casting the samples.

In the medium-Ca system (Fig. 1C), the samples prepared with RO
reject concentrates (i.e., 3M7BRT, 3M7BR1, and 3M7BR2) were more
crystalline than those prepared with deionized water or synthetic
seawater (i.e., 3M7B, 3M7BS1, 3M7BS2, or 3M7BS3). Similar to the low-
Ca system, the zeolite X phase is present in all medium-Ca system
samples. One of the phases formed with RO reject waters was clinoto-
bermorite ([Ca4SigO17-2H20]-(Ca-3H50), PDF no. 00-045-1479), which
is a crystalline monoclinic form of C-S-H. Therefore, a possible expla-
nation for the sharper peaks of clinotobermorite observed with pastes
prepared with RO reject waters compared with samples prepared with
deionized water and seawater could be the larger amount of dissolved
calcium in RO reject water (especially RO reject from mining industry)
than in seawater or deionized water. In addition to clinotobermorite, C-
S-H phase appeared in all medium-Ca samples. In Table 2, the amount of
sodium compared with that of Ca?" in reject waters is lower than that in
seawater. Similarly, as with the high-Ca system, a hydrocalumite phase
was formed in the 3M7BS2 and 3M7BS3 samples. Calcium mordenite
(CaAl;,Si;g024-7H20) (PDF no. 00-011-0155) zeolite was also identified
in all sample patterns with sharper peaks in 3M7BRT, 3M7BR1, and
3M7BR2.

3.1.2. Efflorescence formation

The efflorescence formation on the samples prepared using deionized
water and seawater with 3x concentration (shown in Fig. 2) indicated
that ions (e.g., Na™ and OH ") could migrate freely to the surface of the
sample upon capillary action and react with CO5 from the atmosphere.
In general, this phenomenon can be encountered when using a highly
concentrated alkali activator. However, in this study, the commonly
used design criteria of AAMs were used: the molar ratio of Al/Na was >1
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MK4

BFS2

MKS3

Fig. 2. Efflorescence formation on paste samples (50 x 50 x 50 mm?>) prepared
with deionized water (MK4, BFS2, and 3M7B) or simulated seawater (3x
concentration) (MKS3, BFSS3, and 3M7BS3).

for the MK-based mix designs and the Na;O equivalent was <5.5 wt% of
the precursor for the BFS-based mix designs [49,50]. However, previous
studies have indicated that the efflorescence formation does not cause
durability issues but mainly affects the appearance of AAMs [51].

When using deionized water, the efflorescence consisted of
commonly encountered sodium carbonate (Na;CO3) and sodium bicar-
bonate (NaHCO3) in all samples. However, in the low-Ca system, the
efflorescence also contained sodium chloride (NaCl) in MKS2, MKS3,
and 3M7BS2, whereas sodium sulfate (Na;SO4) was formed in 3M7BS3
(Fig. S3 in the supplementary material) indicating that in the matrix,
there were no phases that were able to immobilize chloride or sulfate
anions effectively. In the high-Ca system, there were no phases other
than NapCOs; and NaHCOs, even when using high-salinity waters.
Moreover, the efflorescence formation was clearly less intense with
simulated seawater (3x concentration) than with deionized water or
low and medium-Ca samples. A possible explanation is that using BFS as
a precursor in the AAM preparation may lead to a smaller porosity than
with MK or MK/BFS, which decreases efflorescence formation [32].
Additionally, the formation of hydrocalumite with high-salinity water
may further decrease porosity. The high-Ca system was also able to bind
salt ions more stably (as indicate by the lack of NaCl), likely due to the
formation of LDH and C-S-H phases with anion adsorption properties
(Fig. 1). In the medium-Ca system, NaCl phases were observed by XRD
analysis of efflorescence (Fig. S3 in the supplementary material). In
these samples, the mineralogy is a mixture of low and high-Ca systems
(Fig. 1C); thus, the low-Ca phases (zeolite and zeolite-like phases) are
unable to immobilize chloride. Moreover, the medium-Ca sample pre-
pared with deionized water exhibited cracks, indicating low durability
when in contact with water.

