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Abstract: Pb*"is a ubiquitous pollutant. Membrane filtration represents one of the
common water treatment techniques, but the fixed pore size larger than ion and the
non-affinity to ions of membrane hamper direct separation of Pb*" without tedious
operations. Herein, inspired from the Pb*'-tolerable oleander that enriches and
intercepts Pb*" in roots from permeating to plant body, a smart Pb*"-adsorptive
filtration membrane with a temperature- and ion-tunable water gate was prepared by
loading dual-responsive
poly(N-isopropylacrylamido-co-acrylamido-benzo-18-crown-6) (PNB-5-20)
microgels on a commercial membrane. The PNB-5-20 microgel exhibits pronounced
temperature-responsive swelling/de-swelling (650 nm to 330 nm) with a volume
phase transition temperature (VPTT) around 33 °C. Moreover, the microgel shows a
high Pb**-adsorption capacity (gmar, 85.4 mg/g) and good selectivity (distribution
coefficient Ky ~ 1000 mL/g) thanks to the complexation of crown ether, as well as

good Pb** responsiveness, having the VPTT positively shifted to 40 °C in the presence
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of Pb*" with enhanced swelling behaviors. Functionalized with PNB-5-20, the smart
membrane integrates Pb>* detection, adsorption and tunable water drainage in a single
device. The membrane selectively recognizes Pb** in the polluted water with the gates
in membrane pores switch from “open” to “closed”, intercepting and adsorbing Pb*"
with water permeation retarded. Once purified, the gates can be facilely “re-opened”
by increasing the temperature. Construction of such an intelligent membrane filtration
device with tunable water gate, excellent Pb*" recognition and adsorption
performance will greatly simplify the remediation of Pb**-polluted water.

Keywords: lead(Il), microgel, membranes, adsorption, crown ether,

N-isopropylacrylamide.

1. Introduction

Water contamination by heavy metals (e.g., Cd*", Cr®", Cu?**, Hg**, and Pb*") is a
major environmental problem worldwide and it is imperative that cost effective and
sustainable solutions can be developed.! Among the contaminants, Pb*>" is both one of
the most common and also toxic heavy metal ions.>® Various industrial processes,
such as battery productions, mining, paints and metal plating,>> "> release Pb*" to the
environment, and Pb*>" pollution is also aggravated by the extensive use and waste of
lead-containing products, such as leaded gasoline, military weapons and cosmetics.>*
10 However, as a naturally existing element, non-degradable ion, Pb?>" has good water
solubility and affinity to proteins, which make it readily absorbed by terrestrial and
aquatic organisms. Its eventual accumulation in the human body through drinking

11-13

water and the food chain can lead to serious damage to the nervous system,

immune system, and kidneys,> 714

especially affecting the intellectual development of
children. !> !'® Therefore, effective removal of Pb*" from the aqueous environment is
urgent and important in practice, and thereby has attracted great research interest.

So far, several technologies have been developed for the removal of Pb** from
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7 jon exchange,'® membrane separation,'’

water, such as chemical precipitation,’
photocatalytic 2° and adsorption.>?! Adsorbent sorption represents one of the most
popular treatment methods for various ions besides Pb** ?*?* but often conflicted by
the difficulty in recovering the particulate adsorbents that may cause secondary
pollution to the environment.>*’

Membrane purification is a common separation technique widely used in water
treatment thanks to its high flexibility, easy scalability, and low energy
consumption.?®3 In particular, nanofiltration membranes ** are extensively used in
separation of metal ions like Pb?" via size exclusion of dense micro-structures * or
electrostatic interaction arising from introduced positive charges.**® Ultrafiltration

membranes with adsorbents *°

incorporated are also effective devices that can
efficiently remove Pb*" from polluted water.*** However, both the nanofiltration and
ultrafiltration membranes usually require high transmembrane pressure to drive water
during filtration regardless of whether the target species exist in the water. This may
result in the waste of energy when the membranes are deployed without the prior
knowledge about the water quality. The need for pressurization also limits the
application of the membranes in some cases such as portable devices for emergency
or daily life, while microfiltration membranes with larger pores are weak at
intercepting polluted water. A membrane device that can recognize the polluted and
clean water, and then selectively drain the clean water while retard the polluted
solution, is of great worth in practical applications.

Nerium oleander L. (oleander) has been demonstrated as a plant bio-detector that
not only can grow in Pb?"-polluted soils but also is good at remedying Pb*" 44,
Investigations on the compositions of different parts of the plant revealed that the Pb*"
are enriched in the roots of oleander **“ but is less so in other parts. Interestingly,
once adsorbed in the root, the transfer of Pb*" to the shoots of the plant is interfered

with declined water flux, giving low Pb** concentration and thus low Pb** toxicity in

leaves where active proteins functions. The Pb**-interception and enrichment

3
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mechanisms by oleander root displays an ion-responsive characteristic from a
membrane perspective, that is, the membrane permeability decreases as Pb*" is
detected and adsorbed. This inspires us to develop a similar smart adsorptive filtration
membrane with tunable water gating system that can recognize Pb?"and responsively
regulate the gate to hinder water permeation and simultaneously adsorb the Pb" in the
membrane before purified water allowed to pass the membrane.

Macrocyclic crown ethers are well known to possess outstanding affinity to
metal ions due to their excellent solvation ability and regular electron-donating
domains ¥, In particular, the 18-crown-6 ether (18C6) can selectively bind Pb** with a
high equilibrium constant (log K ~ 7) higher than that of common competing ions
such K" and Na" (4~6) * regardless of the solvents, i.e., chemical environments *,
Moreover, the derivatives of 18C6 including benzo-18-crown-6 ether or
cylcohexano-18-crown-6 ether exhibit both good hydrophilicity and good oleophilility,
allowing it to be modified or applied in multi-solvent and multi-phase system *°. The
features make 18C6 an excellent building block as adsorption sites in establishing the
smart adsorptive filtration device simulating oleander root.

Here, to simulate the oleander root to separate Pb** in one-step based on an
integrated device to avoid tedious operations, a smart filtration membrane was
prepared by loading a Pb*"- and temperature- dual responsive microgel on a
commercial Nylon membrane to establish a tunable water gating system in response
to environment changes. The dual responsive microgel,
poly(N-isopropylacrylamido-co-acrylamido-benzo-18-crown-6)  (PNB-5-20), was
designed using N-isopropylacrylamide (NIPAm) as thermo-responsive domains and
benzo-18-crown-6 (B18C6) as Pb*" recognizer/adsorbent. The microgels swell below
volume phase transition temperature (VPTT) while collapse above and the VPTT
positively shifts by ~ 7 °C when Pb*" is present. Hence, in a specific temperature
range, Pb®" can trigger swelling of the collapsed or less swollen microgel, enabling

function of a smart water gating system in the microgel loaded Nylon membrane with

4
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the gates in the membrane pores spontaneously switch from an “open” to a “closed”
state by recognizing Pb*' in the environment. Thus, Pb*'-polluted water can be
retained before the membrane and continuously adsorbed by the microgels until the
water is purified. Moreover, its thermo-responsiveness enables the “closed” gates in
the smart membrane to “re-open” promptly via heating to release the purified water.
The bio-inspired fabrication of the smart membrane combines Pb** detection and
adsorption as well as the controllable retaining and drainage of water in a solo device,
exhibiting great advantage of low energy-consumption and high efficiency in

processing Pb**-polluted water.

