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A facile and versatile route to prepare porous polymer microparticles with tunable pore size and density
through the combination of phase separation and emulsion-solvent evaporation method is demonstrated.
When volatile organic solvent (e.g., chloroform) diffuses through the aqueous phase containing
poly(vinyl alcohol) (PVA) and evaporates, n-hexadecane (HD) and polystyrene (PS) in oil-in-water
emulsion droplets occur to phase separate due to the incompatibility between PS and HD, ultimately
yielding microparticles with porous structures. Interestingly, density of the pores (pore number) on the
shell of microparticles can be tailored from one to hundreds by simply varying the HD concentration and/
or the rate of solvent evaporation. Moreover, this versatile approach for preparing porous microparticles
with tunable pore size and density can be applied to other types of hydrophobic polymers, organic
solvents, and alkanes, which will find potential applications in the fields of pharmaceutical, catalyst
carrier, separation, and diagnostics.
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1. Introduction

Recently, porous polymer microparticles have received

increasing interest because of their high surface area,

relatively low density and good permeability compared to

nonporous polymer microparticles, potentially useful in

the fields of catalysis (Ding et al., 2011), separation

(Slater et al., 2006), solid phase organic and peptide

synthesis (Hudson et al., 1999), ion-exchange (Rao et al.,

2004), gas storage (Wood et al., 2008; Li et al., 2010),

drug storage and delivery (Chung et al., 2006), and

diagnostics (Bae et al., 2009). Pore size and density play

key roles in determining the properties of the porous

polymer particles, including drug encapsulation efficiency

and release kinetics, cellular uptake, catalysis activities

and efficiency (Klose et al., 2006; Kim et al., 2010),

among others. Thus, considerable efforts have been made

to precisely control these physical parameters of the

polymer particles. It is well known that porous

microparticles can be classified as macro- (>50 nm),

meso- (50-2 nm) and microporous (<2 nm) materials

depending on the size of the pores (Sing et al., 1985).

Usually, the formation of pores in the polymer particles is

a process of phase separation either in suspension

polymerization or swelling and polymerization. The

control variables of pore size mainly include the effect of

the cross-linking monomer and porogen, the reaction

temperature, swelling ratio of seed polymer, solvent

evaporation rate, and others (Svec et al., 1996; Durie et

al., 2002; Jose et al., 2005). 

To date, many approaches for the fabrication of porous

polymer particles have been developed, including seeded

emulsion, suspension or dispersion polymerization

(Okubo et al., 2005; Kong et al., 2008), microfluidics-

assisted route (Gokmen et al., 2009; Gong et al., 2009;

Watanabe et al., 2011), emulsion-solvent evaporation

method (Yabu et al., 2005; Shi et al., 2011; Watanabe et

al., 2011; Deng et al., 2012; Jang et al., 2012) and

internal phase-separation approach (Loxley et al., 1998;

Yow et al., 2008; Kim et al., 2010; Tanaka et al., 2010).

Although these approaches demonstrate their own

advantages in generating porous polymer particles at

different scales, their limitations are also obvious

(Gokmen et al., 2012; Wu et al., 2012). For example,

polymerization-based approaches, including seeded

emulsion, suspension or dispersion polymerization, can

be conducted to generate porous particles with porogen

under the effect of emulsifier and the aid of mechanical

stirring. Monomers are usually dispersed in water and

the polymerizations are triggered by the initiator. This

polymerization approach is simple to conduct but

difficult to regulate the porous size and density.

Although progresses have been achieved for the

preparation of porous polymer microparticles in recent

years (Gokmen et al., 2012; Wu et al., 2012; Zou et al.,

2013), it is still a challenge to generate porous polymer

microparticles with tunable pore size and density.
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Herein, we introduce a simple and effective method to

fabricate macroporous polymer microparticles with

tunable pore size and density based on the combination

of phase separation and emulsion-solvent evaporation

route. Solvent evaporation rate was controlled by

varying the water layer height (h) in the evaporation

device. Emulsion droplets containing polymer (e.g.,

polystyrene (PS)) and nonsolvent (e.g., n-hexadecane

(HD)), which acts as a porogen dissolved in a volatile

solvent (e.g., chloroform), are generated by hand shaking

vigorously using poly(vinyl alcohol) (PVA) as an

emulsifier. After complete evaporation of the volatile

solvent, porous polymer microparticles can be readily

prepared through phase separation induced by the

incompatibility of HD and PS. More importantly, the

pore density and size can be easily tailored by adjusting

HD concentration (CHD) and/or the solvent evaporation

rate. Furthermore, this facile method can be applied to a

variety of polymers, alkanes, organic solvents, and so

forth.

