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ARTICLE INFO ABSTRACT

Keywords: Interdigitated flow fields (IDFFs) stand out among flow fields used in electrochemical energy storage and con-

Flow version for their modest pressure drop through electrodes. While recent efforts have sought to optimize flow-field

EDles‘gn hemi topologies and channel shapes, we present a bottom-up strategy to taper channel cross-sections in IDFFs to
DeCtlr_oc femlmy maximize flow uniformity, eliminating the dead zones that plague straight channels. A linear variation in
esalination

channel hydraulic conductance is shown to produce constant inter-channel velocity with minimal pressure drop,
and mapping between conductance and cross-section geometry with appropriate Poiseuille flow relations enables
their implementation. Using a micro-engraving process, we design and manufacture tapered channels having
piecewise-constant cross-sections chosen from a library with different nominal widths and depths. The spacing
between channels is then optimized to simultaneously minimize material removal and maximize apparent hy-
draulic permeability. Such tapered-channel IDFFs are embedded in porous, cation-intercalating electrodes for use
in desalination by symmetric Faradaic deionization (FDI), where an increase in hydraulic permeability of tapered
channels greater than two-fold compared to straight channels is shown to reduce pumping energy by 62% when
desalinating seawater-salinity feeds. Energy efficiency doubles at 50% salt removal as a result, motivating hy-
bridization of FDI with conventional desalination processes. Total energy consumption levels of 7.3 kWh/m?® and
0.69 kWh/m? to produce freshwater respectively from seawater-salinity and brackish feeds is lower than small-
scale reverse osmosis and thermal distillation. Low-pressure, high-efficiency operation enabled by IDFFs
designed with optimally tapered channels motivates their broad use in flow-based electrochemical separations,
energy storage, and energy conversion.

1. Introduction

Flow fields are indispensable for the low-pressure, high-rate opera-
tion of scalable electrochemical energy conversion and storage devices
that use liquid or gaseous feeds, including fuel cells [1], flow batteries
[2], and electrochemical separation devices [3-5]. Interdigitated flow
fields (IDFFs) stand out among other flow fields due to their low pressure
drop and facile electrochemistry achieved by forcing electrolyte flow
through porous electrodes [6]. While serpentine flow fields have been
shown to increase power density in flow batteries, pumping energy costs
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have been shown to be significant [7]. Direct comparison of mass
transport limitations in interdigitated, serpentine, parallel, and spiral
flow fields has also revealed the unique low-pressure capabilities of
IDFFs due to the short flow paths between channels [8]. However, ma-
chine learning [9,10] and additive manufacturing techniques [11] have
recently been used to explore flow-field design topologies that could
further decrease pumping pressure. Iterative, physics-based design ap-
proaches have also been used to compensate for dead zones caused by
fluid stagnation in electrode pores [12,13] by modifying channel depth
locally [12]. Because the maximum current density i, that can be
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sustained without depleting reactant is directly proportional to local
superficial velocity u;," dead zones suppress the utilization of electrode
active area so as to increase cell polarization. In addition, dead zones can
trigger gas evolution reactions [14-16] that suppress reactant mass
transfer [17]. While dead-zone compensated design can mobilize elec-
trolyte, thus far such an approach has come at the cost of higher
pumping power [12]. Other flow-field designs have mimicked biological
networks, including hierarchical IDFFs [18,19] and lung-inspired flow
fields [20] that improve mass transport and flow distribution. Here, we
introduce a new bottom-up theory for the design of tapered channels
within IDFFs to simultaneously mitigate dead zones and minimize
pumping pressure. A subspace of infinitely many channel shapes is
shown to uniformize flow in IDFFs, while linear scaling of hydraulic
conductance is found to produce the smoothest conductance profile
among all uniformizing channel shapes.

While recent efforts have systematically explored the arrangement of
channels to create certain flow field topologies, efforts to maximize
performance by making channel cross-sections vary along their length
have employed impromptu designs to date, thus limiting the extension
of such strategies broadly. To date, numerical and experimental studies
on flow batteries and fuel cells have tapered IDFF channels linearly in
their width [21-25], depth [26-31], or both [32] to minimize pressure
drop. However, no past work to our knowledge has sought to uniformize
flow in doing so, nor has past work considered other taper functions. It is
the contention of the present work that the kinematics of fluid flow (i.e.,
the streamlines produced by the flow field) should inform the design of
tapered channels. Our recent demonstration and quasi-1D theory of
embedded, micro-interdigitated flow fields in intercalation-based Fara-
daic deionization [3] (FDI) support this contention. There, the flow
uniformity produced by straight channels was shown to be affected by a
single non-dimensional parameter = that characterizes the ratio of the
longitudinal hydraulic resistance within channels to hydraulic resis-
tance within electrode material between channels [3]. Here, 2«1 cor-
responds to small intra-channel hydraulic resistance that produces
non-zero transverse velocity through porous electrode material, thus
eliminating the formation of dead zones even when channels use a
straight cross-section that is not tapered [3]. However, to satisfy such a
condition requires a large channel width when electrodes are highly
permeable, resulting in significant material removal that reduces elec-
trode capacity when IDFFs are embedded in electrodes [3] rather than in
abutting bipolar plates. Thus, IDFFs using straight channels are best
suited for electrodes with low hydraulic permeability. We overcome this
challenge by rationally varying channel cross-sections along the length
of channels to eliminate dead zones, subject to the constraints of a
micro-engraving process that we use to make them. We do this by
leveraging a quasi-1D theory of flow to inform the tapering of IDFF
channels based on linear scaling of hydraulic conductance along each
channel’s length. In turn, we quantify the impact of such tapered IDFFs
on the desalination performance achieved in intercalative FDI, where
past research [4,33] apart from our own has used flow-by configurations
that suffer from pervasive electrolyte stagnation.