2. Experimental section
2.1. Materials

N-isopropylacrylamide (NIPAm, 98%), benzo-18-crown-6 (B18C6, 95%),
acryloyl chloride (= 98%), 10% Pd/C, CDCl;, D20, N,N’-Methylene-bis-acrylamide
(BIS, > 99%), cetyltrimethylammonium  bromide = (CTAB, 99%),
2,2'-azobis(2-Methylpropionamidine) dihydrochloride (AIBA, > 98%) were
purchased from Adamas-beta. Dichloromethane (AR), glacial acetic acid (AR),
concentrated nitric acid (AR), anhydrous magnesium sulfate (AR), anhydrous ethanol
(AR), 2-methoxyethanol (> 99%), hydrazine hydrate (AR), triethylamine (= 99%),
tetrahydrofuran (THF, > 99.5%), methanol (AR), column chromatography silica gel,
Pb(NOs)2 (AR), KNOs; (AR), NaNO; (AR), CsNOs (AR), Na;COs (AR), KBr (AR),
MgCly-6H0 (= 98%), CaCl(> 96%) were purchased from Sinopharm Chemical

Reagent Co Ltd. All the reagents were used as received.
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2.2. Preparation of smart filtration membrane loaded with dual responsive PNB-5-20

microgels
2.2.1. Synthesis of 4-Acryloylamidobenzo-18-crown-6 (BCAm)

BCAm was synthesized based on BI18C6 according to a three-step method

reported in the literature °% 3!

. In particular, B18C6 was first nitrified into
nitrobenzo-18-crown-6 (N-B18C6). 2.0 g B18C6 was dissolved in dichloromethane,
and then a mixed solution of 7.0 mL concentrated nitric acid and 24.0 mL glacial
acetic acid was added dropwise. The mixture was stirred at 25 °C for 24 h for reaction.
At the end of the reaction, the residual nitric acid was neutralized with saturated
sodium carbonate solution, and the oil phase was separated from aqueous phase by a
separatory funnel. The organic phase was then dried with anhydrous magnesium
sulfate, which was removed by filtration later. The filtrate was then concentrated
under vacuum, and the product N-B18C6 was collected by recrystallization from its
ethanol solution under -18 °C. (Yield 2.1 g, 91%). 'H NMR &: 7.88 ppm (dd, 1H, J =
8.9, 2.6 Hz), 7.73 ppm (d, 1H, J = 2.6 Hz), 6.88 ppm (d, 1H, J = 8.9 Hz), 4.26-4.20
ppm (m, 4H, -OCH,-CH,0-), 3.98-3.92 ppm (m, 4H, -OCH,-CH,0-), 3.80-3.65 ppm
(m, 12H, -OCH2-CH20-).

Secondly, the N-B18C6 was reduced into aminobenzo-18-crown-6 (A-B18C6).
0.5 g of the as-prepared N-B18C6 was dissolved in 2-methoxyethanol, and 8.75 mL
hydrazine hydrate was added as reducing agent with 0.05 g 10% Pd/C as the catalyst.
The reaction was performed at 70 °C under nitrogen atmosphere for 2 h. At the end of
the reaction, the solid catalyst was removed by filtration. The filtrate was concentrated
by rotary evaporation, diluted with water and extracted against DCM sequentially.
The oil phase was then collected and dried with anhydrous magnesium sulfate. The
solvent in the filtrate was removed under vacuum to give a light yellow oil. The
product was identified to be A-B18C6. As an intermediate containing a benzylamine

moiety, the A-B18C6 is susceptible to oxidation and turns brown gradually during

6
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storage. Therefore, the as-prepared A-BI8C6 needs to be subjected to following
amidation as soon as possible. (Yield 0.4534 g, 97%). 'H NMR &: 6.72 ppm (d, 1H, J
= 8.4 Hz), 6.28 ppm (d, 1H, J=2.6 Hz), 6.21 ppm (dd, 1H, J = 8.4, 2.6 Hz), 4.08 ppm
(m, 4H, -OCH,-CH,0-, J = 9.6, 5.5, 4.0 Hz), 3.89 ppm (m, 4H, -OCH>-CH,O-, J =
18.7,5.4,4.0 Hz), 3.77-3.67 (m, 12H, -OCH2-CH>0O-).

Lastly, A-B18C6 was acylated into BCAm, the target molecule. The 0.4 g
prepared A-B18C6 was dissolved in 10 mL THF followed by 0.16 mL acryloyl
chloride as the acylation reagent and 0.3 mL triethylamine as the proton scavenger.
The vessel was sealed and the reaction was carried out at 4 °C for 1.5 h and at room
temperature for the subsequent 24 h. After completion of the reaction, the insoluble
salts produced were removed by filtration. As the solvent in the filtrate was removed
under vacuum, the residues were diluted by water and extracted against DCM. Then
the oil phase was collected and dried with anhydrous magnesium sulfate. The crude
product was obtained after removal of DCM under vacuum. Finally, the BCAm was
refined by column chromatography using MeOH/DCM = 1:20 as the eluent, and a dry
mass of white powder can be obtained, which is stable during storage. (Yield 0.4543 g,
97-48%) '"H NMR §: 7.63 ppm (s, 1H, -CO-NH-), 7.45 ppm (d, 1H, J = 2.3 Hz), 6.92
ppm (dd, 1H, J = 8.6, 2.3 Hz), 6.79 ppm (d, 1H, J = 8.6 Hz), 6.40 ppm (dd, 1H,
CH,=CH-, J = 16.8, 1.4 Hz), 6.25 ppm (dd, 1H, CH>=CH-, J = 16.8, 10.1 Hz), 5.72
ppm (dd, 1H, CH>=CH-, J = 10.1, 1.4 Hz), 4.16-4.08 ppm (m, -OCH,-CH>0-, 4H),
3.89 ppm (m, -OCH»-CH»O-, 4H, J=9.2, 5.3 Hz), 3.78-3.64 ppm (m, -OCH>-CH,0O-,

12H).
2.2.2 Preparation of poly(N-isopropylacrylamido-co-acrylamido-benzo-18-crown-6)

(PNB-5-20) microgels

PNB-5-20 microgel was synthesized in one step by precipitation
copolymerization of NIPAM and the as-prepared BCAm using BIS as the

cross-linking agent. As a typical synthesis of PNB-5-20, NIPAm (230.9 mg, 2 mmol),

7
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BCAm (157.3 mg, 0.4 mmol), BIS (18.5 mg, 0.12 mmol), and 5 mg CTAB were first
dissolved in100 mL deionized (DI) water contained in a three-necked flask. The flask
was purged with nitrogen to exclude oxygen, and then the system was heated to 70 °C
under nitrogen purge for 30 min. Subsequently, polymerization was initiated by
adding 7.7 mg AIBA dissolved in 1 mL deionized water into the solution dropwise
with a syringe. The reaction was kept at 70 °C under nitrogen atmosphere for 5 h. At
the end of the reaction, the mixture was cooled to room temperature under continued
stirring. The microgel products were collected by centrifugation at 8000 rpm and
washed by deionized water for three times to remove unreacted monomers. The yield
of PNB-5-20 is about 238 mg, 60%. The purified microgels were dispersed in
deionized water for storage. For comparison purpose, neat PNIPAm microgel was
synthesized according to the identical procedure but in the absence of BCAm. Table 1

lists the formulations for the synthesis of PNB-5-20 and PNIPAm microgels.

