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Voltage-controlled nanofiltration offers a promising approach for precise, on-
demand molecular separation. However, its application in organic solvent
nanofiltration (OSN) remains underexplored, given the poor solute dissocia-
tion in organic solvents. Here, we fabricate conductive and robust conjugated
microporous polymer (CMP) membranes to investigate voltage-controlled
OSN. Our results show that while solvent permeance slightly decreases with
the applied voltage, due to the uneven electron density distribution of solvent
molecules, solute rejection is significantly enhanced. This enhancement arises
from a dual-barrier mechanism comprising ion migration in the bulk solution
and a Donnan-like equilibrium at the feed-membrane interface under an
applied voltage. Specifically, in methanol, applying a positive voltage increases
the rejection of positively charged methylene blue (MB) from 8.3 % at OV to
91.3 % at 5V. Our study also reveals that the degree of solute dissociation
contributes significantly to the effectiveness of voltage-controlled rejection.
Lastly, the successful separation of mixed dyes of similar size, together with
the enhanced rejection of real pharmaceutical and agrochemical compounds
under applied voltage, highlights the potential of in-situ voltage application in
OSN for addressing challenging separations.

M Check for updates

Organic solvent waste has emerged as one of the most critical chal-
lenges faced by the chemical and pharmaceutical industries'. Large
quantities of organic solvents used as raw materials, solvents, or
cleaning agents become waste during manufacturing processes'. The
costs associated with the separation, recovery, or disposal of these
high volumes of waste solvents can account for 40% to 80% of pro-
duction expenses**. Compared to traditional separation processes,
membrane-based organic solvent nanofiltration (OSN) is an envir-
onmentally friendly and energy-efficient alternative that shows great
promise in addressing this issue*”’.

In a typical nanofiltration (NF) membrane process, solute rejec-
tion depends not only on size sieving but also on electrostatic

interactions via the Donnan effect*, which has been widely explored to
enhance rejection. Two approaches for leveraging the Donnan effect
include functionalizing membrane materials with ionic groups or
applying electric voltage to conductive membranes to create voltage-
gated membranes, with the latter offering a more direct, robust, rapid,
reversible, and in situ controllable approach®™. Both strategies have
been extensively studied in aqueous NF. For example, Yi et al’
demonstrated that the rejection of methyl orange (MO) in water
increased from 27.2+3.8% to 87.8+3.1% when a voltage of 3V was
applied to an Mxene/carbon nanotube (CNT) membrane cathode.
However, in the transition from aqueous NF to OSN, the role of the
Donnan effect remains underexplored'>”, with limited experimental
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evidence linking solute rejection to surface charge in OSN tests using
polyelectrolyte, reduced graphene oxide (rGO), and ionic covalent
organic framework (iCOF) membranes™* ‘. Additionally, studies on
voltage-gated OSN membranes are scarce, and the underlying
mechanisms are not yet fully understood'®*. From the authors’ per-
spective, this gap is largely attributed to the reduced dissociation of
solutes in organic solvents compared to water, raising concerns about
the extent to which membrane surface charge can influence solute
rejection.

The experimental study of ion dissociation in organic solvents
dates back to 1899, when Jones measured the dissociation of electro-
lytes in various organic solvents, discovering that in alcoholic solvents,
the dissociation degree of salts largely depends on the solvent’s
dielectric constant®. Specifically, the dissociation degree of sodium
iodide and sodium bromide in methanol can reach up to 60%. Later,
Hartley et al.” found that many acids, including HCI, HCIO3, and HCIO,,
behave as strong electrolytes in methanol and ethanol. More recent
experimental and simulation work on ion dissociation is primarily
based on the theory that ion pairs exist in several equilibrium phases,
including free ions, solvent-separated ion pairs (SSIPs), contact ion
pairs (CIPs), and aggregates (AGGs)***’. Free ions and SSIPs consist of
fully solvated cations or anions, while in CIPs and AGGs, one or more
solvent molecules in the primary solvation shell of the cation or anion
are replaced by one or more counterions. The degree of dissociation is
related to the relative populations of charged SSIPs and free ions
versus non-charged CIPs and AGGs. It is primarily influenced by the
physicochemical properties of the solute and solvent systems®’.,
Although the second Wien effect describes the enhancement of ioni-
zation in weak electrolytes under electric fields in non-polar media***,
this effect only becomes significant at extremely high field strengths
(on the order of kV/cm)*?**, Therefore, in the absence of such strong
external fields, the dissociation of solutes is mainly governed by the
intrinsic properties of the solute and the organic solvent.

