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ABSTRACT: This study presents a novel approach to the Nanofiltration EXt’aCted’\:‘;’lfAler 3087
selective separation of aluminum from waste cryolite electrolyte - l Nanofiltrati
with two nanofiltration membranes: a conventional polyamide é’:,’;‘glti?e (L) anofi I'Ua |oln
membrane and a membrane coated with a polyelectrolyte layer.  Electrolyte o C i Chydlite
Utilizing transmission electron microscopy and Fourier transform l Nat/AI3* ~4.1 Purified XYS‘?&%L%
infrared spectroscopy, we find that the polyelectrolyte coating o Na*/AI3* ~2.6) | Alurnonm Production
significantly increases the density of positively charged ammonium ©) Cryolite-Alumina /@ Reduces

: CCIT) Molten Salt Hazardous
groups on the membrane surface, thereby enhancing the Donnan Electrolysis Acid Waste
exclusion of aluminum ions. Notably, the polyelectrolyte coating Molten 1 Nat/AI3+ ~2.5 Promotes
enhances the sodium/aluminum separation factor by 55%. Our Aluminum Circular
experimental results demonstrate that the coated membrane Economy.

sustains high aluminum rejection rates, averaging 99.1%, while Aluminum Ore (Baxite)

permitting substantial permeation of sodium, lithium, and

potassium ions. This selective permeability is pronounced at lower pH levels, where the sodium/aluminum separation factor
peaks at 102.02 for chloride-rich waste cryolite. Our process modeling using the Donnan steric pore model with dielectric exclusion
substantiates the practical viability of Donnan-enhanced nanofiltration for processing waste cryolite. Our module-scale analysis
indicates that the efficient aluminum concentration in the retentate, achieving a sodium/aluminum ratio of approximately 2.6, is
viable for upcycling cryolite electrolyte and promoting a circular aluminum economy. Furthermore, the aluminum-depleted
permeate, with aluminum cationic composition as low as 0.00194%, makes ample progress toward a benignly disposable effluent,
reducing the aluminum industry’s environmental footprint.

KEYWORDS: Aluminum, Circular Economy, Nanofiltration, Upcycling, Waste Cryolite.

1. INTRODUCTION mud may have immediate health effects like skin burns and
respiratory irritation.'”"* Annually, about 120 million tons of
red mud are generated globally (4—S tons per ton of
aluminum) and this figure is expected to rise with increasing
aluminum production.’*"

After the Bayer process, alumina undergoes cryolite-alumina
molten salt electrolysis, known as the Hall-Héroult process,
which is the primary method of aluminum production.'® In
this process, a cryolite (NayAlF;) electrolyte is essential for
dissolving Al,O;. Over time, as aluminum is depleted from the
electrolyte, the Na/Al ratio increases; however, an Na/Al
molar composition ratio (CR) held around 2.5 is necessary for
efficient production.'”'® When the electrolyte becomes too
impure with Na, Li, and K, it must be replaced with cleaner
cryolite and the spent electrolyte becomes a waste product.

Aluminum is the second most sought-after metal after steel,
and its versatile applications in automotive, aerospace, and
construction sectors have driven growing demand and
production.”” However, this increase in production also
amplifies environmental challenges, especially from waste
generated during ore processing.” >

The first step in aluminum production, bauxite mining, is a
large-scale operation involving extensive land excavation, which
leads to topsoil erosion, reduced biodiversity, and decreased
agricultural productivity.”” Waste from bauxite mining and
processing contaminates water, soil, and wildlife with heavy
metals, iron oxide, and aluminum hydroxide.® The mined
bauxite is crushed and refined through the Bayer process,
which uses sodium hydroxide (NaOH) to extract alumina
(ALO,), producing an alkaline waste called red mud.” Red
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Figure 1. Schematic representation of the role of nanofiltration (NF) in purifying waste cryolite. Waste cryolite from molten salt electrolysis
consists of AI** ions and impurities, mainly Na* and smaller quantities of K*, Li*, and Ca?*. NF selectively rejects the passage of AI**, concentrating
on other impurities into the permeate stream. The result is a purified aluminum electrolyte stream that can be upcycled back into the cryolite—

alumina molten salt electrolysis process.

Table 1. Ionic composition of an industrial aluminum waste cryolite solution, as reported by Tang et al

118

Solution Type Na* K* Lit
Sulfate-Rich Cryolite 15.46 1.78 1.94
Chloride-Rich Cryolite 15.46 1.78 1.94

Ca** AP* cr- SO~ TDS
0.07 4.41 0 70.60 94.66
0.07 4.41 52.11 0 76.17

Waste management and recycling of aluminum cryolite
electrolyte are currently under-researched. Existing studies
mainly focus on spent pot lining and spent carbon anodes.'
Traditional disposal methods for spent electrolyte, such as
cooling and landfilling, result in soil and groundwater
contamination with harmful substances like fluoride (F) and
aluminum (Al), causing significant ecological damage."®*’
Reusing cryolite waste with new electrolyte to reduce costs
complicates the Hall-Héroult process due to introduced
impurities that require further purification.”’ An aluminum
plant producing 200,000 tons annually generates approx-
imately 2,800 tons of waste electrolyte.”’ Yet, aluminum
cryolite electrolyte waste remains critically underexplored,
posing a significant challenge to the growing aluminum
industry.

Addressing the environmental impacts of both bauxite
mining and aluminum cryolite electrolyte waste is vital to the
sustainable management of aluminum production. A potential
strategy to address these challenges is recycling aluminum
waste, which offers a dual benefit: the simultaneous treatment
of cryolite waste and the reduction of the need for newly
mined bauxite. Recycling aluminum from waste cryolite can
not only detoxify the waste but also recover valuable elements,
providing a promising circular economy for aluminum
production.

A few proposed methods for recycling aluminum cryolite
have shown promise. Wu et al. introduced a multistage process
involving AP** leaching and fluoride recovery to extract
valuable components like lithium, sodium, potassium, calcium,
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and fluoride.”” Tang et al. developed a “sulfated roasting-
calcine water leaching-aluminum precipitation” method to
recover lithium fluoride and aluminum sulfate.'® Building on
these researchers’ work, we explore membrane systems for
efficient recycling. Particularly, we examine nanofiltration (NF)
given its recent promise in resource recovery.zg'_25 A
traditional NF membrane, consisting of an active polyamide
layer on polysulfone supports, is compared to a “coated”
variant with an additional polyelectrolyte. The coating is
hypothesized to enhance cation selectivity as a result of
Donnan exclusion.”> Our goal is to separate AI** from other
ions in the waste cryolite electrolyte, allowing monovalent ions
like Na*, K*, and Li* to permeate while retaining AI’*. We
develop a process using an NF spiral-wound module to upcycle
waste cryolite, generating a permeate with minimal Al for
potentially cleaner disposal and an Al-rich retentate meeting
cryolite ratio requirements for alumina molten salt electrolysis,
thereby promoting resource circularity in aluminum produc-
tion.