Table 1. The quantities of feedstocks used in the synthesis of PNB-5-20 and neat PNIPAm

microgels.

BCAm BIS AIBA
Sample NIPAm (relative to (relative to CTAB (relative to H,O
NIPAm) monomers) monomers)
PNB-5-20 2mM 20 mol% 5 mol% 4 2 wt% 100 mL
1.37%X10
I/L
PNIPAmM 2mM  / Smol%e O 2wt%  100mL

2.2.3 Preparation of microgel-loaded membranes

Figure 1 illustrates the fabrication of a PBN-5-20 microgel-loaded membrane
and its dual-responsiveness towards the temperature and Pb**. Commercially
available nylon 6 membrane (pore size 0.45 pm, diameter 25 mm) was selected as the
carrier membrane, which was assembled in a vacuum filtration device connected to a
vacuum pump. Then, 1 mL PNB-5-20 microgel dispersion in deionized water (solid
content 1.2 g/L) was filtered through the vacuum filtration device, whereby the

PNB-5-20 microgels were loaded onto the nylon 6 membrane by pressure. After the

8
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filtration, the decorated membrane was air-dried at room temperature and stored for

subsequent use.

(@) - T-responsive

[ %rr PNB-5-20 microgels
HN OH;\O N g , T,

: oj : \

: (\ crosslinker ' .~ -

\ o\) ; Nylon substrate

\ bz*-responswe/adsorptlve u“
e Ny

o 2 o} o._ Precipitation Load m|crogels - —
J\ + \)j\ /@ ]— | Vacuum
VLH N o o~ Polymerization
Lo
NIPAm BCAm PNB-5-20 microgels

(b)

Figure 1. (a) Structure of PNB-5-20 microgel and the preparation of a PBN-5-20 microgel-loaded

membrane and (b) its dual responsiveness to temperature and Pb*".

2.3. Characterizations
2.3.1. Nuclear Magnetic Resonance (NMR)

The '"H NMR spectra of B18C6, N-B18C6, A-B18C6, and BCAm monomers as
well as PNB-5-20 microgels were obtained on a Bruker AV 400 M NMR spectrometer

using CDCl; or D20 as the solvent.
2.3.2. Fourier Transform Infrared (FT-IR)

A Nicolet IS50 Fourier transform infrared spectrometer (Thermo Scientific) was
used to characterize the chemical composition of dried PNIPAm and PNB-5-20

microgels. The samples were prepared by the KBr tablet method. Each sample was

9
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scanned 32 times at a resolution of 4 cm™ in the range of 400 cm™ to 4000 cm™ and

the average signal was used.
2.3.3. Dynamic Light Scattering (DLS)

The hydrodynamic diameters of PNIPAm and PNB-5-20 microgels in pure water
or solutions containing inorganic metal ions were measured according to the
Stokes-Einstein equation using a NANOSIZER (Malvern) at different temperatures.
The measurement in each temperature was carried out after the dispersion was
stabilized at the designated temperature for 180 s and the number of measurements

was set to three.
2.3.4. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)

The Pb*" concentration in the solution before and after adsorption was measured
using the ICP-OES (Optima 8000, PerkinElmer) at a specific emission wavelength of
220.353 nm for lead(Il) ions. The Pb** concentrations in the samples were diluted to
the range of 0-1 ppm and filtered through a 0.22 pm poly(ether-Sulfone) filter prior to

testing.

2.3.5. Scanning electron microscopy (SEM) and energy dispersive X-ray

spectroscopy (EDX) mapping

The morphology of PNIPAm and PNB-5-20 microgels was observed by SEM
(Sigma 300, ZEISS) coupled with EDX. First, a drop of the microgel dispersion was
placed on a clean silicon substrate. After being dried in the air at room temperature,
the sample was sprayed with gold and then observed under an accelerating voltage of
7.0 kV. For membrane samples, the dried membranes were directly gold sprayed and
then observed under SEM. An X-ray spectrometer combined with SEM was used to

analyze the elemental maps of samples with a current of 10 pA and an accelerating

voltage of 10.0 kV.

10
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2.3.6. X-ray photoelectron spectroscopy (XPS)

Chemical compositions and bonding information of the samples were analyzed
using an XPS (K-Alpha, Thermo Scientific) system. An electron/ion gun was used to
compensate the charge accumulation on the sample during the measurement. XPS
peaks were fitted using Avantage software and the binding energy was corrected by C

Is photoelectron at 284.8 eV as reference.
2.4. Pb** adsorption
2.4.1. Adsorption isotherms

The adsorption isotherms of PNB-5-20 and PNIPAm microgels were determined
at different Pb>" concentrations (10, 40, 60, 100, 300, and 500 ppm) with a solid
content of 0.75 g/L. The mixture of the microgel and Pb?>" solution was shaken at
room temperature and 120 rpm for 24 h. Afterwards, the PNB-5-20 microgel was
removed by filtration through a 50 nm nylon 6 membrane. The residual Pb*
concentration in the filtrate was determined by ICP-OES. The PNIPAm microgel was
used as reference and its adsorption isotherm was determined based on the same
procedure. The equilibrium adsorption capacity g. (mg/g) was calculated by Equation

(1):

_ (Go=C)V

Qe =~ (D
where Cp (mg/L) and C. (mg/L) are the initial and equilibrium concentrations of Pb**

in the mixture, respectively; m (g) is the mass of the microgel and V' (L) is the volume

of the mixture.
2.4.2. Adsorption kinetics

The adsorption kinetics of Pb*" on PNB-5-20 microgels was tested at an initial
Pb** concentration of 100 ppm with a solid content of 0.75 g/L. The dispersions were
shaken at 120 rpm for 10, 20, 30, 60, 180, 360, and 1440 min, respectively, at room

temperature in a series of 10 mL plastic centrifuge tubes. Afterwards, the samples
11
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were filtered through 50 nm nylon 6 membranes to remove microgels, and the Pb*"
concentration in the filtrate was determined by ICP-OES. PNIPAm microgels was
used as a control sample to compare the adsorption kinetics based on the same

procedure. The adsorption capacity ¢g: (mg g™!) was calculated according to Eq (2):

