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ABSTRACT: In response to the increasing public awareness of serious

dye-contained wastewater contamination, we herein fabricated a novel

anthracene-containing hyperbranched poly(ether amine) (hPEA-AN)/

carbon nanotube (CNT) ultrathin membrane (UTM), which combined

both the merits of the conventional dye adsorption strategy and membrane

filtration process, to implement efficient selective adsorption of dye

molecules and also the separation of dye mixtures by molecular filtration.

Taking advantage of the 7— stacking interactions between anthracene and

CNT sidewalls and hydrophobic interactions, CNTs were coated tightly

with hPEA-AN to form the hPEA-AN@CNT complex, which can be well-

dispersed very stably in water. The formation of the hPEA-AN@CNT

complex was confirmed using X-ray photoelectron spectroscopy, Raman

spectra, fluorescence spectra, and thermogravimetric analysis. Meanwhile, a

simple filtration process was applied to prepare hPEA-AN@CNT UTMs

with a thickness of 1.5 pm, which can be further cross-linked through photodimerization of anthracene moieties. The UTMs
represented selective adsorption behaviors toward hydrophilic dyes even with similar backbones and the same charge states,
namely, they showed high adsorption capacities (Q.,) toward eosin B, erythrosin B (ETB), 4',5'-dibromofluorescein, and Evans
blue (EVB) dyes up to 300 pmol/g while showing low adsorption capacities toward calcein (Cal), methyl red, and Ponceau S
dyes. On the basis of this unique selective adsorption, molecular filtration was then realized toward mixed ETB/Cal and EVB/Cal
dyes, with a separation efficiency of up to 100% and regeneration without an obvious efficiency decrease.

B INTRODUCTION micropollutants,”> low selectivity for similar molecules, and
concurrently high costs of regeneration without complete
restoration. * Various hydrogels, nanoparticles, and function-
alized fibrous materials are effective for static adsorption,'®™"”
whereas selectivity is a particularly important factor for
adsorbents in the wastewater treatment industry, where dye
mixtures are always a complex component and thus are difficult
to separate and reuse. Adsorbents with selective adsorption
properties enable the separation of similar guest molecules, and
researchers have been engaged in many valuable works such as
constructing selective adsorption materials. Broer, Schenning,
and co-workers prepared efficient and selective porous-
nanostructured adsorbents based on a smectic liquid-crystal
polymer, which possessed confined pore dimensions allowing
size-selective adsorption of hydrophilic dyes.”” Molina and co-
workers have reported a stimuli-sensitive ureasil—polyether-
siloxane hybrid matrix that could easily and rapidly separate
anionic dyes from a mixture containing anionic and cationic
dyes.”' Wan and co-workers studied charge-selective separation

The global occurrence of clean water resources being
threatened by colored micropollutants has raised widespread
concerns.' Colored dyes were the first recognized contaminants
in wastewater” and are widely used in industries such as textile
printing, paper, and plastics,” resulting in increased side effects
on aquatic ecosystems and on human health owing to their
toxicity and nonbiodegradability.” As a consequence, an
efficient separation technology for dye removal from waste-
water is the prompt solution in demand. However, dye-
containing wastewater treatment is a chronic problem owing to
the recalcitrance of organic dyes, stability to light and heat, and
the resistance to aerobic digestion.”

So far, among the numerous dye removal techniques, such as
chemical precipitation, photocatalytic and photolytic biode-
gradation, and advanced oxidative degradation,””"" adsorption
has been a better option that brings one of the best outcomes in
removing different types of colored molecules and with a
relatively low cost,'” where common adsorbents possess porous
structures to enlarge the exposed surface area for stronger

interactions.'>'* Most widely used commercial adsorbent Received: October 10, 2016
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Scheme 1. Schematic of the Preparation of hPEA-AN@CNT UTM“

“The mixture of hPEA-AN and CNT first formed the hPEA-AN@CNT complex through 7—7 interactions between AN and CNT sidewalls under
ultrasonic dispersion; then, dispersion of the complex was followed by simple vacuum-assisted filtration to fabricate hPEA-AN@CNT UTMs.

and recovery of organic ionic dyes by polymeric micelles, which
extracted an anionic dye from cationic contaminants and
transferred them from an aqueous phase to an apolar oil
phase.”” The selective adsorption mechanisms of most of the
reported studies generally cover size selectivity and charge
selectivity for guest molecules with different sizes or charge
states.”>*” To the best of our knowledge, however, studies on
selective adsorption of dyes with similar sizes, similar
backbones, and the same charge states are limited and remain
challenging.

Recently, our group has developed a novel multifunctional
hyperbranched poly(ether amine) (hPEA) and found that the
hPEA-based hydrogels and their interpenetrating networks
exhibit a unique selective adsorption and separation of dye
molecules with similar backbones and the same charge states
that is dependent on hydrophilic—hydrophobic interac-
tions.”® ™3> At the same time, the PEA nanofiber membrane
produced by electrospinning can be used for the selective
adsorption and separation of dyes through membrane
filtration.”® Traditional membrane filtration including ultra-
filtration and nanofiltration is an attractive advanced water
treatment technology because of its well-known size-exclusion
effect for solutes that are larger than the pore size of the
membranes.”* ">’ The combination of selective adsorption and
membrane filtration strategies opens a novel but vital window
for developing efficient dye-removal technologies. Besides size
selectivity, the membranes acquired an additional adsorption
function,”®™*" which promotes the improvement of adsorption
techniques.