In this work, we present a rational design strategy for the uni-
formization of flow by tapering the channels used in IDFFs. We embed
such tapered, interdigitated channels within porous electrodes incor-
porating nickel hexacyanoferrate for use in intercalative Faradaic
deionization. The tailoring of channel cross-sections is first deduced
from an analysis of the resulting flow through the electrodes based on
quasi-1D theory. A conductance library is then generated by micro-
engraving straight channels with different channel widths and depths
into porous electrode material. Tapered IDFF channels with linear

! The steady-state limiting current density for one-dimensional flow is given
as: ijm = usCnF(h/s), where Cy is the feed concentration of reactant, F is
Faraday’s constant, h is electrode thickness, and s is flow-path length. This
formula is derived in Section 1 of the Supporting Information.
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scaling of channel conductance are then achieved by varying cross-
sections in a piecewise-constant fashion. The inter-channel spacing be-
tween tapered IDFF channels is also determined to minimize material
removal while maximizing electrode hydraulic permeability, which is
shown to exhibit a percolative dependence on flow-path length. The
electrodes embedded with optimally tapered IDFF channels are then
used in a symmetric FDI flow cell to desalinate feeds with brackish and
seawater salinity.

2. Results and discussion
2.1. Theory of optimal tapering to uniformize flow

We used quasi-1D theory [3] to analyze the flow through IDFFs using
either straight or optimally tapered channels, the results of which are
shown in Fig. 1 and the derivations of which are shown in Section 2 of
the Supporting Information (SI). Subsequently, we also describe salient
features of the approach used to deduce the design principles for optimal
tapering of channels. We show that optimal tapering is achieved by
using cross-section variations that produce a certain functional variation
of the hydraulic conductance G, which is defined for Poiseuille flow as
G = —Vu/(dp /dx) with V being the volumetric flow rate, u being the
dynamic viscosity, and dp/dx being the longitudinal pressure gradient.
For laminar, fully developed flow through a rectangular channel
cross-section having depth h that is much greater than its width w, hy-
draulic conductance is shown to follow a local-cubic law [34]: G =
hw?/12. In general, the conductance obtained for laminar, fully devel-
oped flow depends on geometry alone, consistent with its unit of m*.
Also, the conductance produced by arbitrarily shaped channel
cross-sections can be predicted numerically, as we demonstrate later for
trapezoidal cross-sections produced by V-bit engraving.

The results of our quasi-1D analysis of IDFF flows produced using
either straight or optimally tapered channels are shown in Fig. 1 and
Table S1. Straight channels used in IDFFs possess channel conductance
that remains constant along each channel (Fig. 1 a), whereas optimally
tapered channels possess a linear variation of hydraulic conductance
(Fig. 1 f). We note that such linear variation of hydraulic conductance
does not necessarily dictate linear variation of any individual cross-
sectional parameter. For a rectangular cross-section whose width w is
varied while its depth h is fixed and where h>w is satisfied, linear
conductance scaling dictates that channel width varies with the cubic-
root of longitudinal position x (see Fig. 1 f inset): w = wp(1 — x/L)l/B,
where wy is maximal channel width and L is channel length. Ultimately,
the conductance variations that a given channel shape possesses are
shown to produce a certain transverse velocity distribution between
high- and low-pressure channels through porous electrode material. For
IDFFs using straight channels transverse superficial velocity u, de-
viates from uniformity to an increasing degree when channel length is
increased ceteris paribus (Fig. 1 e). In contrast, for IDFFs that use opti-
mally tapered channels transverse velocity is uniform irrespective of
channel length (Fig. 1 j), provided that the spacing between channels is
large enough that the span of intervening porous electrode material
varies weakly among all flow paths. Sufficient separation between
channels is required because we assume an invariant flow-path length to
deduce that linear conductance scaling produces uniform flow, as shown
later.

The variation of longitudinal flow rate VH (x) within high- and low-
pressure channels determines their respective pressure distributions
p*(x) and p(x), which in turn produce the inter-channel pressure dif-
ference Ap(x) = p*(x) —p'(x) that drives transverse velocity us
through porous electrode material. For IDFFs using straight channels
longitudinal volumetric flow rate varies in a non-linear fashion (Fig. 1 b)
to produce channel pressure distributions with an exponential-like
decay (Fig. 1 ¢). The difference in slope between pf(x) and p*(x) at a
given position results in the inter-channel pressure difference being non-
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Fig. 1. Longitudinal distributions of channel hydraulic conductance (a,f), longitudinal channel flow rate (b,g), channel pressure (c,h), inter-channel pressure dif-
ference (d,i), and transverse superficial velocity (e,j) for IDFFs using straight (a-e) and tapered (f-j) channels with length L. Figs. 1b-c,f-h use dashed and straight lines

respectively for high- and low-pressure channel distributions.

uniform (Fig. 1 d). In contrast, for IDFFs using optimally tapered
channels longitudinal flow rate varies linearly (Fig. 1 g) to produce a
linear variation of pressure in each channel. Because p(x) and p(x)
possess identical slopes inter-channel pressure difference becomes uni-
form (Fig. 1 i). We also note that though the total supply pressure (i.e.,
p(x = 0) — p'(x = L)) needed for IDFFs using either straight or tapered
channels is the same (Fig. 1 c,h), straight channels produce a higher total
flow rate (Fig. 1 b) than tapered ones (Fig. 1 g) when both types of
channels use the same maximal cross-section. However, tapered-channel
IDFFs possess a smaller volume than straight-channel IDFFs due to a
corresponding straight channel’s profile circumscribing that of a tapered
channel. In practice, we show later that when channel volume fraction is
fixed among straight- and tapered-channel IDFFs, tapered-channel IDFFs
produce higher apparent permeability. Next, we describe the theory
used to deduce that linear conductance scaling produces uniform flow.

Our novel tapering approach for IDFFs based on the linear scaling of
channel hydraulic conductance is dictated by the condition that the
transverse superficial velocity u;, between high- and low-pressure
channels is invariant along such channels. By subjecting the quasi-1D
equations that model flow distribution through IDFFs to a uniform u; |
condition, we prove that interdigitated channels that possess linear
scaling of hydraulic conductance (Eq. 4; [35]) uniquely satisfy this
constraint with the smallest mean-square slope. We then explain how

such hydraulic conductance variations can be produced by a variety of
means, depending on the specific channel cross-section and variation
thereof that is sought.

