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How brine composition affects fly ash reactions: the
influence of (cat-, an-)ion type

Marie Collin (*?), Dale P. Prentice (*?), Ross A. Arnold (?), Kirk Ellison (3), Dante A. Simonetti
(>*), Gaurav N. Sant (+258)

ABSTRACT

Hypersaline brines can be solidified and stabilized via the hydraulic and pozzolanic reactions
between fly ash(es) and calcium-based additives. While recent work has examined fly ash
reactivity in single-salt (“simple”) hypersaline brines (ionic strength, Im > 1 mol/L), the effects of
mixed-salt solutions on fly ash reactivity remain unclear. Herein, the reactivity of a Class C (CaO-
rich) or Class F (CaO-poor) fly ash mixture with Ca(OH): is reacted in NaCl, CaCl,, MgCly, and/or
Na»SOas-bearing solutions, for 1.5 < I, £ 2.25 mol/L, from 1-week until 24-weeks. Expectedly,
sulfate anions promote the formation of sulfate phases (i.e., ettringite, monosulfoaluminate, U-
phase), while chloride anions induce the formation of CI-AFm compounds (i.e., Kuzel’s and
Friedel’s salt). While the Class C fly ash’s reactivity is similar across different anions (for a fixed
cation, and /m), Class F fly ash shows a small change in reactivity depending on the anion
present. NaCl suppresses (Class C and Class F) fly ash reactivity by up to 30% as compared to
neat CaCl, and MgCl,-based brines. Thermodynamic modeling reveals that NaCl induces a
considerable increase in pH — up to 13.7, where many hydrated phases of interest cease to be
the major phase expected — as compared to CaCl, and MgCl; brines (pH < 13). In a mixed-salt
brines, anion immobilization is competitive: sulfate achieves a greater level of incorporation
into the hydrates, as compared to chloride. These results offer new understanding of how the
brine composition affects solidification and stabilization, and thereby yield new insight into
improved approaches for wastewater disposal.

Keywords: Fly ash; hypersaline brine; solidification and stabilization; thermodynamic modeling;
chemical reactivity

INTRODUCTION AND BACKGROUND

Diverse sectors are working to fulfill zero-liquid discharge (ZLD) guidelines. Liquid waste streams
from agriculture, industry, mining, municipal, electricity generation, and produced water can
contain high levels of dissolved salts (0-to-5 mol/L of total dissolved solids: TDS).™ Depending
on the waste stream type, these salts may include alkali and alkaline-earth cations, halide
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anions, as well as heavy metals. While multiple approaches have been developed to
significantly reduce the volume of liquid waste produced and to maximize water recycling, the
hypersaline solutions that are left behind — referred to as brines hereafter due to their high salt
content (ionic strength, Im > 1 mol/L) — requires further treatment to fulfill ZLD guidelines.'™

Solidification and stabilization (S&S) processes ensure the safe disposal of wastewaters by their
encapsulation in a solid matrix.®’ Here, the brine reacts with a binder to form a cemented solid
that retains the salts originally present in the brine.®’ The salts may be trapped by sorption
and/or by structural incorporation into the hydrated phases, 810, or by their precipitation (e.g.,
for heavy metals).!* Additionally, the physical solidification of the cementitious matrix results in
the formation of a solid with a low porosity and low permeability, which reduces the transport
propensity of the contaminants.? Diverse cementitious binder formulations have been
considered for S&S applications.'*'* A common cement replacement material, fly ash — which is
a co-product of coal combustion — is of particular interest. Fly ashes feature: (1) low-cost, and
(2) a low(er)-carbon footprint as compared to Ordinary Portland Cement (OPC). When a fly ash
is mixed with a calcium-containing additive (e.g., lime and/or various types of cement) and
water, the resulting pozzolanic reaction produces a cemented solid composed of calcium-
silicate-hydrates (C-S-H); e.g., similar to those formed during OPC hydration.®”3 Using a large
fraction of fly ash and a low fraction of Ca-rich additive thus presents advantages in terms of
both cost and CO>-footprint.1>16

A well-performing binder immobilizes dissolved species present in the brine.®1316 Most brines
contain significant level of cations (sodium, calcium, magnesium, etc.) and anions (chloride,
sulfate, etc.), as well as heavy metals (e.g., selenium). Depending on the waste stream
considered, their SO4? and CI contents may vary significantly.’ Both SO4? and CI- strongly
affect the phase assemblage that forms due to their capacity for uptake in the Al;03-Fe,0s-
mono and -tri phases (AFm and AFt, respectively), as well as other layered double hydroxides
(LDHs; i.e., hydrotalcite compounds). SO4% is incorporated in ettringite (an AFt phase of general
formula CasAl2(SO4)3(0OH)12:26H,0) and/or monosulfoaluminate (an AFm phase of general
formula CasAlz(SO4)(OH)12-6H20) depending on the SO4%/Al ratio of the system.?’=%° Similarly,
Cl is typically incorporated in Kuzel’s salt (Ca;Al(OH)s[Cl, SO4, OH]-2H20) and/or Friedel’s salt
(Ca2Al(OH)6[CI,OH]-2H20), both of which will be referred to as “CI-AFm phases” hereafter.20-24
Additionally, CI- might physisorb onto the C-S-H phases.?>~? Cations may physisorb, or be
incorporated in the hydrated phases. For example, while Ca%* is incorporated in the AFm and/or
AFt phases, as well as in C-S-H, Na* which is often present in abundance in a brine is typically
only physisorbed or remains mobile in the pore solution. The more consequential uptake of
anions as compared to cations results in the formation of OH™ anions to maintain
electroneutrality of the solution. This can result in a strong increase in the solution pH as anions
in the brine (e.g., CI') are taken up into the solid phases.?®