Hence, we here progressively pioneer a new approach that
combines the excellent selective adsorption behavior of hPEA
and the advantages of membrane filtration, avoiding the
cumbersome preparation process, expecting to afford the
aforementioned adsorption filtrated membranes via simple
green techniques. As is well-known, fibrous carbon nanotubes
(CNTs) have demonstrated their potential utilization in many
fields because of their mechanical, thermal, and -electrical
properties,*** particularly in building high-performance fibers
applied in the upcoming application realm of water
filtration.**** Studies on CNT composite clay*®*’ and film
for water—oil separation*®™" and heavy metal removal’' have
been carried out, whereas the task of removal of dyes still
requires in-depth research because of the shortcomings of

2,5

comflex tedious preparation processes’ "> and low selectiv-
ity.”" Nevertheless, a CNT is an ideal vehicle in our designed
adsorption filter system. In this study, the CNT was first
decorated with anthracene-containing hyperbranched poly-
(ether amine) (hPEA-AN) to form the fibrous hPEA-AN@
CNT complex in water through noncovalent 7— stacking and
hydrophobic interactions between hPEA-AN and CNT side-
walls; then, ultrathin membranes (UTMs) of hPEA-AN@
CNTs were fabricated using a simple vacuum-assisted filtration
process thanks to the fibrous structure with a high aspect ratio
of a hPEA-AN@CNT complex with good water dispersion
(Scheme 1). The high specific surface area and high water
penetrability of the obtained three-dimensional fibrous hPEA-
AN@CNT nanoscale network ensures maximized conduction
between guest dye molecules and host UTMs for the utilization
of molecular adsorption filtration, leading to the feasibility of
uptake of different dye molecules from wastewater solutions by
hPEA-AN@CNT UTMs. The strong mechanical strength of
CNT fibers is an advantage, which makes the UTMs strong and
stable for reuse. The resulting UTMs of hPEA-AN@CNT's not
only exhibit efficient selective adsorption and remove hydro-
philic dye from wastewater but also show high separation
efficiency of dye molecules even with similar backbones and the
same charge states through molecular filtration.

B RESULTS AND DISCUSSION

Fabrication and Characterization of hPEA-AN@CNT
UTMs. Amphiphilic hPEA is composed of short polyether
chains in the backbone and a large amount of secondary amino
groups in the periphery. Anthracene moieties were introduced
into the periphery of hPEA to obtain anthracene-ending hPEA
(hPEA-AN). By adjusting the components of polyether chains
poly(ethylene oxide) (PEO) and polyphenylene oxide (PPO),
hPEA-AN with different hydrophilicities (hPEA101-AN and
hPEA211-AN) could be acquired according to our previous
work.>> The whole strategy for preparing hPEA-AN/CNT
UTMs is illustrated in Scheme 1, where the mixture of hPEA-
AN and CNT first underwent ultrasonic dispersion in water to
afford hPEA-AN-coated CNT fibers (hPEA-AN), which further
formed uniform UTMs by the foolproof vacuum-assisted
filtration process.

Because of the strong z—7n stacking and hydrophobic
interactions between the anthracene moieties and sidewalls of
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Figure 1. Characterization of hPEA211-AN@CNT: (a) dispersion of hPEA-AN@CNTs for 150 days; (b,c) TEM images of hPEA-AN-coated
CNTs; (d) LSCM image of hPEA-AN@CNTs; (e) XPS spectra with atomic concentration (%); (f) Raman spectra; (g) effect of hPEA-AN coating

on fluorescence decay.

Figure 2. Characterization of hPEA211-AN@CNT UTMs: (a) photograph of the UTM; (b—d) SEM images of surface (b) and section (c,d) of the

UTM.

the CNT,”*™’ the CNT was well-coated with hPEA-AN to
form the hPEA-AN@CNT complex by mixing hPEA-AN and
CNTs in an aqueous solution. As shown in Figure la, the
resultant hPEA-AN@CNT complex was dispersed very stably
in an aqueous solution over a long period of more than 150
days, indicating the strong interactions between hPEA-AN and
CNT. On the contrary, the hydrophobic CNTs could not be
dispersed alone in water in the absence of hPEA-AN (Figure
Sla). Even with the help of hPEA without AN moieties, the
CNTs could not be dispersed stably in water and settled after
10 days (Figure S1b). This indicated that the z—rx stacking
interaction between AN and CNTs is very important in the
formation of the stable hPEA-AN@CNT complex in water. It is
interesting that the stimuli-responsive performance of a hPEA-
AN layer allows for the controlled dispersion of hPEA-AN@
CNT in response to temperature.60 After heating at >80 °C,
hPEA-AN@CNTSs began to aggregate and then precipitated
from an aqueous solution at the bottom (Figure S1c). It should
be noted that this process is reversible. After cooling to room
temperature, the precipitated hPEA-AN@CNTs can be
dispersed in water again. This reversible dispersion behavior
also supported the formation of the stable hPEA-AN@CNT
complex in water.

