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ABSTRACT: Plasma protein therapies are used by millions of

people across the globe to treat a litany of diseases and serious —°o = ® Q. Ot KO0
medical conditions. One challenge in the manufacture of plasma 2{ ®
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protein therapies is the removal of salt ions (e.g., sodium, phosphate, L — Membrane = Membrane
and chloride) from the protein solution. The conventional approach
to remove salt ions is the use of diafiltration membranes (e.g,
tangential flow filtration) and ion-exchange chromatography.

However, the ion-exchange resins within the chromatographic
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the plasma protein. In this work, we investigate the membrane L

capacitive deionization (MCDI) as an alternative separation platform Proteinsalt solution { NN N S Y~
for removing ions from plasma protein solutions with negligible T ww e ww aw
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protein loss. MCDI has been previously deployed for brackish water

!~ cation Exchange \gg, !
v s N

Concentration (mg/mL)

desalination, nutrient recovery, mineral recovery, and removal of pollutants from water. However, this is the first time this technique
has been applied for removing 28% of ions (sodium, chloride, and phosphate) from human serum albumin solutions with less than
3% protein loss from the process stream. Furthermore, the MCDI experiments utilized highly conductive poly(phenylene alkylene)-
based ion exchange membranes (IEMs). These IEMs combined with ionomer-coated nylon meshes in the spacer channel ameliorate
Ohmic resistances in MCDI improving the energy efficiency. Overall, we envision MCDI as an effective separation platform in
biopharmaceutical manufacturing for deionizing plasma protein solutions and other pharmaceutical formulations without a loss of

active pharmaceutical ingredients.

KEYWORDS: membrane capacitive deionization, poly(phenylene alkylene) ion exchange membranes, plasma proteins, albumin,

electrochemical separations

Bl INTRODUCTION

Proteins are important macromolecules for all forms of life as
they influence cell metabolism, the immune system of livin
organisms, and perform other important bodily activities.
Human serum albumin (HSA) is the most abundant protein in
the human body and has many applications in medical fields
such as replacing lost albumin in patients with hypoalbumine-
mia, treating hypovolemia, as a part of some diagnostic imaging
kits, and as a supplement for cell culture.”™* HSA is one type of
plasma-derived protein used for numerous therapies. In addition
to HSA, there are other plasma proteins, such as globulins/
immunoglobulins and fibrinogen, that are also used as therapies
to treat a variety of diseases and medical conditions.”™”

The processing of plasma protein formulations for medical
use entails multiple separation units such as chromatography,
filtration, and dialysis.” "> One notable challenge in the
separation process is the removal of inorganic salt ions from
the plasma protein process stream without diluting or losing the
plasma protein from the process stream. Ion-exchange column
chromatography using resin particles, dialysis, gel filtration, and
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ultra/diafiltration membranes are often deployed to remove
excess salt, such as sodium chloride and phosphate salts from the
process stream containing the plasma protein.B*15 However,
these approaches are either time-consuming, increase sample
volumes, or the membranes and resins used are prone to fouling
by the proteins.lé_18 Protein fouling, in particular, is
catastrophic, as it is the most valuable material in the stream
and any loss increases manufacturing costs. It is also worth
mentioning that ion-exchange chromatography necessitates
chemicals for regenerating the resin bed, and this leads to
process waste and a longer separation process. Devising a
separation unit that can directly deionize the protein solution
without concern for protein fouling while also having short
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Table 1. IEM Properties

membrane type thickness (xm) IEC (mequiv g—")
Fumasep CEM 75 LS
Fumasep AEM 75 13
BPSA CEM 30 24
m-TPN1 AEM 41 2.1

WU (%) SR (%) k (mS/cm) in DI water ASR (ohm cm?)
17 7 10.0 0.8
15 4 4.4 1.7
26 9 29.8 0.1
20 S 14.7 0.3

down times will benefit plasma protein manufacturing
operations.

