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Abstract： 

Froth flotation has been a key chemical process extensively used in the 

recovery of heavy metal ions (e.g. Cu2+) from contaminated water, while often 

criticized by a secondary pollution of the added collectors, and a less selectivity 

to specific ions since the ion removal by particles is independent from the post-

step of particle flotation. To facilitate the industrial operation, a “smart” flotation 

with foams responsively stabilized after selective adsorption of target ions from 

competitive ions are highly desired. In the current study, “smart” foams stabilized 

by Cu2+ responsive microgels were presented as a proof-of-concept.  

Firstly, a Cu2+-responsive thermo-sensitive poly (N-Isopropylacrylamide-
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co-Vinyl imidazole) (PNV) microgel with a hydrodynamic radius (Rh) ~ 334 nm 

and a fuzziness ~ 37.2 nm was synthesized. Cu2+-imidazole complexation was 

demonstrated to enhance the microgel swelling with a softer and more 

homogenous microstructure, having the Rh increased by 30-50 nm for 0.005 M 

to 0.25 M Cu2+ and a significant volume phase transition temperature (VPTT) 

shift from ~ 40 oC to ~ 50 oC for 0.005 M Cu2+, ~60 oC for 0.05 M Cu2+ and >> 

60 oC for 0.25 M Cu2+.  

Secondly, temperature responsive foams with a ultra-stability below VPTT 

of the microgel and a rapid collapse above the VPTT were readily produced 

based on PNV microgels. Cu2+ complexation enabled a modulation of 

temperature responsiveness of the foams, able to maintain a good foam stability  

above a critical temperature (e.g. a life time > 6h at 45 oC for 0.25 M Cu2+) where 

foams rapidly collapsed for other cations (e.g. ~2 min, ~10 min and ~15 min for 

Na+, Mg2+, Zn2+, respectively), showing significance for selective recovery of 

Cu2+ from competitive ions. 

Furthermore, an interfacial study at air-water interface revealed a better 

surface activity of Cu2+ -complexed PNV microgel with a less temperature 

dependence. An abrupt reduction of interfacial rheology around the VPTT with 

a G’s(25 oC)/G’s(70 oC) ratio ~300.1 observed was believed to be the main 

reason of the responsive foam destabilization for PNV2, which was avoidable 

by entanglements between Cu2+-complexed PNV microgels, giving a G’s(25 

oC)/G’s(70 oC) ratio ~1.68. Ultimately, the good Cu2+ selectivity of PNV2 microgel 
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was well demonstrated in mixed solutions of competitive ions Na+, Mg2+, Zn2+ in 

terms of Cu2+ sorption, particle swelling and foam stabillity. This study 

demonstrated a responsive Pickering foam stabilized by a Cu2+ tunable microgel, 

laying foundations to develop microgel-based flotation as a smart and green 

technology for Cu2+ recovery.     

 

1. Introduction 

Recovery of heavy metal ions from wastewater has been a worldwide 

concern in water remediation to address the indiscriminate discharge of 

industrial water into environment in the past decades [1, 2]. Because of its 

cheaper cost than noble metals, copper is widely and largely used in various 

fields ranging from electronics to biomedicines [3], and inevitably a large amount 

of copper ion (Cu2+) contaminants are produced during the mining and 

processing of copper [4], being abundant in industrial effluents. It also can be 

detected at a high concentration in drainage fluids of acid mines, legacy mines 

and civil works, etc. [5, 6]. Being soluble in water while non-biodegradable and 

highly toxic in an excess concentration, the Cu2+ can accumulate in living 

organisms and pose an enduring toxic and carcinogenic effect to human [1, 7].  

To remove Cu2+ from waste water, numbers of conventional water 

treatment techniques such as chemical precipitation [8, 9], adsorbent sorption 

[1, 10], electrochemical interactions [11, 12] and cementation [13], etc. have 

been reported in the literature, with each having its limitations. For example, the 



4 

 

electrochemical methods, though showing a certain selectivity and efficiency, 

are limited by its difficulty of scale-up and the high energy input[12]; the chemical 

precipitation and cementation methods often require additional chemicals[13], 

which easily generating secondary wastes. Adsorbent sorption is generally 

considered as the most convenient and effective method due to its easy 

operation and high efficiency, with its maximum sorption capacity varying from 

few mg/g to tens or even hundreds mg/g, depending on the adsorbent 

materials[1]. However, the high efficiency of the adsorbents, mostly in states of 

nano-/micro-particles, is often compromised by difficulties of recovering the 

adsorbents from liquid, hence causing a secondary pollution. An independent 

post-treatment process of liquid-solid separation thus required in methods of 

adsorbent sorption and chemical precipitation, etc. makes the whole treatment 

system complex, costly and difficult to be scaled up for practical applications.   

Froth flotation, originating from mineral mining, has become an important 

method to remove heavy metal ions from wastewater thanks to its low cost and 

easy scale-up [14]. The process is often implemented by first either precipitating 

the ionic metal species or uptaking the target ions with particulate adsorbents, 

then imparting the precipitates or particles hydrophobicity with frother/collectors 

(surfactants) to be attached to rising air bubbles and separated from water [15]. 

Also, there are flotation processes having collectors to interact directly with ions 

for recovery, also named “ion flotation”, which has been widely used for 

treatment of different heavy metal ion such as Cu2+ [15], Ni2+, Zn2+, etc.[16] by 
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selecting proper collectors. However, similar to most of conventional water 

treatment methods, the addition of surfactants and/or precipitants in flotation 

can cause a secondary pollution. Meanwhile, the processes of ion adsorption 

by particles and particle flotation are two operation units working independently 

with either less selective to the target ion, making the whole separation 

efficiency be low.  

In this concern, a green responsive flotation process free of surfactant and 

can be "switched-on" by the pre-step of selective ion uptake would be of great 

value for the heavy metal ion recovery. For the sake, the current study aims to 

developing a Cu2+ tunable thermosensitive Pickering foam based on a Cu2+ 

responsive microgel, as a potential fundamental study for future design of a 

responsive flotation for green and selective Cu2+ recovery.   

To meet the objectives, the design of Cu2+ responsive microgels and the 

understanding of the “smart” foam stabilization/destabilization mechanism are 

the keys. Pickering foams, having particles irreversibly anchored at the gas-

liquid interface with an extremely large detachment energy and an interfacial 

film being formed with strong mechanics, are considered to be ultra-stable[17]. 

To make the foam “smart” with stability switchable at will between stable and 

unstable states, stabilizers responsive to external stimuli (e.g. pH, temperature 

and ionic strength, etc.) are often employed [18].   

Microgel, a self-adaptable three-dimensional cross-linked polymeric 

colloidal particle that can swell and soften by up-taking large amounts of solvent, 
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represents one of the most interesting stimuli-responsive emulsion stabilizers 

[19, 20], while scarcely reported to stabilize foams [21]. In particular, chemically 

cross-linked poly(N-Isopropylacrylamide) (pNIPAM) particle, first reported in 

1986 [22], is one of the most popular microgel systems of study as responsive 

emulsion/foam stabilizer, thanks to its thermo-sensitivity having a volume phase 

transition temperature (VPTT) ~ 32 oC. Below the VPTT particles swell as a 

result of the strong hydrogen bonding between the amide groups in pNIPAM 

chains and water, and above the VPTT the particles de-swell as a result of water 

expelling from the macromolecules [23-29]. In addition, most of the pNIPAM-

based microgels are non-toxic and environment-friendly, gaining applications in 

broad fields. Note that there are also some newly emerging microgels designed 

and fabricated from natural sources such as nanocellulose for the use as soft 

stabilizer of Pickering emulsions/foams [30].   

In the myriad of responsive emulsions stabilized by microgels [31], both 

emulsions stabilized by swollen microgel while destabilized by microgel de-

swelling [31, 32] and those with reversed stability by de-swollen microgels while 

destabilized by particle swelling have been reported [33, 34]. Though various 

explanations have been proposed for the stimuli-responsive destabilization of 

microgel stabilized emulsions including reduction in interfacial coverage area, 

desorption of microgels from the interface and change of interfacial 

viscoelasticity, etc. upon deswelling/swelling of the microgels at the interface, 

the exact underlying mechanisms still remain a matter of debate [35-38].    



