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Abstract

Temperature and pH responsive polymers (poly(N-isopropylacrylamide) (PNIPAAm), and

polyacrylic acid, PAA) were synthesized in one common macrofiltration PVDF membrane

platform by pore-filling method. The microstructure and morphology of the PNIPAAm-PVDF,

and PNIPAAm-FPAA-PVDF membranes were studied by attenuated total reflectance Fourier

transform infrared (ATR-FTIR), thermogravimetric analysis (TGA), scanning electron microscopy

(SEM) and atomic force microscopy (AFM). The membrane pore size was controlled by the

swelling and shrinking of the PNIPAAm at the temperature around lower critical solution

temperature (LCST). The composite membrane demonstrated a rapid and reversible swelling and

deswelling change within a small temperature range. The controllable flux makes it possible to

utilize this temperature responsive membrane as a valve to regulate filtration properties by

temperature change. Dextran solution (Mw=2,000,000g/mol, 26 nm diameter) was used to

evaluate the separation performance of the temperature responsive membranes. The ranges of

dextran rejection are from 4% to 95% depending on the temperature, monomer amount and

pressure. The full-scale membrane was also developed to confirm the feasibility of our bench-

scale experimental results. The full-scale membrane also exhibited both temperature and pH

responsivity. This system was also used for controlled nanoparticles synthesis and for

dechlorination reaction.
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1. Introduction

Environmentally sensitive polymers have gained considerable attention in areas ranging

from new material designs to drug delivery and composite biomaterials[1-4]. These

polymers can transform between swollen and shrunk state reversibly in response to

environmental conditions such as pH, temperature, light, the nature of solvent and added

chemicals[5-7]. For example, poly(acrylic acid) (PAA) is a typical polyelectrolyte and

particularly used in sensing and modulating external chemical signals due to the

conformation change based on pH change and ionic strength of the aqueous media[8].

Poly(N-isopropylacrylamide)(PNIPAAm), on the other hand, is the most widely studied

temperature responsive polymer. It exhibits remarkable and reversible hydration-

dehydration changes in temperature near lower critical solution temperature (LCST) at

around 32°C[9]. Below the LCST, the polymer network is hydrophilic due to the formation

of the hydrogen bonding between amide groups on the PNIPAAm chain and water

molecules. When the temperature increases higher than the LCST, the hydrogen bonds are

broken and water is expelled from the network leading to the hydrophobic network[10, 11].

These smart polymers are considered to have great potential in a wide variety of

applications, such as, controlled drug delivery, chemical separation, water treatment, sensor

and bioreactors[12-14].

However, these polymers, unfortunately, usually lack mechanical strength to be used alone

for a particular application. Therefore, responsive membranes with the combination of a

responsive hydrogel and a porous substrate membrane have been developed [15, 16]. The

porous supports can provide mechanical strength and dimensional stability. Several micro-

porous supports have been reported including poly(vinylidene fluoride) (PVDF)[13],

polyethylene (PE)[17], polypropylene (PP)[18], poly(ethylene terephthalate) (PET)[19],

polycarbonate (PC)[20]. PVDF is known to have advantages of good thermal and chemical

resistance properties and also the asymmetric structure is known to have lower mass transfer

resistances[21]. Our group has already published the formation of PAA hydrogels inside the

pores of PVDF membranes for in-situ nanoparticle fabrication and toxic organic

remediation[22, 23].

Since temperature responsive polymer is the most easily designed and controlled among

these stimuli, thermo-responsive membranes have gained special interest. Most thermo-

responsive membranes have been prepared by forming PNIPAAm chains directly in/on

porous membranes. The methods reported include UV photo-grafting, plasma modification,

irradiation and ion–tracking[24-26]. These macroporous membranes with PNIPAAm

hydrogel can act as a valve with controlled or adjusted permeability due to the open and

close of membrane pores caused by the shrinking and swelling of PNIPAAm chain

according to the temperature changes. In comparison with conventional separation process,

this proposed membrane system may have the potential to separate mixtures of molecules

with similar molecular sizes through selective adsorption of different molecules based on the

modification of hydrophobicity and hydrophilicity by immobilized thermo-sensitive gel[25].

Moreover, the process has both feed and permeate streams, which can allow the continuous

flow and allow to collect the permeate with a temperature swing operation. Besides the use

of advanced separation, this system also has the potential to water treatment technology[27].

Xiao et al. Page 2

J Memb Sci. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



This platform can be used as a support to immobilize metal nanoparticles for catalytic

dechlorination of toxic chlorinated organic compounds with the prevention of aggregation,

oxidation and potentially tunable reactivity via the change of temperature. On the other

hand, the immobilized functional polymers in the membrane support are important for the

gating of stimuli-responsive permeability of membranes. Therefore, several important

parameters, such as the grafting yield, the morphologies of filled polymer gel, the molecular

size of permeate and initial membrane pore size have been reported to play an important

role[28] and need to be investigated. For responsive membranes, stable responsive

characteristics are also very important and essential.