Electrodialysis (ED), electrodeionization (EDI), and capaci-
tive deionization (CDI)/membrane capacitive deionization
(MCDI) are commercial electrochemical separation processes
used for removing ions from solutions.'” In addition to being
deployed for desalination, they have also been used for heavy
metal ion removal, organic acid removal, nutrient recovery, and
recovery of critical minerals.”’~>* Recent developments have
seen these electrochemical platforms being adopted for
deionization of small organic molecules such as lactic acid, p-
coumaric acid, itaconic acid, and so forth as well as macro-
molecules (proteins, globulins, etc.) from biochemical feed
streams.”>””” In the context of deionizing plasma protein
solutions, EDI is ill-suited because the unit features ion-
exchange resins that are prone to fouling. In practice, ED will
have its polarity flipped, known as electrodialysis reversal
(EDR), to prevent ion-exchange membrane fouling by
surfactants—which are charged macromolecules that have
some resemblance to proteins. ED, the most mature electro-
chemical deionization process, suffers from severe Ohmic losses
in the process stream when a good portion of the ions are
removed. Furthermore, ED faces challenges, such as the back
diffusion of ions and water crossover. In this process, ion-
exchange membranes confront a concentrated solution on one
side and a diluted solution on the other, resulting in the back
diffusion of ions from the concentrated to the diluted stream.*
The water crossover issue in electrodialysis is attributed to
osmosis and electro-osmosis. This phenomenon has a dual
impact: (1) the desalination of the water stream is less efficient
due to undesired water removal, and (2) the concentration of
the brine stream is less effective due to the undesirable crossover
of water molecules into the brine stream.’’ Traditionally, in
electrodialysis, addressing these challenges involves sacrificing
the ionic conductivity of membranes by using thicker or cross-
linked membranes to prevent water crossover between the dilute
and concentrate chambers.>” The drawback of water crossover
in ED lies in the unfavorable energy expenditure required for
transporting water through IEMs, as well as an increase in brine
concentration due to reduced dilution. However, the water
crossover challenge has yet to be observed in MCDL

Compared to ED, CDI and MCDI are less mature
electrochemical deionization platforms. They have attracted
attention in recent years for deionizing brackish water streams
because energy can be recovered during the electrode
regeneration step resulting in a low specific-energy consumption
for desalination.” Like EDR, CDI and MCDI flip the cell
polarity to regenerate the electrodes. This polarity reversal
would make CDI and MCDI less amenable to fouling by
charged macromolecules such as proteins. MCDI differs from
CDI because it has ion-exchange membranes (IEMs) that cover
the porous electrodes to prevent co-ion adsorption and to
promote current utilization during deionization.*

In the CDI and MCDI processes, a cell voltage difference is
applied to two porous electrodes. An anion exchange membrane

(AEM) covers the positively biased electrode in MCDI to
remove anions from the process stream, while a cation exchange
membrane (CEM) covers the negatively biased electrode to
remove cations. The removed ions are stored in the electro-
chemical double layer of the porous, activated carbon electro-
des.®> After a period of deionization, the direction of the
electrical current for the cell is reversed to regenerate the porous
electrodes. This discharge step leads to ion removal from the
electrodes (i.e., regeneration) and a more concentrated salt
solution.* Notably, MCD], like other electrochemical deion-
ization platforms, operates under mild ambient conditions,
whereas distillation and membrane filtration, which are the
conventional separation platforms used in chemical processes,
necessitate high pressure and elevated temperatures. These
extreme conditions can damage the protein in solution.