We build on Tang et al’s process after the sulfated roasting
and water-leaching steps, focusing on a representative solution
comprising mainly Na, Al, Li, K, and Ca. As illustrated in
Figure 1, we then run two variants of this solution—one
sulfate-rich and the other chloride-rich—through an NF
membrane setup, targeting Na/Al separation, since the K, Li,
and Ca percentages by weight are relatively low, as shown in
Table 1."* To facilitate the recycling of aluminum dissolved in
the waste cryolite, we aim to produce Na-rich permeate
streams through nanofiltration while retaining the dissolved
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aluminum in the retentate stream.'® The retained aluminum
electrolyte can then be reblended with alumina, which is
processed from bauxite ore. Based on recent analysis, to enable
aluminum recycling from waste cryolite solutions, the Na/Al
concentration ratio of the retentate stream must be held to
~2.5."% Therefore, nanofiltration conditions with high Na—Al
separation are crucial for optimizing this process. We conduct
coupon-scale experiments to evaluate NF’s effectiveness in
treating aluminum waste cryolite. We first characterize both
uncoated and coated NF membranes for upcycling aluminum
in a waste cryolite treatment. After identifying the coated
membrane’s superior Na/Al separation performance, we
conduct experiments under various pHs, solution composi-
tions, and water flux parameters using a coated membrane
coupon. We also perform aging tests to assess the coated
membrane’s durability with acidic waste cryolite. Overall, we
collected 200 ion rejection measurements, which we used to
calibrate a transport model. Finally, we apply this model to a
commercial coated spiral-wound NF membrane for module-
scale computational analysis in terms of specific energy cost
and permeate aluminum composition as a function of the
waste volume reduction.

2. METHODS

2.1. Experimental Section. 2.1.1. Chemicals and Materials.
Building upon our prior collaborative work with Nitto-Denko, we
acquire the same two variants of semiaromatic nanofiltration (NF)
membranes from Nitto-Denko (Osaka, Japan).>® The first membrane
consists of a conventional polyamide active layer (30—40 nm) that is
polymerized on a polysulfone support and woven into a polyester
mesh (100—150 ym).”> The polyamide layer has an isoelectric point
at a pH of ~5.5 and is the product of a conventional interfacial
polymerization between piperazine and trimesoyl chloride.”**” The
second membrane has a highly cross-linked and acid-resistant
polyelectrolyte coating (35—50 nm) that is condensed onto the
polyamide layer;> the resulting active bilayer of the composite NF
membrane possesses a positive { potential across the pH spectrum, as
delineated in our prior publication.”” The NF membranes are stored
in buffered solutions containing 3 wt % NaCl and soaked in deionized
water for 24 h before use.

We conducted bench-scale experiments with synthetic waste
cryolite solutions that are a product of acid leaching in H,SO, and
HC], to characterize the ion selectivity performance of the two NF
membranes.'® We based our model solution compositions on the
industrially relevant data reported in Tang et al.,'® ensuring that both
the ionic composition and pH levels reflect real-world cryolite waste
characteristics, rather than theoretical approximations. This method
anchors our experimental conditions firmly in practical, industry-
derived values. The sulfate- and chloride-rich solutions are utilized to
analyze the impact of anion composition from acid leaching in H,SO,
and HC], respectively. Anhydrous sulfates and chlorides of Na*, K¥,
Li*, Ca**, and Al*, in addition to H,SO, (51%), HCI (37%), and
NaOH (>98%), are acquired from MilliporeSigma. We use Type I
ultrapure water (18.2 MQ cm) to prepare the feed solutions for the
membrane filtration experiments. The elemental compositions of the
synthetic cryolite solutions are tabulated in Table 1. The feed and
permeate channel spacers are obtained from a commercial spiral
wound module. A full account of the experimental apparatus can be
found in Section 1.1 of the Supporting Information (SI).

2.1.2. Membrane Characterization. To complement coupon-scale
filtration experiments, we characterize the structure and functional
group density in the membrane’s active layer, leveraging the
measurements reported in our prior publication.”’ The water
permeability coefficient for the uncoated polyamide membrane was
measured to be approximately 9 LMH bar™!, which decreases by up to
18.7% upon the addition of the polyelectrolyte coating. We employ
transmission electron microscopy (TEM, Philips CM 100) to

visualize the polyelectrolyte and polyamide active layers within the
coated NF membrane and use Fourier transform infrared spectros-
copy (FTIR, Nicolet iSSO FTIR Spectrometer) to identify the
functional groups within the active layer(s).

To characterize the membranes’ selectivity and permeability, we
employ a bench-scale plate-and-frame apparatus.”® To test the
membranes’ durability and lifespan performance, we aged the
membranes in 0.5 M HCI for up to 4 weeks and assessed the
selectivity integrity with periodic ion rejection experiments. In total,
we collected 200 rejection measurements from 40 unique permeate
experimental samples with the bench-scale setup using both the
uncoated and coated membranes. The samples represent various
operating conditions, including solution pH ranging from 1 to 3, and
measured feed pressures ranging from 34 to 46 bar, across the two
distinct cryolite compositions.”® The compiled experimental data are
detailed in SI.

We perform the experiments at a temperature of 20 & 0.5 °C with a
cross-membrane flow velocity of 0.17 m s™. For each experiment, we
initially pressurize the membrane coupon at 34 bar for 1 h and then
equilibrate it to the feed solution for 15 min before taking the initial
samples from the feed and permeate solutions. During the course of
the experiments, the ion concentration and volume in the feed
reservoir, approximately 4 L, remained effectively constant given the
relatively small amount of permeate removed. Consequently, we did
not observe any significant changes in concentration within the feed
solution, minimizing potential impacts on flux over time. We collect
samples in chilled centrifuge tubes before analyzing the ionic
compositions with inductively coupled plasma optical emission
spectroscopy (Agilent ICP-OES 5100), using standards from
MilliporeSigma (TraceCERT). Based on triplicate sampling, the
maximum uncertainty in concentration measurements is below 4.3%.