To achieve voltage-controlled OSN, we selected conjugated
microporous polymers (CMPs), characterized by their extended m-
conjugated skeleton and permanent microporosity, as the membrane
material. These materials were chosen for their unique combination of
electron conductivity and strong potential in OSN applications®*’.
Feed solutions containing dyes of varying charges and sizes in different
organic solvents were used to evaluate membrane rejection under
applied voltage. Our findings reveal that membrane performance is
highly influenced by the interplay between the applied voltage, solute
structure, and solvent properties. Lastly, the model fitting in this work
demonstrates that the responsive change in solute rejection with
respect to the magnitude of the applied voltage can be effectively
predicted.

Results

Synthesis and characterization of PTCB membranes

In this study, 1,3,5-tris(N-carbazolyl) benzene (TCB), featuring a phenyl
core with three electroactive carbazole groups, was selected as the
monomer for electropolymerization (see Fig. 1a). Our previous study
revealed that it could form CMP membranes with a pore size of
approximately 0.52 nm***°, As shown in Fig. 1a, PTCB membranes were
grown on the CNT/Nylon-66 supports using cyclic voltammetry (CV),
scanned from O to 1.65V vs. Ag/AgCl. The corresponding CV curve is
shown in Fig. 1b. During the first anodic scan (Fig. S4), an oxidative
peak appears at 1.22V, corresponding to the oxidation of carbazole
groups into radical cations. These radicals rapidly couple to form
dimeric carbazole cations®*. In the cathodic scan, the dimerized
carbazole cations are reduced back to their neutral state, resulting in a
reduction peak at 1.10 V. In subsequent cycles, both the oxidation and
reduction peak currents increase gradually with each scan, indicating
the progressive growth of the PTCB film. After 10 CV cycles, a con-
tinuous PTCB membrane with a highly crosslinked structure is formed

on the CNT/Nylon-66 support. SEM images (Fig. 1c, d) reveal that the
PTCB membrane has a smooth surface morphology and a dense
structure, with a thickness of approximately 150 nm.

The surface properties of the OSN membranes, including contact
angle and zeta potential, were investigated. The contact angle was
measured to assess the wettability of PTCB membranes with various
organic solvents (Fig. 1e). The contact angle increases in the order of
acetone, ethanol, DMF, methanol, and water, indicating that solvents
with lower polarity exhibit better compatibility with the membrane.
Zeta potential measurements revealed that the membrane carries a
negative charge (-28.3 to —32.2 mV) in the pH range of 6.1-6.9 (Fig. 1f).
Additionally, the membrane’s conductivity is a crucial factor for eval-
uating its feasibility for voltage-controlled OSN process. The PTCB
membrane exhibits an electronic conductivity of 1.44 S cm™ (Fig. 1g),
which falls within the conductivity range of semiconductors (10~ to
10Scm™)*, making it suitable as an electrode in the voltage-
controlled OSN tests.

OSN performance of PTCB membranes under applied voltage
The PTCB membranes were tested in a dead-end setup for OSN. The
conductive PTCB membrane functioned as the working electrode,
while the cell shell acted as the counter electrode. As shown in Fig. 2a,
voltage was applied directly to the membrane to modulate the electric
potential and charge density on its surface (see details in Fig. S3).

