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Abstract

An epoxy-modified oxidized starch-grafted styrene-acrylate (E-g-OS-P (BA-St)) 

emulsion was synthesized via soap-free core-shell emulsion polymerization without 

adding any solvent that could cause environmental problems. The emulsion exhibited 

excellent stability, chemical properties and mechanical performance. The synthesized 

emulsion was characterized by Fourier transform infrared spectroscopy (FTIR) and 13C-

NMR spectroscopy. Transmission electron microscopy (TEM) suggested that the OS-

P (BA-St) latexes had certain umbrella structures and that the epoxy resin cross-linked 

a plurality of umbrella structures. Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) showed that the thermal stability and glass transition 

temperature (Tg) of the polymer became higher as the content of epoxy resin increased. 

Atomic force microscopy (AFM) was utilized to characterize the surface morphology 

of the films. The film with 10% epoxy resin (based on the mass of monomers) possessed 

superior tensile strength and elongation, exhibiting a nearly 100% increase in tensile 

strength relative to that of neat latexes without epoxy. Additionally, the mechanism of 



polymerization and film formation of the E-g-OS-P (BA-St) emulsion were analysed.
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1. Introduction

Poly(styrene-co-acrylate) is one of the most familiar emulsion copolymers. Its 

specific properties, including good film formation, gloss, transparency, and mechanical 

properties, make it significant in many fields [1-4]. Particles with core-shell 

morphology have some advantages over pure polymer particle and can be designed for 

versatile properties. Therefore, researchers have developed multiple approaches to 

improve poly(styrene-co-acrylate) emulsions. Tan synthesized a poly(styrene-co-butyl 

acrylate) emulsion via a structured core-shell particle design, finding that the polymer 

exhibited high cohesive and adhesive strength when the core–shell ratio was 1:1.5 [5]. 

Eren and coworkers developed novel core-shell–style styrene acrylic polymers to 

reduce the N-hydroxymethyl acrylamide (NMA) content and formaldehyde formation 

from pigment printing [6]. However, a series of shortcomings, such as poor water 

resistance, poor heat resistance, low pencil hardness, and high cost, still greatly limited 

the application of the materials [7]. In recent years, core-shell–style styrene acrylic 

polymers have been improved by changing the ratio between butyl acrylate (BA) and 

styrene (St) monomers or the order of the two monomers in the shell polymerization 

process [8-10], as well as by alternating the surfactant and initiator in the 

polymerization process [11, 12]. Additionally, core-shell–style styrene acrylic 

polymers can be modified by functional materials. Chen mixed PS-Ag conductive 

particles with particles of poly(styrene-co-butyl acrylate) and obtained large-scale 

anisotropic conductive films [13]. In addition, chemical modification of styrene-acrylic 

emulsions is a common method of improving their performance. By adding 

acrylonitrile to the shell material, acrylonitrile-styrene-acrylate (ASA) latexes were 

prepared to obtain a thicker latex shell structure, which improved the mechanical 

properties of the emulsion film [14]. A silane-modified styrene-acrylic emulsion 

improved the waterproof performance and softening coefficient of FGD gypsum 

products [3]. However, a relatively low level of corrosion protection, especially for 



compositions without special protective ingredients, is the main drawback [15-17]. 

Coatings are a good barrier against the permeation of water, oxygen, and other corrosive 

species but can be quite weak due to various factors, such as residual hydrophilic 

components and a low cross-linking degree, which are often related to the use of a 

purely physical curing mechanism.

Starch is a carbohydrate obtained from plant photosynthesis and has the 

advantages of biocompatibility, biodegradability, low cost and no toxicity [18-20]. 

Starch has received extensive attention in the food [21], biomedical [22], wastewater 

treatment [23, 24], paper [25], and textile industries [26] because of its unique 

biological and adsorption properties. However, native starch has low shear stress 

resistance, low decomposition, high retrogradation, and syneresis properties. Moreover, 

its large molecular weight and condensation limit the application of native starch in 

many fields [27, 28]. Extensive work on starch modification has been implemented to 

overcome these inherent defects and achieve innovative starch applications; the 

techniques included physical processes [29-31] chemical modifications [32-35] 

enzymatic [36, 37] and biotechnological approaches [38] and combinations thereof. 

