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With the increasing demands of environmental protection, the properties of water-borne coatings filmmustmeet or exceed current
solvent-based coatings. It is an important part of coating science for characterizing the film properties of polymers which was used
in the water-borne and the solvent-based coating. In this study, UV-visible spectroscopy, gravimetric analysis, scanning electron
microscopy, and electrochemical impedance spectroscopy were used to characterize the properties of the water-borne and the
solvent-based poly(butyl acrylate/styrene) (P(BA/St)) copolymer films.Thewater-borne and the solvent-based P(BA/St) copolymer
was synthesized by twomethods.The copolymer had aTg of approximately 14.4∘C,whichwas close to room temperature.Thewater-
borne copolymers were prepared via a three-step film formation process, while the solvent-based copolymer films were prepared
in two steps. Comparing the properties of the water-borne and the solvent-based films, the water absorption capacities decreased
with increasing film formation times, and the film barrier properties and electrochemical properties of both films improved as the
film formation time increased.

1. Introduction

With the increasing demands of environmental protection,
solvent-based coatings would be limited in various fields.
Water-borne coatings were environmentally friendly coating.
However, the water-borne coatings were not as good as
the solvent-based coatings when used in exterior coatings,
household varnishes, and wall paints. How to make the
performance of water-borne coatings exceed that of the
solvent-based coatings had become a hot issue in current
research. It is very important to understand the film for-
mation mechanisms of the solvent-based or the water-borne
coatings to achieve this objective [1, 2]. The coating film
formation process was turned a polymeric dispersion into
a continuous polymer film [3]. The film-forming process of
the solvent-based coatings included two stages: bulk solvent
evaporation (I) and diffusive solvent evaporation (II). During
stage I of film-forming process, the polymer chains began to
entangle into a tight network and eventually produced a solid
film, and the solvent drying rate was high, and approximately
90% (by mass) of the solvent was evaporated. The remaining
solvent slowly evaporated over a longer period during stage II

because of the tighter polymer network formed during stage
I [4].

The film formation process for water-borne coatings
could be divided into threemajor sequential steps [5, 6]. Stage
I was water evaporation: evaporation of the water brought the
latex polymer particles into close contact. Stage II was particle
deformation: the latex particles deformed and formed a void-
free solid structure; during this stage, the film was usually
mechanically weak [7]. Stage III was latex coalescence: the
polymer molecules diffused across the particle boundaries
and created entanglements that made the films mechanical
strength [8–10]. The particle deformation mechanism in the
film formation process of water-borne coatings played an
important role in defining the final film microstructure and
properties of the film, including flexibility and strength [11].
The techniques that were used to study the water evapora-
tion stage included the minimum film-forming temperature
(MFFT) [12], gravimetry methods (GMM) [13], cryogenic
scanning electron microscopy (CSEM) [14], and environ-
mental scanning electron microscopy (ESEM) [15]. Contact
atomic force microscopy (AFM) [16], transmission electron
microscopy (TEM) [17], and scanning electron microscopy
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(SEM) [18] were usually used to study the latex particle
deformation or packing stage. Small-angle neutron scattering
(SANS) [19], fluorescence resonance energy transfer (FRET)
[20], and transmission spectrophotometry [21] were often
used to study the latex film coalescence or interdiffusion
stage.

TheRouth andRusselmodel showed that the deformation
mechanisms of the latex particles could be different possible
mechanisms depending on two dimensionless parameters, Pe
and 𝜆. The parameter 𝜆 was defined as the ratio between the
time needed for film compaction (for complete particle defor-
mation, 𝑡𝑑𝑒𝑓) and the characteristic time for the evaporation
of water, 𝑡𝑒V𝑎𝑝. This parameter could be written as follows:

𝜆 =
tdef
tevap
=
𝜂0R0E
𝛾waH

(1)

where 𝜂0 was the low shear viscosity of the polymer, 𝛾𝑤𝑎
was the water-air surface tension, E was the evaporation rate,
H was the initial film thickness, and 𝑅0 was the particle
size. The parameter Pe was defined as the ratio between the
characteristic time for the diffusion of the polymer particles
from the top to the bottom of the film (𝑡𝑑𝑖𝑓𝑓) and the
evaporation time (𝑡𝑒V𝑎𝑝), and Pe could be written as follows:

Pe =
6𝜋𝜇R0HE

kT
(2)

where 𝑘 was the Boltzmann constant, T was the temperature
(K) during the film formation process, and 𝜇was the viscosity
of a spherical coating particle in the fluid. The particle
deformation mechanisms were classified as wet sintering,
capillary deformation, dry sintering, and Sheetz deformation
[22–24].