Because of differences in the solution chemistry (brine composition), the fly ash composition,
and the solid hydrates formed, the fly ash’s degree of reaction can vary significantly. A previous
study showed that increasing Class F fly ash reactivity was observed with increasing NaCl and
CaCl, concentrations, although the effect of the latter is more pronounced than the former.28 In
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contrast, while high CaCl, concentrations resulted in enhanced Class C fly ash reactivity, NaCl
was shown to strongly inhibit Class C fly ash reactivity since the pore solution pH exceeded the
stability limits such that the persistence of the CI-AFm phases was compromised.?® But, this
prior study did not assess: (1) If the effect of Na* on pH amplification of the pore solution is
similar if SO4%" is the predominant anion (i.e., rather than Cl")?, (2) How other cations (e.g. Mg?*)
result in differences in hydrate composition, and solution chemistry vis-a-vis Na* and Ca?*?, and
(3) How is fly ash reactivity altered in mixed-salt brines; i.e., rather than single-salt ‘model’
brines??® With this focus in mind, this work examines the reactions of a Ca-rich (Class C) and a
Ca-poor (Class F) fly ash in mixed-ion/salt brines. Special attention is paid to assess the
evolution of the solid phase assemblages and fly using an experimental and thermodynamic
modeling approach. The outcomes provide new insights on the effects of the cations and
anions present in mixed-salt brines to ensure optimal brine encapsulation.

MATERIALS AND METHODS

Raw material characterization

A Class C and a Class F fly ash as detailed in Collin et al.,?® were used herein. Their bulk oxide
composition is detailed in Table 1. The particle size distribution of both Class C and Class F fly
ash were measured by laser scattering (Beckman Coulter light scattering analyzer LS13-320)
using isopropanol and sonication for optimal particle dispersion. The results of the
measurement are shown in Table 1.

Table 1. The simple oxide compositions of the Class C and the Class F fly ash, including both
crystalline and amorphous phases, as measured by X-ray fluorescence (mass %). The particle
size distribution results, as measured by laser scattering.

Bulk oxide compositions (mass %)

Class C Class F
Cao 28.0 4.0
MgO 7.2 0.9
Al;03 18.5 20.7
SiO2 32.1 52.0
SOs 3.0 0.8
Fe203 5.3 14.6
Na.0 1.8 1.4
K20 04 2.4
Others 3.7 3.2

Total 100.0 100.0

Particle size distribution (um)

Class C Class F
dio value 0.1 0.2
dsp value 1.3 2.7
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14.3

dgo value 7.4

Each fly ash was embedded in epoxy (Epotek 353ND) following the protocol of Chancey et al.,?®
and then polished using sequentially finer grades of SiC sandpaper (grit numbers 400, 600, 800,
and 1200) and sequentially finer grades of diamond paste (6, 3, and 1 um). The samples were
analyzed using a Nova NanoSEM™ scanning electron microscope (SEM) equipped with an
Energy-dispersive X-ray spectroscopy (EDS) detector. The microscope was operated at 10 kV
accelerating voltage and 6 mm working distance. The acquisition and data treatment was
performed following a protocol similar to that of Durdziriski et al.3° Briefly, a magnification of
200 and an image resolution of 1024 x 768 were selected. EDS elemental mapping was carried
out using an EDS count rate >15000 and a dead time below 30%. The fastest dwell time (50 us)
was selected to reduce sample damage and to allow for a high number of scans within the time
frame of analysis. In total, 10 frames per samples were analyzed, allowing for the analysis of
more than 20,000 discrete particles. The count-maps were automatically converted into atomic
percentage-maps. The total acquisition and conversion time was estimated at 11 h per sample.

The compositional partitioning of the particles within the Ca-Al-Si (CAS) ternary system is
plotted in Figure 1 for both Class C (Figure 1a) and Class F fly ash (Figure 1b). The fly ash
composition was further separated into four categories (1 = silicate, 2 = Ca-silicate, 3 = Al-
silicate and 4 = Ca-Al-silicate) following the segmentation criteria proposed by Durdzinski et
al.3% The resulting repartitioning is detailed in Table 2. As expected, the Class F fly ash’s
composition repartition is narrow and mostly centered around Al-silicates, and silicates to a
lesser extent.3%31 In contrast, the Class C fly ash’s composition repartition is well distributed
within the 4 types of silicates, as seen previously.3%3! The average composition of the four
phases, calculated for both Class C and Class F, were found to be similar within error to that
calculated by Durdzinski et al.3°. While the segmentation criteria exclude some particles/areas
(Figure 1), the exclusions represent <4% of the total population (see Table 2).

Class C fly ash Class F fly ash

Density

Density

o

O a4 W a0 ® O

1.00

0.00 0.25 050 075
Al (at%)

(a) (b)
Figure 1. Al-Si-Ca ternary density plot (in atom %): (a) Class C and (b) Class F fly ash. The grey
areas encompass high intensity area and are excluded to allow for better visualization of the
other phases. White contours show the segmentation criteria as detailed by Durdziriski et al.3°

025 050 075
Al (at%)
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Table 2. A comparison of the four-phase populations that represent the amorphous content of
the Class C and Class F fly ashes (volume fraction [%] based on the total population).

1 - Silicate 2 — Ca-silicate 3 — Al-silicate |4 — Ca-Al-silicate Others
Class C 27.21 10.19 26.25 32.39 3.96
Class F 23.79 1.23 71.50 0.82 2.66

Simulated brines were prepared by dissolving analytical reagent (AR) grade NaCl, CaCl,-2H,0,
MgCl,-6H,0, and/or NaSO4 in deionized water (DIW) at room temperature under agitation to
obtain single-salt or mixed-salt brines as detailed in Table 3. Overall, an ionic strength of

1.5 mol/L was targeted for the single- and mixed-salt brines. However, the mixed NaCl + Na>SOa
brine’s ionic strength (2.25 mol/L) is higher due to the divalent sulfate anion’s contribution.