Some properties, including gelatinization temperature [39], thermal stability [40], 

rheological properties, paste clarity [41], and mechanical strength [42], can be 

improved via chemical modification. Starch oxidation is an important part of the 

chemical modification of starch. Researchers usually oxidize starch and apply the 

oxidized starch to other polymers. The introduction of grafted starch can improve the 

elasticity of PBA chains [43]. Meshram grafted St and MMA/BA onto starch molecules 

and observed a higher tensile strength and lower elongation at break when the material 

was used in cotton yarn [44]. Therefore, the synthesis of starch graft copolymers to 

combine the advantages of natural and synthetic polymers has aroused interest from 

many researchers. Gaborieau proved that the application properties of starch graft 

copolymers were better than those of common latex [45, 46]. Cheng succeeded in 

preparing oxidized starch-graft-poly-(styrene-butyl acrylate) and proved that the 

prepared polymer colloid had strong stability, fine particles and strong permeability 

[46-48]. Disappointingly, its adhesion and water resistance did not reach elevated 



expectations.

In nature, epoxy resin is a kind of polymer that has advantages such as good 

thermal characteristics, excellent adhesion, and good chemical and corrosion resistance 

[49-51]. Deng and Djukic blended epoxy resin with a polymer to study the possible 

mechanism of their interfacial adhesion [51]. Zhang found that epoxy helped amine-

containing benzoxazine-based homopolymers overcome the conversion limitation and 

promoted the curing rate [52]. Epoxy-modified styrene-acrylic emulsions have the dual 

properties of an epoxy resin and styrene-acrylic emulsion, where the epoxy resin is used 

as a cross-linking agent. Epoxy resin contains polar groups, including hydroxyl groups 

and epoxy groups, which easily form secondary bonds, hydrogen bonds and main 

valence bonds with many surface substances. Moreover, epoxy and hydroxyl groups 

can react with functional groups on other compounds (such as amino groups, hydroxyl 

groups and carboxyl groups) to form a network structure [53,54]. Thus, styrene-acrylic 

emulsions modified with epoxy resin possess strength, corrosion resistance and 

adhesion. Such emulsions have been widely applied to improve viscosity, mixture and 

coating properties [55, 56]. However, due to the high viscosity of epoxy resin, an 

excessive addition amount causes the polymer emulsion to gel. Additionally, organic 

solvents used as dispersion media cause residual organic solvent and environmental 

pollution.

In this work, the polymerization monomer participating in the reaction was used 

as a dispersion medium for the epoxy resin, avoiding environmental problems caused 

by volatilization of the organic solvent. E-g-OS-P (BA-St) latexes, which integrate the 

advantages of epoxy, oxidized starch and styrene-acrylate emulsions, were synthesized 

via soap-free core-shell emulsion polymerization. This approach has not been 

previously researched. The effect of the amount of epoxy resin on the properties of E-

g-OS-P (BA-St) latex was studied. The obtained latexes are expected to have excellent 

chemical properties, thermal stability and mechanical properties. The introduced 

oxidized starch is biodegradable and ecofriendly. Oxidized starch can not only improve 

the dispersion stability of emulsions but also reduce the cost of emulsion production. 

Additionally, the mechanisms of polymerization and film formation were analysed, 



which can provide a theoretical reference for coating applications.

2. Materials and methods

2.1. Materials

Oxidized starch was provided by Shangdong Jincheng Co., Ltd. Styrene (St, AR) 

and butyl acrylate (BA, AR) were purchased from Shanghai Chemical Reagent Co. and 

were purified by distillation under reduced pressure. Epoxy resin was supplied by 

Xinhua Resin Manufacturing, Shanghai Coatings Co. Hydrogen peroxide (H2O2, 30%) 

was obtained from Tianjin Damao Chemical Reagent Factory, China. Deionized water 

was prepared in our laboratory.

2.2. Preparation of oxidized starch

The corn starch (30g) and deionized water (120g) were weighed into the four-
necked flask, which was placed with a stirrer and thermometer. Premixed at 75°C for 
10 min, 0.12g FeSO4 was added. Then, 4.5g H2O2 (30%) was slowly introduced 
dropwise. After the addition was completed, the oxidation reaction was conduct for 1 
hour at temperature of 70°C. 

2.3. Preparation of the E-g-OS-P (BA-St) latexes

After increasing the temperature to 80 °C, the core monomer butyl acrylate (BA, 

22.5g) and the initiator (H2O2, 2.625g) were added dropwise for 1.0 hours (the initiator 

droplet acceleration was expected to be slower than the monomer droplet acceleration). 