3.1.3. Leaching experiments on monolithic samples

The leaching experiments on monolithic samples were used to assess
whether the salts can migrate out of the AAM structures when exposed to
water. Here, only the high-Ca mix design is considered (because of the
promising performance in the efflorescence test), and the most highly
concentrated water type (i.e., seawater with 3x concentration) is
compared with deionized water. The leaching of the main elements or
ions, that is, Ca™, Na*, SO%’, and Cl™ (as weight percentage of the total
element amount in the mix designs) are shown in Fig. 3.

The leaching of Ca®*, Na*, and SO3~ from the sample prepared with
seawater with 3x concentration (i.e., BFSS3) is either lower or on a
similar level when compared with that from the sample prepared with
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Fig. 3. Leached amount (as weight%) of elements and ions in (A) BFS2 and (B) BFSS3. The leached amount was calculated as the ratio of the weight of the element or
ion in the solution after the leaching test to the total weight of the element or ion in the paste sample.

deionized water (i.e., BFS2). This indicates that the nano/microstructure
of BFSS3 hinders the mobility of Ca®*, Na*, and SO3 as supported by
the efflorescence formation. When comparing the crushed and mono-
lithic samples, the former has higher leaching than the latter due to its
large exposed surface area.

For ClI7, <2 % (monolithic sample) and 7 % (crushed sample;
Table S1 in the supplementary material) leached out of the material
prepared with seawater (3x concentration), which indicates very effi-
cient immobilization. Some of the Cl™ ions were likely taken up by
hydrocalumite or hydrotalcite (which were identified by XRD) via anion
exchange [31].

SO%’ was also stabilized effectively (maximum 0.05 wt% leaching).
Part of SO%’ is immobilized into calcium iron sulfate hydrate (Fig. 1)
with low water solubility. Therefore, increasing the BFS content (i.e.,
source of Ca®") in the matrix can be a practical way to stabilize sulfate
[33].

The leaching of Ca?" is lower in the BFSS3 sample than in the
reference sample (i.e., BFS2). Ca®" is a crucial element in the C—(A)-S-H
gel, and its incorporation is stable. This stability ensures that the release
of Ca®" from the gel is limited [17]. An additional sink of Ca* could be
the hydrocalumite phase, as identified by XRD.

The leaching of Na™ is higher than that of other elements. In general,
Na' is associated with its ability to compensate for charge with tetra-
hedral AI®* sites (i.e., [Al04]7) in AAM systems. The leaching of Na™
indicates that the alkali activator might have been too concentrated,
even though the binder was designed according to guidelines, as stated
above.

3.1.4. Pore solution

The high-Ca samples prepared with deionized water (i.e., BFS2) and
seawater with 3x concentration (i.e., BFSS3) were chosen for pore so-
lution extraction, which was performed from 1, 7, and 28-day cured
samples. As BFS dissolves in the NaOH solution and new mineral phases
are formed, either water from the activator is chemically bound into the
reaction products (i.e., hydration occurs), or it remains as free (or
evaporable) water forming the pore solution. Pore solution analysis

provides information about the dissolved ions remaining physically
immobilized in the AAM matrix in free water.

The concentration of Ca?" was low in the pore solution of both
samples (BFS2 and BFSS3), indicating that the formed gel phases
effectively incorporated Ca* ions from both the dissolved precursor and
seawater, as can be seen from Table 4. The concentration of Na™ is only
approximately 600-900 mg/L higher in BFSS3 than in BFS2 (in the
latter, the Na™ source is only the alkali activator). This is significantly
lower than the initial concentration of seawater (which was ~25000 mg
Na™/L); thus, >96 % of Na™ is incorporated into the solid phases either
as a part of the chemical structure or adsorbed upon the surface. The
same applies for Cl~, where the concentration is approximately 98 %
lower than that in the seawater pristine solution. For SO?{, the differ-
ence between BFS2 and BFSS3 is unclear because there was fluctuation
in the concentrations of BFS2 over time. Overall, the temporal trends
indicated a decrease in the Na™ concentration with BFS2, whereas with
BFSS3, the concentrations of Na*, C1~, and SO%’ appear to increase as
the curing time increased. Unfortunately, it was not possible to extract
any pore solution from the 28-day-cured BFSS3 sample due to blocked
pores or a less porous microstructure.