7 

 

On the other hand, pNIPAM-based microgels or hydrogels copolymerized 

with metal-receptor ligands, such as nitrogen-based ligands [39, 40] and crown 

ether-based ligands [41, 42], have been prepared for design of indicators, 

chemosensors or adsorbents to detect, discriminate or adsorb specific metal 

ions according to the metal ion binding to ligands. Notwithstanding the great 

significance of ion-ligand complexation in water treatment [43], ion-responsive 

microgels are rarely used for producing “smart” emulsions or foams to be 

tunable by specific metal ions, let alone looking into the underlying “smart” 

control mechanism and their potential applications.   

In this study, 1-vinylimidazole(VIM) was introduced as a comonomer to 

copolymerize with NIPAM to prepare a thermosensitive ionic microgel p(NIPAM-

co-VIM) (abbreviated as PNV) via surfactant-free precipitation polymerization. 

The VIM comonomer was not only expected to alter the size, swelling property 

and surface activity of microgel, but more importantly the imidazole group of 

VIM is a ligand widely used to chelate Cu2+ [44]. The microstructure of PNV 

microgels regarding Cu2+ complexation effect was studied via light scattering. 

“Smart” foams with a clear temperature responsiveness of stabilization/ 

destabilization were simply prepared by PNV microgels and the effect of Cu2+ 

complexation was studied in comparison to other cations. Moreover, interfacial 

behavior of the microgels at air-water interface was investigated using pendant-

drop analysis and surface shear rheology to reveal the underlying responsive 

foam destabilization mechanisms.          
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2. Experimental 

2.1. Chemicals  

N-Isopropylacrylamide (NIPAM), N, N’-methylenebisacrylamide (BIS), 1-

vinylimidazole (1-VIM)，2,2-azobis (2-methylpropionamidine) dihydrochloride 

(AIBA)，copper sulfate (CuSO4·5H2O), zinc sulfate (ZnSO4), magnesium sulfate 

(MgSO4) and sodium chloride (NaCl) were purchased from Tansoole and used 

as received. The water used in the present study was ultrapure water (Milli-Q) 

with a resistivity of 18.2 MΩ cm. 

2.2. Synthesis of p(NIPAM-co-VIM) microgels 

The thermo-sensitive microgel was prepared via surfactant-free precipitation 

polymerization using NIPAM as main monomer, VIM as co-monomer and BIS 

as crosslinking agent. Both microgels of 100 wt% NIPAM (coded PNV0) and of 

20 wt% VIM (coded PNV2) were prepared with a crosslinking density of 5 wt% 

(~3.5 mol%). Typically, the total amount of monomer was kept at 0.8 g and the 

initiator concentration was fixed at 0.16 mg/mL. A given amount of NIPAM, VIM 

and BIS were fully dissolved in 100 mL of ultrapure water in a three-necked flask 

under magnetic stirring at 150 rpm before being heated up to 70 oC. 

Simultaneously, oxygen was eliminated by nitrogen bubbling rapidly for 20 min 

before 10 mL of AIBA aqueous solution was added to initiate the precipitation 

polymerization. The reaction was kept at 70 oC for 6 h under protection of 

nitrogen atmosphere. Once finished, the dispersion was cooled down to 25 oC 
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under magnetic stirring and the microgels were fully purified with Milli-Q water 

via three cycles of centrifugation (7000 rpm for 30 min) before being redispersed 

in fresh Milli-Q water. Note that a higher VIM feeding ratio (e.g 30 wt%) was also 

tried while did not result in a very good colloidal stability and hence not 

recommended.   

 

2.3. Characterizations 

Scanning electron microscopy (SEM). One drop of the as-prepared microgel 

dispersion was deposited onto a clean silicon wafer and dried in air at room 

temperature before being observed in a scanning electron microscope (Regulus 

8100, Japan HITACHI) at an accelerating voltage of 5 kV.  

Fourier Transform Infrared (FTIR). FTIR spectra of the microgel samples were 

collected in a Thermo Nicolet 5700 FTIR Spectrometer with a scanning range 

of 400 to 4000 cm-1 and a minimum of 36 scans (KBr pellets). 

Nuclear magnetic resonance (NMR). 1H NMR spectra were recorded on a 

Bruker ARX 400 spectrometer (400 MHz) at room temperature using D2O as 

solvent. 

X-ray photoelectron spectroscopy (XPS). XPS spectra were obtained using 

a ESCALAB Xi+ XPS system (Thermo Fisher Scientific) with a monochromated 

Al Kα X-ray radiation (1486.6 eV). 

Dynamic Light Scattering (DLS). The measurements of hydrodynamic radii 

(Rh) of microgel particles were conducted in an angle-dependent DLS setup of 
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an ALV goniometer equipped with a HeNe laser of λ = 633 nm, a digital 

hardware correlator and two avalanche photodiodes. The temperature of an 

index match-bath filled with toluene was adjusted using a programmable 

cryostat (Julabo F32). For each measurement, scattering angles were varied 

between 30° and 52° in 2° steps with a measurement time of 90 s for each angle. 

The samples for measurement were highly diluted to minimize multi-scattering.   

The decay rate Γ from a second-order cumulant fit was plotted against q2 (q is 

the magnitude of scattering vector) and a linear regression of the plot was done 

to determine the diffusion coefficient (Γ = q2D0)[45]. The hydrodynamic radii 

were calculated based on the Stokes-Einstein equation as a reference of 

particle size.  

The electrophoretic mobility of the microgel particles were measured using a 

Zetasizer NanoZS (Malvern Panalytical, USA). Measurements were taken at 

different temperatures ranging from 25 °C to 70 °C at 5 °C steps after 

equilibrating the samples at each measurement temperature for at least 5 min. 

Before all measurements, the samples were filtered with a 1.2 μm cellulose 

acetate filter.  

Static Light Scattering (SLS). The particle form factors of the microgels were 

obtained via SLS measurements on a closed goniometer (SLS-Systemtechnik 

GmbH), equipped with lasers of various wavelengths. The temperature of 

toluene bath as surrounding medium was controlled by a thermostat (Julabo 

CF40) connected to the goniometer. The samples were highly diluted to 
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minimize multiple scattering and contributions to the structure factor, and filtered 

using a 1.2 μm cellulose acetate filter before measurement. Wavelength of λ = 

407 nm (covering a q-range of 0.007 nm-1 to 0.04 nm-1) was used. The scattering 

intensity was detected at angles varying from 15° and 150° in 1° steps and 

corrected by subtraction of the solvent scattering. The form factors obtained 

were fitted by the fuzzy sphere model [46].  

 

2.4. Foam test  

To demonstrate the feasibility of developing a responsive flotation for selective 

Cu2+ recovery, it is vital to first evaluate the foamability and foam stability of the 

as-prepared microgels, especially focusing on its responsiveness to Cu2+. For 

the foam test of pure PNV microgels, a 2 mL 0.267 wt% microgel dispersion 

was loaded into a 20 mL quartz tube before being subjected to a vigorous hand 

shaking for 1 min to generate foams, and the evolutions of foam heights with 

time and temperature were measured, respectively. For comparison purpose, 

foam was also generated under identical conditions using sodium dodecyl 

sulfate (SDS) aqueous solution (0.01 M). To examine potential responsiveness 

of the foams to Cu2+, foams were prepared with PNV microgels dispersed in 

CuSO4 solutions with varied concentrations under orbital shaking for 12 hours 

before being subjected to foam productions. Foam tests of microgel dispersions 

in other salt solutions of NaCl, ZnSO4 or MgSO4 with varied concentrations were 

also conducted separately for comparison. Likewise, to evaluate the Cu2+ 
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selectivity, foam tests were conducted under identical conditions in multi-

component systems containing 0.005 M Mg2+, Zn2+ and Na+, mixed with Cu2+ of 

varied concentrations. Moreover, evolution of foam morphology with time was 

recorded using snapshot in an optical microscope (Shenzhen Ai Ke Xue, co. 