After a certain period of reaction, a mixture of epoxy resin dispersed evenly in styrene 

and initiator (H2O2, 2.625g) were added dropwise in the same manner. Based on the 

weight of the monomers, the epoxy resin content varied (0%, 2.5%, 5%, 10%, 15% and 

20%), and the resulting materials were labelled E-0, E-1, E-2, E-3 E-4 and E-5, 

respectively. Specific amount of components was shown in Table 1. All of the reagents 

were kept for 1.5 hours after addition, and the E-g-OS-P (BA-St) emulsion was thus 

completed.

Table 1 

Formulations of E-g-OS-P (BA-St) latexes based on specific amount of components; E-0, E-1, E-2, 



E-3, E-4, E-5.

Material E-0 E-1 E-2 E-3 E-4 E-5
Starch 30g 30g 30g 30g 30g 30g
H2O 120g 120g 120g 120g 120g 120g
FeSO4 0.12g 0.12g 0.12g 0.12g 0.12g 0.12g
H2O2 6.0g 6.0g 6.0g 6.0g 6.0g 6.0g
BA 22.5g 22.5g 22.5g 22.5g 22.5g 22.5g
St 22.5g 21.375g 20.25g 18g 15.75g 13.5g
Epoxy resin 0.0g 1.125g 2.25g 4.5g 6.75g 9g

2.4. Film formation of E-g-OS-P (BA-St) latexes

The micro-latex was cast in a mould made of PTFE with a length of approximately 

100 mm and a depth of approximately 1 mm. After bubbles were eliminated, the plate 

was placed at room temperature (25 °C) for 24 hours and then placed in an oven at 

80 °C for 4 h. The mould was placed horizontally, forming a uniform-thickness film. 

After that, the film was carefully peeled from the mould and put into a desiccator with 

a valve bag.

3. Characterization

3.1. Conversion and gel fraction

The conversion and gel fraction percentage were determined by a gravimetric 

technique.

A few drops of hydroquinone aqueous solution were added, and a certain mass 

(W1) of emulsion was weighed into a dry culture dish. The mass of the dry culture dish 

was labelled W0. Afterwards, the sample was placed in an oven at 120 °C and dried to 

constant weight (W2).

The monomer conversion was calculated as follows [57-59]:

δ =

W2 ― W0

W1
× Wt ― Wd

Wa
× 100%

where W1 is the weight of the wet sample, W2 represents the weight of the dry 

sample, W0 is the weight of the culture dish, Wt is the total amount of reactants, Wd is 

the weight of non-volatiles in the initial formulation, and Wa represents the initial 

monomer weight.



The coagulum was obtained by filtration of the entire residue on the flask walls 

and mechanical stirrer. Then, the emulsion was filtered with a 200-mesh nylon gauze. 

After rinsing with deionized water, the residue and coagulum were placed in a watch 

glass and dried in an oven at 120 °C for 2 hours.

The formula for calculating the gel fraction is as follows:

τ =
M3 ― M4

M × 100%

where M3 is the weight of the residue and coagulum, M4 is the watch glass weight, 

and M is the total weight of the emulsion.

3.2. Zeta potential

Zeta potential (ζ) of the emulsions was determined by using a Particle Sizer and 

Zeta Potential Analyzer NanoBrook Omni (Brookhaven, USA). Emulsions were 

diluted (1:100) before test to avoid multiple scattering effects [60]. The data were 

calculated by the instrument using the Smoluchowski model and expressed in the unit 

of mV. All measurements were performed in triplicate, and measured within 2 hours 

after preparation. Four samples of each material were analysed and averaged.

3.3. Fourier transform infrared spectroscopy (FTIR)

FTIR was performed in the wavenumber region between 4000 and 400 cm−1 using 

the KBr pellet technique. The FTIR spectra were collected at a resolution of 4 cm−1 and 

average of 32 scans using a Nicolet IS10 Thermo Scientific spectrophotometer.

3.4. 13C-Nuclear magnetic resonance (NMR) spectroscopy

The copolymer sequence distribution was measured with a Varian XL-400 

spectrometer, which was operated at 100 MHz. Each sample was diluted to a 

concentration of 0.1 (g/mL) and characterized under the following conditions: width 

20,000 Hz, acquisition time 0.4 s, flip angle 45", pulse delay 1.6 s, and number of scans 

512. D2O was used as a locking agent for all nuclear magnetic resonance (NMR) spectra.

3.5. Transmission electron microscopy (TEM)

The structural morphology of the latex particles was observed by transmission 



electron microscopy (TEM) using a JEM-100 CX instrument (JEOL Co., Japan). The 

latexes were diluted with deionized water, diluted on a copper grid and dried in open 

air. Then, the samples were stained with phosphotungstic acid (PTA) solution (1.5%) 

before microscopic analysis [14].

