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Abstract In this paper, poly(styrene-acrylate) latex with phosphate functional

group (SA-PO) was prepared using mini-emulsion polymerization. Polyaniline

(PANI) bonded SA (PANI-SA) composite was then prepared by in situ chemical

oxidation polymerization of aniline. FT-IR and UV–Vis spectra confirm the for-

mation of the PANI-SA composite. Small spherical particles of 10–20 nm in

diameter on the surface of SA latexes are observed by SEM. DSC and TGA results

indicate that there are chemical bonds formed between PANI and SA, and PANI in

the PANI-SA composite can increase the glass transition temperature (Tg) and

thermal decomposition temperature (Td) of SA latex film effectively. Mechanical

property testing indicates that PANI in PANI-SA composite can increase the

mechanical properties of SA latex film. EIS measurements show that PANI in SA-

PANI can significantly improve the corrosion resistance performance of waterborne

SA coating. Compared with PANI/polymer composite system, PANI-SA has two

advantages: avoidance of the aggregation problem of nanoscale PANI in polymer

matrix and improvement of the interface adhesion between PANI and polymer

matrix.
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Introduction

In recent years, considerable attention has been paid to organic conducting polymers

such as polypyrrole, polyaniline (PANI) and polythiophene because they exhibit

metallic-like conductivity [1–3]. Since PANI has outstanding features of oxidation–

reduction quality, environmental protection, simple preparation technology and the

advantages of cheap raw materials, it has great potential in the field of antifouling,

antistatic coatings and anti-corrosion coatings [4–10]. The anti-corrosion mecha-

nism of PANI has also been sufficiently studied as a green and long-term corrosion

resistance auxiliary reagent [11–16]. In 1983, Mengoli conducted a series of

research about electrochemical synthesis of PANI on sheet iron in alkaline solution

in the presence of ammonium sulfate and aniline; ultimately he found that the

membrane presented excellent corrosion resistant performance for about 80 h [17].

However, on account of the p-bonded macromolecular chain structure, conducting

polymers such as PANI have larger rigidity, almost infusibility and insolubility,

strong film brittle and poor mechanical properties [18–21]. Taking these factors into

consideration, researchers have investigated PANI composite with thermoplastic

polymers as matrix materials to improve machining performance of PANI.

There are many reports about the preparation and characterization of nano-PANI

composite [21–26]. Most of the research shows that nanoscale PANI inevitably

forms a state of aggregation in matrix polymers due to the surface and interface

effect between nano-PANI and polymer matrix. This will affect anti-corrosion,

conductivity and antifouling performance. Wang et al. have prepared epoxy resin

composite in addition to organic phosphate doped PANI particles (PANI-OP) by

blending. Having the amount of PANI-OP added range from 0.1 to 1 % can

significantly improve the corrosion resistance of waterborne epoxy resin coating.

However, with the increase in PANI-OP content, the aggregation exacerbated. This

reduced the density and made the coating porous, resulting in poor corrosion

resistance [27]. Cao et al. have acquired organic macromolecular anion acid doped

PANI and dissolved it in ordinary solvent such as dimethyl benzene, making PANI

blending processing possible [28, 29]. Talo et al. have applied this blending method

to PANI/epoxy system, and found it demonstrates good corrosion resistance [30].

However, the solvent used in the process will cause serious pollution to the

environment, which may restrict the application of the PANI blending system.

When faced with these problems, most investigators focus on increasing the stability

of PANI dispersion and controlling the size and morphology of particles to

modulate the properties of PANI composites [31–33].

This paper proposes a novel approach to prepare poly(styrene-butylacrylate)

(SA)-PANI composite with good interface adhesion in order to improve the

consistency of PANI in matrix material and achieve the application of PANI in

water-based metal anti-corrosion field. First of all, SA latexes containing phosphate

groups (SA-PO) were prepared with mini-emulsion polymerization [34, 35]. This

was followed by the chemical oxidation polymerization of aniline on the surface of

SA latexes, driven by the electronic interaction between the phosphate groups on
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SA latexes and aniline molecules. PANI-SA latexes composite with chemical bonds

between phases can be obtained successfully from this process.

Materials and methods

Materials

Styrene and aniline (AR, Shanghai Chemical Reagent Co.) were purified by

distillation under reduced pressure. Ammonium persulfate (APS) was purified by

recrystallization in water. Sodium dodecyl sulfate (SDS), emulsifier OP-10, butyl

acrylate, phosphate ester functional monomer (PAM 200), azodiisobutyronitrile

(AIBN), hexadecane (HD) and hydrochloric acid (HCl, AR, Nanjing Chemical

Reagent Co.) were used as received. Distilled water was used for all polymerization

and treatment processes.