We then conducted a series of analysis experiments to
investigate the resultant hPEA-AN@CNT in detail (Figure 1),
and all measurements were taken with hPEA211-AN@CNT as

an example. The hPEA-AN layer coated on the CNT was
observed using transmission electron microscopy (TEM), and
the thickness is around 3 nm in comparison with that of the
pristine CNTs (Figures 1b,c and S1d). To confirm the
completeness and uniformity of the coating layer, laser
scanning confocal microscopy (LSCM) was carried out, and
the fluorescence image revealed that hPEA-AN@CNT
exhibited strong blue fluorescence (Figure 1d) thanks to the
emission of anthracene moieties of hPEA-AN layers coated on
the surface of CNTs. The resultant hPEA-AN@CNT aqueous
solution presented the characteristic ultraviolet (UV)—vis and
fluorescence spectra peaks of anthracene (Figure S2). In
comparison with the pristine CNT, the lyophilized hPEA-AN@
CNT powder withstood the X-ray photoelectron spectroscopy
(XPS) test (Figure le), resulting in the appearance of a N 1s
peak (atomic concentration of 2.35%), an increase in the
atomic concentration of O (from 2.79 to 21.24%), and a
decrease in the atomic concentration of C (from 97.21 to
76.42%), corresponding to the introduction of hPEA-AN.
Meanwhile, on the basis of the weight loss of CNTs, hPEA-AN,
and hPEA-AN@CNTs at 600 °C measured using a
thermogravimetric analyzer (TGA), the hPEA-AN coating
rate was calculated to be around 81% (Figure S3 and Table S1).

It is the existence of aromatic anthracene moieties that
enable the 7—7 interactions between hPEA-AN and the outer
surface of CNTs. Raman spectra showed strong evidence for
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Scheme 2. Structures and Abbreviation of 12 Different Hydrophilic Dyes Belonging to Three Families

the transition from sp” to sp’ hybridization of C atoms from
graphite bonding to disordered bonding in the graphitic
sidewalls of the CNTs®! because the value of Ip/Ig significantly
increased after hPEA-AN modification (Figure 1f). In addition,
compared with hPEA-AN, hPEA-AN@CNTs in the aqueous
solution presented a shorter lifetime of AN fluorescence (7 =
4.033 ns) according to fluorescence decay results (Figure 1g),
which should be ascribed to the microenvironmental variation
in the excited anthracene molecules brought by the CNTs
leading to an additional dynamic quenching.”> All of these data
confirmed that the hPEA-AN layer was coated on CNTs to
form the stable hPEA-AN@CNT complex.

With the improved dispersion of CNTSs coated with hPEA-
AN layers in water, UTMs could be fabricated using the
vacuum-assisted sand core filtration process, and the diameter
of the smooth UTMs obtained was 4.5 cm (Figure 2a). It is
remarkable that the obtained hPEA211-AN@CNT UTMs
possessed an immaculately reflective surface, which proved that
the membrane structure was extremely uniform, demonstrating
the excellent dispersion of hPEA-AN@CNTSs from another
point of view. To further observe the microstructure of the
UTMs, scanning electron microscopy (SEM) was carried out to
view the surface and cross-sectional morphologies (Figure 2b—
d). The UTMs have a smooth and compact surface, as seen in
the SEM image (Figure 2b), and the thickness of the cross
section was around 1.5 um (Figure 2c). The fibrous CNTs
were apparent in the enlarged view (Figure 2d), whereas the
head of a handful of hPEA-AN@CNTs in the matrix that was
exposed in the low-temperature brittle fracture process might
be attributed to brighter white points. At the same time, the

component and the thickness of hPEA-AN@CNT UTMs were
controllable by adjusting the synthesis and manufacturing
technologies. UTMs with different hPEA components
(hPEA101-AN and hPEA211-AN) could be obtained depend-
ing on the contents of PEO and PPO in the synthesis process,
whereas UTMs with varied thicknesses could be prepared by
controlling the concentration and volume of the dispersed
solution added in the filtration process. hPEA101-AN@CNT
UTMs with a thickness of 10 pgm were prepared, which
presented a reflective surface as well (Figure S4a), and the SEM
images (Figure S4b—d) revealed surface and cross-sectional
morphologies similar to those of the above-mentioned
hPEA211-AN@CNT UTMs.