First, we investigated the effect of applying voltage to the mem-
brane on the permeance of pure organic solvents, including methanol,
ethanol, acetone, and DMF (Fig. 2b, c). When applying a negative vol-
tage, stepping from OV to -5V, the permeance continuously decrea-
ses. We attribute this change to the distribution of electrons (Fig. 2b)
within the molecules. For all organic solvents studied, the oxygen atom
carries a significant partial negative charge due to its high electro-
negativity, while the positive charge is more distributed across the rest
of the molecule, resulting in a lower charge density compared to the
negative charge on the oxygen. Under a negative electric potential,
repulsive interactions dominate, which explains the permeance
behavior. Our study provides experimental evidence that negative
electric potential can influence the transport of neutrally charged
molecules in a membrane, a finding further supported by the results in
later sections, where the neutral dye SIV exhibits higher rejection
under a negative voltage compared to the condition with no applied
voltage, and lower rejection under a positive voltage. On the other
hand, when a positive voltage is applied from O Vto 3 V, the permeance
remains unchanged. However, as the voltage increases beyond 3V to
5V, it begins to decrease, which may be due to the viscoelectric
effect*** that leads to higher viscosity at increased voltage. All tests
were cycled twice to ensure that the permeance changes were not
influenced by external experimental factors.

To study the effect of voltage application on rejection, we tested
membrane rejection of dye solutions containing dyes with different
charges and molecular weights, including methylene blue (MB, posi-
tively charged, 319.9 Da), methyl orange (MO, negatively charged,
327.33 Da), Sudan IV (SIV, neutral, 380.44 Da), and crystal violet (CV,
positively charged, 407.99 Da), in various organic solvents.

Figure 2d shows the membrane rejection of MB, a positively
charged molecule, under different applied voltages. From 0 to 2V, the
membrane’s rejection of MB increases significantly from 13% to 80%.
Interestingly, when the voltage is returned to OV, the rejection drops
back to 10%. This result indicates that a strong electrostatic repulsion
effect can be achieved between the charged membrane and the
molecules. We also conducted cyclic tests, where the voltage was
switched on and off successively during filtration. As shown in Fig. 2e,
for CVin methanol, the rejection exhibits clear switching behavior with
the applied voltage and remains stable over three cycles. At 0V, the
rejection is around 86%, while a voltage of 3V corresponds to a
rejection of approximately 96%. A similar result was observed for MB in
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Fig. 1| Electropolymerization of the PTCB membrane and its characterizations.
a Schematic of the electropolymerization (EP) process and the setup of the three-
electrode cell. b Cyclic voltammetry (CV) curves of 1,3,5-tris(N-carbazolyl)benzene
(TCB) electropolymerization at a scan rate of 25 mV s™. ¢ SEM image showing the

surface morphology of the PTCB membrane. d SEM image showing the cross sec-
tion of the PTCB membrane. e Contact angles of the PTCB membrane with various

organic solvents-acetone (Ac), ethanol (EtOH), N,N-dimethylformamide (DMF),
methanol (MeOH), and water. Data are presented as mean + SD (n=3). f Zeta
potential of the PTCB membrane in buffered aqueous solutions. g Surface con-
ductivity of the CNT/Nylon-66 support and the PTCB membrane. Data are pre-
sented as mean+SD (n=3).

ethanol (Fig. S6). These results indicate the potential for in situ reg-
ulation of molecular transport in OSN under an applied voltage.

Next, we verified the voltage-controlled enhancement of rejection
for dyes with different charges. We tested the rejection using three
dyes: MB, MO, and SIV, which are positively, negatively, and neutrally
charged, respectively. As shown in Fig. 2f, the rejection of MB increases
significantly (from 13.2% to 80.2%) when a positive voltage is applied to
the membrane. In comparison, it decreases when a negative voltage is
applied (from 29.3% to 10.1%). For MO, the rejection also increases
under a negative voltage (from 34.5% to 81.0%). Notably, all these
changes in rejection are reversed when the voltage is turned off. For
neutral SIV, the rejection increases slightly under a negative voltage
and decreases under a positive voltage. This behavior is likely due to
the uneven distribution of charge density, particularly the high elec-
tronegativity of oxygen and nitrogen atoms, which leads to an overall
repulsion effect when interacting with a negatively charged
membrane.

Dual-barrier mechanism for voltage-enhanced solute rejection
After confirming the effectiveness of the voltage-controlled approach
for rejection enhancement in OSN, we then aimed to: (1) investigate the
membrane’s rejection response to different applied voltage magni-
tudes, and (2) examine the influence of various solvents and solutes on
the effectiveness of voltage-assisted rejection enhancement.