We now determine design formulas for the tapering of channel cross-
sections to produce uniform transverse velocity between high- and low-
pressure channels [35]. Readers with interest in using the theory are
directed to Egs. 2-4 for conductance profiles that uniformize flow. The
approach used produces certain tapers that are similar to the tapered
headers used for manifolds with uniform flow [36,37]. For simplicity we
assume that the inter-channel distance s(x) is a weak function of x such
that we approximate it using a constant value s, that is representative
over the entire range of x: s(x) = s,. Application of Darcy’s law subject to
uniform u, ; implies that the pressure difference Ap between high- and
low-pressure channels is invariant along these channels:

b1 [usms
P="

Ap=p

where p(x) and p" (x) respectively capture the pressure variations with
longitudinal position x within high- and low-pressure channels. k,, and
respectively are the hydraulic permeability of the porous electrode and
the dynamic viscosity of the working fluid. The quasi-1D theory also
couples the variations of pressure within each channel to the hydraulic
conductance variations that we seek to optimize: G(x) and G*(x). In
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general, these effects are captured using the following differential
equations that enforce the conservation of volumetric flow rate within
each channel, as described in SI Sec. 2:

H H
i | =0
d [G* dp*
&{7% — 2hlu, | =0

We now enforce |u; | to be invariant with x, allowing the above equa-
tions to be integrated directly to yield explicit functions of x for the

longitudinal flow rates Vl?(x) and Vﬁ(x):

Vi = % =- /Zh\uu\dx = —2hfu,  [x + g

L L
Vi) = —% % — /2h|us_l|d_x — 2h|u, | [x + K

By neglecting flow through the tip of both channels (i.e., Vll‘{(x: L)=0

and Vﬁ(x = 0) = 0), we find the integration constants xy and x;:

V() = f%H‘%I: 2hL|ug, |(1-x/L)

. GL L
Vi) = — % = 2hLu, . |(x /L)

Consistent with our enforcement of uniform transverse velocity,
which in turn requires that Ap is invariant along channels, the gradient
of Ap must therefore be zero:
d(Ap) _dp dp" _

& dx dx °

Utilizing the preceding expressions for Vﬁ[(x) and Vﬁ(x), we obtain a
relation that governs the conductance distributions G*(x) and G (x)
within the respective channels:

1-x/L  x/L _

Gi(x) GHx)

We opt to taper high- and low-pressure channels in the same manner
such that their conductance distributions are anti-symmetric: G-(L — x)
= GH(x). Consequently, we obtain a functional equation that constrains
the high-pressure channel’s conductance distribution:

G (x)-x = G*(L —x)-(L —x) (¢}

In actuality, Eq. 1 defines a space that includes infinitely many
conductance profiles. A necessary and sufficient condition to satisfy this
equation is that f(x') = (L /2 £ x)-G¥(L /2 +x') be an even function,
where X' = x— L/2. Thus, a conductance profile that uniformizes flow
can be generated by using any trial profile g(x):

G - BT L X8l —x) _g0) —gC-x) gL-x)

2x 2 2(x/L)

While the above conductance profile may be singular for vanishing x, in
Section 3 of the SI we show that the following cosine series forms a
subspace of profiles that satisfy Eq. 1 without discontinuities or
singularities:

G (x) = % HZ.; by {cos <¥ (x - é) > — cos (%)} 3)

where the coefficients b, can be chosen arbitrarily. Using Eq. 2 one can
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show that a linear conductance profile is the lowest-order polynomial
profile that uniformizes flow between channels. Further, when negli-
gible flow occurs through channel tips the following linear conductance
profile is obtained:

GH(x) = Go-(1—x/L) @

where Gy is the high-pressure channel’s conductance at its inlet. This
linear profile is readily shown to minimize the mean-square slope of

conductance < (dG" /dx) 2 >:
((dG"/dx)*) = (dG" /dx)’ + ((dG" /dx) — dG" /dx)*

where (f) = [ (f /L)dx is an integral average operator. Since dG" /dx is
constant for a linear conductance profile, it has no fluctuation from its
mean, resulting in all other profiles with the same mean slope having
greater mean-square slope.

We also observe that other conductance profiles that satisfy the
uniform flow condition generally produce larger pressure drops than the
linear profile. To show this, we systematically perturbed the conduc-
tance profile of Eq. 4 from linearity, while constraining channel volume
and flow rate to be the same among all taper-channel IDFFs, by adjusting
the coefficients of its cosine-series expansion:

G (x) =Gy (1 —%) :Goig% {cos(% <x—§)) —cos(nz—ﬂﬂ

1

Figure S2 shows that the pressure drop produced with linear conduc-
tance scaling is within 0.2% of all perturbed profiles, demonstrating the
unique ability of linear conductance scaling to enable low-pressure flow.

In what follows we exclusively use the above linear channel
conductance profile. The tapering profile can be determined using the
correlation between the local hydraulic conductance and the desired
channel cross-section. For example, one can vary the width of the
channel while keeping the depth fixed, which results in a cubic-root
tapering profile in the width if w<ch or a linear tapering in the width
if w>h [36,38]. Similar results can be achieved if the depth is varied and
the width is fixed. However, variation in either the width or the depth
could lead to feature sizes that are not resolvable by a given
manufacturing method, as discussed later. Therefore, to manufacture
tapered channels in this work we varied both their depth and width to
achieve maximal channel resolution.

2.2. Design for manufacturability and maximal permeability

We created an experimental library of channel cross-sections deter-
mined by optical profilometry to correlate hydraulic conductance G with
specific micro-engraving conditions (Fig. 2 a,c). The porous, inter-
calative electrodes in which channels were embedded are used later in
desalination by symmetric Faradaic deionization. This library was used
to design tapered channels having piecewise-constant cross-sections to
approximate a linear conductance variation that is sought to uniformize
flow (Fig. 2 b). Laser micro-machining was also prototyped using similar
approaches (SI Sec. 13), demonstrating the versatility of our approach.
Precision engraving with a V-shaped cutting tool was used to create
channels with widths ranging from 150 to 450 um and depths ranging
from 75 to 200 pm using a desktop CNC machine (Fig. 2 a,c). Simulated
axial velocity distributions resulting from laminar, fully developed
Poiseuille flow show that flow in most instances is two-dimensional
(Fig. 2 a), justifying our numerical determination of G rather than
estimating it with the local-cubic law. To determine the specific
piecewise-constant cross-section variation used to uniformize flow, the
set of conductance values obtained by varying width and depth jointly
were overlaid as segments onto an ideal theoretical curve (Fig. 2 b).
Joint variations of width and depth were used because varying either of
the two dimensions separately while fixing the other either produced



M.H. Rahman et al.