In this work, we investigated MCDI for deionizing HSA
solutions containing dissolved sodium chloride (NaCl) and
monosodium dihydrogen phosphate (NaH,PO,). Prior to
performing the deionization experiments with HSA, we
examined the MCDI performance at different NaCl and/or
NaH,PO, feed concentrations with highly conductive poly-
(phenylene alkylene) IEMs and porous meshes coated with
poly(phenylene alkylene) ionomers. These aromatic polymers
possess a backbone consisting entirely of C—C bonds (i.e., no
heteroatom linkages) showcasing remarkable stability and
efficacy in both fuel cells and electrolyzers.”” Other notable
attribute includes high ionic conductivity, good solubility, and
scalable manufacturing. Our previous work showed that IEMs
with >4X reduction in area specific resistance (ASR) resulted in
a 2X increase in the energy-normalized adsorbed salt (ENAS—
inversely commensurate to specific energy consumption).
Hence, IEMs that are more conductive and thinner improve
the energy metrics of MCDL*In a subsequent report, we used
ionomer-coated nylon meshes placed in the spacer channel
(where the process stream passes through) to augment the
process stream ionic conductivity.”” This resulted in >2x
increase in the ENAS values when compared to a MCDI process
that did not have a porous ionic conductor. The ionomer
materials deployed in our previous work used poly(arylene
ether) backbones. These materials have lower ionic conductivity
when compared to the more recent poly(phenylene alkylene)
ionomers developed for fuel cell and electrolysis applica-
tions.**™** Here, we show that the highly conductive poly-
(phenylene alkylene) ionomers used as IEMs and porous ionic
conductors are effective for deionizing NaCl and NaH,PO, salt
solutions (single salt in water or a mixture of salts in water) at
different concentrations (up to 8 g L™'). Additionally, we also
show that the said ionomer materials implemented in MCDI are
effective for deionizing salt-plasma protein mixtures with 18—
28% salt removal while demonstrating negligible loss (<3%) of
albumin from the process stream. Overall, MCDI with advanced
ionomer materials is an effective deionization platform for
plasma protein solutions.
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Figure 1. Chemical structures of the (a) AEM and (b) CEM. MCDI process flow schemes for (c) charge/deionization cycle and (d) discharge/

regeneration cycle.

B RESULTS AND DISCUSSION

Synthesis and Properties of IEMs. IEMs for MCDI should
display high ionic conductivity while also demonstrating low
water uptake (WU) and strong mechanical properties.*> High
water uptake leads to excessive swelling of membranes within
the cell, jeopardizing mechanical properties. The poly-
(phenylene alkylene) IEMs in this work have excellent ionic
conductivity because of their high IEC values (2.1—2.4 mequiv
g, Table 1). Furthermore, the all-carbon, aromatic repeat units
of m-terphenyl and biphenyl in these ionomers suppress water
uptake and swelling (<26% WU and <9% SR) (Table 1). 404
The chemical structures of the poly(phenylene alkylene) AEM
and CEM are shown in Figure 1. There has only been one report
investing the class of poly(phenylene alkylene) ionomers for
MCDL™ This recent article investigated poly(fluorene) back-
bone anion exchange ionomer and cation exchange ionomer
variants and compared the electrode salt capacity and charge
efficiency of CDI and MCDI with commercial ASTOM IEMs,
and MCDI where the poly(fluorene) ionomers coated the
porous electrodes. The article examined only deionization of a
single concentration of 500 ppm of NaCl in water.

The poly(phenylene alkylene) IEMs used in this work were
prepared by superacid-catalyzed polymerization of aromatics
(m-terphenyl and biphenyl) and 7-bromo-1,1,1-trifluorohexane-
2-one as depicted in Schemes S1 and S2. The trimethylammo-
nium group was introduced into the AEM by the Menshutkin
reaction of the alkylated bromide functionality in m-TPBr with
trimethylamine. The CEM was prepared by two different
synthetic routes. In the first route, biphenyl backbone with
alkylated bromide functionality (BPBr) was reacted with
potassium thioacetate followed by oxidation of the thioacetate
group to a sulfonic acid group using hydrogen peroxide in formic
acid. After the heterogeneous oxidation reaction, CEM was not
soluble in any solvent. In the second synthetic route approach,
the thioacetate group was oxidized to sulfonic acid group using
m-chloroperbenzoic acid (m-CPBA) to obtain soluble cation
exchange ionomer. The 'H NMR spectra substantiating the
polymer structures are provided in Figures S1—SS. The Mn
values of the poly(phenylene alkylene) precursors with terminal

bromo groups ranged from 45 to 78 kDa. These values were
determined by GPC.

