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Efficient separation of uranium from seawater stands as a pivotal challenge. This study unveils an approach
focusing on the ingenious design of biomimetic two-dimensional (2D) membranes tailored explicitly for this
purpose. Leveraging the unique interplay of DNA strands housing U aptamers, pH-responsive i-motifs, and
poly Aip) segments ingeniously embedded within graphene oxide membranes, a distinctive biomimetic 2D
channel is engineered. The strategic integration of these bio-inspired elements enables dynamic
adjustment of interlayer spacing, augmenting both the permeability of the membrane and the selectivity
of the aptamer for uranyl ions. During the separation process, the encounter between uranyl ions and
the enhanced aptamer within the interlayers initiates a crucial interaction, triggering a specific
concentration polarization mechanism. This mechanism stands as the cornerstone for achieving a highly

selective separation of uranyl ions from the vast and complex matrix of seawater. The membrane
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Accepted 30th May 2024 exhibits excellent performance in real seawater, with a rejection rate of uranyl ions of =100% and
sustained selectivity of uranyl ions over ten cycles. Importantly, the selectivity of uranium and vanadium

DOI: 10.1039/d4sc02801e can reach 14.66. The significance of this research lies not only in the effective separation of uranyl ions
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Introduction

Nuclear energy represents a significant avenue for meeting the
escalating demands of future energy requirements.' Uranium
remains the predominant fuel source for most nuclear power
plants.** Conventionally, uranium extraction has been
predominantly reliant on underground deposits.>” However,
the limited reserves of such deposits necessitate the exploration
of alternative uranium sources. Seawater presents a viable
option as it contains minute concentrations of uranium
(approximately 3.3 ppb).*° Given the vast volume of seawater,
the total uranium resource potential is staggering, estimated to
be approximately 4.5 billion tons, surpassing land-based proven
uranium reserves by several orders of magnitude.® Harnessing
uranium resources from the ocean in an efficient manner holds
substantial promise for the sustainable advancement of nuclear
power. Currently, adsorption is the mainstream method for
extracting uranium from seawater, but there is no ideal adsor-
bent, which limits further development.*'**> In contrast,
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but also in showcasing the broader applicability of 2D membrane design in chemical engineering.

membrane separation processes have been widely used in
various fields due to their phase-change-free and additive-free
separation capabilities. However, developing a highly
selective and permeable membrane for uranium extraction
from seawater presents a significant challenge.

A two-dimensional (2D) lamellar membrane represents
a separation membrane constructed through the sequential

13-16

stacking of 2D nanosheets. The interlayer channels, emerging
from the stacking arrangement between these nanosheets,
facilitate the swift and discerning transport of small mole-
cules.'” Consequently, the 2D lamellar membrane stands as an
exemplary medium for the separation of small molecules.”
Graphene oxide (GO), a prominent derivative of graphene,
assumes a crucial role as a 2D constituent within these lamellar
membranes.'”® The GO membrane, owing to its commendable
mass transfer capabilities, has garnered considerable attention
from researchers in recent years and undergone comprehensive
development. Notably, it has made significant strides in diverse
fields such as seawater desalination, metal ion separation, gas
separation, radioactive material separation, and isotope sepa-
ration, establishing itself as a pivotal element in the realm of
membrane-based separation technologies.**"°

Despite the sustained advancements in the realm of small
molecule separation achieved by 2D lamellar membranes,
a universally accepted theoretical framework for elucidating the
separation mechanisms remains elusive.”” Predominantly,
extant theories underscore the significance of the size screening
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effect in facilitating the selective separation of 2D lamellar
membranes.®® It is widely recognized that GO, being a pliable
material, brings a layer of complexity to size screening.**
Recent investigations reveal that metal ions possess the capa-
bility to permeate the interlayer space of the GO membrane,
thereby exerting influence over its interlayer spacing.” In
scenarios involving mixed ion systems, the determination of the
GO membrane's interlayer spacing hinges upon the initial entry
of metal ions into the interlayer space.*> However, the flexible
nature of materials such as GO implies that the size screening
effect alone fails to comprehensively account for all observed
separation phenomena. Consequently, it is imperative to posit
the existence of an alternative separation mechanism beyond
the confines of the size screening effect.