(@ @ (c)
(}fbi; Channel width, w (um) .
@ 450 400 350 300 250 200 150 1009 <
S oEmTEETEE TR T o
(G2 O]
S Ww | ¥V ¥\ ¥ | ¥ ¥ | g
C
s=OICIICICIY: B
£ B
5 E
SOOI IR 8
= -
S 2
A OO AR ACRRCERCER) T
S E
o
zZ
b d
() 1.0 (w[pm],h[um]) 0.1 @
—~ ~(250,200)
so8l < T
g =k S5 (250,75). £
- ) O (200,75
3 0.6 - (20?'200) o ( (152),75))-._ .ac)-
g S o 3]
[S] N ©
=] S ‘@'
204 ~(250,150) ©
] )
° 2
9 )
R o2 Z
© ©
g -==-ldeal =
o Experiment
zZ 0'8
.0 0.2 0.4 0.6 0.8 1.0

Normalized position, x/L (-)

1

o

o

o

o

o

N

N

N

o

o

o

o

(e)
:Or[Depth, h (um) e
- -- 200 /a
== 150 e
8tF -~ 100 &
F-- 75 .’a’
° ’/
6 P .
a’/ _,0"’
At e T
- _,o" °
° -
2t B S,
o--" _-_._-_,____._----’ °
O;::::——-—O—--0-—-—‘-——-0-—--.
M50 200 250 300 350 400 450
Channel width, w (um)
4
2 High-pressure channel
.0
.8
.6
4
2

Electrochimica Acta 514 (2025) 145632

Low-pressure channel

0.2 0.4 0.6 0.8
Normalized position, x/L (-)

1.0

Fig. 2. (a) Conductance library with distinct width and depth combinations, showing axial velocity distributions for each channel cross-section. (b) Theoretical and
experimental conductance variation along a tapered channel with piecewise-constant cross-sections. (¢) Channel conductance as a function of channel width and
depth. (d) Width variations of high- and low-pressure channels. (e) Optical profilometry of a representative tapered channel compared with that of the felici-

tous design.

~10% unresolved channel length or a first segment length approaching
50% of the channel’s entire length (Section S4 in the SI). The length for
the segment having maximal conductance was first chosen to make that
segment’s center intersect the ideal curve (Fig. 2 b). For all other seg-
ments an ‘anchor point” was chosen based on the position at which each
segment’s conductance coincided with the ideal curve. The right end
point of the interval for each segment was then assumed to equal half the
distance between anchor points to the left and right. This strategy ap-
proximates the ideal curve to approach a midpoint rule, which produces
second-order accuracy for integration. The resulting variations of
nominal width, depth, and length for each channel segment are shown to
vary non-monotonically along each channel (Table S2; Fig. 2 b), as
verified using optical profilometry (Fig. 2 d,e).

Tapered channels designed using the aforementioned strategy were
used to create IDFFs milled onto 45 mm x 45 mm electrodes. In addition
to the tapered profile already described, the interdigitation of channels
requires the specification of their center-to-center spacing s.. and a gap
distance g between channel tips and electrode edges. In practice, we
made IDFFs with s, equal to 900 ym and 3.2 mm to probe the impact of
spacing on apparent permeability and electrode capacity, as discussed
later. A finite, non-zero gap distance is also needed to suppress direct
flow between the tip of each channel and its adjacent electrode edge, the
effect of which was assumed negligible when deriving the associated
conductance scaling formula for uniformizing flow. Conversely, too
large of a gap produces dead zones at channel tips. Our analysis of this
effect in Sec. S5 of the SI yields a formula for the minimum gap distance
to suppress tip flow to <1% for electrodes with isotropic permeability: g
> 50wps,/L, where wy and L are the maximal width and length of the

channel and s, is the representative inter-channel distance. For the IDFF
using s.. equal to 900 pm the minimum gap distance was 214 um. A gap
distance equal to 500 um was targeted to produce 44.5 mm long chan-
nels, but ~1 mm was engraved in practice due to the finite resolution of
our engraving technique.

To quantify the impact of s.. on the local permeability of unpatterned
electrode material, four electrodes were engraved with parallel channels
extending along the entire length of each electrode, each using different
inter-channel spacing (Table S5). Hydraulic permeability was then
measured with the associated channels oriented perpendicular to the
flow direction, rather than parallel to it, to systematically vary the
contiguous flow path lengths through porous electrode material (Fig. 3
a). Unexpectedly, the measured hydraulic permeability was shown to
increase from practically zero for inter-channel distance s > 1.5 mm
toward an upper bound of 0.5 ym? for s < 0.5 mm according to a ~1/5™"
power law in the deviation from the threshold flow-path length s, (Fig. 3
a). Such scaling is evidence of liquid-phase percolation within the pores
of the electrodes that also raises questions concerning the wettability of
our electrodes. One contributing factor is the hydrophobic nature of the
polyvinylidene fluoride (PVdF) binder [39,40] used in our electrodes,
which could inhibit water from infiltrating micropores. Predicated on
the possibility of such a mechanism, the apparent hydraulic perme-
ability of an electrode engraved with parallel channels was measured
using both air and water as working fluids with an orientation parallel to
the flow direction rather than perpendicular to it (Fig. S5). While water
produced a permeability of only 140 um?, air produced a permeability of
240 um? which is in much better agreement with the calculated theo-
retical hydraulic permeability of 270 pmz (Table S6). Hence, we
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conclude that the percolative dependence of hydraulic permeability on
flow-path length is linked to the presence of trapped air within certain
pores. Despite this implication the wettability of V-bit engraved elec-
trode surfaces is shown to be better than laser-micromachined surfaces
(Fig. S20), motivating deeper investigation of electrode wetting.