Figure 3aillustrates that increasing the voltage magnitude leads to
higher solute rejection for all dyes in methanol. Specifically, as the
applied voltage increases stepwise from OV to 5V (positive potential
for MB and CV, negative potential for MO), the rejection of MB, MO,
and CV in methanol increases incrementally from 8.3%, 50.0%, and
93.6% to 91.3%, 97.4%, and 99.1%, respectively. Similar trends are found
for MB (Fig. 3b) and MO (Fig. 3¢) in various solvents.

Owing to the distinct, case-dependent characteristics of the feed
solutions, comprising various organic solvents and low concentrations
of small organic molecules, and the unique structural features of the
CMP membrane as an electrode, the factors influencing solute
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Fig. 2 | OSN performance of PTCB membranes under applied voltage.

a Schematic illustration of voltage-controlled OSN test, with the PTCB membrane
serving as the working electrode, and the chemical structures of the dye molecules
used in the experiment. The molecular structures of the dyes used in this study-
methylene blue (MB, cationic), methyl orange (MO, anionic), crystal violet (CV,
cationic), and the neutral dye Sudan IV (SIV)-are shown. b Molecular electrostatic
potential maps of the organic solvents tested in this study-acetone (Ac), ethanol
(EtOH), methanol (MeOH), and N,N-dimethylformamide (DMF). ¢ Pure organic
solvent permeance of the PTCB membrane under different applied voltages,

Applied Voltage (V)

Applied Voltage (V)

ranging from OV to -5V for negative voltages and from OV to 5V for positive
voltages. Filled and open markers represent the first and second test cycles,
respectively. Data are presented as mean + SD, n = 3. d MB rejection in ethanol as a
function of the applied voltage to the membrane. e Reversible changes in the
rejection of the PTCB membrane for CV in methanol as the applied voltage switches
between 0 and 3 V. fRejection behavior of dye molecules with positive and negative
charges in methanol as a function of voltage applied to the membrane. All feed
solutions contain 50 ppm of dye.

rejection are not straightforward. To aid understanding, the voltage-
controlled OSN system can be viewed as analogous to a non-classical
supercapacitor, as illustrated in Fig. 3d using MB as an example.

In solution, MB dissociates into MB* and CI ions, while the
membrane is held at a positive potential and serves as the working
electrode. Before permeating the membrane, the dissociated MB* ions
(the target species to be rejected) encounter two electrostatic barriers.
Barrier 1 originates from ion migration in the bulk feed solution, where
the electric field between the two electrodes drives MB* away from the
membrane surface. This process is dependent on the solute dissocia-
tion in the bulk solution. Barrier 2 corresponds to a Donnan-like effect
at the feed-membrane interface, representing a thermodynamic
exclusion due to the charges on the membrane matrix. In a classical
Donnan effect, the membrane charge density is fixed by the density of
permanently charged functional groups. In contrast, in a voltage-
controlled system, the effective charge density is influenced by solute

dissociation in the bulk solution and the enhanced charge density at
the membrane interface in the electric field, leading to the formation
of enhanced electric double layer (EDL), which will be discussed in
detail in later sections. Therefore, this exclusion phenomenon is
referred to as a Donnan-like effect rather than a classical Donnan
effect.

To investigate how these two barriers influence membrane
rejection under an applied voltage, it is essential to quantify the
membrane surface charge density and the steady-state current in the
circuit. Therefore, chronoamperometry (CA) measurements were
conducted using MB and MO solutions in different organic solvents
(Figs. 3e and S7). As shown in Fig. 3e, a voltage step from OV to 1-5V
was applied, and the resulting current response was recorded as a
function of time. The initial sharp current spike, followed by a rapid
decay, corresponds to membrane charging, during which chloride ions
migrate into the membrane pores to form the EDL. After this transient
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Fig. 3 | Relationship between PTCB membrane rejection and applied voltage,
and mechanistic study of dye dissociation in organic solvents. a Rejection of
methylene blue (MB), methyl orange (MO), and crystal violet (CV) in methanol as a
function of applied voltage (0-5V). A negative voltage is applied for MO, while a
positive voltage is applied for MB and CV. b Rejection of MB in various organic
solvents under applied voltages of 0-5V. ¢ Rejection of MO in various organic
solvents under applied voltages of 0-5V. d Schematic of the voltage-controlled
OSN system using MB as a model solute. An electric field is established in the bulk
solution under the applied voltage, analogous to a supercapacitor configuration.