3.6. Thermal properties

Thermogravimetric analysis (TGA) was performed in a TGA/SDTA 851 

thermobalance from Mettler Toledo, Inc. (Schwerzenbach, Switzerland). The heating 

program was set from 30 to 700 °C at a heating rate of 20 °C/min. The glass transition 

temperature was determined by differential scanning calorimetry (DSC) using a 

differential scanning calorimeter (Perkin Elmer, Pyris Diamond) calibrated with indium 

and zinc standards. Samples were cut from the dried films. For each measurement, a 

sample of 8.0 ± 0.2 mg was heated from -50 °C to 150 °C with a heating rate of 

10 °C/min under dry nitrogen atmosphere.

3.7. Atomic force microscope (AFM)

The film surface morphology was measured by atomic force microscope in tapping 

mode, utilizing the AFM model JSPM-4210 (JEOL USA Inc., Peabody MA, USA) with 

cantilever strength constant of 30 N/m and frequency constant of 315 kHz. The AFM 

micrographs of the films over the scanning areas of 10×10 μm2 was calculated by the 

software WS-M 5.0 Develop 8.1.

3.8. Mechanical properties

All samples (shape as shown in Fig. 1) were cut into strips (75× 4 mm) using a dual-

blade shear cutter (JDC Precision Cutter 10 in., Thwing-Albert Instrument Company, 

West Berlin, New Jersey, United States). The mechanical properties, including the 

tensile strength (TS) and elongation at break (Eb), were measured using a universal 

testing machine (LLOYD model LR5K) with a 300 mm/min speed according to the 

ASTM standard method D822-12 [61, 62]. Four samples of each material were 

analysed and averaged. Shape and size of the sample for mechanical properties was 

shown in Fig. 1.



Fig. 1. Shape and size of the sample for mechanical properties.

4. Results and discussion

4.1. Physical–chemical characterization of the emulsions

Kan determined the storage stability of emulsions by adding electrolyte [63]. If 

latex is sensitive to the electrolyte, such as NaCl and Na2SO4, a certain amount of 

coagulum will appear. All the as-prepared latexes were resistant to NaCl and Na2SO4, 

even at their saturated concentrations. Moreover, there was no condensation when the 

latex was melted after being stored at -5 °C. No condensation occurred during storage 

for 6 months or during 1 hour of centrifugation at a speed of approximately 14,000 rpm, 

which implied that all latexes showed good storage stability and mechanical stability.
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Fig. 2. (a) Gel fraction of the as-prepared emulsion with different content of epoxy, E-0, E-1, E-2,
E-3, E-4, E-5. (b) Monomer conversion of emulsion, E-0, E-1, E-2, E-3, E-4, E-5.

As shown in Fig. 2, the emulsion without any epoxy resin added (E-0) had a 

monomer conversion of 88.45% and a gel content of 0.87%. The coagulum content 

decreased and then increased, and the emulsion monomer conversion tended to increase 

first and then decrease. The emulsion had the highest monomer conversion rate of 97% 

when the epoxy resin accounted for 10% of the monomer (E-3). However, E-3 had the 

lowest coagulum content of only 0.41%. This result may be because the molecular 

branches of the epoxy resin were dispersed between the molecular branches of the 

oxidized starch by stirring and dispersal; the spacing between starch molecules became 

large, and the probability of hydrogen bond formation between molecules was greatly 



reduced. Therefore, it was possible to reduce the coagulum content of the emulsion 

within a certain range and improve the monomer conversion rate. However, the 

weakening of the interaction forces between the starch molecular chains increased with 

increased epoxy resin. In addition, the number of entanglement points between the 

epoxy resin and the starch molecules increased, intensifying the cross-linking reactions 

between the oxygen groups and the carboxyl groups on the branches of the starch 

molecules. A three-dimensional network structure was formed in which the medium 

was surrounded by the mesh and could not flow freely, thereby forming a gel in a semi-

solid form.

Fig. 3. Zeta potential of emulsions, E-0, E-1, E-2, E-3, E-4, E-5.

