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Abstract: This study developed a versatile and facile method for creating pores and tuning the
porous structure in the polymer latex films by selectively etching the added functional polyvinyl
pyrrolidone (PVP) molecules. The pore formed in the latex films had a similar morphology to that
of PVP aggregation before etching. This observation promotes us to regulate the pore morphology
that determines the film’s property, such as air permeability through varying the PVP molecule
weight and dosage. To this end, the effects of PVP molecule weight and dosage on the pore formation
were systematically studied. The results showed that the average pore size of porous film decreased
from >10 µm to sub-micron (about 0.4 µm) as the molecular weight or the dosage of PVP increased.
This was ascribed to the strong adsorption affinity of PVP molecule onto the latex particle surface,
which further hindered the diffusion and self-assembly of PVP molecule. In addition, this interaction
became much stronger when the higher molecule weight of PVP or the higher dosage of PVP was
employed, leading to the decreased size of PVP aggregation, as well as the formed pores in the latex
films. Furthermore, the addition of PVP had little effect on the color of coated fabric based on the
results of CIE L*a*b* measurement. The proposed facile method can be used to improve the air
permeability of coated fabrics.

Keywords: porous film; morphology; etching; polyvinyl pyrrolidone; air permeability

1. Introduction

Polymer latex derived from emulsion polymerization is widely used in many industries such as
binders, textile finishing, paper coating, architectural and pharmaceutical industries, because it can largely
reduce the volatile organic compound (VOC) emission [1–9]. In particular, technical/smart textiles can be
facilely developed by casting functional polymer latex into conventional textiles [10–20]. In this procedure,
film formation is an important procedure for the use of commercial latex. Typically, the latex is allowed to
be casted into substrates, such as textiles and glasses, to form a desirable film.

In some cases, the film is easily designed as a non-porous “wall” barrier so that undesirable
impurities can be restricted [21–24]. In contrast, other applications in separation, drug or nutrient
release, and catalysis need porous films to achieve controllable permeation, which remains a big
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challenge in facilely regulating the pore structures [25–31]. To this end, several strategies have been
devised to prepare the porous film by casting the aqueous latex into certain substrates.

Adopting the drying temperature close to the minimum film formation temperature (Tmff) during
film curing is one of the most used strategies. In this case, the latex particle suffers an incomplete
deformation and thus promotes the formation of pores in the polymer film [32,33]. Another widely
used strategy is to introduce a pore forming agent into the latex. The selected agent can be incorporated
into the latex film during film formation and then is removed by selectively etching. Examples of
pore forming agents tested include small molecule additives (e.g., urea, glycerol, glucose, sucrose,
etc.) [34–39] and water-soluble polymers (WSPs) (e.g., polyvinyl pyrrolidone (PVP), polyethylene glycol
(PEG), etc.) [40–42]. Since small molecule additives have limitations in controlling over the pore
structure of film, WSPs having the potential to tune the pore morphology due to their greater
incompatibility with the substrate are an ideal candidate for porous film production. The preparation
of the porous film usually involves organic solvents in the casting systems. The organic solvent enables
the well dissolution of used polymers to form a homogeneous casting solution. The coating film on
the certain substrate using this casting solution can form pores after a period of solvent evaporation
or solvent dissolution [43–45]. However, the organic solvent probably discharges VOC and other
harmful substance, posing negative effect on the ecological environment and human-being health.
Therefore, it is necessary to explore water-based porous film formation methods to avoid the use of
organic solvents.

Our earlier works have demonstrated the possibility of using PVP as pore forming agent for
preparing the water-based porous latex film [46,47]. However, the regulation of the pore morphology
in the latex film forming system remains a challenge. In this study, the pore morphology of latex
films, using PVP as pore forming agent, was systematically investigated to gain a deep insight into the
regulation principle. The main objectives of our study are; (i) exploring the effect of PVP molecule
weight and dosage on the pore morphology evolution; and (ii) applying the optimized process of
proposed method to enhance the air permeability of coated fabrics. Our study can pave the way
toward the understanding of pore formation using WSPs as an additive and provide a facile coating
method for enhancing the air permeability of fabrics.