The synthesis of temperature responsive membranes have been published for the application

of controllable drug release. However, the synthesis of both temperature and pH responsive

membranes for both separation and reactions based on full-scale membranes hasn't been

reported yet. Therefore, the main objectives of this study are: (1) preparation and

characterization of PNIPAAm functionalized PVDF membrane; (2) investigation about the

temperature responsive on solvent permeation properties; (3) studies of the effects of

monomer concentration and cross-linker amount on the temperature responsive permeation

flux behavior; (4) the development of both temperature and pH responsive membrane based

on full-scale membrane to evaluate the feasibility of continuous manufacture of

functionalized membranes and (5) the synthesis of PNIPAAm-PAA-PVDF with

immobilized metal nanoparticles for catalytic dechlorination.

2. Experimental

2.1. Materials

All chemicals were used as reagent grade. Hydrophilized polyvinylidene fluoride (PVDF)

microfiltration membranes were obtained from Millipore (average pore size: 0.65 m,

thickness:125 m, porosity: 70%, diameter: 142 mm) and full-scale PAA-PVDFHE

membrane[29] (hydrophilized, average pore size: 0.42 m, PVDF layer thickness: 70 m

porosity: 45 55%) was obtained from Sepro Membranes Inc., Oceanside, CA. N-

isopropylacrylamide (NIPAAm), N,N'-methylenebisacrylamide (BIS), ammonium persulfate

(APS), N,N,N',N'-tetramethylethylenediamine (TEMED), acrylic acid (AA) and ethanol

(>99.5%), dextran (Mw=2,000,000 g/mol) were purchased from Sigma-Aldrich. Deionized

ultra-filtered water (DIUF) was from Fischer Scientific. Ultra-high purity (UHP) nitrogen

gas used in flux experiments was purchased from Scott Specialty Gases.

2.2. Synthesis of PNIPAM-functionalized PVDF Millipore membrane

Although many membranes can be used for this application, PVDF membrane was chosen

in this paper because of its chemical resistance properties and good thermal stability[21].

The thermo-sensitive PNIPAAm-PVDF membrane was prepared via pore-filling method by

the redox polymerization as reported in the literatures [30, 31]. The polymerization was

conducted in aqueous phase. The polymerization solution contained 5 wt% NIPAAm

(monomer), BIS (cross-linker, added in a 0.1-5% molar ratio of BIS to NIPAAm), and 1%

APS (initiator). The solution was purged with nitrogen for 1h. After adding 1% of redox

accelerator, TEMED, the PVDF membrane was put into the solution and the reaction
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continued for 6h at 25°C. The resulting composite membrane was taken out from the gel

carefully and immersed in DIUF overnight. The effects of cross-linker density and monomer

concentration were also studied.

The full-scale FPAA-PVDFHE flat sheets (40 inches wide and 300 feet long, 70 m PVDF

thickness) were recently developed by joint work with Sepro Membranes Inc., Oceanside,

CA. These hydrophilized PVDF membrane support was made with backing fabric to

increase material stability. They have fairly uniform geometry, open structure and polymer

distribution. The full-scale membrane was post-functionalized with PNIPAAm to get both

temperature and pH responsive behavior. It should be noted that unlike the Millipore PVDF

membrane, the functionalization of full-scale membrane was by dip-coating method.

Therefore, a higher NIPAAm concentration (13wt%) is used to make sure enough polymer

formed in the pores. 1 mol% of BIS and 1 mol% of APS with respect to NIPAAm were

added to the solution, and the membrane was immersed in the monomer solution for 5 min.

The membrane was sandwiched into two glass plates after getting rid of excess solution on

the membrane surface and put it in the oven for 2.5h at 70°C. The membrane was washed

with DIUF and ethanol for several times, and immersed in DIUF overnight. The schematic

for the PNIPAAm functionalization with full-scale FPAA-PVDFHE Sepro membrane

(PNIPAAm-FPAA-PVDFHE) is shown in Figure 1. The membrane description and their

abbreviation are shown in Table 1.

2.3. Attenuated total reflectance Fourier transform infrared (ATR-FTIR)

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) (Varian 7000e) was

used to determine the presence of functional groups in PNIPAAm-PVDF membrane. The

samples were placed on the diamond crystal and the spectrum was obtained between 500

and 4000 cm-1 for 32 scans at a resolution of 8 cm-1.

2.4. Scanning Electron Microscopy (SEM)

The surface and cross-section morphology of the blank PVDF and PNIPAAm-PVDF

membranes were studied by Hitachi S-4300 Scanning Electron Microscope (SEM). The

samples were mounted on the sample studs and a thin layer of gold was sputtered on the

sample surface for imaging purpose. The SEM measurements were performed at an

accelerating voltage of 10 kV.

The effect of temperature on the morphology of membranes was also investigated. The

membranes were swelled in water at temperature 25°C and 40°C for 48h to reach

equilibrium, respectively. Then, the membrane was taken out and immediately put it in

liquid nitrogen, and dried under freeze drying. The dry samples were used for SEM analysis.

2.5. Thermal analysis

The thermal properties of the PNIPAAm-PVDF membrane were measured by

thermogravimetric (TG) analysis and differential scanning calorimetry (DSC). For TG

analysis, the samples were heated up to 600°C with a rate of 10°C/min under dry nitrogen

atmosphere by using a TGA 2050 thermo-gravimetric analyzer (TA Instrument, USA). For

DSC analysis[13, 30], the samples were immersed in distilled water at room temperature for
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at least two days to reach a swollen state. About 10 mg swollen sample was placed inside a

hermetic aluminum lid. The thermal analyses were performed from 25 to 50 °C on the

swollen samples by using DSC An empty pan was used as reference. Q200 (TA instrument

USA) under dry nitrogen atmosphere with a flow rate of 50 mL/min and a heating rate of

0.5°C/min and 2.5°C/min to check the effect of heating rate.

