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 12 

Abstract: Pb2+ is a ubiquitous pollutant. Membrane filtration represents one of the 13 

common water treatment techniques, but the fixed pore size larger than ion and the 14 

non-affinity to ions of membrane hamper direct separation of Pb2+ without tedious 15 

operations. Herein, inspired from the Pb2+-tolerable oleander that enriches and 16 

intercepts Pb2+ in roots from permeating to plant body, a smart Pb2+-adsorptive 17 

filtration membrane with a temperature- and ion-tunable water gate was prepared by 18 

loading dual-responsive 19 

poly(N-isopropylacrylamido-co-acrylamido-benzo-18-crown-6) (PNB-5-20) 20 

microgels on a commercial membrane. The PNB-5-20 microgel exhibits pronounced 21 

temperature-responsive swelling/de-swelling (650 nm to 330 nm) with a volume 22 

phase transition temperature (VPTT) around 33 °C. Moreover, the microgel shows a 23 

high Pb2+-adsorption capacity (qmax, 85.4 mg/g) and good selectivity (distribution 24 

coefficient Kd ~ 1000 mL/g) thanks to the complexation of crown ether, as well as 25 

good Pb2+ responsiveness, having the VPTT positively shifted to 40 °C in the presence 26 
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of Pb2+ with enhanced swelling behaviors. Functionalized with PNB-5-20, the smart 27 

membrane integrates Pb2+ detection, adsorption and tunable water drainage in a single 28 

device. The membrane selectively recognizes Pb2+ in the polluted water with the gates 29 

in membrane pores switch from “open” to “closed”, intercepting and adsorbing Pb2+ 30 

with water permeation retarded. Once purified, the gates can be facilely “re-opened” 31 

by increasing the temperature. Construction of such an intelligent membrane filtration 32 

device with tunable water gate, excellent Pb2+ recognition and adsorption 33 

performance will greatly simplify the remediation of Pb2+-polluted water. 34 

Keywords: lead(Ⅱ), microgel, membranes, adsorption, crown ether, 35 

N-isopropylacrylamide. 36 

 37 

1. Introduction 38 

Water contamination by heavy metals (e.g., Cd2+, Cr6+, Cu2+, Hg2+, and Pb2+) is a 39 

major environmental problem worldwide and it is imperative that cost effective and 40 

sustainable solutions can be developed.1 Among the contaminants, Pb2+ is both one of 41 

the most common and also toxic heavy metal ions.2-6 Various industrial processes, 42 

such as battery productions, mining, paints and metal plating,3-5, 7, 8 release Pb2+ to the 43 

environment, and Pb2+ pollution is also aggravated by the extensive use and waste of 44 

lead-containing products, such as leaded gasoline, military weapons and cosmetics.3, 9, 45 

10 However, as a naturally existing element, non-degradable ion, Pb2+ has good water 46 

solubility and affinity to proteins, which make it readily absorbed by terrestrial and 47 

aquatic organisms. Its eventual accumulation in the human body through drinking 48 

water and the food chain 11-13 can lead to serious damage to the nervous system, 49 

immune system, and kidneys,2, 7, 14 especially affecting the intellectual development of 50 

children. 15, 16 Therefore, effective removal of Pb2+ from the aqueous environment is 51 

urgent and important in practice, and thereby has attracted great research interest. 52 

So far, several technologies have been developed for the removal of Pb2+ from 53 
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water, such as chemical precipitation,17 ion exchange,18 membrane separation,19 54 

photocatalytic 20 and adsorption.3, 21 Adsorbent sorption represents one of the most 55 

popular treatment methods for various ions besides Pb2+,22-24 but often conflicted by 56 

the difficulty in recovering the particulate adsorbents that may cause secondary 57 

pollution to the environment.25-27 58 

Membrane purification is a common separation technique widely used in water 59 

treatment thanks to its high flexibility, easy scalability, and low energy 60 

consumption.28-33 In particular, nanofiltration membranes 34 are extensively used in 61 

separation of metal ions like Pb2+ via size exclusion of dense micro-structures 35 or 62 

electrostatic interaction arising from introduced positive charges.36-38 Ultrafiltration 63 

membranes with adsorbents 39 incorporated are also effective devices that can 64 

efficiently remove Pb2+ from polluted water.40-43 However, both the nanofiltration and 65 

ultrafiltration membranes usually require high transmembrane pressure to drive water 66 

during filtration regardless of whether the target species exist in the water. This may 67 

result in the waste of energy when the membranes are deployed without the prior 68 

knowledge about the water quality. The need for pressurization also limits the 69 

application of the membranes in some cases such as portable devices for emergency 70 

or daily life, while microfiltration membranes with larger pores are weak at 71 

intercepting polluted water. A membrane device that can recognize the polluted and 72 

clean water, and then selectively drain the clean water while retard the polluted 73 

solution, is of great worth in practical applications. 74 

Nerium oleander L. (oleander) has been demonstrated as a plant bio-detector that 75 

not only can grow in Pb2+-polluted soils but also is good at remedying Pb2+ 44. 76 

Investigations on the compositions of different parts of the plant revealed that the Pb2+ 77 

are enriched in the roots of oleander 45, 46 but is less so in other parts. Interestingly, 78 

once adsorbed in the root, the transfer of Pb2+ to the shoots of the plant is interfered 79 

with declined water flux, giving low Pb2+ concentration and thus low Pb2+ toxicity in 80 

leaves where active proteins functions. The Pb2+-interception and enrichment 81 
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mechanisms by oleander root displays an ion-responsive characteristic from a 82 

membrane perspective, that is, the membrane permeability decreases as Pb2+ is 83 

detected and adsorbed. This inspires us to develop a similar smart adsorptive filtration 84 

membrane with tunable water gating system that can recognize Pb2+and responsively 85 

regulate the gate to hinder water permeation and simultaneously adsorb the Pb2+ in the 86 

membrane before purified water allowed to pass the membrane. 87 

Macrocyclic crown ethers are well known to possess outstanding affinity to 88 

metal ions due to their excellent solvation ability and regular electron-donating 89 

domains 47. In particular, the 18-crown-6 ether (18C6) can selectively bind Pb2+ with a 90 

high equilibrium constant (log K ~ 7) higher than that of common competing ions 91 

such K+ and Na+ (4~6) 47 regardless of the solvents, i.e., chemical environments 48. 92 

Moreover, the derivatives of 18C6 including benzo-18-crown-6 ether or 93 

cylcohexano-18-crown-6 ether exhibit both good hydrophilicity and good oleophilility, 94 

allowing it to be modified or applied in multi-solvent and multi-phase system 49. The 95 

features make 18C6 an excellent building block as adsorption sites in establishing the 96 

smart adsorptive filtration device simulating oleander root. 97 

Here, to simulate the oleander root to separate Pb2+ in one-step based on an 98 

integrated device to avoid tedious operations, a smart filtration membrane was 99 

prepared by loading a Pb2+- and temperature- dual responsive microgel on a 100 

commercial Nylon membrane to establish a tunable water gating system in response 101 

to environment changes. The dual responsive microgel, 102 

poly(N-isopropylacrylamido-co-acrylamido-benzo-18-crown-6) (PNB-5-20), was 103 

designed using N-isopropylacrylamide (NIPAm) as thermo-responsive domains and 104 

benzo-18-crown-6 (B18C6) as Pb2+ recognizer/adsorbent. The microgels swell below 105 

volume phase transition temperature (VPTT) while collapse above and the VPTT 106 

positively shifts by ~ 7 °C when Pb2+ is present. Hence, in a specific temperature 107 

range, Pb2+ can trigger swelling of the collapsed or less swollen microgel, enabling 108 

function of a smart water gating system in the microgel loaded Nylon membrane with 109 
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the gates in the membrane pores spontaneously switch from an “open” to a “closed” 110 

state by recognizing Pb2+ in the environment. Thus, Pb2+-polluted water can be 111 

retained before the membrane and continuously adsorbed by the microgels until the 112 

water is purified. Moreover, its thermo-responsiveness enables the “closed” gates in 113 

the smart membrane to “re-open” promptly via heating to release the purified water. 114 