Zeta potential is carried out to determine the behavior of hydrocolloids at the oil-

water interface, of which the vector surface charge provides indication of the long-term 

stability [64, 65]. Latexes emulsions with absolute value of zeta potential more than 30 

mV are normally considered stable. Fig. 3 shows the emulsions have good stability that 

the zeta potential values were between 45.7 and 47.6mV. The zeta potential has little 

change, indicating the addition of epoxy resin didnt influence the stability of emulsions.
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Fig. 4. (a) Infrared spectra of E-g-OS-P (BA-St) emulsion. (b) Infrared spectra of emulsion, E-0, 
E-1, E-2, E-3, E-4, E-5.

Fig. 4 (a) highlights the fingerprint zone of the main absorption peaks 

characterizing the E-g-OS-P (BA-St) latexes, which can be described as follows: The 

broad peak at approximately 3326–3648 cm−1 corresponded to the telescopic vibration 

peak of –OH. The bands at 700-1100 cm-1 could be assigned to the typical characteristic 

peaks of polysaccharides, which are a basic structural component of starch [23]. The 

appeared absorption peak at 2958 and 2930 cm-1 is related to aliphatic C-H and –

CH2.The peak at 3080 cm-1 is attributed to aromatic ones. The strong peaks at 

approximately 1602 cm−1 and 1025 cm−1 were attributed to the aromatic C-C skeletal 

ring and the in-plane bending vibration of benzene ring C-H, respectively. The peak of 

acrylate components is their stretching vibration of carbonyl groups at 1720 cm-1 

[66].The peaks detected near 1601 cm−1 and 1250 cm−1 were attributed to the stretching 

vibration of C-C and C-O-C bonds, respectively, which suggested that butyl acrylate 

and styrene participated in the starch graft copolymerization [43, 67]. The sharp peak 

at 1024 cm−1 was attributed to the C-O stretching of C-O-C bonds in starch, which 

suggested α-1,6 linkages [68, 69]. Fig. 4 (b) more intuitively shows the changes in the 

infrared spectra after the epoxy resin participated in the reaction. In Fig. 4 (b), the 

characteristic absorption peaks of epoxy resin near 829 cm-1 and 910 cm-1 indicated 

that epoxy resin participated in the polymerization of E-g-OS-P (BA-St) emulsion.
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Fig. 5. 13C NMR spectrum of OS-P (BA-St) and E-g-OS-P (BA-St) emulsion.

Fig. 5 shows the 13C-NMR spectra for the E-g-OS-P (BA-St) latexes. The 13C-



NMR spectrum had signals at 41..27, 168.62, 64.17, 30.61, 19.06, and 13.51 ppm, 

which have previously been assigned to C2, C3, C4, C5, C6, and C7 of polybutyl 

acrylate units [70, 71]. The C2-C5 carbons of polystyrene exhibited peaks at 125-130 

ppm [72, 73]. 13C-NMR demonstrated the character peak of C2-C6 of starch appeared 

at 60-75 ppm and the signal appeared at 99.7ppm might be the characteristic peaks for 

C1 of the starch [74]. The chemical shifts at 114.26, 125, 140, and 156.53 ppm belonged 

to phenyl carbon in bisphenol A units. Characteristic shifts of P (BA-St) were also 

observed. These results demonstrated that the epoxy resin participated in emulsion 

polymerization.

4.2. Polymerization mechanism

In general, the dominant reactions of starch oxidation are the oxidation of hydroxyl 

groups to carbonyl and carboxyl groups in the anhydroglucose units of starch and the 

decomposition of starch to low-molecular weight products with the catalyst FeSO4 and 

initiator H2O2 [75, 76]. Detailed reaction mechanisms are given for carboxyl group 

formation at position C6 and carbonyl and carboxyl group formation by C2–C3 bond 

cleavage. It should be noted that the reaction schemes above do not represent complete 

stoichiometry.

Reaction mechanisms of the whole process were displayed in Fig. 6. Free radicals 

were made from the ferrous ions in the polymerization medium according to the 

reaction mechanism shown in reaction (i). By abstracting hydrogen atoms from the pre-

gelled starch molecules, the free radicals led to the formation of pre-gelled starch micro-

radicals, as elucidated in reaction (ii). The pre-gelled starch radicals combined with the 

double bonds between the monomers of butyl acrylate and styrene, forming a growing 

chain between the starch and the monomer (iii). In the epoxy resin molecular chain, the 

H atoms on both the ortho carbons of ether bonds and tertiary carbons had relatively 

high activity and could be activated by the free radicals and become active points to 

initiate polymerization. Thus, graft copolymerization with the styrene and acrylate 

monomers was possible [56, 77]. The grafting reaction was as follows (iv). Fig. 7 shows 

simple schematic of the synthesis.



