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HIGHLIGHTS

e CaSO4 crystallization depends on sol-
vent molar concentration and molecular
volume.

e All solvents studied converge on a
continuous pseudo-clathrate solution
structure.

e Liquid DME bypasses the CaSO4 crys-
tallization induction period and in-
creases rate.

e Reduced DME pressures are found to
have advantages and disadvantages.
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GRAPHICAL ABSTRACT

ABSTRACT

To advance dimethyl ether-driven fractional crystallization (DME-FC), a more sustainable method of water
treatment and mineral recovery, a range of chemical equilibria were measured. These include varying concen-
trations of miscible organic solvents (MOS) used to experimentally measure the solvent-induced solid-liquid
equilibrium (SLE) of calcium sulfate (CaSO4) in water. Seven MOS, including dimethyl ether (DME), acetonitrile
(MeCN), 1,4-dioxane, tetrahydrofuran (THF), acetone, ethanol, and diethylamine, were screened to establish
trends associated with molecular volume, functional groups, and physical properties. The effect of MOS on CaSO4
removal differed at concentrations <0.15 mol fraction MOS; MOS with greater molecular volume (THF, 1,4-
dioxane, and diethylamine) induced greater CaSO4 precipitation on a per mole basis. The solvent-induced SLE
for all MOS converged between 0.15 and 0.2 mol fraction MOS, reaching a CaSO4 concentration consistent with a
water to MOS hydration ratio of 5:1 to 6:1, which may correspond to the solvent generating a solution-based
pseudo-clathrate structure with continuity within the solution. Solution pseudo-clathrate structures provide a
mechanistic basis for DME-FC.

1. Introduction

In light of surging demand for clean water, it is essential to develop a
range of water purification technologies with a low carbon footprint
[1,2]. Water softening [3] is an essential pretreatment for desalination

* Corresponding author.

as well as a standalone treatment; it is applied in residential and in-
dustrial settings (e.g., water cooling towers) when water contains too
much hardness (e.g., multivalent ions) with the potential to scale water
delivery systems (e.g., pipes, valves, and taps) or appliances (e.g., water
heaters and tea kettles).
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A phenomenological relative to water treatments (including water
softening) is hydrometallurgical mineral production. Hydrometallurgy
has the potential to be the most cost-, energy-, and carbon-efficient
method to recover many minerals from primary and recycled sources.
These minerals are required for batteries [4,5], magnets [6], and alloys
that underlie advanced technologies facilitating the net-carbon zero
transition.

Clean, atom-efficient separations that selectively crystallize salts
from solutions would benefit water softening and hydrometallurgical
fractionation of mineral salts [7-11]. Membrane [12-15], electro-
chemical [16-18], and ion exchange [19] softening processes are prone
to fouling and all produce liquid streams rich in hard ions that require
disposal. Chemical softening [18,20-22], such as base softening, usually
results in chemical consumption and creates waste, such as a sludge or
salt added to a brine byproduct. Solvent-based aqueous treatments
[23-31] isolate solids from liquids, a separation that is not generally
possible with membranes, often requiring capital- and energy-intensive
evaporative processes. Solvent-driven processes also avoid the chemical
consumption and waste associated with chemical softening or precipi-
tation.  Specifically, solvent-driven fractional crystallization
[24,26,27,32-35] selectively crystallizes salts from complex solutions
with no intrinsic chemical consumption or waste production, but has
historically suffered from fugitive/equilibrium losses of the solvent to
the product solution and solids [23]. Selecting dimethyl ether (DME) as
the crystallization agent resolves the shortcoming of solvent losses via
rapid and near complete recovery of DME, as facilitated by its high vapor
pressure and low enthalpy of vaporization. Advantages of dimethyl
ether-driven fractional crystallization (DME-FC) include high recovery
fractions (>95 %) for many salts and control of product composition
with minor temperature adjustments (~10 °C) [26]. DME-FC has the
potential to be a cleaner, greener, and more sustainable method to
protect the environment via water softening [24], isolating valuable
trace metals (waste valorization), as well as contributing to the hydro-
metallurgical production of minerals used in batteries and magnets [26]
needed to electrify infrastructure and achieve net-zero carbon goals.
However, the underlying chemical mechanisms of fractional crystalli-
zation with DME and other miscible organic solvents (MOSs) have not
been supported by experimental evidence.