The bio-inspired fabrication of the smart membrane combines Pb2+ detection and 115 

adsorption as well as the controllable retaining and drainage of water in a solo device, 116 

exhibiting great advantage of low energy-consumption and high efficiency in 117 

processing Pb2+-polluted water. 118 

 119 

2. Experimental section 120 

2.1. Materials 121 

N-isopropylacrylamide (NIPAm, 98%), benzo-18-crown-6 (B18C6, 95%), 122 

acryloyl chloride (≥ 98%), 10% Pd/C, CDCl3, D2O, N,N’-Methylene-bis-acrylamide 123 

(BIS, ≥ 99%), cetyltrimethylammonium bromide (CTAB, 99%), 124 

2,2'-azobis(2-Methylpropionamidine) dihydrochloride (AIBA, ≥ 98%) were 125 

purchased from Adamas-beta. Dichloromethane (AR), glacial acetic acid (AR), 126 

concentrated nitric acid (AR), anhydrous magnesium sulfate (AR), anhydrous ethanol 127 

(AR), 2-methoxyethanol (≥ 99%), hydrazine hydrate (AR), triethylamine (≥ 99%), 128 

tetrahydrofuran (THF, ≥ 99.5%), methanol (AR), column chromatography silica gel, 129 

Pb(NO3)2 (AR), KNO3 (AR), NaNO3 (AR), CsNO3 (AR), Na2CO3 (AR), KBr (AR), 130 

MgCl2·6H2O (≥ 98%), CaCl2(> 96%) were purchased from Sinopharm Chemical 131 

Reagent Co Ltd. All the reagents were used as received. 132 



Accepted Author Draft 

6 

 

2.2. Preparation of smart filtration membrane loaded with dual responsive PNB-5-20 133 

microgels 134 

2.2.1. Synthesis of 4-Acryloylamidobenzo-18-crown-6 (BCAm) 135 

BCAm was synthesized based on B18C6 according to a three-step method 136 

reported in the literature 50, 51. In particular, B18C6 was first nitrified into 137 

nitrobenzo-18-crown-6 (N-B18C6). 2.0 g B18C6 was dissolved in dichloromethane, 138 

and then a mixed solution of 7.0 mL concentrated nitric acid and 24.0 mL glacial 139 

acetic acid was added dropwise. The mixture was stirred at 25 °C for 24 h for reaction. 140 

At the end of the reaction, the residual nitric acid was neutralized with saturated 141 

sodium carbonate solution, and the oil phase was separated from aqueous phase by a 142 

separatory funnel. The organic phase was then dried with anhydrous magnesium 143 

sulfate, which was removed by filtration later. The filtrate was then concentrated 144 

under vacuum, and the product N-B18C6 was collected by recrystallization from its 145 

ethanol solution under -18 °C. (Yield 2.1 g, 91%). 1H NMR δ: 7.88 ppm (dd, 1H, J = 146 

8.9, 2.6 Hz), 7.73 ppm (d, 1H, J = 2.6 Hz), 6.88 ppm (d, 1H, J = 8.9 Hz), 4.26–4.20 147 

ppm (m, 4H, -OCH2-CH2O-), 3.98–3.92 ppm (m, 4H, -OCH2-CH2O-), 3.80–3.65 ppm 148 

(m, 12H, -OCH2-CH2O-).  149 

Secondly, the N-B18C6 was reduced into aminobenzo-18-crown-6 (A-B18C6). 150 

0.5 g of the as-prepared N-B18C6 was dissolved in 2-methoxyethanol, and 8.75 mL 151 

hydrazine hydrate was added as reducing agent with 0.05 g 10% Pd/C as the catalyst. 152 

The reaction was performed at 70 °C under nitrogen atmosphere for 2 h. At the end of 153 

the reaction, the solid catalyst was removed by filtration. The filtrate was concentrated 154 

by rotary evaporation, diluted with water and extracted against DCM sequentially. 155 

The oil phase was then collected and dried with anhydrous magnesium sulfate. The 156 

solvent in the filtrate was removed under vacuum to give a light yellow oil. The 157 

product was identified to be A-B18C6. As an intermediate containing a benzylamine 158 

moiety, the A-B18C6 is susceptible to oxidation and turns brown gradually during 159 
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storage. Therefore, the as-prepared A-B18C6 needs to be subjected to following 160 

amidation as soon as possible. (Yield 0.4534 g, 97%). 1H NMR δ: 6.72 ppm (d, 1H, J 161 

= 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 162 

(m, 4H, -OCH2-CH2O-, J = 9.6, 5.5, 4.0 Hz), 3.89 ppm (m, 4H, -OCH2-CH2O-, J = 163 

18.7, 5.4, 4.0 Hz), 3.77–3.67 (m, 12H, -OCH2-CH2O-). 164 

Lastly, A-B18C6 was acylated into BCAm, the target molecule. The 0.4 g 165 

prepared A-B18C6 was dissolved in 10 mL THF followed by 0.16 mL acryloyl 166 

chloride as the acylation reagent and 0.3 mL triethylamine as the proton scavenger. 167 

The vessel was sealed and the reaction was carried out at 4 °C for 1.5 h and at room 168 

temperature for the subsequent 24 h. After completion of the reaction, the insoluble 169 

salts produced were removed by filtration. As the solvent in the filtrate was removed 170 

under vacuum, the residues were diluted by water and extracted against DCM. Then 171 

the oil phase was collected and dried with anhydrous magnesium sulfate. The crude 172 

product was obtained after removal of DCM under vacuum. Finally, the BCAm was 173 

refined by column chromatography using MeOH/DCM = 1:20 as the eluent, and a dry 174 

mass of white powder can be obtained, which is stable during storage. (Yield 0.4543 g, 175 

97.48%) 1H NMR δ: 7.63 ppm (s, 1H, -CO-NH-), 7.45 ppm (d, 1H, J = 2.3 Hz), 6.92 176 

ppm (dd, 1H, J = 8.6, 2.3 Hz), 6.79 ppm (d, 1H, J = 8.6 Hz), 6.40 ppm (dd, 1H, 177 

CH2=CH-, J = 16.8, 1.4 Hz), 6.25 ppm (dd, 1H, CH2=CH-, J = 16.8, 10.1 Hz), 5.72 178 

ppm (dd, 1H, CH2=CH-, J = 10.1, 1.4 Hz), 4.16–4.08 ppm (m, -OCH2-CH2O-, 4H), 179 

3.89 ppm (m, -OCH2-CH2O-, 4H, J = 9.2, 5.3 Hz), 3.78–3.64 ppm (m, -OCH2-CH2O-, 180 

12H). 181 

2.2.2 Preparation of poly(N-isopropylacrylamido-co-acrylamido-benzo-18-crown-6) 182 

(PNB-5-20) microgels 183 

PNB-5-20 microgel was synthesized in one step by precipitation 184 

copolymerization of NIPAM and the as-prepared BCAm using BIS as the 185 

cross-linking agent. As a typical synthesis of PNB-5-20, NIPAm (230.9 mg, 2 mmol), 186 
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BCAm (157.3 mg, 0.4 mmol), BIS (18.5 mg, 0.12 mmol), and 5 mg CTAB were first 187 

dissolved in100 mL deionized (DI) water contained in a three-necked flask. The flask 188 

was purged with nitrogen to exclude oxygen, and then the system was heated to 70 °C 189 

under nitrogen purge for 30 min. Subsequently, polymerization was initiated by 190 

adding 7.7 mg AIBA dissolved in 1 mL deionized water into the solution dropwise 191 

with a syringe. The reaction was kept at 70 °C under nitrogen atmosphere for 5 h. At 192 

the end of the reaction, the mixture was cooled to room temperature under continued 193 

stirring. The microgel products were collected by centrifugation at 8000 rpm and 194 

washed by deionized water for three times to remove unreacted monomers. The yield 195 

of PNB-5-20 is about 238 mg, 60%. The purified microgels were dispersed in 196 

deionized water for storage. For comparison purpose, neat PNIPAm microgel was 197 

synthesized according to the identical procedure but in the absence of BCAm. Table 1 198 

lists the formulations for the synthesis of PNB-5-20 and PNIPAm microgels. 199 

 200 

Table 1. The quantities of feedstocks used in the synthesis of PNB-5-20 and neat PNIPAm 201 

microgels. 202 

Sample NIPAm 
BCAm 
(relative to 

NIPAm) 