In this study, we standardized pressure rather than flux to correlate
directly with energy expenditure for pumping, a critical factor for
industrial scaling.”” Flux standardization is challenging due to
significant variations in the inherent permeability of the uncoated
and coated membranes across different solution conditions (e.g., pH,
composition, salinity).>* The coated membrane exhibits lower flux
due to increased hydraulic resistance for water transport. Never-
theless, despite the doubling of the membrane’s active layer thickness
with the polyelectrolyte coating, its water permeability decreased less
than proportionally (by approximately 20%) due to the higher
porosity of polyelectrolytes compared to polyamides.”® This allows
the coated membrane to retain sufficient permeability for the
aluminum cryolite treatment.

We measure and calculate the permeate water flux with eq 1.*
Based on experiments with ultrapure water, we calculate the water
permeability coefficients with eq 2.>

j o= Am

Yo pARAt (1)
]w

Av=ap )

In the first equation, J,, [L m 2 h™!] is the permeate water flux, while
Am [kg], p,, (kg L7'], A, [m?], and At [s] are the change in permeate
mass, solution density, membrane cross-sectional area, and time,
respectively. In the second equation, A, [L m™ h™! bar™'] is the
water permeability coefficient and AP [bar] corresponds to the
transmembrane pressure. We calculate the rejection of the different
ion species with eq 3, utilizing the ion concentrations from ICP.** We
compute the separation factor (SF;;) between species i and j with eq

R=1--2
Cis 3)
SE _ CNa,p/CAl,p
Na/Al —
Crot/ Cart 4)
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Equation 3 and eq 4 determine the species’ rejection (R;) and
separation factor (SFy,/4), where C;¢[mol L™'] and C;, [mol L™'] are
the concentrations of species i in the respective feed (f§ and permeate
(p) solutions. Here, the separation factor is defined as the change in
the concentration ratio between species i and species j, between the
permeate and feed solutions.*®

Given the variability in cryolite waste composition across aluminum
refineries, we selected a solution composition based on the
hypersaline inorganic profile reported in Tang et al,'® representative
of typical cryolite waste. This choice allows us to evaluate the
membrane performance under realistic, high-salinity conditions.
Further, a combination of chloride and sulfate-based strong acids
(e.g, HCI and H,SO,) is used in processing, resulting in a waste
stream that may contain chloride, sulfate, or a mixture of both anions.
To account for this variability, we tested both pure chloride and pure
sulfate cryolite solutions in this study. This approach allows us to
define the left and right bounds of performance, with expected results
for mixed chloride—sulfate solutions likely falling between these two
extremes.

2.2. Analysis. 2.2.1. Computational Framework. We calibrate
the Donnan-steric pore model with dielectric exclusion (DSPM-DE)
using the ion rejection measurements to facilitate module-scale
analysis.”® The extended Nernst—Planck equation describes species
transport in the DSPM-DE model (eq S), accounting for diffusion
driven by concentration gradients, bulk solution transport by
convection, and electromigration by Coulombic forces.**
zcF

N, = I<i,aCJw - Ki,dDi,ooVCi - Ki,dDi,ooEVlP (s)
In eq 5, N; [mol m™ h™'] denotes the flux of the solute. K, and K;4
are the convection and diffusion hindrance coefficients, D, ., [m?s71]
is the bulk diffusion coefficient, ¢; [mol L7™'] is the molar
concentration, z; is the species’ valency, and T [K] and ¥ [V] are
the temperature and electric potential, respectively. F [C mol™'] and
R [J mol™" K™'] are the Faraday and ideal gas constants, respectively.

In this model, we assume the membrane’s structure is rigid with
tortuous channels and a constant surface diameter.”® We use hindered
transport theory to determine the convection and diffusion hindrance
coefficients,” as provided by eq 6 for convection and eqs 7 and 8 for
diffusion, respectively.

1+ 3.8674, — 1.9077 — 0.834A}

1+ 1.8674; — 0.7414] (6)

=(1+ 2/1,. In(4,) — 1.564; + 0.534” + 1.951,° — 2.824*

+0274° + 1.10A° — 0.4417) /(1 — 1) (7)

for 4; € [0, 0.95], and

5/2
1-
K, 4= 0984 — -
’ A

i

(8)

for A, € (0.95, 1]. Here, A; represents the ratio of a species i’s Stokes
radius to the membrane’s pore radius.

To resolve the boundary conditions, we utilize the electroneutrality
constraints in the bulk solution and within the NF membrane’s
nanopores, as expressed by eqs 9 and 10:

N
2 Zi€ puk = 0
: )

N
;(d + Z ZiCi,mem =0
i (10)
and ¢;

Here, ¢;py [mol L7'] .mem Mol L™'] are the concentrations of
species i in the bulk and inside the nanopores, respectively, and y,
[mol L™'] is the active layer’s volumetric charge density.”> We assume
that the fluxes of different neutral species are independent.’® In
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contrast, the transport of charged species is coupled because of the
electric potential §radient created within the active layer to maintain
electroneutrality.”

For boundary conditions, we apply isoactivity conditions along the
solution—membrane interface, as seen in eq 11, to ensure the
continuity of Gibbs free energy across the interface:>’

(}/'Ci)mem
- = q)i,stq)i,doq)i,di
(7€) bulk (11)
Here, @, @, 4, and @, 4 represent the steric, Donnan, and dielectric

exclusion partition coeflicients, respectively. These coeflicients
quantify the effects that influence a solute’s partitioning behavior
between the membrane pore environment and the bulk solution.*®
The net partition coeflicient of a solute is determined by the ratio of
the solute’s activity within the membrane’s pores to its activity in the
bulk solution, encapsulating the combined impacts of steric, Donnan,
and dielectric exclusion mechanisms.* Steric exclusion is the process
by which solutes are filtered based on size by the membrane’s pores.*®
Donnan exclusion results from electrostatic potentials at the
solution—membrane interface, which impedes ions of the same
charge as the membrane from entering its pores.” Dielectric exclusion
occurs when ions encounter an energy barrier posed by the membrane
pores’ dielectric properties, leading to their repulsion.*’

For steric exclusion, the ability of solutes to enter the membrane
pores is strictly governed by their size relative to the pore radius of the
membrane.”® Solutes that exceed the membrane’s pore radius are
effectively precluded from entering, as their dimensions are too large
to pass through the pore openings.”® Conversely, solutes that are
smaller than the pore radius have a size-dependent probability of
entry, which is quantified by eq 12 and eq 13.*%*'

q)i,st = (1 - /1,')2;

for 4, € [0, 1] (12)

(13)

Here, /; is the ratio of the solute Stokes radius to the expected
membrane pore radius.