To make sure that the UTMs would be steady when
undergoing the following batch adsorption tests and molecular
filtration procedures and that neither hPEA-AN nor CNT
molecules would be dissolved out of the membranes, cross-
linking through anthracene photodimerization was carried out.
The UTMs were illuminated under a 365 nm UV lamp for 30
min to make sure that most AN moieties in the coating layers
were photodimerized and fixed on one CNT fiber; meanwhile,
the AN moieties on the surface of each hPEA-AN@CNT fiber
could undergo interfibrous dimerization to cross-link the entire
membrane. The process for photocross-linking of anthracene in
the hPEA-AN@CNT aqueous solution was traced using UV—
vis spectra (Figure SS).

Selective Adsorption Behavior of Hydrophilic Dyes.
The uptake of 12 hydrophilic dyes common in the textile and
paper-making industry was tested; these dyes belong to three
typical families (Scheme 2): fluorescein dye, azo dye, and
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Figure 3. Selective adsorption behaviors toward EB and Cal dyes: UV—vis spectra of EB (a) and Cal (b) before and after batch adsorption by
hPEA211-AN@CNT UTMs for 48 h. Insets are photographs of solutions of EB and Cal before and after adsorption.

Figure 4. Batch adsorption capacities and removal efficiencies toward 12 hydrophilic dyes: (a) equilibrium adsorption capacities of APEA-AN@CNT
UTMs for the uptake of 12 different hydrophilic dyes in phosphate buffer and (b) percentage removal efficiency of each dye obtained by the batch
adsorption of hPEA-AN@CNT UTMs at 25 °C (6 mL of dye solution with initial concentration of 300 ymol/L, adsorbent S mg, pH = 7.2,

adsorption time 48 h).

phenothiazine dye. Four azo dyes, Ponceau S (PS), Bismarck
brown Y (BBY), methyl red (MR), and Evans blue (EVB),
were chosen because of their extremely broad use in printing
and dyeing technology; they can break down in water over time
to give rise to carcinogenic aromatic amines that are toxic and
cannot be degraded naturally.”> Methylene blue (MB), a
cationic dye that represents phenothiazine dyes, is widely
applied in biochemical tests, aquaculture, and tintage, whereas
the overuse of the dye still causes a lot of environmental
problems and needs to be dealt with.”> Fluorescein dyes
including fluorescein (FR), 4',5'-dibromofluorescein (DBF),
eosin B (EB), erythrosin B (ETB), 4,5,6,7-tetrachlorofluor-
escein, rose bengal, and calcein (Cal) were selected because of
their same backbones and negatively charged states in aqueous
solution, which is helpful for understanding the interaction
between dyes and hPEA-AN@CNTSs and the adsorption
mechanism.

hPEA-AN@CNT UTMs possess a three-dimensional nano-
scale network structure of coated nanotubes because of the
specific filtrating preparation technology, which may make
them good candidates in the adsorption of dyes from
wastewater. Batch adsorption capabilities of hPEA-AN@CNT
UTMs were measured by detecting the equilibrium uptake,
which is regarded as a function of residual dye concentration
after adsorption via UV—vis spectra. Toward different dyes, the
adsorptive capacity of hPEA-AN@CNT UTMs varied a lot. For
instance, hPEA211-AN@CNT UTMs showed the opposite
adsorption behavior when adsorbing EB and Cal dyes (Figure
3). Almost all of the EB dye was adsorbed by the UTMs when
reaching equilibrium according to the UV—vis spectra, which
was also reflected by the obvious faded color after adsorption
(Figure 3a and the inset image). In contrast to the remarkable

uptake of the EB dye, hPEA-AN@CNT UTMs did not adsorb
Cal in the dye solution that much: Cal remained in solution,
and the color of the dye solution stayed almost unchanged
(Figure 3b and the inset image). The preliminary results
revealed that nearly 99% of the EB dye was taken by the hPEA-
AN@CNT UTMs, whereas just about 25% of the Cal dye was
adsorbed.

Furthermore, we probed the equilibrium adsorption capacity
(Qeq), one of the major parameters used to evaluate the
adsorption capacity under the experimental conditions (see the
Batch Adsorption of Twelve Hydrophilic Dyes section). To
understand the selectivity obtained from both host materials
and guest molecules, we compared the removal efficiency of
hPEA-AN@CNT membranes in the 12 different hydrophilic
guest dye molecules fabricated by two kinds of host molecules:
relatively more hydrophobic hPEA211-AN and relatively
hydrophilic hPEA101-AN. As shown in Figure 4a, hPEA211-
AN@CNT UTMs (blue bars) showed high Q.4 toward several
fluorescein and azo dyes such as EB and ETB up to 300 pmol/
g whereas for Cal, low Q.4 was found below 30 umol/g. It is
worth noting that the uptake of negatively charged Cal by
hPEA-AN with positively charged amino groups was the lowest,
indicating that the host hPEA211-AN@CNTs and guest dye
molecules maintain electrostatic noninterference and electro-
static interactions were not the main acting force.