300

e Chronoamperometric response of the membrane in a 50 ppm MB methanol
solution under different applied voltages, indicating electric double layer (EDL)
charging and steady-state leakage current. f Membrane charge density and leakage
current in a 50 ppm MB methanol solution under different applied voltages.

g Schematic illustration of two solute states in organic solvents: contact ion pair
(CIP) and solvent-separated ion pair (SSIP), with yellow ellipses representing sol-
vent molecules. h Optimized geometries of MB in the CIP state in methanol (left)
and acetone (right), with distances between the chloride ion and the nearest atom
on the MB cation indicated.

process, once the membrane surface becomes saturated, the current
stabilizes at a steady plateau that reflects the leakage (ohmic) current
typically observed in supercapacitors.

It is well known that the membrane charge density directly
determines the Donnan potential. By integrating the initial current
during the EDL charging process shown in Figs. 3e and S7, we obtained
the membrane charge density (o), as presented in Figs. 3f and S7. For
all solute-solvent pairs, increasing the applied voltage from 1V to 5V
leads to a rapid rise in o at low voltages, followed by a plateau at higher
voltages. This saturation behavior originates from counterion

crowding within the PTCB pores, which limits further counterion
migration and suppresses additional EDL charging at higher voltages.
Such a phenomenon is typical of nanoporous electrodes®. This
observation is further supported by the cyclic voltammetry (CV)
results shown in Fig. S8. At lower voltages, the CV curves exhibit a tilted
rectangular shape, characteristic of capacitive behavior associated
with EDL charging. At higher voltages, the current increases almost
linearly with voltage, indicating that EDL charging has reached
saturation, and additional voltage is mainly dropped across the bulk
solution as ohmic resistance.
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On the other hand, the steady-state leakage current observed in
the CA curves (Fig. 3e) reflects the migration rate of MB* ions in the
bulk solution under different applied voltages, since the current in the
bulk is carried solely by ions. As shown in Figs. 3f and S7, this current
exhibits a linear voltage dependence, indicating that the migration of
MB* away from the membrane increases proportionally with the
applied voltage.

To quantitatively distinguish the respective contributions of the
Donnan-like effect and ion migration to solute rejection enhancement,
a detailed mathematical model and data-fitting procedure are pre-
sented in SI Note S2, titled “Mathematical relationships between
applied voltage and solute rejection, and experimental fitting.” The
model, based on membrane charge density and leakage current data,
accurately predicts the membrane’s solute rejection as a function of
applied voltage, using only a few fitting parameters.

Solute dissociation as a key factor in voltage-enhanced OSN
performance

As shown in Fig. 3b, c, as the voltage increases, the rejection trends
depend strongly on the solvent environment. Most dye-solvent sys-
tems display a gradual increase in rejection with voltage; however,
three pairs deviate from this trend: MB in acetone, MO in DMF, and MO
in acetone. For MB in acetone and MO in DMF, rejection decreases with
increasing voltage, while for MO in acetone, the rejection dropped so
sharply that further measurements were not feasible. These intriguing
deviations prompted us to investigate the underlying mechanisms:
why does voltage enhance rejection in some solvent systems but not in
others? Gaining this understanding is also crucial for practical appli-
cations, as it allows us to predict whether voltage-controlled OSN will
be effective for a specific real-case system.

A natural hypothesis is that these variations arise from differences
in solute dissociation across solvents. We hypothesize that dissocia-
tion influences rejection through two main mechanisms. First, the
extent of dissociation is expected to determine how the applied vol-
tage is distributed between the EDL and the bulk solution, thereby
shaping the local electric field (illustrated in Fig. S11 and Note S3).
Second, only dissociated ionic species are likely to experience elec-
trostatic repulsion in both the bulk solution and the EDL, whereas
undissociated neutral molecules do not, and may even be attracted to
the charged membrane surface through induced dipole interactions.