Synthesis

Preparation of styrene-acrylate (SA) latex with phosphate group (SA-PO)

A three-necked round bottom flask was filled with 20 g water, 0.2 g SDS, 2 g OP-

10, 16.7 g styrene, 8.3 g butyl acrylate, 1.0 g PAM 200, 0.4 g hexadecane, and

0.55 g AIBN (initiator) and stirred for 0.5 h to form an emulsion. This emulsion was

transferred to a homogenizer at 20,000 r/min for 10 min to form a mini-emulsion.

The mini-emulsion polymerization took place in nitrogen atmosphere at 68 �C for

6 h to obtain SA-PO.

Preparation of PANI bonded SA latexes (PANI-SA)

SA-PO latexes (100 g) and aniline (valuable) were added into the three-necked

round bottom flask with stirring under nitrogen atmosphere. HCl (36 %) was added

dropwise into the above system to adjust the pH to 2. APS (initiator for

oxypolymerization) solution was then added dropwise into the reaction system (the

molar ratio of aniline monomer to APS was 1). The reaction took place in an ice

bath for 24 h. The formulation of PANI-SA latexes with different content of PANI

is listed in Table 1.

Table 1 Formulation of PANI-SA latexes with different content of PANI

PAM 200 in

SA (wt%)

Aniline monomer SA polymer Theoretically maximum

PANI loading in SA (wt%)

SA-PO 4 0 25 0

PANI-SA-01 4 0.25 25 1

PANI-SA-02 4 0.5 25 2

PANI-SA-03 4 1 25 4

PANI-SA-04 4 2 25 8
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Characterization

The morphology of the SA-PO and PANI-SA latexes was observed with a scanning

electron microscope (SEM) using an S-4800 instrument (Hitachi Co., Japan)

operated at an accelerating voltage of 15 kV (samples sputter coated with gold prior

to examination). FT-IR analysis was performed with a Bruker VECTORTM 22

spectrometer (Bruker Co., Germany). Latex size and particle size distribution were

determined by a dynamic light scattering (DLS) system (DLS-5022F, Brookhaven

Instruments Co.) with a 500 W helium–neon laser of 660 nm wavelength at 25 �C.

The oxidation state and the formation of polaron band were identified by UV–Vis

spectroscopy (Cary 5000). A differential scanning calorimeter (DSC, NETZSCH

DSC-204F1, Germany) was used to obtain the Tg of SA-PO and PANI-SA. The

sample (about 5 mg) was first heated to 90 �C from -30 �C at a rate of

10 �C min-1. Thermogravimetric analysis (TGA) was conducted with a Pyris 1

TGA instrument (Perkin Elmer Co., USA) at a heating rate of 20 �C per min in N2

from room temperature up to 600 �C. Tensile properties of the samples were

determined by an Instron Mechanical Tester (ASTM D638) at a crosshead speed of

50 mm/min at Stretching mode. All values reported here represent an average of the

results for tests run on three specimens at room temperature. Corrosion protection

property of coating with a 0.1 mm thickness was determined by electrochemical

impedance spectroscopy (EIS) (Gamry Instrument potentiostat G750) in 3.5 %

NaCl solution. A three-electrode cell was used with a working electrode with an

exposed area of about 2 cm2, reference calomel electrode and a platinum counter

electrode. Gamry Instrument EIS300 Software measured the impedance in a

frequency range of 0.01 Hz to 104 or 105 Hz by applying an AC voltage with

amplitude of 10 mV around the corrosion potential. The measurements were

performed as a function of immersion time.

Results and discussion

Synthesis of SA-PO and PANI-SA

As shown in Scheme 1a, PAM 200 is a monomer with the groups of phosphate

monoester, phosphate diester and a small amount of phosphoric acid. After the mini-

emulsion polymerization, the SA latexes with -PO4
3- (SA-PO) have been

successfully prepared (Scheme 1b). In a strong acid environment, aniline is

protonated since it has a pKa of 4.36 [36]. The protonated aniline is absorbed onto

the SA-PO latex surface through electrostatic interaction with the phosphate groups.

The chemical oxidation polymerization of aniline on the surface of SA latexes took

place after the addition of APS. PANI-SA latexes composite can be obtained

successfully as a result of this procedure (Scheme 1c).