For dyes with more hydrophobic substituents, hPEA211-
AN@CNT UTMs presented a stronger adsorption ability,
suggesting that the hydrophobicity of the adsorbents may be
crucial to the uptake of guest molecules. In the meantime,
compared with that of the relatively hydrophilic hPEA101-
AN@CNT UTMs (Figure 4a, red bars), the slightly higher Q.
of hPEA211-AN@CNT UTMs for most dyes was attributed to
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the better hydrophobicity of hPEA211-AN, demonstrating that
hydrophobic interactions might be the primary origin of the
adsorption forces, which coincides with our previously reported
mechanism.*”*’

Because of the introduction of CNTs to our hPEA
adsorption systems, some dyes that once could not be adsorbed
in our previous work’” such as MB could currently be caught by
the hPEA-AN@CNT UTMs. To understand whether the
hPEA-AN or CNT was functioning in the adsorption process,
the Q.q of hPEA211-AN and CNTSs was measured as a control
(Figure S6). Both CNT and hPEA211-AN exhibited the ability
to capture guest dye molecules, especially the maximum uptake
of MB by CNTs, which explains why the UTMs could adsorb
MB dyes differently than before. At the same time, CNTs were
able to adsorb dyes such as EB and Cal without special
selectivity, whereas our UTMs showed outstanding selectivity
toward the two dyes, with the credit going to the excellent
selectivity of hPEA-AN molecules. In the system of hPEA-
AN@CNT UTMs, dye molecules could diffuse across the
hPEA-AN network shells because the flexible hydrophilic PEO
short chain could become stretched when it encountered water,
allowing dye molecules through. The dye molecules could
possibly be loaded both in the hPEA shell and on the surface of
the CNTs. Therefore, it is the synergy of the two host
materials, hPEA-AN and CNT, and not the independent action
or simple superposition of the adsorption capacities that
contributes to the prominent adsorption performance of hPEA-
AN@CNT UTMs. More importantly, as shown in Figure 4b,
the dye-removal eficiencies of hPEA-AN@CNT UTMs
demonstrated selectivity as well. The removal efficiencies for
several dyes were extremely high, especially for EB and ETB, up
to nearly 100%, whereas for Cal, only it was lower than 20%,
which provided promising feasibility for further molecular
filtration and separation.

To further investigate the interaction between the adsorption
capacity and the adsorption rate of hPEA-AN@CNT UTMs,
time-dependent adsorption kinetics of the 12 dyes on Q, were
studied (Figure S7a,c). The comparative adsorption, namely,
the ratio of the residual dye concentration to the initial
concentration of 12 dyes over time, was calculated to describe
the adsorption rate as well (Figure S), using hPEA211-AN@
CNT UTMs as an example. Dyes with high Q. exhibited a
rapid increase in their adsorption capacity (Q,) initially before
200 min and then continued to increase at a relatively slow rate

Figure S. Time-dependent adsorption rate of hPEA211-AN@CNT
UTMs for 12 different hydrophilic dyes at 25 °C (6 mL of dye
solution with an initial concentration of 50 pmol/L, adsorbent S mg,
pH = 7.2).

up to 900 min, whereas the Q; of dyes with low Q. maintained
a low value and increased slowly. Similarly, a prompt decrease
in comparative adsorption (C/C,) was revealed initially, with a
subsequent further gentle decrease. Moreover, after 900 min,
over 90% of EB, ETB, DBF, and EVB was captured from the
dye solution by the UTMs, which is in stark contrast to the
ratio of only about 15% for the Cal dye. Such an adsorption rate
performance was closely associated with Q. which was
independent of electrostatic interactions.

The adsorption kinetics of the 12 dyes accorded well with the
pseudo-second-order kinetic model (see the Batch Adsorption
Kinetic Studies section and Figure S7b,d), whereas the
correlation coefficients, R?, of the fitting curves were nearly 1.
The apparent pseudo-second-order rate constant (k) of the
seven fluorescein dyes to hPEA211-AN@CNT UTMs was
carried out in comparison with that of hPEA211-AN (Figure S8
and Table S2). The rate constant k of the seven fluorescein
dyes with different adsorption rates had considerable differ-
ences in magnitude, namely, the adsorption rate of EB by
hPEA-AN@CNT UTMs was more than 10 times that of Cal.
Moreover, compared with the hPEA-AN film itself as a
reference, hPEA-AN@CNT UTMs could adsorb more dyes at
a greater speed. These results demonstrated the superiority of
the introduction of host CNTs to our hPEA system for
increasing the uptake of more molecules, which had a dominant
effect on the filtration technique over merely coating the
prepared UTM materials, thus facilitating the construction of
functional fibrous nanoscale networks with a more rapid
penetration of water.

The thermodynamic parameters of the dye adsorption by
hPEA211-AN@CNT UTMs toward ETB, Cal, BBY, and EVB,
representing varied types and capacities being adsorbed, were
measured to further uncover the adsorption mechanism. The
thermodynamic behavior fit the Langmuir isotherm model well
(see the Thermodynamic Studies of Adsorption section and
Figure 6), which assumes a uniform active site energy and a
monolayer adsorption mode. Furthermore, the maximum
adsorption capacity at equilibrium (Q,,,,) for different dyes
was found according to the Langmuir model (Table S3),
manifesting that with sufficiently high initial dye concentration,
UTMs could exhibit considerable promising adsorption
capacities for dyes such as ETB. By contrast, thermodynamic
parameters for the four dyes fitting the Freundlich model,
which simulates the adsorption process with the adsorption
force decreasing with site occupation, had a relatively lower
correlation coefficient R* (Figure S9 and Table S3).