We used the associated knowledge of flow-path length dependent
hydraulic permeability to design tapered-channel IDFFs that maximize
apparent permeability. We created such IDFFs using inter-channel dis-
tances below (s = 550 um) and above (s = 2.7 mm) the percolation
threshold. Despite the electrode with larger inter-channel distance using
bigger channels (wo = 510 um) than the other (wo = 350 pm), the
electrode having smaller channels produced more than three-fold larger
apparent permeability (Fig. 3 b). This increase in permeability is
attributable at least in part to a shorter flow-path length resulting in
greater local, unpatterned electrode permeability (cf. Fig. 3 a). Addi-
tionally, the electrode having smaller tapered channels and shorter
inter-channel distance produced more than two-fold larger apparent
permeability than an electrode patterned with a straight-channel IDFF
having similar material removal and inter-channel distance. This in-
crease in permeability can be attributed to the tapering of IDFF channels
that also minimizes the effect of dead zones to which straight-channel
IDFFs are susceptible [3].

2.3. Desalination using symmetric, intercalative FDI

Desalination experiments were carried out with tapered-channel
IDFFs embedded in nickel hexacyanoferrate (NiHCF) cation intercala-
tion electrodes using the in-house symmetric Faradaic deionization
(FDI) apparatus depicted in Figs. 4 a,b. While we previously used a
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heated, alkaline-pH coagulation bath in wet-phase inversion to solidify
electrodes after slurry casting [3,41], here we used a heated, neutral-pH
coagulation bath to eliminate PVdF dehydrofluorination at pH > 11 (see
SI Sec. 9). Constant heating of a neutral-pH bath also produced higher
electronic conductivity than with transient heating (Fig. S8), while
producing 20% higher first-cycle charge efficiency than with heated,
alkaline wet-phase inversion (Fig. S9). During each desalination
half-cycle, one such electrode intercalates Na™ ions to produce diluate,
while the other electrode deintercalates Na* ions to produce brine
(Fig. 4 a,c). In turn, CI' ions transfer through an intervening
anion-exchange membrane (AEM) to compensate for charge balance
[42]. As in our earlier work [3,41], we recirculate diluate and brine
between reservoirs and electrodes at a constant flow rate of 5 mL/min to
minimize the state-of-charge gradients resulting from streamwise con-
centration polarization [43,44]. The finite specific capacity for cation
(de)intercalation within electrodes dictates the use of valve switching to
redirect diluate and brine to opposing electrodes when current is
switched. While this approach bears similarity with electrodialysis
reversal that is used to mitigate fouling and scale formation [45], such
current switching is necessary in symmetric, intercalative FDI to make
desalination pseudo-continuous [41], unless device architecture is
modified to eliminate solution switching [46]. The apparent mixing
between diluate and brine streams is inevitable to valve switching, but
here we minimize its effect by introducing a calibrated delay of 3.2 s
between the switching of inlet and outlet valves following Ref. [41] (Fig.
S6¢).

Fig. 4 ¢ shows the resulting variations of current, cell potential, and
salt concentration for a representative experiment. Cell potential varies
between -0.4 V and 0.4 V among galvanostatic charge and discharge
half-cycles with 1 mA/cm? current. Such variations of cell potential V
and current I produce the electrical contributions to energy consump-
tion: Egee = [I-Vdt. Pumping energy consumption Epump = [ Dsuppiy”
Vioradt Tesults from the supply pressure Pugpy = VioaiLe, |1/ (KappLe, 1 )

needed to force water at a total flow rate V. through IDFF-patterned
electrodes having certain apparent permeability kg,. Here, L, and
L., are respectively the longitudinal and transverse dimensions of the
electrode. After each half-cycle there is a sudden change in concentra-
tion that is evidence of inter-stream mixing (Fig. 4 c). This effect be-
comes more prominent with increasing concentration difference
between the diluate and brine reservoirs, ultimately reaching a limiting
point where the deleterious concentration change due to mixing
matches the beneficial concentration change caused by the applied
current [3]. We also note that concentration increase within the brine
reservoir is suppressed due to an extent of water crossover through the
AEM [3].

Fig. 5 shows the volumetric energy consumption (VEC) and ther-
modynamic energy efficiency for desalination experiments including
pumping energy alone Ejmp, including electrical energy alone Eg,, and
total energy E;y including electrical and pumping energies. Each
experiment was conducted in triplicate with the values shown being the
average among all experiments, while error bars indicate their standard
deviation. Fig. 5 a-c show the desalination performance of electrodes
using tapered-channel IDFFs with seawater-level salinity feed (510 mM
NaCl), as compared to those of straight-channel IDFFs. Tapered- and
straight-channel IDFFs are shown to produce salinity near that of
freshwater (17 mM) with 19 mM and 14 mM, respectively (Fig. 5 c).
Fig. 5 a shows that a 62% reduction in VEC due to pumping energy is
achieved with tapered-channel IDFF electrodes (2.5 kWh/m?%) as
compared to straight-channel electrodes (6.6 kWh/m®) at maximal salt
removal. The energy saved by using electrodes with tapered-channel
IDFFs is caused by their 2-3 times increased apparent permeability.
Including both electrical and pumping energy consumption, the VEC at
maximal salt removal of tapered-channel IDFFs (7.3 kWh/mg) is 32%
lower compared to straight-channel IDFFs (11 kWh/m?). Both types of
IDFF channels show superior total VEC relative to small-scale seawater
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Fig. 4. (a) Layout of the symmetric FDI flow cell incorporating NiHCF electrodes patterned with tapered-channel IDFFs through which diluate and brine feeds are
recirculated. (b) Side view of the FDI cell showing flow from inlet to outlet. (c) Time variations of applied current, cell potential, and salt concentration during
consecutive charge-discharge cycles for desalination with 510 mM NaCl influent using taper-channel IDFFs embedded with 350 um maximal width. The inset shows
the start of open-circuit (OC) conditions and the switching of inlet and outlet valves that occurs at the end of each half-cycle.

reverse osmosis (RO; 15 kWh/m?>), multistage flash distillation (20-27
kWh/mB), multi-effect distillation (14-21 kWh/mg), and thermal vapor
compression (16 kWh/mg) [47].