The advantages of this method are: (1) PANI can uniformly form on the SA latex

surface, thus avoiding clustering of the PANI in the composite material; (2) there

are chemical bonds formed between PANI and SA latex matrix, which can improve

the interface adhesion effectively; (3) PO4
3- functional group can improve the wet
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Scheme 1 Synthesis scheme of PANI-SA latexes: a molecular structure of PAM 200, b synthetic
process of SA-PO, c synthetic process of PANI-SA
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adhesion of the coating on the metal surface and act as the slow corrosion agent for

metal.

FT-IR

Figure 1 shows the FT-IR spectra of SA-PO and PANI-SA-02 latexes. As seen from

the spectrum of SA-PO, the peaks at 2924 and 2864 cm-1 are attributed to the

stretching vibration of –CH3 and –CH2–; the peak at 1733 cm-1 belongs stretching

vibration of C=O; the peaks at 1237, 1167 cm-1 are symmetric stretching vibration

of C–O–C, the peak at 707 cm-1 is attributed to the characteristic vibration of

benzene. As seen from the spectrum of PANI-SA, besides the above characteristic

peaks of SA-PO, the extra strong absorption peaks at 825, 1635, 1310, and

3387 cm-1 appeared and correspond respectively to the C–H bending vibration of

Scheme 1 continued
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the para substituted benzene, mode vibration of quinone imine (N=Q=N), stretching

vibration of C–N, and stretching vibration of N–H [37]. These results confirm the

formation of PANI-SA composite latexes.

UV–Vis spectra

During the in situ chemical oxidation polymerization of aniline, the color of the

system varies with the increase of aniline conversion. PANI-SA with low PANI

content appears light green and PANI-SA with high PANI content demonstrates

dark green. The color of PANI-SA indicates that PANI in PANI-SA is in its doped

state (oxidation–reduction state) [38]. The UV–Vis spectrum (Fig. 2) was used to

verify the doped state. It is well known that there are two peaks of PANI; one peak
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Fig. 1 FT-IR spectra of SA-PO and PANI-SA-02
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at 340 nm is due to p?p* transition of benzenoid ring and the other peak at 630 nm

corresponds to the excitation of quinoid ring [39]. In the UV–Vis spectra, PANI-SA

appears beside the peak of 340 nm, the two new peaks appear at 430 and 800 nm,

respectively, indicating the formation of delocalized polarons [40]. After comparing

the spectra of PANI-SA with different PANI content, it can be noted that the

intensity of the peak at 800 nm increases remarkably with the increase of PANI

content. Moreover, in the case of PANI-SA-01 (1 wt% PANI content) the polaron

band at 800 nm blue shifts to 790 nm. This precisely indicates the reduction of the

conjugation length. This may be assigned to the low PANI concentration bonding,

resulting in the low molecular weight of PANI and most of the particles being left

uncoated with PANI [41]. The spectra of PANI-SA composites confirm that PANI

remains in its doped state in this composite system, which benefits the use of PANI-

SA as a green and long-term corrosion resistance auxiliary reagent.

Morphology, size and size distribution

Figure 3 shows an SEM image of SA-PO latexes. It can be seen that SA-PO latexes

show regular spherical morphology and its diameter ranges from 50 to 200 nm.

Figure 4 shows the particle size and distribution as measured by DLS, which

indicates that SA-PO latexes demonstrate a relatively broad size distribution from

50 to 250 nm. This may arise from the low reaction temperature and long nucleation

period of the mini-emulsion polymerization.

Figure 5 shows SEM images of PANI-SA latexes. The surface of SA-PO is

covered with uniformly dispersed, small PANI particles that are 10–20 nm in

diameter. It appears the density of PANI particles increases with the increase of

aniline quantity added. The PANI homopolymer globules prepared under the same

condition were much smaller than 10–20 nm [42]. The present results are very

different from the reports obtained by Bae, which state that the morphology changes

from spherical particles to a non-particulate and uniform structure as the content of

Fig. 3 SEM image of SA-PO latexes
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PANI increases [43]. It is worth mentioning that there are almost no free and

aggregated PANI observed. This is due to the electrostatic attraction between the

aniline cation and negatively charged SA-PO particles (Scheme 1) and the hydrogen

bonding driven by the interaction between the aniline N–H group and phosphate

group [44].
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Fig. 4 Particle size distribution of SA-PO latexes

Fig. 5 SEM images of PANI-SA
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DSC analysis

Glass transition is a change similar to the second-order transition, but different from

the first-order transition with phase transformations like crystallization or melting.