During the drying of a water-borne coating, there was
an incompatibility between the surfactant and the polymer;
a parabolic distribution of the surfactant throughout the
film could be seen. By measuring the particle interfer-
ence in rewetted water-borne coating films, it could be
obtained information regarding the particle deformation and
the amount of absorbed water [25, 26]. Electrochemical
impedance spectroscopy (EIS) measurements could show
the particular protection behaviour of the coatings, i.e., an
increase in the film resistance with immersion time. This
was attributed to coalescence activated by the immersion
of the film in a harsh solution [27]. In the film formation
process, EIS could also be used to monitor the polymer film
coalescence process, and the resistance of the film would
increase with increasing film formation time [28, 29].

The main aim of this study was to investigate the film-
forming processes for the solvent-based and the water-
borne P(BA/St) copolymers with the same composition.
Gravimetric methods were used to study the water and
solvent evaporation rates, and AFM and SEM were used to
observe the microstructures of the films. In addition, the
water absorption capacities and EIS data of the films formed
by the two methods were determined to compare their film
properties.

2. Experimental

2.1. Materials. Styrene (St), acrylic acid (AA), and butyl
acrylate (BA)monomerswere used as-received fromTianjing
FuyuAgentCo. (China)without further purification. Sodium
dodecyl sulfate (SDS, Sigma-Aldrich Chemistry Co., China)
was used as an emulsifier, azobisisobutyronitrile (AIBN,
Sigma-Aldrich Chemistry Co., China) and potassium persul-
fate (KPS, Sigma-AldrichChemistry Co., China) were used as
initiators, and sodium bicarbonate and ammonia were used
as buffer agents. Methylbenzene was used as-received from
Tianjing Fuyu Agent Co. (China). Doubly deionized (DDI)
water was used for the water-borne P(BA/St) copolymer.

2.2. �e Preparation of Solvent-Based and Water-Borne
P(BA/St) Copolymers. The water-borne P(BA/St) copolymer
was synthesized by seeded semicontinuous emulsion poly-
merization. First, the emulsifier and monomers, as listed in
Table 1, were dissolved in water in a 500ml flask, and the
monomer was emulsified for 1 h with stirring. Second, 20%
(by mass) of the monomer emulsion was added to a 500ml
four-necked flask that was equipped with a reflux condenser,
a nitrogen inlet, a sampling device, a tetrafluoroethylene-
coated anchor stirrer rotating at 250 rpm, and a cascade
temperature control system. The monomer emulsion was
heated to 70∘C, and 50% (by mass) of the initiator was added.
Third, when the emulsion turned blue, the temperature was
raised to 80∘C, and the remaining monomer emulsion and
initiator were added over a 2 h period. Once the addition
was complete, the temperature was held at 90∘C for 30min.
Finally, the latex was cooled to room temperature, and the pH
was adjusted to 8-9. The P(BA/St) latex was stored at room
temperature.

The composition of the solvent-based P(BA/St) copoly-
mer synthesized by the solution polymerization was also
shown in Table 1. The polymerization was conducted in a
500ml four-necked flask that was equipped similarly to what
was used for the water-borne solution with continuous stir-
ring. The initiator (AIBN) was dissolved in methylbenzene,
and the monomer was added over a 2 h period while the
temperature was held at 80∘C. The temperature was held for
another 30min after the addition was complete.

2.3. Physical Characterization of the P(BA/St) Copolymers [30]

Solid Content. The initial weight and final weight of the
solvent-based or water-borne P(BA/St) copolymers were
dried at 120∘C. The percentage of nonvolatiles (nv.%) was
determined as follows:

𝑛V.% =
𝑓𝑖𝑛𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
× 100% (3)

The samples were cooled to room temperature before
reweighing in order to minimize the error in this measure-
ment. The results were listed in Table 2.

Particle Size Determination. The particle Z-Ave size distri-
bution of the water-borne P(BA/St) was determined by a
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Table 1: The formulae of the solvent-based and water-borne P(BA/St) copolymers.