When a MOS is initially added to a saturated sodium chloride (NaCl)
solution, a stoichiometric ratio of salt is precipitated [24,27]. Further
additions of MOS to highly soluble salt solutions (based on their molar
solubilities, e.g., NaCl, potassium chloride (KCl), and Magnesium
Chloride (MgCly)) produce varying precipitation yields depending on
the MOS. Some MOS result in diminishing stoichiometric salt removal
(salt: MOS) along the SLE, while others experience a salt-induced phase
separation of the MOS across a liquid-liquid equilibrium (LLE) [32-38].
In the case of moderately-to-sparingly soluble salts (based on molar
solubility, e.g., CaSO4, CoSO4, Smo(SO4)3), a substantial fraction is
removed (up to 98 %). However, with these high recoveries there is a
stoichiometric excess of MOS relative to salt [24,26,27]. This suggests
there are diminishing returns on salt precipitation as MOS concentra-
tions are increased; however, this has not been established
quantitatively.

DME-FC has potential to become a broad-spectrum softening agent,
precipitating many scalants without consuming chemicals or producing
additional waste, unlike other precipitation agents (bases, chemicals,
and other solvents) and ion-exchange processes. The amount of DME
required to treat a solution has effectively been an open question owing
to a lack of experimental data and limited understanding of the pre-
cipitation mechanism. Reduced DME use would lower the system pres-
sure and curtail the ratio of DME to treated solution, thereby reducing
capital and operational costs of DME-FC. Prior to this work, the impact
of varying DME pressure/concentration on the SLE of scalants has not
been explored and limited experimental data [39] has shown the in-
fluence of MOS on the solubility of sparingly soluble salts like CaSO4. As
such, there has previously been insufficient data to ascribe a separation

mechanism to organic solvent-driven precipitation of sparingly soluble
salts.

This work focuses on exploring the MOS-induced SLE of sparingly
soluble salts. In addition to optimizing the DME-FC softening process,
this may also be useful study to probe the reduced efficacy of solvent-
induced precipitation of highly soluble solutes as solvent concentra-
tion increases. The solvent-induced SLE of highly soluble salts is likely a
convolution of multiple mechanisms at high MOS concentrations. In
contrast, the behavior of sparingly soluble solutes may be a distinct
solvent-induced SLE mechanism independent of the stoichiometric SLE
mechanisms of highly soluble salts. In this work, CaSO4 was selected as
the salt of interest and the effects of DME, MeCN, ethanol (EtOH), 1,4-
dioxane, THF, acetone, and diethylamine on the concentration of
CaSO4 solution were explored. Based on the results, common trends
among the solvents were identified and an underlying mechanism
emerged. Additionally, as DME is currently under consideration for the
commercialization of solvent-driven fractional crystallization technol-
ogy, the dependence of DME concentration on CaSO4 precipitation rate
was also studied.

2. Materials and methods
2.1. DME variable pressure precipitation of CaSO4

In order to explore the impact of DME pressure on the CaSO4 pre-
cipitation, a purpose-built reactor was required, as DME is in gaseous
state at room temperature. A cylindrical jacketed glass reactor (Fig. 1)
capped with threaded Teflon plugs at both ends was used, and DME was
introduced to the reactor through a bore at the top Teflon cap. Before
transferring solutions to the reactor, the system was checked for leaks
using DME and purged three times with gaseous DME to remove
ambient air. The saturated CaSO4 solution was prepared by dissolving
ACS grade CaS04-2H30 in excess in 18.2 MQ Nanopure water obtained
from a PURELAB® Flex 1 system. 100 mL of saturated CaSO4 solution
was introduced to the reactor and liquid recirculated at a flow rate of
approximately 5 mL/s using a gear pump to produce mixing. Stainless-
steel mesh (316, 400 mesh, 0.0012"x48" roll, purchased from wires
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Fig. 1. Schematic representation of the reactor.
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creen.org, 400x400T0012W48T) was cut to size and placed inside the
reactor as a high surface area scaffold to encourage nucleation. DME was
introduced as a gas of gauge-defined partial pressure (12.4 psia to 72
psia using a Swagelok® 100 psi 316 stainless-steel pressure gauge)
controlled via a combination of pressure regulator and pressure relief
valve in all but one experiment where liquid DME was delivered in
excess at 74 psia at the initiation of the experiment. Literature data for
the pressure-dependent mole fractions of DME in water at 293 K [40]
were fitted to third-order polynomials. The polynomial and experi-
mental operating pressures were used to calculate a mole fraction of
DME in water for each experiment; this is displayed in Fig. SI1 in the
Supporting information section.