Table 3. The ionic compositions of the seven simulated brines studied herein.
Brine type Salt concentration (mol/L) Total ionic
NaCl CaCl, MgCl, Na,SO, | strength (mol/L)
NaCl 1.5 - - - 1.5
CaCly - 0.75 - - 1.5
MgCl, - - 0.75 - 1.5
NaxS04 - - - 0.75 1.5
NaCl + CaCl; 0.75 0.375 - - 1.5
CaCl, + MgCl, - 0.375 0.375 - 1.5
NaCl + Na;S04 0.75 - - 0.75 2.25

Cementitious formulations were prepared by combining 55 mass % of fly ash, 10 mass % of
Ca(OH);2 (>95% purity) and 35 mass % of brine (i.e., a liquid to solid ratio of 0.54). The
formulations were mixed for 45 s at 270 rpm and 1 min at 480 rpm at room temperature using
a high-shear immersion mixer. The pastes were poured in hermetically sealed plastic containers
and placed in temperature regulated chamber at 25 °C. Thereafter, samples were periodically
retrieved (after 1-week, 6-weeks, 12-weeks and 24-weeks of reaction), crushed to a size of <10
mm and immediately immersed in isopropanol (IPA) for a week to arrest any further reaction.?
The samples were then dried under vacuum for an additional week, following which they were
crushed, milled using an agate pestle and mortar and then sieved through a 300 um sieve prior
to additional characterization.

Cementitious material characterization

Thermogravimetric analysis: Thermogravimetric analysis (TGA) was performed using a Perkin
Elmer STA 8000 under a flow of ultra-high purity nitrogen using aluminum oxide crucible. A
heating ramp of 10 °C min~! was used between 35 and 950 °C, after 5 min equilibration at 35 °C.
The mass loss (TG) and the derivative mass loss (DTG) were both used to quantify the
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portlandite content, and the CI-AFm hydrated phases which decompose in the temperature
between =250-to-430 °C.3334

X-Ray diffraction: XRD analysis was performed using a PANalytical X'PertPro diffractometer (6-6
configuration, Cu-Ka radiation, A = 1.54 A) on powder samples containing 10 mass % ZnO
(99.99 mass % purity). The scans were acquired between 5° and 70° with a step-size of 0.02°
using an X’'Celerator 2 detector. In general, powdered samples were placed in the sample
holder and their surfaces gently textured to minimize the potential for preferred orientation.
Rietveld refinement of the samples was performed using Profex/BGMN software.3>3” The
following hydrated phases were identified: ettringite (ICSD #16045), monosulfoaluminate (ICSD
#100138), a magnesium-aluminum hydrotalcite-like phase (referred to as hydrotalcite,
hereafter, PDF #00-014-0525), katoite (ICSD #34227), Kuzel’s salt (PDF #00-019-0203), Friedel’s
salt (ICSD #62363), stratlingite (PDF #29-0285), and the U-phase whose peak position’s
correspond to that observed by Li et al.3®

Infrared spectroscopy: Solid-state attenuated total reflection Fourier-transform infrared
spectroscopy (ATR-FTIR) was performed using a Spectrum Two FT-IR Spectrometer (Perkin
Elmer). The powdered samples were pressed using around 90 N of force onto a diamond/ZnSe
composite crystal to ensure good contact and generate total internal reflection. The spectra
reported herein were obtained by averaging 4 scans over the wavenumber range of 4000-to-
400 cm™ at a resolution of 1 cm™.

Thermodynamic modeling: Thermodynamic modeling was carried out using GEM-Selektor v.3.6
(GEMS)3>4% which incorporates the slop98.dat and Cemdatal8 thermodynamic databases.*™4°
To represent the non-ideality of the solutions, the activity coefficients were calculated using the
Truesdell-Jones extension to the Debye-Hiickel equation:*®
—A,z2V1 Xiw
1+ dBy\/T Xw
where, y; is the activity coefficient and z; the charge of the i aqueous species, A, and B, are
temperature and pressure dependent coefficients, X;,, is the molar quantity of water, X, is the
total molar amount of the aqueous phase, and I is the molal ionic strength. A common ion size
parameter (a = 3.72 A) and a short-range interaction parameter (b, = 0.64 kg mol™) were
used, treating NaCl as the background electrolyte.*®*’ The system modelled (55 g of fly ash,
10 g of portlandite, and 35 g of brine) is equivalent to that studied experimentally. The ionic
strength I, of the modeled systems was chosen to range from 0.05 (DI-water) to 2.5 mol/L
(MgCl, and CaCl; systems). Conversely, while the limit of applicability of Equation (1) is fixed at
around 2 mol/L, previous comparisons of ion activities determined using Pitzer’s equations and
Equation (1) for simple Ca%*-, Na*-, and Cl-containing systems yields results within +30% for /m <
4 mol/L.13484 Given that I < 2.5 mol/L for all solution compositions considered herein, while
the quantitative accuracy of the predictions of phase equilibria would degrade for /Im > 2 mol/L,
qualitative indicators (e.g., the types, and relative abundance of phases formed) would
nevertheless continue to be relevant to the systems studied. As such, some uncertainty is
expected in the outputs of the simulations performed at the highest ionic strengths.394°

logi0vi = + b,I +logq, Equation (1)
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All phases used for the simulation, and to infer the degree of reaction of the fly ashes are
included in the slop98.dat and Cemdatal8 thermodynamic databases.**™* However, the U-
phase is not currently represented in these databases.”®>! Therefore, the U-phase’s properties
were estimated based on an additive method as detailed by Blanc et al,>? Hazen,>3 and Chermak
and Rimstidt.>* Briefly, the thermodynamic properties of structurally relevant hydrated
components of the U-phase such as: NaOH, Ca(OH),, CaS04.H,0, Al(OH)s, and H,0 were
estimated from the thermodynamic properties of a selection of structurally and chemically
similar phases from the slop98.dat, the Cemdatal8, and the Zeo19 thermodynamic
databases.**™#5% The Gibbs energy of formation (A¢G,qg), enthalpy of formation
(ArHyog),entropy (S;0g), and heat capacity (Cpyqg) of the U-phase (Table 4) were refined based
on the properties of the selected minerals. The molar volume (V°) was determined based on the
U-phase’s molar mass given the linear relationship observed between the molar mass and the
molar volume of the selected minerals.