2. Experimental Section 

2.1. Materials
Polystyrene (PS2.8k, we refer PS2.8k as PS with Mn=2.8k,

PDI=1.09; PS21k, PDI=1.04; PS876k, PDI=1.19),

poly(methyl methacrylate) (PMMA24k, PDI=1.25), PS-b-

poly(methyl methacrylate) (PS25k-b-PMMA26k, PDI=1.06),

polycaprolactone (PCL20k, PDI=1.25), and poly(DL-lactic

acid) (PLA50k, PDI=1.20) were all purchased from

Polymer Source. Inc., Canada. Nile red (purity >98%) and

poly(vinyl alcohol) (PVA, Mw=13-23k, 87-89% hydrolyzed)

were purchased from Sigma-Aldrich. n-hexadecane (HD)

and chloroform were purchased from Shanghai Reagents

Co., China. All of the materials were used without further

purification.

 

2.2. Sample preparation
10 mg/mL polymer, 0.001 mg/mL Nile red and HD

with varied concentration were dissolved in chloroform,

which was then emulsified with aqueous solution

containing 5 mg/mL PVA through simply shaking by

hand. Chloroform was allowed to evaporate by leaving

the emulsion in a designed round evaporation device

with an inner diameter of 2.2 cm (see Scheme 1) at room

temperature (~25oC). Depending on the height of water

layer (h) in the device, evaporation process of the

organic solvent would last tens of minutes to hours.

After organic solvent evaporated completely, porous

polymer microparticles formed and were collected by

centrifugation for 15 min at 6000 rpm. The precipitated

microparticles were then washed with deionized water

three times to remove partial PVA and residual

chloroform.

2.3. Characterization 
2.3.1. Optical microscope

Real-time structural evolution of the shrinking emulsion

droplets containing PS and HD was monitored using

Olympus IX71 inverted optical microscope in the bright-

field mode.

2.3.2. Confocal laser scanning microscope (CLSM)

The suspension of polymer microparticles was

examined with a Fluoview FV1000 confocal laser

scanning microscope equipped with a 1 mW helium-neon

Scheme 1. (Color online) Schematic illustration of the formation of porous polymer microparticles. The organic phase consisted of

polymer and alkane (e.g., n-hexadecane) in chloroform and aqueous phase consisted of 5 mg/mL poly(vinyl alcohol) (PVA) to stabilize

the emulsion droplets against coalescence. After shaking the two phases vigorously, small emulsion droplets were formed and the

emulsions were then transferred to a round designed device for adjusting solvent evaporation rate by varying the water layer height

(h). With the evaporation of chloroform, microparticles with pores or microcapsules were generated owing to the incompatibility

between the polymer and alkane.
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laser. The red fluorescence signal, originated from Nile

red, was observed with a long-pass 590 nm emission filter

under a 515 nm laser illumination. The pinhole diameter

was set at 71 mm. Stacks of images were collected every

0.5 µm along the z-axis. 

2.3.3. Scanning electron microscope (SEM) 

SEM was carried out on a Sirion 200 scanning electron

microscope at an accelerating voltage of 10 kV. To prepare

samples for SEM, a drop of the centrifugal microparticles

dispersion was dropped on a clean silicon wafer, and

water was allowed to evaporate. Then, the samples were

coated with a thin layer of gold.

2.3.4. Brunauer-Emmett-Teller (BET)

BET specific surface area, N2 adsorption isotherms

(77.2 K), and pore size distribution of the polymer

microparticles were measured by the BET method using a

Micrometrics ASAP 2020 M surface area and porosity

analyzer. The microparticles suspension was centrifuged

at 5000 rpm and allowed to dry at room temperature under

vacuum until a constant weight was obtained. Before

analysis, the samples were degassed at 50oC for 8 h under

vacuum (10-5 bar).