In Donnan exclusion, the Donnan potential (AW}, [V]), originating
from ion concentration discontinuities at the solution—membrane
interface, dictates the Donnan exclusion partition coefficient, as
outlined in eq 14.> This potential influences ion transport, favoring
the entry of counterions (oppositely charged relative to the
membrane’s active layer) into the pores, while deterring co-ions
(similarly charged) from penetration.*

d.

s« = 0, otherwise

zF

q)i,do = exp(_EquD) (14)

The dielectric exclusion phenomenon arises from the energy barrier
created by the restricted mobility and confinement of water molecules
within the nanoscale pores of the membrane."”*>** This energy
barrier impacts the transport of ions through the membrane, and is
commonly estimated based on differences in solvation energies.** The
dielectric exclusion coefficient is quantified in eq 15, employing the
Born model’s initial approximation for solvation energies to help
elucidate the process.*®

zize2 1 1
8mkypTeyr; Epulk

emem

q)i,di = exp(— (1)
15

Here, &, and &, are the relative permittivities in the membrane’s
pore and bulk solution.

Further, concentration boundary layers form along the solution—
membrane interface during filtration.>> We represent the ion
concentrations along this boundary with concentration polarization
effects from Geraldes and Alves.*' We use eq 16, which gives the total
ion flux within the concentration boundary layers as the sum of the
diffusive, convective, and electromigrative fluxes.*!

F
zlci,intDi,oogmt_

N, = Ei,c(ci,int - RT

Ci,b) + ] Ciine —

(16)
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Figure 2. (A) Transmission electron microscopy analysis of the coated NF membrane’s cross-section. Adapted with permission from our prior
publication, ref 23. Copyright 2024 Wiley. (B) Plot of the Na/Al separation factor for both the uncoated and coated NF membranes as a function
of transmembrane flux, based on coupon-scale experiments with pH 3 sulfate-rich cryolite solutions. (C) Fourier transform infrared (FTIR)
spectroscopy of the coated membrane. Adapted with permission from our prior publication, ref 23. (D) Aging experiments are conducted to
confirm the stability of the coated NF membrane upon exposure to acidic conditions for extended periods.

We calculate k;, the mass transfer coefficient, from experimental
empirical correlations for our bench-scale setup.*®

)0.79 (17)

Here, v,, [m s™'] is the cross-flow velocity through the membrane.
Cumulatively, our ion transport model assumes the following:

1.

Vw

0.239

ko= 1121 X 107 x (

The membrane’s pores are tortuous cylindrical channels.

2. The charge density and pore radius are statistical averages and
are uniformly distributed across the active layer.

3. The solutions within the membrane pores and in the bulk
remain neutral.

4. Tons in the solutions remain completely ionized.

5. The solutes are depicted as ionic spheres with a hydration
shell.

6. The solutes travel in one direction, orthogonal to the surface of
the membrane.

7. The hindrance factor models can be used to describe the
transport of ions through a porous membrane.

8. The transport of neutral solutes occurs independently, while

the transport of charged solutes is coupled by the electrical
potential.

2.2.2. Module-Scale Simulations. Our membrane allows a
significant amount of monovalent ions, such as Na*, K" and Li*, to
permeate through, a feature enabled by the Donnan exclusion
mechanism. This selective monovalent ion permeation reduces the
effective osmotic pressure difference across the membrane, even when
the feed solution’s osmotic pressure is high. By lowering the actual
osmotic gradient, the membrane can operate effectively in hypersaline
environments, addressing a key challenge associated with high-salinity
waste treatment in membrane-based processes.

We regress the four hyperparameters of the DSPM-DE model
independently from various subsets in the experimental data, with
each subset equating to a process condition with a specific feed
composition and pH. We employ a global optimization algorithm for
the parametric regression, as delineated in our prior publication.”®
Then, we integrate the ion flux predictions from the DSPM-DE model
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with a forward Euler scheme to project resultant permeate
concentrations of an industrial, spiral-wound NF module.” The
spiral-wound module’s dimensions are based on a commercial variant
of the coated membrane (Nitto-Denko PRO-XS1), which has a length
of 1.02 m and an effective area of 37.2 m> We use eq 18 to determine
the permeate cation composition, by calculating the molar ratio of
cation i to the total cation concentration.*®

Cp

Neat

2"Gyp (18)

Here, y; is the permeate composition of cation i, N, is the number of
dissolved cations, and j represents a specific cation (Na*, K, Li*, Ca®*,
and AI*Y).

Equation 19 derives the specific energy consumption relative to the
molar quantity of aluminum extracted. This computation incorporates
eq 20: the electrical work used for pumping the feed and the flow
energy recovered through pressure exchangers. We assume the pump
and pressure exchanger efficiencies are 0.75 and 0.8, respectively.*’

;(i=

in

SEC, = —=~
CAl,r‘/r (19)
‘GAPmem . .
in T (‘/f - ‘/p)APmem px
Mourmp (20)

Here, SEC, [kWh mol™'] is the specific electrical energy
consumption and W;, [W] is the net electrical power consumed by
the entire process. VV [m> s™'] is the volumetric flow rate, set at 0.001
m?® ™! for the feed stream, which is subscripted with f. AP,., [Pa] is
the difference in transmembrane pressure between the feed and the
permeate streams. 7 is the efficiency for the pump and pressure
exchanger, subscripted by pump and px accordingly.

As described by eq 21, waste volume reduction (WVR) is defined
as the ratio of the permeate volumetric flow rate to that of the feed
stream, accounting for the production of Na- and K-rich streams that
can potentially be disposed of in an environmentally benign manner.
Following spiral-wound NF treatment, we calculate the concentration
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Figure 3. (A) Schematic diagram illustrating the experimental apzparatus for coupon-scale membrane characterization. (B) Visualization of the
partitioning and mobility selectivity mechanisms in nanofiltration.”® Plots of the species rejection of the sulfate-rich waste cryolite solutions as a
function of transmembrane flux in the case of (C) pH 3, (D) pH 2, and (E) pH 1. Likewise, the species rejections from the experiments with
chloride-rich waste cryolite solutions are plotted for (F) pH 3, (G) pH 2, and (H) pH 1.

of Na and Al ions in the retentate stream to determine the product
Na/Al composition ratio (CRy,/a) using eqs 22 and 23."% The
derivation of eq 22 is detailed in Section S2 of the Supporting
Information.