Interestingly, the pH of BFSS3 appears to be higher than that of BFS2
at the 1-day age, even though both BFS2 and BFSS3 were prepared with
a similar concentration of NaOH. The pH of the pore solution reflects the
conditions during the alkali activation process where OH™ ions act
catalytically [34] and higher pH enhances the dissolution of the
aluminosilicate precursor [35,36]. The higher pH of the BFSS3 pore
solution may be reflected in the higher early age (1 and 7 day)
compressive strength of BFSS3 compared with that of BFS2 (Fig. 5).

3.1.5. Elemental mapping of the binders

Elemental mapping (Fig. 4) was conducted to visualize the changes
in binder compositions when changing the water type. In the low-Ca
system (other samples than MKR2), the increase in water salinity and
the use of RO reject waters result in a more even distribution of AI** and
Si**, indicating an enhanced dissolution of MK. This can be observed by
more intense yellow color (i.e., approx. 10 or 18 % of Si and Al,

Table 4
Compositions of pore solutions of high-Ca paste prepared with deionized water (i.e., BFS2) and triple concentrated seawater (i.e., BFSS3) over time.
Time (day) BFS2 BFSS3
Ca®* (mg/L) Na® (mg/L) Cl~ (mg/L) SO7~ (mg/L) pH Ca®* (mg/L) Na™ (mg/L) Cl™ (mg/L) S0%™ (mg/L) pH
1 <0.5 780 <2.5 100 121 <0.5 1400 1100 170 12.3
7 <0.25 750 <25 58 12.1 <0.27 1600 1200 180 12.2
28 0.24 680 <25 190 12.5 - - - - -
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respectively) distribution. According to the Cl~ and Na' maps, the
highest concentrations of these elements in the MKS1, MKS2, and MKS3
samples appear in the same areas, confirming the presence of NaCl.

In the high-Ca system (i.e., BFS), the most obvious changes upon
increasing the salt content are an increase in the binder Ca%* content and
a decrease in the Si** content. Interestingly, there are Na-rich areas in
the elemental maps, which are not accompanied by high Cl™ or S con-
tents, indicating that the gel itself has taken up Na* or that carbonated
phases exist. In particular, BFSS1, BFSS2, and BFSS3, Cl™ is present in
the same areas as Ca>* and AI**, which is likely related to the presence
of the hydrocalumite phase.

In the medium-Ca system (i.e., a mixture of MK and BFS), the
dissolution of AI>* and Si*" might have been enhanced, as can be proven
by the high overall concentrations of these elements in the binder.
Interestingly, the Ca?" content in the binder is much higher with

3M7BR2 compared with other samples. Ca®*, AI**, and Cl~ are present

in the same areas, which is evidence of the existence of the hydro-
calumite phase, as observed using XRD.

3.2. Evaluation of binders as construction materials

3.2.1. Compressive strength results

Curing times of 1 and 7 days using simulated seawater solutions in
the mix designs led to an increase in compressive strength for all pre-
cursors compared with that of samples prepared with deionized water
(Fig. 5). Alkali activator composition affects the mechanical properties
of AAMs by influencing their dissolution behavior [37]. A possible
explanation for dissolution improvement is the enhanced dissolution of
precursors upon using saltwater due to mechanisms similar to those
using sodium sulfate-based alkali activators [38]. The exact mechanism
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of sulfate-based alkali activation is unclear in the literature, but one
hypothesis could be the enhanced formation of Ca%*-S0O%~ ion-pair
complexes at high SO3~ concentration, which may drive the enhanced
dissolution of Ca-rich precursors, such as BFS. The formation of
Ca2t-S03~ ion-pair complexes may be considered an intermediate step
before the nucleation of solid phases [39]. There is a correlation be-
tween the presence of Cl~, S03~, and Na™ ions and the acceleration of
gel formation, as well as the pore-filling effects from the crystallization
of salts that may also contribute to the initial compressive strength
enhancement [40,41].