Table 4. The thermodynamic properties of the U-phase as used in the GEMS simulations.
ve ArGrog | AfH, S; Cp;
Chemical Formula (Dosch et al.”®) 7298 7298 298 P29s
(em3/mol) | (kJ/mol) | (ki/mol) | (J/mol/K) | (J/mol/K)
4Ca0-0.9A1;03-1.1503-0.5Na20-16H,0| 34.86 -8936.34 |-9467.51| 968.16 1081.58

The fly ashes are considered to show fractional reactivity based on: (a) the lack of reaction of
the insoluble crystalline phases (e.g., quartz), (b) incomplete reaction of some partially soluble
crystalline and amorphous phases, and (c) complete consumption of the more-reactive
crystalline (e.g., CaS04) phases.?® The dissolution behavior of the amorphous phase was
estimated from the dissolution behavior of the four silicate phases making up more than 96% of
the amorphous content of the fly ash (Figure 1 and Table 2). The dissolution behavior of each
silicate phase as a function of the fly ash degree of reaction was calculated from the silicate
phases unreacted volume fraction evolution over time, as observed by Durdziriski et al.3, and
fitted using a quadratic equation (Figure 2a). The dissolution behavior of each major (Si, Al, Ca)
and minor (Fe, Na, K and S) element was then inferred for all the silicate phases using the
calculated quadratic equations, the silicate phases repartition (Table 2), and the silicate phases
average composition.3° The cumulative dissolution from the four phases was used to develop
element specific equations estimating the elemental dissolution as a function of the fly ash
degree of reaction. Al dissolution behavior calculation is provided as an example for Class C
(Figure 2b) and Class F fly ash (Figure 2c), showing (1) the contribution of each silicate phases
estimated from Figure 2a, and (2) the cumulative dissolution used to extract the dissolution
models of Al for Class C and Class F fly ash.
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Figure 2. The dissolution behavior of (a) the 4 silicate phases as a function of the fly ash degree
of reaction, calculated from the results of Durdziriski et al.3° The dissolution behavior of Al
from each silicate phase withing (b) the Class C and (c) the Class F fly ash.

From this assessment, it is inferred that the dissolution of the Class C fly ash is not congruent,
showing faster Al, Ca, and Mg release, and delayed Si release (Figure 3a and b). Quadratic
equations were developed for these four elements that exhibit incongruent behavior. The
dissolution of the other (minor) elements (Fe, Na, K and S) is nearly congruent, and is thus
modeled using a linear function. For the Class F fly ash (Figure 3c and d), the dissolution of all
elements (Al, Ca, Fe, Mg, Na, K, and S) except Si is near-congruent, while Si-dissolution follows
an incongruent/quadratic dissolution response. This approach of applying
congruent/incongruent dissolution, as appropriate to the phase of interest, significantly
improves the simulation of phase assemblages and phase ratios as compared to uniform
congruency assumptions.?®
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dissolution behavior
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Figure 3. The dissolution behavior of major (Ca, Al, and Si) and minor (Mg, Na, S, K, and Fe)
elements from the amorphous phase contained in: (a-b) Class C fly ash and (c-d) Class F fly ash,
as assessed following the method presented in Figure 2.

Finally, the degree of fly ash reaction at 7 to 168 days of reaction was inferred by analyzing
when the mass ratio of the crystalline phases (e.g., portlandite CH: Ca(OH)>) is equal to unity;
i.e., when the modeled quantity of the phases is equal to its content as established by
experimental, i.e., TGA and/or XRD assessments (e.g., when CHm/CHe = 1, where the subscripts
‘m’ and ‘e’ indicate modeled and experimental assessments).

Page 8




245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267

268
269
270
271
272

Prepared for Submission to Advances in Civil Engineering Materials (December 2021)

RESULTS AND DISCUSSION

Single-salt brines: Both Class C and Class F fly ash hydration in DIW, NaCl, or Na;SO4 brine result
in the formation of vastly different hydrated phase assemblages after 24-weeks of reaction
(Figure 4a and c, respectively). The Class C fly ash hydrated in DIW features
monosulfoaluminate (with SO4? contributed by the dissolution of CaSO4 from the fly ash),
hydrotalcite, katoite, and traces of stratlingite. The introduction of Na,SO4 destabilizes katoite
and monosulfoaluminate resulting in the formation of ettringite and the U-phase (a Na-
containing AFm phase of formula 4Ca0-0.9Al1,03-1.1503:0.5Na20-16H,0)38°6-°8 — while the
formation of stratlingite is unaffected. In contrast, introducing NaCl destabilizes all the phases
otherwise formed in DIW, and only Friedel’s salt, a Cl"-containing AFm phase forms instead.
Interestingly, if NaCl is replaced by CaCl, or MgCl, at equivalent anionic concentration,
stratlingite persists alongside Friedel’s salt, Kuzel’s salt and ettringite, showing again that alkali
and alkaline-earth cations differently affect the stable phase assemblage (Figure 4b). The Class
F fly ash system in DIW forms ettringite and monosulfoaluminate due to the fast dissolution of
CaS04 from the Class F fly ash (Figure 4c). In the presence of Na,SOs, the increased SO4*
content enhances the formation of ettringite at the expense of monosulfoaluminate (SO4%-
AFm). In contrast, in the presence of NaCl, all sulfate-bearing hydrated phases are replaced by
Friedel’s salt. A similar phase assemblage as the NaCl system is observed in CaCl; or MgCls-
containing brine systems, although the Friedel’s salt content is higher in these instances
compared to NaCl (Figure 4d and Figure S1), mainly due to differences in the pH of the pore
solution, as will be discussed below.