Aptamers, DNA or RNA fragments capable of specific molec-
ular recognition, were initially discovered in 1994 and have since
found extensive utility in trace metal ion detection.***” Lu et al.
employed a combinatorial biology approach to successfully
isolate the uranyl ion recognition aptamer (U Aptamer), notable
because of its high specificity towards uranyl ions (UO,**) and its
applicability in detecting minute quantities of this species.*®
Recently, Wang et al. harnessed the U Aptamer in uranium
extraction from seawater, yielding promising outcomes.* The i-
motif, characterized by a cytosine-rich DNA sequence, exhibits
pH-dependent secondary structure dynamics.**** Specifically, its
secondary structure remains negligible under alkaline condi-
tions, whereas it adopts a quadruplex configuration under acidic
environments, with increased folding propensity correlating with
heightened acidity. Moreover, DNA molecules exhibit adsorption
onto GO surfaces via m-m interactions primarily involving
nitrogenous bases. Notably, purine bases (such as adenine and
guanine) bind more strongly than pyrimidine bases (such as
cytosine and thymine), as evidenced by research findings.*

In this study, a designed DNA chain comprising poly Aq),
i-motif, and U Aptamer was employed (Scheme 1a).** The DNA
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chain was strategically inserted between the layers of GO. The
poly A1) chains demonstrated an affinity to the GO surface
through m-m interactions. The inclusion of an ion-binding
aptamer enhanced membrane selectivity, while the i-motif
played a pivotal role in dynamically adjusting the spacing
between GO layers based on the system pH, thereby regulating
permeability (Scheme 1b). Following the introduction of the
DNA construct, a notable inhibition in the transmembrane
transport of UO,>" was observed. Intriguingly, the trans-
membrane transport of VO®>" remained unaffected. Under
optimal conditions, the U/V separation factor (SF) reached
a noteworthy value of 14.66. A novel separation mechanism is
proposed to elucidate this distinctive phenomenon, providing
valuable insights into the separation mechanisms governing 2D
lamellar membranes. The outcomes of this research not only
bear significance for the tailoring of 2D lamellar membranes
but also extend their impact to the broader realm of advancing
separation technologies within the chemical field.

Results and discussion
Interaction and stability between GO and DNA

GO was synthesized using a modified Hummers' method. The
DNA chains used in the experiment were purchased directly
from Suzhou Biosyntech Co., Ltd. The sequences of the DNA
molecules are shown in Section 2 of the ESI.f The adsorption
efficacy of GO towards the engineered DNA was evaluated to
substantiate the efficacy of immobilizing DNA molecules within
the interlayer spaces of GO via w-m interactions. The results
revealed near-complete adsorption of DNA onto GO (with the
post-adsorption DNA concentration falling below the detection
threshold of the instrument, ESI,} Fig. S1a). The selectivity of
the DNA sequences towards UO,>* was assessed in spiked
simulated seawater. The findings demonstrate the selective
recognition and adsorption capability of the DNA towards UO,>*
(ESL Fig. S1b). These results collectively affirm the efficacy of
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Schemel Schematicillustration of a 2D membrane with ion recognition channels. (a) Schematic representation of DNA fragments composed of
poly Aio), U Aptamer and i-motif fragments. (b) Construction strategy of the 2D separation membrane.
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the separation strategy employed. Subsequently, GO-DNA
membranes were prepared through the negative pressure
suction filtration method. DNA becomes adsorbed onto the GO
surface via - stacking interactions between DNA bases and
GO, as illustrated in Fig. 1a. In this investigation, poly Ay
fragments were introduced into the DNA strands to augment
the m—m stacking interaction.**™*” The absence of UV absorption
at a wavelength of 260 nm in the filtrate during membrane
preparation (ESL,T Fig. S3) indicates the complete immobiliza-
tion of all DNA strands within the membrane.