2. Experimental

2.1. Materials

Styrene-butyl acrylate copolymer latex with a solid content of about 30% was purchased from
Zhejiang Kefeng Silicone Co., Ltd., Jiaxing, China. The received latex has an average particle size of
90 nm and a distribution index of 0.05. Polyvinyl pyrrolidone K30 (PVPK30, number average molecular
weight of 10,000 g mol−1) and Polyvinyl pyrrolidone K15 (PVPK15, number average molecular weight
of 2500 g mol−1) were purchased from Hangzhou Nanhang Industrial Co., Ltd., Hangzhou, China.
Synthetic thickener KF-386 was purchased from Zhejiang Kefeng Silicone Co., Ltd., Jiaxing, China.
Methanol (CH3OH) was obtained from Shanghai Macklin Biochemical Co., Ltd, Shanghai, China.
The water utilized in all experiments was deionized water. The used fabric was a plain woven and
100%-dyed cotton fabric. The mass density and yarn size of the used cotton fabric were 125 ± 2 g m−2 and
18.2 tex, respectively. The density of fabric in the warp and weft direction were 10.8 and 5.4 threads cm−1,
respectively. The fabric was obtained from Zhejiang Haoyu Technology Co., Ltd, Shaoxing, China.

2.2. Preparation of Latex Film

The emulsion was prepared by mixing the styrene-butyl acrylate copolymer latex and PVP,
whose dosage was calculated based on the dry mass of the styrene-butyl acrylate copolymer latex.
First, a certain amount of PVP was dissolved in water to form an aqueous solution A. Then, the solution
A was added into the weighed latex to prepare the emulsion under stirring at 250 rpm for 10 min.
The detailed formula of emulsion was summarized in Table 1.
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Table 1. The detailed formula of emulsion.

Samples Styrene-butyl Acrylate Copolymer Latex (g) PVP (g) Water (g)

PVP 0% 4 0.00 0.8
PVP 5% 4 0.06 0.8

PVP 10% 4 0.12 0.8
PVP 15% 4 0.18 0.8
PVP 20% 4 0.24 0.8
PVP 25% 4 0.30 0.8
PVP 30% 4 0.36 0.8

The prepared emulsion was poured into the PTFE vessel and dried in an oven at a temperature of
50 ◦C. Then the formed film was removed from the PTFE vessel and was re-equilibrated to the ambient
conditions for 10 min. Afterwards, the film was immersed into a methanol/water (weight ratio = 10:90)
solution and kept for 10 min to promote the pore formation by dissolving PVP. In the end, the porous
film was filtered and dried at room temperature [46,47].

2.3. Coating of Cotton Fabric

The preparation of the coating paste was described as follows: A mixture of thickener KF-386
(0.5 g) and the water (49 g) were stirred at 1600 rpm for 30 min. At the same time, PVPK30 dissolved in
water and mixed well with BA. Then the two mixtures were mixed and stirred at 1200 rpm for 30 min.
The formula of the coating paste was summarized in Table 2. The cotton fabric was coated with the
different paste by a knife over roll coating method using a laboratory coating machine (LTE-S, Mathis,
Switzerland). The coated cotton sample was soaked into the methanol/water (weight ratio = 10:90)
solution for 5 min at room temperature, and then followed by water washing and dried at 160 ◦C for
3 min.

Table 2. The formula of coating paste.

Samples Thickener KF-386 (g) Styrene-butyl Acrylate
Copolymer Latex (g) PVPK30 (g) Water (g)

coated fabric with
PVP 0% 0.5 4 0.00 95.50

coated fabric with
PVPK30 10% 0.5 4 0.12 95.38

coated fabric with
PVPK30 20% 0.5 4 0.24 95.26

2.4. Characterization

2.4.1. Gravimetric Analysis of Water Evaporation from Latex

The weight loss of the latex dispersion was quantified by a gravimetrical method. The PTFE
vessels withdraw from the oven were weighted at intervals of 10 min and putted back immediately.
The latex drying kinetic was calculated according to our early study [47]. To clarify the change of
drying rate during the film forming process of latex, two parameters were defined. X represented
the evaporation of water per unit area at a certain moment, which was calculated from Equation (1),
Y represented the latex volume fraction or solid content of latex at a certain moment, which was
calculated from Equation (2). First, X was used as the ordinate and dry time was used as the abscissa to
draw the graph. Then, the derivative was obtained, and the absolute value of the derivative obtained
means the weight of water loss per unit area per unit time. Taking this as the ordinate, and use Y
as the abscissa to draw a graph to obtain the curve of the rate of water evaporation with the latex
volume fraction,

