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Abstract 

 

Polymeric mesocomposite membranes were prepared via wet phase inversion  

processes by incorporating surfactant-templated mesoporous silica particles, denoted 

MSP-1, into polysulfone matrices formed with and without PEG as a molecular porogen.  

Transmission electron microscopy and N2 adsorption–desorption measurements 

showed higher surface area (354 m2/g), smaller average pore size (53 nm), and larger 

pore volume (2.92 cm3/g) with a narrower pore size distribution (26 nm width at half-

maximum) for surfactant-templated mesoporous silica particles compared to those of 

precipitated commercially available mesoporous silica, HiSil.  The distinct morphological 

changes induced by PEG and by MSP-1 were redundant from the membrane 

performance point of view as they translated into similar performance gains that were 

not additive, pointing to the potential use of mesoporous additive as an alternative 

porogen.  The higher hydrophilicity and unique structural features of MSP-1 resulted in 

enhanced performance of the prepared membranes compared to MSP-free controls and 

HiSil-based mesocomposites.  Mechanical properties of mesocomposites and neat 

polysulfone membranes were comparable.  Electron microscopy coupled with flux and 

rejection measurements were used to investigate the influence of polymer content, MSP 

loading, and presence of porogen on the structure and separation properties of 

mesocomposite membranes.  Mesocomposite membranes showed increased water flux 

and dextran rejection. For ultrafiltration membranes the figure of merit, operationally-

defined as the product of water flux and rejection of 12 kDa dextran, increased by the 

factor of 2.8 (for membranes cast with a porogen) and 6.3 (in the absence of porogen) 

upon incorporation of the mesoporous additive at the loading of 10 wt%.  Enhancement 

factors were 3.7 and 11.2 for less permeable membranes cast from mixtures with higher 

(20 wt%) polymer content.  Fouling tests with humic acid solutions demonstrated that 

mesocomposite membranes experienced lower flux decline and showed higher 

rejections. 
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1. Introduction 

 

Incorporating inorganic particles into membrane casting mixture prior to phase inversion 

is a facile approach to embedding additional particle-based functionalities into 

membranes. Various functions have been successfully added following this route 

endowing host matrices with a broad range of functions additional to that of separation.  

The resulting polymer composite materials may feature separation properties superior to 

those of their particle-free counterparts. Indeed, prior research has shown that some 

polymer-inorganic hybrid ultrafiltration (UF) membranes exhibit enhanced permeability, 

selectivity and improved stability with respect to mechanical, chemical and thermal 

stressors [1-12].  Although the combination of nanoparticle-induced changes in the 

membrane structure is unique to the particular additive/matrix combination, certain 

common trends could be identified; specifically, increasing nanoparticle loadings led to 

thicker skin layers [4, 12-14], higher surface porosity of the skin [4, 12, 14, 15], 

suppressed macrovoid formation [4, 9, 12-14] and enhanced permeability of the 

membrane [10, 12, 14-18].  Different trends were reported for additive-induced changes 

in rejection: in some studies the rejection remained unchanged [10, 15] while in others it 

was observed to peak at intermediate loadings [4, 12, 14, 16, 17].  Two recent review 

papers summarize developments in this area [19, 20]. 

 

In this report we examine the properties of composite silica-polysulfone membranes 

wherein surfactant templated mesoporous silica particles (MSP) are used as an additive.  

Polysulfone (PSf) was selected as the polymer matrix as it provides intrinsic pores in the 

1-100 nm UF range and exhibits good mechanical and chemical stability.  However, 

because PSf is relatively hydrophobic and susceptible to fouling when used in water 

treatment applications, it could benefit from improvements in water permeability and 

antifouling properties. MSP was chosen as the particle additive for several reasons.  Most 

importantly, as with most surfactant templated mesoporous oxides, MSP derivatives 

exhibit exceptional textural properties, featuring surface areas in the 200 - 1500 m2/g 

range and pore volumes typically in the 0.30 – 3.5 cm3/g range [21-24].  Additionally, the 
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choice of the surfactant template and the reaction conditions used to form the particles 

makes it possible to form diverse derivatives with a wide range of textural properties and 

pore architectures (hexagonal, cubic, foam, wormhole, etc.) [25-27].  Conversely, porous 

particles formed in the absence of a surfactant porogen have greatly reduced surface 

areas and pore volumes.  For example, the sintered zirconia additives used to form Zirfon 

PSf membrane composites [28] exhibit surface areas (4 - 22 m2/g) and pore volumes 

(0.006 - 0.10 cm3/g) that are one to two orders of magnitude smaller than the values 

provided by MSP compositions. 

 

The properties of composite polyvinylidene difluoride (PVDF) membranes containing 

surfactant templated mesoporous SBA-15 silica were recently reported by Liao et al. [29, 

30].  When dispersed in the polymer matrix at low loadings (up to 0.72 wt% with respect 

to PVDF), the hexagonal silica mesophase afforded statistically-significant improvements 

in membrane hydrophilicity, permeate flux, resistance to fouling by bovine serum albumen 

(BSA), mechanical properties, and thermal stability, though higher loadings compromised 

performance.  The ability of mesoporous silica to provide reinforcement and thermal 

stability to polymer matrices (used in applications other than membrane separations) has 

been previously attributed to polymer confinement in the mesopores and the transfer of 

stress from the polymer matrix to the pore walls of the particles [31-33].  For instance, the 

tensile strength and modulus of a rubbery epoxy matrix can be increased 2.7- and 3.2-

fold, respectively through the incorporation of 5.0 wt% of MSP in the matrix [31].  The 

strength and modulus of even a glassy epoxy matrix can be boosted by 18 % and 31 %, 

respectively, at an equivalent MSP loading. Positron annihilation spectroscopy has shown 

that epoxy reinforcement is provided in part by filling completely the MSP pores by 

polymer [32]. The realization of improved mechanical and thermal stability for a 

membrane composite is not unexpected even at loadings below 1.0 wt%. 