The morphology of DNA molecules at different pH levels (pH
=2, 4, 6, and 8) was characterized using atomic force micros-
copy (AFM). At pH = 2, the phosphodiester bond of the DNA
molecule undergoes hydrolysis, resulting in shorter fragments
and an irregular AFM image (Fig. 1b). Mass spectrometry results
confirm the hydrolysis of DNA molecules (ESI} Fig. S4). Chain-
like DNA molecules are observable at other pH values (pH = 4,
6, and 8). Furthermore, a mixture of GO and DNA was analyzed
using AFM and transmission electron microscopy (TEM). AFM

a
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images reveal a similar phenomenon to DNA on the GO surface
(Fig. 1c). Chain-like structures were observed on the GO surface
at mild pH (pH = 4, 6, and 8), while irregularities were observed
at pH = 2. AFM images also confirm the distribution of DNA
molecules between the two layers of GO, signifying the
successful insertion of DNA molecules between the GO layers.
TEM images further support this observation (Fig. 1d). To
eliminate the interference caused by GO folds, TEM images of
GO were employed for comparative analysis (ESI,T Fig. S5).
Notably, GO folds exhibit broader and longer features, coupled
with a comparatively lower density of surface wrinkles at
equivalent magnifications compared to the blend. This valida-
tion substantiates the identity of the numerous chain structures
observed in the TEM images of GO and DNA mixtures as
unequivocally DNA molecules. It is noteworthy that the distri-
bution of DNA on the GO surface is evident in both AFM and
TEM images, irrespective of whether it is an intact DNA mole-
cule or a hydrolyzed fragment. This underscores the effective-
ness of the - interaction between GO and DNA in anchoring

w-1r stacking
DNA chains immobilized on graphene

Interaction between GO and DNA. (a) Schematic diagram of t—m stacking between DNA bases and GO. (b) AFM images of DNA at pH = 2,

4, 6 and 8. The white particles in the image are crystals of the buffer solution used to adjust the pH. AFM image (c) and TEM image (d) of the

mixture of GO and DNA at pH =2, 4, 6 and 8.
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DNA molecules to the surface of the GO nanosheets. Moreover,
the successful insertion of DNA molecules between the GO
layers post-membrane preparation is highlighted. At the same
time, this observation shows that the GO-DNA membrane
cannot be applied to strongly acidic systems. However, the pH
value of seawater is usually in the range of 7 to 8, and the GO-
DNA membrane is stable under this condition. Therefore, it is
feasible to apply the GO-DNA membrane to uranium extraction
from seawater.

To assess the stability of the GO-DNA complex, the GO-DNA
membrane was immersed in aqueous solutions with varying pH
values (pH =2, 4, 6, and 8) for different durations. The resulting
solutions were subjected to analysis using UV spectroscopy and
gel electrophoresis. Remarkably, no DNA bands were observed
even after 7 days of immersion (ESL, Fig. S6), and there was no
discernible UV absorption at 260 nm (ESI, Fig. S7). This
observation underscores the efficacy of the m-m interaction
between DNA bases and GO in securely anchoring DNA mole-
cules between the GO layers. Importantly, this stability persists
even when the DNA molecules undergo hydrolysis, preventing
their leaching from the GO layers.