Class C - Anion effect Class C - Cation effect Class F - Anion effect Class F - Cation effect
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Figure 4. The hydrated assemblage — with a background subtraction — after 24-weeks of
hydration at 25 °C for the Class C fly ash (a) in NaCl and NaSO4 brines, and (b) in Cl-containing
brines (NaCl, CaCl, or MgCl,). Also shown is the Class F fly ash reacted (c) in NaCl and Na;SO4
brines, and (d) in Cl-containing brines (NaCl, CaCl, or MgCl;). Here, E = ettringite,

Ms = monosulfoaluminate, U = U-phase, FrS = Friedel’s salt, KzS = Kuzel’s salt,

HT = hydrotalcite, St = stratlingite and K = katoite.

The differences between the hydrated phase assemblages of Class C and Class F fly ash across
all brine types is unsurprising on account of differences in their composition, and their
(differing) reactivity in different solution environments. The higher Ca content in Class C fly ash
renders its amorphous component far more reactive; due to the reduced rigidity of its atomic
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network.31°9€0 Ag 3 result, a Class C fly ash will release greater amounts of Ca, Si, and Al over
time as compared to a Class F fly ash. This results in a decrease of the (anion)/Al ratio which
allows for: (1) higher anion uptake, and (2) the formation of a larger quantity of hydrated
phases. In the presence of a Na;SOa4 brine, for example, the formation of two SO4>-bearing
phases (ettringite and the U-phase) and stratlingite is observed in the Class C system, while only
ettringite forms in the Class F system. In Cl*-containing brines, the higher reactivity of Class C fly
ash leads to the formation of multiple hydrated phases in addition to CI-AFm compounds
(which forms in a larger quantity vis-a-vis the Class F fly ash system: see Figure S1), while in the
Class F fly ash system Friedel’s salt is the major phase formed along with a minor amount of
ettringite.

Finally, as expected from the pozzolanic reaction between the fly ashes and portlandite, both
Class C and Class F fly ash hydration results in the formation of an amorphous calcium-silicate-
hydrate (C-S-H) phase, as attested by the IR spectra (Figure 5) showing a distinct peak around
960 cm™.51 The peak position and shape suggest aluminum and magnesium incorporation.5%62
Overall, the C-S-H peak intensity does not significantly vary across all brine compositions
studied, indicating that the amount of C-S-H formed is similar across brine compositions. But,
the C-S-H peak position shifts to higher wavenumbers in MgCl; and CaCl; systems compared to
DIW, NaCl and Na;S04, which suggest enhanced Ca?* and Mg?* incorporation in these systems
indicative of a potentially greater Ca/Si and Mg/Ca ratios herein.%62
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Figure 5. C-S-H formation as observed from IR spectroscopy analysis after 168 days of hydration
at 25 °C of the Class C fly ash (a) in NaCl and Na,SOa brines and (b) in Cl-containing brines
(NaCl, CaCl; or MgCl), and the Class F fly ash (c) in NaCl and Na;SOa brines and (d) in CI--
containing brines (NaCl, CaCl, or MgCly).

In general, the observed phase assemblages were successfully reproduced via thermodynamic
modeling. The modeled pore solution pH varied for Class C and Class F fly ashes (pH 12.9-13.9
for Class C fly ash, 12.0-13.8 for Class F fly ash) across the different brine compositions as
observed previously.?® For example, Na* incorporation in hydrated phases that occurs to a level
inferior to that of its corresponding charge-balancing anion in the native brine was previously
shown to induce a strong increase in pH to ensure electrolytic charge compensation NaCl-
containing solutions.?® The results displayed in Figure 6 demonstrate that a similar Na* effect is
observed in sulfate-containing brines. The effect is shown to be even stronger in sulfate-
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containing brines compared to chlorine-containing brines due to: a) a higher extent of SO4*
uptake (Figure S2), and b) the divalent nature of SO4?>" compared to Cl that requires a larger
amount of OH" formation to charge balance; resulting in higher pH. In contrast, alkaline-earth
cation-containing brines (Mg?* and Ca?*) show a lower pH compared to DIW system. This is
because, unlike Na*, divalent cations are more extensively incorporated into the hydrated
phases, e.g., AFm and AFt (Ca%* only) phases, and C-S-H (which incorporates both Mg?* and
Ca?*). The incorporation of cations to a level higher than that of their corresponding anions
induces the formation of H*, resulting in an inferior pH vis-a-vis the DIW systems. It is worth
noting that, for the Class C fly ash, in DIW, and univalent cation brines the increase in pH after
7-days shows minimal changes thereafter (Figure 6). In contrast, the pH rises from 12.0 to 12.9
for systems containing Ca?* and Mg?*-based brines as phase formation and phase
transformations continue to occur up to around 80 days of reaction. In the case of the Class F
fly ash, the pH and phase assemblage evolve across brine compositions up to 6-weeks of
reaction, after which they stabilize thereafter.

Class C fly ash Class F fly ash
[T R IR IS

15

15

© NacCl MgCl, © DIW © NacCl MgCl, © DIW
1 cacCl, o Na,SO, i 1 cacCl, o Na,SO, i

o—e—"6—9b

R Zaa

Pore solution pH
-
w
]
Pore solution pH
-
w
]
T

1 —T T T T 1 —T T T T
0 40 80 120 160 200 0 40 80 120 160 200
Time of hydration (days) Time of hydration (days)
(a) (b)

Figure 6. The modeled pH of the pore solution from 1- to 24-weeks of hydration at 25 °C for: (a)
the Class C fly ash and (b) the Class F fly.