 

Whereas SBA-15 silica used by Liao et al. [29, 30] has a hexagonal pore structure and a 

comparatively modest average mesopore size (~8.0 nm) and pore volume (~1.0 cm3/g), 

the mesoporous silica particles employed in the present work have a mesocellular foam 
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structure and an exceptionally large pore size and pore volume of 53 nm and  2.90 cm3/g, 

respectively.  The properties of PSf-MSP mesocomposite membranes containing up to 10 

wt% of MSP-1 are described in comparison to MSP-free membranes and equivalent 

mesocomposite compositions made from a commercial HiSil precipitated silica with a 

larger average pore size (80 nm), broader pore size distribution and a much smaller pore 

volume (1.2 cm3/g).  In particular, we investigate the effect of particle type and loading on 

membrane morphology, water permeability, selectivity, hydrophilicity of the separation 

layer, tensile strength and modulus, and antifouling properties with respect to humic acid.  

The results demonstrate the advantages provided by mesoporous particles with very 

large pores and regular framework pore structure formed through surfactant templating. 
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2. Experimental 
 

2.1. Materials and reagents 

 
Humic acid sodium salt (HA) (Sigma-Aldrich), dextran (Sigma-Aldrich, analytical 

standard, for GPC, 12 KDa), BSA (Sigma-Aldrich, ~66 kDa), 1-methyl-2-pyrrolidinone 

(NMP) (Sigma-Aldrich, HPLC ≥ 99%), polyethylene glycol (PEG) (Sigma-Aldrich, MW 

avg. 400 Da), PSf (Solvay, Udel P-3500 LCD pellets, MB8, 79 kDa), Pluronic P123 

polypropylene oxide- polyethylene oxide block co-polymer surfactant with the formula 

EO20PO70EO20 (BASF), sodium silicate (PPG Industries, Inc.), sodium silicate (Aldrich) 

and mesitylene (Alfa Aesar) were all used as received.  A commercial version of 

precipitated mesoporous silica formed in the absence of a surfactant porogen, denoted 

HiSil-233, was obtained from PPG Industries, Inc.  Deoinized (DI) water used in all 

experiments was supplied by a commercial ultrapure water system (Lab Five, USFilter) 

equipped with a terminal 0.2 µm microfilter (PolyCap, Whatman Plc); the resistivity of 

water was greater than 16 MΩ·cm. 

 

2.2. Synthesis of mesoporous silica particles 

 
The synthesis of the mesoporous silica particles used in the present study was a 

modification of previously reported procedures [34, 35] through the replacement of 

tetraethylorthosilicate by sodium silicate as the silicon source. To differentiate from 

other types of MSPs, the mesoporous silica synthesized and used in this work is 

denoted MSP-1. In a typical synthesis of MSP-1, 13.3 g (2.30 mmol) Pluronic P123 

surfactant in water/ethanol was mixed with 6.65 g (111 mmol) of glacial acetic acid.  

Then 11.0 g (91.7 mmol) 1,3,5-trimethylbenzene was added to the stirred surfactant 

solution and the mixture was allowed to age under ambient conditions for an additional 

hour.  To the resulting microemulsion was added 30 g of sodium silicate solution 

containing 27 wt% SiO2 (133 mmol) and 14 wt% NaOH (104 mmol) in 330 mL of water.  

The reaction mixture was placed in a mechanical shaker bath at ambient temperature 

for 24 h to obtain an initial precipitate.  The reaction mixture was then heated under 
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static reaction conditions at 100 °C overnight.  The product was filtered, dried at room 

temperature, and calcined at 600 °C for 4 h to remove the surfactant. 

 
2.3. Membrane preparation  

 
2.3.1 Mesocomposite membranes 

 

Most membranes were prepared by a wet phase inversion process (Table 1).  In 

denoting the various membranes synthesized in this work, we use the following naming 

scheme: x%PSf-y%MSP-z. Here, x is a numerical value of the content of PSf in the 

casting mixture (in wt%), y is a numerical value of the MSP-1 content in the casting 

mixture (in wt% with respect to PSf), and z is a text string, which can be either empty or 

equal to “PEG”, to denote porogen-free and PEG-containing casting mixtures, 

respectively.  To evaluate the effect of non-solvent on the membrane structure, several 

membranes were cast using dry phase inversion.  To prepare mesocomposite PSf-MSP 

membranes the desired amount of mesoporous metal oxide additive was suspended in 

NMP and the mixture was subjected to ultrasonication using a bath sonicator (model 

50T, VWR Aquasonic).  The concentration of polymer in the casting phase was set at 

two different levels: 15 wt% and 20 wt%.  For some membrane compositions, PEG was 

added as a porogen into the casting mixture.  Desired amounts of PSf were then added 

and the casting mixture was stirred until complete dissolution of polymer.  Due to high 

viscosities, solutions containing 20 wt% polymer were heated to 60 °C in a sealed 

container to facilitate mixing. Once a homogeneous mixture was achieved, the heating 

was stopped to let the suspensions cool down to room temperature.  Solutions 

containing 15 wt% polymer were stirred at room temperature. The suspensions were 

not allowed to age more than 30 min prior to casting of membranes. 