Y
WVR = £
V; (21)
C,(1 — WVR + WVR-R)
b 1 — WVR (22)
C1{Na/Al = Na
Al (23)

3. RESULTS AND DISCUSSION

3.1. Characterizing Nanofiltration Membranes for
Selective Aluminum Retention. We characterize the
membranes using transmission electron microscopy (TEM)
and Fourier transform infrared spectroscopy (FTIR), com-
plemented by water flux separation and membrane aging
experiments, following the methodology outlined in our prior
publication.”> We employ TEM to provide a high-resolution
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visualization of the cross-section of the coated membrane (see
Figure 2A, reprinted with permission from our prior
publication).”> The TEM analysis, which was conducted
after active layer curing and stabilization, confirms that the
coated membrane exhibits thin and dense polyelectrolyte and
polyamide layers atop a polysulfone support. A magnified view
in Figure 2A shows that the thickness of the polyamide and
polyelectrolyte layers ranges from 30 to 40 nm and from 3S to
S0 nm, respectively, confirming the successful deposition of
both selective polymer layers. Our prior publication also
presents conducted streaming { potential measurements for
conventional uncoated and coated membranes. We observe the
isoelectric point of the uncoated membrane at pH ~ 5.5, while
the coated membrane remains positive between pH 2 and 8.”
Additionally, our previous work also included a wettability
analysis for the uncoated and coated membranes, with
advancing contact angle measurements revealing that the
polyelectrolyte addition preserves the membrane’s apparent
hydrophilicity at a 34° contact angle. However, the slower
decline rate in contact angle for the coated membrane suggests
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reduced surface permeability, aligning with water permeability
experiment results.”?

Figure 2B illustrates the Na/Al separation factor of both
coated and uncoated membranes, evaluated using sulfate-rich
waste cryolite at pH 3. We selected pH 3 for the Na/Al
selectivity test, aiming to exemplify the smallest difference in
the Na/Al separation factor based on pH profiles previously
established for this membrane.”” As the water flux increases
from 14 to 38 LMH, we observe that the Na/Al separation
factors for both membranes increase monotonically, from 3.0
to 5.8 for the uncoated membrane and from 6.5 to 9.0 for the
coated membrane. On average, at pH 3, the uncoated and
coated membranes exhibit a rejection rate of 4.3% and 7.1%,
respectively, for the dissolved Na*. The AI** rejection for both
types of membranes consistently falls within 99.0 + 0.1%.
Samples of the pH 3 sulfate solutions at four different
transmembrane fluxes show that, on average, the permeation
rate of Na" is 65.1% greater with the coated membrane than
the uncoated membrane, effectively separating it from the
retained Al**. Consequently, the coated membrane consis-
tently exhibits a separation factor approximately 100—200%
higher than that of the uncoated membrane across the tested
water flux range. Our experimental results indicate that
nanofiltration membranes with a higher density of positively
charged groups at the membrane—solution interface lead to
greater selectivity for monovalent cations. This observation is
in line with previous studies on enhanced Donnan exclusion
NF membranes.”””**> Due to its increased selectivity, we
focus the subsequent experimental optimization of process
conditions solely on the coated NF membrane.

The FTIR spectrum of the polyamide, polyelectrolyte, and
polysulfone layers is shown in Figure 2C for pH values ranging
from 2 to 10.”° Following the protocol developed by Villalobos
et al,”’ we first remove the polyester mesh from both the
coated and uncoated membranes, allowing infrared waves to
penetrate, and we then collect the absorbance and trans-
mittance data. Here, we chose not to apply chloroform or
dimethylformamide to dissolve the polysulfone support, as
these solvents may destabilize or depolymerize the polyelec-
trolyte layer. The FTIR transmission spectrum of the uncoated
membrane reveals three key features across all pH values: a
broad peak from 3200 to 3600 cm™" corresponding to primary
and secondary N—H stretchings in the ammonium group, a
sharp bump between 2800 and 2900 cm™" for C—H stretching
in the aliphatic structure, and a distinct peak at 1730 cm™" for
C=O0 stretching in the carboxylate group.50 In comparison,
the coated membrane exhibits peaks at the same wavenumbers,
with notable differences including a less pronounced peak for
C=O0 stretching and a markedly deeper peak for N—H
stretching. The differences in transmittance between the two
membranes suggest that the polyelectrolyte coating increases
the density of ammonium groups, as indicated by the deeper
N—H peak across the spectrum of tested pH values. Together
with the { potential measurements and TEM images, these
measurements reaffirm the successful deposition of the
electropositive polyelectrolyte coating on the polyamide NF
membrane, enhancing the charge-based exclusion of multi-
valent cations.

Lastly, we conduct aging tests on the coated membrane to
evaluate its acid tolerance, as depicted in Figure 2D. For these
tests, we submerge three coated membranes in 0.5 M HCl and
measure the species rejections of a pH 1 chloride-rich waste
cryolite solution over 4 weeks. Throughout this period, the
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coated membrane retains its ability to strongly reject AI** ions
and allow the permeation of monovalent ions. We observe that
the species rejections fluctuate by less than ~10%, indicating
that the membrane maintains its selectivity performance over
extended exposure to acidic conditions. Further, no visible
structural changes or active layer delamination were observed
during the acid aging experiments. Therefore, this suggests that
the coated membrane is capable of sustained operation in
acidic waste cryolite environments.

3.2. Calibrating Transport Models using Coupon-
Scale Experiments with Waste Cryolite Solutions. In this
section, we report coupon-scale experiments with the coated
membrane and the sulfate- and chloride-rich waste cryolite
solutions, which are conducted with the experimental
apparatus as illustrated in Figure 3A.”° Here, we compile
over 200 original ion rejection measurements that are
subsequently used to calibrate the DSPM-DE in Figure 3B,
to facilitate module- and process-scale analyses.”' In the
experiments, we utilize 8.0 cm by 3.0 cm coupons of coated
NF membrane with both sulfate-rich and chloride-rich
solutions at pH 1, 2, and 3, to examine the influence of
process conditions and the impact of H,SO, and HCI as
leaching agents.'® The experiments are conducted with the
coated membrane because of the enhanced Na/Al selectivity
provided by the magnified Donnan exclusion effect from the
polyelectrolyte surface coating, as discussed in Section 3.1.”