Most MCDI studies deploy commercially available IEMs used
in electrodialysis. For benchmarking purposes, we compared the
ionic conductivity, water uptake, and swelling ratio of the
poly(phenylene alkylene) IEMs against commercially available
IEMs from Fumatech. The poly(phenylene alkylene) IEMs
showed 3X higher ionic conductivity (or more) than the
Fumasep IEMs (Table 1). Because the poly(phenylene
alkylene) IEMs are almost 2X thinner than the Fumatech
IEMs, their ASR values are at least 6X lower. The poly-
(phenylene alkylene) IEMs’ water uptake (Table 1) is slightly
higher than the Fumasep IEMs (20—26% versus 15—17%), but
the swelling ratios between the two classes of the IEMs are about
the same. The poly(phenylene alkylene) backbones were
effective for suppressing the water uptake. The high ionic
conductivity and low swelling ratio of the poly(phenylene
alkylene) IEMs make them good candidates for MCDL.

MCDI Experiments without HSA. Prior to deionizing
plasma protein solutions, initial experiments were performed to
test how effective poly(phenylene alkylene) IEMs and porous
ionic conductors are for deionizing NaCl and NaH,PO, feed
solutions. The first set of experiments compared MCDI
performance with 250 ppm of NaCl feed using poly(phenylene
alkylene) IEMs and Fumatech IEMs. Then, MCDI experiments
were performed with poly(phenylene alkylene) IEMs with a
porous ionic conductor in the spacer channel and no porous
ionic conductor in the spacer channel with 250 ppm of NaCl,
feeds. These experiments were performed with low NaCl feed
concentrations to accentuate how the ASR values of the IEMs
and porous ionic conductors affect MCDI energy use.

After establishing that poly(phenylene alkylene) IEMs and
porous ionic conductors were more effective than Fumatech
IEMs and MCDI with no porous ionic conductors, a series of
MCDI experiments were performed with 8000 ppm of NaCl and
6000 ppm of NaH,PO,. These experiments used poly-
(phenylene alkylene) IEMs and examined the scenarios with a
porous ionic conductor and no porous ionic conductor. It is
important to note that most MCDI studies examine model
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Figure 2. (a) Cell voltage versus time and (b) effluent NaCl concentration versus time for charge—discharge cycling at a constant current density of
+0.32 mA cm ™2 in MCDI for 250 ppm of NaCl feed with Fumasep IEMs (black) and poly(phenylene alkylene) IEMs (red).
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Figure 3. SEM images of (a) pristine nylon mesh, (b) CEM-coated nylon mesh, and (c) AEM-coated nylon mesh. EDX maps of (d) CEM-coated
nylon mesh, and (e) AEM-coated nylon mesh. (f) Cell voltage versus time and (g) effluent NaCl concentration profile for charge—discharge cycles in
MCDI for 250 ppm of NaCl with noncoated (black) and ionomer-coated (red) nylon meshes in the spacer channel. The EDX map of the CEM-coated
nylon mesh traces sodium (Na* counterions in the cation exchange ionomer), represented by the purple color in (d). Similarly, the EDX map of the
AEM coated mesh tracks chlorine (Cl™ counterions in the anion exchange ionomer), as represented by the red color in (e).

brackish water feeds (<5000 ppm of NaCl). However, the salt Figure 2a,b shows charge—discharge cell voltage and effluent
concentration curves for 250 ppm of NaCl feed for MCDI
featuring poly(phenylene alkylene) IEMs and Fumatech IEMs.
brackish water streams. Table S1 provides the salt removal efficiency (SRE), Coulombic

concentration in plasma protein solutions is often higher than
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Figure 4. (a) Cell voltage versus time and (b) effluent NaCl concentration versus time for charge—discharge cycles in MCDI for 8000 ppm of NaCl
with noncoated (black) and ionomer coated (red). (c) Cell voltage versus time and (d) effluent NaH,PO, concentration versus time for charge—
discharge cycles in MCDI for 6000 ppm of NaH,PO, with noncoated (black) and ionomer coated (red).