Co—Cp)V
ge = 2)

m

where C; (mg L) is the concentrations of Pb?" at any moment during the adsorption.
2.4.3. The effects of pH and temperature

The effect of pH was investigated based on Pb?" adsorption experiments carried
out with Cy = 100 ppm and solid content: 0.75 g/L in solutions with varied pH ranging
from 2 to 10. The pH was adjusted with 0.1 mol/L HCI and 10° mol/L NaOH
solutions. Likewise, the effect of temperature was investigated based on adsorption
experiments of PNB-5-20 microgels at temperatures ranging from 25-40 °C in Pb*"

solutions with Cyp = 20 ppm.
2.4.4. Effect of competitive ions

The selectivity of PNB-5-20 microgels towards Pb** in the presence of
competing ions was investigated at a solid content of 0.75 g/L in mixtures containing
Pb>" (10 ppm) and Na*, K*, Ca**, or Mg?" at different concentrations (100, 200, 400,
and 800 ppm). The mixtures were shaken at 120 rpm for 24 h at room temperature
and then filtered through a 50 nm nylon 6 membrane, and the concentration of Pb*" in

the filtrate was determined by ICP-OES.
2.4.5. Membrane filtration test

To simulate the practical application and to evaluate the responsive water-gating
function of the smart microgel-loaded membrane, a sequential filtration experiment
was performed based on a laboratory-scale membrane filtration device shown in
Figure 2. The as-prepared nylon 6 filter membrane loaded with PNB-5-20 microgel

was immobilized in a replaceable membrane filter unit made of PP (effective diameter
12
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22 mm). Then, the filter unit was placed in a water bath thermostat with both of the
filter heads connected to silicone tubes, through which the sample liquid (i.e., the DI
water or Pb?* solutions) was circulated to the filtration membrane as driven by a
peristaltic pump. The permeability performance of the membrane was first tested, in
term of liquid flux per 2 min, with DI water and with the temperature set to 25 °C by
the water bath.

5.9 mL DI water in PE vial was pumped through the membrane via peristaltic
pump at a flow rate of 1 mL/min, and the filtrate was collected in a volumetric
cylinder with the fluxes recorded every 2 min. After the test, the filtrate was
transferred back into the vial holding the eluent for circulation.

After a period of time, 0.1 mL of Pb(NO3)> solution (30 mM) was added to the
PE vial to obtain a 0.5 mM Pb?" solution. The Pb** solution was allowed to circulate
through the filter membrane under the drive of the peristaltic pump. The volume of
the filtrate was recorded every 2 min to monitor the permeability change of the
membrane as Pb*>" was recognized and adsorbed by the membrane, and the filtrate
was transferred back to the PE vial. Moreover, to evaluate the purification efficiency
the Pb** concentration in the PE vial was monitored throughout the circulation
process by taking 0.05 mL liquids every 2 min for ICP-OES analysis. Once the
adsorption equilibrium was reached based on the adsorption kinetics data, the water
bath temperature was adjusted to 40 °C to check its temperature-responsive
permeability, with the membrane flux and Pb*" concentration of the filtrate measured

accordingly.

13
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Peristaltic pump PNB-5-20/membrane
| i

Pb2* solution Water bath

Figure 2. Lab-scale membrane filtration device consisting of a peristaltic pump, a vial holding
eluents and a filter unit quipped with PNB-5-20 microgel decorated nylon membrane immersed in

a water bath thermostat.

3. Results and discussion
3.1. Synthesis of BCAm monomer and PNB-5-20 microgel

Due to a radius similar to that of Pb?", the ether ring of B18C6 can selectively
chelate with Pb*" to form a "sandwich"-shaped complex with a stoichiometric ratio of
crown ether: lead(I) = 2:1 2. Hence, B18C6 is promising to be used as a building
block to construct a Pb?" recognizer/adsorbent. In order to introduce crown ether
groups into the polymer molecular chain and thus the microgel, BCAm monomer was
synthesized from B18C6 via nitrification, reduction of the nitro group and then amine
acylation. The "H NMR spectra of the feedstock B18C6, the intermediate N-B18C6,
the intermediate A-B18C6, and the product BCAm are shown in Figure 3a.

In the "H NMR spectra of all the molecules, there is a series of peaks located
around 3.7 to 4.2 ppm, which are the characteristic signals of protons in crown ethers.
Compared to the 'TH NMR spectrum of the feedstock B18C6, two phenyl protons with
high chemical shifts of 7.0-8.0 ppm were newly generated in the spectrum of
nitrification product N-B18C6. These two signal peaks are attributed to the protons
(H, H®) adjacent to the nitro group on the benzene ring. The presence of the nitro

group causes a decrease in the electron density of the aromatic ring, therefore

14
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deshielding the protons. This causes the chemical shift of the protons to move to the
lower field. Subsequently, the nitro group in N-B18C6 is reduced by hydrazine to
amino group in A-B18C6. The electron-donating conjugation of amino group makes
the chemical shifts of all the three protons on the benzene ring shift to the higher field
(6.0-6.6 ppm). Lastly, in the spectrum of BCAm, three newly generated doublet
signals with chemical shifts between 5.5-6.5 ppm are attributed to the alkenyl protons
in acrylamide (H'3, H', H'®). In addition, a new signal peak at a chemical shift of
7.5-8.0 ppm was attributed to the amide proton (H'®). These results indicate that the
BCAm was synthesized, that is, polymerizable acryloyl group was successfully

introduced to B18C6.
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Figure 3. (a) '"H NMR spectra of the B18C6, N-B18C6, A-B18C6, and BCAm (*: CHCl;, **:
EtOH); (b) FT-IR spectra of the B18C6, N-B18C6, A-B18C6, and BCAm; (c) FT-IR spectra of
PNIPAm and PNB-5-20 microgels.

Moreover, the identities of B18C6, N-B18C6, A-B18C6 and BCAm are
confirmed by the FT-IR spectra (Figure 3b). The appearance of N-O symmetric and
asymmetric stretching vibration peaks at 1344 cm™ and 1590 cm’!, respectively in the
FT-IR spectrum of N-B18C6 compared to that of BI8C6 confirmed the successful
nitrification. After the reduction, the N-H bending vibration signal at 1617 cm™ is
observed in the spectrum of A-B18C6. Lastly, as the amino group was acylated to the
acrylamide, the N-H vibration signal diminish, while the signals originating from
C=C stretching vibration and C=0 stretching vibration are captured at 1607 cm™ and
1670 cm’!, respectively, in the spectrum of BCAm. The IR spectra validated
successful synthesis of BCAm with characteristic adsorption identified.