BIS 
(relative to 

monomers) 
CTAB 

AIBA 
(relative to 

monomers) 
H2O 

PNB-5-20 2 mM 20 mol% 5 mol% 
1.3710-4 

mol/L 

2 wt% 100 mL 

PNIPAm 2 mM / 5 mol% 2 wt% 100 mL 

2.2.3 Preparation of microgel-loaded membranes 203 

Figure 1 illustrates the fabrication of a PBN-5-20 microgel-loaded membrane 204 

and its dual-responsiveness towards the temperature and Pb2+. Commercially 205 

available nylon 6 membrane (pore size 0.45 μm, diameter 25 mm) was selected as the 206 

carrier membrane, which was assembled in a vacuum filtration device connected to a 207 

vacuum pump. Then, 1 mL PNB-5-20 microgel dispersion in deionized water (solid 208 

content 1.2 g/L) was filtered through the vacuum filtration device, whereby the 209 

PNB-5-20 microgels were loaded onto the nylon 6 membrane by pressure. After the 210 
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filtration, the decorated membrane was air-dried at room temperature and stored for 211 

subsequent use. 212 

 213 

Figure 1. (a) Structure of PNB-5-20 microgel and the preparation of a PBN-5-20 microgel-loaded 214 

membrane and (b) its dual responsiveness to temperature and Pb2+. 215 

2.3. Characterizations 216 

2.3.1. Nuclear Magnetic Resonance (NMR) 217 

The 1H NMR spectra of B18C6, N-B18C6, A-B18C6, and BCAm monomers as 218 

well as PNB-5-20 microgels were obtained on a Bruker AV 400 M NMR spectrometer 219 

using CDCl3 or D2O as the solvent. 220 

2.3.2. Fourier Transform Infrared (FT-IR) 221 

A Nicolet IS50 Fourier transform infrared spectrometer (Thermo Scientific) was 222 

used to characterize the chemical composition of dried PNIPAm and PNB-5-20 223 

microgels. The samples were prepared by the KBr tablet method. Each sample was 224 
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scanned 32 times at a resolution of 4 cm-1 in the range of 400 cm-1 to 4000 cm-1 and 225 

the average signal was used. 226 

2.3.3. Dynamic Light Scattering (DLS) 227 

The hydrodynamic diameters of PNIPAm and PNB-5-20 microgels in pure water 228 

or solutions containing inorganic metal ions were measured according to the 229 

Stokes-Einstein equation using a NANOSIZER (Malvern) at different temperatures. 230 

The measurement in each temperature was carried out after the dispersion was 231 

stabilized at the designated temperature for 180 s and the number of measurements 232 

was set to three. 233 

2.3.4. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) 234 

The Pb2+ concentration in the solution before and after adsorption was measured 235 

using the ICP-OES (Optima 8000, PerkinElmer) at a specific emission wavelength of 236 

220.353 nm for lead(Ⅱ) ions. The Pb2+ concentrations in the samples were diluted to 237 

the range of 0-1 ppm and filtered through a 0.22 μm poly(ether-Sulfone) filter prior to 238 

testing.  239 

2.3.5. Scanning electron microscopy (SEM) and energy dispersive X-ray 240 

spectroscopy (EDX) mapping 241 

The morphology of PNIPAm and PNB-5-20 microgels was observed by SEM 242 

(Sigma 300, ZEISS) coupled with EDX. First, a drop of the microgel dispersion was 243 

placed on a clean silicon substrate. After being dried in the air at room temperature, 244 

the sample was sprayed with gold and then observed under an accelerating voltage of 245 

7.0 kV. For membrane samples, the dried membranes were directly gold sprayed and 246 

then observed under SEM. An X-ray spectrometer combined with SEM was used to 247 

analyze the elemental maps of samples with a current of 10 μA and an accelerating 248 

voltage of 10.0 kV. 249 
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2.3.6. X-ray photoelectron spectroscopy (XPS) 250 

Chemical compositions and bonding information of the samples were analyzed 251 

using an XPS (K-Alpha, Thermo Scientific) system. An electron/ion gun was used to 252 

compensate the charge accumulation on the sample during the measurement. XPS 253 

peaks were fitted using Avantage software and the binding energy was corrected by C 254 

1s photoelectron at 284.8 eV as reference. 255 

2.4. Pb2+ adsorption 256 

2.4.1. Adsorption isotherms 257 

The adsorption isotherms of PNB-5-20 and PNIPAm microgels were determined 258 

at different Pb2+ concentrations (10, 40, 60, 100, 300, and 500 ppm) with a solid 259 

content of 0.75 g/L. The mixture of the microgel and Pb2+ solution was shaken at 260 

room temperature and 120 rpm for 24 h. Afterwards, the PNB-5-20 microgel was 261 

removed by filtration through a 50 nm nylon 6 membrane. The residual Pb2+ 262 

concentration in the filtrate was determined by ICP-OES. The PNIPAm microgel was 263 

used as reference and its adsorption isotherm was determined based on the same 264 

procedure. The equilibrium adsorption capacity qe (mg/g) was calculated by Equation 265 

(1): 266 

 𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
 (1) 267 

where C0 (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations of Pb2+ 268 

in the mixture, respectively; m (g) is the mass of the microgel and V (L) is the volume 269 

of the mixture. 270 

2.4.2. Adsorption kinetics 271 

The adsorption kinetics of Pb2+ on PNB-5-20 microgels was tested at an initial 272 

Pb2+ concentration of 100 ppm with a solid content of 0.75 g/L. The dispersions were 273 

shaken at 120 rpm for 10, 20, 30, 60, 180, 360, and 1440 min, respectively, at room 274 

temperature in a series of 10 mL plastic centrifuge tubes. Afterwards, the samples 275 
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were filtered through 50 nm nylon 6 membranes to remove microgels, and the Pb2+ 276 

concentration in the filtrate was determined by ICP-OES. PNIPAm microgels was 277 

used as a control sample to compare the adsorption kinetics based on the same 278 

procedure. The adsorption capacity qt (mg g-1) was calculated according to Eq (2): 279 

 𝑞𝑡 =
(𝐶0−𝐶𝑡)𝑉

𝑚
 (2) 280 

where Ct (mg L-1) is the concentrations of Pb2+ at any moment during the adsorption. 281 

2.4.3. The effects of pH and temperature 282 

The effect of pH was investigated based on Pb2+ adsorption experiments carried 283 

out with C0 = 100 ppm and solid content: 0.75 g/L in solutions with varied pH ranging 284 

from 2 to 10. The pH was adjusted with 0.1 mol/L HCl and 10-3 mol/L NaOH 285 

solutions. Likewise, the effect of temperature was investigated based on adsorption 286 

experiments of PNB-5-20 microgels at temperatures ranging from 25–40 °C in Pb2+ 287 

solutions with C0 = 20 ppm. 288 

2.4.4. Effect of competitive ions 289 

The selectivity of PNB-5-20 microgels towards Pb2+ in the presence of 290 

competing ions was investigated at a solid content of 0.75 g/L in mixtures containing 291 