Panels C—H of Figure 3 illustrate the ion rejection as a
function of driving water flux for the coated NF membrane
with chloride- and sulfate-rich waste cryolite solutions, with
solution pH ranging from 1 to 3. The solid markers indicate
the measured rejection data points, while the curved solid lines
represent the model predictions. The calibrated model outputs
show strong agreement with the experimental data, registering
a mean-square error of less than 5% across the tested
conditions.

In all cases, the measured species rejections increase
monotonically with water flux.”**> AI** consistently exhibits
high rejection rates, with an average of 99.1% and all
measurements exceeding 97.6%. With the chloride-rich cryolite
solution, the coated NF membrane shows near-complete
rejection of Al**, with an average rejection of 99.4% across all
12 samples. In contrast, monovalent ions display significantly
higher permeation rates through the membrane; for example,
Na®, Li*, and K" are rejected at average rates of 26.3%, 12.6%,
and 31.5%, respectively. Based on the DSPM-DE model, we
attribute this differential permeation to a combination of steric,
Donnan, and dielectric exclusion mechanisms, which align with
longstanding experimental evidence regarding monovalent
selectivity of nanofiltration membranes.****%%%%3

Additionally, our experiments find that the coated NF
membrane demonstrates significantly lower permeation rates
for monovalent ions in sulfate-rich waste cryolite solutions
compared with chloride-rich solutions. As shown in Figure
3C—E, the rejection of Na* averages 88.8% or 2.4 times higher
than the rejection rate observed in chloride-rich cryolite, which
stands at 26.3%. This observation aligns with our prior
experimental and molecular dynamics studies,””**>* which can
be attributed to cation—anion transport coupling across the
membrane’s active layer, necessitated by the requirement to
maintain electroneutrality in permeation rates.”® Sulfate ions,
characterized by their large hydrated radii, high valency, and
low diffusivity, show low sorption selectivity into the
membrane.”® Consequently, sulfate ions typically exhibit
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Figure 4. Plot of the Na/Al separation factor for the (A) sulfate-rich cryolite and (B) chloride-rich cryolite solutions at solution pH of 1-3 as a
function of the transmembrane flux with the coated NF membrane. Plot of the percentage composition of Al in the permeate stream for the (C)
sulfate-rich and (D) chloride-rich cryolites at solution pH values of 1—3, as a function of the transmembrane flux. All four panels demonstrate that
permeate streams with higher monovalent cation purity are facilitated by increased transmembrane flux and lower solution pH.

rejection rates exceeding 95%, in contrast to chloride ions,
which have rejection rates ranging from 20—50%. The high
rejection rates of sulfate ions lead to elevated rejection of
monovalent cations, as the membrane system compensates to
preserve electroneutrality in the permeate stream.
Furthermore, the membrane’s monovalent cation selectivity
for both sulfate- and chloride-rich waste cryolites improves as
the solution pH decreases. This enhancement in monovalent
cation selectivity corresponds to an increase in ¢ potential and
a higher density of ammonium groups within the active layer.*
Our experiments show that as the solution pH is reduced from
3 to 1, the permeation rate of AI** decreases from 1.2% to 0.7%
with chloride-rich cryolite and from 0.5% to 0.3% with sulfate-
rich cryolite. Conversely, the permeation of Na* increases from
68.2% to 70.6% with chloride-rich cryolite and from 4.7% to
14.2% with sulfate-rich cryolite, over the same pH range.
Under lower solution pH conditions, the density of positively
charged ammonium groups increases due to ionic equilibria,
leading to a stronger Donnan exclusion effect that reduces the

partitioning of A** into the membrane.”> Meanwhile, SO42_

and CI™ experiences increased partitioning.”* To maintain
permeate electroneutrality, our models suggest that additional
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Na®, K%, and Li* ions are partitioned and transported across
the membrane, resulting in increased apparent permeation
rates under lower pH conditions.”®

3.3. Quantifying the Impacts of Process Conditions
on Apparent Monovalent Selectivity. In this section, we
analyze the impact of the solution pH, anion composition, and
driving water flux on the observed monovalent selectivity of
the coated NF membrane. Panels A and B of Figure 4 depict
the impact of the solution pH of sulfate-rich and chloride-rich
solutions on the Na/Al separation factor, respectively. The
solid markers denote coupon-scale experimental measure-
ments, while the dashed lines represent the model outputs
from the calibrated DSPM-DE. An NF process with a high
SFy./a can produce Al**-depleted permeate streams, poten-
tially allowing for environmentally benign disposal.'® The
SFya a1 values in sulfate- and chloride-rich cryolite solutions
consistently exceed unity across the range of tested pH and
water flux conditions, indicating selective permeation of Na*
over Al**. Generally, SFy, 4 increases with higher water fluxes
and lower solution pH. With pH 1 solutions, notably, sulfate-
rich and chloride-rich cryolite solutions attain SFy, /s values as
high as 45.51 and 102.02, respectively.
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the waste volume reduction.

Furthermore, we observe that the SFy,,, is higher with
cryolite solutions at lower pH levels. For example, SFy, 4 rises
from 9.0 to 45.5 in sulfate-rich cryolite and from 57.9 to 102.0
in chloride-rich cryolite. These findings correlate with the
trends in Na* and AI’** permeation rates discussed in Section
3.2. Lower pH levels increase the positive charge density of the
active layer in the NF membrane due to the protonation of
ammonium groups, enhancing the Donnan exclusion effect.*®
This yields decreased partitioning of multivalent cations like
AP* and an improved SFy,,,."° Conversely, the lower Na*
permeation rates observed with sulfate-rich solutions, as
discussed in Section 3.2, result in reduced relative permeation
rates of Na* compared to AP’*, leading to a decreased SFy,
due to sulfate anion transport coupling.”®

Panels C and D of Figure 4 present the effects of solution
pH and transmembrane flux on the concentration of AI** ions
in the permeate stream for both sulfate-rich and chloride-rich
solutions. A lower percentage of AI’** ions in the permeate
indicates that the NF membrane selectively permeates the
relatively benign Na* and K* ions instead of AI**. This results
in a permeate stream that is more suitable for environmentally
benign waste disposal, while the retentate stream has a higher
aluminum purity.

In general, the permeate aluminum composition ()
decreases with increasing driving water fluxes. For example,
with pH 3 sulfate- and chloride-rich cryolite solutions, ya
decreases from 1.38% to 0.79% and from 0.23% to 0.14%,
respectively, across the range of experimental water fluxes. As
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the solution pH decreases from 3 to 1, the y,; of the permeate
stream further decreases from 0.79% to 0.07% for the sulfate-
rich cryolite and from 0.14% to 0.08% for the chloride-rich
cryolite. The observed reduction in y, with increasing water
fluxes and lower solution pH aligns with the previously
discussed trends in Na/Al selectivity and the permeation rates
of AI’* and Na', indicating that the overall improvement in
permeate quality is a feasible result of enhanced Donnan
exclusion effects.