The thermodynamic energy efficiency of tapered-channel IDFFs is
shown to be substantially greater than that of straight-channel IDFFs
when desalinating feeds with seawater-level salinity (Fig. 5 b). While
only a 1.3-fold improvement in efficiency is shown at maximal salt
removal, at ~50% salt removal tapered-channel IDFFs double the total
thermodynamic energy efficiency including electrical and pumping en-
ergy (18%) relative to straight-channel IDFFs. While 50% salt removal
may be impractical if standalone FDI is used for desalination, applica-
tions using conventional desalination processes could use this FDI pro-
cess for pre-treatment when the feed concentration of source water
exceeds the rated concentration (e.g., in littoral waters). While tapered-
channel IDFFs present promising thermodynamic energy efficiency, the
gap between its value including electrical energy alone and total energy
indicates that further improvements in hydraulic permeability could

produce total energy efficiency as high as 38% at ~50% salt removal and
as high as 13% at maximal salt removal.

Fig. 5 d-e show the results of desalination experiments using tapered-
channel IDFFs fed with brackish water containing 104 mM NaCl. Here,
only 0.19 kWh/m® of pumping energy was needed to produce 8 mM
salinity below freshwater compared to 2.5 kWh/m? for desalination of
seawater salinity. Including pumping losses the total energy consump-
tion of only 0.69 kWh/m? is still lower than that of brackish water RO
(1.5-2.5 kWh/m?) and electrodialysis (2.6-5.5 kWh/m?) [47]. Further-
more, these tapered-channel electrodes obtain a maximum thermody-
namic energy efficiency of 31% with 82% salt removal, outperforming
RO [48], electrodialysis [48], and capacitive deionization using electric
double layers [49].

The specific energy consumption (SEC) resulting from tapered-
channel IDFF experiments was also compared with that of earlier FDI
work that used symmetric Prussian blue analogue electrodes. In contrast
with our own work that achieves high salt removal from high-salinity
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Fig. 5. Desalination performance of tapered- and straight-channel IDFFs using feeds with (a-c) seawater-level salinity (510 mM NaCl) and (d-f) brackish salinity (104
mM NacCl) in terms of (a,d) volumetric energy consumption, (b,e) thermodynamic energy efficiency, and (c,f) diluate concentration.

feeds, Fig. 6 shows that other work aside from our recent work [3,41]
either has desalinated brackish feeds with modest salt removal less than
60% [50-54] or has desalinated feeds with seawater-level salinity with
even lower salt removal of 20% [55]. However, the batch-type experi-
ments that we perform produces a range of SEC values resulting from the
increasing degree of salt removal with increasing number of electro-
chemical half-cycles (see Fig. 5). Our experiments performed using
brackish feeds with 50% salt removal produced similar electrical SEC
contributions to earlier experiments [50-52] with less than 30% salt
removal. Our experiments performed using seawater-salinity feeds with
10% salt removal produced half the electrical SEC of earlier experiments
with 20% salt removal [55]. In addition, the present tapered-channel
desalination experiments performed using seawater-level salinity with
salt removal >95% show a 30% reduction in total SEC from our previous
work that used straight-channel IDFFs [3].

In addition to the low energy consumption needed when using
tapered-channel IDFFs, their decreased supply pressure reduces the

driving force for water crossover through AEMs, as quantified by process
water recovery and charge efficiency. Water recovery [49] is defined as
the ratio of the diluate volume Vj, to the total water volume Viq;: WR =
Vb/Viorar- Charge efficiency [56] A is defined as the ratio of the moles of
salt removed ny; to the moles Q/F of charge Q transferred. For
seawater-salinity feed, both water recovery and charge efficiency
decrease from their initial half-cycle values by more than half (Fig. S7).
However, tapered-channel IDFFs show only very weak drops in both
water recovery and charge efficiency for brackish-salinity feeds. The
apparent water crossover rates through the AEM were measured as 0.11
L/m2%h and 0.091 L/m%h respectively with seawater and brackish
salinity feeds. These rates are lower than those reported for commer-
cially available membranes [57], electrodialysis [58], and flow batteries
[59], which typically range from 0.24-2.5 L/m>h.

Despite these promising results, a limitation of the current symmetric
FDI process is its water production rate of 0.077 L/m?h in seawater and
2.3 L/m?h in brackish water desalination, which is lower than that of
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Fig. 6. Specific energy consumption (SEC) as a function of salt removal and
feed concentration obtained using tapered-channel IDFFs, as compared with
previous studies using Faradaic deionization (FDI) with symmetric Prussian
blue analogue electrodes. Bubble area corresponds to SEC [3,41,50-53,55].
Data shown with unfilled circles include only electrical energy contributions to
SEC, whereas the remaining data include both electrical and pumping energy
contributions.

electrodialysis (~10 L/m?-h) [60,61], motivating further research.
While channel design does not directly influence water productivity, it
enables a scaled-up system to perform more efficiently. To achieve a
nominal water productivity of 1 L/h with the present seawater desali-
nation productivity of 0.077 L/m%h, the present architecture would
need 13 m? of membrane area. Such an area could be achieved by either
increasing electrode size or by using a stack of multiple electrode pairs.
However, an increase in electrode size inherently demands longer
channel lengths. Our proposed tapered-channel IDFFs ensure that
transverse superficial velocity remains uniform irrespective of channel
length (see Fig. 1 j). Increased current density can be used to increase
productivity in conjunction with increased electrode area, albeit with
increased electrical energy consumption. Patterning of tapered-channel
IDFFs on large-format electrodes must also be addressed to scale up
productivity. The present method of direct milling presents a bottleneck
due to the fine features of tapered channels. Here, the milling of
tapered-channel IDFF electrodes with an area of only 20 cm? required
6.5 hours. Given that milling time scales linearly with area, alternative
high-throughput patterning techniques such as laser engraving are
imperative to scaling up the patterning of tapered-channel IDFFs.

3. Conclusions

We have introduced a novel design strategy for the tapering of
channels used in IDFFs to eliminate the dead zones to which straight
channels are prone, culminating in their experimental implementation
for IDFFs embedded in cation intercalation electrodes for electro-
chemical desalination. In addition to electrochemical separations,
channel tapering of this sort can be applied broadly to facilitate the flow
of liquid electrolyte or of gaseous feeds in flow batteries and fuel cells
that use IDFFs machined into bipolar plates. Our approach based on a
quasi-1D theory of flow yields a simple design formula that forces the
hydraulic conductance along channels to vary linearly. This design
formula is unique among other conductance profiles that satisfy the
uniform flow condition (Eq. 1) in that it minimizes pressure drop and
mean-square slope. It is possible that for certain applications other
objective functions could be of interest for minimization, in which case
the subspace of conductance profiles can be explored using an infinite
cosine series (Eq. 3) or using trial conductance profiles (Eq. 2). Our
approach can be extended more broadly by also including the effect of
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non-uniform flow-path length between channels, though we approxi-
mate it as a constant here. Higher-dimensional and higher-fidelity
models of fluid transport can be explored in addition.