Pb2+ (10 ppm) and Na+, K+, Ca2+, or Mg2+ at different concentrations (100, 200, 400, 292 

and 800 ppm). The mixtures were shaken at 120 rpm for 24 h at room temperature 293 

and then filtered through a 50 nm nylon 6 membrane, and the concentration of Pb2+ in 294 

the filtrate was determined by ICP-OES. 295 

2.4.5. Membrane filtration test 296 

To simulate the practical application and to evaluate the responsive water-gating 297 

function of the smart microgel-loaded membrane, a sequential filtration experiment 298 

was performed based on a laboratory-scale membrane filtration device shown in 299 

Figure 2. The as-prepared nylon 6 filter membrane loaded with PNB-5-20 microgel 300 

was immobilized in a replaceable membrane filter unit made of PP (effective diameter 301 
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22 mm). Then, the filter unit was placed in a water bath thermostat with both of the 302 

filter heads connected to silicone tubes, through which the sample liquid (i.e., the DI 303 

water or Pb2+ solutions) was circulated to the filtration membrane as driven by a 304 

peristaltic pump. The permeability performance of the membrane was first tested, in 305 

term of liquid flux per 2 min, with DI water and with the temperature set to 25 °C by 306 

the water bath. 307 

5.9 mL DI water in PE vial was pumped through the membrane via peristaltic 308 

pump at a flow rate of 1 mL/min, and the filtrate was collected in a volumetric 309 

cylinder with the fluxes recorded every 2 min. After the test, the filtrate was 310 

transferred back into the vial holding the eluent for circulation. 311 

After a period of time, 0.1 mL of Pb(NO3)2 solution (30 mM) was added to the 312 

PE vial to obtain a 0.5 mM Pb2+ solution. The Pb2+ solution was allowed to circulate 313 

through the filter membrane under the drive of the peristaltic pump. The volume of 314 

the filtrate was recorded every 2 min to monitor the permeability change of the 315 

membrane as Pb2+ was recognized and adsorbed by the membrane, and the filtrate 316 

was transferred back to the PE vial. Moreover, to evaluate the purification efficiency 317 

the Pb2+ concentration in the PE vial was monitored throughout the circulation 318 

process by taking 0.05 mL liquids every 2 min for ICP-OES analysis. Once the 319 

adsorption equilibrium was reached based on the adsorption kinetics data, the water 320 

bath temperature was adjusted to 40 °C to check its temperature-responsive 321 

permeability, with the membrane flux and Pb2+ concentration of the filtrate measured 322 

accordingly. 323 
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 324 
Figure 2. Lab-scale membrane filtration device consisting of a peristaltic pump, a vial holding 325 

eluents and a filter unit quipped with PNB-5-20 microgel decorated nylon membrane immersed in 326 

a water bath thermostat. 327 

 328 

3. Results and discussion 329 

3.1. Synthesis of BCAm monomer and PNB-5-20 microgel 330 

Due to a radius similar to that of Pb2+, the ether ring of B18C6 can selectively 331 

chelate with Pb2+ to form a "sandwich"-shaped complex with a stoichiometric ratio of 332 

crown ether: lead(Ⅱ) = 2:1 2. Hence, B18C6 is promising to be used as a building 333 

block to construct a Pb2+ recognizer/adsorbent. In order to introduce crown ether 334 

groups into the polymer molecular chain and thus the microgel, BCAm monomer was 335 

synthesized from B18C6 via nitrification, reduction of the nitro group and then amine 336 

acylation. The 1H NMR spectra of the feedstock B18C6, the intermediate N-B18C6, 337 

the intermediate A-B18C6, and the product BCAm are shown in Figure 3a. 338 

In the 1H NMR spectra of all the molecules, there is a series of peaks located 339 

around 3.7 to 4.2 ppm, which are the characteristic signals of protons in crown ethers. 340 

Compared to the 1H NMR spectrum of the feedstock B18C6, two phenyl protons with 341 

high chemical shifts of 7.0–8.0 ppm were newly generated in the spectrum of 342 

nitrification product N-B18C6. These two signal peaks are attributed to the protons 343 

(H7, H8) adjacent to the nitro group on the benzene ring. The presence of the nitro 344 

group causes a decrease in the electron density of the aromatic ring, therefore 345 



Accepted Author Draft 

15 

 

deshielding the protons. This causes the chemical shift of the protons to move to the 346 

lower field. Subsequently, the nitro group in N-B18C6 is reduced by hydrazine to 347 

amino group in A-B18C6. The electron-donating conjugation of amino group makes 348 

the chemical shifts of all the three protons on the benzene ring shift to the higher field 349 

(6.0–6.6 ppm). Lastly, in the spectrum of BCAm, three newly generated doublet 350 

signals with chemical shifts between 5.5–6.5 ppm are attributed to the alkenyl protons 351 

in acrylamide (H13, H14, H15). In addition, a new signal peak at a chemical shift of 352 

7.5–8.0 ppm was attributed to the amide proton (H16). These results indicate that the 353 

BCAm was synthesized, that is, polymerizable acryloyl group was successfully 354 

introduced to B18C6. 355 

 356 

Figure 3. (a) 1H NMR spectra of the B18C6, N-B18C6, A-B18C6, and BCAm (*: CHCl3, **: 357 

EtOH); (b) FT-IR spectra of the B18C6, N-B18C6, A-B18C6, and BCAm; (c) FT-IR spectra of 358 

PNIPAm and PNB-5-20 microgels. 359 

Moreover, the identities of B18C6, N-B18C6, A-B18C6 and BCAm are 360 

confirmed by the FT-IR spectra (Figure 3b). The appearance of N-O symmetric and 361 

asymmetric stretching vibration peaks at 1344 cm-1 and 1590 cm-1, respectively in the 362 

FT-IR spectrum of N-B18C6 compared to that of B18C6 confirmed the successful 363 

nitrification. After the reduction, the N-H bending vibration signal at 1617 cm-1 is 364 

observed in the spectrum of A-B18C6. Lastly, as the amino group was acylated to the 365 

acrylamide, the N-H vibration signal diminish, while the signals originating from 366 

C=C stretching vibration and C=O stretching vibration are captured at 1607 cm-1 and 367 

1670 cm-1, respectively, in the spectrum of BCAm. The IR spectra validated 368 

successful synthesis of BCAm with characteristic adsorption identified. 369 

Based on the BCAm synthesized, the PNB-5-20 microgels consisting of NIPAm 370 



Accepted Author Draft 

16 

 

units and 18-crown-6 moieties were prepared by precipitation polymerization of BIS, 371 

NIPAm and BCAm. 1H NMR spectrum of the PNB-5-20 microgel in D2O is shown in 372 

Figure S1, where the characteristic peaks attributed to BCAm (e.g., the proton in the 373 

benzene ring around 6.8–7.0 ppm) and to NIPAm (e.g. the protons on the isopropyl 374 

group at 1.0 ppm) segments are well observed. The FT-IR spectra of PNB-5-20 and 375 

neat PNIPAm microgels are shown in Figure 3c. The doublet peaks at 1367 cm-1 376 

and1388 cm-1 in both the spectra of PNIPAm and PNB-5-20 microgels are the 377 

characteristic absorption peaks of isopropyl group in the NIPAm unit (orange box in 378 

Figure 3c). The characteristic peaks at 1230 cm-1 and 1513 cm-1 in the IR spectrum of 379 

PNB-5-20 are ascribed to C-O asymmetric stretching vibration in Ar-O-R and C=C 380 

backbone stretching vibration in benzene ring, respectively 2. In contrast, the absence 381 

of these two peaks in the infrared spectrum of PNIPAm microgel indicates that the 382 

crown ether unit has been introduced into the molecular chain of PNB-5-20 microgel, 383 

which proves the successful synthesis of PNB-5-20 microgel. 384 

Furthermore, the morphology of PNIPAm and PNB-5-20 microgels in a dried 385 

state was observed under SEM and the images are shown in Figure 4. Both PNIPAm 386 

and PNB-5-20 microgel particles exhibited well-defined spherical shape with almost 387 

mono-dispersed size distribution. The average diameter of PNB-5-20 determined from 388 