efficiency (CE), and average salt absorption rate (ASAR) from
the MCDI experiments with this salt feed concentration and at a
constant current density (0.32 mA cm™2). Because the MCDI
unit was operated under constant current, the SRE, CE, and
ASAR were relatively the same between experiments with the
different types of IEMs. However, there was a significant
difference in the cell voltage curves between the two
configurations. The adoption of the more conductive poly-
(phenylene alkylene) IEMs reduced the cell voltage by 300 mV
during the charge step. During the MCDI experiments, EIS was
performed to assess differences in the high frequency resistance
(HFR). From the HFR values shown in the Nyquist plot (Figure
S8), the cell HFR was reduced by 24% when using the
poly(phenylene alkylene) IEMs as opposed to the Fumatech
IEMs. The HFR values (also known as R,) are provided in Table
S3. The energy recovery values of the MCDI unit with a 250
ppm feed for the two different sets of IEMs as well as the energy
use upon charging and discharging are provided in Table S1.
From the control case of MCDI with no porous ionic conductor
and using electrodialysis IEMs (Fumasep), the ENAS was 21%
higher when using poly(phenylene alkylene) IEMs and no
porous ionic conductor. The ENAS value is inversely

commensurate with the HFR (i.e., a reduction in HFR yields a
larger ENAS value).

The next set of experiments compared MCDI performance
with porous ionic conductors in the spacer compartment and
with no porous ionic conductor in the spacer compartment with
poly(phenylene alkylene) IEMs. As the process stream becomes
deionized, the Ohmic resistance in the spacer compartment
becomes substantial and hinders the energy efficiency of the
MCDI process. We coated poly(phenylene) anion exchange
ionomer on one sheet of nylon mesh via aerosol spray deposition
to a loading of 2.4 mg cm™ Then, a poly(phenylene) cation
exchange ijonomer on an identical bare nylon sheet was
deposited until a loading of 2.4 mg cm™* was attained. Figure
3a—e presents electron micrographs of the porous nylon mesh
with and without ionomer coatings. This figure also gives EDX
images substantiating the presence of the sodium and chloride
counterions in the ionomer coated nylon meshes before running
MCDI experiments. Figure 3f,g shows the MCDI charge—
discharge cell voltage and effluent concentration curves for 250
ppm of NaCl with noncoated and ionomer-coated meshes in the
spacer channel. Nylon meshes coated with highly conductive
poly(phenylene alkylene) ionomers reduced the cell voltage by
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Figure 5. Cell voltage versus time and effluent conductivity versus time and albumin concentration vs time for charge—discharge cycling at a constant
current density of +£3 mA cm™2 in MCDI for the following albumin concentration in the feed: (a,b) $ mg/mL HSA, (c,d) 10 mg/mL HSA, and (e,f) 20

mg/mL HSA.

500 mV when operating at a constant current of 0.52 mA cm ™
A higher current density was used in the deionization and
electrode regeneration step in these experiments because the
poly(phenylene alkylene) IEMs reduced the cell’s Ohmic
resistance. The SRE and ASAR values, reported in Table S2,
were identical for both configurations (ionomer coated nylon

meshes and noncoated nylon meshes) because both experi-

ments were operated at the same current density. Table S2 also
provides the energy use and recovery values for these two
configurations. Figure S9 provides the Nyquist plot attained
from the EIS during MCDI experiments. The porous ionic
conductors reduced the HFR by 22%. The ENAS values for
MCDI with 250 ppm of NaCl feed and operating at 0.52 mA
cm™? increased by 40% when using a porous ionic conductor.
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The ENAS values for the MCDI experiments with and without
porous ionic conductors and poly(phenylene alkylene) IEMs
with 250 ppm of NaCl feeds are given in Table S2.