2.6. Atomic force microscopy (AFM)

The membrane surface was also characterized by AFM (Agilent PicoPlus 3000) using a

resonance frequency of approximately 150 kHz in tapping mode. The average roughness

(the average deviation of the peaks and valleys height from the mean value) was determined

on 5 m × 5 m membrane area. All AFM images were processed and presented using

Gwyddion software.

2.7. Temperature-responsive flux measurements

The water permeability was measured at different temperatures to study the temperature

responsive flux behavior of PNIPAAm-PVDF Millipore membranes and PNIPAAm-FPAA-

PVDFHE Sepro membrane. The tested membrane was mounted in a stirred cell (Millipore).

The stirred cell containing the feed water was kept in constant temperature for at least 1.5 h

by electrical heating tape with a digital thermocouple to continuously monitor the internal

feed temperature at the membrane-solution interface. The cell was pressurized using pure

nitrogen. Once the membrane flux reached steady-state, volume flux was measured in

triplicates by recording the volume passed in a given time interval. A final run was

conducted by adjusting the feed temperature back to 30°C to test for reversibility.

2.8. Dextran rejection

The solution consisting of 2 g/L dextran (MW = 2,000,000 g/mol) was fed into a convective

flow cell and was equilibrated at 30°C for 1h at 1.4 bar. After first run, the DIUF feed was

replaced with dextran solution at 30.0°C to wash the membrane. Then, a second rejection

study was conducted at 34.0°C. All experiments were conducted in triplicate and average

values are given. After equilibration, multiple permeate and feed samples were collected for

total organic carbon (TOC) and gel permeation chromatography (GPC) analysis.

2.9. Total organic carbon (TOC) analysis

The total organic carbon was analyzed using a TOC analyzer. Carbon standards were

prepared in the range from 1-100 mg/L to generate a calibration curve. Samples were

automatically introduced to the TOC analyzer (experimental error <2%). Ultra-high purity

nitrogen was used as the carrier gas at 87.0 psi and a flow rate of 150 mL/min.

2.10. Gel Permeation Chromatography (GPC)

Feed and permeate samples (1mL) were analyzed by a Shimadzu HPLC system with a

Shimadzu refractive index detector (RID-10A). The gel permeation column used was a

Shimadzu (Tokyo, Japan) TSK-GEL G6000PWXl. Column temperature was maintained at

30±1°C. For analysis, the column was operated under isocratic flow conditions of 0.5

mL/min with phosphate buffered saline (PBS) (0.0119M phosphates, 0.137 M NaCl, 0.0027
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KCl) (pH 7) as the mobile phase. Before injection, the samples were filtered with 0.45 m

PVDF porous membrane.

2.11. Salt rejection through PNIPAAm-FPAA-PVDFHE Sepro membrane

Na2SO4 rejection experiments were performed using a stirred membrane cell provided by

Millipore with a membrane cross-sectional area of 13.2 cm2 including a stirring device to

minimize the effects of concentration polarization. The effects of Na2SO4 concentration on

the rejection was also investigated by using 100 mg/L and 1000 mg/L concentration. The

sodium concentration was measured with a Varian AA220 series atomic absorption

spectrophotometer.

2.12. Metallic nanoparticles synthesis within PNIPAAm-FPAA-PVDFHE membrane

The method for the synthesis of nanoparticles is developed by our group and described

anywhere else[22, 23]. Before ion exchange with Fe2+, the membrane was immersed in

NaCl/NaOH solution (pH=11.9) overnight to convert –COOH to –COONa. In the next step,

the membrane was washed with DIUF until the pH of the effluent became neutral. Then, the

membrane was immersed in 200 mL 200 mg/L FeCl2 solution at a pH of 5.5 for 4 h.

Nitrogen gas was bubbled to minimize the oxidation of Fe2+. The reduction with sodium

borohydride ensured the Fe0 nanoparticle formation. The membrane was stored in ethanol to

prevent the oxidation. For the deposition of second metal (Pd) on the surface of Fe

nanoparticles, the membrane was immersed in K2PdCl4 solution of ethanol and water (90:10

vol%). The concentration of K2PdCl4 solution varied based on the Pd amount desired to be

deposited on the Fe nanoparticles. The amount of Fe and Pd immobilized in the membranes

during the ion exchange and post coating was quantified using Varian AA220 series atomic

absorption spectrophotometer with the wavelength of 386.0nm and 247.6 nm respectively.