The systems showing the lowest cation incorporation (NaCl and Na;S0a) also showed (1) the
highest pore solution pH (Figure 6) and (2) the lowest amount of hydrated phase formation
(Figure 4 and Figure S1), indicating the smallest extent of fly ash reaction (Figure 7) as
compared to the systems with a lower pH (DIW, CaCl, and MgCl,). This suggests that the high
pore solution pH (>13.4) may limit the formation of SO4%- and/or Cl-containing hydrated
phases whose formation is consequent with fly ash reaction (dissolution). Additionally, it is
possible that the lower amount of readily available cations to form AFm and/or C-S-H also
further limit the fly ash reactivity. For the Class C fly ash, all systems are still in excess of
portlandite (Figure S3), and the reduced reactivity is thus more likely related to pore solution
pH differences. The formation of Cl- or SO4% containing AFm or AFt phases is detrimental to the
formation of other hydrated phases (e.g. Katoite) unless a high enough pore solution pH is
reached, as observed in a previous study.?® As the amount of CI- or SO4? containing AFm or AFt
starts being restricted by the high pH, the overall amount of hydrated phases formed in NaCl
and Na;S0s is lower than (1) in DIW, and (2) in CaCl; and MgCls. Thus, both NaCl and NaSO4
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induce a strong decrease in the Class C fly ash’s extent of reaction at longer reaction times
(Figure 7a). The Cl-containing AFm and AFt formed in CaCl, and MgCl; are less constrained by
the pore solution pH, thus the amount of hydrated phases formed is equivalent to that formed
in DIW, resulting in a similar fly ash extent of reaction (Figure 7b). For Class F fly ash, ClI- or SO4*
containing AFm or AFt form in addition to the phases observed in DIW, thus, the reactivity in
brines is higher than in DIW regardless of the brine type (Figure 7c and d). The simultaneous
formation of Friedel’s salt and ettringite leads to a slightly higher extent of fly ash reaction with
NaCl than with Na>SOg; in the latter case only ettringite formation occurs. This suggests that, for
a fixed anion content, the fly ash reactivity may vary as a function of the anion type. The
amount of Friedel’s salt formed in NaCl is lower than in CaCl, and MgCl; either because of the
higher pore solution pH, and/or because the amount of Ca?* available is more limited, resulting
in a lower fly ash extent of reaction at longer reaction time. Finally, it is interesting to observe
that most of the fly ash reactions takes place within the first 6-weeks of hydration, while little
increase in reaction is observed at later times (see Figure 7).

Class C - anion effect Class C - cation effect Class F - anion effect Class F - cation effect
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Time of hydration (days) Time of hydration (days) Time of hydration (days) Time of hydration (days)
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Figure 7. The modeled extent of fly ash reaction over time at 25 °C for the Class C fly ash (a) in
NaCl and Na;SO4 brines, and (b) in Cl-containing brines (NaCl, CaCl, or MgCl,), and the Class F
fly ash (c) in NaCl and Na,SOs brines, and (d) in Cl*-containing brines (NaCl, CaCl, or MgCly).

The results confirm that both the type of anions directly affect the phase assemblage; and the
extent and type of formation of the AFm and AFt phases. On account of the ability of OH or
COs? to also form AFm-phases, the phases that form are expected to correspond with the site-
occupation preferences of AFm (and AFt) phases.®3%* While herein similar reactivity is observed
for the Class C fly ash across brine compositions, the results obtained for the Class F fly ash
suggest that, the anion(s) contained in the brine affect both the type and content of hydrated
phases that may form, and therefore affect the fly ash’s reactivity. The cations —and more
specifically the alkaline-earth cations — can also be incorporated in the hydrated phases. This
can strongly influence the pore solution pH, which in turn significantly affects the amount and
the type of phases formed in correspondence with their pH-based solubility compared to other
hydrated phases. The cations consequently affect fly ash reactivity more noticeably than the
anions, following the order Na* << Mg?* = Ca®*. This suggests that, in general, divalent
(polyvalent) cations more strongly affect fly ash reactivity than univalent cations on account of
the incorporation of the former within hydrated phases; while the latter mostly display
reversible surface sorption behavior.
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Mixed brines: The behavior of cations and anions was further assessed in mixed systems. First, a
mixed NaCl/Na;S04 system was compared to the single-NaCl and Na;SOa systems studied
above. For the Class C fly ash, the mixed-salt system’s phase assemblage after 24-weeks of
reaction is an intermediate of the phase assemblages obtained in single salt systems (Figure
8a). Specifically, while the formation of ettringite and the U-phase is observed, as is the case in
the single Na,S04 system, stratlingite is replaced by the formation of a small quantity of
Friedel’s salt. For the Class F fly ash, the mixed-salt system phase assemblage after 168 days is
similar to the single-salt Na;SO4 system (Figure 8b): ettringite forms preferentially, and no
Friedel’s salt formation is observed. The anions therefore show a competitive effect, with SO4>
incorporation into ettringite prevailing above ClI" incorporation into Friedel’s salt. This is
explained by ettringite’s low solubility, as attested by its solubility product (log Ks, = -44.9 at
room temperature)® which is substantially lower than that of Friedel’s salt (log Ksp = -27-28 at
room temperature);?4%6 which explains why SO incorporation prevails over Cl" in the Class F
system. This competitive effect between CI- and SO4% is less prevalent in the Class C system,
compared to the Class F system, due to (1) the Class C fly ash’s higher degree of reaction —
which mobilizes Ca-in solution allowing for higher anion incorporation into the Ca-based
hydrated phases (Figure S2), and (2) Friedel salt’s solubility being lower than that of stratlingite
(log Ksp = -20 at room temperature)®* as a result of which Friedel’s salt formation is preferred.