Implementation of the present design theory can be tailored to a
chosen method of manufacturing IDFF channels. Here, linear conduc-
tance scaling to produce uniform flow (Eq. 4) imparts only one
constraint to the geometry of a given channel’s cross-section. For the
micro-engraving process that we have used, varying only width or depth
led to either an unresolved channel region of ~10% or an initial segment
covering 50% of the entire channel length (Fig. S3), demonstrating the
importance of sampling a wide range of cross-sections. Thus, additional
constraints imposed by manufacturing can be included to produce
different channel shapes than those that we have optimized for micro-
engraving, subject nonetheless to the aforementioned conductance
scaling. An experimental library of channel cross-sections whose hy-
draulic conductance is simulated can be created for other manufacturing
methods to co-design tapered channels having piecewise-constant or
continuously varying cross-sections. Laser micro-machining offers
improved manufacturing scalability (see SI Sec. 13), but process opti-
mization is needed to achieve the resolution and repeatability needed to
accurately taper channels of the size tested here.

When implementing tapered channels in IDFFs that are embedded
within porous electrodes, we have also shown that the spacing between
channels can be impacted by the micro-environment occurring within
electrode pores. Specifically, the hydrophobicity of binder likely causes
a percolative path-length dependence of the hydraulic permeability
within our porous electrodes. By choosing a small inter-channel distance
for tapered-channel IDFFs, the hydraulic permeability between
embedded channels was maximized while limiting material removal to
30%. Future efforts may address understanding how electrode formu-
lation influences wettability and permeability, given that a scale-
dependence of local electrode permeability was observed when a heat-
ed, neutral-pH coagulation bath was used for wet-phase inversion of
electrodes.

Desalination experiments using symmetric FDI with tapered-channel
IDFFs embedded in cation-intercalation electrodes showed significant
reductions in energy use relative to straight-channel IDFFs. While both
electrodes are effective in producing freshwater from seawater-salinity
feeds, tapered-channel IDFFs did so with 62% lower pumping energy
due to >2-fold increased hydraulic permeability: 2.5 kWh/m? compared
to 6.6 kWh/m>. Additionally tapered-channel IDFFs required 32% less
overall energy than their straight-channel counterparts. This lower en-
ergy consumption of tapered-channel electrodes produced 2-fold and
1.3-fold increases in thermodynamic energy efficiency respectively at
50% and >95% salt removal from seawater salinity feeds. We also
showed that the total energy consumption for brackish-salinity feeds can
be reduced by 10 times compared to seawater salinity (0.69 kWh/m®
compared to 7.3 kWh/m®) by using optimally tapered IDFF channels.
For brackish feeds tapered-channel IDFFs maximized thermodynamic
energy efficiency at 82% salt removal to 31%, which exceeds the effi-
ciency of conventional small-scale brackish desalination processes.
Moreover most previous symmetric FDI studies focused on brackish
desalination rather than seawater-salinity and achieved lower salt
removal (<50%) [41,50-53] than we have demonstrated. Water re-
covery was also shown to be limited by water crossover rates through
the intervening anion exchange membrane respectively at 0.11 L/m?-h
and 0.091 L/m?-h for seawater- and brackish-salinity feeds. While these
crossover rates are lower than for commercial ion-exchange membranes
[57] in electrodialysis [58] and flow battery stacks [59] (0.24-2.5
L/m?-h), reduction of water crossover could further increase water re-
covery and efficiency. We also note that the respective water pro-
ductivities of 0.077 L/m*h and 2.3 L/m*h in the desalination of
seawater- and brackish-salinity feeds is low in comparison to electro-
dialysis counterparts. Device and material optimization to increase
operating current density could address this limitation.
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4. Materials and methods
4.1. Synthesis of NiHCF Nanoparticles

Nickel hexacyanoferrate (NiHCF) nanoparticles were synthesized by
a co-precipitation method outlined in our previous work [3,41]. Spe-
cifically, equal volume of 0.1 M K3Fe(CN)g and 0.2 M NiCl, solutions
were added dropwise into a beaker containing deionized water using
two separate peristaltic pumps (NE-9000G, NewEra Pump System Inc.)
at a flow rate of 1.5 mL/min under vigorous stirring. The resulting
brown, yellow dispersion of NiHCF nanoparticles was sonicated for
approximately 30 minutes and was allowed to settle down overnight.
Afterwards, the nanoparticles were collected by centrifugation at 3900
rpm for 5 minutes. This process was repeated several times until the
supernatant became clear before it was transferred to a petri dish to dry
in an oven at 70°C overnight.

4.2. Electrode fabrication

Porous electrodes supported on graphite foil were fabricated using
NiHCF nanoparticles, Ketjen black (KB) conductive additive (EC-
600JB), and PVdF binder (Solvay Solef 5130) in an 80:5:15 mass ratio.
The PVdF binder was dissolved in N-methyl-2-pyrrolidone (NMP, Sigma
Aldrich) using a planetary mixer (Thinky, ARE-310) at 2000 rpm for 30
minutes to obtain a viscous solution of 50 mg/mL concentration. NiHCF
nanoparticles and KB were finely ground in a vortex mill (Ultra Turra-X,
IKA) using 18-20 steel balls (5.0 mm diameter) at 6000 rpm for 30 mi-
nutes. This powder mixture was combined with the PVdF solution in a
ratio of 1 g of solid material per 3 mL of NMP using the planetary mixer
at 2000 rpm for 30 minutes to obtain a homogeneous slurry. The slurry
was then cast onto graphite foil (Ceramaterials) current collectors with
120 pm thickness using a doctor blade and a film applicator (Elcometer
4340) to produce wet electrode films of about 1.3 mm thick. These films
were then solidified by wet phase inversion in a coagulation bath of
deionized water heated to 85°C for 10-15 minutes. The electrodes were
then dried in a fume hood for 2-3 hours before being placed in an electric
oven at 70°C for about 12 hours. The uncalendared thickness of the dry
electrodes, excluding graphite foil thickness, was measured to be 350 +
50 um. These electrodes were then calendared using a roll press (MTI-
XTL) down to 200 + 25 um to reduce porosity and to enhance electrical
conductivity before they were engraved with IDFFs over a 45 mm x 45
mm area using a desktop computer numerical control (CNC) machine.
Electrode porosity and active material (NiHCF) loading were measured,
as shown in Table 1.