Ltd.)  

 

2.5. Interfacial study 

Surface tension and dilatation moduli measurement.   

The dynamic interfacial tensions between air and microgel dispersions and the 

corresponding dilatational rheology were measured using a tensiometer of 

Krüss DSA100 Drop Shape Analyzer (Germany) equipped with a computer-

controlled oscillating drop module (DS3270). 10 mL of microgel dispersion (e.g. 

0.01 wt%) was loaded in a clean glass chamber with the temperature controlled 

with an external Julabo thermostat. A stainless hook needle (with a capillary tip 

of 1.493 mm) connected with a 0.5 mL gas-tight syringe (Hamilton co., USA) 

was immersed in the liquid and, a 10 μL air bubble was created at the tip of the 

needle with the aid of a micro-syringe pump of DS3270. The bubble shape 

contour was recorded with time at a constant frame rate (2 fps) and fitted by the 

Young-Laplace equation to obtain the surface tension. For the measurements 

of oscillatory dilatational moduli (i.e. storage modulus E’ and loss modulus E”), 

after generation of an air bubble the surface tension was first allowed to reach 

a steady value or a meso-equilibrium stage with no oscillation of the interface. 
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Once the surface tension was equilibrated, the bubble was oscillated at a 

specified frequency. In principle, an amplitude (i.e. surface area) sweep was 

performed between 0.1 and 100% at a frequency of 1 Hz to identify linear regime, 

and then frequency sweeps were performed between 0.1 and 10 Hz at a fixed 

amplitude (e.g. 5% or 60%). The measurements were done at least in triplicate. 

 

Interfacial shear rheology. The shear rheology of the air−aqueous interface 

laden with particles was measured using a stress-controlled Discovery Hybrid 

Rheometer (HR20) (TA Instruments) equipped with a Du Noüy ring (DDR) 

geometry (platinum ring with diameter ~19.4 mm and wire diameter ~0.4 mm). 

To achieve maximum measurement sensitivity, the instrument was calibrated 

using precision mapping with the transducer bearing mode set to soft. A 3.7 mL 

microgel dispersion (concentration 0.53 wt%) was gently pipetted in the circular 

Delrin trough to a level that the interface was pinned at the inner edge of the 

trough, minimizing any effect of the liquid meniscus.  

The DDR geometry, rinsed beforehand with ethanol and excess ultrapure water 

and flamed to remove any organic contaminants, was gently lowered and 

positioned to pin the air-aqueous interface. A pre-shear (10 s-1 for 30 s) was 

performed to remove any shear history and to guarantee a homogeneity of the 

interface before a time sweep test (angular frequency ω of 1 rad/s and strain 

amplitude γ0 of 0.3 %) was conducted at 25 °C to evaluate the formation of a 

reliable interfacial film at the air/water interface via the spontaneous adsorption 



14 

 

of the microgel particles. Only when the moduli versus time reached equilibrium 

(in about 4 hours) indicating the completion of microgel adsorption at air/water 

interface, other oscillatory measurements were started to be performed. 

Temperature ramping test (ω 1 rad/s and γ0 0.5 %) was conducted at 

temperatures ranging from 25 oC to 70oC with a ramping rate of 1 oC/min. More 

details describing the experimental technique and procedures such as the 

decoupling of the subphase drag contribution from surface viscosity 

measurement, etc. can be found elsewhere [47, 48]. 

2.6. Batch Cu2+ sorption  

To evaluate the selective Cu2+ recovery performance of the as-prepared 

PNV2 microgel, batch sorption experiments were performed both in pure Cu2+ 

solutions and in mixed Cu2+ solutions containing 0.005 M competitive ions (Mg2+, 

Zn2+, Na+) with varied Cu2+ concentrations (i.e. 0.001, 0.0025, 0.005 M). The 

solid content was fixed at 1 g/L with a total liquid volume of 16 ml as prepared 

individually in polypropylene centrifuge tubes. After shaking in an orbital shaker 

(200 rpm) for 24 hours, the sample tube was centrifuged at a speed of 11,000 

rpm for 15 minutes, and the supernatant was decanted and filtered with a 0.45 

μm syringe filter. Both the Cu2+ concentrations in the supernatant and that in the 

initial solution before sorption were measured by ICP-OES (Optima 8000, 

Singapore, PerkinElmer).   

The amount of Cu2+ sorbed by the microgel, q (mg/g), was determined 

based on following equation: 
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𝑞 =
(𝐶𝑂−𝐶𝑒)V

m
    (1) 

where Co and Ce are the initial and equilibrium concentration (mg/L) of Cu2+ 

in the solution, determined by ICP-OES, V (L) represents the suspension 

volume and m (g) is the adsorbent mass, respectively.  

 

3. Results and Discussion 

3.1 Preparation of thermosensitive poly (N-isopropylacrylamide-co-vinyl 

imidazole) microgel and effect of Cu2+ complexation 

 

 

Figure 1. Synthesis of p(NIPAM-co-VIM) microgel (a) and characterizations via 

FTIR (b) and 1H NMR (c) 
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As shown in Figure 1a, the thermo-sensitive PNV microgels were 

synthesized via copolymerization of N-isopropylacrylamide (NIPAM) and 1-

vinylimidazole through surfactant-free precipitation polymerization using AIBA 

as the initiator and BIS as the crosslinking agent. The AIBA, able to disassociate, 

also acted as cationic stabilizer of the particles, ensuring the dispersion to be 

stable during the polymerization. FTIR and 1H NMR analysis were used to 

confirm the synthesis of the PNV microgels, with results shown in Figure 1b and 

1c, respectively. In the FTIR spectra, the characteristic peaks of νC=O and νN-H 

at 1645 and 1542 cm-1 were observed in both p(NIPAM-co-VIM) and NIPAM, 

and the characteristic peak of ν C=N at 1453 cm-1 were observed in both 

p(NIPAM-co-VIM) and VIM. This indicates the existence of NIPAM and VIM in 

the p(NIPAM-co-VIM) microgels. In the 1H NMR spectra (Figure 1c), the data of 

PNV2 and PNV0 are shown in comparison to that of NIPAM and VIM monomers. 

The strong peak at 4.7 ppm was the peak of D2O solvent. The signals of the 

unsaturated carbon bonds in the monomers (i.e. proton 1,3,4 in the chemical 

structure of NIPAM and proton 4,5,6 in that of VIM) disappeared in the spectra 

of both PNV2 and PNV0, indicating a full conversion of the monomers during 

the polymerization process. The signals at 6.5-7.5 ppm clearly observed in the 

VIM monomer are attributed to the imidazole group (proton1,2,3 in the chemical 

structure of VIM), and remained observable in the spectrum of PNV2 around 

6.9 ppm, while undetectable in PNV0. Note that the weaker signals in the PNV2 
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and PNV0 can be somewhat due to the fact that the microgel particles were 

more swelled but less dissolved in solvent, consistent with the literature[49]. 

Anyhow, the characteristic peaks observed in the NMR spectra are able to 

confirm the presence of both the NIPAM and VIM units in PNV2 while NIPAM 

unit only in PNV0. This, together with the FTIR analysis, demonstrates the 

successful synthesis of the p(NIPAM-co-VIM) polymers.  

 

Figure 2. Hydrodynamic radii Rh (a) and electrophoretic mobility (b) of PNV0 

and PNV2 as a function of temperature; temperature dependence of Rh of PNV2 

in the presence of Cu2+ with varied concentrations (c), and in the presence of 

different cations (0.005 M) (d)  
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Furthermore, SEM image in Figure S1 in the Supplementary Material 

confirms the monodisperse spherical morphology of the microgel particle with a 

narrow particle size distribution, having an average diameter estimated to be 

455 ± 35 nm for PNV2. The DLS measurements of hydrodynamic radii Rh as a 

function of temperature (see Fig.2a) show the clear temperature 

responsiveness of the PNV microgels: a large Rh value below VPTT when the 

microgels were in swollen state while the Rh underwent a rapid decrement to 

the smallest value above the VPTT when the microgels were in shrunk state. 