A small but continuous DME feed was supplied to maintain a
consistent pressure inside the reactor. The constant temperature of
293.15 K was maintained throughout the experiments with the assis-
tance of a temperature-controlled water bath recirculating water
through the glass jacket of the apparatus. To investigate the temporal
effects on CaSO4 removal, 2 mL samples were collected at different time
intervals. Solutions were filtered through 0.22 pm syringe filters (Nylon,
13 mm diameter) during the sample collection to exclude solid particles
from entering the sample that would subsequently experience ambient
pressure (conditions under which crystallized solids would redissolve
into the sample). The experiments were conducted until CaSO4 con-
centration of the solution did not vary with time.

2.2. CaSOy precipitation with liquid MOS

Varying weight percentages of THF, MeCN, 1,4-dioxane, ethanol,
acetone, and diethylamine were added to saturated CaSOj4 solutions. The
weight percentages for the MOS ranged from 5 to 50 wt% with the total
volume maintained at ~16 mL. After combining the CaSO4 solutions
with the MOS in a scintillation vial, the samples were left for a minimum
of three days before analysis. During this time, these solutions were
manually shaken at least once a day to ensure proper mixing. 5 mL al-
iquots from the solutions were filtered through 0.22 pm syringe filters
(Nylon, 13 mm diameter) and analyzed for Ca concentration.

2.3. CaSOy4 concentration analysis

Ca concentration was measured using the atomic absorption spec-
troscopy (AAS) technique. An Agilent, 240FS AA spectrometer with a
0.5 mg/L detection limit for Ca was used for the analysis. During sample
preparation for AAS, the MOS (except DME) were quenched by adding 5
pL of aqua regia to 1 mL of sample along with 3 vol% HCI used for the
sample dilutions. Eliminating the organics using the aqua regia was
unnecessary for the DME-treated samples, due to its high vapor pressure.
The AAS measurements for each run were proportionally normalized to
saturated CaSO4 solution with a Ca concentration of 642 mg/L.

3. Results and discussion

3.1. Experimental precipitation of CaSO4 with MOS

Solvent-induced SLE of CaSO4 could be impacted by the solvent's
intrinsic properties such as organic functional groups, solvent dielectric
constant, and molecular volume which influence the extrinsic impact of
solvent concentration. To establish the impact of these factors, this
project measured the concentration of CaSO4 resulting from different
concentrations of seven different MOS (DME, MeCN, 1,4-dioxane, THF,
acetone, ethanol, and diethylamine) to quantify their performance as
fractional crystallization agents. CaSO4 was selected for two reasons.
Firstly, while CaSOy4 is a scalant and sparingly soluble, it is more soluble
than many sparingly soluble materials (reaching 0.21 wt% at saturation
on an anhydrous basis). Ca is an easily measured chemical species,
allowing for accurate measurement of concentration of solutions
depleted by solvent-driven fractional crystallization. Secondly, while

lime softening (chemical precipitation via addition of calcium hydrox-
ide, Ca(OH); and/or related calcium bases) is a cost-effective method to
remediate water hardness, treatment of sulfate-containing waters can
produce treated waters that are high in CaSO4. CaSO4 contained in lime-
softened water presents a challenge in the remediation of acid mine
drainage waters, flue gas desulfurization wastewater, and other streams.
Beyond these motivations, CaSOy4 is also expected to be representative of
sparingly soluble solutes as a class. To the best of our knowledge, the
only prior study of the influence of a MOS on the SLE of CaSOy4 is for
ethanol [39]. The literature values for ethanol-H,0-CaSO4 systems were
in agreement with the experimental data presented in this work
(Fig. SI2).