Regulation of GO layer spacing and transmittance by DNA

GO and GO-DNA membranes were immersed in solutions with
different pH values (pH = 2, 4, 6, and 8) for 12 hours, dried and
then analyzed using X-ray diffraction (XRD, Fig. 2a). Upon the
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incorporation of DNA, the (001) peak (~12°) of GO shifted to
a lower degree, indicating an increase in the interlayer spacing
of the GO membrane. The extent of the left shift of the (001)
peak varied with pH. In comparison with the GO membrane, the
260 degree of the GO-DNA membrane shifted left by 1°, 1.45°,
1.1°, and 0.38° at pH = 2, 4, 6, and 8, respectively (ESL Fig. S8).
This pH-dependent change in interlayer spacing is attributed to
the influence of the pH-dependent i-motif structure. Under
alkaline conditions, where the i-motif secondary structure is
negligible, the expansion of the interlayer spacing is primarily
attributed to the size of the DNA molecule itself. Conversely,
under acidic conditions, the formation of an i-motif tetrad
structure results in a significant increase in the interlayer
spacing of GO (Fig. 2c). And as the pH decreases, this folding
process intensifies, leading to slight differences in the interlayer
spacing of GO-DNA membranes under acidic conditions. At pH
= 2, DNA molecules undergo hydrolysis, and mass spectrometry
data directly verify the hydrolysis of DNA molecules (ESI,} Fig.
S4). Immersion experiments confirm that hydrolyzed fragments
persist within the interlayer space (ESI,T Fig. S6 and S7). The
widening of the interlayer spacing of GO is a result of the
accumulation of these fragments post-hydrolysis, a process
dictated by the inherent properties of the DNA molecule itself.

Changes in the interlayer spacing of the GO membrane
directly affect its ionic transmittance. Typical monovalent ions
(Na” and K") and divalent ions (Ca®* and Mg**) were used to
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Fig. 2 GO-DNA membrane interlayer spacing and pH dependence of ionic transmittance. (a) XRD characterization results of GO-DNA
membranes at pH = 2, 4, 6 and 8. (b) SEM images of GO-DNA membrane sections at pH = 2, 4, 6 and 8. (c) Structure—activity relationship
between the pH dependence of the i-motif structure and the interlayer space of GO—-DNA membranes. (d) The percentage growth rate of the

ionic transmittance of the GO-DNA membrane compared with the GO
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evaluate the ionic transmittance of the GO-DNA membrane in
a custom-made permeable membrane separation device (ESL}
Fig. S1a). The ionic transmittance data for the GO membrane
and GO-DNA membrane under varying pH conditions are pre-
sented in ESIT Fig. S9. The growth rate of ionic transmittance
was calculated to evaluate the change in ionic transmittance
after the introduction of DNA molecules (Fig. 2d). Specifically,
at pH = 2, the ionic transmittance of Na" increased by 19.26%,
33.78%, 19.87%, and 5.32% respectively at pH = 2, 4, 6, and 8.
Similarly, the ionic transmittance of K' showed increases of
10.15%, 15.76%, 11.49%, and 3.35% at the same pH values. The
ionic transmittance trends for Ca** and Mg>" exhibited similar
patterns. The influence of pH on the interlayer spacing was
highly consistent with its impact on ionic transmittance. These
results suggest that DNA molecules can dynamically adjust the
interlayer spacing of the GO membrane in response to the
system's pH, thereby modulating its ionic transmittance.

The GO-DNA membranes were subjected to characterization
under different pH values (pH = 2, 4, 6, 8) using scanning
electron microscopy (SEM). The cross-section of the GO-DNA
membrane reveals a distinctive “book-like” layered structure
(Fig. 2b), consistent with the typical structure of GO
membranes. Raman spectroscopy was employed to investigate
defects in GO membranes both before and after DNA incorpo-
ration and before and after separation (ESL{ Fig. S10). No
significant alterations in GO defects were observed under these
conditions. Fourier transform infrared spectroscopy (FT-IR,
ESIL,T Fig. S11) was utilized to analyze the chemical composi-
tion of both GO and GO-DNA membranes. Compared with the
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GO membrane, the peaks at 1240 cm™ ' and 1070 cm™* of the
GO-DNA membrane are significantly enhanced, which are
attributed to P=0 and P-O in the DNA molecules respectively,
proving the successful introduction of DNA.