  

[Table 1] 

 
The solutions were cast onto a glass plate as 300 µm films using a micrometric film 

applicator (model 3570, Elcometer, Inc.)  For the preparation of membranes by dry 
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phase inversion, the solvent was allowed to evaporate from cast films under ambient 

conditions (22°C, 60 %RH).  For membranes prepared by wet phase inversion, the cast 

films were immersed into a non-solvent (water) coagulation bath.  Films cast from 

solutions containing 15 wt% polymer exhibited a wrinkled surface, which was due to 

membrane shrinkage during immersion in the non-solvent bath.  Thus, to prevent 

shrinkage, cast films with 15 wt% PSf content were subjected to a 30 s evaporation step 

prior to the immersion.  Cast films with 20 wt% PSf content were immersed into the 

coagulation bath immediately after casting.  The phase-inverted UF membranes were 

removed from the bath and rinsed thoroughly. 

 

2.4. Characterization of mesoporous silica 

 

2.4.1. Particle morphology and size analysis: Transmission electron microscopy (TEM) 

and light scattering 

 

TEM was employed to image MSP specimens and to visualize their morphology. The 

microscope used was a JEM-2200FS equipped with a field emission gun operated at 

200 kV and a point resolution of 0.19 nm.  Images were taken using a Gatan 794 MSC 

digital camera.  TEM specimens were prepared by depositing two drops of pre-

sonicated (400 W horn sonication, Branson Digital Sonifier, Model 102-C) MSP 

suspension in ethanol on a carbon grid and letting ethanol evaporate. 

 

Size distributions for MSP-1 particles suspended in water by bath sonication were 

recorded using Malvern Mastersizer 2000 (Malvern Instruments Ltd) and used to 

estimate the likely size distribution in an organosol of MSP-1 in NMP (~6.6 µm, see 

Supplementary information (SI), Fig. S1).  The MSP-1 suspension in DI water was 

continuously circulated through the optical unit of the Mastersizer using a Malvern 

sample dispersion unit.  Light scattering analysis indicated that horn sonication reduced 

the average particle size substantially (see SI, Fig. S1). 

 

2.4.2. Determination of textural properties of mesoporous silica.  
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N2 adsorption–desorption isotherms were measured at -196 oC using a Micromeritics 

ASAP 2010 instrument.  Before measurement, samples were evacuated overnight at 

150 oC and 1.3∙10-8 bar (10-5 Torr).  The surface area was calculated from the linear 

part of Brunauer-Emmett-Teller (BET) isotherm according to IUPAC recommendations 

[36].  Pore size distributions were obtained from the adsorption branch of the isotherm 

by the Barrett, Joyner and Halenda (BJH) method [37]. 

 

2.5. Characterization of membranes 

 

2.5.1. Scanning electron microscopy (SEM) 

 

SEM images were recorded using a JEOL JSM-6400 microscope (Japan Electron 

Optics Laboratories). Cross-sections were exposed for SEM imaging by fracturing the 

membranes in liquid nitrogen.  Samples were mounted on aluminum specimen stubs 

and were coated by gold (EMSCOPE SC500 sputter coater, Ashford). A JEOL JSM-

7500F microscope (Japan Electron Optics Laboratories) was employed to record high 

resolution images; these samples were coated with osmium (NEOC-AN sputter coater, 

Meiwa Shoji Co. Ltd). 

 

2.5.2. Contact angle 

 

In order to evaluate the hydrophilicity of the membranes, water contact angles were 

measured using a FTÅ 200 contact angle analyzer (First Ten Angstroms, Inc.).  A small 

drop of water was dispensed on the membrane using a syringe (AST products VCA 

2000).  Two seconds after the drop formed on the surface, an image of the drop was 

taken using a video camera.  The tangent at the point where the drop contacted the 

solid surface was calculated with VCA Optima software for Windows XP version 1.90.0.  

At least three membrane coupons were tested with five images taken for each 

membrane. 
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2.5.3. Permeability and rejection tests 

 
Filtration experiments were performed using a stirred Amicon 8010 dead-end UF cell 

(Millipore) connected to a pressurized feed vessel (Alloy Products Corp.).  The system 

was pressurized with nitrogen to 40 psi (275.8 kPa).  During filtration the feed solution 

was stirred to minimize concentration polarization.  Prior to each test, the membrane 

coupons were compacted by filtering DI water until a steady permeate flux was attained.  

The permeate flux was measured continually by collecting the filtered water on a digital 

balance (AV8101C, Ohaus) interfaced with a computer via an RS-232 port.  The data 

from the balance was logged to a computer using a program written in LabView. 

 

To evaluate membrane rejection, 5 mg/L aqueous solutions of BSA were filtered 

through the compacted membranes using the same dead-end filtration cell.  BSA 

concentration in the permeate was determined using a UV-Vis spectrophotometer 

(Unicam UV2-100, ATI). Due to high BSA rejection by most membranes, 5 mg/L 

solutions of 12 KDa dextran, a smaller probe molecule, were filtered through the 

membranes to evaluate membrane selectivity.  The rejection values were calculated 

based on dextran concentration in the permeate, feed, and retentate solution as 

𝑅 = 1 −
𝐶𝑝

�𝐶𝑓 + 𝐶𝑐� 2⁄  

where 𝐶𝑓, 𝐶𝑝 and 𝐶𝑐 are concentrations of the probe molecule in feed, permeate and 

concentrate solutions, respectively. 

 

2.5.4 Fouling tests 

 

To prepare the stock feed solution, 1 g of HA was dissolved in 1 L of DI water.  The 

solution was stirred for 2 days and was filtered through a 0.45 µm pore size membrane.  