3. Results and Discussion

3.1. Functionalized Membrane Characterization

3.1.1 ATR-FTIR spectroscopy of the PNIPAAm functionalized PVDF membrane
—The functionalization of the PVDF membranes with PNIPAAm was characterized by

ATR-FTIR spectroscopy as shown in Figure 2. The characteristic absorption band for CF2

of blank PVDF appears at 1120-1280 cm-1 [32]. Compared with the spectrum of blank

PVDF membrane, two new peaks appeared at about 1650 and 1540 cm 1 in both spectra of

PNIPAAm-PVDF and PNIPAAm-FPAA-PVDFHE composite membrane. The absorption

band at about 1650 cm 1 belongs to the second amide C=O stretching (amide I) and the band

at 1540 cm 1 is corresponding to the N–H stretching (amide II) of the O=C–NH groups in

the PNIPAAm chains [24, 26, 33]. The peaks in 1366-1466 cm-1 range are corresponding to

the symmetrical and asymmetrical bonds of isopropyl groups from NIPAAm. This

comparison results verified the formation of PNIPAAm with PVDF membrane support by

pore-filling method.

3.1.2 Thermal analysis—The thermal stability of blank PVDF and PNIPAAm-PVDF

Millipore membranes were evaluated by TGA, and the resulting TGA curves are presented

in Figure S1. The blank PVDF begins to decompose at about 460°C[32], while the
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PNIPAAm-PVDF shows a distinct two-step degradation process. This phenomenon is

attributed to the degradation of PNIPAAm chains and PVDF main chains at different

temperatures. The first major loss of PVDF-PNIPAAm begins at about 400°C,

corresponding to the decomposition of PNIPAAm chains[26, 30]. The onset of second major

loss occurs at about 460°C, which is attributed to the decomposition of PVDF main chains.

Figure S2 shows the thermograms of the PNIPAAm-PVDF membrane. Since the hydrogen

bonding between the water solvent and PNIPAAm chains will be broken during the

dehydration process upon heating[30], only one endothermic peak is observed as shown in

Figure S2. The transition temperature (LCST) determined from the intersection of the

baseline and the leading edge of the endotherm and is about 32±0.5°C, which is consistent

with the reported LCST of PNIPAAm[11, 13]. Additional information about the effect of

heating rate on the LCST measurement can be found in supporting information.

3.1.3 Microstructure and morphology analysis

3.1.3.1 SEM: The morphologies of the blank PVDF and PNIPAAm-PVDF Millipore

membranes were examined by SEM shown in Figure 3. The blank PVDF Millipore

membrane shows (Figure 3A) a highly porous structure with mostly circular shape and non-

uniform pore size. As expected, the functionalized PNIPAAm-PVDF membrane (Figure 3B

and C) showed less porosity with small size of pores. The grafted hydrogels were not

removed in the rinse treatment, which indicate the strong attachment between the PNIPAAm

hydrogel and the PVDF membrane[20]. The microstructure showed strong evidence of the

polymerization of NIPAAm onto the membrane.

On the other hand, the surface images (Figure S3A and B) of PNIPAAm-FPAA-PVDF

Sepro membranes clearly show that the PNIPAAm was coated on the surface with decrease

of pore size. Furthermore, it can be obviously seen from the cross-section images (Figure

S3C and D) that the PNIPAAm hydrogel filled in the pores through the whole FPAA-PVDF

layer resulting in a denser membrane and less porosity. It should be noted that all the SEM

images are obtained under dry conditions. Therefore, the real morphology of PNIPAAm-

FPAA-PVDF membranes may be more different from FPAA-PVDF membrane. These

results are consistent with the reported methods by using different membrane supports and

synthesis techniques [34, 35].

The temperature effect on the structure of composite membrane was also studied and

showed in Figure 3B and C. It indicates that the membrane pore size is increased when

temperature increases from 25°C (below LCST) to 40°C(above LCST). This phenomenon is

consistent with the change in conformation and orientation of the PNIPAAm chain near the

LCST. When the temperature is below the LCST, the PNIPAAm hydrogel on the membrane

or the inner pores swells and occupies the pore volume, which decrease the effective pore

size. Whereas when the temperature above the LCST, the PNIPAAm hydrogel changes to a

shrinking state, leading to the increase of the effective pore size. Therefore, by adjusting the

initial monomer concentration, the pore-filling density in the membrane support can be

controlled, which in turn regulate the temperature responsive behavior as detailed discussed

in the following section.
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3.1.3.2 AFM: AFM was chosen to characterize the surface morphology of full-scale

PVDFHE and functionalized PNIPAAm-FPAA-PVDF Sepro membranes as shown in

Figure 4. Average roughness is defined as average deviation of the peaks and valleys from

the mean plane and root mean squared (RMS) roughness is the RMS deviation of the peaks

and valleys. The untreated PVDF membrane showed a flat surface, but as shown in Figure 4,

PNIPAAm-FPAA-PVDF membrane roughness increases and has many isolated rough spots,

which was also found with PNIPAAm grafted PET membrane[36, 37]. The remarkable

topography change is attributed to the grafting of PNIPAM chains.

3.2. Temperature Responsive Water Flux through the PNIPAAm-PVDF Membranes

To investigate the pore opening and closing of PNIPAAm functionalized PVDF membrane

due to the swelling and shrinking behavior with response to temperature changes, the water

permeability of PNIPAAm-PVDF membrane was measured at temperature below and above

LCST. The effects of cross-linker amount and monomer amount are investigated in this

section.