Our coupon-scale experiments with sulfate- and chloride-
rich solutions demonstrate that the coated NF membrane
provides enhanced Na/Al separation, likely due to the
improved Donnan exclusion of multivalent cations. For cryolite
solutions at pH 1, which is similar to the acidity of acid
leachates from bauxite processing,'® the aluminum content in
the permeate can be reduced to as little as 0.07% and 0.08% for
sulfate- and chloride-rich cryolites, respectively. This suggests
that variations in anionic composition and the acid-leaching
process have a minimal impact on the purity of the resulting
permeate. Additionally, the low aluminum concentration in the
permeate suggests that the Na- and K-rich permeate is more
sufficiently pure for environmentally safe disposal via post-
treatment measures. The aluminum concentration is reduced
by 2 orders of magnitude from the feed to the permeate, from
4.41 g L' to as low as 0.0138 g L™". Our data suggest that this
solution of low aluminum concentration can be further treated
with a membrane or ion-exchange step before environmentally
benign disposal.””® Further, the total dissolved solids (TDS)
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in the permeate, reaching as low 1.17 g L™, and concentration
of aluminum, fall within a general threshold for industrial
effluent of 1.5 g L™ and 0.1 g L7}, respectively.””*’

Meanwhile, aluminum is effectively retained in the retentate
stream. A sufficiently aluminum-pure retentate stream can
partially replace the electrolyte in the Hall-Héroult process.
Regularly removing a portion of the spent cryolite electrolyte
and replacing it with fresh, higher-purity cryolite help dilute
the impurities and maintain a more consistent quality of the
electrolyte over time. In more extreme cases, it may be
necessary to fully replace the bath with a high-purity cryolite
electrolyte.'® Regardless, the retentate stream provides an
opportunity to recycle waste cryolite back into the molten salt
electrolysis process. An appropriately sized NF module could
concentrate aluminum for successful recirculation and further
aluminum production, as we will explore with module-scale
analysis in the next section.

3.4. Projecting Module-Scale Performance of Nano-
filtration for Aluminum Recycling from Waste Cryolite.
Finally, we conduct module-scale simulations to evaluate the
feasibility of Donnan-enhanced nanofiltration for recovering a
high-purity aluminum stream and an Al-depleted stream that is
considerably safer for disposal. As detailed in Section 2.2.2, we
modeled the process using a commercial-scale spiral-wound
membrane module (Nitto-Denko PRO XS1) equipped with
the same coated NF membrane. Through this analysis, we
quantify the concentration ratio of Na/Al in the permeate and
retentate streams and assess the potential effectiveness of a
membrane unit in achieving resource circularity in aluminum
production. The nodal ion fluxes are calculated using the
calibrated DSPM-DE model and integrated with a forward
Euler scheme to determine the net composition and flow rates
of the permeate and retentate streams. We also calculate the
projected specific energy consumption as a function of waste
volume reduction and the expected aluminum composition in
the permeate from a spiral-wound module. The isentropic
efficiencies of the high-pressure pump and energy recovery
device are assumed to be 0.75 and 0.80, respectively."’

Panels A and B of Figure S5 show the normalized ion
concentrations in the retentate stream along the membrane
length for sulfate- and chloride-rich waste cryolite solutions,
respectively. The results indicate that the concentrations of
Na*, Li*, K*, and AI** in the retentate stream increase along the
membrane length due to selective water extraction by the
membrane. Additionally, with both solution compositions, the
retentate solution exhibits a notably higher increase in AI**
concentrations compared to that of the other monovalent ions.
These results suggest that monovalent ions permeate through
the NF membrane much faster than AI**, which is consistent
with the coupon-scale experimental results presented in
Sections 3.2 and 3.3. With the sulfate-rich cryolite solution,
the concentrations of Na*, Li*, and K" increase from 1 to
approximately 1.42 along the length of the module. In contrast,
with the chloride-rich cryolite, these ions increase from 1 to
around 1.2. As discussed in Sections 3.2 and 3.3, this difference
in the relative concentration in the retentate stream results
from the anion—cation coupling between sulfate and the
monovalent cations; the low permeability of sulfate ions leads
to reduced net permeation of the monovalent cations due to
the electroneutrality condition in the permeate stream,
resulting in a higher concentration rate with the sulfate-rich
cryolite. Nevertheless, across both solution compositions, the
enhanced Donnan exclusion afforded by the membrane’s
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positively charged surface contributes to the superior rejection
of multivalent AI**, thus leading to its selective retention.

Next, we analyze the Na/Al concentration ratio in the
retentate stream as a function of the waste volume reduction
(WVR) ratio, commonly referred to as the recovery ratio in
desalination literature.’ As previously stated, the Na/Al ratio
is important to ensure efficient aluminum production. The
recovery ratio, defined as the ratio of permeate volume to feed
volume, represents the percentage of non-aluminum-contain-
ing solution recovered from the feed. Under optimal
conditions, the permeate contains primarily monovalent ions
requiring disposal or further treatment; on the other hand, the
aluminum-rich retentate is suitable for reblending with bauxite
input, promoting a circular economy in aluminum production.
Our results show that the retentate Na/Al ratio generally
increases with decreasing solution pH for both waste cryolite
compositions due to enhanced Na/Al separation factors. For
example, at a 25% waste volume reduction, when the pH drops
from 3 to 1, the Na/Al ratio decreases from 4.06 to 3.95 in
sulfate-rich cryolite and from 3.38 to 3.35 in chloride-rich
cryolite. As the WVR ratio increases, more Na*, Li*, and K" are
removed into the permeate stream, further lowering the Na/Al
ratio in the retentate. For instance, at pH 1, the Na/Al ratio
decreases from 3.35 to 2.73 in chloride-rich cryolite as the
WVR increases from 25% to 45%. For recycling purposes, the
aluminum-rich retentate should ideally have a Na/Al
concentration ratio around 2.5."® Under the experiments’
most optimistic tested parameters, a single nanofiltration stage
can achieve a retentate Na/Al ratio of approximately 2.6, while
reducing the volume of waste cryolite requiring further
treatment by up to 45%, highlighting significant potential for
resource recovery and waste minimization.