The dissociation of solutes in organic solvents can be understood
through the framework of solute partitioning among different species-
free ions, solvent-separated ion pairs (SSIPs), contact ion pairs (CIPs),
and aggregates (AGGs), as illustrated in Fig. 3g. Free ions and SSIPs can
be regarded as dissociated species that act as charge carriers, whereas
CIPs and AGGs are effectively undissociated. To understand how sol-
vent properties govern the dissociation behavior of small organic
molecule salts, using MB and MO as examples, a systematic study was
conducted through density functional theory (DFT), molecular
dynamics (MD) simulations, and experiments. DFT studies provide a
molecular-level picture of the solvation and speciation of MB and MO.
Geometry optimizations for the CIP and SSIP of MB and MO in dif-
ferent organic solvents were performed (Figs. 3h and S19-26). As
shown in Figs. 3h and S19-21, although the initial distance between the
cation and anion was set the same across all solvents in the CIP
structure, after optimization, the distance between the chloride ion
and the closest atom on the cation significantly increases in methanol
and ethanol, while remaining very close in acetone. Similar results were
also observed for MO (Fig. S22-24). Additionally, we calculated the
free energy for the transition from CIPs to SSIPs for MB in different
organic solvents. As shown in Fig. S27, the free energy difference in
acetone is much higher than in the other solvents, indicating a greater
energetic barrier for MB to dissociate into SSIPs. We further employed
FTIR spectroscopy to provide direct evidence for the differences in
solvent-solute interactions across various solvents, results and

descriptions are shown in Fig. S28 and Note S6. Both the simulation
and experimental results consistently indicate that the dissociation
degree of MB and MO in alcohols is significantly higher than in
acetone.

MD simulations were performed to confirm the role of solute
dissociation in Donnan-like equilibrium at the feed-membrane inter-
face (Fig. S29). Systems were constructed using methanol (Fig. S29a, b)
and acetone (Fig.S29¢, d) as solvents. In methanol under neutral
membrane conditions (Fig. S29a), MB" and CI” dissociate effectively to
form SSIPs, where electrostatic repulsion between co-ions prevents
MB* aggregation and van der Waals interactions allow some MB*
adsorption onto the membrane surface. When the PTCB membrane is
positively charged (Fig. S29b), CI are enriched in the PTCB membrane,
and co-ions (MB") are depleted, indicating a pronounced Donnan-like
equilibrium that enhances MB' rejection. In contrast, in acetone,
regardless of the membrane charge state (neutral, Fig. S29¢; or posi-
tively charged, Fig. S29d), poor solute dissociation eliminates like-
charge electrostatic repulsion, allowing MB*-CI' pairs to agglomerate
into larger clusters in solution. Correspondingly, the number density
profiles of MB* and CI along the z-direction (Fig. S30) show that in
methanol under positive voltage (Fig. S30b), MB" is effectively exclu-
ded from the membrane surface, whereas in acetone (Fig. S30d), the
MB* distribution remains largely unaffected by membrane charge.

Voltage-controlled OSN for selective separation of dye mixtures,
pharmaceuticals, and agrochemicals

As demonstrated by the results, applying voltage to the PTCB mem-
brane significantly alters the rejection of charged molecules in organic
solvents, enabling the selective separation of mixtures that are other-
wise difficult to separate. We chose a mixture of MO and MB in methanol
(50 ppm for each dye), because the two dyes have similar molecular
weights but opposite charges, making their separation particularly
challenging. As shown in Fig. 4a, when no voltage is applied (0V), the
rejection for MO and MB are 82.4% and 43.2%, respectively. However,
when a 5V positive voltage is applied to the PTCB membrane, the
rejection of MO reaches nearly 100%. At the same time, the rejection of
MB slightly decreases, showing a negative rejection due to the electro-
static attraction with the membrane. The corresponding permeate color
changes during filtration, as shown in Fig. 4b. At 5V, less MO and more
MB pass through the membrane compared to OV, resulting in a shift
from green to blue in the permeate color.

Moreover, to demonstrate the broad applicability of the voltage-
controlled OSN process, several widely used pharmaceuticals includ-
ing benzalkonium chloride (BAC) and pyridostigmine bromide (PB), as
well as agrochemicals such as paraquat (PQ) and diquat (DQ), were
dissolved in methanol and tested for membrane rejection before and
after voltage application (Fig. 4c). As shown in Fig. 4d, the rejection of
all four solutes significantly increases upon applying voltage, high-
lighting the strong potential of voltage-controlled OSN for diverse
separation applications.