Based on the BCAm synthesized, the PNB-5-20 microgels consisting of NIPAm
15
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units and 18-crown-6 moieties were prepared by precipitation polymerization of BIS,
NIPAm and BCAm. '"H NMR spectrum of the PNB-5-20 microgel in DO is shown in
Figure S1, where the characteristic peaks attributed to BCAm (e.g., the proton in the
benzene ring around 6.8—7.0 ppm) and to NIPAm (e.g. the protons on the isopropyl
group at 1.0 ppm) segments are well observed. The FT-IR spectra of PNB-5-20 and
neat PNIPAm microgels are shown in Figure 3c. The doublet peaks at 1367 cm’
and1388 cm™ in both the spectra of PNIPAm and PNB-5-20 microgels are the
characteristic absorption peaks of isopropyl group in the NIPAm unit (orange box in
Figure 3c). The characteristic peaks at 1230 cm™ and 1513 cm™ in the IR spectrum of
PNB-5-20 are ascribed to C-O asymmetric stretching vibration in Ar-O-R and C=C
backbone stretching vibration in benzene ring, respectively 2. In contrast, the absence
of these two peaks in the infrared spectrum of PNIPAm microgel indicates that the
crown ether unit has been introduced into the molecular chain of PNB-5-20 microgel,
which proves the successful synthesis of PNB-5-20 microgel.

Furthermore, the morphology of PNIPAm and PNB-5-20 microgels in a dried
state was observed under SEM and the images are shown in Figure 4. Both PNIPAm
and PNB-5-20 microgel particles exhibited well-defined spherical shape with almost
mono-dispersed size distribution. The average diameter of PNB-5-20 determined from
SEM images is about 300 nm, which is larger than that of the PNIPAm microgel
(about 200 nm). This is probably due to that the comonomer BCAm containing
acrylamide and crown ether domains is highly hydrophilic at reaction temperature
(i.e., 70 °C) in great contrast to the main monomer NIPAm that is known to be
hydrophobic at high temperatures. The high hydrophilicity of BCAm favored a good
solvation of the microgel during the precipitation polymerization, leading to late
precipitation of nucleating particle seeds, lowering of the particle density and thus a
larger particle size obtained 2. In addition, the steric site-blocking effect of benzene

ring in BCAm moiety may also result in larger particles of the synthesized microgels

53
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Figure 4. SEM images of (a and b) PNIPAm and (¢ and d) PNB-5-20 microgels.

3.2. Thermo- and ion-responsiveness of the PNB-5-20 microgel

The temperature- and ion-responsiveness of the PNB-5-20 microgel were
investigated by DLS with the hydrodynamic diameter (D;) of particle measured as a
function of temperature at varied Pb** concentrations (Figure 5). As shown in Figure
5a, in pure water, the PNB-5-20 microgel indicated typical temperature
responsiveness similar to PNIPAm with a VPTT around 32.5 °C>* 3% while the particle
size is larger. That is, the PNB-5-20 and PNIPAm microgels shrunk as the temperature
increased from 20 °C to 50 °C, with the D; reduced from 427-3 nm to 260-3 nm and
from 330 nm to 150 nm, respectively. Note that the particle size measured here is
essentially consistent with the SEM characterization, considering the technique
difference and the sample state difference. The particle swelling below the VPTT is
argued to be a result of the dominant strong hydrogen bonding between the amide
groups in PNIPAM chains and water, which dimmish with increased temperature and
the hydrophobic interactions between isopropyl groups become dominated whereby

water expels from the macromolecules and the particle shrinks.
17
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Since the B18C6 domain was argued to complex Pb*" in an aqueous
environment, the temperature dependence of the particle size of PNB-5-20 microgel
was expected to show sensitivity to the Pb**. As presented in Figure 5, a low Pb**
concentration (0.05 mM) subtly affects the particle size of PNB-5-20 microgels, while
a concentration as high as 0.5 mM can increase the particle size in swollen state from
4273 nm to ~500 nm with the VPTT lightly shifted by ~ 1 °C. A further increase of
the Pb®" concentration to 5 mM enormously enlarged the particle size of PNB-5-20
microgel in swollen state to ~ 650 nm and the VPTT was also significantly shifted
from 33 °C to 43 °C but the particle was finally collapsed to a similar size ~ 330 nm
at high temperatures (> 50 °C). This indicates that the PNB-5-20 microgel has good
dual responsiveness towards both temperature and Pb?", with the
temperature-responsiveness readily regulated by the Pb>* concentration.

Moreover, to evaluate the responsiveness selectivity of PNB-5-20 microgels to
Pb?", temperature dependence of the particle size in the presence of different ions was
investigated at the same ion concentration (i.e., 5 mM). As shown in Figure 5b, in
contrast to the stable dispersion with particles largely swollen in 5 mM Pb** solution,
in Na’, K" and Cs' solutions the PNB-5-20 microgels were found to start to
agglomerate above 35 °C, 32 °C, and 30 °C, respectively. The agglomerations are due
to the electrolyte screening of the electrical double-layer repulsion of particle surface
charge, which dominate the colloidal stability when the microgel begins shrinking.
The difference on the effects between Pb>"and the other metal ions, could be ascribed
to the comparable cavity size of B18C6 (3.41 A) and hydrodynamic radius of Pb*"
(4.01 A)*7 rather than those of tested alkali ions (Na*, K*, Cs*, < 2.5 A)%®. This

indicates the high selectivity of the PNB-5-20 microgel on recognizing Pb*".

18
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Figure 5. (a) Variation of the particle size of PNB-5-20 microgel with temperature measured in
pure water and in solutions with different Pb®* concentrations; (b) Variation of the particle size of
PNB-5-20 microgel with temperature measured in different metal ion solutions with the same ion

concentration (5 mM).

3.3. Lead (II) adsorption
3.3.1. Isothermal adsorption

Isothermal adsorption experiments were performed to determine the adsorption
capacity of PNB-5-20 microgels for Pb**. The adsorption quantities of Pb*" by
PNB-5-20 microgel (¢, mg adsorbate/g adsorbent) was plotted against the equilibrium
Pb?" concentration in solution (C., ppm) after adsorption (Figure 6a). The isothermal
adsorption by PNIPAm microgel was also investigated as reference based on the same
procedure. To evaluate the adsorption capability of the two microgels, the adsorption
data are fitted by the Langmuir and Freundlich models. The Langmuir model assumes
homogeneous monolayer adsorption, while the Freundlich model describes
non-homogeneous multilayer adsorption.>® The Langmuir and Freundlich adsorption

models can be expressed by equations (3) and (4), respectively:

_ bamCe
T 1+bC, (3)
q = KpCe' 4)

where b is Langmuir's constant (L mg™) related to the affinity coefficient of the

binding site, g is the maximum adsorption capacity for Pb*"; K¢ is the Freundlich
19
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adsorption coefficient, and 7 is the strength of adsorption.
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Figure 6. (a) Pb?" adsorption isotherms for PNB-5-20 and PNIPAm microgels. The solid and
dashed lines are obtained by fitting the isotherm with Langmuir and Freundlich model,
respectively; (b) adsorption kinetics of PNB-5-20 and PNIPAm microgels at Cyp = 100 ppm. The
solid and dashed lines are the fitting results according to pseudo- second-order and

pseudo-first-order kinetic models, respectively.