Obviously, the incorporation of VIM comonomer shifted the VPTT of pNIPAM 

(i.e. PNV0) from ~32.5 oC to ~40 oC and the swelling ratio (Rh at 20oC to the 

smallest Rh) was increased from1.89 ± 0.10 for PNV0 to 2.35 ± 0.10 for PNV2. 

This is consistent with findings reported in some earlier studies[49-51], and was 

considered plausible as the presence of VIM segments could hinder the 

collapse of the PNIPAM chains and induce a higher swelling, in light of its 

hydrophilic character and electrostatic repulsion between partially ionized VIM 

groups[52]. Note that the size measured by the DLS is basically in accordance 

with that of SEM characterization (Fig.S1), considering the difference in 

technique.   

 

Figure 2b shows the electrophoretic mobility (zeta potential) of the microgel 

particles as a function of temperature. As can be seen, at the temperature of 
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polymerization(70 oC), the particles were well positively charged with a relatively 

high electrophoretic mobility (i.e. ~5.0 μm cm/Vs for PNV0 and ~3.5 μm cm/Vs 

for PNV2). This is a result of the decomposition of cationic initiator AIBA into 

positively charged amidino groups locating at the peripheries of particles. Such 

presence of surface positive charges guaranteed a good colloidal stability 

during the surfactant-free polymerization. As the temperature decreased, the 

particle surface charge density was observed to gradually decrease towards a 

constant close to 0 μm cm/Vs especially when the temperature was below the 

VPTT. This was a result of particle swelling and is consistent with the literature 

[53]. The smaller electrophoretic mobility of PNV2 than PNV0 must be 

associated with its higher VPTT and larger swelling ratio with reduced surface 

charge density.  

As is known, regardless of the low surface charge density, the colloidal 

stability below VPTT was believed to be good thanks to the fuzzy sphere 

structure of the swollen microgel as a result of inhomogeneous crosslinking. The 

dangling chains from the loose crosslinked shell of the swollen microgel could 

barrier the microgels from aggregation via steric repulsion [54]. Note that the 

particles might be more susceptible to partial aggregation if being long-time 

heated in a temperature range above but close to the VPTT when the particle 

surface charge keeps low.       

Figure 2c shows the effect of Cu2+ on the temperature dependence of Rh of 

PNV2 microgel. Evidently, the presence of Cu2+ enhanced the swelling behavior 
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of PNV2 microgel and greatly affected its thermo-sensitivity by shifting the VPTT 

from ~40 oC to ~50 oC for 0.005 M Cu2+, to ~60 oC for 0.05 M Cu2+, and to a 

value out of measurement temperature range for 0.25 M Cu2+, respectively. This 

was attributed to the effect of ion complexation between Cu2+ and imidazole 

groups in VIM segments within PNV2 microgel. The Cu2+-imidazole 

complexation was confirmed by XPS measurement (see Figure S2). Both the 

appearance of an additional peak around 401.54 eV in the deconvoluted N 1s 

peaks of PNV2-Cu sample, and the appearance of 933.43 eV in the 

deconvoluted Cu 2p peaks are considered to be the contribution signals of the 

Cu2+-imidazole complexation [55, 56]. The broad concentration range focused 

here is to resemble contamination scenarios obtainable in practical effluents 

and also to better show the trend of Cu2+-ligand complexation effect on microgel 

behavior.     
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Scheme 1. Effect of Cu2+ complexation on swelling property of PNV microgel  

 

As shown in Scheme 1, for a typical pNIPAM-based microgel, the swelling 

happened along with stretching of pNIPAM chains as induced by the formation 

of hydrogen bonds between water and amide groups and the deswelling was 

accompanied with shrinking of the pNIPAM chains when the hydrogen bonds 

were removed above the VPTT. In PNV2, Cu2+-imidazole complexations were 

likely to induce electrostatic repulsions between the VIM segments within 

particles. This, together with increased hydrophilicity via ion solvation of Cu2+, 

further enhanced the swelling degree of the swollen PNV2 microgel. This can 

also be partly aided by the osmotic pressure difference in and out of the particle 

caused by the Gibbs-Donnan effect. When heating above the VPTT, the strong 

interactions between Cu2+-complexed VIM segments can significantly balance 

the hydrophobic interactions between pNIPAM chains and hence resist the 

network shrinkage of the p(NIPAM-co-VIM). This was well manifested by the 

great shift of the VPTT to higher temperatures (Fig.2c). Moreover, the Cu2+-

imidazole complexation guaranteed a very good colloidal stability and good 

swelling/deswelling reversibility of the PNV2 microgels, as confirmed by the 

curve overlapping of temperature dependence of Rh upon repeatedly heating 

and cooling (see Figure S3).    

Note that there can have various types of competitive ions coexisting with 

Cu2+ in wastewater [57], instead of covering all the possible ions, this study only 
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selected a limited number of representative cations from different metal family 

groups for a purpose of comparison with Cu2+ to test the responsive 

characteristics of the microgel. The selected cations included bivalent 

transitional metal ion Zn2+, alkaline earth metal ion Mg2+, and well-known alkali 

metal ion Na+ that often exist in aqueous environment as competitive ions of 

Cu2+. The selected ions were reported to have a much weaker complexation 

affinity (Zn2+, with an overall stability constant log K ~ 4.8 comparing to log K ~ 

48.4 of Cu2+) [44], or no complexation (Mg2+, Na+) to imidazole than Cu2+. Indeed, 

Zn(II) was demonstrated to prefer oxygen donors over nitrogen ones [44]. 

Similarly, some other commonly coexisting cations such as Fe2+/Fe3+ and Al3+ 

also show more affinity to oxygen-based ligands such as catechol groups[58, 

59] rather than to imidazole group. As shown in Figure 2d, different from Cu2+, 

all the selected cations lightly decreased the hydrodynamic diameter at 

temperatures below the VPTT. Such “salt-out” effect of de-swelling the particles 

as a result of dehydration of the pNIPAM chains by electrolyte was consistent 

with earlier studies[60]. Both Na+ and Mg2+ exhibited no much effect on shifting 

the VPTT of the microgel, nevertheless, induced partial aggregations of particles 

when temperature across the VPTT due to the particle surface charge screening 

effect. Such destroy of colloidal stability became even more pronounced with 

increased electrolyte concentration (see Fig.S4). For Zn2+, a negative shift of 

VPTT was observed, which was most likely due to the preferred complexation 

of Zn2+ to oxygens in amide groups of pNIPAM chains that greatly destroyed 
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their hydrogen bonding with water. Likewise, higher concentrations induced 

particle aggregations (Fig.S4b). Undoubtedly, such differences between the 

cations enable an easy discrimination and provide guide for detection and 

selective recovery of Cu2+ from competitive ions.  

 

 

Figure 3. Particle form factors probed via SLS of PNV microgels (a-b) and 

Cu2+ complexed PNV2 microgels (c-d) at 25 oC (a,c) and 50 oC (b,d). Solid lines 

represent the fittings of the fuzzy sphere model.   

 

Moreover, the internal structure of PNV0 and PNV2 microgels without and 

with Cu2+ complexations at 25 oC and 50 oC was investigated in terms of particle 
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form factor analysis as probed by static light scattering (SLS). Fig.3 presents 

the SLS data of the microgels and the fuzzy sphere model by Stieger et al [46] 

was used to fit the data. The model describes the radial scattering length density 

by a box function convoluted with a Gaussian to account for the surface 

fuzziness of the microgels. The form factor, P
inho

(q), was described as follow:   

  (2) 

where q is the scattering vector, R is the fitting radius of the microgel, and 

𝜎𝑠𝑢𝑟𝑓  accounts for the width of the surface fuzziness. The overall size obtained 

by SLS was approximately given by .  