Discussion

In this work, conductive CMP membranes (PTCB/CNT/Nylon-66) were
fabricated for voltage-controlled OSN processes. The rejection of dye
molecules was significantly enhanced by applying voltage in situ. In
methanol, the rejection of positively charged MB and CV increased from
8.3% and 93.6% at OV to 91.3% and 99.1% at 5V when a positive voltage
was applied to the membrane. Similarly, when a negative voltage was
applied, the rejection of MO increased from 50% at O V to 97.4% at -5 V.
We demonstrated that the varying dissociation degrees of dyes in dif-
ferent organic solvents contribute to their distinct behaviors, and the
voltage-gated OSN process is expected to work primarily for organic
solvents with hydrogen bonds or high polarity. Other interesting phe-
nomena include the differing responses of neutrally charged solvent and
solute transport under positive and negative charges on the membrane
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Fig. 4 | Voltage-controlled selective separation of dye mixtures and enhanced
rejection of pharmaceutical and agrochemical molecules. a UV-vis spectra of the
permeate solutions at different applied voltages during the separation of methy-

lene blue (MB) and methyl orange (MO) mixtures. b Corresponding color change

+ —_ —>
MO MB Feed oV -5V
Permeate
100 : -
Without Applied Voltage
With Applied Voltage
80+
60
40 -
20+
O T T T T
BAC PB PQ DQ

during filtration. ¢ Chemical structures of selected pharmaceuticals and agro-
chemicals. d Rejection of the pharmaceuticals and agrochemicals before and after
applying voltage. The applied voltages were 5V for BAC and 3 V for PB, PQ, and DQ.

surface, due to the uneven distribution of electron density on molecules.
In conclusion, this work introduces an approach for in situ enhancement
of OSN rejection performance and shows great potential in applications
such as gradient separation of multiple organic mixtures and the
recovery of pharmaceuticals and agrochemicals.

Methods

Materials

Single-walled carbon nanotubes (SWCNTs, diameter: 0.78 nm, median
length: 1um, >95%), sodium dodecyl sulfate (SDS, >98%), 1,3,5-tris(N-
carbazolyl) benzene (TCB, >97%), tetrabutylammonium hexa-
fluorophosphate (TBAPF4, >99%), diquat dibromide monohydrate
(DQ, analytical standard), methylene blue (MB, =>82%,
Myw =319.9 gmol™), methyl orange (MO, 85%, My =327.33gmol?),
Sudan IV (SIV, 280%, My, = 380.44 g mol™) and crystal violet (CV, 290%,
My =407.98 gmol™) were purchased from Sigma Aldrich. Dichlor-
omethane (DCM, >99.8%), acetonitrile (ACN, >99.9%), methanol
(>99.8%), ethanol (>99.8%), and acetone (>99.5%) were supplied by Aik
Moh Paints & Chemicals Pte Ltd. Pyridostigmine Bromide (PB, >98%)
was purchased from Aladdin Scientific. Paraquat dichloride hydrate
(PQ, 98%) and Benzalkonium Chloride (BAC, >95%) were purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. Commercial
Nylon-66 membrane substrates (pore size: 0.22 um) were purchased
from Qiguanchao Tech.

Fabrication of the CNT/Nylon-66 supports

The SWCNT dispersion was prepared by mixing 8 mg of SWCNT
powder and 400 mg of SDS in 200 ml of deionized (DI) water, followed
by sonication for 4h at 40 W using a probe sonicator. To remove
undispersed SWCNTSs, the dispersion was centrifuged three times at

13,400 x g (10,000 rpm, rotor radius=12 cm) for 1h each time. The
CNT/Nylon-66 substrate was then prepared by filtering 10 ml of the
collected SWCNT supernatant onto a commercial Nylon-66 membrane
with an effective diameter of 35 mm. The as-prepared CNT/Nylon-
66 substrate was washed with DI water three times, each for 10 min,
dried overnight at room temperature under vacuum, and then used
directly as the substrate for subsequent electropolymerization. The
morphology of the CNT/Nylon-66 substrate is shown in Fig. S2.