Simultaneously, it follows a second-order thermodynamics with dH/dt changing

discontinuously. From the perspective of molecular motion, glass transition applies

to the micro-Browning movement. The molecular motion freezes at temperatures

below Tg and after reaching Tg, the movement becomes more active. Figure 6 shows

DSC spectra of SA-PO and PANI-SA latexes. There is only one glass transition

temperature in all cases. Tg of PANI-SA is significantly higher than that of SA-PO

(32.5 �C). Tg of PANI-SA-01 increases to 37.5 �C with PANI content of 1 wt%,

which is very different from the PANI composites prepared by physical blending

which exhibit no significant change in Tg [43]. This result suggests that PANI can

significantly limit the chain movement of SA-PO molecules [45]. Moreover, the

PANI layer bonded on the surface of SA-PO serves as the thermal barrier and

inhibits the mobility of SA-PO polymer chains [45]. After further increasing PANI

content, the Tg increases accordingly, but does not increase significantly, especially

in the case of PANI-SA-03 and PANI-SA-04. From these results, it can be

concluded that only the part of PANI that has bonded on SA can limit the chain

movement of the SA molecule.

TGA

Thermogravimetric measurement is performed on samples to evaluate the thermal

stability. The purpose of this is to observe the influence of each component of the

composite on the mass loss with changing temperature. TGA of PANI-SA-01 and

PANI-SA-02 were selected to be investigated and the results are shown in Fig. 7.

The first thermal weightlessness took place around 100 �C, which is attributed to the
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evaporation of residual water. More water weight loss took place for the PANI-SA-

01 and PANI-SA-02 compared to SA-PO, which is mainly because of the strong

hydrogen bonding interaction between PANI and water [44]. In the range of

150–250 �C, the decomposition of oligomers from the synthesis of SA-PO and

volatilization of hydrochloric acid used for protonation can be observed. At 400 �C,

there is a sudden mass loss in all the samples due to the decomposition of the matrix

polymer chain. According to DTA spectra (Fig. 7b), the maximal thermal

decomposition temperature of PANI-SA-01 is 10 �C higher than SA-PO. However,

the maximal thermal decomposition temperature of PANI-SA-02 is not obviously

enhanced compared to that of PANI-SA-01. The present results suggest that there is

good interface adhesion between PANI and SA, and can increase the thermal

stability of SA, which is different from the report that PANI can improve the

thermal stability of a polymer matrix in its blending system [46].
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Mechanical property of PANI-SA latex film

The tensile strength and elongation at break are shown in Fig. 8. Both the tensile

strength and elongation at break increase with the increase of PANI in PANI-SA.

Even when PANI content reaches 8 wt% in PANI-SA, the tensile strength and

elongation at break are 99.2 MPa and 25.7 % respectively. This result indicates

that the bonding of PANI has a positive effect on the mechanical properties of SA

latex film. This excellent result is caused by the good distribution of PANI in

PANI-SA latex film and by the good interfacial adhesion between PANI and SA

latex.

Anti-corrosion performance of PANI-SA latex coating

Bode plots from EIS measurements conducted for the SA-PO and PANI-SA coated

steel panels are shown in Fig. 9. The samples were immersed in 3.5 wt% NaCl

saline at room temperature for 7 and 21 days. As seen in Fig. 9a, |Z|0.1Hz of pure SA

coating at the immersion time of 7 days was 105 X. As the immersion time

extended, |Z|0.1Hz decreased, and |Z|0.1Hz becomes 1.16 9 104 X after immersed for

21 days. However, as illustrated in Fig. 9b, |Z|0.1Hz of PANI-SA-02 (PANI content

is 2wt %) at the immersion time for 7 and 21 days was 1.03 9 105 and

1.08 9 105 X respectively. When PANI content increases to 4 wt% (PAIN-SA-

04), |Z|0.1Hz can maintain 1.87 9 105 X at the immersion time for 7 and 21 days.

These results suggest that 2–4 wt% of PANI in SA-PANI can significantly improve

the corrosion resistance performance of waterborne SA coating. This result is

caused by either the formation of the passive film between metal and coating

catalyzed by PANI or it is caused by the formation of a phosphate complex

compound with PO4
3- functional groups released from PANI-SA.
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Conclusions

In conclusion, PANI-SA composites were successfully prepared through in situ

chemical oxidation polymerization of aniline on the surface of SA latexes. The

small spherical PANI particles with 10–20 nm in diameter are bonded on the

surface of SA latexes. The bonding of PANI on SA latexes results in increased Tg

and the thermal stability of SA significantly. This composite can not only avoid the

aggregation of PANI but also has good interfacial adhesion. The PANI can enhance

the mechanical properties of SA latex film and improve the corrosion resistance

performance of waterborne SA coating significantly.
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