At 25 oC, the model fit can basically match the experimental data of PNV0 

and PNV2 over a broad q-range, resulting in a radius of Rsls = 195  7.3 nm and 

a width of fuzzy periphery of 𝜎𝑠𝑢𝑟𝑓= 30 nm for PNV0, and Rsls = 331  10 nm 

and 𝜎𝑠𝑢𝑟𝑓= 37.2  7.9 nm for PNV2. For the PNV2 microgels complexed with 

Cu2+ (0.005M, 0.05M and 0.25M), the scattering peak was shifted to a lower q 

value and the data of particle form factor can be well described by the fuzzy 

sphere model, indicating a perfect spherical shape even in the swollen state. 

The physical parameters extracted from the fittings are listed in Table 1. In 

general, after complexation the microgels exhibited a higher Rsls value while a 

similar fuzziness as compared to the pure PNV2, implying that the Cu2+ 

complexation better swelled and homogenized the polymer networks.   

At 50 oC, the particle form factor data of all the microgels without and with 

𝑃𝑖𝑛ℎ𝑜(𝑞) = [
3[sin(𝑞𝑅)−𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)]

(𝑞𝑅)3
exp⁡(−

(𝜎𝑠𝑢𝑟𝑓𝑞)
2

2
)]
2

 

𝑅𝑠𝑙𝑠 = 𝑅 + 2𝜎𝑠𝑢𝑟𝑓 
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Cu2+ complexation are very well fitted by the fuzzy sphere model, indicating a 

very good sphere shape of the particles. For PNV0 and PNV2, the microgels 

were in its collapsed state, having Rsls = 123  4.4 nm and 𝜎𝑠𝑢𝑟𝑓= 10.7  5 nm 

for PNV0, and Rsls = 148  8 nm and 𝜎𝑠𝑢𝑟𝑓= 5.1  10 nm for PNV2. The fitting 

data (see Table1) of the complexed microgels confirmed that the PNV2 

complexed with 0.005 M Cu2+ was partially de-swollen at 50 oC (Rsls = 169  9.5 

nm and 𝜎𝑠𝑢𝑟𝑓 = 27.2  18 nm) and that of PNV2-Cu2+(0.05 M) and PNV2-

Cu2+(0.25 M) were fully swollen. These results are consistent with the DLS 

measurement. By comparing the scattering data between the microgels, it is not 

difficult to conclude that VIM enhanced the swelling behavior of the microgel 

and Cu2+ complexation further swelled and softened the microgels, with the 

microstructure and softness tunable by Cu2+ concentration. 

 

Table 1 Radii and form factor parameters of PNV microgels   

Sample 

25oC 50oC 

Rh (nm) Rsls (nm) 𝜎𝑠𝑢𝑟𝑓(nm) Rh (nm) Rsls (nm) 𝜎𝑠𝑢𝑟𝑓(nm) 

PNV0 235.51.7 1957.3 
302.9 

 
1320.8 1234.4 10.75 

PNV2  3342.2 33110 37.27.9  157.80.5 1488 5.110 

PNV2-Cu2+ 

0.005M 
3842.3 3809 462.8  2231.5 1699.5 27.218 

PNV2-Cu2+ 

0.05M 
3643.3 35010 358.8  3252.2 2973.7 22.28.5 

PNV2-Cu2+ 

0.25M 
3692.2 34311 31.810 3560.5 3552.8 47.72.9 
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Aside from the microstructure of single microgel studied here by light scatterings, 

it is worthwhile mentioning that the colloidal phase behavior and collective 

interactions of microgels in bulk suspension, which can be accessed via 

rheology [61] or gel point determination [62], etc., can also be of significance for 

its application, notwithstanding it is beyond the main focus of this study.   

 

3.2. Foamability and foam stability  

The as-prepared thermo-sensitive PNV microgel dispersions were used to 

produce Pickering foams by hand-shaking. The initial foam height and its 

evolution with time were used to evaluate the foamability of the microgels and 

the foam stability. As shown in Figure 4a, an initial foam height ~25 mm for PNV0 

and ~30 mm for PNV2 indicates an excellent foamability of the as-prepared 

microgel dispersions.   
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Figure 4. Foam height plotted in term of height at time t versus initial height 

(Ht/H0) as a function of time (a: 25 oC, d: 45 oC) and of temperature (b,c) for 

PNV0 and PNV2 microgels in the absence (a-b) and in the presence of Cu2+ 

(0.25M) (c-d). Foams produced from 0.01 M SDS solution was used as 

reference. Inset in (a) the initial foam height and insets in (b, c) photos of foams 

after being heated to 45 oC.   

 

It is clear that there are differences on foam stability between PNV0 and 

PNV2 microgels. After a rapid reduction within the first 5 minutes that must be 

associated with liquid drainage, and a short-period (c.a. 5 mins) of slow decay, 
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the foam height in PNV0 experienced an abrupt descent to 0 mm within 30 min 

indicating a rapid foam collapse that might be due to bubble coalescence. 

However, for PNV2, after a similar rapid reduction within the first 5 minutes, the 

foam height attenuated with a steady and slower rate, a long-term 

destabilization trend mostly reported as a result of bubble coarsening. This 

indicated an enhancement of VIM on the foam stability of the pNIPAM-based 

microgels.  

Fig. 4b shows the effect of temperature on foam height of the PNV microgel 

dispersions, using the foams generated from 0.01M SDS solution as reference. 

The whole heating experiment from 25 oC to 50 oC took about 10 minutes, a 

time length that the foams remained stable at 25 oC (Fig.4a). As shown in Figure 

4b, the foams stabilized by PNV microgels experienced an abrupt reduction in 

foam height towards zero above a critical temperature roughly around their 

VPTT. This was in great contrast to the foams stabilized by SDS, which 

maintained its good stability at high temperatures with a very slight reduction in 

foam height. The photos in Figure4b inset showed the difference in foam 

appearance at 45 oC between SDS and PNV microgels. Undoubtedly, the “smart” 

feature of thermo-responsive foams stabilized by the as-prepared PNV 

microgels was thus demonstrated.  
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Figure 5. Foam height as a function of time at 25 oC (a,c,e,g) and 45 oC (b,d,f,h) 

for PNV2 microgels in the presence of NaCl (a-b), MgSO4 (c-d), ZnSO4 (e-f) 

and CuSO4 (g-h) with varied concentrations (0-0.5 M)  

 

For a typical Pickering foam stabilized by surface-charged solid particles, 

the addition of electrolyte was believed to have a marked effect on foam stability 

by altering particle state from well-dispersed to aggregated and thus affecting 

bubble coalescence[63]. As shown in Figure 5, at 25 oC, for PNV2 microgels, 

the electrolytes also show effects on foam stability, with the stability maximized 

at a specific concentration for a given salt (e.g. 0.1 M for Mg2+ and 0.5 M for Na+, 

Zn2+, Cu2+), with foams maintained stable for at least 120 min. Different from 

other cations, the Cu2+ shows a very clear linear increase on foam height with 

increased Cu2+ concentration.  

At 45 oC (a temperature above the VPTT of PNV2 microgel), the foams 

became fully collapsed rapidly after preparation, within ~ 2 min, ~10 min and 
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~15 min for Na+, for Mg2+ and Zn2+ solutions, respectively, showing almost 

independence of salt concentration (Fig.5b,d,f). Nevertheless, for Cu2+, the 

foams were substantially stable with only a small reduction on foam height when 

compared to 25 oC, a result of heating-induced liquid drainage at plateau border 

of foams.      