The compressive strength of 28-day-old hardened samples prepared
with high-salinity water is lower than that of the reference sample
prepared with deionized water in low and high-Ca systems. Criado et al.
[42], who used sodium sulfate as an alkali activator to prepare AAMs
based on low-Ca fly ash, concluded that sodium sulfate promotes crys-
tallization of zeolites by changing reaction kinetics and interrupting gel
formation, resulting in a low mechanical strength development. After
28 days, the compressive strength did not differ as clearly as it did
compared with that of the reference sample at 7 days, possibly due to the
negative effects (i.e., delay or interruption of gel formation) of the salts.
In the case of the medium-Ca system, pastes prepared using high-salinity
water had higher compressive strength than the reference samples after
28 days of curing.

One practical application of the developed binders could be as a mine
backfill material, which can be used to refill excavated holes or tunnel

sections in mines. Mines frequently utilize the RO process to treat their
wastewaters, which results in the formation of RO reject waters. If the
mine is located inland, the disposal of the reject water may be expensive
or otherwise unfeasible. The final compressive strength of a backfill
material can range from 0.2 to 5 MPa [43]. The materials tested here
were not based on standard-sized specimens and did not contain any
sand or coarse aggregates; thus, the compressive strength cannot be
directly compared with that reported in the literature. Nevertheless, the
compressive strength of the samples is encouraging because concrete
samples typically have higher strength than paste or mortar [44].

3.2.2. Setting time

The setting time for all pastes prepared with high-salinity water
increased in comparison with that for reference samples prepared with
deionized water (Fig. 6). According to Rattanasak et al. [45], the
increased amount of sulfate could cause a delay in the setting time. In
their study, calcium aluminate formed ettringite on the surface of pre-
cursor particles, decreasing the dissolution of silica and alumina and
resulting in delayed paste setting [45]. The XRD analysis for this study
does not show ettringite, but this may be due to the low quantity of this
phase. Sulfate can be additionally adsorbed on the reactive sites on the
precursor surface which can delay the setting.

As an end-of-life scenario for construction materials, crushed sam-
ples can be evaluated by leaching experiments and compared with the
European Council Decision 2003/33/EC (2003) (criteria and procedures
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for the acceptance of waste at landfills). Of the parameters listed in the
landfill criteria, only Cl~ and SO%’ are relevant to this study. Their
leaching values (as mg/kg, shown in Table S1 in the supplementary
material) define waste materials as inert, nonhazardous, or hazardous.
According to the classification, the low and medium-Ca samples do not
pass the leaching values of sulfate and chloride for inert waste, and they
are nonhazardous wastes. Conversely, the high-Ca samples could be
classified as inert waste.

4. Conclusions

In this study, a novel concept of immobilizing RO reject waters into
an alkali-activated matrix was studied. The aims were to identify the
most feasible binder chemistry (from low, medium, or high-Ca®* gel
compositions), understand the immobilization mechanism of salts, and
evaluate the suitability of the materials for construction applications (e.
g., as mine backfill material).

The following conclusions can be drawn:

(1) The high-Ca system (i.e., BFS as a precursor) performed better
overall than the low-Ca system (i.e., prepared with MK) or
medium-Ca system (i.e., prepared with a mixture of slag and MK)
from the viewpoint of salt immobilization.

(2) The XRD patterns indicated the formation of LDH phases and
hydrocalumite in the high-Ca system, zeolites in the low-Ca sys-
tem, and a mixture of those in the medium-Ca system. The LDH

phases likely contributed to the effective immobilization of an-
ions (e.g., C17) as indicated by efflorescence and leaching ex-
periments. Sulfate was also immobilized into the calcium sulfate
phase in the high-Ca system.

(3) Pore solution analyses indicated that only a minor fraction of the
ions (Ca®™, Na™, CI™, and SO7") remained dissolved in free water.

(4) All paste samples exhibited robust compressive strength, making
them suitable for various construction applications, such as mine
backfilling. Additionally, the setting time increased with
increasing water salinity. The crushed low and medium-Ca and
high-Ca pastes could be classified as nonhazardous and inert
wastes, respectively, according to European Council Decision
2003/33/EC (2003).
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