SEM images is about 300 nm, which is larger than that of the PNIPAm microgel 389 

(about 200 nm). This is probably due to that the comonomer BCAm containing 390 

acrylamide and crown ether domains is highly hydrophilic at reaction temperature 391 

(i.e., 70 °C) in great contrast to the main monomer NIPAm that is known to be 392 

hydrophobic at high temperatures. The high hydrophilicity of BCAm favored a good 393 

solvation of the microgel during the precipitation polymerization, leading to late 394 

precipitation of nucleating particle seeds, lowering of the particle density and thus a 395 

larger particle size obtained 52. In addition, the steric site-blocking effect of benzene 396 

ring in BCAm moiety may also result in larger particles of the synthesized microgels 397 

53. 398 
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 399 

Figure 4. SEM images of (a and b) PNIPAm and (c and d) PNB-5-20 microgels. 400 

3.2. Thermo- and ion-responsiveness of the PNB-5-20 microgel 401 

The temperature- and ion-responsiveness of the PNB-5-20 microgel were 402 

investigated by DLS with the hydrodynamic diameter (Dh) of particle measured as a 403 

function of temperature at varied Pb2+ concentrations (Figure 5). As shown in Figure 404 

5a, in pure water, the PNB-5-20 microgel indicated typical temperature 405 

responsiveness similar to PNIPAm with a VPTT around 32.5 °C54, 55 while the particle 406 

size is larger. That is, the PNB-5-20 and PNIPAm microgels shrunk as the temperature 407 

increased from 20 °C to 50 °C, with the Dh reduced from 427.3 nm to 260.3 nm and 408 

from 330 nm to 150 nm, respectively. Note that the particle size measured here is 409 

essentially consistent with the SEM characterization, considering the technique 410 

difference and the sample state difference. The particle swelling below the VPTT is 411 

argued to be a result of the dominant strong hydrogen bonding between the amide 412 

groups in PNIPAM chains and water, which dimmish with increased temperature and 413 

the hydrophobic interactions between isopropyl groups become dominated whereby 414 

water expels from the macromolecules and the particle shrinks.  415 



Accepted Author Draft 

18 

 

Since the B18C6 domain was argued to complex Pb2+ in an aqueous 416 

environment, the temperature dependence of the particle size of PNB-5-20 microgel 417 

was expected to show sensitivity to the Pb2+. As presented in Figure 5, a low Pb2+ 418 

concentration (0.05 mM) subtly affects the particle size of PNB-5-20 microgels, while 419 

a concentration as high as 0.5 mM can increase the particle size in swollen state from 420 

427.3 nm to ~500 nm with the VPTT lightly shifted by ~ 1 °C. A further increase of 421 

the Pb2+ concentration to 5 mM enormously enlarged the particle size of PNB-5-20 422 

microgel in swollen state to ~ 650 nm and the VPTT was also significantly shifted 423 

from 33 °C to 43 °C but the particle was finally collapsed to a similar size ~ 330 nm 424 

at high temperatures (> 50 °C). This indicates that the PNB-5-20 microgel has good 425 

dual responsiveness towards both temperature and Pb2+, with the 426 

temperature-responsiveness readily regulated by the Pb2+ concentration. 427 

Moreover, to evaluate the responsiveness selectivity of PNB-5-20 microgels to 428 

Pb2+, temperature dependence of the particle size in the presence of different ions was 429 

investigated at the same ion concentration (i.e., 5 mM). As shown in Figure 5b, in 430 

contrast to the stable dispersion with particles largely swollen in 5 mM Pb2+ solution, 431 

in Na+, K+ and Cs+ solutions the PNB-5-20 microgels were found to start to 432 

agglomerate above 35 °C, 32 °C, and 30 °C, respectively. The agglomerations are due 433 

to the electrolyte screening of the electrical double-layer repulsion of particle surface 434 

charge, which dominate the colloidal stability when the microgel begins shrinking. 435 

The difference on the effects between Pb2+ and the other metal ions, could be ascribed 436 

to the comparable cavity size of B18C6 (3.41 Å)56 and hydrodynamic radius of Pb2+ 437 

(4.01 Å)57 rather than those of tested alkali ions (Na+, K+, Cs+, < 2.5 Å)58. This 438 

indicates the high selectivity of the PNB-5-20 microgel on recognizing Pb2+. 439 
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 440 

Figure 5. (a) Variation of the particle size of PNB-5-20 microgel with temperature measured in 441 

pure water and in solutions with different Pb2+ concentrations; (b) Variation of the particle size of 442 

PNB-5-20 microgel with temperature measured in different metal ion solutions with the same ion 443 

concentration (5 mM). 444 

 445 

3.3. Lead (Ⅱ) adsorption 446 

3.3.1. Isothermal adsorption 447 

Isothermal adsorption experiments were performed to determine the adsorption 448 

capacity of PNB-5-20 microgels for Pb2+. The adsorption quantities of Pb2+ by 449 

PNB-5-20 microgel (q, mg adsorbate/g adsorbent) was plotted against the equilibrium 450 

Pb2+ concentration in solution (Ce, ppm) after adsorption (Figure 6a). The isothermal 451 

adsorption by PNIPAm microgel was also investigated as reference based on the same 452 

procedure. To evaluate the adsorption capability of the two microgels, the adsorption 453 

data are fitted by the Langmuir and Freundlich models. The Langmuir model assumes 454 

homogeneous monolayer adsorption, while the Freundlich model describes 455 

non-homogeneous multilayer adsorption.59 The Langmuir and Freundlich adsorption 456 

models can be expressed by equations (3) and (4), respectively: 457 

 𝑞 =
𝑏𝑞𝑚𝐶𝑒

1+𝑏𝐶𝑒
 (3) 458 

 𝑞 = 𝐾𝐹𝐶𝑒
𝑛 (4) 459 

where b is Langmuir's constant (L mg-1) related to the affinity coefficient of the 460 

binding site, qm is the maximum adsorption capacity for Pb2+; KF is the Freundlich 461 
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adsorption coefficient, and n is the strength of adsorption. 462 

 463 
Figure 6. (a) Pb2+ adsorption isotherms for PNB-5-20 and PNIPAm microgels. The solid and 464 

dashed lines are obtained by fitting the isotherm with Langmuir and Freundlich model, 465 

respectively; (b) adsorption kinetics of PNB-5-20 and PNIPAm microgels at C0 = 100 ppm. The 466 

solid and dashed lines are the fitting results according to pseudo- second-order and 467 

pseudo-first-order kinetic models, respectively. 468 

 469 

Table 2 lists the fitted parameters of Langmuir and Freundlich models. The 470 

adsorption data of PNB-5-20 microgel can be well fitted by Langmuir and Freundlich 471 

isotherms with correlation coefficients (R2) as high as 0.989 and 0.991, respectively. 472 

The adsorption capacity of the PNB-5-20 microgel was estimated to be 85.4 mg/g 473 

from the fitted Langmuir model. In contrast, although the neat PNIPAm microgel 474 

show affinity to Pb2+, its adsorption capacity (qm = 25.0 mg/g) is significantly smaller 475 

than that of PNB-5-20, indicating the remarkable contribution of 18-crown-6 ether 476 

moieties to Pb2+ adsorption. The correlation coefficients of the Langmuir isotherms 477 

(PNB-5-20, R2 = 0.989; PNIPAm, R2 = 0.953) were slightly smaller than those of the 478 

Freundlich isotherms (PNB-5-20, R2 = 0.991; PNIPAm, R2 = 0.975), suggesting that 479 

the Freundlich model is also suitable to describe the adsorption of Pb2+ on PNB-5-20 480 

and PNIPAm microgels. This implies that the adsorption sites may be not uniformly 481 

distributed on the surface of the microgels, but a certain number of adsorption sites 482 

are also distributed in the interior of the microgels and the adsorption behaviors of 483 

different sites are expected to interfere with each other. The phenomenon could be 484 
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attributed to the relatively compact core and fuzzy corona structure of the microgels 60 485 

synthesized from precipitation polymerization of NIPAm. 486 

 487 

Table 2. Fitted parameters in the Langmuir and Freundlich isotherm models for Pb2+ adsorption. 488 