3.2.1 Theory—According to Hagen–Poiseuille's (HP) equation [20, 30], the fluid flux is

dependent on the following factors:

(1)

Where J is the volume flux (L/m2/h); N is the membrane pore density; A is the membrane

area; D is the pore diameter; is the dynamic viscosity of water, L is the membrane thickness,

and ΔP is the transmembrane pressure difference. According to this equation, the flux is

inverse proportional to the viscosity, which is also related to temperature. Therefore, to

eliminate the temperature effects, reported flux was normalized by:

(2)

Where JTand represents the reported flux and viscosity at temperature T, and 25°c

represents the viscosity of water at 25°C.

Assuming a cylindrical pore and uniform polymer distribution throughout the membrane

pores, the effective pore size can be calculated from Eq.1 based on the water flux

measurement. Then the volume fraction ( ) of the polymer in the membrane is:

(3)

Where Do is the pore diameter for blank membrane; Df is the pore diameter for

functionalized membrane.
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3.2.2. Effects of cross-linker amount—In an attempt to control the membrane flux

response, the effect of cross-linker amount was investigated. Figure 5 shows the water fluxes

of PNIPAAm-PVDF membranes with different cross-linker amounts ranging from 0.1% to

2%. As for comparison, the permeability of blank PVDF membrane is 3809L/m2/h/bar.

When temperature increased, the permeability of blank PVDF membrane was increased to

4864L/m2/h/bar due to water viscosity decrease (as indicated in Eq.1). To eliminate the

effects of viscosity, all the flux data were normalized with viscosity at 25°C. As shown in

Figure 5, PNIPAAm-PVDF membranes show obvious thermo-responsive characteristics.

The ratio of flux at 30°C (below LCST) and 34°C (above LCST) was plotted in Figure 5 to

directly compare the degree of response. For all the cross-linker amounts from 0.1 to 0.5

mol%, an increase in the relative permeability ratio or “valve” ratio was observed reaching a

maximum of approximately 15 at the temperature about 34°C (above LCST). The valve

mechanism was achieved by the transition between the polymer swelling (30°C) and

shrinking (34°C) to close and open the membrane pore[26, 33] (as shown in the SEM image

(Figure 3B and 3C)). The constant permeability(J30’/J30=1) when temperature was returned

to 30°C, indicates the temperature responsive reversibility and stability. It should be noted

that although 0.5mol% cross-linker amount shows the best “valve” ratio, a more stable

network are required since there is no covalent bonding between the filled polymer chain

and the membrane. 15 times of flux increase may cause the filled polymer chain to be

washed out. On the other hand, for cross-linker amounts increased from 0.5 and up to 2.0

mol%, the permeability ratio decreased, but still retained temperature-responsive behavior.

At higher crosslinker amount, the lower temperature response is due to the limited

movement of PNIPAAm chains immobilized in membrane pores, which can reduce the

swelling ratio of hydrogel[30, 37]. In addition for separation application, the system can also

be used to immobilize metal nanoparticles to degrade chloro-organics. Too much cross-

linking may cause the diffusion problems and reduce the reaction. Therefore, by varying the

cross-linker amount, swelling–shrinking ratio of the thermo-sensitive membrane can be

modified leading to greater or lesser flow through the membrane pores.

3.2.3. Effects of Monomer Concentration—Since this temperature-dependent

permeation is due to the conformation change of PNIPAAm chain on the surface and also in

the membrane pores, the response of functionalized PVDF membranes can be regulated by

the control of grafting amount of NIPAAm. Figure 6 shows the relationship of flux and

NIPAAm concentration. The flux was decreased as the increase of NIPAAm concentration.

Wang et al[38] has proved the linear relationship between grafting amount and NIPAAm

concentration in the range of 0-15%.Therefore, more pores will be occupied by the polymer

with the monomer amount increase, which leads to the reduction of water permeability.

According to the Hagen-Poiseuille's law, the mean effective pore diameter was calculated

base on Eq. 1 and the result is shown in Figure 6. It shows the effective pore diameter

decreased from 230 nm to 100 nm (650 nm for blank PVDF) with the increase of monomer

amount from 1 to 5 wt% due to the increase of pore coverage by PNIPAAm hydrogels. By

adjusting the monomer concentration, one would expect to control the morphology of the

membrane pore and further regulate the temperature responsive behavior. This result is

consistent with the previous reports by Lue and Wang's groups[30, 37] and also a further

proof of PNIPAAm inside the membrane pores.
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3.3. Quantification of Temperature Dependent Unsteady-state Membrane Flux

In order to reveal the dynamics of thermo-responsive gating behavior, the unsteady-state

hydraulic flux through the PNIPAAm-PVDF membrane was plotted against controlled step

changes in solvent feed temperature as shown in Figure 7. The feed temperature was raised

by 4 degrees from 30.0°C to 34.0°C within an interval of 180 seconds. The observed change

in steady-state flux was found to occur over a relatively short time interval of approximately

20 minutes. The second run (red circle, Figure 7) shows agreeable reproducibility in

absolute flux measurements as well as reversibility of temperature flux response over a

similar time interval. The reversible flux response supports the conclusion that the stable

network of cross-linked hydrogel and porous PVDF support provides increased mechanical

robustness over extended periods of use and higher operating pressures.

3.4 Temperature and pH dependent hydraulic permeability of PNIPAAm-FPAA-PVDFHE
membrane

The flux of aqueous solutions through the PNIPAAm-FPAA-PVDFHE Sepro membrane

was investigated as functions of both temperature (in the temperature range from 22°C to

45°C) and pH (pH=4, 6.3, 7.3). The water permeability data are plotted against temperature

and fitted with error function[20].