X =
m1 −mt

π ∅2 (1)
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Y =
(mn −m0)/1.05

mt −m0 − 0.05(mn −m0)/1.05
(2)

where, ∅ means the radius of the circular concave surface in the PTFE vessel (m); m0 means the weight
of the PTFE vessel (g); m1 means the initial weight of the PTFE vessel after adding emulsion (g);
mt means the weight of the PTFE vessel and emulsion after drying for a certain period (g); mn means
the weight of the PTFE vessel and polymer after completely dry (g).When the amount of PVP addition
was 0%, 5%, 10%, 15%, 20%, 25%, and 30%, 1.05 and 0.05 in Equation (2) were replaced with 1 and 0,
1.05 and 0.05, 1.1 and 0.1, 1.15 and 0.15, 1.2 and 0.2, 1.25 and 0.25, and 1.3, and 0.3, respectively.

2.4.2. Latex Film Morphologies

The dried latex films before washing were prepared with an ultra-thin microtome under the
condition of liquid nitrogen freezing and were collected onto the 200 mesh copper wire mesh.
Then, the morphology of ultrathin section of the latex films was observed by a transmission electron
microscope (TEM, JEM 1230, JEOL, Chiyoda, Japan). The dried latex films before and after washing
were quenched in liquid nitrogen, and the surfaces were gold-plated. Then, the cross sections of the
films before and after washing were obtained by a scanning electron microscope (SEM, JSM-5610LV,
JEOL, Chiyoda, Japan). The pore sizes in the porous latex films were obtained by manually counting
300–400 dispersed phases by microscopic imaging software MiVnt (Shanghai Hui Tong Optical
Instrument Co., Ltd., Shanghai, China).

2.4.3. The Performance of Coated Fabric

The air permeability of the coated fabric was measured according to GB/T5453. The CIE L*a*b* of
coated fabric was assessed by a color matching instrument (Datacolor SF 600, Lawrenceville, NJ, USA).
The crocking fastness and laundering fastness of printed fabrics were determined according to AATCC
8 and AATCC 61 (Test No. 2A) standards, respectively.

3. Results and Discussion

3.1. Morphologies of Latex Films with PVP

The morphology of ultrathin section of latex films is displayed on Figure 1. The transmission
electron microscopy images (TEM) images in Figure 1 indicated that the pore morphologies in latex
films varied significantly as PVPK30 dosage changed. As shown in Figure 1a, the latex film without
PVP had a homogeneous structure without pores. After the addition of PVPK30, two distinct phases
were observed in the films, where PVPK30 occurred in the dispersed phase and appeared as dark
areas in the TEM images (Figure 1b–e). When the PVPK30 dosages were 5% (Figure 1b) and 10%
(Figure 1c), strip-like PVPK30 phases with an average length of 10 µm were obviously detected. As the
dosage of PVPK30 increased to 15% (Figure 1d), a remarkable decrease in the phase size (an average
length of 0.40 µm) was observed. In Figure 1e, a further increase in the dosage of PVP to 20%,
however, only caused a very slight decrease in the dispersed phase size to about 0.35 µm.

To explore the reasons for the dependence of film morphologies on PVPK30 dosages, the film
formation processes of latex containing PVPK30 were studied by measurement of latex drying rates.
As revealed by the drying kinetic curves in Figure 2, all the film formation processes obeyed a
“Three-Stage” model [48–54]. Taking the case of latex without adding PVP as an example, the first
stage held about a constant water evaporation rate of 1.9 g s−1 m−2 and ended at about 44% latex
volume fraction. The second stage proceeded with a gradually deceased evaporation rate till 85%
latex volume fraction, which was followed by the onset of the third stage with an extremely low water
evaporation rate. In comparison, for the latex with PVPK30, two different points were discerned in the
drying kinetic curves.
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Figure 2. The influence curve of PVPK30 dosage on the drying rate of latex.