Sample Langmuir model  Freundlich model 

 qm 

(mg/g) 

b 

(L/mg) 

R2  KF 

(mg1-n•Ln/g) 

n R2 

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 489 

In order to further evaluate the Pb2+ adsorption rate by PNB-5-20 microgels, the 490 

adsorption kinetics were investigated at an initial Pb2+ concentration of 100 ppm, and 491 

the results are shown in Figure 6b. The classical pseudo-first-order and 492 

pseudo-second-order kinetic models describing the ion adsorption process were used 493 

to fit the experimental data. The pseudo-first-order and pseudo-second-order kinetics 494 

were expressed by the equations (5) and (6): 495 

 𝑞𝑡 = 𝑞𝑒(1 − 𝑒−𝑘1𝑡) (5) 496 

 𝑞𝑡 =
𝑘2𝑞𝑒

2𝑡

1+𝑘2𝑞𝑒𝑡
 (6) 497 

where qt and qe are the amount of Pb2+ adsorbed (mg g-1) at time t and when 498 

adsorption equilibrium is reached, respectively; k1 and k2 are the primary and 499 

secondary rate constants, respectively. The fitted curves are superimposed with 500 

experimental data in Figure 6b with parameters listed in Table 3. 501 

 502 

Table 3. Fitting parameters of pseudo-second-order and pseudo-first-order models for Pb2+ 503 

adsorption by PNB-5-20 and PNIPAm microgels. 504 

Sample Pseudo-second-order  Pseudo-first-order 

 k2 (g mg-1 min-1) qe (mg g-1) R2  k1 (min-1) qe (mg g-1) R2 

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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 505 

Based on the fitted results (Table 3), it can be seen that the adsorption kinetics of 506 

neat PNIPAm microgel conformed to the pseudo-first-order model (R2 = 0.985) 507 

whereas PNB-5-20 conformed better to the pseudo-second-order model (R2 = 0.976) 508 

than the first-second-order model (R2 = 0.937). This might suggest that the adsorption 509 

kinetic behavior of PNB-5-20 microgel for Pb2+ is chemisorption rather than 510 

physisorption 59. More exactly, the adsorption rate of PNIPAm to Pb2+ is limited by 511 

the diffusion process due to the few number of active site while the adsorption rate of 512 

PNB-5-20 is dominated by the sorption onto active sites due to its abundance 61. This 513 

can be verified by the experimental observations. For instance, the PNIPAm microgel 514 

reached adsorption equilibrium in about 50 min at an initial concentration of 100 ppm 515 

of Pb2+. The adsorption rate constant based on the pseudo-first-order modeling of the 516 

PNIPAm microgel was fitted to be 0.039 min-1. In contrast, the adsorption rate of Pb2+ 517 

by the PNB-5-20 microgel was quite fast, reaching the adsorption equilibrium in only 518 

about 10 min. The first-order rate constant of PNB-5-20 (0.133 min-1) as well as 519 

equilibrium adsorption (qe = 14.85 mg/g) was larger than that of PNIPAm microgel. 520 

The results illustrate that the incorporation of the B18C6 domain into the microgels 521 

not only increase the adsorption sites but also accelerates the adsorption, therefore 522 

enabling its application in membrane purification which required fast adsorption in 523 

light of the high fluxes. 524 

3.3.3. pH, temperature and competing ion effects 525 

Polluted water in the natural environment or industrial effluents may have 526 

various pH and temperatures, and these parameters may affect the adsorption 527 

capability of the PNB-5-20 microgel. Therefore, it is essential to test the adsorption 528 

ability of PNB-5-20 microgel under different pH and temperatures (Figure 7a&b) to 529 

evaluate if the responsive PNB-5-20 adsorbent can be utilized in complicated aqueous 530 

systems. 531 
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For the effect of pH, the adsorption experiments were carried out at C0 = 100 532 

ppm and pH ranging from 2 to 10, the adsorption quantities q is plotted against the pH. 533 

As shown in Figure 7a, the adsorption capacity of PNB-5-20 microgel significantly 534 

declines with decreased pH from 10 to 2. It could be explained by the competition for 535 

adsorption sites, i.e., crown ether, by high concentrations of H+ in the low pH 536 

solutions, which undermines the Pb2+ adsorption. In particular, the declining effect is 537 

significant as the pH decreased from 6 to 2, but subtle in the range of pH 6–10, 538 

wherein the PNB-5-20 microgel maintain a good adsorption performance. 539 

On the other hand, the effect of temperature on the adsorption performance was 540 

evaluated by testing the Pb2+ removal (R, %) at C0 = 20 ppm in the temperature range 541 

of 25–40 °C. R was calculated by Eq. (7): 542 

 𝑅 =
𝐶0−𝐶𝑒

𝐶0
× 100% (7) 543 

where C0 and Ce (mg L-1) are the initial concentration of Pb2+ and the concentration at 544 

adsorption equilibrium, respectively. As shown in Figure 7b, although the removal 545 

efficiency of PNB-5-20 microgel decreased with increasing temperature, the decrease 546 

was minor and there was still a considerable Pb2+ removal obtained at 40 °C, 547 

confirming a robust adsorption capability across the VPTT of the microgel, which 548 

suggests the collapse of microgel does not interfere the adsorption. 549 

 550 
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551 

 552 

Figure 7. Effect of pH, temperature and competing ions on adsorption of PNB-5-20 microgel. (a) 553 

Pb2+ adsorption capacity versus pH at C0 = 100 ppm; (b) Pb2+ removal versus temperature at C0 = 554 

20 ppm; (c) distribution coefficient Kd versus competing ion concentration of the microgel in 555 

adsorbing Pb2+ (C0 = 10 ppm) in aqueous solutions containing Na+, K+, Ca2+, or Mg2+, 556 

respectively. 557 

 558 

Other inorganic ions in water may affect the adsorption process of target ions 62. 559 

Among them, Na+, K+, Ca2+ and Mg2+ are the most common competing ions for Pb2+ 560 

in polluted water. In order to determine the adsorption selectivity of PNB-5-20 561 

microgels to Pb2+, PNB-5-20 microgels were dispersed in Pb2+ solutions (C0 = 10 ppm) 562 

containing different concentrations of Na+, K+, Ca2+, or Mg2+ (100–800 ppm), and the 563 

concentration of adsorbed Pb2+ was detected by ICP-OES. The Pb2+ selectivity was 564 

evaluated by the distribution coefficient Kd: 565 

𝐾𝑑 =
𝐶0−𝐶𝑒

𝐶𝑒

𝑉

𝑚
 (8) 566 

where C0 and Ce are the initial and equilibrium concentrations of Pb2+, V is the 567 

volume of the solution (mL), m is the mass of the adsorbent (g).63, 64 568 

A larger value of Kd indicates that the corresponding competing ions interfere 569 

less with the adsorption of the target ion, i.e., the selectivity of the adsorbent to the 570 

target ion is better. Conversely, the smaller the value of Kd, the relatively poor 571 
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selectivity of the adsorbent to the target ion. 572 