(4)

Where A and B are independent constants, Tc is the LCST (°C), and ΔT is the temperature

transition change from open-state to closed-state (°C). By using this model, the experimental

parameters, such as open-state permeability, close-state permeability, switching temperature,

switching range can be determined. The regression was performed through a nonlinear least-

squares curve fitting (lsqnonlin) in MATLAB®. The results are shown in Figure 8 and the

fitted data are in Table S1. For comparison, the temperature has no effects on the full-scale

FPAA-PVDFHE Sepro membrane as shown in the inset of Figure 8. In general, the water

flux through the PNIPAAm-FPAA-PVDFHE Sepro membrane is both temperature and pH

dependent. The water flux decreases with the increase of water pH from 4 to 7.3 at a fixed

temperature. The volume fraction of hydrogel in FPAA-PVDFHE and PNIPAAm-FPAA-

PVDFHE membranes are estimated to be 51% and 92% (pH=6.5) respectively, by using Eq.

1 and Eq. 3. The volume fraction can significantly affect the transport of solute through the

membrane pores and can be easily optimized by changing the grafting ratio of the hydrogel

or using a membrane with different size.

It should be noticed that after the run at pH=7.3, another run with different temperatures at

pH=6.3 was conducted (dark red broken circle in Figure 8). The same flux data indicates

that the pH and temperature-dependent changes in water flux are completely reversible. The

change in flux in response to pH can be caused by the conformation change of acrylic acid

polymer chain in the PNIPAAm-FPAA-PVDFHE Sepro membrane. It also shows that at

higher temperature, the pH sensitivity is also enhanced. When the temperature is higher than

32°C (above LCST), the water flux exhibits a more marked increase with the pH decreasing
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from 7.3 to 4 (Figure 8). This may because the PNIPAAm polymer collapses and becomes

hydrophobic at temperature above LCST. More ionized carboxylate groups at higher

temperature[39], allows the enhanced interaction between PAA chains and water[40]. As a

consequence, pH sensitivity at higher temperature is increased. Furthermore, the temperature

sensitivity increases in the lower pH range. As shown in Figure 8, the flux showed more

obvious change at pH=4 than pH=7.3. This phenomenon can be explained that the

PNIPAAm chain will play an predominant role when the PAA polymer chain exhibit a

helical conformation at lower pH[41-43]. More PNIPAAm chain will interact with water

leading to a higher temperature sensitivity.

Furthermore, as documented, the PNIPAAm-PAA copolymers can shift the LCST to higher

temperature, or even worse, can cause the loss of temperature responsivity at higher pH

value[44]. However, in this work, the results (Figure 8 and Table S1) shows pH and

temperature response are independent and the pH values has negligible effect on LCST. This

may because PNIPAAm and PAA are chemically independent with the formed

interpenetrating network (IPN)[45] by post polymerization of NIPAAm (cross-linked)

within the cross-linked PAA gel network. It also offers more favorable mechanical

properties when compared with individual cross-linked network[46]. Therefore, it can

broaden the system to very sensitive application, such as, drug delivery. Also, the alterable

water flux can be utilized as a sensor and valve to control the liquid transfer process by

temperature response.

Since the polymer was not covalently bonded with the membrane, a natural question might

be raised about the stability of the membrane. Firstly, the reversible temperature and pH

responsive properties can be cycled repeatedly as shown in Figure 7 and Figure 8. Secondly,

to check the long term stability of the membrane, the water flux and responsive properties of

a same membrane sample were tested over two experimental periods which were 6 months

apart. The membrane was washed with DIUF, dried under vacuum and stored in a sample

bag. The water flux slightly decreases from 14 L/m2/h to 12 L/m2/h at pH=6.3 and T=23°C

during the 6 months time interval. In addition, the temperature responsive on-off ratio was

reduced from 6.8 to 6.4 calculated from the ratios of permeability at 40°C to that of 25°C at

pH 6.3. The on-off ratio also slightly decreased from 4.6 to 4.3 for pH 4 to pH 7 at T=25°C.

These data confirm the stability of the responsive membranes and the promising potential in

controlled separation or drug release applications.

3.5 Dextran Rejection through PNIPAAm-PVDF Membranes

The dramatic change of pore size of the thermo-sensitive membranes makes it possible to

separate molecules with different size. To evaluate the temperature effect on the separation

behavior, dextran was utilized and the rejections with respect to temperature are shown in

Figure 9 and Figure 10. The dextran molecular weight is 2,000,000 g/mol and the feed

concentration is 2 g/L. For both PNIPAAm-PVDF (Millipore) and PNIPAAm-FPAA-

PVDFHE (Sepro) membranes, the flux of solution increases, while the dextran rejection

decreases with the increasing of temperature. The reduction of rejection can be explained by

the pore size increasing, which leads to more molecules transport through the pore at higher

temperature. To further prove the rejection results, GPC experiment was conducted to
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evaluate the dextran concentration before and after the dextran permeation and the result is

shown in Figure S4. PNIPAAm-PVDF Millipore membrane (5% NIPAAm with 5% cross-

linker) (Figure 9) was used as an example and the result shows that as expected, at lower

temperature with higher rejection (almost 100%), the dextran concentration in the permeate

is almost 0, which is consistent with that of TOC results.