First, the ending of the first stage delayed to a latex volume dosage as high as 55%, which was
independent on the PVPK30 dosage. This observation indicated that PVPK30 improved the colloidal
stability, thus ensuring that the latex could keep a constant water evaporation area till 55% latex volume
fraction [55,56]. Kellaway and Najib et al. [57] reported that the added PVPK30 molecules were prone
to adsorb onto the surface of the latex particles for stabilization. Further research revealed that the
saturation point of adsorption was 2.2 × 10−17 g nm−2. To this end, it was inferred that PVPK30 added
into the latex almost adsorbed onto the latex particle surface and provided the latex particles with
steric barriers, thus additionally stabilizing the latex in the coating suspension. Second, the drying
rate increased as the dosage of PVPK30 increasing during the intermediate stage, demonstrating that
the latex with PVPK30 addition had increased areas for water evaporation. This observation could
be ascribed to following reasons: After the occurrence of irreversible contact between latex particles,
the PVPK30 molecules would desorb from the particle surface and dissolve into the water phase. As a
result, the viscosity of water phase would increase and become higher with the increase of PVPK30
dosage. If the viscosity was high enough, the packing of latex particles would be suppressed, leading to
loose packing of particles. Therefore, on the one hand, PVPK30 microdomains with submicron size in
the final films could be produced and observed (Figure 1d,e). On the other hand, the high viscosity
could ensure the latex with a high drying rate owing to the increased “water-air” interfaces for water
evaporation. In addition, when the viscosity of water phase was in the low range (e.g., 5% or 10%
PVPK30 were applied.), the particle packing process would be little suppressed. The particles could
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accumulate well and pack densely. In this case, PVPK30 molecules in the aqueous phase could form
“strip-like” morphologies with large size (Figure 1b,c) through self-assembly. These observations
implied the possibility of regulating the morphologies of PVPK30 by changing the viscosity of the
aqueous phase. Except the dosage of PVP as mentioned above, the viscosity is also dependent on
the molecular weight of PVP. Therefore, another series of experiments were designed to examine this
possibility, where PVPK30 was substituted by PVPK15.

PVPK15 had a lowered molecular weight than PVPK30. It was expected that by decreasing the
average molecular weight, the viscosity of the aqueous phase would decrease, thereby enlarging
the size of PVP phase and final pore size. The TEM images of films prepared using PVPK15 are
shown in Figure 3. When PVPK15 dosage was 15%, the PVPK15 domains in Figure 3a appeared as
strip-like shape with an average length of 15 µm, while PVPK30 domains were only 0.40 µm (Figure 1d).
The further increase of PVPK15 dosage to 25% (Figure 3b) did not induce any obvious variation of the
morphologies except for a decrease in the size. The size of PVPK15 phase decreased significantly as
the PVPK15 dosage increased to 30%. As shown in Figure 3c, the average size decreased to around
0.30 µm. By comparison, the average size of PVPK30 phases decreased to about 0.35 µm at an even
lower dosage of 20%. The difference in PVP morphologies was coincided with the difference in drying
kinetics between latex with PVPK15 and latex with PVPK30. As shown in Figure 4, the latex contained
the same dosage of PVPK15 and PVPK30, but the latex with 15% of PVPK15 had a lower drying rate
than that with 15% of PVPK30 during the intermediate stage. As discussed above, the lower rate
was due to the smaller “water-air” interface area for evaporation because of the larger domain size
of PVPK15. When the domain size of PVPK15 decreased, the drying rate of the corresponding latex
increased accordingly. As shown in Figures 1e and 3c, the PVPK15 domains decreased to about the
same size as that of PVPK30, being just expected, the drying rates of the two latex were nearly the same.
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3.2. Pore Architecture of Latex Films after Removal of PVP

The latex films were washed with the mixture of methanol and water with the purpose to remove
PVP and realize the porous structure. The SEM analysis was used to confirm the feasibility of the
method. The obtained SEM images of washed films are shown in Figure 5. The insets in Figure 5
showed that all the latex films had continuous structure, which was similar to the morphology before
washing. The effects of PVP on the film structure were unobvious before washing. After washing,
great differences in morphologies were discerned between latex films with and without PVP. As shown
in Figure 5a, the film prepared without PVP still resembled the morphology without pores after
washing. In contrast, solvent-washing gave rise to a great number of pores in the films prepared
with PVP.
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washing: (a) using 0% of PVP; (b) using 10% of PVPK30; (c) using 15% of PVPK30; (d) using 15% of
PVPK15; and (e) using 30% of PVPK15.