Table 2 lists the fitted parameters of Langmuir and Freundlich models. The
adsorption data of PNB-5-20 microgel can be well fitted by Langmuir and Freundlich
isotherms with correlation coefficients (R?) as high as 0.989 and 0.991, respectively.
The adsorption capacity of the PNB-5-20 microgel was estimated to be 85.4 mg/g
from the fitted Langmuir model. In contrast, although the neat PNIPAm microgel
show affinity to Pb?", its adsorption capacity (¢» = 25.0 mg/g) is significantly smaller
than that of PNB-5-20, indicating the remarkable contribution of 18-crown-6 ether
moieties to Pb** adsorption. The correlation coefficients of the Langmuir isotherms
(PNB-5-20, R? = 0.989; PNIPAm, R? = 0.953) were slightly smaller than those of the
Freundlich isotherms (PNB-5-20, R? = 0.991; PNIPAm, R? = 0.975), suggesting that
the Freundlich model is also suitable to describe the adsorption of Pb*" on PNB-5-20
and PNIPAm microgels. This implies that the adsorption sites may be not uniformly
distributed on the surface of the microgels, but a certain number of adsorption sites
are also distributed in the interior of the microgels and the adsorption behaviors of

different sites are expected to interfere with each other. The phenomenon could be
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attributed to the relatively compact core and fuzzy corona structure of the microgels ®

synthesized from precipitation polymerization of NIPAm.

Table 2. Fitted parameters in the Langmuir and Freundlich isotherm models for Pb*" adsorption.

Sample Langmuir model Freundlich model
qm b R? Kr n R?
(mg/g) (L/mg) (mg'"-L"/g)

PNB-5-20 85.4+10.2 0.006+0.001  0.989 1.704+0.382  0.608+0.042  0.991
PNIPAm  25.0£2.1 0.024+0.007  0.953 2.928+0.543  0.360+0.036  0.975

3.3.2.  Adsorption kinetics

In order to further evaluate the Pb*" adsorption rate by PNB-5-20 microgels, the
adsorption kinetics were investigated at an initial Pb** concentration of 100 ppm, and
the results are shown in Figure 6b. The classical pseudo-first-order and
pseudo-second-order kinetic models describing the ion adsorption process were used
to fit the experimental data. The pseudo-first-order and pseudo-second-order kinetics

were expressed by the equations (5) and (6):

qe = qe(1 —e~M1t) (5)
_ kpqdt
qt - 1+k2qet (6)

where ¢; and g. are the amount of Pb* adsorbed (mg g') at time ¢ and when
adsorption equilibrium is reached, respectively; k; and k> are the primary and
secondary rate constants, respectively. The fitted curves are superimposed with

experimental data in Figure 6b with parameters listed in Table 3.

Table 3. Fitting parameters of pseudo-second-order and pseudo-first-order models for Pb*
adsorption by PNB-5-20 and PNIPAm microgels.

Sample Pseudo-second-order Pseudo-first-order

k2 (gmg’ min") g (mgg') R’ ki (min") g (mgg') R

PNB-5-20  0.0131+0.0018 15.41+0.42 0.976 0.133£0.019 14.85+0.64 0.937

PNIPAm 0.0035+0.0010 15.14+0.86 0.953 0.039+0.004 14.14+0.41 0.985
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Based on the fitted results (Table 3), it can be seen that the adsorption kinetics of
neat PNIPAm microgel conformed to the pseudo-first-order model (R?> = 0.985)
whereas PNB-5-20 conformed better to the pseudo-second-order model (R? = 0.976)
than the first-second-order model (R? = 0.937). This might suggest that the adsorption
kinetic behavior of PNB-5-20 microgel for Pb*" is chemisorption rather than
physisorption *°. More exactly, the adsorption rate of PNIPAm to Pb*" is limited by
the diffusion process due to the few number of active site while the adsorption rate of
PNB-5-20 is dominated by the sorption onto active sites due to its abundance ¢!. This
can be verified by the experimental observations. For instance, the PNIPAm microgel
reached adsorption equilibrium in about 50 min at an initial concentration of 100 ppm
of Pb?*. The adsorption rate constant based on the pseudo-first-order modeling of the
PNIPAm microgel was fitted to be 0.039 min™'. In contrast, the adsorption rate of Pb*"
by the PNB-5-20 microgel was quite fast, reaching the adsorption equilibrium in only
about 10 min. The first-order rate constant of PNB-5-20 (0.133 min™') as well as
equilibrium adsorption (¢g. = 14.85 mg/g) was larger than that of PNIPAm microgel.
The results illustrate that the incorporation of the B18C6 domain into the microgels
not only increase the adsorption sites but also accelerates the adsorption, therefore
enabling its application in membrane purification which required fast adsorption in

light of the high fluxes.
3.3.3. pH, temperature and competing ion effects

Polluted water in the natural environment or industrial effluents may have
various pH and temperatures, and these parameters may affect the adsorption
capability of the PNB-5-20 microgel. Therefore, it is essential to test the adsorption
ability of PNB-5-20 microgel under different pH and temperatures (Figure 7a&b) to
evaluate if the responsive PNB-5-20 adsorbent can be utilized in complicated aqueous

systems.
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For the effect of pH, the adsorption experiments were carried out at Cp = 100
ppm and pH ranging from 2 to 10, the adsorption quantities ¢ is plotted against the pH.
As shown in Figure 7a, the adsorption capacity of PNB-5-20 microgel significantly
declines with decreased pH from 10 to 2. It could be explained by the competition for
adsorption sites, i.e., crown ether, by high concentrations of H" in the low pH
solutions, which undermines the Pb?" adsorption. In particular, the declining effect is
significant as the pH decreased from 6 to 2, but subtle in the range of pH 6-10,
wherein the PNB-5-20 microgel maintain a good adsorption performance.

On the other hand, the effect of temperature on the adsorption performance was
evaluated by testing the Pb>* removal (R, %) at Cp= 20 ppm in the temperature range

of 25-40 °C. R was calculated by Eq. (7):

R =%"%«100% (7)
Co

where Cy and C, (mg L") are the initial concentration of Pb>* and the concentration at
adsorption equilibrium, respectively. As shown in Figure 7b, although the removal
efficiency of PNB-5-20 microgel decreased with increasing temperature, the decrease
was minor and there was still a considerable Pb?" removal obtained at 40 °C,
confirming a robust adsorption capability across the VPTT of the microgel, which

suggests the collapse of microgel does not interfere the adsorption.
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569 A larger value of Ky indicates that the corresponding competing ions interfere
570  less with the adsorption of the target ion, i.e., the selectivity of the adsorbent to the
571  target ion is better. Conversely, the smaller the value of Ki, the relatively poor
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selectivity of the adsorbent to the target ion.