The Kd in the presence of different competing ions, Na+, K+, Ca2+ or Mg2+, with 573 

varied concentrations is illustrated in Figure 7c. It can be seen that the PNB-5-20 574 

microgel has a good selectivity to Pb2+ with a Kd around 103 mL/g regardless of the 575 

type of competing ions, and the high concentration (e.g., 800 ppm) of competing ions 576 

barely undermines the selectivity. Among the ions, the interference of Ca2+ with the 577 

adsorption of Pb2+ by the PNB-5-20 microgel is the least, while the competition for 578 

adsorption sites by K+ is evident. This is due to the fact that the ionic diameter of K+ 579 

matches the diameter of the crown ether cavity in B18C6, which could form stable 580 

complexes similar to Pb2+ 53, 65. Nevertheless, the PNB-5-20 microgel exhibits better 581 

selectivity to Pb2+ rather than other ions including K+ judging from Kd. This suggests 582 

that PNB microgels can selectively recover Pb2+ in real aqueous environments for 583 

practical applications. 584 

Lastly, the adsorption capability of the PNB-5-20 microgel is compared with 585 

reported materials used to construct adsorptive membranes (Table 4). It can be seen 586 

that among the adsorbents, the microgel has decent adsorption capacity (85.4 mg/g) 587 

with the fastest adsorption rate in term of low equilibrium time (10 min). The fast 588 

adsorption is ascribed to the hydrophilicity of microgel at the adsorption temperature, 589 

where the Pb2+ can diffuse rapidly into the water-swollen microgel and be captured by 590 

the 18-crown-6 moieties. In light of the good kinetic responsiveness to Pb2+, although 591 

not having the highest adsorption capacity, PNB-5-20 is an excellent responsive 592 

material to construct smart membrane, allowing rapid permeation of clean water while 593 

intercepting Pb2+ discriminately and quickly without sacrificing adsorption capability. 594 

Moreover, the Pb2+ removal efficiency and response amplitude of the smart membrane 595 

can be readily regulated by changing the amount of the PNB-5-20 used in the 596 

preparation to cope with polluted water containing different concentrations of Pb2+. 597 

  598 
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Table 4 Comparison of adsorption performance for Pb2+ removal by different 599 

adsorptive membranes. 600 

Membranes Equilibrium 

(min) 

qmax  

(mg/g) 

Reference 

Polysulfone/hydrous ferric oxide 

ultrafiltration mixed matrix membrane 

720 13.2 40 

chitosan/cellulose acetate blend membrane 

with dithizone 

100 25.0 

 

66 

Ferrihydrite nanoparticles/polyethersulfone 

composite membrane 

360 64.8 

 

41 

chitosan/polyacrylonitrile 30 20.1 

 

67 

polyethersulfone /hydrous manganese 

dioxide mixed matrix membranes 

600 204.1 

 

42 

zirconium phosphate modified polyvinyl 

alcohol- Polyvinylidene fluoride membrane 

300 121.2 43 

polyacrylonitrile/hydroxyapatite composite 

nanofibrous membranes 

300 111.9 68 

Hybrid membrane of cellulose acetate with 

zinc oxide 

Not reported 15.6 69 

nanofibrillated cellulose/carbon 

nanotubes/Didymo membrane 

Not reported 129.0 39 

PNB-5-20 microgel loaded on Nylon 

membrane 

10 85.4 This study 

 601 
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3.3.4. Adsorption mechanism 602 

 To reveal the adsorption mechanism of PNB-5-20 to Pb2+, the elemental 603 

composition as well as their chemical environments were studied by XPS (Figure 8). 604 

From the broad survey XPS spectrum (Figure 8a), it is clear that a Pb 4f signal 605 

appeared in the spectrum of PNB-5-20 after adsorption experiment (PBN-5-20-Pb2+), 606 

indicating the enrichment of Pb2+ in the microgel. In particular, the high-resolution O 607 

1s spectra marked that the binding energy of crown ether oxygens at ~ 540 eV and ~ 608 

536 eV (PNB-5-20) significantly shift to ~538 eV and 535 eV (PNB-5-20-Pb2+), 609 

respectively, after the adsorption of Pb2+. The binding energy alteration suggests that 610 

the adsorption of Pb2+
 is accomplished via the chelation of Pb2+ by crown ether 611 

thereby the O 1s electron became easy to escape, which is also observed in XPS 612 

spectra of other Pb2+ adsorbents reported in literature 17, 70-72. On the other hand, the 613 

high-resolution Pb 4f spectrum (Figure 8b) revealed that the all Pb atoms are present 614 

as Pb2+ in the adsorbent, confirming the single adsorption mechanism. The XPS 615 

spectra demonstrated the specific complexation between Pb2+
 and the B18C6 moieties 616 

contributes to the high adsorption capability and selectivity of the PNB-5-20 617 

microgel. 618 

 619 
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620 

 621 

Figure 8. XPS spectra of PNB-5-20 microgel before and after the adsorption of Pb2+ (C0 = 59.4 622 

ppm): (a) Broad survey XPS spectrum and high-resolution spectrums of (b) Pb 4f, (c) O 1s 623 

photoelectron. 624 

  625 
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3.3.5. Membrane filtration 626 

Ultimately, a smart membrane filtration device with a Pb2+- and temperature- 627 

responsive water gating system was fabricated (Figure 2), in which a Nylon filter 628 

membrane (pore size 0.45 μm, diameter 25 mm) was loaded with PNB-5-20 629 

microgels under vacuum and then placed into a PP filter unit. To evaluate the dual 630 

responsiveness of the water gating system of the functionalized membrane, model 631 

filtration experiment was performed to monitor the liquid permeability change of the 632 

membrane in response to the presence of Pb2+ and to the temperature alternation. At 633 

the same time, the change of Pb2+ concentration in the liquid was monitored to check 634 

the purification efficiency. In particular, DI water was first circulated through the 635 

functionalized membrane at 25 °C. Subsequently, at t = 10 min, a given amount of 636 

Pb2+ solution was added into the reservoir to obtain a Pb2+ concentration of 0.5 mM in 637 

the eluent and the permeability was continuously tested to check the interception of 638 

the Pb2+-polluted water by the functionalized membrane. The Pb2+ concentration in 639 

the circulating effluent was plotted in Figure 9. Lastly, at t = 30 min, the temperature 640 

of the water bath was adjusted to 40 °C to study the responsiveness of the membrane 641 

to temperature. 642 

  643 
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 644 

Figure 9. (a) Membrane flux and Pb2+ concentration versus time in a continuous filtration 645 

experiment at 25 °C with Pb2+ added at t =10 min and temperature raised to 40 °C at t = 30 min. (b) 646 

Illustration of the alteration in membrane structures and therefore the flux due to the 647 

responsiveness of the microgel to Pb2+ and temperatures. 648 

 649 

As shown in Figure 9, with PNB-5-20 microgels loaded on the Nylon filtration 650 

membrane, the membrane permeability of DI water was reduced, from ~ 1.0 mL/min 651 

in the unmodified Nylon membrane to ~ 0.6 mL/min in the functionalized membrane. 652 

This indicates the PNB-5-20 microgels were immobilized in the membrane pores with 653 

the water permeation partially resisted, acting as water gates in the pores. When Pb2+ 654 

was recognized at t = 10 min (C0 = 59.4 ppm), the liquid flux started to gradually 655 

decrease to about 0.34 mL/min in ~ 6 mins and at the same time the Pb2+ 656 

concentration in the circulating effluent declined to 33 ppm. Undoubtedly, this is 657 

ascribed to the swelling of the PNB-5-20 microgels when recognizing and adsorbing 658 

the Pb2+, making the water gate in membrane pores switch from “open” to “closed” 659 
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state with the highly swollen microgels jamming the pores of membrane, rejecting the 660 

water from permeating across the membrane. The retention of Pb2+ polluted water 661 

allows it to be purified via the efficient adsorption of Pb2+ by microgels in the 662 

functionalized membrane. Obviously, the Pb2+ responsiveness of PNB-5-20 microgel, 663 

that is, significant swelling with Pb2+ (see Fig.5a), plays an essential role in 664 

spontaneously regulating the filtration water gate, which is useful not only for a 665 

selective filtration and purification of polluted water but also for monitoring water 666 

contamination as a potential sensor. 667 

Lastly, once the water was purified, the water gate can be readily regulated to 668 

“re-open” by raising the membrane temperature above the VPTT of the 669 

PNB-5-20-Pb2+ microgels (e.g., 40 °C) whereby the microgels can shrink into dense 670 

particles with reduced size (Figure 5). As shown in Figure 9, upon heating to 40 °C at 671 

t = 30 min, the water flux was observed to recover to about 0.65 mL/min in ~ 4 mins 672 

as a result of microgel collapse. Undoubtedly, the change of water permeability with 673 

temperature indirectly verifies the tunability of the microgel-loaded membrane pore 674 

size as the microgels attached inside the pores and/or covered on the membranes can 675 

collapse upon heating (Fig.5) whereby pore spaces are enlarged for permeation. 676 