The filtrate was then diluted 5-fold with DI water and used as the feed solution in fouling 

tests.  The HA concentration in the feed and permeate was measured using TOC 

analysis and UV-vis spectrophotometry.  TOC and UV254 absorbance of the feed 
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solution were 129.5 mg/L and 0.57 correspondingly.  The pH of the feed solution was 

7.5.  

 

Particle size distribution was measured using dynamic light scattering (BI-MAS particle 

sizing module, ZetaPALS, Brookhaven Instrument Corp Holtsville, NY) with a 35 mW 

660 nm excitation.  Measurements were recorded in 10 cycles of 2 min each, with a 30% 

cutoff dust filter.  Zeta potential of humic acid aggregates was determined based on 

electrophoretic mobility using Smoluchowski equation. The electrophoretic mobility was 

measured by phase analysis light scattering with 660 nm excitation line.  Measurements 

were conducted in 10 runs of 10 cycles each, at constant temperature of 25 °C, which 

was maintained internally by the ZetaPALS instrument.  

 

Fouling experiments were performed in a stirred dead-end filtration cell (membrane area 

14.6 cm2, Sterlitech).  The initial feed volume was 300 mL and the experiments were 

run until 35 mL of permeate solution was collected.  The stirring rate was ~1,300 rpm.  

The transmembrane pressure was adjusted in each experiment to obtain the initial 

permeate flux of 30 L/(m2⋅h). 

 

2.5.5 Testing of mechanical properties 

 

The tensile strength of membranes were determined using a UTS model SFM-20 load 

frame according to the procedure described in ASTM method D882.  The specimens for 

testing were cut under water from hand-cast membranes into 1 in. x 6 in. strips 211 ± 22 

µm in thickness.  The specimens were mounted wet in a 20 lb. load cell with a grip 

separation of 5 in.  The cross head speed used to obtain the stress-strain curves was 

1.26 cm/min. 
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3. Results and Discussion 
 
3.1. Characterization of mesoporous particles 

 
Mesoporous additives were prepared through a supramolecular assembly process 

wherein surfactant micelles were used as a sacrificial porogen.  Unlike silica particles 

formed by the conventional precipitation method where trapped water functions as the 

porogen, mesoporous silica materials have a narrow pore size distribution, which can 

be tailored over the entire mesopore size range from 2 to 50 nm and beyond depending 

on the choice of surfactant and reaction conditions.  Variable pore necking, which is 

common in conventional precipitated silicas and which leads to very broad pore size 

distributions with limited access to pore surfaces, is eliminated in a surfactant-templated 

MSP composition. 

 

To illustrate the unique advantages of mesoporous silica, we compared it with 

commercial precipitated silica particles (HiSil).  Figure 1 illustrates the N2 adsorption-

desorption isotherm and BJH pore size distribution calculated from the adsorption 

branch of the isotherm for the calcined forms of MSP-1 and HiSil.  Owing to surfactant 

templating, the pore size distribution is substantially more uniform for MSP-1 than for 

HiSil.  In the case of surfactant-templated MSP-1, the maximum in the pore size 

distribution is centered at 52.8 nm and the width of the distribution at half-maximum is 

26 nm. For HiSil, the maximum is at 80 nm and the width is 60 nm.  Moreover, HiSil 

exhibits a heterogeneous distribution of smaller mesopores between 10 and 30 nm.  A 

larger pore volume in the case of MSP-1 means that water permeability through the 

pores should be more facile in comparison to HiSil and the membrane polymer may 

better penetrate the particle for more extensive interlocking between the additive and 

the polymer in the composite membranes. The more uniform pore sizes of MSP-1 

should lead to better selectivity or the same permeate flux.  

 

[Figure 1] 
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Table 2 provides the surface area, pore size, and pore volume values for MSP-1 and 

HiSil silica as determined by nitrogen porosimetry.  Note that the surface area is twice 

as large for MSP-1 and that the total pore volume is more than twice as large in 

comparison to HiSil.  Thus, MSP-1 as a membrane additive might be expected to impart 

greater hydrophilicity and improved water permeability in comparison to HiSil. 

 

[Table 2] 

 

The TEM images of MSP-1 in Fig. 2 verify the presence of a mesocellular foam 

structure. All of the particles are composed entirely of interconnected spherical cells and 

windows formed through templating by sacrificial surfactant micelles.  Although MSP-1 

is formed from sodium silicate as the silica source, the templated product adopts the 

same pore architecture that is found for mesostructured cellular foams made from 

tetraethylorthosilicate as the silica source [34, 35]. 

 

[Figure 2] 

 

3.2. Morphology and skin hydrophilicity of mesocomposite membranes  

 

Because MSP-1 pores are larger than the average hydrodynamic diameter of molecules 

of Udel P-3500 polysulfone dissolved in NMP (measured by dynamic light scattering to 

be 8 nm) the polymer can, in principle, penetrate the particle pores and adsorb to the 

internal surfaces of the mesophase, as shown by the artist’s rendition in Fig. 3a.  The 

cumulative polymer-silica interfacial interactions surpass those occurring between 

polymer and the external surfaces of conventional non-porous particles of the same size 

and thereby should provide better reinforcement to the polymer matrix.  The increase in 

polymer density that accompanies the reinforcement of the matrix also makes it more 

stable, both chemically and thermally, as well as less prone to shedding of the particles 

when in use. 