Fig. 6. Detailed reaction mechanisms of the whole process. 

It should be noticed that the reaction schemes above do not represent complete stoichiometry.



Fig. 7. Schematic representation of the synthesis of OS-P (BA-St) particles and E-g-OS-P (BA-St) 
particles.

4.3. TEM

Fig. 8 (a) displays a representative TEM micrograph of the OS-g-P (BA-St) latex 

particles. The P (BA-ST) latex distributed around the starch had a regular spherical 

structure. It could be concluded that the OS-g-P (BA-St) latex was synthesized and the 

P (BA-St) latex particles were randomly distributed on the edges of the oxidized starch 

granules, forming larger micro-emulsion particles. Fig. 8 (b)-(f) shows the colloidal 

particles formed by the participation of the epoxy resin in the emulsion polymerization. 

As the content of epoxy resin increased during the polymerization process, the latex 

particles became larger. Meanwhile, the H bonding was formed between oxygen of 

epoxy groups and hydroxy groups of starch. The epoxy resin promoted the crosslinking 

and formed larger micro-emulsion particles. Finally, at the same emulsion dilution 

concentration, the latex particles were connected into an overall network structure. Fig. 

8 (f) granular morphology disappeared and exhibited as relative continuous film. It 

demonstrated that E-g-OS-P (BA-St) emulsion has better film forming properties.

javascript:;


Fig. 8. Representative TEM images of E-g-OS-P (BA-St) particles (a-f); E-0, E-1, E-2, E-3, E-4, E-5
5.4.4. Thermal properties and morphology of coating films

TGA can indicate the decomposition of polymers at various temperatures, which 

can be used to judge the thermal stability of different materials. Fig. 9 shows the thermal 

stability of OS-g-P (BA-St) latex and E-g-OS-P (BA-St) latex. OS-g-P (BA-St) latex 

decomposed in the range of 200–500 °C via two main processes. In the first process, 

the weight loss was 28.39% wt.%, which occurred at 200-320 °C and was attributed to 

the decomposition of oxidized starch. The DTGA image shows that the maximum 

decomposition rate occurred at 270 °C. The onset decomposition temperature of the 

second process was approximately 320 °C. 60.97  wt.% weight loss was detected from 

320 °C to 500 °C, including a maximum decomposition rate at 380 °C. This process 

was related to the degradation of P (BA-St).

Many investigations have indicated that the char formed via cross-linking 

reactions enhances thermal stability [55, 78]. The E-g-OS-P (BA-St) latex had similar 

TG behaviour, with two different stages under the same conditions. The first weight 

loss was approximately 29.48 wt.% in the range from 220 to 350 °C. The second stage 

started at 350 °C and ended at 500 °C with a 58.59 wt.% weight loss. Both stages 

possessed higher temperature ranges of decomposition than those of the OS-g-P (BA-

St) latex. The difference was that the decomposition temperature and weight loss in the 

first stage increased slightly with increased epoxy resin. The reason may be that the 

thermal decomposition of the one-component cured epoxy resin involved two stages. 

The first stage was in the range of 150-220 °C with a small decomposition, and the 

second stage was at 340-460 °C. Therefore, the starch and some of the epoxy resin were 

decomposed in the first-stage temperature range, resulting in an increase in the 



decomposition temperature and weight loss in the first stage. Moreover, in the second 

stage, the E-g-OS-P (BA-St) latex had a higher decomposition temperature than the g-

OS-P (BA-St) latex. The maximum amount of char residue increased by 135%, 

indicating that the E-g-OS-P (BA-St) latex possessed better thermal stability at high 

temperature. More details on the quality changes and residual char are shown in Table 

2.
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Fig. 9. (a) TGA thermogram of films; E-0, E-1, E-2, E-3, E-4, E-5. (b) DTG thermogram of films; E-0, 
E-1, E-2, E-3, E-4, E-5.

Table 2 
Detailed quality changes, residual char residue and Tg of the films; E-0, E-1, E-2, E-3, E-4, E-5.