After establishing the effectiveness of poly(phenylene
alkylene) ionomer materials for MCDI, the next set of
experiments investigated deionization of higher salt feed
concentrations such as 8000 ppm of NaCl and 6000 ppm of
NaH,PO, solutions. At the onset of the experiments, it was
unclear if the porous ionic conductors would still be effective for
augmenting spacer channel conductivity given the higher feed
concentration and performing a single-pass MCDI assessment.
Figure 4a—d presents the MCDI voltage versus time and effluent
concentration versus time for 8000 ppm of NaCl feeds and 6000
ppm of NaH,PO, feeds. The MCDI operating parameters with
the said feed solutions are provided in Table S2. The SRE
decreased from mid-50 to 28 to 33% when increasing feed
concentration from 250 to 8000 ppm of NaCl and 6000 ppm of
NaH,PO,. The drop in the SRE arises from the larger amount of
salt in the feed while keeping the cell active area constant. A
bigger cell area would provide a large SRE. When operating
MCDI at 6 mA cm ™ for the 8000 ppm of NaCl feed with or
without a porous ionic conductor, it is worth noting that the
change in effluent concentration was 2500—3000 ppm for 25
cm? active area. Although an 8000 ppm of NaCl feed solution is
sent through the MCD], the traces in Figure 4b shows an apex
value of 10,000 ppm of NaCl. This occurs because the first three
charge—discharge cycles are excluded as part of a cell
conditioning protocol in our lab. During the electrode
regeneration/discharge cycle step, the salt adsorbed in the
porous electrode is removed and added to the 8000 ppm of
NaCl feed leading to a brine solution of about 10,000 ppm.

It is worth noting that most MCDI papers examining new
electrode or IEM materials use synthetic brackish water streams
mostly composed of NaCl < 5000 ppm in deionized water.*
However, the plasma protein solutions contain a lot more NaCl,
and hence, we demonstrated that the poly(phenylene alkylene)
IEMs are effective for deionizing higher concentration salt feeds
in MCDI. We anticipate that a greater SRE is possible by using a
larger active area with additional cells in series. Another pathway
for more salt removal involves using two liquid streams: (1) a
recirculating plasma protein stream that is being deionized and
(2) a waste brine stream that is used for electrode regeneration.
This latter approach will be discussed in further detail later.
Finally, we also wish to point out that the nylon meshes coated
with poly(phenylene alkylene) ionomer were effective for
augmenting spacer channel ionic conductivity with NaCl
concentrations of 6000 to 10,000 ppm resulting in about a
300 mV lower cell voltage when running the unit at 6 mA cm ™.

Plasma protein formulations often contain phosphate salts as
buffering agent. There have been few reports on using MCDI to
remove phosphate anions from aqueous streams—mostly in the
context of phosphorus recovery from fertilizer runoff.*”** Our
first experiments attempting to deionize NaH,PO, aqueous
solutions led to poor SRE values at various cell voltages (as high
as 2'V). This observation is in line with another literature report
using a high cell voltage to deionize phosphate solutions.*” The
problem was remediated by letting a 250 ppm of NaH,PO,
solution sit in the spacer compartment of an assembled MCDI
cell with poly(phenylene alkylene) IEMs with and without a
porous jonic conductor for 12—16 h before running deionization
experiments. This conditioning step allowed us to attain SR
values of 28% while maintaining the cell voltage below 1.5 V
when using a 6000 ppm of NaH,PO, feed and operating the

MCDI at 2.6 mA cm™2 Figure 4c,d presents the cell voltage
versus time and the NaH,PO,-effluent concentration versus
time during the charge—discharge cycling in the cell. Similar to
the 8000 ppm of NaCl MCDI experiments, it is important to
note that the discharge cycle during MCDI leads to a peak
effluent concentration of 7600 to 8000 ppm of NaH,PO,.
Finally, a porous ionic conductor in the MCDI setup reduced
the cell voltage by 200 mV when deionizing 6000 ppm of
NaH,PO, at 2.6 mA cm™> The lower cell voltage drops when
using a porous ionic conductor for 6000 ppm of NaH,PO,
compared to using a porous ionic conductor with NaCl feeds
was attributed to the lower ionic mobility of the dihydrogen
phosphate anion over the chloride anion. Figure S11 gives the
Nyquist plot for deionizing 6000 ppm of NaH,PO, at 2.6 mA
cm™2 with and without porous ionic conductors. The HFR value
decreased by 5% when ionomer-coated spacers were used. Table
S2 reports the SRE, energy recovery, and ENAS values for
deionizing 6000 ppm of NaH,PO, feed solutions. Overall,
Figure 4 demonstrates that poly(phenylene alkylene) ionomer
materials, used as IEMs and coatings on nylon meshes in the
spacer channel, are effective for deionizing process streams with
over >5 g L' salt solutions.