Likewise, from temperature dependence of foam height (Fig. 4c and Fig.S5), 

the effect of Cu2+-imidazole complexation on foam stability was also clearly 

demonstrated. In 0.25M Cu2+ solution, the foams of PNV0 well kept its good 

temperature responsiveness with foam height abruptly reduced to zero above 

the VPTT whilst the PNV2 showed a very subtle temperature dependence of 

foam height, with Cu2+ heavily removed the thermo-sensitivity of the foams. For 

clarity, the temperature dependence of foam height was evaluated in other salt 

solutions (i.e. Na+, Mg2+, Zn2+), with data shown in Figure S5. It was clear that 

the foams stabilized by either PNV2 or PNV0 microgels exhibited striking 

thermo-responsiveness with an abrupt collapse above the VPTT in all the 

selected salt solutions except for Cu2+ solution where the foam of PNV2 

maintained stable throughout the measured temperature range. Moreover, as 

shown in Figure 4d, at 45 oC, in the presence of 0.25 M Cu2+, the foam life of 

PNV2 can be as long as 6 hours, much longer than SDS stabilized foams that 

collapsed in 2 hours, let alone the foams of PNV0 that rapidly collapsed within 

1 minute.    

The findings indicate that the responsiveness of “smart” foams stabilized by 
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thermosensitive PNV2 microgels are tunable by Cu2+, more exactly, via the 

Cu2+-imidazole complexation that induces particle swelling at a broad 

temperature range.  

The Cu2+ responsive microgels can not only be used as a sensor material to 

detect Cu2+ and/or to discriminate Cu2+ from competitive ions, but also enable a 

possibility to develop responsive froth flotation process to selectively recover 

Cu2+ from aqueous environments with competitive ions, especially at high 

temperatures where the adsorption kinetics of Cu2+ was often reported to be 

enhanced [64]. The as-prepared PNV2 microgels can potentially act not only as 

adsorbent to uptake Cu2+ but also as responsive stabilizer of a froth flotation to 

spontaneously recover the microgel-based adsorbent from aqueous 

environment after the Cu2+ adsorption. Moreover, apart from its “smart” function, 

the environment friendly raw materials, the surfactant-free preparation approach 

and the non-toxic feature of the resultant microgel, can make the flotation to be 

a very green technology, being greatly contrary to classical flotation that involves 

the use of hazardous organics. 

   

3.3. Interfacial study of microgels at air-water interface to understand the 

responsive foaming performance 

Undoubtedly, the responsive foam stabilization and destabilization, 

irrespective of modulation by temperature or by Cu2+, are associated to the 

swelling and deswelling of the microgel, but the underlying mechanism remains 
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unclear. To understand how the swelling and deswelling of microgels affects the 

transitioning of foam stability, here the interfacial behavior of PNV microgels at 

air/water interface was investigated based on dynamic surface tension and 

interfacial rheology measurements. It was demonstrated that the Cu2+- 

complexed PNV2 microgel can be kept in a swollen state and the foam was 

ultra-stable at high temperatures (e.g. 45 oC) where the pure PNV2 de-swelled 

and its stabilized foams collapsed. This makes the PNV2 and PNV2- Cu2+ being 

a good model system to elucidate the underlying mechanism how the microgel 

deswelling is linked to the foam destabilization in a fixed temperature.  
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Figure 6. Temperature dependence of the dynamic surface tension (SFT) of 

air-aqueous dispersions (0.01 wt%) of PNV2 microgel (a) and PNV2-

Cu2+(0.25M)(b); Temperature dependence of the corresponding meso-

equilibrium surface tension (Meso-equ SFT) and particle diffusivity approaching 

the interface (Dint) (c), and the dilatation moduli (E’, E”) of PNV2 microgel and 

PNV2-Cu2+ at air-water interface.   

 

Typically, the foamability of a particle has been demonstrated to be related 

with its ability to partition from solvent and reside at the air–water interface. The 

adsorption of particles at air-water interface has been extensively manifested to 
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reduce the surface energy and hence the surface tension, and therefore the 

change of surface tension can be used to reveal the adsorption dynamics and 

kinetics at the interface. Figure 6a and 6b show the evolution of air-water 

surface tension (γa/w) with time of PNV2 microgel dispersions (0.01 wt%) at 

different temperatures without and with Cu2+ (0.25 M) (denoted as PNV2-Cu), 

respectively. Obviously, in both PNV2 and PNV2-Cu, the γa/w underwent a rapid 

decrease with time at the beginning before transitioning to a sluggish decay 

period and reached a meso-equilibrium stage. This indicates a spontaneous 

adsorption of the PNV microgels to the air-water interface with the adsorption 

rate slowing down with time when the interface was increasingly covered by 

particles, being greatly consistent with earlier studies[65]. Note that the γa/w 

decrement happened to all the measured temperatures, irrespective of the 

presence or not of Cu2+, indicating that both the swollen microgels below the 

VPTT and the collapsed ones above the VPTT have similar interfacial activity 

to spontaneously adsorb to the air-water interface.   

With regard to the effect of temperature, it can be seen that there are 

differences on the rate of γa/w decrement at early stage and on the values of 

meso-equilibrium SFT in late stage. In particular, for the γa/w decrement rate, 

PNV2 witnessed an increase with temperature till 50 oC before bouncing back 

while PNV2-Cu saw only a linear increase with temperature. In fact, before 

being dominated by the barriers from the adsorbed particles at the interface, the 

particle adsorption at the early stage to particle-free interface was considered 
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to be dominated by the diffusivity of particles approaching the interface. The 

interfacial diffusivity (𝐷𝑖𝑛𝑡) of PNV2 was determined to be 5.64×10-9 m2s-1 at 25 

oC (Figure 6c), and increased to a maximum of 6.12×10-7 m2s-1 around the VPTT, 

(i.e. 50 oC here, considering the difference between the measured temperature 

in liquid bulk and that at bubble surface), before being decreased with 

temperature thereafter. Details on the determination of 𝐷𝑖𝑛𝑡  and further 

discussions are given in the Supplementary Material. In contrast, the 𝐷𝑖𝑛𝑡 of 

PNV2-Cu was greater (i.e. 2.94×10-8 m2s-1) than that of PNV2 at 25 oC, and less 

dependent on temperature, having 5.69×10-8 m2s-1 at 55 oC. This indicates that 

the great diffusion-limited adsorption of Cu2+-induced swollen particles (i.e. 

PNV2-Cu) to the air-water interface show a less thermo-sensitivity, providing 

good particle partitions to the interface with a guaranteed excellent foamability 

over a broad temperature range.   

Moreover, there are differences between PNV2 and PNV2-Cu on the 

temperature dependence of the meso-equilibrium surface tension (MSFT) (Fig. 

6c). Both experienced a linear reduction of MSFT with temperature while the 

PNV2 reached a plateau ~ 40 mN/m above the VPTT but the PNV2-Cu 

continued the reduction to ~38 mN/m at 55 oC. As having been widely 

reported[66], microgel exhibits a different interfacial behavior from rigid sphere 

particles, being able to deform at the water-air (oil) interface with the microgel 

spreading out like a fried egg at the interface. Such deformation and spreading 

at the interface contributed to the linear MSFT reduction with temperature below 
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VPTT. Over the VPTT, the shrunk and rigid particles can fully cover the interface 

with a saturated and compact state, reaching a plateau in MSFT with no further 

reduction with temperature (PNV2). For PNV2-Cu, within the measured 

temperature range (<55 oC), the particles remained swollen and the change of 

MSFT with temperature was dominated by the microgel deformation/spreading 

at the interface, and a further increased particle coverage at the interface was 

still allowed even above 55 oC. This definitely confirmed a better surface activity 

of the softer PNV2-Cu microgels.   

The good foamability of PNV microgels (i.e. PNV2 and PNV2-Cu) 

demonstrated by their superior surface activity, aided by the enhanced 

interfacial diffusivity with temperature and Cu2+-induced softening, was 

consistent with the foam data (Fig. 4-5). However, this is still difficult to elucidate 

the mechanism of responsive destabilization of the PNV microgel-stabilized 

foams since the microgels in both swollen and collapsed states exhibited good 

surface activity, excluding the desorption of particles from interface as the 

reason of responsive foam destabilization.    

As to the long-term foam stability, except from liquid drainage, the 

destabilization mechanisms of bubble coalescence and coarsening (i.e. 