 

[Figure 3] 
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Although polymer strands can occupy the pores of the particle additive, pore occupancy 

by the polymer is incomplete.  Because the membranes are made by a phase inversion 

process, the particle pores are initially occupied by a solvent-polymer solution. Upon 

phase inversion in the presence of non-solvent (water), the solvent is replaced by water, 

leaving behind polymer strands and water in the particle pores.  Thus, the particle pores 

in MSP-1 polymer mesocomposite membranes made by phase inversion will always be 

accessible to water.  In dry-phase inversion membranes (Fig. 3; b, c) the compatibility 

between the matrix and the additive was better than in wet-phase inversion membranes 

(Fig. 3; e, f, g).  This is likely the outcome of the competition for sorption of the solvent 

and polymer molecules on the MSP-1 surface.  In principle, the surface of mesoporous 

additive material can be chemically modified to improve its affinity for the host matrix or 

even enable chemical bonding between the two.  Although silica chemistry supports 

various chemical modification strategies, in this study such tailoring was not attempted. 

 

When exposed to the permeate flow, MSP-1 additives also increase the hydrophilicity of 

the membrane by virtue of the terminal silanol (Si-OH) groups on the pore walls and 

external surfaces of the particles, thereby providing a basis for improved resistance to 

fouling.  As schematically illustrated in Fig. 3a and observed in cast composite 

membranes (e.g. Fig. 4c), under conditions where the size of the MSP-1 additive is 

smaller than the membrane pores, the mesophase particles line the walls of membrane 

pores.  As a result, MSPs contribute to the overall increase in membrane permeability 

by making pores more hydrophilic than those of the host polymer and facilitate wetting 

of smaller pores so that they can participate in permeation.  The benefit can be 

expected to be even more pronounced for more hydrophobic matrices such as PVDF.  

When MSPs are embedded close to or within the separation layer where the filtration 

pores are smaller (Fig. 3d), the particles can generate greater porosity due to the 

accessibility of the mesopores within the particles.  That is, even under conditions 

where the particle fully occupies a filtration pore in the skin of the membrane, water may 

pass through the particle itself, as well as around the particle via the MSP-PSf interfacial 

region.  Although many forms of silica and other metal oxide particles have been used 
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to reduce compaction and improve the hydrophilicity of polymer membranes, the 

additives lacked mesoporosity and provided neither the reinforcement mechanism nor 

the two permeability pathways provided by MSP-1 additives. 

 

[Figure 4] 

 

[Figure 5] 
 

SEM images of cross-sections and planar view of the skin of mesocomposite 

membranes with 5 wt% loading of MSP-1 are presented in Fig. 4 and Fig. 5.  The MSP-

1 particles are found both within and immediately under the membrane skin as well as 

embedded into the walls of membrane’s finger-like macropores.  Static and dynamic 

contact angle measurements showed no statistically significant MSP-induced difference 

in water wettability between neat PSf and mesocomposite membranes (Table 3). This is 

consistent with SEM imaging which showed that the particles are encapsulated primarily 

just below the skin layer. The partial protrusion of some particles through the skin layer 

(Fig. 5) did not affect skin hydrophilicity of membranes.  

 

[Table 3] 

 

Notably, the observed piercing of the skin by embedded MSP-1 did not decrease 

rejection; on the contrary, the overall trend for 12 kDa dextran rejection was to increase 

as MSP-1 loading reached 10 wt% (see section 3.4).  The positioning of the hydrophilic 

particles in the filtration layer increases the flux without compromising filtration 

properties. 
 

Figure 6 illustrates separate and combined effects of the porogen (PEG) and the 

mesoporous additive (MSP-1) on the membrane morphology.  Both additives modify the 

typical morphology of the phase inversion membrane.  Addition of PEG leads to the 

formation of a thicker skin while the more subtle alteration caused by the presence of 

MSP can be described as the minimal morphological change necessary for the 
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membrane to accommodate additive particles.  Similar changes were observed for 

membranes made from casting solutions with a lower polymer content (see SI, Fig. S2).  

In section 3.4 we interpret these changes in terms of their implications for the separation 

performance of membranes. 

 

[Figure 6] 

 

3.3 Mechanical properties 

 

A possible concern regarding composite membranes is that additives can compromise 

mechanical strength of the membrane.  The clear evidence of morphological changes 

caused by incorporation of nanoparticulate additives (Fig. 3 - 6) support the need to 

determine whether relevant mechanical properties are altered by the additive.  Our 

results indicate that the mechanical properties of PSf-MSP mesocomposites are 

comparable to those of their MSP-free counterparts. 

 

[Table 4] 

 

Table 4 reports the tensile modulus, tensile strength, and elongation at break values for 

composite membranes containing 5.0 wt% MSP-1.  Included are the mechanical 

properties of the neat PSf membrane, as well as a PSf-MSP mesocomposite made 

using commercial precipitated HiSil silica, which is not surfactant templated.  Within the 

reported standard deviations of the measurements, the tensile properties of the 

mesocomposite membranes are equivalent to those of the neat PSf membrane. 

 
3.4. Flux and rejection 

 

The thicker skin separation layer of membranes formed in the presence of PEG (Fig. 6) 

has larger pores as can be concluded based on the lower rejection values of these 

membranes (Fig. 7).  In contrast, the addition of MSP-1 introduces a larger number of 

smaller pores as can be deduced from the simultaneous increase in permeate flux and 
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rejection observed for higher MSP-1 loadings (Fig. 7).  Figure 6 shows that the effects 

of PEG and MSP-1 on the membrane morphology are not fully additive.  Considering 

20%PSf membranes as the control, the structural changes seen for 20%PSf-5%MSP-

PEG are not a superposition of changes observed in 20%PSf-PEG and 20%PSf-

5%MSP membranes.  Although some thickening of the membrane skin was observed in 

PSf-MSP-PEG composites, MSP-induced changes appear to dominate the morphology 

of these membranes. 