MCDI Experiments with HSA—Salt Solutions. The final
set of experiments tested the extent of plasma protein solution
deionization while concurrently assessing if any HSA was lost
during the deionization process. Figure Sa—freports the effluent
stream conductivity during charge—discharge cycling in MCDI
with a feed stream of 5800 ppm of NaCl mixed, 2400 ppm of
sodium phosphate, and 5, 10, or 20 mg mL™! of HSA. We test
this HSA concentration range as it corresponds to a model
process stream in biopharmaceutical manufacturing. Plus, we
also wanted to assess if higher concentrations of HSA would
exacerbate fouling.

Figure 5b,d,f shows a 18—20% drop in effluent stream ionic
conductivity while showing 1 to 3% HSA loss—a negligible and
acceptable loss. In previous MCDI experiments with a single salt
in the feed stream, an ionic conductivity calibration curve could
be used to determine the effluent stream concentration.
However, ionic conductivity cannot discriminate between the
different concentrations in ions. Inductively coupled plasma-
optical emission spectrometry (ICP-OES) was used to quantify
the amount of sodium and phosphate removed from the process
stream. The difference between the amount of phosphate
removed and sodium removed was equivalent to the amount of
chloride removed. Tables S5—S7 report the amount of sodium,
phosphate, and chloride removed upon the charge—discharge
cycles that correspond to Figure Sa—f. UV—vis was used to assay
the HSA concentration in the effluent stream at various time
points during the charge—discharge cycling. Figure S14 provides
the raw UV—vis data for collected and diluted process stream
solutions. Overall, there is negligible change in the absorption
peak affiliated with HSA. Moreover, there are no shifts in the
absorbance spectrum of the first sample (collected at the start of
the deionization experiment) and the subsequent samples
(collected during the experiment). Albumin is stable if the
solution does not see a pH value below 4.°° Our previous work
showed that maintaining our cell voltage <2 V kept the pH above
4. Additionally, we observed no aggregates in the effluent stream
during MCDI with HSA feeds. Aggregates would occur if the pH
was too low. For these reasons, we infer that albumin remains
stable during charge—discharge cycling in MCDI. Overall,
Figure 5 conveys successful salt removal from HSA solutions in a
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Figure 6. MCDI process flow schemes for the recirculation method for (a) charge cycle/deionization and (b) discharge/regeneration cycle. (c) Cell
voltage vs time and (d) effluent conductivity vs time and HSA concentration versus time. Charge cycle conditions: feed: 10 mg/mL HSA +3000 ppm of
NaCl +1000 ppm of NaH,PO,, current: 1.8 mA/cm? time: 240 s. Discharge cycle conditions: feed: 250 ppm of NaCl, current: 0.6 mA/cm? time: set

to0 V.

single-pass setup. Further deionization necessitates a large cell
area, multiple cells, or recirculation of the process stream.

The last set of experiments recirculated the plasma protein
stream, so a greater extent of deionization in the plasma protein
solution can be achieved. Figure 6a conveys the recirculation
strategy. For this experiment, the process stream consisted of
3000 ppm of NaCl mixed with 1000 ppm of NaH,PO, and 10
mg mL™" of HSA feed. The process stream only passed through
the MCDI unit during charge/deionization step. This stream
was recirculated through the unit during the charge/deion-
ization step. During discharge mode to regenerate the
electrodes, the feed solution to the MCDI was changed to a
low concentration of NaCl (250 ppm) feed (Figure 6b). Figure
6¢c,d presents the cell voltage versus time and the effluent
conductivity versus time during charge—discharge cycling and
the HSA concentration in the effluent. The conductivity of the
plasma protein solution continued to decrease over multiple
charge cycles (i.e., time). For instance, the initial conductivity of
the first charge cycle was 19.5 mS/cm while the initial
conductivity of fifth cycle was 16.3 mS/cm indicating ions are
being removed from feed stream for every charge cycle. The
ICP-OES data for chloride and phosphate concentrations with
different charge cycles are provided in Table S8. Using the
recirculation strategy, 28% of the salt in the plasma protein