BA St AA Water Methylbenzene KPS AIBN SDS NaHCO3
solvent-based (g) 22 27 1 - 75 - 0.25 1 -
water-borne (g) 22 27 1 75 - 0.25 - 1 1

Table 2: Properties of the P(BA/St) copolymer.

Solid Content (nv. %) Tg (∘C) Molecular weight∗Mw(g/mol) Z-Ave (nm)
water-borne 38.9 14.4 45000 211.0
solvent-based 38.5 12.1 47000 -
∗ PSt equivalent.

Malvern laser particle size analyser (LPSA, Malvern Instru-
ment Co., Ltd., UK). The results were listed in Table 2.

Glass Transition Temperature (Tg). DSC measurements were
performed using aDSC (201 FC, NETZSCHGroup, German)
with a temperature scanning range of 243 to 373K at 10 K/min
using a sensitivity range of 5 mcal/s. The scans obtained were
used to determine the Tg. The results were listed in Table 2.

Molecular Mass Determination. Gel permeation chromatog-
raphy (GPC) of the samples, performed by a gel permeation
chromatography instrument (RAPRA Technology Ltd. Ger-
man), involved dissolution of 20mg of a sample in 10ml of
dimethyl formamide (DMF) and allowing the material to
dissolve overnight. A Plgel 2 X mixed bed, 30 cm, 10mm
column was used. DMF buffered with ammonium acetate
as a flow rate of 1ml/min was used as the eluent. The GPC
systemwas calibratedwith polystyrene (PSt).The results were
reported as “PSt equivalent” molecular masses (Table 2).

Gravimetric Analysis. Water-borne and solvent-based
P(BA/St) copolymer films were prepared using an adjustable
micrometre film applicator (Hangzhou Annuo Filter
Equipment Co., Ltd. China) at an appropriate wet thickness
to produce a dry film thickness of 50 𝜇m. A Mettler
AE260 Deltarange analytical balance (METTLER TOLEDO
Instruments (Shanghai) Co., Ltd. China) was used to record
mass changes to 0.0001 g, the instrument sensitivity limit.
The initial masses as well as any changes in the masses of
the copolymer films for different film formation times and
different film formation temperatures were recorded. The
water-borne copolymer film formation temperature was 2∘C,
20∘C, 25∘C, 30∘C, and 35∘C. The solvent-based copolymer
film formation temperature was 20∘C, 30∘C, and 40∘C.

Atomic Force Microscopy (AFM). A Topo Metrix TMX 2000
atomic force microscope (Switzerland) was used to scan the
films under ambient conditions in tapping mode.

Scanning Electron Microscopy (SEM). SEM was carried out
using a field emission scanning electron microscope (Nova
Nanosem 430, FEI Co., Netherlands) to investigate the
surface of the latex films. All samples were coated with gold
before SEM observation.

Water Absorption. Several films were prepared with the
same film thickness but different film formation times at
25∘C and atmospheric pressure and drying under similar
conditions. Then, circular samples with diameters of 25mm
were immersed in deionized water. Their swelling behaviour
was recorded by gravimetric measurements of the water
absorption at the same time intervals [23].

Electrochemical Impedance Spectroscopy (EIS). EIS measure-
ments were conducted with Corrtest CS310 software by using
a CS2350H Electrochemical workstation (Wuhan Corrtest
Instruments Corp., Ltd., China). EIS measurements were
performed with a standard three-electrode cell set-up; a
glass cell filled with 3% NaCl clamped to a coated ion
panel served as the working electrode. A saturated calomel
reference electrode and graphite counter electrode were
immersed in the electrode solution with 4 cm between the
counter and working electrodes. An area of exposure of the
working electrode equal to 14.6 cm2 was used for analysis
from 1MHz to 0.01Hz with an AC voltage of 20 mVrms and
a DC voltage of 0.0 V versus the open circuit potential of
−200±80mV. The average potentiostat instrument error was
ranged from 3% at low frequencies to less than 0.5% at high
frequencies.

3. Results and Discussion

3.1. Properties of the P(BA/St) Copolymer. Table 2 showed
the water-borne and the solvent-based P(BA/St) copolymers
in the two systems had similar properties. The water-borne
P(BA/St) copolymer could be used in latex coating systems.