3. Results and Discussion

3.1. Porous microparticles generation through emulsion-
solvent evaporation 

In a typical experiment, PS and HD were first dissolved

in chloroform which was a good solvent for both

components, as shown in scheme 1. The solution was then

emulsified with 5 mg/mL PVA aqueous solution through

vigorously shaking by hand. Emulsion droplets with initial

size of ~30-70 µm were thus generated. Afterwards, the

emulsions were collected into a designed evaporation

device (Scheme 1) and chloroform was allowed to remove

by diffusing through the aqueous layer and evaporating into

the surrounding air at ambient temperature (25oC). The rate

of solvent evaporation was controlled by tailoring the height

of water layer (h) (Liu et al., 2012; Wang et al., 2012).

The evolution process of an emulsion droplet during

solvent evaporation was shown in Fig. 1. As the

chloroform evaporates, tiny HD droplets within the

emulsion droplet would appear and coalesce slowly into

small HD droplets. The formed small HD droplets inside

the emulsion droplets will trigger the formation of small

holes in the resulting microparticles, while small HD

droplets at the interface would depart from the emulsion

droplet (Fig. 1d) and form plenty of pores on the shell of

microparticles (Fig. 1f). The separated HD droplets from

the emulsion droplets could be stabilized by the PVA in

the aqueous solution. It was hard to observe the interior of

microsphere with size of ~10 µm (Fig. 1f) from the optical

microscopy image, but the hollow structure can be seen

clearly for the cross-sectional SEM image in the inset of

Fig. 2a. The reason for the formation of capsular structure

can be ascribed to that the evaporation rate of chloroform

in the center of emulsion droplet was slower than that at

the edge. The small HD droplets in the center had enough

time to coalesce to form a big HD droplet, resulting in the

formation of a hollow core after complete removal of

chloroform.

From Fig. 1 and 2, we can deduce that the formation

mechanism of the porous polymer microparticles can be

ascribed to phase separation between PS and HD during

chloroform evaporation. We note that HD and the

polymer can dissolve well in chloroform at first stage.

With the evaporation of chloroform, concentration of the

PS and HD will increase, leading to the aggregation of

HD into tiny droplets due to the incompatibility of HD

and PS, and the reduced solubility of HD in chloroform.

Density of the HD droplets keeps similar as that of

concentrated polymer solution in the droplets. Thus, the

tiny HD droplets are uniformly distributed inside the

polymer/chloroform drop, and porous structures are

distributed homogeneously instead of spatially separated

inside the polymer particles. Further removal of solvent

will lead to the coalescence of the HD droplets and the

Fig. 1. (Color online) Optical microscopy images showed the

evolution of the same emulsion droplet containing 10 mg/mL

PS21k and 2 mg/mL HD during chloroform removal at h=0.75

mm. The time elapse for the images was (a) 5 sec, (b) 12 min, (c)

16 min, (d) 19 min, (e) 20 min, and (f) 30 min. We note that

polymer and HD can dissolve well in chloroform in our

experiment, and no HD droplets were formed before and right

after emulsification. When we perform the optical microscopy

investigation by dropping the emulsion on the glass slides (~ 5

sec), tiny droplets can be seen within the emulsion droplet (Fig.

1a). Control experiment indicates that no tiny droplets were

observed for the emulsions without the addition of HD. Thus, the

tiny droplets within the emulsion can be ascribed to the HD phase

due to the phase separation between HD and the polymer during

solvent evaporation.
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increased viscosity of the polymer solution in the

droplets, and porous structures could be trapped owing to

the complete removal of chloroform and PS

solidification. Finally, the HD droplets can be fixed both

on the shell and the interior of polymer microparticles

due to the high boiling point of HD. HD might evaporate

from the microparticles under vacuum during the sample

preparation for SEM investigation. In the previous work

(Liu et al., 2012), we used hexadecanol as a cosurfactant

which displays amphiphilic character and can reduce the

interfacial tension of oil/water further by adjusting the

organization of surfactant molecules at the interface,

ultimately leading to the interfacial instabilities of

emulsion droplets. Compared with n-hexadecanol, n-

hexadecane only has a hydrophobic alkyl chain which

can only induce the phase separation and the generation

of porous structure instead of triggering the interfacial

instabilities. In this case, HD acts as a porogen for the

formation of alkane domains in the PS matrix and

ultimate pores after removal of the HD from the particles.