The Ky in the presence of different competing ions, Na*, K*, Ca?" or Mg?*, with
varied concentrations is illustrated in Figure 7c. It can be seen that the PNB-5-20
microgel has a good selectivity to Pb?" with a K, around 10° mL/g regardless of the
type of competing ions, and the high concentration (e.g., 800 ppm) of competing ions
barely undermines the selectivity. Among the ions, the interference of Ca** with the
adsorption of Pb?>" by the PNB-5-20 microgel is the least, while the competition for
adsorption sites by K is evident. This is due to the fact that the ionic diameter of K"
matches the diameter of the crown ether cavity in B18C6, which could form stable
complexes similar to Pb** 3395, Nevertheless, the PNB-5-20 microgel exhibits better
selectivity to Pb?>" rather than other ions including K* judging from K. This suggests
that PNB microgels can selectively recover Pb** in real aqueous environments for
practical applications.

Lastly, the adsorption capability of the PNB-5-20 microgel is compared with
reported materials used to construct adsorptive membranes (Table 4). It can be seen
that among the adsorbents, the microgel has decent adsorption capacity (85.4 mg/g)
with the fastest adsorption rate in term of low equilibrium time (10 min). The fast
adsorption is ascribed to the hydrophilicity of microgel at the adsorption temperature,
where the Pb?* can diffuse rapidly into the water-swollen microgel and be captured by
the 18-crown-6 moieties. In light of the good kinetic responsiveness to Pb?", although
not having the highest adsorption capacity, PNB-5-20 is an excellent responsive
material to construct smart membrane, allowing rapid permeation of clean water while
intercepting Pb*" discriminately and quickly without sacrificing adsorption capability.
Moreover, the Pb** removal efficiency and response amplitude of the smart membrane
can be readily regulated by changing the amount of the PNB-5-20 used in the

preparation to cope with polluted water containing different concentrations of Pb*".
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Table 4 Comparison of adsorption performance for Pb*" removal by different

adsorptive membranes.

Membranes Equilibrium  gmax Reference
(min) (mg/g)

Polysulfone/hydrous ferric oxide 720 13.2 40

ultrafiltration mixed matrix membrane

chitosan/cellulose acetate blend membrane 100 25.0 66

with dithizone

Ferrihydrite nanoparticles/polyethersulfone 360 64.8 i

composite membrane

chitosan/polyacrylonitrile 30 20.1 67

polyethersulfone /hydrous manganese 600 204.1 42

dioxide mixed matrix membranes

zirconium phosphate modified polyvinyl 300 121.2 43

alcohol- Polyvinylidene fluoride membrane

polyacrylonitrile/hydroxyapatite composite 300 111.9 68

nanofibrous membranes

Hybrid membrane of cellulose acetate with ~ Not reported  15.6 69

zinc oxide

nanofibrillated cellulose/carbon Not reported  129.0 39

nanotubes/Didymo membrane

PNB-5-20 microgel loaded on Nylon 10 85.4 This study

membrane
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3.3.4. Adsorption mechanism

To reveal the adsorption mechanism of PNB-5-20 to Pb?’, the elemental
composition as well as their chemical environments were studied by XPS (Figure 8).
From the broad survey XPS spectrum (Figure 8a), it is clear that a Pb 4f signal
appeared in the spectrum of PNB-5-20 after adsorption experiment (PBN-5-20-Pb*"),
indicating the enrichment of Pb?" in the microgel. In particular, the high-resolution O
Is spectra marked that the binding energy of crown ether oxygens at ~ 540 eV and ~
536 eV (PNB-5-20) significantly shift to ~538 eV and 535 eV (PNB-5-20-Pb*"),
respectively, after the adsorption of Pb?*. The binding energy alteration suggests that
the adsorption of Pb*" is accomplished via the chelation of Pb** by crown ether
thereby the O 1s electron became easy to escape, which is also observed in XPS
spectra of other Pb?" adsorbents reported in literature '”7%72, On the other hand, the
high-resolution Pb 4f spectrum (Figure 8b) revealed that the all Pb atoms are present
as Pb®" in the adsorbent, confirming the single adsorption mechanism. The XPS
spectra demonstrated the specific complexation between Pb** and the B18C6 moieties
contributes to the high adsorption capability and selectivity of the PNB-5-20

microgel.
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Figure 8. XPS spectra of PNB-5-20 microgel before and after the adsorption of Pb* (Cp = 59.4
ppm): (a) Broad survey XPS spectrum and high-resolution spectrums of (b) Pb 4f, (c) O 1s

photoelectron.
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3.3.5.  Membrane filtration

Ultimately, a smart membrane filtration device with a Pb**- and temperature-
responsive water gating system was fabricated (Figure 2), in which a Nylon filter
membrane (pore size 0.45 pm, diameter 25 mm) was loaded with PNB-5-20
microgels under vacuum and then placed into a PP filter unit. To evaluate the dual
responsiveness of the water gating system of the functionalized membrane, model
filtration experiment was performed to monitor the liquid permeability change of the
membrane in response to the presence of Pb*" and to the temperature alternation. At
the same time, the change of Pb*" concentration in the liquid was monitored to check
the purification efficiency. In particular, DI water was first circulated through the
functionalized membrane at 25 °C. Subsequently, at # = 10 min, a given amount of
Pb?* solution was added into the reservoir to obtain a Pb?* concentration of 0.5 mM in
the eluent and the permeability was continuously tested to check the interception of
the Pb*>"-polluted water by the functionalized membrane. The Pb** concentration in
the circulating effluent was plotted in Figure 9. Lastly, at # = 30 min, the temperature
of the water bath was adjusted to 40 °C to study the responsiveness of the membrane

to temperature.
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Figure 9. (a) Membrane flux and Pb** concentration versus time in a continuous filtration
experiment at 25 °C with Pb*" added at # =10 min and temperature raised to 40 °C at ¢ = 30 min. (b)
[llustration of the alteration in membrane structures and therefore the flux due to the

responsiveness of the microgel to Pb?" and temperatures.

As shown in Figure 9, with PNB-5-20 microgels loaded on the Nylon filtration
membrane, the membrane permeability of DI water was reduced, from ~ 1.0 mL/min
in the unmodified Nylon membrane to ~ 0.6 mL/min in the functionalized membrane.
This indicates the PNB-5-20 microgels were immobilized in the membrane pores with
the water permeation partially resisted, acting as water gates in the pores. When Pb*"
was recognized at ¢t = 10 min (Cy = 59.4 ppm), the liquid flux started to gradually
decrease to about 0.34 mL/min in ~ 6 mins and at the same time the Pb*
concentration in the circulating effluent declined to 33 ppm. Undoubtedly, this is
ascribed to the swelling of the PNB-5-20 microgels when recognizing and adsorbing

the Pb?*, making the water gate in membrane pores switch from “open” to “closed”
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state with the highly swollen microgels jamming the pores of membrane, rejecting the
water from permeating across the membrane. The retention of Pb** polluted water
allows it to be purified via the efficient adsorption of Pb** by microgels in the
functionalized membrane. Obviously, the Pb** responsiveness of PNB-5-20 microgel,
that is, significant swelling with Pb?* (see Fig.5a), plays an essential role in
spontaneously regulating the filtration water gate, which is useful not only for a
selective filtration and purification of polluted water but also for monitoring water
contamination as a potential sensor.