 

Paralleling morphological changes, the separation performance of the membranes was 

affected by the addition of PEG and MSP-1 in different ways and the combined effect 

was not a superposition of individual contribution of the molecular and particulate 

additives.  In the remainder of this section, we separately describe and quantitatively 

analyze these effects on permeate flux and dextran rejection for membranes with lower 

and higher PSf content.  Figure 7 presents values of flux, rejection, and the figure of 

merit as functions of MSP-1 loading.  The figure of merit, operationally defined as a 

product of permeate flux in units of L/(m2∙h⋅bar) and rejection of 12 kDa  dextran, is 

used here as an aggregate metric of separation performance of a membrane. 

 

[Figure 7] 

 

3.4.1 Membranes prepared from casting mixtures with 15% PSf content  

 

Adding MSP-1 to porogen-free membranes made from casting solutions with lower 

polymer content led to statistically significant differences in both permeate flux and 

dextran rejection (Fig. 7).  Adding only 5 wt% MSP-1 had a detrimental effect on flux but 

a further increase to 10 wt% loading level raised permeate flux above the value 

observed for MSP-free controls.  15%PSf membranes have relatively high permeability 

and we show that to make this membrane even more permeable a large loading (10%) 

of MSP is required. It is unclear why the permeability declines with the addition of MSP 

at 5% loading. A possible reason can be that adding MSP in low quantities disrupts 

existing permeation channels without adding sufficient new porosity to offset this effect. 
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Another interpretation of this loading dependence is related to a non-uniform distribution 

of particles in the skin and bulk of the membrane: a higher total loading may be needed 

to achieve an optimal loading in the skin. Dextran rejection increased with MSP-1 

loading from 28 ± 7% for 15%PSf membranes to 62 ± 7% for 15%PSf-10%MSP 

membranes.  When PEG porogen was included in the casting mixture, no statistically 

significant changes either in flux or in rejection were observed.  This can be explained if 

MSP- and porogen-induced changes in membrane morphology (Fig. 5) are redundant 

from the membrane performance point of view: the distinct morphological changes 

induced by PEG and by MSP-1 translate into similar performance gains and are not 

additive. 

 

3.4.2 Membranes prepared from casting mixtures with 20% PSf content  

 

In the case of PEG-free membranes cast from solutions with a higher polymer content, 

adding 10 wt% of MSP-1 led to an increase in permeate flux from 0.6 L/(m2∙h⋅bar) to 2.1 

L/(m2∙h⋅bar). For membranes made using a porogen, permeate flux increased from 0.7 

L/(m2∙h⋅bar) for 20%PSf-PEG to 15.6 L/(m2∙h⋅bar) for 20%PSf-10%MSP-PEG.  All in all, 

the membrane that showed the best performance was 15%PSf-10%MSP. Rejection of 

BSA (66 kDa) was higher than 80% for all membranes (see SI, Fig. S3) and although 

the highest average rejections were observed for membranes with 10% MSP loading, 

the differences were not statistically significant. 

 

The overall trend in the dependence of the figure of merit on MSP-1 content is that of an 

improving performance with increasing MSP-1 loading.  We hypothesize that this 

improvement is due to one or a combination of the following factors: 1) MSP-1 

mesophases may nucleate a larger number of smaller pores in the selective layer of the 

membrane, 2) an increase in hydrophilicity of pore walls makes a larger number of 

pores available for permeation, 3) new permeation pathways are introduced where in 

flow can occur through the regular mesoporosity of the additive or through the MSP-PSf 

boundary layer, or both. To test this hypothesis and determine the relative importance, if 
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any, of these proposed mechanisms, a more in-depth structural and performance 

characterization would be required. 

 

3.4.3 The importance of mesoscale porosity  

 

To determine whether observed enhancements in flux and rejection are generic for all 

porous silica additives, we compared mesocomposite membranes containing 0 – 10 wt% 

MSP-1 with equivalent mesocomposite compositions where commercial precipitated silica 

was used as an additive.  The commercial silica featured an even larger average pore 

size (80 nm), but a broader pore size distribution and a much smaller pore volume (1.2 

cm3/g).  Table 5 reports separation properties for a 20%PSf–5%MSP-PEG and 20%PSf-

5%HiSil-PEG composite membranes. 

 

[Table 5] 

 

The surfactant-templated MSP-1 additive provides a 25-fold increase in pure water flux 

in comparison to the neat polymer without sacrificing the rejection of 12 kDa dextran 

polysaccharide.  

 

The conventional precipitated silica also provides an improvement in flux relative to the 

pure membrane.  But the flux for 20%PSf–5%MSP-PEG is 5-fold larger than for 

20%PSf-5%HiSil-PEG.  This means the surface composition, surface structure and 

polarity, uniformity of the framework pore size distribution, as well as the fundamental 

particle size of the MSP-1 additive, each may be responsible, individually or in 

combination, for the observed enhancement of the water flux and selectivity of a 

mesocomposite membrane. 

 

3.4.4 Chemical stability of mesocomposite membranes 

 

On the basis of chemical analysis, approximately half of the MSP-1 additive is lost upon 

flushing the composite membranes with pure water. The remainder is retained in the 
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membrane after several flux cycles.  The filtration properties of PSf-MSP composite 

membranes containing 1.0 -10 wt% of MSP-1 mesophases are stable to acidic cleaning 

solutions (pH = 2.0), as judged from the retention of the pure water flux and the Si/S 

ratio in the skin of the composite membrane following exposure to such solutions. 