The monomer concentration effect on the dextran rejection was also investigated as shown

in Figure 9. The dextran rejection is obviously increased from 5% to 95% (30°C) with the

monomer concentration increasing from 1% to 5%. The pH effect on the dextran rejection

through PNIPAAm-FPAA-PVDFHE Sepro membrane was also investigated as shown in

Figure 10. It indicates that at constant temperature, the dextran rejection increase with the

increase of pH from 4 to 7.3. This result is in good agreement with the swelling and

shrinking of PAA chain in membrane pores. At pH 7.3 above pKa (~4.5), the PAA chain

swells and reduces the pore size which subsequently decrease the pore size of the membrane

and increase the mass transfer resistance, resulting the high dextran rejection. For better

comparison, the dextran rejection through full-scale FPAA-PVDFHE Sepro membrane at

different pH was also studied, which shows no rejection at pH=4 and 6.3, and only 9%

rejection at pH=7.3. The confirms that the significant increase of dextran rejection through

PNIPAAm-FPAA-PVDFHE Sepro membrane is due to the formed PNIPAAm chains in the

membrane.

3.6 Na2SO4 Rejection through PNIPAAm-FPAA-PVDFHE Sepro Membranes

To further illustrate temperature effects on the nanofiltration type separation properties,

single salt rejection studies were performed using 100 mg/L and 1000 mg/L Na2SO4 at

different temperatures as shown in Figure 11. The salt rejection is based on both steric

exclusion and donnan exclusion. Therefore, Na2SO4 rejection through full-scale FPAA-

PVDFHE Sepro membrane was firstly studied as a control experiment to eliminate the

charge effect by PAA. The result shows 12.2% rejection at 25°C, 11.5% at 30°C and 5.3%

at 34°C at pH=6.5, which is attributed to to the high salt diffusion through the membrane at

higher temperature [47]. On the other hand, for PNIPAAm-FPAA-PVDFHE Sepro

membrane, the rejection increased to 32% at temperature below LCST and 25% at

temperature above LCST because of the more dominated steric exclusion than donnan

exclusion. It should be noted that the increase of the salt concentration from 100 mg/L to

1000 mg/L reduces the Na2SO4 rejection from 30% to 5% (25°C), which is reasonable

because as the salt concentration increases, the electrostatic repulsion between polymer

chains reduces, so the interaction between salt and membrane decreases leading to the less

rejection of salt[47]. These results will be more important because this separation properties

through polymer filled membrane can be switched from molecules selective from ultra-

filtration to micro-filtration or even just filtration (transport of all molecules) through only

the temperature and pH change.

3.6 Catalytic Dechlorination

In our previous publication[48], PNIPAAm-PAA hydrogel has been used as support to

immobilized nanoparticles and used in the degradation of toxic chloro-organics with

improved reactivity by the temperature responsive polymer. In this work, the hydrogel was
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filled within the membrane to increase the mechanical strength and can be used under

convective flow to reduce the mass transfer resistance. Another advantage is that the

nanoparticles amount in the membrane pore can be controlled. As shown in Figure S5, after

3 runs, the iron loading amount is increased to about 15 mg. The corresponding flux is also

shown in Figure S5. With the increase of nanoparticles amount in the membrane, more

membrane pores are occupied, causing the reduction of flux. Since the nanoparticles are

formed by iron exchange followed by reduction, the free –COOH groups from PAA can also

be utilized to capture ferrous ion again. Therefore, the iron loading amount can keep

increasing. However this will sacrifice the effective membrane pore size, which in turn

requires high pressure for the reaction. By adjusting the iron loading amount, the optimized

reaction reactivity can be obtained.

The nanoparticles were studied for the degradation of trichloroethylene (TCE), an

ubiquitous pollutant. The detailed information about using Fe or Fe/Pd nanoparticle for

dechlorination can be found in our publications[22, 23, 49]. Pd is used to catalyze the

reaction. The reactivity can be calculated by the pseudo-first order model[50, 51]:

(5)

Where, C is TCE concentration in water (mg/L); kSA is surface area normalized

reactivity(L/m2h); αs is the specific surface area of nanoparticles (m2/g); ρm is the mass

concentration of nanoparticles (g/L), t is the time (h).

Figure 12 shows the successful degradation of TCE by Fe/Pd nanoparticles (50 nm size as

shown in the inset SEM image) with 70% of TCE degradation and 90% of chloride

formation as the product within 3 h. The surface area normalized reactivity was calculated to

be 0.15 L/m2/h by using Eq. 5., which is consistent with reported dechlorination reactivity

by Fe/Pd nanoparticles[49, 51, 52]. Our previous study shows three times increase of

reactivity by using Fe/Pd nanoparticles immobilized in PNIPAAm-PAA hydrogel [48]. Our

future work will involve the effect of temperature on reactivity by Fe/Pd nanoparticles

within temperature responsive PNIPAAm-FPAA-PVDF membrane. Furthermore, the

cooperative work for full-scale membrane manufacturing will continue to optimize the

membranes for direct reactive nanoparticles synthesis. For the first time, direct in-situ

synthesis of NPs in the full-scale membranes is conducted and thus will enhance the

application for on-site groundwater treatment.