Separation of Dye Mixtures by Molecular Filtration. In
real wastewater treatment systems, waste dye solutions often
tend to be a mixture of dyes either of different types or with
similar structures. The outstanding selective adsorption by
hPEA-AN@CNT UTMs, coupled with their photo-cross-linked
structure that is resistant to solvents as a result of AN
photodimerization, enables further molecular filtration and
separation. Breakthrough curves of ETB and Cal through
hPEA211-AN@CNT UTMs (one layer) were obtained in
advance by determining the flow-through outlet concentration.
For ETB, which was mostly caught by the UTMs during
filtration, the slightly upward trend in the breakthrough curve
describing the relationship between the outlet concentration of
the dye after filtration and the elution volume was revealed with
an ascent that was slow initially and faster thereafter, ultimately
exhibiting an S-curve. This result demonstrated that most ETB
dye was absorbed at the beginning during filtration, followed by
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Figure 6. Adsorption isotherm fitting by the Langmuir model: adsorption of ETB, Cal, BBY, and EVB on hPEA-AN@CNT UTMs (6 mL of dye

solution, pH = 7.2, 25 °C) with nonlinear fitting (a) and linear fitting (b).

a gradually diminished uptake as equilibrium was reached. On
the contrary, for Cal, where nine-tenths could directly pierce
through the UTMs without redundant interaction with hPEA-
AN@CNTs, the outlet concentration increased quickly once
the dye solution was added and reached the feed concentration
rapidly. Under the experimental conditions, the final outlet
concentration of the ETB dye in solution was 70% of the feed
concentration when the effluent reached 90 mL using only 0.5
mg of hPEA-AN@CNT UTM as an absorbent, whereas that of
the Cal dye was up to 95% of the feed concentration under the
same conditions. The results were consistent with the batch-
selective adsorption behaviors (Figure 7).

Figure 7. Breakthrough curves for ETB and Cal solutions through
hPEA-AN@CNT UTMs (dye solution with the initial concentration
of 10 ymol/L, adsorbent 0.5 mg, effective area of 3.14 cm?, pH=72).

Then, a mixture of dyes with similar backbones and charge
states was filtered through hPEA211-AN@CNT UTMs (three
layers), bearing the advantage of combining adsorption with
separation. Owing to the difference in adsorptive power toward
different dye molecules, the UTMs could first show selective
adsorption during the filtration process. Dye molecules
interacting strongly with UTMs could be captured and retained
in the membranes, whereas dye molecules with weak
interactions would directly flow through, for an optimum
separation. Indeed, the dye molecules retained in the UTMs
could be eluted, during which not only dye separation was
realized but the very crucial dye recovery was also achieved.

The adsorption and filtration experiments revealed that
hPEA-AN@CNT UTMs exhibited unique selective adsorption
to fluorescence dyes even if they share the same backbone and
are positively charged. The mixture of red ETB and yellow Cal
([ETB],/[Call,q = 1:1), which was orange as it first passed
through the UTMs, acquired a yellow filtrate after filtration

(Figure 8a, left and middle). The dye concentration of the
mixture before and after filtration was measured using UV—vis
spectroscopy (Figure 8b). Almost all of the ETB dye was
captured during the filtration process, whereas the concen-
tration of the Cal dye stayed almost unchanged in the filtrate,
and the separation efficiency was nearly 100% (by calculating
the ratio of Cal concentration in solution). On the other hand,
the UTMs were regenerated by flowing a NaOH solution
through (mass concentration of $%o) to remove the adsorbed
dye molecules, where the absorbed ETB was removed and
recovered during the desorption process to obtain a red filtrate
(Figure 8a, right). The same method was implemented on the
separation of an aquamarine blue mixture, which contained
blue EVB and yellow Cal ([EVB]aq/ [Cal]aq = 1:1) belonging to
different families. The color of the filtrate turned from blue-
green to yellow for Cal (Figure 8¢, left and middle), revealing
that EVB molecules were adsorbed by the UTMs during the
filtration process. According to the UV—vis spectra on
detecting the concentration before and after filtration (Figure
8d), the concentration of EVB decreased obviously to a
minimum after filtration, whereas that of Cal remained
immutable, indicating a separation efficiency of up to 100%.
The adsorbed EVB molecules can also be recovered from the
UTMs by a NaOH solution (Figure 8c, right).