However, as expected based on the solubility of silica under basic conditions, the MSP 

additives are leached from the membranes at an appreciable rate above pH ~ 10.  

Crystalline mesoporous materials would be suitable stable substitutes for silica when 

stability at higher pH values is required. 

 
3.5 Fouling properties 

To evaluate fouling resistance of PSf-MSP membranes, normal (dead-end) filtration tests 

were performed wherein a 10% MSP-15%PSf membrane was challenged with an 

aqueous solution of humic acid.  The hydrodynamic diameter and zeta potential of humic 

acid aggregates were measured to be 253 nm ± 3 nm and -26.6 mV ±1.6 mV, 

correspondingly.  Feed water of this type is commonly used as a model in studies of 

membrane fouling by surface water. Results of these experiments are summarized in Fig. 

8. 

 

[Figure 8] 

 

The mesocomposite membranes experienced lower flux decline and showed higher 

rejection of both TOC and UV254.  Based on a two-tail t-test, the improvements in 

permeate flux, UV rejection and TOC rejection were significant with 86.4%, 93.9%, 84.7% 

levels of confidence, correspondingly.  While the higher permeate flux and higher 

rejection of HA are consistent with the similar trends observed for 12 kDa dextran (Fig. 

7), HA was rejected by the membrane itself during the earliest stages of the fouling tests.  

The added resistance due to fouling (cake, pore entry blockage, or intrapore fouling) 

was likely playing a dominant role in rejecting HA during later stages of filtration. 
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In view of the incomplete rejection, some of the flux decline could have been due to the 

intrapore fouling (i.e. partial or complete pore blockage).  The lower flux decline 

observed for mesocomposite membranes can therefore be explained by lower intrapore 

fouling as higher rejection means lower foulant concentration in the permeating solution.  

This assumes not only that the intrapore fouling indeed took place but also that it was 

the dominant factor defining permeate flux decline with the surface fouling (i.e. cake 

formation) being relatively less important.  An alternative explanation can be that thinner 

cakes were formed on the mesocomposite membrane surface. In either case, the 

increase in the fouling resistance of mesocomposite membranes can be attributed to 

improvements in MSP-1 pore surface polarity and textural properties. 

 

3.6 Possible uses of mesoporous additives in membranes 

 

Apart from gains in flux and rejection attainable with the proposed mesocomposite 

membranes, mesoporous additives can find other beneficially uses in membrane 

fabrication.  One potential role of MSP-1 is that of a substitute for the conventional 

(molecular) porogen. Including molecular porogens (e. g., PEG, PVP) into the 

membrane casting solution is known to make membranes more hydrophilic presumably 

due to porogen present at the surface of membrane pores.  However, this porogen-

derived hydrophilicity is known to decrease with time as permeation gradually removes 

porogen from the membranes in the course of membrane operation.  With a 

mesoporous additive firmly embedded within the polymer matrix, the loss of the 

hydrophilicity can be substantially diminished, if not entirely avoided.  Mesoporous 

materials can also serve as hosts for additional functionalities in applications involving 

membrane-based reactions. Incorporating additional functionality within mesoporosity 

would maximize its availability to the permeating solution by preventing occlusion by the 

surrounding polymer matrix. 
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4. Conclusions 
 

Based on the results of the present study, we conclude that micelle-templated 

mesoporous silica particles are promising additives for improving the flux and 

separation properties of PSf membranes.  For particles with a cellular foam structure 

and an average pore size of 53 nm, the pure water flux and rejection properties can be 

improved substantially in comparison to the neat membrane. In terms of a figure of merit 

operationally-defined as the product of permeate flux and rejection of 12 kDa dextran, a 

mesocomposite membrane with 10 wt% initial loading of MSP-1 shows filtration 

performance that is higher by the factor of 2.8 (for membranes cast with a porogen) and 

6.3 (in the absence of porogen) in comparison to MSP-free controls.  Flux and rejection 

values of these mesocomposites were typical of UF membranes: 67 L/(m2⋅h⋅bar), 21 % 

(12 kDa dextran), 92 % (66 kDa BSA).  The corresponding enhancements are even 

higher (3.7 and 11.2, respectively) for less permeable membranes cast from mixtures 

with higher (20 wt%) polymer content. 

 

Importantly, the mechanical strength of membranes is not affected by the addition of 

MSP-1 even at initial loadings as high as 10 wt%.  Although excess silica held in the 

macropores of the composite membrane, which is estimated to be 50% of the initial 10 

wt % loading, is flushed away upon the first permeation run, the remaining particles in 

intimate contact with the polymer matrix, particularly those encased in the skin of the 

membrane, are retained. The mesocomposites also showed higher resistance to fouling 

by humic acid.  These improvements are tentatively attributed to the combination of 

increased hydrophilicity, nucleation of a larger number of smaller pores and introduction 

of new permeation pathways.  Control experiments with commercial precipitated 

mesoporous silica illustrated that the observed flux and rejection enhancements may be 

due to the unique textural properties of surfactant-templated mesoporosity.  The surface 

composition, surface structure and polarity, uniformity of the framework pore size 

distribution, as well as the fundamental particle size of the MSP-1 additive, each may be 

responsible, individually or in combination, for the observed enhancement of the water 

flux and selectivity of a mesocomposite membrane.  
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In addition to providing enhanced hydrophilicity and higher fluxes, the mesoporous 

materials may potentially serve as host or support materials for functional nanoparticles 

to prevent nanoparticle aggregation and minimize occlusion of the functional surface by 

the surrounding polymeric matrix.  Also, it is likely that such particles will act as 

functional additives for other membrane matrices such as polyethersulfone and 

polyvinylidene difluoride. 
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Membrane  
identification code a 