The pore sizes decreased from 10 µm to 9.5 µm and futher to 0.4 µm as the PVPK30 dosage
increased from 5% to 10%, and to 15%. The introduction of PVPK15 had a very similar effect on the
pore sizes. As shown in Figure 3, the pore size decreased from 13.0 µm to 0.4 µm with the growing
PVPK15 dosage from 15% to 30%. Either the changing pattern or the pore size agreed well with those
of the PVP phases in the films. It was demonstrated that the pores were formed as a result of the
removal of PVP.

3.3. The Performance of Coated Fabrics

After being applied onto the textiles, the polyacrylate latex often forms dense films to ensure the
textile dyeing and finishing auxiliaries adhere firmly to the fabric surface. However, it usually leads
to a decreased air permeability, and affects the thermal insulation and comfort of the coated fabrics.
The porous films may be a good way to improve the air permeability of the final fabrics. The effect of
porous films prepared with (or without) PVP on the air permeability of fabric is shown in Figure 6.
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It could be seen that the air permeability of the original fabric was about 41.8 mm s−1, whereas the
permeability of coated fabric without added PVP decreased significantly to about 30 mm s−1. By contrast,
the permeability of coated fabric with adding PVP gained remarkable improvement. The air permeability
of coated fabric could reach to ~39 mm s−1, which accounted for ~90% recovery of air permeability.
Furthermore, the air permeability of coated fabric with adding 10% of PVPK30 was almost the same
as that adding 20% of PVPK30, although the pore sizes produced by 10% of PVPK30 were larger
than those by 10% of PVPK30. In other words, the dosage of PVPK30 had little influence on the air
permeability of the coated fabrics. This might be because that the pore size became smaller as the
dosage of PVPK30 increased, but the number of pores increased, and then the total surface area of the
pores did not suffer a big change. In addition, most textiles were colored and required certain color
fastness. The effect of coating process on the property of colored fabrics using different paste is shown
in Tables 3 and 4. In Table 3, after adding polyacrylate latex, the color depth of the fabric decreased
slightly, but the color difference suffered little changes. When adding PVP as an additive, the color
depth of the fabric continued to decrease, and the shade changed slightly, but the color difference from
the original fabric was less than 1.00, which was acceptable in the color difference. Further, PVP dosage
had little effect on color change. It could be seen from Table 4 that the coated process with or without
adding PVP had little effect on the color fastness of coated fabric.

Table 3. Comparison of the color change with different paste.

Fabric
CIE L*, a*, b*

DE*
L* a* b*

original fabric 35.11 57.47 8.21
coated fabric with PVP 0% 35.31 57.21 8.07 0.35

coated fabric with PVPK30 10% 35.71 57.79 7.93 0.74
coated fabric with PVPK30 20% 35.76 57.67 7.77 0.82
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Table 4. Comparison of the fastness of coated fabric with different paste.

Fabric
Crocking Fastness/Grade Laundering Fastness/Grade Color Change

Dry Wet

original fabric 4.5 4 4
coated fabric with PVP 0% 4.5 4 4

coated fabric with PVPK30 10% 4.5 4 4
coated fabric with PVPK30 20% 4.5 4 4

4. Conclusions

In summary, this study demonstrated the facile preparation of the porous films using aqueous
latex with addition of PVP. The pore morphology in the latex films could be regulated by varying
the dosage or the molecular weight of PVP. After the addition of PVP, the film formation processes
of all latex still obeyed the “three-stage” model, while the PVP had different influences on the first
and second stages. The first stage was not completed until the latex volume fraction reached to a
level as high as 55%, which was independent on the PVP dosage. In the second stage, increasing the
dosage of PVP would accelerate the water evaporation rate, resulting in the formation of smaller pores.
By comparison to original coated fabric (0.2 g s−1 m−2), the water evaporation rate could reach up to
as high as 1.2 g s−1 m−2 at the latex volume fraction of 70% when PVPK30 was applied. In addition,
the added PVP could adsorb onto the latex particle surface and thus improve the latex particle stability.
The high viscosity of the aqueous phase formed by the addition of PVP might be responsible for the
decrease in the pore size in the film. To this end, the permeability of coated fabric with the addition of
PVP in the latex was significantly improved from 32 to 39.4 mm s−1. In addition, the color change
of coated fabrics was little affected by the addition of PVP. Our study can pave the way toward the
understanding of pore formation using WSPs as an additive and provide a facile coating method for
enhancing the air permeability of fabrics.
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