Separation performance of the GO-DNA membrane

To assess the selectivity of the GO-DNA membrane, its perfor-
mance in separating uranium was examined in spiked simu-
lated seawater. For convenience, the concentrations of Cu?',
Ni**, Zn**, and UO,** were increased by a thousand-fold (the
concentrations of all ions are given in ESIf Table S1). The
impact of pH on the separation efficiency of the GO-DNA
membrane was investigated at pH values of 4, 6, and 8. Ionic
transmittance after a 12-hour separation experiment is pre-
sented in Fig. 3a-c. Remarkably, GO-DNA demonstrates
exceptional rejection of UO,”" at all tested pH levels. This
underscores the outstanding separation performance of GO-
DNA membranes under pH conditions conducive to the
stability of DNA molecules. In certain instances, an observation
of higher transmittance for divalent ions compared to mono-
valent ions has been documented. This occurrence can be
ascribed to the disparate initial concentrations of metal ions.
Specifically, in spiked simulated seawater, the concentration of
monovalent ions greatly surpasses that of divalent ions. While
the percentage transmission of monovalent ions may seem
comparatively lower than that of divalent ions, their absolute
transmission capacity is substantially greater.

The influence of the added amount of DNA on the GO-DNA
separation effect was further probed. The separation

(3]

GO pH=6
£ ‘GO-DNA

°
T
W
i
N
S
H

N
S
I

=T &

& &
Py P
.

3
H
H
H
H

&

Transmittance (%)
H
H
Transmittance (%)
3

o

I z* =L

T GO pH=8 GO
GO-DNA GO-DNA-10

12| GO-DNA-20

GO-DNA-30

o

=

Transmittance (%)
o
H
SF(M/U)
N ®

& = I

il &

L II =
iz

L
NaKCaMgCuZnNiVUf Na K Ca Mg Cu Zn Ni V U

®

NaKCaMgCuZnNiVUh =Na K Ca Mg Cu 2Zn Ni V

Na K
——Ca Mg
25 v

33ppm 30
3.3ppm
330ppb

SF (M/U)
M P 6
SF (M/U)

AE)

——— iy

>
IS
S

2 9 o
s 3 38

Rejection Rate (%)
»
8

= mie BN mEE . e B

=S

=Na K Ca Mg Cu Zn Ni V

2 4 6 B
Number Of Cycles

2
S

@
S

Antibacterial rate (%) ===
8 3

N
S

GO GO-DNA

Na K Ca Mg Cu Zn Ni V U =Na K Ca Mg Cu Zn Ni V

15 This work %

SEROP I FFROK L E&L 2 00
T S S NI Lo
P T ST

&S (IS &
< SE S F
g AN G
S & &5

&

Fig. 3 Separation performance test of the GO-DNA membrane. Transmittance of the GO membrane and GO-DNA membrane in spiked
simulated seawater at pH = 4 (a), pH = 6 (b) and pH = 8 (c). Separation factors after 12 hours of separation experiment of the GO-DNA
membrane with different amounts of DNA added (d) and different uranium spiked concentrations (e). (f) The separation factor of the GO-DNA
membrane that was recycled ten times in spiked real seawater without any treatment. (g) lon rejection rate and (h) separation factor of the GO—-
DNA membrane in pressure filtration experiments at a pressure of 0.08 Mpa. (i) Antibacterial ability of the GO membrane and GO-NDA
membrane. (j) Comparison of uranium and vanadium separation performance.4748-6t

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2024, 15, 10455-10463 | 10459


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc02801e

Open Access Article. Published on 10 June 2024. Downloaded on 11/27/2025 10:31:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

performance of GO-DNA membranes with different amounts of
DNA added was tested in spiked simulated seawater (labeled
GO-DNA-x, where x represents the amount of DNA added to the
separation membrane in nmol). Ionic transmittance after the
12-hour separation experiment is depicted in Fig. S12a,f and
the SF is shown in Fig. 3d. As the amount of DNA added
increases, the transmittance of UO,>* gradually decreases, while
the transmittance of other ions exhibits minor changes.
Consequently, the SF of coexisting ions and UO,>" increases
with the augmented DNA content, affirming that the introduc-
tion of DNA enhances the UO,** selectivity of the GO
membrane.