The fraction of CaSO4 removed per fraction of MOS initially added to
the solution varies in seven solvent systems. At ~10 wt% (~0.03 mol
fraction) solvent, the CaSO4 concentration demonstrates the greatest
variation ranging from 550 to 900 mg/L. At higher solvent concentra-
tions (~40 wt%, 0.15-0.25 mol fraction), the effect of solvents on the
CaSO4 SLE appear to converge as all the solvents have reduced the
CaS0O4 concentrations to <30 mg/L (see Fig. 2).

The traditional explanation for solvent-induced precipitation of salts
is based on solution dielectric properties framed in a primitive implicit
model of solvation. The dielectric-based rationale posits that when an
organic is mixed with an aqueous brine, the result is a mixed solvent
with a reduced dielectric constant that is less able to solubilize elec-
trolytes [41-43]. Within this study 1,4-dioxane has the lowest dielectric
constant and largest molecular mass (¢ = 2.25 and 88.11 g/mol,
respectively). If the process were driven by dielectrics, 1,4-dioxane
would remove the most CaSO4 per unit mass added, but this is not
observed. On a mass basis, 1,4-dioxane is a less effective FC agent than
the other six solvents. In fact, MeCN has the highest dielectric constant
(e = 37.5) and is the most effective FC agent on a mass basis (see Fig. 2a).
This suggests that the salt-induced SLE mechanism is not driven by a
dielectric process.

Plotting CaSO4 removal against MOS mole fraction (see Fig. 2b)
provides means to investigate the impact of molar properties on crys-
tallization efficacy. 1,4-dioxane, THF, and diethylamine are the most
effective in terms of mole fraction with nearly identical performance. In
fact, 1,4-dioxane, THF, and diethylamine with 6, 5, and 5 heavy atoms,
respectively, cleanly segregate into one cluster above a 0.05 mol frac-
tion, while DME, ethanol, and MeCN with three heavy atoms segregate
into another. Acetone with four heavy atoms falls in between these two
clusters. This suggests that molecular mass and volume dictate crystal-
lization efficacy on a molar basis. This segmentation based on molar
mass/volumes when plotted against molar concentrations is further
evidence of a non-primitive mole fraction-dependent mechanism
(distinct from a dielectric mechanism).

The results depicted in Fig. 2 have implications to softening appli-
cations in terms of how much solvent is required to achieve a specific
removal of CaSO4. For example, >60 % of the CaSO4 (relative to satu-
ration) can be precipitated in the application of <25 % of the saturated
concentration of DME (although more than ~50 % of the saturation
pressure is required). The energy consumed by solvent-driven fractional
crystallization is roughly proportional to the mass of solvent used per
mass of water treated, with specific proportionality based on the indi-
vidual solvent. These results indicate that a process using 9.4 wt% DME
to treat a saturated solution (at ~40 psia) has a softening efficiency of
15.6 g CaSO4 per Kg of DME, providing a softening efficiency ~3.5 times
higher than that of a process using 37.6 wt% DME (at ~72 psia, with a
softening efficiency of 3.5 g CaSO4 per Kg of DME). The reduced oper-
ating pressure could also allow for less capital expenditure.

The actual increase in energy efficiency would be less for three
reasons. First, natural and industrial waters are generally below satu-
ration concentrations and the ratio of CaSO4 removed per mass DME will
be reduced for processes with lower initial CaSO4 concentrations. For
example, the tipping point when a 9.4 wt% DME process is less efficient
than a 37.6 wt% DME process occurs when the initial CaSO4
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Fig. 2. SLE of CaSO, in solution versus MOS concentration plotted in terms of (a) weight percent and (b) mole fraction.

concentration drops to 51 % of its saturation concentration, where both
processes achieve a softening efficiency of 1.7 g CaSO4 per Kg DME.
Secondly, reduced DME concentration also correlates with slower
crystallization kinetics (see DME concentration-dependent CaSO4 pre-
cipitation rate section) and thus requires longer residence times and
higher capital costs, all other factors being equal. Lastly, while process
energy (and associated capital equipment, e.g., compressors) is roughly
proportional to DME concentration, the final fraction of solvent is more
costly to recover (energy and capital) than the initial fractions due to
mass transfer, thermodynamics (equilibrium), and other operational
practicalities. For this reason, reducing DME pressure may not ulti-
mately produce improvements to energy efficiency in softening (or hy-
drometallurgical processing).