4.3. Porosity and permeability measurement
The porosity ¢ of each porous electrode was determined as:

e=1-——
Pe

where p; is the electrode’s film density and p. is the mass-weighted
density of the electrode’s constituents:

Table 1
Electrode properties with tapered- and straight-channel IDFFs.
Channel NiHCF loading Porosity (%) Permeability
type (mg/cm?) (um?)
Uncalendared Calendared kpe Kapp
Tapered 19.1 60.5 32.6 0.35 70
20.0 58.7 28.8 0.30 65
Straight 18.2 62.7 35.6 0.11 17
17.5 64.8 37.9 0.15 32
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pC =

(% + PKB Ppvdr
where wyincr, Wk, and wpygr are the mass fractions of NiHCF (0.8), KB
(0.05), and PVdF (0.15), respectively. The densities of NiHCF py;ycr, KB
pxe> and PVAF p, 4 were respectively estimated as 2.0 g/cc [62], 2.0
g/cc [63], and 1.75 g/cc [64].

The hydraulic permeability of each electrode was measured using a
gravity-driven apparatus (Fig. S10). Here, a constant pressure head p
was maintained, and Darcy’s law was used to determine the perme-
ability of the electrodes [3]:

k= ”Le.H V
PA:

where y is the dynamic viscosity of water (0.890 mPa-s) [65], L is the
longitudinal length of the electrode, A, is the superficial normal area of
the electrode through which flow occurs, and V is the volumetric flow
rate calculated as the ratio of the volume of water passed through the
porous electrode to the elapsed time.

4.4. Micro-engraving of IDFFs into porous electrodes and library
generation

IDFF channels were embedded into porous electrodes using a
piecewise-constant conductance profile as described already. The tool-
path for engraving these channels was determined using AutoCAD
Fusion 360, and G-code was generated for execution on a desktop CNC
machine. The machine was equipped with precision ball screws oper-
ated by closed-looped stepper motors controlled by GRBL Mega v.1.1
motion control fireware [66]. A V-bit engraving tool (Drill Bits Unlim-
ited), featuring a 100 pym tip diameter and a 10° tip angle, was used for
micro-engraving. A runout of about 80 um was considered and
compensated for due to the asymmetry of the tool bit. The electrode
sample was secured on the CNC machine using a perforated aluminum
plate (McMaster-Carr) mounted to a vacuum clamp (NEMI). 24,000
rev/min spindle speed was used with accompanying HEPA-filtered dust
collection. The resulting channel cross-sections were characterized
using optical profilometry (Keyence VK-X1000) showing a deviation
from nominal dimensions within + 5%. Representative cross-sections
were determined by post-processing profilometry data after aligning
each channel’s axis in Cartesian space (SI Sec. 12). The corresponding
channel conductance was simulated numerically based on a
finite-volume scheme for two-dimensional variation of axial velocity
u,(y,%) subject to incompressible, laminar, fully developed Poiseuille
flow with no-slip boundaries:

1dp

u dx

u,

ayZ

®uy B
0z

4.5. Symmetric, intercalative FDI and desalination metrics

Two 250 pm thick graphite foil sheets were used for current collec-
tion in the symmetric, intercalation-based FDI flow cell (Fig. S11). IDFF-
patterned 45 mm x 45 mm electrodes were then abutted to them as the
cathode and anode, separated by a 150 pm thick anion-exchange
membrane (Neosepta AMX). Before flow-cell assembly, one electrode
was charged to obtain a 0% state-of-charge (SOC, 0.6 V vs. Ag/AgCl) ina
flooded cell using a three-electrode setup, while the other was similarly
fully discharged to obtain an SOC of 100% (0.1 V vs. Ag/AgCl). The
flow-cell assembly was clamped using two 3D-printed end plates (Fig.
S11). Two Z-type manifolds embedded within gasket material were used
to supply diluate and brine to the respective electrodes. A VMP-3
multichannel potentiostat was used to supply 1 mA/cm? current in all
desalination experiments, initially with 8 mL of diluate and 2 mL of
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brine. Salt concentrations were measured using a 930 Compact Ion
Chromatography system (Metrohm) while a Conduino system [67] was
used to track the real-time concentrations of diluate and brine using
calibrated conductance probes (Fig. 4 c; S6a,b).

Desalination performance metrics were determined as follows. The
thermodynamic energy efficiency (TEE) was calculated as the ratio of
the minimum specific energy consumption (SEC) to the cumulative SEC
for each half-cycle. The SEC (kJ/mol) was determined using the elec-
trical energy E.. required to remove nyy moles of salt per cycle.

Euee _ J IO)V(©)dt

SEC=——=

Ngalr Nyt

where I(t) and V(t) are the applied current and cell potential as a
function of time t. The minimum SEC was calculated as [3]:

(SEC)min =
where W,,, is the amount of reversible work required for salt separation,
determined using non-ideal activity coefficients:

Wirew = 2RT[VpCpln (£ Cp) + VsCaln (£ Cs) — (Vo + Vi) Crln (£ Cr) |

Here, V and C are volume and concentration with the subscripts D, B,
and F being diluate, brine, and feed, respectively. The mean activity
coefficient f& for any given salt concentration was obtained from liter-
ature [68]. The volumetric energy consumption (VEC) is the product of
the specific energy consumption and the cumulative concentration of
the salt removed.

The water-crossover rate (J,,) through the anion-exchange mem-
brane was also calculated for each experiment as the ratio of the dif-

ference between initial (Vp,) and final (VDf> diluate volume to the

product of the anion-exchange membrane area (Aagy) and the elapsed
time At [3]:
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