Electropolymerization process to prepare PTCB membranes
The conductive membrane was fabricated by electropolymerization of
1,3,5-tris(N-carbazolyl) benzene (TCB) on the surface of the CNT/
Nylon-66 substrate (Fig. 1a), in a three-electrode system connected to
an electrochemical workstation (AUTOLAB, PGSTAT302N). The tita-
nium metal plate, Ag/AgCl electrode, CNT/Nylon-66 substrate were
used as the counter, reference, and working electrodes, respectively.
The electrolyte solution was prepared by dissolving TCB monomer
(0.2 mM) and TBAPF¢ (0.1 M) in a solvent mixture consisting of DCM
and ACN (3/2, v/v). Cyclic voltammetry (CV) was conducted over a
voltage range of O to 1.65V vs. Ag/AgCl with a scan rate of 25mVs?,
running for 10 cycles. The as-prepared membranes were immersed in
the mixed solvent (DCM/ACN, 3/2, v/v) to completely remove the
supporting electrolyte and unreacted monomers. The membranes
were then dried overnight at room temperature under vacuum before
being used for separation tests.

Evaluation of voltage-controlled separation performance of
PTCB membranes for OSN

The pressure-driven OSN performance under voltage was evaluated
using a homemade stainless steel dead-end cell equipped with a
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suspension stirrer to reduce concentration polarization. One end of a
titanium foil strip (10 x 0.5 cm?) was fixed to the surface of the con-
ductive PTCB membrane with adhesive tape. The foil was placed out-
side the testing area, with the other end connected to the external
electrode. The middle section, which was in contact with the cell, was
wrapped in polyethylene (PE) film to prevent short-circuiting (see
details in Fig. S3). A voltage was applied by connecting the titanium foil
and the cell shell to the poles of the sourcemeter (Keithley 2400).

Prior to testing, the membrane was stabilized in the cell at a feed
pressure of 6 bar by applying N, for 5 to 6 h. Tests were then con-
ducted at room temperature (-22 °C). The membrane’s effective area,
sealed by an O-ring in the dead-end cell, was approximately 0.785 cm?2.
The feed concentration of various dye solutions was 50 ppm. Permeate
was collected after a set period and diluted to the linear range of the
UV spectrum. Concentration was measured using a UV-Vis spectro-
meter (Agilent Technologies, Cary 60), and permeance and rejection
were calculated using Eqs. (1) and (2).

14
J= AXtxp @
C,:
R;= <1 - C”") x100% ®))
F,i

where J is the solvent permeance (Lm?2h™bar™), V is the permeate
volume (L), calculated by dividing the permeate weight by the solvent
density. A is the effective testing membrane area (m?), ¢ is operating
time (h) for permeate collection, p is the applied pressure (bar), R; is
the solute rejection (%), and Cr ; and C, ; represent the solute con-
centrations in the feed and permeate solutions, respectively.

Density functional theory

All geometry optimizations and frequency calculations were per-
formed using Gaussian 09 at the B3LYP-D3(BJ)/6-31G(d,p) level of
theory, without symmetry constraints. Single-point energies were
calculated using the 6-311++G(d,p) basis set, with zero-point energy
(ZPE) and thermal corrections applied. A hybrid explicit/implicit sol-
vation model was employed to describe the solvation effect on the
dissociation of dyes, explicitly including several solvent molecules.
The number of solvent molecules was incrementally increased until it
was sufficient to describe the CIP state of the ion pairs. The SMD sol-
vation model was used to account for the solvation effect beyond the
first solvation shell implicitly.

Data availability

All data supporting the findings of this study are available within the
article and its Supplementary Information. Source data, atomic coor-
dinates of DFT-optimized structures, and initial and final molecular
dynamics (MD) trajectory configurations have been deposited in the
Zenodo repository and are publicly accessible at https://doi.org/10.
5281/zenodo.17580899 (ref. 46). All other relevant raw data are avail-
able from the corresponding authors upon request.

Code availability

The script files used for molecular dynamics (MD) simulations per-
formed with the LAMMPS software are available in the Zenodo repo-
sitory at https://doi.org/10.5281/zenod0.17580899 (ref. 46).
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