These disadvantages would be less pronounced and potentially ad-
vantageous in a sequential DME-FC hydrometallurgical purification
process where initial solution concentrations are saturated, DME is not
fully recovered in intermediate steps, slower crystallization promotes
higher purity products, and individual salt fractions can be recovered in
separate stages.

3.2. Fraction of water unavailable for CaSOy4 solvation

There are multiple recent efforts to quantitatively consider solute
hydration within electrolyte models; this includes work by Reynolds
[44,45], Zavitas [46-49], Heyrovska [50-55], Wexler [56-60], as well
as Rard and Albright [61]. Our team has developed a mass action solute
speciation (MASS) model [27,62-64] in which hydration and ion-pair
speciation are presumed to be governed by conventional equilibrium
(i.e., mass action). The absolute concentration of highly soluble salts and
MOS are modified by ion pairing and hydration to generate speciated
concentrations consistent with observed water activity, i.e., vapor-liquid
equilibrium (VLE) data. The hydration in this mass action model is
defined by the energies of the interactions obtained from VLE data used
to train the model, rather than by structure, coordination, or otherwise.

The MASS model has been successfully implemented in the modeling
of VLE and predicted the solvent-induced SLE of high-activity salts (e.g.,
NaCl) which reach high molar concentrations and have strong in-
teractions with a small number of waters at saturation [27,63]. How-
ever, the MASS model is not effective in predictions of CaSO4, as
experimentally observed CaSO4 concentrations are significantly lower
than predicted by MASS (Fig. 3). The MASS model trend also differs from
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the experimentally observed concentration-dependent trends for DME
(Fig. 3).

In the MASS model, water is split into two quantities: free water and
hydrating water, with the latter energetically distinct from the bulk due
to strong interactions resulting from the local presence of the solute. The
MASS model does not differentiate the energy states of free water, even
if there is a gradient of weak interactions. Water activity is defined by
the water molecule furthest from a solute, e.g., water with a marginal
chemical potential (see Fig. 4). Water molecules distanced intermedi-
ately (between hydration and marginal water activity) can be expected

Reference state

to have energies defined by their distance from the solute. This distance-
based energy well corresponds to a more concentrated solution with
more extensive water structuring as water molecules approach the so-
lute (see Fig. 4). This structuring may make intermediately distanced
water unavailable in the solvation of low-activity solutes like CaSO4.

Low-activity electrolytes like CaSO4, which reach saturation at a low
concentration, likely feature strong local interactions but also require
weak interaction with long-range water to remain in solution. Low-
activity solutes cannot aggressively compete for these weak in-
teractions. A much smaller change to the chemical potential of Hy0O,
such as in entropically perturbed water (—0.05 kJ/mol a,y < 0.98 or the
55.5th water in Fig. 4), may render a solution ineffective in solvating
CaS0y4 and result in crystallization.

Dividing the water removed, ra(cqs0,), by the MOS in solution, xyos,
provides an estimate of the fraction of water removed by a MOS for the
purpose of CaSO4 solvation at a given concentration (see Eq. (1) and
Fig. 5). In Eq. (1), [xa] is water mole fraction, [xcqs0,] is CaSO4 concen-

tration in solution, and [x2'a504] is saturated CaSO4 concentration.

B [xcuso,] / {X*cﬂsm]

[xa]

TA(Cas0y) = (@)

At low concentrations, all MOS except THF approach racaso,) values
of 15:1 to 25:1, corresponding to cages found in Type I and II clathrates
of 20:1 to 28:1 [65,66]. THF approaches a racaso,) value of 36:1 at low
concentrations, corresponding to a water molecule to cavity ratio of 36:1
in a single large Type H clathrate. These values converge at higher
concentrations (0.15-0.20 mol fraction), specifically converging to a
Ta(caso,) Tatio of 5:1 to 6:1, which is the ratio of water molecules to
cavities in a continuous Type I and II clathrate. These data provide ev-
idence of solution-state pseudo-clathrate structures [67-70]. While
solution-state pseudo-clathrate structures have been observed spectro-
scopically and have attracted theoretical interest, this report is the first
indication of clathrate formation resulting in a convergent structure for
a variety of MOS.