3.2. Porous microparticles with tailored pore size
and number

The pore number and size of the porous microparticles

can be tuned by simply adjusting the rate of solvent

evaporation. Recently, we have successfully designed an

evaporation device to control the rate of solvent

evaporation by varying h (Liu et al., 2012). With lower

height for example h=0.75 mm, fast evaporation rate can

be obtained, and phase separation between PS and HD

close to the edge of emulsion droplet would occur quickly,

resulting in porous microparticles with a large number of

small pores. In this case, there is no enough time for HD

coalescence into larger ones (Fig. 2a). While, in the center

of emulsion droplet, small HD droplets will have enough

time to coalesce and form a big HD droplet, leading to the

formation of hollow core after complete removal of

chloroform (see the inset of Fig. 2a). On the other hand,

when the organic solvent evaporation rate is very slow

(h=19.5 mm), the inner small HD droplets will have

enough time to coalesce into a big one, finally resulting in

the formation of polymer microcapsules with a single hole

(Fig. 2d). Although several methods have been developed

to generate porous particles, the method presented here

represents a simple and effective route to tailor the pore

size and density. When the height of water layer h was

increased from 3 to 9 mm, the pore number of polymer

microparticles decreased while the pore size of the polymer

microparticles increased (Fig. 2b-c). The relationship

between the water layer height h and average pore

Fig. 2. (Color online) SEM images of porous polymer microparticles with different pore numbers were formed from emulsion droplets

containing 2 mg/mL HD and 10 mg/mL PS21k with varied h: (a, a’) 0.75 mm, (b) 3 mm, (b’) 4.5 mm, (c, c’) 9 mm, (d) 19.5 mm. 5

mg/mL PVA was added to the aqueous phase to stabilize the emulsion droplets. (e) Plot shows the relationship between the water layer

height h and average pore number (solid line)/average pore size (dashed line) of porous polymer microparticles in (a-d). Specifically,

average pore number was obtained by counting only the visible side of the microparticles in SEM images; therefore, the pore number

in the whole particle should be roughly two times as displayed in the plot, the same in Fig. 3. (f) The relationship between h and the

specific surface area of PS porous microparticles in (a’-c’).
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number/average pore size is shown in Fig. 2e. Clearly,

pore number decreases from ~ 68 to 1 whereas pore size

increases from ~1.0 to 4.1 µm when increasing the height

of water layer h from 0.75 to 19.5 mm. Fig. 2f illustrates

the relationship between the water layer height h and the

specific surface area of the PS porous microparticles

determined by the BET measurement. The specific surface

area of the PS porous microparticles decreases with the

increase of h when CHD is kept constant. The BET data

further indicated that the pore number of the polymer

microparticles can be controlled by using this method.

In addition, the concentration of HD (CHD) also plays

an important role in determining the pore number and

size (Fig. 3). Our control experiment indicates that solid

microparticles with smooth surface are obtained without

the addition of HD (Fig. 3a). When the concentration of

HD is 0.5 mg/mL, hollow microparticles with smooth

surfaces are obtained after solidification. Due to the low

concentration of HD, the time of forming HD droplets is

increased under the same situation which has enough time

for the tiny HD droplets to coalesce to large HD droplets

and migrate to the center of emulsion droplets (Fig. 3b and

inset). When increasing CHD from 1 to 10 mg/mL, porous

microparticles with increased pore number and reduced

pore size are generated (Fig. 3c-f). However, when CHD is

increased up to 20 mg/mL, microparticles with a large

single hole on the shell are generated (Fig. 3g) since high

concentration of HD will easily induce the phase

Fig. 3. (a-g) SEM images of PS microparticles formed from emulsion droplets containing 10 mg/mL PS21k and different concentration

of HD: (a) 0 mg/mL, (b) 0.5 mg/mL, (c) 1 mg/mL, (d) 2 mg/mL, (e) 5 mg/mL, (f) 10 mg/mL, (g) 20 mg/mL. Chloroform acts as an

organic solvent while 5 mg/mL PVA was added to the aqueous phase to stabilize the emulsion droplets and h was set at 0.75 mm. (h)

Plot shows the relationship between the HD concentration and average pore number (solid line)/average pore size (dashed line) for the

PS microparticles in the (a-g).
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separation and coalescence of tiny HD droplets during

chloroform evaporation. Fig. 3h shows the relationship

between the HD concentration and average pore number/

average pore size. 