Ostwald ripening) have been demonstrated to be associated with the 

mechanical properties of the interfacial films formed by the adsorbed 

particles[67]]. In general, it was recognized that the bubble coalescence is 

closely peritent to the shear rheology of the interfacial films while the coarsening 
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is more dominated by the dilatational rheology[68]. To probe the dilatational 

viscoelasticity of the interfacial layer, the microgels-laden bubble was subjected 

to a sinusoidal oscilation on the surface area (A) with the corresponding change 

of surface tension (𝛾 ) measured. The dilatational modulus E given as : 𝐸 =

𝜕𝛾 𝜕𝐿𝑛𝐴⁄ , can be decoupled to an in- phase (elastic) contribution, E’, and an 

out-of-phase (viscous) contribution, E”[69], data of which obtained at 1Hz are 

ploted in Figure 6d and examples of frequency sweep test shown in Figure S7. 

As is shown, both the PNV2 and PNV2-Cu were dominated by elasticity (i.e. 

E’>E”) at low temperatures with PNV2-Cu having higher values than PNV2. The 

moduli were found to decrease with temperature and the PNV2 experienced an 

abrupt drop in moduli around the VPTT to a liquid-like region (i.e. E”>E’, surface 

viscoelasticity dominated by E”) whereas the PNV2-Cu maitained its elasticity 

dominance till 55 oC. Such difference on dilatational viscoelasticity between 

PNV2 and PNV2-Cu is consistent with their foam stability that the PNV2 

exhibited a thermo-responsiveness having foam collaption across the VPTT, in 

great contrast to the ultra-stability of PNV2-Cu at high temperatures. Note that, 

there was a Gibbs criterion reported for emulsion stability against coarsening by 

Ostwald ripening, that is, a dilatation modulus E >𝛾/2 is unfavorable for Ostward 

ripening[17, 69]. Unfortunately, the E values of both the PNV2 and PNV2-Cu 

are less than 10 mN/m while their 𝛾 /2 values are ~ 20 or ~19 mN/m, not 

satisfying the Gibbs criterion. That means even though the PNV2-Cu has a 

higher dilatational elasticity than PNV2, but the destabilizaiton mechanism of 
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coarsening seems not be well hampered.    

 

Figure 7. Surface shear viscoelasticity: storage modulus (G’s, solid symbols) 

and loss modulus (G”s, open symbols) as a function of temperature for microgels 

of PNV0 and PNV2 (a), and for microgels of PNV2 in the absence and presence 

of Cu2+(0.25M)(b); (c) Schematic of a top view of the interactions between PNV2 

microgels adsorbed at the air-water interface transitioning between 25 oC and 

45 oC in the absence and presence of Cu2+(0.25M).  
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Furthermore, the surface shear viscoelasticity of the microgels at air/water 

interface was measured using a Du No ü y ring (DDR) as a function of 

temperature (Fig. 6). Data of PNV0, which had a very weak foam stability (see 

Fig. 4a), was presented for comparison. As shown in Figure 6a, at 25 oC, a 

significant predominant elastic response with G’s ~ 2.08 x 10-2 N/m and G”s ~ 

1.54 x 10-2 N/m was observed for PNV2, whereas the surface viscoelasticity 

(G’s, G”s) of PNV0 was nearly undetectable having largely discrete data due to 

its low torque in close proximity to the lower limit of torque sensor of rheometer. 

The high raw phase angle around 180o of PNV0 (see Fig.7a inset) also indicated 

the dominance of system inertia contribution over the interface contribution[47]. 

This difference on surface shear viscoelasticity between PNV0 and PNV2 is in 

good agreement with foam stability data (Fig.4a) as a robust interfacial film 

provides a better resistance against coalescence of bubbles. As temperature 

increased, the surface viscoelasticity experienced a gradual reduction, with the 

transition (i.e. G’s-G”s crossover) from solid-like (G’s > G”s) to liquid-like (G’s <G”s) 

response happened around the VPTT of the microgels(i.e. ~ 40 oC for PNV2). 

This responsive change in surface viscoelasticity strongly supports the “smart” 

feature of the thermo-responsive PNV-stabilized foams.  

For the case of PNV2-Cu (0.25 M Cu2+) that was demonstrated to be softer 

than PNV2, the microgel exhibited a lower surface viscoelasticity but a more 

gel-like behavior (G’s ≈ G”s) (Fig.7b). This confirmed the increased softness 
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provided by Cu2+ complexation as demonstrated by SLS (Fig.3). Meanwhile, the 

thermo-responsive reduction of surface viscoelasticity was greatly mitigated in 

the PNV2-Cu with a much smaller G’s(25 oC)/G’s(70 oC) ratio (~1.68) than that 

of pure PNV2 (~300.1). This was well consistent with the weakened thermo-

responsiveness of foams stabilized by Cu2+ complexed PNV2 microgels (Fig. 

4b,c). This confirms that the responsive foam destabilization of PNV2 microgels 

was dominated by bubble coalescence as a result of weak shear viscoelasticity 

of the interfacial layer. However, Cu2+ complexation was able to guarantee the 

PNV microgels with a considerable surface shear elasticity to resist such bubble 

coalescence.          

As schemed in Fig. 7c, at 25 oC, the swollen microgels with dangling 

polymer chains at the particle periphery are supposed to spread on the interface 

and overlap or entangle with each other to create a robust interfacial film, though 

a softer microgel (PNV2-Cu) can lower the surface viscoelasticity to a gel-like 

state. At 45 oC, PNV2 were shrunk into rigid particles with a lower volume 

occupying a smaller surface area, and transitioning the interfacial film to a liquid-

like state. However, for PNV2-Cu, though the microgels were partially de-

swelled but still had a lot of dangling polymer chains at particle periphery that 

kept strong chain entanglements and overlapping between neighboring 

microgels, thus maintaining a great surface viscoelasticity and hence the ultra-

stability of foams.    
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Figure 8. Image sequence of foam aging at t= 0, 10, 20 min after foam 

preparation of PNV2 (A-C), PNV2-Cu (0.25M Cu2+)(D-F) and SDS (G-I) at 25 

oC.  

In addition, the use of Cu2+ complexed PNV2 microgels as foam stabilizers 

had advantages over the others on keeping the interfacial films wet to reduce 

liquid drainage and/or drying as benefited from the superior swelling and the 

good solvation of Cu2+ ions. This was evidenced by the optical microscopic 

observation on the evolution of foam morphology with time at 25 oC (see Fig. 8). 

Upon aging, bubble shrinkage was observed in the PNV2 stabilized foam (Fig. 

8A-C), with bubble size gradually reduced and bubble shape become crimped 

as a result of liquid drainage and coarsening. In contrast, the PNV2-Cu 

stabilized foam (Fig. 8D-F) exhibited a better stability, having no obvious rupture 

tendency for 20 minutes under the resolution of optical microscope. This is 

similar with the SDS-stabilized foam (Fig. 8G-I) but the SDS-stabilized foam was 
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lightly dried out as a result of liquid drainage. Such good stability of the PNV2-

Cu stabilized foams was believed to be associated with the thick interfacial layer 

of ion complexed microgels surrounding the bubbles that had a good water 

retention ability and a strong mechanical property to resist coalescence/ 

coarsening.   

3.4 Selective recovery of Cu2+ from mixed salt solutions 

 

Figure 9. (a) Cu2+ sorption capacity q of PNV2 as a function of the initial Cu2+ 

concentration in CuSO4 solutions and in mixed salt solutions; (b) temperature 

dependence of Rh of PNV2 in mixed salt solutions with varied Cu2+ 

concentrations; (c-d) relative foam height (Ht/H0) as a function of time (c: 25 oC, 
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d: 45 oC) for PNV2 in mixed salt solutions with varied Cu2+ concentrations. The 

mixed salt solutions contained competitive ions of Mg2+, Zn2+, Na+ at a fixed 

concentration of 0.005 M.  