Given the extremely low UO,>" content in natural seawater
(only 3.3 ppb), testing the application prospects of the GO-DNA
membrane in seawater necessitated a reduction in UO,*"
concentration in spiked seawater. Its separation performance
was evaluated using various spiked concentrations of uranyl
ions (33 ppm, 3.3 ppm, and 330 ppb, respectively). The
concentrations of the remaining ions were the same as those of
the spiked simulated seawater, as shown in ESIT Table S1. Ionic
transmittance after a 12-hour separation experiment is illus-
trated in Fig. S12b,7 and the SF is shown in Fig. 3e. The trans-
mittance of UO,>" decreases as its concentration decreases,
while the transmittance of other ions remains relatively stable.
This signifies that GO-DNA maintains excellent separation
ability even at lower UO,>" concentrations, indicating prom-
ising prospects for seawater applications.

Cycling stability, a crucial parameter for industrial membrane
applications, was evaluated in spiked real seawater without
membrane regeneration. The concentrations of all ions were the
same as those of spiked simulated seawater, as shown in ESI{
Table S1. Even after undergoing ten cycles, the transmittance of
all ions exhibited fluctuations within a specific range, with the
rate of change in ionic transmittance remaining between —40%
and 40% (ESIL,T Fig. S13a and b). Additionally, in the cycling
stability experiment, the rejection rate of UO,*" by the GO-DNA
membrane remained consistent, while the SF between UO,** and
coexisting ions fluctuated within an established range (Fig. 3f).
The concentration of UO,>" in the source solution was tested to
explore the UO,*" capturing ability of the GO-DNA membrane
(ESL Fig. S13c). After ten cycles, the UO,>" concentration showed
only a weak decrease. Considering that a small amount of UO,>*
was detected in the driving solution (ESL{ Fig. S13a), the GO-
DNA membrane captures only trace amounts of UO,>". The GO-
DNA membrane mainly blocks the transmembrane transport of
UO,*", thereby achieving the separation of UO,>". These findings
demonstrate the excellent cycling stability of the GO-DNA
membrane, highlighting its potential for practical industrial
applications. At the same time, the excellent stability of the GO-
DNA membrane provides additional evidence that the DNA
sequence is stable during the separation process.

Pressure filtration experiments were conducted to compre-
hensively assess the efficacy of the GO-DNA membrane.
Initially, the water permeability of the GO-DNA membrane was
examined under varying concentrations of DNA. The findings
demonstrated a positive correlation between the amount of
DNA incorporated and the water permeability of the GO-DNA

10460 | Chem. Sci, 2024, 15, 10455-10463

View Article Online

Edge Article

membrane, as illustrated in Fig. S14 of the ESL.{ Subsequently,
the ion separation capability of the GO-DNA membrane was
evaluated using spiked real seawater. The concentrations of all
ions were the same as those of spiked simulated seawater, as
shown in ESIT Table S1. Fig. 3g presents the ion rejection rates,
while Fig. 3h illustrates the SF for coexisting ions, specifically
focusing on UO,>*. The outcomes revealed the outstanding
uranyl ion rejection capability of the GO-DNA membrane along
with its notably low rejection of coexisting ions. These results
underscore the superior separation performance of the GO-
DNA membrane in pressure filtration experiments.