Meanwhile, the Pb2+ concentration in the circulating effluents remained at a low level 677 

~ 27 ppm, indicating no release of the adsorbed Pb2+ from microgel into liquid during 678 

the heat-induced particle shrinking process. This suggests the stable chelation of Pb2+ 679 

by the crown ether-functionalized microgel in contrast to the reported application of 680 

B18C6-functionalized microgels in Li+ enrichment 73 where adsorbed Li+ escaped 681 

from the microgel in response to elevated temperatures. 682 

In summary, the dual responsive PNB-5-20 microgel enables development of a 683 

smart filtration membrane to regulate the water permeability in response to the 684 

presence of Pb2+ and temperature change, allowing interception of polluted water 685 

spontaneously to be purified synchronously before being discharged to the 686 

environment at willing by heating the membrane. This is in great contrast to the 687 
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negligible variation of water flux in neat nylon 6 membrane after being subjected to 688 

the identical treatments (i.e., presence of Pb2+ and change of temperature) (Figure 9). 689 

Comparing with the rarely reported Pb2+-responsive devices in literature 74, 75, the 690 

smart membrane established herein has  great advantages of facile preparation and 691 

large response amplitude in the transmembrane flux. The microgels were loaded on 692 

the membrane without need of chemical linkage thereby allowing flexibility in 693 

fabricating the composite membrane and work-up after filtration. Moreover, the smart 694 

membrane prepared also exhibit an obvious decrease in the flux (0.65 to 0.35 mL/min) 695 

when recognizing the Pb2+ comparing to the literature (0.33 to 0.25 mL/min) 75, 696 

suggesting a better responsiveness to Pb2+
 which would favor its application in 697 

intercepting and sufficiently purifying Pb2+contaminated water. 698 

After the continuous filtration experiment, the functionalized membrane was 699 

removed from the PP filter unit and dried in the air before being analyzed by SEM 700 

and EDX to verify the Pb2+ adsorption on the membrane. The neat nylon6 membrane 701 

and the clean functionalized membrane (PNB-5-20 loaded) were also measured as 702 

control samples and the results are shown in Figure 10 and Figure S2. As shown in 703 

Figure 10a, the nylon6 membrane without microgels is a distinctly porous material 704 

having numerous pores with various sizes that allow water to pass through 705 

unimpededly under given experimental conditions. After loading with PNB-5-20 706 

microgels, most of the pores on the surface and inside the nylon membrane were 707 

occupied by the microgels, as confirmed by the reduced number of pores especially 708 

the disappearance of small pores observed in Figure 10b. The reduction in number of 709 

pores (c.a. 6,400 to c.a. 4,100 in the view) and the roughness is demonstrated by 710 

analyzing the SEM images through ImageJ software (Figure S3 and S4) based on 711 

binary images, and by which is further confirmed by the reduced membrane flux 712 

shown in Figure 9 in comparison to that of neat nylon membrane. Higher resolution 713 

SEM images of PNB-5-20 microgels loaded membrane are given in Figure S2. 714 

After the continuous filtration under pressure experiencing water gate “closed” 715 
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and “re-open” with Pb2+ adsorbed and membrane heated, part of the microgels on the 716 

membrane surface were driven into the membrane interior by the transmembrane 717 

pressure, as shown in Figure 10c. From the EDX elemental maps (Figure 10d), it can 718 

be seen that the surface of the membrane as well as the pores show a strong signal of 719 

elemental Pb. This indicates that the PNB-5-20 microgels accumulated on the surface 720 

of the nylon membrane and attached in the pores of the nylon membrane successfully 721 

adsorbed Pb2+. 722 

 723 
Figure 10. SEM images of (a) nylon membrane, PNB-5-20 microgel loaded membranes (b) before 724 

and (c) after subjected to Pb2+-responsive filtration test. (d) The distribution of O, N, and Pb in the 725 

EDX elemental maps of membranes with adsorbed Pb2+ are shown in blue, cyan, and red, 726 

respectively. 727 

 728 

Lastly, the cost of the PNB-5-20 microgel and microgel-functionalized 729 

membrane is calculated (see Supporting Information for details) to evaluate its 730 

feasibility in practical remediation of Pb2+polluted waste water. Based on the prices of 731 

feedstocks as well as their feed ratios and the product yields in synthesis, the cost of 732 

PNB-5-20 microgel is estimated to be ~$7/g, while 1 g PNB-5-20 microgel can 733 

functionalize about 0.41 m2 membrane, able to remedy about 2800 L real waste water 734 

(C0 = 0.03 ppm) from Pb2+ polluted areas.76 The calculations indicate that our 735 

microgel-functionalized membrane is affordable for inhabitants in polluted areas to be 736 

used in a household water purifier. Moreover, as the microgel synthesis is possible to 737 

be scaled up, the cost of the microgel-functionalized membrane could be further 738 
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lowered with large-scale production. Anyhow, microgel-functionalized membrane is 739 

promising in practical water treatment considering its low price and good adsorption 740 

capability. 741 

 742 

4. Conclusions 743 

In this work, inspired from oleander roots, a smart microgel-loaded filtration 744 

membrane with a thermo- and Pb2+- dual responsive water gating system has been 745 

developed for effective Pb2+ separation by loading thermo- and Pb2+ responsive 746 

microgels PNB-5-20, which is synthesized from NIPAm and benzo-18-crown-6, on a 747 

commercial nylon membrane. Firstly, a monodisperse thermo- and Pb2+- dual 748 

responsive microgel, poly(N-isopropylacrylamido-co-acrylamido-benzo-18-crown-6) 749 

(PNB-5-20), with a well-defined structure bearing crown ether moieties was prepared 750 

by precipitation copolymerization of NIPAm and BCAm, which was synthesized from 751 

sequential nitrification, reduction of nitro group and acylation of B18C6. The 752 

PNB-5-20 exhibits a pronounced thermo-responsiveness, having the particle size (Dh) 753 

reduced from 427.3 nm to 260.3 nm with a VPTT around 33 °C. Moreover, the 754 

microgel shows, and a striking responsiveness selectively to Pb2+ due to the 755 

complexation of Pb2+ with the B18C6 domains, which facilitated the as evidenced by 756 

the swelling of microgel with a significant increase in Dh to ~ 650 nm at 20 °C and in 757 

the VPTT to 43 °C. Furthermore, the PNB-5-20 can adsorb Pb2+ with a high capacity 758 

(85.4 mg/g). The adsorption follows pseudo-second-order kinetic with a rate constant 759 

of 0.133 min-1, having the adsorption equilibrium reached in less than 10 minutes. 760 

Also, the microgel exhibits excellent sorption selectivity to Pb2+ in the presence of 761 

Na+, K+ and Cs+, and the adsorption to Pb2+ remains robust in varied temperatures 762 

albeit being suppressed in low pH environment. Lastly, the smart filtration membrane 763 

was developed by loading PNB-5-20 microgels on a Nylon membrane under vacuum, 764 

whereby By loaded with PNB-5-20, the porous membrane was pores were endowed 765 
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with responsiveness to temperature and Pb2+ as a smart water gating system. The 766 

functionalized membrane can recognize Pb2+ and retard the permeation of Pb2+ 767 

solution with the pores jamming by swollen microgels adsorbing Pb2+, while by 768 

raising temperature the jammed swollen microgels reversibly collapse resulting in 769 

discharge of the purified water. The microgel-functionalized filtration membrane 770 

combines detection, adsorption of Pb2+ and regulatable water drainage in a single 771 

device, exhibiting great potential in practical Pb2+ remediation with advantages of 772 

simple operation, low energy consumption and high efficiency. 773 
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