The regeneration and long-term stability of hPEA-AN@
CNT UTMs are extremely significant in practice. Adsorption/
desorption cycles of hPEA211-AN@CNT UTMs were
implemented by successively filtrating ETB/Cal dye mixtures
and a NaOH (mass concentration of 5%o) solution followed by
washing with Milli-Q water. The separation efficiencies of
UTMs for five cycles maintained a high level of nearly 100%
with no decrease (Figure 9a), and the removal efficiencies of
ETB and Cal in each cycle are summarized in Figure S10a. The
UTMs still exhibited a smooth surface without obvious defects
(Figure 9b,c) after cycling five times, and the cross-sectional
morphology (Figure S10b) was the same as that before
filtration, therefore allowing the as-prepared hPEA-AN@CNT
UTMs to be an efficient and recyclable selective adsorbent for
removing and recycling mixtures of different dye pollutants
from water through molecular filtration.

B CONCLUSIONS

We have fabricated novel hPEA-AN@CNT UTMs that possess
both outstanding selectivity in the uptake of guest dye
molecules and smart separation through adsorption and
molecular filtration. By virtue of the 7—x interactions between
ANs and CNTs, well-dispersed CNTs coated with hPEA-AN
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Figure 8. Separation of dyes mixtures: molecular filtration of dye mixtures of ETB/Cal (a,b) and EVB/Cal (c,d) by hPEA211-AN@CNT UTMs (15
mL of dye mixture solution, adsorbent 1.5 mg, pH = 7.2). (a,c) Photographs of ETB/Cal (a) and EVB/Cal (c) before and after filtration (the initial
concentration of dyes was 10 ymol/L), as well as photographs after desorption (NaOH with a mass concentration of %o, 15 mL) at 25 °C; (b,d)
UV—vis spectra of ETB/Cal (b) and EVB/Cal (d) mixtures before and after filtration.

Figure 9. Regeneration of hPEA211-AN@CNT UTMs: (a)
recyclability of the hPEA-AN@CNT UTMs for capturing ETB from
a ETB/Cal mixture solution; (b) photograph of the UTM after cycling
five times; (c) SEM image of a UTM section after cycling five times.

could form three-dimensional nanoscale network-structured
UTMs via a specific but simple vacuum-assisted filtration
preparation technique, which could be further cross-linked
through photoinduced dimerization of AN molecules, stabiliz-
ing the UTMs toward solvents. The obtained hPEA-AN@CNT
UTMs facilitated not only selective absorption with a high
efficiency but also the separation and recycling of dyes mixtures
even with similar backbones and charge states during the
process of molecular filtration. It is the synergy and efliciencies
of host hPEA-AN molecules and CNTs and the fibrous
network structure of the UTMs that contribute to the superior
adsorption performance of hPEA-AN@CNT UTMs, which
could concurrently be regenerated without efficiency loss.
These novel features make the hPEA-AN@CNT UTMs a
potential candidate for use in wastewater treatment, especially
for the removal and simultaneous separation of hydrophilic
dyes with similar properties.

B METHODS

Materials. hPEA-AN was synthesized according to the previous
work of our group.”> Multiwalled CNTs were purchased from Alpha
Nano Technology Co., Ltd (Chengdu, China) and were used without
further purification.

Preparation and Fabrication of hPEA-AN@CNT UTMs. CNTs
(60 mg) and hPEA-AN (90 mg) were added to 60 mL of Milli-Q
water; then, the mixture was ultrasonically dispersed (ShuMei KQ218
models, 40 kHz, 100 W, Kunshan Ultrasonic Instrument Co., Ltd) for
3 h, followed by further fast stirring for 24 h. After left for 2 h, the
supernatant was successively subjected to low-speed centrifugation
pretreatment (Xiang Yi, China) at 500 rpm for S min and high-speed
centrifugation at 9000 rpm for 10 min to obtain hPEA-AN@CNT
composite dispersions. hPEA-AN@CNT UTMs were fabricated using
the vacuum-assisted sand core filtration process, namely, the addition
of 10 or 60 mL of the above-mentioned hPEA-AN@CNT composite
dispersion upon cellulose membranes to produce membranes of
different thicknesses and then drying at 40 °C for 6 h, followed by
further cross-linking through the photodimerization of anthracene for
30 min using 365 nm UV LED lamp (Uvata, China) with an intensity
of about 8.4 mW/cm?.

Batch Adsorption of the 12 Hydrophilic Dyes. Twelve
different hydrophilic dyes, as illustrated in Scheme 2, were chosen to
study the adsorption behavior of the hPEA-AN@CNT membrane at
25 °C. In the batch adsorption capacity test, the initial concentration
of all dyes in 6 mL of phosphate-buffered aqueous media at pH 7.2 was
300 pmol/L, which was measured from the calibration curves of dyes,
except for those dyes with low solubility that cannot be dissolved at
such a high concentration in the phosphate buffer: BBY (200 gmol/L),
PS (100 ymol/L), MR (100 gmol/L); S mg of three kinds of dried
adsorbents (hPEA-AN@CNT, hPEA-AN, CNT) was added, and
adsorption capacity tests were carried out after 48 h.

The amount of adsorption of dyes per gram of adsorbent at time t,
Q, (umol/g), is defined as follows

(CO - Ct)
Y (1)

where C, (umol/L) is the initial concentration of dyes in the solution,
C, (umol/L) is the concentration of dyes at time ¢ (min), V (L) is the
volume of the solution, and M (g) is the mass of the adsorbent being
used. When adsorption reached equilibrium (C, = Ceq), Q= Qg in
which Q. (umol/g) is defined as the amount of dyes adsorbed per
gram of adsorbent at equilibrium.