 

In practical environment Cu2+ is often coexisting with competitive ions, to 

evaluate the selective recovery capacity of the as-prepared PNV2 microgel to 

Cu2+ from coexisting competitive ions, sorption experiments were conducted in 

salt solutions containing 0.005 M Mg2+, Zn2+, Na+, mixing with Cu2+ at varied 

concentrations. The pure Cu2+ solutions at same concentrations were used as 

control sample. As shown in Fig. 9a, the PNV2 exhibited a good Cu2+ sorption 

capacity (e.g. q ~ 82.6 mg/g at 0.005 M Cu2+), and the q experienced a reduction 

to some extent when multiple competitive ions were presented. However, the 

reduction was not that significant especially when the Cu2+ concentration was 

increased to the same level as the competitive ions, that is, only a small change 

from 82.6 mg/g to 67.7 mg/g at 0.005 M Cu2+. Distribution coefficient, 𝐾𝑑 =

(𝐶𝑂 − 𝐶𝑒) 𝐶𝑒⁄ ∙ (𝑉 𝑚⁄ )  with C0, Ce the initial and equilibrium concentration of 

Cu2+, V the volume of solution and m the mass of adsorbent, was also calculated 

to evaluate the sorption selectivity. The Kd also shows a reducing difference with 

increased Cu2+ concentration between solutions with and without competitive 

ions, equating to 2.68 x 102 and 3.09 x 102 mL/g at 0.005 M Cu2+ for the former 

and the later, respectively. Hence a good selectivity of the PNV2 microgel to 

Cu2+ from mixed salt solution was thus demonstrated. Such sorption capacity 
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and selectivity are sitting in the rank of high-level adsorbents when comparing 

to those containing nitrogen-based ligands as reported in the literature [1].      

Moreover, the measurement of hydrodynamic radius (Rh) of the PNV2 

microgel in mixed salt solutions containing 0.005 M Mg2+, Zn2+, Na+ plus Cu2+ 

with varied concentrations (Fig.9b) also indicates the good selectivity of particle 

swelling behavior to Cu2+. In particular, in the absence of Cu2+, the particle in 

mixed solution exhibited a VPTT around 28 oC, a negative shift from pure PNV2 

as a result of weak Zn2+-amide complexation (Fig. 2d) and an aggregation 

phenomenon above the VPTT as a result of charge screening effect. However, 

in the presence of Cu2+, the particle aggregation above the VPTT was avoided 

and the VPTT was positively shifted with increased Cu2+ concentration to 43 oC 

at 0.005M Cu2+, able to distinguish the particles before and after Cu2+ sorption. 

Note that the particle size decrement observed here in mixed solutions as 

compared to the pure system (Fig.2) is supposed to a result of the complex 

Hofmeister effect (i.e. “salt-out”) and osmotic effect of co-existing multi-ions[70]. 

This, however, does not affect the conclusion of the Cu2+ selectivity of the PNV2 

microgel.       

The good Cu2+ selectivity from mixed salt solutions was further confirmed 

by the foam tests conducted at both 25 oC and 45 oC. As shown in Fig. 9c,d, in 

the mixed solutions of 0.005 M Mg2+, Zn2+, Na+, the presence of Cu2+ greatly 

enhanced the foam stability with foam height and foam life increased with 

increasing Cu2+ concentration, even though the foam stability was weakened to 
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some extent at 45 oC as a result of particle deswelling in the mixed solution.    

In a word, Cu2+ was demonstrated to be selectively recoverable from 

wastewater containing multiple competitive ions via responsive flotation based 

on the as-prepared PNV2 microgel. Once the Cu2+ complexed microgels are 

potentially separated from aqueous environment with foams via flotation, the 

foams can be readily destabilized by heating up to the VPTT of the Cu2+ 

complexed microgel to recover the Cu2+. The Cu2+ recovery is envisioned to be 

limited by the imidazole groups of the polymer. The proposed smart flotation 

strategy for “one-step” Cu2+ recovery is expected to overtake conventional water 

treatment techniques in terms of efficiency, environment friendliness, and ease 

of scale-up.  

 

4. Conclusion 

A thermosensitive and Cu2+ responsive poly (N-Isopropylacrylamide-co-

Vinyl imidazole) (PNV2) microgel with a hydrodynamic radius of 334  2.2 nm 

and a fuzziness of 37.2 7.9 nm has been successfully synthesized using a 

surfactant-free precipitation polymerization, as confirmed via a series of 

techniques. The VIM monomer at a feeding ratio of 20 wt% enhanced the 

swelling ratio of the pNIPAM-based microgel from 1.89 to 2.35 with a VPTT shift 

from ~32.5 oC to ~40 oC. The Cu2+-imidazole complexation was demonstrated 

to further enhance the swelling of the PNV microgel by an order of 30-50 nm in 

particle radius for Cu2+ within 0.005 M and 0.25 M. The VPTT shift significantly 
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from ~40 oC to ~50 oC for 0.005 M Cu2+, ~60 oC for 0.05 M Cu2+ and >> 60 oC 

for 0.25 M Cu2+, and the swelling/deswelling was tuneable by Cu2+ concentration. 

A softer and more homogenous microstructure with a more perfect spherical 

shape of the Cu2+ complexed PNV microgels than pure PNV was demonstrated 

based on the particle form factor analysis via SLS and the fuzzy sphere model.    

Thermo-responsive “smart” foams were readily stabilized by the PNV2 

microgels with a ultra-stability below its VPTT while rapidly collapsed above the 

VPTT when the microgels deswelled. The Cu2+ complexation enabled a 

modulation of temperature responsiveness of the foams by Cu2+ concentration, 

able to maintain a good foam stability in high temperatures(e.g. a life time > 6 h  

at 45 oC with 0.25 M Cu2+) whilst foams collapsed in solutions of competitive 

ions (e.g. ~2 min, ~10 min and ~15 min for Na+, Mg2+, Zn2+, respectively), 

providing possibility for selective Cu2+ recovery via a responsive froth flotation.  

   The interfacial study at air-water interface confirmed a good surface activity 

of both the swollen and collapsed PNV microgels with a maximum particle 

diffusivity (~ 6.12×10-7 m2s-1) towards the interface around the VPTT. The Cu2+ 

complexation better increased the surface acitivity of the microgel and 

weakened the temperature dependence of the interfacial diffusivity. Meanwhile, 

the Cu2+ complexation increased the surface dilatational viscoelasticity and 

reduced the thermosensitivity, but still insufficient to fully hamper bubble 

coarsening. A significant reduction in surface shear elasticity across the VPTT 

of microgels, with a G’s(25 oC)/G’s(70 oC) ratio ~300.1, was demonstrated to be 
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the dominant reason in controlling the responsive foam destabilization. The 

overlapping and engtanglements of dangling chains between the ultra-soft and 

swollen Cu2+-complexed PNV microgels was supposed to guarantee the great 

surface shear viscoelasticity, giving a G’s(25 oC)/G’s(70 oC) ratio ~1.68, and thus 

the ultra-stable foams at high temperatures.  

Ultimately, the good Cu2+ selectivity of PNV2 microgel was well 

demonstrated in multi-component solutions mixing 0.005 M competitive ions 

Na+, Mg2+, Zn2+ with Cu2+ at varied concentrations. The PNV2 exhibited a good 

Cu2+ sorption capacity, ~ 82.6 mg/g and ~ 67.7 mg/g at 0.005 M Cu2+ in the 

absence and the presence of mixed competitive ions, respectively. The Cu2+ 

tunnable particle swelling was maintained in the mixed salt solutions though the 

VPTT value was counterbalanced by Zn2+-amide complexation. The Cu2+ 

tunnable foam stabillity was also reserved in the mixed salt solutions. 

Overall, this study provides a new concept of using ion-complexation to 

regulate the stimuli-responsiveness of microgels and hence its stabilized 

foams/emulsions. The obtained results pave foundations to develop a 

responsive flotation for selective Cu2+ recovery in one step, which promisingly 

owns advantages over conventional treatment techniques on efficiency, circular 

economy and simplicity, etc.    
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