Anti-biofouling activity plays a pivotal role in the practical
utilization of GO-DNA membranes. The antibacterial efficacy of
the GO-DNA membrane was evaluated as per the methodologies
outlined in ESI 1.12.7 Both the GO membrane and the GO-DNA
membrane exhibited remarkable antibacterial properties,
demonstrating an antibacterial rate exceeding 98% (Fig. 4g and
ESIf Table S2). This underscores the outstanding anti-biofouling
performance of the GO-DNA membrane, primarily attributed to
the presence of GO,* with the incorporation of DNA not altering
this characteristic. These findings underscore the vast potential
applications of the GO-DNA membrane. The uranium-to-
vanadium (U/V) separation capability stands as a crucial metric
for assessing the effectiveness of membranes in uranium
extraction from seawater. In our study, we compared the U/V
separation capabilities of the GO-DNA membrane with those
reported in recent literature on uranium extraction from seawater
(Fig. 3j and ESIT Table S3).%”*%* The comparative analysis reveals
that the GO-DNA membrane exhibits outstanding U/V separation
ability, underscoring its potential as an efficient separation
membrane for uranium extraction from seawater.

Separation mechanism

The GO-DNA membrane underwent rigorous scrutiny via X-ray
photoelectron spectroscopy (XPS) both pre- and post-separation
experimentation. Relative to the unmodified GO membrane,
discernible features emerged in the XPS spectrum of the sepa-
rated GO-DNA membrane at 390.00 eV and 379.00 eV, corre-
sponding to U 4f;,, and U 4f;,, respectively (Fig. 4a and e).
Notably, the presence of uranium in the separated GO-DNA
membrane was confirmed by energy-dispersive X-ray spectros-
copy (EDS) mapping (Fig. 4i). This evidentiary manifestation
unequivocally affirms the selective entrapment of UO,>" within
the interlayer interstice.

High-resolution XPS analysis of the oxygen fraction before
and after separation revealed a discernible peak at 529.65 eV in
the GO-DNA membrane after separation, which was attributed
to the axial oxygen of UO,>" (Fig. 4b-d, f-h). In addition, in the
GO-DNA membrane, the peak corresponding to the carbonyl
oxygen shifted from 530.00 eV to 530.40 eV, a phenomenon not
observed in the GO membrane. Further examination of the
high-resolution XPS spectrum of uranium in the GO-DNA
membrane after separation revealed three distinct peaks at
389.96 eV, 381.45 eV, and 379.10 eV (ESI,T Fig. S18). Impor-
tantly, these uranium peaks were absent in the GO-DNA
membrane before separation. Subsequent to separation from
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Fig. 4 Separation mechanism. XPS analysis results of the GO membrane, GO-DNA-10 membrane and GO-DNA-20 membrane before and
after the separation experiment (a) and (e) the zoomed-in results of the red box part in (a). High-resolution XPS analysis results of oxygen element
in GO membranes ((b) before separation and (f) after separation), GO-DNA-10 membranes ((c) before separation and (g) after separation) and
GO-DNA-20 membranes ((d) before separation and (h) after separation). (i) EDS mapping of the GO—-DNA membrane after the separation. (j)
Schematic diagram of ion transport across a two-dimensional membrane.

the GO membrane, similar peaks at 389.96 eV and 379.10 eV
were detectable, albeit with significantly reduced intensity,
possibly due to residual UO,>*. Meanwhile, high-resolution XPS
analysis of other elemental components demonstrated minimal
transformation before and after separation (ESL,t Fig. S15-517).
These findings collectively suggest that the U Aptamer binds to
UO,”>" through oxygen coordination, consistent with existing
literature reports.