Panels C and D of Figure 5 show the specific energy
consumption (SEC) as a function of solution pH and waste
volume reduction, also known as the recovery ratio. Here, we
report SEC in kWh per mol to more accurately reflect the
energy required to recover each mole of aluminum. Generally,
higher waste volume reduction leads to increased specific
energy consumption, as greater hydraulic pressures are
required to overcome the higher osmotic pressure necessary
for greater permeate recovery, consistent with prior membrane
studies.”” For example, the SEC increases from 0.896 kWh
mol ™" to 1.002 kWh mol ™" as the WVR rises from 25% to 45%
for chloride-rich cryolite at pH 1. Additionally, lower pH
treatments require more energy for both solution compositions
due to lower ionic permeability, as discussed in Sections 3.2
and 3.3. Specifically, at a 45% recovery ratio, energy
consumption rises from 0.989 kWh mol™' to 1.002 kWh
mol ™" for sulfate-rich cryolite and from 0.990 kWh mol™" to
1.002 kWh mol™ for chloride-rich solutions as the solution pH
decreases from 3 to 1. This finding aligns with previous bench-
scale experiments, which demonstrate that lower pH levels
enhance the Donnan exclusion effect by increasing the density
of positively charged NH, " groups on the polyelectrolyte layer.
As such, this enhancement makes the membrane more
resistar;g 250 cationic transport and raises energy require-

Panels C and D of Figure 5 also illustrate the permeate
aluminum composition after one NF treatment stage with
sulfate- and chloride-rich cryolite, respectively. Generally,
lower pH solutions result in a purer permeate stream of
monovalent cations due to the higher Na/Al selectivity, as
evidenced by a decrease in aluminum composition. Moreover,
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chloride-rich cryolite produces a significantly purer permeate
stream than sulfate-rich cryolite. For example, at pH 1 and a
45% recovery ratio, the chloride solution contains 0.00194%
Al, compared to 0.285% in the sulfate solution. This outcome
is consistent with the differences in separation factors discussed
in Section 3.3, which result from the lower Na* levels induced
by sulfate—cation coupling to maintain permeate electro-
neutrality in sulfate-rich cryolite solutions. Still, the extremely
low A" concentrations in the permeate streams for both
sulfate- and chloride-rich cryolites indicate that NF is highly
effective in extracting Na*-rich permeate.

In conclusion, the module-scale analysis using the
experimentally validated DSPM-DE and a commercial spiral-
wound NF system shows the effective treatment of waste
cryolite. This process results in an Al**-depleted permeate,
with aluminum concentrations as low as 0.00194%, possibly
suitable for environmentally safe disposal. Further, the
retentate stream achieves a Na/Al concentration ratio of
approximately 2.6, making it viable for recycling in cryolite—
alumina molten salt electrolysis. The analysis indicates that
lower pH levels and higher recovery ratios enhance the Na/Al
separation, reducing the aluminum content in the permeate.
These findings suggest that Donnan-enhanced nanofiltration
can significantly contribute to resource recovery and waste
minimization in the aluminum industry with further
optimizations potentially improving system efficiency and
sustainability.

4. SUMMARY AND IMPLICATIONS FOR RESOURCE
CIRCULARITY

In this study, we explored the performance of two nano-
filtration (NF) membranes—one uncoated and the other
coated with a polyelectrolyte layer—for their ability to
selectively separate aluminum from waste cryolite solutions.
Utilizing characterization techniques, such as TEM and FTIR,
we examined the structural attributes and functional improve-
ments imparted by the polyelectrolyte coating. This coating
significantly enhances the density of positively charged
ammonium groups on the membrane surface, thereby
bolstering the membrane’s capability to exclude multivalent
cations like AI** and improving the Na/Al separation factor.
Our experimental findings reveal that the coated membrane
significantly outperforms its uncoated counterpart, with Na/Al
separation factors that rise from 6.5 to 9.0 as water flux
increases, compared to a range of 3.0—5.8 for the uncoated
membrane. The superior selectivity for monovalent cations
demonstrated by the coated membrane can be attributed to
the enhanced Donnan exclusion effect.

Through coupon-scale experiments, we demonstrated the
coated NF membrane’s ability to maintain high rejection rates
for AP*, averaging 99.1% across all test conditions, while
allowing substantial permeation of Na®, Li", and K'. This
selective permeability is particularly pronounced at lower pH
levels, where the Donnan exclusion effect is amplified due to an
increased density of positive charges on the membrane surface.
Specifically, we observed that lower pH solutions significantly
enhance the Na/Al separation factor, with the coated
membrane achieving high selectivity, reaching 102.02 in
chloride-rich cryolite solutions. This enhanced selectivity,
along with reduced aluminum content in the permeate,
underscores the membrane’s capability to produce Na- and
K-rich streams that meet general industrial effluent thresholds
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and, therefore, are potentially environmentally safe for disposal
with post-treatment steps.

Our module-scale simulations, conducted by using the
DSPM-DE model, further validated the practical viability of
Donnan-enhanced nanofiltration for processing waste cryolite.
These simulations demonstrated the process’s efficiency in
concentrating AI’" in the retentate while producing an Al-
depleted permeate, with aluminum concentrations as low as
0.00194%. The retentate stream, achieving a Na/Al concen-
tration ratio of approximately 2.6, is likely suitable for recycling
in aluminum processing. We found that both lower pH levels
and higher recovery ratios augment Na/Al separation, thus
lowering the aluminum content in the permeate. These
outcomes are consistent with our experimental data, emphasiz-
ing the DSPM-DE model’s robustness in predicting membrane
performance under varying conditions.

In conclusion, our study demonstrates the potential
effectiveness of nanofiltration membranes in selectively
retaining aluminum from waste cryolite solutions, thereby
promoting resource recovery and minimizing waste during the
aluminum refinery. The Donnan-enhanced nanofiltration
process not only generates high-purity aluminum streams
suitable for recycling but also produces an Al-depleted
permeate that progresses significantly toward a safe disposable
effluent.

While our results are promising for hypersaline cryolite
waste treatment, we recognize that cryolite waste compositions
differ widely across aluminum refineries. Further testing with
local waste compositions is essential to optimize the
membrane’s properties and operating conditions, tailoring
the process for specific plant requirements. This customization
is crucial for achieving a commercially viable and scalable
membrane process that can handle the distinct osmotic and
chemical characteristics inherent to varied industrial waste
streams. Additional research could aim to further refine
membrane properties and optimize operational conditions to
enhance system efficiency and sustainability, broadening the
scope of this technology’s application in industrial aluminum
processing and waste management.
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