E-0 E-1 E-2 E-3 E-4 E-5
weight loss in 
the first stage 28.39% 29.25% 29.48% 31.08% 29.97% 31.10%
weight loss in 

the second stage 60.97% 59.64% 58.59% 57.61% 57.08% 54.49%
char residue 10.64% 11.11% 11.93% 11.31% 12.95% 14.41%

Tg (℃) 70 75 78 81 86 95

DSC can be used to determine the distribution of polymer components. A single 

signal of dCp/dT as a function of temperature is observed if the polymer components 

are well miscible [79]. Fig. 10 illustrates the DSC curves of the copolymers with 

different contents of epoxy resin. All the samples had only one glass transition because 

the monomer formed a stable polymer and the polymer did not show phase separation. 

The core-shell contents of different latex particles varied by a small amount, and the 



glass transition temperature (Tg) of the polymer ranged from 70 °C to 95 °C. As 

expected, the homogeneous copolymer copolymerized from oxidized starch, styrene 

and butyl acrylate showed only one Tg at 71 °C. This value was in reasonable 

agreement with the theoretical estimation of the Tg of a P (starch37.5- BA31.25-co-

St31.25) copolymer according to the Fox-Flory equation (Tg, calculated = 64 °C). The 

E-5 copolymer had a glass transition temperature of 95 °C. The Tg of the polymer 

became higher as the epoxy resin content increased. This relation may be because the 

epoxy resin reacted with each component in a ring-opening reaction and penetrated the 

copolymer latex particles to form a three-dimensional network structure, which acted 

as a cross-linker. The specific explanation is as follows: the epoxy resin participated in 

the polymerization reaction in various forms. When dissolved in styrene, some of the 

epoxy resin participated as a polymeric monomer in the formation of the latex particle 

shell monomer, similar to styrene. Another part of the epoxy resin existed between the 

polymerized system of latex particles and oxidized starch due to its higher molecular 

weight. The epoxy resin caused cross-linking between polymer molecules, and the 

movement of the polymer segments was limited; thus, more energy was required to 

make these limited partial motions. Therefore, with increased epoxy resin in the 

polymer, Tg was increased.
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Fig. 10. DSC curves of the films; E-0, E-1, E-2, E-3, E-4, E-5.

Atomic force microscopy (AFM) was utilized to characterize the surface 



morphology of the films [80]. Micromorphology of the film-air interface of the six 

latexes was observed by AFM as shown in Fig. 11. For all films, the value of Skewness 

(Ssk) were less than 3, suggesting that all the surfaces were flat enough [81]. The 

average roughness (Rq) of the films gradually decreased as epoxy increased within a 

certain range. It could be seen that as epoxy content was increased from 0 wt% to 10 

wt%, Rq decreased from 5.18 nm to 2.95 nm. This may be because that as shown in 

Fig.11 (a), the starch particles were evenly distributed in the film. The addition of the 

epoxy resin enhanced the degree of crosslinking of the polymer particles, on the other 

hand, the epoxy resin acted as a kind of film former to participate in the formation of 

the polymer film, making the film flatter. However, as the content of the epoxy resin 

increased, phase separation occurred during the film formation, so that the formed film 

was not uniform and the roughness of the film turned to be larger.

Fig.11 3D image profiles of emulsion films with the scanning areas of 10×10 μm2: (a) E-0, Sq =5.18 
nm, Ssk=1.31 (b) E-1, Rq =4.63 nm, Ssk=1.01 (c) E-2, Rq =3.87 nm, Ssk=0.473 (d) E-3, Rq =2.95 nm, 
Ssk=0.733 (e)E-4, Rq =4.93 nm Ssk=1.09 and (f) E-5, Rq =5.00 nm Ssk=1.49
4.5. Mechanical properties of the films

The mechanical properties of the films were determined by the ratio of soft to hard 

monomers in the latex particles and the content of starch [82]. All the films deformed 

in a brittle fashion. The tensile strength of the E-0 film was slightly lower than that of 

the styrene-acrylic emulsion after film formation [83], which was expected. This result 

may be because the starch had a large molecular weight and its addition would 



inevitably reduce the fracture stress of the membrane and increase the brittleness of the 

polymer. With increasing epoxy resin content in the polymer, the tensile strength of the 

film gradually increased. The tensile strength of the E-5 film reached 4.1 MPa, which 

was 140% the film strength of E-0. However, the elongation at break of the film 

decreased as the epoxy resin content increased, to as low as 2%. Fig. 12 shows that the 

elongation at break of the E-4 film was drastically reduced. On the one hand, the highly 

cross-linked epoxy resin and starch formed a network that used the epoxy resin as a 

three-dimensional skeleton and used P (BA-St) as a matrix. Therefore, the tensile 

strength of the films was improved. In contrast, the addition of epoxy resin destroyed 

the continuity of the P (BA-St) matrix [84, 85], and excessive cross-linking decreased 

the mobility of short chains and made them likely stress concentration points under load. 