As a result of the competitive effect of the anions, the degree of reaction of Class F fly ash
(Figure 8d) in mixed-salt systems is similar to that of the single salt systems, despite the final
ionic strength being twice as high. A similar observation is made for Class C fly ash, despite
meaningful CI- and SO4% incorporation, due to the destabilization of stratlingite by Friedel’s salt.
These results suggest that the solubility and stability of the hydrated phases is more important
than the preference of anion incorporation into the hydrated phases. For example, competitive
uptake has been previously observed in AFm and Mg-Al-LDH phases.®’~%° And, while previous
studies have shown that for LDH phases, anion preference follows as CI- > NOs* > NO; > CO3% >
S04% > OH;, likely for both ion exchange and ion incorporation,®®7%7! herein SO4% incorporation
is shown to dominate on account of ettringite having a solubility that is much lower than
Friedel’s salt. This suggests that additional competitive effects could be observed if other anions
are present in the brine (e.g. COs’, Br’, F’); as the presence of such anions could provoke the
formation of other hydrated phases that might preferentially form if their solubility is lower
than that of Friedel’s salt and/or ettringite.?°

In mixed-cation systems (i.e., mixed NaCl/CaCl, or mixed CaCl,/MgCl, wherein [CI] = 1.5 mol/L),
the phase assemblage is observed to present a near-average of the single-salt phase
assemblages (see Figure 9). For example, the Class C systems display a phase assemblage for
the mixed NaCl/CaCl; brines (Figure 9a) that features the enhanced formation of Friedel’s salt
and ettringite, while the formation of stratlingite and Kuzel’s salt is suppressed. In contrast, the
phase assemblage resulting from mixed CaCl,/MgCl; brine is equivalent to the phase
assemblage formed from the single-salt CaCl, and MgCl; brines (Figure 9b). In the Class F fly ash
system, reaction in a mixed NaCl/CaCl; brine result in the formation of ettringite and Friedel’s
salt, similar to what is observed in single salt systems (Figure 9c). Here, the amount of Friedel’s
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salt formed is the arithmetic mean of that formed in the single salt systems (Figure S4). Finally,
as was the case for Class C fly ash, the phase assemblage resulting from mixed CaCl,/MgCl
brine encapsulation is similar to the phase assemblage formed from single CaCl, or MgCl; brines
(Figure 9d). These results suggest that cations show an “additive effect”, wherein the effect of
each cation can be summed, instead of a competitive effect where the effect of one cation
would prevail over the other. This assessment is further confirmed by the thermodynamic
modeling of the extent of fly ash reaction (Figure 9e to h): the extent of fly ash reaction in the
mixed-salts brines can be inferred from the single-salt brine systems by a “rule of mixtures”
type that is simply a function of the salt type and concentration:

[Salt 1]mixed brine

%
[Salt 1]single brine 1
[Salt 2]mixed brine

salt 2]single brine 2
In the case of mixed CaCl,/MgCl; systems, the measured degree of reaction is equivalent to that

calculated from the single-salt CaCl, and MgCl; systems. And, in the mixed NaCl/CaCl; systems,
the degree of reaction is an average of that of the single NaCl and CaCl, systems, as the CaCl,
system results in a higher extent of fly ash reaction than pure-NaCl system.

DR mixed brine = DR DIW + [DR single brine1 — DR DIW]
Equation (2)

+ [DR single brine2 — DR DIW] * [
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Figure 8. The phase assemblage — with background subtraction — after 24-weeks of reaction at
25 °C of (a) the Class C fly ash and (b) the Class F fly ash reacted in mixed-anion brines. The
modeled degree of fly ash degree over time for (c) the Class C fly ash and (d) the Class F fly ash.
Here, E = ettringite, U = U-phase, FrS = Friedel’s salt, and St = stratlingite. Here, the NaCl
system is interpolated to [ClI] = 0.75 M based on previous observations showing (1) a plateau
in the degree of fly ash reaction with increasing Cl" concentration >0.5 M for Class C fly ash, and
(2) a linear increase in the degree of fly ash reaction with increasing Cl" concentration for the
Class F fly ash.”?

The prevailing pH of the pore solution as induced by the uptake of cations, or anions and the
corresponding need for electroneutrality (of the solution) is identified to be a predominant
factor that affects the extent of Class C fly ash reaction.?272 The observations related to the
mixed-brine systems further confirm that hypothesis. Class C fly ash reactions are shown to
cease when the pore solution pH exceeds 13.6, while systems reacting in less caustic solutions
are noted to continue reacting (Figure S5a). This suggests that reaction rate controls are
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imposed in this case, not by the dissolution rate of the fly ash precursors, which is most often
rate limiting, but rather, the inability to preferentially form reaction products of interest in
these chemical environments. This indicates that: (1) pH ~ 13.6 corresponds to a limit for the Cl-
AFm phases preferential formation, and (2) said CI-AFm preferential formation is a major
driving force for fly ash reaction, conceivably more so than the classical hydration/pozzolanic
reactions. A reduction in the extent of reaction with increasing pH is notable, as silicate
dissolution increases with increasing pH.”>’® This highlights the fact that, although atypical in
most environments, in brine systems free of ordinary portland cement (OPC), hydrated phase
formation more prominently affects the extent of fly ash reacting than its own (silicate)
dissolution. The pH-effect on fly ash reaction is however less significant in the case of the Class
F fly ash because on account of a smaller amount of net-anion uptake from the brine, pH 13.6 is
not attained herein, as a result of which Class F reactivity, in general is higher in Cl*-containing
brines than in DIW.
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Figure 9. The phase assemblage and the extent of fly ash reaction after 24-weeks of reaction at
25 °C for the Class C fly ash reacting in (a) and (e) mixed CaCl, and NaCl brines and (b) and (f)
mixed CaCl, and MgCl; brines, and for the Class F fly ash in (c) and (g) mixed CaCl, and NacCl
brines and (d) and (h) mixed CaCl, and MgCl, brines. Here, E = ettringite, FrS = Friedel’s salt,
KzS = Kuzel’s salt, and St = stratlingite.