3.2. �e Film Formation Process of the Water-Borne P(BA/St)
Copolymer. The water evaporation rate during the latex film
formation process of the water-borne copolymer was studied
by gravimetric analysis.The copolymer particles deformation
mechanism was calculated by the Routh and Russel film
deformationmodel [22–24].The particles remain in water for
the wet sinteringmechanism.The particles deformationmust
be quickly enough so that no capillary pressure was estab-
lished. In dry sintering, the particles were assumed towithout
significant deformation until the water had evaporated. The
dry sintering condition was the deformation achieved by the
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capillary stress as the water evaporation was minimal [23].
The results were shown in Table 3.

Figure 1 showed the water evaporation rates (the slopes)
from the beginning of the film formation process of P(BA/St)
latex under different temperatures. For the water-borne
P(BA/St) copolymer, the water evaporation rate of the water-
borne P(BA/St) film formation had initially decreasing rate
and then a linear rate and finally reached a near zero rate,
as shown in Figure 1 for the film formed at 30∘C. At the
beginning, the surface of the film was wet, and the water
in the film could easily diffuse to the surface and evaporate
into the air. When the drying rate was constant, the film
surface did not remain wet because the water migration
rate was less than the vaporization rate. The drying rate
decreased gradually during film formation. In the final drying
period, the mass transfer became difficult, and the drying
rate gradually decreased to zero. Figure 1 also showed that
the water evaporation rates increased with the film formation
temperature.Thewater evaporation caused the voids between
the latex particles to decrease, and particle fusion could
increase the transparency of the latex film. It was clearly
shown in Figure 2 that when the film was formed at 20∘C,
the particles undergo a three-stage film formation process:
the spherical, hexagonal, and partially cross-linked stages
(polymer molecular diffused from one particle to another).
According to the Russell-Routh model, the deformation
mechanism was wetting sintering. During the sintering of
the latex particles, not all of the water was evaporated. The
calculated parameters shown in Table 3 also show this trend.
There was a second phase where the water surrounded the
particles. Images B and D in Figure 2 showed the particle
coalescence had occurred.

3.3.�eFilmFormation Process for the Solvent-Based P(BA/St)
Copolymer. Figure 3 showed the solvent evaporation rate (the
slopes) of the solvent-based P(BA/St) copolymer during film
formation at three different temperatures. The process could
be divided into two steps: a high linear evaporation rate and
then a low decreasing rate. In the beginning, the films were
full of solvent, which readily evaporated into the air. Then,
the solvent content in the film was decreased, and the solvent
evaporation rate decreased.

For the water-borne copolymers to completely replace
the solvent-based copolymers in coating applications in the
future, the postapplication film formation process must be
improved. In this study, the copolymer had a Tg of approx-
imately 14.4∘C, which was close to room temperature. The
film formation processes for such copolymers were shown
in Figure 4. For the water-borne copolymer, when the Tg of
the copolymer was below the film formation temperature, the
film formation process involved three steps. In the beginning,
the water evaporated and the copolymer particles partially
deform to generate a compact film filled with water. Then,
with more water evaporates, all of the particles deformed
and coalesced to yield a void-free film. After the water fully
evaporated, the copolymer molecules diffused to afford a
uniform film. For the solvent-based copolymer with a similar
chemical structure, the film formation process was a solvent

evaporation process. The solvent evaporation rate could be
divided into two steps. During this process, the copolymers
diffused in the final step to yield a uniform film.

3.4. Effect of Formation Time on the Rewetting Water Absorp-
tion of the Films. Figure 5 showed the water absorption
capacities of the water-borne and the solvent-based P(BA/St)
copolymer films with different times while being rewet with
deionized water. For the water-borne copolymer films, the
weight of the film increased during the water absorption
experiment. Moreover, at the beginning of the experiment,
the magnitude of the increases in the masses of all films
seemed to be equal, because water soluble substances in films,
such as the emulsifier, dissolved, which caused creased voids
that were quickly filled by water. The latex films had similar
compositions, so those films gained a similar mass in this
stage. However, after approximately 10 h, the weight increases
of each film were significantly different, and the longer
the film formation time, the less the water absorbed. The
films becoming compacted during the longer film formation
processes, as shown in themicrostructures (Figure 6).TheW-
2h sample in Figure 6 was the dried film that was formed in
an open container from the water-borne copolymer solution
as shown for 2 h; it had many voids in its microstructure.
However, for the solvent-based copolymer film, the water
absorption capacities for films prepared with different film
formation times also increased with increasing time. Initially,
the water quickly combined with the copolymer in the film,
and very few voids formed in the films. As shown in the
microstructures of S-2h to S-24h (Figure 6), the increase in
weight was due to the water until an equilibrium reached.
Comparing the water-borne and the solvent-based films, the
water absorption capacities decreased with increasing film
formation times for both types of films. However, for film
formation times below 8 h, the water-borne film absorbed
more water than the solvent-based film because the water-
borne film had more voids. Then, for film formation times
over 8 h, the two films absorbed almost the same mass of
water, and the water-borne films became compact similar to
the solvent-based films, as shown in Figure 6, W-8h, W-24h,
and S-24h.