Lastly, once the water was purified, the water gate can be readily regulated to
“re-open” by raising the membrane temperature above the VPTT of the
PNB-5-20-Pb*" microgels (e.g., 40 °C) whereby the microgels can shrink into dense
particles with reduced size (Figure 5). As shown in Figure 9, upon heating to 40 °C at
t = 30 min, the water flux was observed to recover to about 0.65 mL/min in ~ 4 mins
as a result of microgel collapse. Undoubtedly, the change of water permeability with
temperature indirectly verifies the tunability of the microgel-loaded membrane pore
size as the microgels attached inside the pores and/or covered on the membranes can
collapse upon heating (Fig.5) whereby pore spaces are enlarged for permeation.
Meanwhile, the Pb** concentration in the circulating effluents remained at a low level
~ 27 ppm, indicating no release of the adsorbed Pb** from microgel into liquid during
the heat-induced particle shrinking process. This suggests the stable chelation of Pb**
by the crown ether-functionalized microgel in contrast to the reported application of

t 7> where adsorbed Li" escaped

B18C6-functionalized microgels in Li" enrichmen
from the microgel in response to elevated temperatures.

In summary, the dual responsive PNB-5-20 microgel enables development of a
smart filtration membrane to regulate the water permeability in response to the
presence of Pb** and temperature change, allowing interception of polluted water

spontaneously to be purified synchronously before being discharged to the

environment at willing by heating the membrane. This is in great contrast to the
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negligible variation of water flux in neat nylon 6 membrane after being subjected to
the identical treatments (i.e., presence of Pb*' and change of temperature) (Figure 9).
Comparing with the rarely reported Pb**-responsive devices in literature ’* 7, the
smart membrane established herein has great advantages of facile preparation and
large response amplitude in the transmembrane flux. The microgels were loaded on
the membrane without need of chemical linkage thereby allowing flexibility in
fabricating the composite membrane and work-up after filtration. Moreover, the smart
membrane prepared also exhibit an obvious decrease in the flux (0.65 to 0.35 mL/min)
when recognizing the Pb** comparing to the literature (0.33 to 0.25 mL/min) 7,
suggesting a better responsiveness to Pb?" which would favor its application in
intercepting and sufficiently purifying Pb*’contaminated water.

After the continuous filtration experiment, the functionalized membrane was
removed from the PP filter unit and dried in the air before being analyzed by SEM
and EDX to verify the Pb?" adsorption on the membrane. The neat nylon6 membrane
and the clean functionalized membrane (PNB-5-20 loaded) were also measured as
control samples and the results are shown in Figure 10 and Figure S2. As shown in
Figure 10a, the nylon6 membrane without microgels is a distinctly porous material
having numerous pores with various sizes that allow water to pass through
unimpededly under given experimental conditions. After loading with PNB-5-20
microgels, most of the pores on the surface and inside the nylon membrane were
occupied by the microgels, as confirmed by the reduced number of pores especially
the disappearance of small pores observed in Figure 10b. The reduction in number of
pores (c.a. 6,400 to c.a. 4,100 in the view) and the roughness is demonstrated by
analyzing the SEM images through ImageJ software (Figure S3 and S4) based on
binary images, and-by-which is further confirmed by the reduced membrane flux
shown in Figure 9 in comparison to that of neat nylon membrane. Higher resolution
SEM images of PNB-5-20 microgels loaded membrane are given in Figure S2.

After the continuous filtration under pressure experiencing water gate “closed”
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and “re-open” with Pb** adsorbed and membrane heated, part of the microgels on the
membrane surface were driven into the membrane interior by the transmembrane
pressure, as shown in Figure 10c. From the EDX elemental maps (Figure 10d), it can
be seen that the surface of the membrane as well as the pores show a strong signal of
elemental Pb. This indicates that the PNB-5-20 microgels accumulated on the surface
of the nylon membrane and attached in the pores of the nylon membrane successfully

adsorbed Pb*".

Figure 10. SEM images of (a) nylon membrane, PNB-5-20 microgel loaded membranes (b) before
and (c) after subjected to Pb**-responsive filtration test. (d) The distribution of O, N, and Pb in the
EDX elemental maps of membranes with adsorbed Pb*>" are shown in blue, cyan, and red,

respectively.

Lastly, the cost of the PNB-5-20 microgel and microgel-functionalized
membrane is calculated (see Supporting Information for details) to evaluate its
feasibility in practical remediation of Pb**polluted waste water. Based on the prices of
feedstocks as well as their feed ratios and the product yields in synthesis, the cost of
PNB-5-20 microgel is estimated to be ~$7/g, while 1 g PNB-5-20 microgel can
functionalize about 0.41 m? membrane, able to remedy about 2800 L real waste water
(Co = 0.03 ppm) from Pb>" polluted areas.”® The calculations indicate that our
microgel-functionalized membrane is affordable for inhabitants in polluted areas to be
used in a household water purifier. Moreover, as the microgel synthesis is possible to

be scaled up, the cost of the microgel-functionalized membrane could be further
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lowered with large-scale production. Anyhow, microgel-functionalized membrane is
promising in practical water treatment considering its low price and good adsorption

capability.

4. Conclusions

In this work, inspired from oleander roots, a smart microgel-loaded filtration
membrane with a thermo- and Pb*'- dual responsive water gating system has been

developed for effective Pb*" separation by loading thermo- and Pb*" responsive

microgels PNB-5-20, which is synthesized from NIPAm and benzo-18-crown-6, on a

commercial nylon membrane. Eirstly,—a—monodisperse—thermo—and—Pb> —dual

PNB-5-20 exhibits a pronounced thermo-responsiveness, having the particle size (Dy)
reduced from 4273 nm to 2603 nm with a VPTT around 33 °C-—Mereover—the
mierogelshows, and a striking responsiveness selectively to Pb?" due—to—the
complexation-of Pb>“with-the B18C6-domains,~whichfacilitated-the as evidenced by
the swelling of microgel with a significant increase in Dj to ~ 650 nm at 20 °C and in
the VPTT to 43 °C. Furthermore, the PNB-5-20 can adsorb Pb** with a high capacity

(85.4 mg/g)-

o£-0133 min*; having the adsorption equilibrium reached in less than 10 minutes.
Also, the microgel exhibits excellent sorption selectivity to Pb*" in the presence of

Na®, K* and Cs*, and the adsorption te—Pb* remains robust in varied temperatures

whereby By loaded with PNB-5-20, the porous membrane was peres were endowed
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with responsiveness to temperature and Pb*" as a smart water gating system. The
functionalized membrane can recognize Pb®" and retard the permeation of Pb*'
solution with the pores jamming by swollen microgels adsorbing Pb**, while by
raising temperature the jammed swollen microgels reversibly collapse resulting in
discharge of the purified water. The microgel-functionalized filtration membrane
combines detection, adsorption of Pb*" and regulatable water drainage in a single
device, exhibiting great potential in practical Pb*" remediation with advantages of

simple operation, low energy consumption and high efficiency.
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