Consequently, the brittleness of the film became more obvious.
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Fig. 12. Mechanical property of films; E-0, E-1, E-2, E-3, E-4, E-5.

4.6. Mechanism of film formation

Steward et al. have studied the formation and properties of polymer latex films. 

They found that the properties of polymer films are not only affected by the properties 

of the polymer itself but also influenced by the polymer and film preparation processes 

[86, 87]. Latex deformation fusion and interdiffusion occur normally, forming a 

continuous transparent film, when an emulsion is formed at the minimum film 

formation temperature (MFFT). However, the polymer segments of the closely packed 



latex particles cannot easily diffuse and fuse, and a continuous film cannot be formed, 

under fast water evaporation conditions [88]. Therefore, the emulsion was dried at room 

temperature for 24 hours and then placed in an oven at 80 °C for 4 hours.

A more reasonable model of emulsion film formation is proposed here. As shown 

in Fig.13, the process can be divided into three processes, including the evaporation 

process of water, the deformation process of particles, and the process of molecular 

diffusion, which is consistent with the film formation process of ordinary aqueous 

emulsions. There was no obvious time division among the processes [89, 90]. The first 

stage is the evaporation process of water. Due to the very fast evaporation rate of water, 

this stage was carried out at room temperature. Then, the latex particles were arranged 

in order and deformed under various forces, which is the second stage of film formation 

[91-93]. The epoxy resin cross-linked emulsion particles formed a polyhedral structure 

during the stacking process, and the core-shell structures of the particles also interacted 

and deformed, with blurred boundaries between particles. Although there was a certain 

free volume in the polymer system, the free volume was frozen, and the molecular 

segments were limited because the temperature was lower than the Tg of the latex 

polymer. The third stage was carried out in an oven at 80 °C. As the particles were in 

contact with each other, the probability of surface contact increased. Segment 

movement across the molecular boundary occurred when the distance between the 

macromolecules of the latex particles was close enough and the particles had enough 

energy. The polystyrene in the hard-shell molecular segments in the core-shell structure 

interdiffused. At the same time, the polybutyl acrylate flexible core was uniformly 

dispersed in the hard shell to form a continuous phase [94-96]. The starch was 

uniformly distributed in the film, forming a sea-island structure. When the content of 

epoxy resin in the polymer was low, the epoxy resin could not form a continuous phase 

during the film formation process, affecting the mechanical properties of the film. 

When the amount of epoxy resin in the polymer was too high, the continuity of the P 

(BA-St) matrix was destroyed, and the toughness of the film was lowered.



Fig. 13. Schematic representation of the process of film formation.

5. Conclusion

E-g-OS-P (BA-St) latexes were synthesized via soap-free core-shell emulsion 

polymerization without adding any solvent that could cause environmental problems. 

The addition of epoxy resin had an important effect on the morphology of E-g-OS-P 

(BA-St) latexes and the mechanical properties of the films. In addition, epoxy resin 

increased the thermal stability and Tg of the films. When the epoxy resin content 

accounted for 10% of the total amount of the polymerized monomers, the emulsion 

exhibited good performance against low temperature, electrolyte and mechanical force. 

In addition, the formed film had excellent thermal stability. The film possessed a 

superior tensile strength of 4.5 MPa and elongation at break of 4%, representing a 

nearly 100% increase in tensile strength relative to that of neat latexes without epoxy. 

Moreover, this paper has proposed a possible model for film formation, which is very 

beneficial for further applications.
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Highlights

1. Epoxy-modified oxidized starch grafted styrene-acrylate emulsion (E-

g-OS-P(BA-St)) which integrate the advantages of epoxy, oxidized starch 

and styrene-acrylate emulsion were synthesized via soap-free core-shell 

emulsion polymerization.

2. The monomers participating in emulsion polymerization were used as 

dispersion medium for the epoxy resin, avoiding environmental problems 

caused by volatilization of the organic solvent.

3. The epoxy resin plays an important effect on properties of E-g-OS-

P(BA-St) emulsion. The mechanism of polymerization and film formation 

were analyzed, which can provide theory reference for coating application.
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