3.5. Effect of Formation Time on the Electrical Impedance
of the Films. Electrical impedance analysis was used to
elucidate the properties of the two types of polymer films.
This technique provided spectra of the electrical impedance
of the polymer films and their resistance or impedance
barrier properties. The electrochemical changes in the water-
borne and the solvent-based P(BA/St) copolymer films were
measured by impedance spectroscopy. The test was started
when the weight of the film was constant, as showed in
Figures 1 and 3.The film thickness was approximately 50 𝜇m.
Figure 7 showed the EIS Bode plots of the films with different
film formation time.

For the water-borne copolymer films, the EIS spectra
showed that the films resistance and barrier properties
increased with film formation time. The barrier properties
of the films were relatively poor in the first 0.5 h because the
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Figure 5: The water absorption rates of the P(BA/St) films for different formation times at room temperature.
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Table 3: The Russell-Routh model parameters∗ for the water-borne copolymer particles.

Temp./∘C Hum./% A/m2 H/m 𝜆 Pe
1 35 60 4.8×10−4 1.45×10−4 1.73×10−4 0.664
2 30 60 4.8×10−4 1.53×10−4 4.97×10−4 0.473
3 25 60 4.8×10−4 1.52×10−4 2.63×10−3 0.463
4 20 60 4.8×10−4 1.63×10−4 1.50×10−2 0.463
5 2 60 4.8×10−4 1.72×10−4 1.11×102 0.378
∗The Russell-Routh model parameters were calculated according to [22–24].

W-2h W-5h

W-8h W-24h

S-2h S-5h

S-8h S-24h

Figure 6: The microstructures of the films prepared with different film formation times.

films contained a large number of voids and a small amount
of water remained in the film. However, the properties of the
films improved for 1.0 h. The film became uniform due to
the diffusion of the copolymer from one particle to another
particle. The resistance of the film was close to the resistance

of the solvent-based copolymer in its dry film stage. For
the solvent-based copolymer films, the EIS spectra showed
that the resistance and barrier properties of the films also
increased with film formation time. Initially, the solvent-
based films contained a small amount of solvent, and the
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Figure 7: EIS Bode plots for films prepared with different formation times.

residual solvent would evaporate by diffusion to form a more
compact film. Comparing the barrier properties of the water-
borne and the solvent-based copolymer films, the two films
had similar barrier properties and electrochemical features
when their film formation times were sufficiently equal.

4. Conclusions

In conclusion, we synthesized a P(BA/St) copolymer by two
different methods and obtained the water-borne and the
solvent-based copolymer systems with similar properties.
The film formation processes of the two systems were studied
and characterized. For the water-borne P(BA/St) copolymer,
the water evaporation process showed that thewater evapora-
tion rate during film formation of the copolymer was initially
constant, but then the rate began to decrease and finally
reached a rate of almost zero. During the film formation
process, the copolymer particles deformed. The molecular
diffusion occurredwhenwaterwas present in the film. For the
solvent-based P(BA/St) copolymer, the evaporation process
could be divided into two steps: one had a high evaporation
rate and the other had a low evaporation rate.

Comparing the water-borne and the solvent-based films,
the water absorption capacities of both films decreased with
film formation times. When the film formation times were
below 8 h, thewater-borne film could absorbmorewater than
the solvent-based film. For film formation times over 8 h,
the two films absorbed almost the same mass of water. The
water-borne films became more compact like the solvent-
based films, and the emulsifier became encapsulated by the
copolymer. The water-borne and the solvent-based copoly-
mers had film similar barrier properties and electrochemical
features when the film formation time was extended.

However, in actual coating applications, the Tg of the
polymer would change, and coalescent aids and additives
could be used in the films. These additives would complicate
the film formation mechanism. The film formation process
and the complex properties of these films will be the subject
of our future work.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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