CLSM images of PS microparticles in Fig. 4 confirmed that

polymer microparticles with different internal morphologies

can be created, including solid microparticles (Fig. 4a),

porous microparticles (Fig. 4b, c) and microcapsules (Fig.

4d-d2). Also, from the different depth of the CLSM image

in Fig. 4e-e2, we can conclude that small pores were

distributed uniformly in the polymer particles. Moreover, the

polymer microparticles have the capacity of encapsulation of

hydrophobic species in the particles, demonstrating the

potential applications of the porous particles in the field of

drug delivery and release, catalysis, separation, and

diagnostics. In addition, when changing initial concentration

of PS (CPS) under the same HD concentration, microcapsules

with a hollow core or porous polymer microsphere with

different sizes of pores can be obtained (Fig. 5), demonstrating

more experimental variables of tuning the pore density and

size for our technique.

All these results indicate that porous polymer

microparticles with different pore number and size can

thus be tuned simply by varying h, CPS and/or CHD. 

3.3. Generality of the approach
To demonstrate the generality of our approach, investigations

are performed by varying various experimental factors,

including polymer type, polymer molecular weight,

organic solvent, chain length of alkane, and the

concentration of PVA. 

Various types of polymers are used to prepare polymer

microparticles, including PCL20k, PLA50k, PMMA24k and

PS25k-b-PMMA26k (see Fig. 6). Similar results were observed

when these polymers were employed to fabricate porous

microparticles, indicating the generality of our technique.

Interestingly, this method can be applied to generate

biodegradable polymer particles (e.g., PCL and PLA) with

tunable pore density and size by tuning the experimental

parameters, which will expand the scope of applications in

drug delivery and regenerative medicine. 

Moreover, PS with varied molecular weights (Fig. 7)

Fig. 4. (Color online) CLSM images of PS microparticles from

emulsion droplets containing 10 mg/mL PS21k and varied CHD and

h: (a) 0 mg/mL HD, h=3 mm, (b) 2 mg/mL HD, h=19.5 mm, (c)

2 mg/mL HD, h=9 mm, (d-d2) 0.5 mg/mL HD, h=3 mm, (e-e2)

2 mg/mL HD, h=3 mm. In (a-e2) 0.1 wt % Nile red relative to the

polymer was added to the initial polymer solution. (d-d2) CLSM

images of the same microparticle with different scanning depths:

(d) 1.5 µm, (d1) 5 µm, (d2) 7.5 µm. (e-e2) CLSM images of the

same microparticle with different scanning depths: (e) 3.5 µm,

(e1) 5 µm, (e2) 6.5 µm.

Fig. 5. SEM images of PS microparticles formed from emulsion

droplets containing 5 mg/mL HD and varied concentration of

PS21k: (a) 1 mg/mL, (b) 5 mg/mL, (c) 10 mg/mL, (d) 20 mg/mL,

(e) and (e’) 40 mg/mL in chloroform as an organic phase. The

water layer height h was set at 1.50 mm and 5 mg/mL PVA was

added to the aqueous phase to stabilize the emulsion droplets.

Clearly, phase separation occurs easily when the HD relative con-

centration was high (e.g., low polymer concentration). Micro-

capsules with a big hole (a) or (b) porous polymer microparticles

with different sizes of pores were formed. With the increase of

the PS concentration, many porous polymer microparticles with

relatively uniform pores were obtained (c-d). When the PS con-

centration was increased up to 40 mg/mL, the pores in the surface

of the porous polymer microparticles were shallow because the

relative fraction of HD was very low in comparison with PS (e).