A continuous, solution-based clathrate structure may provide a
structural description of microstructure that is common in binary water-
organic mixtures, especially MeCN [71-73]. The complexity in the
transition between Henry's law solute behavior and microstructural
domain may be an organization of discrete individual clathrate cages
into a supramolecular continuous structure common to solid clathrates.
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Fig. 4. The chemical potential of water (i.e., VLE and water activity)-defined distance from a solute and its relationship to concentration in high-activity NaCl salt

solution according to MASS.
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3.3. DME concentration-dependent CaSOy4 precipitation rate

DME-FC of CaSOy4 is also a temporal process (Fig. 6a). While the
experimental apparatus was designed to encourage crystallization (in-
clusion of a high surface area scaffold and likelihood of suspended
nanocrystals originating from the saturated CaSO4 solution), it is limited
to observing crystallization trends and cannot separate contributions of
mass transfer kinetics. Despite these limits, it was noted throughout the
experiments that the solution appeared homogenous based on visual
observations of the liquid, including suspended solids, suggesting good
mixing and limited impact of macroscopic localization of the solution.
To ensure these systems have reached equilibrium, the experiments
were carried out until the CaSO4 concentration was constant with time.
While the x-axis in Fig. 6 includes data for 500 min, data was collected
for 840 and 720 min at 12.4 and 72.4 psi, respectively. When gaseous
DME is delivered, the experimental apparatus has an induction period in
the precipitation of CaSO4 on the order of 60 min (at 72.4 psi) to 150 min
(at 27.4 psi). It must be noted that Ostwald ripening processes affect
measurement of the induction period, in the instance that coarsening of
CaS0y4 particles has not proceeded to the extent that crystalline solids
are captured by the filter (0.2 pm). Broadly, the induction period likely
occurs due to a combination of factors; these may include i) limited mass
transport rates for DME vapor diffusing into the aqueous phase (a VLE
phenomenon), ii) crystallization kinetics that change based on the
concentration of DME within the system (an SLE phenomenon), and iii)
the contribution from the existence of a separate liquid DME phase to the
coarsening and growth of solids in the reactor environment (LLE and SLE
phenomena). Lastly, the system was optimized for operability (e.g.,
avoiding the formation of gas-liquid dispersion or foam) rather than
mass transfer of DME into the aqueous system; thus, it is likely that mass
transfer could be further improved. After this induction period, there are
one or more kinetic domains prior to approaching equilibrium CaSO4
concentrations. When liquid DME is delivered to the system, the in-
duction period is eliminated (see Fig. 6b).

Maintaining and recirculating liquid DME in the precipitation vessel
of an industrial system will enhance the application of DME-FC in
softening. Based on the experimental data for CaSO4 crystallization with
liquefied DME, a residence time of 20 min or less would result in
effective softening; however, recirculatory CaSO4 seeding and enhanced
mixing could further reduce this time in an industrial process.

4. Conclusion

The degree of CaSO4 precipitation suggests that as MOS is added to a
solution, the water is structured around the MOS, rendering a portion of
the water unavailable for CaSO4 solvation. CaSO4 appears to be sensitive
to low-energy water structuring. Initial CaSO4 removal by MOS varies
with the MOS's molecular volume on a molar concentration basis, with
larger MOS occupying more water. With further addition of MOS, the
ratio of water removed to MOS added becomes consistent with a
continuous solution of type I or II clathrate structures. Upon completion
of the pseudo-clathrate structure, no more functional water is available
to solubilize CaSO4 and 98-99 % of the low-activity salt is crystallized
from solution. The impact of reducing DME pressure/concentration on
softening and hydrometallurgical processes has advantages (improved
CaSO4 to DME precipitation ratio depending on initial CaSO4 concen-
tration and reduced operational pressure) and disadvantages (an in-
duction period, greater sensitivity to the initial CaSO4 concentration,
reduced CaSO4 precipitation kinetics, and more costly DME recovery per
mass DME). Introducing a molecular volume-based structuring of water
as a mechanistic basis for CaSO4 precipitations with organic solvents
provides a path to interpret the precipitation of other minerals in water
treatment and hydrometallurgical purifications via DME-FC.
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