The efficiency of dye removal by the hPEA-AN@CNT UTMs was
determined by the following equation'*

Q=

C,—C
Dye removal efficiency = —2 L x 100%
‘o (2)
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where Cy and C, (umol/L) are the initial and residual concentrations
of dye before and after adsorption, respectively.

Batch Adsorption Kinetic Studies. In the batch adsorption
kinetic experiment, the initial concentration of all dyes was SO ymol/L,
whereas the other conditions were the same. The uptake rate of each
adsorbent was best described by Ho and McKay’s pseudo-second-
order adsorption model,"* which was generated by plotting t/Q, to t,
and the common linearized form is shown as follows

t t 1
— =4 3
Qt Qeq erq (3)

where Q; and Q4 (umol/g) are the absorbate uptakes at time ¢ (min)
and at equilibrium, respectively, and k (g-pmol™"min™") is the second-
order rate constant.

Thermodynamic Studies of Adsorption. A Langmuir adsorp-
tion isotherm®® was generated by plotting C,,/Q.q versus C,g in the
following equation

Ceq — Ceq + 1

where Q. (umol/g) is the amount of adsorbed dyes per gram of
adsorbent at equilibrium, Qy,,, (#mol/g) is the maximum adsorption
capacity of the adsorbent at equilibrium, C,, (umol/L) is the
equilibrium concentration of dyes, and K; (L/pumol) is the Langmuir
adsorption constant.

A Freundlich adsorption isotherm® was generated by plotting In

Q4 to In Gy in the equation as follows

In Qeq =InKp + bz In Cq (5)

where Q. (umol/g) is the amount of adsorbed dyes per gram of the
adsorbent at equilibrium, C., (umol/L) is the equilibrium
concentration of dyes, and Ky is the Freundlich constant, and by is a
constant for depicting the adsorption intensity.

Molecular Filtration Performance of hPEA-AN@CNT UTM:s.
The membrane filtration experiments were conducted on 0.5 mg
UTMs with an effective area of 3.14 cm? dye solutions with an initial
concentration of 10 ymol/L were forced to filter through the film. In
the membrane filtration—separation experiment and adsorption/
desorption cycling, three pieces of 0.5 mg UTMs were stacked up
to separate 15 mL of mixed dyes with the initial concentration of 10
umol/L. A NaOH solution (15 mL; mass concentration of $%0) and
1S mL of Milli-Q water were added in succession before the next cycle.

Characterizations. TEM. TEM morphologies of CNT and hPEA-
AN@CNT dispersions were recorded on a JEM-2100 (JEOL Ltd,
Japan) transmission electron microscope operated at an acceleration
voltage of 200 kV. Each sample was dropped onto a Lacey support grid
and dried at 25 °C for 48 h. No staining treatment was performed for
the measurement.

SEM. A JSM-7401F (JEOL Ltd., Japan) field-emission scanning
electron microscope (FE-SEM) operated at an acceleration voltage of
S kV was used to observe the surface and section morphologies of
hPEA-AN@CNT membranes. For section samples, low-temperature
brittle fracture was carried out. Before getting the images, the samples
were sputter-coated with gold to minimize charging.

LSCM. The fluorescence image of hPEA-AN@CNT was viewed
using a TCS SP8 STED 3X LSCM (Leica, Germany) equipped with
UV lasers. The sample was prepared by dropping the hPEA-AN@
CNT dispersions onto a coverslip and then dried at 25 °C for 48 h.

UV—-Vis Spectroscopy. A TU-1901 UV—vis spectroscope (Persee,
China) was used to measure the absorbance of different dyes before
and after adsorption as well as the process of anthracene photocross-
linking.

Fluorescence Spectroscopy and Fluorescence Decay. The
fluorescence spectra were recorded to monitor the behavior of
anthracene via an LS-55B fluorescence meter (Perkin-Elmer, Inc.,
USA) with the excitation wavelength at 370 nm. The fluorescence
decay of hPEA-AN and hPEA-AN@CNT was recorded using the same
instrument. The excitation wavelength was 370 nm, and the emission

wavelength was 430 nm to minimize the interference. All solutions
were equilibrated for 10 min before measurement.

Raman Microscope. The interaction between anthracene and
CNTs was probed using a DXR Raman microscope (Thermo Fisher
Scientific, USA) at an excitation wavelength of 532 nm.

TGA. TGA (Perkin-Elmer, Inc,, USA) was used to measure the
content of hPEA-AN in the hPEA-AN@CNT composites at a heating
rate of 20 °C/min from room temperature to 600 °C under a flowing
N, atmosphere.

XPS. XPS was carried out using an Axis Ultra DLD X-ray
photoelectron spectrometer (Kratos, Japan) to analyze the content
of elements C, O, and N in CNTs and hPEA-AN@CNTs.
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