It should be noted that, both in Cl-containing and SO4>-containing systems wherein the pH
does not meet or exceed the 13.6 threshold, the reaction of the fly ash diminishes once
stratlingite forms (Class C fly ash, Figure 4a and b), or after portlandite is consumed (Class F fly
ash, see Figure S6). This suggests that, for Class C fly ash, CI-AFm and/or SO4%>-containing phase
formation is the driving force of the fly ash reactivity. Once these phases are destabilized,
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resulting in the formation of stratlingite, the solution conditions shift sufficiently such that fly
ash reactions cease. For Class F fly ash, while the formation of CI-AFm and/or SO4*-containing
phases promotes fly ash reaction (as demonstrated by the increase in reactivity compared to
the DIW system), the pozzolanic reaction promotes ongoing Class F fly ash reaction. But once
the portlandite is consumed, the pozzolanic reaction, and consumption of fly ash both ceases.

CONCLUSION

The type and abundance of cations and anions in a brine is shows to significantly affect both the
nature of phase assemblage formed, and the extent of fly ash reaction; over 24-weeks of
reaction at 25 °C. The presence of sulfate anions promotes the formation of
monosulfoaluminate and the U-phase in the presence of a Class C fly ash, and additionally
ettringite in the presence of a Class F fly ash — as the dominant phases. In contrast, chloride
anions promote the formation of Friedel’s and/or Kuzel’s salt. While here, the extent of
reaction of the fly ashes is shown to be similar at an equimolar anion content; varying the
anions present alters the extent of fly ash reacted on account of the different hydrated phases
that may form. For example, NaCl, CaCl,, and MgCl, containing brines all promote the
formation of CI-AFm compounds. However, NaCl results in a reduced extent of fly ash reaction
for both Class C and Class F fly ashes as compared to divalent cation brines. This effect is
particularly notable for the Class C fly ash that shows an extent of reaction lower than that
observed in DIW, due to the pH of the pore solution exceeding 13.6; where CI-AFm preferential
formation is compromised and which, in turn, halts ongoing fly ash reactions. These
observations thus suggest that the type of cation(s) is, both directly and indirectly, a main factor
of system reactivity, following the order Na* << Mg?* = Ca?*. When elevated pH is not the
limiting factor, Class C fly ash reactions are driven by CI-AFm and/or SO4?-containing phase
formation; unless stratlingite begins to form on account of the destabilization of the former
compounds. In the case of Class F fly ash, their reaction is affected by the pozzolanic reaction,
and a decrease of fly ash reactivity is observed once portlandite is consumed, whereby the
formation of C-S-H ceases.

In mixed-salt brines, the anions show a strong competitive effect where sulfate is preferentially
incorporated over chloride and is the dominant influence on fly ash reactivity. It is postulated
here that any type of anion that can occupy the interlayer positions of AFm and AFt phases
would display a similar competitive effect in relation to the interlayer site-occupation
preference for a given phase, and the relative solubility of the different phases; e.g., wherein
ettringite formation prevails above Friedel’s salt, and Friedel’s salt formation prevails above
stratlingite. The preferential incorporation order observed here (S04 > CI') therefore differs
from that typically observed within a select AFm/LDH-type phase (CI"> NOs* > NO; > CO3% >
S04% > OH), on account of ettringite having a solubility that is much lower than Friedel’s salt. In
contrast, the cations show an additive effect: the fly ash reactivity in the mixed-salt brines is an
average of that observed in the single-salt brines. Similar additive effect is expected across
diverse cation types, provided that their effect is similar to that of Na*, Ca?*, or Mg?*. As such,
while the mixing of cations is less important from a disposal perspective, mixed anion brines
pose a problem, in that anion will preferentially be encapsulated. For example, sulfate- and
chloride-containing brines are not ideal: sulfate incorporation will supplant chloride
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incorporation, which may enhance the potential of chloride release into the environment. New
understanding of this nature of both the additive and competitive effects of brine (ion)
components during encapsulation is crucial to enable enhanced and improved disposal of
wastewaters. These considerations will assist in fulfilling stringent regulatory standards and
reducing the risk of the release of contaminants into the surrounding environment.
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Figure S1. The CI-AFm phases mass loss — as measured by TGA — from 7 to 168 days of
hydration at 25 °C for (a) the Class C fly ash in single-salt brines, and (b) for the Class F fly in
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Figure S2. The amount of anion (CI- or SO4%) removed from the pore solution from 7 to
168 days of hydration at 25 °C (a) the Class C fly ash in single-salt brines, and (b) for the Class F
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Figure S3. The modeled portlandite consumption from 7 to 168 days of hydration at 25 °C for
(a) the Class C fly ash in single-salt brines, and (b) for the Class F fly in single-salt brines.

Page 23



705
706

707

Prepared for Submission to Advances in Civil Engineering Materials (December 2021)

Mixed-salt brines
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Figure S4. The CI-AFm phases mass loss — as measured by TGA — from 7 to 168 days of
hydration at 25 °C for the Class C fly ash in (a) single and mixed NaCl/CaCl; systems and (b)
single and mixed CaCl,/MgCl, systems, and the Class F fly in (c) single and mixed NaCl/CaCl,

systems and (d) single and mixed CaCl,/MgCl, systems.
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Figure S5. The modeled pH of the pore solution as a function of the fly ash degree of reaction
for (a) the Class C fly ash and (b) the Class F fly. The red line indicates the pH threshold after
which the Class C fly ash stops reacting. The red arrows are a visual guideline showing the

trend of decreasing fly ash DR with increasing pH.
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Figure S6. The modeled portlandite consumption from 7 to 168 days of hydration at 25 °C for
(a) the Class C fly ash in mixed-salt brines, and (b) for the Class F fly in mixed-salt brines.
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