(e’) Cross-sectional SEM image of the microparticles in (e)

which was cut by ultrathin knife. Clearly, there are a small hol-

low cavity and lots of pores on the surface of the cavity and the

shell of the microsphere.
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and different organic solvents (Fig. 8) are employed to

generate polymer microparticles by using the same

procedure. In particular, the movement of PS chains in the

emulsion droplets decreased for the increased viscosity

and entanglement of PS during the evaporation of organic

solvent with the increase of PS molecular weight. In this

case, polymer with small molecular weight gives rise to

microcapsules with several open holes on their surfaces

(Fig. 7a) while polymer with high molecular weight will

trigger the formation of polymer microparticles with dents

on their surfaces (Fig. 7c). On the other hand, alkanes with

varied chain length have been used to prepare polymer

micoparticles by employing the same method. Fig. 9

showed that microparticles are produced when the chain

length of alkane is in the range between 6 and 24. Our

experiment indicates that n-hexane, which has a low

boiling point (68.7oC), can evaporate easily and lead to the

formation of polymer microparticles with non-uniform

distribution of the pores (Fig. 9a). Yet, n-tetracosane, which

has a very high boiling point (391oC), can not lead to the

formation of porous microparticles (Fig. 9b). Presumably,

medium chain alkane has the appropriate boiling point and

solubility in the polymer solution to get enough time to

trigger the phase separation. Therefore, the chain length of

the alkanes from 6 to 20 is the desirable range for

generating porous polymer microparticles. In addition, our

result indicated that PVA concentration has no significant

influence in the structure of the polymer particles (Fig. 10).

Fig. 6. SEM images of porous polymer microparticles from

emulsion droplets containing 2 mg/mL HD and 10 mg/mL

polymer: (a) PCL20k, (b) PLA50k, (c) PMMA24k, (d) PS25k-b-

PMMA26k. 5 mg/mL PVA was added to the aqueous phase to

stabilize the emulsion droplets and h was set at 0.9 mm.

Fig. 7. SEM images of PS microparticles formed from emulsion

droplets containing 5 mg/mL HD and 10 mg/mL PS with

different molecular weight of: (a) PS2.8k, (b) PS21k, (c) PS876k.

5 mg/mL PVA was added to the aqueous phase to stabilize the

emulsion droplets and h was set at 3 mm. Inset in (b) is the cross-

sectional SEM image of the porous particle.

Fig. 8. SEM images of porous polymer microparticles formed

from emulsion droplets containing 2 mg/mL HD and 10 mg/mL

PS21k in different commonly-used organic solvents: (a) carbon

disulfide, (b) toluene, and (c) dichloromethane. Water layer

height h was 0.9 mm and 5 mg/mL PVA was added to the

aqueous phase to stabilize the emulsion droplets. Obviously, all

of the organic solvents above could be used to generate porous

polymer microparticles. Yet, microparticles with pores of high

pore size dispersity were obtained when toluene was used. In this

case, emulsion droplets would float on top of the water layer

evaporated more freely and quickly because density of toluene

was lower than water.

Fig. 9. SEM images of PS microparticles formed from emulsion

droplets containing 10 mg/mL PS21k in chloroform and 5 mg/mL

alkanes: (a) n-hexane and (b) n-tetracosane. h was set at 0.9 mm

and 5 mg/mL PVA was added to the aqueous phase to stabilize

the emulsion droplets. Clearly, the type of alkanes plays an

important role in the formation of porous microparticles.
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4. Conclusions

In summary, we have demonstrated a facile and effective

approach to fabricate porous polymer microparticles with

tunable pore size and number. Porous polymer microparticles

are obtained by employing the emulsion-solvent evaporation

method through phase separation induced by the

incompatibility of HD and PS. Remarkably, pore size and

density on the shell of microparticles can be easily tailored

by varying the HD concentration and/or the rate of solvent

evaporation. Moreover, this versatile approach can be

extended to generate porous polymer microparticles for a

broad range of hydrophobic polymers, alkanes, and organic

solvents; and these porous polymer microparticles with

tunable structures can be potentially useful in drug storage

and delivery, catalyst carrier, gas storage, and so forth.
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