The separation mechanism of the GO-DNA membrane is
obviously different from the traditional size screening effect. A
novel separation mechanism is proposed that emphasizes the
role of selective concentration polarization induced within 2D
lamellar membranes. Conventionally, the prevailing permeation
theories treat the permeate fluid (S;) and driving fluid (S,) as
discrete systems, with ion transport being contingent upon
concentration gradients between them. However, the interlayer
configuration of 2D lamellar membranes, characterized by an “S”
shaped channel, necessitates a reevaluation of this conventional
framework. In order to more precisely elucidate the intrinsic
mass transfer process of 2D lamellar membranes, a completely
new separation mechanism was proposed. It posits the two-
dimensional separation membrane (Sy) as an autonomous
entity, beyond the conventional dichotomy of S; and S,. The ion
transport trajectory in the interlayer space assumes an “S” shape,

© 2024 The Author(s). Published by the Royal Society of Chemistry

wherein ions temporarily reside within the 2D lamellar
membrane. The delineation of ion transport across 2D lamellar
membranes is thus articulated through two discernible stages
(Fig. 4j). The first phase involves ion diffusion from the S; system
into the Sy, system, driven by concentration gradients. Given that
the concentration in the S; system (C,) surpasses that in the Sy
system (Cy), ions traverse from the former to the latter. Subse-
quently, as ions populate the Sy system, a situation arises where
Cy exceeds the concentration in the S, system (C,). This initiates
the second stage, wherein ions diffuse from the Sy, system to the
S, system. Collectively, these stages comprise the ion transit
process across the 2D lamellar membrane. This conceptualiza-
tion is further nuanced in the case of target ions, typified by active
sites embedded in the interlayer space. For target ions, active sites
induce a nuanced scenario. In the first stage, target ions diffuse
from the S; system into the Sy system due to concentration
gradients. Upon entry into the Sy, system, active sites recognize
and immobilize the ions within the interlayer space. Despite
a persisting concentration difference between the Sy, system and
the S, system (Cy, > C,), the immobilizing effect of active sites
precludes the diffusion of target ions into the S, system. As target
ions continue infiltrating the Sy system, C,, approaches C,,
culminating in a scenario where the concentration difference
dissipates, halting the transmembrane ion transport.

Chem. Sci., 2024, 15, 10455-10463 | 10461
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In this study, UO,>" initially permeated the Sy, system from
the S; system. Subsequently, the addition of the 39E aptamer
facilitated the selective recognition and binding of UO,*,
thereby immobilizing UO,>" within the Sy system and pre-
venting its translocation to the S, system. Equilibrium was
achieved when the concentration of UO,>" in the Sy system
equaled that in the S; system, halting further diffusion from the
S; system to the Sy system. The transmembrane transport of
UO0,*" was effectively impeded by this mechanism. Notably, the
diffusion of coexisting metal ions remained unhindered, facil-
itating their separation from UQ,>". This selective binding
action of the 39E aptamer resulted in the entrapment of
a portion of UO,>" in the Sy system, as evidenced by the pres-
ence of uranium in the XPS spectrum of the GO-DNA
membrane. Conversely, no coexisting ions were detected in the
XPS spectrum, corroborating our hypothesis. Specifically,
coexisting ions will quickly diffuse into the S, system after
entering the Sy, system, resulting in only very few coexisting
ions existing in the GO interlayer space (Sy system). Their
concentration remained below the detectable range of XPS
analysis.

Conclusions

In summary, the integration of DNA chains, including poly A(q),
U Aptamer, and pH-responsive i-motif, into GO layers resulted
in sophisticated DNA-intercalated GO membranes. Poly A
facilitated m- interactions, binding DNA to GO, while the pH-
responsive i-motif dynamically adjusted interlayer spacing.
Simultaneously, the U Aptamer enhanced GO membranes’
efficacy in obstructing UO,>" transport, boosting separation
efficiency. A novel 2D lamellar membrane permeability sepa-
ration mechanism was proposed, redefining the 2D lamellar
membranes as an independent system. This conceptual
framework offers insights into enhanced separation effects,
opening avenues for tailored 2D lamellar membranes. These
modifications advance the understanding of 2D lamellar
membrane mechanisms, paving the way for custom separation
technologies. Improved separation efficiency and the proposed
model highlight the potential of GO membranes for diverse
applications. Future research can focus on optimizing fabrica-
tion processes, scalability, and exploring the broader applica-
bility of this innovative separation technology.
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