5. Conclusion

In this study, temperature responsive PNIPAAm-PVDF and both pH and temperature PAA-

PNIPAAm-PVDF membranes prepared by pore-filling method with wide range of both

monomer concentration and cross-linker were investigated systematically. A rapid and

reversible swelling and shrinking of PNIPAAm chains can enlarge and reduce the effective

pore size of the membrane. The water flux through the temperature responsive membrane

varied by up to15 times for temperature changes from 30 °C(below LCST) to 34 °C (above

LCST). The system can be employed as a sensor or a valve with temperature response.
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Dextran solution was used to evaluate the separation properties by this temperature

responsive membrane and the result showed dramatic separation performance change by

temperature change. To our knowledge, full-scale pore functionalization of PVDF

microfiltration membranes to obtain responsive behavior has not been reported in the

literature. Direct synthesis of catalytic metal nanoparticles with various loading amounts

was established for toxic chloro-organics degradation. This functionalized membrane with

tunable size-selectivity and temperature-responsive features can advance the separation

process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• Developed a new approach to create both temperature and pH responsive

membranes

• Successfully demonstrated rapid and reversible water permeability

• Tunable and controllable separation with temperature

• In-situ synthesis of catalytic metal nanoparticles in functionalized membranes

• Development of full-scale membrane proved the feasibility of bench-scale

results
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Figure 1.
Schematic of proposed interpenetrating network (IPN) formation by post PNIPAAm

functionalization of full-scale cross-linked FPAA-PVDFHE sepro membrane (PNIPAAm-

FPAA-PVDFHE).
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Figure 2.
ATR-FTIR spectrum of blank PVDF, PNIPAAm functionalized PVDF Millipore membrane

and PNIPAAm-FPAA-PVDFHE Sepro membrane.
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Figure 3.
SEM images of blank PVDF (A) and PNIPAAm-PVDF Millipore membranes (B:

25°C(below LCST); C: 40 °C (above LCST))
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Figure 4.
AFM image blank full-scale PVDFHE Sepro membrane, functionalized FPAA-PVDFHE

membrane, PNIPAAm-FPAA-PVDFHE Sepro membrane: (a) top view and (b) 3D.
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Figure 5.
Dependence of thermally on-off ratio on the cross-linker amounts in the range from 0.1-2.0

mol% in for PNIPAAm-PVDF Millipore membrane (P=1.4 bar). For all the membranes, the

NIPAAm concentration for polymerization solution was 5 wt%. Data was corrected with

viscosity and normalized by permeability at 30°C.
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Figure 6.
Effect of monomer (NIPAAm) concentration on water flux at 1.4 bar and calculated

effective pore size for PNIPAAm-PVDF Millipore membrane. cross-linker concentration =

1mol%.
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Figure 7.
Dynamic and Reversible flux response versus ramp change in feed temperature above LCST

and below LCST through PNIPAAm-PVDF Millipore membrane at P = 1.4 bar. The inset is

the experimental temperature step change approximation. For the polymerization, the

NIPAAm concentration was 5 wt%, cross-linker was 0.1mol%.
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Figure 8.
Temperature and pH effects on the pure water flux at 3.8 bar through PNIPAAm-FPAA-

PVDFHE Sepro membrane. For the polymerization, the NIPAAm concentration was 13 wt

%, cross-linker was 1mol%. The inset is the temperature effect on the full-scale FPAA-

PVDFHE Sepro membrane (pH=6.5, P=0.3 bar). All the flux Data were corrected with

viscosity. Data are fitted by error function. Dark red broken circles represent the flux data

obtained with different temperature at pH=6.3 after the run at pH=7.3.

Xiao et al. Page 25

J Memb Sci. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 9.
The effects of temperature and monomer concentration on dextran rejection with

PNIPAAm-PVDF Millipore membrane (5mol% cross-linker) (Mw=2,000,000 g/mol; Stokes

radius rs= 26.1nm, calculated from rs=0.27·Mw
0.498).

Xiao et al. Page 26

J Memb Sci. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 10.
The effects of temperature and pH on dextran rejection of PNIPAAm-FPAA-PVDF Sepro

membrane (Mw=2,000,000g/mol; Stokes radius rs= 26.1nm, calculated from

rs=0.27·Mw
0.498).
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Figure 11.
Na2SO4 rejection through PNIPAAm-FPAA-PVDFHE Sepro membrane at different

temperatures (feed conc.=100 mg/L and 1000 mg/L, P=3.8 bar, pH=6.5).
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Figure 12.
TCE dechlorination using Fe/Pd nanoparticles (diamond symbols) in PNIPAAm-FPAA-

PVDF Sepro membrane .The inset figure is the SEM image of nanoparticles in membrane

pore. The diamond symbols represent the control experiment with only membrane (no metal

particles).
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Table 1

Functionalized Membranes Utilized in Experiments

Membrane abbreviation Membrane full name

PNIPAAm-PVDF PNIPAAm functionalized Millipore PVDF membrane in lab-scale

FPAA-PVDFHE Full-scale PAA functionalized PVDFHE membrane by joint work with Sepro Inc. CA, USA

PNIPAAm-FPAA-PVDFHE Post PNIPAAm functionalized FPAA-PVDFHE membrane in lab-scale
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