solution was removed from the feed stream. During the
recirculation, there was a negligible loss of protein (Figure
6d). As the salt is removed from the plasma protein solution, the
cell voltage slightly climbs with each cycle as the concentration
ofions in the solution is reduced. The incremental rise of the cell
voltage can be attributed to the increase in the Ohmic resistance
due to the reduction in the concentration of ionic charge carriers
in the spacer channel. This problem can be partially mitigated by
employing porous ionic conductors such as ionomer-coated
nylon mesh as demonstrated in this article. Furthermore,
another way of tackling this problem is by reducing the cell
current density with each consecutive cycle so the cell voltage
remains steady or to prevent it from getting too high where it
spurs electrolysis or corrosion. Overall, the recirculation method
for deionizing plasma protein solutions, as well as other ion-
containing solutions, has many advantages as it can lead to
deeper deionization extents and it does not need multistage
separation. Future work will look to optimize this process and
compare against the advantages of a large cell and multiple
MCDI units in series (or hybrid units in series electrodialysis
followed by MCDI).

Assessment of Membrane Fouling. As indicated in
Figure S, there is a small amount (<3%) of loss of HSA during
the MCDI operation. When juxtaposed against separation
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platforms such as ion chromatography, which experiences
significant fouling of the resin particles, it is paramount to assess
whether the loss of HSA in MCDI leads to membrane fouling
since the IEMs are the most expensive component in MCDI. We
examined the surface of the IEMs before and after MCDI
experiments with HSA solutions using SEM Figure S18a,b
provides the SEM images of the AEM prior to and following
deionization experiments (1000 magniﬁcations). Likewise,
Figure S18d,e depicts SEM images of CEM before and after
deionization experiments with HSA solutions (at 1000
magnifications), respectively. Additionally, an in-depth SEM
analysis at higher magnification was carried out for the AEM
(Figure S18c) and CEM (Figure S18f) post-deionization
experiments to evaluate protein fouling. We observed no
aggregation or collection of the HSA on the IEM surface as
shown in other reports.”’ An additional investigation was
conducted to assess the deionization of the HSA solution, both
with and without the use of IEMs. Removing the IEMs from the
deionization cell showed a lower drop in ionic conductivity
when operating at constant current density indicating less
deionization (Figure S12). Furthermore, there was about a 15 to
20% reduction in HSA in the effluent when there were no IEMs
in the capacitive deionization unit (Figure S12). Figure S1S§
provides the UV—vis results of the effluent for the deionization
experiments without IEMs. Overall, these results indicate that
the IEMs shield the electrodes from fouling and ensure that the
capacity of the electrodes is maintained after several cycles of
deionization.

B CONCLUSIONS

In this study, poly(phenylene alkylene) IEMs were tested in
MCDI for the deionization of relatively high (up to 8000 ppm)
sodium chloride and monosodium phosphate solutions in
aqueous and protein solutions. Due to the high conductivity and
low ASR values of poly(phenylene alkylene) IEMs when
compared to commercial Fumasep IEMs, deionization perform-
ance metrics (such as ENAS and energy recovery) were
improved. Additionally, Ohmic resistance in the spacer channel
of the MCDI was ameliorated by incorporating poly(phenylene
alkylene) ionomer-coated nylon meshes. The use of these
porous ionic conductors also improved the ENAS and energy
recovery. With respect to deionizing salty plasma protein
solutions, an MCDI unit featuring highly conductive poly-
(phenylene alkylene) IEMs and operating under recirculation
removed 28% of the salt in the feed concentration while
demonstrating 0—3% loss of HSA. SEM analysis indicated the
absence of protein fouling on the membrane. Overall, MCDI is
an effective electrochemical separation platform for deionizing
plasma protein solutions.
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