Casting mixture composition, g 

PSf NMP PEG-400 MSP-1 
ul

tra
fil

tra
tio

n 

m
em

br
an

es
 

15%PSf 15 85 0 0 

15%PSf-5%MSP 15 85 0 0.75 

15%PSf-10%MSP 15 85 0 1.5 

15%PSf-PEG 15 71 16 0 

15%PSf-5%MSP-PEG 15 71 16 0.75 

15%PSf-10%MSP-PEG 15 71 16 1.5 

lo
w

 p
er

m
ea

bi
lit

y 

m
em

br
an

es
 

20%PSf 20 80 0 0 

20%PSf-5%MSP 20 80 0 0.75 

20%PSf-10%MSP 20 80 0 1.5 

20%PSf-PEG 20 65 15 0 

20%PSf-5%MSP-PEG 20 65 15 0.75 

20%PSf-10%MSP-PEG 20 65 15 1.5 

 
Table 1: Membrane compositions. 
a In the identification code, percent values for polysulfone represent weight fraction of the polymer in the 

casting mixture while percent values for MSP-1 represent weight fraction of MSP-1 with respect to 

polysulfone. 
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Particle Additive Surface  
area, m2/g 

Average pore 
size, nm 

Pore volume, 
cm3/g 

MSP-1 354 52.8 2.92 

HiSil 171 80a 1.20 

 
Table 2: Textural properties of mesoporous silica particles. 
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Membrane 𝜽𝒘𝒔𝒔𝒔𝒔 𝜽𝒘𝒔𝒂𝒂 𝜽𝒘𝒓𝒓𝒓  

15%PSf 69.6o ± 6.3o 78.8o ± 2.6o 22.7o ± 1.2o 

15%PSf-5%MSP 67.8o ± 6.2o 76.0o ± 2.0o 19.4o ± 3.0o 

15%PSf-10%MSP 67.4o ± 3.4o 76.4o ± 6.1o 25.3o ± 5.0o 

20%PSf 68.9o ± 6.4o 82.1o ± 1.3o 31.2o ± 2.0o 

20%PSf-5%MSP 68.8o ± 4.8o 82.7o ± 2.3o 17.2o ± 1.9o 

20%PSf-10%MSP 73.3o ± 3.4o 76.8o ± 4.3o 25.0o ± 6.4o 

 

Table 3: Static (𝜃𝑤𝑠𝑠𝑠𝑠), advancing (𝜃𝑤𝑠𝑎𝑎) and receding (𝜃𝑤𝑟𝑟𝑐) water contact angles for 

PSf and mesocomposite PSf-MSP membranes. 
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Table 4: Mechanical properties of polysulfone and mesocomposite membranes. 

 

  

Property 
Membrane 

20%PSf 20%PSf-5%MSP 

Tensile modulus, MPa 161 ± 14 169 ± 18 

Tensile strength, MPa 4.94 ± 0.20 4.86 ± 0.18 

Elongation at break, % 22.7 ± 4.7 23.0 ± 2.9 



© 2014. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

 31 

 

Membrane 
Permeate flux, 

L/(m2⋅h⋅bar) 

Rejection of  
12 kDa dextran,% 

20%PSf 0.74 ± 0.34 29.0 ± 12 

20%PSf-5%MSP-PEG 3.75 ± 0.16 44.0 ± 5.0 

20%PSf-5%HiSil-PEG 1.25 ± 0.31 26.5 ± 20.9 

 

Table 5: Pure water flux and rejection performance of PSf-MSP mesocomposite and 

PSf-HiSil composite membranes. 
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(a) (b) 

  
  

(c) (d) 

  
  

Figure 1. N2 adsorption-desorption isotherms (a, b) and BJH pore size distributions (c, 

d) for calcined MSP-1 (a, c) and HiSil silica (b, d). The pore size distributions are 

calculated from the adsorption branch of the N2 isotherm. 
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Figure 2. Transmission electron micrographs of calcined mesoporous silica particles. 
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(a) (b) (c) 

 

  
   

(d) (e) (f) 

   

Figure 3. Artist’s view (a) and SEM images (b-f) of the disposition of MSP-1embedded in the dry phase inversion (b, c) and wet 

phase inversion (d, e, f) polysulfone membranes. 
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Figure 4: SEM images of cross-sections of compacted 20%PSf-5%MSP-PEG 

mesocomposite membranes. 
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Figure 5: SEM image of the top view a of compacted 20%PSf-5%MSP-PEG 

mesocomposite membrane. 

  



© 2014. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0 
 

 37 

20%PSf  20%PSf-PEG 

  
  

20%PSf-5%MSP 20%PSf-5%MSP-PEG 

  
 

Figure 6: Effect of porogen and mesophase additive on the cross-sectional morphology 

and skin thickness of mesocomposite membranes with higher polymer content (20%PSf 

series).
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(c) 

 
  

 Figure 7. Figure of merit, pure water flux and rejection of 12 kDa dextran as 

functions of MSP-1 loading. 
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Figure 8. Transient behavior of permeate flux (left) and flux and rejection performance (right) of 15%PSf and 15%PSf-10%MSP 

membranes challenged by humic acid solution. Permeate flux values correspond to ~ 2 mL of permeate collected per 1 cm2 of 

membrane area. Error bars indicate standard deviations. The improvements in permeate flux, UV rejection and TOC rejection 

are significant with 86.4%, 93.9%, 84.7% levels of confidence, correspondingly. 
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